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% Check for updates The anterior cingulate cortex (ACC) is essential for social behavior, and its

dysfunction is implicated in social interaction deficits in autism. Pyramidal
neuron activity in the ACC is modulated by parvalbumin (PV) and somatostatin
(SST) interneurons, though their specific roles in social interactions remain
unclear. Here, we demonstrate that PV and SST interneurons differentially
contribute to the regulation of social interactions. In a Shank3-deficient
autistic model, the expression of Kcnh7, a risk gene for autism, is reduced in
both PV and SST interneurons. Knocking out Kcnh” in either interneuron
subtype leads to social interaction deficits. Furthermore, projections from the
lateral posterior thalamic nucleus (mediorostral part, LPMR) to PV inter-
neurons and from the ventral hippocampus (vHPC) to SST interneurons dif-
ferentially modulate social interactions. These findings provide new insights
into the distinct roles of PV and SST interneurons in social processes and their

contributions to autism-related pathophysiology.

Social behavior comprises interaction, hierarchy, anxiety, courtship,
and parenting, all of which are crucial for population survival and
longevity. Among these, social interactions are particularly significant,
serving as the foundation for other behaviors by facilitating informa-
tion exchange and regulating sociability (identifying unfamiliar indi-
viduals) and preference (distinguishing between unfamiliar and
familiar individuals)". Considering the importance of social interaction,
animal models are essential for investigating the neural mechanisms
and brain regions involved in social behaviors and disorders such as
autism spectrum disorder (ASD)”. The three-chamber test is widely
used assay to evaluate social behaviors across species, including mice,
dogs, and zebrafish®>. In the first phase, the animal explores a
central chamber and two adjacent chambers—one containing an
unfamiliar conspecific and the other empty—to evaluate sociability. In
the second phase, social preference is evaluated by differentiating
between unfamiliar and familiar individuals. This task highlights the

evolutionary conservation of fundamental social interaction mechan-
isms across species*®.

The anterior cingulate cortex (ACC) is a key region implicated in
social abnormalities, particularly in Shank3 mutant ASD models.
Shank3 encodes postsynaptic scaffolding proteins at excitatory
synapses, and its mutations are strongly associated with ASD’®. Ima-
ging studies have linked ACC neural activity to variations in social
behavior in humans and nonhuman primates’'°, while structural and
functional changes in the ACC correlate with social deficits in
autism™?. However, the precise mechanisms of ACC in regulating
social interaction remain relatively understudied.

The ACC consists of both excitatory pyramidal neurons and
GABAergic interneurons”. Among the latter, parvalbumin (PV) and
somatostatin (SST) interneurons play a critical role in regulating cor-
tical function by fine-tuning pyramidal neuron activity . These
interneurons differentially modulate pyramidal neuron dynamics and
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stabilize network output through distinct intrinsic properties and
synaptic input profiles’. Given their distinct functions, PV and SST
interneurons may differentially influence ACC microcircuits, poten-
tially impacting social interactions and contributing to social deficits in
ASD. Notably, social deficits, a core symptom of ASD, exhibit high
heterogeneity" %, complicating both the diagnosis and treatment of
ASD patients. If PV and SST interneurons indeed selectively modulate
ACC-related social processes, it is worth investigating whether they
contribute to the heterogeneity of social deficits and exploring the
underlying mechanisms.

In this study, we found that PV and SST interneurons in the ACC
contribute to the different phases of social interaction. Notably, in
Shank3 mutant mice, we detected reduced expression of Kcnh7, which
encodes potassium voltage-gated channel subfamily H (eag-related,
Kv11.3), in both PV interneurons and SST interneurons. Kcnh7 is also
recognized as a risk gene for ASD?, and previous studies have shown
that KvlL.3 regulates the resting membrane potential and action
potential firing in neurons®. Using a Cre-dependent CRISPR-Cas?9 viral
approach to knockout Kcnh7in PV or SST interneurons in the ACC, we
found that PV interneurons primarily regulate sociability, whereas SST
interneurons influence both sociability and social preference. The
distinct contributions of PV and SST interneurons are partially due to
their differential inputs. These findings provide direct evidence for the
specific roles of ACC PV and SST interneurons in social interaction
and offer insights into the potential mechanisms underlying social
dysfunction in individuals with ASD.

Results
PV and SST interneuron activity in the ACC differentially redu-
ces during distinct phases of social interaction
Initially, we aimed to investigate the involvement of PV and SST
interneurons in modulating social behavior during the home cage test.
To this end, we employed in vivo fiber photometry to monitor the
dynamics of PV and SST interneurons during social interactions by
injecting an adeno-associated virus (AAV), AAV2/9-FLEX-GCaMP7s,
into the ACC of PV-Cre or SST-Cre mice (Fig. 1a-c and Supplementary
Fig. 1a, b)"***. In the test, an unfamiliar juvenile mouse was introduced
into the subject mouse’s enclosure. Various types of social interactions
between the two mice were recorded, including direct confrontation,
olfactory exploration, and chasing (Fig. 1d). We measured bulk calcium
signal fluctuations in PV or SST interneurons in the ACC during these
behavioral events, with the zero-point defined as the moment the
subject mouse’s nose or forelimbs contacted the juvenile stranger. The
results showed a significant reduction in PV and SST interneuron
activity in response to social stimuli (Fig. e, f). Next, we assessed PV
and SST interneuron dynamics during sociability and social preference
phases using the three-chamber test®, defining the calcium signal zero-
point as the subject mouse being within a mouse’s head length from an
unfamiliar mouse’s cage. Similar to the home cage test, PV and SST
interneurons activity decreased when mice entered social or empty
zones, with greater suppression observed in the social zone (Fig. 1g-i
and Supplementary Fig. 1c, d, g left, h left). During the social pre-
ference phase, activity reduction was more pronounced in the stranger
zone than in the original zone (Fig. 1j-1 and Supplementary Fig. 1e, f, g
middle, h middle). Notably, PV interneuron activity decreased more
during sociability with a social partner than during social preference
with an unfamiliar mouse (Supplementary Fig. 1g right). In contrast,
SST interneuron activity decreased more during social preference
with a novel individual than during sociability with a social partner
(Supplementary Fig. 1h right). These findings suggest that the activity
of PV and SST interneurons is significantly suppressed during social
behavior, highlighting their significant roles in social interaction
processing.

We compared GCaMP signal dynamics between PV and SST
interneurons (Fig. Im-o). In the home cage test, PV interneurons had

lower area under curve (AUC) values than SST interneurons (Fig. Im
left). Both PV and SST interneurons showed significant correlations
between AUC values and social event duration, with a stronger cor-
relation observed in PV interneurons (Fig. Im right). A similar trend was
noted during the sociability phase in the three-chamber test (Fig. 1n).
However, during the social preference phase, SST interneurons
exhibited greater AUC variation and steeper correlation slopes com-
pared to PV interneurons (Fig. 10). PV interneuron activity was slightly
lower than SST interneuron activity in the original zone (Supplemen-
tary Fig. 1i). Overall, in the ACC, PV and SST interneuron activity was
suppressed during social interaction, with PV interneuron activity
changes being more prominent during sociability and SST interneuron
changes being more pronounced during social preference.

Targeted apoptosis of PV and SST interneurons alters the
behavior during the two phases of the three-chamber test

We next examined the effect of silencing PV or SST interneurons on
social behavior using taCasp3-expressing virus to induce cell-specific
apoptosis® (Fig. 2a, b). Successful ablation of PV and SST inter-
neurons in the ACC was confirmed (Fig. 2c-e). In the three-chamber
test, PV-Cre mice maintained a preference for the social zone before
and after ablation; however, their discrimination score significantly
increased following the intervention (Fig. 2f-h). In contrast, during
the social preference phase, ablation of PV neuron eliminated zone
preference, with discrimination scores nearing significance (Fig. 2i, j).
SST neuron ablation did not affect social zone preference in socia-
bility test (Fig. 2k, I) but significantly increased discrimination scores
in the social preference test (Fig. 2m-o0). PV-Cre mice exhibited
higher discrimination scores than SST-Cre mice following the inter-
vention in sociability test (Supplementary Fig. 2a). Conversely, SST-
Cre mice showed a greater preference for the stranger zone in the
social preference test after the intervention (Supplementary Fig. 2b).
Additionally, PV-Cre mice displayed enhanced social interaction in
the home cage test (Supplementary Fig. 2¢). These findings demon-
strate that PV interneurons may play a more significant role in
sociability, whereas SST interneurons are more critical for social
preference.

PV interneuron activation reduces sociability more strongly
than SST interneuron activation in the home cage test

Given that PV and SST interneurons ablation impaired social behavior
in the three-chamber test, we hypothesized that their activation would
suppress social interactions. To test this, we used a Cre-dependent
strategy to express Channelrhodopsin-2 (ChR2) specifically in ACC PV
or SST interneurons (Fig. 3a). ChR2 expression was confirmed in >90%
of PV and SST interneurons (Supplementary Fig. 3a, b), with reliable
action potential generation at 40 Hz photostimulation (Supplemen-
tary Fig. 3¢, d), consistent with previous study?. In the home cage test,
PV interneuron activation significantly reduced social exploration
behaviors, resulting in a decreased frequency and duration of social
interactions during laser stimulation (Fig. 3b left). Notably, social
interaction time did not fully recover after stimulation in PV-ChR2 mice
(Fig. 3b right). Similarly, SST interneuron activation also reduced social
events and total interaction time, although partial recovery was
observed post-stimulation (Fig. 3c).

To rule out the possibility that the subject mouse became familiar
with the stranger mouse over time, we analyzed correlations between
interaction times across different stages (OFF1, ON, OFF2). While
interaction duration naturally decreased over time in Cre-negative
mice, optogenetic stimulation of PV and SST interneurons weakened
this correlation, indicating disrupted normal social interaction
dynamics (Fig. 3d). PV interneuron activation caused a greater reduc-
tion in social events compared to SST activation, as reflected by the
social inhibition index (Fig. 3e). When a toy mouse replaced the
stranger mouse, both PV-Cre and SST-Cre groups showed similar
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Fig. 1| The activity of PV and SST interneurons varies during different phases of
social interactions. a Schematic diagram of AAV-FLEX-GCaMP7s injection (The 3D
brain image was created with CEBSIT/ION Digital Brain https://www.digital-brain.
cn/). b Example image showing fiber placement in the ACC (left) and GCaMP7s
expression (right). ¢ Same as (b) but for SST-Cre mice. d Cartoon depicting the
social recognition behavior in the home cage test. e Ca* signals associated with
social recognition in (d). Left: heatmap of Ca** signals, with each row representing
one mouse. Right: the peri-event plot of the average Ca*" transients: thick lines
indicate the mean, shaded areas represent the SEM (n =11 mice). f Same as (e) but
for SST-Cre mice, n =11 mice. g Schematic diagram of the three-chamber sociability
test. h, i Same as (e) but for PV-Cre (h, n=9 mice) and SST-Cre (i, n = 11 mice) mice in
the sociability test. j, k, I Same as (g, h, i) but for PV-Cre (k, n =9 mice) and SST-Cre

(I, n=11 mice) mice in social preference test. Schematic diagrams in (d, g, j) are
designed by us. m Comparison of AUC (area under curve) (left) and the correlation
index between social duration and neuronal activity in the PV-Cre and SST-Cre
groups (right) (n=11 mice per group, two-tailed unpaired ¢ test, t = -3.665,
P=0.002; Pearson correlation test, r=-0.623, P=0.041 for PV, r=-0.635,
P=0.036 for SST). n Same as (m) but for sociability (n=9 PV-Cre mice, n=11 SST-
Cre mice, two-tailed unpaired ¢ test, ¢t =-3.087, P=0.014; Pearson correlation test,
r=-0.807, P=0.009 for PV, r=-0.910, P=0.0001 for SST). 0 Same as (m) but for
social preference (n =9 PV-Cre mice, n =11 SST-Cre mice, two-tailed unpaired ¢ test,
t=2.656, P=0.020; Pearson correlation test, r=-0.895, P= 0.001 for PV, r=-0.875,
P<0.0001 for SST). All statistical tests are two-sided. Data are presented as

mean = SEM. *P< 0.05, **P < 0.01. Source data are provided as a Source Data File.

interaction levels regardless of laser status (Fig. 3f, g). Additionally, PV
or SST interneuron activation did not alter preference for stranger
mouse urine in an open field (Supplementary Fig. 4). The results
indicate that both PV and SST interneurons modulate sociability in the
home cage test, with PV interneuron activation exerting a stronger
inhibitory effect on social behavior compared to SST interneuron
activation.

PV and SST interneuron activation suppresses sociability and
social preference in the three-chamber test

To investigate whether optogenetic stimulation of PV and SST inter-
neurons alters social behavior in the three-chamber test, we examined
their effects during sociability and social preference stages. In the
sociability stage, PV-Cre mice initially exhibited a preference for
the unfamiliar mouse (OFF1, Fig. 4a, b left). However, blue light
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Fig. 2 | Apoptosis of PV and SST interneurons in the ACC induced by virus alters
behavior in the three-chamber test. a Schematic diagram of virus injection (The
3D brain image was created with CEBSIT/ION Digital Brain https://www.digital-
brain.cn/). b Timeline of the experimental procedure. ¢ Representative immuno-
fluorescence images. d Number of PV* cells (left) and Pvalb mRNA levels (right)
(left: n= 6 slices from 2 mice per group, two-tailed unpaired ¢ test, t=39.703,

P <0.0001; right: n =7 control mice, n =15 taCasp3 mice, Two-sided Mann-Whitney
Utest, Z=-3.702, P=0.0002). e Same as (d) but for SST-Cre mice (left: n= 6 slices
from 2 mice per group, two-tailed unpaired separate variance estimation ¢ test,
t=12.494, P< 0.0001; right: n =10 mice for the control and n =15 mice for taCasp3,
two-tailed unpaired ¢ test, t=73.364, P<0.0001). f Traces of PV-Cre mice before
(left) and after (right) viral intervention in the sociability test. g Quantification of
time spent in the social zone and empty zone before and after viral intervention for
PV-Cre mice (n =8 mice per group; two-tailed paired ¢ test, t =3.519, P=0.0097 for
Pre; Two-sided Wilcoxon signed-rank test, Z=-2.521, P=0.012 for Post).

h Discrimination score for PV-Cre mice in (g) (n =8 mice, two-tailed paired ¢ test,
t=-2.698, P=0.031). i Quantification of time spent in the stranger zone and ori-
ginal zone before and after viral intervention for PV-Cre mice (n = 8 mice, two-tailed
paired ¢ test, t=3.220, P=0.015 for Pre, t=0.620, P=0.555 for Post).

j Discrimination score for PV-Cre mice in (i) (n =8 mice, two-tailed paired ¢ test,
t=2.337, P=0.052). k Same as (g) but for SST-Cre mice (n =8 mice; two-tailed
paired ¢ test, t=4.024, P=0.005 for Pre; t=11.084, P < 0.0001 for Post). | Same as
(h) but for SST-Cre (n =8 mice, Two-sided Wilcoxon signed-rank test, Z=-0.560,
P=0.575). m Traces of SST-Cre mice before (left) and after (right) viral intervention
in the social preference test. n Same as (i) but for SST-Cre mice (n =8 mice; two-
tailed paired ¢ test, t=6.899, P=0.0002 for Pre; t=11.919, P< 0.0001 for Post).

o Same as (j) but for SST-Cre mice (n =8 mice, two-tailed paired ¢ test, t =-3.615,
P=0.0086). All statistical tests are two-sided. Data are presented as mean + SEM.
*P<0.05, *P<0.01, **P<0.001, ***P< 0.0001. Source data are provided as a
Source Data File.

activation of PV interneurons shifted their preference toward the
empty zone (ON, Fig. 4a, b middle), with no recovery to baseline
after laser cessation (OFF2, Fig. 4a, b right; and Supplementary
Movie 1). The social discrimination score significantly decreased
between OFF1 and ON phases, as well as OFF1 and OFF2 phases (Sup-
plementary Fig. 5a left). SST-Cre mice also exhibited a preference
for the social zone before the laser stimulation (OFF1, Fig. 4g, h left).
During laser stimulation, their sociability decreased (ON, Fig. 4g, h
middle), but their preference for the social zone was restored
after the stimulation ceased (OFF2, Fig. 4g, h right). Discrimination
scores significantly decreased between OFF1 and ON phases but
showed no difference between OFF1 and OFF2 phases (Supplementary
Fig. 5b left). These results indicate that while both PV and SST inter-
neuron activation reduces sociability, their effects exhibit distinct
profiles.

In the social preference stage, PV-Cre mice displayed reduced
preference for the stranger mouse during laser activation (ON,
Fig. 4d, e middle), with no recovery post stimulation (OFF2, Fig. 4e
right). The discrimination scores significantly decreased during the ON
phase compared to OFF1 (Fig. 4f). In contrast, SST-Cre mice shifted
preference from the stranger to the familiar mouse zone during laser
activation (Fig. 4j, k left and middle). This altered preference persisted
even after the laser was turned off (OFF2, Fig. 4j, k right: Supplemen-
tary Movie 2). SST-Cre mice exhibited negative discrimination scores
during the ON phase, in contrast to PV-Cre mice (Fig. 4f, 1). While
discrimination scores remained stable between the OFF1 and OFF2
phases in PV-Cre mice, they continued to decline in SST-Cre mice
(Supplementary Fig. 5a right, b right).

Compared with the EYFP control group, both PV-Cre and SST-Cre
mice expressing ChR2 exhibited reduced discrimination scores during
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Fig. 3 | Optogenetic activation of PV or SST interneurons suppresses social
behavior in the home cage test. a Schematic diagram of AAV- DIO-ChR2 injection
into the ACC of PV-Cre mice and SST-Cre mice (left, the 3D brain image was created
with CEBSIT/ION Digital Brain https://www.digital-brain.cn/) and diagram of the
home cage test with laser delivery strategy (right panel is designed by us).

b Optogenetic stimulation of PV interneurons modulates social behaviors in the
home cage test. Left: The raster plot of different types of social behavior in the
home cage test; B body contact, F following, G genital contact, N nose contact.
Right: Statistical analysis of total social interaction time (n =10 mice, Friedman’s M
test, X*=15.800, P=0.0004). ¢ Same as (b) but for SST-Cre mice (1n=9 mice,
Friedman’s M test, X’ =16.222, P < 0.0001). d Comparison of slope coefficient in the
PV-Cre, SST-Cre and Cre negative groups: X-axis: SToy (social time when laser ON)

-STorr: (social time during OFF1)/T+ (total time of test); Y-axis: STogr, (social time
during OFF2)- SToy (social time when laser ON)/T+ (total time of test) (n =10 mice,
Spearman correlation test, r=-0.055, P=0.881 for PV; n =9 mice, Pearson corre-
lation test, r=-0.133, P=0.732 for SST; n= 6 mice, Pearson correlation test,
r=0.922, P=0.009 for Cre negative). e Comparison of the social inhibition index
between the PV-Cre and SST-Cre groups (n =10 PV-Cre mice, n=9 SST-Cre mice,
two-tailed unpaired ¢ test, t =3.046, P=0.007). f Summary data of the time spent
with toys for PV-Cre group in the OFF1, ON and OFF2 stages in the home cage (n=10
mice, Friedman’s M test, X*= 0.800, P=0.670). g Same as (f) but for SST-Cre group
(n=9 mice, repeated-measures ANOVA, Fyeipeen group = 0.375, P=0.693). All statis-
tical tests are two-sided. Data are presented as mean + SEM. *P < 0.05, **P< 0.01,
***P < 0.001. Source data are provided as a Source Data File.

laser activation (Supplementary Fig. 6a middle, c middle). PV-Cre mice
maintained lower scores than controls even after the stimulation
ceased, whereas SST-Cre mice returned to baseline during the OFF2
phase (Supplementary Fig. 6a right, c right). SST-Cre mice displayed
persistent alterations in social preference during and after stimulation,
whereas PV-Cre mice primarily exhibited sociability deficits (Supple-
mentary Fig. 6b, d). These findings suggest that PV interneurons pri-
marily regulate sociability, whereas SST interneurons have a more
prominent influence on social preference in the three-chamber test.
During the sociability stage, the PV-Cre group showed a
decreasing trend relative to the SST-Cre group within the laser ON
phase (Supplementary Fig. 7a middle). SST-Cre mice exhibited delayed
termination of their first social encounter with a novel object com-
pared to PV-Cre mice during photostimulation in this stage (Fig. 4m
and Supplementary Movies 3 and 4). Although photostimulation
reduced sociability in both groups compared with the laser OFF1
condition, the decline in discrimination score between the ON and
OFF1 phases was more pronounced in PV-Cre mice (Fig. 4n). In the
social preference stage, PV-Cre mice showed a preference for the
center zone during the ON phase, whereas SST-Cre mice showed no
clear preference (Fig. 4p, q). During photostimulation, PV-Cre mice
took longer to terminate their first social interaction with a stranger
object compared to SST-Cre mice (Fig. 40 and Supplementary
Movies 5 and 6). SST-Cre mice showed greater decline in discrimina-
tion scores during laser activation (Supplementary Fig. 7b middle).
Moreover, SST interneuron activation caused a larger disparity in
normalized discrimination scores, which inversely correlated with
sociability outcomes, compared to PV interneuron activation
(Fig. 4n, r). Importantly, locomotion was not affected by optogenetic
stimulation (Supplementary Fig. 5c, d). Both PV and SST interneuron
activation suppressed Fos expression induced by social interaction
(Supplementary Fig. 8a-h), with PV interneurons exerting a stronger
inhibitory effect on ACC pyramidal neuron excitability (Supplemen-
tary Fig. 8i-m) Together, these results indicated that while both PV and

SST interneurons contribute to sociability, SST interneurons play a
more prominent role in regulating social preference.

Abnormal Kcnh7 expression in PV and SST interneurons con-
tributes to social deficits in an autistic mouse model

To investigate factors underlying atypical interneuron activity in ASD-
related social deficits, we focused on Shank3, a high-risk autism gene
linked to social impairments in mutant mice®”~>*, Using single-cell RNA
sequencing (scRNA-seq) of ACC tissues from wild-type (WT) and
Shank3 KO mice, we identified 17,661 high-quality cells, including 9391
WT cells and 8270 Shank3 KO cells. Cell clustering was performed by
Seurat®, with cell type annotation based on singleR* and manual
verification. We identified eight distinct cell-type clusters (Fig. 5a, b),
with the representative marker genes Pvalb and Sst highlighted
(Fig. 5¢). Among the differentially expressed genes, Kcnh7, encoding
the Kv1L.3 potassium channel and associating with ASD*, was sig-
nificantly downregulated in both PV and SST interneurons in Shank3
KO mice (Fig. 5d, e). Single-cell QRT-PCR confirmed Kcnh7 as the
predominant Kv11 family gene expressed in these interneurons, with
reduced expression in Shank3 KO mice (Fig. 6a, b, f, g and Supple-
mentary Fig. 9a—f). Functionally, Shank3 KO mice exhibited increased
excitability in PV and SST interneurons (Fig. 6¢, d, h and i), along with
the reduced ERG channel currents (Fig. 6e, J). Administration of E-4031,
an Kvl1 channel blocker, mimicked this hyperexcitability in WT mice
(Supplementary Fig. 9g-j), suggesting that Kcnh7 downregulation
contributes to interneuron dysfunction in Shank3 KO mice.

To directly test this, we used a Cre-dependent CRISPR-Cas9
approach to knockout Kcnh7 in ACC PV and SST interneurons
(Fig. 7a). Immunofluorescence confirmed successful viral targeting
(Fig. 7b, c, i, j) and reduced KCNH7 levels (Fig. 7d, k). Kcnh7 KO
increased interneuron excitability, altering the half-width and the
fast afterhyperpolarization (fAHP, Fig. 7e-g and I-n) and firing fre-
quency (Fig. 7h, o). Behaviorally, Kcnh7 KO in PV interneurons
reduced sociability without affecting social preference (Fig. 8a-d),
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Fig. 4 | Optogenetic activation of PV or SST interneurons suppresses social
interactions in the three-chamber. a Traces of PV-Cre mice in the sociability test.
b, ¢ Social interaction time (b) and discrimination score (c) from the sociability test
(n=9 mice, Wilcoxon signed-rank test, Z=-2.666, P=0.008 for OFF1; two-tailed
paired ¢ test, t =-2.516, P=0.036 for ON; two-tailed paired ¢ test, ¢t =1.544, P=0.161
for OFF2; two-tailed paired ¢ test, ¢t = 6.805, P=0.0001 for discrimination score).
d Traces of PV-Cre mice in the social preference test. e, f Same as (b, ¢) but in the
social preference test (n =9 mice, two-tailed paired ¢ test, t = 6.831, P=0.0001 for
OFF1; t=0.827, P=0.432 for ON; t = 0.830, P=0.431 for OFF2; t=3.833, P=0.005
for discrimination score). g Same as (a) but for SST-Cre mice. h, i Same as (b, ¢) but
for SST-Cre mice (n =10 mice, two-tailed paired ¢ test, ¢ =4.804, P=0.001 for OFFL;
t=0.236, P=0.819 for ON; t=4.666, P=0.001 for OFF2; t=3.686, P=0.005 for
discrimination score). j Same as (d) but for SST-Cre mice. k, I Same as (e, f) but for
SST-Cre mice (n=10 mice, Wilcoxon signed-rank test, Z=-2.803, P=0.005 for

OFF1, Z=-2.191, P=0.028 for ON; two-tailed paired ¢ test, ¢ =-1.110, P=0.296 for
OFF2, t=6.661, P<0.0001 for discrimination score). m Delay time when the first
social behavior stopped during the sociability test (n =9 PV-Cre mice, n =8 SST-Cre
mice; two-tailed unpaired ¢ test, ¢ = -2.816; P= 0.013). n Comparison of normalized
discrimination scores in the sociability test (n =9 PV-Cre mice, n =10 SST-Cre mice,
two-tailed unpaired ¢ test, t =-1.863, P=0.079). o Delay time when the first social
behavior stopped in the stranger zone (n =9 PV-Cre mice, n =10 SST-Cre mice,
Mann-Whitney U test, Z=-2.195, P= 0.028). p, q Time spent in the center zone for
PV-Cre (p) and SST-Cre (q) in the social preference test (n =9 mice, repeated-
measures ANOVA, P=0.001 for PV; n=10 mice, Friedman’s M test, X*=3.800,
P=0.150 for SST). r Same as (n) but in the social preference test (n =9 PV-Cre mice,
n =10 SST-Cre mice; two-tailed unpaired t test, t =-3.164, P=0.006). All statistical
tests are two-sided. Data are presented as mean + SEM. *P < 0.05, **P< 0.01,

***p < 0.001, ***P < 0.0001. Source data are provided as a Source Data File.

while Kcnh7 KO in SST interneurons impaired both sociability and
social preference (Fig. 8e-h). SST-Cre mice exhibited a more pro-
nounced social preference deficit compared to PV-Cre mice (Sup-
plementary Fig. 10a-f). These results suggest that PV and SST
interneurons play subtly yet demonstrably different roles in dis-
orders involving social deficits and highlight the importance of
Kcnh7 in regulating interneuron function in the ACC, thereby influ-
encing social behavior.

Specific projections contribute to the differential suppression of
social behavior regulated by PV and SST interneuron activity in
the ACC

Our results demonstrate that PV and SST interneurons differentially
regulate social behavior, potentially due to distinct synaptic inputs and
firing patterns (Supplementary Fig. 11). To investigate the neural cir-
cuits underlying these differences, we traced inputs to PV and SST
interneurons in the ACC by injecting a mixture of AAV-EF1a-DIO-His-

EGFP-T2A-TVA and AAV-EF1a-DIO-oRVG into the ACC of the PV-Cre and
SST-Cre mice. Three weeks later, a rabies virus (RV) was injected at the
same site (Fig. 9a)*. Both interneuron types received input from
similar upstream afferents; however, PV interneurons were pre-
ferentially innervated by the lateral posterior thalamic nucleus (LPMR),
whereas SST interneurons received stronger input from the ventral
hippocampus (vHPC) (Fig. 9b-f and Supplementary Fig. 12a, b).
Optogenetic stimulation and whole-cell patch-clamping recordings
confirmed excitatory monosynaptic projections from the LPMR to PV
interneurons and from the VHPC to SST interneurons in the ACC
(Supplementary Fig. 13a—-c). In vivo calcium imaging further validated
the functional connectivity of these pathways (Supplementary
Fig. 13d-i).

To assess the functional roles of these pathways, we selectively
expressed ChR2 in PV or SST interneurons receiving input from the
LPMR or vHPC (Fig. 10a-c, j-1). Approximately 50% of the PV and SST
interneurons expressed ChR2, and over 90% of the ChR2-positive cells
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Fig. 5| Decreased levels of Kcnh7 in PV and SST interneurons within the ACC of
Shank3 KO mice. a, b t-SNE plots of WT and Shank3 KO groups showing cell
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showing single-cell gene expression of known inhibitory neuron markers (Pvalb,
left; Sst, right). d Volcano plot showing that Kcnh7 is one of the downregulated
differentially expressed genes in Shank3 KO mice compared to the WT mice in PV
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interneurons, identified by scRNA-seq (left). Relative mRNA expression showing
that Kcnh7 is more prominently in Pvalb-positive neurons compared to Kcnhé6 and
Kcnh2 (right, n =14 cells from 2 mice: Kruskal-Wallis H test, X? = 24.783, P< 0.0001).
e Same as (d) but for Sst neurons (n =19 cells from 2 mice; Kruskal-Wallis H test,
X?=41.128, P<0.0001). All statistical tests are two-sided. Data are presented as
mean + SEM. **P < 0.001, ***P < 0.0001. Source data are provided as a Source
Data File.

in these two groups were either PV or SST interneurons (Supplementary
Fig. 14a-d). Activation of the LPMR-PV(ACC) pathway significantly
reduced sociability and social preference (Fig. 10d-i and Supplementary
Fig. 15a, b), whereas the VHPC-PV(ACC) pathway had no effect (Sup-
plementary Fig. 16a-d). In contrast, activation of the VHPC-SST(ACC)
pathway impaired social preference without affecting sociability
(Fig. 10m-q and Supplementary Fig. 15c, d), while the LPMR-SST(ACC)
pathway had no impact (Supplementary Fig. 16e-h). Among other
inputs, the mediodorsal thalamus (MD)-PV(ACC) pathway modestly
reduced sociability (Supplementary Fig. 17a, b), while the MD-SST(ACC)
pathway slightly impaired social preference (Supplementary Fig. 18c, d).
Projections from the posterior thalamic nuclear group (Po) to PV(ACC)
and from the claustrum/dorsal endopiriform nucleus (Cl/Den) to
SST(ACC) had no effect on social interest in either the sociability or
social preference tests (Supplementary Figs. 17c, d and 18a, b). The
LPMR-PV(ACC) projection exerted the strongest influence on socia-
bility, and the vHPC-SST(ACC) projection had the most pronounced
effect on social preference (Supplementary Figs. 17e-h and 18e-i).
Overall, these results highlight a greater impact of the LPMR-PV (ACC)
projection on sociability, although it is not the sole regulator. In con-
trast, the vVHPC-SST (ACC) projection has the strongest effect on social
preference among the pathways studied.

Discussion

Projection neurons serve as functional executors within the brain,
influencing neural functions through their intrinsic properties and the
modulation of local interneurons via various regulatory
mechanisms®*®, This study focused on two primary interneuron sub-
types, PV and SST interneurons, in the ACC. We found that both types
of interneurons significantly influence social behavior through distinct
and nuanced mechanisms. In a Shank3 autism model, we observed a
reduced expression of the Kcnh7 gene, a known risk factor for ASD,
specifically in PV and SST interneurons within the ACC. Deletion of
Kcnh7 in either PV or SST interneurons contributed to altered social
interactions, highlighting the involvement of these interneuron sub-
types in ASD-related behavioral variability. Furthermore, our pathway-

specific analyses revealed that the LPMR-PV(ACC) and vHPC-SST(ACC)
projections underline the roles of PV and SST interneurons in reg-
ulating social behavior. The LPMR-PV(ACC) pathway exerted a stron-
ger influence on sociability, whereas the vVHPC-SST(ACC) pathway
predominantly affected social preference. Overall, our findings
demonstrate that PV and SST interneurons in the ACC play a critical
role in regulating social interactions through distinct synaptic inputs
and downstream circuit mechanisms.

Social interaction is commonly evaluated using tests like the
three-chamber paradigm, which assesses sociability (stranger vs.
empty chamber) and social preference (familiar vs. novel mouse). This
setup allows the subject to explore and recognize the stranger mouse,
providing a measure of its sociability. Social preference is evaluated in
the second stage by introducing a familiar mouse in one chamber and a
novel mouse in the other. This phase evaluates the subject’s tendency
to interact with a familiar versus a new conspecific®*. By analyzing the
time spent in each chamber, researchers can quantify social interest
while minimizing variability caused by the mouse’s internal state. By
integrating social tests with various interventions, we found that PV
and SST interneurons are involved in social interaction within subtly
different ways. PV interneuron ablation increased sociability, while
their activation through three different methods reduced it, indicating
a pronounced role in regulating sociability. However, their influence
on social preference varies across methodologies, likely due to dif-
ferences in experimental approaches. Apoptosis induced permanent
PV interneuron ablation®, likely resulting in a minimal number of
surviving cells capable of generating a compensatory effect. In con-
trast, somatic and pathway-specific optogenetics produced acute,
reversible effects, with the latter being less robust. Furthermore, Kcnh7
knockout moderately enhanced neuronal excitability. Thus, if social
preference is less sensitive to PV neuron regulation, the outcomes
across different manipulations may vary accordingly (Supplementary
Fig. 19). Similarly, the four strategies used to manipulate SST inter-
neurons produced consistent effect on social preference, while their
impact on sociability was more variable. These results suggest that SST
neurons may be more actively involved in social preference. This
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Fig. 6 | Increased excitability and decreased Kv11.3 current in PV and SST
interneurons within the ACC of Shank3 KO mice. a RNAscope showing Kcnh7
(gray) and Pualb (red) expression in WT (left) and Shank3 KO mice (middle), with
the quantification of Kcnh7'/Pvalb’ ratio (right, n=7 slices from 2 mice).

b Normalized fluorescence intensity of Kcnh7 (left) and normalized number of
Kcnh7* puncta (right) in Pvalb® neurons (n =13 cells in WT and n=12 cells in KO
from 3 mice per group; Mann-Whitney U test, Z=-2.940, P=0.003 for intensity;
two-tailed unpaired ¢ test, ¢ =3.811; P=0.0009 for puncta number). ¢ Action
potential trace at 200 pA in PV-tdTomato mice. d Input-output curve (left) and
spike frequency at 380 pA (right) (Stim. int.: stimulus intensity; n =9 cells in WT and
n=10 cells in KO from 3 mice per group, Friedman’s M test, Xperveen group = 27.676,
Ppetween group < 0.0001, XCoithin group =354.809, Puithin group < 0.0001 for input—out-
put; two-tailed unpaired ¢ test, t =-4.274, P=0.0005 for frequency at 380 pA).

e Representative traces of the Kv11.3 current (left) and quantification (right) (n=4

¢
Foomv e

cells for the WT and n=3 cells for the KO group from 2 mice per group; two-tailed
unpaired ¢ test, t=-8.416, P=0.002). f Same as (a) but for Sst" interneurons (right,
n =6 slices from 2 mice). g Same as (b) but for Sst* interneurons (n =11 cells for the WT
and n=12 cells for the KO from 3 mice per group, two-tailed unpaired ¢ test, t =2.583,
P=0.017 for intensity, t=2.724, P=0.013 for puncta number). h Same as (c) but for
SST-Cre::Ai9 neurons. i Same as (d) but for SST-Cre::Ai9 neurons (n=9 cells in WT and
n=8 cells in KO from 3 mice per group, Friedman’s M test, Xpeqveen group = 76.699,
Prewveen group < 0.0001, XCoyichin group =297.776, Pyistin group < 0.0001 for input-output;
two-tailed unpaired ¢ test, ¢ = -5.013, P < 0.0001 for frequency at 380 pA). j Same as (e)
but for SST-Cre::Ai9 neurons (n =3 cells in WT and n =4 cells in KO from 2 mice per
group, two-tailed unpaired ¢ test, £=-3.350, P=0.020). All statistical tests are two-
sided. Data are presented as mean + SEM. *P< 0.05, *P<0.01, **P < 0.001,

P < (0.0001. Source data are provided as a Source Data File.

conclusion is further supported by comparing the effects of PV and
SST interneuron modulation.

Although activating either PV or SST interneurons significantly
reduced sociability compared to the EYFP control group, a notable
distinction was evident during the OFF2 phase. During the social pre-
ference phase, SST interneuron activation strongly inhibited behavior,
whereas PV interneurons activation had no effect. Nevertheless, we
cannot entirely exclude the potential influence of SST interneurons on
sociability or the involvement of PV interneurons in social preference.

Investigating the underlying mechanisms could provide further
insights into the distinct roles of these interneuron subtypes in reg-
ulating social behavior. Additionally, we observed reduced PV and SST
interneuron activity when mice approached an empty area, suggesting
the empty cage may act as a novel object. Since the ACC regulates
responses to novelty related information*’, these interneurons likely
process object-related information. Furthermore, neuronal activity
during social interactions differed between the home cage and the
three-chamber tests. The home cage setting introduces only an
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Fig. 7 | CRISPR-Cas9-mediated Kcnh7 knock out in PV and SST interneurons
enhances neuronal excitability. a Schematic of the CRISPR-Cas9 viral strategy
used to target Kcnh7 in PV and SST interneurons (The 3D brain image was created
with CEBSIT/ION Digital Brain https://www.digital-brain.cn/). b Representative
images of PV-Cre mice showing AAV-sgRNA-hSyn-GFP expression (left) and KCNH7
expression in the control group (middle) and Cas9 virus group (right). ¢ Over 99%
of PV* neurons expressed GFP, indicating successful viral infection (n = 6 slices for 2
mice per group). d Quantification of KCNH7 protein levels showing a significant
reduction in the Cas9 group compared to the control group (n =10 cells for Control
and n=9 cells for Cas9 from 2 mice per group; Mann-Whitney U test, Z=-2.776;
P=0.006). e Ex vivo electrophysiological recordings from PV-Cre::Ai9 neuron.

f, g Representative traces of action potential (f), half width (g left, middle) and fAHP
(g right) in PV-Cre::Ai9 cells (n =13 cells per group from 3 mice; two-tailed unpaired
t test, t=-4.342, P=0.0004 for half width; two-tailed unpaired ¢ test, t=-2.914,
P=0.008 for fHAP). h Input-output curve of PV-Cre::Ai9 neurons, showing

increased spike frequency in the Cas9 group compared to the control group
(n=9 control cells and n =12 Cas9 cells from 3 mice per group; Friedman’s M test;
Xzbetween group = 26-390; P, between group < 0-0001; szidu‘n group = 346~474; P, within group <
0.0001). i Same as (b) but for SST-Cre mice. j Over 99% of SST* neurons expressed
GFP indicating successful viral infection (n = 6 slices for 2 mice per group).

k Significant reduction in KCNH7 protein levels in the Cas9 group compared to the
control group (n=9 cells from 2 mice per group, two-tailed unpaired ¢ test,
t=4.189, P=0.0007). I-n Same as (e-g) but for SST-Cre::Ai9 cells (n =16 cells for
control and n =12 cells for Cas9 from 3 mice per group; two-tailed unpaired ¢ test,
t=-4.568, P=0.0001 for half width; Mann-Whitney U test, Z=-2.971, P= 0.003 for
fHAP). o Same as (h) but for SST-Cre::Ai9 cells (n=10 cells for control and n=12
cells for Cas9 from 3 mice per group; Friedman’s M test, Xrenveen group = 111.364;
Poetween group < 0.0001, Xyichin group = 330.163, Puithin group < 0.0001). All statistical
tests are two-sided. Data are presented as mean + SEM. **P< 0.01, **P< 0.001,
****P < (0.0001. Source data are provided as a Source Data File.
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Fig. 8 | Knockout of Kcnh7 by CRISPR-Cas9 in PV and SST interneurons impairs
social interaction. a Time spent in the social zone and empty zone before and after
viral intervention in PV-Cre mice during the sociability test (n =9 mice, Wilcoxon
signed-rank test, Z=-2.666, P=0.008 for Pre; two-tailed paired ¢ test, ¢t =0.787,
P=0.454 for Post). b Comparison of discrimination score for PV-Cre mice in the
sociability test (n =9 mice, two-tailed paired ¢ test, t=4.775, P=0.001). ¢ Time
spent in the stranger zone and original zone before and after viral intervention in
PV-Cre mice during the social preference test (n=9 mice, Wilcoxon signed-rank
test, Z=-2.547, P=0.011 for Pre; two-tailed paired ¢ test, ¢ =2.858, P=0.021 for
Post). d Comparison of discrimination score for PV-Cre mice in the social pre-
ference test (n =9 mice, two-tailed paired ¢ test, t = 0.651, P=0.533). e Time spent in

the social zone and empty zone before and after viral intervention in SST-Cre mice
during the sociability test (n = 8 mice, two-tailed paired ¢ test, ¢ = 4.151, P= 0.004 for
Pre, t=1.855, P=0.106 for Post). f Comparison of discrimination score for SST-Cre
mice in the sociability test (n =8 mice, two-tailed paired ¢ test, t = 3.874, P=0.006).
g Time spent in the stranger zone and original zone before and after viral inter-
vention in SST-Cre mice during the social preference test (n =8 mice, Wilcoxon
signed-rank test, Z=-2.521, P=0.012 for Pre; two-tailed paired ¢ test, t=-3.765,
P=0.007 for Post). h Comparison of discrimination score for SST-Cre mice in the
social preference test (n =8 mice, two-tailed paired ¢ test, t =7.011, P=0.0002). All
statistical tests are two-sided. Data are presented as mean + SEM. *P< 0.05,
**P<0.01, **P < 0.001. Source data are provided as a Source Data File.

unfamiliar conspecific, whereas the three-chamber test involves both
a novel environment and an unfamiliar mouse, potentially confound-
ing the evaluation of social behavior". This implies that the ACC pro-
cesses diverse socially relevant information, with some overlap
between social and object-related inputs*’. Notably, PV and SST
interneurons showed reduced responses to both novel objects and
conspecifics, but their suppression was stronger during interactions
with novel mice.

Our findings reveal distinct roles of PV and SST interneurons in
social interaction, driven by their unique connectivity and physiolo-
gical properties. PV interneurons form synapses onto the cell bodies of
nearby pyramidal neurons, eliciting stronger inhibitory postsynaptic
currents (oIPSCs) and significantly suppressing the excitability of ACC
pyramidal neurons in vivo. In contrast, SST interneurons primarily
target the distal dendrites of pyramidal neurons, generating relatively
smaller oIPSCs and modulating synaptic integration through a distinct
spatial and functional mechanism®®. Both types inhibit Fos expression
induced by social behavior, with PV interneurons exhibit stronger
inhibition (Supplementary Fig. 8). Additionally, previous studies have
shown that PV and SST interneurons display different long-term' or
short-term synaptic plasticity’” and fire at distinct theta cycle
phases***®, enabling differential regulation of pyramidal neuron
responses to excitatory inputs. These distinctions allow PV and SST
interneurons to fine-tune ACC activity during social information pro-
cessing, contributing to the precise regulation of social behavior.

Our findings suggest that PV and SST interneurons are crucial for
regulating social interactions, partially shaped by their synaptic inputs.
While PV and SST interneurons share some inputs, they also exhibit
significant differences. LPMR projections to PV interneurons in the
ACC regulate sociability for both social objects and novel social
objects, whereas VHPC projections to SST interneurons in the ACC
modulate social preference. The LPMR, part of the attention network**,

connects with the visual cortex, parietal cortex, and ACC. Imaging
studies demonstrate that the pulvinar region of the brain, which is
equivalent to the LP (lateral posterior nucleus) region in mice, has
structural abnormalities in individuals with autism**°. The vHPC is
associated with social preference*’*%, while other regions such as the
MD, play a lesser role (Supplementary Fig. 18). In the ACC, VIP inter-
neurons represent another type of interneuron that inhibits PV and
SST interneurons, thereby disinhibiting pyramidal cells upon
activation’®, A study on the disinhibitory effect of VIP interneuron in
the microcircuit of the mPFC™ suggests that VIP interneurons may also
influence the ACC and social behavior. While our study emphasizes
specific projections to PV and SST interneurons, further research is
needed to explore how upstream regions regulate other interneurons,
such as VIP, and their impact on social behavior.

The number of upstream neurons could also influence the func-
tion of projection neurons. For example, LPMR projection neurons,
which minimally target SST interneurons in the ACC, might not sig-
nificantly affect social behavior through SST interneurons. Addition-
ally, we cannot entirely exclude the potential influence of long-range
GABAergic projections from other upstream regions on PV and SST
interneuron activity during social processing***°. Moreover, the long-
range projection to the upstream regions of PV and SST interneurons
may also contribute to the modulation of social behavior®. Abnormal
activation of PV or SST interneurons in the ACC could contribute to the
aberrant social behavior, indicating that dysregulated upstream pro-
jections targeting these interneurons could be a critical factor con-
tributing to such abnormalities. Thus, normal ACC activity during
social recognition likely depends on the interaction between upstream
projections and local circuits. Quantifying these contributions and
developing mathematical models to describe the regulation of pyr-
amidal neurons by PV and SST interneurons could elucidate their roles
in social interaction and related behaviors.
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Fig. 9 | Retrograde monosynaptic tracing reveals that the LPMR and vHPC
preferentially project to PV and SST interneurons in the ACC. a Schematic of
experimental design (The 3D brain image was created with CEBSIT/ION Digital
Brain https://www.digital-brain.cn/ and the right panel is designed by us).

b Representative images showing the starter neurons in ACC from a PV-Cre and a
SST-Cre mice. ¢ Representative images showing starter neurons in the ACC
co-expressing AAV-helper (His-EGFP, oRVG), RV-dsRed, and PV or SST (gray) (n=6
slices from 3 mice per group). d PV interneurons in the ACC receive direct inputs
from the LPMR (top), while SST interneurons in the ACC receive direct inputs from
the VHPC (bottom). Images are from representative animals of each group.

Cell density (#/mm?)

e Quantification of principal starter neurons (expressing His-EGFP and RV-dsRed) in
the ACC and PFC (n =6 mice per group). The value 1.00 indicates all detected
starter neurons. f Analysis of RV-dsRed-positive cell density in upstream brain
region (n =5 mice per group). Po posterior thalamic nuclear, LPMR lateral posterior
thalamic nucleus, mediorostral part, Cl/DEn claustrum/dorsal endopiriform
nucleus, MD mediodorsal thalamus, HDB/VDB nucleus of the horizontal/vertical
limb of the diagonal band, VL/AM ventrolateral thalamic nucleus/anteromedial
thalamic nucleus, dHPC dorsal hippocampus, VHPC ventral hippocampus. Data are
presented as mean + SEM. Source data are provided as a Source Data File.

Our study highlights the differential roles of PV and SST inter-
neurons in social deficits associated with disorders like ASD. These
interneuron subtypes exhibit distinct responses to stimuli in the
hippocampus® and cortex'*”, with genetic manipulations, such as
Mecp2 KO in PV or SST interneurons producing varied phenotypes of
Rett syndrome®. We found that Kcnh7, an ASD susceptibility gene,
selectively modulates the function of PV and SST interneurons, influ-
encing social behavior across different interaction stages. In Shank3
KO mice, a model of autism, Kcnh7 downregulation increased inter-
neuron excitability, correlating with impaired social interactions
(Figs. 5, 6, and 8). Optogenetic experiments also revealed similar
impairments in social interactions (Figs. 3 and 4). Our findings suggest
that Kcnh7 may be a key modulator of interneuron function and that
phenotypic abnormalities in Shank3 KO mice involve dysfunction in
both pyramidal neuron and interneuron. Indeed, we found that sen-
sory hypersensitivity in Shank3 KO mice was linked to GABAergic

interneuron defects®. these findings highlight the complex interplay
between molecular factors (such as Shank3 and Kcnh?), cellular pro-
cesses involving PV and SST interneurons, projection neurons and
behavioral outcomes. This deeper understanding of how these ele-
ments interact offers valuable insights into the neurobiological basis of
social dysfunction and its related disorders.

To our knowledge, the present research provides strong evidence
that PV and SST interneurons in the ACC play differential roles in
social interaction. These nuanced roles likely contribute to the
various manifestations of social interaction deficits. This insight
not only enhances our understanding of social behavior but also
opens new avenues for addressing related disorders, particularly
autism. By targeting the specific functions of PV and SST interneurons
within the ACC complex network, novel therapeutic approaches
may be developed underlying the new mechanisms of social
dysfunction.
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Fig. 10 | Selective activation of the LPMR-PV (ACC) or VHPC-SST (ACC) projec-
tion impairs social interaction. a Schematic diagram of virus strategy and optic
fibers implantation site. b Injection site in LPMR (left) and ACC (right). ¢ AAV1
expression in LPMR (top) and co-labeling of AAVI-EGFP and ChR2-mCherry in ACC
of PV-Cre mice (bottom). d Social interaction time in the home cage test (n =7 mice,
repeated-measures ANOVA, Fyenveen group = 78499, P< 0.0001). e, f Social interaction
time between the ChR2 and mCherry control groups in different laser stages (e:n=7
mice for ChR2, n=6 mice for mCherry; repeated-measures ANOVA, Fyerueen group =
36.693, P < 0.0001, Fyithin group = 111.555, P < 0.0001) and quantification of social time
when the laser ON (f: two-tailed unpaired ¢ test, t=-10.678, P< 0.0001).

g Representative movement traces of PV-Cre mice during the sociability test.

h, i Social interaction time of PV-Cre mice during different laser stages (h: n =9 mice,
Wilcoxon signed-rank test, Z=-2.547, P=0.011 for laser OFF1; two-tailed paired

t test, t=-1.644, P=0.139 for laser ON, t=4.843, P=0.00L1 for laser OFF2) and
discrimination score between the OFF1 and ON phases (i: n=9 mice, Wilcoxon
signed-rank test, Z=-2.547, P=0.011). j Same experimental design as in a but for

SST-Cre mice. k Representative images showing the injection site in vHPC (left) and
ACC (right). I AAV1 expression in VHPC (top) and co-labeling of AAVI-EGFP and
ChR2-mCherry in ACC of SST-Cre mice (bottom). m Representative movement
traces of SST-Cre mice during the social preference test. n-o Social time of SST-Cre
mice in social preference test (n: n =8 mice; two-tailed paired ¢ test, ¢=5.238,
P=0.0012 for laser OFFL; t=-4.202, P=0.004 for laser ON; t=3.420, P=0.011 for
laser OFF2) and the discrimination score between the OFF1 and ON phases (0: n=8
mice, two-tailed paired ¢ test, =10.065, P< 0.0001). p, q Social interaction time
between ChR2 and mCherry control groups in the original zone for SST-Cre mice
(p: n =38 mice for ChR2, n=6 mice for mCherry; repeated-measures ANOVA,
Fpetween group =5-978, P=0.031, Fuihin group =5-444, P=0.011) and quantification of
social interaction time when the laser was ON (q: two-tailed unpaired ¢-test, ¢ = 3.788,
P=0.003). The 3D images of (a, j) were created with CEBSIT/ION Digital Brain
https://www.digital-brain.cn/. All statistical tests are two-sided. Data are presented
as mean + SEM. *P< 0.05, * P<0.01, *** P<0.0001. Source data are provided as a
Source Data File.

Methods

Mice

All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee (IACUC-20220312) of the Fourth Military
Medical University and carried out according to the “Principles of
Medical Laboratory Animal Care” issued by the National Ministry of

Health in China. Adult (6-8-week-old) male PV-Cre (Jax Stock no.
017032), SST-Cre (Jax Stock no. 013044), PV-tdtTomato (Jax Stock no.
027395), Ai9 (Jax Stock no. 007909), Shank3 KO’ (Jax Stock no.
017688) and C57BL6 mice were used in this study. The animals were
housed under a 12 h:12 h light:dark cycle (lights on at 8 AM), with food
and water provided ad libitum. Subjects were assigned randomly, and
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no mice were excluded unless they exhibited weight loss exceeding
10% during subsequent experiments or if viral injections were per-
formed inaccurately, as confirmed by post hoc analysis of viral tar-
geting. The researchers were blinded to the experimental groups. All
mice were euthanized using a humane method in accordance with the
Principles of Medical Laboratory Animal Care.

Surgical procedures

General procedure. Six-to-eight-week-old mice were used for ste-
reotaxic injections. The mice were anesthetized with 1% pentobarbital
sodium and placed in a stereotaxic instrument (RWD). Eye ointment
and a piece of silver paper were applied to prevent corneal drying. A
thermostatic heating pad (RWD) was used to keep the mouse body
temperature constant during surgery. A small craniotomy hole was
made using a dental drill (RWD), and injections were carried out using
a microsyringe pump (KD Scientific) at a flow rate of 40 nL/min to
minimize brain tissue damage.

GCaMP imaging. Fiber photometry was used to record calcium signals
via a commercialized fiber photometry system. AAV2/9-CAG-FLEX-
GCaMP7s (2.21E +12 vg/mL, 240 nL/injection) was injected unilaterally
into the ACC of PV-Cre or SST-Cre mice (AP: +0.73 mm; ML: -0.28 mm;
DV: -1.75 mm). Three weeks later, optical fibers (2.5 mm optical density
(0.D.), 0.5 numerical aperture (N.A.), 2.5 mm length) were implanted
ipsilaterally. We used dental acrylic resin (Super Bond) to support the
ceramic ferrule. The mice were housed individually and allowed to
recover for at least one week before subsequent experiments.

Optogenetics. AAV2/9-DIO-ChR2-EYFP was injected unilaterally into
the ACC of PV-Cre or SST-Cre mice (virus titer: 3.2E + 12 vg/mL, 240 nL/
injection; AP: +0.73 mm; ML: -0.28 mm; DV: -1.75 mm), and optical
fibers (25mmO.D.,, 0.37N.A., 2.0mm length) were implanted
ipsilaterally.

Fluorescence assay of pyramidal neurons regulated by interneuron
activity. A mixture of AAV2/9-CaMKII-GCaMP6s (5.36E +12 vg/mL) and
AAV2/9-hSyn-DIO-ChrimsonR-mCherry (2.50E +12 vg/mL) at 1:8 ratio
(200 nl total volume) was injected unilaterally into the ACC of PV-Cre
or SST-Cre mice at the same coordinates as the previous site (AP:
+0.73 mm; ML: -0.28 mm; DV: -1.75 mm). Two weeks later, optical
fibers (2.5mmO.D.,, 0.37N.A., 2.5mm length) were implanted
ipsilaterally.

Retrograde RV tracing of PV or SST interneuron monosynaptic
inputs to the ACC. To specifically map the monosynaptic inputs to PV
or SST interneurons, a mixture of AAV-EF1a-DIO-Histone-EGFP-T2A-
TVA and rAAV-EF1a-DIO-oRVG (1:1 ratio, 200 nl total volume) was
injected unilaterally into the ACC of PV-Cre or SST-Cre mice. The AAV
helper vector and AAV-double-floxed inverted open reading frame
(DIO)-RVG enabled the visualization of starter neurons and provided
essential components for retrograde tracing. Three weeks later, RV-
EnvA-AG-dsRed was injected at the same coordinates to label upstream
neurons. This viral strategy ensured efficient RV generation and opti-
mization of RV-dsRed retrograde spread™. The density of upstream
neurons was analyzed with reference to the Mouse Brain in Stereotaxic
Coordinates (Second Edition).

Functional verification of the projection loop. To trace synaptic
connections from the LPMR to PV interneurons and from the vHPC to
SST interneurons in the ACC, and to confirm the functional role of
these projections, a mixture of AAVgeyo-ChR2 (5.08E+12 vg/mL)
and AAV2/9-CAG-FLEX-GCaMP7s (2.21E + 12 vg/mL) was injected into
the ACC of PV-Cre and SST-Cre mice (240 nL/injection). Optical
fibers (3.0 mm length or 4.0 mm length) were implanted in the
ipsilateral LPMR (AP: -1.95mm; ML: -1.64 mm; DV: -2.52mm) or

VHPC (AP: -3.2mm; ML: -3.81mm; DV: -1.57 mm) at a 15° angle.
Additionally, optical fiber (2.5 mm length) was implanted ipsilaterally
in the ACC. To confirm the function of these two projections in vitro,
AAV2/9-hSyn-ChR2-mCherry (3.84 E+12 vg/mL, 240 nL/injection)
was injected into the LPMR or vHPC of PV-tdTomato or SST-
Cre::Ai9 mice.

Specific projection regulation. To achieve trans-monosynaptic ante-
rograde expression of Flippase (Flp) in the LPMR or vHPC, AAVI-Flp-
EGFP (3.51 E +13 vg/mL, 200 nL/injection) was injected into the LPMRs
(AP: -1.95mm; ML: -0.85mm; DV: -3.15mm) of PV-Cre mice, and
AAV1-FIp-EGFP was injected into the vHPCs (AP: -3.2mm; ML:
-3.2mm; DV: -2.8 mm) of SST-Cre mice. Additionally, AAV2/9-hSyn-
Con-Fon-mCherry (5.56 E+12 vg/mL, 200 nL/injection) was injected
into the ACC of PV-Cre or SST-Cre mice. This approach employed
Boolean logic operations by utilizing multiple recombinase systems to
drive the expression of reporter genes. Through intersectional stra-
tegies, requiring the expression of all recombinases, specific cell sub-
populations were targeted with greater precision®. The optical fibers
were implanted in ACC ipsilaterally. For specific regulation of MD > PV
interneurons, Po~>PV interneurons, MD - SST interneurons and Cl/
DEn->SST interneurons in the ACC, AAV1-FIp-EGFP was injected into
the MD (AP: -1.0 mm; ML: -0.75 mm; DV: 3.4 mm), Po (AP: -1.95 mm;
ML: -1.25 mm; DV: -3.5 mm), and Cl/Den (AP: +1.5 mm; ML: -0.85 mm;
DV: -3.0 mm).

Virus intervention by taCasp3. To suppress the activity of PV or SST
interneurons and observe the impact on social behavior in mice, AAV2/
9-FLEX-taCasp3 (2.03E+12 vg/mL, 240 nL/injection) was bilaterally
injected into the ACC.

Virus intervention by knocking out Kcnh7. To specifically knockout
Kcnh7 on PV and SST neurons, a mixture of AAV-MECP2-DIO-Cas9
(4.79E +13 vg/mL) and AAV-kcnh7-gRNA-hSyn-GFP (1.55E +13 vg/mlL),
240 nL total volume/injection, was injected bilaterally into the ACC of
PV-Cre and SST-Cre mice.

Fiber photometry analysis

GCaMP7s fluorescence signals were detected through the optic fiber
using a fiber photometry system (QAXK-FPS-SS-LED-PRO, Thinker
Tech). In the home cage, the zero-point for calcium signals was defined
as the moment when the nose or forelimbs of the subject mouse
contacted with an unfamiliar juvenile mouse, and the fluorescence
signals were analyzed over a 5s window following the contact. As
distinct social interaction events, such as genital sniffing, following,
and nose or body contact (Fig. 1d), often occurred consecutively, we
did not define separate zero-points for each event. In the three-
chamber test, the zero-point was defined as the moment when the
subject mouse approached the cage within a distance shorter than its
head length, and signals were analyzed over a 5 s window following this
point. The total observation time for both the home cage and three-
chamber tests was 10 min. Changes in fluorescence intensity (AF/Fo)
were calculated as AF/Fo = (Fsignai—Fo)/Fo—Fotrse, Where Fo was defined
as the baseline fluorescence signal averaged over a 2 s-long control
time window and Fgse. Was the system bias data recorded in the dark.
Fsigna represented the peak value of the fluorescence signal. Data
analysis was performed using MATLAB-based software provided by
Thinker Tech.

Behavioral tests and in vivo optogenetic manipulations

General procedure. For optical stimulation during behavioral tests,
the device connection followed a previously described protocol’. The
laser was connected to a patch cord, which was linked to a fiber-optic
rotary joint, allowing free rotation of the fiber. The other end of the
fiber was then connected to the ferrule mounted on the mouse’s head.
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Following a brief recovery period from handling, the behavioral test
was initiated. In the excitatory photogenetic experiments, the test was
divided into three phases: laser stimulation off, on and off (OFF1-ON-
OFF2 phases). Photostimulation of PV interneurons or SST inter-
neurons in the ACC was induced by 40 Hz light trains with 5 ms pulses
generated by a 473 nm laser (I0S-465, RWD). The laser power was
adjusted to approximately 5.0 mW at the tip of the fiber-optic cable.
Each phase (OFF1-ON-OFF2) lasted 3 min during both the home cage
and three-chamber tests.

Social interactions in the home cage. This experiment was performed
as previously described’. One week before the experiment, the test
mice underwent adaptability training, during which they were handled
daily. On the test day, the mice were allowed to explore the home cage
freely for 3 min (habituation) before an unfamiliar juvenile male mouse
(3 weeks old) was introduced into the cage. Social interaction beha-
viors were defined as body sniffing, anogenital sniffing, face or nose
contact, and close following (<1cm). All behaviors were video recor-
ded and analyzed via SMART v.3.0 software by researchers blinded
to the testing conditions. The slope of the behavior in Fig. 3d was
calculated as follows: the X-axis represented the social time when the
laser was on (ST,,) minus the social time before the laser was on
(STom), divided by the total time of the test (Tt); the Y-axis represented
the social time after the laser was on (STys) minus the social time
when the laser was on (ST,,), divided by the total time of the test (Tt).
Social inhibition index: the time spent with a social object when the
laser was OFF1 minus when the laser was ON, divided by the total time
spent with a social object when the laser was OFF1 and ON. To observe
the effect of PV or SST neuron activation on the activity of pyramidal
neurons in vivo, a 589 nm laser (40 Hz, 5 mW) was used to stimulate
ChrimsonR-expressing interneurons. The stimulation protocol con-
sisted of 10 cycles of 30 s ON followed by 1 min OFF during the home
cage test.

Three-chamber test. This experiment was performed as previously
described’. The apparatus consisted of three identical chambers
(30 cm x 45 cm x 20 cm) made of black perspex acrylic sheets. Two
cylindrical grid cages were placed in the corners of the outer cham-
bers, allowing free visual, olfactory, and auditory interaction between
the test mouse and the caged mouse. Before the test, the test animal
was placed in the chamber for 10 min to habituate and then was iso-
lated in the middle chamber to wait for the experiment to begin. For
the sociability test, a novel juvenile male mouse was placed in a wire
cage in one chamber, and another empty wire cage was placed in the
opposite chamber. The subject mouse was then allowed to explore all
three chambers freely. For the social preference test, the second
stranger juvenile male mouse was put into the other empty cage and
the experimental subject mouse was allowed to explore freely in three-
chambers again. The data was analyzed via SMART v.3.0 software. The
discrimination score in the sociability test was calculated as the time
spent in the social zone minus the time spent in the empty zone,
divided by the total time spent in both zones. The discrimination score
in the social preference test was calculated as the time spent in the
stranger zone minus the time spent in the original zone, divided by the
total time spent in both zones. The latency of the first social behavior
stop was defined as the time from the start of the social interaction to
the cessation of the behavior. When the subject mouse approached
within a distance shorter than a mouse’s head length from the cage of
the object mouse, time recording and optical stimulation were initi-
ated manually. Laser activation was defined as the zero-point, and the
end of the interaction was recorded when the subject mouse turned its
body away from the cage or stepped back to initiate another behavior.
Each trial included only one scenario in which the subject mouse
entered a social zone, engaged in social interactions, and subsequently
ceased such activities.

Olfactory test. The experiment was conducted in an open field arena.
Fresh urine was collected on the day of the experiment. Ten three-
week-old male mice were placed in a cage lined with clean filter paper.
Immediately upon urination, the urine-stained portions of the filter
paper were excised. Petri dishes were prepared in advance. Collected
filter paper segments were placed into one dish, which was then cov-
ered with cling film punctured with a fine array of small holes. For the
saline control group, the filter paper was saturated with saline. The
petri dishes with urine filter paper and saline filter paper were placed
on opposite sides of the open field arena. The movement of the mice
was recorded under two conditions: with the laser off and with the
laser on. The time spent in each corner was analyzed using SMART
v.3.0 software.

Social behavior by virus intervention. Prior to viral injection, social
interaction was tested. Three weeks after the viral injection, a new
round of social interaction experiments was conducted. The total
observation time for each session was 10 min. The videos were ana-
lyzed via SMART v.3.0 software. Social promotion index: (social
interaction time after viral intervention minus social interaction time
before viral intervention) divided by (social interaction time after viral
intervention plus social interaction time before viral intervention).

Immunocytochemistry

All animals were anesthetized with 1% pentobarbital sodium and per-
fused intracardially with 0.9% saline followed by 4% paraformalde-
hyde. The whole brain was then removed and placed in 30% sucrose
solution for 3 days. For labeling of PV or SST interneurons, 40 um-thick
brain tissue sections containing the ACC were placed in blocking
solution for 1 h before incubation with primary antibodies against PV
(rabbit, 1:100, Abcam, ab181086), SST (rat, 1:50, Millipore, MAB354),
KCNH?7 (rabbit, 1:50, Proteintech, 13622-1-AP), and NeuN (mouse,
1:500, Abcam, ab104224) overnight at 4 °C. For the expression of Fos,
brains were collected one hour after the behavior test, and tissue
sections were processed as described above. These sections were
stained with anti-Fos antibody (rabbit, 1:1500, CST, #2250). The sec-
tions were incubated with the secondary antibody at a dilution of 1:800
for 4 h at room temperature. Finally, all the sections were incubated
with Hoechst 33342 (Sigma) rinsed in 0.01 M PBS. Each section was
mounted a microscope slide, and a cover glass was sealed on it with a
mixture of 50% (v/v) glycerol in 0.01 M PBS and were then imaged with
confocal (FV31S-SW, Olympus). For the RV retrograde tracing of PV or
SST interneuron monosynaptic inputs, 7 days after RV-EnvA-AG-dsRed
viral injection, the preparation of 40 um-thick brain tissue sections was
the same as described above. All the sections were incubated with
Hoechst 33342 (Sigma), rinsed with 0.01M PBS. Each section was
mounted on a microscope slide and covered with a cover glass using a
mixture of 50% (v/v) glycerol in 0.01M PBS. The slides were then
scanned using a VS200 Slide Scanner (Olympus). The number of
positive cells was analyzed via ImageJ software, and the area of the
upstream brain region was measured via OlyVIA (Olympus). The den-
sity of cells was calculated as the number of positive cells/the area of
the upstream brain region.

RNA extraction and quantitative real-time PCR

To assess the efficiency of AAV-taCasp3, real-time PCR was performed
to measure the mRNA levels of parvalbumin and somatostatin as pre-
viously described®’. After the social behavior test, the mice were deeply
anesthetized with isoflurane and sacrificed. The skull of each mouse
was opened, and the whole brain was removed. Fresh ACC tissues were
isolated from the corresponding coronal sections under a stereo-
microscope. Total RNA was extracted with TRIzol reagent, and
PrimeScript™ RT Master Mix (Takara) was used to reverse transcribe
the total RNA (500 ng) into complementary DNA. Real-time PCR was
carried out via a StepOnePlus™ Real-Time PCR instrument (Thermo)

Nature Communications | (2025)16:4156

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59473-z

with 2x Universal SYBR Green Fast qPCR Mix (ABclonal). The sequen-
ces of the primers used were as follows:

Gapdh-Fp: 5-GCGAGACCCCACTAACATCAA-3,

Gapdh-Rp: 5-GTGGTTCACACCCATCACAAA-3’;

Puvalb-Fp: 5’-ATCAAGAAGGCGATAGGAGCC-3,

Pvalb-Rp: 5’-GGCCAGAAGCGTCTTTGTT-3;

Som-Fp: 5-ACCGGGAAACAGGAACTGG-3,

Som-Rp: 5’-TTGCTGGGTTCGAGTTGGC-3'.

Electrophysiological recording

General procedure. For brain slice preparation, mice were deeply
anesthetized with isoflurane and transcardially perfused with ice-cold
carbogenated (95% O,, 5% CO,) cutting solution containing 115 mM
choline chloride, 2.5 mM KClI, 1.25 mM NaH,PO,, 0.5 mM CaCl,, 8 mM
MgCl,, 26 mM NaHCO3, 10 mM D-(+)-glucose, 0.1 mM L-ascorbic acid,
and 0.4mM sodium pyruvate (pH 7.4, with an osmolarity of
295-300 mOsm/L). Coronal sections (300 um thick) containing the
ACC were cut using a vibratome (7000SMZ, Campden). Then, the
brain slices were incubated with carbogenated cutting solution (95%
0,, 5% CO,) in a holding chamber at 32 °C. Afterward, the slices were
incubated for 1 h at room temperature in artificial cerebral spinal fluid
(ACSF; 119 mM NacCl, 2.3 mM KCI, 1.0 mM NaH,PO,, 26 mM NaHCOs,
11 mM D-(+)-glucose, 1.3 mM MgCl,, and 2.5 mM CaCl,, pH 7.4, with an
osmolarity of 295-300 mOsm/L). Following recovery, the slices were
placed in the recording chamber and continuously perfused with
ACSF. Recordings were obtained using an Axon Multiclamp 700B
amplifier (Molecular Devices) filtered at 5 kHz and sampled at 20 kHz
with a Digidata 1550B. Clampex 10.6 and Clampfit 10.7 were used for
acquisition and analysis. Data were excluded if the resting membrane
potential of neurons were more positive than —-60 mV, if action
potentials lacked overshoot, or the series resistance changed by >20%.

ChR2-evoked spike recording. To record light-induced spikes with a
current clamp in PV-positive and SST-positive neurons in the ACC,
patch pipettes were filled with a solution containing the following:
128 mM potassium gluconate, 10 mM Na-phosphocreatine, 10 mM
HEPES, 1.1mM EGTA, 0.5mM Na,GTP, and 5mM MgATP (pH 7.3,
osmolarity: 300-305 mOsm/L). In the current clamp mode of the
whole-cell patch, the 5mW intensity, 5ms pulse width and 40 Hz
473 nm light stimulus (10S-465, RWD) was delivered to evoke spikes
during each stimulus. The Event Detection function in the Clampfit
software was used to quantify the number and amplitude of the spikes.

ChR2-evoked IPSC and PPR recording. Patch pipettes were filled
with a solution containing 103 mM CsCl, 12mM CsMeS0O3, 12mM
CsOH, 12 mM methanesulfonic acid, 5 mM TEA-CI, 10 mM HEPES, 4 mM
MgATP, and 0.3 mM Na,GTP (pH 7.3, osmolarity: 300-305 mOsm/L).
The membrane potential of pyramidal neurons was held at —-65 mV
during laser-evoked IPSCs and PPR recordings. PV or SST interneurons
were stimulated with a 5ms pulse of 473 nm light (10S-465, RWD).
Picrotoxin (PTX, 100 uM) was added to verify the properties of
the IPSCs.

Intrinsic membrane properties. To evaluate the intrinsic membrane
properties of PV interneurons and SST interneurons in the ACC, whole-
cell recordings were performed in current-clamp mode. The mem-
brane potential was held at -65mV, and spikes were elicited by
incrementally increasing the current injection in 20 pA steps.

EPSC recording. Patch pipettes were filled with an internal solution
containing the following 120 mM CsMeS0Os;, 10 mM TEA-CI, 5 mM NaCl,
10 mM HEPES, 4 mM MgATP, 0.3 mM Na,GTP, 1.1 mM EGTA, and 4 mM
lidocaine (pH 7.3, osmolarity: 295-300 mOsmy/L). The laser intensity
was adjusted to achieve a maximal response without overstimulation,
and 0.5 ms pulses of blue light was applied with the cells clamped at

-65mV. An additional 1 uM tetrodotoxin (TTX) and 100 pM 4-AP were
added, followed by 20 uM NBQX, to determine whether the light-
evoked PSCs were excitatory or inhibitory.

Neuronal excitability modulated by the Kv11.3 channel. To investi-
gate the role of the Kv11.3 channel in action potentials, 1-[2-(6-methyl-
2-pyridyl)ethyl]-4-(4-methylsulfonylaminobenzoyl) piperidine (E-4031,
Tocris), a Kvll blocker, was added to ACSF solution. Stock solutions of
E-4031 (100 uM) were prepared in DMSO and diluted in ACSF, ensuring
that the final DMSO concentration did not exceed 0.1%, which had no
detectable effect on the membrane potential or membrane currents.

Kv11 current recordings. For voltage-dependent K current record-
ings, the low-K" intracellular solution was composed of 55 mM potas-
sium methanesulfonate, 5mM KCI, 73 mM N-methyl-d-glucamine,
5mM NaCl, 0.5 mM EGTA, 30 mM HEPES, 4 mM MgCl,, 4 mM MgATP
and 0.4 mM Na,GTP (pH 7.4, adjusted with HCI)*®. To record Kvll
currents from PV or SST-positive neurons in the ACC,1uM TTX, 20 pM
NBQX, 50 uM D-AP5 and 10 pM bicuculline were added to high-K*
intracellular solutions (10 mM KCI and no Ca®"). The use of high-K*
extracellular and low-K" intracellular solutions allowed the K" currents
to be recorded as large, distinct inward currents. The signals were
filtered at 3 kHz and digitized at 10 kHz in experiments for Kv11 current
measurements. The activation curve of the Kvll channels was extrac-
ted by dividing the peak amplitudes of the E-4031-sensitive tail current
traces at 0.5 ms after the voltage was stepped to -100 mV.

scRNA-seq

10x sample processing and cDNA library preparation. ACC tissues
were rapidly dissected from the cortices of Shank3 KO and WT mice
using freshly frozen mouse brain samples. Nucleus isolation, library
preparation, and sequencing were performed by Gene Denovo Bio-
technology Co. Ltd. (Guangzhou, China) following the 10x Genomics
(USA) guidelines. For nucleus isolation, the tissues were homogenized
in ice-cold homogenization buffer (0.25 M sucrose, 5 mM CaCl,, 3 mM
MgAC,, 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, 1x protease inhibitor,
and 1U/pL Ribolock RNase inhibitors). The homogenates were
sequentially filtered through a 70 um cell strainer to isolate the nuclear
fraction. The nuclear fraction was mixed with an equal volume of 50%
iodixanol and carefully layered onto a discontinuous gradient of
30-33% iodixanol. This mixture was centrifuged at 10,000 x g for
20 min at 4 °C. After removing the myelin layer from the top of the
gradient, nuclei were harvested from the interface between the 30%
and 33% iodixanol layers. The isolated nuclei were resuspended in
nuclei wash and resuspension buffer (0.04% bovine serum albumin,
0.2 U/pL Ribolock RNase inhibitors, 500 mM mannitol, and 0.1 mM
PMSF protease inhibitor in phosphate-buffered saline) and pelleted by
centrifugation at 500 x g for 5 min at 4 °C. To remove cell debris and
large aggregates, the nuclei suspension was further filtered through a
40 um cell strainer. The nuclei concentration was quantified using
trypan blue exclusion staining and a hemocytometer and adjusted to
800-1200 nuclei/uL. Reverse transcription, cDNA amplification, and
library preparation were performed according to the 10x Genomics
protocol. Cellular suspensions were loaded onto a 10x Genomics
GemCode single-cell instrument, which generated single-cell Gel Bead-
in-EMulsion (GEMs). Libraries were generated and sequenced from the
cDNA using Chromium Next GEM Single Cell 3’ Reagent Kits v3.1.

Sequencing and cell clustering. The single-cell 3’ protocol was used
to produce lllumina-ready sequencing libraries. 10x Genomics Cell
Ranger software (version 3.1.0) was used to convert raw BCL files to
FASTQ files, perform alignment and quantify counts. Prior to quanti-
fication, Unique Molecular Identifier (UMI) sequences were corrected
for sequencing errors, and valid barcodes were identified using the
EmptyDrops method*. The cell-by-gene matrices were produced via
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UMI counting and cell barcodes calling. The resulting matrices were
individually imported into Seurat (version 3.1.1) for downstream
analysis.

Differentially expressed gene analysis. The expression levels of each
gene in a given cluster were compared against those in the remaining
cells using the Wilcoxon rank sum test®’.

Fluorescent in situ hybridization

The mice were deeply anesthetized with isoflurane and transcardially
perfused with 0.01 M PBS (pH: 7.4), followed by 4% paraformaldehyde
in 0.01 M PB. Brains were removed and fixed in 4% paraformaldehyde
for 2 h and then sequentially incubated in 10%, 20%, and 30% sucrose at
4 °C until they sank. The tissues were frozen and cut into 10 pm thick
coronal sections using a cryostat (Leica). RNAscope in situ hybridization
was performed using the RNAscope™ Multiplex Fluorescent Reagent
Kit v2 (ACD) for fixed-frozen tissue following the manufacturer’s
instructions. Briefly, the sections were dehydrated in sequential incu-
bations with different concentrations of ethanol, followed by 30 min of
Protease Il treatment and washing in ddH,0. Hybridization probes
[Pvalb 421931-Cl, Sst 404631-Cl, and Kcnh7 1007281-C2, ACD] were
incubated for 2 h at 40 °C, followed by three amplification steps, with
each target incubated with a specific dye. Hoechst counterstaining and
mounting were performed with antifade mounting medium. The
fluorescence intensity was analyzed via Image) software. The total
number of puncta was used to normalize mRNA expression.

Single-cell qRT-PCR
Single PV-positive or SST-positive neurons in the ACC with red fluor-
escence signals were aspirated using a patch clamp. Each single cell
was ejected into a tube with 5 uL of 0.01 M D-PBS. Total RNA and cDNA
from single neurons were isolated using a REPLI-g® WTA single-cell kit
(Qiagen) according to the manufacturer’s instructions. qRT-PCR was
performed with SYBR® Premix Ex Taq (ABclonal) in a CFX96 Touch
Real-time PCR Detection System (Bio-Rad). The primers used were as
follows:

Gapdh-Fp: 5-AGGTCGGTGTGAACGGATTTG-3,

Gapdh-Rp: 5-TGTAGACCATGTAGTTGAGGTCA-3’;

Kcnh7-Fp: 5-CCAGGAAACTGGACCGATACT-3,

Kcnh7-Rp: 5-CCAATCGCATACCAGATGCAA-3;

Kcnh6-Fp: 5-GACGTGCTTTCCACTCTCTAC-3,

Kcnh6-Rp: 5-GCGCTTGATTTGCCTGGTC-3';

Kcnh2-Fp: 5-GTGCTGCCTGAGTATAAGCTG-3,

Kcnh2-Rp: 5-CCGAGTACGGTGTGAAGACT-3".

The mean expression value of the control group was calculated.
The data of the experimental group and control group were divided by
this mean, and the resulting values were used for statistical analysis.

In vivo CRISPR-Cas9 genome editing

An AAV CRISPR/Cas9 approach was used to conduct the in vivo Kcnh7
knockdown experiments. Single guide RNAs (sgRNAs) with high spe-
cificity and high efficiency were computationally identified in sgRNA
libraries for genome-wide CRISPR knockout screening. Three U6-
sgRNA (FE) gene fragments with the F +E tracrRNA backbone were
synthesized by Integrated DNA Technologies (sequences are provided
below, and spacer sequences are capitalized). These fragments were
subsequently cloned and inserted into the pX552-EGFP plasmid via
In-Fusion Snap assembly master mix (Takara, Catalog # 638948),
resulting in the construct pX552-3xsgRNA(FE)-EGFP.

The AAV vectors were serotyped with PHP.eB coat. Briefly, the
sgRNA plasmids pAdDeltaF6 (Addgene, plasmid #112867) and
pUCmini-iCAP-PHP.eB (Addgene, plasmid #103005) were cotrans-
fected into HEK293T cells using polyethylenimine (Cat. No. 23966;
Polysciences). After 72 h of transfection, the cells were harvested by

centrifugation at 5000 x g for 10 min at 4 °C. The AAV vectors in the
media were precipitated with 8% PEG8000 (89510-1KG-F, Sigma). The
cell pellets and vectors precipitated from the media were resuspended
in digestion buffer containing 500 mM NaCl, 40 mM Tris base, and
10 mM MgCl,. Benzo nuclease (10 KU, Novoprotein) was added to the
digestion buffer, and the mixture was incubated at 37 °C for 1 h. Next,
the mixture was centrifuged at 2000 x g for 10 min, and the super-
natant was added to a 39 mL ultracentrifuge tube with discontinuous
gradients of 15%, 25%, 40%, and 60% iodixanol. Ultracentrifugation was
performed at 350,000 x g for 2.5 h at 18 °C. Fractions (5 ml) from the
40% layer and 40-60% interface were collected and desalted using a
100 kDa cutoff ultrafiltration tube (15 ml, Millipore). The buffer was
exchanged four times with 1x PBS containing 0.001% Pluronic F-68.
AAV titers were determined via qRT-PCR using the primers for ITR.
Forward primer: 5-GGAACCCCTAGTGATGGAGTT-3’; Reverse primer:
5’-CGGCCTCAGTGAGCGA -3'.

Ué6-sgkenh7-1(FE) sequence
gagggcectatttcccatgattccttcatatttgeatatacgatacaaggcetgttagagaga-
taattggaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaa-
taatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatca-
tatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaa-
caccgCTGGGCAATATCATGCCTCTgtttaagagctatgctggaaacagea-
tagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgct

U6-sgkcenh7-2(FE) sequence
Aaggtcgggceaggaagagggcectatttcccatgattecttcatatttgeatatacgata-
caaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaa-
tacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggac
tatcatatgcttaccgtaacttgaaagtatttcgatttcttggetttatatatcttgtggaaaggac
£aaacaccCGAATATCGGGTTGACCCTCTCgtttaagagctatgctggaaacagcat
agcaagtttaaataaggctagtccgttatcaacttgaaaaagtggeaccgagteggtget

U6-sgkenh7-3(FE) sequence
Aaggtcgggceaggaagagggcectatttcccatgattecttcatatttgeatatacgata-
caaggctgttagagagataattagaattaatttgactgtaaacacaaagatattagtacaaaa-
tacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatgga
ctatcatatgcttaccgtaacttgaaagtatttcgatttcttggetttatatatcttgtggaaagg
acgaaacaccgATGCCCTCCGTATGCTACAGgttttagagctagaaatagcaag
ttaaaataaggctagtccgttatcaacttgaaaaagtggeaccgagtcggtge

Statistical analyses

All the statistical analyses were performed in Prism 9.5.1 (GraphPad
Software, Inc., USA) and SPSS 21.0. The values are expressed as the
means * standard errors of the mean (SEMs). The significance of the
data was tested using either an unpaired ¢-test or a two-way repeated-
measures ANOVA. For datasets that were normally distributed, a two-
tailed unpaired t-test and two-way repeated-measures ANOVA were
used, followed by Tukey’s multiple comparisons test. For datasets that
were not normally distributed, a Kruskal-Wallis test was applied with
adjustments for multiple comparisons (Supplementary Data 1). All
behavioral, electrophysiological, biochemical and morphological data
were collected under both experimental and control conditions.
Details of the specific statistical analyses are provided in Supplemen-
tary Data 1. Statistical significance was considered when p < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Source Data file.
The raw scRNA-seq data have been deposited in the Genome Sequence
Archive at the BIG Data Center (http://bigd.big.ac.cn/), Beijing Institute
of Genomics (BIG), Chinese Academy of Sciences, under the accession
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number CRAO013264. The expression of marker genes in different
clusters is shown in Supplementary Information (Supplementary
Data 2). Source data are provided with this paper.
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