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Abstract

The anterior cingulate cortex (ACC) serves as a core region in social networks, and
impairments in this area have been identified in autism spectrum disorders. Our prior
research demonstrated that deficits in pyramidal neurons in ACC adversely impacted
mouse social interaction. The preservation of functional output in the ACC by
pyramidal neurons relies on the dynamic regulation by the different types of
interneurons. However, the precise regulatory roles of distinct interneurons within the
ACC in shaping social interaction have hitherto remained largely enigmatic. In this
study, we elucidated the involvement of parvalbumin (PV) and somatostatin (SST)
interneurons within the ACC in modulating social interaction behavior. Specifically, we
ascertain that PV interneurons play a more prominent role in initiating sociability,
whereas SST interneurons uniquely influence social preference. Notably, the
downregulation of the autism high-risk gene Kcnh7 is identified in both PV and SST
interneurons within the Shank3 knockout (KO) autistic mouse model. Further, the
selective KO of Kcnh7 in PV- or SST-positive neurons contributes to disruptions in
sociability and social preference, respectively. The divergent modulation of social
interaction by PV and SST interneurons in the ACC is attributed to the distinct input
received by these neuronal subtypes. Our findings offer nuanced insights into the
multifaceted roles of PV and SST neurons within the ACC in the context of social
interaction, contributing to a comprehensive understanding of the neurobiological
underpinnings of social behavior disorders in autism. The delineation of these
mechanisms is imperative for advancing our comprehension of the etiological basis of
autism, thereby paving the way for novel avenues of research aimed at addressing the
heterogeneous phenotypes associated with social interaction dysfunction in cortical

interneurons.

Key words: anterior cingulate cortex, parvalbumin interneuron, somatostatin

interneuron, social interaction, heterogeneity, Kcnh7, autism
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Social behavior encompasses a repertoire of critical adaptive skills for social species,
including social interaction, social hierarchy, social fear, courtship behavior, and
parenting behavior, all of which are important for population maintenance and offspring
reproductionl. Of these, social interaction holds particular significance as it serves as a
foundational precursor for other social behaviors by furnishing essential informational
cues, encompassing sociability (identifying unfamiliar individuals) and preference

y*4. Evolutionary

(differentiating between unfamiliar and familiar individuals
conservation underscores the indispensability of social interaction in social life>®.
Investigating the neural underpinnings of social interaction using animal models not
only enhances our comprehension of nervous system function and the construction of

comprehensive brain functional networks but also furnishes valuable insights into the

pathogenesis of related disorders, such as autism spectrum disorders (ASDs)* 1°.

The anterior cingulate cortex (ACC), recognized for its regulatory role in cognition'!,
attention'?, emotion'®> !4 decision-making'®, and somatic touch!$, is an area of
particular interest concerning social interaction. ACC signaling alterations, as
evidenced by imaging studies, have been associated with variations in social interests
in both human and nonhuman primates'? '”- '8, Moreover, structural and functional
alterations in the ACC correlate positively with deficits in social behavior observed in

individuals with autism'®-?!

. Despite its pivotal role, the ACC's contribution to social
behavior has been comparatively underexplored. Our prior research establishes a
significant causal link between social interaction deficits and dysfunction of pyramidal
neurons in the ACC of mice with autistic-like behaviors, underscoring the critical role

of these neurons in social interaction®?. This suggests that these neurons play a critical

role in social interaction.

Pyramidal neurons (PNs) are central to information transmission in the cortex, reliant
upon precise regulation by surrounding GABAergic interneurons® 2, Parvalbumin (PV)

and somatostatin (SST) interneurons, the two primary types directly innervating
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pyramidal neurons in the ACC, modulate the dynamic role of pyramidal neurons and
maintain stable ACC functioning by receiving projections from other brain regions®*
2630 However, the specific contributions of these interneurons to social interaction, as
key regulators of ACC function, remain a significant scientific question, particularly in
the context of social deficits associated with ASD. There is high heterogeneity in the
diverse behavioral abnormalities associated with the core symptoms of ASD?! 32,
Sociability and social preference, which are essential components of social interaction,
are disrupted in both individuals with autism and autistic animal models. Given the fact
that distinct roles played by different types of interneurons in regulating the same

behavior®

, we hypothesize that PV-positive and SST-positive neurons may
contribute differentially to the observed heterogeneity in ASD due to their distinct roles

in regulating behavior.

In the present study, we found that both PV and SST interneurons in the ACC are
implicated in social interaction, with PV interneurons displaying heightened sensitivity
to sociability and SST interneurons exhibiting more pronounced changes during social
preference. Notably, using Shank3 mutant mice as a well-established ASD model, we
identified reduced expression of the Kcnh7 gene, also a risk gene for ASD*, through
single-cell RNA sequencing. Employing a Cre-dependent CRISPR-Cas9 viral approach
to individually knockout (KO) Kcnh7 in PV or SST neurons in the ACC, we
demonstrated that PV interneuron Kcnh7 KO led to impairments in social ability, while
SST neuron Kcnh7 KO replicated deficits in social preference. The distinctive roles of
PV and SST interneurons are attributed to their divergent inputs. These findings provide
direct evidence for the distinct roles of PV and SST interneurons in the ACC in social
interaction and offer insights into the potential mechanisms contributing to the

heterogeneity of social dysfunction in individuals with ASD.
Results

The activities of the PV and SST interneurons exhibited similar trends but



110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

131
132
133
134
135
136
137

different detailed dynamics in the context of social interaction.

Our previous work has indicated that pyramidal neurons in ACC are involved in
encoding signals associated with social interaction’’. And also, distinct inhibitory
effects on pyramidal neurons in the ACC have been observed for PV and SST
interneurons**. Initially, we aim to investigate the potential involvement of the PV and
SST interneurons in modulating social interaction behavior. We selectively expressed
the calcium indicator GCaMP7s in PV or SST interneurons by injecting AAV2/9-
FLEX-GCaMP7s into the ACC of PV-Cre or SST-Cre transgenic mice (Fig. 1A-C, and
Extended Data Fig. 1). Subsequently, we quantitatively measured changes in calcium
signals of PV or SST interneurons associated with sociability in a home cage®> 3¢,
employing four well-defined social interaction events: nose or genital sniffing,
following, and body contact (Fig. 1D). The results consistently revealed that social
interaction events suppressed the activity of PV or SST interneurons, with a more
substantial reduction in calcium signals observed in PV interneurons compared to SST
interneurons (Fig. 1E, F). Moving forward, we assessed the dynamics of PV and SST
interneuron activity during sociability and social preference utilizing a three-chamber
test’’. The patterns of calcium signals for PV and SST interneurons during the initial
phase of the test (Fig. 1G-I) mirrored those observed during sociability in the home
cage (Fig. 1E, F). Notably, during the social preference phase, when test mice
approached unfamiliar mice (Fig. 1J), the changes in calcium signals of SST

interneurons were more pronounced than those of PV interneurons (Fig. 1K, L).

Furthermore, we conducted a comparative analysis of the dynamic fluctuations in
GCaMP levels between PV and SST interneurons at different stages of social interaction
behavior (Fig. 1M-0). In the sociability within the home cage, the area under the curve
(AUC) of the Ca*" signal in PV interneurons surpassed that of SST interneurons (Fig.
1M left). While both PV and SST neurons exhibited a significant correlation between
AUC and the duration of social events, the correlation slope was notably greater in PV

neurons than in SST neurons (Fig. 1M right). A similar trend was observed in
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sociability within the three-chamber apparatus (Fig. 1N). However, during social
preference within the three-chamber apparatus, the AUC and correlation slope of SST
neurons exceeded those of PV neurons (Fig. 10). These findings collectively suggest
that the activity of PV and SST interneurons in the ACC is suppressed during social
interaction, with PV interneurons demonstrating heightened sensitivity to sociability

and SST interneurons exhibiting more pronounced changes during social preference.

Apoptosis strategy intervention of PV and SST interneurons enhanced the

different phases of social interaction

Next, we further investigated whether the inhibition of PV or SST interneurons
modulates different phases of social interaction using taCasp3*. This approach
selectively induced cell-autonomous apoptosis in two types of interneurons, and
subsequent examinations unveiled changes in social behavior (Fig. 2A, B). We first
confirmed that most of the PV and SST interneurons in the ACC were ablated through
quantification of the PVALB or SST positive cells and evaluation of the mRNA
expression levels of Pvalb or Sst (Fig. 2C-E). PV-Cre mice displayed more intense
social interaction in the three-chamber test and showed a heightened preference for
unfamiliar companions within their home cage after the taCasp3 virus intervention (Fig.
2 F-H and K-L). However, this intervention had negligible effect on socially preferred
behavior (Fig. 21, J). Conversely, SST-Cre mice exhibited unaffected sociability (Fig.
2M, N and R) but showed a preference for interacting with a stranger object rather than
a familiar object in the social preference test (Fig. 20-Q) due to the virus intervention.
These findings suggest that PV interneurons exert a more substantial influence on the
willingness to socialize, while SST interneurons wield a more potent modulation on

social preference.

Activation of PV interneurons led to a more significant decrease in sociability

compared to the stimulation of SST interneurons in the home cage

Next, we employed a Cre-dependent expression strategy of Channelrhodopsin-2 (ChR2)
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to investigate the impact of exciting PV-positive and SST-positive interneurons on
social interaction behavior (Fig. 3A). The intent was to elicit firing in these interneurons
through a relatively high-frequency light stimulation, aligning with the inherent firing
properties of PV and SST interneurons® *°. Our results substantiated that both PV and
SST interneurons expressed ChR2 with a probability of over 90% (Extended Data Fig.
2A, B). Moreover, we observed that PV interneurons expressing ChR2 exhibited
faithful generation of action potentials in response to 40 Hz photo stimulation
(Extended Data Fig. 2C) inducing c-Fos expression in PV-positive neurons (Extended
Data Fig. 2E). Similar observations were made for SST interneurons (Extended Data
Fig. 2D, F). In the home cage, the activation of PV interneurons resulted in a decrease
in social exploration behaviors with unfamiliar mice (Fig. 3B). Interestingly, social
interaction time did not fully recover in PV-ChR2 mice even following the cessation of
laser stimulation (Fig. 3B). Similarly, the activation of SST interneurons also
diminished social events and total social interaction time (Fig. 3C), with partial
recovery observed upon cessation of photo-stimulation (Fig. 3C). An intriguing
observation was the gradual decline in social interaction time between test mice and an
intruder after contact with the test mice's home cage. To explore the possibility that the
effect of ChR2 was influenced by the familiarity of the mice, we compared the
correlation of social interaction time differences between the first two stages (laseron-
laserorr) and the second two stages (laserorr-laseron). Results revealed that Cre-
negative mice exhibited a high correlation slope, suggesting a correlation between the
reduction in social interaction and time in this group (Fig. 3D). However, both PV and
SST neuron excitation led to significantly smaller correlation slope values, indicating a
correlation between social interaction impairment and photostimulation in these groups

(Fig. 3D).

Moreover, when comparing social interaction time during laser treatment among the
three groups, the Cre-negative group exhibited the highest social interaction time, while

the PV-Cre group demonstrated the shortest time (Fig. 3E). Additionally, the inhibition
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index of ChR2 stimulation was compared between the PV-Cre and SST-Cre groups,
revealing a more pronounced decrease in social events upon the activation of PV

interneurons compared to the SST-Cre group (Fig. 3F).

Furthermore, when the intruder mouse was replaced with a toy mouse, both the PV-Cre
and SST-Cre groups exhibited no difference in social interaction, regardless of the laser
on or off status (Fig. 3G). Subsequent experiments exploring the effects of optogenetics
on social odor recognition in PV-Cre and SST-Cre mice indicated that the activation of
PV or SST interneurons did not alter the preference for the urine of a stranger mouse in

an open field (Extended Data Fig. 3).

Activation of PV or SST interneurons inhibited the different stages of social

interaction in the three-chamber test

Then we conducted experiments utilizing a three-chamber test, employing optogenetic
activation of PV or SST interneurons. In the initial sociability paradigm, PV-Cre mice
exhibited a tendency for interaction with the unfamiliar mouse in the absence of blue
light activation (Fig. 3H, I left). However, upon activation of PV interneurons by blue
light, the mice displayed a preference for the vacant zone (Fig. 3H, I middle). Post
cessation of laser stimulation, a tendency to return to the social zone was observed,
albeit without reaching statistical significance (Fig. 3H, I right; Extended video 1).
Furthermore, a significant disparity in social discrimination bias emerged between pre-
stimulus and during-stimulus periods (Fig. 3J). SST interneuron activation also
curtailed sociability, albeit with a distinct behavioral pattern from PV-Cre mice. Prior
to laser activation, SST-Cre mice exhibited a clear preference for the social zone (Fig.
3N, O left). However, during laser activation, SST-Cre mice spent comparable
durations in the social and empty zones (Fig. 3N, O middle), with a return to the social
zone upon cessation of SST interneuron excitation (Fig. 3N, O right; Extended video
2). Although discrimination scores exhibited a significant difference between laser off

and laser on conditions, values for SST-Cre mice approached zero, whereas those for
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PV-Cre mice were negative (Fig. 3J, P).

In the social preference stage, PV-Cre mice initially favored the stranger zone, a
preference attenuated during laser activation (Fig. 3K, L left and middle). Upon
turning off the laser, mice spent similar durations in both the stranger zone and the
original zone (Fig. 3L right), with discrimination scores for the second stage showing
a significant difference between laser off and laser on conditions (Fig. 3M). For SST-
Cre mice, photo-stimulation prompted a shift from the stranger zone to the original zone.
Although statistical significance was not achieved, the mice still spent more time in the
original zone (Fig. 3Q, R right), mirroring the negative social discrimination score

observed in the first stage, akin to results obtained in PV-Cre mice (Fig. 3M, S).

Further comparisons of behavioral changes induced by optogenetic excitation of PV or
SST interneurons in the three-chamber test revealed that SST-Cre mice took longer to
discontinue engaging in social events during photo-stimulation compared to PV-Cre
mice in the first stage (Fig. 3T). Despite photo-stimulation reducing latency in both
groups compared to the condition without stimulation, the difference in discrimination
score between laser on and off conditions was more pronounced in PV-Cre mice than
SST-Cre mice (Fig. 3U), approaching statistical significance (Fig. 3U). In the second
stage, PV-Cre mice exhibited a preference for the center zone during blue light
activation, while SST-Cre mice showed no discernible preference (Fig. 3W, X). The
latency to cease the first social event in PV-Cre mice was lengthier than that in SST-
Cre mice during photo-stimulation (Fig. 3V). Furthermore, the difference in
discrimination scores exhibited an inverse pattern compared to the first stage, with SST
interneuron excitation producing a larger difference compared to PV interneurons (Fig.
3Y). Importantly, these optogenetic stimuli exerted no discernible influence on the
motor abilities of the mice (Extended Data Fig. 4A, B). In conclusion, the activation
of PV or SST interneurons exerts distinct effects on social interaction behavior, with

PV interneurons inhibiting sociability and SST interneurons reducing social preference.
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Abnormal expression of Kcnh7 in PV and SST-positive neurons is the cause of
heterogeneous social interaction disorder in an autistic mice model

Given that the acute activation of PV or SST interneurons can inhibit distinct stages of
the social interaction, our subsequent inquiry aimed to ascertain the presence of risk
genes within the ASD model that may induce atypical PV or SST activity, thereby
contributing to social impairments. SHANK3 gene is identified as a high-risk gene for
autism, and previous investigations have elucidated social interaction deficits in Shank3
mutant mice” **°. To achieve this objective, ACC tissues were meticulously dissected,
and subsequent dissociation was followed by single-cell RNA sequencing (scRNA-seq)
utilizing 10X Genomics technology. A total of 17,661 high-quality cells obtained from
wild-type (WT) and Shank3 KO male mice were subjected to comprehensive analysis,
with clustering facilitated by Seurat>®. Employing singleR>!' and manual analysis, seven
distinct cell cluster types were identified (Fig. 4A, B), with representative marker genes,
Pvalb and Sst, highlighted for simplicity (Fig. 4C). Further scrutiny involved an
examination of gene expression differences between neurons exhibiting high Pvalb and

Sst expression, revealing both upregulated and downregulated genes.

Of particular interest among the identified genes was Kcnh7, a member of the ether-a-
go-go-related gene family, which displayed significant downregulation in both the
Pvalb and Sst clusters (Fig. 4D left, E left). Kcnh7 encodes ERG channels, voltage-
gated potassium channels known for inward rectification during repolarization’2.
Notably, accumulating evidence associates Kcnh7 with ASD, emphasizing its
significance in neurobiology?®. Quantitative analysis of Kcnh7 expression was carried
out through single-cell qRT-PCR with patch-clamp, revealing predominant expression
in PV-positive and SST-positive neurons (Fig. 4D right, E right). Importantly, Shank3
KO mice exhibited a significant decrease in Kcnh7 expression in these neuron
populations compared to WT mice, corroborating sScRNA-seq findings (Fig. 4F-G, K-
L). Moreover, PV-positive and SST-positive neurons in Shank3 mutant mice displayed

heightened excitability compared to WT mice (Fig. 4H, I and M, N). Administration
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of E-4031, an ERG channel blocker, further heightened firing frequency in both PV-
and SST-positive neurons (Extended Data Fig. 5). Additionally, both neuron types
displayed decreased amplitudes of ERG channel currents in Shank3 KO mice compared
to WT mice (Fig. 4J, O). Based on these comprehensive findings, we posit that the
aberrant expression of the Kv11.3 potassium channel, encoded by Kcnh7, in PV- and
SST-positive neurons may contribute to heightened excitability, thereby influencing

abnormal social interaction behavior observed in Shank3 KO mice.

To investigate the proposed hypothesis, a Cre-dependent CRISPR—Cas9 viral
methodology was employed. A virus expressing target RNAs, in combination with a
Cre-dependent SpCas9 virus, was administered to PV-Cre and SST-Cre mice for the
purpose of knocking out Kcnh7 in the ACC (Fig. SA). Immunofluorescent staining
analysis validated the predominant presence of the gRNA-GFP virus in PV-positive
neurons (Fig. 5B, C) and SST-positive neurons (Fig. SM, N). Subsequent quantitative
analysis demonstrated a significant reduction in KCNH?7 levels within these neurons

following the CRISPR—Cas9 viral intervention (Fig. 5D, O).

In order to evaluate the impact of Kcnh7 on neuronal excitability, an examination of
action potential components in PV-positive and SST-positive neurons was conducted
(Fig. SE, F and P, Q). The results indicated alterations in the half-width of the action
potential and the first after hyperpolarization component induced by the Kcnh7-gRNA
virus (Fig. 5G, R). Furthermore, PV and SST-positive neurons transduced with the
Kcnh7-gRNA virus demonstrated a significant increase in the number of action
potentials evoked by depolarizing current injections (Fig. SH, S). Subsequent to these
neurophysiological investigations, alterations in sociability and social preference were
assessed following the CRISPR-Cas9 viral intervention. PV-Cre mice exhibited
reduced sociability, spending less time in the social zone and more time in the center
zone (Fig. 51, J left and right), so the sociability had prominent differences before and
after virus intervention (Fig. 5K). Notably, the Cas9 intervention group also displayed

diminished sociability, evidenced by similar activity in both the social zone and empty
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zone (Fig. SL). In the subsequent phase of the three-chamber test, PV-Cre mice
demonstrated decreased time spent in both the stranger social zone and the original
social zone (Extended Data Fig. 6A, B), with no discernible change in the

discrimination score (Extended Data Fig. 6C).

The impact of Kcnh7 knockout on the social preference of SST-Cre mice was then
investigated through three-chamber tests. Post-virus injection, SST-Cre mice spent less
time in stranger social zone and more time in original zone (Fig. 5T, U left and middle).
Further analysis revealed a more pronounced decrease in the stranger zone compared
to the original zone (Fig. 5V). Additionally, SST-Cre mice exhibited abnormal social
preference capacity, spending significantly more time in the original social zone (Fig.
SW). Initial stages of the three-chamber test also indicated reduced sociability in SST-
Cre mice, characterized by decreased time spent in the social zone and increased time
in the empty zone (Extended Data Fig. 6D-F). These findings suggest distinct roles
for PV-positive and SST-positive GABAergic interneurons in social interaction related
disorders and emphasize the potential significance of Kcnh7 in modulating the function

of these neurons within the ACC, thereby influencing social behavior.

Specific projections contribute to the differential inhibition on the social

interaction behavior of PV and SST interneurons in the ACC

Although the activation of PV or SST neurons can inhibit different phases of social
behavior, this regulation is mediated through the influence of pyramidal neurons. Our
observations revealed variations in the short-term plasticity of inhibitory synaptic
transmission from these interneurons to pyramidal neurons, as well as differences in
their firing patterns (Extended Data Fig. 7). Additionally, the distinct impact of these
interneurons may be linked to the differences in the projections received by each type
of interneuron. Subsequently, we embarked on an investigation aimed at elucidating a
potential circuit mechanism underlying the observed discrepancy in social interaction

ability between PV and SST interneurons. Our approach involved employing whole-
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brain retrograde tracing using rabies viral vectors (RVs) that were modified with
engineered rabies glycoprotein (RG) deletion®. PV-Cre or SST-Cre mice were injected
with an adeno-associated virus (AAV) helper vector and AAV-double-floxed inverted
open reading frame (DIO)-RVG, enabling the visualization of starter neurons and
providing essential components for retrograde tracing. Subsequently, RV-EnvA-AG-
dsRed was injected after a three-week interval to label neurons expressing the required

components (Fig. 6A).

The results exhibited that the starter neurons were predominantly situated in the ACC,
with a lesser presence in the adjacent PFC region (Fig. 6B, C and E). Subsequent
analysis of the number of cells per unit area upstream was conducted by referencing
The Mouse Brain in Stereotaxic Coordinates (second edition), revealing that both PV
and SST interneurons shared comparable upstream afferents. Particularly, the lateral
posterior thalamic nucleus (LPMR) exhibited heightened expression upstream of PV-
positive neurons, while the ventral hippocampus (VHPC) displayed elevated expression

upstream of SST neurons (Fig. 6D, F).

To delve into the synaptic connectivity type between LPMR and PV interneurons in the
ACC, optogenetics and whole-cell patch-clamping techniques were employed in brain
slices. The results exhibited that LPMR formed an excitatory monosynaptic projection
to PV interneurons (Extended Data Fig. 8A, B). Similarly, the projection from the
ventral hippocampus (VHPC) to SST interneurons in the ACC demonstrated the same
type of connectivity (Extended Data Fig. 8A, C). To further corroborate these
projections in vivo, GCaMP7 expression on PV or SST interneurons in the ACC was
achieved using a Cre-dependent strategy, and ChR2 was expressed upstream of the
ACC using the AAV2-retro serotype (Extended Data Fig. 8D, G). An optic fiber was
implanted into the LPMR or vHPC for upstream excitation, while another fiber was
inserted into the ACC to record the GCaMP7 signaling of PV or SST interneurons
receiving the projection from upstream. Activation of LPMR or vHPC through 40 Hz

473 nm photo stimulation significantly elevated the calcium signaling of PV or SST
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interneurons in the ACC (Extended Data Fig. 8F, I), thereby affirming the existence

of these two pathways from both morphological and functional perspectives.

Subsequently, we sought to elucidate whether the delineated pathways were implicated
in the distinct modulation of social behavior by PV and SST interneurons within the
ACC. AAVI1-Flp-EGFP>* was injected into the LPMR of PV-Cre mice to achieve
transmonosynaptic anterograde expression of Flp in the postsynaptic neurons of LPMR,
including those within the ACC. Concurrently, AAV-hSyn-Con-Fon-ChR2-mCherry>’
was injected into the ACC to facilitate the expression of ChR2 in PV interneurons

innervated by LPMR (Fig. 7A-C).

Subsequent social interaction tests in the home cage and three-chamber were conducted,
during which photoactivation was temporally coordinated as in previous experiments
(Fig. 3). The outcomes revealed that the activation of PV interneurons in the LPMR-
ACC pathway led to a reduction in social interaction time in the home cage (Fig. 7D,
E) and an augmented preference for the empty zone in the three-chamber setup (Fig.
7H-J). And mCherry-control group had no significant effect on social behavior in home
cage test (Fig. 7F, G). Importantly, in the second phase of the three-chamber test, this
pathway did not significantly alter normal social appetitive behavior (Extended Data
Fig. 9A, B). Additionally, we identified projections from the ventral hippocampus
(VHPC) to PV-positive interneurons in the ACC. However, selectively exciting the
vHPC to PV-positive interneurons projection did not markedly influence preference

behavior in the second part of the three-chamber test (Fig. 7K).

Employing a similar strategy, we activated the projection from the vHPC to SST-
positive interneurons in the ACC and assessed its impact on social preference behavior
(Fig. 7L-N). Results indicated that the specific regulation of the vHPC to SST
interneurons influenced social preference behavior (Fig. 70-Q) in SST-Cre mice during
the three-chamber test. In the mCherry-control group, the excitation of SST

interneurons in this projection did not result in significant changes in social preference
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compared to the ChR2 group (Fig. 7R, S). Furthermore, the stimulation did not
significantly alter the active social exploration behavior of the SST-Cre mice in the first
phase of the three-chamber test (Extended Data Fig. 9C, D). Collectively, these
findings affirm our hypothesis that the targeted regulation of these two circuits can
potentially serve as a strategy to address the heterogeneity of social interaction

disorders.
Discussion

Projection neurons are functional executors across diverse brain regions, leveraging
their axons to convey essential instructions to downstream targets. However, the
precision of projection neuron performance is not solely reliant on intrinsic factors. It
is significantly influenced by local interneurons, contributing to diverse regulatory
mechanisms, including feedback and feedforward processes®® >’. Previous extensive
research have delved into their functions in crucial cognitive domains such as working
memory>®, flexibility>®, and various other facets** ¢*-62. This underscores the essential
need to comprehend the specific contributions of interneurons within a given brain
region. In this study, our attention focused on two primary interneuron subtypes within
the ACC: PV and SST interneurons. We found that PV and SST interneurons in the
ACC exert distinct effects on social interaction behavior. Specifically, PV interneurons
exhibit heightened sensitivity to sociability, while SST interneurons show more
pronounced changes during social preference. In a Shank3 autistic model, the Kcnh7
gene, a known risk gene for ASD, was found to be reduced in the PV and SST
interneurons of the ACC. Deletion of Kcnh7 specifically in PV or SST interneurons in
the ACC contributes to the variability of social interaction disorders. Additionally, the
specific pathways from LPMR to PV and vHPC to SST in the ACC represent a potential
mechanism for generating the differential roles of these interneurons. Our findings
suggest that both types of interneurons in the ACC are involved in the regulation of
social interaction, exhibiting differentiation in their regulatory functions. PV

interneurons are implicated in regulating social abilities, while SST interneurons are
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more involved in regulating social preferences. This finding aligns with observations
of PV and SST interneurons in other behavioral paradigms, confirming the distinct roles

of different interneuron types in regulating projection neurons>*-6!.

Given the distinct regulatory roles of PV and SST interneurons in modulating projection
neurons and their potential implications for the functioning of the relevant brain area,
it is imperative to delve into the underlying mechanisms. This exploration is not only
crucial for understanding social behavior but also holds the promise of providing
insights into associated disorders, such as ASD. Recent studies have demonstrated that
these two neuron types may exhibit varying sensitivities to the same stimuli in
hippocampus®® and cortex®. Notably, the KO of Mecp?2, a high-risk gene for autism, in
either PV or SST neurons in the hypothalamus yields significantly different phenotypes
in mice, mirroring the distinct manifestations of Rett syndrome®. Intriguingly, our
present work found that selectively knocking out Kcnh7, a susceptibility gene for ASD
33,66 in PV or SST neurons can impair social ability or social preference, respectively.
The downregulation of Kcnh7 gene expression was found in PV and SST neurons in
Shank3 KO mice, a model of autism primarily associated with excitatory synaptic
dysfunction in projection neurons. As KCNH?7 serves as an inward rectifying potassium
channel crucial for regulating neuronal excitability®> ¢7, the downregulation of its
expression could result in heightened excitability in PV and SST neurons (Fig. 5). This
augmented excitability in PV and SST neurons has been associated with impaired social
interaction, as corroborated by our optogenetic experiments (Fig. 3). These collective
findings strongly indicate that the phenotypic abnormalities observed in Shank3 KO
mice are not solely ascribed to projection neuron abnormalities but likely involve
interneurons. Indeed, our observations reveal that sensory hypersensitivity in this model
is associated with interneuron abnormalities®. These results underscore that PV and
SST neurons, despite exposure to the same stimuli, elicit distinct responses. The
differential regulation of projection neurons by these interneurons may thus contribute

to variations in social behavior. Moreover, this insight into the intricate interplay
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between molecular (such as Shank3 and Kcnh?7), cellular (PV neurons, SST neurons,
and projection neurons), and behavioral phenomena enhances our understanding of the

neurobiological underpinnings of social dysfunction and related disorders.

While the involvement of PV or SST interneurons is integral to the regulation of social
interaction, the synaptic inputs into these interneurons play a pivotal role in their
operations. Notably, glutamatergic axons originating from projection neurons in the
mediodorsal thalamic nucleus selectively target PV neurons in ACC, initiating
feedforward inhibition of pyramidal neurons in layer 3 of the ACC and thereby
impacting cognitive flexibility?’. Additionally, axons emanating from hippocampal
neurons that target SST neurons in the medial prefrontal cortex (mPFC) have been
shown to influence the accuracy of working memory®. These insights underscore the
significance of projections from diverse brain regions to PV and SST neurons as
potential mechanisms governing the distinctive roles of these interneuron types. Our
research further reveals that, despite receiving similar inputs, PV and SST neurons
exhibit differentiation in input, potentially contributing to the distinct regulation of
social interaction functions. Specifically, our observations indicate that LPMR
projecting to PV neurons in the ACC are involved in regulating social ability, whereas
VHPC projecting to SST neurons in the ACC play a key role in regulating social
preference. The LPMR, a crucial region implicated in the attention network’®,
establishes connections with the visual cortex, parietal cortex, and ACC”'"73, Anomalies
in connectivity between the LPMR and cortex, coupled with a thinner parietal cortex
and atypical visual processing observed in individuals with ASD’#7¢ suggest that
attention networks involving the LPMR play a crucial role in processing social relation
information and related disorders such as ASD. Concerning the HPC, it has been
traditionally implicated in social preference’” 8. However, recent research proposes
that the vVHPC modulates social memory through PV neurons in the mPFC”.
Intriguingly, a substantial body of evidence highlights contrasting roles of the ACC and

mPFC in social behavior in mice?> 2> 3%, This observation implies that the ACC and
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mPFC may possess distinct functional characteristics contributing to social behavior in
murine models. This nuanced understanding of the interconnected brain regions and
their differential roles enhances our grasp of the neurobiological underpinnings of
social behavior, providing valuable insights into potential therapeutic avenues for

disorders associated with social dysfunction.

Moreover, it is imperative to acknowledge the involvement of brain regions beyond the
ACC in the intricate modulation of social behavior. Recent investigations highlight the
participation of SST neurons in the mPFC in mediating disinhibition, functioning as a
pivotal circuit mechanism to regulate social fear behavior®. Additionally, Zhang et al.
reported the formation of a disinhibitory microcircuit in the dorsomedial prefrontal
cortex involving VIP, PV, and pyramidal neurons, governing social competition in mice
24 Numerous comprehensive reviews have delved into the neural circuitry
underpinning social behavior! 8-  Furthermore, the cortex houses a myriad of
interneuron types beyond the aforementioned PV and SST interneurons. Our recent
discovery underscores the role of cholecystokinin interneurons in the ACC, revealing
their contribution to social isolation-induced social impairments. This finding suggests
a broader involvement of various interneuron types in social interaction®. A
comprehensive investigation utilizing electrophysiological, morphological, and
transcriptomic analyses has identified 28 distinct classifications of interneurons within
the visual cortex of mice®>. However, fully understanding the roles played by these
diverse subtypes of interneurons remains a challenging endeavor. Further research is
imperative to develop reliable analytical techniques capable of elucidating the intricate
relationship between interneuron subtypes characterized by molecular markers and
those characterized by their functional activities. This pursuit is essential for unraveling

the complex network of interactions that govern social behavior at the neural level.

To the best of our knowledge, the present research provides strong evidence that PV
and SST interneurons in the ACC play a distinct role in social interaction. Specifically,

our findings highlight that PV-positive interneurons predominantly regulate sociability,
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while SST-positive interneurons play a more significant role in shaping social
preference behaviors. The nuanced roles exhibited by these interneuron types during
social interaction within the ACC likely contribute to the diverse manifestations of
social interaction deficits. This insight opens new avenues for understanding and
potentially addressing related disorders, particularly autism, shedding light on novel
therapeutic approaches grounded in the specific functions of PV and SST interneurons

in the intricate network governing social behaviors.
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725  Fig. 1 PV and SST interneurons show varied activities dynamics during social
726  interaction behavior. A. Schematic of FLEX-GCaMP7s injection into the ACC of PV-
727  Cre mice and SST-Cre mice. B. Representative image showing the placement of an
728  optic fiber for fiber photometry in the ACC of a PV-Cre mouse injected with GCaMP7s
729  (left) and GCaMP7s expression in the ACC (right). C. Representative micrograph
730 showing the placement of an optic fiber for fiber photometry in the ACC of an SST-Cre
731  mouse injected with GCaMP7s (left) and GCaMP7s expression in the ACC (right). D.
732 Schematic of social recognition behavior in the home cage. E. Ca®* signals associated
733 with social recognition in the home cage. Left panel, the heatmap illustration of Ca?"

734  signals aligned to the onset of each social recognition behavior (to nose, to body,
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following or to genitals). Each row represents one mouse. The color scale on the right
indicates A\F/Fy. Right panel, the peri-event plot of the average Ca®" transients. Thick
lines indicate the mean, and shaded areas indicate the SEM. Dotted line indicates the
moment of contact with the social object. F. The same as E but for SST-Cre mice. G.
Schematic of active social behavior in the three-chamber test. H-I. The same as E but
for PV-Cre mice (H) and SST-Cre mice (I) in three-chamber test for active social
behavior. Dotted line indicates the moment of contact with the cage of the social object.
J. Schematic of social preference behavior in the three-chamber test. K-L. The same as
E and F but for PV-Cre mice (K) and SST-Cre mice (L) in three-chamber for social
preference behavior. Dotted line indicates the moment of contact with the cage of the
stranger social object. M. Area under curve in home cage test (left) and the correlation
index between social duration and neuronal activities in PV-Cre and SST-Cre groups
(right). N. Area under curve in first phase of three-chamber test (left) and the correlation
index between social duration and neuronal activities in PV-Cre and SST-Cre groups
(right). O. Area under curve in second phase of three-chamber test (left) and the slope
function compares the change in PV-Cre and SST-Cre groups (right). Data are presented

as the mean + s.e.m. *p<0.05, **p<0.01.
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Fig. 2 The apoptosis strategy intervention of PV and SST interneurons improved
various stages of social interaction. A. Schematic of FLEX-taCasp3 injection into the
ACC of PV-Cre mice and SST-Cre mice. B. Timeline of this test. C. The results of IF
between the intervention group and the control group. D. Quantification of PV" cells
between the intervention group and the control group (left) and quantification of mRNA
levels of Pvalb between the intervention group and the control group (right). E. The
same of C and D but of SST-Cre mice. F. Traces of PV-Cre mice before (left) and after
(right) virus intervention in the sociability test. G-H. Quantification of time spent (G)
and discrimination score (H) showing that PV-Cre mice spent more time in the social
zone after intervention (discrimination score: calculated by time spent in social zone
minus time spent in empty zone/total time spent in both of these zones). I-J.

Quantification of time spent (I) and discrimination score (J) in second phase in three-
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chamber test showing that decreased social interest with stranger after virus
intervention (discrimination score: calculated by time spent in stranger zone minus time
spent in original zone/total time spent in both of these zones). K. Different social
interaction types in home cages increased after virus intervention of PV-Cre mice. L.
Quantification of time spent showing that PV-Cre mice spent more time with social
objects after virus intervention in home cage. M-N. Quantification of time spent
showing that SST-Cre mice spent more time in the social zone before and after virus
intervention (M) and discrimination score had no change of SST-Cre mice in three-
chamber test of sociability stage (N). O. Traces of SST-Cre mice before (left) and after
(right) virus intervention in the social preference test. P-Q. Quantification of time spent
(P) and discrimination score (Q) in second phase in three-chamber test showing that
SST-Cre mice spent more time in the stranger zone after virus intervention in three-
chamber. R. Discrimination score showing that social interaction had no obviously
change of SST-Cre mice spent with social object in home cage before and after virus
intervention. Data are presented as the mean + s.e.m. *p<0.05, **p<0.01, ***p<0.001,

w584 <0,0001.
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Fig. 3 Optogenetic activation

of PV or SST interneurons suppressed different

phases of social interactions. A. Schematic of DIO-ChR2 injection into the ACC of

PV-Cre mice and SST-Cre mice (left) and diagram of the home cage test and laser

delivery strategy (right). B. Change process of different social interaction types in the

home cage when stimulus of PV-Cre mice (left) and statistical analysis of behavioral

changes in PV-Cre mice (right). C. The same as B but stimulus of SST-Cre mice. D.

Comparison of slope coefficient values in the PV-Cre group, SST-Cre group and EYFP

control group. E. Summary data of time of social interaction when laser on. F. Inhibition

index between PV-Cre mice and SST-Cre mice showing that the inhibition of PV-Cre
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mice was more notable than that of SST-Cre mice (inhibition index: calculated by time
spent with social object when laser off minus when laser on/total time spent with social
object when laser off and on). G. Summary data of time spent with toy of PV-Cre mice
group (left) and SST-Cre mice group (right). H. Traces of PV-Cre mice in the active
social recognition test. I. Summary data of the active social recognition test showing
that PV-Cre mice spent more time in the social zone (left panel) before laser on, spent
more time in the empty zone when laser on (middle panel) and preferred the social zone
after laser on (right panel). J. Discrimination score (calculated by time spent in the
social zone minus time in the empty zone /total time spent in the social zone and in the
empty zone) of PV-Cre mice in active social recognition. K. Traces of PV-Cre mice in
the social preference test. L. Summary data of the social preference test showing that
PV-Cre mice spent more time in the stranger zone (left panel) before laser on, no
significant difference between the stranger zone and the original zone when laser on
(middle panel) and after laser on (right panel). M. Discrimination score of PV-Cre mice
in social preference test. N. Traces of SST-Cre mice in the active social recognition test.
O. Summary data of the active social recognition test showing that SST-Cre mice spent
more time in the social zone (left panel) before laser on, no time spending difference in
social zone neither in empty zone when laser on (middle panel) and preferred the social
zone after laser on (right panel). P. Discrimination score of SST-Cre mice in active
social recognition. Q. Traces of SST-Cre mice in the social preference test. R. Summary
data of the social preference test showing that SST-Cre mice spent more time in the
stranger zone (left panel) before laser on, spent more time in the original zone when
laser on (middle panel) and showed no significant difference after laser on (right panel).
S. Discrimination score of SST-Cre mice in social preference test. T. Summary data of
the delay time when the first social behavior stop of PV-Cre group and SST-Cre group
in active social behavior in three-chamber. U. Comparison of discrimination scores
between PV-Cre and SST-Cre mice in the active social test. V. Summary data of the

delay time when the first social behavior stop of PV-Cre group and SST-Cre group in
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stranger zone in three-chamber. W-X. Summary data of time spent in the center zone
by PV-Cre mice (W) and SST-Cre mice (X) in the preference test. Y. Comparison of
discrimination scores between PV-Cre and SST-Cre mice in social preference test. Data

are presented as the mean = s.e.m. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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830  Fig. 4 Decreased levels of Kcnh7in PV and SST neurons within the ACC of Shank3
831 KO mice resulted in heightened excitability in these interneuron subtypes. A-B. t-
832  SNE plots of 17661 cells between the WT and Shank3 KO groups (9391 cells in the
833  WT group, 8270 cells in the KO group; one mouse per group). After alignment, cells
834  allowing for a single joint clustering detected 7 populations. C. Feature plots showing

835  single-cell gene expression of known markers for inhibitory neurons (Pvalb, left and
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Sst, right). D. Volcano plot indicating upregulated and downregulated scRNA of Pvalb
neurons between WT and KO mice (left). Relative mRNA expression of Kcnh7, Kenh6
and Kcnv2 in Pvalb neurons (right). E. The same as D but for Sst neurons. F.
Fluorescence images of FISH probing Kcnh7 (gray) and Pvalb (red) images of Kcnh7
expression on PV-positive neurons of WT mice (left) and Shank3 KO mice (middle)
and enumeration analysis of Kcnh7"/Pvalb® (right). G. Normalized fluorescence
intensity of Kcnh7 mRNA (left) and normalized number of spots of Kcnh7 mRNA (right)
of Pvalb™ neurons. H. Typical action potential trace at 200pA stimulus from PV-
tdTomato mice in ex vivo recording between WT and KO mice. 1. Input-output diagram
of spike frequency at different stimulus intensities (left) and spike frequency at 380 pA
stimulus intensity between WT and KO groups (right). J. Representative traces of
ERG3 current between WT and KO groups (left) and the statistical results of the left
(right). K. Fluorescence images of FISH probing Kcnh7 (gray) and Ss¢ (green) images
of Kcnh7 expression on SST-positive neurons of WT mice (left) and Shank3 KO mice
(middle) and enumeration analysis of Kcnh7*/Sst™ (right). L. Normalized fluorescence
intensity of Kcnh7 mRNA (left) and normalized number of spots of Kcnh7 mRNA (right)
for Sst" neurons. M. The same as H but for SST-Cre::Ai9 neurons. N. The same as I
but for SST-Cre::Ai9 neurons. O. The same as J but for SST-Cre::Ai9 neurons. Data

are presented as the mean + s.e.m. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 5 Using CRISPR-Cas9 technology, specific KO Kcrnh7in PV and SST neurons

resulted in heightened neuronal excitability and differential impairment in social

interaction. A. CRISPR-Cas9 viral approach to knockout Kcnh7 in PV' neurons and

SST" neurons. B. For PV-Cre mice, images showing AAV-sgRNA-hSyn-GFP

expression (left) and KCNH7 expression between the control group (middle) and

knockout group (right). C-D. More than 99% of PV" neurons were GFP" (C), and
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relative KCNH7 protein expression significantly decreased after the CRISPR-Cas9
approach in vivo (D). E-G. Ex vivo recording from the control group and KO group (E)
showing the neuronal excitability (F), action potential half width (G left, middle) and
first after hyperpolarization (fAHP) (G right). H. Input-output diagram of spike
frequency of PV-Cre neurons between control virus and Cas9 virus. I-L. Compared
with social behavior prior to viral injection, PV-Cre mice spent less time in the social
zone and more time in the center zone (I-J) and showed reduced sociability (K-L). M.
For SST-Cre mice, images showing AAV-sgRNA-hSyn-GFP expression (left) and
KCNH7 expression between the control group (middle) and knockout group (right). N-
O. More than 99% of SST" neurons were GFP" (N), and relative KCNH7 protein
expression significantly decreased after the CRISPR-Cas9 approach in vivo (O). P-R.
Ex vivo recording from the control group and knockout group (P) showing the neuronal
excitability (Q), action potential half width (R left, middle) and fAHP (R right). S.
Input-output diagram of spike frequency of SST-Cre neurons between control virus and
Cas9 virus. T-W. Compared with social preference behavior prior to viral injection,
SST-Cre mice spent less time in the stranger zone and more time in the original zone
(T-U) and showed reduced social preference (V-W). Data are presented as the mean +

s.e.m. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 6 Retrograde monosynaptic tracing revealed that LPMR and vHPC may serve
as potential distinct inputs that innervate the PV and SST neurons within the ACC.
A. The AAV helper virus was injected into the ACC of PV- and SST-Cre animals. Three
weeks later, RV-dsRed was targeted to the same location. Bicistronic expression of TVA
and oRVG from a single AAV vector optimizes the generation of true starter neurons,
that is, neurons able to give rise to retrograde transsynaptic labeling of monosynaptic
input neurons. Starter neurons are identified based on the coexpression of his-EGFP
and RV-dsRed. Input neurons only express RV-dsRed. B. AAV-hepler and RV-dsRed
expression in input neurons in representative sections of the ACC. C. Tracing of input
to ACC PV interneurons in PV-Cre animals (top) and tracing of input to ACC SST
interneurons in SST-Cre animals (bottom). Typical images indicate starter neurons in

the ACC coexpressing AAV-helper (his-EGFP, oRVG), RV-dsRed and PV or SST (gray).
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D. PV neurons in the ACC receive direct inputs from the LPMR (top), and SST neurons
in the ACC receive direct inputs from the vHPC (bottom). Images from a representative
animal from each group. E. Targeting of the principal starter neurons (expressing his-
EGFP and RV-dsRed) to the ACC subregions in the animals. 1.00 indicates all detected
starter neurons. F. Analysis of the density of positive cells (RV-dsRed) in the upstream

brain region. Data are presented as the mean + s.e.m.
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Fig. 7 Selective activation of the LPMR-PV (ACC) projection or vHPC-SST (ACC)
projection produces distinct impairments in social interaction. A. Schematic of
AAV1-Flp-EGFP injection into the LPMR and Con-Fon-ChR2-mCherry injection into
the ACC of PV-Cre mice and optic fiber for laser embedding into the ACC. B.
Representative micrograph showing the injection site in LPMR (left) and representative
micrograph showing the site of optic fiber in ACC (right). C. AAV1 expression in
LPMR (top) and AAVI-EGFP and ChR2-mCherry colabeled neurons in the ACC
(bottom) of PV-Cre mice. D-E. Change process of different social interaction types in

home cage when stimulus of PV-Cre mice (D) and quantification of social interaction
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time in the home cage showing the effect of the laser on restraint of social time (E). F-
G. Changes between the ChR2-mCherry and mCherry-control groups (F) and
quantification of social time in F when laser on (G). H. Representative traces of
sociability in the three-chamber of PV-Cre mice before laser on (left) and during laser
on (right). I. Summary data of the active social recognition test showing that mice spent
more time in the social zone (left panel) before laser on, no significant when laser on
(middle panel) and preferred in the social zone after laser on (right panel). J.
Discrimination score between laser off and laser on showing that activation of LPMR-
PV (ACC) decreases active social interaction. K. Discrimination score between laser
off and laser on showing that activation of vVHPC-PV (ACC) has no influence on social
preference. L. Schematic of AAV1-Flp-EGFP injection into the vHPC and Con-Fon-
ChR2-mCherry injection into the ACC of SST-Cre mice and optic fiber for laser
embedding into the ACC. M. Representative micrograph showing the injection site in
the vHPC (left) and representative micrograph showing the site of optic fibers in the
ACC (right). N. AAV1 expression in the vHPC (top) and AAV1-EGFP and ChR2-
mCherry co-labeled neurons in the ACC (bottom) of SST-Cre mice. O. Representative
traces of social preference in the three-chamber of SST-Cre mice before laser on (top)
and during laser on (bottom). P. Summary data of the social preference test showing
that mice spent more time in the stranger zone (left panel) before laser on, spent more
time in the original zone when laser on (middle panel) and preferred the stranger zone
after laser on (right panel). Q. Discrimination score between laser off and laser on
showing that mice prefer social in original zone to in stranger zone when laser on. R-S.
Change process between the ChR2-mCherry and mCherry-control groups in the
original zone (R) and comparison of social interaction time between ChR2-mCherry
and mCherry-control groups when laser on (S). Data are presented as the mean + s.e.m.

%p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Methods

Mice. All experimental procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Fourth Military Medical University (Approval No.
IACUC-) and carried out according to the “Principles of Medical Laboratory Animal
Care” issued by the National Ministry of Health in China. Adult (6—8 weeks old) male
PV-Cre (Jax Stock no. 008069), SST-Cre (Jax Stock no. 013044), PV-tdtTomato (Jax
Stock no. 027395), Ai9 (Jax Stock no. 007909), Shank3B”** (Jax Stock no. 017688)
and C57BL6 mice were used in this study. The animals were housed in a 12 h:12 h
light—dark cycle (lights on at 8 AM) with food and water provided ad libitum.
According to the double-blind principle, the experimenters were blinded to the

experimental group.

Viral injections. General procedure. The mice were anesthetized with 1%
pentobarbital sodium and placed in a stereotaxic instrument (RWD). Erythromycin eye
ointment and a piece of silver paper were applied to prevent corneal drying. A
thermostatic heating pad (ThermoStar, RWD) was placed under the body to keep the
temperature constant during surgery. A small craniotomy hole was made using a dental
drill (RWD), and injections were performed via a microsyringe pump (KD Scientific)
at a flow rate of 40 nl/min to avoid potential damage to local brain tissue.
Optogenetics control behavior. 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 (2.5 mm optical
density (OD), 0.37 numerical aperture (NA), 2.0 mm length) were implanted
ipsilaterally.

Retrograde RV tracing of monosynaptic input of PV or SST interneurons to the ACC. A
mixture of rAAV-EF1a-DIO-His-EGFP-T2A-TVA and rAAV-EF1a-DIO-oRVG (1:1
ratio, a total of 200 nl) was injected unilaterally into the ACC of PV-Cre or SST-Cre

mice as a previous site to specifically infect monosynaptic input of PV interneurons or



969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992

993
994
995
996

SST interneurons. After three weeks, RV-EnvA-AG-dsRed was injected at the same
coordinates. This viral strategy assures effective generation of RV and optimization of
retrograde spread of RV-dsRed®®.

Functional verification of the projection loop. For synaptic tracing of LPMR to PV
interneurons in the ACC and vHPC to SST interneurons in the ACC and confirmation
of the role of projection, a mixture of rAAV2/1-Retro-ChR2 (5.08E+12 vg/mL) and
rAAV-CAG-FLEX-GCaMP7s (2.21E+12 vg/mL) was injected into the ACC of PV-Cre
and SST-Cre mice. Optical fibers were implanted in the ipsilateral LPMR (AP: -1.95
mm; ML: -1.64 mm; DV: -2.52 mm, 2.5 mm optical density (OD), 0.37 numerical
aperture (NA), 3.0 mm length) or vHPC (AP: -3.2 mm; ML: -3.81 mm; DV: -1.57 mm,
2.5 mm optical density (OD), 0.37 numerical aperture (NA), 4.0 mm length) with 15°
gradient and optical fibers (2.5 mm optical density (OD), 0.5 numerical aperture (NA),
2.5 mm length) were implanted ipsilaterally in ACC.

To confirm the function of these two projections in vitro, rAAV-hSyn-ChR2-mCherry
(3.84 E+12 vg/mL) was injected into the LPMR or vHPC of PV-tdTomato or SST-Cre: :
Ai9 mice.

Specific projection regulation. For specific regulation of LPMR—PV interneurons and
VHPC—SST interneurons in the ACC, AAV1-Flp-EGFP (3.51 E+13 vg/mL) was
injected into the LPMR (AP: -1.95 mm; ML: -0.85 mm; DV: -3.15 mm) of PV-Cre mice,
and AAV1-Flp-EGFP was injected into the vHPC (AP: -3.2 mm; ML: -3.2 mm; DV: -
2.8 mm) of SST-Cre mice. At the same time, rAAV-hSyn-Con-Fon-mCherry (5.56 E+12
vg/mL) was injected into the ACC of PV-Cre or SST-Cre mice, and optical fibers (2.5
mm optical density (OD), 0.37 numerical aperture (NA), 2.0 mm length) were

implanted ipsilaterally.

Fiber photometry. Fiber photometry was used to record calcium signals using a
commercialized fiber photometry system (Thinker Tech). rAAV-CAG-FLEX-
GCaMP7s (2.21E+12 vg/mL) was injected unilaterally into the ACC of PV-Cre or SST-

Cre mice as previously described, and optical fibers (2.5 mm optical density (OD), 0.5
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numerical aperture (NA), 2.5 mm length) were implanted ipsilaterally. We used dental
acrylic (Super Bond) to support the ceramic ferrule. Mice were individually housed and
allowed to recover for at least 1 week. To record fluorescence signals, GCaMP7s
fluorescence was detected through the optic fiber using a fiber photometry system
(Thinker Tech). The values of fluorescence change (A4F/Fo) were calculated by
calculating (F - Fo)/Fo. The MATLAB-based software provided by Thinker Tech

Company was used to analyze the results.

Behavioral tests and in vivo optogenetic manipulations. For optical stimulation,
during behavioral tests, the device connection process is described above?. Mice were
connected to the patch cable, which was connected through a fiber-optic rotary joint
allowing free rotation of the fiber and then allowed to recover from handling before the
behavior test was initiated. In the excitatory photogenetic experiment, the test was
divided into three 3 min epochs: laser stimulation off, on and off (OFF-ON-OFF
epochs). Photoactivation of PV interneurons or SST interneurons in the ACC was
induced by 40 Hz light trains with 5 ms pulses of blue light generated by a 473 nm laser.
Social interaction in the home cage. This procedure was carried out as previously
described®’. One week before the experiment, we grasped the test mice every day to
perform adaptability training. 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. Measured social interaction behaviors included body sniffing,
anogenital sniffing, face or nose contact and close following (<1 c¢m) initiated by the
test mouse. All behaviors were video-recorded and analyzed using SMART v.3.0
software by experimenters who were blinded to the testing conditions.

Three-chamber test. This procedure was carried out as previously described®?. The
apparatus was made of black perspex and consisted of three identical chambers (30 cm
x 45 cm % 20 cm). Two cylindrical grid cages were placed in the corners of the outer
chambers, allowing free interaction (visual, olfactory, and auditory) between the test

mouse and caged mouse. Before the test, the test animal was placed in the chamber for
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10 min to habituate then isolated in the middle area to wait for the experiment to begin.
For the sociability test, a novel juvenile male mouse was placed in a wire cage placed
in one corner of the chamber, and another empty wire cage was placed in the opposite
corner. For the social preference test, anther stranger juvenile male mouse was put into
an empty cage, and then the experimental subject was allowed to explore freely in three
chambers. The time spent in each chamber and the time spent in close proximity to the
wire cages were analyzed using SMART v.3.0 software.

Olfactory test. Urine collection as previously describe®’. The experiment was carried
out in open field. Urine filter paper and saline filter paper were placed on opposite sides
of the open field to record the movement of mice when laser off and laser on. The time
spent in each corner were analyzed using SMART v.3.0 software.

Virus intervention social behavior experiments. Before AAV-taCasp3 injection, all PV-
Cre and SST-Cre mice underwent a pre-experiment, including social interaction in the
home cage and three-chamber test. After that, AAV-taCasp3 (2.03E+12 vg/mL) was
injected into the ACC. After three weeks, a new round of social interaction experiments
was conducted again. The time spent with unfamiliar juvenile male mice in the home
cage and in three chambers in close proximity to the wire cages was analyzed using

SMART v.3.0 software. These results were compared before and after virus injection.

Immunocytochemistry. All animals were anesthetized with 1% pentobarbital sodium
and perfused intracardially with 0.9% saline followed by 4% paraformaldehyde. Then,
the whole brain was removed and placed in 30% sucrose solution for 3 days. For PV
interneurons or SST interneurons labeling, 40 um cryostat sections containing the ACC
were placed in blocking solution for 1 h before incubation in primary antibody against
PV (rabbit, 1:100, Abcam, ab181086), primary antibody against SST (rat, 1:50,
Millipore, MAB354), primary antibody against KCNH7 (rabbit, 1:50, Proteintech,
13622-1-AP), and primary antibody against NeuN (mouse, 1:500, Abcam, ab104224)
overnight at room temperature. One hour after the behavior test, the whole brain

samples were perfused, and these samples were stained for Fos (rabbit, 1:1500, CST,
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#2250). Sections were then incubated with the corresponding secondary antibody at a
dilution of 1:800 for 4 h at room temperature. Finally, all sections were incubated with
Hoechst 33342 (Sigma) and were rinsed in 0.01 M PBS and cover-slipped with a

mixture of 50% (v/v) glycerol in 0.01 M PBS.

VS200 continuous section scanning observation. After 7 days of injection with RV-
EnvA-AG-dsRed, the animals were anesthetized with 1% pentobarbital sodium and
perfused intracardially with 0.9% saline followed by 4% paraformaldehyde, and the
whole brain was removed. After samples and sinking completely in 30% sucrose
solution, the whole brain was cut into 40 um sections on a cryotome (Leica). All
sections were incubated with Hoechst 33342 (Sigma) and were rinsed in 0.01 M PBS
and cover-slipped with a mixture of 50% (v/v) glycerol in 0.01 M PBS. Then, we used
VS200 continuous section scanning (Olympus) to obtain images and counted the

positive cells by OlyVIA (Olympus).

RNA extraction and quantitative real-time PCR. To verify the efficiency of AAV-
taCasp3, we used a real-time PCR procedure to detect the mRNA levels of parvalbumin
and somatostatin as previously described®®. After the social behavior test, the mice were
deeply anesthetized with isoflurane and sacrificed. The mouse skull was opened, and
the whole brain was removed. Fresh ACC tissues were isolated from the corresponding
coronal sections under a stereomicroscope. 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 using a
StepOnePlus™ Real-Time PCR Instrument (Thermo) with 2X Universal SYBR Green

Fast qPCR Mix (ABclonal). The sequences of the primers used were as follows:

Target gene  F- R-

GAPDH GCGAGACCCCACTAACATCAA GTGGTTCACACCCATCACAAA
Parvalbumin  GGGCCTGAAGAAAAAGAACC TTCTTCAACCCCAATCTTGC
Somatostatin ~ ACCGGGAAACAGGAACTGG TTGCTGGGTTCGAGTTGGC
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Physiological recording from brain slices. General procedure. For brain slice
preparation, the mice were deeply anesthetized withisoflurane, and coronal sections
(300 um thick) containing the ACC were cut using a vibratome (7000SMZ, Campden) in
transcardially perfused with ice-cold carbogenated cutting solution containing 115 mM
choline chloride, 2.5 mM KClI, 1.25 mM NaH2POs4, 0.5 mM CaClz, 8 mM MgClz, 26
mM NaHCOs3, 10 mM D-(+)-glucose, 0.1 mM L-ascorbic acid, and 0.4 mM sodium
pyruvate (pH 7.4, with osmolarity of 295-300 mOsm/L). Then, brain slices were
recovered for 30 min and incubated with carbogenated cutting solution (95% O2, 5%
CO2) in a holding chamber at 32 °C. After that, the brain slices were recovered for 1 h
at room temperature in artificial cerebral spinal fluid (ACSF) (119 mM NaCl, 2.3 mM
KCl, 1.0 mM NaH2PO4, 26 mM NaHCO3, 11 mM D-(+)-glucose, 1.3 mM MgClz, and
2.5 mM CaClz (pH 7.4, with osmolarity of 295-300 mOsm/L). After recovery, the slices
were placed in the recording chamber and continuously perfused with ACSF. The
recordings were obtained using a Multilamp 700B amplifier (Molecular Devices)
filtered at 5 kHz and sampled at 20 kHz with a Digidata 1550B. Clampex 10.7 was used
for acquisition and analysis.

Optical evoked spikes with ChR2. Patch pipettes were filled with a solution containing
the following: 128 mM potassium gluconate,10 mM Na-phosphocreatine, 10 mM
HEPES, 1.1 mM EGTA, 0.5 mM NaxGTP, and 5 mM MgATP (pH 7.3, 300-305
mOsm/L). The cell membrane potential was clamped at —65 mV to record changes in
spikes induced by ChR2 with 40 Hz stimulation.

Optical IPSCs. Patch pipettes were filled with a solution containing the following: 103
mM CsCl, 12 mM CsMeSO3, 12 mM CsOH, 12 mM methanesulfonic acid, 5 mM
TEA-Cl, 10 mM HEPES, 4 mM MgATP, and 0.3 mM Na.GTP (pH 7.3, 300-305
mOsm/L). Clamping the pyramidal neuron surrounded by fluorescence and the cell
membrane potential was clamped at —65 mV and stimulated with ChR2-recording

IPSCs in pyramidal neurons. 100 uM picrotoxin (PTX) was perfused verifying IPSCs

property.
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Intrinsic membrane properties. To measure the intrinsic membrane properties of PV
interneurons and SST interneurons in the ACC, patch pipettes were filled with a
solution containing as Optical evoked spikes with ChR2. Whole-cell recordings were
carried out in current-clamp mode at —65 mV, and spikes were induced by incrementally
increasing the current injection (each step increase was 20 pA).

Optical EPSCs. Patch pipettes were filled with a solution containing the following: 120
mM CsMeSO3, 10 mM TEA-CL, 5 mM NacCl, 10 mM HEPES, 4 mM MgATP, 0.3 mM
NaxGTP, 1.1 mM EGTA, and 4 mM lidocaine (pH 7.28, 295-300 mOsm/L). The laser
intensity was adjusted to obtain a maximal response without overstimulation, and 0.5
ms blue light was applied with the cells clamped at —65 mV. Additional 1 pM
tetrodotoxin (TTX) and 100 uM 4-AP were perfused followed by 20 uM NBQX to
check whether the light-evoked PSCs were excitatory or inhibitory.

The excitability modulated by ERG3 channel. To observe the role of the ERG3 channel
in active potential, 1-[2-(6-methyl-2-pyridyl)ethyl]-4-(4-methylsulfonylaminobenzoyl)
piperidine (E-4031, Tocris), a blocker of ERG, was added to ACSF solution. Stock
solutions of E-4031 (100 uM) were prepared in DMSO before dilution in ACSF; the
final DMSO concentration never exceeded 0.1%, a concentration at which it did not
affect the membrane potential and membrane currents.

Kvll current recordings. For voltage-dependent K* current recordings, the low K*
intracellular solution was composed of 55 mM potassium methanesulfonate, S mM KCl,
73 mM N-methyl-d-glucamine, 5 mM NaCl, 0.5 mM EGTA, 30 mM HEPES, 4 mM
MgCI12, 4 mM MgATP and 0.4 mM NaxGTP (pH 7.4, adjusted with HCI)*. For
recording Kvl1l currents from PV or SST-positive neurons in the ACC, 1 uM
tetrodotoxin (TTX), 20 uM NBQX, 50 uM D-APS5 and 10 uM bicuculline were also
supplemented in high K intracellular solutions (10 mM KCI and no Ca?"). These high
K" extracellular and low K" intracellular solutions enable 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 measuring Kv11 currents. The activation curve of the ERG
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channels was extracted by dividing the peak amplitudes of E-4031-sensitive tail current

traces at 0.5 ms after the voltage was changed to -100 mV.

scRNA-seq. 10X sample processing and cDNA library preparation. From the fresh
frozen mouse brain, two groups of ACC tissue were rapidly dissected from the cortex
of Shank3 KO and WT mice. Samples were homogenized in ice-cold homogenization
buffer (0.25 M sucrose, 5 mM CaCl2, 3 mM MgAC2, 10 mM Tris-HCL pH 8.0, 0.1
mM EDTA, 1x protease inhibitor, and 1 U/ul ribolock RNase inhibitors) with a glass-
on-glass dounce homogenizer prepared for extract nuclei. This process has been
reported before’® Nuclei concentration was adjusted to 1000 nuclei/uL and followed
immediately by the 10X Genomics® Single Cell Protocol. Cellular suspensions were
loaded on a 10X Genomics GemCode Single-cell instrument that generates single-cell
Gel Bead-In-EMlusion (GEMs). Libraries were generated and sequenced from the
cDNAs with Chromium Next GEM Single Cell 3’ Reagent Kits v3.1. The cDNA
libraries were sequenced on the Illumina sequencing platform by Genedenovo
Biotechnology Co., Ltd (Guangzhou, China).

Sequencing and Cell Clustering. The Single Cell 3’ Protocol produced Illumina-ready
sequencing libraries. The cell-by-gene matrices for each sample were individually
imported to Seurat version 3.1.1 for downstream analysis.

Differentially expressed gene analysis. The expression value of each gene in a given

cluster was compared against the rest of the cells using the Wilcoxon rank sum test’!.

Fluorescent in situ hybridization. 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 PBS. The brains were removed and fixed in 4% paraformaldehyde for 2 h
and then put into 10%, 20%, 30% sucrose sequentially at 4°C until they sank to the
bottom of the container. Frozen, 10 um, coronal sections were cut on a cryostat (Leica).
RNAscope in situ hybridizations were performed according to the manufacturer’s
instructions, using the RNAscope™ Multiplex Fluorescent Reagent Kit v2 for fixed-

frozen tissue. Briefly, sections were dehydrated in sequential incubations with ethanol,
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followed by 30 min Protease Il treatment and washing in ddH20. Appropriate
combinations of hybridization probes [here gene target name (mouse) and catalogue
number: Pvalb 421931-C1, Sst 404631-C1 and Kcnh7 1007281-C2, ACD] were
incubated for 2 h at 40 °C, followed by three amplification steps and incubated each
channel with a specific color. Hoechst counterstaining and mounting with antifade

mounting medium.

Single-cell qRT-PCR. Single PV-positive or SST-positive neurons in the ACC with
red fluorescence signals were aspirated by a patch clamp. Each single cell was ejected
into a tube with 5 uL of DPBS. Total RNA and cDNA from single neurons were isolated
using a REPLI-g® WTA Single Cell kit (Qiagen) according to the manufacturer’s
instructions. QqRT-PCR was performed with SYBR® Premix Ex Taq (ABclonal) in a
CFX96 Touch Real-time PCR Detection System (Bio-Rad). Primer sequences are listed
as follows:

Gapdh-Fp: 5'-AGGTCGGTGTGAACGGATTTG-3',

Gapdh-Rp: 5'-TGTAGACCATGTAGTTGAGGTCA-3';

Kcenh7-Fp: 5'-CCAGGAAACTGGACCGATACT-3',

Kcenh7-Rp: 5'-CCAATCGCATACCAGATGCAA-3;

Kcenh6-Fp: 5'-GACGTGCTTTCCACTCTCTAC-3',

Kcnh6-Rp: 5'-GCGCTTGATTTGCCTGGTC-3;

Kenv2-Fp: 5'-ATGGTCCTTGAGCTACAAGCC-3/,

Kcenv2-Rp: 5'-CCCCGCAGTCCTCATCTTC-3'.

CRISPR-Cas9. In vivo genome editing. In vivo knockdown experiments targeting
Kcnh7 employed an AAV CRISPR/Cas9 approach. The single guide RNA (sgRNA)
with high specificity and high efficiency were computationally identified from 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, spacer sequences are capitalized). These

fragments were cloned into the pX552-EGFP plasmid by In-Fusion Snap assembly
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master mix (Takara 638948) to construct pX552-3xsgRNA(FE)-EGFP.

The AAV vectors were serotyped with PHP.eB coat proteins (3.64 x 1013 genome
copy (GC) ml-1 viral titers for). Briefly, sgRNA plasmids, pAdDeltaF6 (Addgene,
plasmid #112867), and pUCmini-iCAP-PHP.eB (Addgene, plasmid #103005) were co-
transfected into HEK293T cells using polyethylenimine (Cat. No. 23966, Polysciences).
Cells were harvested 72 h post transfection by 5,000 x g centrifugation at 4°C for 10
min. Virus in media was precipitated by 8% PEG8000 (89510-1KG-F, Sigma). Cell
pellets and virus precipitated from media were re-suspended in digestion buffer
containing 500 mM NaCl, 40 mM Tris base, and 10mM MgClz. Benzo nuclease (10
KU, novoprotein) was added in the digestion buffer and incubated at 37 °C water bath
for 1 hr. Next, we performed centrifugation at 2,000 x g for 10 min, and the supernatant
was used on a discontinuous gradient of 15%, 25%, 40%, and 60% iodixanol in a 39
mL ultracentrifuge tube (No. 344326, Beckman). Ultracentrifugation was performed at
350,000 x g, 18°C for 2.5 hr. 5 mL fractions in 40% layer and 40%—60% interface was
collected. These fractions were desalted using a 100 kDa cutoff ultrafiltration tube (15
ml, Millipore). Buffer was exchanged 4 times with 1x PBS with 0.001% Pluronic F-68.
AAV titers were determined by real-time quantitative PCR (qPCR) using the primers
of ITR. Forward primer: 5> GGAACCCCTAGTGATGGAGTT 3’; Reverse primer: 5’
CGGCCTCAGTGAGCGA 3".

U6-sgkenh7-1(FE) sequence
gagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaa
cacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatgga
ctatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgCTGGGC
AATATCATGCCTCTgtttaagagctatgctggaaacagcatagcaagtttaaataaggctagtcegttatcaactt
gaaaaagtggcaccgagtcggtgct

U6-sgkenh7-2(FE) sequence
Aaggtcgggcaggaagagggcctatttcccatgattccttcatatttgeatatacgatacaaggetgttagagagataattag

aattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaa
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aattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacga
aacaccGAATATCGGGTTGACCCTCTCgtttaagagctatgctggaaacagcatagcaagtttaaataag
gctagtccgttatcaacttgaaaaagtggecaccgagtcggtgct

U6-sgkenh7-3(FE) sequence
Aaggtcgggcaggaagagggcctatttcccatgattectteatatttgeatatacgatacaaggetgttagagagataattag
aattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaa
aattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggctttatatatcttgtggaaaggacga
aacaccgATGCCCTCCGTATGCTACAGgttttagagctagaaatagcaagttaaaataaggctagtcegtt

atcaacttgaaaaagtggcaccgagtcggtgc

Statistical Analyses. All statistical analyses were performed in Prism 6.0 (GraphPad
Software, Inc., USA). Values were expressed as the means +s.e.m. Data were tested for
significance using either an unpaired t test or a two-way repeated-measures ANOVA.
Normally distributed data sets were analysed using a 2-tailed unpaired t test and 2-way
repeated-measures ANOVA, followed by Tukey’s multiple comparisons test. Data sets
that were not normally distributed were analysed with a Kruskal-Wallis test with
adjustments for multiple comparisons (Extended Tables 1). All behavioural,
electrophysiological, biochemical and morphological data were obtained by
counterbalancing experimental conditions with controls. Details of particular statistical
analyses can be found in Extended Tables 1. Statistical significance was accepted when

p<0.05.

Data availability. The raw sequencing data of the scRNA-seq have been deposited in
the Genome Sequence Archive in BIG Data Center (http://bigd.big.ac.cn/), Beijing
Institute of Genomics (BIG), Chinses Academy of Sciences, under the accession
number: CRA013264. The other datasets generated or analyzed during the present

study are available from the corresponding author upon reasonable request.
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GCaMP7-PV specificity and efficiency GCaMP7-SST specificity and efficiency
GCaMP7* 100% PV* 100% GCaMP7* 100% SST* 100%
PV*&GCaMP7* PV*&GCaMP7* SST*&GCaMP7* SST*&GCaMP7*

92.44+4.7% 90.2643.4% 91.67+5.6% 90.44+3.4%

Extended Data Fig. 1 Validation of virus expression specificity in PV or SST
neurons for GCaMP7. A. The percentage of PV" cells in GCaMP7" cells (left) and the
percentage of GCaMP7" cells in PV™ cells (right). B. The percentage of SST* cells in
GCaMP7" cells (left) and the percentage of GCaMP7" cells in SST cells (right). Data

are presented as the mean + s.e.m.
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Extended Data Fig. 2 Verifying the expression of ChR2 in PV and SST neurons. A.

Representative micrograph showing the placement of an optic fiber for optogenetics in
the ACC of PV-Cre mouse injected with ChR2 and ChR2 expression in PV-positive
interneurons (left). The pie charts showing the percentage of PV* cells in ChR2" cells
and the percentage of ChR2" cells in PV" cells (right). B. Representative micrograph
showing the placement of an optic fiber for optogenetics in the ACC of SST-Cre mouse
injected with ChR2 and ChR2 expression in SST-positive interneurons (left). The pie
charts showing the percentage of SST" cells in ChR2" cells and the percentage of ChR2"
cells in SST" cells (right). C. Representative image of DIC (left) and representative
trace evoked by a 40 Hz 473 nm laser (right) of PV-positive interneurons. D.
Representative image of DIC (left) and representative trace evoked by a 40 Hz 473 nm
laser (right) of SST-positive interneurons. E. Fos expression in PV/ChR2 co-labeled
interneurons. F. Fos expression in SST/ChR2 co-labeled interneurons. Data are

presented as the mean + s.e.m.
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Extended Data Fig. 3 The activation of PV or SST interneurons did not alter the

preference for urine induced by the unfamiliar mouse. A. Traces of PV-Cre mice

when laser off (left) and when laser on (right) with urine and saline in each corner. B.

Statistics of time in saline zone and urine zone in A. C. Traces of SST-Cre mice as A.

D. Statistics of time in saline zone and urine zone in C. Data are presented as the mean

+ s.e.m. *p<0.05, **%p<0.001, ***%p<0.0001.
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Extended Data Fig. 4 The activation of PV or SST interneurons did not result in
any significant alteration in the total distance traveled by mice within the three-
chamber. A. No changes in the total distance traveled by PV-Cre mice in the sociability
test (left) and no changes in the total distance traveled by SST-Cre mice in the
sociability test (right). B. No changes in the total distance traveled by PV-Cre mice in
the social preference test (left) and no changes in the total distance traveled by SST-Cre

mice in the social preference test (right). Data are presented as the mean + s.e.m.
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Extended Data Fig. S PV and SST neurons in ACC displayed increased excitability
in the application of E-4031 in vitro. A. Spike trace of PV-tdTomato neurons before
applicating E-4031 (left) and after applicating E-4031 (right). B. Comparison of spike
frequency of different stimulus intensities (left) and the statistical results of frequency
at 380 pA stimulus (right). C. The same as A but for SST-Cre::Ai9 neurons. D. The
same as B but for SST-Cre::Ai9 neurons. Data are presented as the mean + s.e.m.

*p<0.05, ****¥p<0.0001.
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Extended Data Fig. 6 Specific KO of Kcnh7 in PV or SST neurons did not change

social preference or sociability following CRISPR-Cas9 intervention, respectively.

A-C. Compared with social behavior prior to viral injection, PV-Cre mice spend less

time in the stranger zone and original zone and spend more time in the center zone (A-

B). Therefore, the social preference score does not change (C). D-F. Compared with

social behavior prior to viral injection, SST-Cre mice spend less time in the social zone

and spend more time in the empty zone (D-E) and display reduced sociability (F). Data

are presented as the mean + s.e.m. *p<0.05, **p<0.01.
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Extended Data Fig. 7 The PV and SST interneurons in the ACC have different
electrophysiological characteristics. A. Schematic of DIO-ChR2 injection into the
ACC of PV-Cre mice and SST-Cre mice. B. Schematic of recording IPSCs on pyramidal
neurons by whole-cell recording. C. DIC display EYFP-labeled cells. D. IPSCs were
induced by the laser on pyramidal neurons when stimulating PV interneurons (red) and
could be blocked by PTX (gray, top); IPSCs were induced by the laser on pyramidal
neurons when stimulating SST interneurons (green) and could be blocked by PTX (gray,
bottom). E. Quantification of IPSC amplitude before and after PTX blocking in PV-Cre
mice (left); quantification of IPSC amplitude before and after PTX blocking in SST-
Cre mice (right). F. PPR traces induced by evoking PV interneurons (top) or SST
interneurons (bottom). G. Quantification of PPR according to different stimulus
intervals. H. Spike trace of PV interneurons (left) and SST interneurons (right). L.
Comparison of spike frequency of different stimulus intensities between PV and SST

interneurons. Data are presented as the mean + s.e.m. *p<0.05, ****p<(0.0001.
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Extended Data Fig. 8 Both in vitro and in vivo results showed that the projections
of LPMR to PV (ACC) and vHPC to SST (ACC) are glutamatergic. A. Schematic
of syn-ChR2 injection into the ACC of PV-tdTomato mice and SST-Cre::A19 mice. B.
Dotted frame indicating PV-tdTomato cells (left), 473 nm laser-induced EPSCs on PV-
tdTomato cells (red) and blocked by NBQX (gray)(middle), and quantification of EPSC
amplitude before and after NBQX blockade (right). C. Dotted frame indicating SST-
Cre::Ai9 cells (left) and 473 nm laser-induced EPSCs on SST-Cre::Ai9 cells (green)
and blocked by NBQX (gray), and quantification of EPSC amplitude before and after
NBQX blockade (right). D. Schematic of injecting a mixture of retro-ChR2 and FLEX-
GCaMP7s into the ACC of PV-Cre mice, optic fibers for laser embedding into the
LPMR and optic fibers for fiber photometry embedding into the ACC. E.
Representative micrograph showing the site of the optic fiber in the ACC (left);
representative micrograph showing the site of the optic fiber in the LPMR and showing
the expression of ChR2 (right). F. Typical Ca®" signal trace induced by a 473 nm laser
in PV-Cre mice. G. Schematic of injecting a mixture of retro-ChR2 and FLEX-
GCaMP7s into the ACC of SST-Cre mice, optic fibers for laser embedding into the
vHPC and optic fibers for fiber photometry embedding into the ACC. H. Representative
micrograph showing the site of the optic fiber in the ACC (left); representative
micrograph showing the site of the optic fiber in the vVHPC and showing the expression

of ChR2 (right). I. Typical Ca>" signal trace induced by a 473 nm laser in SST-Cre mice.
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Extended Data Fig. 9 Specific activating LPMR-PV (ACC) projection or vHPC-
SST (ACC) projection have no change on social preference or sociability,
respectively. A. Summary data of the active social preference test showing that PV-Cre
mice spent more time in the stranger zone (left panel) before laser on, no significant
when laser on (middle panel) and no significant after laser on (right panel). B.
Discrimination score between laser off and laser on showing that activation of LPMR-
PV (ACC) decreases social time in the stranger zone. C. Summary data of the
sociability test showing that SST-Cre mice spent more time in the social zone (left panel)
before laser on and when laser on (middle panel) and no significant after laser on (right
panel). D. Discrimination score between laser off and laser on showing no significant
change in social time in the social zone and after activation of vHPC-SST (ACC). Data

are presented as the mean + s.e.m. *p<0.05, **p<0.01.
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