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SHANK3 mutations disrupt olfactory valence coding
across species, with cortical amygdala mechanisms

identified in mice

Yu Hu"?1, Yuli Wut, Mingyu Wei**1, Jingchao Ma*$, Jianbang Lin"®, Gaowei Chen?, Qi Li’,
Jianqing Zhang1, Ruiqi Wang1, Yingjie Zhu?, Qian Chen®?, Bo Pengg, Yingying Zou’,Bo Zhang4'5*,
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Mutations in SHANK3 are a leading monogenic cause of autism spectrum disorder (ASD), often associated with
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profound sensory abnormalities. However, the impact of SHANK3 deficiency on olfactory processing and the un-
derlying neural mechanisms remains unclear. Here, we identify a cross-species disruption of olfactory valence
perception in individuals with SHANK3 mutations and in Shank3 mutant mice. Patients carrying SHANK3 muta-
tions exhibited impaired valence-oriented sniffing and electroencephalography (EEG) responses, whereas Shank3B™'~
mice displayed blunted behavioral responses to both attractive and aversive odors. In mice, these behavioral
deficits were associated with attenuated odor-evoked calcium signals and reduced excitatory synaptic transmis-
sion in the cortical amygdala (CoA), a key node for olfactory valence processing. Acute CoA-specific Shank3 dele-
tion recapitulated these deficits, whereas targeted restoration of CoA Shank3 expression rescued odor-induced
appetitive and aversive behaviors. Our findings reveal a conserved function for SHANK3 in encoding olfactory

valence and identify CoA dysfunction as a circuit mechanism in mice.

INTRODUCTION

Loss-of-function mutations of the SHANK3 gene are closely associ-
ated with Phelan-McDermid syndrome (PMS), a condition charac-
terized by distinct autistic features (1). The SHANK3 gene encodes a
postsynaptic scaffold protein crucial for the development and func-
tion of glutamatergic synapses in various brain regions (2, 3). Patients
with SHANK3 deficiency display a variety of clinical phenotypes,
including intellectual disability, lack of language, developmental delay,
and core autistic characteristics in social communication and ste-
reotypic behaviors. Sensory deficits have recently been recognized as
an important dimension of autistic symptoms and are incorporated
into the diagnostic criteria for autism spectrum disorder (ASD) in
DSM-5 (4). Patients with SHANK3 deficiency exhibit hyporeactivity
to multiple modalities of physical stimuli, including visual, tactile,
and auditory stimuli (5). However, it remains unclear whether simi-
lar hyporeactivity toward chemical stimuli, especially olfactory cues
that carry essential social and survival signals, exists in patients with
SHANKS3 and which olfactory domains are affected.
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The olfactory system detects environmental chemicals, driving
both innate and adaptive behaviors, as well as physiological re-
sponses (6). Odorants and pheromones are detected by sensory
neurons in the nose and relayed to the olfactory bulb (OB) and sub-
sequently to the olfactory cortex, including the piriform cortex
(PIR), the lateral entorhinal cortex (LENT), and the cortical amyg-
dala (CoA) (7-9). Intact olfactory function is essential for foraging,
reproduction, social communication, and general well-being (10-
12). The primary dimension of olfactory perceptual space is valence
(pleasantness), which is also one of the two dimensions that span
emotional space and shape approach-avoidance responses (13-15).
It is well documented in humans and rodents that the amygdala
serves as a major hub in the encoding and representation of the va-
lence values of odors and other sensory stimuli (16-18). The CoA,
in particular, has been shown to underlie innate appetitive and aver-
sive responses to odors (19). Moreover, abnormalities in emotional
processing, including the processing of valence values, as well as in
the structure and function of the amygdala, have also been associ-
ated with ASD (20-24).

In this study, we investigated spontaneous olfactory responses to
odor valence both in children with SHANK3 mutations and in
Shank3 mutant mice and explored the underlying neural circuitry
mechanisms. We found that children with SHANK3 mutations failed
to differentiate between pleasant and unpleasant odors in terms of
sniff parameters and EEG responses. Similarly, Shank3 mutant mice
showed deficits in olfactory valence processing of attractive and aver-
sive odors. The latter was accompanied by altered neuronal activity
and impaired synaptic transmission in the CoA. CoA-specific Shank3
knockout was sufficient to induce olfactory valence defects, where-
as restoration of Shank3 in the CoA rescued olfactory valence-
related behaviors in Shank3 knockout mice. These results suggest
a link between SHANKS3 deficiency and hyporeactivity to odor
hedonics and identify an essential circuitry substrate for this
chemosensory defect.
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RESULTS
Aberrant sniffing and EEG responses to odor valence in
children with SHANK3 mutations
In light of the severe speech and cognitive deficits associated with
SHANK3 mutations (25, 26), we leveraged variations in nasal flow
during natural sniffing to conduct nonverbal assessments of odor
valence discrimination in 21 children with SHANK3 mutations (14
with terminal deletions of chromosome 22q13.3 encompassing the
SHANK3 gene, 3 with nonsense mutations, 3 with indels causing
frameshift mutations, and 1 with a duplication; see table S1 for mu-
tation details) and 42 age- and sex-matched typically developing
(TD) controls. Pleasant (pineapple and chocolate) and unpleasant
odors [trimethylamine (rotten fishlike odor) and isovaleric acid (sour
stinky footlike odor)] were presented intermittently in random order
while the children watched their favorite animation shows. Mean-
while, respirations were continuously measured using either a nasal
cannula connected to a spirometer or a respiratory belt transducer
(Fig. 1A). Each odor presentation lasted 7 s, typically encompassing
two inhalations (odor sniffs).

Participants’ sniff traces during odor presentations were normal-
ized by the average durations and peak flowrates of the three inhala-
tions preceding the odor presentation, accounting for odor-irrelevant
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fluctuations in respiration caused by the storylines of the animation
shows. TD children exhibited stronger sniffs for pleasant odors com-
pared to unpleasant ones, consistent with their odor valence ratings
(fig. S1), whereas no such differentiation was observed in children
with SHANK3 (Fig. 1B). Instead, children with SHANK3 displayed
a general reduction in inhalation duration when exposed to odors
(fig. S2), reflecting both their ability to detect odors and an overall
avoidance of olfactory stimulation.

Further comparisons of the normalized mean sniff flowrate, peak
sniff flowrate, and sniff volume during the presentations of pleasant
versus unpleasant odors revealed that odor valence significantly mod-
ulated sniff vigor in TD children (mean sniff flowrate: P = 5 X 1077,
peak sniff flowrate: P= 1.2 X 10~°, and sniff volume: P=2.2 x 107*)
but not in children with SHANK3 (all Ps > 0.5), with significant
between-group differences across all three parameters (Ps = 0.007,
0.002, and 0.006, respectively; Fig. 1, C to E). On the other hand,
sniff duration and frequency remained unchanged between pleasant
and unpleasant odors for both groups of children (TD: Ps = 0.79
and 0.24; SHANK3: Ps = 0.16 and 0.26; Fig. 1, F and G). These pat-
terns persisted across both the first and second sniffs occurring dur-
ing odor presentations (fig. S3). Moreover, in children with SHANK3
mutations, the absence of valence modulation of sniff vigor was

C D E
*k
Q T | — 9 T "
it ©
*k Kk = (0]
3 05 3 054 0.5
= = =
o
% ns ’% | s )
@ 7 =
g - - 5
[o) 0 +--- R 8 0
£ Q g
S
£ _ g _ z _
2 z il
4 -05 - < -05 - -0.5

B
5 TD
3 ~——Pleasant
2 1.0 4 o A
2 // N\ /sy Unpleasant
E o) / / \\
Q / /
| m © 0.5 4 / \ / \
\v / \ \
" 3 2 / /
1s g 2 LY o
S = oniff1 Sniff 2
: @ onset onset
§ SHANK3
Unpleasant T 104 i
u £ \ /
o / \ /
Z 054 /
/ J/ "\
/ \ / \
0 //!' ——— e\,
0 1 0 1
Normalized sniff duration
x F G
- .
*kk >
8 n.s. 2 n.s.
05 — g 05+ —
o
3 ns. n.s. g n.s. ns.
n.s. = E - T o+
£ =
S 04 .% & 04 =
£ £
S £
z 1 2 1
ks < P
-05 - -05 -
11
[] SHANK3

Fig. 1. Aberrant sniffing responses to pleasant and unpleasant odors in children carrying SHANK3 mutations. (A) Experimental setup and procedure. Sniff 1 and
Sniff 2 refer to the two inhalations that occurred during each 7-s presentation of an odor. (B) Averaged normalized sniff traces of Sniff 1 and Sniff 2 during the presenta-
tions of pleasant and unpleasant odors, respectively, in both TD (n = 42) and SHANK3 (n = 21) children. On the vertical axis, 0 represents no flowrate (sniff onset), whereas
1 denotes the baseline peak inhalation flowrate. Shaded areas: SEMs. (C to G) Differences between sniff response to pleasant and unpleasant odors in terms of normalized
mean sniff flowrate (C), peak sniff flowrate (D), sniff volume (E), sniff duration (F), and sniff frequency (G) in both TD children and children with SHANK3. Significant modu-
lations by odor valence were found among TD children for normalized mean sniff flowrate, peak sniff flowrate, and sniff volume but not among children with SHANK3, with
significant between-group differences in all of these parameters. Sniff duration and frequency were not significantly affected by odor valence in both groups of children.
In each box and whisker plot, the middle line denotes the medium, the cross denotes the mean, the bottom and top edges of the box indicate the 25th and 75th percen-
tiles, respectively, and the ends of the whiskers represent the 5th and 95th percentiles. Dots represent individual children. **P < 0.01; *##P < 0.001; n.s., not significant.
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evident both in those with additional gene deletions (SHANK3+,
n = 13) and in those with SHANK3 mutations alone (SHANK3 only,
n = 8) (fig. S4).

We also obtained usable scalp electroencephalography (EEG) re-
cordings from an additional seven children with SHANK3 muta-
tions and seven age- and sex-matched TD children. Using a modified
testing procedure (fig. S5A), olfactory stimuli were presented inter-
mittently and in random order via a computer-controlled olfactom-
eter while the children watched their preferred animation shows.
The stimuli included pineapple (pleasant) and trimethylamine (un-
pleasant) at clearly noticeable concentrations (1X), the same odors
at 1/10 of those concentrations (0.1X), and purified air as a control.
Each stimulus was delivered for 3 s with an interstimulus interval of
~18 s. During each olfactory stimulus presentation, the ongoing ani-
mation was replaced by a fixed frame (without audio) to facilitate
EEG comparisons across olfactory conditions. EEG signals were
aligned to sniff onsets during periods of olfactory stimulation.

Corroborating the results obtained with sniff parameters, time-
frequency analysis of EEG signals in TD children revealed a signifi-
cant differentiation of odor valence at Pz—the electrode strongly
implicated in olfactory processing (27, 28)—in alpha-band power
around 700 to 800 ms following inhalation onset (P = 0.007; fig. S5B).
This observation aligns with earlier olfactory EEG findings in healthy
adults (29-31). In contrast, no significant valence-related effect was
observed in children with SHANK3 mutations (P=0.13, BF;=0.98,
and error% = 0.0198; fig. S5B). The absence of valence differen-
tiation was not attributable to general olfactory hyposensitivity.
Compared with purified air, odors (pineapple and trimethylamine
combined) at clearly perceptible concentrations elicited significant
theta-alpha activity around 500 ms following inhalation onset in
both TD children and children with SHANK3 (TD: P = 0.011;
SHANK3: P = 0.016), with no group differences in event-related
percent change in power (ER%) (P = 0.49, BF, = 0.53, and error% =
0.00107; fig. S5C). At 0.1X concentration, these odors produced simi-
lar, although weaker (TD: P = 0.028; SHANK3: P = 0.028) and non-
significant, time-frequency responses in both groups (TD versus
SHANKS3, P = 0.50, BF;o = 0.52, and error% = 0.00105; fig. S5C). In
other words, children with SHANK3 exhibited EEG responses, indi-
cating sensitivity to odors and odor gradients comparable to those
of TD children.

Together, these observations highlight hyporeactivity to odor
hedonics—but not to odors per se—in children with SHANK3 mu-
tations, suggesting a potential link between SHANKS3 deficiency and
olfactory anhedonia.

Aberrant behavioral responses to odor valence in Shank3
mutant mice

Given the observation of olfactory valence processing deficits in
children with SHANK3 mutations, we used Shank3B™'"mice—
harboring a comparable loss-of-function mutation—to investigate
whether this phenotype is conserved in rodent models. Using a re-
fined performance index (PI) to quantify odor-evoked valence re-
sponses (19), we observed pronounced differences between wild-type
(WT) and Shank3B~'~ mice (KO). WT mice displayed strong aver-
sion to negatively valenced odorants such as 2,5-dihydro-2,4,5-trim
ethylthiazoline (TMT) and pentanal and robust attraction to posi-
tively valenced odorants including isoamyl acetate (IAA) and 2-
phenylethanol (2-PE) (Fig. 2A). In contrast, Shank3B~'~ mice showed
markedly blunted aversion to TMT and pentanal, as well as reduced—or

Huetal,, Sci. Adv. 12, eaea3775 (2026) 6 May 2026

in some cases reversed—attraction to appetitive odorants strongly
preferred by WT mice. These alterations indicate that Shank3 defi-
ciency disrupts the normal coding of both attractive and aversive
odor valence. On the basis of these results, we selected 2-PE and TMT
as representative appetitive and aversive odorants, respectively, for
subsequent mechanistic experiments (32).

TMT application elicited robust defensive responses in WT mice,
characterized by rapid escape (reflected by increased maximum veloc-
ity) followed by prolonged freezing. In contrast, Shank3B™'~ mice
failed to show either flight or freezing in response to TMT (Fig. 2, D
and E, WT versus KO mice, in D: P = 0.359 in water, P = 0.907 in
2-PE, and P = 0.008 in TMT; in E: P = 0.562 in water, P = 0.884 in
2-PE, and P < 0.001 in TMT) and instead spent significantly more
time investigating the TMT source (Fig. 2C). Shank3B™'~ mice also
exhibited a marked reduction in attraction to 2-PE (Fig. 2C, WT
versus KO mice, P = 0.479 in water, P = 0.001 in 2-PE, and P = 0.002
in TMT). Apart from the TMT-evoked changes in maximum veloc-
ity and immobility, the total distance traveled did not differed be-
tween groups (Fig. 2F), indicating that the behavioral alterations in
Shank3B™'~ mice reflect selective impairments in odor-evoked va-
lence processing rather than generalized motor deficits. Therefore,
consistent with children carrying the SHANK3 mutations, Shank3B ™'~
mice failed to engage in normal responses toward odors with
distinct valence.

To investigate whether the abnormal response observed during
the presentation of attractive and aversive odorants in Shank3B™'~
mice was a result of the inability to differentiate between odors, we
trained mice to associate a set of odors with differential outcomes
(fig. S6A). Each training trial began with a conditioned stimulus (CS)
of an odor, followed by a 2-s delay (the response window) and then
an unconditioned stimulus (US; water, nothing, or air puff) (fig. S6, B
and C). As training progressed, both WT and Shank3B ™'~ mice ex-
hibited anticipatory licks only during the delay before water trials,
indicating the establishment of an odor-based CS-US association
(fig. S6, D and F). In this associative learning paradigm, there was no
significant difference between WT and Shank3B™'~ mice (fig. S6E),
suggesting that Shank3B™'~ mice are capable of perceiving and dis-
criminating between different odorants, as evidenced by their ability
to form odor-specific conditioned responses in a classical associative
learning task.

Mutant Shank3B~'~ mice have reduced neuronal activation
in the CoA

Next, we sought to identify the neural circuit substrate that was af-
fected by the loss of Shank3 and that played key roles in the observed
valence coding defects in Shank3B™'~ mice. Because a previous
study indicated that the CoA is essential for behavioral responses
toward appetitive and aversive odors (19), we asked whether the ac-
tivity of the CoA was abnormal in Shank3 mutant mice. Immuno-
histochemical analysis of the immediate early gene product c-Fos
revealed a robust elevation of the number of c-Fos™ neurons in the
OB, the CoA, and the PIR after 2-PE and TMT stimulation in WT
mice when contrasted with the Shank3 group. However, c-Fos in-
duction was significantly lower in the CoA of Shank3B™'~ mice
compared to WT mice, indicating attenuation of c-Fos in the
Shank3 group (P = 0.523 in water, P = 0.006 in 2-PE, and P < 0.001
in TMT). In contrast, there were no significant between-group
differences in the number of c-Fos™ neurons in the OB or PIR
(Fig. 3, A and B).
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Fig. 2. Aberrant behavioral responses suggesting impaired odor valence detection. (A) The average response to an array of odorants is quantified by a Pl in WT and
Shank3B~/~ (KO) mice. (B) Representative heatmaps of animal movement for odor-driven behavior. The orange circles in the corner represent papers with water, 2-PE, or
TMT, respectively. (C to F) Quantifications of investigation time spent in the circled area containing the odor (C), maximum velocity in targeted arena (D), percentage of
immobility time (E), and total distance (F) during odor exposure in WT and KO mice. For each box and whisker plot, the middle line denotes the median, the bottom and
top edges of the box indicate the 25th and 75th percentiles, respectively, and the ends of the whiskers represent the minimum and maximum percentiles. Dots represent

individual mice. ***P < 0.001; n.s., not significant.

We then recorded real-time calcium signals of CoA and PIR neu-
rons in head-fixed mice during 2-PE and TMT stimulations after
intracranial delivery of AAV9-CaMKIIa-GCaMP6s into these brain
regions (Fig. 3, C to E), which enables selective labeling of excitatory
neurons (33). We observed a strong transient increase in GCaMP
fluorescence in WT mice elicited by 2-PE and TMT. In contrast,
there was only a mild increase in genetically encoded calcium indi-
cator GCaMP (comprising GFP, calmodulin, and the M13 peptide)
fluorescence in Shank3B™' ™ mice (Fig. 3F). The normalized GCaMP
fluorescence change (AF/F) during 2-PE and TMT stimulations was
significantly lower in Shank3B™'~ mice compared to that in WT
mice (Fig. 3H, P = 0.009 in 2-PE and P = 0.029 in TMT). Unlike in
the CoA, we did not observe a significant difference in calcium re-
sponses in the PIR (Fig. 3, G and I). These data suggest that reduced
activation of CoA excitatory neurons may contribute to the olfac-
tory valence deficit in Shank3B™'~ mice.

Huetal,, Sci. Adv. 12, eaea3775 (2026) 6 May 2026

Dysfunctional synaptic transmission of CoA pyramidal
neurons in Shank3B ~'~ mice

Diminished activation of CoA excitatory neurons may underlie the
olfactory valence deficit observed in Shank3B™'~ mice. To investi-
gate the potential impact of Shank3 loss on synaptic functions in the
CoA, we conducted whole-cell patch-clamp recording on pyramidal
neurons in Layer I of the CoA, where axons from the OB projection
neurons terminate. We recorded the miniature excitatory postsyn-
aptic currents (mEPSCs) after blocking sodium channels with QX314
in the pipette solution and action potentials and inhibitory synaptic
transmission with tetrodotoxin (TTX) and picrotoxin in the perfu-
sion solution. We found that both mEPSC frequency and amplitude
were significantly reduced in Shank3B™'~ mice compared with those
littermate control mice (Fig. 4, A to C), suggesting a weaker excit-
atory synaptic strength in Shank3B™'~ mice. To directly measure the
synaptic strength of OB-CoA synapses, we selectively stimulated
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in WT and Shank3B8™~ mice. Scale bar, 20 pm. (B) Quantification of c-Fos™ cells in the OB (left), CoA (middle), and PIR cortex (right) from each group of animals. (C) Sche-
matic showing the experimental setup used to record calcium signaling activity in GCaMP6-expressing neurons using fiber photometry in WT and Shank3B™~ (KO) mice.
(D and E) Schematic showing the optical fiber placement and trial sequence. ITl, intertrial interval. (F and G) Heatmaps illustrating the calcium response (AF/F, %) of CoA
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Fig. 4. Dysfunctional synaptic transmission in the CoA of Shank3B™~ mice. (A) Representative mEPSC traces in CoA pyramidal neurons in WT and Shank3B™'~ (KO)
mice. (B and €) Summary data for mEPSC cumulative plots, frequency, amplitude, rise time, and decay time in CoA pyramidal neurons obtained from WT and KO mice.
(D) Schematic showing the experimental setup. (E) Representative traces of AMPAR-mediated evoked EPSCs in CoA pyramidal neurons obtained from Layer | of WT and
KO mice. (F) Summary data for the peak amplitudes of evoked AMPAR-EPSCs in response to different levels of stimulation intensity. (G) Representative trace of AMPA-to-
NMDA EPSC ratio from Layer | of Shank3B WT and KO mice. (H) Summary data for the AMPA-to-NMDA EPSC ratio from Layer | of CoA pyramidal neurons in Shank3B WT
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Scale bar, 5 pm. (L) Total dendritic spine density and the classification of subtype spines in the Layer | of the CoA in Shank3B WT and KO mice. For bar charts, bars depict
the mean and error bars represent the SEM. Box and whisker plots are as in Fig. 2. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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OB-CoA synapses by positioning the stimulating electrodes in CoA
Layer I and recorded the evoked AMPA receptor (AMPAR)-mediated
EPSCs from CoA pyramidal neurons in response to stimuli of dif-
ferent intensities (Fig. 4D). We found that the amplitude of EPSCs
was significantly lower in Shank3B™'~ mice (Fig. 4, E and F). Con-
sistent with the smaller AMPAR-mediated EPSCs, a lower AMPA-
to-NMDA (N-methyl-D-aspartate) ratio was observed in Shank3B™'~
mice (Fig. 4, G and H). To assess whether this synaptic alteration
was region specific, mEPSC recordings from pyramidal neurons in
the PIR showed no significant differences in frequency, amplitude,
rise time, or decay time between WT and Shank3B™'~ mice (fig. S7,
A to C). Together with these findings, the lower frequency of mEPSCs
observed in the CoA of Shank3B™'~ mice implies a potential con-
tribution of presynaptic deficit. To exclude this possibility, we measured
the presynaptic release probability by assessing the paired-pulse ra-
tio (PPR) of EPSCs, and we found no differences in the PPR between
genotypes (fig. S7, D and E). These results demonstrate that excit-
atory synaptic transmission of OB-CoA synapses was impaired in
Shank3B™"~ mice and that this deficit is unlikely to be caused by al-
tered presynaptic release probability.

Dendritic and spine morphology of CoA pyramidal neurons
in Shank3B™'~ mice are abnormal

Given that Shank3 plays a critical role in both synapse formation
and function (3), we sought to determine whether the Shank3 dele-
tion would induce structural changes in the pyramidal neurons of
the CoA. To examine the dendritic processes and spines of CoA py-
ramidal neurons, we made local injections of a mixture of AAV9-
CaMKIIa-Cre (1:10,000) and AAV9-EF1a-DIO-EGFP to sparsely
label neurons with green fluorescent protein (GFP) in WT and
Shank3B™'~ mice. We then analyzed the dendritic processes and
spines of pyramidal neurons in Layer I of the CoA where they re-
ceive olfactory inputs from the OB. The Sholl analysis indicated that
the dendritic complexity of CoA pyramidal neurons in Shank3B™'~
mice was lower compared to that of WT mice (Fig. 4, I and J). We
also found a decrease in the number of intersections between 30 and
120 pm away from the soma in Shank3B™'~ mice. Significantly lower
total dendritic spine density was also observed in Shank3B™'~ mice.
We further classified different types of spines. Among the different
spine types, the ratios of mushroom and stubby were reduced, where-
as long thin spines increased, and filopodia spines remained unal-
tered in Layer I of the CoA in Shank3B™'~ mice (Fig. 4, K and L).
These observations demonstrated dendritic and spine morphology
abnormalities consistent with synaptic function defects caused by
the loss of Shank3.

Selective deletion of Shank3 in the CoA induces odor
valence perception deficits

To establish a causal link between the loss of Shank3 in CoA neu-
rons and defective odor valence-driven behaviors, we used a tar-
geted strategy to selectively knock out Shank3 expression in the
CoA of adult C57BL/6] mice using CRISPR-Cas9 technology. We
bilaterally injected AAV9-pCALMI-SpCas9-miniU6-sgRNAS™ into
the CoA to generate an acute Shank3 knockout model (Fig. 5, A and
B, and fig. S8). Consistent with observations in Shank3B™'~ mice,
acute ablation of Shank3 in CoA neurons led to a decrease in the
frequency of mEPSCs (Fig. 5, C to E), whereas the presynaptic re-
lease probability, as assessed by PPR, remained intact (fig. S9, A and B).

Huetal,, Sci. Adv. 12, eaea3775 (2026) 6 May 2026

Using the AAV-SpCas9-sgRNA system, we achieved a highly specific
knockdown of Shank3 in the CoA, with Shank3 mRNA levels re-
duced to 41.5% =+ 6.3% of control levels (fig. S8B) and a correspond-
ing loss of Shank3 protein (46.0% =+ 4.7%; fig. S8, C and D), with no
detectable changes in the adjacent PIR. These results demonstrate
that the CRISPR-Cas9 manipulation efficiently and selectively dis-
rupts Shank3 expression within the CoA while sparing surrounding
olfactory cortical regions (fig. S8, B to D).

Furthermore, the amplitude of evoked AMPAR-mediated EPSCs
in response to stimuli at 0.4 and 0.5 mA was reduced, indicating
impaired postsynaptic responsiveness. Assessment of attraction and
aversion responses with 2-PE and TMT revealed dysfunctional odor
valence assessment in acute CoA Shank3 knockout mice, as evi-
denced by reduced and increased investigation time toward 2-PE
and TMT, respectively (Fig. 5G, sgRNAS" versus sgRNAS" mice,
P =0.459 in water, P = 0.007 in 2-PE, and P < 0.001 in TMT). Con-
sistent with their altered valence response, sgRNA®""* mice showed
significantly attenuated the maximum velocity and reduced immo-
bility in response to TMT compared to mice injected with the con-
trol AAV expressing a scrambled (Scr) sin%le guide RNA (sgRNA)
(Fig. 5, H and I, sgRNAS" versus sgRNAS"" mice; in H: P = 0.996
in water, P =0.728 in 2-PE, and P < 0.001 in TMT; in I: P = 0.285
in water, P = 0.841 in 2-PE, and P < 0.001 in TMT). Furthermore,
compared with sgRNA®" mice, Shank3 acute ablation mice exhib-
ited lower calcium signals in the CoA during 2-PE and TMT stimu-
lations (Fig. 5, Kand L, P = 0.015 in 2-PE and P = 0.002 in TMT).
Collectively, these findings demonstrate that acute loss of Shank3
specifically within the CoA was sufficient to damage odor va-
lence perception.

Restoration of Shank3 expression in the CoA rescues odor
valence responses in Shank3 knockout mice
To further determine whether the loss of Shank3 in the CoA is es-
sential to odor valence-induced behavioral abnormalities in Shank3
knockout mice, we selectively restored Shank3 expression in the CoA.
We used a Shank3 conditional knock-in (CKI) mouse model where
Shank3 expression can be reinstated upon Cre recombinase expres-
sion in a Shank3 knockout background (34). In the Shank3 CKI
mouse model, exons 13 to 16 encoding the PDZ domain are invert-
ed and transcriptionally silenced using the FLEx switch. Delivery of
AAV-Cre into the CoA induces Cre-dependent recombination, re-
storing the correct orientation of the inverted exon cassette. This
recombination reinstates endogenous Shank3 expression specifical-
ly in CoA neurons that receive Cre, thereby enabling region-specific
rescue of Shank3 function (Fig. 6A). Similar to Shank3B™'~ mice,
Shank3 CKI mice displayed defective behavioral responses toward
2-PE and TMT (fig. S10). We then injected AAV8-CaMKIla-Cre-
EYFP into the CoA of Shank3 CKI mice to restore the reexpression
of most Shank3 isoforms in the CoA but not in the PIR (Fig. 6, A to
C, and fig. S11). In electrophysiological analyses, we found that re-
duced mEPSC frequency in Shank3 CKI mice was effectively re-
stored after Cre expression (Fig. 6, D to F). The impaired synaptic
strength of OB-CoA synapses was also reversed (Fig. 6G), whereas
the presynaptic release probability was intact after the restoration of
Shank3 expression (fig. S12, A and B).

We then injected a mixture of AAV9-CaMKIIx-FLP (1:10,000)
and AAV9-EF1a-fDIO- mCherry into Shank3 CKI mice to sparsely
label pyramidal neurons in Layer I of the CoA and analyzed the
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Fig. 5. Acute deletion of Shank3 in the CoA induced valence detection deficits in mice. (A and B) Strategy for specific deletion of Shank3 using AAV9-pCALM1-SpCas9-
miniU6-sgRNASI™ and using AAV9-pCALM1-SpCas9-miniU6-sgRNA as a control. (C) Representative mEPSC traces in CoA pyramidal neurons in sgRNA* and sgRNAS""3
mice. (D and E) Summary data for mEPSC cumulative plots, frequency, and amplitude in CoA pyramidal neurons obtained from SGRNAS" and sgRNAST™3 mice. (F) Repre-
sentative traces of AMPAR-mediated evoked EPSCs in CoA pyramidal neurons obtained from sgRNA>" and sgRNA*"™* mice (top) and summary data for the peak ampli-
tudes of evoked AMPAR-EPSCs in response to different stimulation intensities. (G to J) Quantification of investigation time in the stimulation circle (G), maximum velocity
in targeted arena (H), percentage of immobility time (1), and total distance traveled (J) during odor exposure in ngNAS" and ngNASh“"k3 mice. (K) Heatmaps illustrating
the calcium response (AF/F, %) of CoA neurons during TMT and 2-PE stimulation in sgRNA*" and sgRNA*"™ mice. (L) Mean GCaMP response curves and area under each
curve. Box and whisker plots are as in Fig. 2. Error bars, SEM. Dots represent individual mice. *P < 0.05; **P < 0.01; **#P < 0.001; n.s., not significant.
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Fig. 6. Targeted restoration of Shank3 expression in the CoA of Shank3 CKI mice rescued odor valence detection abnormalities. (A) Strategy to explore the effects
of adult reexpression of Shank3 using a Shank3 CKI mouse model. (B and C) Schematic diagram and the representative image showing stereotaxic injections of AAV8-
CaMKllo-Cre-GFP and AAV8-CaMKlla-GFP into the CoA of WT and CKI mice. w, weeks. (D) Representative mEPSC traces in CoA pyramidal neurons in Shank3 WT + Cre,
CKI + GFP, and CKI + Cre mice. (E and F) Summary data for mEPSC cumulative plots, frequency, amplitude, rise time, and decay time in CoA pyramidal neurons obtained
from all three groups of mice. (G) Representative traces of AMPAR-mediated evoked EPSCs in CoA pyramidal neurons from each of the three mouse groups (left) and sum-
mary data for the peak amplitudes of evoked AMPAR-EPSCs in response to different levels of stimulation intensity. (H) Representative spines and reconstructed images in
Layer | of the CoA in Shank3 WT, CKI 4+ GFP, and CKI + Cre mice. Scale bar, 20 pm. (I) Sholl analysis showing the dendritic complexity in the CoA from all three mouse groups.
(J) Representative dendrites process and reconstructed images in the CoA of Shank3 WT, CKI + GFP, and CKI + Cre mice. Scale bar, 3 pm. (K) Total dendritic spine density
in Layer | of the CoA in all three groups. (L) Classification of subtype spines of the CoA in all three groups. (M to P) Quantification of investigation time in the stimulation
circle (M), maximum velocity in targeted arena (N), percentage of immobility time (0), and total distance traveled (P) during odor exposure in Shank3 WT, CKI + GFP, and
CKI + Cre mice. Box and whisker plots are as in Fig. 2. Error bars, SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
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anatomical features of dendritic processes after Shank3 restoration.
We found elevated number of intersections and spines in the Layer
I portion of CoA pyramidal neurons after reinstating Shank3 ex-
pression in Shank3 CKI mice (Fig. 6, H to L). Intriguingly, reexpres-
sion of Shank3 in the CoA alone was sufficient to rescue attraction
and avoidance elicited by 2-PE and TMT in Shank3 CKI mice, re-
spectively [Fig. 6, M to O; one-way analysis of variance (ANOVA)
followed by Dunnett’s test; in M: CKI + GFP versus WT + Cre, P =
0.721; CKI + Cre versus WT + Cre, P = 0.916, in water; CKI + GFP
versus WT + Cre, P=0.002; CKI + Cre versus WT + Cre, P=0.222,
in the 2-PE group; CKI + GFP versus WT + Cre, P < 0.001; CKI +
Cre versus WT + Cre, P = 0.206, in TMT; in N: CKI 4+ GFP versus
WT + Cre, P = 0.957; CKI + Cre versus WT + Cre, P = 0.858, in
water; CKI + GFP versus WT + Cre, P = 0.435; CKI + Cre versus
WT + Cre, P =0.997, in the 2-PE group; CKI + GFP versus WT +
Cre, P = 0.002; CKI + Cre versus WT + Cre, P =0.102, in TMT; in
O: CKI + GFP versus WT + Cre, P =0.114; CKI 4 Cre versus WT +
Cre, P = 0.161, in water; CKI 4+ GFP versus WT + Cre, P = 0.852;
CKI + Cre versus WT + Cre, P = 0.097, in the 2-PE group; CKI +
GFP versus WT + Cre, P = 0.040; CKI + Cre versus WT + Cre,
P =0.867, in TMT]. These data strongly argue that Shank3 expression
in the CoA is essential to the intact olfactory valence coding in mice.

DISCUSSION
Across the animal kingdom, volatile chemicals serve as signals that
elicit immediate approach or avoidance behaviors—emotional re-
sponses integral to social functioning (35, 36). Our findings reveal
significant deficits in odor valence processing in both children with
SHANK3 mutations and Shank3B mutant mice. Neurophysiological
examinations of Shank3B mutant mice identified reduced neuronal
activity, aberrant synaptic transmission, and altered dendritic and
spine morphology within the CoA. Critically, targeted deletion of
Shank3 in CoA neurons impaired odor valence processing, whereas
restoring Shank3 expression specifically in CoA pyramidal neurons
reversed these structural, physiological, and behavioral abnormali-
ties. These findings establish a causal role for Shank3 expression in
CoA neurons in facilitating adaptive interactions with chemical—
and potentially social —environment in mice, presenting opportuni-
ties for diagnostic and therapeutic intervention.

Human and animal studies demonstrate that the amygdala plays
a central role in valence coding, driving both innate and learned
behavioral responses, with distinct functional contributions from its
subnuclei. The basolateral amygdala (BLA) and central amygdala
(CeA) are critical for learned appetitive and aversive behaviors elic-
ited by CS (17, 37-39). For innate behaviors, however, lesion studies
indicate that the BLA and CeA are dispensable for predator odor-
induced aversion in mice. In contrast, the CoA and medial amyg-
dala (MeA) regulate predator odor-evoked avoidance, whereas the
CoA is also essential for processing attractive odor cues (19, 40, 41).
In this study, selective deletion of Shank3 in the CoA using CRISPR-
Cas9 recapitulates the olfactory valence deficits observed in global
Shank3 KO mice, whereas selective restoration of Shank3 expres-
sion in the CoA rescues these deficits in global Shank3 KO mice.
These findings provide compelling evidence that Shank3 expression
in the CoA is essential for mediating odor valence-related behav-
iors. Our findings identify Shank3 as a critical molecular determi-
nant whose loss in the CoA disrupts olfactory valence processing,
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providing a mechanistic link between SHANK3 deficiency and sen-
sory abnormalities relevant to ASD.

The Shank3 gene is broadly expressed across both nonlimbic and
limbic brain structures, exhibiting regional differences in expression
levels and functional roles, and modulating neural activity within
distinct circuits. Loss of Shank3 in nonlimbic brain regions, includ-
ing the motor cortex (M1), somatosensory cortex (S1), barrier cor-
tex, prefrontal cortex (PFC), and dorsal striatum, leads to aberrant
cortical and subcortical connectivity, contributing to the core mo-
tor, sensory, and cognitive impairments characteristic of ASD (42-
46). The role of Shank3 expression in the limbic system is less well
understood but has been associated with reward processing, emo-
tional regulation, memory, and social behavior (47, 48). For in-
stance, Shank3 is highly expressed in the anterior cingulate cortex
(ACCQC), where its dysfunction results in deficits in social interac-
tions, driven by impaired excitatory synaptic transmission and neu-
ral circuit connectivity (49). In the PIR, Shank3 is crucial for target
odor recognition, with its haploinsufficiency selectively impairing
the ability to discriminate target odors within unfamiliar olfactory
backgrounds (50). Although Shank3 expression in the CoA is rela-
tively low compared to other limbic and nonlimbic structures (42),
we observed marked hypoactivity in CoA neurons of Shank3 mu-
tant mice, attributable to reduced excitatory synaptic transmission
and dendritic spine abnormalities. The phenotypic differences of
mEPSC amplitude phenotype (Shank3B KO mice, sgRNA" mice,
and Shank3 CKI mice) likely stem from the timing and cellular
specificity of the Shank3 deletion. The chronic, germline Shank3
knockout leads to a homogeneous, complete loss of Shank3, whereas
the acute, AAV-SpCas9-sgRNA-mediated deletion in adults likely re-
sults in an incomplete knockout efficiency within the CoA cell pop-
ulation. The conditional rescue model (CKI) uses a yet distinct genetic
strategy to delete most major Shank3 isoforms. These three distinct
methodological distinctions were associated with decreased mEPSC
frequency, and changes in CoA pyramidal neuron morphology and
spine density were observed in two Shank3 mutant models. This ob-
servation sheds light on how Shank3 mutations impair olfactory-
driven emotional responses, further elucidating its role in the limbic
system and sensory-affective integration.

We note that the CoA mechanisms identified in mice cannot be
directly extended to humans. A recent human magnetic resonance
imaging (MRI) study has linked SHANK3 defects with reduced
amygdala gray matter volume (51), but the spatial resolution of MRI
does not allow clear characterization of CoA involvement. We also
acknowledge that our findings are based on a small set of odors with
distinct valence values. Nonetheless, SHANK3 is one of the most
well-established genetic factors associated with ASD (3, 52) and core
ASD phenotypes, including impairments in social behavior and
sensory processing, are consistently observed in both individuals
and animal models with SHANK3 mutations (53). Distorted percep-
tion of social chemosignals has emerged as a contributor to socio-
emotional difficulties in ASD (54). Given the intricate relationship
between olfaction, emotion, and social function, our mouse findings
highlight the potential of restoring Shank3 expression in the CoA to
rehabilitate odor valence processing and, ultimately, improve socio-
emotional functions. Although these results motivate future investi-
gation of amygdala-level mechanisms in individuals with SHANK3
mutations and ASD, any therapeutic implications will require direct
validation in clinical studies.
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MATERIALS AND METHODS

Human participants

A total of 99 children, accompanied by their caregivers, participat-
ed in the human testing experiment. Of these, 22 participants (8
SHANK3 and 14 TD children) were excluded due to data quality is-
sues. Consequently, the data of 77 participants were included in
the final analysis. For the nasal airflow assessment, the sample com-
prised 21 children with SHANK3 deficiency (9 girls and 12 boys,
6.32 + 2.09 years) and 42 age- and sex-matched TD children (18
girls and 24 boys, 6.36 + 1.98 years). For the scalp EEG assessment,
seven children with SHANK3 deficiency (three girls and four boys,
6.52 & 1.98 years) and seven age- and sex-matched TD children
(three girls and four boys, 6.64 + 2.06 years) were included. SHANK3
and TD groups did not differ in sex or age (nasal airflow: y* = 0,
P=1,ts =-0.07,and P=0.94; EEG: y* =0, P =1, f;; = —0.11, and
P =0.91). SHANK3 mutations were identified through genetic test-
ing, and gene reports were provided by caregivers. Demographic
information and mutation details for the SHANK3 group are sum-
marized in table S1. None of the participants had respiratory aller-
gies or upper respiratory infections at the time of testing. Written
informed consent was obtained from the primary caregiver of each
child to participate in the procedure, which was approved by the
Institutional Review Boards at the Institute of Psychology (H22108)
and the Shenzhen Institute of Advanced Technology (SIAT-IRB-
220215-1-1-0587) of the Chinese Academy of Sciences.

Animals

All animal experiments were performed in accordance with the
Shenzhen Institute of Advanced Technology (SIAT), Chinese Acad-
emy of Sciences guidelines for animal care and were approved by
SIAT’s Institutional Animal Care and Use Committee (IACUC, SIAT-
IRB-180129-NS-HY-A0398). Animals were maintained on a 12-hour:
12-hour light:dark cycle (lights on at 08:00) with food and water
provided ad libitum. Genotyping of Shank3B mice (the Jackson Lab-
oratory, 017688) and Shank3 CKI mice (a gift from W. Wang) was
performed following standard protocols. We also used C57BL/6] mice
(aged 6 to 8 weeks; Beijing Vital River Laboratory Animal Technol-
ogy Co. Ltd.) in selective deletion of Shank3 experiments. Our re-
ported sample sizes in each experiment are comparable to those found
in previous publications. Animals were randomly allocated to ei-
ther a sgRNAS"" or a sgRNAS" group. Experimenters were blind
to the experimental groups, and the order of testing was counter-
balanced during behavioral experiments. No data were excluded from
the analyses.

Olfactory stimuli

For human nasal airflow assessment, olfactory stimuli consisted of
two pleasant fragrant oils—pineapple [50% (v/v) in propylene gly-
col] and chocolate [33% (v/v) in light mineral oil]—and two un-
pleasant odor compounds—trimethylamine [1% (v/v) in propylene
glycol] and isovaleric acid [2% (v/v) in propylene glycol]. Trimeth-
ylamine has a rotten fishlike odor, whereas isovaleric acid has a
sour stinky footlike odor. Each odor was presented using a felt-tip
pen filled with 3 ml of the corresponding odor solution. For pre-
sentation, the cap was removed and the pen tip was positioned ~2 cm
in front of both nostrils. For scalp EEG recordings, pineapple [5
and 0.5% (v/v) in propylene glycol] and trimethylamine [0.1 and
0.01% (v/v) in propylene glycol] at two concentration levels (1x
and 0.1x) served as the olfactory stimuli, with purified air included
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asa control condition. Odors were delivered via a computer-controlled
olfactometer providing a constant airflow of 2.5 liter/min.

The olfactory stimuli used for the Olfactory Valence Test com-
prised a panel of 11 odors that span diverse chemical categories
and innate valence properties, including TMT, pentanal, furfural,
2-hexanone, propylene glycol (vehicle control), agmatine sulfate
(AST), benzaldehyde, 2,3-butanedione, hexanal, IAA, and 2-PE. All
odorants were prepared at a final concentration of 85 pmol/ml and
dissolved in propylene glycol. For each trial, 50 pl of the odor solu-
tion was applied to a piece of filter paper and placed in a designated
corner of the arena. The olfactory stimuli were presented for subse-
quent mechanistic behavioral experiments; we focused on two rep-
resentative odorants—2-PE (appetitive) and TMT (aversive) [2-PE
at 1% (v/v) in water, and the aversive odor, TMT, at a concentration
of 300 pmol/ml in water]. During the testing phase, a 50-pl aliquot
of each odor solution was applied to a piece of filter paper and placed
in a designated corner of the experimental arena (19).

Human testing procedures

Nasal airflow assessment

Participants wore headphones and watched their favorite animated
shows for ~20 min using GOOVIS G2 OLED display goggles mount-
ed on a stand holder. Their eyes were positioned close to the micro-
OLED displays. Concurrently, nasal flow was continuously measured
using either a nasal cannula connected to a spirometer (FE141, AD
Instruments) or a respiratory belt transducer (TN1132/ST, AD In-
struments). The latter was used for two children with SHANK3 who
refused to wear a nasal cannula. The signals were amplified and re-
corded using a data acquisition device (Power Lab, AD Instruments)
at a sampling rate of 1000 Hz. As depicted in Fig. 1A, the olfactory
stimuli were intermittently presented in random order while the
participants watched the animated shows. The odor pens were kept
out of the participants’ sight. Each odor was presented five to seven
times, depending on the compliance of the participant. Each presen-
tation lasted for 7 s, with a minimum interval of 25 s between con-
secutive odor presentations. There was no difference in the number
of presentations between pleasant and unpleasant odors [F(1,61) =
0.45, P = 0.51].

In a separate task, TD children provided subjective valence rat-
ings for each olfactory stimulus on a five-point scale marked by car-
toon faces with sad (indicating unpleasant), somewhat sad, neutral,
somewhat happy, and happy (pleasant) expressions. Both pineapple
and chocolate were rated more pleasant than trimethylamine and
isovaleric acid in TD children (fig. S1).

EEG recording

Participants watched their preferred animated shows on a 24-inch
LED monitor for ~50 to 70 min. Olfactory stimuli were delivered
via an olfactometer, with airflow held constant throughout test-
ing. Each odor was presented 16 times, and the air control was
presented 32 times, all in random order. Each presentation lasted
3 s, with an interstimulus interval of 17.5 to 18 s. The animated
show was programmed to pause and display a fixed frame with no
audio 0.5 to 1 s before each odor/air presentation, and this frame
remained on the screen until the odor/air presentation ended. This
procedure ensured consistent airflow and audiovisual input across
olfactory conditions. Inhalation onsets were continuously moni-
tored using a nasal pressure sensor (Sniff Logic; sampling rate:
200 Hz). Participants were allowed to discontinue the experiment
at any point.
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EEG data were continuously recorded from 32 Ag/AgCl scalp
electrodes arranged according to the international 10-20 system
(eego mylab, ANT Neuro). A 10% saline solution served as the con-
ductive medium. Signals were referenced online to CPz and sampled
at 500 Hz, and electrode impedance was maintained below 20 K€.

Stereotaxic virus injections

Mice (6 to 8 weeks of age) were anesthetized using chloral hydrate
(1%, w/v) and positioned in a stereotaxic injection frame (RWD Life
Science). A digital mouse brain atlas was linked to the injection
frame to guide the identification and targeting of the CoA or the
PIR. Injections were performed at a rate of 20 to 30 nl/min with a
Hamilton syringe (10 pl, model 1701) using a Nanoliter 2000 micro-
injection system (WPI). Stereotaxic coordinates were used to direct
injections into either the CoA [anteroposterior (AP), —1.40 mmy;
mediolateral (ML), —2.70 mm; and dorsoventral (DV), —5.80 mm)
or the PIR (AP, —1.10 mm; ML, —3.70 mm; and DV, —4.70 mm]. To
prevent backflow of fluid, the pipette was left in the brain for at least
5 min after completion of the injection. Once the injection pipette
was removed, the mouse was removed from the stereotaxic appara-
tus, and the incision was closed with wound clips. During all surgi-
cal procedures, mice were kept on a heating pad and brought back
to their home cages after recovery of movement.

We followed a published protocol for fiber photometry (55).
Briefly, male mice were unilaterally injected with 300 nl of AAV9-
CaMKIIa-GCaMP6s (2.71 x 10" vector genomes/ml), followed by
the insertion of a ceramic cannula housing an optical fiber [1.25 mm
in outer diameter (OD); 0.37 numerical aperture (NA)] toward the
CoA or PIR. The ceramic cannula was then fixed with dental acrylic.
Mice were individually housed for 2 weeks to allow GCaMP ex-
pression.

For sparse labeling (56), mice were injected with 100-nl mixtures
of AAV9-CaMKIIa-Cre (1:10,000) and AAV9-EFIa-DIO-EGFP for
Shank3B mice or AAV9-CaMKIIa-FLP (1:10,000) and AAV9-EF I~
fDIO-mCherry for Shank3 CKI mice with methods mentioned above.
Mice were brought back to their home cages for 3 weeks to allow
reporter expression.

For selective deletion, 500 nl of AAV9-pCALM1-SpCas9-miniU6-
sgRNA™" or AAV9-pCALM1-SpCas9-miniU6-sgRNA (5% 102 vg/
ml) was bilaterally injected into the CoA of C57BL/6]. Mice were
brought back to their home cages for 4 weeks to ensure enough time
for Shank3 deletion.

For conditional knockout and rescue experiments, 500 nl of AAVS-
CaMKIIa-Cre-EYFP or AAVS-CaMKIIo-EYFP (5% 10" vg/ml) was
bilaterally injected into the CoA. Mice were brought back to their
home cages for 3 weeks to allow Shank3 reexpression.

Replication was confirmed across different batches of animals
and viral preparations.

Fiber photometry

A fiber photometry system (Thinker Tech) was used to record GCaMP
signals in neurons. To record fluorescence signals, a 488-nm laser
beam was reflected by a dichroic mirror, focused by a 10X objective
lens, and then coupled to an optical commutator. An optical fiber
(OD, 125 pm; NA = 0.37, 5.5/5 m long) guided the light between the
commutator and the implanted optical fiber. The laser power was
adjusted at the tip of the optical fiber to alow level 0of 0.01 to 0.02 mW
to minimize bleaching. The GCaMP fluorescence was band-pass fil-
tered (MF525-39, Thorlabs) and collected by a photomultiplier

Huetal,, Sci. Adv. 12, eaea3775 (2026) 6 May 2026

tube (R3896, Hamamatsu). An amplifier (C7319; Hamamatsu) was
used to convert the photomultiplier tube current output to voltage
signals, which was further filtered through a low-pass filter (40-Hz
cutoff, Brownlee 440, AutoMate Scientific). The analog voltage sig-
nals were digitalized at 500 Hz and recorded by a Power 1401 digi-
tizer and Spike2 software (CED) (55).

Head-fixed mice with optical fibers were connected to the fiber
photometry system for recording. Responses were recorded follow-
ing stimulation of 2-PE, TMT, or air presented for 3 s for each trial.
Fiber photometry data were analyzed using MATLAB (MathWorks).
The fluorescence change (AF/F) was calculated as (F — Fy)/F,, where
Fj was the mean fluorescence signal during a 1-s baseline period in
each trial. The area under the curve (AUC) was calculated as mean
AF/F during a 10-s period (0 to 10 s from onset).

Olfactory Valence Test
The olfactory preference test was conducted with modifications
from a previously established protocol (19, 57). Before each behav-
ioral session, mice were transferred to a dedicated testing room and
allowed to acclimate for at least 30 min. Adult male mice were tested
individually in a 40 cm-by-40 cm-by-45 cm (width X length X
height) open-field arena. At the beginning of each trial, a clean piece
of filter paper (1.5 cm by 2 cm) was placed in the designated target
quadrant and remained there throughout the entire 15-min session.
Mice were first allowed to freely explore the arena for 5 min with-
out odor stimulation. This odor-free period was used to quantify
each mouse’s baseline preference for the target quadrant. Immedi-
ately after the baseline phase, 50 pl of the odorant solution (85 pmol/
ml in propylene glycol) was gently applied to the filter paper without
disturbing the animal, and the mouse continued exploring the arena
for an additional 10 min. All sessions were video recorded, and the
time spent in the target quadrant was analyzed using EthoVision XT.
For each mouse, the PI obtained under the solvent-alone condi-
tion (propylene glycol) was used as the individualized baseline. PI
values obtained during odor stimulation were then normalized to this
solvent PI, such that positive values reflected attraction and negative
values reflected aversion relative to the solvent control.

Behavioral assay

Behavioral assays were performed in a 40 cm-by-40 cm-by-45 cm
open-field chamber. A piece of filter paper (1.5 cm by 2 cm) was
fixed in the target quadrant for the entire 15-min session. During
the first 5 min (baseline period), no odorant was applied; during the
subsequent 10 min (test period), 50 pl of the odorant solution (odor-
ant diluted in water) was gently added to the filter paper without
disturbing the animal. Water alone served as the vehicle control, and
all performance indices were normalized to the vehicle baseline
(58). All odorant exposures were performed in thoroughly cleaned
chambers, with 75% ethanol used between trials to eliminate resid-
ual olfactory cues.

Behavioral videos were recorded and analyzed using EthoVision
XT (Noldus). The investigation time was defined as the cumulative
duration during which the mouse’s nose entered the predefined fil-
ter paper region of interest (ROI). Maximum velocity was calculated
as the peak instantaneous speed within the target quadrant during
odor exposure. Immobility time was quantified using EthoVision’s
standard mobility thresholds, defined as episodes in which whole-
body movement fell within 0.05 to 60% of the activity detection
threshold for at least 2 s. Total distance traveled was extracted as an
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index of general locomotor activity and used to rule out nonspecific
motor deficits.

Odor-reward associative learning

Mice were water deprived for 48 hours and habituated to a head-
fixed setup. Odor delivery, water reward, and lick detection were con-
trolled by an Arduino-based system interfaced with MATLAB.
During Pavlovian conditioning, a 1-s odor stimulus (CS) preceded
water delivery (US) by 2 s. Anticipatory licking was quantified dur-
ing a 2-s response window before reward delivery. The intertrial in-
terval was randomized between 6 and 8 s. Mice received ~40 trials
per session per day, and behavior was analyzed offline in MATLAB.
Well-trained mice (three to six sessions) exhibited robust anticipa-
tory licking (>80% of maximal lick rate) following odor presentation.

Electrophysiology

Whole-cell patch-clamp recording was performed as described pre-
viously (59, 60). Briefly, the mice were anesthetized with isoflurane
and brains were removed and placed in ice-cold dissection solution
saturated with 95% O, and 5% CO; containing the following: 115 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH,POy4, 0.1 mM CaCl,, 3 mM
MgCl,, 25 mM NaHCOj3, 25 mM glucose, 0.4 mM L-ascorbic acid,
3 mM myo-inositol, and 2 mM sodium pyruvate. Coronal slices
(300 pm) containing the CoA region were prepared using a vibratome
(VT1200S, Leica). Slices were then transferred to a recovery cham-
ber containing the following: 115 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH,POy4, 2 mM CaCl,, 1 mM MgCl,, 25 mM NaHCOj3, 25 mM glu-
cose, 0.4 mM L-ascorbic acid, 3 mM myo-inositol, and 2 mM sodi-
um pyruvate (saturated with 95% O, and 5% CO,, pH 7.4), for 30 min
at 32°C and >30 min at room temperature before recording. Record-
ings were performed with internal solutions for recording excitatory
synaptic responses, containing the following: 125 mM Cs-Meth, 20 mM
CsCl, 5 mM Na,Phosphocreatine, 4 mM MgATP, 0.3 mM NaGTP,
0.5 mM EGTA, and 2 mM QX-314 (pH 7.3). Patch pipettes were
pulled from borosilicate glass capillary tubes using a PC-100 pipette
puller (Narishige). The resistance of pipettes filled with intracellular
solution varied between 4 and 5 MQ.

The recordings were obtained using a Multiclamp 700B amplifier
(Molecular Devices). For all whole-cell recordings, membrane resis-
tance was monitored before and after each run. Cells were rejected
if Ra was >30 MQ and leaky current >500 pA throughout the ex-
periment. Recordings were digitized and filtered with a Digidata
1550B. Clampex 10.7 was used for acquisition and analysis. Experi-
menters were unaware of the genotype of all samples throughout
data collection and analysis.

For the recording of PPR and AMPAR-mediated input-output
curve, the cells were voltage clamped at —70 mV in the presence of
50 pM D-AP5 to block NMDA receptors (NMDARs) and 50 pM
picrotoxin to block inhibitory synaptic transmission. The evoked
AMPAR-mediated synaptic responses were triggered by a bipolar
electrode placed in Layer I (100 to 150 pm from the soma of neurons
recorded). The paired stimuli were delivered at an interstimulus in-
terval of 50 ms. The PPR is calculated by the ratio of the peak re-
sponse of the second EPSC to that of the first EPSC. For the
AMPA-to-NMDA ratio, the AMPAR- and NMDAR-mediated EP-
SCs were recorded in the presence of 50 pM picrotoxin at holding
membrane potentials of —70 and +40 mV, respectively. The AMPA-
to-NMDA ratio was calculated as the ratio of the average AMPA-EPSC
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peak amplitude to the NMDA-EPSC amplitude. For the recording of
mEPSCs, the cells were voltage clamped at —70 mV in the presence
of 50 pM picrotoxin to block GABA (y-aminobutyric acid type A)
receptors and 1 pM TTX to block action potentials. The mEPSCs
were digitized at 20 kHz, filtered at 2 kHz, and analyzed with Mini
Analysis (Synaptosoft Inc.).

Immunofluorescence and imaging
Mice were anesthetized with chloral hydrate (1%, w/v) and perfused
transcardially with cold phosphate-buffered saline (PBS) and 4%
paraformaldehyde (PFA) to remove blood. Thick coronal sections
(40 pm) were collected throughout the whole brain. Following PBS
washes, samples were blocked in BlockAid (B10710, Invitrogen)
containing 0.3% (w/v) Triton X-100 for 1 hour at room temperature.
Sections were overlaid with anti-c-Fos antibody (1:400, 9F6, Cell
Signaling Technology), anti-HA antibody (1:400, C29F4, CST), or
anti-GFP antibody (1:500, 600-301-215, Rockland) and incubated
for 48 hours at 4°C. After washing off the primary antibody, samples
were overlaid with a 1:500 dilution of Alexa Fluor 488 Goat-anti-
Rabbit IgG (111-545-144, Jackson ImmunoResearch) or Alexa Fluor
488 Goat-anti-Mouse IgG (115-545-003, Jackson ImmunoResearch)
and incubated at room temperature for 2 hours. After washing, sec-
tions were coverslipped with Fluoroshield mounting medium with
4’,6-diamidino-2-phenylindole (DAPI; ab104139, Abcam).
c-Fos—positive cells were quantified from anatomically matched
coronal sections identified according to the Allen brain atlas. For
each animal, two sections were collected from the OB (bregma: +4.2
to +3.8 mm), three from the CoA and the PIR (bregma: —1.2 to
—2.4 mm), using evenly spaced 120-pm intervals to cover postero-
medial (CoApm) and posterolateral (CoApl) subdivisions. For each
mouse, the reported value represents the average c-Fos count across
all sections for each region. Each group included three mice, and all
individual animal data points are shown.

Images were acquired with an Axio Imager Z2 microscope (Zeiss)
or an LSM 900 Confocal microscope (Zeiss). ROIs were defined us-
ing atlas-guided anatomical boundaries and verified by a blinded
experimenter. c-Fos* nuclei were counted using consistent thresh-
olding parameters in Imaris (Oxford Instruments). For each mouse,
the reported value represents the average c-Fos count across the
two/three sections for each region.

Real-time quantitative polymerase chain reaction

Total RNA was extracted using RNAiso Plus (9109, Takara) accord-
ing to the manufacturer’s instructions. cDNA was synthesized from
total RNA using a reverse transcription kit (11155ES60, Yeasen).
Quantitative polymerase chain reaction (QPCR) was subsequently
performed using the SYBR Green Master Mix (311185ES03, Yeasen).
All primers were synthesized by Tsingke Biotechnology (Shenzhen,
China). The primer sequences were as follows: Shank3: forward 5’-
CCTATGACAGCCTCACTTCACACAG-3/, reverse 5'-GACCCAC-
CACTTGCTTGTGTCCAAC-3’; p-actin (internal control): forward
5-AGTGTGACGTTGACATCCGT-3/, reverse 5'-TGCTAGGAGC-
CAGAGCAGTA-3".

For qPCR analysis, each biological sample (tissue from an in-
dividual mouse) was assayed in three technical replicates (tripli-
cate wells). The mean of the three technical replicates was used
as the value for each biological replicate for subsequent statisti-
cal analysis.
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Western blotting analysis
CoA and PIR tissues were microdissected in ice-cold oxygenated
ACSF (artificial cerebrospinal fluid) and lysed in RIPA (radioimmu-
noprecipitation assay) buffer (20115ES60, Yeasen) containing prote-
ase inhibitors. After centrifugation, protein concentrations were
determined using a BCA assay (23235, Invitrogen). Equal amounts
of protein were resolved by SDS-polyacrylamide gel electrophoresis
and transferred to PVDF (polyvinylidene difluoride) membranes.
Membranes were blocked with 5% nonfat milk and incubated over-
night at 4°C with a primary antibody against Shank3 (1:1000, 64555S,
CST) and Tubulin (1:5000, 66031, Proteintech), followed by HRP
(horseradish peroxidase)-conjugated secondary antibody (1:1000,
7074P2, CST). Signals were detected using enhanced chemilumi-
nescence and quantified in Image]. Shank3 expression was normal-
ized to Tubulin for each lane.

For Western blot analyses, biological replicates consisted of pro-
tein lysates prepared from three independent mice per group, with
each mouse contributing one sample to the analysis.

Analyses of human data
Nasal airflows
Nasal airflows were analyzed following established methods (61, 62).
The original respiratory signals were downsampled to 100 Hz and
low-pass filtered at 10 Hz using FieldTrip (63). The onset and offset
of each inhalation and exhalation were estimated using BreathMet-
rics (64) and were visually inspected to ensure accuracy. Within each
7-s odor presentation period, two nasal inhalations were identified
(Sniff 1 followed by Sniff 2). To account for variations in respiratory
signals across the recording session, each of Sniff 1 and Sniff 2 was
normalized by respectively dividing the duration and flowrate by the
baseline inhalation duration and peak inhalation flowrate, calculat-
ed as the averages of the three inhalations preceding the odor pre-
sentation. In addition, the following parameters were extracted for
each sniff trace: mean sniff flowrate, peak snift flowrate, sniff dura-
tion, and sniff volume, each similarly normalized by its respective
baseline values. Trials without three stable baseline inhalations, two
identifiable inhalations during the odor presentation period, or with
sniff volumes exceeding 3.5 SDs from the mean were excluded from
the analysis. Participants with fewer than four trials in any odor con-
dition were excluded from group-level analysis to ensure data quality.
EEG data
EEG data were preprocessed using FieldTrip (63). After re-referencing
to the common average and applying a 1- to 45-Hz zero-phase But-
terworth band-pass filter, the continuous EEG recordings were seg-
mented into 6-s epochs ranging from —2 to 4 s relative to odor/air
delivery. Epochs containing substantial head movements, artifacts,
or abnormalities noted in the experimental log were removed. Inde-
pendent component analysis (ICA) was then performed to identify
and remove ocular artifacts from the remaining data.
Time-frequency decomposition of single-trial epochs was con-
ducted using continuous Morlet wavelet convolution. Morlet wave-
lets with a fixed width of four cycles were constructed for frequencies
from 2 to 15 Hz in 0.5-Hz steps. Each trial was subsequently re-
epoched by aligning to the first inhalation onset following odor/air
delivery. Time-frequency data were baseline normalized to the
—500 to —200 ms prestimulus interval, computed as: ER%; = (A;s—
By)/ By, where A;fis the power at latency ¢ and frequency f, and By is
the mean baseline power at frequency f.
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Quantification and statistical analysis

All experiments were conducted blinded, including the electrophys-
iology and behavioral analyses. The number of replicates (n) is indi-
cated in the figure legends and refers to the number of experimental
subjects independently treated in each experimental condition. Sta-
tistical analyses were performed in SPSS (version 22, IBM), JASP
(2023, version 0.17), and GraphPad (version 9, Prism). Sniff re-
sponse differences between means in the pleasant and unpleasant
odorant conditions were compared against zero using one-sample
Student’s ¢ tests. The modulation differences between means across
TD and SHANK3 groups were tested for statistical significance us-
ing the two-tailed unpaired ¢ test. Additional Bayesian independent
samples ? tests were conducted to compare the sniff response differ-
ences between subgroups of children with SHANK3. The sex ratio
between groups was assessed by the chi-square test. Normally dis-
tributed data were tested by one-way ANOVA followed by Dunnett’s
test or Tukey’s test for multiple comparisons and unpaired two-
sample Student’s t test for two-group comparisons. Probabilities of
P < 0.05 were considered to be statistically significant.

Supplementary Materials
This PDF file includes:

Figs.S1to S12

Table S1
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