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It takes fear to find courage

The present is here, don’t be shy.
Embrace your fear, let it enlight.
Turn it into fuel, it’s finally all right.
Now face your fear and open your eyes.

It’s the time for your courage to rise.

Laura Boi

Lllustration by Martino Pietropoli
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Abstract

Astrocytes, once considered passive support cells in the central nervous system, are now recognized
as key modulators of synaptic plasticity and emotional behaviors. Recent studies highlight their
significant involvement in anxiety- and depressive-like behaviors, particularly through astrocytic
oxytocin (OXT) signaling. While the specific contributions of astrocytes remain largely unexplored,
research has extensively characterized the role of OXT in regulating social behavior, particularly in
the lateral septum (LS). OXT protective effects against social fear, as seen in animal models of social
anxiety disorder (SAD), one of the most prevalent anxiety disorders, underscore its therapeutic
potential. Social interactions are vital for the survival and well-being of individual. However, when
responses to social cues become maladaptive, as in SAD, it poses a pathological challenge. Given
the high prevalence of SAD and the limited efficacy of current treatments, there is an urgent need for

a deeper exploration of these underlying mechanisms.

To better understand the neuronal and molecular mechanisms underlying SAD, the social fear
conditioning (SFC) paradigm has been developed. In this paradigm, social fear is induced through
operant conditioning, leading to avoidance of social stimuli, followed by repeated social exposure,
which mirrors cognitive behavioral therapy (CBT) in humans. Research using the SFC paradigm has
demonstrated that OXT signaling reverses social fear in mice. Moreover, alterations in OXTR
binding in the LS during repeated exposure to social cues suggest that OXTR-mediated signaling

plays a key role in both the expression and extinction of social fear.

Given the limited treatment options for SAD and the growing evidence of astrocytes involvement in
modulating emotional behaviors through OXT signaling further exploration of astrocytic
mechanisms is urgently needed. Investigating astrocytic OXT signaling could reveal new insights
into the regulation of social behaviors and identify novel therapeutic targets for anxiety disorders like

SAD.

In this thesis, I demonstrated the involvement of astrocytes in the learning processes associated with
social fear acquisition and their subsequent influence on social behaviors. Additionally, I identified
a potential role for astrocytic OXT signaling in modulating social behaviors during the extinction
phase of fear responses, although this signaling did not appear to impact the initial acquisition of
social fear itself. To account for possible sex differences in responses, both male and female mice

were included to characterize the distinct effects observed.

Considering the multifaceted and heterogeneous functions associated with the LS, an initial

characterization of astrocytic cells and OXTR" astrocytes throughout the LS was conducted. The

vii



results revealed a greater density of both astrocytic cells and OXTR™ astrocytes in the caudal part of
the LS (LSc), with females exhibiting higher expression levels than males. Given their emerging role
in learning processes, a morphological analysis was performed to investigate their responses to social
fear acquisition and extinction within both the hippocampus (HIP) and the various subdivisions of

the LS.

In male mice, astrocytes demonstrated a response to social fear acquisition in both the HIP and LSc,
indicating their role in remodeling synaptic signaling during the learning process. This astrocytic
activity could significantly influence behavior during the social fear extinction phase. To further
explore this hypothesis, I induced structural depletion of astrocytes in the LSc using L-AAA, an
inhibitor of glutamine synthetase, and assessed social behavior during the social fear conditioning
paradigm in both male and female mice. The findings indicated that while male mice properly
acquired social fear, they exhibited heightened fear responses during the extinction phase.
Conversely, females displayed impaired social fear acquisition but exhibited behavior comparable to
control groups during the extinction phase. This suggests that astrocytes contribute differentially to

social behaviors in male and female mice.

To deepen the investigation into astrocytic activity during social fear acquisition, I employed calcium
imaging techniques in both male and female mice. Social fear conditioning led to an increase in
baseline astrocytic Ca?" activity in both sexes, with males exhibiting higher baseline activity. Given
the known prosocial and anxiolytic effects of OXT, I also examined the impact of TGOT (a selective
OXT receptor agonist) on astrocytic Ca?" activity. Notably, social fear acquisition enhanced
astrocytic Ca*" activity in response to TGOT, with females demonstrating a more pronounced Ca*
response compared to males across the astrocytic population. This finding suggests a potential
“ceiling effect” in female mice under baseline conditions, leading to heightened astrocytic activity

induced by social fear conditioning compared to their male counterparts.

Lastly, I found that downregulating astrocytic OXTR resulted in faster extinction of social fear in
both male and female mice, as evidenced by reduced fear responses during the extinction phase. This
underscores the critical role of astrocytic OXT signaling in regulating social behaviors during the

extinction process.

Collectively, these findings highlight the intricate relationship between astrocytes, OXT signaling,
and social behavior, emphasizing the need for further exploration of astrocytic mechanisms in the
context of social anxiety disorder. Understanding these dynamics may pave the way for novel
therapeutic approaches aimed at addressing the complexities of social anxiety and related behavioral

challenges.
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Introduction

“It is not the strongest of the species that survives, nor the most intelligent,

’

but rather the one most responsive to change.’

(Charles Darwin)

Emotions define us through the feelings they evoke. They result from how our brain processes stimuli
received from the surrounding environment, aiding in the maintenance for a good coexistence with
the world for both our physical and mental health. Although the emotional process is largely
unconscious, its outcome is represented by our feelings. We often label these feelings as happiness,
fear, anger, sadness, contempt, disgust, and surprise. Every feeling matters, contributing collectively
to our psychological resilience as human beings. Emotions have been a crucial aspect of human
evolution and continue to play vital roles in stress-coping, communication, and decision-making
today. The importance of emotional reactions in facilitating organisms to adapt to various stimuli
and environmental situations was recognized probably for the first time by Charles Darwin in the
late 19 century. Since then, the significance of emotions has continued to expand over time.
Emotions are central to maintaining balance with our surroundings, and their influence on well-being
is particularly evident in modern society, where the pressures of daily life require constant emotional

adaptation to finding and maintain mental and physical equilibrium.

Significant disturbances in emotional regulation can lead to the development of mental health
conditions. In 2019, approximately 12.5% of the global population was living with a mental disorder
(World Health Organization, WHO). Over the past few years, dramatic events such as COVID-19
pandemic, and cultural and military conflicts, have indeed triggered widespread psychological
distress (Gryksa and Neumann 2022). These circumstances have not only impacted physical
condition but have deep impact on mental health and overall well-being. Meta-analysis studies, for
instance, have shown that the number of people living with anxiety has tripled within one year of the
onset of the COVID-19 pandemic (Santabarbara et al. 2021). These findings underline the pressing
need to implement strategies in order to preserve the mental well-being of vulnerable individuals and

reduce the impact of various factors linked to anxiety.
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1. Fear and anxiety

When we run, we experience accelerated breathing, tense muscles, reddening skin, and sweat.
These are the typical physiological stress responses following a physical challenge. Nowadays,
running is often used to improve physical and mental wellness. However, our ancestors ran to escape
predators or to hunt, translated into the fight-or-flight response today (Cannon 1915; Engel and
Schmale 1972), as a typical physiological and adaptive reaction of the body when it feels threatened.
Although fear is often considered a negative emotion, it is a natural and adaptive reaction to
overcome threatening and imminent situations (Ekman 1992; LeDoux 2012). The fight-or-flight
response can be seen as a continuous and equally balanced dance between fear and courage,
orchestrated by the hypothalamus (HYP), a brain region that integrates autonomic, endocrine, and

behavioral responses to overcome life-threatening situations (Kandel and Mack 2013).

Essentially, while fear is the emotional response to real and impending threats, preparing the body to
fight or flight, anxiety is the feeling for the anticipation of future threats characterized by features

such as muscle tension and vigilance behavior (Eilam et al. 2011; Kozlowska et al. 2015).

1.1. Emotional process and stress response

The neuronal network of emotional processing is broad and complex, involving different brain
regions of the central nervous system (CNS), that exert actions either in the emotion regulation
process and/or in the emotion responding process (Kandel and Mack 2013). The emotion processing
starts with the perception of environmental stimuli through the sensory nervous system (visual,
auditory, olfactory or tactile). This sensory information is transmitted to thalamic regions, including
the lateral geniculate nucleus and the medial geniculate nucleus, as well as to the somatosensory
cortex. From there, the information is processed in key brain regions associated with emotion, such
as the striatum, amygdala (AMY), insula, and anterior cingulate cortex (ACC) (LeDoux 2000;
Kandel and Mack 2013). The AMY, a key region in the detection of fear and formation and retrieval
of the fear-related memories, interacts with both the autonomic and neuroendocrine system (LeDoux
2000; LeDoux 2003). It does so via direct or indirect projections to the paraventricular nucleus
(PVN), and the brain stem, leading to the activation of the hypothalamic-pituitary-adrenal (HPA)
axis (LeDoux 1992; LeDoux 2003; Kandel and Mack 2013) and the sympathetic-adreno-medullary
(SAM) axis, respectively. The HPA axis represents a vital neuroendocrine system in the regulation
of the stress response (Hackney 2006). However, the stress response results from a significant
interplay between the, the HPA axis, the SAM and the immune system (McEwen 2004; Hackney
2006). The physiological stress response is divided into two main phases. The first phase reflects a

rapid response of the SAM axis, with a release of catecholamines that prepare the body for immediate
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action (fight-or-flight), enhancing alertness, vigilance, arousal and reducing pain perception with

physiological symptoms such as (Chrousos 1998; Ulrich-Lai and Herman 2009).

In parallel, the second and slower response involves the activation of the HPA axis (see Figure 1 for
details): i) the HYP and the anterior pituitary are triggered to produce and release corticotropin
release hormone (CRH) and adrenocorticotropic hormone (ACTH), respectively; ii) once released in
the bloodstream, ACTH stimulates the zona fasciculata of the adrenal gland to release
glucocorticoids, particularly cortisol in humans (corticosterone in rodents); iii) cortisol enhances the
activity of the autonomous nervous system (i.e. increasing heart rate) and exerts significant effects
on the immune and metabolic systems (Sapolsky et al. 2000; Holsboer and Ising 2010; Joéls et al.
2018). To ensure a proper reestablishment of basal homeostasis, the HPA axis is inhibited trough
multiple mechanisms: i) via the efficient negative feedback exerted by cortisol at the level of both
HYP and hippocampus (HIP): ii) via the aminergic systems of norephinephrine and serotonin, which
send projections to the HPA axis from the locus coeruleus and raphe nuclei, respectively (Martin et

al. 2009; Holsboer and Ising 2010; Tafet and Nemeroff 2016).

Negative feedback

Anterior pituitary

©

Adrenal cortex
Autonomic nervous system (ANS)
response

Kidney

Figure 1. Schematic illustration of the hypothalamus-pituitary-adrenal (HPA) axis. The activation of the HPA axis
initiates with the release of corticotropin-releasing hormone (CRH) from the hypothalamus into the median eminence. CRH
then travels through the portal capillary system that vascularize the anterior pituitary, to stimulate the release of the
adrenocorticotropic hormones (ACTH) into the bloodstream. ACTH reaches the adrenal cortex, where it induces the
release of cortisol (or corticosterone in rodents) into the blood. The HPA axis response is terminated through a negative
feedback loop by cortisol at both the pituitary gland and the hypothalamus, restoring the homeostasis. Additionally, once
released into the blood, cortisol exerts significant effects on the autonomic nervous system (ANS), regulating involuntary
physiological functions such as cardiovascular, metabolic, immune system and reproductive systems to help cope with
stress. Illustration created using Biorender.com.
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However, in the case of a prolonged stressful experiences (chronic stress), the persistent activation
of the HPA axis results in elevated cortisol levels under basal conditions (McEwen 2004; Kloet et al.
2005; Lupien et al. 2009) and is accompanied by feelings of anxiety and arousal, shifting the response
from adaptive to maladaptive (Campion et al. 1975; Kloet et al. 2005; Lupien et al. 2009; McEwen
2004; Uschold-Schmidt et al. 2012), and can lead to the development of anxiety-related pathologies
(Tafet and Nemeroff 2016; Duval et al. 2015; Penninx et al. 2021; Martin et al. 2009).

In summary, a transient state of fear and anxiety is a physiological adaptation to acute stressor
exposure, essential for survival. It triggers active defense mechanisms (fight or flight), passive
responses (freezing behavior), or precautionary responses (vigilance behavior) in humans and
rodents (Bracha 2004; Eilam et al. 2011; Kozlowska et al. 2015). In contrast, excessive and prolonged
feelings of anxiety, fear and worry can lead to the development of anxiety disorders, causing
persistent stress and/or impair of social, occupational, or other important area of functioning
(Chrousos and Gold 1992; Charmandari et al. 2005; Neumann and Slattery 2016)(Gray and
McNaughton 1996).

2. Ancxiety disorders

Currently anxiety disorders represent the most prevalent class of psychological diseases,
affecting 4% of the global population, followed by depressive disorders (3.8%) (WHO, World Health

Organization).
2.1. Diagnosis and classification

As previously mentioned, symptoms of anxiety, such as fear and worry, often overlap with
physiological responses to stressful situations, including muscle tension, palpitations, and shortness
of breath. Consequently, recognizing the need for treatment and accurately diagnosing anxiety
disorders can be challenging due to their overlap with acute stress responses, often leading to
continuous underdiagnosis.(Alonso et al. 2018). The distinguishing factor lies in the frequency,
severity, and persistence of a set of symptoms, along with subsequent impact on daily functioning
(Hackney 2006; Goldstein and Kopin 2007). Compared to other mental disorders, anxiety disorders
have typically an earlier developmental onset, often manifesting during childhood and adolescence
(DSM-V, American Psychiatric Association 2013). If not treated, these disorders can persist into
adulthood (DSM-V). Generally, girls and women are more affected than boys and men (around 2:1
ratio) (DSM-V), and are more likely to be diagnosed in comorbidity with an another anxiety or
depressive disorder (McLean et al. 2011). Although anxiety disorders share features of avoidance,

anxiety, and fear, they differ for the age of onset, duration criteria (which may be shorter in children),
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and the specific objects or situations that trigger emotional and behavioral states. As a result, the

DSM-V lists the following different types of anxiety disorders:

e Separation anxiety disorders: feeling anxious and fearful about being separated from affectionate
people.

e Selective mutism: inability to speak in social situation in specific environments (e.g. school).

e Generalized anxiety disorder: persistent and excessive worry about daily activities or events.

e Panic disorder: panic attacks and fear to experience more panic attacks.

e Phobia-related disorder: intense, irrational fears of specific objects or situations.

e Social anxiety disorder (SAD): extreme levels of fear and worry related to social situations

during which the person feels humiliated and embarrassed.

Pathological anxiety can coexist with various mental disorders, such as depression, bipolar disorder,
and substance abuse, as well as somatic illnesses including cardiac, thyroid, respiratory diseases
(Penninx et al. 2021) increasing the risk of diagnostic confusion. Therefore, when patients show
symptoms of other health conditions or effects of substance abuse, it is essential to conduct both

psychiatric and somatic evaluations to ensure accurate diagnosis and treatment.

2.1.Risk factors

Like almost all other mental disorders, anxiety disorders are characterized by an intricate
pathogenesis that embrace genetic, epigenetic, environmental, and individual risk factors (Meier and
Deckert 2019; Penninx et al. 2021). Genetic factors represent a substantial component in the
predisposition to anxiety disorders, with this risk being further modulated by epigenetic mechanisms,
induced by environmental stressors and regulation of neuroendocrine system (Schiele and Domschke
2018; Gottschalk and Domschke 2017). Heritability factor indicate a contribution of around 50% for
SAD, panic disorder and agoraphobia, and around 35% for generalized anxiety disorder (Kendler
and Myers 2014; Gottschalk and Domschke 2017; Meier and Deckert 2019). Additionally, anxiety
disorders share genetic components with other mental and stress-related, which explains their high
comorbidity (Meier et al. 2019; Penninx et al. 2021). Early life stressful experiences, age of onset
and sex differences are crucial vulnerability factors. These factor are significant due to the structural,
functional and differentiation processes that the brain undergoes across the lifespan in males and
females (Bale and Epperson 2015; Oyola and Handa 2017; Kaufman et al. 2000), leading to different
susceptibility risk across the lifespan. Lastly, anxiety disorder prevalence is highest in high-income
countries (Penninx et al. 2021), highlighting the influence of cultural and social aspects on human
health.
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3. Social anxiety disorder

With a lifetime prevalence rate of 12.1%, SAD represents one of the most common anxiety
disorders (DSM-V, (Kessler et al. 2012). Also known as social phobia, it is characterized by an
intense and persistent fear and anxiety of various social situations, involving both performance-
related and interpersonal interactions. Individuals with SAD experience an overwhelming fear of
being scrutinized and judged by others, leading to significant anxiety and avoidance behaviors. This
pervasive fear is often accompanied by physiological symptoms such as sweating and shortness of
breath, which exacerbate avoidance behaviors and result in increased social isolation (DSM-V). SAD
has a typically early onset, starting during adolescence and often continuing into adulthood,
significantly affecting individuals' psychosocial functioning. This disorder is linked to substantial
socio-economic and functional impairments, as evidenced by the 90% of those with SAD
experiencing disruptions in their daily lives (Stein and Stein 2008; Leichsenring and Leweke 2017).
Consequently, it is not surprising that SAD frequently coexists and increases the risk of other
psychological conditions, including substance abuse disorders, depressive disorders and other

anxiety disorders (Leichsenring and Leweke 2017).

A significant challenge in treating SAD is the low rate of treatment-seeking behavior among
patients. (Lecrubier et al. 2000; Stein and Stein 2008). Even among those who do seek treatment,
only 32% receive adequate care, often due to underrecognition or misdiagnosis, with some cases
mistakenly attributed to ordinary shyness (Davidson et al. 1993; Schneier 2006; Stein and Stein 2008;
Leichsenring and Leweke 2017). Several studies have shown a higher prevalence in women than
men (Figure 2), across areas such as United States, Europe, and Asia (Cho et al. 2007; Ohayon and
Schatzberg 2010; McLean et al. 2011). As reviewed in (Asher et al. 2017), women tend to report
more severe symptoms and are more likely to suffer from comorbid mood and anxiety disorders,
compared to men, who more likely suffer from comorbid externalizing disorder, like substance
abuse. Interestingly, despite these differences in prevalence and symptomatology, men are more

likely than women to seek treatment for SAD, as noted in the DSM-V.

3.1. Treatment and prevention

An intervention is needed whenever a negative state persists for an extensive period, causing
persistent distress and/or impairing social, occupational, or other important areas of functioning. The
treatment of SAD typically involves a combination of psychotherapeutic and pharmacotherapeutic

approaches (Ipser et al. 2008; Rodebaugh et al. 2004; Acarturk et al. 2009).
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Figure 2. Lifetime prevalence of Social Anxiety Disorder in men and women. Image from Wright et al., 2020.

The first-line of treatment for SAD is psychotherapy, specifically cognitive behavioral therapy
(CBT), which includes disorder-specific protocols of psychoeducation, exposure, and cognitive
reconstruction (Acarturk et al. 2009; Biagianti et al. 2023). Despite the challenge some patients face
with exposure therapy, CBT is a well-established treatment that provides educational support and
disease-related knowledge to help patients identify the source of their emotions and understands how
these emotions influence their behaviors (Acarturk et al. 2009; Thomas 2014; Biagianti et al. 2023).
This approach helps patients cope with their irrational and self-defeating thoughts and actions.
Studies show varying treatment responses to CBT, ranging from 8% to 65% (Taylor et al. 2012;
Leichsenring and Leweke 2017), with stable effects observed as early as 1 to 6 months post-treatment

(Acarturk et al. 2009), and enduring effects over the years (Zhang et al. 2019).

To overcome CBT treatment limitations in both access and responsiveness (Collins et al. 2004;
Taylor et al. 2012), pharmacotherapy is prioritized in severity case, providing faster relief
(Leichsenring and Leweke 2017). Antidepressants such as selective serotonin reuptake inhibitors
(SSRIs) and serotonin-norepinephrine reuptake inhibitors (SNRIs) are the most recommended
pharmacotherapy approach, due to their positive benefit/risk balance (Szuhany and Simon 2022;
Kent et al. 1998; Szuhany and Simon 2022; Bandelow 2020). Indeed, similarly to CBT treatment
effects (Taylor and Liberzon 2007; Goldin et al. 2013), SSRIs enhance serotonin availability in brain
networks involved in emotion regulation, leading to a decrease in limbic neural response to aversive
stimuli and improved prefrontal cortex functioning, resulting in normalization of the HPA system

(Ma 2015; Tafet and Nemeroff 2020). Although SSRI and SSNI treatment shows low relapse rates,
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the non-response rate is still very high, between 30 to 50% (Ipser et al. 2008; Leichsenring and
Leweke 2017).

Benzodiazepines, a class of anxiolytic which enhance GABAergic function, are prescribed for their
efficacy in rapidly reducing anxiety symptoms (Balon and Starcevic, 2020; Engin, 2022). However,
their long-term used is contraindicated due to the high risk of physiological dependency and
withdrawal symptoms associated with these medications (Balon and Starcevic 2020; Engin 2022).
The choice to prefer antidepressants over anxiolytics depends on several individual-related factors,
such as the speed of onset of the disorder, comorbidities or history of substance abuse, depressive
symptoms and side effects (Ipser et al. 2008; Kimmel et al. 2015; Tafet and Nemeroff 2020; Balon
and Starcevic 2020). Additionally, beta-blockers are occasionally prescribed to alleviate performance
anxiety symptoms by blocking the release of stress hormones like adrenaline and noradrenaline,
particularly useful when taken about an hour before a stressful event (Leichsenring and Leweke
2017). Monoamine oxidase inhibitors, which inhibit enzymes responsible for degrading
neurotransmitters such as serotonin, norepinephrine and serotonin, are prescribed as third-line
treatment due to their serious adverse effects (Ipser et al. 2008). Recently, psychodynamic therapy
(PDT) has gained attention. Influenced by Sigmund Freud’s idea from over 100 years ago, which
proposed that human behaviors is influenced by experiences beyond conscious awareness (Freud,
Richards 1953-74), PDT targets multiple domains of experience and functioning. It aims to
understand interpersonal and intrafamilial dynamics to address the root causes of psychological

distress (Pitman and Knauss 2020; Busch 2024).

Since no treatments leads to a complete remission and cure, the goal is to improve psychological
well-being by reducing symptoms. In this context, psychodynamic, mindfulness-based interventions
and physical exercise, can be also implemented either as an integration or a prevention approach
(Kandola et al. 2016; Hofmann and Gémez 2017; Leichsenring and Leweke 2017). Several studies
show how exercise promote hippocampal functioning and plasticity (Kandola et al. 2016), and
increase cortisol levels (Hill et al. 2008), contributing to the modulation of physiological responses,
particularly in the HPA axis (Kandola and Stubbs 2020). Exercise acts similarly to exposure therapy
in CBT, conditioning the neuroendocrine system to handle future stressors (Hackney 2006; Kandola

and Stubbs 2020).

Considering overarching trends such as diversity, urbanization, and social inequality that characterize
the contemporary society, it is crucial to understand the neurobiological mechanisms these
conditioning. This understanding aims to improve the well-being and functioning of affected people,

promoting inclusivity and social equality.
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2.1. Animal models for social fear

To develop effective therapeutic treatments in clinical research, basic neuroscience plays a
crucial role in uncovering the underlying mechanisms of psychiatric disorders. For this purpose,
animal models that replicate the key features of the disorder in humans are essential. Although
skepticism about the reliability of animal models has grown over the years, researchers have
continually refined and improved their approaches to developing animal models (Belzung and
Lemoine 2011). First defined early in 1969 (McKinney and Bunney 1969), subsequently adapted and
optimized, Willner proposed three validation criteria for animal models: face validity, predictive
validity and construct validity (Willner 1984). More recently, ethological validity and biomarker
validity have been integrated as crucial aspects of face validity, as they represent observable criteria

(Belzung and Lemoine 2011; Cryan and Slattery 2007). The criteria are as follows:

e Face validity. Animal models should mimic behavioral and physiological characteristics
of the disease. This is essential to establish a phenotype as similar as possible to the
clinical case. This includes ethological validity, where the animal’s natural behavior is
reflected, providing insights into how the disorders manifests within its ecological and
evolutionary context.

e Predictive validity. The animal model should reliably predict the efficacy and safety of
treatments intended for human use. Consistency between responses in the animal model
and clinical outcomes in humans is essential for this criterion.

e Constructive validity. To accurately reconstruct the human disorder, the animal model
needs to be based on theoretical and rational constructs representing the biological

processes underlying the clinical disease.

Rodent models are preferred in neuroscience research for ethical, practical, and scientific reasons.
Their evolutionary similarities with humans in neurofunction, developmental processes, and
behavior, make them particularly valuable for studying complex neural mechanisms Given the strong
cross-species similarities in the fear physiology, animal models of fear conditioning have been used
as form of associative learning (Shechner et al. 2014). This associative learning task involves the
association of a neutral conditioned stimulus (CS), like a tone, with an aversive unconditioned
stimulus (US), like an electric shock, leading to a CS-US association and the production of fear-
related responses (LeDoux 2000; Maren 2001). One specific model relevant to SAD is the social fear
conditioning (SFC) paradigm (Toth et al. 2012). Addressing all three validity criteria, this model
relies on social operant conditioning, during which animals learn to associate the voluntary action of
interacting with another mouse with the consequence of receiving an electric foot shock. This induces
the expression of social fear state and social fear-related behaviors, like freezing and social avoidance

(Toth et al. 2012). During the extinction process, mice are re-exposed to different conspecifics
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without receiving electrical foot shocks, leading to the extinction of fear-related behaviors by
creating new memories where the CS is associated with the absence of the US (Toth et al. 2012;
Shechner et al. 2014). SFC is considered a valid animal model of social anxiety due to the consistent
positive outcomes following anxiolytic treatments, and the absence of changes in other behaviors
such as general anxiety, locomotor activity or anhedonia (Toth et al. 2012, 2013). This contrasts with
other models of SAD, such social isolation, which can induce broader behavioral changes (Toth and
Neumann 2013; Hol et al. 1999). Another model of SAD is social defeat stress, where animals are
subordinated by an aggressive conspecific. While this model induces SAD-like phenotype, it differs
from SFC since it generates social avoidance specifically directed towards the defeater. In contrast,
SFC induces social avoidance towards all conspecifics. Furthermore, chronic social defeat induces
generalized changes in anxiety and depressive-like behavior (Franklin et al. 2017; Toth and Neumann

2013).

It is important to remember that all animal models have inherent limitations, particularly in capturing
the unique human sphere of hypersensitivity, criticism and negativity (Réus et al. 2014).
Nevertheless, these models remain invaluable tools for unraveling the cellular and molecular
mechanisms underlying fear and anxiety-related disorders. Understanding these mechanisms is
critical for developing more targeted and effective treatments for individuals affected by SAD and

related conditions.

3. Neurocircuitry of social fear

Fear and anxiety, beyond their symptomatic manifestations, share overlapping neurocircuitry that
orchestrates behavioral and physiological responses to threatening stimuli. Brain regions implicated
in stress responses also significantly contribute to anxiety symptoms. A neurocircuitry, in essence,
comprises interconnected brain regions forming a complex network via numerous neural
connections. Investigating the neurobiological underpinnings of SAD has gained prominence over
the years, aiming to unravel its intricate complexity encompassing emotional, neuroendocrine,

motivational, and cognitive networks (Cremers and Roelofs 2016).

Neuroimaging studies have revealed hyperactivation of the amygdala and the hippocampus in
response to aversive faces in patients with generalized SAD (Stein et al. 2002; Evans et al. 2008;
Phan et al. 2006). Additionally, the anticipation of public speaking in social phobia activates regions
involved in the automatic processing of emotions, such as pons, striatum, insula and temporal lobe
(Lorberbaum et al. 2004; Engel et al. 2009). While neuroimaging helps to uncover connections from

a broad perspective, basic research helps to identify latent factors contributing to SAD.
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Animal studies have pinpointed the basolateral amygdala (BLA) as critical for the social fear
acquisition through associative processes like long-term potentiation (LTP), with synapse
enhancement from BLA to central amygdala (CeA) during repeated conditioned stimulus exposure
(Kim and Jung 2006; Fanselow and LeDoux 1999). The amygdala interconnects with other brain
regions involved in the acquisition of the fear memory, such as HIP and prefrontal cortex (PFC)
(Sierra-Mercado et al. 2011; Diaz and Lin 2020). Moreover, inactivation studies using muscimol
have demonstrated the involvement of the ventral hippocampus (VHIP) in social fear acquisition
following social defeat (Markham et al. 2010), and the PFC in social avoidance in conditioned
animals (Xu et al. 2019). The vHIP appears to be involved in the contextual fear memory, as
evidenced by the correlation between vHIP lesions and impairments in contextual fear memory (Diaz
and Lin 2020). In line with the roles played by AMY, HIP and PFC in social defeat, an increase of
neuronal cFos was found in these regions following social stress (Matsuda et al. 1996; Bourne et al.
2013). The nucleus accumbens (NAc) and the BNST, receiving projections from the AMY,
ultimately mediate social fear-related behaviors such as active avoidance (Diaz and Lin 2020; Jasnow

et al. 2004; Ramirez et al. 2015).

From a translational perspective, understanding the mechanisms behind erasing fear association is
essential to develop appropriate therapeutic approaches. The process of fear extinction, whether
through new learning or inhibition of existing CS-US associations, remains incompletely understood,
indicating overlaps in brain regions and circuits implicated in both fear acquisition and extinction.
The PFC has been proposed as a key player in the extinction process, inhibiting maladaptive
behaviors by projecting influences to the amygdala and hypothalamus (Kim and Jung 2006). The
dorsal hippocampus (dHIP) was found to participate in the context-specific learning of fear extinction

(Corcoran and Maren 2004; Corcoran et al. 2005; Sierra-Mercado et al. 2011)

Another interesting aspect to take in consideration is that the above mentioned brain regions involved
in the fear circuits (AMY, HIP, PFC), have been shown to be sexually dimorphic and to be activated
differently in learning paradigms, including fear acquisition and extinction (Velasco et al. 2019;
Lebron-Milad et al. 2012). For example, it was shown that males and females perform differently
depending on the type of learning task the estrous phase females were on that day. Particularly, in
operant conditioning studies, females outperformed males by being more actively response to
aversive stimuli compared to higher freezing behavior observed in males (Dalla and Shors 2009; van
Haaren et al. 1990; Beatty and Beatty 1970; Steenbergen et al. 1990). The differences could depend
on gonadal hormones in complex and interactive way, including hormonal cycles as well as hormonal
fluctuations across development with their subsequent different behavioral outcome (Dalla and Shors
2009). Starting from the determination of XX or XY genotype, sex hormones shape brain structure
by influencing gene expression, cellular formation, and overall neural architecture (Woolley 1998;

Vries et al. 2002; McCarthy and Arnold 2011) . Sex-dimorphic influences persist throughout sex-
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hormonal cycles and various stages of neurodevelopment (McCarthy et al. 2009; Kundakovic and
Tickerhoof 2024). Additionally, environmental factors play a role in shaping these differences

(Velasco et al. 2019).

Despite considerable gaps in our understanding of the circuits and mechanisms involved in the fear
acquisition and extinction, the disparities between males and females are even more pronounced.
Research specifically focused on females remains limited, partly due to the erroneous assumption of
similarities with males and the complexity of monitoring the estrous cycle. However, the pressure to
increase studies on sex-differences has grown in recent years, driven by the need for better

understanding of pathophysiology and development of anxiety disorders.

3.1. Lateral septum: from septal rage to social fear extinction

In addition to the previously discussed brain regions, i.e., the AMY, HIP and PFC, the lateral
septum (LS) is another pivotal structure influencing social behavior. Located in the lower posterior
forebrain between the lateral ventricles, the LS along with the medial septum (MS) forms the septum
complex. The LS gained significant attention in 1980, when studies revealed its role in modulating
aggression, often leading to the phenomenon known as “septal rage” following its lesions in rats
(Albert and Chew 1980). Over the years mounting evidences has highlighted the role of the LS in
emotional and motivational behaviors, positioning it as a key regulator of social behaviors (Menon
et al. 2022; Rizzi-Wise and Wang 2021). Strategically positioned, the LS integrates inputs related to
internal states from limbic regions and transmits signals to hypothalamic and midbrain structures to
regulate behavioral responses. Anatomically and neurochemically, the LS is quite heterogenous. Its
anatomy is organized along rostral-caudal and dorsal-ventral axes, each associated with distinct input
and functions (Figure 3), although exact differences between these areas are not completely defined
(Wirtshafter and Wilson 2021). Along the dorsal-ventral axis, the LS is divided into dorsal (LSd) and
ventral (LSv) regions. The LSy, innervated by the ventral HIP, appears rather involved in regulating
emotional behaviors, while the LSd receives inputs from the dorsal HIP and primarily processes
spatial information. Functional differences also exist along the rostral-caudal axis, with the rostral
LS (LSr) being likely involved in cue processing and the caudal LS (LSc) implicated in contextual
behaviors. The LS maintains reciprocal connections with various brainstem regions and basal ganglia
circuits associated with locomotor behavior, integrating movement-related inputs. Moreover, LSr
exhibits bidirectional projections with the hypothalamus and supramammillary nucleus, influencing
arousal and defensive behaviors. Conversely, LSc receives significant inputs from structures like the
VTA, locus coeruleus and raphe known to be involved in reinforcement and motivation.

Additionally, intraseptal microcircuits reciprocally connect with the MS (Risold and Swanson
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Figure 3. Schematic of the major lateral septum (LS) inputs and functionality. The diagram on the left (A) shows the
LS at different coordinates (dorsal/ventral and rostral/caudal) with diverse functionality depending on the gradient
considered. The dorsal LS (LSd), primarily receiving inputs from the dorsal hippocampus, is mainly responsible for
processing spatial information. The ventral LS (LSv) is more involved in the processing emotional and affective
information, with inputs from the more ventral regions of the hippocampus. Considering the rostral/caudal gradient, the
rostral (LSr), which receives projections form the hypothalamus, is likely involved in regulating affect and emotions. In
contrast, the caudal LS (LSc), primarly innervated by the hippocampus and the ventral tegmental area, may play a role
in pattern separation and reward-seeking behaviors. On the right (B) the diagram illustrates partial connectivity of the
LS. The arrows indicate whether the connection is an input or bidirectional; dotted lines indicate debated projections,
and the colors denote the type of information processed. Image adapted from (Wirtshafter and Wilson 2021).

1997b). Within the LS itself, the presence of interneurons form local microcircuits that can

autoinhibit and regulate signaling output (Sheehan et al. 2004).

Neurochemically, LS is predominantly composed of GABAergic neurons, accounting for over
90% (Zhao et al. 2013; Risold and Swanson 1997a). These GABAergic neurons establish reciprocal
connections ith regions such as the HYP and periaqueductal gray. Additionally, the LS contains
cholinergic and monoaminergic neurons (Risold and Swanson 1997a) which are associated with
reward and motivational pathways. A small population of glutamatergic neurons is also present in
the most ventral part of the LS (Lin et al. 2003). The functional complexity of LS is also reflected by
its peculiar expression of various receptors, including receptors for oxytocin (OXT), arginine
vasopressin (AVP), serotonin (5-HT), dopamine (DA), estrogen (E), CRH (Menon et al. 2022;

Sheehan and Numan).

This complex and heterogeneous anatomy of LS elucidates its role as a central hub implicated in
multifaceted functions ranging from emotional and motivational behaviors to spatial behaviors
(Rizzi-Wise and Wang 2021; Menon et al. 2022)Moreover, the LS has been recognized for its
influence on social behaviors, including aggression (Oliveira et al. 2021; Wong et al. 2016), maternal
behavior, mating, social fear (Menon et al. 2022; Grossmann et al. 2024), reward, feeding and anxiety
behaviors (Rizzi-Wise and Wang 2021). Interestingly, the LS may exert opposing roles in the
regulation of fear and anxiety-like behaviors depending on the specifically activated pathways
(Rizzi-Wise and Wang 2021). For example, activation of type 2 CRH receptor-expressing neurons

and the hippocampus—lateral septal pathway (particularly from the dorsal cornu ammonis region 1
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of the HIP, dCA1—LS), appears to promote anxiety-like behavior and fear (Opalka and Wang 2020;
Hunsaker et al. 2009). In contrast, the ventral CA1/CA3—LS pathway likely suppresses fear and
anxiety-like behaviors (Parfitt et al. 2017; Besnard et al. 2019; Besnard et al. 2020). Recent research
has highlighted the pivotal role of the LS in memory processes related to fear and social interactions,
including the acquisition, consolidation (conversion of short-term to long-term memory), and
extinction of fear and social memories (Rizzi-Wise and Wang 2021). Disruption of LS activity has
been shown to impair fear conditioning acquisition (Opalka and Wang 2020), a mechanism that
appears to depend on hippocampal projections (Opalka and Wang 2020; Calandreau et al. 2007;
Hunsaker et al. 2009). Similarly, disrupting LS inputs from the HIP during memory expression also
leads to comparable outcomes (Hunsaker et al. 2009; Opalka and Wang 2020). Given the abundance
of local OXT and AVP receptors, it is not surprising that these neuropeptides play a significant role
in social memory processes mediated by LS (Rizzi-Wise and Wang 2021; Menon et al. 2022). For
instance, infusion of AVP into the LS enhances social memory in male rats (Dantzer et al. 1988),
however intracerebroventricular (icv) AVP does not affect social fear expression (Zoicas et al. 2014).
Both icv and local OXT infusions in the LS facilitates social fear extinction in males (Zoicas et al.,
2014), and local OXT infusions in the LS have similar effects in virgin female mice (Menon et al.

2018).

While abundant evidence highlights the involvement of the LS in a variety of behaviors, several
aspects of social fear mechanisms, particularly those related to OXT, remain to be further elucidated.
To gain a deeper understanding of the pivotal role of OXT in regulating social behaviors, the next

section will be dedicated to the description of this neuropeptide system.

4. The brain oxytocin system

OXT is a highly conserved nonapeptide found in all vertebrates, which has increasingly attracted
attention for its physiological and behavioral functions (Jurek and Neumann 2018). Traditionally
known for its functions in milk ejection, uterine contractions, sexual arousal, OXT also plays crucial

roles in a range of reproductive and non-reproductive social behaviors (Menon and Neumann 2023).

In mammals, OXT is synthetized by neurons distributed in the PVN, supraoptic (SON) and
accessory nuclei of the hypothalamus, with additional production also in the BNST (Althammer and
Grinevich 2017; Duque-Wilckens et al. 2020). Magnocellular neurons, located in the PVN and SON,
project via the pituitary stalk to the posterior pituitary gland (neurohypophysis). Here, they form
neuro-hemal contacts with fenestrated capillaries to release OXT directly into the bloodstream as a
hormone (Grinevich and Neumann 2021). Despite being the source of peripheral OXT that acts as

hormone, magnocellular neurons also project to various brain regions for central release of OXT in
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the CNS (Althammer and Grinevich 2017). Additionally, another significant source of brain OXT
are parvocellular neurons, which constitute a smaller neuronal population localized within the PVN,
and the accessory nuclei of hypothalamus (Althammer and Grinevich 2017; Grinevich and Neumann
2021). Other than to coordinate the activity of magnocellular neurons (Eliava et al. 2016), OXT
parvocellular neurons project to the midbrain, brain stem and spinal cord to control several
physiological functions, such as feeding, cardiovascular reactions and erection (Althammer and
Grinevich 2017; Swanson et al. 1980; Althammer and Grinevich 2017). OXT synthesis and central
release are triggered by classical physiological stimuli like birth, suckling during lactation, and

mating (Grinevich and Neumann 2021; Menon and Neumann 2023).

Brain OXT is released as a neuromodulator from the dendrites, cell bodies, and axonal projections
of hypothalamic neurons, within the HYP and extrahypothalamic brain regions (Landgraf and
Neumann 2004; Althammer and Grinevich 2017). In mammals, OXT neurons extend long-range
axonal collaterals to various brian areas, including PFC, septum, HIP, olfactory nucleus, AMY and

NAc (Grinevich et al. 2016; Knobloch and Grinevich 2014).

OXT exerts its effects by binding to its receptor (OXTR), which is expressed both in neurons and
and glial cells, including astrocytes (Jurek and Neumann 2018; Althammer et al. 2022c¢). The OXTR
is a G-protein-coupled receptor (GPCR), with 7 transmembrane domains and is encoded by the single
gene (Oxtr). In rodents, the transcription of Oxtr may be promoted by estrogens, as an estrogen
regulated element () is located in the Oxtr gene, or it can be decreased trough methylation of the Oxtr
promoter (Jurek and Neumann 2018). Upon binding of OXT to OXTR, the G-protein /y subunits
dissociate from the a-subunit, initiating distinct intracellular signaling cascades depending on the
type of a-subunit involved. Specifically, OXTR can couple with two types of a-subunits, Gai/o and
Gag/11 (Busnelli and Chini 2018), which can modulate synaptic transmission and plasticity (Gai/o)
or decrease neuronal activity (Gaq/11). Particularly, activation of Gaqg/11 leads to the activation of
the second messenger phospholipase C (PLC), which increases intracellular calcium (Ca*") levels.
In contrast, activation of Gai/o decreases the levels of the second messenger cyclic adenosine
monophosphate (cAMP), resulting in membrane hyperpolarization. The downstream effects
following the activation of these pathways, have been explored using selective agonists, such as
atosiban, carbetocin or TGOT, which selectively activate Gai or Gag, or both respectively (Busnelli
and Chini 2018). The same research group found that prolonged stimulation of OXTR with OXT or
carbetocin leads to the internalization of the receptor (Busnelli and Chini 2018). Research has
revealed sex-differences in OXTR expression in both neurons and astrocytes across various brain
regions (Smith et al. 2017; Althammer et al. 2022¢), as well developmental differences (Smith et al.
2017). OXTR expression tends to be higher in brain regions associated with reward, social and spatial
memory (Jurek and Neumann 2018). In adulthood, elevated OXTR expression is particularly

prominent in areas involved in social decision-making (Smith et al. 2017; Jurek and Neumann 2018).
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These findings underscore the co-evolution of the OXT system with complex social and emotional

behaviors, highlighting its crucial role in modulating these conserved responses.

4.1. Oxytocin implications in anxiety and social fear behaviors

Pituitary extracts were initially discovered to stimulate uterine contractions facilitating the birth
process (Dale 1909) and, therefore, OXT received its name from the Greek words for “quick™ and

“birth”, as it acts as a neurohormone acting on peripheral OXTR.

A few decades later, research highlighted its influence as a brain neuromodulator on maternal
behavior (Pedersen and Prange 1979), learning and memory processes (Wied 1965), and sexual
behavior (Melin and Kihlstroem 1963). However, it was not until 1990’s (Bale et al. 2001; Neumann
et al. 2000) that the scope of OXT’s effects expanded significantly, revealing its role in reducing
anxiety and stress, as well as enhancing prosocial-behavior (Neumann and Slattery 2016; Jurek and
Neumann 2018). Studies have demonstrated that OXT’s anxiolytic effects become particularly
pronounced during periods of heightened OXT system activity such as lactation (Neumann et al.
1993; Neumann et al. 2000; Jurek et al. 2012) and mating in both males and females (Waldherr and
Neumann 2007; Waldherr et al. 2010; Nyuyki et al. 2011). Behavioral tests have confirmed the robust
anxiolytic effect of OXT when administered icv or locally within brain regions such as PVN, AMY,
PFC (Bale et al. 2001; Ring et al. 2006; Blume et al. 2008). Besides its anxiolytic effects, OXT plays
a peculiar role in regulating fear and social behaviors, including social fear and social memory
(Figure 4) (Menon and Neumann 2023). Early studies demonstrated that icv infusion of OXT
promotes pro-social behaviors and prevents social avoidance in male rats (Lukas et al. 2011). Further
research revealed that intra-LS application of OXT mediates social memory in male rats, particularly
in interactions with juveniles and adult females (Lukas et al. 2013). Additionally, the increase in
OXT release in the LS observed during repeated exposure to social stimuli (extinction training) was
blocked in social fear conditioned male and virgin female mice (Zoicas et al. 2014; Menon et al.
2018). Notably, local OXT infusion into the LS has been shown to facilitate social fear extinction in
both male and female mice (Menon et al. 2018; Zoicas et al. 2014). Interestingly, lactating female
mice, following SFC, did not show social fear during extinction training, suggesting that the
heightened activity of OXT system during lactation may promote the investigation of same-sex
conspecifics and highlighting a potential shift in social behavior facilitated by OXT (Menon et al.
2018).
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Figure 4. Illustration of the intracerebral projections of oxytocin (OXT) neurons from the hypothalamic
paraventricular (PVN) and supraoptic (SON) nuclei to different brain regions. Colors indicate when the innervated
areas are activated or involved in the regulation of: non-productive social behaviors (blue) (e.g. social preference, social
reward, social memory, social discrimination, inter-male and -female aggression) and reproductive social interactions
(red) (e.g. mating preference, sexual behavior, pair bonding, maternal care and aggression), or both (blue and red). Solid
lines indicate known projections, while dotted line represent hypothesized projections. AON, anterior olfactory nucleus;
NAc, nucleus accumbens; IC, insular cortex;, BNST, bed nucleus of the stria terminalis; MPOA, medial preoptic area; LS,
lateral septum; MeA, medial amygdala; CeA, central amygdala; Hip, hippocampus, AuCtx, auditory cortex, DR, dorsal
raphe nucleus; MR, median raphe nucleus; VTA, ventral tegmental area; NuPa, nucleus paragigantocellularis. Image
from (Menon and Neumann 2023).

Additionally, it was found that social fear acquisition influences OXTR binding in various brain
regions, with an increase observed in the LSd 48 hrs after social fear acquisition (Zoicas et al. 2014).
In contrast, overexpression of OXTR in the LS has been shown to increase social avoidance induced
by social-defeat (Guzman et al. 2013). This aligns with findings from other studies indicating that in
the BNST, OXT can induce stress, anxiogenic effects, and social fear/avoidance (Duque-Wilckens
et al. 2020; Luo et al. 2022). Similar contradictory outcomes have also been observed in humans
studies, where intranasal OXT had both prosocial and anxiolytic effects (Meyer-Lindenberg et al.
2011), yet also increased startle response to stressful stimuli (Grillon et al. 2013) and heightened
recollection of aversive events (Bartz et al. 2010; MacDonald and Feifel 2014). These mixed results
suggest that OXT effects in both humans and rodents may vary depending on a range of factors,
including brain region, context, sex, and early life experiences (MacDonald and Feifel 2014; Maroun

and Wagner 2016; Jurek and Meyer 2020).

While much of the research has traditionally focused on neuronal mechanisms of OXT, recent studies
have begun to explore the role of astrocytes in mediating its anxiolytic effects. Emerging evidence
suggest that the anxiolytic effects of OXT within the CeA and PVN are significantly mediated
through astrocytes (Wahis et al. 2021, Meinung et al., in revision). This shift in focus underscores
the need for a broader investigation into not just neuronal pathways but also the potential
contributions of astrocytic pathways to OXT effects. Given the critical importance of social

interactions for psychological well-being, and the emerging role of astrocytes in mediating socio-
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emotional behaviors (Kofuji and Araque 2021b; Shigetomi et al. 2016; Zhou et al. 2019; Cho et al.
2022; Bender et al. 2017), these findings offer a promising avenue for further investigation to
understand how astrocytes contribute to socio-emotional dysfunctions and OXT-mediated effects.
Therefore, the following section will provide an overview of astroglial cells to better understand their

potential role in this context.

5. Astrocytes

“We are all now connected by the Internet,
like neurons in a giant brain [connected by the glia]”

adapted from Stephen Hawking

Representing the most complex and age-resilient system of the human body, the brain is
composed of about 10 ' of neurons and an equal number of glial cells (Bartheld et al. 2016). Derived
from the Greek word for “glue”, the term glia was originally used by Virchow in 1846 to describe
what was then thought to be a connective structure within the brain (Somjen 1988). However, Ramon
y Cajal challenged this concept in 1909, predicting that glia had more significant roles beyond being
static bystanders (Ramon y Cajal 1909). Today, it is understood that glia are critical for maintaining
brain function throughout the lifetime, encompassing specialized cells such as oligodendrocytes,
microglia, and astrocytes (Allen and Lyons 2018). Oligodendrocytes represent the source of the
myelin sheaths that wrap around axons, crucial for enhancing the conduction velocity of action
potential in the CNS (Allen and Lyons 2018). Microglia, primarily known as immune cells of the
brain, also play a roles in diverse developmental and functional processes, such as synaptic pruning,
clearance of apoptotic neurons, and interactions with various cell types in the CNS (Allen and Lyons
2018). Astrocytes, the most abundant type of glial cells in the CNS (Bartheld et al. 2016), were
initially recognized as supportive elements of the nervous system (Somjen 1988). Over the years,
they have been found to exert diverse and essential functions, ranging from regulating synapses and
providing metabolic support to maintaining homeostasis and modulating circuits function
(Verkhratsky et al. 2021; Allen and Lyons 2018).

Evolutionarily, neuroglia first appeared in response to the increased energy demands of an evolved
central nervous system (Verkhratsky et al. 2019; Falcone 2022). In invertebrates with a centralized
nervous system, such as flatworms, ancestral glial cells with basic supportive functions were found.
As the complexity and functionality of the CNS increased in higher taxa like Annelida and Insects,
more complex and structured "proto-astrocytes" emerged (Robertson 2014; Verkhratsky et al. 2019).
The typical radiated morphology of astrocytes finally appeared in Chordata and low vertebrates, with
radial glial cells becoming the main type of neuroglia in the CNS of vertebrates (Verkhratsky et al.
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2019). Astroglia became increasingly complex in parallel with the evolution of higher intellectual
functions and increased support demands, achieving significant complexity, heterogeneity, and
functionality in higher vertebrates, including higher primates and humans (Verkhratsky and
Nedergaard 2018). Functionally, astroglia have progressed at each phylogenetic stage, adapting to
support the expanding cognitive and metabolic needs of the CNS (Falcone 2022; Verkhratsky et al.
2019; Robertson 2014).

Similar to neurons and oligodendrocytes, astrocytes originate from radial glia during early
embryonic development within the neuroepithelium (Verkhratsky and Nedergaard 2016).
Representing the precursor neural cells, radial glia underdo differentiation processes guided by
complex molecular signaling pathways, leading to their transformation into astrocyte and subsequent
migration (Verkhratsky and Nedergaard 2016). Unlike neurons, the astrocyte population at birth is
relatively small, but expands substantially throughout life, ultimately reaching a 1:1 ratio with
neurons in the adult brain (Verkhratsky and Nedergaard 2018; Bartheld et al. 2016). This strong glia-
neuronal connection in relation to increased energy demands, underlies the pivotal contribution of
astrocytes in the CNS functionality, particularly in response to heightened neuronal energy demands
observed in complex mammalian CNS, including those of rodents and humans (Falcone 2022). The
specialization of astrocytes in the mammalian brain, coupled with their heterogeneity and plasticity
across various brain regions, physiological states, functions, and pathological conditions, highlights
the complexity of these cells and underscore their crucial role in maintaining CNS function

(Verkhratsky and Nedergaard 2016, 2018; Falcone 2022).

5.1. Astrocyte functions

As glial cells, astrocytes fulfill their traditional "glue" function by sustaining and regulating the
neuronal network of the CNS, comparable to how rails support and direct high-speed trains. Despite
their initial perception as having a superficial role, they play a pivotal role in maintaining homeostasis
across all levels, from the molecular and cellular scale to the overall functioning of the synaptic
transmission (Verkhratsky and Nedergaard 2016). Through phylogeny, astrocytes have consistently
fulfilled a vital role in supporting and maintaining the central nervous system (CNS), providing
structural nutritional support to neurons through various mechanisms (Verkhratsky et al. 2019).
Firstly, astrocytes are integral components of the blood-brain barrier (BBB), a diffusion barrier
formed by cerebral capillaries, endothelial tight junctions, perivascular pericytes, and astrocyte
endfeet. (Ballabh et al. 2004; Daneman 2012; Daneman and Prat 2015). This barrier allows essential
nutrients to pass into the brain while simultaneously preventing in harmful substances from entering
(Zlokovic 2008; Daneman 2012; Daneman and Prat 2015). Beyond their role in the BBB, astrocytes

play integral roles in regulating ion concentrations and metabolite flow to maintain optimal neuronal
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function and signaling (Verkhratsky and Nedergaard 2018). Astrocytes manage to regulate ion
balance and neurotransmitter levels through their intricate, ramified processes and the expression of
various ion channels and transporters on their membranes (Verkhratsky et al. 2020). For example,
they actively uptake excess potassium ions (K+) from the extracellular space to prevent disruptions
in neuronal signaling, subsequently releasing them into nearby blood vessels (Verkhratsky and
Nedergaard 2018; Verkhratsky et al. 2020). Equally crucial is their role in modulating
neurotransmitter levels within the synaptic cleft, including glutamate, GABA, and glycine, essential
for regulating neuronal connectivity (Sofroniew and Vinters 2010). Excess glutamate in the synaptic
cleft can lead to excitotoxicity, where overactivation of N-methyl-D-aspartate (NMDA) receptors on
neurons triggers harmful cascades that may result in cell death (Mark et al. 2001; Verkhratsky 2007).
To prevent this, astrocytes express specific transporters to take up glutamate from the synaptic cleft
and convert it into glutamine via the enzyme glutamine synthetase (Bak et al. 2006). Glutamine is
then released back into the synapses for recycling, maintaining appropriate levels of glutamate and

protecting neurons from excitotoxic damage (Sattler and Rothstein 2006; Bak et al. 2006) (Figure 5).

In response to neuronal activity, astrocytes release gliotransmitters such as ATP, glutamate, D-serine,
GABA, and lactate (Parpura et al. 1994; Oliet and Mothet 2006; Koizumi 2010; Yoon and Lee 2014;
Tang et al. 2014). These neuroactive substances bind to neuronal receptors, thus influencing overall
synaptic function (Araque et al. 2014; Harada et al. 2015; Kofuji and Araque 2021b, 2021a). This
bidirectional communication between astrocytes and neurons underscores the intricate interaction
within the tripartite synapse model (Araque et al. 1999). The concept of tripartite synapses refers to
the structural and functional interaction among three key components: the presynaptic neuron, the
postsynaptic neuron, and the surrounding astrocytes (Araque et al. 1999). This model highlights the
role of astrocytes as active participants in synaptic transmission, rather than merely passive support
cells, highlights their critical involvement in regulating behavior and cognitive functions. Astrocytes
owe their ability to actively participate in synaptic functionality to their elaborate morphology and
structure, characterized by numerous processes, including the finest ones known as peripheral
astrocytic processes (PAPs) (Lavialle et al. 2011; Bernardinelli et al. 2014; Verkhratsky and
Nedergaard 2018). These astrocytic processes embrace synapses, integrating neuronal information
and thereby enhancing synaptic activity and transmission for efficient signaling (Bernardinelli et al.

2014; Baldwin et al. 2024).

The crucial role played by astrocytes in improving signaling transmission through the integration of
neuronal information includes not only synaptic function, but also extends to their involvement in
synaptic development, maintenance, and elimination, as demonstrated in previous research (Nishida
and Okabe 2007; Perea et al. 2009; Lippman Bell et al. 2010). Additionally, due to their proximity

to both synapses and blood vessel, astrocytes can regulate blood flow response to synaptic activity
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Figure 5. Schematic of the glutamate/GABA-glutamine cycle involving astrocytes and neurons. Astrocytes play a certain
role by taking up the majority of glutamate and a significant portion of GABA from the synaptic cleft, converting them into
glutamine through the enzyme glutamine synthetase. Glutamine is then released back into the synaptic cleft where it is
taken up by neurons to restock the neurotransmitter pool, facilitating ongoing neuronal signaling and maintaining optimal
neurotransmitter levels. This cycle facilitates ongoing neuronal signaling and maintains optimal neurotransmission levels,

protecting neurons from potential excitotoxicity caused by excessive neurotransmitter accumulation. Illustration created
using Biorender.com.

by producing and releasing various mediators such as prostaglandins and nitric oxide (Iadecola and
Nedergaard 2007).

Fundamentally, neuron-astrocyte communication, gliotransmitter release, and general astrocytic
function depend heavily on Ca*" signaling (Verkhratsky and Nedergaard 2018). Although astrocytes
were traditionally viewed as non-excitable cells incapable of generating action potentials in response
to changes in membrane potential, they exhibit Ca**-based excitability in specific contexts (Charles
etal. 1991). This excitability involves the release of Ca*>" from the endoplasmic reticulum in response
to stimuli. Unlike neuronal electrical signals, which occur within milliseconds, astrocytic Ca*"
activity unfolds over minutes to hours (Bazargani and Attwell 2016), potentially explaining their
involvement in slower processes within neural circuits. Intracellular Ca®>* fluctuations in astrocytes
can be triggered indirectly from neuronal activity (Aguado et al. 2002; Perea et al. 2009), or directly
through the activation of a wide variety of GPCR expressed in the astrocytic membrane (Araque et

al. 1999; Kofuji and Araque 2021b). Interestingly, GPCR activation induces a rise in Ca>" levels
regardless on the type of the G protein activated (Durkee et al. 2019), although G; proteins initially
cause a transient Ca®" increase followed by a decrease (Kol et al. 2020). Different types of Ca*"

permeable channels, transporters and exchangers expressed on the membrane of astrocytic processes,
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contribute to the generation of Ca>* signal (Shigetomi et al. 2016). Ca>* elevations can occur locally
as “microdomains” in specific thin area of astrocytic processes, and eventually, analogous to
electrical signals in neurons, they may propagate to the main processes or soma (Pasti et al. 1997;
Lia et al. 2021). Ultimately, Ca*" waves can spread to adjacent astrocytes due to intercellular
communication facilitated by connexin channels, which form gap junctions between astrocytes
(Theis and Giaume 2012; Fujii et al. 2017). The opening of these gap channels can be triggered by
an increase of intracellular Ca** signals, or even low external Ca®>" concentration (Suadicani et al.
2004; Scemes and Spray 2012; Khakh and McCarthy 2015). Forming astrocytic gap junctions,
connexins are crucial for facilitating direct exchange of ions, metabolites, and signaling molecules
between adjacent astrocytes (Verkhratsky and Nedergaard 2018). Through this extensive
intercellular communication mediated by gap junctions, astrocytes coordinate their activities
effectively, not only within the astrocytic networks but also supporting neuronal function and
synaptic activity (Giaume and Venance 1998; Weiss et al. 2022). For instance, recent studies have
highlighted connexins involvement in processes such as glutamate clearance and synaptic invasion
(Pannasch et al. 2014; Pannasch et al. 2019). Ca*" signals represent a remarkable aspect of
intercellular communication within the astrocytic network and the interplay between astrocyte and
other cells, including neurons (Khakh and McCarthy 2015; Verkhratsky and Nedergaard 2018;
Eitelmann et al. 2023). The involvement of astrocytic Ca®* transmission and connexins has been
implicated in various aspects of neuronal function (Pannasch and Rouach 2013) and in the

pathophysiology of neuronal diseases (Kuchibhotla et al. 2009; Torres et al. 2012).

Putting everything in a broader view, astrocytes emerge as dynamic and “social” cells within the
brain’s intricate network. They can dynamically adjust their activity to environmental cues, meeting
metabolic and signaling needs of neurons. In addition, they show remarkable abilities to interact with
different components of the nervous system, including neurons, blood vessels, and other glial cells.

They are not just supportive cells, but active participants in regulating brain functions.

5.2. Astrocyte morphology and identification

Undoubtedly, the astrocytic ability to coordinate and support neuronal function and synaptic
activity stems from their developmental origins and unique morphology. In 1895, Lenhossék named
them "astrocytes" due to their star-like shape, characterized by multiple branches extending from the

soma. This morphological diversity is particularly fascinating, reaching greater complexity and size
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Figure 6. Graphical representation and GFAP immunostaining of human (left) and mouse (right) cortical astrocytes.

Lllustration adapted from (Vasile et al. 2017).

in humans compared to rodents (Figure 6) (Vasile et al. 2017). Among the various types, such as
fibrous astrocytes and pericytes, protoplasmic astrocytes are the most abundant in the grey matter.
They are distinguished by a small soma (~10 pm) from which 4-10 branches emerge, further
branching into fine processes that form an elaborate arborization (Ogata and Kosaka 2002; Reeves
et al. 2011; Verkhratsky and Nedergaard 2018). This extensive branching allows each astrocyte to
embrace and contact approximately 100,000 synapses (Halassa et al. 2007).

As mentioned above, due to the noteworthy morphological heterogeneity, visualizing and identifying
astrocytes is challenging, especially considering the absence of a universal marker that targets all
types of astrocytic cells (Verkhratsky and Nedergaard 2018). Besides genetic profiling and the
genetically controlled expression of astroglia-specific markers, or incubation with fluorescent probes
with glial affinity, the most common techniques used to identify astrocytes are histochemical staining
and immunocytochemistry (Verkhratsky and Nedergaard 2016). The most widely used astrocytic
marker is glial fibrillary acidic protein (GFAP), an intermediate filament that, together with other
proteins such as vimentin, forms the astroglial cytoskeleton (Hol and Pekny 2015). However, GFAP
staining for morphology is limited as it reveals only the major branches, leaving the finer processes
unstained (Connor and Berkowitz 1985). Another astrocytic marker is S100B protein, a Ca*" binding
protein acting as both a buffer and sensor for Ca** (Donato et al. 2013). Although it is widely used
in both pathology and physiology, its specificity towards astrocytes is lower than that of GFAP since
it is also expressed in oligodendrocytes, ependymal cells, vascular cells, and some neurons (Steiner
et al. 2007; Rickmann and Wolff 1995). Markers linked to glutamate turnover are also widely used,
including glutamine synthetase, whose cytosolic localization allows full visualization of the cell
(Norenberg and Martinez-Hernandez 1979; Derouiche and Frotscher 1991), and glutamate
transporters, such as EAAT-1 (GLAST) and EAAT2 (GLT-1), which are expressed exclusively in
astrocytes, though is a region-specific manner (Williams et al. 2005). Relevant for the intercellular

connectivity and the maintenance of a functional astrocytic network are the astrocyte homocellular

23



Introduction

gap junctions composed from connexins (Cx), such as Cx26, Cx30 and Cx43 (Giaume et al. 1991;
Nagy et al. 2001). In addition to the astrocytic markers, astrocyte activity can be visualized by
monitoring Ca?* transients due to the crucial role Ca*" signals play in many astrocytic functions
(Reeves et al. 2011; Khakh and McCarthy 2015; Semyanov et al. 2020). These transients can be
detected by applying calcium indicators to astrocytes, which could be fluorescent dyes such as

Oregon Green, or genetically encoded calcium indicator (GECIs) (Semyanov et al. 2020).

The morphological heterogeneity, functional peculiarities in different parts of the brain depending
on neuronal activity, and their evolution in higher primates make astrocytes particularly challenging

to study and characterize.

5.3. Astrocyte implications in memory and emotional behaviors

Although much has been discovered about the molecular basis of astrocyte structure diversity
and plasticity, many questions remain about their involvement in synaptic and neural circuits,
particularly in modulating higher cognitive functions and behaviors. As mentioned earlier, astrocytes
respond to synaptic activity and contribute to synaptic connectivity and plasticity, which fine-tunes
synaptic transmission and influences processes associated with memory and learning, such as long-
term potentiation (LTP) and long-term depression (LTD) (Araque et al. 2014). Using highly selective
chemogenetic and optogenetic approaches, recent studies have shown that activating the Gq pathway
in astrocytes within the CA1 induces neuronal activity and LTP, subsequently improving memory
performance in hippocampal-dependent tasks such as contextual fear memory (Adamsky and Goshen
2018; Mederos et al. 2019). Conversely, activation of the G; pathway during memory consolidation
did not affect short-term memory but impaired the retrieval of memories one month later (Kol et al.

2020).

Given their active involvement in synaptic dynamics, astrocytes are likely to contribute to the
pathology of depression and anxiety disorders. Animal studies have demonstrated that astrocyte
dysfunction is associated with the manifestation of depressive and anxiety phenotypes (Zhou et al.
2019). For instance, a depressive-like phenotype was observed following the application of the
gliotoxin L-alpha-amino adipic acid (L-AAA) within the PFC and prelimbic cortex (Banasr and
Duman 2008; David et al. 2019). L-AAA, a glutamate analogue, is taken up by astrocytic glutamate
transporters and by binding to the glutamine synthetase, blocks the glutamine synthesis, leading to a
disruption of the glutamate-glutamine cycle with a consequent reduced astrocytic function (McBean
1994; Brown and Kretzschmar 1998). Similar depressive-like phenotypes were observed following
the disruption of glutamate transporters and gap junctional networks of astrocytes within the PFC

(John et al. 2012; Sun et al. 2012).
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In addition to their roles in the HIP and PFC, recent studies have identified astrocytes as integral
components of fear circuits. Specifically, chemogenetic activation of astrocytes within the CeA
reduced fear expression in a fear-conditioning paradigm in mice, suggesting an astrocytic fine-tune
mechanism of synaptic activity (Martin-Fernandez et al. 2017). Interestingly, blocking Cx43 channel
activity within the basolateral amygdala (BLA) prevented the acquisition of fear memories (Stehberg
et al. 2012), indicating a role for gliotransmitters and astrocyte-astrocyte communication in
modulating fear learning circuits (Orellana and Stehberg 2014). Furthermore, the role of astrocytes
in remodeling synaptic transmission was demonstrated in a Pavlovian fear conditioning test, where
astroglial process retraction was observed during memory consolidation, concomitant with an
increase in synapses (Ostroff et al. 2014). This underscores the dynamic nature of astrocytes,

illustrating their ability to adapt in response to the activation of specific brain regions.

Due to their heterogeneity, multifunctional aspects, and unique roles in regulating synaptic
transmission, astrocytes have garnered increasing interest. Research groups are now investigating
their involvement in emotional behaviors, particularly in relation to neuropeptides like OXT, which

is known to influence these behaviors.

6. Astrocytic oxytocin signaling in anxiety-related behavior

As described, OXT has been extensively studied and associated with a wide range of emotional
and social behaviors. While many studies have focused on neuronal effects of OXT, or without
distinguishing between the precise target cell of OXT, the effects of OXT on astrocytes have gained
increasing attention in recent decades. Pioneering studies starting in the 1980s reported that OXT
influences astrocytic morphology in the PVN and the SON following infusions of synthetic OXT or
during heightened OXT activity, such as lactation (Theodosis et al. 1986a; Theodosis et al. 1986b).
Among other receptor types, astrocytes express OXTRs across the soma and processes in various
brain regions, including the HIP, HYP, CeA, and LS (Wang and Hatton 2006; Wabhis et al. 2021;
Althammer et al. 2022b; Althammer et al. 2022c). By activating astrocytic GPCRs, OXT initiates a
signaling cascade that results in the alteration of protein expression associated with cytoskeletal
dynamics, such as beta-tubulin, elements of the ROCK pathway, and GFAP (Baudon et al. 2022).
Recently, we could recently reveal (Meinung et al., in revision) that OXT remodels astrocytic

cytoskeletal mainly via the PKC pathway.

OXT influences astrocytic roles in regulating synaptic transmission and plasticity from multiple
perspectives. First, as already mentioned, OXT-induced morphological changes include the
retraction of astroglial processes and increased neuronal somata contacts in the PVN and SON,

leading to synapse reshaping (Langle et al. 2003; Theodosis et al. 1986a; Theodosis et al. 1986b). In
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line with this, we observed), an increase in the spatial relationship between astrocytes and neurons
in OXT-treated hippocampal slices, which could facilitate the formation of new synapses (Meinung
et al., in revision), as already observed in the HYP (Hatton et al. 1984). Second, Meinung et al., (in
revision) found that OXT induced cytoskeletal changes through the regulation of Cx43, a protein
already known to affect the cytoskeleton of various cell types (Kameritsch et al. 2012; Matsuuchi
and Naus 2013). Particularly, OXT-induced astrocytic cytoskeletal remodeling was prevented in
Cx43 knockout (KO) mice, but not in Cx30 KO mice, suggesting a selective involvement of Cx43
in OXT-induced cytoskeletal dynamics and therefore on astrocytic intercellular communication.
(Meinung et al., in revision). Lastly, the role of astrocytic calcium activity in overall astrocytic
function was previously mentioned, especially in the release of gliotransmitters and remodeling of
cellular structure (Kofuji and Araque 2021b). It has been found that the activation of oxytocin GPCR
triggers astrocytic calcium transients by increasing calcium from intracellular stores (Di Scala-
Guenot et al. 1994). Additionally, the activation of OXTR-expressing astrocytes within the CeA
increased calcium activity, which subsequently triggered the electrical activity of nearby neurons
through NMDAR activation, likely due to the release of the gliotransmitter D-serine (Wabhis et al.
2021),. This highlights the importance of gliotransmitter function in modulating nearby synapses by
releasing gliotransmitters into the synaptic cleft and activating presynaptic or extrasynaptic receptors
such as NMDAR (Oliet et al. 2008; Baudon et al. 2022). Interestingly, Wabhis et al. also found that
this astrocyte-neuron communication in the CeA mediates the anxiolytic effects of oxytocin in pain-
related anxiety (Wabhis et al. 2021). Similarly, we found that the well-known anxiolytic effect exerted
by OXT within the PVN (Blume et al. 2008; van den Burg et al. 2015; Jurek and Neumann 2018)
was abolished following a viral-induced reduction of astrocytic OXTR expression in rats (Meinung

et al., in revision).

Although many underlying mechanisms related to astrocytic synaptic regulation, gliotransmission
release, and OXT-induced effects on astrocytes are yet to be unraveled, the potential roles of

astrocytes and oxytocin in emotional behaviors are still ripe for discovery.

7. Aim of the study

Social interactions are fundamental in our interconnected society, and severe social deficits, such
as those seen in SAD, can be profoundly debilitating. SAD frequently co-occurs with other
psychological disorders, including substance abuse, and the limitations of current treatment options
highlight an urgent need for further investigation. While much research has focused on neuronal
mechanisms, my thesis explores the potential involvement of astrocytes in social fear in mice to

expand our understanding of the underlying mechanisms of SAD.
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Considering the critical role of OXT in regulating social behaviors, my study also investigates

whether astrocytes may contribute to these effects. With the higher prevalence of SAD in women

and the influence of sex steroids on cellular mechanisms, an additional objective is to examine sex-

based differences in astrocytic function and social fear response. Finally, my research focuses on the

astrocytic impact within the LS, a brain region known to modulate social behaviors, particularly

social fear.

To sum up, this research aims to investigate the roles of astrocytes and astrocytic OXT signaling

in influencing the phenotype of SAD in male and female mice, with a particular focus on

understanding sex differences within the LS. Specifically, this thesis will:

a)

b)

<)

d)

Characterize the distribution of astrocytes and OXTR" astrocytes within the LS in male
and female mice

To understand the distribution of astrocytes and specifically those expressing OXTR in the LS,
I first aimed to map both the overall presence of astrocytes and the specific localization of
OXTR-expressing (OXTR") astrocytes in male and female mice. This will provide a detailed
profile of astrocyte distribution across sexes in the LS and its subregions, i.e., the rostral and

caudal LS.

Analyze the effects of social fear acquisition and extinction on astrocytic morphology and
protein expression in the LS

Given the emerging role of astrocytes in memory and fear-related processes, I aimed to
investigate whether the acquisition and extinction of social fear influence astrocytic morphology
and the expression of key astrocytic proteins, such as GFAP, connexins, and glutamate

transporters in the LS of male mice.

Determine whether LS astrocytic structural depletion induced by L-AAA affects socio-
emotional behaviors, including responses to the SFC paradigm in male and female mice

Recognizing the role of astrocytes in synaptic regulation, I hypothesized that dysfunctions in
astrocytic activity within the LS might disrupt neuronal circuits involved in socio-emotional
behaviors, particularly those related to social trauma. To test this, I aimed to analyze social
behaviors in male and female mice after astrocytic structural depletion infusing L-AAA in the

LS.

Explore the influence of OXT on LS astrocytic function in relation to the SFC paradigm in
male and female mice
Given the significant role of OXT in social behaviors and its emerging influence on astrocytic

function, I aimed to analyze Ca?" signaling in LS brain slices taken after SFC under basal
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conditions and in response to TGOT (an OXT agonist) in both male and female mice ex vivo.
Based on these results, I will further explore whether reduced expression of astrocytic OXTR

affects the regulation of social fear behaviors in both male and female mice.

Overall, this thesis aimed to elucidate the potential contribution of astrocytes and specifically

astrocytic OXT signaling in the LS in social fear memory and extinction.
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In this section, a detailed description is provided of the methods used during the current thesis. For

a better understanding, behavioral techniques are followed by molecular methods.

1. Animals and husbandry

Wildtype female (Charles River, Sulzfeld, Germany, 8-12 weeks of age at the start of
experiments) were kept group-housed under standard laboratory conditions (12/12 h light/dark cycle,
lights on at 06:00, 22°C, 60 humidity, food, and water ad libitum) in polycarbonate cages (16 x 22 x
14 cm). Three days prior to the start of the experiment, they were transferred to individual housing.
Wildtype lactating CD1 mice (8-9 weeks old) were housed under the same conditions until three
days before their expected delivery, after which they were also single-housed. Wildtype CD1 male
mice (8-9 weeks old) were kept single-housed under same standard laboratory conditions until
described otherwise. Age and sex-matched CD1 mice were used as social stimuli in the SFC
paradigm and the social preference test (SPT). All experimental procedures were performed between
08:00 and 14:00 hrs in accordance with the Guide for the Care and Use of Laboratory Animals by
the National Institutes of Health, Bethesda, MD, USA, approved by the government of Oberpfalz
and performed according to international guidelines on the ethical use of animals and ARRIVE
guidelines (Kilkenny et al. 2010). All efforts were made to minimize the number of animals used and

their suffering.

2. Behavioral testing

2.1. Social Fear Conditioning (SFC) Paradigm

SFC was performed as previously described on three consecutive days (Toth et al. 2012). Three
days before starting the paradigm all animals were transferred to observational cages and were single-

housed.

Social fear acquisition (Day 1). On the first day of social fear acquisition, the experimental mouse
was transferred from its home cage to the conditioning chamber (a transparent perspex box with a
stainless-steel grid floor, measuring 45 x 23 x 36 cm). Here, after a 30 s adaptation period, the mouse
was exposed to an empty wire mesh cage (7 x 7 x 6 cm) as a non-social stimulus for a duration of 3
min. The empty cage was then replaced by an identical small cage containing an unfamiliar sex- and
age-matched conspecific. The control group of mice that was not socially conditioned (SFC-) and

allowed to freely investigate the social stimulus in the conditioning chamber for a duration of 3 min,
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without receiving any foot shocks. The socially fear conditioned group (SFC") was given a mild 1-
second electric foot shock (0.7 mA, 1 s) each time they investigated the social stimulus. If the
experimental animal made no more contacts for 6 min after the first shock, or 2 min after receiving
2 or more shocks, it was considered successful conditioned and was returned to its home cage. On
average, SFC" mice received 2-3 foot-shocks. A small empty wired cage, similar to the one used
during conditioning, was placed inside the home cage overnight to prevent fear manifestation

towards the object during extinction training.

Social fear extinction (Day 2). The day after SFC, social fear extinction training was performed in
the home cage of each mouse. Specifically, the mouse was exposed first to 3 non-social stimuli
(empty cages) to access non-social investigation as a parameter of non-social fear and general
anxiety-related behavior. It was then exposed to 6 different unfamiliar social stimuli, 6 age- and sex-
matched mice. Each stimulus was presented for 3 min, with a 3 min inter-exposure interval. During
the session, two key behaviors were analyzed: investigation time, defined as the time the mouse spent
interacting and making direct contact with the stimulus (Toth et al. 2012), and vigilance time, defined
as the time spent moving or stationary (e.g. behaviors such as freezing, stretch-attend posture, tail
rattling) with the head oriented toward the stimulus (Williams et al. 2018; Williams et al. 2020).
These behaviors were recorded and later analyzed by a trained observer, blind to the treatment
conditions, using the JWatcher program (V 1.0, Macquarie University and UCLA). Successful social
fear conditioning was indicated by reduced social investigation during the first social stimulus
exposure when compared to the SFC™ group. A gradual increase in social investigation throughout

the extinction training indicated successful extinction of social fear.

Recall (Day 3). The day after social fear extinction, a recall of the extinction was performed in the
home cage. As the day before, each mouse was exposed to 6 different unfamiliar social stimuli (age-
and sex-matched mice) for 3 min, with a 3 min inter-exposure interval. Animal behavior, specifically
investigation and vigilance time, was videotaped and analyzed by a trained observer, blind to

treatment, using the JWatcher program (V 1.0, Macquarie University and UCLA).

30



Material and Methods

A) Day 1: Acquisition (Conditioning chamber)

Social stimulus

Habituation Non social stimulus SFC-
Y . <
30 sec
SFC*
2-6 min
B) Day 2: Extinction (Home cage)
Non social stimulus Social stimulus
R m — ~2- mlml““ , 3 min inter-stimulus interval
3 x 3 min 6 x 3 min

C) Day 3: Recall (Home cage)

Social stimulus

3 min inter-stimulus interval

6 x 3 min

Figure 7. Schematic illustration of the Social Fear Conditioning (SFC) Paradigm. 4) On day 1 during acquisition of
social fear, after 30 s of habituation in the conditioning chamber, mice were exposed for 3 min to a non-social stimulus.
Unconditioned mice (SFC) were allowed to explore freely the social stimulus, while conditioned mice (SFC") received a
foot shock when investigating the social stimulus. B) On day 2 during social fear extinction, mice were exposed to 3 non-
social stimuli and 6 social stimuli, each for 3 min, with 3 min interval between exposure. C) On day 3 during social fear
recall, mice were exposed again to 6 social stimuli to evaluate successful social fear extinction. Image adapted from
(Menon et al. 2018).

2.2. Social Preference Test (SPT)

To test naturally occurring of social approach-avoidance behaviors, the social preference test was
performed as previously described (Lukas et al. 2011) with minor modifications. The apparatus
consisted of three adjacent chambers, connected by small opening that allowed the mouse access.

The test consisted of three phases:

e Habituation. The mouse was placed in the central (neutral) chamber, from which had the
access to investigate the entire apparatus freely for 5 min.
e Social stimulus. An empty wired caged (7 x 7 X 6 cm) was placed as a non-social stimulus

in one of the outer chambers, while a wired cage containing a conspecific was placed as

31



Material and methods

social stimulus in the other outer chamber. The experimental mouse was allowed to freely
explore both stimuli for 5 min.

e Novel social stimulus versus familiar mouse. The empty wired cage was replaced with a
similar one containing another conspecific, representing the novel social stimulus. The
experimental mouse was allowed to freely explore the known and the unknown conspecific

for 5 min.

Animal behavior was videotaped and analyzed by a trained observer blind to the treatment using the

BORIS software (http://www.boris.unito.it). As a measure of social preference, the amount of time

spent interacting with the social contact versus non-social contact was calculated. In addition, the
investigation time between the familiar and the novel mouse was measured and recognized as social
recognition. Other kind of behaviors such as rearing, self-grooming and stretched approaches were

also measured.

2.3. Elevated plus maze (EPM)

In order to address general anxiety-related behavior, mice were tested on the EPM as previously
described (Lister 1987; Menon et al. 2018). The maze consisted of two opened (6 x 30 x 0.2 cm, 100
Ix) and two closed (6 x 30 x 16 cm, 30 Ix) arms departing from a central and neutral area (6 x 6 cm)
at an elevation of 35 cm above the ground. The test started by placing the animal on the central area
facing a closed arm and allowed to freely explore the apparatus for 5 min. Animal behavior was
videotaped and analyzed by a trained observer blind to treatment using the lab-owned plus maze
DOS program. The number of entries and time in opened arms was an indicator of anxiety-related

behavior.

2.4. Forced swim test (FST)

Depressive-related behavior was tested on mice, by performing FST as previously described
(Porsolt et al. 1977; Slattery et al. 2012) with minor adaptations. The mouse was placed for 5 min in
an acryl glass cylinder (25 cm of diameter) filled with water at a temperature of 23 +/- 1 °C and.
Floating, swimming and struggling behavior was videotaped and analyzed by a trained observer blind
to treatment using the JWatcher program (V 1.0, Macquarie University and UCLA). Floating or
immobility was defined as the absence of active, escape-oriented behaviors such as struggling and

swimming. An increase in immobility time in this test indicates a depressive-like phenotype.
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3. Surgical procedures

All surgeries were preceded by a one-week habituation phase after the animal’s arrival. Surgery
was performed under isoflurane anesthesia (4% Isoflurane, Abbott Gmbh Germany) and semi-sterile
conditions (Toth et al. 2012; Menon et al. 2018). Mice received a subcutaneous injection of the
analgesic Buprenorphine (0.05 mg/kg, Buprenovet, Bayer, Germany). Thirty minutes later they were
positioned in a stereotactic frame (Kopf Instruments, Canada). To protect their eyes, an ophthalmic
ointment (Bepathen, Bayer, Germany) was applied. Local anesthesia was provided by lidocaine
application (Lidocaine hydrochloride 2%, Bela-pharm, Germany) on the top of the skull. All

coordinates used are based on the mouse brain atlas (Franklin and Paxinos 2019).

3.1. Cannula implantation

To perform local intracerebral drug infusion, guide cannulae (8§ mm long 23 G, Injecta Gmbh,
Germany) were stereotaxically implanted bilaterally 2 mm above the target LSc based on the
following coordinates: anterior-posterior (AP) +0.15 mm, medio-lateral (ML) £ 0.5 mm and dorso-
ventral (DV) -1.6 mm from the bregma, as adapted from previous research (Menon et al. 2018). The
cannulae were then fixed by using two stainless screws and dental cement (Kallocryl, Speiko-Dr.
Speier Gmbh, Germany) and closed with a stainless-steel stylet (27 G) to prevent infections by
contact with the external environment. After surgery mice were single housed and given at least five
days to recover, during which time they were handled (holding, cleaning of stylets) daily to habituate
them to the experimental procedure and minimize non-specific stress responses during the behavioral

testing.

3.2. Intracerebral microinfusions

To specifically knockdown OXTR mRNA in astrocytes of the LSc, an adeno-associated virus
(AAYV) expressed under the GFAP promoter, combined with short hairpin RNA (shRNA) and
mCherry fluoroprotein was used (AAV6-GFAP-Oxtr-mCherry-shRNA  constructs  (10'2),
VectorBuilder). Animals received either AAV6-GFAP::shRNA (shRNA) vector or a control vector
(scrRNA) (custom designed, VectorBuilder) microinfusions. The microinfusions were administered
using a 5-pl micropipette (VWR, Darmstadt, Germany, inner diameter of 0.3 mm), pulled to create
a long, narrow shank and calibrated so that 1-mm on a scale on the tubing corresponded to a volume
of ~ 70 nl. A total volume of 280 nl / hemisphere of the sShRNA or scrRNA vector was slowly infused
into the LSc at AP +0.15 mm, ML £0.5 mm and DV -3.2 mm from bregma by pressure infusion. To
ensure proper diffusion of the virus within the target area, the infusions were performed in two

different dorso-ventral positions: after the first infusion (AP +0.15 mm, ML £0.5 mm and DV -3.2
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mm from the bregma), the micropipette was kept in place for 2 min to guarantee appropriate
distribution. After that, the micropipette was kept for other 3 min at the second position (AP +0.15
mm, ML +0.5 mm and DV -2.9 mm from the bregma) to prevent the virus from diffusing to other
regions while removing the micropipette. The wound was sutured using sterile nylon material and
treated with Lidocaine (Lidocaine hydrochloride 2%, Bela-pharm, Germany). During the three-week
post-surgical period, male mice were kept single-housed to avoid fighting. Female mice were kept
single housed for 5 days to prevent injuries at the wound by grooming each other and to allow them
to recover. After this initial period, female mice were group-housed until the end of the three-week

post-surgical period. Behavioral experiments were performed three weeks after stereotaxic surgery.

4. Intracerebral infusions

4.1. L-AAA infusion

To determine the effect of the gliotoxin L-alpha-aminoadipic acid (L-AAA, Santa Cruz
Biotechnology sc-202200A) within the LSc on socio-emotional behaviors, two concentrations of L-
AAA (10 pg/ul and 25 pg/ul) were tested and adapted from previous studies (Banasr and Duman
2008; David et al. 2019). The stock solution of L-AAA (100 pg/ul) was prepared dissolving L-AAA
powder in phosphate-buffered saline (PBS, 10 x) solution, using alternating sonification and
vortexing steps. Once a homogenous solution was obtained, it was diluted by adding PBS (10x) to
the desired concentrations. Mice received either L-AAA infusions (10 pg/ul or 25ug/ul; 0.2
ul/hemisphere) or PBS as control (0.2 pl/hemisphere) for two consecutive days. The infusions were
performed by using an infusion cannula (27G, 10 mm long) inserted into the intracerebral guide
cannula, which was connected via a polyethylene tube to a Hamilton syringe (Hamilton Company,
Switzerland) to ensure the precise volume infusion. After the infusions, the cannula was kept in place
for ~ 30 s to ensure proper local substance diffusion. To assess the effects of L-AAA-induced

astrocytic structural depletion, behavioral tests were performed three days after the last infusion.

4.2. OXT infusion

To study OXT effects on astrocyte morphology in the LSc, an OXT dilution (5 ng/ 0.2 pl; Sigma
Aldrich O6379) was freshly prepared from concentrated stock solution on the same day of the
experiment, by adding sterile Ringer’s solution (0.9% NaCl, B. Braun, Melsungen AG, Germany).
Mice received bilateral infusions of either OXT (0.2 ul/hemisphere) or sterile Ringer’s solution as
control (0.2 pl/hemisphere), using the same infusion system already described above. 10 min after

the infusions, animals were anesthetized for subsequent perfusion and brain harvesting (see section

5.1.).
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5. Perfusion, tissue collection and slice preparation

5.1. Intracardial perfusion

Animals were anesthetized by intraperitoneal (ip) administration of a mixture of ketamine (10%
1 ml/kg, Medistar Arzneimitter GmbH, Germany) and xylazine (2%, 0.5 mL/kg, Serumwerk
Bernburg AG, Germany). Mice were then intracardially perfused using ice-cold 0.01 M phosphate
buffered saline (1x PBS) and 1x PBS supplemented with 4% PFA (Sigma Aldrich, Germany, pH
7.4) at a speed of 19 mL/min for 3 min. Brains were subsequently harvested and postfixed for 24 h
at 4 °C in 4% PFA solution, and cryoprotected in 30% sucrose in 1 x PBS for 48 h. Afterwards brains
were rapidly flash-frozen in N-methylbutane pre-cooled in dry ice and stored at -80 °C until further

analysis (see sections 6.4. for immunohistochemistry and 6.5. for RNA scope).

5.2. Snap frozen tissue

To analyze changes in protein or gene expression, animals were deeply anesthetized using CO,.
Afterwards their brains were rapidly removed, flash-frozen in N-methylbutane pre-cooled in dry ice
and stored at -80 °C. The brains were cryo-sliced in 300 pm-thickness coronal sections (Bregma
+0.38 to -1.82), from which micro punches from caudal septum and hippocampus were obtained
using a stainless-steel cannula (1 pm-diameter). These punches underwent different procedures
depending on the subsequent steps, either for protein expression analysis (see section 6.2.) or gene

expression analysis (see section 6.3.).

6. Molecular methods

6.1. Protein expression analysis

To study the SFC effects on astrocytic protein expression, male mice were sacrificed at a specific
time point after the last behavioral test (either 1.5 or 24 hrs after the last experiment) and the tissue

collection was performed as described above (see section 5.2.).

6.1.1. Protein extraction and quantification

The fresh brain tissue punches obtained were suspended in RIPA lysis buffer (Sigma Aldrich)
and incubated on ice for 45 min under regular vortexing. After a 20-min centrifugation (13200 g, 4
°C), the supernatant containing the protein lysate was then transferred into fresh tubes. Prior to further
characterization, the protein concentration was measured using a colorimetric BCA protein assay kit
(Pierce ™ BCA Protein Assay Kit, Thermo scientific) following the manufacturer’s instructions.
This consisted in preparing a standard curve with seven solutions with known protein concentrations
(2 pg — 0.025 Albumin) mixed with 200 pl of BCA solution. In parallel, 2 pl of protein lysate was
treated similarly. After 30-min of incubation at 37 °C, the resulting luminescent reaction was
photometrically measured at 570 nm using a Fluorescent reader (FLUOstar OPTIMA, BMG

Labtech). The values were the mean result of sample duplicates.
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6.2. SDS-PAGE and Western blot analysis

To assess protein expression, 25 pug of the protein sample were mixed with 4x Laemmli Buffer
(Table 6), then denatured at high temperature (either 70 °C for 15 min or at 95 °C for 5 min, for
detailed blotting protocols see Table 3). Ultimately, they were loaded onto 12.5% Criterion ™ TGX
Stain-Free ™ Gel (Bio-Rad, Germany) for electrophoretic separation at 70 V for 20 min, followed
by 1.5 h at 140 V. A pre-stained protein ladder (Fermentas Inc., Glen Bumie, USA) was used as a
marker to determine the size of the proteins. After electrophoresis, the gel was activated via UV-
induction, and the proteins were transferred onto a nitrocellulose membrane for 30 min using Trans-
Blot® Turbo™ Mini Nitrocellulose Transfer Packs (Bio-Rad). To measure the amount of total
protein, which represents the internal reference control during subsequent analysis, the membrane
was exposed for 2.5 min to UV-light using the ChemiDoc XRS+ Imager (Bio-Rad). Afterwards, the
membrane was blocked for 90 min at RT with an appropriate blocking solution, followed by
incubation with the primary antibody over night at 4 °C (see Table 3). Subsequently, the membrane
was washed three times in Tris-buffered saline with 0.1 % Tween-20 (TBS-T, pH 7.6) for 5 min to
remove unbound residues of the primary antibody and incubated for 30 min at RT with the secondary
antibody conjugated with horseradish peroxidase (see Table 3). After three additional washing steps
for 5 min in TBS-T, the membrane was incubated with the detection reagents Super Signal™ West
Dura Extended Duration Substrate (Thermo Fisher Scientific) or Clarity Max™ Western ECL
Substrate (for Cx30, Bio-Rad). Protein bands were then visualized via image acquisition using
ChemiDoc XRS+ System (Bio-Rad). All images were analyzed with Image Lab Software (Bio-Rad)
and the amount of the target protein was normalized to the respective amount of total protein. If
needed, the membrane was re-used to detect additional proteins. For this purpose, a Restore Western
Blot Stripping Buffer (#21059, Thermo Fisher Scientific) was applied to the membrane for 15-20
min to remove the primary-antibody complexes. The blot was then blocked in the appropriate

blocking solution for 30 min and subjected to the antibody staining protocol as described above.
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Table 3: List of antibodies with their respective application protocols used in immunoblotting

experiments.
Target Denaturation Blocking solution Primary AB Secondary AB
(1 h, RT) (0.n., 4 °C) (30 min, RT)
GFAP 95 °C for 5 min 5% BSA GFAP ¢s123895 Anti-rabbit IgG, 7074S
in TBS-T 1:2000 1:1000
5% BSA in TBS-T in TBS-T
Cx30 70 °C for 15 min 5% MP Cx30 Thermo 71-2200 Anti-rabbit IgG, 7074S
in TBS-T 1:250 1:1000
5% MP in TBS-T 2% MP in TBS-T
Cx43 70 °C for 15 min 5% BSA Cx43 ¢s35128 Anti-rabbit IgG, 7074S
in TBS-T 1:1000 1:1000
5% BSA in TBS-T in TBS-T
pCx43 95 °C for 5 min 5% BSA pCx43 cs35118 Anti-rabbit IgG, 7074S
in TBS-T 1:1000 1:1000
5% BSA in TBS-T in TBS-T
EAATI1 95 °C for 5 min 5% MP EAAT sc123895 mlgGxk, BP-HRP sc-516102
in TBS-T 1:400 1:1000
5% MP in TBS-T 2% MP in TBS-T
EAAT2 70 °C for 15 min 5% BSA EAAT2 s5c515839 mlgGxk, BP-HRP sc-516102
in TBS-T 1:10 000 1:1000
5% BSA in TBS-T in TBS-T

RT: room temperature; o.n.: over night.

6.3. Gene expression analysis
To quantify OXTR mRNA expression following the short harpin-induced knockdown (see 3.2),

mice were sacrificed, and brain tissue was collected following the above described protocol (see 5.2).

6.3.1. RNA isolation

Brain punches from the septum were collected in 1.5 ml Eppendorf tubes and maintained on
ice throughout the whole procedure to prevent RNA degradation. The tissue was lysed in 500 pul of
peqGold® TriFast (peqLab, Erlangen, Germany) and after homogenization, the lysate was mixed
with 100 pl of Chloroform. Next, the homogenous solution was centrifuged for 20 min at 17000g
and at 4 °C, the supernatant containing the RNA was collected, and the RNA was precipitated by
adding approximately 200 pul of isopropanol (45% of the final volume), before storing at -20 °C
overnight. After centrifugation (30 min at 17000g, 4 °C), the supernatant was discarded, and the
RNA pellet was washed twice with 500 pl of ice-cold 80% ethanol, while centrifugating for 15 min
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(17000g, at 4 °C) in between. Afterwards the pellet was dried for 5-10 min. The RNA was
resuspended in 7 pl of nuclease-free H,O and heated for 5 min at 70 °C (1000rpm) while shaking.
RNA quantity and quality were assessed at 260/280 nm and 230/260 nm, respectively, using a
NanoDrop spectrophotometer (Thermo Scientific, Waltham, USA), before the samples were utilized

for reverse transcription and PCR amplification of cDNA.

6.3.2. Reverse Transcription (RT)

To reversely transcribe mRNA into complementary deoxyribonucleic acid (cDNA), 300 ng of
mRNA sample was adjusted to a final volume of 20 pl with RNase-free H,O and mixed with 4 pl of
UltraScript Butter 5x (final concentration 1x, PCR Biosystem Inc., USA) and 1 pl of Random
Hexamers 100 uIM (final concentration 5 uM, PCR Biosystem Inc., USA). Tubes containing only
RNase-free H,O were used as negative control (-RT) to verify the absence of genomic DNA
contamination in the master mix. Following primer annealing for 2 min at 70 °C, 1 ul of each mix
reaction was removed into the negative control tubes (-RT), while 1 ul of UltraScript 2.0 (UltraScript
2.0 cDNA Synthesis Kit, PCR Biosynthesis Inc., USA) was added at the rest of the mix to reach a
final volume of 20 pl. All the samples were then incubated at 25 °C, 50 °C, 80 °C and 95°C for 10
min each using the Mastercycler® nexus X2 (Eppendorf, Wesseling-Berzdorf, Germany). The
cDNA was stored at -20 °C until further analysis.

6.3.3. Quantitative Polymerase Chain Reaction (QPCR)

To quantify the expression of Oxfr mRNA, the target primers were amplified by using the
quantitative polymerase chain reaction (qPCR) procedure. The dye SYBR Green (QuantiFast
SYBR® Green PCR Kit, Qiagen) was applied, which binds the double stranded DNA. During the
elongation phase of the PCR, the fluorescence emitted at 522 nm by the dye SYBR Green is
proportional to the amount of double-stranded DNA of the gene of interest. For each sample, 5 ul of
SYBR Green, 2 ul of the Oxtr forward and reverse primers (see Table 4, Metabion, Germany), 2 ul
of RNase-free H,O were added per well, in a 96-well plate. Additionally, 2 ul of the respective cDNA
sample (previously diluted 1:3 in RNase-free H,O) were added in triplicates. To ensure the absence
of contamination, RNase-free H,O was added instead of ¢cDNA as a negative control. The
housekeeping gene Gapdh served as internal control for further quantification of the gene of interest.
The plates were sealed using a clear foil, centrifuged for 1 min a 1000g and incubated for the gPCR
cycle (see Table 5) using the QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific).
Only the detection of a single peak was considered, as the presence of multiple melting points

indicates amplification of non-specific products.
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Table 4: Primer sequences used for the quantification of targeted genes in mouse used in PCR
experiments.

Gene Forward Primer Reverse Primer Product length (bp)
Oxtr CTGGAGTGTCGAGTT GGACC AGCCAGGAACAGAAT GAGGC 136
Gpadh TGATGACATCAAGAA GGTGG CATTGTCATACCAGG AAA TGAG 185

Table 5: Cycler program used in qPCR experiments.

Step Description Temperature Time Cycles
1 Activation 95°C 5 min x 1
2 Denaturation 95 °C 3 sec
x 60
3 Elongation 60 °C 30 sec
4 Cooling 0 - -

6.4. Immunohistochemistry

To study morphological changes in astrocytes, brains were cut in 40 pm-thickness coronal slices
using a Cryostat (CM3000, Leica, Germany), focusing on slices containing the brain regions of
interest, LS and HIP (Bregma +1.18 to -1.82). The slices were preserved in a cryopreservation
solution (see Table 6) at -20 °C until further analysis. For immunohistochemistry, brain slices were
then washed three times in 1 x PBS for 20 min each and blocked in 1x PBS containing 5% normal
goat serum (NGS, Vector Laboratories) and 0.5% TritonX-100 for 1 h at room temperature (RT).
Afterwards slices were incubated for 48 h at 4°C with primary antibody diluted in blocking solution
(see Table 1). After 3 washes with 1x PBS, the slices were incubated for 2 h at RT with the
appropriate secondary antibody (see Table 1), which was diluted in 1x PBS. Ultimately the brain
slices were mounted on SuperFrost slides using Roti® Mount FluorCare DAPI (Carl Roth, Germany)

and allowed to dry before being imaged (see section 7.1.).
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Table 1: List of primary antibodies with their respective dilutions and secondary antibodies used in
the immunohistochemistry and experiments.

Primary Antibody Secondary Antibody
GFAP Cell Signaling D1F4Q XP (1:200) goat-anti rabbit Alexa Fluor 488 (1:1000)
GFAP Sigma G3893 (1:500) goat-anti mouse Alexa Fluor 594 (1:1000)
cFos sc-52 (1:10 000) goat-anti rabbit Alexa Fluor 488 (1:1000)
cFos abcam 190289 (1:1000) goat-anti rabbit Alexa Fluor 488 (1:1000)

6.5. RNA scope

To visualize single OXTR RNA molecules in the LS, an in situ hybridization method known as
RNAscope was employed. RNA scope was performed according to the protocol described in
(Althammer et al. 2022a), using the RNAscope Multiplex Fluorescent V2 kit, Advanced Cell
Diagnostic, Acdbio) Briefly, tissue collection was conducted as outlined above (see 5.1.) and brain
slices were cryo-sectioned into 20 um-thick coronal slices (Bregma +1.18 to -0.10). Free-floating
brain slices were initially treated with H,O, for 10 min at RT, followed by three washed in 1x PBS
(pH 7.4), and mounted on Superfrost Plus slides (AB00000112E01MNZ50, Thermofisher Scientific,
Germany). A hydrophobic barrier was created around the slice using a PAP pen, and the sections
were dehydrated in 100% ethanol before letting them air-dry. Slices were then permeabilized by
incubating for 20 min at RT with Protease III (Acdbio), followed by three washes with dH,O. The
sections were then incubated with the OXTR probe (483671-C3) for 2 h at 40 °C. After hybridization,
sections were washed twice for 2 min with RNAscope Wash Buffer (Acdbio) and subsequently
incubated with Amp-1 and then Amp-2 (Amplification solution, Acdbio) for 30 min each at 40 °C,
followed by an incubation with Amp-3 for 15 min at 40 °C. Each of these steps were preceded by 2
washing steps with RNAscope Wash Buffer. OXTR mRNA signal was then developed by incubating
the sections with TSA Plus Fluorophore Cy3 (1:1000; FP1168, Perkin Elmer) for 30 min at 40 °C.
After blocking with horseradish peroxidase (HRP, Acdbio) for 15 min at 40°C, the sections were
washed three times in dH,O for 2 min before proceeding with the immunohistochemical staining.
Similarly, to the procedure described above (see 6.1.), sections were blocked for 1 h with the blocking
solution (5% NGS, 0.5% Triton in 1x PBS), before being incubated for 48 h at 4 °C with primary
antibodies diluted in blocking solution (Table 2), targeting astrocytic and neuronal marker
(GFAP/S100b and NeuN, respectively). After three washing steps with 1x PBS, the sections were
incubated for 1 h at RT with secondary antibodies diluted in 1x PBS (see Table 2). Following three
final washing steps, slices were mounted with Roti-Mount DAPI and air-dried before being subjected

to image acquisition (see section 7.3.)
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Table 2: List of primary antibodies with their respective dilutions and secondary antibodies used in
the immunohistochemical experiment combined with the RNAscope.

Primary Antibody Secondary Antibody
GFAP Sigma G3893 (1:500) goat-anti mouse Alexa Fluor 488 (1:1000)
S100 beta Sigma S2532 (1:1000) goat-anti mouse Alexa Fluor 488 (1:1000)
NeuN MAB 377 (1:500) goat-anti rabbit Alexa Fluor 647 (1:1000)

7. Image analysis
To ensure consistency during analysis, both microscopy settings as well as image analysis were

maintained identical within each experiment.

7.1. Morphological analysis of astrocytes

To analyze morphological changes in astrocytes induced by SFC, brain slices from the region of
interest were stained for GFAP and DAPI as described above (see 6.4.). Pictures were acquired using
a confocal laser scanning microscope (CLSM, Zeiss LSM 980 Airyscan, Germany). To ensure
capturing the entire astrocytic structure, three z-sections (each 30 pm-thick, with a 0.5 um/z section
interval, and acquired at 1024x1024 resolution using a 63x objective) were taken per animal for both
LS and HIP (CA1) brain regions. These images were then analyzed using ImageJ software (Version
1.53¢). First, the 3D stack was “flattened” through Z-projection at max intensity to emphasize details
within the stacks. A merged channel with GFAP and DAPI was generated to facilitate visualization
of the astrocyte soma. Finally, three parameters were analyzed: the number of primary processes, the

length of the longest process and the area covered by each astrocyte (see Figure 8).
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Figure 8. Analysis of astrocyte morphology with GFAP and DAPI staining. Confocal images of astrocytes from the
lateral septum (LS) of either social fear conditioned (SFC+) or unconditioned (SFC-) mice are taken containing GFAP
(green) and DAPI (blue), which label respectively the astrocyte cytoskeleton and nucleus (4, B, C). Using ImageJ, astrocyte
morphology is analyzed (D, E) by counting the number of primary processes (number in yellow), measure the length of the
longest process (orange) and the area covered by each astrocyte (red). Scale bar = 20 um.

7.2. Immunofluorescence intensity measurements

To assess changes in the astrocyte structure in response to L-AAA-induced decreased functional
activity (see section 4.1.), brain slices of the LS from animals injected with L-AAA were stained for
GFAP and DAPI as described previously (see section 6.4.). Images of LS were acquired using a
confocal laser scanning microscope (CLSM, Zeiss LSM 980 Airyscan, Germany), similarly as
described above (see 6.5.1): three z-sections (each 30 pum-thick, with a 0.5 pm/z section interval, and
acquired at 1024x1024 resolution with a 40x objective) were taken per animal. Using Imagel
(Version 1.53c), a sum z-projection was generated followed by background subtraction. Next, a
square region of interest (ROI) measuring 600 um was selected and analyzed for fluorescence
intensity within it. Due to the tissue quality around the infusion site, the ROI was deliberately chosen

adjacent to it.
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7.3. Analysis of colocalization analysis of cFos, OXTR mRNA and GFAP

To determine the degree of overlap between astrocytes and cFos or OXTR mRNA in astrocytes,
pictures from brain slices treated for immunohistochemistry and RNAscope (see sections 6.4. and
6.5.) were captured using a confocal laser scanning microscope (CLSM, Zeiss LSM 980 Airyscan,
Germany; for details see section 7.3.). Finally, the number of colocalized cFos-GFAP™ cells or OXTR
mRNA'--GFAP/S100B" and -NeuN" cells was manually counted to determine the colocalization of

the astrocytic marker and the target molecules.

8. Calcium imaging of LS astrocytes following social fear acquisition in male and

female mice

This experiment was performed at the University of Strasbourg in collaboration with Dr.
Alexandre Charlet (INCI, Institut des Neurosciences Cellulaires et Intégratives, Strasbourg, France)
providing calcium imaging material and expertise, and Prof. Dr. Inga Neumann (University of
Regensburg, Germany) providing behavioral expertise for this project. Experiments were carried out
by Laura Boi as part of her doctoral thesis, with the support of Dr. Kay-Yi Wang and Clémence
Denis (INCI, Institut des Neurosciences Cellulaires et Intégratives, France). Detailed contributions

are stated below.

Contributions to the project by Laura Boi:
e Design and execution of behavioral experiment
e Slice preparation and ex-vivo calcium imaging
e Quantification and statistical analysis

e Preparation of final figures and data interpretation of all results shown in this thesis

Contributions to the project by Dr. Kai-Yi Wang;:

e Perfusion of mouse brains

Contributions to the project by Clémence Denis:
e Ex-vivo calcium imaging: teaching and support

e Data processing

8.1. Animals and husbandry

CD1 male and female mice (5-6 weeks old) were kept group-housed under standard conditions
with food and water ad libitum on a 12-h light/dark cycle for two weeks before the start of the
experiment. All experiments were conducted in accordance with European Union rules and

approbation from the French Ministry of Research.
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8.2. Social fear acquisition

The social fear acquisition protocol was performed as previously described (see 2.1.) with minor

adaptations:

e In accordance with the animal license approbated at the local institution, mice were kept
group-housed until the day of the social fear acquisition.
e The conditioning chamber consisted of a transparent perspex box with a stainless-steel grid

floor, measuring 25 x 25 x 25. Behavior was monitored by using the ANY-maze software.

8.3. Perfusion, slice preparation and dye loading

All the following steps were conducted as described in (Baudon et al. 2022). 10 min after social
fear acquisition, mice were anesthetized with an ip injection of ketamine (400mg/kg) and xylazine
(80mg/kg). Intracardiac perfusion was then performed by ice-cold NMDG-based artificial
cerebrospinal fluid (aCSF) solution (Table 6), oxygenated with carbogen (95% O,/ 5% CO»),
condition kept for the whole procedure of perfusion, dissection, and slice preparation. After
decapitation, the brain was removed and prepared to be mounted in the vibratome, to obtain 350 pm-
thick horizontal or frontal slices containing the region of interest, i.e. LS. The whole procedure
(perfusion, dissection, and slicing) was conducted in the same ice-cold oxygenated NMDG-based
aCSF solution.

Six slices containing the LS were transferred into a chamber filled with carbogen-oxygenated
aCSF solution and let them recover at RT for 1 h. Then, slices were incubated for 20 min at 37 °C in
10 ml of carbogen-oxygenated aCSF containing 10ul of SR101 (1uM, Sulforhodamine 101, Merck).
After the incubation period, slices were gently moved to a 3 ml carbogen-oxygenated aCSF solution
and 6 pl of OGB1-AM (Oregon Green 488 BAPTA-1, AM, Thermo Fisher Scientific) solubilized
into PF-127 and Cremophor (Table 6) was loaded directly onto the region of interest to ensure of
reaching an optimal dye concentration and kept it in incubation at 37 °C for 1 h. All slices were
maintained in the same orientation so that both SR101 and OGB1-AM were loaded on the same side.
After the incubation period, slices were washed at RT for 1 h in a recovery chamber filled with

carbogen-oxygenated aCSF solution, before any recording was performed.

8.4. Calcium imaging and identification of astrocytes

To perform astrocyte calcium imaging a confocal microscope (Zeiss Axio Examiner) was used
with a 40x water immersion objective. The brain slice was placed into an aCSF filled recording
chamber connected to a peristaltic pump to ensure a continuous flow of oxygenated aCSF (~
2ml/min) and hold in place with a harp. The region of interest was identified using a 4x objective
and visualized with the uEye cockpit software. To identify SR101/OGB1-labeled astrocytes, the

MetaFluor software was used and the following parameters were applied to illuminate the cells: 20ms
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at 575nm for SR101 and 80ms at 475ms for OGB1 (2Hz, 500ms interval between acquisitions with
a spinning disk pinhole diameter and rotation speed of 70um and 15.000rpm respectively). The
picture was acquired using a 40x water-immersion objective and after 5 min of registration TGOT 1

nM (OXTR agonist) was bath applied for 20s, and the kept recording for another 10 min.

8.5. Quantification and statistical analysis

Astrocytic calcium levels were assessed using the ImageJ software. A region of interest (ROI)
including the cell body of SR101/0GBI1-labeled astrocytes was hand-drawn and the fluorescence
intensity for each ROI was measured for both SR101 and OGBI1 channel. The result data were saved
in an Excel file for further data analysis, which was performed using a custom-written Python-based

script (available in the following resource section https://github.com/AngelBaudon/Canal.git). Since

changes in fluorescence signals corresponded to variations of intracellular calcium levels, calcium
peaks were detected whenever the fluorescence exceeded a certain threshold (for more details see
(Baudon et al. 2022). The number of calcium transient (frequency) and the amplitude (area under the
curve, AUC) of calcium peaks was quantified before (baseline, first Smin of the recording) and after
TGOT (an OXT agonist) application (final 10min of the recording). Astrocytes were considered
“responsive” to TGOT when the frequency or the AUC increased by 20% after TGOT exposure.
However, considering that all data were normalized based on the duration of the recording and that
TGOT application period was longer than the baseline (10min vs 5 min), astrocytes with only one

peak in the whole recording were not considered “responsive”.

9. Buffer and solutions

All the components used for the preparation of buffer and solution are listed in table 6 below.
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Table 6: List of buffers and solutions with their respective applications

Buffer Composition Application
10x PBS 0.1 M 80 g NaCl, 2 g KCl, 14.4 g Na,HPO,, 2.4 g KH,PO,, dH,0; pH 7.4 L-AAA dilution
an
1IxPBS0.01 M (11) 100 ml 10x PBS, dH,O; pH 7.4 Perfusion, [HC
4% PFA in 1x PBS 80 g para-Formaldehyd (PFA), 1x PBS; pH 7.4 Perfusion
3y
Cryoprotection 150 ml Glycerol, 150 ml Ethylenglycol, 200 ml 1x PBS IHC
solution
4x Laemmli Buffer 2,4 ml IM TRIS (pH 6.8), 0.8 g SDS, 4 ml Glycerol, 0.01% Bromphenol Blue, Western Blot
(LB) 1ml B-Mercaptoethanol, 2.8 ml dH,O; pH 6.8
10x Electrophoresis 30.3 g TRIS, 144.1 g Glycin, 10g SDS, dH,O Western Blot
Buffer (11)
10x Transfer Buffer 288 g Glycin, 60.4 g TRIS, dH,O; pH 8.3 Western Blot
@D
10x TBS (1 1) 61 g TRIS, 80 g NaCl, dH,O; pH 7.6 Western Blot

1x TBS-T (10 1)

1110x TBS, 10 ml TWEEN, 9 1 dH,O

Western Blot

NMDG-based

solution

90.7773 g NMGD, 0.9319 g KCl, 0.8625 g NaH,PO,, 12.6015 g NaHCO;,
23.8310 g HEPES, 22.5250 g D-Glucose, 4.4030 g L-Ascorbic acid, 0.7612 g
Thiourea, 1.6506 g Sodium Pyruvate, 8.1595 g N-acetyl-L-Cysteine, 2.3646 g

Kynurenic acid, 12.324 g MgSO, 0.3675 g CaCl,, 51dH,0; pH 7.3-7.4

Calcium imaging
(Perfusion and

slice preparation)

aCSF solution

7.2416 g NaCl, 0.1864 g KCl, 0.1725 g NaH,PO,, 2.1843 g NaHCO;3, 2.7030 g D-
Glucose, 0.493 g MgS0,, 0.294 g CaCl,, 1 1 dH,0; pH 7.3-7.4

Calcium imaging

SR 101
(Sulforhodamine

101)

10 pl SR101 (Merck) in 20 ml of aCSF

Calcium imaging

OGB1-AM
(Oregon Green 488
BAPTA-1, AM)

2 ul PF-127 (20% in DMSO), 8 ul of Cremophor EL (0.5% in DMSO) in the
OGB1-AM vial (Thermo Fisher Scientific, cat#06807)

Calcium imaging

TGOT (1 nM)

20 pl TGOT in 20 ml of aCSF

Calcium imaging
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10. Statistical analysis and figures

For statistical analysis SPSS (Version 26.0, IBM Corp., USA) was used except for calcium
imaging when GraphPad was used. Data were visualized using GraphPad Prism (Version 8, Graph
Pad Software, San Diego, USA).
Particularly, for data analysis involving one factor and two groups, the independent t-Test was used
or Mann-Whitney if the data were not normally distributed (factor SFC, factor sex, factor treatment,
or factor brain region). When comparing more than two groups, the analysis of variance (ANOVA)
was conducted, using one-way ANOVA for comparing more than two groups, with one factor (factor
sex, or factor brain region), or mixed model ANOVA when assessing two factors over two or more
time points (factor treatment x SFC x time, in SFC extinction and recall). Kruskall-Wallis or Geisser-
Greenhouse correction were applied when sphericity was violated.
For the calcium imaging experiment GraphPad Prism was used for both statistical analysis and
depiction of the pictures. Paired or unpaired t-test was conducted (if the data were not normally
distributed Wilcoxon or Mann-Whitney was applied). Values of the post hoc are reported in the body
text, while other values, group compositions, and statistical tests are detailed in separated tables for
each experiment. Statistical significance was accepted at p < 0.05, while a trend was recognized at p
<0.07. Data are represented as the mean + standard error of the mean (SEM).
All illustrations were generated using BioRender.com, while figures were created with Affinity

Designer (https://affinity.serif.com/en-us/designer/), unless otherwise stated.
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11. Experimental design
For a better understanding, the following section provide a short explanation of the experiments of

this thesis.

11.1. Characterization of GFAP* and OXTR" astrocytes within the LS in male, female and
lactating mice

Understanding the spatial distribution of astrocytes and OXTR" astrocyte in relation to neuronal
population in the LS can provide insights into the functional organization of this brain region. To
achieve this, a colocalization analysis was conducted to examine the distribution of GFAP- and
S100B-expressing (GFAP/S100p *) astrocytes and OXTR" astrocytes and neurons across the rostral-
caudal and dorsal-ventral axis in the LS. Perfused brains from 3 adult male, virgin female and
lactating mice were coronally cryosectioned at 20 pum, targeting the LSr (Bregma +1.1 — + 0.50
mm) and the LSc (Bregma +0.50 — - 0.10 mm). For each subdivision (rostral and caudal) three slices
were collected, and images were taken from both the dorsal and ventral parts of each slice (Figure
9). Images were acquired at 20x magnification using a confocal laser scanning microscope (CLSM,
Zeiss LSM 980 Airyscan, Germany). Co-localization was manually analyzed as follows: cells
expressing GFAP and S1000p3 marker were identified as astrocytes, NeuN-expressing (NeuN") cells
were identified as neurons, while nuclei with more than three OXTR mRNA dots were counted as

OXTR".

< \

“‘\ p LSr: Bregma 1.10-0.50 \ - —
LSc: Bregma 0.50 - (-)0.10 LScdorsal |
- e // \ / N i LSc ventral| /
~= T e -/

Figure 9. Experimental design to evaluate astrocyte and astrocytes expressing oxytocin receptor (OXTR) mRNA
distribution along the lateral septum (LS) in male, female and lactating mice. A) lllustration of the whole sampled area,
with yellow representing the rostral part of the LS (LSr), and green representing the caudal part of the LS (LSc). Three
slices for each part of the LS were collected. B) Image from the dorsal and ventral part was acquired of each single slice.

11.2. Effects of social fear acquisition and extinction on astrocytes

Considering the emerging role of astrocyte in socio-emotional behaviors and learning processes, I
aimed to analyze the astrocyte responses to the social fear acquisition and extinction phases of SFC
paradigm in male mice. Brains from different cohorts of male mice were collected at either 90 min

(Figure 10a) or 24 hrs (Figure 10b) after social fear acquisition, or 90 min after social fear extinction
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(Figure 10c). For all experiments, changes in astrocyte morphology and astrocytic protein expression
were analyzed in both the HIP and LS.

Additionally, I investigated whether social fear acquisition induced differential changes in astrocyte
morphology in virgin female and lactating mice (Figure 10d). To assess morphology, brains were

collected 90 min after exposure to social fear acquisition.
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' / 3 min . 24 hours
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Figure 10. Experimental timeline to evaluate the effects of the Social Fear Conditioning (SFC) paradigm on astrocytes
in male, female and lactating mice. A) Experiment timeline to determine the effects of social fear acquisition on astrocytes
in male mice. Brains were collected 90 min after social fear acquisition for molecular analysis. B) Experiment timeline to
evaluate effects of social fear acquisition on astrocytes in male mice. Brains were collected 24 hrs after social fear
acquisition for molecular analysis. C) Experiment timeline to evaluate effects of social fear extinction on astrocytes in male
mice. Brains were collected 90 min after social fear extinction for molecular analysis. For all experiments (4, B, C),
changes in astrocytic morphology and protein levels were analyzed in the hippocampus and the lateral septum (LS). D)
Experiment timeline to evaluate effects of social fear acquisition on astrocytes in virgin female and lactating mice. Brains
were collected 90 min after social fear acquisition for morphological analysis in the LS.
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11.3. Contribution of LS astrocytes to socio-emotional behaviors

Due to the emerging involvement of astrocytes in emotional behaviors, I aimed to investigate the
involvement of astrocyte within the LS in regulating socio-emotional behaviors. To achieve this, a
gliotoxin (L-AAA) was administered 3 days prior behavioral testing. Specifically, male mice
underwent surgery for the bilateral implantation of a guide cannula targeting the LSc. After 7 days
of recovery and daily handling, they were locally infused with either L-AAA (10 pg/ul or 25pg/pl;
0.2 pl/hemisphere) or Veh (PBS, 0.2 ul/hemisphere). Three days after the infusion, to allow for
proper L-AAA-induced astrocytic structure depletion, mice were then tested for anxiety- and
depressive-like behaviors using SPT, EPM and FST (Figure 11a). Subsequently, brains were

collected to assess astrocyte impairment by measuring GFAP fluorescence.

To further investigate the involvement of astrocytes in SFC-induced social behaviors, L-AAA-
induced astrocytic structure depletion was tested in the SFC paradigm in male and female mice.
Seven days after bilateral cannula implantation, animals received either L-AAA (10 pg/pl or
25pg/ul; 0.2 pl/hemisphere) or Veh (PBS, 0.2 pl/hemisphere) into the LSc. Three days after the
infusion, animals were exposed to the SFC paradigm (Figure 11b). Social investigation and vigilance
behavior were monitored during social fear extinction training and recall phases. Afterwards, animals

were euthanized, and their brains were infused with ink to verify the infusion site.
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Figure 11. Experimental timeline to evaluate L-AAA-induced astrocytic dysfunction on socio-emotional behaviors. 4)
Male mice recovered from surgery for 7 days before being infused with either L-AAA or PBS as vehicle. Three days after
the infusion, animals were tested for anxiety- and depressive-like behaviors for three consecutive days: social preference
test (SPT), elevated plus maze test (EPM) and forced swim test (FST). At the end brains were collected to be processed for
Sfurther molecular analysis. B) Experimental timeline to evaluate L-AAA-induced astrocytic dysfunction on Social Fear
Conditioning (SFC) paradigm in male and female mice. Animals recovered from surgery for 7 days before being infused
with either L-AAA or PBS as vehicle. Three days after the infusion, animals were exposed to the SFC paradigm (acquisition,
extinction, and recall). At the end of the experiment, postmortem, mice were infused with ink to verify the infusion site.
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11.4. Effects of social fear acquisition on astrocytic Ca’* activity in the LS in male and female

mice

To assess the impact of synthetic OXT on astrocytic activity in the LS following SFC, I measured
astrocytic Ca*" activity ex vivo in the LS of male and female mice after social fear acquisition (Figure
12a). Brains were harvested 10 min after social fear acquisition, and slices containing the LS were
prepared for Ca’" imaging. Using a confocal microscope (Zeiss Axio Examiner), Ca*" transients in
LS astrocytes were visualized (Figure 12b). Measurements of basal astrocytic Ca*" activity were
recorded for 5 min, followed by a 20s application of TGOT and an additional 10 min of recording
(Figure 12¢). The number of Ca** transient (frequency) and their amplitude (AUC) were quantified
as indicator of Ca®" activity in LS astrocytes. Astrocytes were considered “responsive” to TGOT if
either the frequency or the AUC of Ca?* peaks increased by 20% following TGOT exposure (Baudon
et al. 2022) (see section 8.5. for details).
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Figure 12. Experimental design of social fear acquisition effects on astrocytic Ca** activity in the LS. A) Experimental
timeline of calcium imaging experiment following social fear conditioning. B) Stacked picture of OGBI (Ca’ marker)
staining (left), SR101, astrocytic marker (vight) and the merge of both markers (below). Scale bar = 50 um. C) Illustration
showing traces of OGBI fluorescence over time on OGB1-loaded astrocytes. The turquoise bar represents the application
of TGOT (1 nM, 20s duration). The recording preceding the turquoise bar display basal astrocytic Ca*" activity, while
recording after the turquoise bar show astrocytic Ca®* activity in response to TGOT.
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11.5. OXT effects on LS astrocyte morphology and the involvement of astrocytic OXTR
signaling in the SFC paradigm

To further investigate OXT effects on astrocyte function, I focused on analyzing OXT influence on
astrocyte morphology in the LSc of male mice (Figure 13a). Mice underwent to cannula implantation
in the LSc and after recovery period of 7 days and daily handling, they received an infusion of either
OXT (5 ng/0.2 pl/hemisphere) or Veh (PBS, 0.2 pl/hemisphere) infusions into the LSc (Figure 13a).

Brains were then collected to assess changes in astrocyte morphology (see section 7.1. for details).

Additionally, considering the prosocial effects of OXT during social fear extinction, I aimed to
determine whether these effects were mediated via astrocytic OXTR signaling in the LS. To this end,
I downregulated the expression of astrocytic OXTR mRNA by locally infusing a viral vector
combined with short harpin (shRNA), expressed under the GFAP promoter (AAV6-GFAP-Oxtr-
mCherry-shRNA) in both male and female mice. Mice received bilateral microinfusions of either
AAV6-GFAP::shRNA or a vector control (280 nl / hemisphere) into the LSc. Three weeks post-
transfection, mice were exposed to the SFC paradigm (Figure 13b). To evaluate the effects of
astrocytic OXTR knockdown on social behavior during the SFC paradigm, social investigation and
vigilance behavior were monitored throughout the social fear extinction training and recall phases.
Following these behavioral tests, brains were collected to measure the OXTR mRNA Ievels in the

LSc (see section 6.3 for details).
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Figure 13. Experimental design to assess OXT effects on LS astrocytes and astrocytic OXT signaling in the Social Fear
Conditioning (SFC) paradigm. A) To assess OXT effects on astrocyte morphology male mice underwent to bilateral
cannula implantation in the LSc. After 7 days of recovery, mice received either OXT (5 ng/0.2 ul/hemisphere) or PBS
(vehicle, 0.2 ul/hemisphere) in the LSc via cannula infusion. 10 min after the infusion, brains were collected to OXT effects
on LSc astrocytic morphology in male mice. B) Effect of astrocytic Oxtr knockdown on SFC paradigm in both male and
female mice. Mice received either AAV6-GFAP-Oxtr-mCherry-shRNA or a vector control (280 nl / hemisphere)
microinfusion in the LSc. 3 weeks post-transfection, animals were exposed to the SFC paradigm (acquisition, extinction,
and recall). Brains were collected afterwards to analyze Oxtr mRNA levels.
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1. Characterization of LS astrocytes in male, virgin female and lactating mice
Although astrocyte expression in the LS of male and female mice has been recently reported
(Althammer et al. 2022c), further investigation of the distribution and characterization along the LS
is needed. Considering the neurochemical and functional heterogeneity described along this brain
region (Wirtshafter and Wilson 2021), a detailed description of astrocyte distribution along the
rostral-caudal and dorsal-ventral axes of the LS would be essential beneficial for a better

understanding of their functionality.

A peculiar distribution pattern of astrocytes was found in the LS of male, virgin female and
lactating mice. To investigate whether astrocyte expression varies along the LS, I performed a
detailed analysis targeting and counting GFAP/S100B" cells along both the rostral-caudal and
dorsal-ventral axes in the LS. Additionally, NeuN" cells were counted in the same condition to gain
insights into the astrocyte-neuronal ratio across different LS subdivisions (see sections 7.3. and

11.1.).

1.1. Distribution of GFAP" astrocytes and OXTR mRNA™ astrocytes expression along the
LS in male mice

In male mice (Figure 14), analysis along the rostral-caudal axis revealed that the number of
GFAP" cells is significantly higher in the LSc compared to the LSr (p = 0.039, Figure 14B).
Furthermore, in the dorsal-ventral axis, GFAP" cells were more abundant in the LSd compared to the
LSv in the LSr (p = 0.037, Figure 14D), while a trend toward increased GFAP" cells was observed
in the LSc (p = 0.054; Figure H), it did not reach statistical significance. Regarding the analysis of
astrocyte-neuron ratio, I found that astrocytes constitute a smaller proportion of the total cellular
population compared to neurons (NeuN" cells) similarly across the LS (Figure 14E, I).
Similarly, the number of astrocytes expressing OXTR mRNA displayed a region-specific
distribution, with a higher percentage of the OXTR mRNA" astrocytes in the LSc compared to the
LSr (p <0.001, Figure 14C). However, the percentage of OXTR mRNA" astrocytes remained low
and consistent between the LSd and LSv in both LSr (Figure 14F) and LSc (Figure 14J). Interestingly,
the analysis of the OXTR mRNA astrocyte-neuron ratio revealed that astrocytes expressing OXTR
mRNA constitute a smaller population compared to neurons expressing OXTR mRNA, although this
ratio was higher in the LSc compared to the LSr (5.7% vs 0.2%; Figure 14K and 14G).
Overall, these results indicate a region-specific distribution of astrocytes and astrocytes that express

OXTR mRNA within the LS of male mice, with higher astrocytic presence in the caudal and dorsal
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subdivisions of the LS. This differential distribution could suggest adapting functional roles for

astrocytes across the different regions of the LS.
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Figure 14. Expression of glial fibrillary acidic proteins expressing (GFAP*) cells and oxytocin receptor expressing
(OXTR") cells along the LS in male mice. A) Representative image from the LS showing in situ hybridization of mRNA
targeting OXTR (red) and immunohistochemistry targeting GFAP/S100f3 (green), NeuN (grey) and a DAPI nuclear
counterstain (blue). Scale bar 20 um. B) Number of GFAP™" cells in the rostral LS (LSr) and caudal LS (LSc). C) Percentage
of OXTR" astrocytes in the LSr and LSc. D) Number of GFAP™ cells in the dorsal LSr and ventral LSr. E) Percentage of
GFAP* cells compared to NeuN+ in the LSr. F). Percentage of OXTR" astrocytes in the dorsal LSr and ventral LSr. G)
Percentage of OXTR" astrocytes compared to OXTR™ neurons in the LSr. H) Number of GFAP* cells in the dorsal LSc
and ventral LSc. E) Percentage of GFAP" cells compared to NeuN+ in the LSc. F). Percentage of OXTR" astrocytes in the
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dorsal LSc and ventral LSc. G) Percentage of OXTR" astrocytes compared to OXTR+ neurons in the LSc. n = animal
number. Data represents means = SEM. ***p < 0.001, *p < 0.05, (*) p < 0.07. For detailed statistics analysis see Table7.

Table 7: Statistics of the astrocyte distribution and OXTR mRNA expression along the LS in male mice (Figure
14). Factor region represents LSr vs LSc; factor subregion represents LSd vs LSv.

GFAP* cells in males Independent T-Test, Mann-Whitney-U Test Figure B, D, H
Region t4=-3.027 p=10.039
Subregion - LSr U=0.000 p=10.037
Subregion - LSc t4=2.708 p=0.054
OXTR mRNA" Independent T-Test, Mann-Whitney-U Test Figure C, F, J
Region t4=-7.773 p=0.001
Subregion - LSr U=3 p=0.317
Subregion - LSc t4 =0.321 p=0.764

1.2. Distribution of GFAP" astrocytes and OXTR" astrocytes expression along the LS in

virgin female mice

Similar to the findings in males, analysis along the rostral-caudal axis in virgin female mice
(Figure 15) revealed that the number of GFAP" cells is higher in the LSc compared to the LSr (p =
0.019; Figure 15A). Furthermore, in the dorsal-ventral axis, GFAP" cells were more abundant in the
LSd compared to the LSv within the LSr (p = 0.037, Figure 15E). However, in the LSc, the
distribution of GFAP" was more homogenous between the dorsal and ventral part (Figure 15I).
Additionally, analysis of the astrocyte-neuron ratio revealed a smaller astrocytic population
compared to neuronal population of about 18% in the LSc (Figurel5F) and of 12% in the LSr (Figure
15J). Interestingly, when comparing GFAP" cells in the LSc, virgin females exhibited a higher
expression in number of astrocytes compared to males (p = 0.018, Figure 15B).

In contrast to males, the presence of OXTR mRNA™ astrocytes in virgin females showed a more
uniform distribution along both the rostral-caudal (Figure 15C) and dorsal-ventral axes (Figure 15G
and 15K). Consistent with the findings of the general astrocyte-neuron ratio, OXTR mRNA™"
astrocytes constituted a smaller population compared to OXTR mRNA™ neurons overall. However,
this proportion was higher in the LSc compared to the LSr (20% vs 13%, Figure 15L and 15H).
Notably, the comparison of OXTR mRNA™ astrocytes between males and virgin female revealed
that, similarly to the GFAP" cells, virgin females had a higher expression of OXTR mRNA"
astrocytes in the LSc compared to males (p = 0.001, Figure 15D).

Overall, these results indicate a region-specific distribution of astrocytes within the LS of female
mice, with higher astrocytic presence in the LSc. However, unlike males, the expression of OXTR

mRNA" astrocytes was more uniform homogenous across the LS. The observed sex differences in
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both astrocyte distribution and OXTR mRNA" astrocyte expression, with higher levels in females,

suggest potential functional differences between sexes in this region.
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Figure 15. Expression of glial fibrillary acidic proteins expressing (GFAP*) cells and oxytocin receptor expressing
(OXTR") cells along the LS in female mice. A) Number of GFAP™ cells in the rostral LS (LSr) and caudal LS (LSc). B)
Number of GFAP* cells in the LSc in male and virgin female mice. C) Percentage of OXTR™ astrocytes in the LSr and LSc.
D) Number of OXTR™ astrocytes cells in the LSc in male and virgin female mice. E) Number of GFAP™ cells in the dorsal
LSr and ventral LSr. F) Percentage of GFAP™ cells compared to NeuN+ in the LSr. G) Percentage of OXTR+ astrocytes
in the dorsal LSr and ventral LSr. H) Percentage of OXTR" astrocytes compared to OXTR™ neurons in the LSr. I) Number
of GFAP* cells in the dorsal LSc and ventral LSc. J) Percentage of GFAP+ cells compared to NeuN+ in the LSc. K).
Percentage of OXTR+ astrocytes in the dorsal LSc and ventral LSc. L) Percentage of OXTR+ astrocytes compared to
OXTR+ neurons in the LSc. n = animal number. Data represents means £ SEM. ** p < 0.01, * p < 0.05. For detailed
statistics see Table §.
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Table 8: Statistics of the astrocyte distribution and OXTR mRNA expression along the LS in female virgin mice
(Figure 15). Factor region represents LSr vs LSc; factor subregion represents LSd vs LSv; factor status represents virgin
vs lactating females.

GFAP* cells Independent T-Test Figure A, E, I, B
Region t4=-3.816 p=0.019
Subregion - LSr t4=3.463 p=0.026
Subregion - LSc t4=0.502 p =10.642
Sex (LSc) t4 =3.868 p=0.018
OXTR mRNA" cells Independent T-Test Figure C, G, K, D
Region ta=-2.126 p=0.101
Subregion - LSr t4=-0.928 p =0.406
Subregion - LSc t4=-1.975 p=0.119
Sex (LSc) ta = 8.348 p=0.001

1.3. Distribution of GFAP" astrocytes and OXTR" astrocytes expression along the LS in
lactating mice

Compared to virgin females, the analysis along the rostral-caudal axis in lactating mice (Figure
16), revealed that the number of GFAP* cells is quite uniform between the LSr and LSc (Figure 16A).
However, in the dorsal-ventral axis, GFAP" cells were more abundant in the LSd compared to the
LSv within the LSr (p = 0.009, Figure 16E). This pattern was not found in the LSc (Figure 16I).
Additionally, when analyzing the astrocyte-neuron ratio, it was observed as male and virgin females,
that the astrocytic population was smaller compared to neuronal population. Nevertheless, the
proportion of astrocytes in the LSc reached 20% (Figure 16F), which is higher than the 11% observed
in the LSr (Figure 16J). Furthermore, when comparing GFAP" cells in the LSc, virgin females and
lactating mice exhibited a similar number of GFAP" astrocytes compared to males (Figure 16B).
In contrast to virgin females, but similar to males, there was a higher number of OXTR mRNA"
astrocytes in the LSc compared to the LSr (Figure 16C), whereas a rather uniform distribution was
found along the dorsal-ventral axis (Figure 16G and 16K). Consistent with the astrocyte-neuron ratio
findings, OXTR mRNA" astrocytes constituted a smaller population compared to OXTR mRNA"
neurons overall with similar proportion between LSr and LSc (10% vs 12%, Figure 16H and 16L).
Finally, there was no difference in the number of OXTR mRNA" astrocytes between virgin female
and lactating mice in the LSc (Figure 16D).
Overall, these results indicate that lactating mice exhibit a distinct pattern of astrocytes distribution
within the LS compared to virgin females, indicating that the physiological state of lactation is

accompanied by a modulate astrocytic population and probably their functional properties.
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Figure 16. Expression of glial fibrillary acidic proteins expressing (GFAP?) cells and oxytocin receptor expressing
(OXTR") cells along the LS in lactating mice. A) Number of GFAP"* cells in the rostral LS (LSr) and caudal LS (LSc). B)
Number of GFAP* cells in the LSc in virgin females and lactating mice. C) Percentage of OXTR" astrocytes in the LSr and
LSc. D) Number of OXTR™ astrocytes cells in the LSc in virgin females and lactating mice. E) Number of GFAP* cells in
the dorsal LSr and ventral LSr. F) Percentage of GFAP" cells compared to NeuN+ in the LSr. G) Percentage of OXTR+
astrocytes in the dorsal LSr and ventral LSr. H) Percentage of OXTR™ astrocytes compared to OXTR™ neurons in the LSr.
1) Number of GFAP* cells in the dorsal LSc and ventral LSc. J) Percentage of GFAP+ cells compared to NeuN+ in the
LSc. K). Percentage of OXTR+ astrocytes in the dorsal LSc and ventral LSc. L) Percentage of OXTR+ astrocytes compared
to OXTR+ neurons in the LSc. n = animal number. Data represents means + SEM. ** p < 0.01, * p < 0.05. For detailed
statistics see Table 9.
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Table 9: Statistics of the astrocyte distribution and OXTR mRNA expression along the LS in lactating mice
(Figure 16). Factor region represents LSr vs LSc; factor subregion represents LSd vs LSv; factor status represents virgin
vs lactating female mice.

GFAP* cells Independent T-Test Figure A, E, I, B
Region t4=-0.793 p=0.472
Subregion - LSr t4=4.723 p =0.009
Subregion - LSc t4 =-0.155 p=0.885
Status t4=0.927 p=0.403
OXTR mRNA" cells Independent T-Test Figure C, G, K, D
Region ta =-2.883 p=10.045
Subregion - LSr ta=-0.292 p=0.785
Subregion - LSc t4 =-2.407 p=0.074
Status (LSc) ta=1.848 p=0.138

2. Effects of social fear acquisition and extinction on astrocytes in male mice

Given the emerging role of astrocytes in regulating socio-emotional behaviors and learning
processes, | explored the response of astrocytes to social fear acquisition and extinction in the HIP

and LS in male mice, two brain regions critically involved in these processes (Menon et al. 2022).

2.1. Hippocampal astrocytic response to social fear acquisition and extinction in male mice

To examine the effects of social fear acquisition and extinction on astrocyte morphology, activation
and protein expression, | applied immunofluorescence to assess changes in astrocyte structure and to
analyze cFos as marker of cellular activation. Additionally, I used immunoblotting to evaluate the

expression of key astrocytic proteins (see section 6.2. and 6.4. in Material and methods for details).

Hippocampal astrocyte response 90 min after SFC. In the HIP, morphological analysis revealed
that 90 min after social fear acquisition (Figure 18), astrocytes of SFC" male mice showed a similar
branching in the number and length of primary processes compared to SFC (Figure 18B and 17C).
However, there was a trend toward an increased domain area (p = 0.065, Figure 18C), suggesting a
potential response to the social fear acquisition. Examination of cFos, as an indicator of activated
cells, revealed an increase in the percentage of cFos" astrocytes compared to naive animals (p <
0.001, Figure 18E). Interestingly, SFC" animals revealed increased cFos activation (Figure 18F),
similar to SFC™ animals. However, there was no difference in cFos activation between SFC™ and
SFC", suggesting that hippocampal astrocytes are activated in response to social stimuli, regardless

of the social fear acquisition process.
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Furthermore, the protein expression analysis showed no differences in the levels of key astrocytic
proteins (Cx30, Cx43, pCx43, GFAP, EAATI1 and EAAT2) between SFC™ and SFC" (Figure 18G).
Overall, these findings suggest that hippocampal astrocytes acutely respond to social fear acquisition
by altering their structure and activation state without altering the expression levels of proteins
associated with their primary functions within 90 min. This is likely a mechanism involved in the

modulation of the local neuronal network.
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Figure 17. Effects of exposure to social fear conditioning (SFC) on hippocampal astrocytes 90 min after social fear
acquisition in male mice. A) Representative immunohistochemical image from the hippocampus (HIP) showing astrocytes
stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue). Scale bar = 20
um. B-D) Quantification of astrocytes morphology, including the number of primary processes (B), length of the longest
primary process (C), and domain area (D). E-F) Percentage of cFos™ astrocytes comparing naive vs SFC(E), and SFC-vs
SFC*(F). G) Protein expression analysis of astrocytic markers (Cx30, Cx43, pCx43, GFAP, EAATI, EAAT2) comparing
SFCand SFC", with representative western blots shown for each protein. n = animal number. Data represents means +
SEM. ***p < 0.001, (¥ p < 0.07. For detailed statistics analysis see Table 10.
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Table 10: Statistics of the effects of SFC exposure on astrocytic response 90 min after social fear acquisition
(Figure 18). Factor represents SFC- vs SFC+ effects or Naive VS SFC-.

Hippocampus Independent T-Test Figure B-G
Number of primary processes tio=0.729 p=0.483
Length of longest process tio=-1.412 p=0.188
Domain area tio=-2.071 p=0.065
cFos (Naive VS SFC) to=17.702 p <0.001
cFos tio=1.147 p=0.278
Cx30 ti0=-0.930 p=0.374
Cx43 tio=-0.918 p=0.380
pCx43 ti0=0.560 p=0.588
GFAP tio=-0.534 p=0.605
EAATI1 tio=-0.515 p=0.618
EAAT2 tio=10.149 p=0.885

Hippocampal astrocyte response 24 hrs after social fear acquisition. To examine the lasting
effects of social fear conditioning, the astrocyte response was analyzed 24 hrs after social fear
acquisition. Morphological analysis in the HIP revealed that astrocytes from SFC" male mice did not
undergo to morphological changes 24 hrs after social fear acquisition compared to SFC™ animals
(Figure 19). Indeed, both SFC-and SFC" astrocytes showed similar branching and coverage in terms
of number of primary processes (Figure 19A), the length of the longest process (Figure 19B) and
domain area (Figure 19C). Interestingly, the quantification of cFos activation indicated a lower
percentage of cFos® astrocytes in SFC* compared to SFC™ animals (p = 0.008, Figure 18D),

suggesting differential activation patterns in response to social fear.

Furthermore, protein expression analysis demonstrated an increase in the phosphorylated isoform of
connexin43 (pCx43) in SFC* compared to SFC™ (p = 0.037, Figure 18E). However, there were no
differences in the expression levels of other astrocytic markers analyzed, including Cx30, Cx43,

GFAP, EAATI, EAAAT2.

Overall, these findings suggest that hippocampal astrocyte respond to social fear conditioning by a
long-lasting alteration in their activation state and of specific protein expression, such as pCx43, but
without substantial alterations in their cellular morphology or the expression levels of other astrocytic

proteins associated with astrocyte function.
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Figure 18. Effects of exposure to social fear conditioning (SFC) on hippocampal astrocytes 24 hrs after social fear
acquisition in male mice. A-C) Quantification of astrocytes morphology, including the number of primary processes (4),
length of the longest primary process (B), and domain area (C). D) Percentage of cFos* astrocytes comparing SFC- vs
SFC*. E) Protein expression analysis of astrocytic markers (Cx30, Cx43, pCx43, GFAP, EAATI, EAAT2) comparing SFC-
and SFC*, with representative western blots shown for each protein. n = animal number. Data represents means = SEM.
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Table 11: Statistics of the effects of SFC exposure on astrocytic response 24 hrs after social fear acquisition

(Figure 18). Factor represents SFC-vs SFC* effects.
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Hippocampal astrocyte response 90 min after social fear extinction. Given the activation of
astrocyte 90 min following social fear acquisition, I investigate whether they respond to the process
called social fear extinction training. However, morphological analysis in the HIP revealed that
astrocytes did not undergo morphological changes 90 min after social fear extinction (Figure 19).
Both SFC™ and SFC" astrocytes showed similar branching and coverage in terms of number of
primary processes (Figure 19A), the length of the longest process (Figure 19B) and domain area
(Figure 19C). Interestingly, the quantification of cFos immunoactivity indicated a high activation of
cFos" astrocytes in both SFC and SFC" animals, although no differences were found between the
two groups (Figure 19D), suggesting similar astrocytic response to repeated exposure to social

stimuli.

Interestingly, protein expression analysis revealed an increased in the Cx30 (p = 0.026, Figure 19E)
and GFAP (p = 0.015, Figure 19E) in SFC" compared to SFC, suggesting that astrocytic structure
and intercellular communication may be remodeled in response to social fear extinction. No
significant differences were observed in the expression levels of other astrocytic markers analyzed,

including Cx43, GFAP, EAAT1, EAAAT2.

Overall, these findings suggest that hippocampal astrocytes respond to the exposure to social
extinction with altered expression of specific protein expression, such as Cx30 and GFAP, without

showing morphological changes.
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Figure 19. Effects of exposure to social fear conditioning (SFC) on hippocampal astrocytes 90 min after social fear
extinction in male mice. A-C) Quantification of astrocytes morphology, including the number of primary processes (4),
length of the longest primary process (B), and domain area (C). D) Percentage of cFos™ astrocytes comparing SFC" vs
SEFC*. E) Protein expression analysis of astrocytic markers (Cx30, Cx43, pCx43, GFAP, EAATI, EAAT2) comparing SFC-
and SFC*, with representative western blots shown for each protein. n = animal number. Data represents means = SEM.
*p = 0.05. For detailed statistics analysis see Table 12.

Table 12: Statistics of the effects of SFC exposure on astrocytic response 90 min after social fear extinction
(Figure 19). Factor represents SFC-vs SFC* effects.

Hippocampus Independent T-Test, Mann-Whitney-U Test Figure A-E
Number of primary processes tio=0.189 p=0.854
Length of longest process Uu=17 p=0.837
Domain area tio=-0.471 p=0.648
cFos tio=-0.256 p=0.803
Cx30 tio =-2.661 p=0.026
Cx43 tio =-0.085 p=0.934
pCx43 tio =-1.427 p=0.187
GFAP tio =-2.998 p=0.015
EAATI1 tio=-0.132 p=0.898
EAAT2 tio =-0.627 p=0.546
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2.2. Astrocytic response within the subdivisions of the LS to social fear acquisition and
extinction in male mice

Given the high heterogeneity of the LS and the previously observed region-specific distribution

of astrocytes within its subdivisions (see section 1 in Results), I investigated whether astrocytes

participate to the processes associated with the acquisition and extinction of social fear across the LS

in male mice, to better understand the functional role of astrocyte in relation to specific LS

subdivisions.

2.2.1. Astrocytic response to social fear acquisition after 90 min

Astrocytic response to social fear acquisition after 90 min in the dorsal LSr (Figure 20). In the
dorsal LSr, morphological analysis revealed that 90 min following social fear acquisition, astrocytes
in both SFC" and SFC" groups showed comparable branching patterns and coverage, as shown in the
number of primary processes (Figure 20B), the length of longest primary process (Figure 20C) and
domain area (Figure 20D). Additionally, cFos immunoactivity analysis showed no differences in the
percentage of cFos™ astrocytes between naive animals and SFC", or between SFC™ and SFC* (Figure
20F). These results suggest that astrocytes in the dorsal LSr do not exhibit any response to social fear

acquisition.

Astrocytic response to social fear acquisition after 90 min in the ventral LSr (Figure 21). In the
ventral LSr, morphological analysis conducted 90 min following social fear acquisition revealed that
astrocytes in both SFC" and SFC" groups exhibited similar branching patterns, as indicated by the
number of primary processes (Figure 21B) and the length of longest primary process (Figure 21C).
However, astrocytic coverage was slightly increased in SFC* animals (p = 0.051, Figure 21D)
compared to the SFC- group. Notably, cFos immunoactivity analysis showed a significant increase
in the percentage of cFos* astrocytes in SFC-compared to naive animals (p = 0.004, Figure 21E), but
no significant differences were observed between SFC™ and SFC* groups (Figure 21F). These

findings suggest that astrocytes in the ventral LSr have a distinct response to social fear acquisition.

Astrocytic response to social fear acquisition after 90 min in the dorsal LSc (Figure 22). In the
dorsal LSc, morphological analysis conducted 90 min after social fear acquisition indicated that
astrocytes in SFC* exhibited increased branching and coverage pattern as shown by the number of
primary processes (p = 0.055, Figure 22B), the length of longest primary process (p = 0.005, Figure
22C) and the domain area (p = 0.009, Figure 22D). Notably, cFos immunoactivity analysis showed
a significant increase in the percentage of cFos" astrocytes in SFC™ compared to naive animals (p =
0.030, Figure 22E), but no significant differences were observed between SFC and SFC* groups
(Figure 22F). These findings suggest that astrocytes in the dorsal LSc, have a greater response to

social fear acquisition.
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Figure 20. Effects of exposure to social fear conditioning (SFC) on astrocytes in the dorsal part of the rostral lateral
septum (LSr) 90 min after social fear acquisition in male mice. 4) Representative immunohistochemical image from the
dorsal LSr showing astrocytes stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with
DAPI (blue). Scale bar = 20 um. B-D) Quantification of astrocytes morphology, including the number of primary processes
(B), length of the longest primary process (C), and domain area (D). E-F) Percentage of cFos™ astrocytes comparing naive
vs SFC(E), and SFCvs SFC*(F). n = animal number. Data represents means + SEM. For detailed statistics analysis see
Table 13.

Table 13: Statistics of the effects of SFC exposure on hippocampal astrocytic response 90 min after social fear
acquisition (Figure 20). Factor represents SFC- vs SFC+ effects or Naive VS SFC-.

Rostral dorsal Independent T-Test, Mann-Whitney Test Figure B-F
Number of primary processes tio =-0.823 p=0.429
Length of longest process tio =0.057 p=0.956
Domain area tio=10.011 p=0.991
cFos (Naive vs SFC") U=15 p =0.082
cFos tio =-0.909 p=0.385
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Figure 21. Effects of exposure to social fear conditioning (SFC) on astrocytes in the ventral part of the rostral lateral
septum (LSr) 90 min after social fear acquisition in male mice. A) Representative immunohistochemical image from the
ventral LSr showing astrocytes stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with
DAPI (blue). Scale bar = 20 um. B-D) Quantification of astrocytes morphology, including the number of primary processes
(B), length of the longest primary process (C), and domain area (D). E-F) Percentage of cFos™ astrocytes comparing naive
vs SFC(E), and SFC-vs SFC*(F). n = animal number. Data represents means £ SEM. **p < 0.01, (¥ p < 0.07. For detailed
statistics analysis see Table 14.

Table 14: Statistics of the effects of SFC exposure on hippocampal astrocytic response 90 min after social fear
acquisition (Figure 21). Factor represents SFC- vs SFC+ effects or Naive VS SFC-.

Rostral ventral Independent T-Test, Mann-Whitney Test Figure B-F

Number of primary processes tio=-0.381 p=0.711
Length of longest process tio=-1.315 p=0.218
Domain area tio=-2.216 p=0.051
cFos (Naive VS SFC") Uu=0 p =0.004
cFos tio=10.369 p=0.720
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Figure 22. Effects of exposure to social fear conditioning (SFC) on astrocytes in the dorsal part of the caudal lateral
septum (LSc) 90 min after social fear acquisition in male mice. A) Representative immunohistochemical image from the
dorsal LSc showing astrocytes stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with
DAPI (blue). Scale bar = 20 um. B-D) Quantification of astrocytes morphology, including the number of primary processes
(B), length of the longest primary process (C), and domain area (D). E-F) Percentage of cFos™ astrocytes comparing naive
vs SFC(E), and SFCvs SFC*(F). n = animal number. Data represents means + SEM. **p < 0.01, *p = 0.05 (¥ p < 0.07.
For detailed statistics analysis see Table 15.

Table 15: Statistics of the effects of SFC exposure on hippocampal astrocytic response 90 min after social fear
acquisition (Figure 22). Factor represents SFC- vs SFC+ effects or Naive VS SFC-.

Caudal dorsal Independent T-Test, Mann-Whitney Test Figure B-F

Number of primary processes tio=2.175 p=0.055
Length of longest process tio =-3.641 p=0.005
Domain area tio=-3.233 p =0.009
cFos (Naive VS SFC") to =2.567 p=0.030
cFos tio=0.424 p=0.680

Astrocytic response to social fear acquisition after 90 min in the ventral LSc (Figure 23). In the
ventral LSc, morphological analysis conducted 90 min following social fear acquisition indicated
that astrocytes in SFC* exhibited increased coverage compared to SFC™ as shown by the length of the
longest primary process (p = 0.034, Figure 23C) and the domain area (p = 0.048, Figure 23D),
although no differences were observed in the number of primary processes (Figure 23B). Similar to

the dorsal LSc, cFos immunoactivity analysis showed a significant increase in the percentage of
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cFos" astrocytes in SFC compared to naive animals (p = 0.034, Figure 23E), but no significant
differences were observed between SFC™and SFC" groups (Figure 23F). These findings suggest that,

similar to the dorsal LSc, astrocytes in the ventral LSc, have a greater response to social fear

acquisition.

Overall, these results show that the ventral part of the LS and in general the LSc seems to participate

to the mechanisms associated with the acquisition of social fear in male mice.
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Figure 23. Effects of exposure to social fear conditioning (SFC) on astrocytes in the ventral part of the caudal lateral
septum (LSc) 90 min after social fear acquisition in male mice. A) Representative immunohistochemical image from the
ventral LSc showing astrocytes stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with
DAPI (blue). Scale bar = 20 um. B-D) Quantification of astrocytes morphology, including the number of primary processes
(B), length of the longest primary process (C), and domain area (D). E-F) Percentage of cFos™ astrocytes comparing naive
vs SFC(E), and SFC'vs SEC*(F). n = animal number. Data represents means = SEM. * p < 0.05. For detailed statistics
analysis see Table 16.
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Table 16: Statistics of the effects of SFC exposure on astrocytic response in the LSc ventral 90 min after social
fear acquisition (Figure 23). Factor represents SFC- vs SFC+ eftects or Naive VS SFC-.

Caudal ventral Independent T-Test, Mann-Whitney Test Figure B-F

Number of primary processes tio=-1.378 p=20.198
Length of longest process tio =-2.462 p=10.034
Domain area tio=-2.251 p =0.048
cFos (Naive VS SFC) U=5 p=10.034
cFos tio=-0.810 p =0.437

2.2.2. Astrocytic response to social fear acquisition after 24 hrs across the LS

To examine whether astrocyte adapt to the processes associated with social fear acquisition 24 hrs
after conditioning (before social fear extinction), a morphological analysis was conducted across LS
subdivisions of male mice (Figure 24). Parameters such as number of primary processes, length of
the longest process, and the domain area were assessed in the dorsal LSr (Figure 24A-C), ventral LSr
(Figure 24D-F), dorsal LSc (Figure 24H-J) and ventral LSc (Figure 24K-M). However, no
differences were found between SFC™ and SFC* groups across any region. Additionally, cFos
immunoactivity in astrocytes was analyzed across the mentioned subdivision of the LS, although no
differences were detected between SFC and SFC* (Figure 24G, N). These results suggest that
astrocytes adapt to the mechanisms related to social fear acquisition 90 min after social fear
acquisition as shown in the previously paragraph, without observing long lasting effects one day

after.
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Figure 24. Effects of social fear conditioning (SFC) exposure on astrocytes across the LS 24 hrs after social fear
acquisition in male mice. A-C) Quantification of astrocytes morphology in the dorsal part of the rostral lateral septum
(LSr), including the number of primary processes (A4), length of the longest primary process (B), and domain area (C). D-
F) Quantification of astrocytes morphology in the ventral part of the LSr, including the number of primary processes (D),
length of the longest primary process (E), and domain area (F). G) Percentage of cFos™ astrocytes in the ventral LSr
comparing SFCvs SFC*. H-J) Quantification of astrocytes morphology in the dorsal part of the caudal lateral septum
(LSc), including the number of primary processes (H), length of the longest primary process (1), and domain area (J). K-
M) Quantification of astrocytes morphology in the ventral part of the LSc, including the number of primary processes (K),
length of the longest primary process (L), and domain area (M). N) Percentage of cFos™ astrocytes in the ventral LSc,
comparing SFCvs SFC*. n = animal number. Data represents means + SEM. For detailed statistics analysis see Table 17.
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Table 17: Statistics of the effects of SFC exposure on astrocytic response in the LS 24 hrs after social fear

acquisition (Figure 24). Factor represents SFC- vs SFC+ effects.

Rostral dorsal Independent T-Test Figure A-C
Number of primary processes tio=1.516 p=10.160
Length of longest process ti0=0.182 p=0.859
Domain area ti0=0.870 p =0.405
Rostral ventral Independent T-Test Figure D-G
Number of primary processes tin=0.316 p=20.759
Length of longest process tio=0.019 p=0.985
Domain area tio=10.520 p=10.614
cFos tio=1.259 p=0.237
Caudal dorsal Independent T-Test, Mann-Whitney Test Figure H-J
Number of primary processes tio=-0.150 p=0.884
Length of longest process U=15 p=0.631
Domain area ti0=0.999 p=0.341
Caudal ventral Independent T-Test Figure K-N
Number of primary processes tio=10.145 p=0.888
Length of longest process tio=-0.111 p=00914
Domain area tio=10.173 p=0.866
cFos tio=-1.267 p=0.234

2.2.3. Astrocytic response to social fear extinction after 90 min

Given the established role of the LS in social fear extinction (Menon et al. 2018), I explored whether
astrocytes participate to mechanisms behind the learning processes characteristic of the extinction
phase of the fear. Morphological and cFos analysis were performed in the dorsal LSr (Figure 25A-
D), ventral LSr (Figure 25E-H), dorsal LSc (Figure I-L) and ventral LSc (Figure M-P). However, no
significant differences were observed in any of the LS subdivisions, indicating that their potential
role in modulating neuronal mechanisms of social fear extinction could not be detected by the

methods used in this analysis.
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Figure 25. Effects of exposure to social fear conditioning (SFC) on astrocytes across the LS 90 min after social fear
extinction in male mice. A-C) Quantification of astrocytes morphology in the dorsal part of the rostral lateral septum
(LSr), including the number of primary processes (4), length of the longest primary process (B), and domain area (C). D)
Percentage of cFos™ astrocytes in the dorsal LSr comparing SFC-vs SFC*. E-G) Quantification of astrocytes morphology
in the ventral part of the LSy, including the number of primary processes (E), length of the longest primary process (F),
and domain area (G). H) Percentage of cFos™ astrocytes in the ventral LSr comparing SFC-vs SFC*. I-K) Quantification
of astrocytes morphology in the dorsal part of the caudal lateral septum (LSc), including the number of primary processes
(D), length of the longest primary process (J), and domain area (K). L) Percentage of cFos™ astrocytes in the dorsal LSc,
comparing SFCvs SFC*. M-O) Quantification of astrocytes morphology in the ventral part of the LSc, including the
number of primary processes (M), length of the longest primary process (N), and domain area (O). P) Percentage of cFos™
astrocytes in the ventral LSc, comparing SFCvs SFC*. n = animal number. Data represents means + SEM. For detailed
statistics analysis see Table 18.
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Table 18: Statistics of the effects of SFC exposure on astrocytic response in the LS 90 min after social fear

extinction (Figure 25). Factor represents SFC- vs SFC+ effects.

Rostral dorsal Independent T-Test Figure A-D
Number of primary processes tio=-0.511 p=0.623
Length of longest process ti0=0.808 p=0.442
Domain area tio=1.290 p=0.233
cFos tio=0.062 p=0.952
Rostral ventral Independent T-Test Figure E-H
Number of primary processes tio=-1.259 p=0.244
Length of longest process tio=10.105 p=0.919
Domain area ti0=-0.190 p=0.854
cFos ti0=-0.530 p=0.607
Caudal dorsal Independent T-Test, Mann-Whitney Test Figure I-L

Number of primary processes tio=-1.171 p=0.269
Length of longest process tio=0.336 p=0.744
Domain area tio =-0.815 p=0.434
cFos U=135 p =0.442
Caudal ventral Independent T-Test Figure M-P
Number of primary processes tio=-0.234 p=0.820
Length of longest process ti0=0.503 p=0.626
Domain area tio=0.734 p=0.480
cFos tio=-1.308 p=0.220

2.2.4. Astrocytic response to social fear acquisition and extinction in the caudal septum

To gain more insights in relation to astrocytic function following acquisition and extinction of social
fear, analysis of the levels expression of specific astrocytic proteins was performed in the caudal part
of the septum (see section 6.2. in Material and methods for details). Protein expression analysis
revealed a decreased in the Cx43 (p = 0.036) and EAAT?2 (p = 0.004), with a trend decrease in the
GFAP (p=0.070) in SFC" compared to SFC~ 90 min after social fear acquisition (Figure 26A); with
no changes in other astrocytic protein. 24 hrs after social fear acquisition a trend with a decrease in
the pCx43 (p = 0.056) level expression was observed in SFC* compared to SFC™ (Figure 26B). In
line with morphological analysis, no differences were observed in the expression levels of other
astrocytic markers analyzed 90 min after social fear extinction (Figure 26C). These findings suggest
that alterations in astrocytic protein expression may be linked to adaptive mechanisms following
social fear acquisition but do not persist following extinction, highlighting once again the dynamic

role of astrocytes in socio-emotional regulation.

74



A
. 3_m=6
[®]
i
w
B 2
o
o3 * (%) **
o
E 14 e el
i @ ] ]
©
e
0

<

Cx30

e e e e e Cx43
s (XA3
T —— S gy o o o GFAP

‘-l---.._' o o EAAT2

Fold change over SFC”

0

(%)

"
1 g = L=

S >
oD B
o*o*Qc}‘

- i
—— e —
ot et
e - — -

Ll BT
——— - ——

'bvg,\'\/{l,

<
C?((/Q/VY.

™ Cx30
——— Cx43
ol it PCXA3
e )t o GFAP

A EAATL
e g FAAT2

Fold change over SFC”

Results

Q W
e
ot oF Qo*

T -

-

5>

R «
Q?‘
FF S

’\,(L

o - 30

ot s e s it (43
- PCx43

—_
o ——

GFAP
EAAT1

s s e . EAAT 2

Figure 26. Effects of social fear acquisition and extinction on astrocytic protein expression in the caudal septum. A-C)
Protein expression analysis of astrocytic markers (Cx30, Cx43, pCx43, GFAP, EAATI, EAAT2) comparing SFC-and SFC",
with representative western blots shown for each protein 90 min after social fear acquisition A), 24 hrs after social fear
acquisition B) and 90 min after social fear extinction C). n = animal number. Data represents means + SEM. **p < 0.01,
*p 0.05 ¥ p < 0.07. For detailed statistics analysis see Table 19.

Table 19: Statistics of the effects of SFC exposure on astrocytic proteins expression in the caudal septum (Figure
26). Factor represents SFC- vs SFC+ effects.

90 min after Acquisition Independent T-Test, Mann-Whitney Test Figure A

Cx30 U=38 p=0.347
Cx43 ts=2.516 p=0.036
pCx43 ts=-0.917 p=0.386
GFAP to=-2.052 p=0.070
EAAT2 to =3.904 p=0.004
24 hrs after Acquisition Independent T-Test, Mann-Whitney Test Figure B

Cx30 U=38 p=0.201
Cx43 U=15 p=0.631
pCx43 tio=2.163 p=0.056
GFAP tio=0.200 p=0.845
EAATI1 tio=0.053 p=0.959
EAAT2 U=15 p=0.631
90 min after Extinction Independent T-Test, Mann-Whitney Test Figure C

Cx30 U=16 p=0.749
Cx43 tio=-0.543 p=0.599
pCx43 tio=-0.373 p=0.717
GFAP tio=1.488 p=0.168
EAATI1 tio=-0.213 p=0.835
EAAT2 tio=-1.169 p=0.270
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2.3. Astrocytic response to social fear acquisition in the LSc of female and lactating mice

Given the astrocyte response observed predominantly in the LSc following social fear acquisition in
male mice, I investigated whether a similar response was found in female mice as well. Branching
and coverage of astrocytes was analyzed in the dorsal and ventral LSc as morphological analysis 90
min after social fear acquisition (Figure 27). Morphological analysis in both dorsal and ventral LSc
in virgin female mice revealed no differences between SFC™ and SFC", in any of the parameters
considered including number of primary processes (Figure 27B, F), length of the longest primary
process (Figure 27C, G) or domain area (Figure 27D, H), suggesting caudal LS astrocytes did not
exhibit morphological changes in virgin female mice compared to males. Additionally, analysis of

the cFos activation in the ventral LSc showed no changes between SFC™ and SFC* (Figure 271).
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Figure 27. Effects of exposure to SFC on astrocyte morphology within the LSc in virgin female mice 90 min after social
fear acquisition. A) Representative immunohistochemical image from the dorsal LSc showing astrocytes stained for glial
fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue). Scale bar = 20 um. B-D)
Quantification of astrocytes morphology, including the number of primary processes (B), length of the longest primary
process (C), and domain area (D). E) Representative immunohistochemical image from the ventral LSc showing astrocytes
stained for glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue). Scale bar = 20
um. F-H) Quantification of astrocytes morphology, including the number of primary processes (F), length of the longest
primary process (G), and domain area (H). I) Percentage of cFos™ astrocytes comparing SFCvs SFC*. n = animal number.

Data represents means = SEM. For detailed statistics analysis see Table 20.
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Table 20: Statistics of the effects of SFC exposure on astrocytic morphology 90 min after social fear acquisition
(Figure 27). Factor represents SFC~vs SFC* effects.

Caudal dorsal LS Independent T-Test, Mann-Whitney Test Figure B-D
Number of primary processes to =10.063 p=0.951
Length of longest process ti0=0.470 p =0.649
Domain area U=17 p=0.873
Caudal ventral LS Independent T-Test, Mann-Whitney Test Figure F-1
cFos tio=1.724 p=0.115
Number of primary processes tio = 0.469 p =0.649
Length of longest process ti0=-0.946 p=0.366
Domain area U=17 p=0.873

Additionally, considering the facilitation of the extinction phase observed in lactating mice (Menon
et al. 2018), I investigated whether the state of lactation affects astrocytic responsiveness.
Morphological analysis in the dorsal LSc in lactating mice revealed no differences between SFC™ and
SFC", in any of the parameters considered including number of primary processes (Figure 28B),
length of the longest primary process (Figure 28C) or domain area (Figure 28D). However, in the
ventral LSc an increase in the number of the primary processes was observed in SFC* compared to
SFC (p =0.012; Figure 28G), but no other differences were detected in the other parameters analyzed
including the length of the primary processes (Figure 28H), and the domain area (Figure 28I).
Additionally, cFos analysis showed no differences in the activation of cFos" astrocytes between SFC
and SFC" in neither the dorsal LSc (Figure 28E) or ventral LSc (Figure 287J). These findings suggest
no morphological changes in the dorsal LSc of lactating mice following social fear acquisition, while
in the ventral LSc, astrocytes seem to adapt to the mechanisms associated with social fear acquisition
by enriching the branching of the processes to improve the neuronal support and neural connectivity.
This suggests that, unlike in virgin females, the state of lactation affects astrocytic responsiveness,

despite expressing a similar number of astrocytic cells (see section 1 in Results).

Overall, these findings show that astrocytes within the LS, particularly in the caudal part, they exhibit
a response to those processes following social fear acquisition in male mice. Although in virgin
female mice no morphological changes were observed following social fear acquisition, the higher
number of astrocytic cells found in females compared to males would probably compensate for the
adapting processes related to social fear acquisition. Interestingly, lactating mice, which have a
similar number of astrocytic cells to virgin females, showed astrocytic structural changes in the LSc,

suggesting that lactation may influence astrocytic responsiveness.
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Figure 28. Effects of exposure to SFC on astrocyte morphology within the LSc in lactating mice 90 min after social fear
acquisition. A) Representative immunohistochemical image from the dorsal LSc showing astrocytes stained for glial
fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue). Scale bar = 20 um. B-D)
Quantification of astrocytes morphology, including the number of primary processes (B), length of the longest primary
process (C), and domain area (D). E) Percentage of cFos+ astrocytes comparing SFC-vs SFC-. F) Representative
immunohistochemical image from the ventral LSc showing astrocytes stained for glial fibrillary acidic protein expressing
(GFAP, green) and nuclei stained with DAPI (blue). Scale bar = 20 um. G-1) Quantification of astrocytes morphology,
including the number of primary processes (G), length of the longest primary process (H), and domain area (I). J)
Percentage of cFos+ astrocytes comparing SFC-vs SFC-. n = animal number. Data represents means + SEM. * p < 0.05.

For detailed statistics analysis see Table 21.
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Table 21: Statistics of the effects of SFC exposure on astrocytic response 90 min after social fear acquisition in
lactating mice (Figure 28). Factor represents SFC-vs SFC* effects.

Caudal dorsal LS Independent T-Test Figure B-E

cFos tio=-0.375 p=0.716
Number of primary processes tio=0.221 p=0.830
Length of longest process tio=0.662 p=0.137
Domain area ti0=0.097 p=0.925
Caudal ventral LS Independent T-Test, Mann-Whitney Test Figure G-J
cFos tio=-0.322 p=0.754
Number of primary processes tio =-3.064 p=0.012
Length of longest process tio=1.297 p=0.224
Domain area U=9 p=0.273
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3. Contribution of LS astrocytes to socio-emotional behaviors

Given the emerging role of astrocytes observed in depressive and anxiety-like behaviors, as well as
the morphological adaptation and activity patterns of astrocytes within the LS described above
especially at 90 min after social fear acquisition, I investigated whether impairment of astrocytic
functions within the LSc would affect socio-emotional behaviors in male mice. To induce astrocytic
dysfunction, I bilaterally applied L-AAA, a glutamine synthetase inhibitor (see section 4.1. in
Material and Methods), into the LSc 3 days prior to behavioral testing in the SPT, EPM and FST, as
well the SFC paradigm.

3.1. Effects of LS astrocytic dysfunction on anxiety and depressive-related behaviors in

male mice

Based on previous studies (Banasr and Duman 2008; David et al. 2019), two doses of L-AAA were
tested (10 pug/ul and 25 ug/ul) to successfully induce astrocytic structure depletion, indicated by a
reduction of GFAP expression. Immunohistochemical analysis of GFAP fluorescence in the LSc
(Figure 29 B-D) revealed a reduction in GFAP in mice treated with 10 ug/ul-LAAA (p = 0.02; Figure
29C, E) compared to the Veh-treated group (Figure 29B, E). Additionally, a more pronounced
reduction in GFAP was observed in the group treated with 25 pg/ul L-AAA- (p <0.001 versus Veh-
treated group; Figure 29D, E). Despite this astrocytic dysfunction, no significant difference was
found between the Veh-treated and the L-AAA-treated groups in either social preference (Figure
29F) or novel social stimulus preference (Figure 29G) in the SPT. The following day, animals were
tested in the EPM to assess anxiety-related behaviors. No changes were observed between treatment
groups in the latency to first entry into open arms (Figure 29H), the number of entries in open arms
(Figure 291), or the percentage of time spent in open arms (Figure 29J), indicating that astrocytic
dysfunction in the LSc did not affect anxiety-like behaviors. Lastly, to assess passive stress coping
behavior, the FST was conducted the day after. Immobility time and climbing time were measured
as indicators of passive stress coping behaviors (see section 2.4, in Material and Methods). However,
no behavioral differences were detected between the Veh-treated group and the two L-AAA-treated
groups, either in the immobility or climbing time, suggesting that astrocyte depletion did not affect

depressive-like behaviors either.

Overall, these findings demonstrate that L-AAA treatment successfully reduced GFAP in the LSc,
particularly at higher concentrations (25 pg/ul). Despite the treatment-induced reduction of
astrocytic coverage in the neural networks of the LSc, no changes were observed in social, novelty-
seeking, anxiety- or depressive-like behaviors, suggesting astrocytes in LSc do not directly regulate

these specific behaviors.
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Results

Figure 29. Effects of L-AAA-induced astrocytic dysfunction in the caudal lateral septum (LSc) in male mice. A)
Lllustration of the experimental timeline. B) Representative image from the LSc showing immunohistochemical staining for
glial fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue) from Vehicle-treated group
(B), 10 ug/ul (C) and 25 ug/ul (D) L-AAA-treated group. Scale bar = 20 um. E) Quantification of mean fluorescence of
GFAP in Vehicle, 10 ug/ul and 25 ug/ul L-AAA treated group. F-G) show Social Preference Index (F) and Novel stimulus
Preference Index (G) from the Social Preference Test in Veh-, 10 ug/ul and 25 ug/ul L-AAA-treated animals. H, 1, J) show
quantification of the latency to the first entry into open arms (H), the number of entries (J), and the percentage of time
spent in open arms (J) in the Elevated Plus Maze in Veh, 10 ug/ul and 25 ug/ul L-AAA-treated groups. K, L) show the
immobility time (K) and climbing time (L) during the Forced Swim Test between Veh, 10 ug/ul and 25 ug/ul L-AAA-treated
group. Data represents means + SEM. * p <0.05, *** p < 0.001. For detailed statistics analysis see Table 22.

Table 22: Statistics of behavioral effects of L-AAA-induced astrocyte dysfunction within the caudal part of the
lateral septum (LSc) on Social Preference Test (SPT), Elevated Plus Maze (EPM) and Forced Swim Test (FST) in
male mice (Figure 29). Factor represents Veh vs 10 pg/ ng L-AAA vs 25 pg/ ng L-AAA effects.

One way ANOVA Figure E-L
Mean fluorescence intensity F2.15=11.509 p <0.001
Social Preference Index F216=0.397 p=0.679
Novel stimulus Preference Index F2.16=1.869 p=0.186
Latency to first entry on open arms F213=3.194 p=0.074
Number of entries on open arms F2.13=10.887 p=0.435
Time on open arms F2,13=0.464 p=0.639
Immobility time F2,16=0.212 p=0.811
Climbing time F216=1.172 p=0.335

3.2. Effects of LS astrocytic structure depletion on social fear acquisition and extinction in

male and female mice

Considering the morphological changes in astrocytes observed following social fear acquisition (see
section 2.2.), I investigated the effects of L-AAA-induced astrocytic structural depletion in the LSc
on social fear acquisition and extinction learning in male and female mice. To further investigate the
effects of L-AAA-induced astrocytic coverage depletion on social fear, the higher dose of L-AAA
(25 pg/pl) was used.

In male mice, L-AAA-induced astrocytic structural depletion did not influence the number of foot
shocks necessary to induce social avoidance during social fear conditioning (Figure 30B). On the
following day and prior to extinction training both L-AAA and Veh-treated groups displayed similar
investigation time toward non-social stimulus during the first two presentations (nsl and ns2).
However, in the third non-social stimulus (ns3), SFC*/L-AAA animals showed higher investigation
time compared to the SFC*/Veh group (* p = 0.035, Figure 30C) reflecting lower anxiety-like
behavior. During social fear extinction training, all SFC" animals independent of treatment exhibited

social fear, as evidenced by reduced investigation time during exposure to the first 3 social stimuli
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(Figure 30D). However, during the fourth social stimulus exposure (s4), SFC*/L-AAA mice showed
a trend toward higher investigation time compared to SFC'/Veh ((*) < 0.07), suggesting reduced
social fear in the L-AAA group. This reduced social fear is also evidenced by lower investigation
time in SFC'/L-AAA compared to the SFC/L-AAA group during early social stimuli exposure (s1
and s2 p < 0.001, s3 p = 0.003, s4 p = 0.021, s5 p = 0.023), until investigation levels converged
during the final social stimulus. In contrast, SFC"/Veh animals displayed consistently lower
investigation time compared to the SFC/Veh across all stimuli (s1 -s4 p <0.001, s5 p=0.001, s6 p

=0.016), suggesting sustained social fear.

During social fear recall, SFC*/Veh animals showed reduced investigation time compared to SFC
/Veh during the first four social stimuli exposure (sl p <0.001, s2 p =0.001, s3 p=10.034,s4 p =
0.034), until investigation levels converged from the third stimulus until the sixth (Figure 30E). This
indicates successful extinction of social fear in the vehicle-treated group, where repeated social
stimulus presentations led to diminished social fear response. Interestingly, SFC*/L-AAA animals
did not exhibit differences in investigation time compared to the SFC/L-AAA, suggesting successful
acquisition of social fear. Moreover, when comparing SFC" between the two treatment groups, L-
AAA-treated animals showed higher social investigation during the first social stimulus exposure (s1
p = 0.029) with a trend toward a similar difference in the second stimulus (s2 p = 0.069). These
findings suggest that while SFC"/L-AAA animals successfully acquired social fear, the memory and

retention of social fear were weaker compared to the vehicle-treated group.

In terms of vigilance behavior, both L-AAA and Veh-treated groups displayed similar vigilance time
towards the non-social stimulus during the first two exposures (nsl and ns2). However, in the third
non-social stimulus (ns3), SFC'/L-AAA animals showed lower vigilance time compared to the
SFC*/Veh group (* p = 0.031, Figure 30F). During exposure to social stimuli (Figure 30G), in
SFC*/Veh animals showed a more pronounced fear response than SFC/L-AAA, as indicated by
higher vigilance time across social stimuli s2 to s6 (s2 -s3 p =0.07, s4 p=10.012, s5 p = 0.030, s6 p
=0.009). Furthermore, SFC*/Veh animals showed increased vigilance time compared to SFC/Veh-
during all social stimuli (s1-s5 p < 0.001, s6 p = 0.001), reflecting a sustained social fear response
already observed in the investigation time analysis. In contrast, SFC'/L-AAA animals showed higher
vigilance behavior than SFC/L-AAA mainly during the first three social stimuli (s1-s2 p <0.001, s3
p =0.017), with a trend toward higher vigilance behavior in the fourth and fifth social stimuli (s4 p
= 0.070, s5 p = 0.065), suggesting a reduced fear response following repeated social stimulus

exposure.

During recall, SFC*/Veh displayed fear response during the first five social stimuli, as indicated by
higher vigilance behaviors compared to the SFC/Veh (s1 p <0.001, s2 p=0.001, s3 p=0.002, s4 p

=0.007, s5 p=0.028). Vigilance behavior reached comparable time during the final social exposure,
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indicating a diminished social fear response. In contrast, SFC/L-AAA animals exhibited similar
vigilance behavior to the SFC/L-AAA group throughout all social stimuli, suggesting a reduced
social fear response. This is further sustained by lower vigilance behavior observed in SFC'/L-AAA
compared to SFC*/Veh during the first four social stimuli (s1 p=0.011, s2 p=0.007, s3 p=10.003,
s4 p=0.037).

Overall, these findings suggest that L-A A A-induced astrocytic structural depletion in the LSc impairs
the consolidation and retention of social fear memory in male mice, leading to faster extinction of
social fear and reduced fear responses compared to the vehicle-treated group. This suggests an

important role for LSc astrocytes in the regulation of social fear learning and memory in male mice.
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Figure 30. Effects of L-AAA-induced astrocytic structural depletion during social fear extinction and recall in male
mice. A) Illustration of the experimental timeline. B) Number of CS-US pairings presented to conditioned mice (SFC")
during acquisition of social fear. C-D) Percentage of investigation time during social fear extinction of non-social stimulus
(C) and social stimuli (D). E) Percentage of investigation time of social stimuli during social fear extinction recall. F-G)
Percentage of vigilance time during social fear extinction of non-social stimulus (F) and social stimuli (G). H) Percentage
of vigilance time of social stimuli during social fear extinction recall. Data represents £ SEM. * p <0.05 SFC*/L-AAA vs
SFC*/Veh, (*) p < 0.07 SEFC*/L-AAA vs SFC*/Veh, ($) p < 0.07 SFC*/L-AAA vs SFC/L-AA4, $ p <0.05 SFC*/L-AAA vs
SFC/L-AAA, § p <0.05 SFC*/Veh vs SEFC/Veh, §§8 p < 0.01 SFC*/Veh vs SFC"/Veh. For detailed statistics analysis see
Table 23-24.
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Table 23: Statistical analysis of the effects of L-AAA-induced astrocyte dysfunction within the caudal part of the
lateral septum (LSc) on investigation time during social fear extinction and recall in male mice (Figure 30). Factor
Time represents stimulus presentation during SFC; factor Conditioning represents SFC-vs SFC* effects; factor Treatment
represents the effects of L-AAA vs Veh administration.

Acquisition Independent T-Test Figure B
CS-US pairings t20 =-1.461 p=0.160
Extinction ns1-3 Mixed Model ANOVA Figure C
(Time) F2,32=60.048 p <0.001
(Conditioning) F1,32=0.398 p=0.533
(Treatment) F132=1.517 p=10.227
Investigation time (Time x Conditioning) F232 =3.225 p=0.046
(Time x Treatment) F232=0.101 p =0.904
(Conditioning x Treatment) F1 32 = 0.427 p=0.518
(Time x Conditioning x Treatment) F2;32=1.177 p=0.315
Extinction s1-6 Mixed Model ANOVA Figure D
(Time) F2.4781.5=13.792 p <0.001
(Conditioning) F1.33=36.999 p <0.001
(Treatment) F133=10.698 p=0.410
Investigation time (Time x Conditioning) F2.4781.5=3.857 p=0.018
(Time x Treatment) F247,81.5=0.751 p=0.501
(Conditioning x Treatment) F133=2.157 p=0.151
(Time x Conditioning x Treatment) F2.47,81.5= 0.486 p=0.491
Recall s1-6 Mixed Model ANOVA Figure E
(Time) F3.79,125=15.183 p <0.001
(Conditioning) F1.33=7.940 p =0.008
(Treatment) F133=10.017 p=0.898
Investigation time (Time x Conditioning) F3.79,125=2.367 p=0.059
(Time x Treatment) F3.79,125=1.309 p=0.271
(Conditioning x Treatment) F1=1.596 p=0.215
(Time x Conditioning x Treatment) F3.79,125 = 0.959 p=0.430
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Table 24: Statistical analysis of the effects of L-AAA-induced astrocyte dysfunction within the caudal part of the
lateral septum (LSc) on vigilance time during social fear extinction and recall in male mice (Figure 30). Factor Time
represents stimulus presentation during SFC; factor Conditioning represents SFC- vs SFC* effects; factor Treatment
represents the effects of L-AAA vs Veh administration.

Extinction ns 1-3 Mixed Model ANOVA Figure F
(Time) F135.443=0.673 p=0.459
(Conditioning) F133 =3.157 p=0.085
(Treatment) F133 = 1.448 p=0.237
Vigilance time (Time x Conditioning) F135443=0.071 p =0.860
(Time x Treatment) F135443 =0.001 p=0.992
(Conditioning x Treatment) Fi 33 = 0.402 p=0.530
(Time x Conditioning x Treatment) F1.35.443 = 0.223 p=0.711
Extinction s 1-6 Mixed Model ANOVA Figure G
(Time) F2.73.900=10.680 p <0.001
(Conditioning) F1,33=38.392 p <0.001
(Treatment) F133=3.491 p=0.071
Vigilance time (Time x Conditioning) F2.7380.0=2.833 p =0.048
(Time x Treatment) F2.73,80.0= 0.640 p=0.577
(Conditioning x Treatment) F133=4.058 p=0.052
(Time x Conditioning x Treatment) F2.73,80.0= 0.457 p=0.695
Recall ns 1-6 Mixed Model ANOVA Figure H
(Time) F2.85940=12.075 p <0.001
(Conditioning) F1.33=12.638 p=0.001
(Treatment) Fi33=1.982 p=0.169
Vigilance time (Time x Conditioning) F2s5940=5.715 p=10.001
(Time x Treatment) F2.85,94.0= 2.429 p=0.073
(Conditioning x Treatment) F133=3.329 p=0.077
(Time x Conditioning x Treatment) F2.85,94.0= 3.052 p=0.035
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3.3. Effects of L-AAA-induced astrocytic dysfunction within the LSc in female mice

In female mice, L-AAA treatment impaired the acquisition of social fear, as evidenced by the
increased number of foot shocks required to induce social avoidance during social fear acquisition
(* p = 0.003, Figure 31B). On the following day, prior extinction training, both L-AAA and Veh-
treated groups displayed similar investigation time toward non-social stimulus during all three
presentations (nsl, ns2, ns3), indicating that L-AAA did not affect responses to non-social stimuli
(Figure 31C). When exposed to social stimuli (Figure 31D), both all SFC" animals exhibited social
fear responses, as evidenced by reduced social investigation at the beginning of social exposure
(Figure 30D). SFC'/Veh had significantly lower investigation time than SFC/Veh during the first
two social stimuli (s1 p = 0.002, s2 p = 0.015), with a trend toward reduced social investigation in
the third stimulus (s3 p = 0.066), before reaching similar levels to the unconditioned group (SFC
/Veh). This indicates that repeated exposure of social stimuli led, as expected, to a reduction in social
fear. Similarly, SFC*/L-AAA showed reduced social investigation during the first three social
exposures (s1 p <0.001, s2 p=0.002, s3 p =0.006), until reaching comparable investigation time to
the SFC/L-AAA group in later exposures. This suggests that, despite the delayed acquisition,
SFC'/L-AAA mice were able to learn and extinguish social fear in a manner similar to the SFC*/Veh
group, as shown by the lack of differences in investigation time between the SFC*/Veh and SFC'/L-
AAA groups.

During social fear recall (Figure 31E), SFC*/Veh animals showed similar investigation time to the
SFC- animals, indicating successful extinction of social fear. SFC*/L-AAA animals showed a trend
toward lower investigation time compared to SFC/L-AAA animals during the first social exposure
(sl p = 0.058), although from the second until the last exposure, no differences were observed
between the two groups. This indicates that, similar to the Veh-treated group, L-AAA-treated animals
were able to successfully extinguish the social fear. This consideration is sustained by an extinction

curve that remains similar between SFC*/Veh and SFC*/L-AAA, with no differences.

Regarding vigilance behavior, no differences were detected across Veh- and L-AAA-treated groups
during non-social exposure (Figure 31F). During social extinction training (Figure 31G), SFC"/L-
AAA and SFC"/Veh groups showed no differences in vigilance behavior. SFC*/Veh exhibited higher
vigilance time than SFC/Veh during the first two social exposures (s1 p=10.002, s2 p=018), with a
trend toward higher vigilance behavior in the third stimulus (s3 p = 0.061). Similarly, SFC"/L-AAA
showed higher vigilance time compared to the SFC/L-AAA in the first three social stimuli (s1 p <
0.001, s2 p = 0.003, s3 p = 013), indicating social fear response. During social fear recall (Figure
31H), SFC*/Veh showed no differences in social fear responses compared to the unconditioned

controls, suggesting successful extinction. In contrast, SFC/L-AAA animals displayed some
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residual vigilance during the first social exposure (sl p = 0.021), reaching levels comparable to the

unconditioned L-AAA group from the second stimulus on.

Overall, these findings suggest that, in contrast to males, L-AAA-induced astrocytic dysfunction in
female mice leads to a delayed acquisition of social fear, but does not alter the process of social fear

extinction, as seen in males.
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Figure 31. Effects of L-AAA-induced structural depletion during social fear extinction and recall in female mice. A)
Hllustration of the experimental timeline. B) Number of CS-US pairings presented to conditioned mice (SFC*) during
acquisition of social fear. C-D) Percentage of investigation time during social fear extinction of non-social stimulus (C)
and social stimuli (D). E) Percentage of investigation time of social stimuli during social fear extinction recall. F-G)
Percentage of vigilance time during social fear extinction of non-social stimulus (F) and social stimuli (G). H) Percentage
of vigilance time of social stimuli during social fear extinction recall. Data represents + SEM. ($) p < 0.07 SFC*/L-AAA
vs SFC/L-AAA, $ p <0.05 SFC*/L-AAA vs SFC/L-AAA, $8 p < 0.01 SFC*/L-AAA vs SFC/L-AAA, (§) p < 0.07 SEFC*/Veh

vs SEC/Veh § p <0.05 SFC*/Veh vs SFC/Veh, §§8 p < 0.01 SEFC*/Veh vs SEC/Veh. For detailed statistics analysis see
Table 25-26.
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Table 25: Statistical analysis of the effects of L-AAA-induced astrocyte dysfunction within the caudal part of the
lateral septum (LSc) on investigation time during social fear extinction and recall in female mice (Figure 31). Factor
Time represents stimulus presentation during SFC; factor Conditioning represents SFC-vs SFC* effects; factor Treatment
represents the effects of L-AAA vs Veh administration.

Acquisition Independent T-Test Figure B
CS-US pairings t2 =-3.358 p=0.003
Extinction ns 1-3 Mixed Model ANOVA Figure C
(Time) F2,60=26.152 p <0.001
(Conditioning) F131 = 1.575 p=0.219
(Treatment) F131 = 1.547 p=0.223
Investigation time (Time x Conditioning) F2,62 =2.537 p =0.087
(Time x Treatment) F2,62 = 2.460 p =0.094
(Conditioning x Treatment) Fi31 = 0.262 p=0.613
(Time x Conditioning x Treatment) F2,62 =0.270 p=0.764
Extinction s 1-6 Mixed Model ANOVA Figure D
(Time) F2.13,66.0=12.473 p <0.001
(Conditioning) F131= 14.643 p <0.001
(Treatment) F1.31=10.296 p=0.590
Investigation time (Time x Conditioning) F2.13.66.0=6.329 p=10.003
(Time x Treatment) F2.13,66.0= 0.550 p=0.590
(Conditioning x Treatment) F131=0.182 p=0.672
(Time x Conditioning x Treatment) F2.13,66.0=0.218 p=0.818
Recall ns 1-6 Mixed Model ANOVA Figure E
(Time) F3.11,963=5.577 p=0.001
(Conditioning) F131=1.739 p=0.197
(Treatment) Fi31=1.713 p=0.200
Investigation time (Time x Conditioning) F3.11,963=4.738 p =0.004
(Time x Treatment) F3.11,963=1.882 p=0.136
(Conditioning x Treatment) F131=0.001 p=0.976
(Time x Conditioning x Treatment) F3.11,963=0.371 p=0.781
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Table 26: Statistical analysis of the effects of L-AAA-induced astrocyte dysfunction within the caudal part of the
lateral septum (LSc) on vigilance time during social fear extinction and recall in female mice (Figure 31). Factor Time
represents stimulus presentation during SFC; factor Conditioning represents SFC- vs SFC* effects; factor Treatment
represents the effects of L-AAA vs Veh administration.

Extinction ns 1-3 Mixed Model ANOVA Figure F
(Time) F127395=1.017 p=0.339
(Conditioning) F1,31 =0.068 p=0.795
(Treatment) F131 =0.549 p=0.464
Vigilance time (Time x Conditioning) F127395=1.261 p=10.280
(Time x Treatment) F1.27,39.5=0.380 p=10.592
(Conditioning x Treatment) F131 =0.733 p=0.399
(Time x Conditioning x Treatment) F1.2739.5= 1.477 p=0.237
Extinction s 1-6 Mixed Model ANOVA Figure G
(Time) F1.80,55.5=16.165 p <0.001
(Conditioning) F1.31=17.049 p <0.001
(Treatment) F1.31=0.240 p=0.628
Vigilance time (Time x Conditioning) F1.s0,55.5=10.842 p <0.001
(Time x Treatment) F1.80,55.5=0.289 p=0.726
(Conditioning x Treatment) F131=0.075 p=10.786
(Time x Conditioning x Treatment) F1.80,55,5=0.082 p=0.903
Recall ns 1-6 Mixed Model ANOVA Figure H
(Time) F1.62,503=5.946 p =0.008
(Conditioning) Fi131=4.945 p=0.034
(Treatment) F131=0.247 p=0.623
Vigilance time (Time x Conditioning) Fi.62503=5.510 p=0.011
(Time x Treatment) F1.62,503 = 0.400 p=0.630
(Conditioning x Treatment) F131=0.192 p =0.664
(Time x Conditioning x Treatment) F1.62,503= 0.600 p=0.519
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4. Effects of social fear acquisition on astrocytic Ca?" activity in the LS in male and female

mice

Due to the activity-dependent of astrocyte morphology already found in previous studies
(Theodosis et al. 2008; Arizono et al. 2021; Denizot et al. 2022) and the morphological changes
revealed following SFC (see section 2 in Results), I investigated to which extent social fear
acquisition impacts astrocytic Ca®" activity within the LS. The experiments were performed in
collaboration with Dr. Alexander Charlet at the University of Strasbourg (France). Understanding
the effects of social fear processes on calcium signaling in astrocytes can provide insights into the

role of astrocytes in the regulation of fear processing and intercellular communication.

4.1. Baseline astrocytic Ca** activity within the LS ex vivo in male and female mice after

social fear acquisition

To explore astrocytic Ca?* activity following social fear acquisition in the LSc, brains were harvested
10 min after social acquisition for ex vivo calcium imaging in both male and female mice (see section
8. in Material and Methods for details). The number of Ca*" transients (frequency) and the AUC of

Ca*" peaks were quantified during the first 5 min of recording as indicators of baseline Ca*" activity.

In male mice, calcium imaging revealed that both the frequency (p = 0.043; Figure 31B) and the
AUC (p = 0.017; Figure 31B) of Ca®" transients in the LSc were higher in SFC* compared to SFC
mice under baseline conditions, i.e. without further manipulation. However, when analyzing the
recordings separately for the dorsal and ventral regions of the LSc, distinct patterns emerged. In the
dorsal LSc, only the frequency of Ca?* transients (p = 0.034; Figure 31C) was elevated in SFC*, while
in the ventral LSc both the frequency (p = 0.001; Figure 31D) and AUC (p <0.0001; Figure 31D) of
Ca?*" transients were higher in SFC* compared to SFC- mice. In line with morphological analysis,
these findings suggest that astrocyte in the LSc, particularly in the ventral part, exhibit heightened

responsiveness in male mice following social fear acquisition.
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Figure 32. Social fear acquisition increased astrocytic calcium acitivty in the caudal part of the lateral septum (LSc) of
male mice. A) Illustration of the experimental design. Brains were harvested 10 min after social fear acquisiiton for ex
vivo calcium imaging in male mice. Ca®* transients frequency (up) and AUC (down) in the LSc (B), the dorsal LSc (C) and
the ventral LSc (D) of SFC- and SFC* animals. n = number of cells recorded. In each experiment 3-4 mice were used. Data

represents means £ SEM. * p < 0.05, ** p < 0.01. For detailed statistics analysis see Table 27.

Table 27: Statistics of the baseline astrocytic calcium activity in the caudal lateral septum (LSc) after social
fear acquisition in male mice (Figure 32). Factor represents SFC- vs SFC+ effects.

LSc Mann-Whitney U Test Figure B
Calcium transient frequency U=4435 p=0.043
AUC U=4187 p=0.017
LSc dorsal Mann-Whitney U Test Figure C
Calcium transient frequency U=18 p=0.034
AUC U=15 p=0.078
LSc ventral Mann-Whitney U Test Figure D
Calcium transient frequency U=1399.5 p=0.001
AUC U=273 p <0.0001
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In female mice, similar to the results observed in males, a higher baseline frequency (p = 0.006;
Figure 33B) and AUC (p < 0.001; Figure 33B) of Ca?" transients were observed in SFC* compared
to SFC mice across the LSc (Figure 33B). However, in contrast to males, no differences in the
frequency or AUC of Ca®* transients were found, when the recordings were separated into the dorsal
and ventral regions of the LSc, (Figure 33C-D). These findings align with the morphological analysis,
where, in contrast to male mice, no differences in astrocytic morphology were observed between
conditioned and unconditioned mice in females, indicating potential sex-specific astrocytic responses

to social fear acquisition.
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Figure 33. Social fear acquisition increased astrocytic calcium acitivty in the caudal part of the lateral septum (LSc) of
female mice. A) lllustration of the experimental design. Brains were harvested 10 min after social fear acquisiiton for ex
vivo calcium imaging in female mice. Ca** transients frequency (up) and AUC (down) in the LSc (B), the dorsal LSc (C)
and the ventral LSc (D) of SFC- and SFC* animals. n = number of cells recorded. In each experiment 3-4 mice were used.
Data represents means = SEM. ** p < 0.01, *** p < 0.001. For detailed statistics analysis see Table 28.
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Table 28: Statistics of the baseline astrocytic calcium activity in the caudal lateral septum (LSc) after social
fear acquisition in female mice (Figure 33). Factor represents SFC- vs SFC+ effects.

LSc Mann-Whitney U Test Figure B

Calcium transient frequency U=3960 p =0.006
AUC U=3574 p <0.001
LSc dorsal Mann-Whitney U Test Figure C

Calcium transient frequency U=2 p=0.278
AUC U=3 p=0.333
LSc ventral Mann-Whitney U Test Figure D
Calcium transient frequency U=0625.5 p=0.142
AUC U=432 p=0.001

4.2. Sex difference of the baseline calcium astrocytic activity in the LSc

Based on the observed differences in astrocytic Ca** activity in the LSc¢ of male and female mice,
I further investigated potential sex differences in astrocytic Ca®" dynamics of SFC* and SFC™ animals
(Figure 34). When comparing male and female SFC- mice, males exhibited a higher baseline Ca*"
transient frequency (Figure 34A, p = 0.020) and AUC (p = 0.023; Figure 34B) compared to females.
However, in SFC* mice, no sex-differences were detected in either the baseline Ca" transient
frequency or AUC (Figure 34C-D). This suggest that under baseline conditions, male mice display
increased astrocytic Ca®" activity compared to females, but this sex-differences are dissolved

following social fear conditioning suggesting a potential ceiling effect in females.
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Figure 34. Baseline astrocytic Ca®*activity is higher in unconditioned male mice compared to SFC- female mice. A-B)
Sex differences of Ca®* transient frequency (4) and amplitude (AUC) (B) in unconditioned mice. C-D) Sex differences of
Ca?* transient frequency (A) and amplitude (AUC) (B) in conditioned mice. n = number of cells. Data represents means
+ SEM. * p <0.05. For detailed statistics analysis see Table 29.

Table 29: Statistics of the baseline astrocytic calcium activity in the caudal lateral septum (LSc) after social
fear acquisition between male and female mice (Figure 34). Factor represents Males vs Females effects.

SFC- Mann-Whitney U Test Figure A-B
Calcium transient frequency U=3516 p=0.020
AUC U=3439 p=0.023
SFC* Mann-Whitney U Test Figure C-D
Calcium transient frequency U=5377 p=0.099
AUC U=5606 p=0.352
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4.3. Astrocytic Ca’" activity in response to TGOT in male and female mice after social fear

acquisition

Due to the morphological changes revealed following SFC in male mice (see section 2 in Results)
and the expression of OXTR in astrocytes in the LSc in both sexes (see section 1 in Results), I
explored the impact of social fear acquisition on astrocytic calcium activity in response to TGOT

application in both male and female mice (see section 8.5 in Material and Methods for details).

In male mice, TGOT application raised Ca?* transient frequency and AUC in both SFC(** p < 0.01,
Figure 35C; ** p < 0.01, Figure 35D) and SFC" (#### p < 0.0001, Figure 35C; #### p < 0.0001,
Figure 35D) conditions. However, the astrocytic Ca** response to TGOT did not differ between SFC
and SFC" animals. Additionally, when comparing the percentage of TGOT responding cells, no

differences were observed between SFC™ and SFC* groups.

Interestingly, when considering the overall astrocytic population in the LSc, which includes both
TGOT-responsive and non-responding cells (Figure 35F-G), there was a notable decrease in Ca*"
transient frequency and AUC following TGOT application in the LSc of SFC mice (*** p = 0.0001,
Figure 35F; *** p = 0.018, Figure 35G). In contrast, in SFC* animals, only the Ca*" transient
frequency was reduced after TGOT (## p = 0.005, Figure 35F), with no change in the AUC.
Moreover, comparing TGOT responses between SFC- and SFC* revealed in both a higher Ca**
transient frequency ($$ p = 0.009, Figure 35F) and AUC ($$ p = 0.005, Figure 35G) in SFC*
compared to SFC"animals. These findings suggest that the activity patterns of astrocytes in the LSc
of male mice are affected by social fear acquisition and that the heightened response in conditioned
animals following TGOT application might reflect an adaptation in astrocytic function related to

social fear processes.
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Figure 35. Social fear acquisition increased astrocytic calcium activityin female mice following TGOT application. B)
Hllustration of AF traces following application of TGOT (0.4 uM) in conditioned mice. Responding astrocytes Ca’*
transients frequency (C), AUC (D) and proportion of responding astrocytes (E). F) Ca’" transients frequency and G) AUC
in all astrocytic population (responding and non-responding cells). n = number of cells. Data represents means + SEM. **
p < 0.01 Baseline vs TGOT (SFC-), *** p < 0.001 Baseline vs TGOT (SFC-), ##p < 0.01 Baseline vs TGOT (SFC+), ####
p < 0.0001 Baseline vs TGOT (SFC+), $8 p < 0.01 SFC- vs SFC- (TGOT). For detailed statistics analysis see Table 30.
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Table 30: Statistics of the astrocytic calcium activity in the response to TGOT in the caudal lateral septum (LSc)
after social fear acquisition in male mice (Figure 35). Factor represents Baseline vs TGOT or SFC- vs SFC+ of TGOT
response.

TGOT responding cells

Baseline vs TGOT (SFC") Wilcoxon Test Figure B-C
Calcium transient frequency W =125 p=0.001
AUC W =123 p=0.002
Baseline vs TGOT (SFCY) Wilcoxon Test Figure B-C
Calcium transient frequency W =346 p <0.0001
AUC W =338 p <0.0001
SFC-vs SFC* Independent T-Test, Mann-Whitney U Test Figure B-C-D
Calcium transient frequency ta1 = 0.457 p =0.649
AUC U=197 p=0.788
Response to TGOT U=534 p=0.133

Global response (all cells, responding and non-responding TGOT cells)

Baseline vs TGOT (SFC-) Wilcoxon Test Figure F-G
Calcium transient frequency W=118 p=0.0001
AUC W=118 p=0.018
Baseline vs TGOT (SFC+) Wilcoxon Test Figure F-G
Calcium transient frequency W=118 p =0.005
AUC W=116 p=0.776
SFC- vs SFC+ Mann-Whitney U Test Figure F-G
Calcium transient frequency U =5621 p =0.009
AUC U =5415 p =0.005

Similarly to male mice, in females TGOT application increased both the Ca®" transient frequency and
AUC of Ca*"activity in the LSc in both SFC-(*** p = 0.0002, Figure 36A; *** p = 0.0005, Figure
36B) and SFC" mice (#### p < 0.0001, Figure 36A; #### p < 0.0001, Figure 36B). Notably, SFC*
showed higher Ca?" transient frequency ($$ p = 0.003, Figure 36A) and AUC ($$ p = 0.005, Figure
36B) compared to SFC" animals following TGOT application. Furthermore, there was a trend toward
increased astrocytic responsiveness in SFC* ((*), p = 0.051, Figure 36C) compared to SFC-,

suggesting that social fear acquisition enhances astrocytic responsiveness to TGOT.

Interestingly, when considering the global astrocytic population in the LSc, a decreased in Ca®*

transient frequency and AUC was observed following TGOT application in SFC (* p=0.012, Figure
36D; * p=0.049, Figure 36E) compared to baseline conditions. In contrast, SFC" showed no changes
in either Ca*" transient frequency or AUC, after TGOT application. However, comparing TGOT
responses between SFC- and SFC* groups, revealed an increased in both Ca?' transient frequency

($$$8$ p <0.0001, Figure 36D) and AUC ($$$$ p < 0.0001, Figure 36E) in SFC* animals.
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Overall, these results indicate the social fear acquisition enhances the astrocytic calcium activity in
response to TGOT application independent of sex. Specifically, SFC+ mice demonstrated
significantly higher Ca*" transient frequency and AUC in both TGOT-responsive and all astrocytes
compared to SFC- animals. This heightened activity in SFC+ suggest that astrocytes could modulate

oxytocin-related signaling pathways involved in social fear regulation.

A B C
$$ 33
907 Baseline 157 — 150+
S TGOT ik g ()
3
g — =
L 204 S 10 8 1004
“— N A =
g I = o
wn =
S 104 2 54 @
o < 2 50
- o
& n =13 (SFC) n=13(sFc) &
8 0 n =44 (SFCY o n = 44 (SFC") & 0 Fl
- +
SFC SFC SFC  SFC
D E
$58%
> 40+ $$5% 30+ I
2 * *
g
g 30 a—
E o o 20+
T I 20 =
(]
5 E o
£ 101 <
glm n =100 (SFC") n=99 (SFC’)
O 0 4 n =158 (SFC*) o = n =157 (SFC*)
SFC SFC* SFC” SFC*

Figure 36. Social fear acquisition increased astrocytic calcium activity following TGOT application in female mice.
Responding astrocytes Ca’* transients frequency (A), AUC (B) and proportion of responding astrocytes (C). D) Ca**
transients frequency and E) AUC in all astrocytic population (responding and non-responding cells). n = number of cells.
Data represents means + SEM. * p < 0.05 Baseline vs TGOT (SFC-), *** p < 0.001 Baseline vs TGOT (SFC-), #it## p <
0.0001 Baseline vs TGOT (SFC+), 38 p < 0.01 SFC- vs SFC- (TGOT), 3338 p < 0.0001 SFC- vs SFC- (TGOT). For
detailed statistics analysis see Table 31.
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Table 31: Statistics of the astrocytic calcium activity in the response to TGOT in the caudal lateral septum (LSc)
after social fear acquisition in female mice (Figure 36). Factor represents Baseline vs TGOT or SFC- vs SFC+ of
TGOT response.

TGOT responding cells

Baseline vs TGOT (SFC") Wilcoxon Test Figure B-C
Calcium transient frequency W=13 p = 0.0002
AUC W=13 p =0.0005
Baseline vs TGOT (SFCY) Wilcoxon Test Figure B-C
Calcium transient frequency W =44 p <0.0001
AUC W =44 p <0.0001
SFC-vs SFC* Independent T-Test, Mann-Whitney U Test Figure B-C-D
Calcium transient frequency tsa = 3.065 p=0.003
AUC U=125 p =0.005
Response to TGOT U =563 p=0.051

Global response (responding and non-responding TGOT cells)

Baseline vs TGOT (SFC) Wilcoxon Test Figure E-F
Calcium transient frequency W =100 p=0.012
AUC W =99 p =0.049
Baseline vs TGOT (SFCY) Wilcoxon Test Figure E-F
Calcium transient frequency W=158 p=0.902
AUC W =157 p=0.392
SFC vs SFC* Mann-Whitney U Test Figure B-C-D
Calcium transient frequency U = 4067 p <0.0001
AUC U = 4067 p <0.0001

When the effects of TGOT application on astrocytic Ca** activity was compared between male and
female mice (Figure 37), significant sex differences in SFC™ were found. Female mice exhibited a
reduced TGOT response compared to males, with lower Ca?" transient frequency (** p = 0.007,
Figure 37A) and AUC (* p=0.019, Figure 37B). In contrast, no differences were observed in either
Ca* transient frequency (Figure 37C) or AUC (Figure 37D) between sexes in SFC" animals,
indicating that social fear conditioning led to a comparable astrocytic Ca?" activity response in both

sexes following TGOT application.

Overall, these results suggest a baseline sex-difference in astrocytic calcium response to TGOT, with
males exhibiting higher activity in unconditioned states. Interestingly, this sex difference disappears
after social fear conditioning, implying that the reduced response observed in female mice under

baseline conditions may be due to a ceiling effect.
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Figure 37. Effects of TGOT on astrocytic calcium activity in male and female mice following social fear conditioning.
A-B) Responding astrocytes Ca’* transients frequency (4), AUC (B) between male and female mice in SFC- animals. C-D)
Responding astrocytes Ca’" transients fiequency (C), AUC (D) between male and female mice in SFC+ animals. n =
number of cells. Data represents means + SEM. * p <0.05 Baseline vs TGOT (SFC-), ** p < 0.01. For detailed statistics

analysis see Table 31.

Table 32: Statistics of the TGOT response astrocytic calcium activity in the caudal lateral septum (LSc) after
social fear acquisition between male and female mice (Figure 37). Factor represents Males vs Females effects.

SFC- Mann-Whitney U Test Figure C
Calcium transient frequency U=485 p=0.007
AUC U=55 p=0.019
SFC* Mann-Whitney U Test Figure C
Calcium transient frequency U=530 p =0.449
AUC U=551 p=0.616

Consistent with the findings in TGOT-responding cells, an analysis of astrocytic Ca®" activity in
response to TGOT across all astrocytes (Figure 38) revealed a trend towards a decreased activity in
female mice compared to males in SFC. This reduction was observed both in Ca®" transient
frequency (p = 0.052; Figure 38 A) and AUC (p = 0.059; Figure 38B). Interestingly, in SFC" animals
an increase of Ca" transient frequency was observed in females compared to males (p = 0.036; Figure
38C), although no difference in AUC (Figure 38D) was detected between male and female mice.

This aligns with the previous results, suggesting that social fear conditioning enhances astrocytic
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Ca’" activity across all astrocytes in response to TGOT, with female showing even higher activity
levels compared to males. This furthers reinforce a ceiling effect in female mice under baseline
conditions, which is mitigated following social fear conditioning, leading to heightened astrocytic

response in females.
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Figure 38. Effects of TGOT on astrocytic calcium activity in all astrocytes in male and female mice following social
fear conditioning. A-B) Responding astrocytes Ca’* transients frequency (A), AUC (B) between male and female mice in
SFC- animals. C-D) Responding astrocytes Ca’" transients frequency (C), AUC (D) between male and female mice in
SFC+ animals. n = number of cells. Data represents means + SEM. (*) p < 0.07 Baseline vs TGOT (SFC-), * p < 0.05.
For detailed statistics analysis see Table 32.

Table 32: Statistics of the global response astrocytic calcium activity in the caudal lateral septum (LSc) after
social fear acquisition between male and female mice (Figure 38). Factor represents Males vs Females effects.

SFC Mann-Whitney U Test Figure D
Calcium transient frequency U =5021 p=0.052
AUC U =5026 p=0.059
SFC* Mann-Whitney U Test Figure D
Calcium transient frequency U=17811 p=0.036
AUC U = 8435 p=0.260
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5. OXT effects on astrocytic morphology and function in the LS

Based on the previous findings from literature showing OXT effects on astrocyte morphology in
the PVN (Theodosis et al. 1986b) and AMY (Wahis et al. 2021) and considering the expression of
OXTR found in astrocytes within the LS in both male and female (for details see section 1 in Results),
I first investigated OXT effects on astrocytic morphology in the LSc and then explored the
involvement of astrocytic OXT signaling in the social fear conditioning paradigm by downregulating

the expression of astrocytic OXTR in the LSc in both males and female mice.

5.1. OXT effects on LS astrocytic morphology in male mice

To investigate OXT effects on LSc astrocyte structure, OXT (5 ng/ 0.2 ul/ hemisphere) or Veh
(PBS, 0.2 pl/ hemisphere) was infused bilaterally into the LSc of male mice with a third group serving
as a sham control. Analysis of the mean fluorescence intensity of astrocytes labeled as GFAP
revealed no differences between the sham, Veh or OXT group (Figure 39B). Additionally, when
analyzing astrocyte morphology, no differences were detected in the number of primary processes
(Figure 39F), in the length of longest primary process (Figure 39G) or in the domain area (Figure
39H), indicating that synthetic OXT did not alter astrocyte structure in the LSc of male mice.
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Figure 39. OXT did not alter astrocyte morphology in the caudal lateral septum (LSc) of male mice. A) lllustration of
the experimental timeline. B) E) Quantification of mean fluorescence of GFAP in Sham, Veh or OXT (5 ng/ 0.2
ul/hemisphere) treated group. C-E) Representative image from the LSc showing immunohistochemical staining for glial
fibrillary acidic protein expressing (GFAP, green) and nuclei stained with DAPI (blue) from Sham (C), Veh (D) and OXT
group (E). F-H) Quantification of astrocytes morphology, including the number of primary processes (F), length of the
longest primary process (G), and domain area (H). n = animal number. Data represents means £ SEM. For detailed

statistics analysis see Table 33.

Table 33: Statistics of oxytocin (OXT) effects on astrocyte morphology within the caudal part of the lateral septum
(LSc) (Figure 39). Factor represents Sham Vs Veh vs OXT effects.

Mean fluorescence intensity
Number of primary processes
Length of longest process

Domain area

One way ANOVA
F2,10=0.645
F2,17=0.110
F2,19=0.464
F2,19=10.120

Figure C-F-G-H

p=0.537
p=10.897
p=0.637
p=10.887
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5.2. Effects of OXTR knockdown on LS astrocytes on social fear behavior in male and

female mice

Although morphological analysis did not reveal any changes in astrocyte structure following OXT
infusion, calcium imaging experiment demonstrated astrocytic response to TGOT in both SFC-and
SFC" animals. This indicates that astrocytic OXT signaling is involved in socio-emotional behavior.
To explore this further, I investigated the behavioral effects of astrocytic Oxtr mRNA knockdown in
the LSc (see section 3.2. in Material and Methods for details) during the social fear conditioning
paradigm in both male and female mice. Particularly, mice were injected with either shRNA or
scrRNA, and 3 weeks post-surgery, social behavioral was analyzed during social fear extinction and

recall.

Relative Oxtr mRNA expression in the caudal septum was measured to assess the efficiency of the
knockdown in the shRNA groups. However, no reduction was observable in the shRNA group

compared to the scr group in male mice (see section 5. in Discussion).

In male mice, astrocytic Oxt* mRNA knockdown did not influence the acquisition of social fear, as
equal number of foot shocks were required to induce social avoidance during social fear acquisition
in SFC*/scr compared to SFC"/Oxtr (Figure 40B). On the next day, prior extinction training, both
scrambled (scr) control and Oxtr shRNA groups displayed similar investigation time towards the 3
non-social stimuli (ns1, ns2, ns3), indicating that astrocytic Oxtr shRNA did not influence anxiety-
related behaviro (Figure 40C). When exposed to the first social stimulus (Figure 40D), both SFC*/scr
animals and SFC'/Oxtr shRNA mice exhibited social fear responses, reflected by reduced social
investigation. SFC"/scr showed reduced social investigation during the first five social exposures
(s1-2 p <0.001, s3 p=0.006, s4 p = 0.007), reaching comparable investigation time to the SFC"/scr
group during the exposure to the sixth social stimulus (s6 p=0.053). Interestingly, SFC*"/Oxtr shRNA
exhibited a reduced investigation time than SFC/Oxtr shRNA during the first four social stimuli (s1-
3 p <0.001, s4 p=0.006), reaching comparable levels to the SFC" group during the last two social
exposure. This suggest that Ox#r knockdown accelerated the extinction curve, which is also sustained
by increased social investigation in SFC*/Oxtr sShRNA observed in the fifth social stimulus compared

to the SFC*/scr group (p = 0.028).

During social fear recall (Figure 40E), SFC/scr animals showed similar investigation time to the
unconditioned controls, indicating successful extinction of social fear. However, SFC*/Oxtr sARNA
animals exhibited lower investigation time compared to SFC/Oxtr shRNA animals during the first
fifth social exposures (sl p=0.011, s2 p=0.032, s3 p = 0.068, s4 p =0.040, s5 p = 0.011), before
reaching comparable levels by the final exposure. This indicates that both scr and Oxtr shRNA groups
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successfully extinguished social fear, as indicated by similar extinction curve between SFC/scr and

SFC'/ Oxtr shRNA.

In terms of vigilance behavior, both scr and Ox#r shRNA treated groups displayed similar vigilance
time towards the non-social stimulus during the exposures (Figure 40F, ns1, ns2, n3). During social
stimuli exposure (Figure 40G), SFC"/scr animals showed increased vigilance time compared to SFC
/scr during the first four exposures (s1 p <0.001, s2 p=0.014, s3 p=0.032, s4 p=0.024), reflecting
a sustained social fear response. Similarly, SFC"/Oxtr shRNA animals showed higher vigilance
behavior than SFC/Oxtr shRNA during the first four social exposures (s1-s2 p <0.001, s3 p=0.002,
s4 p = 0.049). No differences between SFC*/scr and SFC*/Oxtr shRNA groups were observed.

During recall, SFC*/scr displayed heightened fear response only during the first social stimulus (s1
p = 0.030), with no differences for the remaining exposures, indicating complete extinction of social
fear. Similarly, SFC'/Oxtr shRNA animals exhibited higher vigilance behavior compared to the SFC
/Oxtr shRNA only during the first social stimulus (s1, p = 0.009), showing no fear responses

thereafter.

Overall, these findings suggest that astrocytic Oxtr mRNA knockdown in the LSc of male mice does
not affect the acquisition of social fear but accelerates the extinction of social fear. However, the

vigilance behavior was not influenced by the Oxtr reduction.
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Figure 40. Effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on social fear conditioning and
extinction in male mice. A) Illustration of the experimental timeline. B) Number of CS-US pairings presented to
conditioned mice (SFC*) during acquisition of social fear. C-D) Percentage of investigation time during social fear
extinction of non-social stimulus (C) and social stimuli (D). E) Percentage of investigation time of social stimuli during
social fear extinction recall. F-G) Percentage of vigilance time during social fear extinction of non-social stimulus (F) and
social stimuli (G). H) Percentage of vigilance time of social stimuli during social fear extinction recall. Data represents +
SEM. * p <0.05 SFC*/Oxtr shRNA vs SFC*/scr, (*) p < 0.07 SFC*/Oxtr shRNA vs SFC*/scr, (§) p < 0.07 SFC*/scr vs
SFC/scr, § p <0.05 SFC*/scr vs SFC/scr, 3§ p < 0.01 SFC*/scr vs SFC/scr, $ p <0.05 SFC*/Oxtr shRNA vs SFC-/Oxtr
ShRNA, $8 p < 0.01 SFC*/Oxtr shRNA vs SFC-/Oxtr shRNA, $33 p < 0.001 SFC*/Oxtr shRNA vs SFC-/Oxtr shRNA For
detailed statistics analysis see Table 34-35.
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Table 34: Statistical analysis of the effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on
investigation time in male mice (Figure 40). Factor Time represents stimulus presentation during SFC; factor Conditioning
represents SFC™vs SFC* effects; factor Treatment represents Oxtr shRNA vs scr effects.

Acquisition Independent T-Test Figure B
CS-US pairings tio=0.674 p=0.515
Oxtr mRNA Independent T-Test Figure [
Relative Oxtr mRNA t17 =-1.904 p=0.074
Extinction ns 1-3 Mixed Model ANOVA Figure C
(Time) F2,40=8.301 p <0.001
(Conditioning) F1,20 = 0.106 p=0.748
(Treatment) F120=1.317 p=0.265
Investigation time (Time x Conditioning) F240 = 0.372 p=0.692
(Time x Treatment) F240=0.011 p=0.989
(Conditioning x Treatment) Fi20 = 0.106 p=0.748
(Time x Conditioning x Treatment) F2.40 = 0.067 p=0.935
Extinction s 1-6 Mixed Model ANOVA Figure D
(Time) F1.8737.4=3.878 p=10.032
(Conditioning) F1.20=42.540 p <0.001
(Treatment) F1.20=0.561 p=0.462
Investigation time (Time x Conditioning) F1.8737.4=6.253 p =0.005
(Time x Treatment) F1.8737.4=2.799 p=0.077
(Conditioning x Treatment) F120=0.107 p=0.747
(Time x Conditioning x Treatment) F1.87,37.4= 1.902 p=0.166
Recall ns 1-6 Mixed Model ANOVA Figure E
(Time) F237449=15.385 p <0.001
(Conditioning) Fi,19=5.742 p=0.027
(Treatment) F1,19=0.009 p=0.926
Investigation time (Time x Conditioning) F237.44.9=3.408 p=0.035
(Time x Treatment) F237.440=1.724 p=0.185
(Conditioning x Treatment) Fi,19=3.016 p =0.099
(Time x Conditioning x Treatment) F2.37.44.9= 0.460 p =0.666
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Table 35: Statistical analysis of the effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on
investigation time in male mice (Figure 40). Factor Time represents stimulus presentation during SFC; factor Conditioning
represents SFC-vs SFC* effects; factor Treatment represents Oxtr sShARNA vs scr effects.

Extinction ns 1-3 Mixed Model ANOVA Figure F
(Time) F2.40=1.595 p=0.216
(Conditioning) F120 =2.386 p=0.138
(Treatment) Fi120=0.144 p=0.708
Vigilance time (Time x Conditioning) F2.40=1.253 p=0.297
(Time x Treatment) F240=0.041 p =0.960
(Conditioning x Treatment) Fi20 = 0.127 p=0.726
(Time x Conditioning x Treatment) F2.40=2.035 p=0.144
Extinction s 1-6 Mixed Model ANOVA Figure G
(Time) F2.5551.1=7.268 p <0.001
(Conditioning) F1.20=25.222 p <0.001
(Treatment) F1,20=0.016 p=0.900
Vigilance time (Time x Conditioning) F2ss551.1=7.282 p <0.001
(Time x Treatment) F2.5551.1=0.983 p=0.398
(Conditioning x Treatment) F120=0.158 p=0.696
(Time x Conditioning x Treatment) F2.5551.1=0.781 p=0.492
Recall ns 1-6 Mixed Model ANOVA Figure H
(Time) F2.1641.1=9.320 p <0.001
(Conditioning) F1,19=4.081 p=0.058
(Treatment) F1,190=0.342 p=0.566
Vigilance time (Time x Conditioning) F2.1641.1=8.116 p <0.001
(Time x Treatment) F2.16.41.1=0.456 p=10.652
(Conditioning x Treatment) F1,19=0.683 p=0.419
(Time x Conditioning x Treatment) F2.16,41.1= 0.200 p=10.836
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Unlike in males, reduction of relative Oxtr mRNA expression in the caudal septum of female mice
revealed successful knockdown in the shRNA group compared to the scr group (Figure 411, p =
0.023).

Similar to male mice, astrocytic Oxtr mRNA knockdown in female mice did not affect the acquisition
of social fear, as indicated by equal number of foot shocks required to induce social avoidance during
social fear acquisition (Figure 41B). During extinction training, both scr and Oxtr shRNA groups
displayed similar investigation time toward the non-social stimulus during all three presentations
(ns1, ns2, ns3), indicating that astrocytic Oxtr shRNA did not influence responses to non-social
stimuli (Figure 41C). Upon exposure to social stimuli (Figure 41D), both SFC*/scr animals and
SFC*/Oxtr shRNA mice exhibited social fear responses, as evidenced by reduced social investigation
at the beginning of social exposure. SFC'/scr showed reduced social investigation throughout all six
social exposures (s1-4 p < 0.001, s5 p = 0.006, s6 p = 0.040). In contrast, SFC*"/Oxtr shRNA mice
displayed reduced investigation time compared to SFC/Oxtr shRNA only during the first three social
stimuli (s1-3 p < 0.001) reaching similar levels during the last three social exposures. This suggest
that Oxtr knockdown accelerated the extinction curve, which is also supported by the increased social
investigation observed in SFC"/Oxtr shRNA animals compared to the SFC*/scr group observed
during the fourth and fifth social exposure (s4 p = 0.065, s5 p = 0.030), reaching comparable

investigation time in the last exposure.

During social fear recall (Figure 41E), SFC*/scr animals showed lower investigation time to the
unconditioned controls in the first two social exposures (s1 p <0.001, s2 p = 0.007) before reaching
similar levels in the later social stimuli, indicating successful social fear extinction. In contrast,
SFC*/Oxtr shRNA animals exhibited a trend toward lower investigation time than SFC/Oxtr shRNA
animals during only the first social stimulus (s1 p = 0.065) before reaching comparable levels in the
following exposures. Additionally, SFC*/ Oxtr shRNA showed higher investigation during the first
social stimulus (s p = 0.042) compared to SFC"/scr, shRNA, with a trend in the second social
exposure (s2 p=0.060). This suggest that both groups successfully extinguished social fear, although

SFC*/ Oxtr shRNA animals may have extinguished social fear faster than SFC"/scr mice.

Regarding vigilance behavior, both scr and Ox#r shRNA groups displayed similar vigilance time
toward the non-social stimulus during the exposures (Figure 41F, ns1, ns2, n3). During exposure to
social stimuli (Figure 41G), SFC*/scr animals showed increased vigilance time compared to SFC
/scr during the entire extinction phase (s1-s4 p < 0.001, s5 p = 0.001, s6 p = 0.012), reflecting a
sustained social fear response. In contrast, SFC*/Oxtr shRNA animals showed higher vigilance
behavior than SFC/Oxtr shRNA only during the first 3 social exposures (s1-s2 p < 0.001, s3 p =
0.003), aligning with the faster extinction curve observed in social investigation behavior.

Furthermore, SFC*/scr displayed higher vigilance behavior compared to SFC"/Oxtr shRNA during
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the first, fourth and fifth social stimuli (s1 p = 0.020, s4 p =0.012, s5 p = 0.016), with both groups

showing comparable vigilance behavior by the last exposure.

During recall phase, SFC'/scr exhibited heightened fear response only during the first thre social
stimuli (s1 p <0.001, s2 p = 0.008, s3 p = 0.028), with no differences for the remaining exposures,
indicating complete extinction of social fear. In contrast, SFC'/Oxtr shRNA animals exhibited
vigilance behavior comparable to SFC/Oxtr shRNA animals throughout all six social stimuli,
indicating a reduced fear response relative to SFC*/scr group. Increased vigilance behavior in
SFC*/scr compared to SFC/Oxtr shRNA was detected during the first two social stimuli (s1 p =

0.005, s2 p = 0.034), with similar levels for the remaining exposures.

Overall, these findings suggest that astrocytic Oxtr mRNA knockdown in the LSc of female mice
does not affect the acquisition of social fear but accelerates the extinction of social fear and reduces

overall the fear responses.

113



Results

A B
)7 1 1 4 TIn=9 (scr)
Microinjection = Acquisition ; ;ay Extinction ) d'ay Recall 8 (shRNA)
AAVE-GFAP-mCherry-shOXTR o v e ey Brain i S 3
5 )‘ lon social -sll'n.u lus ocial stimulus rain lissue 'E
~ada Y ! EI m " harvested ‘0_;
—_ 3x3min &x3 min o ==
N 2-6 min v w 2_ —I—
Social snmu\ys 3
6x3min 8 14
0
scr shRNA
C D E
$53
100- . - 100~ 8§ 100 —3
_ SFCilscr (n=9) *) * * (%
= g4 SFC/Oxtr shRNA (n = 9) 80 804 (%)
2 SFC*/scr (n = 9)
"g 60+ SFC*/OxtrshRNA (n=9) 60 60
:g’ 40 40+ 404
@
2 20- 20- 20-
o——- 00— 0
ns1 ns2 ns3 s1 s2 s3 s4 s5 sbB s1 s2 s3 s4 s5 s6
F G H
$3
100+ SFC/scr (n = 9) 1004 §§ 100+
*
- - * *
= 80- SFC/Oxtr shRNA (n = 9) 80 80 5
5 SFC*/scr (n = 9)
£ 60+ SFC*/Oxtr shRNA (n=9) 60+ 60+
@
é 40 40 40
5
> 204 20+ 20+
0—-—- 0- e R
ns1 ns2 ns3 s1 s2 s3 s4 s5 s6 s1 s2 s3 s4 s5 s6
I
4 =18 (scr)
18 (shRNA)
31 *

_|

—

scr  shRNA

relative Oxtr mRNA expression
)
|

o

Figure 41. Effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on social fear conditioning and
extinction in female mice. A) Illustration of the experimental timeline. B) Number of CS-US pairings presented to
conditioned mice (SFC*) during acquisition of social fear. C-D) Percentage of investigation time during social fear
extinction of non-social stimulus (C) and social stimuli (D). E) Percentage of investigation time of social stimuli during
social fear extinction recall. F-G) Percentage of vigilance time during social fear extinction of non-social stimulus (F) and
social stimuli (G). H) Percentage of vigilance time of social stimuli during social fear extinction recall. Data represents +
SEM. * p <0.05 SFC*/Oxtr shRNA vs SFC*/scr, (*) p < 0.07 SFC*/Oxtr shRNA vs SEFC*/scr, (§) p < 0.07 SFC*/scr vs
SFC/scr, § p <0.05 SFC*/scr vs SFC/scr, §§ p < 0.01 SFC*/scr vs SFC/scr, $ p <0.05 SFC*/Oxtr shRNA vs SFC-/Oxtr
ShRNA, $8 p < 0.01 SFC*/Oxtr shRNA vs SFC-/Oxtr shRNA, $33 p < 0.001 SFC*/Oxtr shRNA vs SFC-/Oxtr shRNA For
detailed statistics analysis see Table 36-37.
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Table 36: Statistical analysis of the effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on
investigation time in female mice (Figure 41). Factor Time represents stimulus presentation during SFC; factor
Conditioning represents SFC-vs SFC™ effects; factor Treatment represents Oxtr shRNA vs scr effects.

Acquisition Independent T-Test Figure X
CS-US pairings ti0 =-0.800 p=0.435
Oxtr mRNA Independent T-Test Figure X
Relative Oxtr mRNA t3a =2.377 p=0.023
Extinction ns 1-3 Mixed Model ANOVA Figure X
(Time) F2,64 = 24.022 p <0.001
(Conditioning) F1,32 = 0.006 p=0.939
(Treatment) F1,32 =2.809 p=0.103
Investigation time (Time x Conditioning) F2,64 =0.174 p=10.841
(Time x Treatment) F2,640=2.671 p=0.077
(Conditioning x Treatment) Fi32 = 0.844 p=0.365
(Time x Conditioning x Treatment) F2.40 =2.359 p=0.103
Extinction s 1-6 Mixed Model ANOVA Figure X
(Time) F2.81,809=18.052 p <0.001
(Conditioning) F1,32=49.754 p <0.001
(Treatment) F132=1.173 p=0.287
Investigation time (Time x Conditioning) F2.s1,80.0=14.842 p <0.001
(Time x Treatment) F2.81,80.0=1.542 p=0.211
(Conditioning x Treatment) F132=2.746 p=0.107
(Time x Conditioning x Treatment) F2.81,80.0= 0.449 p=10.706
Recall ns 1-6 Mixed Model ANOVA Figure X
(Time) F2.48793=17.904 p <0.001
(Conditioning) F1.32=7.959 p =0.008
(Treatment) F132=10.578 p=0.453
Investigation time (Time x Conditioning) F2.48793=7.836 p <0.001
(Time x Treatment) F2.37.449=1.803 p=0.163
(Conditioning x Treatment) F132=2.409 p=0.130
(Time x Conditioning x Treatment) F2.45793=1.034 p=0.373
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Table 37: Statistical analysis of the effects of Oxtr mRNA knockdown in the caudal lateral septum (LSc) on
investigation time in male mice (Figure 41). Factor Time represents stimulus presentation during SFC; factor Conditioning
represents SFC-vs SFC* effects; factor Treatment represents Oxtr shARNA vs scr effects.

Extinction ns 1-3 Mixed Model ANOVA Figure X
(Time) F136,43.6=2.325 p=0.126
(Conditioning) F1,3=1.191 p=0.283
(Treatment) F1,32=0.067 p=0.797
Vigilance time (Time x Conditioning) F1.3643.6=1.198 p=0.912
(Time x Treatment) F136436=2.726 p=10.849
(Conditioning x Treatment) Fi32=0.016 p=0.901
(Time x Conditioning x Treatment) F1.36.43.6= 5.947 p=0.144
Extinction s 1-6 Mixed Model ANOVA Figure X
(Time) F2.43,77.0= 28.092 p <0.001
(Conditioning) F1.32=25.222 p <0.001
(Treatment) F132=0.016 p=0.123
Vigilance time (Time x Conditioning) F2.4377.0=19.794 p <0.001
(Time x Treatment) F2.43.77.0=0.359 p=0.740
(Conditioning x Treatment) F132=0.158 p=0.064
(Time x Conditioning x Treatment) F2.43,77.9=0.386 p=0.722
Recall ns 1-6 Mixed Model ANOVA Figure X
(Time) Fi.60,51.5=11.037 p <0.001
(Conditioning) F132=12.948 p=10.001
(Treatment) F132=2.907 p=0.098
Vigilance time (Time x Conditioning) F1.60.51.5=9.998 p <0.001
(Time x Treatment) Fi1.60,51.5=3.175 p =0.060
(Conditioning x Treatment) F132=4.412 p=0.044
(Time x Conditioning x Treatment) F1.60,51.5= 3.268 p =0.056
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Traditionally considered as passive support cells, astrocytes have now recognized as key components
in modulating synaptic plasticity and regulating emotional behaviors. In recent years, increasing
evidence has highlighted their significant role in anxiety- and depressive-like behaviors, particularly
with the involvement of astrocytic OXT signaling. While the role of OXT in regulating social
behavior within the LS has been widely characterized, the specific contribution of astrocytes in this
context is not discovered. Given the limited treatment options for SAD, there is a pressing need for
deeper investigation into this field. In this thesis I demonstrated the astrocytic involvement in the
learning processes of social fear acquisition and its influence on social behaviors. Furthermore, a
potential role of astrocytic OXT signaling has emerged in modulating social behaviors during the

extinction phase. To address potential sex differences, males and females have been analyzed.

In the present study I found sex- and spatial-dependent differences in the distribution of astrocytes
as well in the OXTR mRNA, with the highest density in females and the LSc. In response to social
fear acquisition and extinction astrocytes of male mice responded to social fear acquisition in both
the HIP and LSc, suggesting an astrocytic role in remodeling synaptic signaling during the learning
process. When male and female mice were tested for social behavior during SFC, following
astrocytic structural depletion in the LSc induced by L-AAA, male mice properly acquired social
fear, but exhibited reduced social fear behavior during social fear extinction and recall. In contrast,
females showed impaired acquisition of social fear, but exhibited equal social fear extinction
behavior compared to controls. These results suggest that astrocytes contribute differently to
regulating social behaviors in male and female mice. To further investigate astrocytic activity after
social fear conditioning, I measured astrocytic Ca*" activity ex vivo in both sexes. I found that social
fear acquisition increased baseline astrocytic Ca®" activity in both sexes, with males showing higher
baseline activity. When I measured the effect of OXT signaling on astrocytic activity, using the
OXTR agonist TGOT, I found that social fear acquisition even enhanced Ca?" activity in response to
treatment. Here, females displayed a higher Ca®* response compared to males. These data suggest a
potential “ceiling effect” in female mice under baseline conditions, which is then triggered by social
fear conditioning, leading to elevated activity compared to males. Lastly, | found that downregulating
astrocytic OXTR led to faster extinction of social fear in both male and female mice, as evidenced
by reduced fear responses during the extinction phase. This underscores the importance of astrocytic

OXT signaling in regulating social behaviors during the extinction process.

117



Discussion

1. Characterization of LS astrocytes and OXTR" astrocytes in male, virgin female and

lactating mice

To highlight the neurochemical and functional heterogeneity of the LS (Wirtshafter and Wilson 2021;
Menon et al. 2022), I performed a detailed analysis of astrocyte distribution and OXTR mRNA"
astrocytes across the rostral-caudal and dorsal-ventral axes of the LS in male, female and lactating
mice. My findings revealed distinct patterns in astrocyte distribution, with higher number of
astrocytes in the dorsal LS of male, virgin female, and lactating mice (Figure 14-16). Along the
rostral-caudal axis, I detected more astrocytes in the LSc compared to the LSr, in both sexes (Figure
14-16), while lactating mice showed a more homogenous distribution (Figure 15). Additionally, the
astrocyte-to-neuron ratio observed in this thesis suggests region-specific astrocytic functions, with a
higher proportion of astrocytes in the caudal LS, consistent with prior studies linking higher glial
density to increased neuronal activity in brain regions like the cortex, cerebellum, and brainstem
(Bartheld et al. 2016; Verkhratsky and Nedergaard 2018; Falcone 2022). The correlation between
neuronal activity and glial density suggests that in the LSc astrocytes are recruited to support
heightened neuronal demand, aiding energy metabolism and synaptic function. I also identified
notable sex differences in astrocyte distribution, with virgin female mice showing higher astrocyte
density in the LSc compared to males (Figure 14), a finding consistent with previous research
(Althammer et al. 2022b). This difference suggests potential sex-specific roles for astrocytes within
the LS. Sex hormones, particularly estrogen, have been shown to modulate astrocyte proliferation
and function (Fuente-Martin et al. 2013; Mong and Blutstein 2006; Crespo-Castrillo and Arevalo
2020), such as increasing the expression of glutamine synthetase, a glia-specific gene involved in the
glutamate-glutamine cycle (Mong and Blutstein 2006). The higher astrocyte density in virgin females
suggests a greater involvement of this brain region in regulating social behaviors, functions typically
associated with the LS (Menon et al. 2022). Lactating mice, however, showed a more uniform
astrocyte distribution, implying that physiological states like lactation can influence astrocytic
function to meet the demands of maternal behaviors. During periods of elevated OXT activity, such
as lactation, astrocytes play a critical role in astrocytes help regulate synaptic transmission, plasticity,
and the neurochemical environment (Moos et al. 1989; Wang and Hatton 2009; Papouin et al. 2017;
Wang et al. 2019).

The observed heterogeneity in astrocyte distribution along the rostral-caudal and dorsal-ventral axes
of the LS in both males and females, as well as in lactating mice, underscores the spatial and
functional variability of astrocytes in this brain region (Wirtshafter and Wilson 2021; Menon et al.
2022). This mirrors the complex circuitry of the LS, which is implicated in a wide range of diverse
and sometimes opposing functions and behaviors (Rizzi-Wise and Wang 2021; Sheehan et al. 2004;

Oliveira et al. 2021; Leroy et al. 2018; Wirtshafter and Wilson 2021). This variability suggests a
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specialized role of astrocytes in regulating various functions associated with LS. Furthermore,
differences in overall astrocyte populations between males and females may reflect sex-specific
energy and neuronal demands, potentially leading to distinct behavioral outcomes. To fully
understand astrocyte diversity in the LS, further research is necessary to explore the specialization
of astrocytes in relation to neuronal populations. The morphological heterogeneity and functional
specificity of astrocytes across different brain regions, particularly their responses to neuronal

activity, make them a particularly challenging yet critical area for future investigation.

The detailed analysis conducted in this thesis revealed that astrocytes expressing OXTR mRNA are
present throughout the LS in male, female and lactating mice. Notably, I observed a distribution
pattern similar to astrocyte density for OXTR mRNA along the rostral-caudal axis, with a higher
density of OXTR mRNA+ astrocytes in the LSc compared to the LSr (Figure 14-16). However, no
differences were found along the dorsal-ventral axis across any groups. Furthermore, although
astrocytes expressing OXTR mRNA represent a small proportion compared to neurons, this ratio
was notably higher in the LSc than in the LSr (20% vs 13% respectively, Figure 14). These results
align with Dr. Theresa Sufl's findings showing higher OXTR binding expression in the LSc of both
sexes through autoradiography, although here there was no cell discrimination (unpublished). This
aligns with the understanding that elevated neuronal activity can drive increased protein turnover,
potentially explaining the greater astrocyte density in the LSc and dorsal LS compared to the ventral
region. I also identified notable sex differences in astrocyte distribution, with virgin female mice
showing higher astrocyte density in the LSc compared to males (Figure 14), a finding consistent with
previous research (Althammer et al. 2022c¢). The sex-differences in OXTR expression in both
neurons and astrocytes across various brain regions have been already documented (Smith et al.
2017; Althammer et al. 2022c), with females typically showing higher levels of OXT and OXTR
expression compared to males (Carter 2007). These differences are influenced by estrogen and
fluctuate with the estrous cycle, peaking during ovulation (Froemke and Carcea 2017; Jurek and
Neumann 2018). Although the estrous cycle was not controlled for in this study due to the small
sample size, future research should explore OXTR expression across different estrous stages.
Interestingly, no significant difference was found between virgin and lactating females in terms of
OXTR mRNA" astrocyte expression, which remained elevated in the LSc compared to males.
However, lactation is known to be a state of heightened OXT. Studies have demonstrated increased
OXTergic fibers in the LS during lactation (Menon et al. 2018), which implies that astrocytes in
lactating mice, particularly those expressing OXTR in the LSc, may play a crucial role in supporting
maternal behaviors. This aligns with evidence that during periods of heightened OXT activity, such
as lactation, astrocytes help regulate synaptic transmission, plasticity, and the neurochemical
environment (Wang and Hatton 2009; Papouin et al. 2017). This region-specific expression of OXTR

mRNA" astrocyte suggests a specialized role for astrocytes in the LSc, particularly in relation to OXT
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signaling. Previous studies have shown that the dorsal and intermediate parts of the LS receive
projections from the PVN and SON (Liao et al. 2020), and an increased number of OXTergic fibers
in the LS of lactating mice supports the idea that increased OXT activity correlates with higher
astrocyte density and OXTR mRNA™ astrocytes, particularly during lactation. Astrocytes in lactating
mice might be more responsive to OXT signaling, aiding in the regulation of key maternal behaviors
such as pup retrieval, bonding, and aggression reduction. This mediation of social behavior during
lactation could be supported by the increased astrocyte density and higher astrocytic OXTR
expression in the LSc, a region associated with regulating social behaviors. Although astrocytic
OXTR mRNA levels in lactating females were comparable to virgin females, it is possible that the
functional role of OXTR in astrocytes becomes more prominent during lactation due to the elevated
OXT activity needed for maternal care. However, one limitation to take into consideration in the
interpretation of these findings, is the use of in situ hybridization to target the mRNA of the OXTR,
which was necessary due to the lack of an OXTR antibody. Indeed, the OXTR mRNA expression
observed does not reflect the functional levels of the OXTR protein, as post-transcriptional

mechanisms could affect mRNA translation into protein (Cohen et al. 2013; Jiménez et al. 2022).

In summary, the higher density of astrocytes in the LSc, particularly in virgin females, may reflect
sex-specific differences in astrocyte distribution, potentially corresponding to functional variations
in LS-regulated behaviors. The elevated expression of OXTR mRNA in astrocytes in the LSc of
virgin females suggests a more prominent role for astrocytes in OXT signaling pathways, potentially
influencing social and emotional behaviors modulated by OXT. The similar distribution patterns of
both astrocytes and OXTR mRNA+ astrocytes point to a possible role in mediating OXT-related
behaviors in the LS, including maternal behaviors, aggression, and suppression of social fear during
lactation (Lukas et al. 2013; Zoicas et al. 2014; Menon et al. 2018; Oliveira et al. 2021). These
findings underscore the need to investigate the role that astrocytes may play in mediating these OXT-

dependent processes in a region-specific and sex-dependent manner.

2. Astrocyte response to social fear acquisition and extinction in male mice

Given the emerging role of astrocytes in regulating socio-emotional behaviors and learning
processes (Kofuji and Araque 2021a; Bernardinelli et al. 2014), I explored how these glial cells
respond to social fear acquisition and extinction in the HIP and LS of male mice, two brain regions
critically involved in regulating emotional processing (Taylor and Liberzon 2007; Markham et al.
2010; Wirtshafter and Wilson 2021; Menon et al. 2022). Interestingly, in the HIP, no changes were
observed in astrocytic number or process length 90 minutes after social fear acquisition (Figure 17).

However, a trend toward increased domain area was noted in SFC" animals compared to the SFC
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group (Figure 17D). Additionally, no alterations were detected in the expression of key astrocytic
proteins in the caudal septum at this time point, such as Cx30, Cx43, GFAP, and glutamate
transporters (EAATI1, EAAT2), which closely associated with cytoskeletal dynamics and astrocytic
gap junction communication respectively (Giaume et al. 1991; Nagy et al. 2001; Hol and Pekny
2015; Verkhratsky and Nedergaard 2018). The slight increase in astrocytic coverage, despite stable
protein levels, suggests that astrocytes may detect neuronal changes following social fear acquisition,
even without undergoing immediate or complete morphological reorganization. An increase in cFos
expression, a marker of cellular activation (Matsuda et al. 1996; Cruz-Mendoza et al. 2022; Herrera
and Robertson 1996), was observed in SFC animals 90 minutes after social fear acquisition
compared to naive controls, indicating astrocytic responsiveness to behavioral stimuli beyond social
fear itself. While stress and cognitive assessments have been shown to induce cFos in astrocytes
(Adamsky and Goshen 2018; Cruz-Mendoza et al. 2022; Fan et al. 2018), the lack of significant cFos
differences between SFC™ and SFC" suggests that astrocytic activation is influenced by general

environmental stimuli within the SFC paradigm.

Notably, 24 hours post-social fear acquisition (Figure 18), phosphorylation of Cx43 (pCx43) was
increased in the HIP of SFC' animals suggesting alterations in astrocytic gap junction
communication as part of a functional adaptation to restore homeostasis. Normally, astrocytes exhibit
high gap junction communication with minimal hemichannel activity (Chever et al. 2014). However,
phosphorylation of Cx43 can activate hemichannels, leading to the release of gliotransmitters like
glutamate and ATP (Zhang et al. 2023; Fukuyama et al. 2020). Therefore, this increase in pCx43
may reflect an astrocytic response to enhance synaptic transmission following social trauma. Indeed,
connexins, particularly Cx43, play a crucial role in astrocytic communication, influencing ion
exchange (Orellana et al. 2013), astrocytic activation (Ren et al. 2018) and gliotransmitter release
(Meunier et al. 2017). Dysfunctions in Cx30 and Cx43 have been linked to impaired neuronal activity
and depressive-like behaviors (Huang et al. 2019). Similarly, chronic unpredictable stress was found

to decrease Cx43 expression (Sun et al. 2012).

Interestingly, a reduction in cFos" astrocytes was noted in SFC* animals 24 hours post-acquisition,
possibly indicating a time-dependent downregulation of astrocyte activity after the initial fear
response. This aligns with studies showing long-term changes in cFos expression linked to
diminished neural network activity (Clarkson et al. 2010), suggesting a dynamic astrocytic role in
regulating neural circuits post-social fear exposure. Further investigation into the neuronal aspect of

this process would provide a more comprehensive understanding of the LS neural network.

In conclusion, the involvement of astrocytes in synaptic transmission, neurotransmitter clearance,
and structural integrity positions them at the forefront of research into emotion and memory. In line

with previous studies demonstrating the role of hippocampal astrocytes in memory enhancement
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(Kol et al. 2020; Adamsky et al. 2018; Adamsky and Goshen 2018), this thesis offers evidence for
future investigations into the role of hippocampal astrocytes in synaptic communication following
social fear acquisition. Nonetheless, further exploration is essential to comprehensively elucidate

their contributions to these intricate processes.

In contrast to the HIP, the LS exhibited region-specific astrocytic responses to social fear acquisition
(Figure 20-23), with the LSc (Figure 22-23) of SFC* animals showing more pronounced structural
changes than the LSr (Figure 20-21). Specifically, both the dorsal and ventral LSc of SFC+ mice
displayed increased astrocytic coverage, while only the ventral LSr showed a slight increase. This
suggests that astrocytes in the LSc may play a more active role in modulating emotional processing
and memory consolidation associated with social fear acquisition. The astrocytic coverage of
synapses is crucial for regulating synaptic transmission and plasticity, contributing to overall brain
signaling (Lavialle et al. 2011; Bernardinelli et al. 2014; Aguado et al. 2002). This highlights the
dynamic astrocyte-neuron communication, which is influenced by changes in astrocytic morphology
and vice versa (Aguado et al. 2002; Verkhratsky and Nedergaard 2018). Particularly, PAPs express
glutamate transporters that regulate excitatory transmission and can sense changes in neuronal
activity, allowing them to modify their actin filaments to regulate spine density (Lavialle et al. 2011;
Bernardinelli et al. 2014; Verkhratsky and Nedergaard 2018). Thus, the increase in astrocyte
coverage observed in the LSc of SFC" animals following social fear acquisition may indicate a
restructuring of synapses aimed at enhancing the synaptic transmission of neuronal circuits involved
in the regulation of social behaviors. As in the HIP, SFC™ animals in the LS exhibited increased cFos”
astrocytes compared to naive controls, but no differences were found between SFC™ and SFC®,
suggesting that astrocytic activation in this region is not specific to social fear acquisition but may
also reflect responses to general environmental stimuli. Interestingly, protein analysis revealed
significant reductions in Cx43 and EAAT?2 levels in SFC* animals compared to controls, alongside
a trend toward decreased GFAP expression (Figure 26). As previously mentioned, Cxs are essential
for astrocyte-astrocyte communication, which is enhanced by the opening of channels formed by
these proteins, such as Cx43, which is associated with glutamate release and synaptic transmission
(Orellana et al. 2013; Meunier et al. 2017; Ren et al. 2018). The observed reduction in Cx43 levels
in animals subjected to social fear acquisition found in this thesis, suggests an impairment in
astrocytic function, which is consistent with previous studies that have linked Cx43 deficiency to
anxiety-related behaviors (Huang et al. 2019; Sun et al. 2012). Furthermore, the hypothesis of a
decrease in astrocytic function is supported by the observed reduction in EAAT?2 levels. EAAT?2,
along with EAAT], is responsible for uptaking approximately 90% of the glutamate in the brain
(Anderson and Swanson 2000; Eulenburg and Gomeza 2010), and its expression, located in the
astrocytic processes, is positively correlated with synaptic activity of glutamatergic neurons (Poitry-

Yamate et al. 2002; Swanson et al. 1997). Changes in the expression of these proteins can
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significantly impact neuronal communication. Unlike EAAT1 (Watase et al. 1998), research has
shown that the reduction or knockout of EAAT?2 leads to neuronal degeneration and death (Todd and
Hardingham 2020; Tanaka et al. 1997). While the LS is predominantly composed of GABAergic
neurons, a small population of glutamatergic neurons exists in its most ventral region (Lin et al.
2003), which receives glutamatergic projections from the ventral hippocampus (Trent and Menard
2010). Therefore, the reduction of EAAT?2 in the ventral part of the septum in SFC™ mice could lead
to an increased availability of glutamate, resulting in heightened excitation of GABAergic fibers and
a consequent decrease in septal activity. This may suggest that the underlying mechanisms involved
in the acquisition of social fear and its behavioral phenotype may be related to an increase in
GABAergic neurons in the LS. Furthermore, the downregulation of Cx43 and EAAT2 may signal a
reduction in astrocytic communication via gap junctions and impaired glutamate clearance, resulting
in less effective regulation of neural activity and the balance between excitatory and inhibitory
signals in septal circuits. Previous research has indicated that blocking Cx43 channel activity within
the BLA can prevent the acquisition of fear memories (Stehberg et al. 2012), suggesting that
gliotransmitters and astrocyte-astrocyte communication play a significant role in modulating fear
learning circuits (Orellana and Stehberg 2014). Furthermore, the observed trend toward a decrease
in GFAP protein levels in the caudal septum may seem to contradict the increase in astrocytic
coverage observed in the morphological analysis. However, this divergence may be attributed to the
methodological approaches used. Indeed, while morphological analysis focused specifically on
subdivisions of the LSc, protein level analysis involved isolating the entire caudal septum, which
may have masked subtle differences in protein expression specific to the LSc. The decrease in Cx43
and EAAT?2 indicates an impairment of astrocytic functions, particularly regarding astrocyte-
astrocyte communication, which appears contradictory to the evidence of increased astrocytic
branching and coverage in the LSc, observed following social fear conditioning (Figure 22-23). This
discrepancy underscores the distinct roles that astrocytes may play during social fear processing. The
structural reorganization observed in the LSc suggests that astrocytes dynamically adjust to modulate
synaptic networks, while the downregulation of proteins like Cx43 and EAAT2 may reflect a
functional adaptation that compromises gap junction communication and glutamate clearance. This
could lead to less effective regulation of the excitatory-inhibitory balance within LS neural circuits,

ultimately enhancing neuronal circuits associated with social fear behaviors.

Taken together, these changes do not necessarily contradict the observed morphological adaptations.
Instead, they underscore the complexity of astrocytes capable of regulating synaptic transmission by
regulating extracellular environment following specific stimuli (Volterra and Meldolesi 2005;
Halassa and Haydon 2010) and whose functions may involve in both structural and functional
regulation of neural signaling. The structural reorganization in the LSc indicates that astrocytes

actively reshape synaptic networks during emotional processing, while the downregulation of key
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astrocytic proteins like Cx43 and EAAT2 suggests an impaired ability to maintain coordinated
astrocytic signaling and effective neurotransmission. Given that connexins, particularly Cx43, are
implicated in regulating cytoskeletal processes (Ghézali et al. 2018) and that astrocytes clear
approximately 90% of available glutamate in the synaptic cleft via EAAT1 and EAAT2 (Anderson
and Swanson 2000; Eulenburg and Gomeza 2010), alterations in the expression of these proteins can
significantly impact neuronal communication and, consequently, the overall neural network. This
dual role of astrocytes in both structural reorganization and functional modulation likely represents
a concerted effort to adapt to the neural demands imposed by social fear acquisition, balancing

network stability with the need for synaptic plasticity.

In contrast to HIP, 24 hours after social fear acquisition no significant changes in astrocytic structure
or differences in cFos activation of SFC" mice were detected in any LS subdivisions (Figure 24).
This indicates that astrocytic responses in the LS are more immediate, suggesting their involvement
in the early stages of emotional processing. This supports and mediates neural network changes
during the initial phase of social fear, preparing neuronal circuits for further behavioral assessments.
However, these changes do not persist over time, as evidenced by the lack of morphological changes
observed 24 hours post-acquisition. Instead, other mechanisms may take over as the emotional

memory is consolidated.

Another interesting aspect | investigated was the astrocytic response to processes related to the
emotional processing of social fear extinction. Again, astrocytes exhibited region-specific responses
between the HIP and LS. While astrocytes in the LS did not show any structural or protein level
changes 90 minutes after social fear extinction (Figure 25), in the HIP, astrocytes revealed no
structural changes, but protein expression demonstrated increased levels of Cx30 and GFAP in the
caudal septum of SFC" animals after extinction (Figure 19). Notably, recent findings indicate that
the upregulation of Cx30 in hippocampal astrocytes enhances the astrocytic network but reduces
neuronal excitability and glutamate concentration, leading to impairments in synaptic plasticity and
learning processes (Hardy et al. 2023). Therefore, the upregulation of Cx30 observed after social fear
extinction may suggest that astrocytes undergo adaptations in their network to support the learning
processes associated with the extinction of social fear. Furthermore, the observed increase in GFAP
levels in the caudal septum does not correlate with the absence of structural changes identified in the
morphological analysis. This discrepancy may be attributed to the methodological approach. For
instance, GFAP is commonly used as a marker of astrocytic structural integrity in morphological
studies, but it primarily stains the major somatic branches of astrocytes (Connor and Berkowitz
1985). This limitation renders it insufficient to capture a complete picture of astrocytic morphology
under physiological conditions (Reichenbach et al. 2010). Thus, while GFAP may indicate certain
functional or adaptive changes in astrocytes, it does not necessarily reflect alterations in the overall

structural dynamics of the astrocytic network during processes like social fear extinction
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(Reichenbach et al. 2010). These findings highlight a potential involvement of hippocampal
astrocytes in regulating the learning processes associated with the extinction of social fear. However,
further studies are necessary to better investigate this aspect and to better understand astrocyte
contribution to emotional processing and memory extinction involved in social fear behaviors,

paving the way for potential therapeutic interventions.

Collectively, these results highlight the active participation of astrocytes in the neural network and
emphasize the complexity of their involvement in social fear processes, characterized by region- and
time-specific activation. The differential response observed in the HIP and LS at different stages of
emotional processing indicates a specialized role for astrocytes in distinct brain regions, a
characteristic supported by previous studies (Ostroff et al. 2014; Martin-Fernandez et al. 2017;
Adamsky and Goshen 2018). Additionally, an aspect to investigate in future studies is the
involvement of astrocytes in long-term memory processes, especially considering recent findings
that activation of hippocampal astrocytes impaired memory retrieval one month later (Kol et al.
2020). Finally, further research is necessary to explore intercellular communication to better
understand how astrocytes coordinate network activity during emotional processing associated with

social fear.

2.1. Astrocyte response to social fear acquisition in female and lactating mice

Once the potential role of astrocytes in modulating and supporting network adaptation following
social fear acquisition in male mice was established, I investigated whether these changes occur in
LS astrocytes of virgin female and lactating mice. Interestingly, in contrast to male mice, no structural
changes were observed in the LSc of virgin female mice (Figure 27). This absence of structural
changes in virgin females following social fear acquisition suggests that typical responses observed
in male mice could be masked in females by baseline differences in astrocyte density or functionality.
The heightened baseline expression of astrocytes in females might provide a buffering capacity that
compensates for the rapid adaptation needs observed in males. This phenomenon emphasizes the
complexity of astrocytic roles across different physiological states and indicates that female
astrocytes may be intrinsically different in their functional response compared to their male
counterparts. Recent studies have highlighted sex differences in astrocytic responses to chronic
stress, showing increased GFAP immunoreactivity in the PFC and PAG of male animals, while
females exhibited decreased GFAP levels in the AMY and CA1 region of the hippocampus (Zhang
et al. 2024). In the context of emotional processing, these differential responses may significantly
influence how fear is experienced and managed in females, potentially reflecting adaptive

mechanisms that have evolved to support social behaviors. For instance, the heightened astrocytic
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activity observed in males could suggest a heightened response to stressors, potentially enhancing
fear processing and expression. In contrast, the reduced astrocytic activity in key emotional centers
in females might facilitate a different approach to emotional regulation, possibly promoting resilience

and adaptive social interactions.

In lactating mice, an increase in the domain area of ventral LSc astrocytes was observed after social
fear acquisition (Figure 28), suggesting that the physiological state associated with lactation may
induce an astrocytic response that differs from that of males. The heightened OXT system present
during lactation is particularly relevant, as previous studies have demonstrated OXT effects on
astrocytic structure and coverage, especially in regions such as the SON and PVN (Theodosis et al.
1986b; Theodosis et al. 2008; Oliet et al. 2008). This hormonal milieu enhance astrocyte-neuronal
communication (Gémora-Arrati et al. 2010; Li et al. 2021), potentially regulating adaptive responses
to social fear acquisition, as observed in this study. Interestingly, while OXT signaling within the LS
was found to prevent social fear responses in SFC* of lactating mice, the astrocytic involvement in
these protective effects remains unknown. The observed uniform distribution of astrocytic OXTR
mRNA across the LSc of lactating mice, combined with the increase in astrocytic coverage, may
indicate a potential role of astrocytes in the LS in mediating mechanisms associated with social
behaviors. Future studies should investigate how astrocytes respond to OXT signaling during
lactation, focusing on astrocyte-neuronal communication. Additionally, exploring the roles of
astrocytes in shaping social behaviors and emotional responses could provide valuable insights into

the neural mechanisms underlying these processes and their implications for social anxiety disorders.

3. Contribution of LSc astrocytes to socio-emotional behaviors

In the past, astrocytes were considered passive support cells but nowadays, their crucial role in
synaptic maintenance and neuronal communication (Kofuji and Araque 2021a; Lawal et al. 2022;
Shigetomi and Koizumi 2023), as well as in regulating emotional and cognitive processes (Kofuji
and Araque 2021a; Shigetomi and Koizumi 2023), has been recognized. Building on the findings
from this study, which indicate an astrocytic response with possible impairment of astrocytic function
in the LSc after social fear acquisition, I investigated whether disrupting the astrocytic glutamate-
glutamine cycle within the LSc using a could influence socio-emotional behaviors. Astrocytic
dysfunction was induced by injecting L-AAA, a glutamine synthetase inhibitor into the LSc,
impairing the conversion of glutamate into glutamine. This intervention diminished the functional
activity of astrocytes, as evidenced by structural changes (McBean 1994; Brown and Kretzschmar
1998), including a reduction in GFAP immunoreactivity (Banasr and Duman 2008; David et al.

2019). The glutamate-glutamine cycle is crucial for maintaining balanced excitatory
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neurotransmission, with astrocytes converting glutamate into glutamine via glutamine synthetase
(Bak et al. 2006). Given astrocytic essential role in mediating and modulating synaptic plasticity and
transmission, a decrease in astrocytic coverage likely impairs neuronal communication and network
function. Interestingly, while disrupting glutamate signaling in the LSc did not affect anxiety- and
depressive-like behaviors, it did have a significant impact on social behaviors, particularly during

social fear extinction and recall.

To assess the impact of astrocytic dysfunction on socio-emotional behaviors, sociability was tested
using the SPT, anxiety using the EPM, and depressive-like behaviors using the FST in two doses of
L-AAA (Figure 29).

The successful induction of astrocytic dysfunction was confirmed by a greater reduction in GFAP
expression at the higher L-AAA dose (25 pg/pl) compared to the vehicle and lower dose (10 pg/ul),
which aligns with previous studies (Banasr and Duman 2008; David et al. 2019). However, no
significant changes in sociability, novelty-seeking, or anxiety- and depressive-like behaviors were
observed in L-AAA-treated male mice compared to the control group (Figure 29). This suggests that
astrocytes in the LSc do not directly regulate these specific socio-emotional processes. This finding
contrasts with studies showing a depressive-like phenotype following L-AAA application in the
prefrontal cortex (PFC), prelimbic cortex, and CA3 of male rats and mice (Banasr and Duman 2008;
David et al. 2019; Zhou et al. 2019). However, while the PFC and prelimbic cortex are regions
strongly associated with anxiety- and depressive-like behaviors (Codeluppi et al. 2023; Pizzagalli
and Roberts 2022; Hare and Duman 2020), the LS is known to be involved in modulating social
behaviors and fear processing (Menon et al. 2018; Oliveira et al. 2021; Wirtshafter and Wilson 2021;
Menon and Neumann 2023; Grossmann et al. 2024). This suggests that astrocytes within the LS may
be more engaged in regulating social fear processes. Supporting this hypothesis, recent findings show
that astrocytes adapt differently depending on the mechanism analyzed. For example, while
chemogenetic activation of astrocytes in CeA reduced fear expression in a fear-conditioning
paradigm in mice (Martin-Fernandez et al. 2017), activation in the hippocampal CAl region
enhanced contextual fear memory (Adamsky and Goshen 2018; Mederos et al. 2019). This indicates
that astrocytes have region-specific roles in fear regulation and memory processes and may similarly

play a role in modulating social fear within the LS.

3.1. Contribution of LSc astrocytes to socio fear behaviors in male and female mice

To further investigate the role of astrocytes in social fear, I analyzed the effects of L-AAA-
induced astrocytic structural depletion in the LSc during SFC paradigm in male and female mice. In

male mice, despite the absence of behavioral changes in the sociability and anxiety-related tests,
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astrocytic structural depletion in the LSc had a significant impact on social fear behavior (Figure 30).
Interestingly, while astrocytic dysfunction did not impair the acquisition of social fear in male mice,
it did influence the social behavior during the extinction and recall phases. Specifically, SFC" animals
treated with L-AAA, exhibiting an astrocytic structural depletion, displayed higher social
investigation and reduced vigilance behavior during later exposures to social stimuli compared to
Veh/SFC* animals. The disruption of the glutamate-glutamine cycle induced by L-AAA led to
impaired astrocytic function, as indicated by the depletion of astrocytic structure. Impairments in
astrocytic functionality have been linked to disruptions in synaptic transmission and network
maintenance (Pannasch et al. 2011; Hardy et al. 2023). This suggests that inhibiting astrocytic ability
to convert glutamate into glutamine in the LSc may disrupt synaptic transmission, which might
weaken the consolidation of social fear memories and accelerates extinction, alongside reducing
vigilance toward social threats during extinction and recall phases. This effect may arise from two
factors: 1) due to their functional impairment, astrocytes fail to provide the neuronal support required
for maintaining synaptic transmission and plasticity, and ii) increased glutamate availability could
prolong excitatory transmission, negatively affecting neuronal health in the long term. Interestingly,
astrocytic functional adaptation to processes associated with social fear was shown earlier in this
thesis by the reduction in Cx43 and EAAT?2 protein levels observed in SFC* animals after social fear
acquisition. Given their role in modulating synaptic transmission (Orellana et al. 2013), alterations
in connexin activity and therefore in astrocytic network may affect glutamatergic transmission, which
has been linked to anxiety-related disorders (Nasir et al. 2020; Cortese and Phan 2005). Increased
glutamate levels have been correlated with the severity of social anxiety symptoms (Phan et al. 2005),
highlighting astrocytic regulatory role in glutamatergic transmission, especially through calcium
signaling (Kang et al. 2013; Meunier et al. 2017) and connexin hemichannel activity (Stout et al.
2002). Astrocytic plastic morphology and cytoskeletal structures allow them to regulate the diffusion
of signaling molecules and metabolites, which are essential in regulating synaptic transmission
(Reichenbach et al. 2010; Heller and Rusakov 2015; Zeug et al. 2018). Since impairments in
astrocytes are associated with disrupted synaptic transmission (Hardy et al. 2023), L-AAA-induced
astrocytic structural depletion, and subsequent dysfunction, likely results in impaired synaptic
transmission during social fear processing. This impairment may lead to alterations in social fear
memory, as evidenced by decreased vigilance in SFC* animals, a critical response to environmental
threats (Williams et al. 2020; Steinman et al. 2019). These findings suggest that LSc astrocytes play
a prominent role in regulating fear responses, particularly in the consolidation of fear memories and
synaptic plasticity, roles that have been demonstrated in other studies (Stehberg et al. 2012; Ostroff
et al. 2014; Orellana and Stehberg 2014).

As mentioned above, impairment of the glutamate-glutamine cycle could disrupt not only astrocyte-

neuron communication but also the regulation of synaptic transmission itself. The failure to clear
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glutamate from the synaptic cleft compromises astrocytic regulatory mechanisms in neural circuits,
while the accumulation of glutamate leads to excitotoxicity through the overactivation of NMDA
and AMPA receptors (Mark et al. 2001; Verkhratsky 2007). This process triggers excessive calcium
influx and a cascade of destructive events, including oxidative stress and damage to cellular
structures (Mark et al. 2001; Verkhratsky 2007). During social fear acquisition, such dysfunction
could increase neuronal vulnerability, disrupt circuits, and prevent astrocytes from supporting proper
synaptic transmission, resulting in abnormal fear responses to social stimuli. The essential role of
glutamate in synaptic plasticity processes, such as LTP, are well known. Excessive glutamate could
theoretically enhance memory consolidation (Riedel and Reymann 1996; Liischer and Malenka
2012; Gongalves-Ribeiro et al. 2019), suggesting that L-AAA-treated animals may form more
persistent fear memories, complicating extinction. However, since SFC* animals treated with L-AAA
displayed reduced fear and vigilance during extinction, it suggests that excessive glutamate during
extinction may either: (i) accelerate the consolidation of extinction-related memory processes, which
are distinct from those involved in fear memory acquisition, or (ii) promote LTD, a process that
weakens previously established synaptic connections (Riedel and Reymann 1996; Liischer and
Malenka 2012) or both processes may occur in parallel. or possibly both processes may occur
simultaneously. Indeed, the differing synaptic mechanisms underlying fear conditioning and
extinction, where conditioning is linked to LTP and extinction is associated with LTD, synaptic
depotentiation, or LTP of inhibitory transmission (Maren 2005; Nabavi et al. 2014; Maren 2015),
may also take place in the LSc. Therefore, this may suggest that, in the context of social fear,
excessive glutamate did not impair fear acquisition but rather it might have facilitated social fear
extinction of, leading to quicker extinction in male mice. Even though no significant morphological
or protein-level changes were found after social fear extinction, this study shows that LSc astrocytes
are actively involved in regulating the extinction of social fear, a learning process where LS have
been found to be involved (Toth et al. 2012; Menon et al. 2018), although nothing was known about

astrocytes.

Interestingly, my investigating into astrocyte structural depletion in social fear behavior in female
mice (Figure 31) revealed sex differences in the involvement of astrocytes in regulating processes
associated with social fear. Unlike males, astrocytic structural depletion induced by L-AAA impaired
social fear acquisition in females, as evidenced by the greater number of foot shocks needed to elicit
social avoidance behavior. This suggests that impaired clearance of glutamate in females may lead
to overactivation of glutamate receptors, promoting LTP processes and making it more challenging
to establish fear associations during the acquisition phase. However, in contrast to males, L-AAA
did not affect extinction learning or vigilance responses in female SFC" mice, as indicated by their
consistent investigation times and vigilance behaviors during both extinction and recall. The apparent

absence of astrocytic involvement in regulating memory processes associated with the extinction of
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social fear in females may be compensated by the higher number of astrocytic cells observed in the
LSc of female mice compared to males. This increased astrocyte density might help offset the
structural depletion induced by L-AAA, leading to comparable levels of social fear extinction similar
to those seen in the vehicle group. Additionally, other compensatory mechanisms and neural circuits,
such as in the AMY or HIP, could play crucial roles in restoring synaptic homeostasis and regulating
fear learning, thereby compensating for the synaptic transmission dysfunction that may occur
following L-AAA treatment. Moreover, the influence of sex hormones, particularly estrogen, must
also be considered (McCarthy and Arnold 2011). Estrogen modulates both glutamatergic
neurotransmission and astrocytic activity (Mong and Blutstein 2006), potentially influencing LTP
and LTD processes during social fear acquisition and extinction. The neuroprotective effects of
estrogens might also mitigate the excitotoxic effects of glutamate, explaining the different responses
to glutamate dysregulation observed in females compared to males. This could clarify why males
experience faster synaptic weakening, while females demonstrate only slight impairments during
acquisition without significant behavioral effects in the extinction phase. Thus, estrogen likely plays
a key role in shaping these differences by influencing astrocytic function and synaptic transmission

(Fuente-Martin et al. 2013; Mong and Blutstein 2006; Crespo-Castrillo and Arevalo 2020)

In summary, these data reveal sex-specific differences in the regulation of fear processes, consistent
with my earlier findings of increased astrocytic coverage following social fear acquisition in males
but not in females. In males, LSc astrocytes appear to have a more pronounced role in social fear
processing, while in females, the regulation of fear learning and extinction relies on other
compensatory mechanisms. Additionally, the higher density of astrocytes in females may
compensate for the depletion induced by L-AAA, effectively masking the morphological changes

that were not observed following social fear acquisition.

4. Effects of social fear acquisition on astrocytic Ca*" activity in the LS of male and female

mice

Beyond their established role in the tripartite synapse, astrocytic Ca?" signaling has garnered
attention for its influence on neuronal network synchronization (Verkhratsky and Nedergaard 2018).
This emerging hypothesis is supported by evidence showing that astrocytic Ca*" activity modulates
extracellular glutamate levels, ultimately reducing overall neuronal excitability (Poskanzer and
Yuste 2011). Given the activity-dependent nature of astrocyte morphology observed in previous
studies (Theodosis et al. 2008; Arizono et al. 2021; Denizot et al. 2022) and based on my prior
research demonstrating the regulatory role of astrocytes in social fear processes, including acquisition

and extinction, I investigated the extent to which social fear acquisition impacts astrocytic Ca?*
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activity within the LSc in male and female mice ex vivo. This research was conducted in

collaboration with Dr. Alexander Charlet at the University of Strasbourg (France).

One key finding from this study is the differential baseline astrocytic Ca?" activity observed in SFC*
male and female mice (Figure 32-33). Males exhibited higher baseline Ca** activity, characterized
by both increased frequency and amplitude of Ca?" transients, compared to females (Figure 34). This
heightened baseline activity in males suggests greater intrinsic astrocytic function, which could
enhance synaptic modulation and neurotransmitter clearance, potentially leading to reduced overall
neural excitability (Poskanzer and Yuste 2011). Following social fear acquisition, both male and
female SFC" mice showed elevated Ca** activity compared to their SFC™ counterparts, aligning with
the morphological results in males that indicate astrocytic adaptation to social fear processes. The
ability of astrocytic structures to propagate Ca** signals through gap junctions facilitates intercellular
communication within the astrocytic network, supporting synaptic modulation (Pasti et al. 1997;
Suadicani et al. 2004; Scemes and Spray 2012; Khakh and McCarthy 2015; Lia et al. 2021). Ca*
signals represent a significant aspect of intercellular communication within the astrocytic network
and the interplay between astrocytes and other cells, including neurons (Khakh and McCarthy 2015;
Verkhratsky and Nedergaard 2018; Eitelmann et al. 2023). Interestingly, while no structural changes
were observed in astrocytes of females following social fear conditioning as shown previously in
thesis, they did exhibit increased Ca** activity (Figure 33). This finding suggests that in female mice,
the greater number of astrocytes in the LS may compensate for the lack of structural remodeling,
allowing for the maintenance of efficient synaptic transmission and neural network regulation
without visible structural changes. Furthermore, the absence of sex differences in Ca?* activity post-
social fear acquisition indicates that compensatory mechanisms in females may activate in response
to trauma, resulting in elevated astrocytic activity. This phenomenon may represent a "ceiling effect,"”
whereby astrocytic activity reaches its maximum capacity during social fear conditioning, effectively
regulating social fear circuits. Hormonal factors, such as estrogen, likely play a role in this effect, as
estrogen is known to modulate calcium signaling in both neurons and astrocytes (Zhang et al. 2010;
Kuo et al. 2010; Chaban et al. 2004). Indeed, estrogens have been shown to influence social
behaviors, including social preference, aggression, and learning and memory for social stimuli (Ervin
et al. 2015), as well as fundamental social behaviors like social approach and avoidance in both male
and female mice (Choleris et al. 2009; Choleris et al. 2012). Moreover, estrogen enhances astrocytic
Ca?* responses and promotes the release of neurotrophic factors (Zhang et al. 2010), potentially
explaining the ceiling effect observed in astrocytic activity following social fear conditioning in
females. Additionally, the ceiling effect in Ca*" activity after social fear acquisition may elucidate
why the impairment of astrocytic function induced by L-AAA did not affect social fear behavior. A
recent study identified estrogen receptors (ER), particularly ER, in the LSr of male mice, suggesting

their involvement in regulating social anxiety behaviors (Hasunuma et al. 2024). Although this study
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focused on males, females exhibit higher ER[} expression in the LS (Milner et al. 2010; Zuloaga et
al. 2014), implying that estrogen could play an even more pronounced role in female astrocytic

activity and social behavior.

Furthermore, given that the LS is a complex brain region with multiple neuropeptide receptors that
are known to mediate social behaviors, including OXT, AVP and CRF (Oliveira et al. 2021; Borie
et al. 2021; Menon et al. 2022; Ledn Reyes et al. 2023), it is plausible that these neuropeptides also
modulate calcium activity in astrocytes. Therefore, I aimed to investigate the effects of astrocytic
OXTR following SFC, as the OXT system is known for its profound pro-social and anxiolytic effects,
as well as its ability to reduce SFC-induced social fear (Zoicas et al. 2014; Menon et al. 2018; Menon
et al. 2022). Although the expression of OXTR in astrocytes of the LS in both sexes has been
previously described in thesis, the functional role of astrocytic OXTR in this brain region remains
largely unexplored. To address this gap, I examined the astrocytic response via calcium imaging to
TGOT, a selective OXTR agonist, and how this response varied between SFC™ and SFC" in both
male and female mice. In line with previous studies demonstrating OXT-induced intracellular Ca?*
increases (Di Scala-Guenot et al. 1994; Wang and Hatton 2007; Wahis et al. 2021), TGOT
significantly elevated astrocytic Ca*" activity in both male and female mice (Figure 35-36). Notably,
this effect was more pronounced in SFC* animals, suggesting that social fear acquisition sensitizes
astrocytes to OXT signaling. These results imply that astrocytes may mediate the neuromodulatory

effects of OXT in the LSc, particularly in the regulation of fear and anxiety circuits.

Interestingly, sex differences were observed in the astrocytic response to TGOT (Figure 37). In SFC
males, astrocytic Ca?* activity was higher than in females, despite females exhibiting greater OXTR
expression. However, following SFC, the sex differences diminished, with both sexes demonstrating
similar astrocytic responses. This finding aligns with the baseline Ca** activity results, reinforcing
the notion that social fear acquisition enhances female astrocytic responsiveness to OXT, potentially
due to a ceiling effect. Female mice may require heightened astrocytic activity to adapt to social fear
processing, while male astrocytes display consistently elevated activity across conditions. The
enhanced global astrocytic Ca*" response to TGOT in females following social fear acquisition
(Figure 38) supports the hypothesis that OXT signaling recruits and activates neighboring astrocytes,
as previously observed (Wahis et al. 2021). This greater response may stem from the higher density
of astrocytes in the LSc of females compared to males, facilitating a more extensive network of

astrocytic communication.

Taken together, these findings underscore the importance of astrocytic Ca?* signaling in modulating
social fear and OXT-related pathways. Social fear acquisition leads to an increase in astrocytic Ca?
activity in both male and female mice, with females exhibiting a more pronounced response

compared to their baseline levels. The heightened Ca®" activity observed in response to TGOT, a
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selective OXT receptor agonist, indicates that astrocytes play a mediating role in the effects of OXT
on social behavior, particularly by influencing synaptic plasticity and transmission in the LS.
Interestingly, the baseline Ca** activity in females suggests a potential "ceiling effect." This means
that female astrocytes may already have elevated activity under normal conditions, which limits the
potential for further increases. Consequently, when exposed to social fear conditioning, the overall
astrocytic activity in females can show a significant spike compared to males, who exhibit higher
baseline activity but less variability across different conditions. In contrast, male astrocytic responses

remain consistent without the same level of adaptation.

Given that the increase in astrocytic Ca?* levels is triggered by GPCR activation, regardless of the
specific G protein subtype involved (Durkee et al. 2019), future research should focus on examining
the effects of OXT agonists such as atosiban or carbetocin, which selectively activate different G
protein subtypes (Busnelli and Chini 2018). The rationale for using TGOT in bath applications, rather
than OXT, lies in TGOT's specificity for OXTR, whereas OXT can also activate AVP receptors
(Chini et al. 2017). Considering that AVP is expressed in the LS (Menon et al. 2022) and that
astrocytes also express AVP receptors (Verkhratsky and Nedergaard 2018), the influence of OXT on
these receptors cannot be disregarded. To overcome this issue, further investigations could involve
optogenetic stimulation of OXT neurons to induce endogenous OXT release within the LS, thereby
allowing for a more direct analysis of astrocytic Ca®" activity. Additionally, it would be valuable to
explore neuronal excitability in response to astrocytic Ca*" activity. This study currently isolates
astrocytic Ca?" responses from neuronal stimulation using tetrodotoxin and assessing the interaction
between these two components could provide deeper insights into the functional role of astrocytes in

regulating neuronal networks during social fear processes.

5. OXT effects on astrocytic morphology and function in the LS

Finally, I aimed to identify the specific effects of OXT on astrocytes morphology within the LS

and the role of astrocytic OXT signaling in regulating social behaviors.

In males, while the functionality of OXTR function has been previously described in this thesis,
direct infusion of OXT into the LSc did not result in observable structural changes in astrocytes
(Figure 39). This finding contrasts with previous research indicating that OXT can alter the astrocytic
cytoskeleton, particularly in regions such as the PVN and SON, where it promotes retraction of
astrocytic processes (Langle et al. 2003; Theodosis et al. 1986a; Theodosis et al. 1986b). Similarly,
Meinung et al. (in revision) reported an increased spatial relationship between astrocytes and neurons

in OXT-treated hippocampal slices, potentially facilitating new synapse formation, as seen in the
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HYP (Hatton et al. 1984). Although no changes in astrocyte morphology were observed in this study,
calcium imaging revealed functional astrocytic OXTR in the LSc of male mice, suggesting that
astrocytes in this region are responsive to OXT despite the lack of visible structural remodeling. One
possible explanation for the absence of cytoskeletal changes could be the region-specific differences
in their responsiveness to OXT, as well as variations in the doses of OXT used or the timing of
structural reorganization. Structural alterations may necessitate sustained OXT signaling or longer
observation periods than those utilized in this experiment (10 minutes post-infusion). Furthermore,
the relatively lower expression of OXTR in the LSc of males compared to females might account for
the absence of observable effects on astrocytic morphology. Investigating the effects of OXT
infusion on astrocytes in female and lactating mice would be particularly valuable, given that OXT
has been shown to influence astrocytic morphology in the PVN and SON, especially during periods
of heightened OXT activity such as lactation (Theodosis et al. 1986a; Theodosis et al. 1986b). In
these regions, OXT is known to induce the retraction of astrocytic processes and enhance neuronal -
somata contacts, thereby reshaping synapses (Langle et al. 2003; Theodosis et al. 1986a; Theodosis
et al. 1986b).

Given the functional OXTR activity demonstrated by Ca** imaging in both male and female mice,
and the increased responsiveness after social fear acquisition, I further explored astrocytic OXT
signaling by downregulating OXTR mRNA expression in LSc astrocytes to examine its role in social
fear behaviors in both sexes (Figure 40-41). The OXTR was knocked down in astrocytes of male and
female mice using the AAV6-GFAP-Oxtr-mCherry-shRNA construct. The results indicated a more
successful knockdown of Oxtr mRNA in females, likely attributable to their higher baseline OXTR
expression levels. In contrast, the already low baseline expression of OXTR in the LSc of males may
have limited the effectiveness of the knockdown in this sex. Interestingly, astrocytic OXTR
knockdown did not impact social fear acquisition in either males or females, indicating that astrocytic
OXT signaling may not play a direct role in the initial consolidation of social fear memory. In line
with this, both Oxtr shRNA-treated males and females exhibited reduced investigation time during
the initial exposure to social stimuli in the extinction phase, akin to their respective controls,

suggesting successful acquisition of social trauma memory in both sexes.

During the extinction phase, both male and female SFC'/Oxtr shRNA animals displayed an
accelerated extinction curve compared to their controls (SFC*/scrRNA). This reduction in social fear
was accompanied by a trend toward increased social approach and decreased vigilance behaviors in
the later phases of extinction among SFC+/Oxtr shRNA animals. Notably, during the recall phase,
female SFC+/Oxtr shRNA animals showed longer investigation times compared to SFC/Oxtr
shRNA animals, indicating that astrocytic OXTR knockdown in females had a more pronounced

effect in facilitating social fear extinction and reducing vigilance responses.
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The more significant impact of OXTR knockdown on social behavior in female mice compared to
males may stem from the more effective knockdown of OXTR mRNA expression in females.
Reduced astrocytic OXT signaling appeared to facilitate a faster extinction of social fear by
diminishing astrocytes’ ability to support synaptic plasticity in fear-related circuits. Given that
astrocytes are crucial for synaptic transmission and memory consolidation, the knockdown of OXTR
in these cells could lead to decreased synaptic support and impaired plasticity, thereby promoting the
extinction of social fear. However, these findings challenge the well-established view of OXT as a
prosocial neuropeptide during the extinction process, where OXT in the LS has been associated with
reduced fear and enhanced social behaviors (Zoicas et al. 2014; Menon et al. 2018). Although OXT
is typically recognized for its prosocial effects, some studies indicate that it can increase social
anxiety under specific conditions (Steinman et al. 2019). This dual role of OXT in both anxiolytic

and anxiogenic processes complicates the interpretation of its effects on astrocytic signaling.

Moreover, sex differences in OXT signaling must be considered. Males and females express OXTR
at different levels (Dumais and Veenema 2016), and OXTR signaling may vary between sexes. For
instance, OXTR agonists infused in the VTA decreased social place preference in females but
increased it in males whereas OXTR signaling might vary between sexes. For example, OXTR
agonists infused in the VTA decreased social place preference in females but increased it in males
(Borland et al. 2019; Steinman et al. 2019). These sex-specific effects may explain why female mice
exhibited a more substantial prosocial effect following astrocytic OXTR knockdown, showing
increased social investigation and faster extinction of social fear compared to males. Astrocytes are
vital for regulating synaptic transmission and modulating higher cognitive functions and behaviors
across species, especially in vertebrates, where they maintain CNS homeostasis. While previous
studies have shown that astrocytic OXT signaling mediates anxiolytic effects in the CeA and PVN
(Wahis et al. 2021), our findings suggest that reduced astrocytic OXT signaling in the LS facilitates
a prosocial approach toward conspecifics, underscoring the complexity of OXT role in social
behavior. These results reinforce the notion that OXT has both anxiolytic (Knobloch et al. 2012;
Blume et al. 2008; Domes et al. 2007; van den Burg et al. 2015) and anxiogenic (Eckstein et al. 2014;
Martinon et al. 2019; Nasanbuyan et al. 2018) effects, though the precise mechanism underlying

these effects in both neurons and astrocytes remain unclear.

In conclusion, this study demonstrates that astrocytic OXT signaling plays a significant role in
regulating social behaviors during the extinction of social fear. The reduction of astrocytic OXTR
signaling facilitated faster extinction, suggesting a diminished capacity for astrocytes to maintain
synaptic plasticity, particularly in circuits associated with social fear. These findings highlight the
complexity of OXT signaling in astrocytes and suggest that the balance between anxiolytic and

anxiogenic effects may differ based on sex, brain region, and behavioral context. Future research
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should continue to explore how astrocytes modulate synaptic plasticity and behavior in response to

OXT and other neuropeptides, especially within fear and anxiety-related circuits.

6. Conclusion and future perspectives

The present study provides novel insights into the involvement of astrocytes in socio-emotional
behaviors, focusing on their role in social fear acquisition and extinction, particularly in the context
of OXT signaling within the LS. Traditionally viewed as passive support cells, astrocytes have now
emerged as active regulators of synaptic plasticity, neurotransmission, and emotional processing.
This research demonstrates their pivotal role in modulating fear-related behaviors through sex-
specific mechanisms, highlighting the functional heterogeneity of astrocytes in the LS across

different brain regions.

The key findings suggest that astrocytes contribute differently to social fear acquisition and
extinction in male and female mice. In males, astrocytes exhibit structural changes and increased
Ca?* signaling in response to social fear acquisition, particularly in the LSc and HIP. The observed
astrocytic reorganization in males likely reflects their involvement in synaptic plasticity and memory
consolidation. In females, despite a lack of detectable structural changes, astrocytes demonstrate
elevated baseline Ca** activity, suggesting a "ceiling effect”" where heightened astrocytic activity is
induced by social fear acquisition. This effect is particularly pronounced during the extinction phase,

indicating sex-specific astrocytic adaptation to social fear.

Additionally, the study underscores the importance of OXT signaling in astrocytes, particularly
OXTR" astrocytes in the LSc, in modulating social behavior. The expression of OXTR in astrocytes
is higher in females than in males, and OXTR knockdown experiments revealed that reducing
astrocytic OXT signaling accelerates social fear extinction, with females exhibiting more pronounced
effects. This suggests that astrocytic OXT signaling may play a more significant role in regulating

social fear processing in females, potentially influenced by hormonal factors such as estrogen.

The results also reveal that astrocytic dysfunction, particularly impairments in the glutamate-
glutamine cycle, impacts social fear extinction and recall. Disrupting astrocytic glutamate signaling
in male mice leads to faster extinction of social fear, potentially due to weakened astrocytic support
for synaptic plasticity. However, this effect was not observed in females, suggesting that different
compensatory mechanisms, recruiting brain regions such as HIP or AMY, may regulate fear

extinction in females.
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These findings open several avenues for future research, particularly in understanding the role of

astrocytes in emotional regulation and social behavior. Below are key areas for further investigation:

1. Sex-Specific Mechanisms in Astrocytic Function

The sex differences observed in astrocytic responses to social fear acquisition and extinction,
particularly in relation to Ca*" activity and OXT signaling, warrant further investigation. Future
studies should investigate the molecular mechanisms underlying these sex differences, with a focus
on how sex hormones like estrogen influence astrocytic function. Understanding these hormonal
effects on astrocytes, particularly in different stages of the estrous cycle, will reveal insights on the

sex-specific regulation of social behaviors and emotional processing.

Further research could also explore the influence of sex hormones on the astrocytic-neuronal
interaction during emotional processing, which may help explain the different responses seen in

males and females during social fear extinction.

2. Astrocytes in Long-Term Memory and Fear Processing

While this study focused on short-term responses to social fear acquisition and extinction, future
investigations should examine how astrocytes contribute to long-term memory consolidation and

retrieval in the context of social fear and whether these effects differ by sex.

The role of astrocytes in fear-related circuits, particularly in the context of synaptic plasticity and
network maintenance, still remains unknown. Specifically, how astrocytic dysfunction might
influence the persistence of fear memories and how targeting astrocytic functions might enhance

therapies for conditions like SAD.

3. Oxytocin's Dual Role in Social and Emotional Regulation

In this study I demonstrated that reduced astrocytic OXTR signaling facilitated social fear extinction
behavior, highlighting the dual role of oxytocin (OXT) in exerting both anxiolytic and anxiogenic
effects. These findings underscore the need for further research to unravel the complex interactions

between OXT signaling in astrocytes and its broader influence on anxiety and emotional regulation.

Future studies should aim to clarify the precise mechanisms by which OXT signaling influences
astrocytic functions including synaptic plasticity, neurotransmitter release, and neuronal excitability,
particularly in circuits related to fear, anxiety, and social behaviors. Understanding the balance
between OXT's anxiolytic and anxiogenic effects will be crucial for developing therapeutic

interventions targeting OXT pathways in emotional disorders.
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4. Astrocyte-Neuron Communication and Network Regulation

The present study highlights the importance of astrocytic Ca?* signaling and glutamate-glutamine
cycling in regulating synaptic transmission and emotional processing. However, the full extent of
astrocyte-neuron communication, particularly through gap junctions and connexins, remains to be
explored. In particular, how astrocytes coordinate network activities in fear learning and extinction
circuits, with particular attention to the role of connexins such as Cx43 and Cx30 in astrocytic

communication and synaptic plasticity.

Hereby, the specific pathway of how astrocytes regulate the balance between excitatory and
inhibitory signaling in neural circuits, particularly in the LS, HIP, and AMY, is crucial to

understanding how astrocytic dysfunction contributes to emotional disorders.

The findings of this study suggest that astrocytic dysfunction, particularly in the glutamate-glutamine
cycle, can impair social fear extinction and recall. Given the growing recognition of astrocytes as
key regulators of emotional processing, targeting astrocytic functions may offer novel therapeutic

approaches for treating anxiety disorders, depression, and other emotional disorders.
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