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SUMMARY

Empathy, crucial for social interaction, is impaired across various neuropsychiatric conditions. However, the
genetic and neural underpinnings of empathy variability remain elusive. By combining forward genetic map-
ping with transcriptome analysis, we discover that aryl hydrocarbon receptor nuclear translocator 2 (ARNT2)
is a key driver modulating observational fear, a basic form of affective empathy. Disrupted ARNT2 expression
in the anterior cingulate cortex (ACC) reduces affect sharing in mice. Specifically, selective ARNT2 ablation in
somatostatin (SST)-expressing interneurons leads to decreased pyramidal cell excitability, increased spon-
taneous firing, aberrant Ca?* dynamics, and disrupted theta oscillations in the ACC, resulting in reduced
vicarious freezing. We further demonstrate that ARNT2-expressing SST interneurons govern affective state
discrimination, uncovering a potential mechanism by which ARNT2 polymorphisms associate with emotion
recognition in humans. Our findings advance our understanding of the molecular mechanism controlling
empathic capacity and highlight the neural substrates underlying social affective dysfunctions in psychiatric

disorders.

INTRODUCTION

Empathy, the ability to recognize and understand the affective
states of others, is fundamental for our social interactions and
mental well-being."? Empathic abilities exhibit significant indi-
vidual variations.>®> Moreover, disturbances in empathy,
including an inability to accurately detect emotions in others,
are prominent features of a number of neuropsychiatric condi-
tions, such as autism, anti-social personality disorder, schizo-
phrenia, alexithymia, and psychopathy.®™ Previous candidate
gene studies have highlighted the role of various neurochemi-
cals—including oxytocin, vasopressin, dopamine, serotonin,
and opioids—and genetic variations in their receptor genes in
the formation and modulation of empathy-related behav-
iors.'® "> Recent genome-wide association studies revealed
several genetic factors significantly associated with empathic
traits.>'® However, despite these findings, the gene variants pro-
posed to contribute to individual variability in empathy have not
been consistently replicated across different human studies,'”+'®
possibly due to genetic heterogeneity and uncontrolled environ-
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mental variables. Furthermore, the underlying neurobiological
mechanisms are yet to be determined.

Observational fear is a basic form of affective empathy
whereby an observer witnesses a demonstrator receiving aver-
sive stimuli, such as foot shocks, and responds with fear.'®?°
This socially evoked vicarious freezing response, referred to as
emotional state matching or affect sharing, is considered a mea-
sure of empathy-like traits in rodents.?’*® Converging evidence
suggests that the functional organization of observational fear
circuits in rodents is similar to the core neural networks involved
in empathy for pain or distress in humans.?* In particular, the
anterior cingulate cortex (ACC), a node central to encoding af-
fective and cognitive information in empathy, is required for
acquisition of observational fear in mice.'®**2> While significant
progress has been made in understanding the executive neural
circuit of observational fear,?°° the specific genes and underly-
ing neurobiological mechanisms at synaptic and molecular
levels remain poorly understood. Interestingly, vicarious freezing
varies considerably among different inbred mouse strains, indi-
cating genetic control of innate empathic fear responses.®’ In
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this study, we found that the AKR/J (AKR) strain of mice exhibits
blunted affect sharing, which is not attributable to abnormalities
in sensory perception, anxiety, or social interaction. To identify a
specific gene that is critical to variations in vicarious freezing, we
employed a forward genetic approach, mapping a single quanti-
tative trait locus (QTL) for observational fear. Through RNA
sequencing (RNA-seq) and loss-of-function studies, we identi-
fied that the Amt2 gene encoding a basic-helix-loop-helix
(bHLH)-Per-Arnt-Sim (PAS) family transcription factor is essen-
tial for the acquisition of observational fear. Subsequent cellular,
electrophysiological, in vivo Ca* imaging, and local field poten-
tial (LFP) recording experiments collectively demonstrated that
ARNT?2 is necessary for the activities of somatostatin (SST) inter-
neurons in the ACC that mediate vicarious freezing response.
Given the genetic association between ARNT2 polymorphism
and emotion recognition in humans,*? we further demonstrated
that ARNT2 plays a crucial role in affective state discrimination
in mice. Our study provides valuable insights into the molecular
mechanisms underlying the affective capacity of empathy
behaviors.

RESULTS

Identification of a genetic locus (QTL) that determines
observational fear
We first sought to establish robust differences in observational
fear learning (Figure 1A) between two inbred mouse strains to
use as a platform for uncovering observational fear-specific ge-
netic factors. Mice of the AKR inbred strain exhibited a signifi-
cantly reduced observational fear learning compared with B6N
mice (Figures 1B and 1C). Previous studies have reported that
AKR mice exhibit visual acuity and auditory brainstem responses
comparable to those of B6N mice, which possess good vision
and hearing abilities.**® Our findings revealed that the AKR
strain exhibited a lower level of center time compared to B6N
mice in the open field task (Figures S1A and S1B). However,
the center time of AKR mice appears similar to that of multiple
other inbred strains that exhibit relatively higher levels of obser-
vational freezing, as reported in our previous study.®' Addition-
ally, no significant difference was found in the time spent on
the open arms in the elevated plus maze between AKR and
B6N strains (Figure S1C). Collectively, these findings suggest
that the diminished observational fear response in the AKR strain
is unlikely to be attributable to an anxiety-like trait. Furthermore,
we found no significant difference in locomotion, conditioned
fear, or sociability between these two strains (Figures S1D-S1F).
During observational fear conditioning (OFC), the demon-
strator mice display various sensory and emotional reactions
to foot shocks, including jumping, running, distress vocalization,
and freezing. These behaviors serve as social cues, triggering
vicarious freezing (emotional contagion) in the observer mice.
Accordingly, it is possible that the low freezing response
observed in AKR observer mice could be due to differences in
the display of visual, olfactory, or auditory social cues by AKR
demonstrator mice while receiving foot shocks.'®*" To examine
whether the observers’ freezing response differs between in-
group and out-group demonstrators, we assessed observational
fear in AKR mice paired with B6N demonstrators (Figure S2A).
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Intriguingly, despite the different responses to foot shocks be-
tween B6N and AKR demonstrators (Figure S2B), AKR observers
showed similar deficits in vicarious freezing behavior when
paired with out-group B6N demonstrators as they did with in-
group AKR demonstrators (Figure S2C). Furthermore, while
AKR observers exhibited lower levels of gazing responses
compared to B6N mice (Figure S2D), we found no significant cor-
relation between gazing behavior and vicarious freezing
response in either strain (Figures S2E and S2F). These findings
suggest that although distress cues manifested by demonstra-
tors may vary across mouse strains, such strain-specific differ-
ences are unlikely to be the primary factors contributing to the
reduced vicarious freezing behavior in AKR observer mice.
Based on these results, we hypothesize that the deficits in obser-
vational fear in AKR observer mice are due to genetic variations
specifically affecting their capacity to respond to demonstrators’
distress, rather than from sensory abnormalities.

To identify a causative variant, a forward genetic mapping
analysis was employed in an F2 population of 190 male mice
(derived from a reciprocal F1 intercross of B6N and AKR hybrids)
in which each individual mouse carried a unique combination of
B6N and AKR gene variants (Figure 1D). The phenotypic varia-
tion in vicarious freezing in F2 progeny greatly exceeded that
of the AKR and B6N inbred strains (Figure 1E), suggesting the
contribution of multiple genetic loci. All mice were subsequently
genotyped for 197 single-nucleotide polymorphism (SNP)
markers that were informative in this cross. We identified a single
QTL, Ofig1 (observational fear learning QTL1) on chromosome 7
that was significant at a genome-wide p value of <0.01 (LOD [log-
arithm of the odds] score = 11.9) (Figures 1F and S3A). Oflq1 ac-
counted for 23% of the phenotypic variance in observational fear
responses in the F2 population. To determine the allelic contribu-
tion of the effect of Oflq1, we evaluated vicarious freezing re-
sponses of 190 F2 mice against the genotype of the peak SNP
marker, rs13479392, at the highest LOD score. Observational
fear incrementally decreased in F2 animals homozygous for
the AKR allele at rs13479392 compared with that of F2 mice het-
erozygous or homozygous for the B6N allele (Figure S3B).
Notably, Oflg1 was also detected in the 24-h memory retrieval
(LOD score =9.0) (Figures S3C and S3D). Not surprisingly, there
was a positive correlation between acquisition and retrieval of
observational fear (Figure S3E), suggesting that variations in
24-h contextual memory in the F2 population result from differ-
ences in the level of vicarious fear expression on day 1.

Next, to validate the phenotypic effects of the isolated Ofiq1,
we generated a congenic mouse line by breeding AKR mice
with B6N mice through marker-assisted backcrossing for ten
generations (Figure 1G). We attempted to create congenic
mice harboring the AKR Oflg1 genomic segment on the B6N
genetic background, based on the hypothesis that this region
of the AKR genome could lead to deficits in observational
fear. Ultimately, we established a recombinant congenic
mouse, B6N.AKR-Oflg1, carrying homozygous alleles from
the AKR Oflq1 segment spanning 83.5-91.2 Mbp on chromo-
some 7. Compared to control B6N animals, these congenic
mice exhibited significantly decreased observational fear be-
haviors (Figures 1G-1l). This result identifies the 83.5-Mbp
(rs36537392) to 91.2-Mbp (D7Mit301) interval as the critical
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Figure 1. Identification of the Ofiq1 that determines observational fear

(A) Diagram of observational fear chamber and outline of behavioral paradigm. Day 1: observational fear conditioning. Observer (OB) and demonstrator (DM) mice
are individually placed in the chamber and allowed to explore for 5 min (habituation). The OB mouse then witnesses a DM mouse receiving foot shocks through a
transparent partition for 4 min (conditioning). Day 2: 24-h retrieval. The OB mouse is returned alone to the same chamber in the absence of a DM mouse and
shocks.

(B and C) Vicarious freezing of B6N (black) and AKR (green) OB mice were measured on day 1 (B), followed subsequently by measurement of 24-h contextual
memory (C). AKR mice showed a significantly reduced observational fear response and 24-h memory compared with BEN mice.

(D) Breeding strategy. 190 F2 progeny were generated by a reciprocal intercross of F1 (B6N x AKR) mice.

(E) Total freezing (%) during the 4-min conditioning period of OFC in four inbred strains of mice. The level of vicarious freezing in 190 F2 mice was significantly
different from that in the two parental B6N or AKR strains.

(F) A single genome-wide significant QTL for vicarious freezing response was identified on chromosome 7 that peaked at the SNP marker (rs13479392) (LOD
score = 11.9).

(G) A breeding strategy to generate a congenic mouse strain that carries a segment of AKR chromosome 7 spanning from 83.5 Mbp (rs36537392) to 91.2 Mbp
(D7Mit301) introgressed into the B6N background. The black color represents the B6N origin, while white indicates the AKR origin.

(H and I) B6N.AKR-Oflg1 congenic mice carrying the AKR Oflq1 segment (83.5-91.2 Mbp) exhibit a significant difference in both observational fear and 24-h
memory compared to B6N and AKR mice.

Error bars represent SEM. **Tp < 0.05, **p < 0.01, **p < 0.001 by two-way repeated-measures (RM) ANOVA followed by Sidak’s post hoc test (B and H), Mann-
Whitney two-tailed t test (C), and Kruskal-Wallis one-way ANOVA on ranks by Dunn’s test (E and I). In this and in all subsequent figures, bars without asterisks did
not reach significance (ns, p > 0.05). ANOVASs, F values, t values, and all additional statistical information for this and subsequent figures can be found in Table S1.
See also Table S1; Figures S1-S3.

region harboring the Oflg1 locus (Figure 1G). We found no sig-  cating that the reduced vicarious freezing in congenic mice is
nificant difference in classical fear conditioning between not attributable to diminished acquisition of conditioned fear.
B6N.AKR-Oflqg1 congenic and B6N mice (Figure S3F), indi- Taken together, these results demonstrate that a causal gene(s)
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within the Oflq1 locus is sufficient and selective in driving var-
iations in observational fear. Intriguingly, B6N.AKR-Oflq71 con-
genic mice exhibited a higher vicarious freezing response
compared with AKR mice (Figure 1H), suggesting that the
decreased observational fear response in the AKR strain may
not be predominantly attributable to the effects of a single
Oflq1 locus. The behavioral differences observed between the
AKR and B6N strains may be influenced by the phenotypic ef-
fects of multiple other minor genetic loci (Figure S3A).

Dysregulated ARNT2 expression reduces observational
fear

The congenic line (B6N.AKR-Oflq1) significantly narrowed the
Oflq1 critical interval that determines the level of vicarious
freezing to 7.7 Mbp (Figure 1G), but this region harbors 65
annotated protein-coding genes and 27 non-coding RNAs
(Table S2).°” Thus, we next aimed to identify the gene(s) within
the Oflq1 locus that is causally implicated in driving variation in
observational fear. To systematically examine the molecular
changes that account for the differences between AKR and
B6N mice, we performed RNA-seq gene-expression profiling
of the ACC in both naive and post-OFC states (Figure 2A). We
then compared gene-expression profiles, selecting a total of
1,779 differentially expressed genes (DEGs) between the two
mouse strains, including 1,453 DEGs for the naive state and
921 DEGs for the post-OFC (Figures 2B and 2C; Table S3).
Among DEGs, 595 were shared between naive and post-obser-
vational fear conditions (Figure 2D). Collectively, these data indi-
cate a significant difference in gene-expression patterns in the
ACC between AKR and B6N mice. Of the genes located within
the 7.7-Mbp Oflq1 congenic interval, Arnt2, Fah, Me3, and
Sytl2 were upregulated in naive AKR mice compared with naive
B6N mice, whereas Cemip and Prss23 were downregulated
(Figures 2E and S4). Remarkably, among the genes within this in-
terval, only Arnt2 (aryl hydrocarbon receptor nuclear translocator
2) exhibited altered expression following OFC, suggesting its dif-
ferential recruitment before and after the behavior (Figures 2C
and 2E). We subsequently confirmed the elevated mRNA and
protein levels of Arnt2 in AKR mice compared to the B6N strain
(Figures 2F and 2G). Additionally, the AKR allele of the Arnt2 tran-
script in BBN.AKR-Oflq1 congenic mice exhibited a significantly
higher level than that in control B6N mice, consistent with levels
seen in AKR mice. This finding further supports the role of cis-
regulatory genetic variation in determining Arnt2 mRNA abun-
dance in the ACC of AKR mice. Given its differential expression
in the ACC between the two parental strains in both naive and
post-OFC states, as well as its implications in activity-dependent
neuronal gene expression,®®*° Arnt2 emerged as the most
promising candidate gene for further investigation of its role in
observational fear.

To determine whether ARNT2 could causally drive changes in
observational fear, we designed and injected an adeno-associ-
ated virus (AAV) expressing a small hairpin (interfering) RNA
(shRNA) construct targeting Arnt2 into the right hemisphere of
the ACC and then performed behavioral testing (Figure 3A).
Notably, we chose to knock down Arnt2 in the ACC of the AKR
strain due to the significantly higher level of ARNT2 in this strain
compared with that in B6N mice. Given that ARNT2 regulates ac-
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tivity-dependent neural gene expression,*®° we expected that

this manipulation could significantly contribute to alterations in
observational fear. Indeed, diminished expression of ARNT2 in
the AAV-infected ACC of AKR mice significantly enhanced the
level of vicarious freezing compared with that in AKR mice ex-
pressing non-targeting control shRNA (Figures 3B and 3C). To
further confirm that the elevated expression of ARNT2 causes
deficits in observational fear, we injected the same AAV express-
ing an Arnt2 shRNA into the ACC of B6N.AKR-Oflq1 congenic
mice. Indeed, the vicarious freezing response was significantly
increased in congenic mice that received the Arnt2-knockdown
virus as compared with control virus-injected mice (Figure 3D).
Thus, these results indicate a causal relation between elevated
expression of ARNT2, specifically in the ACC, and disrupted
observational fear in AKR mice.

ARNT2 deficiency in SST neurons in the ACC reduces
observational fear

To further substantiate our findings, we sought to induce tran-
scriptional activation of the Arnt2 gene within its endogenous
genomic locus using an AAV-based synergistic activation medi-
ator system.’® This system comprises three components: an
Arnt2-specific guide RNA (gRNA), an MS2/P65/HSF1 transcrip-
tion activation complex, and a catalytically inactive Cas9 (dCas9)
fused to the VP64 transcriptional activator (Figure S5A)."" We ex-
pected that increasing ARNT2 expression would decrease
observational fear response. Compared to the control condition
using dCas9/VP64 with a scrambled gRNA, we observed a sig-
nificant increase in Arnt2 mRNA levels (1.4-fold) in the ACC re-
gion injected with AAVs carrying dCas9/VP64 and Arnt2-target-
ing gRNA (Figure S5B). However, this CRISPR-mediated
transcriptional activation of the Arnt2 gene in the ACC did not
lead to changes in observational fear response (Figure S5C).
We next determined whether the knockdown of Arnt2 had any
demonstrable effect in B6N mice. We injected the AAV express-
ing shArnt2 into the ACC of B6N mice, with the expectation that
reducing ARNT2 expression would further increase observa-
tional fear. Surprisingly, B6N mice injected with the shArnt2 virus
exhibited a significantly decreased observational fear response
compared with B6N mice injected with the control virus (Fig-
ure 3E). A previous study demonstrated that ARNT2 has distinct
dual functions in regulating neuronal gene expression.*® By re-
cruiting different cofactors in basal and stimulated states,
ARNT2 exerts contradictory effects on activity-regulated tran-
scription, thereby maintaining an appropriate level of somatic
inhibition.

The role of ARNT2 has never been defined in different cell
types or explored in any behaviors. Homozygous Arnt2-null
mutant mice die perinatally due to impaired hypothalamic devel-
opment.“*?*® Thus, to elucidate the mechanistic role of ARNT2 in
the function of the ACC, we generated a conditional allele of the
Arnt2 gene and employed cell-type-specific knockout (KO) mice
(Figures 4A-4C). First, to selectively delete Arnt2 in excitatory
glutamatergic neurons of the brain, we generated Vglut2-
ARNT2 KO (Vglut2®®*;Amt2™") mice by breeding Amt2FF
mice with Vglut2 (vesicular-glutamate transporter 2, also known
as Slc17a6)-Cre mice. However, in line with the perinatal
lethality observed in homozygous Arnt2-null mutant mice,*>**
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Figure 2. Gene-expression profiling analysis of the ACC in AKR and B6N mice under naive and post-observational fear-conditioning states
(A) Workflow of sample preparation and RNA sequencing.

(B and C) Volcano plots for (B) naive and (C) post-observational fear-conditioning states show differentially expressed genes (DEGs) in AKR mice compared to
B6N mice. Red and blue dots represent upregulated and downregulated genes, respectively; gray dots represent genes whose expressions were not significantly
different.

(D) Comparison of DEGs in the ACC between naive and post-observational fear-conditioning states. The total number of DEGs in each comparison is indicated in
parentheses.

(E) DEGs located within the Oflg7 congenic interval. The color bar represents the gradient of log, fold changes, indicating the degree of upregulation or
downregulation.

(F) Quantitative real-time PCR analysis showed higher expression levels of the AKR allele for Arnt2 mRNA transcript in the ACC of naive AKR mice compared with
the naive B6N strain. The averages from three independent experiments are shown.

(G and H) Western blot analyses of ACC lysates demonstrated that the abundance of ARNT2 protein was higher in naive AKR mice than in the B6N strain (P70).
(H) ARNT2 protein level (%) in total ACC lysates of AKR mice compared to that in B6N mice.

Error bars represent SEM. *p < 0.05, *p < 0.01, **p < 0.001 by Student’s t test (F) and one-sample t test (H).

See also Table S1; Figure S4.
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Figure 3. Dysregulated expression of ARNT2 in the ACC reduces observational fear

(A) Schematic of ARNT2 depletion by injection of AAV-U6-shArnt2-mCherry or AAV-UB-shScramble-mCherry into the right ACC.

(B) Representative confocal images of ARNT2 immunostaining in prefrontal cortex slices from AKR mouse with the ACC injection of AAV-U6-shArnt2-mCherry or
AAV-UB-shScramble-(SCM)-mCherry (red, mCherry; green, ARNT2). Scale bars, 500 pm.

(C) Diminished expression of ARNT2 in the ACC of AKR mice increased observational fear.

(D) B6N.AKR-Oflq1 congenic mice with shRNA-mediated knockdown of Arnt2 expression showed significantly higher responses in observational fear compared

with congenic mice that were injected with a scrambled control virus.

(E) Depletion of ARNT2 expression in the ACC of B6N mice reduced vicarious freezing response.
Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way RM ANOVA followed by Sidak’s post hoc test (C-E).

See also Figure S5 and Table S1.

Vglut2-ARNT2 KO mice were not viable when bred to homozy-
gosity (0 homozygous KO vs. 20 wild-type [WT] and 47 heterozy-
gous live births). Heterozygous Vglut2-ARNT2 KO mice were
viable, with no significant developmental defects; they displayed
levels of observational fear similar to those of their WT littermates
(Figure S6A). Accordingly, to confirm the impact of Arnt2 deletion
in pyramidal neurons of the ACC, we focally injected an AAV ex-
pressing Cre-recombinase under the control of the Ca2*/
calmodulin-dependent protein kinase llo. promoter (AAV-
CamKlla-Cre-GFP) into the ACC of Arnt2™F mice. Quantification
of ARNT2"CAMK2A" cells in the ACC revealed significant abro-
gation of ARNT2 in pyramidal neurons (Figure S6B). Observer
mice with localized Arnt2 deletion in ACC pyramidal neurons ex-
hibited no difference in vicarious freezing response compared
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with control mice (Figure S6C). These results indicate that
ARNT2 in ACC excitatory neurons is not critically involved in
the regulation of observational fear.

Arnt2 is highly expressed in GABAergic inhibitory neurons in
the cortex (http://dropviz.org).*®** To examine the role of
ARNT2 in inhibitory neurons, we generated four lines of KO
mice lacking ARNT2 in parvalbumin (PV)-expressing neurons
(PV-ARNT2 KO), SST-expressing neurons (SST-ARNT2 KO),
vasoactive intestinal peptide (VIP)-expressing neurons (VIP-
ARNT2 KO), or neuron-derived neurotrophic factor (NDNF)-ex-
pressing neurons (NDNF-ARNT2 KO) by crossing Armt2FF mice
with PV-Cre, SST-Cre, VIP-Cre, or NDNF-Cre mice, respectively.
Collectively, these cell types represent the vast majority (>90%)
of the GABAergic neuronal population in the cortex (Figure 4A).*°


http://dropviz.org
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Figure 4. Loss of ARNT2 in SST neurons decreases observational fear response

(A) Schematic overview of the major neuronal populations of the microcircuit in the ACC. Pink triangle, pyramidal neuron (PN); red circle, PV interneuron; blue
circle, SST interneuron; green circle, VIP interneuron; yellow circle, NDNF interneuron.

(B) Conditional targeting scheme of the Arnt2 gene. A pair of LoxP (triangle, red) sites flanking exon 2-exon 3 of the Arnt2 gene was knocked out in a cell-type-

specific manner by Cre-recombinase.

(C) A PCR image showing the genotyping of conditional alleles of the Arnt2 gene (WT, 297 bp; targeted, 365 bp). Wild-type (WT) mouse, SST**;Amt2"F; het-
erozygous (HET) mouse, SST"®*;Amt2™+; homozygous knockout (KO) mouse, SST/+;Amt2™F.

D) Deletion of Arnt2 in SST neurons significantly reduced vicarious freezing behaviors compared to WT littermate controls.

E) PV-ARNT2 KO mice showed no difference in observational fear compared to WT littermate controls.

F) Vicarious freezing response was found to be similar in VIP-ARNT2 KO mice and WT littermate controls.

H) Unilateral injection of AAV-fDIO-Cre to selectively delete ARNT2 in SST* neurons in the ACC of an SST-FIp;ARNT27F mouse.

(
(
(
(G) There was no difference in observational fear between NDNF-ARNT2 KO mice and their WT littermate controls.
(
(

1) A representative confocal image (image on left panel: blue, DAPI; green, ARNT2; red, CRE). Immunohistochemistry staining confirms the selective KO of ARNT2
in CRE (red)-expressing SST neurons, but not in CRE-negative neurons. Bregma 1.0 mm rostral. Scale bars, 50 um.
(J) Mice with SST-specific ARNT2 deletion showed significantly reduced observational fear response.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way RM ANOVA followed by Sidak’s post hoc test (D-G and J).

See also Figure S6 and Table S1.

Notably, SST-ARNT2 KO observer mice exhibited significantly
reduced vicarious freezing behavior compared with their WT lit-
termates (Figure 4D). By contrast, PV-ARNT2 KO, VIP-ARNT2
KO, and NDNF-ARNT2 KO mice showed no difference in obser-
vational fear compared with their respective WT controls
(Figures 4E-4G). To further examine whether the diminished
observational fear response in SST-ARNT2 KO mice is specif-
ically due to the loss of ARNT2 in SST neurons in the ACC, we
bred SSTFP*:Amnt2FF mice, in which flippase (Flp) recombinase

was selectively expressed in SST neurons in an Arnt2™F back-
ground. We injected the ACC of these mice with an AAV driving
Flp-dependent Cre-recombinase expression (AAV-fDIO-Cre;
Figure 4H), enabling SST neuron-specific deletion of ARNT2
restricted to the ACC region (Figure 4l). Indeed, we found that
this ACC-specific ablation of ARNT2 in SST neurons resulted in
a reduced observational fear response (Figure 4J), phenocopy-
ing the deficit observed in SST-ARNT2 KO mice. Thus, the lack
of ARNT2 specifically in SST neurons of the ACC is sufficient
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to cause a reduction in observational fear response. We found no
behavioral difference in classical fear conditioning between SST-
ARNT2 KO and WT mice (Figure S6D), suggesting that selective
ablation of ARNT2 in SST neurons reduces observational fear
without affecting the acquisition of conditioned fear. Taken
together, these findings indicate that SST-ARNT2 KO mice
display behavioral deficits similar to those observed in B6N
mice injected with the shArmt2 knockdown virus in the ACC, sup-
porting a specific role of ARNT2 in SST interneurons in the ACC
in modulating observational fear.

Empathic freezing deficits from ACC dysfunction
unrelated to conditioned fear

Observers with prior shock experiences demonstrate au-
gmented vicarious freezing when witnessing similar aversive
stimuli in others.?®*~*® Notably, while the AKR strain, Ofiq1 con-
genic mice, and SST-ARNT2 KO mice showed reduced vicarious
freezing responses, their conditioned fear responses were com-
parable to those of their respective WT controls (Figures S1D,
S3F, and S6D). To elucidate whether the decreased observa-
tional fear response exhibited by these mouse strains originates
from compromised ability to express empathic freezing rather
than alterations in their fear responses, we investigated the effect
of prior shock experience on subsequent observational fear (Fig-
ure S7A). We found that a single priming foot shock significantly
augmented vicarious freezing in these strains compared to their
naive control groups. Intriguingly, the freezing levels of shock-
experienced AKR and Oflq1 congenic mice were similar to those
of naive B6N mice (Figure S7B). Moreover, prior shock exposure
substantially increased the observational fear response in SST-
ARNT2 KO mice, such that their freezing behavior did not signif-
icantly differ from shock-experienced WT littermate controls
(Figure S7C).

Distinct neural mechanisms underlie observational freezing in
naive versus shock-experienced observers.?**° Specifically, the
OFC paradigm with naive observers exclusively measures
empathic fear responses to foot shocks experienced by demon-
strators.'® Conversely, the OFC task with previously shocked
observers predominantly assesses adaptive learned fear re-
sponses that are potentiated by socially triggered aversive mem-
ory.?>*” The ACC is not essential for mediating the acquisition of
observational fear in shock-experienced observers. Instead, hip-
pocampal-amygdala fear-conditioning circuits are critical medi-
ators of observational freezing in these experienced observers.?*
Thus, our findings demonstrate that while AKR and SST-ARNT2
KO mice can acquire contextual fear through observational
learning, they exhibit a specific reduction in empathic freezing.
This reduction is attributable to ACC dysfunction rather than al-
terations in conditioned fear circuits.

Dysregulated spontaneous firing, Ca%* dynamics, and
theta oscillation in SST-ARNT2 KO mice

SST interneurons primarily target distal dendrites of pyramidal
cells, where they gate dendritic excitability, local dendritic and
spine plasticity, and pyramidal neuron recruitment.”®°" To inves-
tigate the functional impact of selectively deleting Arnt2 in SST
neurons, we performed whole-cell patch-clamp recordings
in the right ACC in acute brain slices. To identify SST neu-
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rons, we crossed SST-ARNT2 KO mice with a Cre-dependent
Rosa26LSL-tdTomato (Ai14) reporter line (SSTC®*;Arnt2FF;
Ai14™*), which labels SST neurons with a red fluorescent protein.
We first measured the intrinsic excitability of SST interneurons
and putative pyramidal neurons in SST-ARNT2 KO mice. All re-
corded SST neurons lacking ARNT2 displayed no difference in
firing discharge pattern and average frequency of action poten-
tial (Figures 5A and 5B). By contrast, pyramidal cells from SST-
ARNT2 KO mice exhibited a significant decrease in firing fre-
quency compared with those from WT animals, especially at
high current intensities (Figures 5D and 5E). This decrease in
firing rate was accompanied by a significant increase in the input
resistance of pyramidal neurons in KO mice (Figure S8M). Both
pyramidal cells and SST interneurons in SST-ARNT2 KO mice
showed no difference in their action potential and intrinsic pas-
sive properties except input resistance of pyramidal neurons
(Figure S8). To determine whether the observed change in
excitability is affected by altered synaptic inputs, we monitored
spontaneous firing activities of pyramidal neurons and SST inter-
neurons in the ACC. Notably, loss of ARNT2 resulted in a signif-
icant increase in spontaneous firing rate of SST neurons
(Figure 5C). Pyramidal neurons exhibited no difference in spon-
taneous firing, but the proportion of the spontaneously firing py-
ramidal cells decreased significantly in SST-ARNT2 KO mice
(Figure 5F).

Next, to investigate how ARNT2 regulates the activity of SST
neurons in vivo during observational fear, we measured the
real-time Ca* dynamics of SST neurons in freely behaving ani-
mals using a fiber photometry system. Employing a viral strat-
egy, we specifically expressed the genetically encoded Ca* in-
dicator, GCaMP8f, in SST neurons and implanted an optical fiber
to record Ca®* transients as a proxy for population activity in WT
(SST-Cre) and SST-ARNT2 KO mice (Figure 5G). Intriguingly,
despite the varying durations of freezing in each event, the activ-
ity of SST neurons consistently decreased at the onset of vicar-
ious freezing (Figures 5H and 5I). Notably, the Ca®* signals of
ARNT2-deficient SST neurons specific to vicarious freezing
epochs were not only more robustly suppressed but also ex-
hibited significant altered Ca®* dynamics compared to WT SST
neurons, with differences emerging prior to the onset of freezing
(Figures 5H and 5J). The Ca2* dynamics during the habituation
immobility were not significantly different between WT and
SST-ARNT2 KO mice (Figures S9A-S9C). Additionally, SST
neuron activity in SST-ARNT2 KO mice did not differ from that
of WT mice during demonstrators’ pain responses or freezing
epochs in the conditioning period (Figures S9D-S9I). During
observational fear, rhythmic oscillations at the theta frequency
are observed in the ACC and the basolateral amygdala
(BLA)."® To examine how aberrant activities of ARNT2-deficient
SST neurons impact ACC functions, we recorded theta oscilla-
tions in the right ACC and BLA during freezing epochs of the
OFC period. Consistent with previous reports,'®*° the power
proportion of theta rhythm was significantly enhanced in both
the ACC and BLA of WT observer mice, temporally coinciding
with vicarious freezing behavior. In contrast, we found that theta
power changes were disrupted in both the ACC and BLA of SST-
ARNT2 KO mice around the onset of freezing (Figure S10). Given
that reciprocal communication within the ACC-BLA circuitry
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Figure 5. Enhanced spontaneous firing and altered in vivo Ca?* dynamics in ARNT2-deficient SST neurons in the ACC

(A) Representative traces of changes in membrane potential and action potentials (APs) elicited by step-current injections in SST neurons from WT (SSTC®/*;
Ai147*, left, black) and KO (SSTC®'*;Arnt27F; Ai14™*, right, blue) mice, respectively.

(B) Input-output (I0) curve of averaged frequency of AP firing at different step-current injections in SST neurons from WT (black) and SST-ARNT2 KO (blue) mice.
(C) The rate of spontaneous firing at —40 mV was significantly increased in ARNT2-deficient SST neurons (left), but the proportion of spontaneously firing SST
cells was similar between WT (gray) and KO (blue) mice.

(D) Representative traces of changes in membrane potential and APs elicited by step-current injections in pyramidal neurons (PN) from WT (left, black) and SST-
ARNT2 KO (right, pink), respectively.

(E) 10 curve of average frequency of AP firing at different step-current injections in PNs from WT (black) and SST-ARNT2 KO (pink) mice. PNs demonstrated a
substantially decreased number of APs at 220 and 240 pA current injections.

(F) No change in spontaneous firing rate in PNs from SST-ARNT2 KO mice (left). The proportion of spontaneously firing PNs was significantly lower in SST-ARNT2
KO (pink) than in WT mice (gray).

(G) Schematics of fiber photometry and the viral strategy to monitor Ca2* dynamics in SST neurons in both WT (SST-Cre) and SST-ARNT2 KO (SST-Cre; Arnt2™'F)
mice during observational fear conditioning. AAV expressing Cre-dependent fluorescent Ca®* indicator (AAV-CAG-FLEX-jGCaMP8f-WPRE) was injected into the
right ACC of both WT and SST-ARNT2 KO mice. The representative image displays the fiber tract used for fiber photometry, with GCaMP8f signal in green and
DAPI in blue. Scale bar, 200 pm.

(H) Average Ca®* transients in SST neurons during vicarious freezing response were significantly lower in SST-ARNT2 KO mice than in WT mice (red dots,
p < 0.05).

(1and J) Average Ca®* activities before (—1 s to 0's) and after (0 s to 1 s) the onset of freezing epochs. Both WT (1) and KO (J) mice showed a significant reduction in
Ca?* signals after the freezing onset.

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way RM ANOVA followed by Sidak’s post hoc test (B and E), unpaired t test with
Welch’s correction (C and F), cluster-based permutation test (H), and unpaired t test (I and J).

See also Figures S8 and S9; Table S1.

through theta oscillations is crucial for driving observational ARNT2-expressing SST neurons control emotional state
fear,% the aberrant activities of ARNT2-deficient SST neurons  discrimination

could impair ACC function, consequently leading to deficits in  Empathy is an induction process that reflects an innate capacity
vicarious freezing behavior. to perceive and express sensitivity to the affective states of
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others. Witnessing how others feel and understanding their
emotional states are fundamental for the development of
empathy.®*® A previous genetic association study has demon-
strated that the genetic polymorphism, rs4778599 SNP, located
in intron 5 of ARNT2, is significantly associated with the ability to
discern emotional expression in humans.*? Intriguingly, SST in-
terneurons in the prefrontal cortex, encompassing the prelimbic,
infralimbic, and cingulate cortices, were found to play a crucial
role in regulating emotion discrimination behavior in mice.>*°
Thus, these findings raise an interesting question of whether
ARNT2-expressing SST interneurons contribute to the ability to
discern changes in the emotional state of others. To address
this, we subjected SST-ARNT2 KO mice to an affective state
discrimination task (ADT). In the social approach test of this para-
digm, the observer is placed in a chamber with two demonstra-
tors positioned at opposite ends, one of which has undergone an
emotional state change (Figure 6A). Typically, observer mice
exhibit a preference for exploring the arena containing the
demonstrator with altered affective states.”**® To induce a
relieved affective state, we subjected one demonstrator mouse
to a 23-h water-deprivation period, followed by a 1-h period prior
to testing during which water was provided (Figure 6B). The con-
trol demonstrator, positioned on the opposite side of the cham-
ber, was allowed ad libitum access to water, serving as a neutral
control. We observed that WT observer mice spent significantly
more time exploring the emotionally altered demonstrator
compared to the neutral one (Figures 6C, 6E, and 6F). In
contrast, SST-ARNT2 KO mice failed to discriminate between
the relieved demonstrator and the neutral control demonstrator
(Figures 6C, 6G, and 6H).

Next, we investigated whether this impairment extended to
negative affective states. We employed the same ADT but pre-
sented the observer with a demonstrator that underwent a mild
stress protocol, consisting of 15 min of acute restraint immedi-
ately before the ADT (Figure 6D). The naive demonstrator on
the other side of chamber served as a neutral control. WT
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observer mice displayed increased exploration toward the
stressed demonstrators, spending significantly more time in
the associated zone. This behavior was particularly evident dur-
ing the first 2 min of observation (Figures 61 and 6J). In contrast,
SST-ARNT2 KO mice again failed to discriminate between the
stressed demonstrator and the neutral control demonstrator
(Figures 6K and 6L). These findings, in conjunction with previous
reports showing synchronous activity of SST neurons in
observer mice during encounters with emotionally altered
demonstrators,®® suggest that ARNT2 plays a crucial role in
the function of SST interneurons involved in emotional state
discrimination.

DISCUSSION

Deficits or even lack of empathy are associated with various
neuropsychiatric conditions,>” yet either an animal model or an
underlying circuit mechanism remains poorly understood. To
address this, we employed an unbiased forward genetic map-
ping strategy in inbred mouse strains to pinpoint a specific
gene crucial for observational fear. Our findings provide direct
evidence that ARNT2, a transcription factor regulated by
neuronal activity, plays a causal role in regulating observational
fear by governing the activity of SST interneurons in the ACC.
Moreover, the involvement of ARNT2-expressing SST inhibitory
neurons in discriminating emotional states further corroborates
its role in regulating empathic capacity in mice.

Our study showed that the markedly decreased observational
fear response in AKR mice is likely caused by genetic variations
that lead to dysfunction in the ACC rather than changes in sen-
sory perception, anxiety levels, fear conditioning, or sociability
behavior. By employing a combination of tools, including a re-
combinant congenic mouse, RNA-seq, and virus-mediated
gene manipulation, we confirmed that genetic variations altering
ARNT2 expression are responsible for the reduced vicarious
freezing behavior in AKR mice. In particular, the ability of Arnt2

Figure 6. Emotional discrimination is impaired in SST-ARNT2 KO mice

(A) Diagram of affective state discrimination task (ADT).

(B) Outline of behavioral paradigm. Day 1 to day 3: observer (OB) and demonstrator (DM) mice are separately placed in a chamber or a wire cup for a 10-min period
of free exploration (habituation). After the habituation is completed on day 3, demonstrator mice for the relief condition undergo a 23-h period of water deprivation.
On the following day, they are given access to water for 1 h before the test. Day 4: the DM mouse is placed in the wire cup for the neutral and relief conditions, while
the OB mouse is positioned at the center of the chamber. The duration of investigation is quantified during the 6-min testing period.

(C) Graphical representation of the amount of time spent by the WT and SST-ARNT2 KO observers in the testing chamber during positive ADT, with blue rep-
resenting the shortest time and red indicating the longest time.

(D) Outline of stress paradigm (negative ADT) protocol. One demonstrator was subjected to the restraint stress test for 15 min immediately before the beginning of
the ADT. The other neutral demonstrator waited undisturbed in the home cage. The duration of investigation is quantified during the 6-min testing period.

(E) Average investigation time in WT mice in positive ADT. WT mice showed an increased investigation time with the relieved demonstrator, as compared to the
time spent with the neutral demonstrator during the initial 2 min of testing.

(F) The total investigation time of WT mice with the relieved demonstrator also increased during the 6-min period compared to that spent with the neutral
demonstrator.

(G and H) Average investigation time in SST-ARNT2 KO mice in positive ADT. KO mice showed no difference in the investigation time between the neutral and
relief demonstrators.

(land J) Average investigation time in WT mice in negative ADT. WT mice showed an increased investigation time with the stressed demonstrator as compared to
the time spent with the neutral demonstrator.

(Kand L) Average investigation time in SST-ARNT2 KO mice. KO mice showed no significant difference in the investigation time between the neutral and stressed
demonstrators.

All data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001 by two-way RM ANOVA followed by Bonferroni’s post hoc test (E, G, |, and K) or two-
tailed paired t test (F, H, J, and L).

See also Table S1.
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knockdown to rescue observational fear suggests that the
behavioral deficit in AKR mice is likely a consequence of
elevated ARNT2 expression in the ACC. However, the precise
mechanisms underlying the inability of shRNA-mediated Arnt2
gene knockdown in Oflg1 congenic mice to fully recapitulate
the vicarious freezing behavior observed in WT B6N animals
remain to be elucidated and warrant further investigation. Prior
studies have demonstrated that large-effect QTLs often derive
their robust effects from the cumulative contributions of multiple
physically linked genes, each exerting smaller effect sizes.**°
Therefore, the possibility that additional genes within the Ofiq1
locus may modulate observational fear through distinct neuro-
physiological mechanisms cannot be excluded. In this context,
we note that other DEGs within the Oflq1 interval have well-es-
tablished roles in brain functions, including neuronal energy
metabolism (Me3), synaptic vesicle trafficking (Syt/2), myelin
expression (Fah), and synaptic formation (Cemip).>'** These
genes could potentially contribute to the overall observational
fear response.

The temporal precision of activity-dependent gene transcrip-
tion is essential for circuit modifications in response to changes
in behavioral states.®® In AKR mice, the abnormally elevated
expression of the transcriptional repressor ARNT2 may inhibit
the dynamics of activity-dependent gene expression in ACC
neurons, which is crucial for the acquisition of observational
fear behavior. We hypothesized that depleting ARNT2 using
shRNA could reactivate these transcription networks, poten-
tially enhancing behavioral responses in AKR mice. Surpris-
ingly, overexpressing ARNT2 in B6N mice did not recapitulate
the reduced observational fear response observed in AKR
mice. We observed that reducing ARNT2 expression using
the same shRNA in the B6N strain led to a similar reduction
in observational fear. Moreover, neither CRISPR-mediated tran-
scriptional activation nor SST neuron-specific overexpression
of the Amnt2 gene resulted in changes to observational fear
response. These findings suggest that the genetic architecture
governing ARNT2 expression in observational fear is highly
complex, precluding a simple explanation. This observation
aligns with a previous study demonstrating that ARNT2 plays
dual roles in activity-dependent neuronal gene expression.*®°
Under basal conditions, ARNT2 represses activity-dependent
regulatory elements, maintaining low levels of inducible genes.
Conversely, during high synaptic activity, ARNT2 recruits a
neuron-specific transcription factor to enhance activity-depen-
dent gene expression and alleviate transcriptional suppres-
sion.®® The complex interplay between mouse strain-specific
expressions of transcription factors, their developmental
specification, and regulatory elements likely accounts for the
differences in observational fear following ARNT2 depletion.
Therefore, we propose that any perturbation in ARNT2 expres-
sion may disrupt activity-dependent transcription in ACC neu-
rons, consequently reducing observational fear response.
Nevertheless, because ARNT2 loss of function in SST neurons
phenocopied behavioral deficits comparable to those observed
in the AKR strain and B6N mice with shRNA-mediated knock-
down, we surmise that the net physiological effect of aberrantly
altered levels of ARNT2 expression is the disruption of the
acquisition of observational fear.
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Identification of the transcription factor ARNT2 in this study
highlights the importance of activity-dependent gene regulation
for the cellular function and circuit plasticity of SST interneurons
in the ACC, specifically those involved in the regulation of obser-
vational fear. We have previously demonstrated that NRXN3, a
presynaptic adhesion molecule, is selectively required for inhib-
itory synaptic transmission in SST interneurons and that ablation
of NRXN3 in SST neurons in the ACC enhances observational
fear.®® Furthermore, optogenetic silencing of SST interneurons
increases observational fear, whereas activation of SST neurons
decreases the behavior, suggesting that SST interneurons in
the ACC bidirectionally modulate the degree of vicarious
freezing. Neocortical SST neurons exhibit a high rate of sponta-
neous firing®”°® and their activity decreases during complex
behaviors, which may facilitate synaptic plasticity and learning
by enhancing excitatory transmission.>’**>’° Consistently, our
in vivo Ca®* dynamics recording revealed that the reduced SST
activity is directly associated with the observer’s vicarious
freezing behavior. Notably, the ablation of ARNT2 resulted in
increased spontaneous firing in SST interneurons within the
ACC. This elevated spontaneous firing may not only reduce local
excitatory transmission between pyramidal cells but also
diminish the excitatory drive onto SST neurons.®”®® These
changes may contribute to the aberrant activity patterns in
ARNT2-deficient SST neurons during OFC. As a result, ACC
dysfunction could impair theta oscillation synchrony within the
ACC-BLA circuitry, '®° thereby impeding the induction of obser-
vational fear in SST-ARNT2 KO mice.

Mutations in specific components of activity-regulated
signaling networks are known to contribute to psychiatric disor-
ders, including intellectual disability, autism spectrum disor-
ders, and schizophrenia.®>”'""* Interestingly, genetic variants
in ARNT2 are associated with social cognition as well as sus-
ceptibility to autistic traits.”"”> A particularly intriguing finding
is that the ARNT2 genetic polymorphism, rs4778599 SNP, ex-
hibits a significant association with audiovisual emotion recog-
nition in humans.®? To functionally validate the role of ARNT2 in
emotion recognition, we employed an affective state discrimi-
nation paradigm that approximates certain features of human
emotion recognition tasks.*>°®"® Since synchronous firing of
SST interneurons is critical for affective state discrimination,®*
we posit that the aberrant activity of ARNT2-deficient SST neu-
rons could compromise their precise regulatory influence on
pyramidal cell activity within the ACC region of the prefrontal
cortex, thereby impeding the affective capacity to recognize
and respond appropriately to the emotional states of others.
Collectively, our results provide a potential mechanism underly-
ing genetic causality of ARNT2 polymorphism for individual dif-
ferences in emotion recognition. Furthermore, these findings
suggest that the cellular and molecular mechanisms identified
here are likely conserved between mice and humans. There-
fore, it is plausible to propose that the recruitment of a distinct
inhibitory microcircuit mediated by ARNT2-expressing SST
neurons may represent an evolutionarily conserved and effec-
tive mechanism for modulating empathic capacity. This could
be due to the specialized function of prefrontal SST neurons
in integrating socially valenced information from multiple brain
regions.>*>°:6¢
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ARNT2 is known to engage in protein-protein interactions
with other bHLH-PAS transcription factors, particularly NPAS1,
NPAS3, and NPAS4.%%%%7¢ Our RNA-seq analysis revealed
that among the 30 previously validated ARNT2-interacting
genes,® only NPAS1 and NPAS3 showed differential expression
between AKR and B6N mice in the naive state (Table S3). Inter-
estingly, NPAS1 maintained elevated expression levels in AKR
mice even in the post-OFC behavior state. NPAS1, a transcrip-
tional repressor that requires ARNT2 for nuclear localization,
plays a crucial role in modulating the number of SST neurons
during cortical interneuron development.”®’” This interaction
provides valuable insights into the mechanisms governing cell-
type-specific response.’® Recent single-cell transcriptomic ana-
lyses have revealed that SST interneurons comprise eight major
groups, each characterized by distinct molecular genetic profiles
and specialized functional connectivity.”®”® Future studies to
uncover ARNT2-dependent transcriptional targets and their ac-
tivity-dependent gene expression in distinct SST interneuron
subtypes will provide insight into the ACC circuitry that orches-
trates the regulation of empathic capacity.

In conclusion, we uncovered the selective and pivotal role of
ARNT2 in the functional excitation of prefrontal SST interneurons
that determines variability in empathic fear in mice. Given the
evolutionary continuity of empathy from rodents to humans, ¢
our findings provide valuable insights into the neurobiological
basis of emotion recognition and affect sharing. Furthermore,
this study contributes to a better understanding of the functional
implications of ARNTZ2 genetic variations in both healthy individ-
uals and patients with psychiatric disorders characterized by
empathy deficits.

Limitations of the study

Our results demonstrate that altered ARNT2 abundance causally
contributes to observational fear deficits in the AKR mouse
strain. However, the precise molecular mechanisms and genetic
variations underlying the differential changes in observational
fear resulting from ARNT2 depletion across mouse strains
remain to be elucidated. Additionally, while we have identified
aberrant activity patterns in ARNT2-deficient SST neurons dur-
ing the onset of vicarious freezing, the functional connections
between these in vivo Ca%* dynamics and electrophysiological
properties need further clarification, especially regarding the
spontaneous firing of SST neurons and the altered excitability
of pyramidal neurons in the ACC.
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Materials availability

A mouse line generated in this study is available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

® RNA-Seq data has been deposited into the Gene Expression Omnibus (GEO) database with accession ID: GSE248193.

® This study does not report original code. Fiber photometry acquisition and analysis code were based upon the fiber photometry
analysis (FPA) toolbox (https://github.com/leomol/FPA).

® Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All inbred mice (AKR/J and C57BL/6NJ), SSTM21€r&)Z0Y (SST_Cre), Pralb™! oA (py_Cre), Vip™1€™®)2h (v|P-Cre), Nanfm!-1(CrelRudy)
(NDNF-Cre), Slc17a6tm2Cralowidyqiyt2-jres-Cre), and Gt(ROSA)26Sor™M!4(CAG-tdTomatoHze (414 Rosa26-SH19T) strains were obtained
from The Jackson Laboratory (Bar Harbor, USA) and bred in-house for experiments. All animals were housed in groups of 2-5 per
cage. The cages were maintained under a 12/12-h light/dark cycle at a temperature of 23°C-25°C. Food and water were available
ad libitum. Male littermates were randomly assigned to either the experimental or control group. Behavioral tests were conducted on
visibly healthy male mice (i.e., no skin irritation, agility, and no developmental malformation of eyes or teeth) aged 10-14 weeks.). To
maximize the statistical power of our forward genetic mapping and identify all potential genetic determinants associated with environ-
mental factors environmental factors, such as familiarity or social hierarchy,%%2%° we employed only male mice in this study. Electro-
physiological slice experiments involving whole-cell patch clamp recordings were performed on mice aged 5-19 weeks. All experiments
were approved by the Institutional Animal Care and Use Committee of the Institute for Basic Science (IBS).

METHOD DETAILS

Behaviors

All behavioral tests were conducted between 2 and 7p.m. during the light cycle. Additionally, the Day-2 contextual memory test was
carried out at a similar time of day as conditioning. Mice were placed in their respective home cages in the behavioral test room
approximately an hour before the tests. We used naive mice, with no prior experience of any behaviors, only once for each of the
behavioral assays. Each behavioral test was performed as mice became available from breeding (from at least 3 different litters),
and not in any particular order by strain or mutant line. Sample sizes were estimated based on previous studies with similar exper-
imental designs.®'°®

Observational fear conditioning

Male mice, aged 10-14 weeks (both observer and demonstrator), were individually placed in chambers partitioned by a porous,
transparent Plexiglas divider in the middle. After a 5-min habituation period, a 2-s foot shock (1 mA) was delivered every 10 s for
4 min to the demonstrator mouse.'®®" To assess contextual memory, the observer mice were returned to the chamber 24-h after
training for 4 min. In all experiments, the observer and demonstrator mice were neither siblings nor cagemates. The behavior of
the mice was recorded using the Freezeframe software (Coulbourn Instruments, USA) and primarily analyzed with the FreezeView
software (Coulbourn Instruments, USA), with manual validation by experimenters. Motionless bouts lasting more than 1 s were
considered as freezing. In the experience-dependent observational fear paradigm,®®*®*” the observer mouse underwent contextual
fear conditioning (FC) 24 h prior to OFC task. FC occurred in a distinct context (dim yellow light, black striped wall, lavender scent).
The observer was placed into the fear conditioning chamber for a 3 min habituation period, received a 1mA, 1sec foot shock, and
remained in the fear conditioning chamber for a total of 2 min. Additionally, observers’ gazing behavior was analyzed.®* The gazing
behavior was defined as the head orienting itself toward a demonstrator, and the duration of this behavior was measured manually.
Affective state discrimination

Experimental mice (observers and demonstrators) were habituated for 10 min each day, starting from three days before the testing
day,®* in a chamber (31.5 x 17 x 19 cm) that we had custom-made. The testing chamber was divided into two zones by an opaque
separator (12 x 19 cm), which included passageways allowing observer mice to pass through. At both ends of the chamber, there
were funnel-shaped wire cups, with one demonstrator mouse for each affective condition placed inside each wire cup (bottom diam-
eter 10 cm, 31 cm in height). The separator between the two wire cups was sufficient to block the line of sight between the demon-
strators. To prevent bias based on olfactory cues, all chambers and accessories were cleaned with super hypochlorous water and
70% ethanol every time the subjects were changed. The testing chamber was placed within a custom-made soundproof cubicle with
a dim light (8 Ix).

Observer and demonstrator mice were matched by age and sex. Observer mice were habituated inside the testing chamber
without a demonstrator present. If an observer mouse spent more than 75 percentage of its time on one side of the testing chamber
for more than two out of three habituation days, it was excluded from the affective state discrimination test. Demonstrators were
habituated separately, without the observer, inside the same cage under the wire cups. The presentation of neutral versus relief dem-
onstrators was counterbalanced on the two sides of the testing arena. Neutral demonstrators were allowed to remain undisturbed in
their home cages with unrestricted access to water. All neutral demonstrators were group-housed, separately from the cages of
relieved demonstrators. Relieved demonstrators underwent a 23-h period of water deprivation and provided access to water 1 h prior
to the affective state discrimination test.

Digital cameras (Logitech, c922 pro) were positioned above the cages to capture the recordings, which were manually analyzed by
experimenters. The investigation behaviors involved the observer mouse either sniffing within 1 inch of the wire cup or directing its
head toward the demonstrator while using its forepaws to interact. Representative images in Figure 6 were plotted using EthoVision
XT software (Noldus, Netherlands).
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Pavlovian fear conditioning

On training day, mice were placed in the fear conditioning chamber (Coulbourn Instruments, USA). After a 3 min exploration period,
3 foot shocks (0.7mA/1 s) separated by 1 min intervals were delivered to the mice. The mice remained in training chamber for another
60 s before being returned to home cages. Freezing behavior of the mice was recorded and analyzed with FreezeView software as
described above. Motionless bouts lasting more than 2 s were considered as freezing.

Open field

Exploratory activity in a novel environment was assessed during a 30-min test in an open field box. Each mouse was placed on the
periphery of the field, and the paths of the freely exploring animals were recorded for 30 min using a video camera. The center time
was calculated as the percentage of time spent in the central 18% of the field, and the distance traveled was measured in total cen-
timeters covered. The open-field box, measuring 50 x 45 x 40 cm, was made of gray plastic, and the center was defined as a square
area (20 x 20 cm). The videos were analyzed using EthoVision XT software (Noldus, Netherlands).

Elevated plus maze

Mice were given a single 5-min trial on the plus-maze, which consisted of two white open arms (25 x 8 x 0 cm), two black enclosed
arms (25 x 8 x 20 cm), and a central platform (8 X 8 x 8 cm) arranged in the shape of a cross. The maze was elevated 50 cm above
the floor. Each mouse was individually placed on the center section, facing one of the closed arms. The total time spent in each arm or
the center, and the total number of entries into each arm, were analyzed by video monitoring over a 5-min period. The percentage of
time spent in the open arms was calculated using the formula: 100 x (time spent on the open arms/(time in the open arms + time in the
closed arms)).

Three-chamber sociability test

Sociability was assessed in an automated three-chambered social approach apparatus. The test animals were placed in a Plexiglas
arena (60 x 40 x 22 cm) with opaque-white walls, divided into a center chamber and two side chambers. Each group of mice was
naive to this task and all other tasks, and had not been exposed to the arena prior to testing. Retractable doors built into the two
dividing walls allowed access to the side chambers. The subject mouse was acclimated to the apparatus with a 10-min habituation
session in all three empty chambers before sociability testing. The subject was then briefly confined to the center chamber while a
novel object (an inverted steel-wire cage) was placed in one side chamber and a novel mouse (stranger 1) inside an identical inverted
wire cage was placed in the other side chamber. Once both wire cages were positioned, the two side doors were lifted, and the sub-
ject mouse was allowed access to all three chambers for 10 min. The novel unfamiliar strangers used were age- and sex-matched
mice of the same strain as the subject mice. The movement of the test mouse was video-recorded, and the amount of time spent in
each chamber was analyzed using the EthoVision XT software (Noldus, Netherlands).

QTL mapping

Linkage mapping was performed on informative SNP markers and total vicarious freezing time (sec) of 190 F2 recombinants using the
scan one function in the R/qtl package (http://www.rqtl.org).®> Threshold levels of significance were established using at least 1,000
permutations of the respective dataset. Genome-wide scans were plotted using the J/QTL mapping program.®® Results were ex-
pressed as logarithm of the odds (LOD) scores. Significant (p = 0.05) threshold was established empirically for each phenotypic trait
by 1,000 permutation tests using all informative markers. The LOD score threshold level, set at a confidence level of .05 (generally
accepted for statistical significance) was 3.31. The percentage of total trait variance attributable to each locus was determined using
the Fit-QTL function provided within the J/QTL software.

Genotyping

Single nucleotide polymorphism (SNP) genotyping was performed using the Golden Gate genome-wide mouse 377 SNP panel (lllumina,
CA, USA). Genomic positions of genetic markers (NCBI GRCm29/mm39) were retrieved from the UCSC genome browser (http://www.
genome.ucsc.edu/) and converted to cM by using the mouse map converter (http://cgd.jax.org/mousemapconverter/).%” The distal
boundary of the critical interval (7.7 Mbp) of B6N.AKR-Oflq1 was determined by locations of maximal break points for the genotyped
markers. The Oflq1 critical interval was homozygous for B6N alleles at Chr7: 83.5 Mbp (rs36537392, Chr7: 83,541,244 bp) and at
Chr7:91.2 Mbp (D7Mit301, Chr7: 9,123,119-91,233,239 bp).

Generation of congenic mice

AKR and B6N strains were intercrossed to generate F1 mice, which were then backcrossed to B6N for ten generations. The presence
of the AKR-derived observational fear learning locus (Oflq1) on chromosome 7 in the offspring of each generation was detected using
the AKR-B6N polymorphic microsatellite marker (D7Mit62, located at Chr7: 84,290,094-84,290,240 bp). Additionally, SNPs
(rs8247788, rs36537392, and rs31840595) and microsatellite markers (D7Mit163, D7Mit301, and D7Mit96) flanking the Oflq1 locus
were used for fine-mapping of the B6N.AKR-Oflg1 congenic mice.

Bulk RNA sequencing

Total RNA was obtained from ACC tissues of male AKR and B6N mice under naive or 90-min post-observational fear conditions. At
the time of tissue extraction, the bilateral ACC tissue punches from three animals were pooled to create four independent biological
replicates for the naive group (12 mice in total for each strain) and three for the post-observational fear group (9 mice in total for each
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strain). The samples were then flash-frozen on dry ice. The integrity of the total RNA in each sample was analyzed using a 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA). The RNA integrity values for all the samples were greater than 8. Poly
(A) mRNA was isolated from the total RNA and subsequent fragmentation was performed using the TruSeq Stranded mRNA LT Sam-
ple Prep Kit (lllumina, San Diego, CA, USA), according to the manufacturer’s instructions. The adaptor-ligated libraries were
sequenced using lllumina NovaSeq 6000 (Macrogen, Inc., Seoul, South Korea). From the resulting read sequences for each sample,
adapter sequences (TruSeq universal and indexed adapters) were removed using cutadapt software (version 2.7; https://cutadapt.
readthedocs.io/en/stable/). The remaining reads were then aligned to the Mus musculus reference genome (GRCm38) using STAR
software (version 2.7.9) with default parameters. After the alignment, we counted the number of reads mapped to the gene features
(GTF file of GRCm38.91) using HTSeq.?® Read counts for the samples in each condition were normalized using the TMM (trimmed
mean of M-value) normalization of the edgeR package.®® The raw data were deposited into the Gene Expression Omnibus database
with accession ID GSE248193.

Identification of differentially expressed genes (DEGs)

The number of reads for the gene features counted by HTseq was converted to log,-values after adding one (pseudo count) to the
read counts. To identify the DEGs, hypothesis testing was performed.® For each gene, a t-statistic value was calculated using Stu-
dent’s t-test for the comparison of AKR versus B6N. An empirical distribution of the T-statistic value for the null hypothesis (i.e., the
genes are not differentially expressed) was then estimated by performing all possible combinations of random permutations of the
samples. The p-values from Student’s t-test for each gene were computed using a two-tailed test with an empirical null distribution.
The DEGs were identified as genes with p-values <0.05 and absolute log, fold changes larger than the cutoff (0.429; 1.35 fold
change), which corresponded to the 2.5th and 97.5th percentiles of the null distribution. Ensembl IDs, Entrez IDs, symbols, descrip-
tions, p-values, and log, fold changes of the 1,779 DEGs are documented in Table S2.

Quantitative RT-PCR

The mRNA levels of genes that are up- or down-regulated in AKR mice (Arnt2, Fah, Me3, Sytl2, Cemip, Prss23) were evaluated by
real-time PCR. RNA were extracted from the ACC of both B6N and AKR mice using Nucleozol (Macherey-Nagel, Cat No.
740404.200, Dueren, Germany) according to manufacturer’s instruction. cDNA was synthesized with Superscript cDNA Premix
Kit Il (GeNetBio) and were subjected to 40-cycle real-time PCR using SensiFAST SYBR No-ROX Kit (Bioline, Cat No. BIO-98050,
Memphis, TN, USA) and a CFX Duet Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The Gapdh cycle threshold (Ct) value
was used for normalization. The fold changes of genes from the ACC of AKR mice was calculated relative to that of B6N mice.
The primer sequences are provided in Table S3.

DNA construct for shRNA-mediated knockdown

To deplete ARNT2 in ACC neurons for behavioral experiments, control Scramble shRNA (CCTAAGGTTAAGTCGCCCTCG) and Arnt2
shRNA (CGCTATTATCATGCCATAGAT) were cloned downstream of the U6 promoter, and mCherry was driven off the CMV pro-
moter (VectorBuilder, USA). All AAV backbones (AAV-UB-shRNA-CMV-mCherry) were generated using standard cloning and molec-
ular biology techniques. AAVs (serotype DJ/8) were prepared by the Institute for Basic Science Virus facility.

Generation of Arnt2 conditional KO mice

Given the absence of sequence variations at the Arnt2 gene locus between the C57BL/6NJ (B6N) and B6J strains (https://mpd.jax.
org/genotypes), and all Cre-driver mice of B6J background obtained from The Jackson Laboratory, we utilized CRISPR/Cas9 tech-
nology to generate the conditional allele of the Arnt2 gene (NCBI Reference Sequence: NM_007488.3; Ensembl: ENSMUSGO00
000015709). The Arnt2™F conditional knockout (KO) mice were designed by flanking exon2 (ENSMUSE00000530046) and exon3
(ENSMUSEO00000530045) of the Arnt2-201 transcript (ENSMUST00000085077.5) which contains a 163 bp coding sequence, with
one pair of loxP sites. The verification of deletion of exon2-3 was confirmed by Sanger DNA sequencing after cloning PCR product
from positive FO generation Arnt2™+ mice. Positive FO mice were bred with B6J mice for two generations before intercrossing het-
erozygous Amt2™* mice to produce homozygous Arnt2™F animals. All mice employed in Figures 4, 5, and 6 were of the B6J strain
genetic background. Mice with conditional deletion of Arnt2™F in SST-expressing neurons were obtained by first crossing Arnt2™F
females with SST-Cre male mice. Then, SSTC"®/*; Arnt2™* males were crossed with Arnt2™'F female mice to obtain homozygous con-
ditional KO mice (SST"®*; Arnt2™F). SST-ARNT2 KO mice, along with their respective WT littermates (Arnt2™F), were used in the
experiments. Mouse genotyping was determined by PCR of mouse tail genomic DNA. The genotype of the Arnt2 gene was amplified
using standard PCR conditions (94°C for 2min, 94°C for 30 s, 60°C for 30 s, 72°C for 30 s, 30 cycles). The genotype primers amplifies
a 365-bp PCR product from the LoxP floxed allele and a 297-bp PCR product from the WT allele.

Western blot

Mice were anesthetized with isoflurane and decapitated for brain extraction. The ACC was isolated on ice and acutely homogenized
with ice-cold brain homogenization buffer (0.32M sucrose, 10mM HEPES, 2mM EDTA, 2mM EGTA, protease inhibitors, and phos-
phatase inhibitors, pH 7.4). Proteins were resolved on 10% Tris-Glycine gels and transferred to nitrocellulose. Membranes were incu-
bated overnight in the following primary antibodies®’: ARNT2 (Santa Cruz Cat#sc-393683 (B11), 1:50) and beta-TUBULIN3
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(BioLegend, MMS-435P). HRP-conjugated secondary antibody signals were captured (ChemiDoc XRS+, BioRad, USA) and immu-
noblot signals were quantified using ImageJ software.

Histology

Mice underwent perfusion and fixation for examination of virus infection topography and position of optic fiber. Mice were intraper-
itoneally injected with about 0.8mL 2% Avertin in saline solution. When they were fully anesthetized, they were transcardially infused
with saline, followed by 4% paraformaldehyde (PFA) in 0.1M phosphate-buffered saline (PBS). The harvested brains were post-fixed
in 4% PFA (kept at a temperature below 4°C) overnight. Subsequently, the fixed brains were sectioned into 30um coronal slices using
avibratome (Leica VT 1200S). For antigen retrieval, slice samples were incubated in 1mL of 1% NaOH and 1% H,0, in 0.1 M PBS for
10 min. Following this, the slices were incubated in TmL of 0.3% glycine in 0.1 M PBS for 10 min. Slice samples were then blocked in a
5% serum solution composed of a 3:2 ratio of normal donkey serum (NDS) and normal goat serum (NGS) with 0.25% Triton X-(Sigma,
T8787) in 100 mM Phosphate Buffer (PB) (NaH,PO, and NaPO,, pH 7.4) for Thour at 25°C. After 2x washes in 100 mM PB, the slices
were incubated in a primary antibody solution (0.25% Triton X-100, 5% NDS/NGS, in PB, along with rabbit polyclonal anti-ARNT2
(1:100, ELK Biotechnology, ES8125) and mouse monoclonal anti-CRE) for 17 h at 4°C on a rotating platform. The slices were
then washed three times in PB and incubated for 4 h at 4°C in a secondary antibody solution (0.25% Triton X-100, 5% NDS/NGS,
in PB, along with Alexa Fluor 488 donkey anti-rabbit (1:500, Jackson ImmunoResearch Labs) and Alexa Fluor 594 goat anti-mouse
(1:500, Invitrogen)) before being mounted on a glass slide using the DAPI Fluoromount-G antifade mounting medium
(SouthernBiotech).

Virus injection and in vivo surgery

Adult mice were first put in a gas chamber (Vapormatic Ltd) filled with a mixture of isoflurane (4%) and oxygen (at 2L/min), and anes-
thetized with 8 mg/mL ketamine (16% by volume) and xylazine (2.8% by volume) in saline solution intraperitoneally injected
(0.015 mL/g). Anesthetized mice were head-fixed on a stereotaxic equipment (Kopf Instruments). A heating pad ensured mainte-
nance of core body temperature at 36°C. Antiseptics and lidocaine were applied before making incision on skin. Single or multiple
cranial openings were made with dental drills, then a volume of about 0.5uL virus solution was injected using pressure (Picospritzer I,
Parker Hannifin Corp.) into the right ACC (AP/MD/DV, 1.0/0.3/1.5 mm). The injection glass pipette was then slowly removed after
10 min for diffusion. For fiber photometry, a 400 um diameter mono fiber optic cannula (Newdoon, FOC-C-B-400-1.25-0.50-1.5,
China) was targeted to the same position as that used for the virus injection, dental cement was applied to cover the skull, and
was allowed to harden for 10 min. Behavioral experiments were performed at least 3 weeks post-surgery. Cell-type-specific expres-
sion of virus was achieved using the following AAV vectors: pAAV-CAG-FLEX-jGCaMP8f-WPRE (Addgene), pAAV-CamKllx-Cre-
GFP (Addgene), pAAV-CamKIla-GFP (IBS virus facility), AAV.EF1a.fDIO.Cre. WPRE (UNC GTC vector core), and AAV.EF1a.fDIO.
eYFP.WPRE (UNC GTC vector core). All serotype DJ/8 AAV were prepared by the Institute for Basic Science Virus facility (https://
www.ibs.re.kr/virusfacility/).

Fiber photometry recording

Fiber photometry was used to record cell-type-specific expression of GCaMP8f calcium transients from SST neurons in the right ACC
of both SST-Cre and SST-Cre; Arnt2™" mice. Animals were handled and habituated to the optic fiber in their home cages for 10 min a
day over a span of 3 days. A fiber photometry system from Doric Lenses was used, which included two excitation LEDs (465 nm and
405 nm) controlled by an LED driver and a fiber photometry console. The entire system was operated through Doric Neuroscience
Studio software (Doric Lenses Inc.). The LEDs were modulated at frequencies of 208.616 Hz (405 nm) and 572.205 Hz (465 nm), and
the resulting signal was demodulated using lock-in amplification. The excitation light was delivered to the animal through a low-auto-
fluorescence mono fiber optic patch cord (Doric, MFP_FCM-MF1.25_LAF). The detected signal was collected using a photoreceiver.
The GCaMP8f signal was acquired at a rate of 12.0 kSps and subsequently subjected to downsampling to 100 Hz. Data was exported
to MATLAB R2021a (Mathworks) for offline analysis using the fiber photometry analysis (FPA) toolbox (https://github.com/leomol/
FPA) and custom-written scripts in MATLAB. To identify the difference in Ca®* signal levels between the two groups, a cluster-based
permutation test was employed.®” Baseline correction was performed by modeling an exponential decay of the full trace data filtered
at 4 Hz. Motion artifacts were subsequently corrected by subtracting a reference signal from the data after applying a polynomial fit.
Data were normalized as df/f = (f-f0)/f1, where fO represents the median and f1 the median absolute deviation (MAD) calculated from
all data points.

Local field potential (LFP) recordings and analysis

Tungsten electrodes (0.003” diameter; A-M systems) were implanted stereotaxically into ACC (AP/MD/DV, 1.0/0.35/-1.65 mm) and
BLA (AP/MD/DV, —1.4/3.15/-4.7 mm). A reference electrode was implanted on the cerebellum cortex. Dental acrylic cement was
applied to secure the electrodes to the skull. Following at least one week of post-surgical recovery, mice underwent habituation
to the recording environment and tethered cables for two consecutive days within the recording chamber. Electrophysiological re-
cordings were obtained using RHD 32-channel recording headstages (Intan Technologies) and the electrical signals were amplified
and digitized at a sampling rate of 1 kHz using a digital acquisition system (Open Ephys). Video monitoring was synchronized with the
acquisition board using pulse generator (Pulse Pal). In vivo LFPs were analyzed using the MATLAB and Chronux software package
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(http://chronux.org).®° LFP signals were reduced in sampling rate to 1 kHz. To remove very low-frequency fluctuations from the re-
corded LFP, a local detrending procedure (function locdetrend.m in Chronux) was applied. The signals were then bandpass filtered
between 1 and 40 Hz for detailed analysis. To eliminate artifacts from the demonstrator’s electrical shock, data segments from
—500 ms before to 500 ms after the shock (total 3 s for every shock epoch including the 2 s-shock period) were excluded from anal-
ysis. The estimated power was normalized against the total power at each time point. For each subject, the normalized power was
weighted by the duration of freezing and averaged across freezing periods. Changes related to freezing were examined by converting
the weighted average power at each frequency into z-scores, using the period from —1.5 to —1 s before the onset of freezing as a
baseline.

Slice patch-clamp recording

Fully anesthetized animals were decapitated and coronal slices of ACC (300um) were prepared in oxygenated (95% O,, 5% CO,),
cold sucrose cutting solution, and recovered in a recording chamber perfused with oxygenated artificial cerebral spinal fluid (ACSF)
recording solution at RT. APs and spontaneous firings were measured with an internal solution filling patch pipette (4-7 MQ). Signal
recordings were performed using a Multiclamp 700B amplifier and Digidata 1550A (Axon Instruments, USA), and the acquired data
were analyzed using pCLAMP 11.2 (Axon Instruments, USA). SST+ neurons were recognized through the presence of tdTomato fluo-
rescent expression. Action potentials (APs) were triggered by a 1 s long, with an incremental increase of 20 pA in current clamp (CC)
mode. Spontaneous firing was recorded with the membrane potential held at —40 mV in voltage clamp mode. The action potential
properties were analyzed during the first action potential, which occurred when a 120pA current was injected. Sucrose cutting so-
lution (in mM): sucrose, 212.5; D-glucose, 10; NaHCO3, 26; KClI, 3; MgCl,, 5; CaCl,, 0.1; NaH,PO,4,1.25; pH 7.3, and 300 mOsm.
ACSF recording solution (in mM) was NaCl, 130; KClI, 3.5; NaHCO3, 20.17; MgCl,, 1.5; CaCl,, 1.5; NaH,PQO,, 1.25; D-glucose, 10;
pH 7.2, 310 mOsm. Internal solution (in mM) was K-gluconate, 120; NaCl, 2; KCI, 20; Glucose, 10; HEPES, 20; EGTA, 0.5;
NA-ATP, 2; Na-GTP, 0.5; KHCO3, 20; pH 7.3, 295 mOsm.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data presented indicate means + SEM. Statistical analyses were performed using Prism 10 (GraphPad Software, USA). Normality
was assessed using Shapiro-Wilk tests. When the normality test failed, subject group analysis of non-parametric data was done with
Kruskal-Wallis statistics followed by Dunn’s multiple comparison test. No statistical methods were used to predetermine sample size.
Variance in normally distributed datasets was analyzed with one-way or two-way analysis of variance (ANOVA) and Sidak’s post-hoc
tests. Single variable comparisons were made with two-tailed Student’s t-tests. For ex vivo patch recording, statistical analysis of
cumulative probabilities was tested by a Kolmogorov-Smirnov test from: http://www.physics.csbsju.edu/stats/KS-test.n.plot_
form.html. Significance levels are indicated as follows. *p < 0.05; **p < 0.01; ***p < 0.001.
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