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Abstract

Our social lives rely heavily on being able to recognise, process, and respond to the emotions of
others. These socio-emotional skills are crucial for our well-being and for adapting to life within
groups, and their impairment is a key feature of several neuropsychiatric disorders, including
schizophrenia. The medial prefrontal cortex (mPFC) and its sub-regions, such as the anterior
cingulate cortex (ACC) and prelimbic cortex (PrL), have been strongly linked to emotion
perception and recognition in both humans and rodents. However, the underlying circuit-level

mechanisms remain poorly understood.

In the first part of this thesis, we explored the role of somatostatin-expressing (SOM)
interneurons in emotion discrimination, employing a validated behavioural paradigm in mice,
the Emotion Discrimination Task (EDT). This test involves an observer mouse interacting with
two demonstrators in distinct emotional states, allowing us to investigate how animals
discriminate between conspecifics based on emotional cues. By combining this approach with
optogenetic manipulations in a genetically modified strain of mice (Som-Cre), we identified a
previously uncharacterized long-range inhibitory projection from the mPFC to the retrosplenial
cortex (RSC). Viral tracing demonstrated that SOM neurons in the mPFC target RSC pyramidal
neurons, which in turn project back to the mPFC. Manipulating this pathway in a bidirectional
way altered emotion discrimination, and restoring its function rescued deficits in mouse models
of psychiatric vulnerability. This highlights the critical role of long-range inhibitory

communication in supporting socio-emotional recognition.

In addition to circuit mechanisms, we examined the influence of self-experience and individual
factors on emotion recognition. Observer mice that had undergone similar experiences as
stressed demonstrators responded in a divergent manner depending on sex and social hierarchy:
female mice varied depending on their estrus cycle, while dominant males displayed distinct
behavioural patterns compared to subordinates. At the cellular level, corticotropin-releasing
factor (CRF) neurons in the mPFC mediated the impact of prior stress experience. Silencing
these neurons abolished the modulatory effect of self-experience on recognition, suggesting that

CRF-expressing cells encode the integration of internal states with social perception.



We next examined the contributions of SOM neurons within the ACC and PrL. Our findings
showed that optogenetic activation of SOM neurons in either region disrupted discrimination,
whereas inhibition selectively impaired discrimination in the PrL, but not in the ACC. Circuit-
mapping studies revealed that ACC SOM neurons project to multiple downstream targets,
implicating them in a distributed network spanning cognitive and limbic systems. These results
indicate that SOM interneurons in both regions influence socio-emotional behavior, albeit with

region-specific roles.

Focusing on the ACC, we further analyzed the dynamics of SOM interneurons alongside
pyramidal neurons during emotion discrimination. Both cell types were found to contribute to
inter-brain synchrony, with synchronization and desynchronization patterns emerging depending
on emotional context. These findings indicate that social behavior is shaped not only by local
computations but also by inter-brain coupling, positioning inhibitory and excitatory neurons as

key elements of adaptive social cognition.

Together, these findings advance our understanding of how inhibitory neurons shape emotion
recognition across multiple levels of organisation. SOM interneurons in the PrL and ACC serve
distinct functions, ranging from local discrimination to inter-brain coordination. At the same
time, long-range projections to the RSC reveal new inhibitory pathways critical for cortico-
cortical communication. Moreover, the modulatory effects of prior experience, sex, and
hierarchy underscore the importance of contextual and individual factors in socio-emotional

processing.

By integrating behavioural assays, optogenetics, viral tracing, and circuit analyses, this work
provides a multi-scale account of how inhibitory and excitatory dynamics in the prefrontal

cortex regulate emotion recognition. These insights refine our mechanistic understanding of
social cognition and point toward specific circuit-level targets for intervention in psychiatric

disorders characterised by deficits in emotion recognition.






Index

Abstract 3
Index 6
Chapter 1 9
General Introduction 9
The Prefrontal Cortex 9
1.1 The Anterior Cingular Cortex 12
1.1.1 Location and Anatomy 12
1.1.2 Functions 13
1.1.3 Connectivity 15
1.1.4 Pathology 16

1.2 The Social Brain and Emotion Recognition 17
1.2.1. The Social Brain through Species 19

1.3 Emotion Recognition Deficits Across Neuropsychiatric Disorders 20
1.4 Emotion Recognition in Mice: a Breakthrough Behavioural Test 22
1.5 GABA-ergic system 27
1.5.1 GABA neurotransmission 27
1.5.2 GABA receptors 28
1.5.3 GABA-ergic interneurons 30
1.5.3.1 GABAergic interneurons in the mPFC 31
1.5.3.2 GABAergic interneurons in the ACC 32
1.5.3.3 Somatostatin interneurons 33
Bibliography 37
2. Scope and Outlines of the Thesis 55
Chapter 2 58
Abstract 59
Main 60
Results 61
Discussion 85
Methods 89
Extended Data 107
Bibliography 124
Chapter 3 130




Abstract 131

Main 132
Results 134
Discussion 159
Methods 163
Extended data 175
Bibliography 187
Chapter 4 192
Abstract 193
Main 194
Results 195
Discussion 208
Materials and Methods 211
Bibliography 223
Chapter 5 230
Abstract 231
Main 232
Results 234
Discussion 257
Methods 261
Extended Data 280
Bibliography 299
Chapter 6 320
General Discussion 320
Bibliography 323
Glossary 327






Chapter 1

General Introduction

The Prefrontal Cortex

The prefrontal cortex occupies roughly the anterior half of the frontal lobe in non-human
primates and about two-thirds in humans. The primary motor cortex (M1) or area 4 of
Brodmann, marks the posterior extent of the frontal lobe, and the premotor cortex (also known
as area 6) is interposed between the primary motor and prefrontal cortices. The medial prefrontal
cortex is located in front of the medial parts of the premotor cortex —the supplementary motor
area (SMA), or MII — and the cingulate motor areas, and extends from the anterior part of the

corpus callosum in the anterior cingulate to the medial part of the frontal pole (Fig. 1, (Barbas,

2010))
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In mice, the mPFC lies in front of the thalamus, slightly over the striatum, in a more dorsal area
in respect to its human counterpart, and can be subdivided into the anterior cingulate cortex

(ACC), the prelimbic (PrL) and the infralimbic cortex (IL) ( Fig. 2, Bloem et al. (2014)).
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mPFC, medial prefrontal cortex. (B) lllustration of the coronal view of the medial prefrontal cortex at the plane of section
depicted in (A). mAG, medial agranular cortex; ACC, anterior cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex.

Ramachandran, S et al. (2020) (Ramachandran et al., 2020)

Most prefrontal areas have six layers, including a granular layer IV. However, the width and
density of neurons in layer IV vary widely among prefrontal regions. The most posterior parts of
the medial cortex have fewer than six layers, either due to the absence of the layer or because it
is poorly developed. In the anterior cingulate areas, the deeper layers (V and VI) predominate in

cell density compared to the upper layers (II-1I1)(Barbas, 2010).

In the mPFC, projection neurons are found throughout layers 2 to 6 and often form reciprocal
circuits with other cortical regions, such as the thalamus, basolateral amygdala, or the claustrum
((Harris & Shepherd, 2015); (Collins et al., 2018)). These projecting neurons include various
cell types based on their targets: brainstem and spinal cord (pyramidal tracts, PT), cortico-
thalamic (CT), or intra-telencephalic (IT), which also communicate through local collateral
excitation (Fig. 3). Additionally, different GABAergic interneuron subtypes are distributed
across layers, mediating local collateral or layer-specific inhibition. While PV+ and VIP+
interneurons are the most common, a significant portion consists of SOM+ cells, which may

contribute to differences in local neural computations (Kim et al., 2017).

mPFC networks

Fig. 3. General organization of the rodent medial prefrontal cortex
(mPFC). (A) Key brain regions that communicate with the mPFC, by
providing input, receiving output, or making reciprocal connections.
Abbreviations: BLA, basolateral amygdala; CLA, claustrum; PAG,
periaqueductal gray; STR, striatum,; THAL, thalamus; vHPC, ventral

hippocampus; VTA, ventral tegmental area. Anastasiades (Anastasiades

etal, 2021)
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Several studies have identified the mPFC as a fundamental component in adaptive decision-
making. It has been demonstrated that the entire mPFC receives a broad range of sensory and
limbic inputs which can activate contextually appropriate representations of goals or task rules
((Miller, 2000);(Miller & Cohen, 2001)). It has been associated with a role in decisions making
by anticipating emotional outcomes and enacting them as bodily states ((Bechara A, 2005);
(Fellows, 2007)) and it is involved in several cognitive and behavioral processes: memory
consolidation, both of recent and remote events ((Takashima et al., 2006);(Corcoran & Quirk,
2007)), emotion regulation ((Diorio et al., 1993); (Maier et al., 2006)) and discrimination
(Scheggia et al., 2020), reward-guided learning (Rushworth et al., 2011), just to name a few.

Emotion discrimination in social settings depends on recognizing subtle affective signals and
interpreting their valence and significance. In rodent studies, the mPFC is crucial for
distinguishing conspecifics based on emotional states, as demonstrated by behavioural tests like
the EDT (Scheggia et al., 2020). Through the use of optogenetic to target a specific subset on
inhibitory cells, the SOM+ neurons, it was discovered their role in processing and understanding

social-emotional cues.

In humans, functional imaging research has similarly highlighted the role of the mPFC in tasks
involving mental state attribution, emotional empathy, and moral decision-making ((Amodio &
Frith, 2006); (Etkin et al., 2011)). These roles are closely connected to “emotional simulation",
where the observer internally recreates another person’s emotional state. It has been suggested
that the mPFC supports these simulations by combining visceral signals (such as those from the

insula and anterior cingulate cortex) with socially relevant contextual cues (Roy et al., 2012).

The mPFC is also believed to play a key role in generating anticipatory emotional responses by
linking past experiences with expected outcomes; in this way, it supports emotion-driven
decision-making (Bechara et al., 2000). This predictive function is crucial in emotionally
complex social settings where accurately interpreting emotional signals can influence whether a
person approaches, avoids, or adjusts their actions. Impairments in mPFC function have been
linked to difficulties in social interactions and emotion recognition in various psychiatric
disorders, such as schizophrenia, depression, and autism spectrum disorder ((Davidson et al.,

2002); (Frith & Frith, 2007)). Also lesions to this area in humans lead to difficulties in emotion
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and regulation ((Bechara et al., 1994); (Anderson et al., 2006)). Patients present flattened affect,
impulsivity, incapability of risk evaluation, and emotional outbursts ((Barrash et al., 2000);
(Berlin et al., 2004)). Another effect is the inability to recognize emotions in others ((Dal Monte
et al., 2013); (Hiser & Koenigs, 2018)). The most common and well-known case of lesion of the
PFC is the study case of Phineas Cage that presented a near-complete lesion of the mPFC in
1848 following a work accident. Despite motor and cognitive deficits, Phineas Cage also

presented a novel and more aggressive behavior.

Rats with lesions to the right mPFC show decreased stress reactivity, while left-sided damage
does not affect the stress response (Sullivan & Gratton, 1999). Some studies have reported
pronounced cardiovascular activation in mPFC lesion patients ((Critchley et al., 2003); (Hilz et
al., 2006)). Furthermore, neuroimaging studies have suggested that the mPFC exerts inhibitory
control over autonomic and endocrine output (Wang et al., 2005). Damage to this region, then,
could result in a disinhibition of psychological and physiological responses to stress. Brains with
lesions in the intra-limbic (IL) sub-region seemed to conserve the ability of recent memory
consolidation but lost the ability to recall remote events (Corcoran & Quirk, 2007). The function
of the mPFC cannot be generalized to lesion studies due to the differential role played by

excitatory output neurons as well as the different types of GABAergic interneurons.

In conclusion, the mPFC is a crucial structure for emotion discrimination through its role in
contextual integration, predictive processing, and modulation of affectively guided behavior. Its
bidirectional communication with limbic regions such as the amygdala and anterior cingulate
cortex supports a dynamic network that underlies the nuanced interpretation of social-emotional

cues necessary for adaptive interaction.

1.1 The Anterior Cingular Cortex

1.1.1 Location and Anatomy

The ACC is situated adjacent to the corpus callosum and connects to both the “emotional”

limbic system and the “cognitive” prefrontal cortex (Stevens et al., 2011). In humans, the ACC
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is formed by Brodmann's areas (BA) 24, 25, 32, and 33, and can be divided into three other sub-

regions:

1. The perigenual anterior cingulate cortex (pACC) is mainly responsible for processing
emotions and regulating the endocrine and autonomic responses to emotions.

2. The dorsal anterior cingulate cortex (dAACC), also known as the mid-cingulate cortex. It
is responsible for cognitive processing, specifically reward-based decision-making
(Vogt, 2016).

3. The cingulate motor areas (CMA), positioned inside the cingulate sulcus and next to the
primary and supplementary motor cortices. They are higher-order motor areas that
process information from internal and external states (e.g., emotional state signals from
the limbic system) and translate them into motor commands executed by the primary and
supplementary motor cortices and spinal cord ((Strick et al., 1998); (Jumah & Dossani,
2025))

Anterior cingulate
cortex (ACC)

Fig. 6 Structure of the cingulate cortex. The anterior region

Anterior MCC ——-l" of the mid cingulate cortex (MCC, shown in green) is a sub

X 4 Posterior region called the anterior mid cingulate cortex of the ACC

7z
A

7

Perigenual Retrosplenial caudal ACC, the dorsal ACC (dACC), or the cognitive

(aMCC); it has a variety of other names, including the

ACC

division of the ACC (ACC-CD). pACC, anterior perigenual
ACC; rACC, rostral ACC. (Drossman, 2005).

1.1.2 Functions

The ACC is thought to be involved in a range of social and cognitive behaviors, from emotional
processing to decision-making ((Stevens et al., 2011); (Apps et al., 2016);(Keum et al., 2018)).
Additionally, because the ACC comprises different regions, each plays a distinct role depending
on the task. For example, the ACC gyrus—Ilocated next to and dorsal to the genu of the corpus

callosum in humans—has a crucial function in evaluating others' behaviors and estimating their
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motivation levels (Apps et al., 2016). Meta-analyses of fMRI studies show that the MCC and the
subgenual ACC (sACC) — positioned ventrally to the pACC — display decreased activity during
fear conditioning in individuals with PTSD. This reduced activation in SACC may suggest
impaired emotion regulation and fear extinction, while abnormalities in the aMCC might be
linked to a diminished experience of negative emotions. Patients with schizophrenia, who often
exhibit flattened affect, demonstrate less activation in the aMCC during executive tasks (Stevens

etal., 2011).

For many years, the primary role of the ACC was believed to be error detection, based on its
activation during the Stroop task —a test that measures any delay in reaction time between
congruent and incongruent stimuli (Posner, 1998). It is typically performed using a mismatch
between the color name (e.g., blue, green, or red) and the color of the font in which it is printed
(e.g., the word red printed in a blue font). The participant is asked to name the font color; the
greater the mismatch, the longer the delay may be (Scarpina & Tagini, 2017). Another method
to test the involvement of the ACC in error detection was through error-related negativity
(ERN), a type of electrical activity in the brain measured using electroencephalography (EEG)
(Bush et al., 2000). In the same paper, it was also demonstrated that the ACC, specifically the

dorsal part, is involved in emotional regulation and motivation (Bush et al., 2000).

Furthermore, it plays a role in pain perception and the emotional component of pain, both
physical and social: the ACC is indeed activated during experiences of social exclusion,
supporting the theory that the brain processes social pain similarly to physical pain (Eisenberger
& Lieberman, 2004). This overlap aligns with the ACC's integrative function, connecting

cognitive and emotional inputs to help guide adaptive behavior.

The ACC's connections with the mPFC, amygdala, and insula link it to social awareness and
empathy and lesions in this area can impair social behavior ((Keum et al., 2018)). Neuroimaging
studies highlight its activation during tasks that involve perspective-taking and emotional
understanding (Schneider et al., 2020). The ACC is thought to mediate the emotional aspect of
empathy, allowing individuals to connect with and respond to others' feelings. Dysfunction in
this region has been associated with neuropsychiatric disorders such as depression,
schizophrenia, and autism spectrum disorder, often involving deficits in social cognition and
emotional processing ((Etkin et al., 2011); (Antonelli F., 2025)).
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In summary, the ACC is a vital center for cognitive control, emotional assessment, and social
interaction. Its numerous functions are supported by its connectivity with both cortical and
subcortical structures, enabling it to integrate and prioritize information relevant to adaptive

behavioural responses.

1.1.3 Connectivity

As previously mentioned, the ACC is a central hub in a network of brain regions that integrate
cognitive and emotional information. Its peculiar position serves as a medial ground between
limbic and prefrontal structures. The functional heterogeneity of the ACC is supported by its
extensive connectivity, which varies across its dorsal, rostral, and subgenual subdivisions ((Bush

et al., 2000);(Devinsky et al., 1995)).

The ACC has a well-studied connection with the medial prefrontal cortex (mPFC), forming part
of the default mode network (DMN) (Buckner et al., 2008). Past studies revealed that the mPFC
and ACC activate together during tasks related to self-reflection, emotion regulation, and social
judgment ((Andrews-Hanna et al., 2010);(Etkin et al., 2011)). Among species, the rostral ACC
shows strong connectivity with the ventromedial PFC, aiding in evaluative and emotional
decision-making (Ongur & Price, 2000). Diffusion tensor imaging (DTI) scans have also
identified white matter pathways linking the ACC with both dorsal and ventral medial prefrontal
cortex (mPFC) areas, providing an anatomical foundation for their functional relationship

(Beckmann et al., 2009).

Another important pathway involves the ACC and anterior insula, which participate in detecting,
evaluating, and responding to significant stimuli from the environment and within the body. It is
thought to coordinate the shift between the default mode network and the central executive
network ((Menon & Uddin, 2010); (Medford & Critchley, 2010)). The ACC and insula share
bidirectional anatomical and functional connections and are active during tasks involving
emotional arousal and empathy ((Craig, 2009);(Singer et al., 2004)). The insula processes
information from visceral and somatosensory sources, transmitting it to the ACC, which may
then initiate appropriate autonomic or behavioural responses. It is also involved in emotion
regulation, empathy, and pain processing. For example, both regions are activated during tasks

involving observation of others in pain, highlighting their role in the affective component of
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empathy (Singer et al., 2004). Additionally, functional disruptions within this circuit have been
observed in various psychiatric conditions such as major depressive disorder, generalized
anxiety, and autism spectrum disorder, often correlating with deficits in emotion regulation and

social functioning (Hamilton et al., 2011).

The ACC also interacts with subcortical regions such as the amygdala, nucleus accumbens,
hypothalamus, and periaqueductal grey (PAG). Notably, the ventral ACC forms part of a limbic
circuit with the amygdala, orbitofrontal cortex, and nucleus accumbens (Rolls, 2019). It has
functional connections with the striatum, which support the ACC’s role in reward-based
decision-making and motivation. These circuits are crucial in reinforcement learning, as the
ACC processes outcome feedback and prediction errors to influence future actions (Rushworth
& Behrens, 2008). Disruption of these ACC—striatal pathways has been linked to addiction and
mood disorders, highlighting the significance of ACC connectivity for adaptive functioning

((Zhang et al., 2017); (Li et al., 2024)).

1.1.4 Pathology

Typically, lesions or abnormalities in the ACC are linked to cognitive deficits or
neurodegenerative disorders such as autism, depression, or schizophrenia ((Schmaal et al.,
2017); (Fornito et al., 2009)). Damage to the ACC tissue or its connectivity can impair memory,
error detection, emotional stability, or attention ((Janer & Pardo, 1991); (Bush et al., 2000)).
Furthermore, fMRI studies have demonstrated that participants with ADHD show reduced
activation of the dorsal cingulate region during the Stroop task, an attentional and cognitive
interference task that engages such area. Additionally, various studies have associated the ACC
with the onset of OCD, PTSD, and anxiety disorders ((Biria et al., 2023); (Young et al., 2018);
(Zeidan et al., 2014)).

Autism Spectrum Disorder

Patients with autism spectrum disorder (ASD) can be characterised by impairments in social
interaction, verbal and non-verbal communication, and repetitive or stereotyped behaviors. A

method used to diagnose them is voxel-based morphometry (VBM), which provides clinicians
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with a probabilistic measure of local grey matter (GM) and white matter concentration. A 2011
study, which employed the activation likelihood estimation (ALE), a quantitative voxel-based
meta-analysis method that can be used to estimate consistent activations across different
imaging studies, demonstrated reduced GM volume in the right anterior cingulate cortex (Cauda
etal., 2011). Another 2011 study conducted in children with an ASD diagnosis showed reduced
theta activity in the ACC when performing the GO/No-Go task (Chan et al., 2011).

Schizophrenia
Schizophrenia is the most well-known pathology associated with abnormalities in the ACC.

This region is vital in cognitive and emotional processing, both of which are severely affected in
schizophrenic patients (Andreasen et al., 1998). Over the years, various studies have
demonstrated how abnormalities in ACC volume (Fujiwara et al., 2007), decreased activity
(Taylor et al., 2012), and abnormal connectivity with other brain regions (Grimaldi et al., 2025)
are associated with this pathology. Furthermore, differences in the cellular and synaptic
architecture of the region in patients compared to healthy individuals have also been observed,
such as reductions of pyramidal neurons in layers II-VI at varying percentages (Todtenkopf et
al., 2005), a decrease in dendrites of pyramidal cells in layers Il and V (Moyer et al., 2016), and
a reduction in the density of non-pyramidal cells in layer II ((Benes et al., 1986); (Benes et al.,

1998)).

There 1s a basic understanding that alterations in cortical inhibitory y-aminobutyric acid
(GABA) neurons could be linked to the pathology of schizophrenia (Gonzalez-Burgos et al.,
2010), and it has already been demonstrated that in the mPFC and other frontal regions there is a
significant deficit of SOM messenger RNA (mRNA) (Dienel et al., 2025). There is yet to be

demonstrated a similar disruption of SOM neurons in the ACC of schizophrenic patients.

1.2 The Social Brain and Emotion Recognition

The ability to recognise conspecifics and interpret their emotional and mental states—often
conveyed through facial expressions, vocalisations, and body language—is a fundamental aspect

of social behavior and survival across species (Li & Jeong, 2020). This socio-cognitive skill
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allows animals to engage in affiliative interactions, avoid threats, establish hierarchies, and
coordinate group behavior, all of which are essential for reproductive success and long-term

survival.

Underlying these abilities is a distributed network of brain regions often referred to as the
"social brain" ((Brothers, 2002); (Frith & Frith, 2007)). In humans, this network comprises
structures such as the medial and lateral prefrontal cortices (PFC), the inferior frontal gyrus, the
superior temporal sulcus (STS), the amygdala, and the anterior insula, among others ((Frith &
Frith, 2007);(Adolphs, 2009)). These areas work together to process social signals, interpret

intentions, and modulate emotional responses appropriately within context.

The mPFC, in particular, exerts the “top-down” executive modulatory control over socio-
cognitive functions, and it is recognized as a fundamental hub for social cognition ((Adolphs,

2009) ; (Amodio & Frith, 2006); (Friedman & Robbins, 2022); (Kietzman & Gourley, 2023)).

L
B Amyuca "%\12
[ 1osuta ’? R a‘, Fig. 2 Figure adapted
~ Y/
Lﬁ TP ¢ ‘{g' ) %,’7 from (Kennedy &
dMPIRC ~ , 3 " *
— o TS adolphs, 2012)
B stssto Neuron—graphical
| Posterior cingulate
L[] R I e representation of the
etrosplenial cortex
[ #a “Social Brain”
!_ L ok illustrating all the brain
{ | vmPRCIOFC
i Extrastriate body anea structures engaged in
socio-cognitive
functions.

Disruptions in its functions—due to neurodevelopmental, neurodegenerative, or psychiatric
disorders—are often linked to deficits in social cognition and emotion recognition, emphasising
its essential role in supporting adaptive social behavior ((Frith, 2008); (Adolphs, 2009)).
Therefore, the mPFC acts as a vital interface between emotion, cognition, and social behavior,

serving as a core neural substrate for emotion discrimination mechanisms.
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1.2.1. The Social Brain through Species

Rodents do not exhibit the full range of cortical specialisation seen in primates; several
functional and anatomical homologies have been recognized. In mice, for instance, the
prefrontal cortex (PFC) is involved in complex functions such as sensory integration, attention,
and decision-making—similar to those of the human PFC ((Le Merre et al., 2018); (Kim et al.,
2016); (Miller, 2000); (Rossi et al., 2009)), and emotion discrimination (Scheggia et al., 2020).

Similarly, the cingulate cortex in rodents exhibits both functional similarities and anatomical
differences compared to its human counterpart. In both species, the cingulate is involved in
functions such as memory (Lenartowicz & Mclntosh, 2005), reward evaluation and motivation
(Elston & Bilkey, 2017), and pain perception (Johansen & Fields, 2004). In rodents, this region
is typically divided into Cgl and Cg2, which are located dorsally and differ in connectivity and
function. Conversely, the primate cingulate cortex is more commonly divided into the anterior

(ACC) and mid-cingulate cortex (MCC), based on cytoarchitectural features.

A key challenge occurs when attempting to map rodent cingulate areas onto the human
ACC/MCC framework. The border between Cgl and Cg2 in rodents runs perpendicular to the
ACC/MCC division seen in primates, making direct comparisons difficult (van Heukelum et al.,
2020). Despite this, many studies still equate rodent Cgl and Cg2 with the MCC for consistency
in comparative research. However, this oversimplification risks overlooking important

differences in function and connectivity.

Prelimbic
B Infralimbic
B Cgi

Cg2

Fig. 3 Schematics of anatomical divisions in the prefrontal

cortex. Areas according to Paxinos’ Mouse Brain Atlas

(Franklin and Paxinos, 2001). The cingulate cortex is

,/ divided horizontally into two distinct regions across the
)._« coronal plane (Cgl and Cg2). (Francis-Oliveira et al.,
= \ // 2022)
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Understanding these interspecies homologies and divergences is crucial for the translational
validity of animal models in neuroscience, particularly in the investigation of social cognition
and neuropsychiatric disorders. While mice offer powerful genetic and circuit-level tools, such
as optogenetics and in vivo imaging, their simplified cortical structure necessitates careful
interpretation when compared to the human brain. Nonetheless, conserved functions in
structures, like the mPFC and the ACC, provide a compelling basis for exploring the neural

foundations of social behavior in health and disease.
1.3 Emotion Recognition Deficits Across Neuropsychiatric Disorders

Impairments in emotion discrimination are observed across various neurological conditions. In
autism spectrum disorder or schizophrenia, social cognitive deficits are central features, while in
conditions like Parkinson’s or Alzheimer’s disease, they are more subtle and more complicated

to recognise (Henry et al., 2016).

Research has shown that people with Parkinson's disease often struggle with facial recognition
and understanding emotions, particularly in identifying emotional categories ((Borg et al.,
2012); (Heller et al., 2018);(Jacobs et al., 1995);(Mattavelli et al., 2021)). They tend to find it
more challenging to recognise negative emotions, such as anger, disgust, and fear, than positive
ones, such as happiness and surprise ((Gray & Tickle-Degnen, 2010);(Kan et al., 2002);
(Lawrence et al., 2007)).

Dysfunction in social cognition is common in neurodegenerative diseases like Alzheimer’s
disease (AD). Early in Alzheimer's, when mild episodic memory issues are present, deficits in
emotion processing are often subtle and complex to detect clinically. As the disease advances
and memory problems worsen, deficits in other cognitive areas become more evident. Typically,
individuals with AD show reduced emotion processing skills, including trouble recognizing and
differentiating emotions, as demonstrated by tests such as the Ekman Face’s test ((Henry et al.,

2016);(Kumfor et al., 2014);(Miller et al., 2012)).

Post-traumatic stress disorder (PTSD) patients often experience difficulties with cognitive
functions and emotional regulation. They frequently show impairments in processing emotional
information, characterised by abnormal emotional responses and expressions ((Ehring & Quack,

2010); (Frewen et al., 2017); (Miles et al., 2016)). They also find it more challenging to interpret
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emotions from facial expressions compared to healthy individuals accurately ((Bardeen et al.,
2013); (Castro-Vale et al., 2020)). Furthermore, PTSD patients tend to have trouble recognizing
negative emotions, such as fear and sadness (Poljac et al., 2011). Neuroimaging studies have
linked these cognitive deficits to significant reductions in brain volume, particularly in regions
such as the hippocampus ((Bremner et al., 1997); (Gilbertson et al., 2002); (Villarreal et al.,
2002)), amygdala (Morey et al., 2012), the mPFC (Rauch et al., 2003), and the ACC ((Kitayama
et al., 2006); (Woodward et al., 2006)). However, it remains unclear whether these structural

changes are a pre-existing vulnerability or develop as a consequence of trauma.

Difficulties in recognizing and expressing facial emotions are key features in conditions with
cognitive impairments, such as schizophrenia (SCZ) and Autism spectrum disorders (ASD). In
schizophrenia, many studies strongly suggest that patients find it hard to accurately identify
emotions in others through facial cues ((Gur et al., 2002); (Kohler et al., 2010); (Mandal et al.,
1998)). Specifically, individuals with SCZ exhibit altered abilities to understand and infer others'
mental states, indicating an impaired theory of mind (ToM) ((Fett et al., 2011); (Green et al.,
2008); (Pickup & Frith, 2001)), which may explain many of the positive and negative symptoms
associated with SCZ. Neuroimaging studies of emotional processing have linked recognition
deficits in SCZ patients to abnormal neural activity in regions such as the prefrontal cortex,
amygdala, and visual areas ((Dyck et al., 2014); (Garcia-Leon et al., 2021); (Spilka et al., 2015);
(Takahashi et al., 2004)). People with ASD, a lifelong neurodevelopmental disorder, often have
challenges in socio-cognitive tasks such as recognizing, distinguishing, and remembering facial
expressions (Lai et al., 2014). They tend to perceive faces atypically ((Adolphs et al., 2001);
(Davies et al., 1994)), have impaired emotional processing (Corbett et al., 2009), and experience
differences in mental states (Senju, 2012). However, research on emotion recognition in ASD
remains inconsistent. Some studies indicate that individuals with ASD struggle with identifying
emotions accurately. In contrast, others demonstrate that they perform similarly to healthy
controls, often employing compensatory strategies such as verbal mediation or feature-based
learning (Harms et al., 2010). This variability arises from factors such as differences in
participant demographics, task designs, and measurement approaches, underscoring the

complexity of understanding emotion recognition.
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In summary, accurately interpreting others’ emotions is crucial for effective communication in
social settings. This ability is crucial for everyday interactions and building relationships with
others ((Dunbar, 2009); (Fett et al., 2011)). Deficits in socio-cognitive skills can negatively
impact the quality of life (Penn et al., 1997), leading to social isolation, loneliness, and poorer
overall well-being ((Green et al., 2008); (Penn et al., 1997)). These social difficulties often
manifest as challenges in understanding others' mental states and recognizing that these may
differ from one's own, which disrupts social perception. Such disruptions hinder accurate
interpretation of facial expressions, body language, and voice cues, resulting in inappropriate
behavioural responses (Henry et al., 2016). Over the past twenty years, neuroscience has
extensively explored the neurobiological mechanisms behind emotion recognition. However,
effective treatments for these social deficits remain scarce, mainly because our understanding of

their biological foundations is still limited.

This is why it is crucial to investigate emotion recognition further, including at the cellular and
circuit levels, to provide new insights for a more accurate and targeted therapeutic approach in

the future.

1.4 Emotion Recognition in Mice: a Breakthrough Behavioural Test

As previously noted, studying the brain circuits involved in emotion recognition is crucial for
understanding the neuronal and non-neuronal mechanisms underlying these functions. Given the
importance of socio-cognitive skills in daily social interactions, the limited knowledge about the
brain circuits that enable us to perceive others’ emotions represents a major gap in our
understanding. Therefore, exploring the neurobiological processes underlying emotion
recognition is vital for a comprehensive understanding of social brain functioning in both

healthy and pathological states.

The Emotion Discrimination Task (EDT) used in this research was created by Papaleo’s team
((Ferretti et al., 2019; V. Ferretti & F. Papaleo, 2019); (Scheggia et al., 2020)) and is inspired by
human emotion recognition tests (ERT) that evaluate the ability to identify basic emotional
expressions. These human tests usually involve presenting both positive and negative emotional

stimuli ((Ekman, 1992); (Kohler et al., 2003); (Cecilione et al., 2017)). In response, we designed
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a two-choice discrimination task that focused on the observable behaviors of the observer mice,
incorporating methods to elicit both positive and negative emotional states in the demonstrator

mice.

Our study aimed to determine whether a testing mouse, referred to as the "observer," could
distinguish unfamiliar peers by sensing a positive emotional state. We presented the observer
mice with two "demonstrators" that differed in their emotional condition. One remained neutral,
while the other was given 1 hour of free access to water after 23 hours of water deprivation (see
Figures 4A and 4B). Water was used as a reward to avoid olfactory cues that might distinguish
the demonstrators. We hypothesized that relief from stressful water deprivation would evoke a
positive emotional state called "relief." Our findings demonstrated that 1 hour of ad libitum
water access resulted in a conditional place preference in mice that experienced 23 hours of
water deprivation, but not in mice with ad libitum water access (see Figures 4E and 4F).
Furthermore, relief mice exhibited lower corticosterone levels after water was provided (see
Figure 4G). Both male and female observers showed increased social exploration towards the
relief demonstrator compared to the neutral one, particularly within the first two minutes of the
task (Figures 4C and 4D). There were no significant changes in rearing or grooming behaviors
directed at the demonstrators throughout the session (Figures 4H and 4I). Additionally,
observers showed typical reductions in locomotor activity (Figure 4J) without exhibiting
freezing, escape attempts, or other stress-related behaviors during the test session. Overall, these
findings suggest that mice can recognise and respond socially to unfamiliar conspecifics in a

positively valence emotional state.
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Fig.4 Mouse Emotion Discrimination for Relief.
From (Ferretti et al., 2019) Current Biology

Schematic drawing of the test setting. (B) Timeline of pre-test and test procedures to evoke in one of the two demonstrators a
“relief” state during the testing phase. (C and D) Time (in seconds) spent sniffing demonstrators in neutral (gray bars) or
water-induced relief (yellow bars) states displayed by (C) male and (D) female observer mice during the 6 min of the test,
divided into three consecutive 2-min epochs (first 2-min RM ANOVA for males F1,14 = 15.07, p = 0.001 and females F1,14 =
14.60, p = 0.001; no significant differences for the 2- to 4-min and 4- to 6-min epochs). **p < 0.005 versus the exploration of
the neutral demonstrator. n = 15 observers per group. (E) Place conditioning procedure used to assess whether the relief
manipulation was associated with a negative-, neutral-, or positive-valence affective state. (F) Place conditioning scores (in
seconds) displayed by mice conditioned during a neutral (gray bar) or relief (vellow bar) state. For each mouse, a place
conditioning score was calculated as the post- minus the pre-conditioning time spent in the conditioning-paired compartment of
the apparatus. A positive score indicates place preference, a negative score a place aversion, and 0 no place conditioning (t test:
df=12; p=0.02). #p < 0.05 versus the neutral control group. n = 7 per group. (G) Blood corticosterone levels displayed by
demonstrator mice immediately after a period of 24-h water deprivation (gray bar) or after a period of 1 h ad libitum access to
water following 23-h water deprivation (vellow bar; t test: df: 19; p = 0.05). #p = 0.05 versus water deprived mice. n = 11 per
group. (H and I) Time (in seconds) spent in (H) rearing and (I) grooming in proximity of demonstrators in neutral (gray bars) or
relief (vellow bars) state displayed by observer mice during the test (RM ANOVAs showed no significant differences). (J)
Locomotor activity displayed by the same observer mice during the test (RM ANOVA F2, 18 = 4.35; p = 0.04). #p < 0.05 versus
minute 0-2. n = 10 observers. Error bars represent standard error of the mean.

24



We also developed a different protocol for negative affective states (Scheggia et al., 2020). In
this procedure, we used the same EDT setup. However, the observers were presented with a
demonstrator that had undergone mild stress, involving 15 minutes of acute restraint before the
emotion discrimination task, alongside a neutral one (see Fig.5A). We observed increased
exploration directed toward the stressed demonstrator (Fig.5B) and more time spent in the
corresponding zone of the apparatus (see Fig.5C). Furthermore, mice initially entered the zone
associated with the stressed demonstrator (see Fig.5D) and spent longer durations in this zone
during the first 2 minutes of the test (Fig.5E). The total number of visits did not significantly
differ between the stressed and neutral demonstrators (see Fig.5F). Data from EDTs performed
on naive animals, as well as on mice implanted with electrodes and tested under ‘light off®
conditions, were combined and presented as percent exploration of the stress demonstrator (see
Fig.5G). Affective state discrimination was a consistently observable behavior, with only 12%
of mice failing to discriminate between a stressed and a neutral affective state (stress, 13 out of
93; see Fig.5H). The exploration scores for the stressed and relieved demonstrators followed a
normal distribution (D’Agostino and Pearson normality test, stressed: n=93, K2=1.54, P=0.46).
These results indicate that affective state discrimination is a stable trait in mice. No differences
were observed between male and female mice in their ability to discriminate between sex-

matched stressed demonstrators (see Fig.5I).
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Fig.5 Mouse Emotion Discrimination for Stress.
Adapted from (Scheggia et al., 2020) Nature Neuroscience

(A) Timeline of pre-test and test procedures to evoke in one of the two demonstrators a “‘stress’’ manipulation during the testing
phase. In the stress protocol, one demonstrator (stress, purple) was subjected to the restraint stress test for 15 min immediately
before the beginning of the ADT. The other demonstrator (neutral, gray) waited undisturbed in the home cage. (B) Increased
sniffing of the stressed demonstrator (two-tailed multiple t-test, Bonferroni correction, 2 min: t = 3.22, d.f. = 12, P = 0.021) (C)
and time spent in the zone with the stressed compared with the neutral demonstrator (two-tailed multiple t-test, Bonferroni
correction, 2 min: t = 3.23, df. = 12, P = 0.021). (D) The latency to the first visit was significantly lower for the stressed
demonstrator than for the neutral demonstrator (two-tailed paired t-test: t = 2.43, d.f. = 6, P = 0.050). (E), Average number of
visits to each zone did not differ (two-tailed multiple t-test, Bonferroni correction, t=0.81, df=12, p>0.999). (F) Observers made
longer visits in the zone related to the stressed demonstrators (two-tailed multiple t-test, Bonferroni correction, 2 min: t=3.46,
df=12, p=0.017). (G) More exploration of the stressed than of the neutral demonstrator in several replications of the ADT (two-
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tailed paired t-test: t = 8.22, d.f. = 92, P < 0.0001). (H) (I) Exploration of the stressed demonstrator was higher than chance in
a large number of mice (80 of 93, one-sample t-test against chance, defined as 50%: t = 8.22, d.f. = 92, P < 0.0001) (H) and did
not change depending on gender (63 male, 30 female; two-tailed unpaired t-test: t = 0.92, d.f- = 91, P = 0.357). Bar and line
graphs show mean + s.e.m. *P < 0.05. **P < 0.005. ***P < 0.0005. n.s., not significant.

Overall, these results showed that mice can similarly discriminate others based on both positive

and negative affective states.

1.5 GABA-ergic system

It is well known that GABA is the primary inhibitory neurotransmitter in the mammalian brain,
accounting for approximately 30% of cortical neurons in rats (Bloom & Iversen, 1971) and 25%
in primates (Jones, 1993). During prenatal stages, GABA plays a crucial role in
neurodevelopment, as it is excitatory. In contrast, in the adult stage, GABA acquires its
inhibitory function in the nervous system. GABA can modulate the functioning of other organs
and systems, including the endocrine and immune systems. Dysfunctions of GABA are
responsible for various pathologies, both neurological and non-neurological, including

schizophrenia, depression, and immunological disorders (Vargas, 2018).

1.5.1 GABA neurotransmission

Three enzymes are involved in GABA synthesis: glutamate decarboxylase (GAD), GABA
transaminase (GABA-T), and succinate semi-aldehyde dehydrogenase (SSADH). The process,
known as the GABAergic shunt, begins with glutamate, which is derived from glucose. The first
enzyme in the process is GAD, which produces GABA by catalyzing the decarboxylation of
glutamate. This enzyme is cytoplasmic and has two subtypes: GAD65 and GADG67. It can be

found in both interneurons and non-neuronal tissues.

After being synthesized, GABA is stored in vesicles that move to the presynaptic terminals and

are released when a nervous stimulus depolarizes the synaptic terminal.

The released GABA reaches the postsynaptic neuron, where it binds to specific receptors. The

GABA that does not interact with the postsynaptic receptors is taken up for metabolism, either
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by the presynaptic neuron or by glial cells. Reuptake is performed by a GABA cytoplasmic
membrane transporter (GAT), of which four subtypes have been identified (GAT 1-4). Inside the
cell, GABA is degraded to succinic semi-aldehyde through the enzymes GABA-T and SSADH,
and then to succinate. The GABA-T enzyme is present throughout the nervous system in

neurons, glial cells, and ependymal cells ((Bak et al., 2006); (Bowery et al., 1979)) (Fig. 7).

GABAergic neuron
-presynaptic terminal
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Fig. 7 Scheme of GABA Neurotransmission. GABA is synthesized in the

presynaptic terminal from glutamate by glutamic acid decarboxylase (GAD).
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(GABA-T) to glutamine for neuronal uptake. (Govindpani et al., 2017)
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1.5.2 GABA receptors

There are three receptors for GABA: two fast-acting receptors, GABA-A and GABA-C, and one
with slow action, GABA-B ((Dionisio et al., 2011); (Bowery et al., 1985)).

The GABA-A receptor is a pentameric chloride ionotropic channel receptor composed of five
different subunits, each with various isoforms, resulting in a total of 19 subunits: alpha (a1-6),
beta (B1-3), gamma (y1-3), and delta (), epsilon (g), theta (8), pi (r), and rho (isoforms p1-3).
Most receptors contain two alpha subunits, two beta subunits, and one gamma subunit. The
specific combination of subunits influences the efficacy of the GABA agonist site and the
affinity for other allosteric sites. Each subunit features four transmembrane hydrophobic
domains embedded in the cell membrane: M1, M2, M3 and M4 (Bowery et al., 1985). Activated

GABA-A receptors allow chlorine ions to enter, causing hyperpolarization of the cell membrane

28



and reducing nerve impulse conduction. This results in postsynaptic inhibitory potentials

(IPSPs).

GABA ,, receptor

Picrotoxin

Benzodiazeping / Sefn Fig. 8 GABA A receptor (Popova, 2014)

The GABA B receptor is a heterodimer linked to a G protein, placing it within the family of
metabotropic receptors. This receptor is a membrane protein that features seven transmembrane
hydrophobic domains. Generally, the GABA-B receptor is anchored in the plasma membrane of
both presynaptic and postsynaptic terminals, where it modulates calcium and potassium
channels by interacting with protein G and adenylyl cyclase. Pre-synaptically, when the GABA-
B receptor interacts with an agonist, calcium influx decreases, resulting in lower calcium levels
and a reduced release of excitatory neurotransmitters, such as glutamate, thereby decreasing the
excitatory glutamatergic effect. Conversely, activation of the postsynaptic GABA-B receptor by
a GABAergic agonist increases potassium efflux into the extracellular medium, producing a
slow inhibitory potential that hyperpolarizes the membrane and generates IPSPs ((Chronwall et
al., 2001); (Kaupmann et al., 1998); (Bormann, 2000)).

GABA

GABAg,

Adhesion molecules /
Trafficking proteins Interacting ‘ ,
Transcription factors | Proteins

'l“:::;v Fig. 9 GABA B receptor (Benarroch, 2012)
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The GABA-C receptor is an ionotropic receptor that was isolated in the vertebrate retina.
GABA-C receptors are characterised as GABA receptors that do not respond to the GABA
analogues bicuculline or baclofen. They are receptors that regulate chloride channels, generating

IPSPs (Bowery & Brown, 1997).

GABA( receptor

Picrotoxin

. Fig. 10 GABA C receptor (Popova, 2014)

1.5.3 GABA-ergic interneurons

Cortical networks rely on highly interconnected and dynamic microcircuits composed of two
types of neurons: glutamatergic excitatory neurons (also known as principal cells, PCs) and
GABAergic interneurons (INs). The activity of these latter ones is crucial for information

processing in the cortex (Tremblay et al., 2016).

From an anatomical perspective, cortical GABAergic interneurons are morphologically diverse,
whether considering their somas, dendrites, axons, or their specific connection points with
pyramidal cells or other interneurons ((Kawaguchi & Kubota, 1997); (Kubota, 2014); (Markram
et al., 2004); (Somogyi et al., 1998)).

The IN’s importance has been recognized since they were first described, and data suggest that
they play significant roles in several cortical functions, including dynamic range modulation of
cortical circuits, plasticity, and the maintenance of the excitatory-inhibitory balance. Indeed,
most problems with inhibitory INs have been associated with the development of several types
of epilepsy (Goldberg & Coulter, 2013), schizophrenia, anxiety disorders, and autism ((Lewis,
2014); (Marin, 2024)).

Because of their great diversity and small proportion within the overall neuronal population,

they have been challenging to study. Recent research employing new molecular genetic methods
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of labelling has helped improve understanding of INs’ circuits and their role in cortical functions

in animals ((Kepecs & Fishell, 2014); (Roux & Buzsaki, 2015)).

1.5.3.1 GABAergic interneurons in the mPFC

As previously discussed, GABAergic interneurons (INs) in the medial prefrontal cortex (mPFC)
are a highly heterogeneous population, comprising distinct subtypes that, despite their shared
release of y-aminobutyric acid (GABA), exhibit profound differences in their molecular
markers, connectivity patterns, synaptic dynamics, and intrinsic membrane properties. These
differences enable highly specific spatio-temporal regulation of pyramidal neuron activity and
local circuit function (Tremblay et al., 2016). One method of distinguishing these interneuron
subpopulations involves characterizing their responses to neuromodulators such as acetylcholine
(ACh), serotonin (5-HT), norepinephrine, and dopamine—each of which plays a crucial role in
modulating prefrontal network states and behavioral flexibility ((Kawaguchi & Shindou, 1998);
(Munoz & Rudy, 2014)).

In the mPFC, all major classes of cortical GABAergic interneurons—particularly those
expressing parvalbumin (PV), somatostatin (SOM), and cholecystokinin (CCK)—are present,
although their laminar distribution and relative densities differ from other neocortical areas.
Notably, SOM+ and CCK+ interneurons appear to be more prevalent than PV+ cells in the
infralimbic (IL) and prelimbic (PrL) cortices, especially in the superficial layers ((Whissell et
al., 2015); (Liu et al., 2020)). This shift in cell-type composition suggests a region-specific
rebalancing of inhibitory control mechanisms, which may contribute to the mPFC’s unique roles

in emotional regulation and executive function.

Traditionally, interneurons have been broadly classified as inhibitory cells that target pyramidal
neurons (Fino & Yuste, 2011). Nonetheless, recent findings in the mPFC reveal a more detailed
pattern of target selectivity. For instance, PV+ and SOM+ interneurons preferentially inhibit
layer 2 cortico-amygdala (CA) projecting neurons over nearby cortico-cortical (CC) or cortico-
striatal (CS) pyramidal cells (McGarry & Carter, 2016); (Lu et al., 2017)). This targeted

inhibition also extends to deeper cortical layers, where these interneurons favor pyramidal tract
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(PT) neurons in layer 5 rather than intratelencephalic (IT) neurons (Lu et al., 2017). Such

projection-specific inhibitory patterns highlight the precision of GABAergic microcircuits in the

mPFC and their essential role in controlling information flow across different output pathways.

Summary Table 1

Subtvpe Molecular Laminar
yp Marker(s)  Distribution
Broad

Parvalbumin+ (PV) Parvalbumin (especially L2—

L5)

Enriched in
Somatostatin superficial
layers (L2-L3)

Somatostatin+
(SOM)

Cholecystokinin+ CCK, often

+ .
(CCK) CBIR variable
VIP+ (Vasoactive VIP Primarily L1-
Intestinal Peptide) L3

1.5.3.2 GABAergic interneurons in the ACC

Superficial
layers (L2-L3),

Preferred Targets Functional Role
Cortico-amygdala Fast, perisomatic
> cortico-cortical /  inhibition; precise control
cortico-striatal of spike timing; network
(L2); PT>IT (L5) synchronization

Similar to PV: CA
> CC/CS (L2); PT

Dendritic inhibition;
modulates synaptic

> 1T (L5) integration and plasticity
Less defined Slower inhibition;
roiection modulated by
5 eJc ficit endocannabinoids;
p Y emotional regulation
Inhibits other INs
(especially Gating of inhibition,
SOM+), contributes to top-down
disinhibits modulation

pyramidal neurons

Although limited studies have been conducted on the inhibitory interneurons of the ACC, typical

neocortical distribution patterns can serve as a rough guide: PV interneurons make up about

40% of the GABAergic population, SOM cells around 30%, and VIP and 5-HTsaR-presenting

neurons approximately the remaining 30% ((Rudy et al., 2011); (Almasi et al., 2019); (Girgenti

etal., 2019)).

In the ACC specifically, dual tracing studies in mice reveal differential afferent connectivity: PV

interneurons in the ACC preferentially receive monosynaptic excitatory input from the lateral
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posterior thalamic nucleus, whereas projections from the ventral hippocampus more strongly
target SOM interneurons (Qi et al., 2025). Functionally, these subtypes serve divergent roles: PV
cells, which often display fast-spiking basket and chandelier morphologies, deliver perisomatic
inhibition with high temporal precision, which is essential for controlling spike timing and
gamma-band synchrony. SOM interneurons—often Martinotti cells with axonal projections to
layer [——provide dendritic inhibition and integrate inputs more gradually, modulating excitatory

drive over a longer timescale (Cardin, 2018).

Furthermore, interneuron-to-interneuron connectivity creates a reciprocal inhibitory circuit:
SOM cells inhibit PV interneurons, and PV cells reciprocally inhibit SOM cells. VIP
interneurons predominantly inhibit SOM neurons—thus disinhibiting pyramidal neurons and PV

cells—and also connect reciprocally with PV cells (Cardin, 2018).

Summary Table 2

Interneuron Approximate % of -
Subtype GABAergic Neurons Inputs & Connectivity Summary
Input from lateral posterior thalamus; fast
PV —40% perisomatic inhibition; receives inhibition from
(Parvalbumin) ’ SOM and VIP; strongly interconnects with other
PVs
Input from ventral hippocampus; dendritic
SOM o e . . _
(Somatostatin) ~30% inhibition; reciprocal connections with PV;
inhibited by VIP
~30% (VIP subset Inhibit SOM (leading to disinhibition); also target
- + . e
VIP/5-HT:aR ~10-15%) PV; less extensively characterised in ACC.

1.5.3.3 Somatostatin interneurons

One specific type of cortical GABAergic interneuron (IN) expressing somatostatin has recently
attracted significant interest in the neuroscience community due to its unusual properties. While
most GABAergic interneurons target the soma or proximal dendrites of pyramidal cells, SOM
interneurons appear to target the distal dendrites ((Dennison-Cavanagh et al., 1993); (de Lima &

Morrison, 1989); (Kawaguchi & Kubota, 1996); (Kawaguchi & Kubota, 1997); (Wang et al.,
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2004)). This is reflected in pyramidal neurons by a variation in the dynamics of excitatory
inputs. Although most INs have strongly or moderately depressing excitatory synapses,
excitatory inputs onto SOM INs are highly facilitating ((Beierlein et al., 2003); (Kapfer et al.,
2007); (Pouille & Scanziani, 2004); (Silberberg & Markram, 2007); (Thomson, 2003); (Xu et
al., 2013)). The short-term plasticity of excitatory synapses onto GABAergic interneurons was
assessed by focusing on the postsynaptic cells: the same excitatory axon appeared to have
depressing synapses on a PV cell and facilitating synapses onto SOM INs ((Buchanan et al.,
2012); (Reyes et al., 1998); (Scanziani et al., 1998)).

As a result of these facilitative dynamics and other membrane properties that allow excitatory
postsynaptic current (EPSP) summation, excitatory inputs to these cells produce supra-linear
responses. The facilitation onto SOM INs enables a single high-frequency burst from one
presynaptic cell to recruit SOM INs and generate feedback inhibition ((Kapfer et al., 2007);
(Silberberg & Markram, 2007)). Another feature is a muscarinic-mediated depolarization. If the
depolarization is sufficiently strong, it can produce prolonged spiking ((Beierlein et al., 2000);

(Fanselow et al., 2008); (Kawaguchi, 1997); (Xu et al., 2013)).

Based on morphology, SOM INs can be divided into two main subgroups: Martinotti and non-
Martinotti cells. Martinotti cells are SOM interneurons with an axonal plexus in layer 1, where
they target the tuft dendrites of pyramidal cells, including making synapses on spines (Fig. 11;
(Chiu et al., 2013); (Kawaguchi & Kubota, 1996); (Wang et al., 2004)). Martinotti cells are also
found in layers 2/3 and 5/6. Besides arborizing in L1, a significant portion of their axonal arbor

extends into the layer where their soma resides.

Non-Martinotti cells are, instead, SOM INs that lack this substantial axonal plexus. Since they
form synapses onto different subcellular compartments or cell types, SOM INs have a different

influence on cellular and network computations than Martinotti cells.

SOM INs seem to diffuse in the supragranular layers, and Martinotti cells comprise a substantial
portion of those in the infragranular layers. The axon of most SSM INs in L4 of S1 mostly
remains within this layer, with some projecting to L2/3 ((Ma et al., 2006); (Xu et al., 2013)).

In addition to these types, a few SOM cells in deep layers express nNOS (neuronal nitric oxide

synthase) and are believed to have long-range projecting axons (Tamamaki & Tomioka, 2010).
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Currently, it is not well established how other reported differences among SOM INs fit into this
morphological classification. SOM INs also show molecular heterogeneity. About 15-30% of
the SOM INs in the mouse neocortex express CR, along with several other molecules, which

define additional subpopulations.

The relationship between molecular expression and morphological or electrophysiological
diversity remains unclear. However, recent transcriptional analysis of single cells suggests that
SOM INs consist of genetically distinct subtypes (Tasic et al., 2016), and some molecules

expressed by these subpopulations are evidently important physiologically.
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2. Scope and Outlines of the Thesis

The main aim of my thesis was to explore the role of prefrontal and anterior cingulate cortex
circuits in emotion discrimination. My contribution on this topic include 4 connected and
consecutive projects addressing: the implication of SOM long range projections (Chapter 2); the
impact of emotional self-experience (Chapter 3); the distinct contribution of SOM in the
prelimbic or anterior cingulate cortex (Chapter 4); and the multibrain connections between PFC

SOM neurons (Chapter 5).

Chapter 2 consists of a research where we identified a conserved brain circuit involved in
emotion recognition, where long-range inhibitory and excitatory connections between the mPFC
and the retrosplenial cortex (RSC). In mice, SOM GABAergic neurons project from the mPFC
to the RSC, with an excitatory feedback loop from the RSC back to the mPFC. Using
optogenetics, calcium imaging in mice, and functional imaging in humans, we confirmed the
role of this circuit in socio-cognitive processing. Importantly, dysfunction in this pathway was
found in mouse models of psychiatric disorders, and targeted intervention restored emotion
recognition abilities. This reveals a key cortico-cortical circuit underlying emotional

understanding.

Chapter 3, we demonstrated that mice respond differently to others in stress—either showing
preference or avoidance—only if they have personally experienced the same stress. These
responses vary by sex: females' behavior depends on their estrus cycle, while males' behavior
depends on their dominance status. The corticotropin-releasing factor (CRF) in the mPFC plays
a key role: silencing it reduces this stress-related social behavior. Through imaging and
optogenetic experiments, we revealed that CRF neurons in the mPFC become more active in
response to others’ stress only after experiencing personal stress, and this activity drives the
behavioural shift. The findings reveal a neural mechanism that links personal emotional

experiences to social responses toward others in distress.

Chapter 4 presents the findings from the past three years on ACC and PrL. SOM neurons,
highlighting how optogenetic inhibition during the Emotion Discrimination Task (EDT) causes
varying effects depending on the brain area, while activation disrupts this task across regions. In

collaboration with the Normal Veterinary Anatomy Service of the Department of Veterinary
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Medical Sciences of the University of Bologna, initial tracing data are also presented, showing
projection sites and quantification of SOM neurons based on whether their cell bodies reside in

the mPFC or the ACC.

In Chapter 5, I present a study where we investigated how interbrain neural synchrony (INS)
among three mice—one observer and two demonstrators—affects emotional discrimination. By
recording activity in the ACC and using optogenetic manipulation, we found that INS,
particularly involving SOM neurons in the observer’s ACC, plays a causal role in guiding social

decisions based on emotional states.

56



57



Chapter 2

Article

https://doi.org/10.10
38/541593-024-01647-x

Cortico-cortical transfer ofsocially
derived informationgates emotion
recognition

Daniel Dautan'”*, Anna Monai'*, Federica Maltese!**, Xiao Chang®*, Cinzia Molent', Daniele Mauro',
Alberto Galbusera®, Dania Vecchia*, Federica Antonelli!, Arianna Benedetti', Filippo Drago’, Gian Marco
Leggio®, Marco Pagani®, Tommaso Fellin*, Alessandro Gozzi®, Gunter Schumann®¢, Francesca Manago',

Francesco Papaleo!”.

IGenetics of Cognition Laboratory, Neuroscience area, Istituto Italiano di Tecnologia, via Morego, 30,
16163 Genova, Italy.

’Centre for Population Neuroscience and Stratified Medicine (PONS), Institute for Science and
Technology of Brain-inspired Intelligence (ISTBI), Fudan University, Shanghai, P.R. China.

Functional Neuroimaging Laboratory, Center for Neuroscience and Cognitive systems, Istituto Italiano
di Tecnologia, Rovereto.

‘Optical Approaches to Brain Function Laboratory, Istituto Italiano di Tecnologia, 16163 Genova, Italy.
’Department of Biomedical and Biotechnological Sciences, University of Catania, Catania, Italy.

SCentre for Population Neuroscience and Stratified Medicine (PONS), Charite Mental Health, Dept. of
Psychiatry and Psychotherapy, CCM, Charite Universititsmedizin Berlin, Germany.

"Current address: Bioclinicum, Karolinska Institute, Stockholm, Sweden.

+first author and #second author contributed equally.

*Corresponding author: francesco.papaleo@iit.it

58


https://doi.org/10.1038/s41593-024-01647-x
https://doi.org/10.1038/s41593-024-01647-x

Abstract

Emotion recognition and the resulting responses are important for survival and social
functioning. However, how socially derived information is processed for reliable emotion
recognition is incompletely understood. Here, we reveal an evolutionarily conserved long-range
inhibitory/excitatory brain network mediating these socio-cognitive processes. Anatomical
tracing in mice revealed the existence of a subpopulation of somatostatin (SOM) GABAergic
neurons projecting from the medial prefrontal cortex (mPFC) to the retrosplenial cortex (RSC).
Through optogenetic manipulations and Ca2+ imaging fiber photometry in mice and functional
imaging in humans, we demonstrate the specific participation of these long-range SOM
projections from the mPFC to the RSC, and an excitatory feedback loop from the RSC to the
mPFC, in emotion recognition. Notably, we show that mPFC-to-RSC SOM projections are
dysfunctional in mouse models relevant to psychiatric vulnerability and can be targeted to rescue
emotion recognition deficits in these mice. Our findings demonstrate a cortico-cortical circuit

underlying emotion recognition.
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Main

Recognition and reaction to others’ emotions is a fundamental and evolutionarily conserved
ability shaping animals’ life and survivall-2. Altered emotion recognition might prevent
assisting a conspecific or escape an imminent threat3. Deficits in these socio-cognitive abilities
are commonly observed in psychiatric and neurodevelopmental disorders, including

schizophrenia and autism, having a profound functional impact on patients’ lives4-5.

Large-scale brain networks are involved in socio-cognitive abilities6'7. Intriguingly, components
of the mammalian social brain also participate in the organization of the so-called default mode
network (DMN)8. This evolutionarily conserved network plays a key role in healthy brain
activity9, and is vulnerable to disruption in psychiatric and neurodevelopmental disorders9-10.
Core hubs of the DMN, such as the mPFC, and the posterior cingulate cortex (PCC), which in
humans contains the evolutionarily ancient RSC, show strong anatomical interconnections11°12.
Connectivity changes between these two brain regions might be present during emotion

recognition in healthy and diseased states13°14°15°16. However, the circuit mechanisms through

which these cortico-cortical networks mediate emotion recognition are unknown.

SOM neurons regulate cortical neuronal activity17°18. We uncovered a pivotal role for mPFC
SOM neurons in emotion recognitionl7. This was achieved using a paradigm that allows the
investigation of the ability of mice to perceive, process and react to positive and negative
affective states in conspecifics17°19. This paradigm approximates features of human emotion
recognition tasks, and addresses previously unexplored social cognitive functions in mice,
distinct from sociability, social memory and social reward. Briefly, using olfactory and visual
cues, an ‘observer’ mouse differentially interacts with a conspecific (‘demonstrator’) in an
emotionally altered state compared to another in a neutral state17-19. Here, we hypothesized that
mPFC SOM neurons participate in the larger-scale mPFC—-RSC network, an evolutionary
precursor of the human PFC-PCC axis9-20, to better determine the processing and reaction to

others’ emotions.
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Results
SOM neurons in the mPFC project to the RSC

Most SOM neurons target the dendrites of local pyramidal neurons18-21, but might show long-
range projections across the brain22-23. To define the nature of the mPFC—-RSC pathway, we
used retrograde tracing with the injection of the subunit B of the cholera toxin (Ctb-647) in the
RSC of SOM-TdTomato mice (Fig. 1a—f). We confirmed the presence of RSC input from the
mPFC (Fig. 1b). We confirmed the specificity of the SOM-TdTomato line with high co-labeling
between SOM staining and TdTomato in the mPFC (Extended Data Fig. 1a) but scarce
overlapping with other GABAergic markers (Extended Data Fig. 1b—e). Notably, we found that
~10% of TdTomato" neurons were also coexpressing Ctb, with a homogeneous distribution
along the mPFC anteroposterior axis (Fig. 1d—f and Extended Data Fig. 1f—i). This suggests that
~10% of mPFC SOM neurons project to the RSC.

To validate the existence of these long-range SOM-projecting neurons from the mPFC to the
RSC, we injected an adeno-associated virus carrying Cre-dependent YFP (AAV-DIO-YFP) into
the mPFC of SOM-cre mice (Fig. 1g). Whole-brain mapping revealed clear output to the RSC,
but also to the anterior cingulate cortex (ACC), lateral septum, ventral forebrain, nucleus
accumbens, medial thalamic nuclei and amygdala (Fig. 1g). Axonal reconstruction of YFP-
positive terminals in the RSC revealed the highest distribution in the superficial (L1), followed
by deeper layer 6, and with no-to-little distribution in the middle layers (Fig. 1h). Conditional
retrograde tracing by injection of AAVrg-DIO-TdTomato in the RSC in SOM-cre mice (Fig. 11)
combined with a whole-brain mapping, revealed the presence of TdTomato+ neurons
exclusively in the mPFC and the ACC with no signal in the rest of the brain (Fig. 1j).
Reconstruction of TdTomato+ neurons (that is, mPFC SOM neurons projecting to the RSC)
revealed two different shapes: a minority (15/47) displayed a longitudinal dendritic branch that
spread in the superficial layers, while the majority showed multipolar and proximal dendritic
distribution (Fig. 1k). This suggests that mPFC SOM neurons projecting to the RSC are also
involved in mPFC microcircuit connectivity. Overall, this evidence highlights the existence in

the mPFC of a subpopulation of inhibitory SOM neurons projecting to the RSC.
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Fig. 1: A subpopulation of SOM-positive cells within the mPFC shows long-range projections to the RSC.

a, Retrograde tracing of RSC inputs in SOM-TdTomato mice (n =3 male mice) using Ctb-647 tracers. b, Low-
magnification images of the presence of Ctb* and TdTomato" neurons in the mPFC; the high magnification (right)
highlights the presence of TdTomato™/Ctb™ (red arrow), TdTomato /Ctb* (blue arrows) and overlapping
TdTomato"/Ctb* (white arrow) within the mPFC. ¢, Single Ctb" neurons (yellow circles, upper) and Ctb* density

(bottom) in the whole-brain mapping (blue squares are background). Neuronal density is expressed as the number of
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Ctb" cells per 100 um?. d, Cell counting from the mPFC (cingulate, prelimbic and infralimbic subregions), of
TdTomato" (red), Ctb" (blue) and overlapped neurons (TdTomato'/Ctb*, white arrow, repeated in three mice). e,
Cell counting for each mouse along the anteroposterior axes. Each dot represents the counting of TdTomato (red)
and Ctb*/TdTomato"* (blue) for a single 50-um-thick brain slice containing the mPFC. f, Around 10% of
TdTomato" neurons were also Ctb* (across entire PFC, left) with a uniform distribution between the cingulate,
prelimbic and infralimbic subdivisions of the mPFC (right, » =3 mice). Dots refer to the average value for each
mouse. g, Whole-brain mapping of SOM projections from the mPFC (n =5 mice, 2 males, 3 females). All brain
regions receiving substantial axonal inputs from the SOM mPFC neurons are highlighted in green, with denser
innervation of YFP-positive terminals in the vertical band of Broca (VBB), the nucleus accumbens (NAc), the
basolateral amygdala (BLA) and the RSC. h, Reconstruction of YFP-positive terminals within the RSC (one-way
analysis of variance (ANOVA), ***P <0.0001, *P <0.05 versus layer | or 6). i, Conditional adenoviral retrograde
tracing in the RSC of SOM-cre mice (n =4 female mice) showed TdTomato-positive neurons within the mPFC. j,
Placements of the soma of SOM-positive cells within the mPFC that project to the RSC following the strategy
illustrated in i. k, Anatomical reconstruction of mPFC SOM™" projecting neurons. Proportion of neurons with long
(black) or short (green) dendritic arborization calculated from 94 SOM reconstructed neurons (two-sided #-

test P <0.05 short > long arborization). Individual data points and the mean =+ s.e.m. are shown. Complete statistics

are available in Supplementary Table 1 and https://doi.org/10.48557/FEXUTZ.

mPFC SOM projections to the RSC control emotion recognition

We then tested whether inhibiting or exciting mPFC SOM projections to the RSC could
modulate emotion recognition (Fig. 2a—c and Extended Data Fig. 2), using an optogenetic

approach used to manipulate the entire mPFC SOM population]7.

We bilaterally injected in the mPFC of SOM-cre mice either an AAV-DIO-NphR or a ChR2
(Fig. 2a) and placed a red or blue light-emitting-diode (LED) above the RSC to inhibit or excite,
respectively, the mPFC-to-RSC SOM projections. As expected17, without optogenetic
manipulation, observer mice discriminated both the stress and relief demonstrators (Fig. 2b—e).
In contrast to inhibition of whole mPFC SOM neurons17, inhibiting mPFC-to-RSC SOM
projections enhanced stress and relief recognition (Fig. 2b—e). No sex-dependent differences
were evident (Extended Data Fig. 3). No effects in other behavioral measures were evident
(Extended Data Fig. 4), apart from a decreased time in the transition empty zone and reduced
entries in the demonstrators’ zone (Extended Data Fig. 4), which combined with the increased

exploration toward the emotionally altered mice (Fig. 2) strengthens the fact that this
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manipulation prolongs the willingness of mice to socially interact. Conversely, photostimulation
of mPFC-to-RSC SOM projections abolished both stress and relief recognition (Fig. 2b—e). No
sex-dependent differences were evident (Extended Data Fig. 3). No effects in other behavioral
measures were evident apart from an increased number of entries in both zones (Extended Data
Fig. 4). We confirmed in vivo that optogenetic stimulation of mPFC SOM neurons increased
GCaMP activity in both SOM mPFC soma and RSC terminals (Extended Data Fig. 2a.b), while
stimulation of SOM RSC terminals did not affect the GCaMP signal of the SOM mPFC soma
(Extended Data Fig. 2c), suggesting no antidromic activation. Moreover, we found that
photoinhibition of mPFC-to-RSC SOM terminals during emotion recognition increased ex vivo
cFos activity within the RSC (Extended Data Fig. 2d.e). Conversely, in vivo photoactivation of
mPFC-to-RSC SOM terminals sharply decreased RSC activity (Extended Data Fig. 2f.g). These
findings confirmed that mPFC-to-RSC SOM terminals were inhibitory projections.

Notably, both activation and inhibition of the SOM terminals in the RSC had no effect on the
preference to spend more time with a mouse compared to an object (Extended Data Fig. 2h), in
the ability to discriminate a familiar versus a novel mouse (Extended Data Fig. 2i) and in
locomotor activity (Extended Data Fig. 2j). Similarly, no effects of activation and inhibition
lights were evident on emotion recognition in YFP-injected SOM-cre mice (Extended Data
Fig. 2k.I). Overall, these results indicate that inhibitory mPFC-to-RSC SOM projections are

involved in emotion recognition, but not in sociability or social novelty.
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Fig. 2: mPFC-to-RSC SOM terminals are involved in emotion recognition.

a, SOM-cre mice were bilaterally injected in the mPFC with either AAV-DIO-NphR (orange, n = 14 mice, 6 males,
8 females) or AAV-DIO-ChR2 (blue, n =9 mice, 5 males, 4 females), and after at least 4 weeks a 560-nm
continuous light or 450-nm 5-Hz light was delivered in the RSC during the first 2 min of the emotion recognition
tasks. b—d, Time (in seconds) spent sniffing demonstrators in neutral (gray), restrain-induced stress (purple) or
water-induced relief (yellow) affective states displayed by the same observer mice without light stimulation (first
column graphs), with photoinhibition (second column graphs, orange background bars) or photostimulation (third
column graphs, blue background bars) performed for 2 min from the beginning of the test (b, repeated-measures
(RM) ANOVA; post hoc Bonferroni *P <0.05 stress versus neutral; d, RM-ANOVA; post hoc Bonferroni

*P <0.05 relief versus neutral). c—e, Comparison of the no-light (gray circles), photoinhibition (orange triangle) and
photostimulation (blue squares) conditions by calculating a discrimination index ([time spent with emotionally
altered demonstrator — time spent with neutral demonstrator] / [total time spent with both demonstrators]) (¢, two-
way RM-ANOVA stress paradigm; post hoc Bonferroni on optostimulation effect: * P=0.0008 ChR2 versus no
light, *P =0.007 NphR versus no light, P <0.0001 NphR versus ChR2; e, two-way RM-ANOVA relief paradigm;
post hoc Bonferroni on optostimulation effect: *P =0.02 ChR2 versus no light, *P = 0.05 NphR versus no

light, P=0.0001 ChR2 versus NphR). f, Injection of AAV-DIO-GCaMP6f in the mPFC of SOM-cre mice (5
females, 4 males) and implantation of an optic fiber in the RSC, to record calcium oscillations of mPFC-to-RSC
SOM neuron terminals using fiber photometry. Bottom graph, example of calcium signal at the terminal level. g,h,
(left, bar graphs) Sniffing behavior (in seconds) of implanted observer mice toward stressed (g, RM-ANOVA; post
hoc Bonferroni *P =0.02 stress versus neutral) or relieved (h, RM-ANOVA; post hoc Bonferroni *P <0.005 relief
versus neutral) demonstrators. g,h, (middle, line graphs) GCaMP signal in the RSC during discrimination for stress
(g, n="7 entries to stress mouse zone, n =61 entries to neutral mouse) or relief (h, n =78 entries to relief, n="72
entries to neutral mouse) increased shortly 250 ms before entries to emotionally altered mice followed by a decrease
of the signal (Bonferroni-corrected two-sided #-test, horizontal lines indicate the time range that differed from
baseline P < 0.05; stress, purple; relief, yellow; neutral, gray). g,h, (right, bar graphs) AUC during entries in the
stress (purple), relief (yellow) and neutral (gray) demonstrators’ zones (two-tailed paired #test: “2 <0.0001 versus
baseline; *P <0.0001 versus neutral). i, SOM-cre mice were injected with AAV-DIO-GCaMP6f in the mPFC and
implanted with an optic fiber above the mPFC and another above the superficial layers of the RSC for simultaneous
recording of GCaMP oscillation of SOM neurons in the mPFC (red trace) and their terminals in the RSC (green
trace, n =5 female mice). j,k, (left line graphs) Calcium signal in the RSC (terminals) when in the stress (purple),
relief (yellow), and neutral (gray) demonstrator mouse zones (n = 104 entries to stress, n =32 entries to

neutral; n =157 entries to relief, n =52 entries to neutral; Bonferroni-corrected two-sided #-test, horizontal lines
indicate the time range that differed from baseline P <0.05). j,k, (middle graphs lines) Fiber photometry recordings
of calcium signal at the mPFC level (soma) following entries to the stress (purple), relief (yellow) and neutral (gray)
demonstrators (Bonferroni-corrected, two-sided #-test, horizontal lines indicate the time range that differed from
baseline P <0.05). j,k, (right bar graphs) The AUC during entries in the demonstrators’ zones (two-tailed paired #-
test: “P < 0.05 versus baseline; *P < 0.05 versus neutral). 1, SOM-cre mice (n = 5-10) were bilaterally injected in the
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mPFC with both AAV-DIO-ChR2 (blue) and AAV-DIO-NphR (orange) and implanted with a bilateral optic fiber
in the RSC, for specific optogenetics manipulation of SOM terminals. m, Photoinhibition before the entries to the
stress mouse zone (200 ms, for the 6-min test, RM-ANOVA). n, Without light stimulation (RM-ANOVA; post hoc
Bonferroni *P <0.05 stress versus neutral). o, Activation of the mPFC-to-RSC SOM terminals (5 Hz, 200 ms)
before the entry to a zone of one of two neutral demonstrators randomly selected (for the 6-min test). p, No light
stimulation (0-2 min, 2—4 min, 4-6 min). q, Stimulation (5 Hz, with a 5-ms pulse) of the mPFC-to-RSC SOM
terminals, but only when in the stress demonstrator zone, impaired emotion recognition. r, Inhibition (continuous
light) of SOM terminals in the RSC during entry to a random zone of one of two neutral mice (RM-ANOVA; post
hoc Bonferroni *P <0.05 stimulated versus non-stimulated zone). s, Mimicking the same pattern of activation of
mPFC-to-RSC SOM terminals found by fiber photometry by stimulation before the entry zone (200 ms, 5 Hz, entire
6 min) followed by inhibition within the zone (continuous, entire 6 min) of only one of two neutral demonstrators
(RM-ANOVA; post hoc Bonferroni *P <0.005 stimulated versus non-stimulated zone). Experiments were
replicated in different groups of mice tested in different moments, from different cages, and of different sex
(Extended Data Fig. 8). Bar and line graphs show the mean + s.e.m. AUC values are represented as box-and-
whisker plots, presenting the upper and lower quartiles, mean and median. Complete statistics are available in

Supplementary Table 1 and https://doi.org/10.48557/FEXUTZ.

Activity of mPFC-to-RSC SOM terminals in emotion recognition

To clarify how mPFC-to-RSC SOM projections physiologically respond to emotion recognition,
we performed fiber photometry imaging of mPFC SOM terminals in the RSC expressing a
genetically encoded GCaMP6f calcium indicator (Fig. 2f).

Photometry recording did not affect emotion recognition for a stress (Fig. 2g) or a relief (Fig.
2h) mouse. Calcium activity of SOM terminals was aligned to the entries into the stress, relief or
neutral demonstrators’ zones. An entry duration threshold of 2.5 s was selected as 95% of
demonstrators’ sniffing occurred when entries lasted at least 2.5 s (Extended Data Fig. 2m), also
avoiding overlapping of signal analyses. Calcium variations from 2.5 s before to 2.5 s after
entries in a demonstrator zone were analyzed every 250 ms, and as a variation of the area under
the curve (AUC), compared to the 2.5-s pre-entry period. We found a decrease of the terminals’
signal during entries to the stress (Fig. 2g) or the relief (Fig. 2h) mouse zone, but not when
entering the neutral mouse zone. This decrease was always preceded by an increase of the signal
150200 ms before entry (Fig. 2g,h). This effect was equally evident in male and female mice

(Extended Data Fig. 3). No calcium signal changes were observed during the recognition
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between an object and an unfamiliar mouse (Extended Data Fig. 5a) or between a familiar and
an unfamiliar mouse (Extended Data Fig. 5b), ruling out also any motor artifacts. Furthermore,
mice injected with a control virus (AAV-DIO-YFP) did not display changes of the signal during

stress or relief recognitions (Extended Data Fig. 5c¢,d).

We next asked how the signal of SOM RSC terminals would correlate with the signal at the
soma level of all mPFC SOM neurons (Fig. 21). By dual-photometry recordings, we confirmed a
similar pattern of activation at the terminals with increased signal immediately before entrance
in the zone of an emotionally altered mouse followed by reduced activity within the altered
mouse zones (Fig. 2j,k; terminals). In contrast, in the mPFC, an increase in the overall signal
was observed during interactions with either a neutral or an emotionally altered mouse, but the
response to emotionally altered demonstrators was higher (Fig. 2j,k, soma). This latter evidence
is in line with what we observed with in vivo electrophysiology and miniscope techniques17.
Moreover, we found no correlation between the mPFC and the RSC overall signals within each
mouse, as aligning calcium events in the mPFC to the RSC terminals’ bulk activity revealed
increased RSC signal in 45.2% of the mPFC events, while showing decreased signal in 45% of
mPFC events (Extended Data Fig. Se,f).

Altogether, these findings indicate that compared to the entire SOM population in the mPFC,
mPFC-to-RSC SOM terminals are functionally distinct and exhibit a specific pattern of

activation when interacting with emotionally altered mice.

Emotion recognition needs precise SOM mPFC-to-RSC activation

We next tested if the observed pattern of activation of mPFC-to-RSC SOM terminals drives
emotion recognition using a validated within-subject dual-opsin stimulation that shows no cross-

talk between wavelengths24.

We first tested whether the short activation (200 ms) before entries to the zone of an emotionally
altered mouse (Fig. 2g—k) was determinant. Photoinhibition (200 ms) delivered when mice were
in the area adjacent to the entry zone of the emotionally altered mouse impaired discrimination
over the neutral demonstrator (Fig. 2m). The same mice with no optogenetic manipulation had

intact emotion recognition (Fig. 2n). We then asked whether stimulation of SOM mPFC-to-RSC
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terminals, only when approaching a demonstrator zone could induce discrimination between two
conspecifics in an equal neutral state. Activation before the entries did not affect social
preference (Fig. 20), similarly to no-stimulation conditions (Fig. 2p). No sex-dependent effects
were evident (Extended Data Fig. 3). These data suggest that an increased activation of mPFC
SOM terminals in the RSC before approaching an emotionally altered mouse is important, but

not sufficient to induce social discrimination.

We next addressed the implication of the apparent inhibition observed for SOM mPFC-to-RSC
terminals while interacting with emotionally altered mice (Fig. 2g—k). Blocking this inhibition
by photostimulation of SOM mPFC-to-RSC terminals only when the observer was in the zone of
an emotionally altered mouse abolished emotion recognition (Fig. 2q). Conversely, simulating
this inhibition by photoinhibition of SOM mPFC-to-RSC terminals when the observer was in the
zone of only one of two neutral demonstrators induced a social preference (Fig. 2r). These data
indicate that the inhibition of SOM mPFC-to-RSC terminals during the interaction with an

emotionally altered mouse is an important component of emotion recognition.

We tried to optogenetically mimic the entire physiological pattern of activation of the SOM
mPFC-to-RSC terminals. Combining a short activation before the entries followed by inhibition
when in the zone of one of two neutral mice induced a preference that lasted only the first 2 min
of the test (Fig. 2s), better mimicking the normal emotion recognition behavior (Fig. 2b,d,g,h,n).
Activating or inhibiting SOM mPFC-to-RSC terminals with the same patterns but in absence of
stimulus mice, did not induce any side preference or change in the number of entries (Extended
Data Fig. 5g—1). These data indicate that the observed pattern of activity of the SOM mPFC-to-

RSC terminals is determinant for emotion recognition.

mPFC SOM projections modulate emotion recognition in RSC recognition

SOM cells regulate cortical neuronal activity18,21. However, ex vivo whole-cell patch-clamp
recording revealed that while optogenetic activation of ChR2-expressing mPFC SOM cells
induce inhibitory postsynaptic currents in mPFC pyramidal neurons (Extended Data Fig. 6a—c),

optogenetic activation of mPFC SOM terminals never induced reliable postsynaptic currents in
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RSC pyramidal neurons (Extended Data Fig. 6d,e). This could be due to cutting the few long-

range projections in ex vivo slices as observed for other pathways25.

Thus, we simultaneously recorded calcium activity of RSC pyramidal neurons while
optogenetically inhibiting mPFC SOM terminals in vivo (Fig. 3a). In the home cage single-
house condition, repeated inhibition of SOM terminals (Fig. 3b) did not change the average
activity of deeper-layer RSC pyramidal neurons (Fig. 3c). However, enhanced increase or
decrease in calcium signal in pyramidal neurons was evident following inhibition of the SOM
terminals (Fig. 3d), but not in the absence of opsin (Extended Data Fig. 2n), suggesting some
modulatory effects. To test whether a more reliable effect could be evident in the context of
social stimuli, we used the same optogenetic/fiber photometry conditions during emotion
recognition (Fig. 3e—1). We found that without optogenetic inhibition, the overall activity of
RSC pyramidal neurons increased during entries to both stress and neutral zones, with a higher
magnitude in the stress mouse zone (Fig. 3e). This same pattern of RSC pyramidal activity was
confirmed in another cohort of mice without opsin expression in the mPFC, for both stress and
relief conditions (Extended Data Fig. 7a,b). If the zone of the emotionally altered mouse was
paired with optogenetic inhibition of SOM terminals (Fig. 3f), the increase in RSC pyramidal
activity associated with the stress mouse was of higher magnitude and lasted longer (Fig. 3e—h).
Without stimulus mice, these changes were less evident (Fig. 3g,h). mPFC SOM terminals can

then differentially regulate RSC pyramidal cell activity depending on the context.

To further quantify and directly compare such effects, we calculated the signal-to-noise ratio
(SNR) as the ratio of signal amplitude to the noise variance26. The SNR was higher during
entries to the stress mouse zone when paired with optogenetic inhibition of mPFC SOM
terminals compared to the stress without optoinhibition, to neutral mouse zone, and to an empty
zone with the same optoinhibition (Fig. 31). Thus, optoinhibition of SOM terminals increases the
variation of the signal in deeper-layer RSC pyramidal neurons when in the presence of

emotionally salient social stimuli.
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Fig. 3: mPFC-to-RSC SOM terminals amplify RSC differential activation responses between encounter of a

neutral versus emotionally altered mouse.

a, SOM-cre mice (n =15 male mice) were injected with AAV-DIO-NphR in the mPFC and AAV-CaMKII-GCaMP6

in the RSC to allow recording of RSC pyramidal neurons using fiber photometry while optogenetically inhibiting

mPFC SOM terminals. b—d, Mice were first tested in their home cage (single housed). b, Examples of single trials

following 560-nm light delivery for 2 s every 28 s for 15 min. ¢, z-score normalization of all trials with

photoinhibition showing no modulation of the overall average RSC pyramidal cell activity. d, Comparison of the

variability of the photometry signal before (10 s, baseline), during (2 s, 560 nm, stim) or after (8 s, post) stimulation

(*P=0.007 versus baseline and post). e, GCaMP fiber photometry recordings of RSC pyramidal neurons during

exploration of stress (purple) or neutral (gray) demonstrators (n =5 mice, n =47 entries neutral; n = 145 entries

/1



stress). f, Fiber photometry recordings of RSC pyramidal neurons with photoinhibition of mPFC SOM terminals,
when the observer mouse was in the stress mouse zone (same five mice, n =23 entries neutral, n =45 entries
stress). g, Fiber photometry recordings of RSC pyramidal neurons with the same photoinhibition of f, but when the
observer was in one random side of the apparatus with no mice (empty zone) (n =7 male mice, entire 6 min, n =27
entries unpaired side, n =45 entries light-paired side). The z-score difference (delta) was obtained for each
experiment by subtracting the pyramidal neuron signal when in the neutral mouse zone (or empty with no light
delivery) minus that when in the stress mouse zone (or empty with optogenetics stimulation). h, AUC of the zone
entries for all conditions tested (P < 0.05 versus own baseline; post hoc Bonferroni *P < 0.05). i, Evaluation of the
SNR in decibels (dB; one-way ANOVA; post hoc Bonferroni *P < 0.0001 stress + opto versus all other). j,
Widefield imaging of overall activity of superficial layers of the RSC throughout the cranial window using an
nVoke miniscope. Right, example of the design of the ROIs (n =3 male mice, 96.7 average ROIs per

mouse, n =330 total ROIs). Blood vessels were excluded from ROIs. k, Example traces from the same mouse of
GCaMP AF/F, of different ROIs (color coded) during the habituation and emotion recognition test phases. 1, Raster
plot for each entry for each ROI (left) and average GCaMP signal (right) during baseline (—2.5 s to 0 s) and entries
(0's to 2.5 s) showing the variation of the GCaMP AF/F,. m, Standard deviation for each mouse (line, n =3 mouse)
and group (shade) during entries to the stress (purple) or neutral (gray) demonstrator. n, Entries associated with a
decrease of the signal when in the stress or neutral mouse zone (* P = 0.049 stress versus neutral; ROIs: 364 for
stress, 102 for neutral). o, Entries associated with an increase of the signal when in the stress or neutral mouse zone
(ROIs: 270 for stress, 98 for neutral). p, SNR for the ROIs that are presenting a reduction of the AF/F or an
increase following entry to neutral or stress demonstrators (two-way ANOVA; post hoc Bonferroni *P < 0.005
versus stress-inhibited ROIs). Bar plots are represented as the mean + s.e.m. Box-and-whisker plots show the upper
and lower quartiles, mean and median. NS, not significant. Complete statistics are available in Supplementary

Table 1 and https://doi.org/10.48557/FEXUTZ.

Emotion recognition increases RSC activity

Superficial layers of the RSC receive more projections from mPFC SOM terminals (Fig. 1h),
and are receiving more inputs and better integrate sensory stimuli in behaving mice21. To test if
mPFC-to-RSC SOM terminals might modulate overall activity of RSC superficial layers
depending on the integration of socially derived information, we combined cranial window
widefield imaging (focal plan 100-200 um deep) in freely moving mice, together with whole-
brain expression of GCaMP7f (Fig. 3j and Extended Data Fig. 2f,g)27. This images the overall
activity of RSC superficial layers, including extrinsic inputs, interneurons and local dendritic
signals. Regions of interest (ROIs), excluding all blood vessels and representing an average

signal of ~100 x 100 pm, were analyzed during habituation and emotion recognition (Fig. 3k).
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Overall, no differences in the change of fluorescence relative to background fluorescence
(AF/F0) for all ROIs were evident when entering either neutral or emotionally altered mouse
zones (Fig. 31). However, an increase of the standard deviation was present when entering
emotionally altered mouse zones compared to the neutral (Fig. 31,m). Next, we divided zone
entries associated with a decrease (Fig. 3n) or an increase of the RSC signal (Fig. 30) and
compared the response amplitude if located in the neutral or the stress side. In entries associated
with an inhibition, the decrease of the GCaMP signal was of higher magnitude when in the stress
zone compared to the neutral zone (Fig. 3n). No differences were evident for entries associated
with an increase of the AF/FO (Fig. 30). Furthermore, the SNR was highest when in the stress
zone, but only for ROIs showing an inhibition (Fig. 3p), in line with the photometry data in
deeper layers (Fig. 31). Overall, these findings confirm and expand to RSC superficial layers the
evidence that increased inhibition of the RSC is associated with increased signal over general
variance of the noise (including both extrinsic and local signal), only when mice interact with an

emotionally altered conspecific.

RSC pyramidal neurons generally encode social information

The different responses of RSC pyramidal neurons between a neutral and an emotionally altered
mouse appear to be relevant for emotion recognition (Fig. 3). We then tested whether inhibiting
or exciting RSC pyramidal cells could modulate emotion recognition (Fig. 4a—e), using the same
approach used for mPFC-to-RSC SOM projections (Fig. 2a—e). Photoinhibition of RSC
pyramidal neurons reverted preference for stress (Fig. 4b,c) and relief (Fig. 4d,e).
Photostimulation of RSC pyramidal neurons abolished recognition for stress (Fig. 4b,c) and
relief (Fig. 4d,e). However, time-locked photoinhibition of RSC pyramidal cells only when in
the zone of emotionally altered mice did not alter emotion recognition (Fig. 4f—1). This suggests
that the overall population of RSC pyramidal cells might not specifically code for recognition of

altered emotions.

We also found that photostimulation, but not photoinhibition, of RSC pyramidal neurons

reduced total exploration independently from the emotional state of the demonstrators (Extended
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Data Fig. 7c—e). Moreover, photostimulation, but not photoinhibition, of RSC pyramidal
neurons also impaired preferences for a mouse over an object, as well as the preference for an
unfamiliar compared to a familiar mouse (Extended Data Fig. 7f—i). This further suggests that
the overall population of RSC pyramidal neurons might code for social information, but not
specifically for emotions. In agreement, RSC pyramidal cells increased their activity also during
exploration of a mouse, but not of an object (Fig. 4j), and during interaction with an unfamiliar

mouse, but not with a familiar mouse (Fig. 4k).

The RSC is commonly associated with the storage of spatial information28. To assess if our
findings might be influenced by nonsocial spatial navigation, we photostimulated only one side
of the apparatus, but without social stimuli. No changes in side preference, distance traveled and
the number of entries to the stimulated or non-stimulated zones were evident (Extended Data
Fig. 7j—m). In contrast, if RSC pyramidal neurons were photostimulated only in one of two
neutral mouse zones, an increase of entries was evident in the zone paired with the activation
(Extended Data Fig. 7n—q). These data strengthen the conclusion that RSC pyramidal neurons

generally encode for social information.
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Fig. 4: RSC pyramidal neurons generally encode social information.

a, WT mice (n =12 females) were bilaterally injected in the RSC with either AAV-CamKII-NphR (orange, n =6
females) or AAV-CamKII-ChR2 (blue, n = 6 females), and after at least 4 weeks a 560-nm continuous light or a
450-nm 5 Hz light was delivered during the first 2 min of the stress and relief emotion recognition task for
inhibition or activation, respectively, of RSC pyramidal neurons. b,d, Time (in seconds) spent sniffing
demonstrators in neutral (gray bars), stress (purple bars) or relief (yellow bars) affective states displayed by the
same observer mice without light stimulation (graphs in first column), with photoinhibition (graphs in second
column, orange background) or photostimulation (graphs in third column, blue background). (RM-ANOV As; post
hoc Bonferroni *P <0.05 emotionally altered versus neutral). ¢,e, Discrimination index of the no-light (gray
circles), photoinhibition (orange triangle) and photostimulation (blue squares) conditions during the emotion
recognition test (c,e, two-way RM-ANOVA; post hoc Bonferroni *P < 0.005 versus no light at 0—2 min, *P <0.05
versus ChR2 at 4-6 min). f-i, In these same mice, photoinhibition of RSC pyramidal cells only when in the stress
(f and g) or relief (h and i) demonstrator zone (RM-ANOV As; post hoc Bonferroni *P < 0.05 versus stress). j,
Behavior (RM-ANOV As; post hoc Bonferroni *P < 0.05 object versus mouse) and fiber photometry recording of

RSC pyramidal neurons of observer mice (= 6 males) during discrimination between a mouse and an object
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(n =35 entries to object, n = 65 entries to neutral). k, Behavior (RM-ANOV As; post hoc Bonferroni *P = 0.02
familiar versus unfamiliar) and fiber photometry recording of RSC pyramidal neurons from the same mice during
recognition between a familiar (gray) and an unfamiliar (blue) mouse (n = 66 entries to unfamiliar, n =70 entries to
familiar). All bar plots are represented as the mean + s.e.m. Complete statistics are available in Supplementary

Table 2 and https://doi.org/10.48557/FEXUTZ.

RSC-to-mPFC pyramidal neurons modulate emotion recognition

Reciprocal projections between the mPFC and the RSC are reported29, as we confirmed by
whole-brain mapping of RSC pyramidal projections (Extended Data Fig. 8). Thus, we tested
whether checking only RSC pyramidal projections to the mPFC could have a more restricted

involvement in emotion recognition.

Mice were injected in the RSC with AAV-CamKII-GCaMP6f and the overall signal of mPFC-
terminals was recorded during different social tasks by fiber photometry (Fig. 5a—d). RSC
pyramidal terminals in the mPFC showed increased activity when in the zone of an emotionally
altered mouse, whether in the stress or relief zone, compared to when in the neutral demonstrator
zone (Fig. 5a.b). In contrast, no change of activation was evident when discriminating an object
versus a mouse (Fig. 5¢), or a familiar versus an unfamiliar mouse (Fig. 5d). Thus, in contrast to
the overall population of RSC pyramidal neurons (Fig. 4), those projecting to the mPFC might

have a more selective involvement in emotion recognition.

We then tested whether photoinhibition of only RSC pyramidal terminals in the mPFC when
mice were in the zone of the emotionally altered mouse would impair emotion recognition. With
no optogenetic manipulation, the usual emotion recognition was evident (Fig. Se.f). However,
and in contrast to photoinhibition of all RSC pyramidal neurons (Fig. 4f-i), emotionally altered
mouse-locked photoinhibition of RSC-to-mPFC pyramidal terminals abolished emotion
recognition for stress and relief (Fig. Se.f). This photoinhibition did not induce side
preference/aversion if no mice were present (Fig. 5g). Finally, mimicking fiber photometry data
(Fig. 5a.b), we found that photoactivation of RSC-to-mPFC pyramidal terminals induces a social

preference for an otherwise neutral mouse when paired with the light-induced activation
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(Fig. 5h). Overall, these findings highlight a reciprocal and more prominent involvement of the

mPFC-RSC—mPFC inhibitory—excitatory circuit in emotion recognition (Fig. 51).
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Fig. 5: RSC pyramidal neurons projecting to the mPFC regulate emotion recognition.

a,b, Fiber photometry recording (n» = 6 male mice) of the RSC pyramidal terminals in the mPFC during emotion
recognition for stress (purple) and neutral (gray) (*P < 0.05 versus baseline, *P < 0.0001 stress versus neutral; n =75
entries to stress, n = 54 entries to neutral) (a) and relief (yellow) and neutral (gray) (“P <0.0001 versus

baseline; n =77 entries to relief, n =72 to neutral) (b). ¢, GCaMP signal in these same mice during discrimination
between an object and a mouse (7 = 34 entries to neutral, » =26 entries to object) and (d) between an unfamiliar and
a familiar mouse. e, WT mice (n =5 males) were bilaterally injected in the RSC with AAV-CaMKII-NphR

(orange), and implanted with a bilateral optic fiber in the mPFC, to allow specific optogenetics manipulation of
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RSC-to-mPFC pyramidal terminals. e,f, Emotion recognition performance without light stimulation (first graph) or
with photoinhibition (560-nm continuous light) of RSC-to-mPFC pyramidal terminals only when in the stress (e) or
relief (f) demonstrator zone (RM-ANOVA; post hoc Bonferroni *P < 0.05 versus neutral). g, Inhibition of RSC-to-
mPFC pyramidal terminals during entry to a random zone of one of two empty zones. h, Bilateral stimulation of the
RSC pyramidal terminals in the mPFC of observer mice (# =5 males) when in one of two neutral mouse zones for
the entire 6 min (RM-ANOVA; post hoc Bonferroni *P < 0.05 versus neutral + light). i, Schematic of the revealed
mPFC-RSC inhibitory—excitatory circuitry during emotion recognition. Bar and line graphs show the mean + s.e.m.
AUC values are represented as box-and-whisker plots presenting the upper and lower quartiles, mean and median.

Complete statistics are available in Supplementary Table 2 and https://doi.org/10.48557/FEXUTZ.

mPFC-RSC inversely correlate in humans’ emotion recognition

To start exploring if this mouse mPFC—RSC circuit could be relevant for human emotion
recognition, we analyzed whole-brain functional connectivity (FC) from 1,263 healthy
participants when observing an altered emotion (angry or happy), a participant with no altered
emotions (neutral) or an object (control; Fig. 6a.b). Sixty-one components with peak activations
in gray matter were manually selected and categorized into seven functional domains

(Fig. 6¢ and Extended Data Table 1)30-31. Time-varying FC was correlated with the occurrence
of task stimuli (angry, happy, neutral and control) to reflect coupling between FC changes and
task stimuli (Fig. 6b.d). The whole-brain FC of the five DMN components revealed a distinct
correlation in emotional stimuli (angry or happy) compared to neutral and object stimuli

(Fig. 6¢). The anatomical location of the mPFC/ACC and the RSC identified by their peak
activation coordinates, revealed a negative coupling for angry and happy faces. In contrast, a
positive coupling was evident for neutral faces and control stimuli (Fig. 6f). Correlations were
different across types of task stimuli, and between each pair of task stimuli, except for angry and
happy face conditions. Overall, these data indicate that also in humans there is an inversely

correlated engagement of the mPFC/ACC-RSC connectivity during emotion recognition.
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Fig. 6: FC of the DMN components during emotion recognition in humans.

a, During a block design of human emotional faces task, 1,263 participants were instructed to view a video clip of
either face (angry, happy, neutral) or non-face (control) stimuli. Every block lasted 18 s. Each type of face stimuli
was repeated four times and intermixed with the control stimuli. b, onset of angry (violet), happy (yellow), neutral
(gray) and control (black) stimuli convolved with canonical hemodynamic response function (HRF) within the
entire session. ¢, The spatial distribution of the 61 brain components extracted from the group independent
component analysis (ICA) on task fMRI data. The components were categorized into seven domains based on their
anatomical locations and functional properties: subcortical, auditory, sensorimotor, visual, cognitive control,
cerebellar and DMN. For each domain, each color represents a single component. Five components of the DMN are
individually plotted on the bottom row. d, Time-varying FC between two components was calculated using their
BOLD signals within a time window. Then, the time window was moved forward by one repetition time (TR) to get
the next FC and repeated until the end of a scanning session. e, Correlations between task stimuli and whole-brain
time-varying FC of the five DMN components. f, Anatomical location of mPFC/ACC and RSC was identified by
their peak activation coordinates (MPFC/ACC: x=-0.5, y=41.5,z=4.5; RSC: x =-5.5, y=-70.5, z=34.5). Time-
varying FC between the mPFC/ACC (DMN 3) and the RSC (DMN 5) differed across task stimuli (*P <0.05).
Mean associations between FC and stimuli occurrence were negative for angry faces (violet) and happy faces
(yellow), not significant for neutral faces (gray) and positive for control stimuli (black). Correlation was
significantly different across types of task stimuli, except for the comparison of angry and happy faces. OFC,
orbitofrontal cortex; PCu, precuneus. Bar plots are represented as the mean + s.e.m. Complete statistics are available

in Supplementary Table 2 and https://doi.org/10.48557/FEXUTZ.

mPFC-to-RSC SOM projections rescue emotion recognition deficits

Alterations of the mPFC and RSC DMN hubs have been reported in a number of psychiatric

disorders characterized by emotion recognition10°32, such as schizophrenia.

In Arc knockout mice, a model relevant to schizophrenia33, we found reduced resting-state
functional magnetic resonance imaging (rsfMRI) connectivity between the mPFC and the RSC
(Fig. 7a—c) when the seed was located either in the RSC (Fig. 7a) or in the mPFC (Fig. 7b). The
effect was absent when selecting the somatosensory cortex as seed (Extended Data Fig. 9a,b).
Considering functional magnetic resonance imaging (fMRI) human data (Fig. 6), and our data in
mice (Figs. 1-5), these rstMRI mouse data suggest that reduced coupling between these regions

could be indicative of altered emotion recognition in Arc knockout mice. In agreement, while
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Arc** mice showed the usual pattern of discrimination, we found a loss of stress (Fig. 7d) and
relief (Fig. 7e) recognition, in a sex-independent way (Extended Data Fig. 3), with partial (+/-)
or complete (—/—) ablation of Arc. To show that these impairments were related to the coupling
between the mPFC and the RSC, we crossbred SOM-cre with Arc”™ mice (SOM-cre-Arc”") and
simultaneously recorded the overall SOM activity in the mPFC and their terminals in the RSC
(Fig. 7f). Within the mPFC, Arc™~ mice showed an equally increased signal when in the stress
or neutral zones (Fig. 7g) in contrast with what we observed in wild-type (WT) animals (Fig. 2i—
k). Moreover, at the level of the SOM terminals in the RSC, Arc*” mice did not show any
modulation of their signal linked to the emotionally altered mouse (Fig. 7h) again in contrast to
WT animals (Fig. 2i—k). This indicates that ARC deficiency impairs both the mPFC-RSC SOM

activity and emotion recognition.

To causally link ARC-dependent alterations in mPFC—RSC SOM projection activity with their
deficits in emotion recognition, we optogenetically mimicked SOM terminals’ physiological
inhibition linked to emotion recognition (Fig. 2) in SOM-cre-Arc”™ mice (Fig. 7i,j). SOM
terminals’ photoinhibition paired to the emotionally altered mouse reestablished emotion
recognition in Arc”” mice (Fig. 7i). We replicated in these same mice the emotion recognition
deficits in the light-off condition (Extended Data Fig. 9c). This same inhibition protocol did not
affect side preference in SOM-cre-Arc’”™ mice in absence of social stimuli (Fig. 7j). These data
provide evidence of the potential translation relevance of the mPFC—RSC SOM circuit in

emotion recognition disabilities.
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Fig. 7: Emotion recognition deficits in genetic and pharmacological schizophrenia-relevant mouse models are
associated with functional alterations of the mPFC—RSC inhibitory—excitatory circuit.

+H+

a,b, Seed-based connectivity mapping of the RSC (a) and the mPFC (b) in control Arc”" mice (n=11) and

Arc”” (n=11) mutants. Red-yellow represents brain regions showing rsfMRI FC with the RSC and the mPFC in

+/+ —/—

control Arc”" and mutant Arc” mice. Brain regions showing notable reduced rsfMRI connectivity with the RSC
and the mPFC in Arc”~ mutants with respect to Arc*’* littermates are depicted in blue-light blue (right). ¢, rsfMRI
connectivity between the mPFC and the RSC in Arc”~ mice quantified in reference volumes of interest. d,e,
Emotion recognition for stress (d) and relief (e) showed by Arc'* (n =15, 10 males, 5 females), Arc”” (n=13,9

males, 4 females) and Arc™"~

littermates (n =15, 9 males, 6 females; two-way RM-ANOVA; post hoc Bonferroni
*P <0.05 versus neutral). f, Fiber photometry recording of SOM neurons in the mPFC (soma) and their terminals in
the RSC (terminals) of SOM-Arc”™ mice (n = 6 females) during emotion recognition. g, Similar increase of GCaMP
signal shown at the level of the mPFC in both stress (purple) and neutral (gray) entries (*P < 0.05 versus

baseline, n =29 stress entries, n =33 neutral entries). h, GCaMP signal at the level of mPFC SOM terminals in the

+/—

RSC during entries to the stress (purple) and neutral (gray) demonstrators. i,j, SOM-Arc”™ mice (n=10, 5 males 5
females) with inhibition of mPFC SOM terminals in the RSC during emotion recognition for stress (i) (only in the
zone of the stress demonstrator for the entire 6 min) (RM-ANOVA; post hoc Bonferroni *P < 0.05 stress versus
neutral), or without social stimuli (j). k, Timeline of emotion recognition at baseline (day 0), following acute (day
1), or 7-day washout after 14 days of PCP (5 mg per kg body weight, n =11 mice, 6 females, 5 males) treatment
(day 21). I-n, Emotion recognition performance at baseline (day 0), acute (day 1), or after 7-day washout after 14
days of PCP (day 21) (RM-ANOVA; post hoc Bonferroni *P < 0.05 stress versus neutral). 0—q, Fiber photometry
recording of SOM neurons in the mPFC (n =5 mice) during emotion recognition for stress (purple) and neutral
(gray) following no PCP (day 0, o; same animals as Fig. 2j), acute PCP (day 1, p) or chronic and washout PCP (day
21, q). 0, ¥P <0.05 versus baseline; "P = 0.05 stress versus neutral. n =156 entries to stress, n = 143 entries to
neutral. p, n =45 entries to stress, n = 81 entries to neutral. q, “P < 0.005 versus baseline; *P = 0.04 stress versus
neutral. n =63 entries to stress, n = 30 entries to neutral. r—t, Fiber photometry recording of the mPFC-to-RSC SOM
terminals following no PCP (day 0, r; same animals as Fig. 2j), acute PCP (day 1, s) or chronic and washout PCP
(day 21, t). r, “P=0.008 versus baseline; *P = 0.002 stress versus neutral. These are the same mice from

Fig. 2h; n =156 entries to stress, n = 143 entries to neutral. s, n =45 entries to stress, n = 81 entries to

neutral. t, n =63 entries to stress, n =30 entries to neutral. u—w, Fiber photometry recording of the RSC pyramidal
terminals in the mPFC following no PCP (day 0, u; same animals as Fig. 4h), acute PCP (day 1, v) or chronic and
washout PCP (day 21, w). u, “P <0.05 versus baseline; *P < 0.0001 stress versus neutral. n =75 entries to

stress, n = 54 entries to neutral. v, n = 84 entries to stress, n =35 entries to neutral. w, n = 74 entries to stress, n = 64
entries to neutral. Bar and line graphs show the mean + s.e.m. AUC values are represented as box-and-whisker plots
showing the upper and lower quartiles, mean and median. Complete statistics are available in Supplementary

Table 2 and https://doi.org/10.48557/FEXUTZ.
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PCP impairs mPFC-RSC loop activity in emotion recognition

We finally tested whether alterations in the mPFC—RSC SOM circuit could be found in another
nongenetic model relevant to schizophrenia. Phencyclidine (PCP) is used as a pharmacological
model of schizophrenia34, inducing cognitive dysfunction related to mPFC35, and altering

neuronal activity in the RSC36.

Drug-naive mice showed the usual emotion recognition (Fig. 7k.l), which was impaired
following both acute (Fig. 7k.m) and chronic PCP (Fig. 7k.n), in both males and females
(Extended Data Fig. 3). We then assessed if these emotion recognition deficits could be
associated with dysfunctions of the mPFC—RSC inhibitory—excitatory circuit. We recorded the
overall activity of SOM neurons in the mPFC (Fig. 70—q), their terminals in the RSC (Fig. 7r-t)
and the RSC pyramidal terminals in the mPFC (Fig. 7u—w). Drug-naive mice showed the usual
pattern of activation linked to emotion recognition for mPFC SOM neurons (Figs. 2j and 70),
SOM terminals to the RSC (Figs. 2j and 7r) and RSC pyramidal terminals into mPFC

(Figs. 4g and 7u). Acute PCP abolished the difference of the GCaMP signal at the level of the
SOM mPFC neurons (Fig. 7p), SOM terminals (Fig. 7s) and RSC pyramidal terminals in the
mPFC (Fig. 7v). With chronic PCP, SOM neurons in the mPFC presented a reduced response to
stress and neutral states (Fig. 7q), while emotion recognition-related activity of mPFC SOM
terminals in the RSC (Fig. 7t) and of RSC pyramidal neurons in the mPFC (Fig. 7w) was
abolished. This indicates that also in the schizophrenia-relevant PCP mouse model there are

emotion recognition deficits associated with alterations of the activity of the mPFC—RSC circuit.
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Discussion

We discovered a mPFC—RSC inhibitory—excitatory circuit driving emotion recognition, by
combining recently developed socio-cognitive paradigms with fiber photometry recordings and
optogenetic manipulations. Detection of emotions in others was associated with reduced activity
of mPFC-to-RSC SOM projections, and with activation of RSC-to-mPFC pyramidal neuron
projections (Fig. 51). This corresponded to an inverse fMRI mPFC—RSC coupling in human
emotion recognition. Precisely paced optogenetic interventions showed that these patterns of
activity were causally linked to emotion recognition. Reestablishing emotion-related suppression
of the mPFC SOM inhibitory drive to the RSC rescued emotion recognition deficits. These
experiments identified cellular, circuital, physiological and pathological properties of a cortico-

cortical inhibitory—excitatory circuit underling emotion recognition.

SOM long-range projections from the mPFC to the RSC process socially derived information for
reliable emotion recognition. This is in line with evidence reporting a more specific role for
cortical SOM inhibitory neurons in socio-cognitive abilities17-37 with less involvement in basic
sociability, social memory and social dominancel7-38. We extend the existence of inhibitory
long-range projections, as those reported from the hippocampus to RSC and entorhinal
cortex39-40, from the mPFC to the nucleus accumbens4 1, from the auditory cortex to the lateral
amygdala23, and from the motor cortex to the dorsal striatum42. Notably, our results detailed a
functional hitherto uncharacterized inhibitory pathway to the RSC originating from a
subpopulation of mPFC SOM neurons. Retrograde and anterograde tracing revealed that about
10% of the entire SOM population within the mPFC can target the RSC, a proportion similar to
that of other cortical structures42. Our experiments suggest that SOM terminals inhibit the firing
probability of RSC pyramidal cells depending on the presence of socio-emotional stimuli from
conspecifics. In particular, inhibition of mPFC-to-RSC SOM terminals paired to an emotionally
altered mouse increases the delta of activation of RSC pyramidal neurons between neutral and
emotionally altered mice, and increases the SNR within the RSC. Thus, SOM terminals are a
key factor in determining the relative RSC activation between exploration of an emotionally
altered mouse and another in a neutral state. Furthermore, a stronger inhibition of mPFC-to-RSC

SOM terminals is associated with disinhibition of RSC pyramidal neurons, and the increased
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activity of RSC pyramidal neurons projecting to the mPFC is key for emotion recognition.
Notably, we found that overall pyramidal cells in the RSC generally encode social valence,
while those projecting to the mPFC are more specific for emotion recognition. Importantly, the
inverse inhibitory/excitatory link between the mPFC and the RSC (included in human PCC43)
fits with the inverse correlation we found in humans during emotion recognition. Detection of
emotions in others activates mPFC SOM neurons increasing local inhibition (current data and
ref. 17), while it decreases the activity of SOM projections to the RSC disinhibiting the RSC
(Fig. 51). This can correspond at the general activity level (fMRI) with increased coupling
between the mPFC and the RSC, but in an anticorrelated way (as we found in humans). Thus,
our findings provide a circuital mechanism by which a major evolutionarily conserved cortico-
cortical network integrates the flow of emotionally relevant information mediating emotion

recognition.

We demonstrated a distinct functional role in emotion recognition played by mPFC-to-RSC
SOM terminals, compared to the entire population of mPFC SOM neurons. While the general
activity of SOM neurons in the mPFC increases during interaction with emotionally altered
mice, mPFC-to-RSC SOM projections show a reduction. This extends evidence on the
heterogeneity of cortical SOM cells in terms of their activity during emotion recognition17,
anatomy44 and physiology18-45. Photoinhibition of the entire mPFC SOM population abolished
emotion recognitionl?, while photoinhibition of mPFC SOM terminals at the level of the RSC
strengthened it. In agreement, we could induce a preference for an emotionally neutral mouse if
paired with photoinhibition of mPFC-to-RSC SOM projections, revealing that reduction of the
activity observed during photometry is important for emotion recognition. Notably, if
photoinhibition of SOM terminals into the RSC occurs in the absence of social stimuli, no place
preference is observed. Conversely, activation of mPFC-to-RSC SOM projections abolished
emotion recognition. Neocortical SOM neurons provide a specific role in channeling network
activity or in controlling information flow18-21°46; thus, it is not surprising that their modulatory
role at the level of the mPFC or the RSC can have distinct functional consequences. However,
the exact mechanisms at the cellular level that distinguish the entire SOM population from those

projecting to RSC will require further studies.
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We provide initial evidence of the clinical relevance of mPFC-to-RSC SOM projections in
emotion recognition deficits observed in psychiatric disorders such as schizophrenia. In
particular, functional alterations of the mPFC—RSC inhibitory—excitatory circuit were associated
with emotion recognition deficits in both genetic33 and pharmacological34-35 models relevant
to schizophrenia. In agreement, patients with schizophrenia show altered connectivity between
these two equivalent cortico-cortical hubs, in basal conditions and during emotion perception
and processing7°16°32. Furthermore, our data are in line with and strengthen evidence of a
schizophrenia-specific alteration of SOM neurons in the PFC47. Intriguingly, our data indicate
that there is a balanced coupling of the inhibitory—excitatory mPFC—RSC circuit to maintain
emotion recognition at an ‘optimal’ level. Indeed, both stimulation and inhibition of mPFC-to-
RSC SOM projections altered, in an opposite way, emotion recognition. Deficits to recognize,
understand and adequately respond to the emotional states of others (“social blindness’) is
common in patients with autism and schizophrenia, negatively affecting their daily life5:7°48.
Conversely, hyper sociability and higher sensitivity to others’ emotions could also be
detrimental, increasing the risk of social exclusion and vulnerability to abuse49-50. We show
that reestablishing the functional activity of mPFC-to-RSC SOM projections can rescue emotion
recognition deficits. Thus, we hypothesize that this specific cortico-cortical circuit might be an

important target to improve socio-cognitive dysfunctions.

In summary, we uncovered a pivotal role for mPFC SOM neurons projecting to the RSC in
emotion recognition. This provides a deeper mechanistic understanding of evolutionarily
conserved socio-cognitive processes. Our findings hold both fundamental and clinical relevance,
refining the idea of cortical excitatory—inhibitory balance as a core feature of recognition and

reaction to others’ emotions.
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Methods

Mice

All procedures were approved by the Italian Ministry of Health (permit nos. 107/2015-PR,
749/2017-PR, 191/2020-PR and 639/2020-PR) and the local Animal Use Committee of the
Istituto Italiano di Tecnologia, and were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health and the European
Community Council Directives. Routine veterinary care and animal maintenance were provided
by dedicated and trained personnel. Male and female mice on a C57BL/6J background and aged
3—6 months old were used. Mice were weaned at postnatal day 28, separated by sex and housed
at 2—4 animals per cage. Animals were housed in a climate-controlled facility (temperature

22 °C +2 °C, humidity 45-65%), with ad libitum access to food and water throughout, and with
a 12-h light—dark cycle (19:00/7:00 schedule). Experiments were run during the light phase
(within 10:00-17:00). All mice were handled on alternate days during the week preceding the

first behavioral testing.

SOM-cre-recombinase micel7 (SOM-cre; The Jackson Laboratory, 013044), WT (C57BL/6J
Charles River; The Jackson Laboratory, 000664, or bred in house), TdTomato reporter mice
(TdTomato; The Jackson Laboratory, 007909) and Arc knockout colonies33 used were bred in
our animal facility. Mouse genotypes were determined by PCR of ear snip tissue. Except for
anatomical tracing experiments using AAVrg-DIO-TdTomato, all mice used were heterozygous.
Distinct cohorts of naive mice were used for each experiment, and all experiments were repeated
at least three times. Experiments with >5 mice were replicated in different groups of mice, tested

in different moments, from different cages and of different sex.

Immunohistochemistry

All animals used for behavioral experiments or tracing were deeply anesthetized following all
experiments with an overdose of urethane (>2 g per kg body weight) and then transcardially
perfused with ice-cold 0.05 M PBS pH 7.4, followed by 4% wt/vol paraformaldehyde in
phosphate buffer (0.1 M, pH 7.4). Brains were removed and stored in PBS until sectioning.

Following 48 h of cryoprotection in 30% sucrose solution (in PBS), the brain was frozen and
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sliced along the coronal axis using a microtome (HM45, Thermo Fisher) at 50 um. Sections
were collected in 24-well plates, and one randomly selected well was used for histological
analyses. For immunohistochemistry, all sections were first incubated in a blocking solution
consisting of 10% normal donkey serum (NDS) in PBS containing 1% Triton X-100 for a
minimum of 1 h. For immunostaining of SOM, sections were then incubated in a 50% ethanol
solution for 30 min before being processed for primary staining. Following 3—5 washes in PBS
solution, all sections were processed for primary staining, and primary antibodies were selected
based on the purpose of the immunohistochemistry. The primary solution consisted of the
primary antibody diluted in 1% NDS, 0.03% Triton X-100 in PBS. Primary incubation occurred
at 4 °C for 2448 h. Following primary incubation, slices were washed 3—5 times and prepared
for the secondary incubation that consists of a solution containing the secondary antibody
diluted in 1% NDS, 0.03% Triton X-100 in PBS. Secondary incubation occurred at room
temperature (RT) for 4-6 h. Primary antibodies used were: Against GFP (made in rabbit, 1:1,000
dilution; Invitrogen, A11122), against GFP (made in chicken, 1:1,000 dilution; Abcam, AB290),
against TdTomato (made in rabbit, 1:1,000 dilution; Thermo Fisher, 150128) and against SOM
(made in rabbit, 1:250 dilution; Abcam, 108456). Secondary antibodies were: Alexa Fluor 488
(anti-rabbit, 1:1,000 dilution; A11034, ABclonal), Alexa Fluor 488 (anti-chicken, 1:1,000
dilution; A11039, ABclonal) and anti-568 (anti-rabbit, 1:1,000 dilution; A11036, ABclonal).
Fluorescence images were obtained with a confocal microscope (Leica, CTR6500) using the
following filter: 504 nm for Alexa Fluor 488, 560 nm for Alexa Fluor 568, and 650 nm for Ctb.
Images were collected at x20 in air or x10, X20 and x63 in oil. Retrograde and anterograde
tracing was done using the software Neurolucida (MBF Bioscience), and all fluorescence images
were treated using the software ImageJ and Adobe [llustrator CS6. All primary and secondary

antibodies have been previously validated.

Neuronal density analyses

A selected section every 300 pm of the whole brain was processed and scanned, and the
Cartesian coordinates of each Ctb-positive neuron were extracted using the software
Neurolucida (MBF Bioscience). The contour of the brain was drawn using the same software.
Sections at the same level of multiple mice were then aligned, and their Cartesian coordinates

were transferred to MATLAB. Using a custom script, the sections were divided into a
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40 x 40 pm grid, and the number of Ctb-positive neurons was estimated to the total and provided

a neuronal density map.

Output whole-brain mapping

A minimum of three mice (SOM-cre or WT, adult mice) for each group (mPFC, cingulat gyrus
(CG) and RSC) were processed. One randomly selected brain was then scanned using high-
resolution images and representative images of the location of YFP-positive signal was done.
For each group, the whole-brain mapping was then compared to all remaining mice and adjusted

for the structure that was undervalued.

Viral injections

Mice were naive and prepared for stereotaxic surgeries at 2—3 months old. All mice were
anesthetized with a mix of isoflurane (2%) in oxygen (O2, 1%) before being mounted on a
stereotaxic frame (Kopf Instruments). Brain coordinates were defined based on the Allen Mouse
Brain Atlas as follows (AP/ML/DV, in mm from Bregma and the dura): mPFC (1.7 mm,

0.3 mm, 2.1 mm; 2.4 mm), CG (1.0 mm/0.3 mm/0.8 mm), RSC (=1 mm, —1.7 mm, —2.1 mm;
—2.9 mm/0.1 mm/0.8 mm). Mediolateral coordinates for RSC injections were adjusted per mouse
based on the position of the blood sinus to allow injection in superficial layers. Injected volume
was adjusted based on the serotype and the experiments. For output mapping of the mPFC and
the CG, the injected volumes were 25 nl and 50 nl, respectively. For the photometry experiment
of the mPFC and the RSC, the injected volumes were 250 nl and 150-200 nl, respectively. For
Ctb tracing of the RSC, a volume of four times 10 nl was used. For AAVrg tracing of the RSC, a
volume of four times 50 nl was used. For optogenetic experiments of the mPFC, and the RSC,

the injected volumes were 200 nl and 400 nl, respectively.

Virus and tracers were infused through a borosilicate micropipette connected to a 10 pul
Hamilton syringe filled with mineral oil. The injection rate was set to last between 5 min and

10 min and the pipette was maintained in position for at least 5 min to allow proper diffusion.
After viral injection, mice were given between 2 and 3 weeks to recover. After Ctb injection,
mice were euthanized 10 days after injections. Viruses used for all experiments were as follows:

Optogenetic activation: AAV-DIO-ChR2-YFP (20298-AAVS, Addgene), AAV-DIO-Chrimson-
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TdTomato (62723-AAVS, Addgene), AAV-CaMKII-ChR2-YFP (26969-AAV 1, Addgene).
Optogenetic inhibition: AAV-DIO-NphR3.0-YFP (26966-AAVS, Addgene), AAV-CaMKIIa-
eNphR 3.0-eYFP (26971-AAV1, Addgene). Calcium imaging: AAV-DIO-GCaMP6f (100833—
AAV1, Addgene), AAV-CaMKII-GCaMPo6f (1000834-AAV 1), PHPeB-hSyn-GCaMP7F
(104488-PHPeB, Addgene). Viral tracing: AAVrg-Flex-TdTomato (28306-AAV2), AAV-DIO-
YFP (27056-AAVS, Addgene), AAV-CaMKII-YFP (CS0934-AAV1, Penn Vector Core).
Nonviral tracer was as follows: Ctb (B-647; Thermo Fisher, 34778). Following diffusion of the
virus, mice used for optogenetic experiments underwent second surgeries where a dual fiber-
optic cannula (200 um, 0.37 NA, Doric lenses) or a micro-LED in blue (LB G6SP, OSRAM) or
red (GD GTLPS1, OSRAM), and for dual-optogenetic experiments (ChR2/NphR) a bilateral
fiber (Doriclenses), was combined to a fused patch cord connected to both a red (560 nm) and a
blue (450 nm) LED and were implanted above the mPFC or the RSC. Optic fibers were lowered
500 pm to 300 um above the viral injection site. Two to three anchor screws (PlasticOne) were
used to stabilize the implant and were finalized using epoxy (C&B Metabond) and dental
cement (Paladur Kulzer). For LED optogenetic experiments (stimulation cortex), the LEDs were
positioned on a thinned skull to reduce heat effects. Following diffusion of the virus, mice used
for photometry experiments underwent a second surgery where a 200 pm (for recording in the
soma, MM fiber, FP200URT Thorlabs, 0.5NA, flat cut, custom made) or 400 um (for recording
at the level of the terminals; FP400URT, Thorlabs, 0.48NA, flat cut, custom made) fiber-optic
cannula was lowered 200 um above the viral injection site. For an experiment consisting of
single-site recording, a second dummy fiber was placed in the dental cement and used to limit
movement artifact and rotation. Two to three anchor screws (PlasticOne) were used to stabilize
the implant and were finalized using epoxy (C&B Metabond) and dental cement (Paladur
Kulzer).

Mouse behavior

Apparatus

The emotion recognition task apparatus was printed in three dimensions onto a square apparatus
(34 x 25 x 23 cm) containing a two-quarter circle (10 cm ray) on two opposite sides. Each
quarter circle is formed with metal rods (0.8 cm) that allow sufficient space for social contact

between the observer (freely moving in the apparatus) and the stimuli (freely moving in the
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quarter circle). A three-dimensional-printed separator (15 % 23 cm) was inserted between the
quarter circles to block the reciprocal view of the demonstrators’ animals. For scoring, a virtual

square (11 x 11 cm, see scheme in Figs. 2a.f.j—s, 3e.i,g, 4a.f-k and 5a—h) was placed between

each quarter circle and the separator to define a zone associated with each demonstrator.
Following each experiment, the apparatus was thoroughly cleaned with 50% ethanol, wiped and
allowed to air-dry. Between testing with females or males, an additional cleaning using 70%
ethanol was done, and a minimum of 24 h air-drying was allowed. During habituation and

testing, the cages were placed inside a dimly lit (6 + 1 lux) soundproof cubicle (Med Associates).

Testing

Procedures were performed as previously described17°19. To allow optogenetic modulation or
photometry recording, an 8-cm hole was made in the cubicle above the cage. A high-resolution
monochrome camera (Imaging source, DMK 22AUCO03) was placed above the cage to record
the mouse’s behavior during testing. Videos were collected at high contrast and high resolution
using the behavioral tracking system (Anymaze 6.0, Stoelting). Live tracking of the mice was
done using tracking software and allowed, based on the experiment, to deliver 5V transistor—
transistor logic (TTL) signal through an Anymaze interface (Amil) to the lasers, an Arduino
Uno interface, or the photometry acquisition hardware. Habituation to the testing cage occurred

on 3 consecutive days before the first experiment, and each session lasted for 10 min.

Observer mice

All observer mice were the same age and sex of the demonstrator mice. Before the experiments,
observer mice were gently moved into the testing apparatus for 10 min. For optogenetic
experiments or photometry experiments, observer mice were connected to the patch cord or the
electric cord (for LED stimulation) during this period. The 6-min experiment began after placing
the demonstrators and/or objects on their compartment. The order of insertion of the two

demonstrators was randomly assigned.

Demonstrator mice
Demonstrator mice were matched by age and sex to the observers, were habituated, without the

observer, inside the same cage in the quarter circle 10 min for 3 consecutive days. Neutral,
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stress, relief, unfamiliar and familiar demonstrators were counterbalanced in the two sides of the
testing apparatus. On the day of the test, all demonstrators were brought into the experimental

room at least 1 h before the experiment began. All demonstrators were group housed.

Neutral: these mice were habituated to the experimental setting as described above. All demonstrators
were naive to the test and used for a maximum of two to three times, with at least 1 week between each
experiment. No differences were observed in the performance of the observer mice depending on the

previous experience of the demonstrator.

Stress: these mice were habituated to the experimental setting as described above. Then, they were
subjected to restraint in a 50 ml Falcon tube (with a small hole at the end to let the mouse breathe) for
15 min before the beginning of the test, and then were moved immediately to their respective side of the

arena.

Relief: these mice were habituated to the experimental setting as described above. They were water
deprived 23 h before the experiment. Ad libitum access to water was given 1 h before the test, and mice

were transferred to their respective side of the arena for testing. Food was always ad libitum.

Familiar: these mice were manipulated as neutral demonstrators but exposed to the observers for 6 min

before testing.

Object
A black 3 x 3 x 7 cm object was used. These objects were validated to not induce any particular

aversion/preference in micel7°33.

Behavioral scoring

Acquired videos were used offline by an experimenter blind to the manipulation of both
observers and demonstrators for scoring of social contact (sniffing). Data on the time spent in
each zone, the number of entries in each zone and or the distance traveled were collected using
tracking software (Anymaze). Manual behavioral scorings were performed with videos using

custom-made keyboard-scoring software.
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Optogenetic manipulations

During behavioral testing, the cannula for the optogenetic experiment was connected to a 2 x 1
rotary joint by a dual-site patch cord (Doric lenses, DFP_200 0.37 1.0m_GS0.7 2xFC) with the
other extremity connected to a blue (465-nm laser, CNI Laser or 450-nm LED, Doric Lenses), a
red (560-nm LED, Doric Lenses) or a yellow (594-nm LED Cobolt, Vretenvagen, Sweden) light
source. Laser and LED stimulations were adjusted to a maximum of 3 mW per fiber, under the
control of the behavioral tracking software and interface (Anymaze, Amil). In specific
conditions (that is, time or position of the animals), the Anymaze interface generates a TTL
output that was transmitted to the laser used for optogenetic stimulation. For LED stimulation,
the behavioral tracking software (Anymaze) was configured to send a TTL signal to an
ARDUINO board connected to a low-friction rotary slip (AiCheaX PTZ). Micro-LED output
intensity was adjusted by using resistances positioned in series (maximum power 3 mW). Laser
and LED stimulations were controlled at 5 Hz or 30 Hz, with a pulse width of S5ms and a
maximum power of 3 mW. Laser inhibitions were controlled as continuous for 2 min or the
duration of the animal was tracked inside a specific area. For the 594-nm laser (experiments in
Fig. 5), an ARDUINO was used with a ramp-down protocol to gradually lower the laser’s power
from 100% to 0% over the course of 1 s after the observer mouse exited the selected
demonstrator/empty zone. The laser beam was modulated through an acousto-optic modulator

(Gooch & Housego).

Photometry experiment

For single sites or dual sites, experiment protocols were similar. Optic-fiber implants connected
to metal or zirconia ferrules were cleaned and connected to a low-autofluorescence patch cord
(2.5m long, 0.5 NA, Doric Lenses). For single sites, a second dummy patch cord was attached
and connected to the dummy ferrule to prevent artifacts. For dual sites, a second equivalent
patch cord was used and fixed to the first one. During the experiment, GCaMP was excited
using a 450-nm LED. For the control signal, 560-nm LED stimulation was used. Both beams
were pulsed at an anti-synchronized frequency and merged into a specific dichroic and filter
minicube (Doric Lenses). Excitation beams were merged onto the patch cord connected to the
animal and emitted fluorescence was collected, filtered and divided into the same dichroic

mirror. GCaMP emission (500—-540 nm) and TdTomato (580—680 nm) were filtered and focused
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on a femtowatt photoreceptor (Newport, DC mode). Control signal was collected on the red
wavelength to remove artifact and movement control. For simultaneous optogenetic activation
or inhibition and photometry recording, non-filter pulses at 560 nm were delivered throughout
the same minicube. Excitation wavelengths were calibrated at ~30 uW. Due to the lower SNR
collected at the level of the terminals, a higher excitation power was used, but never exceeding
50 uW. Control mice injected with the control YFP virus were recorded similarly and analyzed
in the same way as GCaMP-expressing mice. The digital output of the photoreceiver was thus
converted into analog output and transferred in a photometry interface (RZ5P, Tucker-Davis
instrument), processed using Synapse software and deconvolved to their specific excitation
frequency directly onto the software, and deconvolved signal were then converted for analyses
on MATLAB. The signal was collected at 1,017 Hz (6th order). Entries and exits to specific
demonstrator mouse zones were converted into TTL output using the tracking software
(Anymaze) and sent to the photometry interface (RZ5P) using BNC connector together with the
video stream of the mice during experiments. A custom-made MATLAB script was used to
extract entries that occurred at least 2.5 s from each other to avoid overlapping of entries and
that lasted for at least 2.5 s. Across all animals, the number of entries to specific zones that lasted
more than 2.5 s were similar (Results) in specific conditions (that is, stress, neutral, relief, object,
familiar and unfamiliar). We first checked whether the trends of calcium variation in specific
entries were similar for each animal in the same group. Next, to compensate for the signal
variability, we pooled all entries in a specific group, independently of the animals. Following the
pooling, all the data were considered as paired when comparing within the same 5-s windows, or
unpaired when comparing between conditions. Following extraction of entries in a specific zone
of the apparatus, a 5-s window centered on the moment of the entries (baseline 2.5 s) was
extracted for the entire 6 min of the experiment, detrended using a linear order (order 1) and z-
scored to the 5-s window (o) to obtain the AF/Fy. The signal was then downsampled to 10 Hz.
To avoid a nonreal signal, no further transformation was done on the signal. Similarly, the
control signal was analyzed in the same way, but no correction of the two signals was done.
Movement artifacts were rare and manually removed using TdTomato controls. The position of
the emotionally altered demonstrators, order of the experiment and day of the experiments were

randomized to avoid position preference. Photometry data were analyzed in two different ways:
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1. z-score of the AF/F, during the baseline (2.5 s, 10 bins of 250 ms) were used as a reference to
compare the AF/F, of each 250-ms bin of the entire recording (2.5 s baseline and 2.5 s post-
entries) using a paired two-sided ¢-test corrected for multiple-comparison (Bonferroni) analyses
of each 250 ms of the 5-s period compared to the baseline (2.5 s before entry) average value.
These analyses allow us to detect variation that might occur at any moment in the 5-s windows.
If across all entries a bin was found to be significantly different to the baseline signal (P < 0.05),
a horizontal line was placed above the 250-ms bin and color coded in relation to the entries
(stress, relief, neutral, object, familiar, unfamiliar and empty).

2. A second analysis was done on the AUC). For each entry, the AUC of the baseline was
compared to the AUC following the entries (2.5 s each) using a paired #-test. Next, to compare
the signal changes during entries to emotionally altered or neutral demonstrators, the delta-AUC
was obtained by the differences between the AUChascline and AUCsiress or relief or neutral (AUCstress or relief
or neutral — AUCpasetine). Then, this delta value for the emotionally altered demonstrator was
compared to that of the neutral entries (with unpaired #-test). The delta value was needed to
compare the response amplitude between different entries (in emotionally altered mice versus
neutral), normalizing to their own baseline GCaMP signal. The AUC for each trial was extracted
using the MATLAB trapZ function for the baseline (2.5 s), as well as the 2.5 s following entries

to a demonstrator mouse zone that lasted more than 2.5 s.

Analyses of the SNR ratio
In fiber photometry experiments, the SNR was determined by the variability of the response
amplitude to entries to a specific area of the emotion recognition test apparatus at a

time n compared to the same variability across the entire experiment using the formula:

(signal amplitude )
SNR =

noise variance

Where the noise variance was defined as the variance of the response amplitude to the entire

population using the formula:
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Where 7 is the number of trials, x is the signal amplitude and x is the average of the signal
amplitude in all trials as previously described49. The SNR was expressed in decibels and
corresponded to the variability of the response across the trial, where a higher SNR corresponds

to a low noise variance and a lower variability across trials.

Widefield experiment

Four weeks before implantation of the cranial windows, WT mice received a retro-orbital
injection of PHPeb-CAG-GCaMP7f (titer 10'%; volume 100 ul). On the day of the surgery, mice
were anesthetized and the skull exposed as previously described above. A 3 x 3 mm craniotomy
was perfromed by carefully drilling above the RSC preserving the dura. A 3 X 3 mm custom-
made cranial window (no. 1.5 coverslip) was then placed in contact with the brain and
maintained in position with anchor screws and dental cement. Windows were then protected
using silicone (QuickSil). One week following implantation of the cranial window, a baseplate
(Inscopix) was positioned above the cranial window to align the miniscope (nVoke2.0, Inscopix)
focal plane with the surface of the brain, which allows imaging of 100200 pm of the brain
surface. The baseplate was then maintained in position using dental cement. On the day of the
recording, a small drop of distilled water was then used to allow better contact between the
cranial window and the relay lens of the miniscope (nVoke2.0, Inscopix). The miniscope was
then maintained using magnets and a safety screw. Behavior recording and calcium imaging
were synchronized using TTL inputs from the Anymaze interface. For each mouse, a focus was
defined and conserved across all experiments, excitation power was set at 2 mW, gain was set at
4, and the recording frequency was 30 Hz. Both habituation and emotion recognition task
periods were recorded. All recordings were analyzed in the same way. The raw signal was
preprocessed, spatially filtered and motion corrected using basic functions of the data analysis
software (Inscopix). Following motion correction, ROIs were manually drawn using the identify
polygon cell selection tool, covering the entire field of view and avoiding all visible blood

vessels. Signals for all ROIs and all TTL inputs were then converted for analyses using
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MATLAB. For all mice, for each ROI in each frame, the signal (¥)) was first normalized from
the average signal of the entire field of view to obtain the AF/F, before being normalized using
individual 5-s moving windows (150 frames). For each entry to the stress, relief or neutral
mouse, a 5-s window centered on the entry time was then detrended (linear, order 1) to correct
photobleaching and extracted. The standard deviation and the GCaMP signal of all

ROIs % entries were then compared. A AF/Fo threshold of 0.1 was then used for selecting an
increasing or decreasing signal based on the change of the signal between baselines (2.5 s) and

entries (2.5 s).

cFos staining

All animals were first tested in the emotion recognition for stress (stress versus neutral)
combined with photoinhibition (continuous when entering the stress) or without stimulation
(control). At the end of the tasks, the animals were transferred back to their home cage for

30 min. Following this period, the animals were quickly anesthetized and transcardially perfused
before their brains were collected and processed for immunohistochemistry. Brains were
transferred in 30% sucrose (0.1 M PB) for cryoprotection before being sliced coronally using a
microtome. Slices containing the mPFC and the RSC were collected for confirmation of the
injection site and early gene (cFos) expression. Free-floating sections were rinsed in 1x PBS
containing a quenching agent (0.3% Triton X-100) and a blocking solution (10% NDS) for 2—

4 h. Following rinses, all the sections were then incubated in a primary solution containing cFos
polyclonal antibody (sc-52, made in rabbit, 1:2,000 dilution, Santa Cruz Biotechnology)
overnight at 4 °C as similarly reported51. Sections were then rinsed thoroughly and incubated in
the secondary antibody solution containing Alexa Fluor 488 anti-rabbit for 46 h. After washing,
sections were mounted on glass slides using Vectashield Mounting Medium and scanned using a
fluorescence microscope. Cell counting was done online by an experimenter blind to the

experiment design and reported as the number of cFos-positive cells in the RSC.

Mouse rstMRI

rsfMRI time series were acquired in Arc¢™* (n=11) and Arc¢”~ (n=11) mice as detailed in
previous studies52'53. Briefly, animals were anesthetized with isoflurane (5% induction),

intubated and artificially ventilated (2% maintenance). After surgery, isoflurane was
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discontinued and replaced with halothane (0.7%). Recordings started 45 min after isoflurane
cessation. Functional scans were acquired with a 7T MRI scanner (Bruker Biospin) using a 72-
mm birdcage transmit coil and a four-channel solenoid coil for signal reception. For each
animal, in vivo anatomical images were acquired with a fast spin echo sequence (TR, 5,500 ms;
echo time (TE), 60 ms; matrix, 192 % 192; field of view, 2 % 2 cm; 24 coronal slices; slice
thickness, 500 um). Co-centered single-shot BOLD rsfMRI time series were acquired using an
echo planar imaging (EPI) sequence with the following parameters: TR/TE, 1,200/15 ms; flip
angle (FA), 30°; matrix, 100 x 100; field of view, 2 x 2 cm; 24 coronal slices; slice thickness,
500 um for 500 volumes.

FC analysis

Before mapping rsfMRI connectivity, raw data were preprocessed and denoised as previously
described54. First, the initial 50 volumes were removed to allow for T1 equilibration effects.
Time series were then despiked, motion corrected and registered to a common reference
template. Motion traces of head realignment parameters and mean ventricular signal were then
used as nuisance covariates and regressed out from each time course. Before FC mapping, all
time series underwent bandpass filtering (0.01-0.1 Hz) and spatial smoothing

(FWHM = 0.6 mm). Target regions of long-range connectivity alterations in Ar¢”'~ mice were
mapped using seed-based analysis. Specifically, seeds of 3 x 3 x 1 voxels were placed in the
mPFC and the RSC of Ar¢"* and Arc™" mice to probe impaired FC between these regions and
the rest of the brain. Unilateral seeds were also placed in the left and right somatosensory cortex.
The location of the seeds used for mapping is indicated with green lettering in Figs. 6a.b and 7a.
FC was measured with Pearson’s correlation, and r-scores were transformed to z-scores using
Fisher’s r-to-z transform before group-level statistics. Voxel-wise intergroup differences for
seed-based mapping were assessed using a two-tailed Student’s #-test (|¢{ > 2, P <0.05) and a
family-wise error rate-corrected cluster threshold of P=0.01 was applied. To quantify rstMRI
alterations, we also carried out FC measures in cubic ROIs (3 % 3 x 1 voxels). The statistical
significance of these region-wise intergroup effects was quantified using a two-tailed

Student’s t-test (|¢| > 2, P <0.05).
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PCP administration

We used the same treatment protocol as previously described35, which is used as a prominent
pharmacological model of schizophrenia that produces cognitive executive dysfunction related
to the mPFC34-35. At least 7 days after the last experiment, mice that underwent the PCP
treatment received an intraperitoneal injection (5 mg per kg body weight) 30 min before
recording (acute testing) of the photometry signal and the emotion recognition tasks for stress.
All mice then received daily administration of the same dose for another 13 days. After a 7-day

washout period, mice were tested for photometry signal and the emotional recognition for stress.

Slice preparation

Acute cortical coronal slices were prepared from the neocortex of animals (2—6 months old)
similarly to before55. Mice were anesthetized with urethane (16.5%, 1.65 g per kg of body
weight), the brain was quickly dissected and placed in an ice-cold cutting solution containing:
130 mM potassium gluconate, 15 mM KCI, 0.2 mM ethylene glycol tetraacetic acid (EGTA),
20 mM HEPES and 25 mM glucose, with pH adjusted to 7.4 with NaOH and oxygenated with
02 100%. Coronal slices (slice thickness, 250-300 um) were cut with a vibratome (VT1000S,
Leica Microsystems) and then were immersed for 1 min in solution at RT containing:

225 mM D-mannitol, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH>PO4, 26 mM NaHCOs3,
0.8 mM CaClp, 8 mM MgCl,, pH 7.4 with 95% 0O»/5% CO». Slices were then incubated for
30 min at 35 °C in standard ACSF containing: 125 mM NaCl, 2.5 mM KClI, 25 mM NaHCOs,
1.25 mM NaH;PO4, 2 mM MgCl,, 1 mM CaCly, 25 mM glucose, pH 7.4 with 95%
02/5%CO0O; and then maintained at RT until use.

Ex vivo electrophysiology

Slices were transferred to a submerged recording chamber (RC26, Warner Instruments) and
continuously perfused with fresh bathing solution composed of: 125 mM NaCl, 2.5 mM KCl,
1.25 mM NaH;PO4, 25 mM NaHCO3, 2 mM MgCl, 2 mM CaCl,, 25 mM glucose, pH 7.4 with
95%02/5% COa». The solution was maintained at 30 °C by an inline solution heater and
temperature controller (TC-344B, Warner Instruments). The electrical signals were recorded
through a Multiclamp 700B patch-clamp amplifier, digitized using a Digidata 1440 interface and

analyzed with pClamp 10.2 software (Molecular Devices). Current-clamp recordings were
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sampled at 50 kHz and filtered at 10 kHz. Voltage-clamp recordings were sampled at 10 kHz
and filtered at 2 kHz. Pipettes (tip resistance 4 MQ) were filled with a potassium-based internal
solution containing: 140 mM potassium gluconate,] mM MgCl,, 8 mM NaCl, 2 mM Na>ATP,
0.5 mM NazGTP, 10 mM HEPES, 10 mM Tris-phosphocreatine to pH 7.2 with KOH. For some
recordings a cesium-based intracellular solution was used: 145 mM cesium-methansulfonate,

8 mM NaCl, 2 mM Na;ATP, 0.5 mM Na3GTP, 0.3 mM EGTA, 10 mM HEPES, 10 mM Tris-
phosphocreatine and 5 mM Qx-314 bromide (Sigma-Aldrich) to pH 7.25 with CsOH. Series
resistance (range 6—20 MQ) was not compensated, and data were not corrected for the liquid
junction potential. Cells with average resting potential more depolarized than —63 mV were
excluded from the analysis. In all the recordings obtained with the potassium-based intracellular
solution, neurons were held at =70 mV and —50 mV in current-clamp and voltage-clamp modes,
respectively. To record inhibitory postsynaptic currents, antagonists of glutamate receptors were
added to the bathing solution: 10 pm NBQX and 50 pm D-APS5 (Tocris). Neurons recorded
using the cesium-based intracellular solution were held at +10 mV, corresponding to the reversal
potential of excitatory postsynaptic currents. Optogenetics stimulation was performed using a
continuous wave, solid-state laser source (4 =488 nm; Cobolt) and was delivered via an optical
fiber (fiber diameter: 200 um, AMS Technologies). Blue light was presented at an intensity of
3.5-22 mW; the power intensity was measured at the fiber tip. Light pulses (2—10 ms long) were

delivered every 5—10 s for 5-15 consecutive trials.

Statistics

Results are expressed as the mean + s.e.m. throughout the paper. Each observer’s behavior
toward the two different demonstrator mice was analyzed using a within-groups RM-ANOVA.
The discrimination index with optogenetics stimulation was analyzed by two-way ANOV As
with optostimulation (no light, ChR2, NphR) as between-subjects factors, and time intervals (0—
2 min, 2—4 min and 4-6 min) as RM within-subjects factors. Arc mutant mice behavior was
analyzed by two-way ANOV As with genotype (+/+, +/—, —/—) as the between-subjects factor,
and sniffing toward the two different demonstrators as the RM within-subject factor.
Bonferroni’s post hoc test with multiple-comparison corrections was used for making
comparisons within groups when the overall ANOVA showed statistically significant

differences. All tests were two sided. Specific details on statistics are included in the statistics
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files in the repository at https://doi.org/10.48557/FEXUTZ. For photometry experiments, a

paired two-sided #-test corrected for multiple-comparison analyses was done between the
average of the baseline and each 250-ms bin. This allowed us to detect variations in the GCaMP
signal that are repeated across entries at specific time points following entries as well as
detection of events that might occur before the entries. In a subsequent analysis, the AUC of the
baseline period (2.5 s) and the entry period (2.5 s) were compared using a two-tailed paired or
unpaired #-test. For optogenetic experiments, sniffing time, distance traveled, number of entries
in each zone and time in each zone was then compared across different conditions to the control
(no stimulation) experiments. The accepted value for significance was P < 0.05. Statistical
analyses were done using Statistica (Tibco). The number of mice is reported in the legends and
corresponds to similar numbers used in previous publications. Experiments reported in the paper
were replicated at least two to four times for a different group, cage, sex or generation (see
specifics in the figure legends). No statistical measures were taken to predetermine the sample
size of the experiments. The number of animals per group was similar to previous
studies17°19-35°51. For each animal, only entries to the stimulus area that lasted more than 2.5 s
were used for analyses. Mouse exclusion criteria were defined before the beginning of the
experiments and include genotyping errors, viral injection and fiber misplacement, and
uncompleted experiments due to loss of implants. For all experiments, the side of the allocated
stimulus mice, the day of training the order of the testing, the sex of the experimental group and
the drug testing were randomized. Statistical tests were adjusted based on comparison. For two
groups, a two-sided paired or unpaired #-test was used; for RM and for more than three groups,
ANOVAs were used. Data distribution was assumed to be normal, but this was not formally
tested. For all behavioral experiments, the position of the stimulus (stress, relief and neutral), the
protocol of optogenetic stimulation or the order of the animals were always randomized. For

behavioral scoring, the observer was blinded to the experiment’s conditions.

Humans

The dataset is part of a population-based neuroimaging genetics study: the IMAGEN cohort56.
For this study, we analyzed neuroimaging data from 1,417 participants at 19 years old. After the
quality-control procedure, 1,263 participants (aged 19.08 =0.76 years old, 52.7% female) were

included in the analysis. Participants were recruited from eight research centers in the United
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Kingdom, Germany, France and Ireland, and each center enrolled 101 to 200 participants. Ethics
approval was obtained at each site by a local research ethics committee. Written consent was

obtained from each participant.

Emotional faces task fMRI paradigm

The task paradigm was adapted from ref. 57 to assess social-emotional processing in humans.
Participants were instructed to watch an 18-s block of either face (angry, happy, neutral) or non-
face (control) stimuli. Each block of face stimuli comprises black and white video clips (2-5 s)
of one type of face in movement (three males and three females). The control stimuli block
consists of black and white concentric circles expanding or contracting at various speeds,
roughly matching the contrast and motion of the face clips. Each type of face stimuli was
repeated four times and intermixed with 12 blocks of the control stimuli. The total scanning

session of the task lasted about 7 min.

MRI acquisition and preprocessing

Neuroimaging data were collected on 3T scanners at eight study centers with different
manufacturers (Siemens: four sites, Philips: two sites, General Electric: one site, and Bruker:
one site). Scanning parameters were harmonized across sites before the study. The visual
stimulus was presented using the standardized hardware (Nordic Neurolabs). For each
participant, we collected a high-resolution T1-weighted MRI (T1) scan using the Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence, and functional images with
the gradient-echo, EPI sequence. Scanning parameters of T1-weighted images were: TR,

2,300 ms; TE, 2.8 ms; FA = 8°; isotropic voxel size, 1.1 mm; 256 x 256 x 160 matrix; sagittal
slice plane. Acquisition parameters of functional images are: TR =2,200 ms, TE =30 ms,

FA =75°; 64 x 64 x 40 matrix; voxel size, 3.4 x 3.4 X 2.4 mm; slice gap, 1 mm. Task-based fMRI

scans were preprocessed using Statistical Parametric Mapping

(SPM12; http://www.fil.ion.ucl.ac.uk/spm/). Preprocessing steps included: non-brain tissue
removal, slice-timing correction, head movement realignment using a rigid body transformation,
and images were nonlinearly warped on the MNI space using a customized EPI template.
Normalized images were smoothed using a 5-mm FWHM Gaussian kernel and resliced to 3-mm

isotropic voxels. The first five volumes were discarded to allow for scanner equilibrium. To
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ensure the quality of data for further analysis, we excluded: (1) participants with incomplete
demographic information or task onset files simultaneously recorded during scanning; (2)
participants with excessive head movement (mean framewise displacement > 0.2 mm); (3)
participants with unsuccessful normalization (using the criterion of a correlation between the
individual mask and group mask < 0.85)58. To obtain a functional parcellation of the cortex, we
applied group ICA on preprocessed functional images59. Time-varying FC was calculated using
the sliding-window approach60'61°62. In total, we analyzed neuroimaging data from 1,263

participants.

Group ICA and postprocessing

The ICA is a commonly used method to decompose resting-state and task-based fMRI data into
a set of spatially independent components59. Group ICA was applied on preprocessed functional
images using the GIFT software59. We derived 100 components, and selected those with peak
activations in gray matter, exhibiting low spatial overlap with known artifacts, and
corresponding time courses dominated by low-frequency fluctuations30. In total, 61 brain
components were identified and categorized into 7 domains based on their known anatomical
and functional properties: subcortical, auditory, sensorimotor, visual, cognitive control domain,
default mode domain and cerebellar domain. Time courses of the selected components
underwent postprocessing to: (1) remove linear, quadratic and cubic trends; (2) regress six head
motion parameters estimated during realignment; (3) de-spike detected outliers; (4) low-pass
filter with a cutoff frequency of 0.18 Hz. The low-pass filter was chosen to remove physiological

sources (heartbeat, respiration) and motor response in tasks that were higher than 0.18 Hz63.

Time-varying FC

Time-varying FC between each pair of brain components was calculated using the sliding-
window approach60-61. Specifically, time-varying FC was estimated between components in a
segment of the scanning period (time window). The tapered time window was created by
convolving a rectangle (window size =8 TR or 17.6 s) with a Gaussian kernel (sigma =3 TR) to
obtain a time-specific connectivity strength. Then, the time window was moved forward by 1
TR to get the next connectivity strength and repeated until the end of a scanning session. This

resulted in 184 windowed FC values for every participant during the emotional faces task
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scanning. As studies suggested that task-induced brain activation will inflate estimation of
connectivity by imposing co-occurring changes in BOLD signal due to task stimulation64-65.,
we regressed task-evoked activation by including task design matrix as covariates when
calculating FC. The task design matrix was calculated by convolving the timing of task stimuli

with a canonical HRF.

Correlation between FC and task stimuli

We examined whether whole-brain FC of the default mode components, encompassing the
mPFC and the RSC, covaries with the presence of task stimuli. Coupling between FC strength
and occurrence of task stimuli (convolved with HRF) was calculated using Pearson’s correlation
and compared across stimulus types using one-way ANOVA and post hoc two-sample 7-tests,

correcting for six multiple comparisons (P < 0.005/6).

Data availability

All scripts used in the paper were based on the provided scripts from the Tucker-Davis
Technology database and were adjusted for our needs. The individual data and statistical

analyses are shared on the open repository at https://doi.org/10.48557/FEXUTZ. All raw images,

photometry recordings or videos are shared on reasonable request to the corresponding author

due to their large sizes. Human data are available on the IMAGEN database via https://imagen-

project.org/the-imagen-dataset/.
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Extended Data Fig. 1 Refer to Fig. 1.

In mice expressing TdTomato in all somatostatin neurons (SOM-tdT) quantification of immunolabelled
somatostatin cell of the mPFC (a) revealed a high-colocalization (n =3 mice, 91.31 +/-2.02% overlapping). The
same immunostaining for (b) Calretinin (CR), (c) Nitric oxide synthase (NOS), or (d) Parvalbumin (PV) revealed
(e) an overall low colocalization with TdTomato positive cells (CR:13.24 +/-1.29, PV: 7.32 +/-0.94, NOS: 9.50 + /-
1.73%). (f-g) Following injection of Ctb-560 in the RSC of SOM-TdT mice, we observed CtB expressing cells
across the entire cortex, including the different subregions of the mPFC (the cingulate, prelimbic and infralimbic
cortex, repeated in 3 animals). (h-i) The overlapping of all sections containing the mPFC and the mapping of CtB-
Positive neurons revealed a distribution along the different layers and the dorsoventral axis. Data are represented as
means + /-SEM. Cg, cingulate cortex; PrL, Prelimbic cortex, iFl, infralimbic cortex. Bar plots are represented as

mean = SEM. * is used for P <0.05.
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Extended Data Fig. 2 Refer to Figs. 2-3.

(a) In SOM-cre mice AAV-DIO-Chrimson and AAV-DIO-GCaMP were injected in the mPFC to record and

activate SOM neurons in the mPFC and their terminals in the RSC. (b) Activation of the soma induces an increase
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of the signal in both the mPFC and the RSC while (c¢) stimulation of the terminals results in an increased GCAmP
signal only in the terminals but not in the soma. (d) SOM-cre mice receiving inhibition (red, AAV-DIO-NphR) or
control (black, AAV-DIO-TdTomato) of the mPFC-to-RSC terminals when in the stress demonstrator zone, and
sacrificed 30 min following the task for cFOS immunohistochemistry. (¢) Ex vivo quantification of cFOS positive
neurons in the RSC (n= 6 mice, 8 to 13 sections per mice within the PFC, *P <0.0001). (f) SOM-cre mice (n=4
males) were injected with AAV-DIO-Chrimson in the mPFC, receiving retroorbital administration of PHPeb-CAG-
GCamP and implanted with a widefield miniscope above the RSC, while control mice (WT n=2) received only the
retroorbital administration of PHPeb-CAG-GCamP and implanted with a widefield miniscope above the RSC. (g)
GCaMP-activity in the RSC during activation (5 Hz, 2 seconds long) of mPFC-to-RSC SOM terminals (red, n =386
stimulations, *P <0.0001 2 sec light period versus 5 sec baseline). Control mice were treated in the same way but
not having injected the chrimson opsin (gray line, n = 100 stimulation). Left panel represent the average GCamP-
Signal during the baseline (5 s) and the stimulation (2 s) across all stimulation trials. The cake graph shows that in
opsin injected animals, 91.5% of the stimulation pulses delivered induced a reduction in the signal (353/386 stim)
while a minor part was associated with an increase (20/386, 5.2%) or no significant changes (13/386, 3.4%). (h)
SOM-cre mice injected in the mPFC with AAV-DIO-ChR2 (n= 8 mice) or AAV-DIO-NphR (n = 14), and tested
for discrimination between an object and a mouse without light, with optostimulation (blue background), or
photoinhibition (orange background), (*P < 0.05 mouse versus object). Light stimulation was delivered only during
the first 2 minutes of the test. (i) Discrimination between a familiar and an unfamiliar mouse (n = 11) without light,
with optostimulation (blue background) or photoinhibition (orange background), (*P < 0.05 familiar versus
unfamiliar). Light stimulation was delivered during the first 2 minutes of the test. (j) Distance travelled during the
emotion recognition with photoactivation (blue background) or photoinhibition (orange background, n = 6). (k-1)
SOM-cre mice injected with AAV-DIO-YFP (Control, n=6) and implanted with a LED on the RSC to deliver blue
(blue background) or red light (orange background) during the first 2 minutes of the emotion recognition task.

(*P <0.05 neutral versus emotionally altered). (m) In all tested mice, most social contacts (95.95 +/-0.71%)
between the observer and a demonstrator mouse occurred with entries of >2.5 s from crossing the stimulus mouse
zone (n =24 mice). (n) Calcium signal in WT mice (n=9) injected with AAV-CamKII-GCamP in the RSC or SOM
cre mice (same as Fig.3d) injected with AAV-DIO-Chrimson in the mPFC, before, during and after the delivery of
red light (560 nm). Bar plots are represented as mean + SEM. Whisker-plot presenting upper and lower quartile,

mean and median. Complete statistics in Supplementary Table 3.
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Extended Data Fig. 3 Refer to Figs. 2 and 7.

:ﬂ;]*

Female

Optogenetic inhibition (NphR) and stimulation (ChR2) of mPFC-to-RSC SOM terminals during (a) stress emotion
recognition in male (n =5 for ChR2 and 6 for NphR) and female (n =4 for ChR2 and 8 for NphR) observers, or (b)
during relief emotion recognition in male (n =5 for ChR2 and 6 for NphR) and female (n =4 for ChR2 and 8 for

111



NphR) observers (*P <0.05 versus no light). (c) Fiber photometry signal of mPFC-to-RSC SOM terminals during
emotion recognition when entering the neutral mouse zone (grey lines) or the zone of emotionally altered
demonstrators (red lines) in all animals, or divided by males and females (n=23; #P <0.0001 versus baseline;

*P <0.005 versus neutral). Whisker-plot are presenting upper and lower quartile, mean and median. (d) Optogenetic
ChR2 stimulation of the mPFC-to-RSC SOM terminals of male (n=5) and female (n =5) observers in neutral
versus neutral recognition with entries to a randomly selected neutral mouse zone paired with 5 Hz stimulation
(Stim). (e) Control group with no stimulation of the mPFC-to-RSC SOM terminals of male (n =5) and female
(n=15) observers in neutral versus neutral recognition. (f) Observer mice tested with two neutral demonstrators.
Entrance in one of these demonstrators (randomly chosen) triggered optogenetic inhibition (NphR) of the mPFC-to-
RSC SOM terminals (continuous light). (¥*P <0.05 neutral + stim versus neutral). (g) Dual stimulation of the mPFC-
to-RSC SOM terminals in neutral versus neutral condition with entries to a randomly selected demonstrator paired
with a short activation (200 ms, 5 Hz) follow by inhibition (continuous). (¥*P <0.05 neutral + dual stim versus
neutral). (h) Stress emotion recognition in ARC mice (+/+, +/- and -/-) in males (+/+ n=10, +/-n=9, -/-n=9) and
females (+/+ n=5, +/-n=6, -/-n=4). (*P <0.05 ARC + /+ neutral versus ARC + /+ stress). (i) Relief emotion
recognition in ARC mice (+/+, + /- and -/-) in males and female (*P =0.01 ARC + /+ neutral versus ARC+ /+ relief).
(j) Emotion recognition with no PCP (PCP day 0), following acute PCP (PCP day 1) and 14 days PCP + 7 days
washout (PCP day 21) in males (n=5) and females (n = 6). Bar plots are represented as mean = SEM. Whisker-plot
presenting upper and lower quartile, mean and median. * is used for P <0.05. Complete statistics in Supplementary

Table 3.
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Extended Data Fig. 4 Refer to Figs. 2 and 4.

i | II[
2-4 46
Time (min)

(a-b) Number of body rotation, head-tail distance, and number of entries without light and following optogenetic

inhibition of mPFC-to-RSC SOM terminals (NphR-terminals) during recognition for (a) stress or (b) relief

(*P <0.0001 no light versus light). (c-d) Number of body rotation, head-tail distance, and number of entries without

light and following optogenetic stimulation of mPFC-to-RSC SOM terminals (ChR2-terminals) during recognition

for (c) stress or (d) relief (*P < 0.001 no light versus light). (e-f) Number of body rotation, head-tail distance, and
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number of entries without light and following optogenetic stimulation of RSC-pyramidal neurons during
recognition for (e) stress or (f) relief (¥*P < 0.05 no light versus light). The increase in the number of entries in both
the emotionally altered is associated with a reduction of social-interaction (Fig. 2) and less sniffing (see Fig. 4b-c).
(g-h) Time spent in the no demonstrator mice zone subdivided by central area or close to the walls without light or
following optogenetic stimulation of RSC-pyramidal neurons in (g) stress or (h) relief emotion recognition (Figures
show only 0-2 min for clarity). (i-j) Time spent in the no demonstrator mice zone subdivided by central area or
close to the walls without light or following optogenetic stimulation of mPFC-to-RSC SOM terminals in (i) stress
or (j) relief emotion recognition. (k-1) Time spent in the no demonstrator mice zone subdivided by central area or
close to the walls without light or following optogenetic inhibition of mPFC-to-RSC SOM terminals in (k) stress or
(1) relief emotion recognition. Together with increased entrance (Extended Data Fig. 9c-d), these data suggest that
opto inhibition of mPFC-to-RSC SOM terminals increase mouse willingness to interact with other mice, consistent
with its increased emotion recognition effect (Fig. 2), unrelated to anxiety-like behaviors (effects both in center and
walls time). (m) Grooming time in no stimulated side versus the side with optogenetic stimulation of RSC
pyramidal neurons in a neutral versus neutral condition. (n) Grooming time in no stimulated side versus the side
with optogenetic stimulation of mPFC-to-RSC SOM terminals in a neutral versus neutral condition. (0) Grooming
time in no stimulated side versus the side with optogenetic inhibition of mPFC-to-RSC SOM terminals in a neutral
versus neutral condition. Bar plots are represented as mean + SEM. * is used for P <0.05. Complete statistics in

Supplementary Table 4.
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Extended Data Fig. 5 Refer to Figs. 2-3—4.

Time (min)

Photometry recording of mPFC-to-RSC SOM terminals during recognition (a) between an object and a novel

mouse (n =4; object: green; mouse: grey. n =25 entries to object, n =34 entries to neutral) or (b) between a familiar

and unfamiliar mouse (n =29 entries to unfamiliar, n = 18 entries to familiar). (c-d) Photometry recording in SOM-

cre mice (n= 6) injected with AAV-DIO-YFP in the mPFC and recorded in RSC during recognition (c) for stress (;

stress: purple; neutral: grey; n= 199 entries to stress, n= 97 entries to neutral) or (d) relief (n = 198 entries to relief,
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n =194 entries to neutral). (¢) SOM-Cre mice (n =4) were injected with AAV-DIO-GCAmP in the mPFC, and
implanted with optic fibers both in the mPFC and RSC to record calcium activity of SOM cells at the level of the
soma (Soma) or their terminals in the RSC (Term), allowing a direct correlation of both signals. (f) Calcium events
in the Soma were selected as the threshold for the peristimulus analyses, showing that GCamP-signal increased in
the mPFC (grey line), while presenting two patterns in the RSC, either an increase in 45% of the events (blue line)
or a decrease (red line). (g) Som-cre mice were injected in the mPFC with AAV-DIO-ChR2 and AAV-DIO-NphR
(n=5 mice) and bilateral optic fiber was put on top of the RSC to test if activation or inhibition of mPFC-to-RSC
SOM terminals could induce side preference in the absence of stimulus mice (empty) which are normally neutral in
their side bias. (h) Short (250 ms) inhibition of the terminals (entire 6 minutes, n =5 mice) prior to entry to a
randomly selected side. (i) Activation of the terminals (n =5 mice) only when in a randomly selected side zone. (j)
Inhibition of the terminals (n =35 mice) when in a randomly selected side zone. (k) Activation of the terminals
(entire 6 minutes, n =15 mice) prior to entry to a randomly selected side. (I) Number of entries in each zone during
no stimulation (black bars), activation (blue bars) or inhibition (red bars) (n =5 mice). For experiment empty-empty
all mice were tested in all stimulation conditions. Whisker-plot are presenting upper and lower quartile, mean and
median. Bar plots are represented as mean = SEM. * is used for P <0.05. Complete statistics in Supplementary

Table 4.

116



a C Blue-light pulse: 10 ms at 3.5 mW Blue-light pulse: 10 ms at 15 mW
B

2
1

N
V,: -50 mV T v:.-50mv -3
g g
100 ms 100 ms
Blue-light pulse: 2 ms at 3.5 mW Blue-light pulse: 2 ms at 15 mW
I I
V,: -50 mV g v.-50mv <
S eI B e
100 ms 100 ms
d Potassium-based recordings
D Blue-light pulse: 10 ms at 22 mW Blue-light pulse: 2 ms at 22 mW
g ] |
RSC
di I £
V,:-50 mV — lo v,:-50mv S |-
" 50ms " 50ms
e Cesium-based recordings
Blue-light pulse: 10 ms at 15 mW Blue-light pulse: 2 ms at 15 mW
) I
< <
(=% Q
o o
PR (5, s N
V,: +10 mV 20 ms V,:+10 mV 20 ms

Extended Data Fig. 6 Refer to Fig. 3.

(a) Schematic of the experiment in cortical slices containing mPFC. The blue oval indicates ChR2-positive SOM

neurons. The gray triangle indicates ChR2-negative excitatory cells. (b) Representative current-clamp patch-clamp
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recording of a ChR2-negative excitatory cell showing the membrane potential responses to current injections (-50,
+250, +300, +350 pA). (c) Left: five representative current traces (black) and their average (red) recorded at —

50 mV in voltage-clamp configuration from a ChR2-negative excitatory neuron during photoactivation of ChR2-
positive SOM cells in PFC. Currents are recorded in the presence of antagonists of glutamatergic ionotropic
receptors (see methods for details). Laser power: 3.5 mW. Light pulse duration: 10 ms (top) and 2 ms (bottom).
Right: same as in left using 15 mW of laser power. Note that current amplitude evoked with 10 ms long of blue light
at 3.5 mW (top left) and 15 mW (top right) was similar. (d) Top left: schematic of the experiment in cortical slices
containing RSC. The gray triangle indicates a ChR2-negative excitatory cell. The blue lines indicate ChR2-positive
axonal projections from SOM interneurons in mPFC. Bottom left: representative current-clamp patch-clamp
recording of a ChR2-negative excitatory cell showing the membrane potential responses to current injections (-50,
+100, +150, +200, +250 pA). Right: representative current traces recorded at — 50 mV in voltage-clamp
configuration from a RSC excitatory cell during 10 ms or 2 ms of blue light stimulation at 22 mW. No currents were
recorded from this as well from other 9 excitatory cells in RSC during photoactivation of ChR2-positive axons
originating from SOM neurons located in mPFC. (e) Representative current traces recorded at +10 mV in voltage-
clamp configuration from a RSC excitatory cell during 10 ms or 2 ms of blue light stimulation at 15 mW. Bar plots

are represented as mean = SEM. * is used for P <0.05. Complete statistics in Supplementary Table 4.
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Extended Data Fig. 7 Refer to Fig. 4.

(a-b) Wild type mice (n = 6 males) were injected with AAV-CamKII-GCamP6 in the RSC to allow the recording of
GCamP signal from RSC pyramidal cells during recognition (a) for stress (stress: purple; neutral: grey; #P <0.001
versus baseline; *P = 0.03 neutral versus stress; n =77 entries to stress, n= 57 entries to neutral) and (b) relief

(relief: yellow; neutral: grey; #P = 0.02 relief versus baseline; n = 122 entries to relief, n = 120 entries to neutral).
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Isosbetic signal was collected on the red wavelength to remove artifact and movement control. (c-d) Wild-type mice
(n=6 males) injected bilaterally in the RSC with AAV-CamKII-ChR2 with light on or off for the first 2 minutes of
the (c) stress and (d) relief emotion recognition test (*P < 0.05 versus no stimulation). (¢) Same stimulation
protocol, but this time in the second two minutes interval of the task (*P < 0.05 stress light off versus all other
groups). (f-i) WT mice (n= 12 females) were bilaterally injected in the RSC with either AAV-CamKII-NphR
(orange, n =6 females) or AAV-CamKII-ChR2 (blue, n = 6 females), and after at least 4 weeks a 560 nm
continuous light or 450 nm 5 Hz light was delivered during the first two minutes of the object/mouse and
familiar/unfamiliar recognition task for inhibition or activation, respectively, of RSC pyramidal neurons. Time (in
seconds) spent sniffing a mouse/familiar (gray bars), or an unfamiliar (violet bars) or object (green bars) displayed
by the same observer mice without light stimulation (first column), with photoinhibition (second column, orange
background) or photostimulation (third column, blue background) performed for 2 minutes from the beginning of
the test (f, *P <0.05 object versus mouse) (h, *P <0.01 familiar versus unfamiliar). (g,i) A direct comparison of the
no light (gray circles), photoinhibition (orange triangle), and photostimulation (blue squares) conditions by the
discrimination index (*P < 0.05 versus ChR2). (j-m) These same mice were then tested with optogenetic stimulation
in an empty versus empty discrimination (n =6 mice) (P> 0.05 stimulated side versus no stimulated side). Empty-
side paired stimulation had similarly no effects in (k) the total distance traveled (P =0.59), (1) the number of zones
entries (P =0.59), and (m) the time spent in the zone (P =0.99). (n-q) When these same mice were tested in these
same conditions but in the presence of two neutral mice (one being paired to 5 Hz stimulation), we found no
significant effect (n) on the time spent in the zone (P =0.11), (o) the distance traveled (P =0.09), and (q) the time in
each zone (P =0.08), but a significant effect of the stimulation in (p) the number of entries (P =0.01 stimulated
versus no stimulated side). The same animals were tested in both empty versus empty and Neutral versus Neutral.

Bar plots are represented as mean £ SEM. Complete statistics in Supplementary Table 5.

CamKII-YFP

Extended Data Fig. 8 Refer to Fig. 4.

(a) Following injection in the RSC of AAV-CamKII-YFP in wild-type mice (n=3), we found YFP-positive signal
in different brain regions including the medial prefrontal cortex (mPFC), the dorsomedial striatum (DMS), the

cingulate (CQ), the contralateral retrosplenial cortex (RSC), and the lateroposterior thalamic nuclei (LP).
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Extended Data Fig. 9 Refer to Fig. 6.

(a) Seed-based connectivity mapping of the right (upper row) and left (bottom row) somatosensory cortex (SS) in
ARC + /+ and ARC-/- littermates. Red-yellow represents brain regions showing significant rsfMRI functional
connectivity with the right and left SS cortex in control ARC+ /+ (left) and ARC -/- mice (middle). Seed regions
are depicted in green. No changes of functional connectivity of the right and left SS were identified in ARC-/-
mutants compared to ARC+ /+ mice (right). (b) Unimpaired rsfMRI connectivity between right and left SS cortex
was also quantified in reference volumes of interest (t=0.70, P=0.49) (n=11 ARC+/+, n=11 ARC-/-, unpaired
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two-tailed T-test). (¢) SOM- ARC+ /- mice (n = 8) injected with AAV-DIO-NphR in the mPFC and implanted with
a LED above the RSC present no emotion recognition in absence of light stimulation (paired two-tailed T-test; 0-

2 min: P =0.40 neutral versus stress; 2-4 min: P =0.11 neutral versus stress; 4-6 min: P =0.38 neutral versus stress).
Bar plots are represented as mean +£ SEM. * is used for P <0.05. (d) Graphical resume of the photometry results
obtained in the PCP-treated animals (n = 11 mice) during no drug condition (No PCP), acute (PCP dayl) and
chronic (PCP day 21) treatments. All same animals were tested in no PCP, PCP day 1 and PCP day 21. Arrow
represents the variation of GCamP signal during entries to the stress (purple) or the neutral (grey) demonstrators.

The thickness of the arrow is used for the relative strength of the signal variation.
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Extended Data Table 1 Refer to Fig 6

MNI_X MNLY MNI_Z
95 -245 165
245 55 -15
145 235 135
125 35 165
85 175 15
625 -245 35
475 55 -325
565 -495 135
505 15 -235
395 75 -375
485 -465 65
05 -245 695
545 -95 315

265 -705 -105
-30.5 -735 75
485 -695 -25
-275 615 -15
25 175 585

05 555 315
-545 175 6.5
-42.5 45 -115
-325 555 245
-455 195 275

05 -27.5 285

355 255 3.5
-245 -255 -105
475 -585 515
545 135 125
-245 -95 -285
355 145 -225
-475 615 485
-11.5 405 -165
-55 -635 615
05 415 45
05 -575 215
55 -705 345
-125 -60.5 -46.5
-325 -585 -415
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Abstract

Our own experience of emotional events influences how we approach and react to others' emotions.
Here we observe that mice exhibit divergent interindividual responses to others in stress (that is,
preference or avoidance) only if they have previously experienced the same aversive event. These
responses are estrus dependent in females and dominance dependent in males. Notably, silencing
the expression of the corticotropin-releasing factor (CRF) within the medial prefrontal cortex
(mPFC) attenuates the impact of stress self-experience on the reaction to others' stress. In vivo
microendoscopic calcium imaging revealed that mPFC CRF neurons are activated more toward
others' stress only following the same negative self-experience. Optogenetic manipulations
confirmed that higher activation of mPFC CRF neurons is responsible for the switch from
preference to avoidance of others in stress, but only following stress self-experience. These results
provide a neurobiological substrate underlying how an individual's emotional experience influences

their approach toward others in a negative emotional state.
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Main

Fundamental to socio-cognitive processes is the ability to detect, interpret and properly react to
altered emotions in others. This ability is required for all social interactions in all social species,
greatly influencing everyday lifel. Notably, the reaction to altered emotional states in others can
show inter-individual differences depending on previous negative emotional experiences
(hereafter ‘negative self-experience’)2°3. Observing another person in a particular emotional
state can trigger memories of a similar emotion that took place in the past2-3-4. Negative self-
experience could then induce self-oriented feelings of distress, which may negatively affect
emotion recognition by decreasing our attention toward others in stress3. Conversely, negative
self-experience could prompt prosocial behaviors2, increasing accuracy in emotion recognition
and responding with care to the distress of others4. This could explain why different studies
report divergent conclusions: a positive correlation5, a negative correlation3 or even no
correlation6 between affective empathy and emotion recognition accuracy. However, the
neurobiology underlying the divergent impact of negative self-experience in the reaction to

others’ stress is poorly understood.

Emotion recognition tasks are used to measure the basic ability to perceive and react to others’

affective states in humans and other mammals including nonhuman primates and

reactions to others’ emotions can be influenced by self-experience and the underlying

mechanisms are unknown.

Coping with stressful components of social interactions is an important aspect of an individual
propensity to respond to others’ emotions17. A master regulator of stress-coping responses is the
corticotropin-releasing factor (CRF)18:19. The CRF system is implicated in emotional and
cognitive components of stress responses18-:20 and in different aspects of social behaviors such
as social memory, social defeat, pair bonding, aggressive responses and sexual
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effect of stress on empathic behaviors26. CRF neurons are found also in the medial prefrontal
cortex (mPFC)18-27, which is a major regulator of emotion recognition and other sociocognitive
abilities9°10-28. Moreover, the mPFC structure and function can be affected by stress29 and the
mPFC has a critical role in the regulation of response to stress by promoting adaptation and
survival30. Despite this, whether the CRF system within the mPFC modulates responses to

others’ emotions and the impact of negative self-experience are unexplored.

Here, we investigated whether sharing the same stressful experience could affect mice’s ability
to respond to altered affective states in conspecifics. We found that self-experience of a stressful
event leads to interindividual and sex hormone-dependent differences in the approach toward
others only if exposed to the same negative state. Using a viral approach to silence CRF mRNA
within the mPFC, we found that mPFC CRF is involved in stress self-experience modulation of
stress emotion recognition. Moreover, in vivo microendoscopic calcium imaging revealed that
mPFC CRF neurons show opposite patterns of activation toward stress or neutral demonstrators
depending on the past experience of the observer. Notably, optogenetic manipulations found that
a relatively reduced activity of mPFC CRF neurons could induce social preference while their
activation induced social avoidance, but only in mice with self-experience of stress. Our results
demonstrate that sharing the same stressful experience influences social approach to others in

stress and that the CRF in the mPFC modulates these social responses.
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Results

Restraint experience alters responses to same stress in others

We first tested whether sharing the same stressful experience could impact mice’s ability to

recognize and approach conspecifics on the basis of their emotional state.

In the emotion discrimination task (EDT)8'9-10, an observer mouse is placed in front of two
conspecifics (demonstrators) in different emotional states. To induce an altered affective state
with negative valence, one unfamiliar demonstrator (‘stress’) underwent a mild stress protocol,
consisting of 15 min of acute restraint immediately before the EDT (Fig. 1a.e). The second
demonstrator was a naive unfamiliar mouse directly taken from the homecage (‘neutral’;

Fig. la.e). As previously reported9'10, naive observers displayed increased sniffing toward
restraint stress conspecifics compared to neutral demonstrators (Fig. 1b). No sex-dependent
differences were observed (Fig. 1c and Extended Data Fig. 1a—e). In the restraint stress self-
experience group, observers experienced the same stressful challenge as the stress demonstrators
24 h before the EDT (Fig. 1e). The day of the test, demonstrator mice were manipulated as
described above. Self-experience of restraint stress abolished overall observers’ discrimination
behavior (Fig. 1f). This was equally evident in male and female mice (Fig. 1g and Extended
Data Fig. 1{+).

We next explored individual differences in social approach toward a restraint stress mouse. In
naive observers, the exploration scores toward restraint stress demonstrators fit a normal
distribution (D’ Agostino and Pearson normality test, K> =4.027, P=0.14), with 77% of mice
showing a preference toward stress demonstrators (56 of 73; Fig. 1d). A similar normal
distribution was found in observers that experienced restraint stress (D’ Agostino and Pearson
normality test, K> =1.28, P=0.53). Thus, both populations had a unimodal distribution.
However, the restraint stress self-experience reduced the proportion of observers showing an
increased sniffing toward restraint stress demonstrators to 55% (51 of 93), while the other 45%
(42 of 93; Fig. 1h) displayed a reduced approach toward restraint stress compared to neutral
demonstrators. Moreover, in contrast to naive observers, only in restraint stress self-experience

conditions there were mice that exclusively preferred (100% exploration) or completely avoided
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(0% exploration) restraint stress demonstrators (Fig. 1h). In agreement, in the restraint stress
self-experience condition, there was a higher variability in the distribution of sniffing toward
both the restraint stress and the neutral demonstrators, which was different from naive observers
(Fig. 1i). In particular, the sniffing toward demonstrators revealed that, compared to naive
observers, a reduction in the social exploration toward the restraint stress but not the neutral
demonstrator was found in restraint self-experienced observers (Fig. 1j.k). This also indicates no
general effect on sociability when emotions are not involved. This was also confirmed by the
analysis of the discrimination index toward neutral and stress demonstrators between naive and
restraint self-experienced observers (Fig. 11). Altogether, these data show that negative self-
experience increased the variability of responses toward a stress mouse, with some observers

even showing avoidance.

We then assessed stress levels in observer mice to check whether any correlation between
observers’ stress and social preference was present. The amount of self-grooming in restraint
stress self-experienced observers was higher compared to naive ones (Fig. 1m). However, this
increased grooming in restraint stress self-experienced mice was not correlated with their
discrimination index (Fig. 1n). This indicates that self-grooming is not directly linked to
preference or avoidance toward restraint stress demonstrators. In both conditions, restraint stress
demonstrators displayed the same increased grooming compared to neutral ones (Extended Data
Fig. 1k), with no correlation with observers’ discrimination behavior (Extended Data Fig. 11.n).
Similarly, no correlation was found in grooming behavior between observers and restraint stress
demonstrators (Extended Data Fig. 1m.o0). Restraint self-experienced observers also showed
increased corticosterone plasma levels after exposure to stress demonstrators (Fig. 10), further
proving the different affective state induced by self-experience. However, no correlation was
found between corticosterone levels and stress discrimination in restraint stress self-experienced
observer mice (Fig. 1p). These measurements indicate that stress self-experience alters the
affective state of the observer when facing a conspecific that underwent the same stress.
However, these physiological quantifications are not predictive of the exploratory reaction

toward the stress demonstrator.
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Overall, these results show that past experience of a stressful event individually alters mice’s

reaction to conspecifics undergoing the same stressful affective state.

Natve Self-experience
a v ) 4 b mstess ® Neunal e x L ¥ f @ Stress @ Neutral
- — 0.5 s 'v Y y 100
A& g s 3l 01| e
- . 4 % = | ki 5 |
3 =l 3 ' =) [Eh)
Mommcage  Sweraint  COf Preference Homecage  Aastaet (D1 P &
Stes: (UM MM £ 50 - for strees Stress NG N © 0 Tefefince, Weoldenos
HOMOCe0E Homeose T HOC g e Homecs =
Neutrs| DR N ¢ Neurrs, A S
Horrecaye Mestaeon | 1 w Pastrmrr Habir sticer [
Coeneer DT RO e T T
-5 0246mn o % Q246 min 0
PR I o SV i - — o Ve
Doy befora test  Test day 2 a 6 Day balore test  Test day 2 4 6
Time {min) Time (min)
c _ d g_ h
£ 20 . W 50% {-:? 100 ° ° 20 4 W so%
g g’ i N S0% ‘é“ o § | son
3 3 ' @ E .
© °
‘g ; 10 ' 2 50 - E 10 4
2 £ f b E
: Ll 8 “ Ll
S ol—sllk L, £ ol = o4
@ g 44 0 20 40 60 B0 100 n b $ C 20 40 60 80 100
§ E Percentage exploration ; TEU Percentage exploration
& toward stress 3 toward stress
Naive  Self-experience Naive  Self-experience
W Stress [ Stress = Stress = Stress i
W Neutral @ Neutral Neutral == Neutral V Nalve @ Self-experience
i k L
e e
Weq T e 3 80 § 03
g B E ?\
z £ K ic p= [ F
£ = : 88 S e
& 504 2 o a0 % CR R S
= &8 g 8¢ £ 1
& = k' °E £
E b 2
[ A 3 o4 8 03+ !
Stress  Neutral 0O 120 240 360 Stress  Neutral 2 4 6
Time (min) Time (min)
¥V Naive 7 Naive
m ; ; n o i
@ Self-experience Self-experience # Sell mxpariorios P Self-experience
= | e IR 7 =0.003 25 — 5 11 Aot
8 60 s 2 . e e : © P=033
g . § ‘é_’-,.‘; CR g §' = g
E - ®
¢ a0 - H e s bt B §6 ! E 9 "“%"“
] : E 23 E | -
g i {° 8= g
G o | Q ) t—e—ere—————— (4] O VNV
0 a0 80 1.0 15 20
Grooming observers (s) Corticosterone (fold change)

Fig. 1: Restraint stress self-experience changes individual responses to others’ stress.

a,e, Experimental design of the EDT with one restraint stress (purple) versus one neutral (gray) demonstrator in
naive (a) and restraint stress self-experience (e) conditions. b,f, Percentage of time spent sniffing demonstrators in
restraint stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into 3 consecutive 2-min

epochs, displayed by naive (b) and restraint stress self-experienced (f) observer mice (two-tailed multiple t-test,
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Bonferroni correction; n =73 naive and 93 self-experienced observers). Inset: representative tracking traces. c,g, No
sex differences during the first 2 min of the test in both naive (c) and restraint stress self-experience (g) conditions
(two-tailed unpaired t-test; n =38 naive males and 35 naive females; n =38 self-experienced males and 55 self-
experienced females). d,h, Observers’ distribution based on exploration toward restraint stress demonstrator for
naive (d) and restraint stress self-experience (h) conditions (one-sample t-test against chance, defined as 50%;
naive: 56 of 73 higher than 50%, P <0.0001; restraint stress self-experience: 51 of 93 higher than 50%, P =0.37). i,
Violin plot of the percentage of exploration toward restraint stress (purple) or neutral (gray) demonstrator (two-way
RM ANOVA, Bonferroni correction; n =73 naive and 93 restraint stress self-experienced observers). j, Cumulative
time spent sniffing one neutral and one restraint stress demonstrator in naive and stress self-experience conditions
(three-way RM ANOVA, Bonferroni correction; n =73 naive and 93 restraint self-experienced observers). k—m,
Total amount of social exploration (k), discrimination index (1) and amount of time spent grooming (m) displayed
by naive (white) and restraint stress self-experienced (blue) observers toward restraint stress and neutral
demonstrators (k—1, two-way RM-AMOVA, Bonferroni correction; n =73 naive and 93 restraint self-experienced
observers; m, two-tailed unpaired t-test; n =25 naive and 89 restraint stress self-experienced observers). n, No
correlation was found between discrimination index (y axis) and grooming (x axis) within the restraint stress self-
experience group (two-tailed Pearson correlation; n =89 mice). o, Corticosterone levels in naive (white) and
restraint stress self-experienced (blue) observers after the EDT (two-tailed unpaired t-test; n =10 mice). p, No
correlation between discrimination index (y axis) and corticosterone (x axis) within the restraint stress self-
experience group (two-tailed Pearson correlation; n = 10 mice). Bar and line graphs show the mean +s.e.m.

*P <0.05, **P <0.005 and ***P <0.0005.

Footshock experience alters responses to same stress in others

Empathic responses toward conspecifics in distress can only be triggered by the same stressful
experience3'31. To confirm this, we evaluated the impact of another kind of stressful event on

our model of negative self-experience modulation of emotion recognition.

This time, observer mice were tested with one neutral and one footshocked (instead of
restrained) demonstrator, which was exposed to footshock immediately before the task

(Fig. 2a and Extended Data Fig. 2a). Naive observers showed a significant preference for the
footshock mouse compared to the neutral one (Fig. 2b and Extended Data Fig. 2b). In the
footshock self-experience condition, observers went through the same footshock stress the day
before the test (Fig. 2¢ and Extended Data Fig. 2¢). In contrast to naive observers, footshock
self-experienced mice avoided footshocked demonstrators compared to neutral ones (Fig. 2d and
Extended Data Fig. 2d). This was confirmed by a drastic reduction in negative self-experienced

compared to naive observers only for their exploration of footshock demonstrators (Fig. 2e.f).
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Sniffing and social exploration toward neutral demonstrators were not affected (Fig. 2e.f),
indicating no general effect on sociability. This was further evident by an inversion of the
discrimination index induced by footshock self-experience (Fig. 2g). Footshock self-experienced
observers did more freezing but not grooming than naive observers (Fig. 2h and Extended Data

Fig. 2e.f). However, freezing behavior did not correlate with discrimination index (Fig. 21).

These data demonstrate that different kinds of stress self-experience similarly change the

responses to the same stress observed in others.
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Fig. 2: Emotion recognition is altered only by matching observer and demonstrator with the same negative

emotional experience.

a,c, Experimental design of the EDT with one footshock (green) and one neutral (gray) demonstrator in naive (a)

and footshock self-experienced (c) observers. b,d, Percentage of time spent sniffing demonstrators in footshock

(green bars) or neutral (gray bars) state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by

naive (b) and footshock self-experienced (d) observer mice (two-tailed multiple t-test, Bonferroni correction; n=8

naive and 16 footshock self-experienced observers). Inset: representative tracking traces. e, Cumulative time spent
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sniffing one footshock and one neutral demonstrator in naive and footshock self-experienced observers (three-way
RM ANOVA, Bonferroni correction; n = 8 naive and 16 footshock self-experienced observers). f, Total amount of
social exploration in naive (white) and footshock self-experienced (blue) observers toward footshock and neutral
demonstrators (two-way RM ANOVA, Bonferroni correction; n = 8§ naive and 16 footshock self-experienced
observers). g, Discrimination index shown by naive (white) and footshock self-experienced (blue) observers (two-
way RM ANOVA, Bonferroni correction; n = 8 naive and 16 footshock self-experienced observers). h, Amount of
time spent freezing across the 6-min test (two-tailed unpaired t-test; n = 8 naive and 16 footshock self-experienced
observers). i, No correlation between discrimination index (y axis) and freezing (x axis) of footshock self-
experienced observers (two-tailed Pearson correlation; n =16 mice). j,l, Experimental design of the EDT with one
restraint stress (purple) and one neutral (gray) demonstrator in naive (j) and footshock self-experienced (1)
observers. k,m, Percentage of time spent sniffing demonstrators in restraint stress (purple bars) or neutral (gray
bars) state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by naive (k) and footshock
self-experienced (m) observer mice (two-tailed multiple t-test, Bonferroni correction; n= 14 naive and 11 footshock
self-experienced observers). Inset: representative tracking traces. n, Discrimination index in naive (white) and
footshock self-experienced (green) observers (two-way RM ANOVA; n= 14 naive and 11 footshock self-
experienced observers). o, Amount of social exploration toward restraint stress and neutral demonstrators (two-way
RM ANOVA; n= 14 naive and 11 footshock self-experienced observers). p,r, Experimental design of the EDT with
one fear (red) and one neutral (gray) demonstrator in naive (p) and restraint self-experienced (r) observers. q,s,
Percentage of time spent sniffing demonstrators in fear (red bars) or neutral (gray bars) state during the 6-min test,
divided into 3 consecutive 2-min epochs, displayed by naive (q) and restraint self-experienced (s) observers (two-
tailed multiple t-test, Bonferroni correction; n =10 naive and 12 restraint self-experienced observers). Inset:
representative tracking traces. t, Discrimination index in naive (white) and restraint stress self-experienced (purple)
observers (two-way RM ANOVA; n= 10 naive and 12 restraint self-experienced observers). u, Total amount of
social exploration toward fear and neutral demonstrators (two-way RM ANOVA; n= 10 naive and 12 restraint self-

experienced observers). Bar and line graphs show the mean + s.e.m. *P <0.05, **P <0.005 and ***P <0.005.

Mismatched experiences do not affect emotion recognition

We then tested whether emotion recognition could be influenced by subjecting the observer to a
stressor distinct from that experienced by the emotionally altered demonstrator. We tested naive
(Fig. 2j and Extended Data Fig. 2g) and footshock self-experienced (Fig. 21 and Extended Data
Fig. 2i) observer mice with one neutral and one restraint stress demonstrator. Footshocked
observers displayed increased sniffing toward restraint stress conspecifics compared to neutral
demonstrators (Fig. 2m and Extended Data Fig. 2j), as the naive condition (Fig. 2k and Extended
Data Fig. 2h). No differences in the discrimination index and the total social exploration toward

restraint stress and neutral demonstrators were evident between naive and footshock self-
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experienced observers (Fig. 2n,0). Notably, the amount of self-grooming, which was increased
in restraint self-experienced observers (Fig. 1m), did not differ between footshock self-
experienced and naive observers (Extended Data Fig. 2k). Moreover, footshock self-experienced
mice did not show any correlation between self-grooming and discrimination index (Extended
Data Fig. 21). These findings demonstrate that a different stressful experience between the
observer and the demonstrator did not alter observers’ social approach during emotion

recognition.

We then checked whether the restraint manipulation used in our stress self-experience mouse
model (Fig. 1) could have a generalized impact on mice’s emotion recognition. Naive

(Fig. 2p and Extended Data Fig. 2m) and restraint self-experienced (Fig. 2r and Extended Data
Fig. 20) observers were tested with one neutral and one fear demonstrator as previously
described8 (Fig. 2p.r). Restraint self-experience did not alter by itself the observers’ ability to
discriminate between a neutral and a fear mouse. Indeed, the observers showed increased
sniffing toward fear demonstrators compared to neutral ones (Fig. 2s and Extended Data

Fig. 2p), as the naive condition (Fig. 2q and Extended Data Fig. 2n). This was confirmed by no
difference in the discrimination indices (Fig. 2t). Moreover, in contrast to same-stress self-
experience (Fig. 1k.m), the amount of total exploration (Fig. 2u) and self-grooming (Extended
Data Fig. 2q) between restraint self-experienced and naive observers were unchanged. No
correlation was found between self-grooming and discrimination index of restraint self-
experienced observers (Extended Data Fig. 2r). Thus, the restraint manipulation per se did not

alter emotion recognition.

These results demonstrate that emotion recognition is altered only when observer mice share the

same negative experience with emotionally altered demonstrators.

Hierarchy influences how self-experience affect emotion recognition in males
Testosterone levels can affect emotion recognition abilities in humans32. Moreover, social
dominance, which reflects testosterone levels33, has a modulatory effect on social fear
transmission in male rodents34. Thus, we hypothesized that social dominance could influence

emotion recognition and self-experience of stress.
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We used the well-validated tube test to assess social hierarchy in micel5°35, splitting observers
into dominants (rank 1) and subordinates (ranks 2 and 3). Hierarchy status did not modulate
emotion recognition abilities in females, whether in naive (Supplementary Fig. 1a—e) or in
negative self-experience (Supplementary Fig. 1f~=m) conditions, or in naive males (Fig. 3a—c and
Extended Data Fig. 3a,b). In contrast, in negative self-experienced male observers, dominant
mice avoided stress demonstrators compared to neutral ones (Fig. 3d.e and Extended Data

Fig. 3d.e, left), whereas subordinate males did not show any overall preference (Fig. 3f and
Extended Data Fig. 3e, right). The cumulative sniffing clearly showed that the time interacting
with neutral demonstrators did not change with self-experience, whereas the preference for the
stress mouse was abolished in both dominant and subordinate mice (Fig. 1g.h). However, the
discrimination index revealed that negative self-experience affected more dominant mice
compared to the subordinates, completely reverting their discrimination behavior (Fig. 3i.)).
Compared to naive observers, both dominant and subordinate negative self-experienced mice
showed a significant decrease in their total social exploration toward stress but not neutral
demonstrators (Extended Data Fig. 3g), indicating a hierarchy-independent impact of negative
self-experience on social engagement. Grooming behavior did not differ between negative self-
experienced dominant and subordinate mice (Extended Data Fig. 3h) nor did corticosterone
levels (Extended Data Fig. 31). Lastly, comparing the different ranks within the subordinate
group (ranks 2 and 3), we did not find any difference in their behavioral outcome (Extended
Data Fig. 31.m). However, considering the social status of all observers and demonstrators, it
was revealed that, when belonging to the same rank, the avoidance behavior was more evident
(Supplementary Fig. 2a—f). Furthermore, this avoidance behavior was more evident when stress
demonstrators were subordinates while neutral ones were dominants (Supplementary Fig. 2g—).
Indeed, we found an opposite interaction between hierarchical status and demonstrators’

emotional state (Supplementary Fig. 2k).

Overall, dominant male mice were more susceptible to negative self-experience modulation of
stress emotion recognition, reverting their preference for a stress mouse to an avoidance.
However, the relative hierarchical status between observers and demonstrators, combined with
the emotional state of the latter, could also influence the appearance of this avoiding behavior in

self-experienced mice.
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Fig. 3: Sex-dependent differences in self-experience modulation of emotion recognition.

a,d, Experimental design of the EDT with one restraint stress (purple) versus one neutral (gray) demonstrator in

naive (a) and negative self-experience (d) conditions. b,c, Percentage of time spent sniffing demonstrators in stress
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(purple bars) or neutral (gray bars) state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed
by dominant (b) and subordinate (¢) naive males (two-tailed multiple ¢-test, Bonferroni correction; n =7 dominant
and 11 subordinate observers). Inset: representative tracking traces. e,f, Percentage of time spent sniffing
demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into 3 consecutive 2-
min epochs, displayed by negative self-experienced dominant (e) and self-experienced subordinate (f) males (two-
tailed multiple #-test, Bonferroni correction; #» =8 dominant and 13 subordinate observers). Inset: representative
tracking traces. g,h, Cumulative time spent sniffing one stress and one neutral demonstrator in naive and self-
experienced dominant (g) or subordinate (h) observers (three-way RM ANOVA, Bonferroni correction; n =7 naive
and 8 self-experienced dominant males; » = 11 naive and 13 self-experienced subordinate males). i, Discrimination
index in dominant (orange) and subordinate (dark green) mice for both naive and self-experience conditions (three-
way RM ANOVA, Bonferroni correction; n =7 naive dominants and 11 naive subordinates; n = 8 self-experienced
dominants and 13 self-experienced subordinates). j, Percentage of dominant or subordinate mice in naive and self-
experience conditions with a preference toward stress (purple, discrimination index > 0) or neutral (gray,
discrimination index < 0) demonstrators (n =7 naive dominants, n = 11 naive subordinates, n = 8 self-experienced
dominants and n = 13 self-experienced subordinates). k,n, Experimental design of the EDT with one restraint stress
(purple) versus one neutral (gray) demonstrator in naive (k) and negative self-experience (n) conditions. I,m,
Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min
test, divided into 3 consecutive 2-min epochs, displayed by estral (1) and diestral (m) naive females (two-tailed
multiple #-test, Bonferroni correction; n =7 estral and 7 diestral female observers). Inset: representative tracking
traces. o,p, Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during
the 6-min test, divided into 3 consecutive 2-min epochs, displayed by negative self-experienced estral (o) and
diestral (p) females (two-tailed multiple #-test, Bonferroni correction; n =15 estral and 13 diestral observers). Inset:
representative tracking traces. q,r, Cumulative time spent sniffing one stress and one neutral demonstrator in naive
and self-experienced estral (q) or diestral (r) observers (three-way RM ANOVA, Bonferroni correction; n =7 naive
and 15 self-experienced estral females; n =7 naive and 13 self-experienced diestral females). s, Discrimination
index in estral (light purple) and diestral (purple) mice for both naive and self-experienced conditions (three-way
RM ANOVA; n =17 naive estral, n =7 naive diestral, n = 15 self-experienced estral and n = 13 self-experienced
diestral). t, Percentage of estral or diestral mice in naive and negative self-experience conditions with a preference
toward stress (purple, discrimination index > 0) or neutral (gray, discrimination index < 0) demonstrators (n =7
naive estral, n =7 naive diestral, n = 15 self-experienced estral and n = 13 self-experienced diestral). Bar and line

graphs show the mean £ s.e.m. *P <0.05, **P < 0.005 and ***P <0.0005.

Estrus prevents self-experience impact on emotion recognition
We next tested the same hypothesis about sexual hormones on female mice. Evidence suggests
the influence of menstrual cycle on emotion recognition and empathy in women36. Moreover, in

female rodents, emotional contagion can be susceptible to the estrus cycle37.


https://www.nature.com/articles/s41593-024-01816-y#ref-CR36
https://www.nature.com/articles/s41593-024-01816-y#ref-CR37

We tested whether female mice in different phases of the estrus cycle had diverse emotion
recognition with and without negative self-experience. In mice, the estrus cycle averages 4—

5 days and is generally divided into four phases: proestrus, estrus, metestrus and diestrus38. We
monitored the estrus cycle every day using the vaginal cytological evaluation method39, such
that mice were tested during a specific phase of the cycle. As previously described37, mice were
tested in the estrus or diestrus phases, which are the longest within the cycle and have opposite
hormonal configuration39. In naive females, we observed increased sniffing toward stress
demonstrators compared to neutral mice for both estral and diestral mice (Fig. 3k—m and
Extended Data Fig. 3¢). In negative self-experience conditions, estral and diestral females
showed different behavioral outcomes. Negative self-experienced estral females showed
increased sniffing toward stress demonstrators (Fig. 3n,0 and Extended Data Fig. 3f, left), while
negative self-experienced diestral females avoided stress demonstrators (Fig. 3p and Extended
Data Fig. 3f, right). However, in both estral and diestral observers, the sniffing toward stress but
not neutral demonstrators was reduced compared to naive mice (Fig. 3g.r). This was confirmed
by a reduction in the social exploration toward stress demonstrators only in self-experienced
estral and diestral observers (Extended Data Fig. 3j). Despite no major differences being evident
between estral and diestral self-experienced mice in the discrimination index (Fig. 3s), we found
that 67% of estral females showed a preference toward stress mice (discrimination index > 0) in
contrast to only 38% of diestral observers (Fig. 3t). Negative self-experience did not change the
amount of self-grooming (Extended Data Fig. 3k). Lastly, no differences in stress emotion
recognition were evident by dividing observers depending on the cycle phase in which they were
when the stress experience occurred (Extended Data Fig. 3n.0), indicating that estrus cycle

modulation of negative self-experience does not occur during experience of stress.

Overall, these data show that the estral phase prevents the impact of negative self-experience on

the response toward others’ stress.

mPFC CRF mediates self-experience effect on emotion recognition

The negative self-experience model presented in this study focuses on the experience of stress
and the reaction to others’ stress. Thus, we investigated a possible involvement of the CRF

system, which is an important modulator of emotional and cognitive responses to stress19:20.
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The mPFC is known to be involved in sociocognitive processes40, particularly in emotion
recognition9. Notably, mPFC CRF expression is sex and androgen dependent41 and circulating

ovarian steroids modulate cognitive actions of mPFC CRF42:43.

We first silenced mPFC CRF expression using a viral approach based on short hairpin RNA
(shRNA) specific for CRF24 (AAV2/9 CMV-DIO-(mCherry-U6)-shRNA“*-C"7) bilaterally
injecting the mPFC of CRF-Cre male mice. The specific control (scrambled) virus was used
(AAV2/9 CMV-DIO-(mCherry-U6)-shRNAS@mbled) (Fig 4a). Notably, CRF-Cre mice showed
the same behavioral outcome observed in C57BL/6J mice for both naive and negative self-

experience conditions (Supplementary Fig. 3).

In naive conditions, silencing of mPFC CRF did not change emotion recognition, with

both scrambled and anti-CRF shRNA-injected observers showing an equal preference toward
stress demonstrators (Fig. 4b—d and Extended Data Fig. 4a—c). In contrast, the anti-Crf shRNA
re-established in negative self-experienced observers a preference for stress demonstrators,
which was confirmed to be lost in the scrambled shRNA group (Fig. 4e—g and Extended Data
Fig. 4d—f). In agreement, the sniffing toward stress demonstrators was different between naive
and self-experienced observers only within the scrambled (Fig. 4h) but not anti-CRF shRNA
groups (Fig. 41). All groups except for scrambled shRNA negative self-experienced observers
had a discrimination index higher than chance level (Fig. 4j). In negative self-experienced mice,
the anti-Crf shRNA also re-established the amount of social exploration toward stress
demonstrators, which was reduced in the negative self-experienced scrambled shRNA group
(Fig. 4k). In naive observers, silencing mPFC CRF did not alter the amount of social exploration
toward both neutral and stress mice (Fig. 4k), indicating that this manipulation does not affect
sociability in general. Lastly, we found that anti-CRF shRNA equally re-established preference
toward stress compared to neutral demonstrators in both dominant and subordinate negative self-

experienced observers (Fig. 4l-n and Extended Data Fig. 4g.h).

Overall, these results demonstrate an involvement of mPFC CRF in negative self-experience

modulation of stress emotion recognition.
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Fig. 4: Silencing CRF in the mPFC attenuated self-experience impact on stress emotion recognition.

a, Left, CRF-Cre mice were injected in the mPFC with CMV-DIO-(mCherry-U6)-shRNA (anti-Crf) or CMV-DIO-
(mCherry-U6)-shRNA((scrambled). Right, representative image of coronal mPFC section (scale bar, 500 um) and
zoom-in view of infected zone (scale bar, 50 um). b,e, Experimental design of the EDT with one restraint stress
(purple) versus one neutral (gray) demonstrator in naive (b) and negative self-experience (e) conditions. c,d,
Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min
test, divided into 3 consecutive 2-min epochs, displayed by naive scrambled (c) and anti-CRF (d) shRNA observers
(two-tailed multiple t-test, Bonferroni correction; n = 14 scrambled and 15 anti-CRF shRNA observers). Inset:
representative tracking plots. f,g, Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral
(gray bars) state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by negative self-
experienced scrambled (f) and anti-CRF (g) shRNA observers (two-tailed multiple t-test, Bonferroni correction;
n= 14 scrambled and 16 anti-CRF shRNA observers). Inset: representative tracking plots. h,i, Cumulative time
spent sniffing one neutral and one stress demonstrator in naive and self-experienced scrambled (h) or anti-CRF (i)
shRNA observers (three-way RM ANOVA, Bonferroni correction; n = 14 scrambled shRNA naive and 14 self-
experienced scrambled shRNA observers; n =15 anti-CRF shRNA naive and 16 anti-CRF shRNA self-experienced
observers). j, Discrimination index of scrambled shRNA naive (gray), scrambled shRNA negative self-experienced
(blue), anti-CRF shRNA naive (light pink) and anti-CRF shRNA negative self-experienced (pink) observers (one-
way ANOVA against chance, defined as 0, Bonferroni post hoc; n =14 naive and 14 negative self-experienced
scrambled shRNA observers; n = 15 naive and 16 negative self-experienced anti-CRF shRNA observers). k, In self-
experienced observers, anti-CRF shRNA re-established the social exploration time toward stress demonstrators
(three-way RM ANOVA, Bonferroni correction; n = 14 naive and 14 self-experienced scrambled shRNA observers;
n= 15 naive and 16 self-experienced anti-CRF shRNA observers). I,m, Percentage of time spent sniffing
demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into 3 consecutive 2-
min epochs, displayed by anti-CRF shRNA negative self-experienced dominants (1) and subordinates (m) (two-
tailed multiple t-test, Bonferroni correction; n =7 dominant and 9 subordinate observers). n, The anti-CRF shRNA
self-experienced dominants and subordinates did not differ on the basis of discrimination index during the 6-min
test, divided into 3 consecutive 2-min epochs (two-way RM ANOVA; n =7 dominants and 9 subordinates). Bar and

line graphs show the mean = s.e.m. *P <0.05, **P <0.005 and ***P <0.0005.

Self-experience shifts mPFC CRF activity toward others’ stress

We then investigated the physiological involvement of mPFC CRF cells in negative self-
experience modulation of stress emotion recognition. An adeno-associated virus (AAV) carrying
a Cre-dependent GCaMP6f (AAV1.Syn.Flex.GCaMP6f.eYFP) was injected into the mPFC of
CRF-Cre mice, which were subsequently implanted with a gradient-index (GRIN) lens
terminating dorsally to this area for in vivo microendoscope imaging (Fig. 5a and Extended Data
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Fig. 5a,b). Mice were tested in naive or negative self-experience conditions (Fig. 5b.c, Extended
Data Fig. 5¢c—f, and Supplementary Videos 1 and 2). We calculated the peristimulus time
histogram (PSTH), using the entering time into the stress or the neutral zone to synchronize
calcium events to behavioral outcome. Negative self-experience reverted mPFC CRF neuronal
activation compared to naive condition. Specifically, naive observers showed an increased
calcium signal in mPFC CREF cells when in the zone of the neutral demonstrator, whereas
negative self-experienced mice had higher activation of mPFC CRF cells when in the stress zone
(Fig. 5d). The area under the curve (AUC) (Fig. 5¢) and the frequency of calcium events

(Fig. 5f), but not the amplitude (Fig. 5g), were higher in negative self-experienced compared to
naive observers when in the stress zone. These effects were not simply because of a general
reaction of mPFC CRF neurons to stress as, during restraint, mPFC CRF cells showed fewer
peaks (Extended Data Fig. 5k.l) with the same amplitude (Extended Data Fig. Sm) compared to
baseline. In contrast, mPFC somatostatin (SOM) neurons, which are implicated in emotion
recognition in naive conditions9, showed the same pattern of activation with stress compared to
a neutral demonstrator in both naive9'10 and negative self-experience conditions
(Supplementary Fig. 4c—i). Notably, both SOM and CRF cells in the mPFC are inhibitory y-
aminobutyric acid (GABA)ergic cells27'44 but belonging to two different populations with no
overlap (Supplementary Fig. 4a.b). Thus, negative self-experience induced a specific higher

activation of mPFC CREF cells toward the stress-matched demonstrator.

We then performed single-cell analyses considering active and inactive neurons for each
entrance in the neutral or stress zone. In naive observers, mPFC CRF neurons were more
activated and in a higher number in the neutral zone compared to the stress one (Fig. 5h.i).
Moreover, more entrances in the stress zone were associated with the inactivation of CRF
neurons in naive observers (Extended Data Fig. 5g.h). Conversely, in negative self-experienced
observers, more entrances in the stress zone were associated with higher mPFC CRF neuronal
activation compared to the neutral zone (Fig. 5j.k). Moreover, we found an increased number of
entrances in the neutral zone associated with the inactivation of these neurons (Extended Data
Fig. 51,)). The percentage of entrances events that were associated with CRF neuronal activation
was higher for the stress zone in negative self-experience compared to naive conditions, while

no difference was found for the neutral zone (Fig. 51). Lastly, considering the percentage of
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activation in each interaction zone (neutral and stress), we found an increased modulation of

mPFC CRF neurons following negative self-experience (Fig. 5m). Notably, self-experienced

dominant mice had higher activation of mPFC CRF neurons in the stress zone compared to

subordinate mice (Fig. 5n).

Our results indicate that negative self-experience reverts the relative pattern of mPFC CRF

neuronal activity between neutral and stress demonstrators.
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Fig. 5: Negative self-experience reverts mPFC CRF neuronal activity toward others in stress.

a, Top, CRF-Cre mice were injected into the mPFC with Syn.Flex.GCaMP6f.eYFP and implanted with a GRIN

lens (n =5 mice). Middle, representative image of coronal mPFC section (scale bar, 500 pm) and zoom-in view of

recorded area (scale bar, 50 pum). Bottom, representative picture of CRF neurons visualized with the miniscope.
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Findings were replicated in two independent experiments with similar results (naive: n =27 neurons in 4 mice; self-
experience: n =37 neurons in 5 mice). b,c, Left, experimental design of the EDT with one restraint stress (purple)
and one neutral (gray) demonstrator in naive (b) and self-experience (c) conditions. Right, representative calcium
traces aligned with behavioral outputs (purple, entrance in stress zone; gray, entrance in neutral zone). d, PSTH
before and after entrance in the zone with stress (purple) or neutral (gray) demonstrators in naive and self-
experience condition (three-way RM ANOVA, Bonferroni correction; *P <0.05 stress demonstrator in naive versus
self-experience condition and #P < 0.5 stress demonstrator in self-experience condition versus baseline; n =29
entrances in the neutral and 34 in the stress zone for naive observers; n =42 entrances in the neutral and 41
entrances in the stress zone for self-experienced observers). e, AUC of mPFC CRF neuronal activity from naive (no
outline) and self-experienced (blue outline) observers after entrance in the zone with stress (purple) or neutral (gray)
(two-way ANOVA, Bonferroni correction; n =34 entrances in stress and 28 entrances in neutral zone for naive
observers; n =37 entrances in stress and 41 entrances in neutral zone for self-experienced observers). f, CRF
neuronal activity of naive and negative self-experienced observers differs in the average peak frequency when in the
stress (purple) but not in the neutral (gray) zone (two-way ANOVA, Bonferroni correction; n =27 neurons for naive
and 37 for self-experience). g, CRF neuronal activity of naive and negative self-experienced observers did not differ
in the average peak amplitude when in the stress (purple) or the neutral (gray) zone (two-way ANOVA; n=15
peaks for stress zone and 18 for neutral zone in naive observers; n =32 peaks for stress and 31 for neutral zone in
self-experience). h—k, Heat maps of entrances in stress (h,j) or neutral (i,k) zone associated with neuronal activation
in naive (h,i) and self-experience (j,k) conditions. 1, Percentage of entrances in stress (purple) or neutral (gray) zone
associated with neuronal activation in the naive and negative self-experience conditions (chi-square; n= 15
entrances for stress and 22 entrances for neutral zone in naive observers; n =42 entrances for stress and 34
entrances for neutral zone in self-experience). m, Percentage of active neurons when observers were in the stress
(purple) or neutral (gray) zone in the naive and negative self-experience conditions (chi-square; n =27 neurons for
naive and n =37 neurons for self-experience). n, AUC of mPFC CRF neuronal activity for dominant and
subordinate self-experienced observers following entrance in the zone with stress (purple) or neutral (gray)
demonstrators (two-way ANOVA, Bonferroni correction; n= 16 entrances for stress and 16 entrances for neutral
zone in dominant mice; n =21 entrances for stress and 25 entrances for neutral zone in subordinate mice). Box plots
in e—g and n show the median (center), 25th and 75th percentiles (box), and most extreme data points (whiskers).

Bar and line graphs show the mean =+ s.e.m. *P <0.05, **P <0.005 and ***P <0.0005.

Inhibiting mPFC CREF cells induces social preference in naive mice

In naive conditions, we found that CRF neurons in the mPFC were more active toward a neutral
compared to a stress demonstrator (Fig. 5d). To test whether this pattern of activation might be
responsible for the increased sniffing toward stress mice in the naive condition, we bilaterally
injected an AAV carrying a Cre-dependent halorhodopsin (AAV-EF1a-DIO-eNpHR3.0- eYFP)
into the mPFC of CRF-Cre mice, which were subsequently implanted with optic fibers
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terminating dorsally to this area (Fig. 6a and Supplementary Fig. 6a). Delivery of continuous
green light (532 nm) resulted in efficient silencing of mPFC CRF neurons (Supplementary
Fig. 5).

Inhibition of mPFC CRF cells, only when interacting with the neutral mouse (Fig. 6b and
Extended Data Fig. 6a), induced a preference toward the neutral demonstrator (Fig. 6¢.d and
Extended Data Fig. 6b). This was confirmed by increased sniffing of the neutral mouse in light
on compared to light off conditions (Fig. 6¢) and by the discrimination index, which was
reverted in light on compared to light off conditions (Fig. 6f). This manipulation did not affect
the behavior of mice injected with an enhanced yellow fluorescent protein (eYFP) control virus
(Supplementary Fig. 6g—k) and did not alter the total duration of social exploration (Extended
Data Fig. 6¢). Thus, blocking the increased activity of mPFC CRF neurons when interacting
with the neutral mouse shifted the observer’s preference from the stress to the neutral

demonstrator.

Notably, we demonstrated that such social preference is driven by the relative inhibition of
mPFC CRF neurons, as naive mice showed increased sniffing toward one of two neutral
demonstrators only if one is coupled with the inhibition of mPFC CRF neurons (Extended Data
Fig. 6d—h). These effects were evident only when inhibiting mPFC CRF neurons in the presence
of social stimuli, as no effects were found in mice injected with eYFP (Supplementary Fig. 6b—f)

or when exposed to inanimate objects (Extended Data Fig. 6n.p).

These data demonstrate that, in naive conditions, a relative reduction in mPFC CRF cells

activity induces social preference toward stress mice.
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Fig. 6: Inhibition of mPFC CRF neurons induces social preference in naive condition and abolishes self-

experience impact on stress emotion recognition.

a, Left, CRF-Cre mice were injected in the mPFC with EF1a-DIO-eNpHR3.0-eYFP and implanted bilaterally with

optic fibers. Right, representative image of coronal mPFC section (scale bar, 500 um) and zoomed-in view of

infected area (scale bar, 50 um). Findings were replicated in two independent experiments with similar results. b,

Experimental design of the EDT with one restrain stress (purple) and one neutral (gray) demonstrator in naive

conditions. Photoinhibition (A =532 nm) was paired to the exploration of neutral mice. c,d, Percentage of time spent
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sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into 3
consecutive 2-min epochs, displayed by naive observers tested in light off (c) and light on (d) conditions (two-tailed
multiple t-test, Bonferroni correction; n =35 observers for light off and 5 for light on). Inset: representative tracking
plot. e, Cumulative sniffing toward stress and neutral demonstrators with light off and light on conditions (three-
way RM ANOVA, Bonferroni correction; n =5 observers per condition). f, Discrimination index during the 6-min
test, divided into 3 consecutive 2-min epochs, displayed by naive observers tested in EDT stress versus neutral in
light off and light on conditions (two-way RM ANOVA, Bonferroni correction; n =5 observers per condition). g,
Experimental design of the EDT with one restraint stress (purple) versus one neutral (gray) demonstrator in self-
experience condition. Photoinhibition (A =532 nm) was paired to the exploration of stress demonstrator. h,i,
Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min
test, divided into 3 consecutive 2-min epochs, displayed by self-experienced observers tested in light off (h) and
light on (i) conditions (two-tailed multiple t-test, Bonferroni correction; n =9 observers). Inset: representative
tracking plots. j, Cumulative time spent sniffing stress and neutral demonstrators in light off and light on conditions
(three-way RM ANOVA, Bonferroni correction; n =9 observers per condition). k, Discrimination index during the
6-min test, divided into 3 consecutive 2-min epochs, displayed by self-experienced observers tested in EDT stress
versus neutral in light off and light on conditions (two-way RM ANOVA, Bonferroni correction; n =9 observers
per condition). 1,m, Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars)
state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by self-experienced dominant (1) and
subordinate (m) mice tested in light off condition (two-tailed multiple t-test, Bonferroni correction; n =4 dominant
and 5 subordinate observers). n,0, Percentage of time spent sniffing demonstrators in stress (purple bars) or neutral
(gray bars) state during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by self-experienced
dominant (n) and subordinate (0) mice tested in light on condition (two-tailed multiple t-test, Bonferroni correction;
n=4 dominant and 5 subordinate observers). p,q, Discrimination index during the 6-min test, divided into 3
consecutive 2-min epochs, displayed by dominant (p) or subordinate (q) self-experienced observers tested in EDT
stress versus neutral in light off and light on conditions (two-way RM ANOVA, Bonferroni correction; n=4
dominant and 5 subordinate observers). Bar and line graphs show the mean +s.e.m. *P <0.05, **P <0.005 and

**%P <0.0005.

Inhibiting mPFC CREF cells abolishes self-experience impact on emotion recognition

In contrast to naive conditions, mice with negative self-experience showed increased activity of
mPFC CRF neurons during the interaction with stress demonstrators (Fig. 5d). Thus, we
assessed whether disrupting this activation could prevent the behavioral outcome induced by
negative self-experience. Accordingly, 24 h after the self-experience of restraint stress, observer
mice were tested with one neutral and one stress demonstrator and a continuous green light
(532 nm) was delivered every time observers entered the zone of the stress mouse (Fig. 6g and

Extended Data Fig. 61). In light off condition, negative self-experienced observers showed
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avoidance toward the stress demonstrators (Fig. 6h and Extended Data Fig. 6], left). Stress
mouse-paired silencing of mPFC CRF cells activity re-established increased sniffing toward this
demonstrator (Fig. 61 and Extended Data Fig. 6], right). This was not evident considering the
cumulative sniffing (Fig. 6]), but was confirmed by an inversion of the discrimination index
between light off and light on conditions (Fig. 6k). No light-dependent effects were evident in
mice injected with eYFP (Supplementary Fig. 61-p) and in the total amount of social exploration
(Extended Data Fig. 6k).

Considering our findings in the dominance modulation of negative self-experience processes
(Fig. 3), we divided these negative self-experienced mice into dominants and subordinates.
Inhibiting mPFC CRF neurons when interacting with the stress demonstrator seemed to re-
establish the preference for the stress mouse in both dominant and subordinate negative self-
experienced mice (Fig. 61—o0 and Extended Data Fig. 61.m). However, analysis of the
discrimination index revealed a significant difference between light off and light on conditions
only in dominants (Fig. 6p) but not in subordinates (Fig. 6q). This was not related to a change in
hierarchy status, as silencing mPFC CRF neurons during the tube test led to a change in rank in
only two of 11 mice (Extended Data Fig. 6g—s), indicating a more marginal role of these neurons

in social hierarchy.

These results show that inhibiting the activity of mPFC CRF neurons suppresses the avoidance
for stress demonstrators in negative self-experienced observers in a dominance-dependent

manner.

Activating mPFC CREF cells does not induce avoidance in naive mice

Next, we asked whether mimicking the self-experience increase in activity of mPFC CRF cells
(Fig. 5d) in naive observers would lead to the same social avoidance. We bilaterally injected an
AAYV carrying a Cre-dependent channelrhodopsin-2 (AAV-EF1a-DIO-ChR2-eYFP) into the
mPFC of CRF-Cre mice, which were subsequently implanted with optic fibers terminating

dorsally to this area (Fig. 7a and Supplementary Fig. 7a).
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Naive observer mice were exposed to a neutral and a stress demonstrator and mPFC CRF
neurons were activated every time they entered the zone of the stress demonstrator (Fig. 7b and
Extended Data Fig. 7a), using the same laser stimulation protocol applied in our previous
study9 (pulses of 473-nm light; 5 ms, 30 Hz). This manipulation did not abolish the preference
toward stress demonstrators (Fig. 7c.d and Extended Data Fig. 7b). Indeed, increased sniffing
toward stress mice was equally evident in light on and light off conditions (Fig. 7e.f). No
alterations in general social exploration (Extended Data Fig. 7c) and in eYFP-injected mice
(Supplementary Fig. 7g—k) were evident. Furthermore, coupling the activation of mPFC CRF
neurons with one of two neutral demonstrators did not induce any avoidance (Extended Data
Fig. 7d—g). This optomanipulation also had no effects in eYFP control mice (Supplementary
Fig. 7b—f), did not alter general social exploration (Extended Data Fig. 7h) and did not induce a

preference or avoidance toward an inanimate object (Extended Data Fig. 7n—p).

These results demonstrate that, without negative self-experience, the increased mPFC CREF cell

activity does not induce social avoidance.

Activating mPFC CREF cells induce avoidance in self-experienced dominant mice

We finally tested whether these same optostimulations would have an effect in stress self-

experienced observers.

We mimicked the self-experience increased activity of mPFC CRF cells toward a stress mouse
(Fig. 5d) in an otherwise neutral mouse (Fig. 7g and Extended Data Fig. 71). Overall, no
difference between sniffing the two neutral mice was detected (Fig. 7h—k and Extended Data
Fig. 7j). However, splitting observers according to their social rank showed an avoidance toward
neutral demonstrators paired with mPFC CRF photostimulation in dominant but not subordinate
negative self-experienced observers (Fig. 71-q and Extended Data Fig. 71-m). This manipulation
did not affect the behavior of mice injected with eYFP (Supplementary Fig. 71-p), did not alter
the total amount of social exploration (Extended Data Fig. 7k), did not induce any preference
toward inanimate objects (Extended Data Fig. 7g—s) and did not change the hierarchy status of
mice (Extended Data Fig. 7t-v).
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These results confirmed that the increased activity pattern of mPFC CRF neurons needs negative

self-experience to induce avoidance toward a demonstrator mouse, specifically in dominant

mice.

CRF-cre mice
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Fig. 7: Increased activity of mPFC CRF neurons induces social avoidance only in self-experienced dominant

observers.

a, Left, CRF-Cre mice were injected in the mPFC with EF1a-DIO-ChR2-eYFP and implanted bilaterally with optic
fibers. Right, representative image of coronal mPFC section (scale bar, 500 um) and zoomed-in view of infected
area (scale bar, 50 pm). Findings were replicated in two independent experiments with similar results. b,
Experimental design of the EDT with one stress (purple) and one neutral (gray) demonstrator in naive condition.
Photostimulation (A =473 nm) was paired to the exploration of stress demonstrators. c,d, Percentage of time spent
sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into 3
consecutive 2-min epochs, displayed by naive observers tested in light off (c) and light on (d) conditions (two-tailed
multiple t-test, Bonferroni correction; n = 6 light off and 7 light on observers). Inset: representative tracking plot. e,
Cumulative time spent sniffing stress and neutral demonstrators in light off and light on conditions (three-way RM
ANOVA, Bonferroni correction; n =7 observers per condition). f, Discrimination index during the 6-min test,
divided into 3 consecutive 2-min epochs, displayed by naive observers tested in EDT neutral versus stress in light
off and light on conditions (two-way RM ANOVA; n=7 observers per condition). g, Experimental design of the
EDT with two neutral demonstrators and a negative self-experienced observer. Photostimulation (A =473 nm) was
paired to the exploration of one of the two demonstrators. h,i, Percentage of time spent sniffing two neutral
demonstrators during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by self-experienced
observers tested in light off (h) and light on (i) conditions (two-tailed multiple t-test, Bonferroni correction; n =6
light off and 6 light on observers). Inset: representative tracking plot. j, Cumulative time spent sniffing two neutral
demonstrators in light off and light on conditions (three-way RM ANOVA; n = 6 observers per condition). k,
Discrimination index during the 6-min test, divided into 3 consecutive 2-min epochs, displayed by self-experienced
observers tested in EDT neutral versus neutral in light off and light on conditions (two-way RM ANOVA; n=06
observers per condition). I,m, Percentage of time spent sniffing two neutral demonstrators during the 6-min test,
divided into 3 consecutive 2-min epochs, displayed by self-experienced dominant (1) and subordinate (m) mice
tested in light off condition (two-tailed multiple t-test, Bonferroni correction; n =3 observers per condition). n,0,
Percentage of time spent sniffing two neutral demonstrators during the 6-min test, divided into 3 consecutive 2-min
epochs, displayed by self-experienced dominant (n) and subordinate (0) mice tested in light on condition (two-tailed
multiple t-test, Bonferroni correction; n =3 observers per condition). p,q, Discrimination index during the 6-min
test, divided into 3 consecutive 2-min epochs, displayed by dominant (p) or subordinate (q) self-experienced
observers tested in EDT neutral versus neutral in light off and light on conditions (two-way RM ANOVA,
Bonferroni correction; n =3 observers per condition). Bar and line graphs show the mean +s.e.m. *P <0.05,

**P <0.005 and ***P <0.0005.
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Discussion

Here, we demonstrate that self-experience of a stressful event modulates the response to others
undergoing the same stress. The extent of this effect varies with the estrus cycle in females and
social hierarchy in males. Moreover, we demonstrated that the influence of self-experience on

stress emotion recognition is modulated by CRF activity in the mPFC.

Self-experienced stress elicited divergent interindividual responses in mice, ranging from
preference to avoidance toward conspecifics experiencing the same stressor. Similarly, humans
observing others in specific emotional states may recall similar feelings based on past
experiences, leading to interindividual divergent reactions. These can range from empathic
concern that increases attention toward others2'4 to personal distress that prompts avoidance3.
We speculate that mice spending more time with stressed conspecifics might be more engaged
in others’ distress, which would be in line with evidence of prosocial behaviors in
rodents11°12°15. In contrast, mice avoiding the stress demonstrator may perceive others’ stress
as aversive, analogous to how humans associate personal distress with distancing from others’
suffering45. Notably, ‘similarity in experience’ is a crucial factor influencing these
socioemotional reactions in humans3. In agreement, we demonstrated that self-experience in
mice changes responses only toward same-stress demonstrators (that is, restraint or footshock).
This suggests that observers with self-experience may perceive in others the specific stress they
went through. This could be plausible considering that restraint and footshock trigger different
behavioral responses (grooming and freezing, respectively) and that the emotion recognition
paradigm depends on visual and olfactory cues89. Other studies also highlighted the importance
of previous negative self-experience, reporting a facilitatory effect on vicarious freezing in the
observer subject31°46'47. However, these studies did not investigate how prior experience could
influence observers’ responses toward others’ emotions. Instead, one study revealed that male
rats that usually avoid shocked demonstrators preferred to approach them if they had been
previously shocked48, which is opposite to what we found (that is, a shift from approach to
avoidance). However, different factors might contribute to this discrepancy: hierarchy
relationship between interacting subjects, mouse versus rat differences and/or the stress intensity

(footshock: 0.5 mA for 2 s in this study versus 1 mA for 5 s in their study). Overall, our data
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provide new insights into the role of negative self-experience in socioemotional reactions to

others.

Self-experience affects reactions to others in stress in a sex-dependent way, influenced by
hormonal status. Self-experience in dominant, but not subordinate, males reverted the approach
of mice into avoidance. As dominant male mice show higher anxiety and increased
susceptibility to chronic social defeat than subordinates49, the hypothesis of increased self-
distress triggered by self-experience could be supported. This was not correlated to peripheral
corticosterone, as we and others did not find hierarchy-dependent changes50. However, our
findings are in line with evidence of the influence of testosterone and social status on
sociocognitive performancel5-34°51. Importantly, we showed that the relative social rank
between observers and demonstrators, combined with their emotional state, increases the
complexity of self-experience modulation of emotion recognition. This could explain some
variability among experiments in which we saw either a strong avoidance or no overall
preference for stress demonstrators (with some preferring and some avoiding). In contrast, no
effect of hierarchy was evident in female mice, possibly because of their lower testosterone
levels. Instead, in agreement with human studies36, we found a correlation between the
menstrual cycle and emotion recognition. Intriguingly, female mice in estrus were not affected
by self-experience. Estrus corresponds to sexual receptivity, which might be associated with
reduced sensitivity to self-distress. In agreement, a rat model of observational fear learning
showed no social transfer of fear in estral females37. In summary, our self-experience
behavioral model addressed several complex aspects of emotion recognition, revealing

ethologically relevant sex-dependent individual responses.

The mPFC is involved in social cognition, including processing and retrieval of emotional
impact of a past event, influencing individuals’ goals56. Our results expand this mPFC role to
how aversive past experiences affect reactions to others’ emotions. We demonstrated that mPFC
CRF neurons are specifically involved in this self-experience modulation of emotion
recognition. This extends the role of mPFC CRF neurons to empathy-related behaviors, whereas

this role was previously observed for opioid reward57, cognitive dysfunction58, social
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familiarity24 and behavioral responses to stress27. In particular, we demonstrated that the
photoactivation of mPFC CRF neurons induces social avoidance only following self-experience,
but not in its absence. This aligns with evidence showing that mPFC CRF neurons did not
influence social interaction in the nonstress condition27. Furthermore, silencing mPFC CRF
cells diminished the effect of self-experience while not affecting emotion recognition in the
naive condition. In agreement, single-cell calcium imaging revealed increased mPFC CRF
activity toward a stress demonstrator only following self-experience. In contrast, mPFC CRF
neurons were less active during restraint stress compared to baseline. These findings imply that
mPFC CRF neurons may store stress memories and are later recruited to appropriately cope with

others in similar stress conditions.

An intriguing and still open question is whether mPFC CRF neurons might integrate stress-
related and social valence information coming from other brain regions. As mainly GABAergic
neurons27, mPFC CREF cells can successfully orchestrate socioemotional responses integrating
self-experience with information about others’ emotions by inhibiting other neuronal
populations. We found that different subpopulations of GABAergic inhibitory neurons within
the mPFC have different implications in emotion recognition. Parvalbumin (PV) neurons
modulate basic sociability59 but not emotion recognition9. Conversely, SOM neurons modulate
emotion recognition but not basic sociability9'10. CRF neurons, instead, are selectively involved
in emotion recognition when self-experience of stress occurs. This suggests that neuropeptide
modulation or circuit-specific GABA inhibition may better influence specific aspects of
sociability and emotion recognition. Future studies should investigate how mPFC PV, SOM and
CRF neurons modulate different aspects of social behavior through the release of their specific

neuropeptide and/or local GABA microcircuitry.

In summary, our data offer new insights into how negative self-experience influences responses
to the same emotions in others, revealing ethologically relevant sex-dependent interindividual
differences. Our results highlight mPFC CRF neurons as potential targets for modulating self-

experience responses to others’ emotions.
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Methods

Mice

All procedures were approved by the Italian Ministry of Health (107/2015-PR and 749/2017-
PR) and local animal use committee and were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health and the European
Community Council Directives. Routine veterinary care and animal maintenance were provided
by dedicated and trained personnel. Male and female C57BL/6J animals aged 3—6 months old
were used. Founders of the CRF-Cre line (B6(Cg)-Crh™! €"9%"/J; 012704) and SOM-Cre line
(Som™21(ere/Zik/J mice; 013044) were purchased from the Jackson Laboratory and then bred and
expanded in our animal facility for successive testing. CRF-Cre mice crossed with

the 419 TdTomato Cre-reporter mice (Jackson Laboratories, 007909) were used to visualize
CRF" neurons in immunohistochemistry experiments. All transgenic mice were on the
C57BL6/J background. Mouse genotypes were identified by PCR analysis of ear DNA. Distinct
cohorts of naive mice were used for each experiment. Animals were housed two to four per cage
in a climate-controlled facility (22 + 2 °C), with ad libitum access to food and water throughout
and a 12 h light—dark cycle (7:00 p.m.—7:00 a.m. schedule). Experiments were run during the
light phase (within 10:00 a.m.—5:00 p.m.). All mice were handled on alternate days during the

week preceding the first behavioral testing.

Behavioral paradigms
EDT

Experiments were performed inside a three-dimensionally (3D) printed apparatus

(35.5x23.5 % 19 cm) containing two quarter-circles (4 cm radius) on two opposite sides as
previously described89°10. Each quarter-circle was formed by metal rods (8§ mm), which
allowed social contact between the observer (freely moving in the apparatus) and the
demonstrators (confined within the quarter-circle). A 3D-printed separator (11 X 19 cm) was
inserted between the two quarter-circles to block the reciprocal view of the demonstrators. Both
observers and demonstrators went through habituation to the testing setting for 10 min on three
consecutive days before the first experiment. During both habituation and behavioral testing, the
cages were placed inside a dimly lit (10 £ 1 lux) soundproof cubicle (Med Associates). Between
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each habituation and testing session, the apparatus was thoroughly cleaned with 50% ethanol,
wiped and allowed to air-dry. All demonstrators were group-housed accordingly to the type of
manipulation they went through (neutral, stress, footshock or fear). Demonstrators were tested
naive and used a maximum of two or three times, always with at least 1 week between each
consecutive test. No differences were observed in the performance of the observer mice

depending on the previous experience of the demonstrators.

Observers

On the day of testing, 1 h before the test, observer mice were placed, inside their homecage, in a
room adjacent to the testing room. Then, 15 min before the start of the test, observer mice were
moved in the testing room and gently put into the EDT apparatus, inside the dimly lit testing
cubicles. For calcium imaging or optogenetics experiments, observer mice were connected to a
miniscope or an optic fiber. Then, one neutral and one emotionally altered demonstrator (stress,

shock or fear) were placed within the quarter-circles and the 6-min test was started.

Naive

Observers did not undergo any manipulation.

Self-experience of restraint

Observer mice were subjected to a stress consisting of the restraint test60 for 30 min, 24 h before

the experiment.

Self-experience of footshock

Observer mice were subjected to six footshocks (0.5 mA, 2-s duration, 90-s intershock interval)

delivered through a grid floor (Ugo Basile), 24 h before the experiment.

Demonstrators

On the day of testing, 1 h before the test, all demonstrator mice cages were brought in the testing

room (except fear demonstrators).

Neutral demonstrators
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Neutral mice did not receive any manipulation.

Stress demonstrators

On the testing day, stress mice were subjected to a mild stress consisting of 15 min of restraint

before the beginning of the EDT.

Footshock demonstrators

On the testing day, footshocked mice were subjected to three shocks (0.5 mA, 2-s duration, 90-s
intershock interval) delivered through the grid floor (Ugo Basile) immediately before the
beginning of the EDT.

Fear demonstrators

The day before the test, fear mice were subjected to fear conditioning as previously describeds.
Briefly, the conditioned stimulus was a tone (4 kHz, 80-dB sound pressure level, 30 s) and the
unconditioned stimulus was three shocks (0.7 mA, 2-s duration, 90-s intershock interval)
delivered through the grid floor (Ugo Basile) that terminated simultaneously with the tone (2 s).
The day of the test, these mice were brought in a room adjacent to the testing room for 1 h
before the test; they were consequently brought inside the experimental room one by one, before

placing them within the quarter-circle of the EDT apparatus.

For both observers and demonstrators, mice that belong to the same condition (that is, naive,
stress and footshock self-experienced observers and neutral, stress, footshock and fear

demonstrators) were housed together and subjected to the same manipulation at the same time.

Behavioral recording

Digital cameras (Imaging Source, DMK 22AUC03 monochrome) were placed facing the long
side and the top of the cage to record the test from different angles using a behavioral tracking
system (ANY-maze 6.0, Stoelting). These videos were used offline by experimenters blind to

the manipulations for a posteriori scoring of sniffing, grooming and freezing.

Tube test
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After EDT, the social hierarchy of male and female mice was assessed as previously
described15°35. Briefly, this test consisted of two phases: training and testing. The training
phase lasted two consecutive days during which mice were trained to walk through a Plexiglas
tube (30 cm in length; 3 cm in diameter for males and 2.5 cm in diameter for females) five times
from each side. In the testing phase, cagemate mice were tested in a pairwise fashion (one trial

per pair) until they reached stability for four consecutive days.

Estrus cycle assessment

Estrus cycle assessment was carried out daily in observer females using the cytological vaginal
evaluation method as previously described39. Briefly, vaginal cells samples were taken between
10:00 a.m. and 12:00 p.m. and stained with 1% Toloudine blue. Stained smears were then
analyzed under a light microscope. Observers were tested during the estrus phase, characterized
by the presence of numerous unnucleated cornified cells in the vaginal smear, or during the

diestrus phase, characterized by a smear enriched of leukocytes and with sparse nucleated cells.

Corticosterone assay

The corticosterone concentration was analyzed from plasma. Thirty minutes after the behavioral
test, each mouse was killed by decapitation. The blood was quickly collected in tubes coated
with 0.5 M EDTA and centrifuged at 664 rcf for 10 min; the supernatant obtained was
immediately processed. The corticosterone concentration was detected by a commercially
available Detect X corticosterone ELISA kit (Arbor Assays, KO14-H1) following the
manufacturer’s protocol and plates were read into a Victor 3V (Perkin Elmer) multiplate reader.
The level of corticosterone was expressed as fold changes compared to the control group

average.

Viral injections and optic lens implants

Viral vectors

AAV5-EF1a-DIO-eNpHR3.0-eYFP.WPRE.hGH (Addgene, 20949; qTiter: 1.95 x 10'* genome
copies (GC) per ml, injected volume per hemisphere: 250 nl), AAV5-EF1a-DIO-
hChR2(H134R)-eYFP.WPRE.hGH (Addgene, 20298P; ddTiter: 2.76 x 10'3 GC per ml; injected
volume per hemisphere: 250 nl), AAV5-EF1a-DIO-eYFP.WPRE.hGH (Addgene, 27056; qTiter
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5.82 x 10'> GC per ml; injected volume per hemisphere: 250 nl) and

AAV1.Syn.Flex. GCaMP6f.eYFP (Addgene, 100833; 100 ul at titer > 7 x 10'> GC per ml of
virus venom; injected volume for each DV site: 300 nl for miniscope and 200 nl for fiber
photometry) were purchased from the University of Pennsylvania Viral Vector Core. rAAV-
CMV-DIO-(mCherry-U6)-shRNA(CRF)-WPREs (injected volume per hemisphere: 250 nl) was
gifted by F. Levroy24.

Surgical procedures

C57BL/6J, CRF-Cre or SOM-cre mice were naive and 2—3 months old at the time of surgery.
Mice were anesthetized with a mix of isoflurane (2%) and oxygen (1.5%) by inhalation and
mounted into a stereotaxic frame (Kopf Instruments) linked to a digital micromanipulator. Brain
coordinates of viral injection in the mPFC were taken from the skull surface: anterior—posterior,
+1.9 mm; medial-lateral: £0.25 mm; dorsal-ventral: —2.4 mm (for miniscope experiment: —2.9,
—2.6 and —2.3 mm). Virus was infused through a glass micropipette connected to a 10-pul
Hamilton syringe. After infusion, the pipette was kept in place for 10 min and then slowly
withdrawn. Mice were tested 4 weeks after virus injection to let the viral transgenes adequately

CXPress.

Optic fibers implantation for optogenetics and fiber photometry

Mice underwent stereotaxic surgery for fiber-optic implantation 2 weeks after viral injection.
The skull was exposed and the previous holes were used to target the mPFC. Optic fibers (dual
fiber-optic cannulae for optogenetics: 200-pum core, 0.37 numerical aperture (NA), 2-mm length,
0.7-mm fiber distance, Doric Lenses; multimode fiber-optic cannula for fiber photometry: 200-
pum core, 0.39 NA, ~ 3.5-mm length, RWD) were lowered at 400 pm (for optogenetics) or

150 um (for fiber photometry) dorsal to the virus injection site and were secured to the skull
with MetaBond. After optic fiber implantation, mice were allowed to recover for 7-10 days

depending on their general health.

Lens implantation for microendoscopic calcium imaging

Two weeks after viral injection, mice underwent stereotaxic surgery for implantation of a 0.5-

mm-outer-diameter GRIN lens (ProView Integrated lenses, Inscopix). Before lowering the
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GRIN lens, a pretrack was performed using a blunted needle (25 gauge) to reduce tissue damage
and minimize brain pressure. GRIN lens insertion was monitored and positioned at the focal
point presenting the highest Ca®* signal and was maintained in position using a thin layer of
Kwik-Sil (World Precision Instruments), a blunted skull screw and adhesive dental cement (Sun

Medical Super-Bond C&B Kit, Dental Leader).

In vivo optogenetics

Fiber-optic cannulae were connected to patch cords (Doric Lenses), which were in turn
connected to green-light (532 nm) or blue-light (473 nm) lasers (CNI Laser) using a 1 x 2
intensity division fiber-optic rotary joint (Doric Lenses). Mice were habituated to the patch cable
for at least three consecutive days before behavioral testing. Manipulation protocols were
performed as previously described9. Specifically, laser power was adjusted such that the light
exiting the fiber-optic cable was approximately 4.5 mW. For photoinhibition experiments,
continuous green light was used, whereas, for photostimulation experiments, 30-Hz 5-ms pulses
of blue light were used. For each photoinhibition and photostimulation manipulation, a control
group of mice injected with an eYFP control virus was tested to check whether light delivery
(532 nm or 473 nm) could affect the behavior. Mice were tested on consecutive weeks, with

treatments (light off and light on) randomly assigned and counterbalanced.

EDT

To control optical inhibition or stimulation with a closed-loop system, a tracking system (ANY -
maze 6.0, Stoelting) performed online detection of the location of the observer mouse. When the
mouse entered an area that included the demonstrator to be paired with optogenetic
manipulations (the neutral or the stress demonstrator; one of the two naive neutral

demonstrators), the software triggered the laser.

Object ‘discrimination’ test

This test was used to control the social specificity of optogenetic manipulations. The same
testing cage and behavioral procedures of the EDT were used. Specifically, two identical plastic
objects were placed within the quarter-circles of the EDT box for 6 min (different pairs of

identical objects were used across mice). As described above, when the observer entered an area
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that included the object to be paired with optogenetic manipulations, the software triggered the

laser.

Tube test

A 30-cm tube with a 12-mm slit was used. After three consecutive days of rank stability (from
day —3 to day —1), mice underwent the optogenetic manipulation on the fourth day (day 0). On
this day, tube test ranks were first measured without light. Then, photoinhibition (532 nm) or
photostimulation (473 nm) started right before mice entered the tube. For each cage, each
combination was performed twice such that the optogenetic manipulation could occur for one
mouse at a time. For each couple, mice had to win or lose at least two of three times for each
side of the tube. Only when test mice won or lost from both sides of the tube we conclude that
the optogenetic manipulation caused a successful rank change. After day 0, mice were tested for
other three consecutive days to check whether the rank change induced by the optogenetic

manipulation was preserved.

In vivo microendoscopic calcium imaging
Calcium signal acquisition

The nVista miniature microscope (nVista 3.0, Inscopix) with an integrated blue light-emitting
diode (LED; 475 nm, average power: | mW mm 2) was used to image GCaMP6f-expressing
CRF neurons during EDT. Mice were habituated to the miniature microscope for at least three
consecutive days before behavioral testing. Using the Acquisition Software (version 1.2.0,
Inscopix), laser power, imaging gain and focal distance were selected for each animal and
conserved across all experiments. The ANY-maze tracking program (Stoelting) was used to
generate transistor—transistor—logic (TTL) signals to time-stamp specific events during EDT

(that is, entrance in the zone).

Calcium signal analyses

The signal was first processed using data analysis software from Inscopix (Data Processing
Software version 1.2), which applied spatial downsampling (x4), movement artifact correction
and smooth correction of the edges. Calcium traces of single cells were represented in terms of

units of s.d. through z-score normalization.



For the PSTH analysis, overall activity of observer mice was defined by computing the average
activity across all neurons. Such average activities were aligned to behavioral outcomes
(entrance in the zone), considering a baseline preceding the event (7= 3 s) and a baseline
following the event (7=5 s). The PSTH quantities were then obtained by subtracting the mean
of the baseline activity from the average activity and then dividing by the s.d. of the same.
Average plots of PSTH are represented as the mean and s.e.m., putting together all the
behavioral outcomes across all the mice. AUCs of the peristimulus curves were computed over
an interval of 5 s after the entrance in the zone (at time 7= 0). Identification of calcium events
was performed using custom MATLAB scripts, using the ‘findpeaks’ function to find the local
maxima of neuronal calcium signal. Such maxima were considered calcium events if they
overcame thresholds on the minimum event height (‘MinHeight’, set as the average of the
neuronal calcium signal), minimum event prominence (‘MinProm’, set as 1.5 times the s.d. of
the neuronal calcium signal), minimum distance between consecutive events (‘MinDist’ = 0.5 s)
and minimum width of a single event (‘MinWidth’ = 0.5 s). The calcium event frequency in a
given time window was computed by dividing the number of events identified in such a window
for the length of the window. Classification of neurons as ‘active’ or ‘inactive’ was made by
comparing their activity before (3 s) and after (5 s) the behavioral event (entrance in stress or
neutral zone). If m and s are, respectively, the average and the s.d. of the activity before the
event, neurons were considered active if, after the entrance in the zone, they reached a value of
at least m + 2s. In an analogous way, neurons were considered inactive if, before the event, they
reached at least a value of M+ 2§, where M and S are the mean and s.d. of the activity after the
event. Considering all the neurons on all the entrances in the zone, percentages of entrances
followed by neuronal activation or inactivation were computed by dividing the number of

entrances overcoming such criteria to the total number of entrances available across all neurons.

In vivo fiber photometry recordings
Calcium signal acquisition

Calcium fluctuations of GCaMP6f-expressing SOM neurons were recorded using a fiber
photometry system. A signal processor (RZP5, Tucker Davis Technologies) was used to control
two light sources (465-nm LED, CLED 465; 405-nm LED, CLED 405, Doric Lenses), which

were modulated at 211 and 539 Hz, respectively. The two wavelengths were combined by a
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fluorescence minicube (Doric Lenses) and transmitted through an optical patch cable (Doric
Lenses) to the mouse head implant. Emitted fluorescence was collected by the same patch cable,
delivered back to the same minicube through a 525-nm filter and sent to a photoreceiver
(Femtowatt Silicon Photoreceiver, DC-750 Hz, Newport). Mice were habituated to the patch
cable for at least three consecutive days before behavioral testing. Real-time signals were
acquired, lowpass-filtered (3 Hz) and demodulated with Synapse Essentials software (Tucker
Davis Technologies). The ANY-maze tracking system program (Stoelting) was used to generate
TTL signals to time-stamp specific events during EDT (that is, entrance in the zone). Data were

extracted from TDT files and analyzed using custom MATLAB scripts.

Calcium signal analyses

First, bleaching was corrected by fitting a double-exponential decay to the fluorescent signal,
capturing the exponential decay of the isosbestic (405 nm). Subsequently, the raw signal was
divided by the fitted decay and z-score normalization was performed to standardize the signal by

expressing it in terms of units of s.d.

For the PSTH analysis, the signal was aligned to behavioral outcomes (entrance in the zone),
considering a baseline preceding the events (7'=15 s) and a baseline following the events
(T=5s). The PSTH quantities were then obtained by subtracting the mean of the baseline
activity from the restricted signal and then dividing by the s.d. of the same. Average plots of
PSTH were represented as the mean and s.e.m., combining all the behavioral outcomes across
all the mice. AUCs of the peristimulus curves were computed over an interval of 5 s after the

entrance in the zone (at time 7=0).

Histology

At the end of the behavioral procedures, we checked viral expression and the position of the
optic fibers and GRIN lenses. Mice were deeply anesthetized (urethane 20%) and transcardially
perfused with 4% paraformaldehyde in PBS at pH 7.4. Brains were dissected, fixed overnight
and cryoprotected in 30% sucrose in PBS. Coronal sections (40 pum) were cut using a HM450
microtome (Thermo Fisher Scientific). For GFP and SOM immunohistochemical studies, free-

floating sections of selected areas were washed in PBS three times for 10 min, then
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permeabilized in PBS plus 0.4% Triton X-100 for 30 min and finally blocked by incubation in
PBS plus 4% normal goat serum (NGS) and 0.2% Triton X-100 for 30 min (all at room
temperature, 20-23 °C). Slices were subsequently incubated with a rabbit anti-GFP polyclonal
antibody (1:1,000; Thermo Fisher Scientific, A-11122) or rat anti-SOM monoclonal antibody
(1:200, clone-YC7; Millipore, MAB354) diluted in PBS plus 2% NGS and 0.1% Triton X-100
overnight at 4 °C. Incubated slices were washed three times in PBS plus 1% NGS for 10 min at
room temperature, incubated for 2 h at room temperature with Alexa Flour 488 goat anti-rabbit
IgG (1:1,000; Thermo Fisher Scientific, A11034) or Alexa Flour 488 goat anti-rat IgG (1:500;
Thermo Fisher Scientific, A48262) diluted in PBS plus 2% NGS and 0.1% Triton X-100 and
subsequently washed three times in PBS for 10 min at room temperature. For mCherry
immunohistochemical studies, free-floating sections of selected areas were washed in PBS three
times for 10 min and permeabilized in PBS plus 1% Triton X-100 and 10% NGS for 1 h at room
temperature. Slices were subsequently incubated with a rabbit anti-dsRED polyclonal antibody
(1:1,000; Takara Bio, 632496) diluted in PBS plus 1% NGS and 0.3% Triton X-100 overnight at
room temperature. Incubated slices were washed three times in PBS for 10 min, incubated for

2 h at room temperature with a 1:1,000 dilution of Alexa Flour 568 goat anti-rabbit IgG
(1:1,000; Thermo Fisher Scientific, A11036) in PBS plus 1% NGS and 0.3% Triton X-100 and
subsequently washed three times in PBS for 10 min at room temperature. The sections were
mounted on slides and covered with cover slips. All images were acquired on a Nikon 1
confocal laser scanning microscope (Nikon). Digitalized images were analyzed using Fiji

(version 2.0.0, National Institutes of Health).

cFos experiments

CRF-cre mice were unilaterally injected into the mPFC with either DIO-EYFP or DIO-
eNpH3.0-EYFP and implanted with an optic fiber (Thorlabs, FT200UMT and CFLC230-10).
After 7 days of recovery, mice were plugged into the patch cord and left in their cage for 20 min
before the test. During this habituation period, a demonstrator mouse underwent restraint stress
for 15 min. Then, the stress mouse was introduced, confined under a pencil cup, into the cage of
the subject mouse for 5 min. All subject mice were tested with the 532-nm laser on. After this,
the stress mouse was removed and the subject mouse was left in the cage without food and water

for 45 min. After this period, all subject mice were perfused for immunohistochemistry analysis.



Mice were anesthetized using isoflurane and then perfused with 10 ml of saline. Brains were
quickly extracted and incubated in 4% PFA overnight. After 1 h washing in PBS + glycine

(0.3 M), 50-um slices were prepared using a Leica VT1000S vibratome (Leica Biosystems).
Slices were incubated overnight at 4 °C with rabbit anti-cFos polyclonal antibody (1:1,000;
Abcam, ab190289) diluted in PBS with 0.5% Triton X-100 in PBS. Slices were then washed in
PBS and incubated in a secondary antibody (1:500, goat anti-rabbit 647; Thermo Fisher
Scientific, A32733) for 2 h at room temperature. After washing in PBS, sections were incubated
with Hoechst (1:1,000) for 10 min and then mounted using Fluoromount (Sigma-Aldrich). Cell
counting was performed for each brain into three-quarter sections in which YFP™ cells and the
implant scar were visible. Pictures were acquired with Thunder Imager (Leica Microsystem) at a
stack of 4.5 optical sections. Total YFP* and cFos" cells were counted to calculate the

percentage of overlapping cells for each condition (DIO-EYFP or DIO-eNpH3.0-EYFP).

Statistics

Statistical analyses were performed using GraphPad Prism 10. Results are expressed as the
mean + s.e.m. Data distribution was tested using the D’ Agostino and Pearson normality test. For
the EDT behavioral analysis, sniffing was reported as the time in seconds and as a percentage to
allow direct comparison between different experimental conditions. Specifically, emotion
discrimination behavior was divided into three consecutive 2-min epochs, which were analyzed
with the multiple #-test as previously described9. In the same way, the discrimination index was
divided into three consecutive 2-min epochs and analyzed using two-way repeated-measures
analysis of variance (RM ANOVA) in the presence of two experimental groups, while three-way
RM ANOVA was used in the presence of four experimental groups. Sniffing toward stress
demonstrators, grooming behavior and corticosterone levels of observers in different conditions
were analyzed using paired or unpaired #-tests, depending on the samples. The grooming
behavior of demonstrator mice in naive and negative self-experience conditions was analyzed
using two-way ANOVA. The total social exploration of observer mice toward stress and neutral
demonstrators was analyzed using two-way RM ANOVA in the presence of two experimental
groups, while three-way RM ANOVA was used in the presence of four experimental groups.
Correlation coefficients were calculated using Pearson correlation. Cumulative sniffing toward

two demonstrators was analyzed by comparing two different experimental groups (that is, naive
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versus self-experience or light off versus light on) and using three-way RM ANOVA.
Comparison of the PSTH and AUC between naive and negative self-experienced observers was
assessed by three-way ANOVA. Comparisons of average peaks frequency and amplitude
between naive and negative self-experience conditions were analyzed using two-way ANOVA.
Comparisons of average peaks frequency and amplitude before and during restraint stress were
analyzed using Wilcoxon matched-pair signed-rank tests. Comparisons of DIO-EYFP or DIO-
eNpH3.0-EYFP groups for the percentage of cFos™ cells overlapping with YFP™ cells were
analyzed using a nested 7-test. Bonferroni post hoc correction was used for multiple

comparisons.

The accepted value for significance was P <0.05. Numbers of mice are reported in the figure
legends. The experiments reported in this work were repeated independently two to four times,
using mice from at least three different generations. No statistical methods were used to
predetermine sample size for single experiments. The animal numbers were based on estimation
from previous studies, including our own published studies8'9°10. Mice were excluded post hoc
when optic fiber placement or viral expression patterns were not appropriate (for example,
outside the target region). For all behavioral tests, littermates were randomly assigned to the
different groups. Experimenters were not blinded during data acquisition but all analyses were

performed with blinding of the experimental conditions.
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Extended data
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Extended Data Fig. 1 Emotion recognition in naive and restraint stress self-experienced male and female mice.

(a, f) Experimental design of the EDT with one restraint stress (purple) and one neutral (gray) demonstrator in (a) naive
and (f) negative self-experience condition. (b, d, g, i) Percentage of time spent sniffing demonstrators in restraint stress
(purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs, displayed by
(b, g) male and (d, i) female (b, d) naive and (g, 1) self-experience observers (two-tailed multiple t-test, Bonferroni
correction. N =38 Naive Males and 35 Naive Females. mice. N =38 Self-experience Males and 44 Self-experience
Females). (c, ¢, h, j) Time spent sniffing demonstrators in restraint stress (purple bars) or neutral (gray bars) state during
the 6-min test, divided into three consecutive 2-min epochs, displayed by (c, h) male and (e, j) female (c, €) naive and (h,
j) self-experienced observers (two-tailed multiple t-test, Bonferroni correction. N =38 Naive Males and 35 Naive
Females. N =38 Self-experience males and 44 Self-experience Females). (k) Time spent grooming during the first 2 min
of the test displayed by neutral (gray bars) or restraint stress (purple bars) demonstrators in naive and restraint stress self-
experience condition (two-way ANOVA, Bonferroni correction. N =32 neutral and N = 32 restraint stress demonstrators).
(1, n) No significant correlation was found between observers’ discrimination index (in y axis) and restraint stress
demonstrators’ grooming (in x axis) during the first 2 min of the test in (I) naive and (n) self-experience condition (two-
tailed Pearson correlation; N =25 observers/condition and N = 25 restraint stress demonstrators/condition). (m, 0) No
correlation was found between observers’ grooming behavior (in y axis) and restraint stress demonstrators’ grooming (in
x axis) during the first 2 min of the test in (m) naive and (o) restraint stress self-experience condition (two-tailed Pearson
correlation; N = 89 observers/condition and N =89 stress demonstrators/condition). Bar and line graphs show mean +

s.e.m. ¥**P <(0.0005.
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Extended Data Fig. 2 Effects of different stressful experiences on emotion recognition.

(a, ¢) Experimental design of the EDT with one footshock (green) vs one neutral (gray) demonstrator in (a) naive and (c)
footshock self-experienced observers. (b, d) Time (in seconds) spent sniffing demonstrators in footshock stress (green
bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs, displayed by (b) naive
and (d) footshock self-experienced observer mice (two-tailed multiple t-test, Bonferroni correction. N =8 naive and 16
footshock self-experience observers). (¢) Mice in naive (white) and footshock self-experience (blue) condition do not
differ based on the amount of time spent grooming across the 6 min test (two-tailed unpaired t-test; N = 8 naive and

N =16 footshock self-experienced mice). (f) No significant correlation was found between discrimination index (in y
axis) and grooming (in x axis) of footshock self-experienced observer (two-tailed Pearson correlation; N = 16 mice). (g, 1)
Experimental design of the EDT with one restraint stress (purple) vs one neutral (gray) demonstrator in (g) naive and (i)
footshock-experienced mice. (h, j) Time spent sniffing demonstrators in restraint stress (purple bars) or neutral (gray bars)
state during the 6-min test, divided into three consecutive 2-min epochs, displayed by (h) naive and (j) footshock-
experienced observer mice (two-tailed multiple t-test, Bonferroni correction. N= 14 naive and 11 footshock-experience
observers). (k) Naive (white) and footshock-experienced (green) observers did not differ based on the amount of time
spent grooming across the 6 min test (two-tailed unpaired t-test; N =25 naive and N= 11 footshock-experienced mice). (1)
No significant correlation was found between discrimination index (in y axis) and grooming (in x axis) of footshock-
experienced observer (two-tailed Pearson correlation; N =11 mice). (m, o) Experimental design of the EDT with one fear
vs one neutral demonstrator in (m) naive and (o) restraint-experienced mice. (n, p) Time spent sniffing demonstrators in
fear (red bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs, displayed by

(n) naive and (p) restraint-experienced observer mice (two-tailed multiple t-test, Bonferroni correction. N = 10 naive and

176



12 restraint-experience observers). (q) Naive (white) and restraint-experienced observers (purple) did not differ based on
the amount of time spent grooming across the 6 min test (two-tailed unpaired t-test; N = 10 naive and N = 12 restraint-
experienced mice). (r) No significant correlation was found between discrimination index (in y axis) and grooming (in x

axis) of footshock-experienced observer (two-tailed Pearson correlation; N = 12 mice). Bar and line graphs show mean +

s.e.m. *P <0.05, ***P <0.0005.
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Extended Data Fig. 3 Social hierarchy and estrus cycle in negative self-experience modulation of emotion
recognition.

(a, d) Experimental design of the EDT in (a) naive and (d) self-experience condition. (b, ) Time spent sniffing
demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min
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epochs, displayed by (left) dominant or (right) subordinate (b) naive and (e) self-experience males (two-tailed multiple t-
test, Bonferroni correction. N =8 dominant and 13 subordinate observers). (c, f) Time spent sniffing demonstrators in
stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs,
displayed by (left) estral or (right) diestral (c) naive and (f) self-experienced females (two-tailed multiple t-test, Bonferroni
correction. (N =7 naive estral and 7 diestral observers; N = 15 self-experience estral and 13 diestral observers). (g) Both
dominant and subordinate self-experienced observers differ from naive mice in the total social exploration towards stress,
but not neutral (Three-way RM ANOVA, Bonferroni correction; N =7 naive and 7 self-experienced dominants, N=11
naive and 13 self-experienced subordinates). (h) Time spent grooming (two-tailed unpaired t-test; N =7 dominant and

N =13 subordinate mice) and (i) corticosterone levels (two-tailed unpaired t-test; N =5 dominant and N =4 subordinate
mice) by self-experience dominant (orange) and subordinate (dark green) observers. (j) Both estral and diestral negative
self-experienced observers significantly differ from naive mice in the total social exploration towards stress, but not
neutral, demonstrators (Three-way RM ANOVA, Bonferroni correction; N =5 naive and 15 self-experienced estral, N="7
naive and 13 negative self-experienced diestral). (k) Estral (light purple) and diestral (purple) self-experienced female
mice do not differ in the time spent grooming across the 6 min test (two-tailed unpaired t-test; N =15 estral and N=13
diestral observers). (I, m) Time in (1) seconds or (m) percentage of time spent sniffing demonstrators in stress (purple bars)
or neutral (gray bars) state during the 6-min test displayed by (left) rank 2 or (right) rank 3 self-experienced subordinate
mice (two-tailed multiple t-test, Bonferroni correction. N =7 rank 2 and 6 rank 3 observers). (n) Time in seconds and (o)
percentage of time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test,
which occurred 24 hr after self-experience, displayed by observer mice that were in (left) estrus or (right) diestrus when
self-experience of stress occurred (two-tailed multiple t-test, Bonferroni correction. (N = 16 in estrus and 6 in diestrus).

Bar and line graphs show mean + s.e.m. *P <0.05. **P <0.005. ***P <(0.0005.
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Extended Data Fig. 4 Silencing of CRF in mPFC modulates negative self-experience effect on stress emotion

recognition.

(a, d) Experimental design of the EDT in (a) naive and (d) negative self-experience condition. (b, ¢) Time spent sniffing

demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min

epochs, displayed by naive (b) scrambled and (c) anti-CRF shRNA naive observers (two-tailed multiple t-test, Bonferroni
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correction. (b) SCRAMBLED. 2 min: P=0.0002, 4 min: P=0.01, 6 min: P=0.01, N= 14 observers. (c) anti-CRF

shRNA. 2 min: P=0.0006; 4 min: P=0.03; 6 min: P=0.01; N= 15 observers). (¢, f) Time spent sniffing demonstrators in

stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs,
displayed by negative self-experienced (e) scrambled and (f) anti-CRF shRNA observers (two-tailed multiple t-test,
Bonferroni correction. (€) SCRAMBLED: no significant differences; N = 14 observers. (f) anti-CRF shRNA. 6 min:
P=0.01; N=16 observers). (g, h) Time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state
during the 6-min test, divided into three consecutive 2-min epochs, displayed by anti-CRF shRNA negative self-
experienced (g) dominants and (h) subordinates (two-tailed multiple t-test, Bonferroni correction. (g) DOMINANTS.
6 min: P=0.02; N=7 mice. (h) SUBORDINATES. 6 min: P=0.052; N =9 mice). Bar and line graphs show mean +
s.em. *P <(0.05; ***P <(0.0005.
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Extended Data Fig. S mPFC-CRF neurons activity during EDT and falcon restraint.
(a) CRF-Cre mice were injected into the mPFC with Syn.Flex. GCaMP6f.eYFP and implanted with a GRIN lens

(n=4/5mice). (b) Representative images of viral infection and GRIN lens placement of the five mice tested. (c, )
Experimental design of the EDT in (c) naive and (e) negative self-experience condition. (d) Averaged percentage of time
spent in the zone around a stress (purple bars) or a neutral (gray bars) demonstrator, displayed by naive observers (two-
tailed paired t-test; N =4 observers). (f) Averaged percentage of time spent in the zone around a stress (purple bars) or a
neutral (gray bars) demonstrator, displayed by negative self-experienced observers (left) with or (right) without preference
towards stress demonstrators (two-tailed paired t-test. (left) Preference for stress: N =3 mice. (right) No preference for
stress: N =2 mice. (g-j) Heatmaps of entrances in stress (g, i) or neutral (h, j) zone associated with neuronal inactivation in
(g, h) naive and (i, j) negative self-experience condition. (k) Experimental design: mice were placed for 10 min inside an
empty cage (before restraint stress), and subsequently moved inside a 50 ml falcon for 30 min. (1, m) Average peaks’ (1)
frequency and (m) amplitude before (yellow) and after (purple) restrain stress (two-tailed Wilcoxon matched-pairs signed
ranks test. (1) Number of pairs: 62, p<0.0001. (m) Number of pairs: 62, p=0.84). Bar and line graphs show mean +
s.e.m. ***P <(.0005.
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Extended Data Fig. 6 Optogenetic inhibition of mPFC-CRF neurons during Emotion Recognition, Object
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(A=1532nm) was paired to exploration of neutral demonstrator. (b) Time spent sniffing demonstrators in stress (purple

bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs, displayed by naive

observers tested in (left) light OFF and (right) light ON condition (two-tailed multiple t-test, Bonferroni correction. N=5

observers/condition). (¢) Total social exploration during the 6-min test, displayed by naive observers tested in light OFF

and light ON condition (two-tailed paired t-test; N =5 observers/condition). (d) Experimental design of the EDT with two

neutral demonstrators in naive condition. Photoinhibition (A =532 nm) was paired to the exploration of one demonstrator.
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(e, f) Time spent sniffing two neutral demonstrators in () percentage or (f) seconds, during the 6-min test divided into
three consecutive 2-min epochs, displayed by naive observers tested in (left) light OFF or (right) light ON condition (two-
tailed multiple t-test, Bonferroni correction. N =11 observers/condition). (g) Left: Cumulative time spent sniffing two
neutral demonstrators in light OFF and light ON conditions (three-way RM ANOVA; N =11 observers). Right:
representative tracking plot for light OFF (top) and light ON (bottom) conditions. (h) Total social exploration during the
6-min test, displayed by naive observers tested in light OFF and light ON condition (two-tailed paired t-test; N=11
observers/condition). (i) Experimental design of the EDT with one stress and one neutral demonstrator in self-experience
condition. Photoinhibition (A =532 nm) was paired to exploration of stress demonstrator. (j) Time spent sniffing
demonstrators in stress (purple bars) or neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min
epochs, displayed by self-experience observers tested in (left) light OFF and (right) light ON condition (two-tailed
multiple t-test, Bonferroni correction. N =9 observers/condition). (k) Total social exploration during the 6-min test,
displayed by negative self-experienced observers tested in light OFF and light ON condition (two-tailed paired t-test;

N =09 observers/condition). (1, m) Time spent sniffing demonstrators in stress (purple bars) or neutral (gray bars) state
during the 6-min test, divided into three consecutive 2-min epochs, displayed by self-experience (left) dominant or (right)
subordinate mice tested in (1) light OFF and (m) light ON condition (two-tailed multiple t-test, Bonferroni correction.

N =4 dominant and 5 subordinate observers). (n) Experimental design of the EDT with two inanimate objects in naive
condition. Photoinhibition (A= 532 nm) was paired to exploration of one of the two objects. (0, p) Time spent sniffing two
objects in (0) percentage or (p) seconds, during the 6-min test divided into three consecutive 2-min epochs, displayed by
naive observers. (two-tailed multiple t-test, Bonferroni correction. N = 10 observers). (q) Experimental design of
photoinhibition (A= 532 nm) during tube test performed on cages of two or three mice. (r) Summary of mPFC-CRF
neurons photoinhibition—induced rank change. Each line represents one animal. (s) Mean rank change induced by mPFC-
CRF neurons photoinhibition. N =11 mice. Bar and line graphs show mean + s.e.m. *P <0.05. **P <0.005.
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Extended Data Fig. 7 Optogenetic activation of mPFC-CRF neurons during Emotion Recognition, Object

Discrimination and Tube Test.

(a) Experimental design of the EDT with one neutral and one stress demonstrator in naive condition. Photostimulation

(A=473 nm) was paired with one stress demonstrator. (b) Time spent sniffing demonstrators in stress (purple bars) or
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neutral (gray bars) state during the 6-min test, divided into three consecutive 2-min epochs, displayed by naive observers
tested in (left) light OFF and (right) light ON condition (two-tailed multiple t-test, Bonferroni correction. N =6
observers/condition). (c) Total social exploration during the 6-min test, displayed by self-experience observers tested in
light OFF and light ON condition (two-tailed paired t-test; N =6 observers/condition). (d) Experimental design of the
EDT with two neutral demonstrators in naive condition. Photostimulation (A =473 nm) was paired to exploration of one
of the two neutral demonstrators. (e, f) Time spent sniffing two neutral demonstrators in (€) percentage or (f) seconds,
during the 6-min test divided into three consecutive 2-min epochs, displayed by naive observers tested in (left) light OFF
and (right) light ON condition (two-tailed multiple t-test, Bonferroni correction. N =7 observers/condition). (g) Left:
Cumulative time spent sniffing two neutral demonstrators in light OFF and light ON conditions (three-way RM
ANOVA). Right: representative tracking plot for light OFF (top) and light ON (bottom) conditions. N=7
observers/condition. (h) Total social exploration during the 6-min test, displayed by naive observers tested in light OFF
and light ON condition (two-tailed paired t-test; N =7 observers/condition). (i) Experimental design of the EDT with two
neutral demonstrators in self-experience condition. Photostimulation (A =473 nm) was paired to exploration of one of two
neutral demonstrators. (j) Time spent sniffing two neutral demonstrators during the 6-min test, divided into three
consecutive 2-min epochs, displayed by self-experienced observers tested in (left) light OFF and (right) light ON
condition (two-tailed multiple t-test, Bonferroni correction. N =5 observers/condition). (k) Total social exploration during
the 6-min test, displayed by naive observers tested in light OFF and light ON condition (two-tailed paired t-test; N=6
observers/condition). (I, m) Time spent sniffing two neutral demonstrators during the 6-min test, divided into three
consecutive 2-min epochs, displayed by negative self-experienced (left) dominant and (right) subordinate mice tested in
(D light OFF and (m) light ON condition (two-tailed multiple t-test, Bonferroni correction. N = 3 observers/condition). (n,
q) Experimental design of the EDT with two inanimate objects in (n) naive or (q) self-experience condition.
Photostimulation (A=473 nm) was paired to exploration of one of the two object. (o, r) Percentage of time spent sniffing
two objects during the 6-min test, divided into three consecutive 2-min epochs, displayed by (o) naive or (1) self-
experienced observers (two-tailed multiple t-test, Bonferroni correction. N =8 naive and 7 self-experience observers). (p,
s) Time spent sniffing two objects during the 6-min test, divided into three consecutive 2-min epochs, displayed by (p)
naive or (s) self-experienced observers (two-tailed multiple t-test, Bonferroni correction. N =8 naive and 7 self-experience
observers). (t) Experimental design of photostimulation (A =473 nm) during tube test performed on cages of two mice. (u)
Summary of mPFC-CRF neurons photostimulation—induced rank change. Each line represents one animal. (v) Mean

rank change induced by mPFC CRF neurons photostimulation. Bar and line graphs show mean + s.e.m. *P <0.05.
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Abstract

Recognizing and responding to the emotions of others is critical for adaptive social behavior, yet
the circuit mechanisms that support this ability remain poorly understood. Here we show that
somatostatin-expressing (SOM) interneurons in the prelimbic cortex (PrL) and in the anterior
cingulate cortex (ACC) make distinct contributions to emotion discrimination in mice. Using a
validated behavioural paradigm combined with optogenetic manipulations, we found that
inhibition of PrL SOM neurons abolished discrimination of affective states, whereas inhibition of
ACC SOM neurons left discrimination intact and in some cases enhanced it. By contrast,
optogenetic stimulation of SOM neurons in either region disrupted discrimination, suggesting that
finely tuned excitatory—inhibitory balance, rather than uniform SOM activity, is essential for such
important social ability. Circuit-mapping studies revealed that ACC SOM neurons project to
multiple downstream targets, including the medial prefrontal cortex, the dorsal tenia tecta, and the
amygdaloid regions, implicating them in a distributed network spanning cognitive and limbic
systems. Together, these findings identify region-specific specializations of SOM interneurons
within the prefrontal cortex and demonstrate their causal role in shaping emotional behavior. More
broadly, they highlight the importance of inhibitory microcircuits in the distributed architecture
of the social brain and point to circuit-level mechanisms that may be disrupted in psychiatric

disorders characterised by impairments in emotion recognition.
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Main

Emotions play a fundamental role in regulating social behavior across species, affecting
communication, decision-making, conflict resolution, group cohesion, and collective dynamics
((Adolphs, 2001); (V. Ferretti & F. Papaleo, 2019); (Panksepp & Panksepp, 2013); (Schafer &
Schiller, 2018); (van Kleef & Cote, 2022)). Identifying negative emotions in others can trigger a
range of responses, from increased vigilance and threat avoidance to prosocial consolatory
behavior ((Burkett et al., 2016); (LeDoux, 2000); (Phelps, 2006)). Given their crucial role in
survival and social life, the ability to detect and respond to the emotions of others is evolutionarily
conserved ((Adolphs, 2001); (Decety, 2011); (V. Ferretti & F. Papaleo, 2019); (Mason & Shan,
2017); (Millan et al., 2012); (Panksepp & Panksepp, 2013); (Raihani, 2021); (Schafer & Schiller,
2018)).

Our previous work has shown that prelimbic (PrL) somatostatin-expressing (SOM) neurons play
a crucial role in recognizing emotions (Scheggia et al., 2020). We used a behavioural paradigm
that assesses mice's ability to perceive, process, and respond to positive and negative emotional
states in other mice ((Ferretti et al., 2019); (V. Ferretti & F. Papaleo, 2019); (Scheggia et al.,
2020); (Dautan et al., 2024b); (Maltese et al., 2025)). This paradigm is similar to human emotion
recognition tasks and examines social cognitive processes in mice that are distinct from
sociability, social memory, and social reward. In the task, an ‘observer’ mouse is presented with
two demonstrators, one in an altered emotional state and another in a neutral state, and interacts

differently with them based on olfactory and visual cues.

Like the PrL, the anterior cingulate cortex (ACC, Brodmann area 24) is a sub-region of the medial
prefrontal cortex and acts as a central hub for detecting and responding to others’ emotions in both
rodents and humans ((Antonelli et al., 2025); (Carrillo et al., 2019); (Jeon et al., 2010); (Smith et
al., 2021); (Zhang et al., 2024)). However, its role differs from that of the PrL (Keum et al., 2018).
This study aims to investigate how these two closely connected regions contribute differently to
emotion discrimination ((Utashiro et al., 2024); (Tomioka et al., 2005)), with a focus on

optogenetic manipulation and whole brain mapping of SOM neurons in these two brain areas.
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Results

Photo-inhibition of SOM+ interneurons in ACC does not affect affective state

discrimination

The Anterior Cingulate Cortex (ACC) has been strongly linked to empathy-related behaviors
(Apps et al., 2016). Empathy is defined as the capacity to acknowledge and understand another
person's feelings, leading the observer to have a responsive reaction ((Post et al., 2014); (Mercer,
2002); (Stevenson, 2010)). The ACC has consistently been involved in these processes in
humans (Arioli et al., 2021) and mice (Smith et al., 2021). In line with this, the ACC,
particularly somatostatin-positive (SOM+) neurons in the ACC, has been shown to play a role in
the social transfer of fear, supporting the ACC's role in emotional contagion (Keum et al., 2018).
SOM+ neurons in the medial prefrontal cortex (PFC) have been reported to play a crucial role in
emotion discrimination (Scheggia et al., 2020). It remains unclear whether SOM+ neurons in the

ACC are also involved in emotion discrimination; thus, we decided to target them.

We began by bilaterally injecting AAV-DIO-eNpHR3.0 into the ACC of SOM-cre mice, and
subsequently implanted optogenetic fibers terminating dorsally to this area (Fig. 1A). After
handling and habituating both the observers and the demonstrators to the EDT apparatus, we
performed for each the relief and the stress protocol (Fig. 1B, 1H). Some mice also underwent
the neutral vs neutral, empty vs empty, sociability and social novelty protocols (Extended Fig.
1B, 1F, 1H, IN). The mice received a continuous green light (530 nm, 5SmW) in the whole
apparatus during the first two minutes of the test, which is reported to be the most important for
assessing emotion recognition ((Ferretti et al., 2019); (Scheggia et al., 2020); (Dautan et al.,
2024b)). Without optogenetic manipulation, observer mice discriminated the stress (Fig. 11, n
mice=19), but had issues with the relief demonstrators (Fig. 1C, n mice=23). In contrast to
inhibition of mPFC SOM neurons (Scheggia et al., 2020), inhibiting ACC SOM neurons did not
alter stress recognition (Fig. 11, 1L), looking at the total social interaction it transpired that the
manipulated group interacted less with the stress demonstrators, however such difference was
not significant (Fig. 1M, t=3.210, d.f.=72, p=0.0119). Regarding the relief protocol, it shows an
improvement for the manipulated group (Fig. 1C, t=2.834, d.f. =88, P =0.0342), however, it is
difficult to comment on that since the control did not work (Fig. 1C, t=0.8440, d.f. =88,
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p=0.6890) We tested also with green light activated only when the observer entered the altered-
state mouse zone (Fig. 1F, IN). For the relief, we noticed a slight preference for the altered
mouse as the test progressed, although never significant throughout the test (Fig. 1G, min 4-6,
p=0.0776, n mice=7). What we noticed was that with the light on only when entering the altered
mouse side, the preference in the control for the neutral was reduced (Fig. 1K). For the stress, no
significant differences between the two experimental groups were noted in the first two minutes
of the task (n mice=15). However, as the test progressed, the observer tended to spend less time
socializing with the altered mouse (Fig. 10, 1P, 1Q). However, the difference in total social
exploration is not statistically significant (Fig. 1Q, p=0.1039). To check if the inhibition was
causing social avoidance, we paired the stress protocol with the laser on only on the neutral
demonstrator’s side (Fig. IR, n mice=5). We saw no differences in the first two minutes between
the two experimental groups, then a preference for the altered mouse in the laser-on situation,
counterbalanced by an avoidance of it in the last trial. Looking at the total social interactions, the
manipulated group spend less time sniffing the demonstrators; however, this difference is not
significant (Fig. 1U, p>0.9999). The inhibition of only one side does not cause side preference
(Extended Fig. 1C, 1G) as proven by non-significant differences in the neutral vs neutral and
empty vs empty protocols; nor does it disrupt sociability and social novelty (Extended Fig. 11,
10). In fact, observers inhibited only on the unfamiliar demonstrator’s side, maintained a
preference for the unfamiliar throughout the test, compared to the other two experimental groups

(Extended Fig. 1P, laser on unfamiliar side, p=0.0100).

The photo-inhibition of ACC SOM does not affect the emotion discrimination ability, as the
photo-inhibition of mPFC SOM (Scheggia et al., 2020). However, it seems to have an effect as
time passes, especially on the sociability and social novelty (Extended Fig. 11, 10).
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Figure 1. Photo-inhibition of SOM+ interneurons in ACC does not affect affective state discrimination

A, Left: SOM-Cre mice were bilaterally injected in the ACC with AAV-EF1a-DIO-eNpHR3.0-eYFP and implanted
bilaterally with chronic optic fibers terminating dorsal to the injection area. Right: representative image of coronal
ACC section. Findings were replicated in independent experiments with similar results. B, Mice were tested in the
ADT with one relieved and one neutral demonstrator. Data derived from n =23 mice. Photo-inhibition was
performed for 2 min from the beginning of the test using continuous green light (A =532 nm), power 5 mW. C,
Increased social investigation during optical inhibition of SOM+ cells (two-way repeated-measures ANOVA,
affective state x light (off, on), Bonferroni correction, 2 min., F (3, 88) =2.915, P=0.0387). D, E, No significant
differences in the discrimination index nor in the cumulative sniffing (2-way ANOVA, Bonferroni correction, F (2,
88) =3.140, P = 0.0992; one-way ANOVA, Bonferroni correction, P >0.9999). F, Mice were tested in the ADT
with one relieved and one neutral demonstrator. Data derived from n =7 mice. Photo-inhibition with green light was
paired to exploration of the relieved demonstrator’s side (counterbalanced, left or right, across observers). G, No
significant differences were noted across the two experimental groups (two-way repeated-measures ANOVA,
affective state x light (off, on), Bonferroni correction, F (3, 24) = 0.2539, P=0.8578). H, I, No significant
differences in discrimination indexes nor total social investigation across the two experimental groups (two-way
ANOVA, Bonferroni correction, F (2, 24) = 0.9499, P=0.4008; one-way ANOVA, Bonferroni correction, P
>0.9999). J, Mice were tested in the ADT with one stressed and one neutral demonstrator, and photoinhibition was
performed during the first 2 min. Data derived from n =19 mice. K, Increased exploration of the stressed
demonstrator compared to the neutral demonstrator in both experimental groups (two-way repeated-measures
ANOVA, affective state x light (off, on), Bonferroni correction, light off t=4.614, d.f. = 72, p=0.0001, light on
t=2.848, d.f. =72, p=0.0343). L, no significant differences in discrimination index (2-way ANOVA, Bonferroni
correction, F (2, 72) = 0.07607, P=0.9268), M, decreased social interaction toward altered mouse and increased
toward neutral one in light on condition, not significant (one-way ANOVA, Bonferroni correction, P >0.9999),
significant differences in total social interaction in light off condition (one-way ANOVA, Bonferroni correction,
t=3.210, d.f. =72, p=0.0119). N, Mice were tested in the ADT with one stressed and one neutral demonstrator. Data
derived from n =15 mice. Photo-inhibition with green light was paired to exploration of the stressed demonstrator’s
side (counterbalanced, left or right, across observers). O, Increased exploration of the stressed demonstrator
compared to the neutral demonstrator in both experimental groups, in light-on condition not significant (two-way
repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction, light off t=3.355, d.f. = 56,
p=0.0001, light on t=2.848, d.f.=56, p=0.0086). Increased social interaction with neutral demonstrator in light on
condition compared to the control group, not significant (two-way repeated-measures ANOVA, Bonferroni
correction, p= 0.2126). At min 2-4, both groups show a preference for the neutral demonstrator, not significant
(two-way repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction, light off t=1.137, d.f.
=56, p>0.9999, light on t=2.558, d.f. =56, p=0.0795. At min 4-6, preference toward neutral in light on condition,
not significant (two-way repeated-measures ANOVA, Bonferroni correction, P=0.6884). P, Q, no statistically
significant differences between experimental groups in discrimination index, nor total social exploration. Decreased
social interaction in light on group compared to light off, not significant (two-way ANOVA, Bonferroni correction,
F (2,62)=1.010, P=0.3701; one-way ANOVA, Bonferroni correction, p=0.3835). R, Mice were tested in the ADT
with one stressed and one neutral demonstrator. Data derived from n =5 mice. Photo-inhibition with green light was
paired to exploration of the neutral demonstrator’s side (counterbalanced, left or right, across observers). S, T, U,
No significant differences in experimental groups regarding social exploration across trials (two-way repeated-
measures ANOVA, affective state x light (off, on), Bonferroni correction, light off t=0.1264, d.f. = 16, p=0.9997,
light on t=0.3712, d.f. =16, p=0.9995). Light on condition did not statistically altered observers d-index nor total
social exploration (two-way ANOVA, Bonferroni correction, F (2, 16) = 0.4701, P=0.6333; one-way ANOVA,
Bonferroni correction, p>0.9999).
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Photo-stimulation of SOM+ interneurons in ACC affects affective state discrimination

The results from photo-inhibiting ACC SOM were consistent with those reported in the
literature (Keum et al., 2018). We did not have references for what their stimulation would do;
what we did know, from previous work, was that the photo stimulation of SOM in PrL was
creating side preference (Scheggia et al., 2020). To evaluate if this was too the case for ACC, we
delivered pulsated blue light (380 nm, SmW, 30Hz) paired to the entrance of the observer (n
mice=3) in one of the two neutral demonstrators’ side (counterbalanced left and right) for the
entire duration of the test (Extended Fig. 2B). Strikingly, mice did not show a preference for the
laser side. In the first two minutes the social exploration was balanced, it went down in the
second trial for the laser side’s demonstrator, but it picked up again in the last 2 minutes
(Extended Fig. 2C). No avoidance was detected when looking at total sniffing (Extended Fig.
2D). We decided to add an emotional valence to the photo-stimulation, starting with delivering
the pulsated blue light (380 nm, SmW, 30Hz) for the first two minutes of the test, in the whole
apparatus. In this condition, the observer's discrimination ability was impaired for both the relief
(n mice=20) and stress (n mice=16) protocol (Fig. 2C, 2J, with the latter being the most
significant affected (Fig. 2C, min 0-2, F (3, 76) = 5.079, P=0.0029; Fig. 2J, min 0-2, F (3, 60) =
13.14, P<0.0001). Social exploration was not disrupted in either of the tests (Fig. 2E, Fig. 2M).
In the relief protocol, after the turning off of the laser, the mice did not regain the discrimination
ability until the last 2 minutes of the test (Fig. 2C, 2D). The same behavior was noted in the
stress protocol (Fig. 2K, 2L), but less pronounced than in the relief. To evaluate the limits of the
photostimulation, we paired the laser with the entrance of the observer to the altered
demonstrators’ zones (counterbalanced, left and right, Fig. 2F, n mice=4; Fig. 2N, n mice=10).
No significant effects were noted in the relief (Fig. 2F, 2G, 2H). In the stress, the laser slightly
reduced the discrimination ability, but it was not disruptive (Fig. 20, F (3, 36) = 5.175,
P=0.6934; Fig. 2P, 2Q)). The photostimulation did not affect their total social exploration. Like
we did for the photo-inhibition (Fig. 1R), we checked if the photo-stimulation paired with the
neutral demonstrator’s zone would affect the behavior (Fig. 2R, n mice=4). While in the photo-
inhibition we did not gather any significant effect, the photo-stimulation’s data suggest a trend
toward the exploration of the neutral demonstrator (Fig. 2S, 2U). No significant difference in
index-discrimination was evinced (Fig. 2T, F (1.729, 10.37) = 3.283, P=0.0834). We performed

also the sociability and social novelty tests paired with photo-stimulation in the first 2 minutes of
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the test, in the whole apparatus (Extended Fig. 2F, Extended Fig. 2J, n mice=6). In these

conditions, the social and social novelty discrimination was abolished already in the first two
minutes (Extended Fig. 2G, F (3, 20) = 8.014, P=0.0011; Extended Fig. 2K, F (3, 20) = 38.02
P<0.0001). Even after turning off the laser, mice could not discriminate the unfamiliar mouse

from the familiar one (Extended Fig. 2K, min 2.4, F (3, 20) = 5.131, P=0.0086). In both tests,

9

photo-stimulation reduced the interest for the observer toward the novel mouse (Extended Fig.

2H, Extended Fig. 2L, 2M).

This could be explained by the important role the ACC covers in memory ((Bush et al., 2000);

(Lenartowicz & MclIntosh, 2005)): the photo-stimulation could have created an

excitatory/inhibitory imbalance that interfered with the mice's social memory.
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Figure 2. Photo-stimulation of SOM+ interneurons in ACC affects affective state discrimination

A, Left: SOM-Cre mice were bilaterally injected in the ACC with AAV-EF1a-DIO-ChR2-eYFP and implanted
bilaterally with chronic optic fibers terminating dorsal to the injection area. Right: representative image of coronal
ACC section. Findings were replicated in independent experiments with similar results. B, Mice were tested in the
ADT with one relieved and one neutral demonstrator. Data derived from n =20 mice. Photo-stimulation was
performed for 2 min from the beginning of the test using pulsating blue light (A =380 nm) at 30 Hz, power 5 mW.
C, Increased exploration of the relieved demonstrator compared to the neutral demonstrator during the first 2 min of
testing, which was abolished in the light-on condition (two-way repeated-measures ANOVA, affective state x light
(off, on), F (3, 76)=5.079, P=0.0029), immediately after photo-stimulation of SOM+ neurons, the observer mouse
kept interacting more with the neutral demonstrator than the relieved one (one-way repeated-measures ANOVA,
Bonferroni correction, P=0.0061). D, the light-on condition impaired the affective state discrimination in the first 2
trials of the test (0-2 min., 2-4 min.) (two-way ANOVA, Bonferroni correction, trial 1 t=2.712, d.f. =33.32, p=
0.0315; trial 2 t=2.653, d.f. = 37.56, p= 0.0349). E, No difference in total sniffing across the two experimental
groups (one-way ANOVA, Bonferroni correction, p= 0.1481). F, Mice were tested in the ADT with one relieved
and one neutral demonstrator. Data derived from n =4 mice. Photo-stimulation with pulsating blue light was paired
to exploration of the relieved demonstrator’s side (counterbalanced, left or right, across observers). G, H, I, no
difference in sniffing divided by trial, total sniffing or discrimination index (two-way repeated-measures ANOVA,
affective state x light (off, on), F (3, 12) = 0.4033, P=0.7533; two-way ANOV A, Bonferroni correction, F (2, 12) =
0.01781, P=0.9824; one-way ANOV A, Bonferroni correction, F (3, 12) = 0.2833, P=0.8365). J, Mice were tested in
the ADT with one stressed and one neutral demonstrator, and photo-stimulation was performed during the first

2 min. Data derived from n mice = 16. K, Increased exploration of the stressed demonstrator compared to the
neutral demonstrator during the first 2 min of testing, which was abolished in the light-on condition (two-way
repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction; light off, P<0.0001; light on
P=0.0094). As the test progressed, no statistical differences were noted across experimental groups. L, the light-on
condition impaired the affective state discrimination in the first 2 minutes of the test (two-way ANOVA, Bonferroni
correction, t=4.267, d.f. =29.22, P=0.0006). M, no difference in total social exploration (one-way ANOVA,
Bonferroni correction, F (3, 60) = 0.5334, P=0.6611). N, Mice were tested in the ADT with one stressed and one
neutral demonstrator. Data derived from n =15 mice. Photo-stimulation with pulsating blue light was paired to
exploration of the stressed demonstrator’s side (counterbalanced, left or right, across observers). O, Increased
exploration of the stressed demonstrator compared to the neutral demonstrator during the first 2 min of testing,
which was abolished in the light-on condition (two-way repeated-measures ANOVA, affective state x light (off,
on), Bonferroni correction; light off, P=0.0059; light on P=0.1370). As the test progressed, mice from both
experimental groups socialized more with the neutral mouse. P, Q, no statistical differences were noted in the two
groups’ discrimination indexes (two-way ANOVA, Bonferroni correction, P=0.4134) nor in the total social
exploration (one-way ANOVA, Bonferroni correction, F (3, 36) = 0.4552, P=0.7152). R, Mice were tested in the
ADT with one stressed and one neutral demonstrator. Data derived from n=4 mice. Photo-stimulation with
pulsating blue light was paired to exploration of neutral demonstrator’s side (counterbalanced, left or right, across
observers). S, in the first trial, the control group had increased exploration of the stressed demonstrator compared to
the neutral demonstrator; the light-on group had increased exploration of the neutral demonstrator instead. This
difference was not statistically significant (two-way repeated-measures ANOVA, affective state x light (off, on), F
(3, 12) =2.759, P=0.0882). The light-on group increased their exploration toward the stressed demonstrator in the
last trial. T, U, No difference in discrimination index (two-way ANOVA, Bonferroni correction, P=0.0729), light-
on group had higher total social exploration for both the demonstrators than the control group, but not statistically
significant (one-way ANOVA, Bonferroni correction, F (3, 12) = 1.092, P=0.3898).
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Photo-stimulation of SOM+ interneurons in PrL affects affective state discrimination

We determined that photo-stimulation had a different effect on ACC SOM and PrL neurons in a
neutral vs neutral setting (Extended Fig. 2C; (Scheggia et al., 2020)). The next question was
whether photo-stimulation of PrLL. SOM neurons could disrupt emotion discrimination as well.
We delivered pulsated blue light (380 nm, SmW, 30Hz) for the first two minutes of the test, in
the whole apparatus. We did not see a change in behavior with the relief (Fig. 3B, 3C, n
mice=3). Mice that received the stimulation discriminated the affected state mouse throughout
the test. In contrast, the control group preferred the neutral demonstrator in the last 2 minutes
(Fig. 3C). Looking at the total social exploration, photo-stimulated mice spent less time
interacting with the neutral demonstrator, but it was not statistically significant (Fig. 3E, F (3, 8)

=1.004, P=0.4396).

Next, we tested them in a stress protocol with pulsated blue light for the first two minutes of the
test, in the whole apparatus (Fig. 3F, n mice=6). Similar to the photo-stimulation of ACC SOM
neurons (Fig. 2K), the discrimination ability was abolished throughout the whole test (F (3, 20)
=11.63, P=0.0001). The photo-stimulation reduced the total social exploration for the stressed
mouse (Fig. 31, F (3, 20) = 0.8213, P=0.4974) and flattened the discrimination index (Fig. 3H, F
(1.504, 15.04) = 0.7458, P=0.4547). Since we knew that photo-stimulation cause side preference
(Scheggia et al., 2020) we tested them in stress protocol with pulsated blue light paired with the
stressed demonstrator’s side (counterbalanced, left and right) (Fig. 3J, n mice=4). Photo-
stimulation caused a reduction in social interaction with the stressed demonstrator in the first
two minutes of the test (Fig. 3K, F (3, 12) = 6.262, P=0.0084), but not significant changes on
discrimination index nor on total time spent social exploring (Fig. 3L, F (1.555, 9.327) = 0.4985,
P=0.5777; Fig. 3M, F (3, 20) = 0.8213, P=0.4974).

The follow-up and last experiment we did was photo-stimulating in a stress vs stress protocol,
all apparatus the first 2 minutes (Fig. 3N, n mice=3) and also paired with the entrance to one
side (Fig. 3N, n mice=3; counterbalanced, left and right). Neither of the two manipulations
caused evident discrepancy in social exploration (Fig. 3P, F (3, 12) = 0.8348, P=0.5003; Fig.
3Q, F (1.857, 11.14) = 0.07643, P=0.9157).

Overall, these findings show a different role of ACC SOM in emotion discrimination compared

to PrL SOM, with the latter seemingly more sensitive to manipulations.
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Figure 3. Photo-stimulation of SOM+ interneurons in PrL affects affective state discrimination

A, SOM-Cre mice were bilaterally injected in the PrL with AAV-EF1a-DIO-ChR2-eYFP and implanted bilaterally
with chronic optic fibers terminating dorsal to the injection area. B, Mice were tested in the ADT with one relieved
and one neutral demonstrator. Data derived from n =3 mice. Photo-stimulation was performed for 2 min from the
beginning of the test using pulsating blue light (A =380 nm) at 30 Hz, power 5 mW. C, No statistically significant
differences were noted across the two experimental groups (two-way repeated-measures ANOVA, affective state x
light (off, on), F (3, 8) = 3.479, P=0.0704). In the last 2 minutes of the test, the control groups increased their
sniffing toward the neutral demonstrator. D, E, photo-stimulation decreased the social exploration for the neutral
demonstrator (two-way ANOVA, Bonferroni correction, F (2, 8) = 2.494, P=0.1440; one-way ANOV A, Bonferroni
correction, F (3, 8) = 1.004, P=0.4396). F, Mice were tested in the ADT with one stressed and one neutral
demonstrator, and photo-stimulation was performed during the first 2 min. Data derived from n mice=6. G, photo-
stimulation decreased social exploration toward stressed demonstrator and increased toward neutral demonstrator
(two-way repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction, light off, t=5.886, d.f.
=20, p<0.0001, light on, t= 0.5064, d.f. =20, p=0.6181; F (3, 20) = 11.63, P=0.0001). After the photo-stimulation,
observers showed a slight increase in social exploration toward stressed demonstrators. H, photo-stimulation
decreased discrimination index, not statistically significant (two-way ANOVA, Bonferroni correction, F (2, 20) =
0.7458, P=0.4871). 1, photo-stimulation decreased total social exploration of stressed demonstrator, no effect on
neutral demonstrator. Not statistically significant (one-way ANOVA, Bonferroni correction, F (3, 20) = 0.8213,
P=0.4974). J, Mice were tested in the ADT with one stressed and one neutral demonstrator. Data derived from

n mice=4. Photo-stimulation with pulsating blue light was paired to exploration of the stressed demonstrator’s side
(counterbalanced, left or right, across observers). K, photo-stimulation reduced social exploration toward stressed
demonstrator and increased it toward neutral demonstrator (two-way ANOVA, affective state x light (off, on), light
off, t=4.121, d.f. =12, p=0.0085; light on, t= 1.342, d.f. =12, p=0.4682; F (3, 12) = 6.262, P=0.0084). L, M, no
statistically significant differences across experimental groups regarding discrimination index and total social
exploration (two-way ANOVA, Bonferroni correction, F (2, 12) = 0.4985, P=0.6195; one-way ANOV A, Bonferroni
correction, F (3, 12) = 0.6935, P=0.5735). N, Mice were tested in the ADT with stressed demonstrators. Photo-
stimulation was performed for 2 min from the beginning of the test using pulsated blue light, and also paired to
exploration of one of the stressed mice’s sides (counterbalanced, left or right, across observers). Data derived from
n=4 mice. O, photo-stimulation on one side causes a trend in preferring the demonstrator on the stimulated side
(two-way ANOVA, affective state x light (on2, on6), F (3, 12) = 0.5428, P=0.6622). P, discrimination index was
not affect by photo-stimulation of any kind (two-way ANOVA, Bonferroni correction, F (2, 12) = 0.07643,
P=0.9269) Q, photo-stimulation whole apparatus 2 minutes created a preference for one stressed mouse, not
statistically significant. Photo-stimulation on one side did not cause a preference between the two demonstrators
(one-way ANOVA, Bonferroni correction. F (3, 16) = 0.05126, P=0.984).

PrL SOM and ACC SOM project to different parts of the brain

Most SOM+ neurons target the apical part of pyramidal cells ((Urban-Ciecko & Barth, 2016);
(Huang et al., 2024)), but a subset of them can project to other brain areas through long-range
projections and form inhibitory loops ((Katona et al., 2016); (Bertero et al., 2019); (Dautan et
al., 2024b)). To explain the different reactions of mPFC and ACC SOM to optogenetic
manipulations (Fig, 1, 2, 3; (Scheggia et al., 2020)), we collaborated with the Normal Veterinary
Anatomy Service of the Department of Veterinary Medical Sciences of the University of

Bologna in collecting whole-brain tracing data. We used AAV-EF1a-DIO- eYFP injected either
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in ACC or PrL in 6 Sa-CRE, 3 for each area. Photos were taken at injection and projection sites
using an objective 40x (Fig. 4A), the IR% of each area was calculated using ImageJ and
normalized on the average of Cingulate 1 and Cingulate 2’s IR%. Notably, we discovered that
the majority of ACC SOM+ neurons project to the near Infralimbic cortex (IL) with a calculated
mean percentage of 64.61 + 26.72%, followed by the prelimbic cortex (41.36+£10.34%), the
Dorsal Tenia Tecta (32.315£10.588%) and the Anterior Amygdaloidal Area Ventral
(31.163+7.634%) (Fig. 4B). The areas with less IR% were the Ventral Pallidum (7.777+3.055),
the Lateral Septal nucleus dorsal part (4.200+4.200%), the Medial Amygdala (3.129+0.280%)
and the Lateral Orbital Cortex (0.866+0.866). We did not gather any data regarding the insula,
an area of the brain with which the ACC has been confirmed to be very well connected ((Roy et
al., 2012);(Keum et al., 2018)). From the literature, the orbitofrontal cortex is another well-
connected area (Rolls, 2019); however, regarding the long-range somatostatin neurons, it is one
of the least involved ones. This is fitting, since most connectivity research has been done using
fMRI, which indirectly measures the areas' general neuronal activity by detecting changes in
blood flow and oxygenation (Heeger & Ress, 2002). More refined analyses are needed, but with
the data we already have, we could start creating a map of the whole brain for SOM inhibitory

ncurons.

For the PrL. SOM projections we encountered some difficulties with the virus spreading too
much and infecting the septum of all the mice we injected. We have started collecting the

photos, but we do not have the quantified analysis yet.
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Figure 4. PrL SOM and ACC SOM project to different parts of the brain

A. SOM-Cre mice were bilaterally injected in the PrL and in the ACC with AAV-EF1a-DIO- eYFP. Data derived
from n mice=3 for the ACC. N mice=3 for the mPFC. Representative images of photos taken at injection and
projection sites. Objective 40x. B, the percentage of IR was evaluated quantitatively using ImagelJ software and
expressed as the percentage mean + standard deviation. All data collected were normalized by dividing the IR of the
single areas by the average IR of Cingulate 1 and Cingulate 2, then multiplying by 100. The majority of ACC
SOM+ neurons project to the near infralimbic cortex (f64.61+26.72%) followed by the prelimbic cortex
(41.36+10.34%), the Dorsal Tenia Tecta (32.315+£10.588%) and the Anterior Amygdaloid Area Ventral
(31.163+7.634%). The areas with less IR% were the Ventral Pallidum (7.77743.055), the Lateral Septal nucleus
dorsal part (4.200+4.200%), the Medial Amygdala (3.129+0.280%) and the Lateral Orbital Cortex (0.866+0.866).

207



Discussion

Emotion recognition and appropriate social responses are essential processes for individual well-
being and for the functioning of a cohesive society. In this study, we investigated the role of
somatostatin-expressing (SOM) interneurons in two key regions of the social brain—the
prelimbic cortex (PrL) and the anterior cingulate cortex (ACC). Both areas are well-established
hubs of social cognition ((Adolphs, 2009); (Amodio & Frith, 2006); (Scheggia et al., 2020);
(Keum et al., 2018)) and are densely interconnected ((Utashiro et al., 2024); (Tomioka et al.,
2005)).

Our findings demonstrate that SOM neurons in the ACC and PrL serve strikingly different roles
in emotion discrimination, as revealed by their divergent responses to identical optogenetic
manipulations. In line with prior work (Keum et al., 2018), we observed that inhibition of SOM
neurons in the ACC did not abolish emotion discrimination, the first step in empathetic
processing (de Waal, 2008). On the contrary, in some cases, inhibition appeared to enhance this
ability (Fig. 1C). Interestingly, this manipulation did not suppress other social interactions
(Extended Data 1), which starkly contrasts with the effects observed in the PrL, where SOM

inhibition severely disrupted affective state discrimination (Scheggia et al., 2020)

Conversely, photo-stimulation of SOM neurons in the ACC led to deficits in emotion
discrimination, with a pronounced impairment in social memory (Fig. 2, Extended Data 2). This
may reflect the ACC’s well-documented role in memory encoding and retrieval ((Bush et al.,
2000); (Lenartowicz & Mclntosh, 2005)), as well as its strong connectivity with the amygdala
(Rolls, 2019), a region crucial for consolidating emotionally salient memories (Roozendaal et
al., 2009) It is plausible that our manipulation influenced not only local circuitry but also
downstream targets, including projections from the ACC to the anterior amygdaloid area and

nearby limbic structures (Fig. 4).

It is important to note that SOM interneurons predominantly target the dendrites of pyramidal
neurons (Wu et al., 2023). Therefore, optogenetic stimulation likely increased dendritic
inhibition, thereby attenuating the pyramidal neurons' output. This heightened inhibition may
explain the observed impairments in affective state discrimination. On the other hand, the

absence of behavioral disruption during SOM inhibition suggests that while SOM neurons in the
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ACC are engaged during social processing, they may not be strictly necessary for emotional

information integration.

In the PrL, previous research has shown that pyramidal neurons are generally suppressed during
affective state discrimination, and inhibiting local SOM neurons abolishes this ability (Scheggia
et al., 2020). Therefore, one might expect that stimulating SOM neurons would mimic natural
inhibitory dynamics. Surprisingly, our results demonstrated that photo-stimulation in the PrL
also disrupted negative affective state discrimination, indicating a more complex relationship.
These findings highlight that examining a single interneuron subtype in isolation may be
insufficient to explain behavior: the brain functions via a finely tuned excitatory-inhibitory (E-I)
balance ((Yizhar et al., 2011); (Sohal & Rubenstein, 2019)), and disruptions to this balance are

often implicated in neuropsychiatric disorders (Lee et al., 2017).

Emotion discrimination is a multifaceted behavior, reliant on a distributed neural network.
Though the medial prefrontal cortex (mPFC) plays a central role in social cognition, it does not
act in isolation ((Frith & Frith, 2007); (Adolphs, 2009)). To explore this network-level
interaction, in collaboration with the Normal Veterinary Anatomy Service at the University of
Bologna’s Department of Veterinary Medical Sciences, we mapped the downstream targets of

SOM-+ neurons in the PrL. and ACC.

We confirmed that SOM+ projection neurons from the ACC prominently target the medial
prefrontal cortex (mPFC), dorsal tenia tecta (dTT), and anterior amygdaloid area ventral
(aAAV). The mPFC is widely recognized for its role in modulating social behaviors ((Adolphs,
2009); (Amodio & Frith, 2006); (Friedman & Robbins, 2022); (Kietzman & Gourley, 2023)).
The aAAV, as part of the limbic system, contributes to emotional processing (Rolls, 2019), and,
along with the ACC and insula, is involved in anxiety-related and affective responses ((Etkin &
Wager, 2007); (Craig, 2009); (Thompson et al., 2010); (Bachevalier & Loveland, 2006)). The
dTT, sometimes referred to as the anterior hippocampal continuation ((Zaborszky et al., 1986);
(McNamara et al., 2004)), has also been implicated in the brain’s default mode network and the
recognition of emotional facial expressions in humans ((Andrews-Hanna et al., 2010);(Phan et
al., 2002); (Hariri et al., 2003); (Fusar-Poli et al., 2009); (Critchley et al., 2000)). Currently, data
on the downstream targets of SOM+ neurons in the prelimbic cortex (PrL) remain incomplete.
Mapping these projections will be a critical next step, as it will allow us to refine our
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understanding of circuit-specific contributions to emotion discrimination and identify which

downstream regions are most functionally relevant for this behavior.

Our findings, taken together, show that SOM interneurons in the prefrontal cortex have a region-
specific functional specialisation. Although both the ACC and PrL are crucial nodes in the social
brain network, their SOM circuits have distinct effects on emotional discrimination and memory
processes. This distinction underscores the need to examine inhibitory microcircuits in a

regionally nuanced way, rather than assuming they function uniformly across connected areas.

These results emphasise the importance of incorporating local circuit dynamics into the broader
framework of distributed brain networks. Social cognition and emotional processing result from
the coordination of multiple, hierarchically organized regions, each fulfilling a distinct and
context-dependent role. Future research should investigate more thoroughly the functions of
various interneuron subtypes—beyond SOM cells—and their interactions with excitatory
networks, particularly in the context of disrupted excitation-inhibition (E-I) balance observed in

different neuropsychiatric disorders (Lee et al., 2017).

Our optogenetic experiments provide strong evidence that SOM neurons play a causal role in
shaping social behavior. However, they might not fully replicate the natural activity patterns of
these cells when processing emotional information. It's still unclear whether the effects we
observed are due to physiological changes in local circuits or to artificial disruptions of normal
network dynamics. In future, we plan to incorporate real-time in vivo recordings, such as
calcium imaging or electrophysiology, to see if SOM interneuron activity matches specific
behavioural states and to establish a more precise timeline between neural activity and behavior.
Although we link our findings to mechanisms underlying psychiatric conditions, we
acknowledge that our model doesn't capture the full complexity of these disorders. Instead, our
study offers mechanistic insight into a specific behavioural component often disrupted in these
conditions. Future research using genetic or environmental models relevant to disease may

provide a more direct link to human conditions.

Uncovering the functional structure of inhibitory circuits in key social brain regions may reveal
new mechanistic insights and therapeutic targets for conditions characterised by affective and
social impairments, including autism spectrum disorders, schizophrenia, and anxiety-related

pathologies.
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Materials and Methods

1. Animals

All procedures were approved by the Italian Ministry of Health and the local Animal Use
Committee and were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the European Community Council Directives.
Routine veterinary care and animal maintenance are provided by dedicated and trained personnel.
Mice on a C57Bl/6J background aged 3-6 months were used as stimuli. Both male and female
mice were used, of all ages and sex-matched to the observer mice. Heterozygous somatostatin cre-
expressing mice (SOM-cre, Jackson: 013044) and wild-type (WT, Jackson: 000664) mice used
for all experiments were bred and housed in our animal facility. Mouse genotypes were determined
by Polymerase Chain Reaction (PCR) of ear snip tissue. Mice were weaned at 28 postnatal days,
separated by sex and housed 2—4 per cage. Animals were housed in a climate-controlled facility
(temperature 22+2°C, humidity 45-65%), with ad libitum access to food and water throughout,
and with a 12-hour light/dark cycle (7pm/7am schedule). Experiments were run during the light
phase (within 10am-5pm). All mice were handled on alternate days during the week preceding the

first behavioural testing.
2. Viral Injection

For somatostatin neurons optogenetic manipulations we used AAV5-Efla-DIO eNpHR-3.0-
EYFP (Addgene, 26966) for inhibition, AAV5-EF1a-double floxed-hChR2 (H134R)-EYFP-
WPRE-HGHpA (Addgene, 20298) for excitation, injected in SOM-cre mice. For tracing studies
we used AAV-EF1a-DIO- eYFP (27056-AAVS5 addgene), injected in SOM-cre mice.

3. Stereotaxic surgery for viral injection

SOM-cre naive mice underwent stereotaxic surgeries at 2-3 months old. All mice were
anaesthetized with a mix of isoflurane (3%) in oxygen (O2, 1%) before being positioned on a
stereotaxic frame (Kopf Instruments), then maintained at 1-2% isoflurane throughout the
operation. Brain coordinates for the ACC were determined using the Mouse Brain Atlas (from
(Paxinos, 2001)) as follows (AP/ML/DV, in mm from Bregma and the skull): anterior—posterior
(AP), +1.0 mm; medial-lateral (ML), +/-0.3 mm; at two different dorsal-ventral (DV)
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coordinates, —1.75 and —1.55 mm. 0.2 pl of virus mixture was infused into each site through a
borosilicate micropipette connected to a 10 ul Hamilton syringe filled with mineral oil, using a
motorized injector (WPI). The injection rate was set to 0.15 pl/min, and the pipette was kept in
position for at least 5 minutes to allow for proper diffusion. Brain coordinates for the PrL. were
also defined based on the Mouse Brain Atlas (from (Paxinos, 2001)) as follows (AP/ML/DV, in
mm from Bregma and the skull): AP, +1.9 mm; ML, £0.30 mm; with two different DV
coordinates: —2.1 and -2.4 mm. The volume of AAV injected was 0.4 ul per hemisphere. Virus
was infused through a glass micropipette connected to a 10 pul Hamilton syringe filled with
mineral oil, with a motorized injector (WPI). After infusion, the pipette was kept in place for 5

minutes and then slowly withdrawn over 5 minutes.

After viral injection, mice were given between 2 and 3 weeks to recover before the lens or fiber

implantation.
4. Stereotaxic surgery for fibers implantation

Optogenetic dual fiber implants (Doric Lenses) recordings were placed at the same AP add ML
coordinates as the viral injection. For the ACC at AP: +1.0 mm; ML, +/- 0.3 DV: -1.50 and -
1.55. For the PrL at AP, +1.9 mm; ML, £0.30 mm and DV: -2.00mm All implants were
maintained in position using a thin layer of Kwik-Sil (World Precision Instruments), two blunted
skull screws, and adhesive dental cement (Sun Medical Super-Bond C&B Kit, Dental Leader).

Mice were allowed to recover at least 7 days before starting the handling phase.
5. EDT Apparatus

The EDT apparatus is 3D printed onto a square apparatus (35.5 x 23.5 x 19) containing a two
quarter circles (4cm radius) on two opposite sides. Each quarter circle is delimited by metal rods
(0.8cm wide) that allow sufficient space for social contact between the demonstrator (freely
moving in the apparatus) and the stimuli (freely moving in the quarter-circle). A 3D-printed
separator (11 x 19cm) is placed in the middle of the apparatus in between the two quarter-circles
to block the reciprocal view of the stimuli animals. Both a top view and an upper-front view of
the apparatus were acquired through ANYmaze software (ANYmaze 7.4, Stoelting). For
automated scoring, a virtual square (11 x 11 cm) is drawn between each quarter-circle and the

separator to define a zone associated with each stimulus. Videos are collected at 15FPS using

212



the behavioral tracking system (Anymaze 7.4, Stoelting). In optogenetic experiments, live
tracking of the mice was used to deliver 5V- TTL through an Anymaze interface (Amil) to the
LEDs and Lasers for optogenetics, based on the zone visited. Following each experiment round,
the apparatus was thoroughly cleaned with soap, water and 50% ethanol, wiped, and allowed to
air dry. At the end of the experiments and between testing with females or males, an additional
cleaning using 70% ethanol was done, and a minimum of 24h air dry was allowed. During
habituation and testing, the cages were placed inside a dimly light (6+1 lux) soundproof cubicle

(Med Associates).
6. Behavioural Testing

All mice were group-housed and separated based on their experimental role (observer vs
demonstrator). All mice were handled once a day for 1 min for at least 3 days before behavioral
testing procedures. Additionally, mice assigned to optogenetic manipulations were habituated to
wear the opto patch cord for 10 minutes over 3 consecutive days. Observers and demonstrators
were individually habituated to the experimental apparatus with the cable attached for three days
with daily sessions of 10 minutes, in their respective positions (demonstrators inside their
quarter-circle, observers in the free zone). Demonstrator mice were matched by age, sex, and
strain to the observers. To avoid confounders due to side preference, neutral-, relief-, and stress-
stimulus were counterbalanced in the two sides of the testing arena. Neutral demonstrators were
naive and used for a maximum of 2-to-3 times, with at least 1 week between each experiment.
Observers were always exposed to novel demonstrators. No differences were observed in the

performance of the observer mice depending on the previous experience of the demonstrator.

On the day of the testing, all mice were brought into the experimental room at least 1h before the
experiment began, and kept distant to avoid visual or olfactory contact between observers and
demonstrators. Observer mice were gently moved into the arena connected to the patch cord for

optogenetics.

To allow optogenetic modulation an 8cm hole was done in the cubicle above the recording box.
A high-resolution monochrome camera (Imaging source, DMK 22AUCO03) was placed above

the cage to collect the mice's behavior during testing.
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Observer mice. All observer mice were of the same age and sex of the demonstrator mice.
Before the experiments, observer mice were gently moved into the testing apparatus. For
optogenetic experiments, observer mice were connected to the patch cord or the electric cord
(for LEDs stimulation) during this period. The 6-minute experiment began after placing the
demonstrators and/or objects on their compartment. The order of insertion of the two

demonstrators was randomly assigned.

Demonstrator mice. Demonstrator mice are matched by age and sex to the observers, were
habituated, without the observer, inside the same cage in the quarter-circle 10 min for three
consecutive days. Neutral, stress, relief, unfamiliar and familiar demonstrators were
counterbalanced in the two sides of the testing apparatus. On the day of test, all demonstrators
were brought into the experimental room at least 1h before the experiment began. All

demonstrators were group-housed and separated from the cages of each other.

1) Neutral: these mice were habituated to the experimental setting as described above. All
demonstrators were test-naive and used for a maximum of 2-to-3 times, with at least 1 week
between each experiment. No differences were observed in the performance of the observer

mice depending on the previous experience of the demonstrator.

2) Stress: these mice were habituated to the experimental setting as described above. Then they
were subject to restraint in a 50ml falcon tube (with a small hole at the end to let the mouse
breathing) for 15 minutes before the beginning of the test, and then were moved immediately to

their respective side of the arena.

3) Relief: these mice were habituated to the experimental setting as described above. 23h before
the experiment they were water deprived. Ad libitum access to water was given 1h before the
test, and mice were transferred to their respective side of the arena for testing. Food was always

ad libitum.

4) Familiar: was manipulated as a neutral demonstrator but exposed to the observers for 6

minutes prior to testing.

5) Object: A black 3x3x7cm object was used. These objects were validated to don’t induce any

particular aversion/preference in mice.
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7. Behavioural Scoring

Acquired videos were used offline by an experimenter blind to the manipulation of both
observer and demonstrators for scoring of social contact (sniffing). Time spends in each zone,
the number of entries in each zone, or the distance traveled were collected using tracking
software (Anymaze). Manual behavioral scorings were performed with videos using custom-

made keyboard-scoring software.

8. Optogenetic manipulations

During behavioral testing, the cannula for the optogenetic experiment was connected to a 2x1
rotary joint by a dual-site patch-cord (Doric lenses, DFP_200 0.37 1.0m_GS0.7 2xFC) with
the other extremity connected to a blue (380nm Laser CNI Laser or EX-LED, 435460 nm,
average power 5 mW mm-—2), a green (OG-LED, 530nm, light power 5 mW mm—2), or a red
(560nm LED Doric Lenses, average power SmW mm-2) light source. Laser and LED stimulations
were adjusted to a maximum of 3mW per fiber, under the control of the behavioral tracking
software and interface (Anymaze, Amil). In specific conditions (i.e. time or position of the
animals) the Anymaze interface generate a TTL output that was transmitted to the laser or LED
used for optogenetic stimulation. Laser and LED stimulations were controlled at 30Hz, with a
pulse width of 5Sms, with a maximum power of SmW. Laser inhibitions were controlled as
continuous for 2 minutes or the duration of the animal was tracked inside a specific area. The
laser beam was modulated through an acousto-optic modulator (AOM, Gooch & Housego,

USA).

9. Immunohistochemistry

All animals used for behavioral experiments or tracing were deeply anesthetized following all
experiments with an overdose of urethane (>2 g per kg body weight) and then transcardially

perfused with ice-cold 0.05 M phosphate buffer saline (PBS) pH 7.4, followed by 4%
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paraformaldehyde (PFA) in PBS (0.1 M, pH 7.4). Brains were removed and stored in 4% PFA
for 24h post-fixation. Brains were then placed in in 30% sucrose solution (in PBS) for at least
48 h of cryoprotection until sectioning. Brains were mounted on the sectioning chamber and
frozen, and 40 um slices were cut along the coronal axis using a microtome (HM45, Thermo
Fisher). Sections were collected in PBS with 0.02% NaN3 until staining. For
immunohistochemistry, all sections were first incubated in a blocking solution consisting of 10%
normal goat serum (NGS) in PBS containing 1% Triton X-100 for a minimum of 1 h. Following
3-5 washes in PBS solution, primary antibodies were selected based on the target (GFP or
mCherry). The primary solution consisted of the primary antibody diluted in 1% NGS, 0.03%
Triton X-100 in PBS. Primary incubation occurred at 4 °C for 24—48 h. Following primary
incubation, slices were washed 35 times in PBS and prepared for the secondary incubation that
consists of a solution containing the secondary antibody diluted in 1% NGS, 0.03% Triton X-
100 in PBS. Secondary incubation occurred at room temperature (RT) for 4—6 h. Primary
antibodies used were: rabbit anti-GFP (1:1,000 dilution; Invitrogen, A11122), chicken anti-GFP
(1:1,000 dilution; Abcam, AB290), and rabbit anti-dsRed (1:1,000 dilution; Thermo Fisher,
150128). Secondary antibodies were: Alexa Fluor 488 (goat anti-rabbit, 1:1,000 dilution;
A11034, ABclonal), Alexa Fluor 488 (goat anti-chicken, 1:1,000 dilution; A11039, ABclonal)
and anti-568 (goat anti-rabbit, 1:1,000 dilution; A11036, ABclonal). Fluorescence images were
obtained with a confocal microscope (Nikon, CTR6500) or with an inverted fluorescence
microscope (Zeiss Axiozen) using the following filter: 504 nm for Alexa Fluor 488, 560 nm for
Alexa Fluor 568, and 650 nm for. Images were collected at x20 in air or x10, x20. All
fluorescence images were treated using the software ImageJ and Adobe Illustrator CS6. All
primary and secondary antibodies have been previously validated. For tracing data, images were
obtained with a 2) Nikon Eclipse Ni microscope equipped with the appropriate filter cubes to
differentiate the fluorochrome employed. The images were recorded using a Nikon DS-QilNc
digital camera and NIS elements software BR 4.20.01 (Nikon Instruments Europe BV,
Amsterdam, Netherlands).
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10. Statistics

Results are expressed as mean = SEM throughout the manuscript. Each observer’s behavior
toward the two different demonstrator mice was analyzed using a within-groups Repeated-
measures ANOVA (RM-ANOVA). The discrimination index with optogenetics was analyzed by
Two-Way ANOVAs with opto-stimulation (no light, ChR2, NphR) as between-subjects factors,
and time intervals (0-2, 2-4, 4-6min) as repeated-measure within-subject factor. Bonferroni’s post
hoc test with multiple comparisons corrections was used for making comparisons within groups
when the overall ANOVA showed statistically significant differences. All test were two-sided.
Specific details on statistics are included in the statistic table added as supplementary. For
optogenetic experiments, sniffing time, distance travelled, number of entries in each zone, and
time in each zone were then compared across different conditions to the control (no stimulation)
experiments. The accepted value for significance was P<0.05. The accepted value for significance
was P <0.05. Statistical analyses were done using GraphPad Prism. The number of mice is
reported in the legends and corresponds to similar numbers used in previous publications.
Experiments reported in the paper were replicated three to four times for different groups, cages,
sexes, or generations. No statistical measures were taken to predetermine the sample size of the
experiments. For each animal, only entries to the stimulus area that lasted more than 5 seconds
were used for analysis. Mouse exclusion criteria were defined before the beginning of the
experiments and include genotyping errors, viral injection and fiber misplacement, and
uncompleted experiments due to loss of implants. For all experiments, the side of the allocated

stimulus mice and the order of the testing were randomized.
11. Quantification

The percentage of IR was evaluated quantitatively using ImageJ software (version 1.53e, NIH,
USA) and expressed as the percentage mean + standard deviation. For each field, a grayscale
thresholding was applied manually using the “Threshold > Default > B&W > Dark background”
method to identify IR signal, and the “Analyze > Measure” tool was used to calculate the
percentage of immunoreactivity (IR) over total field area selected manually avoiding the
inclusion of auto-fluorescence parts, helped by the direct comparison with the original field.
Background subtraction was performed uniformly across all images. The mean percentage and
standard deviation of the IR signal were calculated for each animal (Bombardi et al., 2025). The
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quantification was done by dividing the IR of the single areas by the average IR of Cingulate 1
and Cingulate 2, then multiplying by 100.
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Extended Data
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Extended data 1 — Refer to figure 1

A, SOM-Cre mice were bilaterally injected in the ACC with AAV-EF1a-DIO-eNpHR3.0-eYFP and implanted
bilaterally with chronic optic fibers terminating dorsal to the injection area. B, Mice were tested in the ADT with
two naive, non-manipulated neutral demonstrators. Photo-inhibition with green light was paired to exploration of
one of the two demonstrators (counterbalanced, left or right, across observers). Data derived from n=16 mice. C,
No increased sniffing was noticed in the first 2 min while comparing the two experimental groups (two-way
repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction, P >0.9999). A tendency was
seen in the third trial, in the control group, for one of the two neutral demonstrators. (2-way ANOVA, Bonferroni
correction, p=0.0112). D, E, no difference was detected in the total social exploration, nor the discrimination index
(one-way ANOVA, Bonferroni correction, P=0.4599; two-way ANOVA, Bonferroni correction, F (2, 60) =0.1165,
P=0.0961). F, Mice were tested in an empty apparatus. Photo-inhibition with green light was paired to exploration
of one of the two sides (counterbalanced, left or right, across observers). Data derived from n =3 mice. G, no
significant side preference was detected between experimental groups (two-way repeated-measures ANOVA,
affective state x light (off, on), Bonferroni correction, P=0.6640). H, There is a preference for the inhibited side
across the entire test, but it is not significant (one-way ANOVA, Bonferroni correction, P=0.5794). I, no
differences in discrimination index (two-way ANOVA, Bonferroni correction, F (2, 8) =1.392, P=0.3057). J, N,
data obtained from control n mice=6, light—on 2 min n mice=2, light-on 6 min unfamiliar side n mice=6. J, testing
mouse sociability, whether they prefer a novel conspecific rather than a novel object. Photo-inhibition was
performed for 2 min from the beginning of the test using continuous green light, and also paired to exploration of
the novel mouse’s side (counterbalanced, left or right, across observers). K, in all experimental conditions, the
observer preferred the novel mouse compared to the novel object, in the first two minutes. In the protocol of light-
on paired with the mouse side, there was an increase of time spent with the object and a decrease of time spent with
the mouse. This tendency was restored in the last trial of this condition, with the observers interacting more with the
mouse (two-way repeated-measures ANOVA, affective state x light (off, on), Bonferroni correction, condition light
off, t=3.731, d.f. =22, p=0.0174; light on 6 min. mouse side, t= 3.970, d.f. =22, p=0.0097). L, M, across the whole
test, observers preferred the novel mouse compared to the novel object. No differences were noted in the
discrimination index when comparing the three experimental conditions to each other. (two-way ANOVA,
Bonferroni correction, F (4, 22) = 1.489, P=0.8331). N, testing mice social novelty (preference for a novel mouse
compared to a familiar one). Photo-inhibition with green light was performed for 2 min from the beginning of the
test using continuous green light, and also paired to exploration of the novel mouse’s side (counterbalanced, left or
right, across observers). O, no difference was noticed across experimental groups. In trial 3, observers paired with
light-on in unfamiliar mouse’s side spent more time interacting with the unfamiliar mouse (two-way repeated-
measures ANOVA, affective state x light (off, on), Bonferroni correction, condition light on 6 min. unfam. mouse
side, t=4.207, d.f.=22, p= 0.0055). P, Q, experimental group paired with light on 6 min. unfam. mouse side spent
more time interacting with unfamiliar side (one-way ANOVA, Bonferroni correction, p=0.0100). No significant
difference was noticed from the discrimination index (two-way ANOVA, Bonferroni correction, F (4, 22) = 0.9554,
P=0.4513)
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Extended data 2 — Refer to figure 2

A, SOM-Cre mice were bilaterally injected in the ACC with AAV-EF1a-DIO-ChR2-eYFP and implanted
bilaterally with chronic optic fibers terminating dorsal to the injection area. B, Mice were tested in the ADT with
two naive, non-manipulated neutral demonstrators. Photo-stimulation with pulsating blue light was paired to
exploration of one of the two demonstrators (counterbalanced, left or right, across observers). Data derived from
n=3 mice. C, D, no difference in total sniffing across groups (one-way ANOV A, Bonferroni correction, F (3, 8) =
2.517, P=0.1319), control group tended to one neutral mouse in the second trial (two-way repeated measures
ANOVA, Bonferroni correction, trial 2 F (3, 8) = 8.314, P=0.0077). E, differences in the discrimination index were
not statistically significant (two-way ANOVA, Bonferroni correction, F (2, 8) = 1.987, P=0.1992). F, J, data
obtained from n mice=6. F, testing mouse sociability, whether they prefer a novel conspecific rather than a novel
object. Photo-stimulation with pulsating blue light was performed for 2 min from the beginning of the test. G, H,
reduction of social exploration for the novel mouse compared to the object in light-on group (two-way repeated
measures ANOVA, Bonferroni correction, trial 1, t=4.146, d.f. =20, P= 0.0030; whole test F (3, 20) = 4.386,
P=0.0158). I no difference in discrimination indexes (two-way ANOVA, Bonferroni correction, F (2, 20) =0.2055,
P=0.8159). K, Increased exploration of the unfamiliar demonstrator compared to the familiar demonstrator during
the first 4 min of testing, which was abolished in the light-on condition (two-way repeated-measures ANOVA,
affective state x light (off, on), Bonferroni correction; F (3, 20)=38.02, P<0.0001). L, photo-stimulated group social
explored less the unfamiliar mouse (one-way ANOV A, Bonferroni correction, F (3, 20) = 7.796, P=0.0012). M,
Statistically significant differences in first trial across experimental groups (two-way ANOVA, Bonferroni
correction, t=6.952, d.f. =9.721, P= 0.0001).
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Abstract

Perceiving and responding to others' emotions lies at the core of animal social behavior, shaping
both individual and societal well-being. Our findings reveal that interacting brains exhibit distinct,
cell-type-specific inter-brain dynamics in emotional contexts that guide social choices. Inter-brain
correlations among pyramidal neurons in the anterior cingulate cortex (ACC) were disrupted when
one of the interacting partners was in a stress state. This was evident in mice, with similar evidence
in humans. Conversely, ACC somatostatin (SOM) inhibitory neurons exhibited inter-brain
correlation only towards a conspecific in a stress emotional state. Optogenetic manipulations
demonstrated the causal role of these inter-brain dynamics in driving socio-emotional choices.
Specifically, preventing SOM inter-brain correlation abolished stress emotion discrimination.
Conversely, inducing SOM inter-brain correlation biased social preference towards a stress
conspecific. In contrast, manipulating inter-brain correlations among pyramidal neurons biased
social choices in emotionally neutral contexts. Notably, real-time closed-loop stimulation, using
recorded SOM activity from one mouse to drive matching activity in an interacting conspecific,
demonstrated that observer-initiated SOM neurons correlation selectively promoted social
preference toward a stress partner. These findings establish how inter-brain cortical substrates

guide social choices in emotional contexts.
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Main

Emotions are key regulators of social behaviors across species, shaping communication, decision-
making, conflict resolution, group cohesion, and collective dynamics (Adolphs, 2001; Valentina
Ferretti & Francesco Papaleo, 2019; Panksepp & Panksepp, 2013; Schafer & Schiller, 2018; van
Kleef & Cote, 2022). Detecting negative emotions in others can elicit a range of responses, from
heightened vigilance and threat avoidance to consolatory helping approach (Burkett et al., 2016;
LeDoux, 2000; Phelps, 2006). Given their fundamental impact on social life and survival, the
ability to detect and respond to others’ emotions is evolutionarily conserved (Adolphs, 2001;
Decety, 2011; V. Ferretti & F. Papaleo, 2019; Mason & Shan, 2017; Millan et al., 2012; Panksepp
& Panksepp, 2013; Raihani, 2021; Schafer & Schiller, 2018). Notably, socio-emotional exchanges
depend on a continuous flow of information between interacting partners (Adolphs, 2009; Muller-
Pinzler et al., 2017; Schilbach et al., 2008), forming a dynamic, reciprocal feedback loop where
actions, reactions, and emotional states are mutually modulated (Butler, 2017; Van Kleef, 2016).
Yet, when investigating the neural basis of socio-emotional behaviors, most studies in humans
and non-human animals continue to focus on a single “observer” (Adolphs, 2002; Ferretti et al.,
2019; Scheggia et al., 2020). This single-brain approach overlooks how interacting brains function

as components of an integrated, dynamic system, during socio-emotional contexts.

Pioneering multi-brain studies in humans, followed by mice and bats, discovered that brains of
interacting individuals might function jointly, through correlated neural activity (Hasson et al.,
2004; Kingsbury et al., 2019; Kohler et al., 2002; Montague et al., 2002; Yeshurun et al., 2021;
Zhang & Yartsev, 2019). Such inter-brain correlation has been investigated at the behavioral
(Gordon et al., 2020; Keller et al., 2014) and neural system levels (Kingsbury et al., 2019; Rose
et al., 2021; Scaglione et al., 2024; Zhang & Yartsev, 2019) and hypothesized to be an organizing
principle of how brains interact with, perceive and learn from other social agents in real time
(Redcay & Schilbach, 2019). However, whether inter-brain dynamics have a consequential or
causative role in social interactions remains actively debated (Hamilton, 2021; Holroyd, 2022;
Novembre & lannetti, 2021). Most notably, the influence of emotions on inter-brain dynamics
remains largely anecdotal and poorly understood, with the mechanisms and causal implications in

shaping social choices in emotional contexts still unexplored (Antonelli et al., 2025).
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The anterior cingulate cortex (ACC, Brodmann area 24) is a major hub orchestrating the detection
and reaction to others’ emotions in rodents and humans (Antonelli et al., 2025; Carrillo et al.,
2019; Jeon et al., 2010; Keum et al., 2018; Smith et al., 2021; Zhang et al., 2024). Moreover, the
ACC is often indicated in humans as a critical hub where others’ actions and intentions might be
codified through an internal mimicking of social partner’s neural activity (Antonelli et al., 2025;
Bastiaansen et al., 2009). Therefore, we simultaneously recorded neural activity in the ACC of
three interacting mice engaged in an emotional state discrimination task (Dautan et al., 2024a;
Ferretti et al., 2019; Maltese et al., 2025; Scheggia et al., 2020). In this task, an ‘observer’ mouse
is placed in front of two conspecifics (‘demonstrators'), one exhibiting an emotionally altered state
and the other a neutral state. With this setup we can access cell-type-specific neural information
underlying emotional discriminations that are not apparent in one-on-one interactions (Ferretti et
al., 2019; Scheggia et al., 2020), while simultaneously comparing real-time inter-brain dynamics
in response to a neutral or emotionally altered conspecific. The task approximates key features of
human emotion recognition paradigms (Dautan et al., 2024a; Ferretti et al., 2019; Maltese et al.,
2025; Scheggia et al., 2020). Thus, to strengthen the link to analogous processes in humans, we
formally investigated inter-brain dynamics during real-time human interactions adding an
emotional component, as still scarcely explored (Antonelli et al., 2025). To determine whether
inter-brain dynamics causally influence social choices in emotional contexts, we applied several
optogenetic manipulations across all three interacting mice to either prevent neural correlations,
or induce artificial correlations and anticorrelations. Finally, we implemented a system in which
the real-time neural recording of ACC neural subpopulations in one mouse is used to
optogenetically drive a similar pattern of activity in another mouse. Our findings uncover cell-
type-specific mechanisms through which inter-brain dynamics both respond to and shape socio-
emotional reactions, pinpointing somatostatin (SOM) inhibitory neurons in the observer’s ACC

as critical mediators of neural correlation in emotion-driven social choices.
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Results

Mice detect others’ stress, but stressed peers break reciprocity

Using three miniscopes implanted in the ACC of one observer and two demonstrator mice (Fig.
la), we achieved simultaneous single-cell resolution recording of calcium activity from the three
brains during the emotional state discrimination task (Dautan et al., 2024a; Ferretti et al., 2019;
Maltese et al., 2025; Scheggia et al., 2020).

Observer mice displayed increased sniffing toward restraint stress compared to neutral
demonstrators during the first two minutes (Fig. 1b). To assess potential transfer of socio-
emotional information throughout time and to provide time-dependent evolution of inter-brain
dynamics, we extended the test to 15 minutes finding that also in the middle of the task (i.e. 5-10
min), but not in the last two minutes, the observer mice showed discrimination (Fig. 1b). Similar
results for these three time periods were evident considering the time the observers spent in each
demonstrator zone (Supplementary Fig. 1). Moreover, as we assume that actions, reactions, and
emotional states of each individual are modulated interpersonally and might influence inter-brain
dynamics over time, we checked for individual and reciprocal behaviors between all 3 interacting
mice. Notably, when comparing epochs of reciprocal sniffing, where both the observer and
demonstrators sniffed each other, to epoch in which the observer sniffed the demonstrators’ cage
while the demonstrator oriented away (non-reciprocated), we found no differences in the duration
or number of events between observer-neutral compared to observer-stress pairings
(Supplementary Fig. 1). However, when normalized to the observer’s total sniffing, reciprocal
sniffing was reduced with the stress demonstrator compared to the neutral one in the first two
minutes, up to the middle of the task (Fig. 1c), and the duration of reciprocal sniffing was longer
in observer-neutral pairings compared to observer-stress pairings in the first two minutes (Fig.
1d). No major signs of transfer of stress or buffering were evident, as the stress demonstrator
groomed more and climbed less throughout the task while the observer and neutral mice were
showing the same level of low grooming and climbing for the entire 15 minutes (Supplementary
Fig. 1). Similarly, the observer exhibited more rearing throughout the task compared to the
demonstrators, regardless of whether it was in the stress or neutral mouse zones (Supplementary

Fig. 1). These results indicate that observers discriminate and prefer the stress over the neutral
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demonstrator. Conversely, the stress demonstrator exhibited reduced social reciprocation, and no

evidence of social buffering effects.

Inter-brain correlation of ACC pyramidal neurons is disrupted by stress

Most human inter-brain correlations are based on EEG signal (Antonelli et al., 2025; Yeshurun et
al., 2021), which is thought to capture mostly the dendrosomatic dipoles generated at the apical
dendrites of glutamatergic pyramidal (PYR) neurons, due to their geometric alignment of their
apical dendrites (Le Merre et al., 2021). Thus, we first simultaneous imaged ACC PYR neurons
activity across the three interacting mice (Fig. le,f Supplementary Fig. 2).

Based on our behavioral findings, and to test whether inter-brain dynamics vary over time, we
divided the analysis into three epochs: the first two minutes (capturing initial discrimination and
enabling comparison with prior single-brain data (Dautan et al., 2024a; Ferretti et al., 2019;
Maltese et al., 2025; Scheggia et al., 2020), the middle 5-10 minutes (when discrimination
persists), and the final two minutes. We analyzed a total of 2898 PYR neurons from 6 triads of
mice. We first computed the Pearson’s correlation coefficient (PCC) between the mean PYR
activity of each observer and that of the neutral or stress demonstrator upon entry into their
respective zones (Fig. 1f,g). Correlation measures were computed after removing baseline
variations in the signals through linear detrending of the traces. ACC PYR neurons displayed
increased correlated activity when interacting with the neutral demonstrator and an anticorrelation
when interacting with a stress demonstrator, during the last 2 minutes of the task (Fig. 1f,g). These
differences were not evident when mice were individually prepared (habituation), when the
observer was in the opposite demonstrator zone, or when considering random intervals during the
task (Fig. 1f,g). A significant positive correlation was only evident between the observer and the
neutral demonstrator in the last two minutes of the task, but also when considering the total time
of the test (Fig. 1f,g). To assess whether the peak inter-brain correlation emerged at time lags other
than zero, we then measured the cross-correlation (CC) of ACC PYR activity across brains (Fig.
1£,h). This revealed a positive correlation with the neutral demonstrator peaking between -0.3 and
0 sec, and notably an anticorrelation with the stress demonstrator peaking at lag 0.4 sec (Fig. 1f,h).
No differences were evident during habituation or when exploring the opposite demonstrator (Fig.

1f,h). These results indicate that inter-brain correlations of ACC PYR neurons are evident only
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during close proximity between two equally neutral mice while they are disrupted if one of the
two subjects is in a stress state.

We next assessed how inter-brain correlations could be determined at the single neuron level when
mice were engaged in reciprocal sniffing (Fig. 1j,k). We confirmed an increased correlation
between the observer and the neutral demonstrator with a time-lag of approximately 0 sec which
was disrupted toward the stress demonstrator (Fig. 1j,k). This correlation was lower during non-
reciprocal observer-only sniffing events (Fig. 11). When reciprocally sniffing, a lower but
significant correlation in ACC PYR activity was also evident for the two demonstrators (Fig. 1k),
suggesting some dependence on the similar sniffing movement behavior, as this was not evident
during non-reciprocated sniffing (Fig. 11). No inter-brain correlations were observed when the
observer was in the free empty zone of the apparatus, when phase randomized intervals were
selected, or when computing correlation between the observer and stress or neutral demonstrators
in other cages, but still during reciprocal and non-reciprocated sniffing (Fig. 1k,1). Computing a
measure of time asymmetry of the time-lagged cross correlations we also found no asymmetry in
PYR inter-brain dynamics (Supplementary Fig. 3), indicating mainly simultaneous coactivation
rather than the activity of one animal preceding that of the other. Finally, we found that most of
the ACC PYR neurons had a small, but significant inter-brain correlation (Supplementary Fig. 3).
Overall, these results illustrate that ACC PYR neurons show inter-brain correlations between

equally neutral subjects, which are disrupted if one subject is in a stress state.
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Figure 1. Inter-brain correlation for ACC PYR neurons is disrupted in mice by altered emotion in
demonstrator. n = 6 triplets, 2898 neurons.

(a) Experimental design: the 3 mice involved in the EDT were concurrently recorded through microendoscopic
calcium imaging. Interbrain correlation measures were computed during observer visits to demonstrators’
compartments.

(b) Observers social investigation expressed as percentage of sniffing toward the stressed (purple) and the neutral
(grey) demonstrator (two-way ANOVA *, p <0.05).

(¢) Reciprocal sniffing between the observer and the stressed and neutral demonstrators expressed as percentage of
observer sniffing (two-way ANOVA *, p <0.05).

(d) Reciprocal sniffing duration between the observer and the two demonstrators.

(e) Left: representative GCaMP expression and lens placement in the ACC (top), single pyramidal neuron (bottom).
Center: example ROIs for single cell calcium imaging recordings from the 3 mice. Right: example average traces
from the 3 mice.

(f) Interbrain correlations were computed during the different phases of the task. Hab ctrl: habituation control, the
observer was alone in the testing cages while the stressed demonstrator was under restraint in a falcon tube and the
neutral demonstrator was in its home cage. Test — zone visit: interbrain correlation was computed during observer
visits to the corresponding demonstrator. Test — opposite zone ctrl: as a control, interbrain correlation was computed
during observer visits to the other demonstrator.

(g) Pearson correlation between pyr average activity in the observer and in each demonstrator during the different
phases of the test. Hab: habituation. 0-2, 5-10, 13-15 minutes time bins of the test. Opp.: correlation computed
between the observer and the non-explored demonstrator. Rand.: interbrain correlations between the observer and
each demonstrator irrespectively of observer position in the box.

(h) Cross-correlation between pyr average activity in the observer and in each demonstrator during the different
phases of the test defined as for Pearson correlation.

(j) Let: reciprocal sniffing scheme. Right: representative traces from pyramidal single-neurons.

(k) Cross-correlation computed between individual neurons of the observer and each demonstrator during reciprocal
sniffing intervals and control conditions.

(1) Cross-correlation computed between individual neurons of the observer and each demonstrator during observer
non-reciprocated sniffing intervals and control conditions.

(m) We recorded EEG from 40 human dyads (80 participants) during a social interaction task in which participants
faced each other and held their partner’s right hand, and a no-social-contact control condition in which an occluder
prevented visual and haptic interaction. Each dyad completed both conditions following the viewing of neutral audio-
visual stimuli (baseline phase), as well as after exposure to either stress-inducing or additional neutral audio-visual
stimuli (test phase), depending on group assignment (Stress—Neutral or Neutral-Neutral).

(n) Inter-brain correlation was computed between homologous electrodes across frequency subbands, based on power

envelope time courses. A data-driven localizer analysis identified a cluster of central and frontal electrodes within the
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low, mid, and high gamma bands that showed significantly higher inter-brain correlation during social compared to
no-social conditions.

(o) We compared inter-brain correlation between dyads composed of one stressed and one neutral participant versus
dyads composed of two neutral participants, focusing specifically on the electrode—frequency cluster identified in
(N). Correlation coefficients were baseline-corrected by subtracting values obtained in the baseline social interaction
block. This analysis revealed that dyads including a stressed individual exhibited significantly reduced inter-brain
correlation.

(p) Reductions in inter-brain correlation were associated with the intensity of stress-induced negative affect, as
quantified by self-report questionnaires administered before and after the experiment. This suggests that the greater

the emotional impact of stress induction, the stronger the reduction in inter-brain correlation within the Stress—Neutral

group.

Observer’s ACC PYR correlation lacks inter-brain emotional relevance

To examine how inter-brain correlations might relate to single-neuron correlations within
individual brains, we analyzed intra-brain correlations in the observer and both demonstrators
during interaction epochs, distinguishing between reciprocal and non-reciprocated sniffing. The
observer’s intra-brain PYR correlations were comparable during reciprocal interactions with
either the stress or the neutral demonstrator (Supplementary Fig. 3). However, higher intra-brain
correlation was found during unidirectional exploration of the neutral compared to the stress
demonstrator (Supplementary Fig. 3), consistent with previous observations (Scheggia et al.,
2020). When computing intra-brain dynamics in the demonstrators, we noticed the same levels
between the two, however, for the neutral demonstrator, an higher correlation level was evident
when receiving a visit from the observer compared to when the observer was in the no interaction
zone (Supplementary Fig. 3). These data might suggest that the increased inter-brain correlation
between the observer and the neutral mouse could be partially associated with the increased intra-

brain correlation in the neutral demonstrator.

Inter-brain correlation disruption by stress extends to humans

To examine whether inter-brain correlation disruption by stress is a general phenomenon that
extends beyond mice, we collected EEG data from 20 human dyads in which one participant was
in a stress state and another in a neutral state, as well as from 20 dyads in which both participants
were in a neutral state (Fig. 1m). Stress and neutral states were induced using validated audio-

239



visual stimuli (Supplementary Fig. 4a-c)(Siedlecka & Denson, 2019; Uhrig et al., 2016).
Immediately following emotional state induction, participants engaged in a social interaction in
which they looked at each other while holding their partner’s right hand (Fig. 1m), with no verbal
or gestural communication allowed (Koul et al., 2023). This was performed to parallel reciprocal
sniffing in mice.

We first aimed at identifying EEG electrodes carrying signal that correlated between participants,
irrespectively of their emotional state. To achieve this, we computed Pearson's correlation
coefficients between electrode- and sub-band-specific EEG power time courses (i.e., envelopes)
recorded from the two individuals in each dyad (Koul et al., 2023; Zhang & Yartsev, 2019). Power
time courses provide a suitable comparison to the mice results, as they are non-periodic, exhibit
similar timescales, and reliably capture inter-brain synchrony (REF). We tested whether inter-
brain correlation coefficients were statistically higher during the social interaction condition
compared to a no social control condition during which participants were not able to see or touch
each other [cluster-based permutation (Maris and Oostenveld, 2007), n = 1000 permutations]. This
data-driven localizer analysis revealed that gamma-band envelopes (Yenv 31-95 Hz), specifically
recorded from frontal scalp electrodes, exhibit inter-brain correlation (Fig. 1n — cluster-corrected
p =0.025).

Next, we assessed the effect of emotional manipulation on both participants’ self-reported
questionaries as well as on their inter-brain correlation, focusing on the previously identified
spectral and spatial region of interest. Behavioral (self-report) data indicated that participants who
watched the neutral stimuli reduced their negative affect ratings (i.e., they reported feeling less
negative emotions) from pre- to post-experiment, while those who viewed the negative stimuli did
not (Supplementary Fig. 4e). Similarly, neural data revealed that dyads including a stressed
participant exhibited reduced inter-brain correlation compared to dyads composed of two
participants in neutral states during the test phase (Fig. 10). This effect persisted even after
thresholding the correlation coefficients using a baseline social condition conducted prior to stress
induction (Fig. 10). Notably, greater decreases in inter-brain correlation were associated with
larger changes in participants’ stress negative emotional state (Fig. 1p). Like in mice, these results
suggest that negative emotions disrupt inter-brain correlation typically observed between
individuals in a neutral state. Moreover, inter-brain correlation appears to be specifically driven

by the envelopes of EEG gamma oscillations.
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Inter-brain correlation of ACC SOM neurons is related to stress

The EEG signal is known to be generated by the activity of the dendrosomatic dipoles of the apical
dendrites of PYR neurons (Einevoll et al., 2013). However, both PYR and inhibitory neurons
regulate the times and occurrence of the presynaptic spikes that generate these dendrosomatic
dipoles, making it impossible to separately identify the contribution of each of these cells subtypes
from EEG. Oscillations in a part of gamma band, which we find to be more affected by inter-brain
emotional modulation, can be driven by SOM neurons (Veit et al., 2017). Moreover, PFC SOM
neurons play a central role in regulating emotion discrimination abilities (Dautan et al., 2024a;
Maltese et al., 2025; Scheggia et al., 2020). Thus, we imaged ACC SOM neurons by in vivo
microendoscopic recordings of calcium activity in all three mice performing the same emotional
state discrimination task (Fig. 2a-d).

We analyzed a total of 968 SOM neurons from 9 triads of mice. Lens placement and
GCaMPof expression were confirmed histologically (Fig. 2a and Supplementary Fig. 2). In
contrast to PYR cells, ACC SOM overall activity displayed high correlation between the observer
and the stress mouse, only during the first 2 minutes of the task, when entering in the respective
demonstrator zone (Fig. 2d,e). Cross-correlation analysis showed a peak at 0.0 sec with the stress
demonstrator in the first two minutes of the task (Fig. 2d,f). When the observer was interacting
with a neutral demonstrator, a tendency towards an anticorrelation in the first two minutes was
observed (Fig. 2d,f). No inter-brain correlations were evident during habituation, when mice were
individually prepared, when considering the observer and the non-explored opposite
demonstrator, or when random intervals were chosen (Fig. 2d,e,f). These results indicate that
emotional alteration in one interacting subject enhances inter-brain correlation of ACC SOM cells.

We next assessed whether at the single neuron level inter-brain ACC SOM neurons
computed reciprocal or univocal social interactions (Fig. 2g,h). These analyses confirmed a
positive correlation between the observer and the stress demonstrator only during reciprocal, but
not in non-reciprocated sniffing (Fig. 3g). Notably, this correlation was higher and more
asymmetric compared to the correlation between the observer and the neutral demonstrator (Fig.
3g). The inter-brain asymmetry indicated that the observer activity was preceding the activity of
the stress demonstrator (Fig. 3g), as further confirmed by time-lagged asymmetry measures

showing a negative value only between the observer and the stress demonstrator, only when
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reciprocally sniffing (Fig. 3g,h). Most of the ACC SOM neurons had a small, but significant inter-
brain correlation (Supplementary Fig. 5). No inter-brain correlations were evident when traces
were phase-randomized, when the observer was in the zone without demonstrators, when the
observer was interacting with the opposite demonstrator, between the two demonstrators, and
between the observer with demonstrators in other cages when reciprocally or non-reciprocally
sniffing each other (Fig. 2g,h). These findings indicate that altered emotional states are not only
associated with inter-brain correlation in ACC SOM, but also highlight a dynamic, interactive

directionality between the two brains involved.
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Figure 2. Inter-brain correlation for ACC SOM neurons is evident only with an emotionally altered
demonstrator. n = 9 triplets, 968 neurons.

(a) Left: representative GCaMP expression and lens placement in the ACC (top), single pyramidal neuron (bottom).
Right: example ROIs for single cell calcium imaging recordings from the 3 mice.

(b) Example average traces from the 3 mice.

(c) Representative traces from SOM single-neurons.

(d) Interbrain correlations were computed during the different phases of the task. Hab ctrl: habituation control, the
observer was alone in the testing cages while the stressed demonstrator was under restraint in a falcon tube and the
neutral demonstrator was in its home cage. Test — zone visit: interbrain correlation was computed during observer
visits to the corresponding demonstrator. Test — opposite zone ctrl: as a control, interbrain correlation was computed
during observer visits to the other demonstrator.

(e) Pearson correlation between SOM average activity in the observer and in each demonstrator during the different
phases of the test. Hab: habituation. 0-2, 5-10, 13-15 minutes time bins of the test. Opp.: correlation computed
between the observer and the non-explored demonstrator. Rand. interbrain correlations between the observer and each
demonstrator irrespectively of observer position in the box.

(f) Cross-correlation between SOM average activity in the observer and in each demonstrator during the different
phases of the test defined as for Pearson correlation.

(g) Cross-correlation computed between individual neurons of the observer and each demonstrator during reciprocal
sniffing intervals and control conditions.

(h) Cross-correlation computed between individual neurons of the observer and each demonstrator during reciprocal
sniffing intervals and control conditions.

(i) Interbrain correlation between individual neurons for SOM and PYR during reciprocal sniffing between the
observer and the demonstrators. Obs-stress: observer-stress interbrain correlation. Obs-neutral: observer-neutral
interbrain correlation. Demonstrator: interbrain correlation between the two demonstrators.

(j) Interbrain correlation between individual neurons for SOM and PYR during non-reciprocated observer sniffing
between the observer and the demonstrators. Obs-stress: observer-stress interbrain correlation. Obs-neutral: observer-
neutral interbrain correlation. Demonstrator: interbrain correlation between the two demonstrators.

(k) Mutual information analysis for SOM and PYR neurons. Amount of information that observer’s neurons carry
about the demonstrators’ affective state.

(1) Mean correlation

(m) Correlation between the level of interbrain correlation and the information that each neurons carry about

demonstrators’ affective state

SOM neurons exceed PYR in inter-brain emotional encoding
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To compare the relative contributions of each neuronal subpopulation to socio-emotional inter-
brain dynamics, we performed a direct comparison of SOM and PYR inter-brain activity under
different conditions.

The comparison of Pearson correlation coefficients revealed that the highest values were evident
for SOM when the observer and the stress demonstrator were reciprocally interacting compared
to equivalent PYR correlations or SOM correlations between observer and stress demonstrator or
the two demonstrators (Fig. 2i). However, in non-reciprocated events, the pattern was different
with SOM showing always an higher correlation compared to PYR, but this time with SOM
correlation between observer and neutral being higher than observer and the stress demonstrator
(Fig. 2j). Moreover, mutual information about emotional state of reciprocal interaction partners
was higher for SOM compared to PYR ACC neurons (Fig. 2k). Importantly, differences across
emotional states in the strength of the inter-brain correlations are not only measurable on average
across all time points and interaction windows, but emotional state can be discriminated from
inter-brain correlations at the individual time-point and individual reciprocal interaction (Fig. 21).
We computed the information about emotional state carried by the simultaneously recorded
activity of triplets of neurons in the observer, in the stress and neutral demonstrators, and found
that more than half of the total information carried by neural population activity was contributed
by emotion-dependence of the inter-brain correlation strength (Fig. 21). Thus, emotion-dependent
inter-brain correlations carry more information than the firing rates of individual cells. Finally, we
found that SOM neurons that are more strongly correlated with the demonstrator’s brain also carry
more information about the demonstrator's emotional state, while no such correlation was
observed for PYR neurons (Fig. 2m). Overall, these results reinforce the evidence that SOM inter-
brain dynamics are more tuned and carry more information related to altered emotional states in

others.

Intra-brain correlation of ACC SOM relates to emotional state

We next tested ACC SOM intra-brain activity in the observer and two demonstrators computing
single-cells correlations during interaction epochs, either reciprocal or unidirectional. When
looking at the observer’s brain alone, an higher intra-brain ACC SOM correlation was found when
interacting with stress compared to the neutral demonstrators (Supplementary Fig. 5), in line with

previous findings (Scheggia et al., 2020). Similarly, intra-brain correlations of ACC SOM neurons
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was higher in the stress demonstrator when interacting with the observer compared to when no
interaction was happening, while this difference was not evident for the neutral demonstrator
(Supplementary Fig. 5). These results show that altered emotional states are detected more by
intra-brain ACC SOM correlated activity, but in contrast to inter-brain dynamics, this is unrelated

to reciprocal interactions between the observer and the demonstrator.

Preventing SOM, but not PYR, inter-brain correlation abolishes emotion discrimination
Whether inter-brain dynamics are a consequence of social interactions or can actively modulate
social choices is still an open question (Holroyd, 2022; Novembre & lannetti, 2021). To address
this, we used targeted closed-loop optogenetic manipulations specific to cell type and emotional
state.

We first disrupted the observed inter-brain ACC SOM correlation between the observer
and the stress demonstrator by optogenetically silencing ACC SOM in the demonstrator whenever
the observer visited (Fig. 3a,b). The neutral demonstrator received the same light delivery without
any consequence in neuronal activity (Fig. 3a,b). This manipulation abolished the observer’s
preference towards the stress demonstrator (Fig. 3¢,d) which was otherwise present in control
experiments where both demonstrators expressed eYFP (Fig 3c,d). This effect was equally present
in male and female mice (Supplementary Fig. 6). The optoinhibition did not alter the total duration
of social exploration (Supplementary Fig. 6). Moreover, this ACC SOM inhibition did not induce
any altered behavior in mice as doing the same manipulation in one of two equally neutral
demonstrators did not induce any preference or avoidance in the observer (Supplementary Fig. 6).
However, if two equally stress demonstrators were presented, a preference for the non-inhibited
mouse appeared (Supplementary Fig. 6), suggesting that the unblocked relative increased
correlation with the non-inhibited stress mouse might contribute to drive observer preference.
These results demonstrate that blocking inter-brain correlation of ACC SOM neurons between the
observer and the stress demonstrator when interacting abolished observer’s emotion
discrimination.

We next used a similar approach to test if the observed increased inter-brain ACC PYR
correlation between the observer and the neutral demonstrator (Fig. 1) is necessary to emotion
discrimination. Optogenetically silencing ACC PYR in the neutral demonstrator upon each visit

from the observer did not alter emotion discrimination (Fig. 3g,h). Similarly, ACC PYR
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optoinhibition had no effect on observer’s total duration of social exploration, nor induced any
preference if two equally neutral or stress demonstrators were presented (Supplementary Fig. 6).
Thus, in contrast to ACC SOM inter-brain correlation, inter-brain correlation of ACC PYR
neurons between the observer and the neutral demonstrator is dispensable for emotion

discrimination.

247



| Blocking SOM Inter-BrainCorrelation |

a b

““’”“’W A il B ?‘im'm
X

A& |
Stress Neutral
— 30M-crs mics
1011
Middle 5-10 min Final 13-15min d
04 v <o~ Controls

SOM Inhibltion

o ey 02 In stress gem.
4 g P g 00
= £ £
C =
@ @ R 02
04
Controls SOM inhibition SOM inhibition 02 510 1348

Time {min)

i Blocking PYR Inter-BrainCorrelation

Optical
fibars
W CaMKa-sNpHR30

I

Neutral

9 Initial 0-2 min Middle 5-10 min

7 £ =

@ 2 g

& @ @ -0~ Controls
PYR Inhibition
In neutral gem,

Controls 0-2 510 1318
Time (min}
Figure 3

Figure 3. Blocking interneuronal synchrony in mice ACC SOM neurons block emotional preference.

248



(a) Representative fiber and opsin placement for SOM inhibition experiment.

(b) Stress halorodopsin-expressing mice were paired with neutral fluorophore-expressing mice in the EDT stress
paradigm. Both demonstrators received green light in the ACC during observer visits to the respective zone, resulting
in SOM inhibition only in the stressed demonstrator, disrupting its physiological interbrain synchronization with the

observer.

(c) Observer sniffing percentage for controls and SOM inhibition in stress demonstrator group. Mixed-effect analysis,
n controls = 14 n inhibition = 13 (Optogenetic treatment x Affective state ***p=0.0009; multiple-comparison: control

stress vs control neutral ****p<0.0001).

(d) Discrimination index (sniffing time stress — sniffing time neutral / total sniffing time) for controls and SOM

inhibition in stress demonstrator group. Two-tailed parametric t-test (**p=0.0034).
(e) Representative fiber and opsin placement for pyramidal neurons inhibition experiment.

(f) Experimental design: neutral halorodopsin-expressing mice were paired with stress fluorophore-expressing mice
in the EDT stress paradigm. Both demonstrators received green light in the ACC during observer visits to the
respective zone, resulting in pyramidal inhibition only in the neutral demonstrator, disrupting its physiological

interbrain synchronization with the observer.

(g) Observer sniffing percentage for controls and pyramidal inhibition in neutral demonstrator group. Mixed-effect
analysis, n controls = 16 n inhibition = 17 (optogenetic treatment x affective state p=0.5793, affective state

***p=0.0007. Multiple comparison: control stress vs neutral *p=0.0119, inhibition stress vs neutral **=0.0013).

(h) Discrimination index for controls and pyramidal inhibition in neutral demonstrator group.

Inducing inter-brain correlation in ACC SOM neurons drives emotional preference

To further prove the possible causal implication of inter-brain correlations in shaping
socio-emotional behaviors, we next artificially mimicked correlation in emotional or non-
emotional contexts based on our imaging data (Fig. 1, 2).

We exposed observer mice to two emotionally equal demonstrators (neutral or stress),
correlating their ACC SOM activity only when interacting with one of the two demonstrators (Fig.
4a). Observer mice were equally stimulated when exploring both demonstrators. This
manipulation did not induce discrimination towards two neutral demonstrators (Fig. 4b,d),
similarly to no-stimulation conditions (Supplementary Fig. 7). In contrast, the same manipulation

induced a preference for the synchronized stress demonstrator over the non-synchronized one in
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the first two minutes (Fig. 4c,d). This timing preference is similar to mice’s spontaneous
preference for stress versus neutral demonstrators (Fig 1,2 and (Dautan et al., 2024a; Maltese et
al., 2025; Scheggia et al.,, 2020). However, a preference for the non-synchronized stress
demonstrator, but not different to the neutral-neutral condition, emerged during the middle of the
task (Fig 4c,d). This latter effect may reflect a non-physiological artifact resulting from prolonged
synchronization during a period when such interbrain correlation is not observed (Fig. 2). No sex-
dependent effects or effects on the total amount of social explorations were evident
(Supplementary Fig. 7). Moreover, stimulating only one of the two stress demonstrators without
stimulating the observer did not induce any discrimination (Supplementary Fig. 7). This data
strengthens the conclusion that SOM inter-brain correlation is important to drive observer’s social

preference only in a stress emotional context.

Inducing inter-brain correlation in ACC PYR reduces preference in neutral conditions

We then used the same optogenetic approach to test possible causal implication of ACC
PYR inter-brain correlations.

Equally stimulating PYR ACC cells in both the observer and one of two neutral
demonstrators during their social interactions induced an avoidance (Fig. 4e,g), in agreement with
increased inter-brain ACC PYR correlation between the observer and the less preferred neutral
demonstrator (Fig. 1). In contrast, the same optostimulation, but with two equally stress
demonstrators, had no effects (Fig. 4f,g). No sex-dependent effects or effects on total sniffing
were evident (Supplementary Fig. 7). No discriminatory behavior was evident if the ACC PYR of
the observer were not stimulated, and only one of two equally neutral demonstrators was
stimulated (Supplementary Fig. 8). These data indicate that ACC PYR inter-brain correlation

contributes to reducing social preference for a neutral demonstrator.

Inter-brain ACC SOM anticorrelation drives aversion in neutral conditions

Our imaging experiments identified not only inter-brain correlations, but also patterns of
anticorrelation (Fig. 1,2), which mathematically derived from moments in which one subject has
some calcium neuronal activity while the other did not (Supplementary Fig. 9). Thus, here we

checked if these patterns might also be causative of socio-emotional reactions.
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We first activated ACC SOM neurons of the observer mice every time they entered the
zone of two equally neutral or stress demonstrators (Fig. 4h). Simultaneously, only one of the two
demonstrators received the inhibition of ACC SOM neurons every time the observer entered their
zone (Fig. 4h). The other demonstrator received light, but no neural inhibition, when receiving the
observer’s visit. When presenting two equally neutral demonstrators, an avoidance for the
anticorrelated demonstrator was induced (Fig. 4i,k). In contrast, with two equally stress
demonstrators, this same optomanipulation did not induce any discriminatory behavior (Fig. 4j,k).
These results corroborate our recording findings (Fig. 2), indicating that anticorrelated ACC SOM
activity with the neutral demonstrator contribute in reducing preference for that mouse.

Reversing the stimulation/inhibition protocol, with ACC SOM neurons inhibited in
observers upon entering the zone of one of two equally neutral or stressed demonstrators and
activated in only that demonstrator, produced no effect under either condition (Supplementary
Fig. 9).

Overall, these data indicate that inter-brain ACC SOM anticorrelation is meaningful in

reducing preference, only in an emotionally-neutral situation, with the observer brain driving it.

Inducing inter-brain anticorrelation in ACC PYR neurons induces social preference

We then checked if the observed patterns of ACC PYR inter-brain anticorrelation (Fig. 1)
might be as well causative for socio-emotional choices.

Activating ACC PYR neurons of observer mice each time they entered the zone of two
equally neutral or stress demonstrators, and simultaneously inhibiting the ACC PYR neurons of
only one of the two demonstrators upon the observer’s visit (Fig. 4h), induced a preference for the
anticorrelated demonstrator in both neutral and stress conditions (Fig. 41-n). These results are in
line with the imaging data (Fig. 1), indicating that ACC PYR inter-brain activity shows an
anticorrelation with the most preferred mouse, even if the timing of the induced social preference
differed depending on the emotional context. In contrast, inhibiting ACC PYR of observer mice
every time they entered the zone of two equally neutral or stress demonstrators, while
simultaneously activating ACC PYR of only one demonstrator had no effects (Supplementary Fig.
9).

These data indicate that inter-brain anticorrelation of ACC PYR is meaningful in inducing

a preference independently of emotional contexts, and again driven by the observer.
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Figure 4. Inducing interneuronal synchrony in mice ACC SOM and PYR neurons drives emotional preference.
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(a) Experimental design: concurrent optogenetic stimulation of ACC neurons in the observer and in one of two
emotionally-equivalent mice.

(b) Observer sniffing toward neutral synchronized and neutral control demonstrators.

(c) Increased observer sniffing and significant discrimination index induced by optogenetic synchronization of SOM
neurons in the observer and in one of two stressed demonstrators.

(d) Discrimination index for SOM synchronization in neutral-neutral and stress-stress configurations.

(e) Decreased observer sniffing induced by optogenetic synchronization of pyramidal neurons in the observer and in
one of two neutral demonstrators.

(f) Observer sniffing toward synchronized and control stressed demonstrators.

(g) Discrimination index for PYR synchronization in neutral-neutral and stress-stress configurations.

(h) Experimental design: concurrent optogenetic stimulation of ACC neurons in the observer and inhibition in one of
two emotionally-equivalent mice.

(i) Decreased observer sniffing and discrimination index during optogenetic desynchronization of SOM neurons in
the observer and in one of two neutral demonstrators.

(j) Observer sniffing toward stress SOM desynchronized and stress control demonstrators. Right: discrimination
index. n=11.

(k) Discrimination index for SOM desynchronization in neutral-neutral and stress-stress configurations.

(1) Increased observer sniffing toward the desynchronized demonstrator in the neutral vs neutral configuration.

(m) Increased observer sniffing toward the desynchronized demonstrator in the stress vs stress configuration.

(n) Discrimination index for PYR desynchronization in neutral-neutral and stress-stress configurations

Real-time close-loop induction of inter-brain correlation in ACC SOM drives emotional
preference
The inter-brain optogenetic manipulations employed so far were artificially imposed and may not
fully recapitulate the natural dynamical pattern of physiological brain activity. Thus, we set up a
paradigm in which the recorded neuronal activity of one mouse (either the observer or one
demonstrator) could optogenetically drive a similar pattern in another mouse, in stress or neutral
conditions (Fig. 5a, Supplementary Fig. 10).

When the observer mouse’s ACC SOM activity drove optogenetic stimulation of ACC
SOM in one of two equally neutral demonstrators (Fig. 5b,d), no effects were evident. In contrast,
a preference towards the synchronized demonstrator appeared during the first two minutes of the
task when the observer was facing two equally stress demonstrators (Fig. 5c,d). When inverting

the role (i.e. recording from the demonstrator drove stimulation to the observer), no effects were
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evident (Fig. 5e-g). When using the same approach to drive PYR inter-brain synchronization no
effects were evident in both the observer-to-demonstrator and demonstrator-to-observer
configuration and in both neutral-neutral and stress-stress configuration (Fig. Sh-m). However,
combining the two configurations together, a less preference for the ACC PYR neutral correlated
demonstrator appears while the ACC SOM-driven preference for the stress correlated
demonstrator got less significant (Fig. 5n). These further analyses reveal that while ACC SOM
inter-brain coupling is clearly driven by observer activity targeting the stress demonstrator, ACC
PYR inter-brain correlations during the neutral state are equally supported by both the observer
and the demonstrator.

Overall, these results further strengthen the findings that ACC SOM inter-brain correlation

initiated by the observer mouse drive emotion discrimination.
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Figure 5. Close loop exp. Observer SOM activation drives synchronization and social preference only

towards emotionally altered mice.

(a) Experimental design. Left: observer SOM activity was recorded and used to control optogenetic stimulation to
one of two emotionally-equivalent demonstrators when the signal exceed a threshold. Right: one demonstrator
activity was recorded and used to deliver an optogenetic stimulation to the observer when the normalized signal

exceeds a threshold.

(b) Observer sniffing during observer-driven SOM interbrain synchronization toward one of two neutral

demonstrators.
(c) Observer sniffing during observer-driven interbrain synchronization toward one of two stressed demonstrators.

(d) Discrimination index for SOM closed-loop synchronization driven by the observer in neutral-neutral and stress-

stress configurations

(e) Demonstrator sniffing during demonstrator-driven SOM interbrain synchronization toward one of two neutral

demonstrators.

(f) Observer sniffing during demonstrator -driven interbrain synchronization toward one of two stressed

demonstrators.

(g) Discrimination index for SOM closed-loop synchronization driven by the demonstrator in neutral-neutral and

stress-stress configurations

(h) Observer sniffing during observer-driven PYR interbrain synchronization toward one of two neutral

demonstrators.

(i) Observer sniffing during observer-driven PYR interbrain synchronization toward one of two stressed

demonstrators.

(j) Discrimination index for PYR closed-loop synchronization driven by the observer in neutral-neutral and stress-

stress configurations

(k) Demonstrator sniffing during demonstrator-driven PYR interbrain synchronization toward one of two neutral

demonstrators.

(1) Observer sniffing during demonstrator-driven PYR interbrain synchronization toward one of two stressed

demonstrators.

(m) Discrimination index for PYR closed-loop synchronization driven by the demonstrator in neutral-neutral and

stress-stress configurations

(n) Observer sniffing during the first 2 minutes of all conditions.
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Discussion

We discovered that emotions modulate inter-brain dynamics in a neuron-type-specific manner.
Inter-brain ACC SOM inhibitory neurons correlations and PYR anticorrelations are recruited
when one partner is in a stress state. Conversely, inter-brain ACC PYR correlations and SOM
anticorrelations arise when two subjects are in a neutral state. Importantly, we demonstrate that
these substrate-specific-dynamics causally influence social preference, with SOM neurons
playing a central role in socio-emotional contexts.

We found that an altered emotional state changes inter-brain dynamics. This expands
previous literature showing inter-brain correlation between dyads of monkeys, bats and mice in
basal neutral states (Kingsbury et al., 2019; Lee et al., 2024; Rose et al., 2021; Scaglione et al.,
2024; Tseng et al., 2018; Zhang & Yartsev, 2019). Our initial comparative study with humans
suggests that the same organizing principles of emotion-dependent inter-brain dynamics operate
across species, pointing to conserved neural mechanisms. Specifically, reciprocal information
exchange in the presence of stress in one partner disrupted overall inter-brain cortical correlations,
evident in reduced EEG correlation in humans and PYR in mice. These findings mirror prior
human studies reporting enhanced inter-brain correlation during positive emotional interactions
(Anders et al., 2020; Liu et al., 2023; Santamaria et al., 2020). Overall, our findings open to cross-
species, cell-type-specific and time-dependent inter-brain dynamics influenced by emotions.

We reveal that inter-brain dynamics rely on distinct neural substrates depending on the
socio-emotional context. Stress initially links interacting brains, with ACC SOM activity
correlating and PYR anticorrelating across individuals inducing emotion discrimination. In
contrast, during neutral interactions, inter-brain ACC PYR correlation and SOM anticorrelation
developed over time. Notably, these correlations did not always paralleled the preference for one
of the two demonstrators, indicating that more than the quantity of the interaction, inter-brain
correlations change based on the quality of the interaction. This is a step forward compared to
most humans’ and other animals’ studies finding a positive association between inter-brain
correlation and the quantity of social interactions, still without considering the effect of individual
emotions (Antonelli et al., 2025). Furthermore, our current findings strengthen previous single-
brain evidence reporting a special role of cortical SOM neurons in emotion discrimination (Dautan

et al., 2024a; Scheggia et al., 2020), but now in an inter-brain perspective. Intriguingly, recent
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work implicates GABAergic neurons in shared-space inter-brain dynamics in mouse dyads in
neutral states (Zhang et al., 2025). Given that our data show marginal SOM neurons involvement
in neutral-neutral interactions, and that this prior study did not distinguish among GABAergic
subtypes, our findings raise the possibility that PV neurons may underline inter-brain correlations
during non-emotional social interactions. This would be in line with single brain evidence
reporting PV as mainly involved in basic sociability with no emotions (Scheggia et al., 2020).
Thus, our findings reveal that inter-brain correlated activity arises from distinct, molecularly
defined neural substrates, shaped by the emotional states of the interacting individuals.

We proved that inter-brain dynamics actively modulate social decisions in emotional
contexts. This finding represents an initial step toward resolving whether inter-brain correlations
are simply byproducts of social interaction or play a causal role as modulators (Hamilton, 2021;
Holroyd, 2022). We first demonstrated that preventing inter-brain correlation by silencing SOM
neurons, but not PYR, in the stress demonstrator impaired emotion discrimination. Furthermore,
in line with our imaging experiments, optogenetic manipulations artificially inducing inter-brain
correlations demonstrated differential effects of SOM and PYR inter-brain dynamics depending
on the socio-emotional relationships of the interacting subjects. All this strengthens the idea that
the neuronal activity of one subject not only influences their own behavior, but is interconnected
with that of others influencing multi-brain responses. In contrast to a previous study (Yang et al.,
2021), optogenetic induction of an artificial inter-brain PYR correlations in our setup led to
avoidance rather than preference. This earlier study involved free interaction of only two mice,
lacking real-time control over a non-correlated mouse, and targeted the PrL region of the PFC.
Thus, together with our findings, this could indicate that PYR inter-brain correlations during two-
choice social discrimination may have a different role than during free, reciprocal interactions.
Alternatively, the discrepancy could reflect distinct contributions of PFC subregions (i.e. ACCs
or PrL) to inter-brain dynamics. Notably, implementing a new and more ethologic-naturalistic
approach where one mouse brain closed-loop drove a similar pattern of activity in another brain,
revealed further that ACC SOM activity of the observer drove the preference towards a stress
demonstrator, while PYR inter-brain correlation induce avoidance only in neutral state conditions.
This setting avoids artifacts of artificial stimulations and strengths our conclusions that different

neural substrates drives social choices in different socio-emotional contexts.
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We demonstrated that not only correlations, but also inter-brain anticorrelations have a
meaningful implication in socio-emotional choices. Specifically, ACC PYR show inter-brain
anticorrelation with the preferred stress demonstrator, and in agreement, optogenetic induction of
PYR anticorrelation in only one of two equally stress demonstrators caused social preference.
Conversely, SOM activity tend to be anticorrelated between the observer and the less preferred
neutral demonstrator, and optogenetic induction of SOM anticorrelation induced avoidance
towards one of two equally neutral, but not two stress, demonstrators. Notably, in both PYR and
SOM anticorrelation manipulations, the discriminatory effects appeared only when stimulating
the observer, but not the demonstrators. The importance of alternating correlated and
anticorrelated brain and behavioral patterns in supporting social goals has been theorized (Mayo
& Gordon, 2020). Here, we demonstrate the previously unexplored causal role of anticorrelated
inter-brain activity during socio-emotional choices.

In summary, we provide initial evidence that inter-brain dynamics originate from distinct
neuronal substrates in emotional compared to neutral states social contexts. Notably, cell-specific
correlated and anticorrelated inter-brain dynamics are both causative in determining social choices
towards others’ emotions. This constitutes a new vision in socio-emotional responses, with

fundamental impact on all animals’ lives.
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Methods

Mouse Subjects

All procedures were approved by the Italian Ministry of Health and the local Animal Use
Committee and were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the European Community Council Directives.
Routine veterinary care and animal maintenance are provided by dedicated and trained personnel.
Adult mice between 3-6 months old with C57Bl/6J background were used. For the miniscopes
recording experiments only males were used because better able to support the weight of the
devices. For all other experiments, both male and female mice were used. Heterozygous
somatostatin cre-expressing mice (SOM-cre, Jackson: 013044) and Wild-Type (WT, Jackson:
000664) used for all experiments were bred in our animal facility. Mouse genotypes were
determined by Polymerase Chain Reaction (PCR) of ear snip tissue. Animals were housed in cages
with 2-to-4 cagemates in a climate-controlled facility (22°c) with ad libitum access to food and
water and a 12hr light-dark cycle (07:00-19:00 light, 19.00-7.00 dark). All experiments were run
during the light phase.

Viral vectors

For large-scale calcium imaging AAV1.Syn.Flex.GCaMP6f WPRE.SV40 (Addgene, 100833-
AAVI) was injected in SOM-cre heterozygous mice and
pENN.AAV1.CamKIL.GCaMP6f. WPRE.SV40 (Addgene, 100834-AAV1) was injected in WT
mice. Both viral vectors were diluted 1:6 in saline before the injection. For somatostatin neurons
optogenetic manipulations we used AAV5-Efla-DIO eNpHR-3.0-EYFP (Addgene, 26966) for
inhibition, AAVS5-EFla-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA (Addgene,
20298) for excitation, or AAVS5-Efla-fDIO-EYFP (University of Pennsylvania, CS0378) for
controls, all injected in SOM-cre mice. For pyramidal neurons we used AAV1-CaMKIla-eNpHR
3.0-eYFP.WRGE.hGH (University of Pennsylvania, V4188MI-R) for inhibition, AAV1-
CaMKIIa-hChR2(H134R)-eYFP.WRGE.hGH (University of Pennsylvania, CS0717-3CS) for
excitation, or AAV1-CaMKII0.4-eGFP.WRGE.rGH (University of Pennsylvania, CS0934) for

controls, injected in wt mice. For fiber photometry and closed-loop optogenetic stimulation we
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injected a 1:6 mix of either AAV1.Syn.Flex.GCaMP6f.WPRE.SV40 (Addgene, 100833-AAV1)
and AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] (Addgene, 62723-AAVS) or a 1:6 mix of
pENN.AAV1.CamKII.GCaMP6f. WPRE.SV40 (Addgene, 100834-AAV1) and AAVS5-
CamKIIa-ChrimsonR-mScarlet-KV2.1 (Addgene, 124651-AAV9) in SOM-cre or wt mice

respectively.

Stereotaxic surgeries

C57Bl/6J and SOM-cre naive mice were subjected to stereotaxic surgeries at 2-3 months old. All
mice were anesthetized with a mix of isoflurane (3%) in Oxygen (O, 1%) before being mounted
on a stereotaxic frame (Kopf Instruments), then kept at 1-2% isoflurane throughout the surgery.
Brain coordinates for the ACC were defined based on the Mouse brain Atlas (from Paxinos and
Franklin’s) as follows (AP/ML/DV, in mm from Bregma and the skull): AP, +1.0 mm and ML,
+0.3 mm; at two different DV coordinates, —1.75 and —1.55. 0.2 pl of virus mix were infused in
each site through a borosilicate micropipette connected to a 10ul Hamilton syringe filled with
mineral oil, with a motorized injector (WPI). The injection rate was set to 0.15ul /min and the
pipette was maintained in position for at least 5 min to allow for proper diffusion. After viral
injection mice were given between 2 and 3 weeks to recover before the lens or fiber implantation.
Mice underwent a second surgery for the implantation of a 0.5 mm outer diameter gradient-index
(GRIN) lens (ProView lenses, Inscopix) at the same coordinates as the virus injections, 10—-14 d
following virus injections. Before lowering the GRIN lens, a pre-track was performed using a
blunted needle (25 gauge) to reduce tissue damage and minimize brain pressure. GRIN lens
insertion was monitored and positioned at the focal point presenting the highest Ca*" signal.
Optogenetic dual fiber implants (Doric Lenses) and optic fibers (RWD) for fiber photometry
recordings were placed at the same AP and ML coordinates as the viral injection, and at DV: -
1.50 and - 1.55 respectively. All implants were maintained in position using a thin layer of Kwik-
Sil (World Precision Instruments), two blunted skull screws, and adhesive dental cement (Sun
Medical Super-Bond C&B Kit, Dental Leader). Mice were allowed to recover at least 7 days
before starting the handling phase.
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Apparatus

To allow neuronal recording and manipulation, the testing cage is placed inside a custom-made
canopy structure where the cables and two high-resolution monochrome cameras (Imaging source,
DMK 22AUCO03) were accommodated during testing. The EDT apparatus is 3D printed onto a
square apparatus (35.5 x 23.5 x 19) containing a two quarter circles (4cm radius) on two opposite
sides. Each quarter circle is delimited by metal rods (0.8cm wide) that allow sufficient space for
social contact between the demonstrator (freely moving in the apparatus) and the stimuli (freely
moving in the quarter-circle). A 3D-printed separator (11 x 19cm) is placed in the middle of the
apparatus between the two quarter-circles to block the reciprocal view of the stimuli animals. Both
a top view and an upper-front view of the apparatus were acquired through ANYmaze software
(Anymaze 7.4, Stoelting). For automated scoring, a virtual square (11 x 11 cm) is drawn between
each quarter-circle and the separator to define a zone associated with each stimulus. Videos are
collected at 15FPS using the behavioral tracking system (Anymaze 7.4, Stoelting). In optogenetic
experiments, live tracking of the mice was used to deliver 5V- TTL through an Anymaze interface
(Amil) to the acquisition hardware (DAQs) calcium data or LEDs and Lasers for optogenetics,

based on the zone visited.

Behavioral procedure

All mice were group-housed and separated based on their experimental role (observer vs
demonstrator). All mice were handled once a day for 1 min for at least 3 days before behavioral
testing procedures. Additionally, mice assigned to miniscope recordings were habituated to wear
the miniscope for 15 minutes over 3 consecutive days in their home cage. Observers and
demonstrators were individually habituated to the experimental apparatus with the cable attached
for three days with daily sessions of 15 minutes, in their respective positions (demonstrators inside
their quarter-circle, observers in the free zone). Demonstrator mice were matched by age, sex, and
strain to the observers. To avoid confounders due to side preference, neutral-, stress-, manipulated-
, and controls- stimulus were counterbalanced in the two sides of the testing arena. Neutral
demonstrators were naive and used for a maximum of 2-to-3 times, with at least 1 week between

each experiment. Observers were always exposed to novel demonstrators. No differences were
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observed in the performance of the observer mice depending on the previous experience of the
demonstrator.

On the day of the testing, all mice were brought into the experimental room at least 1h before the
experiment began, and kept distant to avoid visual or olfactory contact between observers and
demonstrators. Observer mice were gently moved into the arena connected to the patch cord for
optogenetics/fiber photometry, or the electric cord for miniscope recordings. The neutral
demonstrator stayed in its home-cage while the stress demonstrator was subjected to a 15-minutes
restraint inside a S0mL falcon tube with a hole in the tip for air exchange and a long and narrow
opening on top for the cable. The demonstrators were then moved immediately to their respective
side of the arena, and the observer was allowed to explore the two demonstrators for 15 min.
Following each experiment, the apparatus is thoroughly cleaned with 50% ethanol, wiped, and

allowed to air dry.

Miniscope acquisition setting

To concurrently image the GCaMP6 calcium indicator from 3 mice we took advantage of three
miniature fluorescent microscopes (nVoke 3.0, Inscopix) with an integrated blue LED (EX-LED,
435-460 nm, average power | mW mm ?2) and red LED (OG-LED, 590-650 nm, light power 0—
5 mW mm 2). On the first day of mice habituation to the cables the miniature microscope was
positioned on the head of the animals and the focal plane was adjusted through the Acquisition
Software (version 1.2.0, Inscopix). Optimum laser power, imaging gain, and focal distance were
selected for each animal and conserved across all experiments. On the experiment day Ca** signals
were collected at 20 Hz during the habituation of the observer, the stress phase for the stressed
demonstrator, while the neutral demonstrator was in its home-cage, and during the entire 15 min
period of the EDT. In order to synchronize the 3 miniscopes and the behavioral video, calcium
recording was controlled by the tracking software and interface (Anymaze, Amil) through a TTL

concurrently delivered to the miniscopes at the start of the habituation and the test.

Calcium signal analyses

Before proceeding to behavior-based segmentation of calcium activity and inter-brain correlation

analysis, the signal was processed using data analysis software (Inscopix Data Processing
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Software version 1.2, Inscopix). Both signals recorded during the EDT and their respective
habituation period were merged in a time series and analyzed together to track the same neurons
before and after exposure to the demonstrators. Dropped frames were corrected by a smooth
correction of the edges. Data were pre-processed through the following steps: spatial and temporal
downsampling, using x2 scale factors of space and time; spatial filtering of the image to remove
low and high frequencies with a bandpass filtering; motion correction between different frames of
the videos; pixel normalization over the mean value of the movie. The selection of neurons was
done using manual regions of interest (ROIs), for which a selection tool was used to delimitate
the borders of putative GCaMP-expressing neurons. After neurons selection, an OASIS algorithm
was applied to deconvolve the traces. At the end of these steps, the final data available consist of
a list of every neuron detected, and the corresponding AF/F value for each frame. To make Ca>"
signals traces comparable with each other, individual neuron traces were normalized by their

standard deviation.
Spearman correlation of neuronal activity across brains:

To test inter-brain correlations during emotion discrimination, we first averaged the Ca" activity
of all recorded cells (except those active only during habituation) for each animal and applied a
detrending function to exclude the effect of photo bleaching on correlations. We then computed

the Spearman correlation coefficient to consider possible non-linear correlations across brains.
Cross-correlation

In order to gain more insight into the timescale at which inter-brain correlations occur, we
performed a cross-correlation analysis using the neural activity from interacting animals in the
EDT. The cross-correlation curve between the two activities is expressed over different values of
the reciprocal lag between the two. A peak in the cross-correlation curve expresses a state of
synchronization of the two signals, one being shifted in time from the other by the corresponding
lag value. As a consequence, once computing the cross-correlation curve between two time-
dependent activities, one can identify its maximum value and retrieve the corresponding value of
the lag, estimating the true delay between the signals. We calculated the correlation between AF/F
activity traces during intervals in which mice were close (observer in demonstrator’s zone) with
different time shifts, ranging from -5 seconds to +5 seconds, and plotted the correlation as a

function of time lag (Fig 4.2).
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Single-neurons correlation analysis

For each observer neuron i, we computed the time shifted Pearson correlation between the activity
of'1 and the activity of another neuron j (either in the observer brain for the within brain condition,
or in the demonstrator brain for the across brain condition), and then we averaged over j to obtain
a within-brain and an across brain time-lagged coupling function for each neuron i in the observer
brain. To emphasize the short-scale correlations, we regressed out the slow variations of rates
across behavioral interaction windows by computing partial Pearson correlations, where we
partialled out the mean activity of both signals within each interaction window. We regressed out
the slow variations of rates across behavioral interaction windows to emphasize better the short-

scale correlations (compare regressed vs non-regressed to appreciate the importance).
Asymmetry measure, Directionality Index

We first computed the mean Pearson correlation for a neurons i across all neurons j for different
time shifts (At), obtaining a curve resulting in a correlation curve across time shifts. Negative time
shifts indicate that the activity of neuron i precedes that of the other neurons j (observer is
preceding the demonstrator’s activity), while positive shifts indicate that neuron i follows the
activity of neurons j (demonstrator is preceding the observer’s activity). Correlation values with
negative time shift indicate that the observer is preceding the demonstrator’s activity. Conversely,
correlation values with positive time shift indicate that the demonstrator is preceding the
observer’s activity. To compute the time-asymmetry directionality index we take the integral of
the correlations with a positive time shift and subtract the integral of the correlations with a
negative time shift. This results in an overall measure that captures the balance of directional
influences: if the asymmetric measure is positive, it indicates that the demonstrator drives the
observer (stronger correlations in the positive time-shift region); if negative, it indicates that the

observer drives the demonstrator (stronger correlations in the negative time-shift region).
Mutual information analysis

We quantified how much information the neural activity of the observer (R) carries about the
affective state of the demonstrators (T) using mutual information, I(R:T). This information-

theoretic measure captures the reduction in uncertainty about the target affective state given the
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observer's neural responses. For each neuron we computed mutual information carried by R as

follows:
[Equation]

To quantify the amount of information about demonstrator’s emotional states codified by
observer’s neurons, we computed the mutual information, I(S;R), between position in the linear
track, stimulus (S), and the calcium event trace, response (R), as follows:
— . plr|s)
I[§;R) = Z_rcﬂp(f pir|s) logs —P{” .
With R and T representing the sets of all possible discrete values of neural responses and affective

states. [Equation] is the joint probability of response r and target state t, [Equation] and [Equation]

the marginal probabilities of response and state.

S and R representing the arrays of all possible discrete values of stimulus or response, p(s) the
probability of the stimulus s, p(r) the probability of the response r across all trials to any stimulus,

and p(r|s) the conditional probability of the responses r given presentation of stimulus s.

Information breakdown for triplets of neurons

To assess the extent to which across-brain correlations encode information about which is the
affective state of the demonstrator that is interacting with the observer, we proceeded as follows.
We first computed the Shannon information about affective state carried by the simultaneously
recorded activity of triplets of neurons each located in the observer, in the stressed demonstrator
and neutral demonstrator brain using Shannon formula and similarly to what we did to compute
single-neuron affective state information (Methods section XX). We then used the Information
breakdown (Cite) to decompose this Shannon information into components I_lin (the sum of the
information separately conveyed by each of the single cells), I (sig-sim) (contribution of the
similarity across neurons of trial-averaged responses to different affective states), I (cor-ind)
(contribution of the interplay between the signs of similarity of affective state tuning and of across-
brain correlations), and of I (cor-dep) (quantifying information added by the modulation of

across-brain correlation strength by the affective state).
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Optogenetic manipulations

All optogenetic manipulations involved bilateral AAV injection in the ACC and subsequent
implantation with dual fiber optic implants terminating dorsally to the injection area (Doric
Lenses, DFC 200/245-0.37 2mm_GS0.7_FLT). During behavioral experiments, implants were
connected to splitter branching patchcord (Doric Lenses, SBP(2) 200/230/900-0.37 1m_FCM-
GS0.7), which were in turn connected to blue (480 nm) or green light (530 nm) LEDs (Prizmatix
Laser) using a 1 x 1 fiberoptic rotary joint (Prizmatix) located above the cubicle containing the
testing arena. Laser power was adjusted such that the light at the tip of the fiberoptic cable was
approximately 3 mW. Behaviorally-controlled light delivery was achieved through TTL signals
from the behavioral tracking software and interface (Anymaze, Amil) to the LEDs. In all
experiments, opsin-expressing and fluorophore demonstrators were paired and both received light,
to concurrently exclude possible effects of the light on observer preference and control for non-
specific effects of LED light delivery in the demonstrator. Both observers and demonstrators were
tested up to 3/4 times, always keeping their original roles. Demonstrators always started being
tested as neutral, 1/2 times, and then became stressed demonstrators 2 more times.

Preventing interbrain correlation

For optogenetic inhibition experiments we used AAV carrying: (1) for SOM, a Cre-dependent
halorhodopsin (AAV5-EF1a-DIO-eNpHR3.0- eYFP, Addgene, 26966) or a cre-dependent eYFP
(AAVS5-Ef1a-fDIO-EYFP, University of Pennsylvania, CS0378); (2) for PYR, a CaMKIIa-
dependent halorhodopsin (AAVI1-CaMKlIla-eNpHR 3.0-eYFP.WRGE.hGH, University of
Pennsylvania, V4188MI-R) or a CaMKIl-dependent eYFP (AAV1-CaMKIIO.4-
eGFP.WRGE.rGH, University of Pennsylvania, CS0934) into the ACC of SOM- or C57BL/6J
mice (Fig. 3a). During behavioral experiments we delivered a continuous green light to each
demonstrator only during observer visits to their compartment. For SOM experiments,
demonstrators were pseudo-randomly paired as the stress demonstrators expressed halorhodopsin
while the neutral demonstrator eYFP. For PYR experiments, demonstrators were pseudo-
randomly paired as the neutral demonstrators expressed halorhodopsin while the stress
demonstrator eYFP. In control experiments both demonstrators expressed eYFP and received light
during observer’s visits.

Inducing inter-brain correlation
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For optogenetic excitation experiments we injected AAV expressing: (1) for SOM, a Cre-
dependent  channelrhodopsin  (AAVS5-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-HGHpA,
Addgene, 20298) or a cre-dependent eYFP; (2) for PYR, a CaMKIIa-dependent channelrhodopsin
(AAV1-CaMKIIa-hChR2(H134R)-eYFP.WRGE.hGH, University of Pennsylvania, CS0717-
3CS) or a CaMKII-dependent eYFP into the ACC of SOM- or C57BL/6J mice. Photo-stimulation
protocol involved 5 ms pulses of blue light delivered at SHz controlled by observer position in the
arena. All observers expressed ChRII and received optogenetic stimulation during the visits to
both demonstrators. Synchronized demonstrators (ChRII-expressing) were paired with YFP-
expressing demonstrators and both received light when the observer was exploring their specific
compartment. Overall, resulting in synchronous observer-demonstrator stimulation in the
synchronized demonstrator side and observer-only stimulation in the control demonstrator side.
Inducing inter-brain anti-correlation

We injected AAV carrying: (1) for SOM, a Cre-dependent ChRII or a cre-dependent
halorhodopsin or a cre-dependent eYFP; (2) for PYR, a CaMKIla-dependent ChRII or a
CaMKIIa-dependent halorhodopsin or a CaMKII-dependent eYFP into the ACC of SOM- or

C57BL/6J mice. Two experimental designs were used to achieve anti-correlation:

- Observer photo-stimulation and concurrent demonstrator photo-inhibition: in this
configuration observers expressed ChRII and received pulsed blue light in both
demonstrators’ compartments. Anti-correlated demonstrators (Halorhodopsin-expressing)
were paired with YFP-expressing demonstrators and both received continuous green light
when the observer was exploring their specific compartment.

- Observer photo-inhibition and concurrent demonstrator photo-stimulation: halorhodopsin
expressing observers received continuous green light in both demonstrators’
compartments. Anti-correlated demonstrators (hChRII-expressing) were paired with YFP-
expressing demonstrators and both received pulsed blue light when the observer was

exploring their specific compartment.

Fiber photometry and closed-loop optogenetic setting

Optic-fiber implants connected to metal or zirconia ferrules were cleaned and connected to a low-

auto fluorescence patch cord (2.5 m long, 0.5 NA, Doric Lenses). A second dummy patch cord
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was attached and connected to the dummy ferrule to reduce oscillations and thus prevent artifacts.
Calcium signals were acquired through an integrated fiber photometry system (Aquineuro, Fiber
Photometry recording System), delivering alternated light at 470nm for GCaMP excitation and at

410nm for isosbestic control.

For closed loop stimulation, activity dependent optogenetic stimulation was delivered. During the
experiment, the recording software computed real-time data normalization from the signal
acquired from the mouse chosen to drive the stimulation and a 2% variation of fluorescence was
set as threshold to deliver optogenetic stimulation to the mouse chosen to receive stimulation,
through a TTL from the fiber photometry system and the 635nm Laser (Aquineuro, Intelligent
Optogenetics System).

The estimated delay from when the recorded signal crosses the 2% threshold and the stimulation

1s sent is around 200 ms.

Behavioral analyses

All behaviours were manually scored by three expert scorers, blinded to the treatments, through
the software BORIS, allowing frame-by-frame videos inspection. Observer sniffing was defined
as observer approaching and nose-touching demonstrator’s cages. Reciprocal sniffing was defined
as closeness between mice noses displaying interest for each other. Grooming, rearing and
climbing were scored one at a time for each video. Data collected were then extracted as start/stop
time for each event and analysed in Matlab, graphs and statistics were done using Graphpad Prism

software.

Immunohistochemistry

All animals used for behavioural experiments or tracing were deeply anesthetized following all
experiments with an overdose of urethane (>2 g per kg body weight) and then transcardially
perfused with ice-cold 0.05M phosphate buffer saline (PBS) pH 7.4, followed by 4%
paraformaldehyde (PFA) in PBS (0.1 M, pH 7.4). Brains were removed and stored in 4% PFA for

24h post-fixation. Brains were then placed in in 30% sucrose solution (in PBS) for at least 48 h of

270



cryoprotection until sectioning. Brains were mounted on the sectioning chamber and frozen, and
40 um slices were cut along the coronal axis using a microtome (HM45, Thermo Fisher). Sections
were collected in PBS with 0.02% NaN3 until staining. For immunohistochemistry, all sections
were first incubated in a blocking solution consisting of 10% normal goat serum (NGS) in PBS
containing 1% Triton X-100 for a minimum of 1h. Following 3—5 washes in PBS solution,
primary antibodies were selected based on the target (GFP or mCherry). The primary solution
consisted of the primary antibody diluted in 1% NGS, 0.03% Triton X-100 in PBS. Primary
incubation occurred at 4 °C for 2448 h. Following primary incubation, slices were washed 3-5
times in PBS and prepared for the secondary incubation that consists of a solution containing the
secondary antibody diluted in 1% NGS, 0.03% Triton X-100 in PBS. Secondary incubation
occurred at room temperature (RT) for 4—6 h. Primary antibodies used were: rabbit anti-GFP
(1:1,000 dilution; Invitrogen, A11122), chicken anti-GFP (1:1,000 dilution; Abcam, AB290), and
rabbit anti-dsRed (1:1,000 dilution; Thermo Fisher, 150128). Secondary antibodies were: Alexa
Fluor 488 (goat anti-rabbit, 1:1,000 dilution; A11034, ABclonal), Alexa Fluor 488 (goat anti-
chicken, 1:1,000 dilution; A11039, ABclonal) and anti-568 (goat anti-rabbit, 1:1,000 dilution;
A11036, ABclonal). Fluorescence images were obtained with a confocal microscope (Nikon,
CTR6500) or with an inverted fluorescence microscope (Zeiss Axiozen) using the following filter:
504 nm for Alexa Fluor 488, 560 nm for Alexa Fluor 568, and 650 nm for. Images were collected
at x20 in air or x10, x20. All fluorescence images were treated using the software ImageJ and

Adobe Illustrator CS6. All primary and secondary antibodies have been previously validated.

ELISA corticosterone assay

The corticosterone concentration was analysed from plasma. Thirty minutes after exposure to the
laser stimulation, each mouse was killed by decapitation. The blood was quickly collected in tubes
coated with 0.5M EDTA and centrifuged at 664 rcf for 10 min; the supernatant obtained was
immediately processed. The corticosterone concentration was detected by a commercially
available Detect X corticosterone ELISA kit (Arbor Assays, KO014-H1) following the
manufacturer’s protocol. Original samples were diluted 1:100 in assay buffer. Each standard and
sample was loaded in duplicate and plates were read using a 450 nm wavelength into a) multi-
plate reader (Tecan). Measures of absorbance were converted in concentration expressed as

271



mg/ml using a Four Parameter Logistic (4PL) Regression fit, and normalized to the blank
(negative control). The level of corticosterone was expressed as fold changes compared to the

control group average.

Statistics

Results are expressed as the mean+s.e.m. throughout the paper. Each observer’s behaviour
toward the two different demonstrator mice was analysed using a within-groups RM-ANOVA.
The discrimination index with optogenetics stimulation was analysed by two-way ANOV As with
optostimulation (no light, ChR2, NphR) as between-subjects factors, and time intervals (0—2 min,
5-10 min and 13-15 min) as RM within-subjects factors. Bonferroni’s post hoc test with multiple-
comparison corrections was used for making comparisons within groups when the overall
ANOVA showed statistically significant differences. All tests were two sided. Spearman
correlation coefficients were compared using a two-tailed paired or unpaired z-test. For
optogenetic experiments, sniffing time, distance travelled, number of entries in each zone and time
in each zone was then compared across different conditions to the control (no stimulation)
experiments. The accepted value for significance was P <0.05. Statistical analyses were done
using GraphPad Prism. The number of mice is reported in the legends and corresponds to similar
numbers used in previous publications. Experiments reported in the paper were replicated three to
four times for a different group, cage, sex or generation. No statistical measures were taken to
predetermine the sample size of the experiments. For each animal, only entries to the stimulus
area that lasted more than 5 s were used for analyses. Mouse exclusion criteria were defined before
the beginning of the experiments and include genotyping errors, viral injection and fiber
misplacement, and uncompleted experiments due to loss of implants. For all experiments, the side

of the allocated stimulus mice and the order of the testing were randomized.
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Human experiment
Participants

Eighty participants (mean age = 27.64 years, range = 18-49 years) were recruited and randomly
assigned to two groups. To maintain experimental consistency with the mice studies, the sample
was restricted to male participants, and all dyad members were unfamiliar with each other. All
participants had normal or corrected to normal vision and reported no history of psychological or
neurological disorders. Written informed consent was obtained from all participants, who were
compensated with 25 Euros for their participation. All experimental procedures were approved by
the local ethical committee and were carried out in accordance with the principles of the revised
Helsinki Declaration (World Medical Association General Assembly, 2008). The sample size was
determined a priori based on previous studies investigating interpersonal neural synchronization

(Dumas et al., 2010; Goldstein et al., 2018; Hirsch et al., 2017; Noah et al., 2020).

Experimental stimuli selection

The experimental stimuli comprised 3 stress-inducing and 3 neutral audio-video clips
(Supplementary Figure 4a). Audio-video clips, i.e. images paired with background music, were
chosen as stimuli because such a combination is known to effectively evoke negative affect in
humans (Uhrig et al., 2016). To ensure the effectiveness of the stress-inducing stimuli, the images
were pre-selected through an online survey (Anwyl-Irvine et al., 2020). For this, we first compiled
an initial set of 120 negative affect images obtained from both previously validated image
databases and web sources. Specifically, we included 23 images from the Nencki Affective Picture
System (Marchewka et al., 2014), 21 images from the Open Affective Standardized Image Set
(Kurdi et al., 2017), 10 images from the Geneva Affective Picture Database (Dan-Glauser &
Scherer, 2011), and 66 additional images from the web. The web-sourced images were selected
to highlight negative affect concerning contemporary themes such as climate change, natural

disasters, and war-related destruction.

Participants taking part to the online survey were located in Italy at the time of the experiment and
were recruited via the Prolific platform (www.prolific.com). They were compensated at a rate of

£8 per hour. During the survey, participants observed the images on a computer screen and rated
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their valence i.e., how negative they perceived each image to be (see Supplementary Figure 4b).
To ensure participants were paying attention to the task, we included six control images. For these
images, participants were instructed to enter a specific valence rating (e.g., “Please enter a value
of 3 for valence”). Each image was displayed for 5 seconds, and participants had a maximum of

6 seconds to respond.

All participants demonstrated high accuracy on the control task, with the exception of one
individual who achieved only 33% accuracy and was consequently excluded from further analysis.
The final sample comprised 21 participants (11 males; mean age = 26.57 years; mean accuracy =
99.20%). We then averaged the valence ratings across participants and selected the 30 images
with the highest average valence (see Supplementary Figure 4c). We also confirmed that the
selected images were rated as significantly more negative than the non-selected images (Welch

Two Sample t-test t(117.67) = 14.46, p < 0.001; Supplementary Figure 4c).

Next, we selected the three audio clips with the highest negative valence ratings from the validated
Database for Emotional Analysis in Music (DEAM) (Aljanaki et al., 2017). The three audio clips
were combined with the 30 previously selected visual images. The images were divided into three
groups of ten, with each group paired with one of the audio clips. Within each audio-visual

stimulus, each image was presented for 4 seconds, followed by a 2-second blank screen.

Finally, three neutral audio-video clips were created using 30 images previously rated as neutral
in the validated datasets described above. Specifically, the neutral set consisted of 13 images from
NAPS, 12 from OASIS, and 5 from GAPED. These images were combined with neutral audio
clips—identified as such in the DEAM database—following the same procedure used for the

stress-inducing stimuli.

Experimental design and procedure

The study employed a between-subjects design comprising a stress group (Stress—Neutral) and a
control group (Neutral-Neutral) (Fig. Im). Emotional content was manipulated only in the Stress—
Neutral group, where one participant in each dyad (counterbalanced across participants) viewed
stress-inducing audio-video stimuli, while the partner viewed neutral stimuli. In contrast,

participants in the Neutral-Neutral group viewed only neutral stimuli. The experiment comprised
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three different procedures: emotion induction, social interaction, and no social interaction
(Supplementary Fig. 4d). During the emotion induction, participants viewed experimental stimuli
on a monitor (placed at a distance of approximately 1 m) with no visual contact permitted between
partners. Immediately following the emotion induction, participants engaged in the social
interaction condition, during which they were asked to look towards their partner and hold each
other’s right hand. Finally, in the no social condition, participants’ view of one another was

obstructed by an occluder placed between them, preventing any visual or haptic social contact.

Experimental procedures were structured into repeated trials, each lasting one minute, and
implemented in the following sequence: (1) no social interaction, (2) emotion induction (neutral-
neutral for all groups), (3) social interaction (baseline), (4) no social interaction, (5) emotion
induction (neutral-neutral or stress-neutral, depending on group assignment), (6) social interaction
(test), and (7) a final no social interaction phase (see Supplementary Fig. 4d). Each no social
interaction condition was composed of three consecutive trials. Similarly, the emotion induction
followed by social interaction block was repeated three times. To prevent stimulus-driven
synchrony and maintain independence of perceptual experience, stimulus order was randomized
across dyad members, such that the two participants viewed different stimuli at any given time. In
the second social interaction block (test phase), participants in the Stress-Neutral group were
exposed to asymmetric emotional stimulation: one participant viewed stress-inducing stimuli
while the other viewed neutral stimuli. In the Neutral-Neutral group, both participants were

presented with neutral stimuli.

Behavioral and neural recordings

Behavioral data: We assessed participants’ current affect using the Italian version of the short-
form Positive and Negative Affect Schedule (PANAS-SF; Thompson, 2007). PANAS-SF is a self-
report questionnaire with 10-items assessing positive and negative affect. Participants were asked
to rate their current affective state i.e., how intensively they felt each emotion in that particular
moment. This measure has proven to be a reliable and valid self-report tool (Terracciano et al.,

2003). We collected these reports both at the start and at the end of the experiment.
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Neural recordings: We recorded neural activity, simultaneously from both participants, using dual
electroencephalography (EEG). EEG was recorded from 64 Ag/AgCl active electrodes placed on
the scalp according to the extended international 10—10 system (Biosemi ActiveTwo system).

EEG signal was locally amplified and digitized using a sampling rate of 1024 Hz.

Data analysis

Behavioral data: To assess the effectiveness of the emotion induction, we analysed participants’
subjective ratings from the questionnaire administered before and after the experiment. We
averaged participants’ responses to the negative items on the questionnaire and computed the
difference in ratings (post-experiment minus pre-experiment) for each individual. To evaluate
whether these ratings changed significantly from pre- to post-experiment within each group, we
conducted a one-sample test against a reference value of zero, indicating no change. As the data
did not meet the assumptions of normality (Shapiro-Wilk test, p < 0.05), we employed non-

parametric Wilcoxon signed-rank tests for the analysis.

Neural data analysis: EEG data preprocessing was performed using a fully data-driven pipeline
that was previously developed for denoising EEG data in humans and awake monkeys (Bianco et
al., 2024; Bigand et al., 2025). This pipeline combines algorithms from Fieldtrip and EEGLAB
toolboxes (Delorme & Makeig, 2004; Oostenveld et al., 2011). Specifically, the recorded EEG
data were band-pass filtered (cutoff frequencies: 0.3 Hz and 95 Hz, Butterworth, filter-order: 3).
A notch filter (47-53 Hz) was also used to remove electrical noise. We used an automated pipeline
to remove noisy electrodes [defined as flat-lined, uncorrelated channels (correlation with other
channels < 0.8) or channels carrying amplitude values that deviated more than 2.75 standard
deviations from the mean of all channels]. We used Artifact Subspace Reconstruction (ASR)
(Kothe & Makeig, 2013) to remove transient and large-amplitude movement artifacts (Kothe and
Makeig, 2013; Plechawska-Wojcik et al., 2019). Artifact Subspace Reconstruction (ASR) is an
adaptive algorithm that uses principal component analysis (PCA) to automatically identify clean
segments of data, which are then used to establish variance thresholds. Based on these thresholds,
the algorithm rejects components exhibiting abnormally high variance. Based on the comparative
results from (Chang et al., 2018), we used a threshold value of 10. We then re-referenced the data

using Common Average Reference. Next, we submitted the data to ICLabel (Pion-Tonachini et
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al., 2019), which uses independent component analysis to automatically remove eye blinks or eye
movements artifacts. Finally, previously removed channels were reconstructed through

interpolation, using the mean voltage of adjacent electrodes with denoised signals.

The resulting pre-processed data were then analyzed as in (REF). EEG timeseries were time
frequency transformed using a sliding window Fourier analysis with a tapering function. To
reduce spectral leakage and control the frequency smoothing, we used a Hanning-tapered window
with a frequency dependent time window that linearly decreased from 500 ms (1 Hz) to 100 ms
(95 Hz) (using the ‘ft freqanalysis’ function with ‘mtmconvol’ method as implemented in
FieldTrip)(Novembre et al., 2019). We computed power estimates for all frequencies between 1
and 95 Hz in steps of 1 Hz and a time resolution of 100 ms (10 Hz). To avoid overrepresentation
of certain bands embracing a disproportionate amount of frequency bins (in particular, gamma
band spanning from 31-95 Hz), we defined sub-bands (c.f. REF) for further analyses as illustrated
in Table XX.

Table XX. Frequency bands and sub-bands definitions:

Band Sub-band | Frequency
Low 1-2 Hz
Delta (d)
High 2-3 Hz
Low 3-4 Hz
Theta (q) Mid 5-6 Hz
High 7-8 Hz
Low 8-9 Hz
Alpha (a) | Mid 10-11 Hz
High 11-12 Hz
Low 13-18 Hz
Beta (b)
Mid 19-25 Hz
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High 26-31 Hz

Low 31-47 Hz
Gamma (g) | Mid 52-72 Hz
High 73-95 Hz

Next, we computed inter-brain correlation by calculating Pearson’s correlation coefficients
between electrode- and frequency bin-specific normalized EEG power time courses (i.e., power
envelopes) recorded from the two individuals within each dyad (Koul et al., 2023; Liu et al., 2021;
Rose et al., 2021; Zamm et al., 2018; Zhang & Yartsev, 2019). We normalized the power time

series as below:

data. — mean(data,)
data. + mean(data,)

normalized data, =

Where datac is the (channel- and frequency bin- specific) power time course data for the entire

duration of a single trial (0—60 s) and mean (data.) is the average (over time) of this data.

The inter-brain correlation measure was both channel- and frequency bin-specific and was only
computed among homologous channels and bins. We averaged the correlation coefficients across
trials belonging to the same condition and Fisher z-transformed (inverse hyperbolic tangent
function) them to obtain averaged normalized correlation coefficients for each channel and each
frequency bin (across conditions within each dyad). Next, we averaged the coefficients according

to frequency sub-bands.

Finally, we conducted a data-driven localizer analysis to identify regions exhibiting greater inter-
brain correlation during the social condition compared to the no social condition. The localizer
was defined using a cluster-based non-parametric permutation test (Maris & Oostenveld, 2007).
This procedure controls for false-alarm rate by using a cluster statistic that is evaluated under a
single permutation distribution. More specifically, this algorithm compares power estimates
between conditions, separately for each channel and frequency sub-band, using two-sided
independent-samples t-tests, yielding one t-value for each channel and frequency sub-band. The

algorithm then forms clusters of (at least two) neighboring channels whose t-values exceed the
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significance criterion (here p <.05) and computes a cluster-level statistic value (sum of t-values
within the cluster). Next, cluster-level statistics from 1000 random partitions of the data are used
to build a distribution upon which the significance probability (here p <.05) of the experimental

cluster can be estimated.

To assess whether inter-brain correlation during the social conditions varied as a function of
emotion induction, we computed the difference in inter-brain correlation between the two social
interaction blocks (social test — social baseline). This difference was extracted specifically from
the inter-brain correlation localizer cluster and compared between the Stress-Neutral and

Neutral-Neutral groups using an independent-samples t-test.
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Extended Data
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Supplementary Figure 1. Related to Figure 1.

Supplementary figure 1
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a. Time in the zone spent by the observer in perentage
(b) Reciprocal sniffing time between the observer and the two demonstrators.
(c) Number of reciprocal sniffing events between the observer and the two demonstrators.

(d) Grooming behavior for the three mice. Left: time in seconds; center: mean duration of each event; right: number

of events.

(e) Rearing behavior for the three mice. Left: time in seconds; center: mean duration of each event; right: number of

events.

(f) Rearing behavior for the three mice. Left: time in seconds; center: mean duration of each event; right: number of

events.

281



PYI
a Lens

3 02

E

H §

g o2 5_;' 0.1

: 5

2 4

H % 00

‘-EG.G g

§ !
5 04 :
& 10

oot Lag (sec)

Cross-correlation

Pasrssn corrolaton (@oan on events)

4 0 1
Lag (sec)

1

Virus spreading

Lag (sec)

Bregma

+0.86

+0.98

+1.10

+1.18

+1.34

Supplementary Figure 2. Related to Figure 1 and 2.

Supplementary figure 2

Representative lens and virus placements for PYR and SOM calcium imaging recordings.
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(a) Directionality index computation
(b) Directionality index for PYR inter-brain correlations
(¢) Distribution of single neurons inter-brain peak correlation during reciprocal sniffing.

(d) Inter-brain PYR correlations between the observer and the non-explored demonstrator during reciprocal sniffing

intervals.

(e) Inter-brain PYR correlations between the observer and the non-explored demonstrator during observer non-

reciprocated sniffing intervals.

(f) Intra-brain PYR correlation in the observer (left), the stress demonstrator (center) and the neutral demonstrator

(right) during reciprocal sniffing intervals.

(g) Intra-brain PYR correlation in the observer (left), the stress demonstrator (center) and the neutral demonstrator

(right) during observer non-reciprocated sniffing intervals.
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Inter-brain SOM neurons
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Supplementary figure 5

(a) Distribution of single neurons inter-brain SOM peak correlation during reciprocal sniffing.
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(b) Inter-brain SOM correlations between the observer and the non-explored demonstrator during reciprocal

sniffing intervals.

(c) Inter-brain SOM correlations between the observer and the non-explored demonstrator during observer non-

reciprocated sniffing intervals.

(d) Intra-brain SOM correlation in the observer (left), the stress demonstrator (center) and the neutral demonstrator

(right) during reciprocal sniffing intervals.

(e) Intra-brain SOM correlation in the observer (left), the stress demonstrator (center) and the neutral demonstrator

(right) during observer non-reciprocated sniffing intervals.

(f) Distribution of information carried by observer neurons about demonstrator’s affective state. Top: SOM neurons,

bottom: PYR neurons.
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(a) Observer sniffing time for controls and SOM inhibition in stress demonstrator group.

(b) No differences in the total sniffing time (stress + neutral) between controls and SOM inhibition group.

(¢)- (d) No sex differences in control (¢.) and SOM inhibition group (d.).

(e) Observer sniffing during SOM inhibition in one of two equally neutral mice.

(f) Observer sniffing during SOM inhibition in one of two equally stressed mice.

(g) Observer sniffing time for controls and pyramidal inhibition in neutral demonstrator group.

(h) No differences in the total sniffing time (stress + neutral) between controls and PYR inhibition group.
(i)-(j) No sex differences in control (i) and PYR inhibition group (j).

(k) Observer sniffing during PYR inhibition in one of two equally neutral mice.

(1) Observer sniffing during PYR inhibition in one of two equally stressed mice.
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Supplementary figure 7

(a) Representative fiber and opsin placement for SOM+ neurons stimulation and pyramidal neurons inhibition

experiment.
(b) Observer sniffing in neutral-neutral protocol.

(¢)- (d) Observer sniffing during SOM correlation neutral-neutral (c.) and stress-stress configuration (d.) divided by

sex.
(e) Observer total sniffing (SOM synch + control) in neutral-neutral and stress-stress configuration.
(f) Observer sniffing during SOM excitation in one of two equally neutral mice.

(g) Observer sniffing during SOM excitation in one of two equally stressed mice.

(h)- (i) Observer sniffing during PYR correlation neutral-neutral (h) and stress-stress configuration (i) divided by

sex.
(j) Observer total sniffing (PYR synch + control) in neutral-neutral and stress-stress configuration.
(k) Observer sniffing during PYR excitation in one of two equally neutral mice.

(I) Observer sniffing during PYR excitation in one of two equally stressed mice.
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Supplementary figure 8

(a) Representative virus and fibers placement for SOM corr/anti-corr experiments.

(b) Representative SOM traces

(¢) Representative interbrain SOM anticorrelation between the observer and the neutral demonstrator.
(d) Representative virus and fibers placement for PYR corr/anti-corr experiments.

(e) Representative PYR traces

(f) Representative interbrain PYR anticorrelation between the observer and the neutral demonstrator.

(h) Experimental design for artificially induced anti-correlation inhibiting the observer and stimulating one of two

neutral (left) or two stressed (right) demonstrators.

(i) Observer sniffing toward SOM anti-correlated and control demonstrator in neutral-neutral setting.
(j) Observer sniffing toward SOM anti-correlated and control demonstrator in stress-stress setting.
(k) Discrimination index for SOM anti-correlation in neutral-neutral and stress-stress configuration
(1) Observer sniffing toward PYR anti-correlated and control demonstrator in neutral-neutral setting.
(m) Observer sniffing toward PYR anti-correlated and control demonstrator in stress-stress setting.

(n) Discrimination index for PYR anti-correlation in neutral-neutral and stress-stress configuration.
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(a) Representative virus and fibers placement for SOM close-loop experiment.
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Chapter 6

General Discussion

Recognizing emotions and responding suitably in social situations are essential for an
individual's well-being and the overall cohesion of society. These skills depend on
interconnected neural networks that balance stimulation and inhibition, with the medial
prefrontal cortex (mPFC) playing a vital role in social cognition ((Adolphs, 2009); (Amodio &
Frith, 2006); (Frith & Frith, 2007)). Within this network, the prelimbic cortex (PrL) and the
anterior cingulate cortex (ACC) are well-established hubs ((Adolphs, 2009); (Amodio & Frith,
2006); (Scheggia et al., 2020); (Keum et al., 2018)), and their dense connections suggest they
may work together but have distinct functions ((Tomioka et al., 2005); (Tamamaki & Tomioka,
2010); (Utashiro et al., 2024)). This thesis examined the role of somatostatin-expressing (SOM)
interneurons in emotion recognition within these regions, as well as their long-range

connections, inter-brain dynamics, and modulation by personal self-experience.

A first key insight was uncovering a cortico-cortical inhibitory—excitatory loop between the
mPFC and retrosplenial cortex (RSC) that directly supports emotion recognition. Fiber
photometry and optogenetics showed that emotion recognition was associated with reduced
activity of mPFC-to-RSC SOM projections, alongside increased activity of RSC-to-mPFC
pyramidal projections, a pattern mirrored by inverse mPFC—RSC coupling in human fMRI data.
Manipulations confirmed a causal role: reducing inhibitory drive from mPFC SOM neurons to
RSC rescued recognition deficits, while stimulating these terminals impaired recognition. These
results extend evidence for long-range inhibitory projections ((Melzer et al., 2012); (Lee et al.,
2014); (Bertero et al., 2019); (Yamawaki et al., 2019)) by identifying a previously
uncharacterized mPFC-to-RSC SOM pathway crucial for emotion recognition. Significantly,
this pathway’s function differed from the overall mPFC SOM population (Scheggia et al., 2020),
illustrating the heterogeneity of cortical SOM neurons ((Munoz et al., 2017); (Urban-Ciecko &
Barth, 2016)).

While these experiments define the cellular and circuit-level mechanisms underlying emotion

recognition, social interactions are rarely context-free. We demonstrated that prior self-

320



experience influences responses to others’ emotions in a sex- and hierarchy-dependent manner,
mediated by corticotropin-releasing factor (CRF) neurons in the mPFC. Self-experienced stress
triggered different behavioural strategies, ranging from approach to avoidance, mirroring human
findings that prior experience can lead to empathic concern or personal distress ((Preston & de
Waal, 2002); (Zaki, 2014); (Israelashvili et al., 2020)). In rodents, similar effects have been
reported in prosocial contexts ((Ben-Ami Bartal et al., 2011);(Burkett et al., 2016); (Scheggia et
al., 2022)). Here, we demonstrated that mPFC CRF neurons are selectively activated after self-
experience, store stress memories, and later bias responses to stressed conspecifics. This
expands their known involvement in stress, reward, and social familiarity ((Kai et al., 2018);
(Chen et al., 2020); (Hupalo et al., 2019); (de Leon Reyes et al., 2023)) to empathy-related

behaviors.

The contribution of inhibitory interneurons to emotion recognition is region-specific. In the
ACC, SOM inhibition did not abolish discrimination—the first step in empathetic processing (de
Waal, 2008)—and sometimes enhanced it, consistent with prior work ((Keum et al., 2018)). In
contrast, stimulation impaired discrimination and social memory, in line with the ACC’s role in
memory encoding and retrieval ((Bush et al., 2000); (Lenartowicz & Mclntosh, 2005)) and its
connectivity with the amygdala, critical for emotionally salient memories ((Rolls, 2019);
(Roozendaal et al., 2009)). Because SOM interneurons primarily target pyramidal dendrites (Wu
et al., 2023), stimulation likely increased dendritic inhibition, reducing pyramidal output. By
contrast, PrL SOM neurons were indispensable for negative affective state discrimination: both
inhibition and stimulation disrupted behavior (Scheggia et al., 2020), highlighting the need for
precise excitatory—inhibitory balance ((Yizhar et al., 2011); (Sohal & Rubenstein, 2019)).
Mapping ACC SOM projections revealed targets in the mPFC, dorsal tenia tecta (dTT), and
anterior amygdaloid area ventral (aAAV), all key nodes in social and affective processing
((Adolphs, 2009); (Amodio & Frith, 2006); (Friedman & Robbins, 2022);(Kietzman & Gourley,
2023); (Rolls, 2019); (Etkin & Wager, 2007); (Craig, 2009)). Notably, the dTT has been linked
to the default mode network and human emotion recognition ((Zaborszky et al., 1986); (Phan et
al., 2002); (Hariri et al., 2003); (Andrews-Hanna et al., 2010)). Together, these findings reveal a

regionally specialized functional architecture of SOM circuits in the prefrontal cortex.
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Finally, our results highlight that emotion recognition is not only a single-brain computation but
also a distributed, multi-brain process. We found that inter-brain dynamics in the ACC depended
on both neuronal subtype and emotional context: stress increased inter-brain SOM correlations
and pyramidal anti-correlations, whereas neutral interactions induced the reverse. Crucially,
manipulations showed that these inter-brain dynamics causally influenced social preference.
This extends prior reports of inter-brain coupling in monkeys, bats, and rodents during neutral
states ((Kingsbury et al., 2019); (Zhang & Yartsev, 2019); (Rose et al., 2021); (Scaglione et al.,
2024); (Lee et al., 2024); (Tseng et al., 2018)) by demonstrating emotion-dependent, cell-type-
specific mechanisms. Moreover, our data identified causal roles for both correlated and anti-
correlated activity in social decisions, addressing the open question of whether inter-brain

synchrony is epiphenomenal or mechanistic ((Hamilton, 2021); (Holroyd, 2022)).

Together, these findings reveal a multi-layered inhibitory architecture of emotion recognition. At
the local level, SOM neurons in the ACC and PrL play distinct roles; at the circuit level, mPFC-
to-RSC SOM projections regulate cortico-cortical communication; at the network level, inter-
brain dynamics guide socio-emotional choices; and at the individual level, CRF neurons
integrate self-experience with social perception. This framework provides mechanistic insight
into how inhibitory circuits shape socio-emotional processes, and suggests translational targets
for psychiatric disorders characterized by social and emotional deficits, including autism,
schizophrenia, and anxiety ((Green et al., 2015); (Hiser & Koenigs, 2018); (Dienel et al., 2025);
(Yeung, 2022)).
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Glossary

Acetylcholine: Ach
Adenovirus: AAV

Anterior cingulate: ACC
Basolateral amygdala: BLA
Calretinin: CR
Channelrhodopsin: ChR2
Cholecystokinin: CCK
Cholera toxin subunit B: CTb

Cingulate Gyrus: CG

. Claustrum: CLA

. Cortico-thalamic: CT

. Default Mode Network: DMN

. Dorsal Anterior Cingulate Cortex: dACC
. Dorsal Anterior Cingulate Cortex: dACC

Dorsal medial prefrontal cortex: dmPFC
Emotion discrimination task: EDT
Excitatory post synaptic current: EPSP
Figure: Fig.

. GABA transaminase: GABA-T
. Glutamate decarboxylase: GAD
. Green fluorescent calcium sensor: GCamP
. Halorhodopsin: NPHR

. Immunostaining: IHC

. Infralimbic cortex: IL

. Interneurons: INs

. Intra-telencephalic: IT

. Lateral Prefrontal Cortex: LPFC
. Medial agranular cortex: mAG

. Medial Cingulate Cortex: MCC
. Medial prefrontal cortex: mPFC
. medial thalamic nucleus: mTh

. Nitric-oxide synthase: NOS

. Normal Donkey Serum: NDS

. Orbitofrontal Cortex : OFC

. Orbitofrontal Cortex: OFC

. Parvalbumin: PV
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37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54,
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

Parvalbumin: PV

Periaqueductal gray: PAG

Phencyclidine: PCP

Phosphate buffered saline: PBS

Polymerase chain reaction: PCR

Posterior superior temporal sulcus: pSTS
Prefrontal cortex: PFC

Prelimbic: PrL

Primary motor cortex: M1

Principal cells: PCs

Pyramidal tracts: PT

Retrograde adenovirus: AAVrg

Retrosplenial cortex: RSC

Rostral-ventral anterior cingulate cortex: rACC
Rostral-ventral anterior cingulate cortex: rACC
Serotonin: 5-HT

Signal ratio noise: SNR

Somatostatin interneurons: SST INs or SOM INs
Somatostatin: SST or SOM

Striatum: STR

Succinate semialdehyde dehydrogenase: SSADH
Superior temporal sulcus: STS

Supplementary motor area: SMA, or MII
Thalamus: THAL

Transistor-transistor logic: TTL

Tucker Davis Technology: TDT

Ventral hippocampus: vHPC

Ventral medial prefrontal cortex: vmPFC
Ventral tegmental area: VTA

vertical band of Broca: VBB
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