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ABSTRACT

ABSTRACT

Social interactions play a pivotal role in an individual's survival and well-being. However, when
responses to social cues become maladaptive, as seen in social anxiety disorder (SAD) it becomes a
pathological concern. Although cognitive behavioral therapy (CBT) combined with pharmacological
treatments are commonly used to aid patients, these interventions lack specificity and often

therapy success due to incomplete understanding of the disease.

To unravel the intricate neuronal and molecular mechanisms underlying SAD, the social fear
conditioning paradigm (SFC) has been developed to model the core symptoms of the disease in
mice. This paradigm uses a combination of operant conditioning to induce social fear and
consequently avoidance of the associated stimuli and repeated social exposure afterwards
(reflecting the CBT in humans) where the animals gradually override the feared situation. Using the
SFC paradigm it has been shown, that Oxytocin (OXT) signaling mediated by binding to the
corresponding oxytocin receptor (OXTR) in the dorsal part of the lateral septum (LS) reverses social
fear expression in mice. Furthermore, alterations in OXTR binding in the LS were observed during
repeated presentation of social cues to conditioned animals. This suggests, that OXTR mediated

signaling in the LS is involved in the expression and extinction of social fear.

Building up on these findings | aimed to characterize OXTR expressing cells (OXTR*) within the LS
regarding their spatial distribution, molecular identity and further connectivity and specify the
involvement of OXTR* cells within the SFC regarding their temporal involvement and downstream

signaling cascades.

Using receptor autoradiography, in situ hybridization, and tracing techniques, | characterized OXTR*
cell populations within the LS, and found approximately 20% of the LS cells expressing OXTR, with
a heterogeneous distribution pattern on protein and mRNA levels, concentrated in the
intermediate caudal part of the LS. Notably, OXTR* neurons projecting to the medial habenula were
identified within the caudal part of the LS (LSc). Infusion of synthetic OXT or an OXTR-Gai agonist in
the LSc prior to social fear extinction facilitated extinction and stabilized the extinction memory
(OXTR-Gai agonist), while OXTR-Gaq activation had no impact on extinction or recall. These findings
indicate that OXT modulated social fear extinction via specific OXTR-mediated pathways. Using in
vivo calcium imaging, | further demonstrated that LSc-OXTR*- neurons exhibit selective responses
to social interaction, which changed after animals experienced a socially traumatic event.
Therefore, LSc-OXTR* neurons showed a decreased activation prior to social fear acquisition, which
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was increased afterwards and normalized with successful extinction of social fear. Categorization
of behavioral subgroups, revealed differential modulation of LSc-OXTR* neurons following social
fear induction in animals with a rapid, or slow extinction success, highlighting their contribution to

variable extinction outcomes.

This work describes a population of OXTR* neurons in the LS and the involvement of this cells in the
regulation of social interaction and social fear extinction. Furthermore, it provides novel insights
into the dynamic activity patterns of LSc-OXTR* neurons before and after a socially traumatic event
with a high temporal resolution, and advances our comprehension of the LSc-OXTR mediated

signaling in individual therapy efficacy.

vil
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ZUSAMMENFASSUNG

Soziale Interaktionen spielen eine zentrale Rolle fiir das Wohlbefinden und Uberleben bei vielen
Spezies. Beim Krankheitsbild der sozialen Angststérung, wird die Reaktion auf einen sozialen Reiz
unproportional. Aktuell wird eine Kombination aus Verhaltenstherapie und Pharmakotherapie als
Behandlungsstrategie fiir Patienten angewandst, allerding zeigen hohe Riickfallquoten und geringe
Therapieerfolge die mangelnde Spezifitdt dieser Anwendungen auf. Dieser Umstand ist auf das

unzureichende Verstandnis der zugrundeliegenden neuronalen Mechanismen zurlickzufiihren.

Um diese neuronalen Mechanismen besser untersuchen zu kdnnen wurde ein Tiermodel
entwickelt, welches spezifisch die Symptome der Krankheit in mannlichen Mausen wiederspiegelt
entwickelt, das sogenannte social fear conditioning (SFC) Paradigma. Das Model basiert auf
operanter Konditionierung und induziert spezifische Angst vor Artgenossen und folglich
Vermeidung dieser in den experimentellen Tieren. Allerdings fihrt eine wiederholte Konfrontation
mit Artgenossen im Anschluss zu einer graduellen Extinktion der induzierten Angst. Durch
Verwendung dieses Tiermodels, konnte bereits gezeigt werden, dass Bindung von Oxytocin (OXT)

an den Oxytocin Rezeptor (OXTR) im lateralen Septum (LS) den Extinktionsprozess verbessern kann.

In der vorliegenden Arbeit charakterisiere ich Zellen im LS welche OXTR exprimieren hinsichtlich
ihrer rdumlichen Verteilung innerhalb verschiedener Subregionen im LS, als auch im Hinblick auf
ihre Konnektivitdt und Expression anderer Neurotransmitter. Weiterhin untersuche ich inwiefern
OXTR mediierte Signale bei der Extinktion sozialer Angst involviert sind unter Verwendung the SFC

Paradigmas.

Unter Verwendung von OXTR-Autoradiographie, in situ Hybridisierung und viraler Vektoren, konnte
ich zeigen, dass ca. 20% der Zellen im LS OXTR exprimieren, diese akkumuliert im kaudalen Teil des
LS auftreten und weiterhin zu einer Region projizieren, die als mediale Habenula bekannt ist.
Infusion von OXT in den kaudalen Teil des LS fihrte zu einer beschleunigten Extinktion der sozialen
Angst. AuBerdem konnte derselbe Effekt durch identische Verabreichung eines OXTR-Gai
Agonisten erzeugt werden, wahrend die Injektion eines OXTR-Gaq keinen Effekt aufwies. Diese
Ergebnisse weisen darauf hin, dass OXT Bindung im kaudalen Teil des LS zu einer erleichterten
Extinktion sozialer Angst fihr und zwar spezifisch ber einen weiterfiihrenden OXTR- Gai
mediierten Signalweg. Durch in vivo Messung von Kalzium Influx konnte ich weiter demonstrieren,
dass OXTR+ Neuronen im kaudalen Teil des LS spezifisch auf soziale Interaktionen aktiviert werden.
Nach Induktion eines sozialen Traumas mithilfe des SFC Paradigmas zeigten OXTR+ Neuronen
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reduzierte Aktivitat, welche jedoch mit zunehmenden Extinktion Erfolg wieder anstieg. Zusatzlich
konnte ich unter den experimentellen Tieren zwei Gruppen identifizieren, eine Gruppe mit
schnellem und eine mit verzogertem Extinktionserfolg. Die Gruppen zeigten eine unterschiedliche
Regulierung der OXTR+ Neuronen im kaudalen LS bei sozialem Kontakt wahrend des
Extinktionstraining, was darauf hindeutet, dass eine temporal spezifische Regulierung dieser

Neuronen in variable Extinktionserfolge involviert ist.

Diese Arbeit beschreibt eine Population von Neuronen im LS die OXTR exprimiert und untersucht
die Regulation dieser Zellen im Hinblick auf soziale Interaktion und der Extinktion von Trauma
induzierter sozialer Angst. Zum ersten Mal werden hier Aktivitditsmuster OXTR+ Neuronen im
kaudalen Teil des LS vor- und nach einem sozialen Trauma beschrieben. Diese Erkenntnisse kénnten
signifikant zu unserem Verstdndnis individueller Therapieansatze fir Patienten mit sozialer

Angststorung beitragen.
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Figure 27: Proportion of modulated oxytocin receptor expressing (OXTR*) neurons in the caudal
part of the lateral septum (LSc) before, during and after social contact during different experimental
stages — slow extinction animals (SEA) ONIY....ccuuiiiiiciiiie et e e e e e e 75
Figure 28: Oxytocin (OXT) signaling in the caudal part of the lateral septum (LSc) implicated in social
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1 INTRODUCTION

1.1 Fear and Anxiety

Fear and Anxiety are considered “emotional states” that trigger behavioral and physiological
responses in order to reduce, or avoid harm and therefore increase the fitness and survival of an
organism (Lewis and Haviland-Jones, 2008). While fear occurs upon a real and imminent danger,
which requires rapid decision making and dissipates on removal of the threatening stimuli, anxiety
can be triggered by an internally generated, or potential threat, with a high variability in persistence

(Davis, 2006).

However, the concept and definition of emotion is a complex and highly debated topic. In the 19t
century Charles Darwin proposed that emotions motivate people to respond quickly to stimuli in
the environment, which helps to improve their fitness and survival (Darwin et al., op. 1998). Indeed,
the ability to interpret a situation or the emotion of another animal correctly is crucial for the
success of an individual. Compiling ideas and concepts from different researchers (Anderson and
Adolphs, 2014; Darwin et al., op. 1998; Izard, 2009; Kleinginna and Kleinginna, 1981; LeDoux, 2000),

Anna Zych and Nadine Gogolla defined emotion as this:

“Emotions are functional states that bear essential roles in promoting survival and thus have
emerged through evolution. Emotions trigger behavioral, somatic, hormonal, and neurochemical

reactions, referred to as expressions of emotion.” (Zych and Gogolla, 2021)

Therefore, an emotional state results in detectable and measurable physiological and behavioral
adaptations. Fear and anxiety trigger strikingly similar responses across different species (Calhoon
and Tye, 2015), which also reflect their importance as adaptations to potentially dangerous
environments. Both, fear and anxiety elicit defensive behaviors and involve similar physiological
processes, such as activation of the two key stress systems, i.e., the hypothalamo-pituitary-adrenal
(HPA) axis and the sympathetic nervous system, in order to redirect energy to components required
for physical activity. This includes, for example, an increased heart rate and respiration to provide
the muscles with oxygen-rich blood in preparation for physical activity and increased glucocorticoid
levels which consequently leads to increased glucose levels in the bloodstream (Ohman, 2008;

Steimer, 2002).

Fear and anxiety have evolutionary benefits and are important for an individual's survival and well-
being. However, when an emotion and its corresponding behavioral trait become inappropriate,

either in terms of intensity or duration of the response to the perceived stimuli, it becomes a
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pathological issue (Lewis and Haviland-Jones, 2008). Whenever the response to fear and anxiety
become excessive and/or chronic it becomes a pathological condition, summarized under the term
anxiety disorders in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (Association,
2016). According to the DSMV, anxiety disorders include separation anxiety disorder, selective
mutism, specific phobia, panic disorder, agoraphobia, generalized anxiety disorder and social
anxiety disorder (SAD). All anxiety disorders display an immense burden for affected patients and
among them, SAD is one of the most frequent psychiatric disorder (Cohen et al., 2007; Leichsenring

and Leweke, 2017; Stein, 2022) and will be the focus of this thesis.

1.2 Social Anxiety Disorder

SAD, also known as social phobia, can be characterized by exaggerated and persistent fear and
anxiety of being judged and humiliated in social situations. This results in patients developing an
avoidance posture, which impairs their normal daily functioning, with severe consequences on their
socio-economic status and their overall quality of life. The 12-month prevalence in the USA and
Europe is estimated to be approximately 7% and 2.3% respectively, with a slightly higher prevalence

in women (Ruscio et al., 2008)(Figure 1).

Social Anxiety Disorder Incidence

il -=\Nomen

---Men

Cumulative Incidence, Proportion

—TT

1 1
Age (years)

Figure 1: Onset of social anxiety disorder (SAD).Onset of SAD in men and women, image adapted from (Wright
etal., 2020).

Onset and persistence of SAD have various factors, with most cases starting in juvenile age
(between 8-15 years) (Kessler et al., 2005), and usually the experience of a specific traumatic event,
such as bullying in school, or physical or psychological abuse. Additionally, there is also a genetic

predisposition. If SAD occurs within families, relatives of the first degree have a 2-6 times higher

(2]



INTRODUCTION

predisposition to develop the disease. Furthermore, the patient's ethnic background can play a role;
for example, in Japan and Korea, a syndrome called Taijin Kyofusho can occur, which is
characterized by the fear of the patient to cause unease in other people (e.g. “my look causes anger
in other people so they avoid me and look away”). SAD also shows a high comorbidity with other
anxiety disorders, major depression, and substance use disorders (Falkai and Hans-Ulrich Wittchen,

2014).

1.2.1 Treatment of Social Anxiety Disorder

SAD is typically treated with a combination of psychotherapy and pharmacotherapy. Cognitive
behavioral therapy (CBT) is often the most effective type of psychotherapy for SAD (Acarturk et al.,
2009; Barkowski et al., 2016; Powers et al., 2008), as it aims to teach patients a different way of
thinking, behaving, and reacting to fearful situations through progressive confrontation (Choy et
al., 2007; Craske, 2010). A CBT treatment program starts with psychoeducation, where the patient
is informed about SAD, followed by cognitive restructuring with exposure exercises, where the
patient is confronted with the feared situation, often in form of a role-play single persons or groups.
Therefore, this specific type of CBT is also referred to as exposure therapy. The protocol includes
16 sessions (Hope et al., 2010) and the treatment outcome is then measured using the Liebowith
Social Anxity Scale (LSAS) which assesses the reaction and performance of the patient in social
situations (Heimberg et al., 1999). The effectiveness of of CBT in SAD is based on the promotion of
therapeutic learning and memory modification. From a neuroscientifically point of view, that is
based on experience-dependent plasticity mechanisms, whereas neuronal communication and
consequently also the architecture of the the neuronal network mediating the behavioral and
physiological response to a threat is modified (McKay and Tryon, 2017). However, the exact brain

regions and neuronal mechanisms mediating this change are far from being understood.

Usually patients obtain the best results, when CBT is coupled with different types of medication
(Fedoroff and Taylor, 2001; National Institute of Mental Health, 2023), including antidepressive and

anxiolytic drugs, and beta-blockers:
e Antidepressants

Antidepressants, such as selective serotonin reuptake inhibitors (SSRIs) and serotonin-
noradrenaline reuptake inhibitors (SNRIs), are commonly used to treat SAD. These medications
inhibit the reuptake of the neurotransmitters serotonin and noradrenalin, resulting in increased

availability. Since SAD shows a high comorbidity with depressive disorder, due to isolation of
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the patients, it can affect an individual's mood, and antidepressants can help alleviate these
mood related symptoms. However, antidepressants generally have a slow onset of action.
Additionally, they may cause side effects, such as headaches, nausea, or difficulty sleeping

(Singewald et al., 2015).

Monoamine oxidase inhibitors (MAOIs), which inhibit the degradation of monoamines such as
serotonin, dopamine, thyramine, and noradrenaline, are also used to treat SAD. However, due
to limited effectiveness and several side effects, such as dry mouth, high blood pressure,
nausea, and weight gain, MAQIs are considered a third-line treatment option for SAD (Sareen

and Stein, 2000).
e Anxiolytics

Benzodiazepines are most frequently used anxiolytics that enhance the effect of the
neurotransmitter gamma-aminobutyric acid (GABA), resulting in sedative, anxiolytic, and
muscle-relaxant properties. They have a rapid onset of anxiolytic action. However, people may

develop drug tolerance or substance dependence (Singewald et al., 2015).
e Beta-blockers

Beta-blockers, which are predominantly used to control arrhythmia and high blood pressure,
are another medication used to treat SAD. They can help control some of the physical
symptoms of social anxiety, such as increased heart rate, sweating, and tremors, by blocking
the blocking the receptor sites for the stress hormones adrenaline and noradrenaline, which
slows down the heart rate. Beta-blockers are commonly used to treat the "performance
anxiety" type of SAD. However, they may cause potential side effects, such as erectile

dysfunction, memory loss, and difficulty sleeping (Stein, 2022).

While only a minority actively seeks assistance, about half of the patients experience symptom
remission after several years of treatment (Figure 2) (Feske and Chambless, 1995). Despite the
existence of diverse pharmacological and psychotherapeutic interventions, a significant portion of
patients fails to attain full remission, and symptoms frequently recur over time. Moreover, a
considerable number of individuals exhibit a general unresponsiveness to these treatments (Stein,
2022). Consequently, there is a pressing need for in-depth exploration of underlying mechanisms
and enhancements in therapeutic alternatives. However, understanding the underlying neuronal
mechanisms of psychological diseases, such as social anxiety disorder (SAD), is a complex challenge.
With functional neuroimaging studies, SAD patients can be confronted with social situations and
local brain activation can be measured. Using functional magnetic resonance imaging (fMRI ) the
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changes in blood flow and oxygen consumption that occur with neuronal activity can be measured
(Glover, 2011). Studies with SAD patients revealed for example an increased activity of the AMY in
response to social threat in SAD patients (Stein et al., 2002). Even so fMRI studies have a relatively
high spatial resolution, they lack temporal resolution and also detailed mechanistic insight within
an activated region (Glover, 2011). Furthermore, human studies face ethical constraints and
limitations in the available neurobiological manipulation options. Animal models offer a controlled
environment to study the underlying mechanisms of these disorders, providing insights that can be
translated to human conditions. Rodents, in particular, are commonly used due to their genetic
similarities. Therefore, animal models are essential to examine brain-behavior relationships and the
contribution of specific neuronal networks to a given abnormal behavior under controlled

laboratory conditions.

Receive Drop Out of
Inadequate _Treatment
Treatement 2%

5%

Fail
to Respond
to Treatment
5%

Treated
for SAD

13% Successfully

Treated

No Treatment
80% 5%

Symptoms
Recur
3%

Figure 2: Treatment response of social anxiety disorder (SAD).Treatment rate of adults with SAD based on
data from (Feske and Chambless, 1995; Kessler et al., 2005; Ruscio et al., 2008). Image: T. Kashdan,
http://noba.to/vz2qug96.

1.2.2 Animal Models for Social Fear - The Social Fear Conditioning Paradigm

Establishing a valid animal model necessitates closely replicating various aspects of a psychiatric
disease, a task fraught with challenges. To attain the utmost similarity, criteria have been proposed
for assessing the validity of animal models. McKinney and Bunney first outlined validity criteria in
1969, albeit in a loosely defined manner (McKinney and Bunney, 1969). Subsequent years
witnessed adaptations and modifications by researchers, with the most widely embraced criteria
in animal research proposed by Willner in 1984, encompassing predictive, face, and construct

validity (Willner, 1984):
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1. Predictive validity: This dimension gauges the capacity of an animal model to foresee the
outcome of a specific manipulation. For instance, if a drug proves effective in treating a
disease within an animal model, predictive validity implies that the drug will likely exhibit
efficacy in humans and vice versa. This emphasizes the similarity of treatment outcomes.

2. Face validity: Examining the behavioral or physiological alterations induced by exposing
experimental animals to a model, face validity assesses the analogy between the model-
induced changes and the pathological behavior observed in patients suffering from the
human disease being modeled. In essence, it evaluates how closely the animal model
mirrors the human disease in terms of symptoms and progression.

3. Construct validity: This dimension pertains to the ability of an animal model to recruit the
same neurobiological substrates as the respective disorder in humans. While these criteria
persist, researchers continually engage in discussions about their relevance and often
introduce additional considerations. For instance, some groups introduce etiological
validity, addressing early environmental/developmental factors or external triggers,
thereby contributing more to construct validity. Despite its ongoing use, construct validity
remains a broadly defined term, particularly challenging when attempting to align with the

biological nature of a specific disease due to limited knowledge.

In efforts to refine these criteria, researchers have made conceptual strides (Belzung and Lemoine,
2011). Additionally, improvements in animal models involve the application of genetic approaches,
where knowledge of the target is essential, and the ongoing integration of human findings (Cryan
and Slattery, 2007). Certain criteria, such as thoughts of suicide, resist remodeling due to their
inherently complex nature. The difficulty in fully understanding the causative factors of the disease

in humans underscores the challenges of mimicking these aspects in animal models.

A significant portion of our understanding of neuronal processes related to fear and anxiety is
derived from animal studies, primarily involving rodents and employing fear conditioning models.
Fear conditioning, an associative learning task, involves animals associating a previously non-
aversive conditioned stimulus (CS), often a tone, with a simultaneously presented aversive
unconditioned stimulus (US), typically a mild foot shock. Through repeated pairings, the CS alone
eventually triggers the conditioned fear response, a phenomenon known as operant conditioning

(LeDoux, 2000).

In the social fear conditioning (SFC ) paradigm (Toth et al., 2012) operant conditioning is utilized to
generate social fear and avoidance in male mice, which can be considered the core symptom of

SAD. During SFC, mice are placed in a conditioning chamber where social fear-conditioned animals
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(SFC*) receive a foot shock (US) each time they make direct contact with a conspecific. Control mice
(SFC) undergo the same conditions without receiving a foot shock when investigating the
conspecific. Following this procedure, SFC* animals display social avoidance of conspecifics,
evidenced by reduced time spent investigating the conspecific. On the subsequent day, the animals
are repeatedly exposed to novel unfamiliar conspecifics without punishment, mirroring exposure
therapy in SAD patients. Here, the animals gradually overcome the previously induced social fear,
reflected in increased social interaction over time. From a translational perspective, understanding
the mechanisms mediating this so-called extinction of social fear is crucial, as these identified
mechanisms could serve as targets for new drug development to support the treatment of SAD.
Unlike many other protocols, the SFC does not induce unspecific symptoms such as anhedonia,
general anxiety, or impairment of locomotor activity (Alfieri et al., 2022). This makes it currently
the preferred option for studying the mechanisms of SAD. Notably, just one more protocol is
currently used to investigate specific social impairment, which is the classical social defeat protocol,
where experimental animals are defeated by an aggressive conspecific. If repeated for several days,
these animals also exhibit specific social impairments without the manifestation of unspecific side

effects (Franklin et al., 2017).

A neuropeptide that has been repeatedly associated already with the SFC is OXT, which is an
important messenger in the regulation of emotion, but plays a clear role in the modulation of social
behaviors (Masis-Calvo et al., 2018). Consequently, the next chapter will delve into more detailed
information about the neuropeptide OXT and the corresponding signaling cascades via oxytocin

receptor (OXTR) binding.

1.3 The Brain Oxytocin System

OXT is a peptide composed of nine amino acids with a chemical structure represented as H-Cys-Tyr-
Ile-GIn-Asn-Cys-Pro-Leu-Gly-NH2. Its production is stimulated by a variety of physiological and
psychological factors, reflecting its effects on the body and brain (Jurek and Neumann, 2018).
Therefore, physiological functions such as milk ejection, uterine contractions, sexual arousal and
penile erection, but also effects several aspects of social interactions (Althammer and Grinevich,

2017).

The main sources of OXT production are the paraventricular nucleus (PVN) and supraoptic nucleus
(SON) of the hypothalamus, which contain two types of neurons differing in size and function:

magnocellular and parvocellular neurons (Jurek and Neumann, 2018; Mohr et al., 1988).

(7]



INTRODUCTION

Magnocellular neurons are found in the PVN and SON and synthesize either OXT or arginine
vasopressin (AVP), which is a closely related nonapeptide (Gainer et al., 2002). These neurons
project directly to the posterior pituitary gland (neurohypophysis) for release of the peptides in the
bloodstream (Mohr et al., 1988). The magnocellular OXT producing neurons however can also from
bifurcations and send axonal projections to several brain regions for OXT release in the central
nervous system (CNS) (Althammer and Grinevich, 2017). Parvocellular neurons are mainly located
in the PVN, on the other hand, are smaller in size and produce various other neuropeptides beside
OXT, which are released into the hypophyseal portal system, for example CRH (Bondy et al., 1989).
The parvocellular neurons in the PVN are thought to be the main source for centrally released OXT.
For example, very well established are OXT projections to the spinal cord and brain stem to control
several physiological functions, i.e. cardiovascular reactions or erection (Althammer and Grinevich,
2017). Interestingly, other regions, such as the BNST and accessory nuclei of the hypothalamus,

have also been found to produce OXT (Rhodes et al., 1981).

Within the CNS, OXT can be released from the soma and dendrites coordinating OXT neurons within
the hypothalamus, or reach distant brain regions via axonal projections and terminal release
(Landgraf and Neumann, 2004; Ludwig et al., 1994; Morris and Pow, 1991). Long-range projections
of OXT neurons in mammals and reptiles include the PFC, anterior olfactory nucleus, nucleus

accumbens (NAC), septum, HIP, and medial and central AMY (Grinevich et al., 2016).

A well described transportation mechanism is the packaging and exocytosis of OXT from dense-core
vesicles, which does not only occur at axon terminals, but also all other parts of the neuron
(Brownstein et al., 1980). Another, possibly faster way is the local synthesis of mRNA, which
apparently happens in dendrites of magnocelluar neurons, but not in axonal compartments (Mohr

and Richter, 2003).

Beside temporal aspects, also the half-life time of OXT might influence its effects. OXT's half-life in
the blood is estimated to be around 3-6 minutes, with primary degradation by the enzyme
oxytocinase produced in the liver and kidneys. However, metabolization and clearance of OXT in
the CNS are not fully understood. OXT might have a longer half-life in the brain, of about 20 minutes
and be degraded by peptidases (Mens et al., 1983; Rydén and Sjoholm, 1969). Finally, receptor
density and affinity also play an important role in OXT's effects, which will be discussed in the next

chapter.
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Figure 3: Oxytocin (OXT) expression and structure. A) Brain regions in the mouse that express OXT mRNA in
the hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON), and weaker expression along
the walls of the third ventricle and the accessory nuclei, as revealed by in situ hybridization. B) Chemical
structure of OXT. Image adapted from (Jurek and Neumann, 2018).

1.3.1 The Oxytocin Receptor

The effects of OXT are mediated by binding to the OXTR. The OXTR is a GPCR that is composed of
389 amino acids, with seven transmembrane domains, an extracellular NH2-terminal binding region
and an intracellular carboxyl terminus (Gimpl and Fahrenholz, 2001) (Figure 4, B). Beside the
binding of OXT it can also bind the structurally related hormone AVP, although with lower affinity
vice versa OXT also binds to the AVP receptor subtypes vasopressin receptor 1a (V1a), 1b (V1b) and
2 (V2) (Busnelli et al., 2013).

The receptor is expressed in the CNS on neurons in synapses, as well as on axons and glial processes
(Mitre et al., 2016). Additionally, recent studies have shown that OXTRs are also expressed on
astrocytes in various brain regions (Wahis et al., 2021). In the brain, highest expression levels are
found in the central, medial, and basolateral AMY, NAC, bed nucleus of the stria terminalis (BNST),
PVN, medial preoptic area, ventromedial nucleus of the HYP, HIP, ventral pallidum, periaqueductal
gray (PAG), striatum (Str), LS, ventral tegmental area (VTA), and olfactory bulb (OB) (Figure 4, A), a
comprehensive list of brain areas that have been identified to express the OXTR in rodents can be

found in Jurek et al (Jurek and Neumann, 2018).

In peripheral tissue, the receptor is mainly expressed in reproductive organs such as the uterus and
mammary glands, but can also be found in other organs (Gutkowska and Jankowski, 2012; Halbach
et al., 2015; Moreno-Ldpez et al., 2013; Ostrowski et al., 1995; Taylor et al., 1989). However, this
chapter focusses on OXTR in the CNS.
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Figure 4: Oxytocin receptor (OXTR) expression and structure. Spatial distribution of OXTR that receives OXT
axons in the rodent brain. AH, anterior hypothalamus; AON, anterior olfactory nucleus; AMY, amygdala; BNST,
bed nucleus of the stria terminalis; HIP, hippocampus; LS, lateral septum; NAc, nucleus accumbens; PAG,
periaqueductal gray; Str, striatum; VTA, ventral tegmental area (adapted from (Grinevich et al., 2016)). B)
Overall structure of retosiban-bound OXTR. Left viewed parallel to the membrane plane, Right, viewed from
the extracellular space (Image from (Waltenspiihl et al., 2020))

When OXT is released in the brain and binds to its receptor, a cascade of intracellular signaling
events is triggered, leading to changes in cell function and behavior. In general, in G protein-coupled
receptors (GPCR) the B/y subunit of the G-protein separates from the a-subunit, upon ligand
binding. There are 4 subtypes of the Ga protein, Gas, Gai/o, Gaq/11 and Ga12/13, which further
lead to different downstream signaling pathways and consequently to gene transcription. For the
OXTR, promiscuous coupling to Gai/o and Goag/11 subtypes have been described so far (Busnelli
and Chini, 2018). Coupling to Gag/11 protein leads to increase of intracellular Ca?* and activation
of second messenger systems, such as the phospholipase C B (PLCR), modulating synaptic
transmission and plasticity. In contrast activation of the Gi/o subsequently decreases levels of the
second messenger cyclic adenosine monophosphate (cCAMP) witch then further results in decreased
neuronal excitability (Eliava et al., 2016). This effects could be shown by application of specific
ligands that selectively activates the Gai-protein-coupled OXTR (eg atosiban) in cell cultures
(Reversi et al., 2005). To what extent neurons express either OXTR-Gaq or -Gai proteins, or even
both simultaneously, is not clear yet. Like many other GPCR, the OXTR has been shown to form
homomers (Cottet et al., 2010) as well as heterodimers with other GPCRs, which include for
example the dopamine 2 receptor and the highly related V1a and V1b receptors (La Mora et al.,
2016; Terrillon et al., 2003). Furthermore, the expression and integration of OXTRs depends on the
availability of OXT. Secretion of OXT over a prolonged period can result in desensitization and

internalization of the receptors (Busnelli and Chini, 2018). It has been shown that internalized
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OXTRs are not degraded, but recycled back to the cell membrane, but the exact mechanism and

function is not clear yet (Conti et al., 2009).

In summary, the OXTR can adopt multiple conformations in the CNS, and ligand binding has the
potential to initiate a diverse range of downstream signaling cascades, many of which are still not
fully elucidated. This diversity may yield entirely different effects on cells and might result in distinct
behavioral outcomes. The field of OXTR-mediated signaling is largely unexplored territory with
many open questions. A more comprehensive understanding of the distribution of specific receptor
conformations and their associated downstream signaling pathways could significantly contribute

to unraveling OXTR-mediated effects in certain behaviors, particularly those related to social fear.

1.3.2 Implications of Brain OXT Signaling in Social Behavior

OXT signaling within CNS plays a pivotal role in modulating various aspects of behavior, especially
social behavior. Extensive research has highlighted its involvement in diverse contexts, ranging from
pair bonding to anxiolysis, and from pro-social behaviors to memory enhancement (Jurek and

Neumann, 2018).

The involvement of OXT in pair bonding has been demonstrated particularly in prairie voles
(Microtus ochrogaster). Studies involving intracerebroventricular (icv) infusion of OXT have shown
its ability to induce partner preference, emphasizing its crucial role in fostering social bonds (Bosch
and Young, 2018; Carter et al., 1992). Moreover, OXT is identified as a key player in nurturing the
bond between mothers and their offspring, as evidenced by studies showcasing its essential role in
maternal behaviors (Demarchi et al., 2021; Neumann, 2003; Slattery and Neumann, 2008). In male
rats, the local infusion of synthetic OXT into specific brain regions, including the PVN, AMY, or PFC,
exerts robust anxiolytic effects (Bale et al., 2001). However, the intricate nature of OXT signaling is
exemplified by contradictory findings, such as OXT infusion into the basolateral amygdala (BLA)
impairing fear extinction in rats (Lahoud and Maroun, 2013). This underscores that OXT signaling is
finely tuned, influenced by factors such as the site of action, dosage, timing, sex, species, and strain.
OXT's impact extends to cognitive functions, as it has been found to enhance spatial memory during
motherhood and is essential for social memory in both males and females (Rilling and Young, 2014).
Binding of OXT in LS has been linked to improved social discrimination abilities (Popik et al., 1992;
Tomizawa et al., 2003). Moreover, OXT has demonstrated its ability to facilitate pro-social behavior

and prevent social avoidance in both rats and mice (Lukas et al., 2013)
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Overall OXT signaling emerges as a multifaceted player in social behavior and anxiolysis. These
functions, as well as reproductive and homeostatic mechanisms of OXT signaling, are extensively
explored. However, implications of OXT specifically in social fear are more sparse and further

investigation is urgently needed.

1.4 Neuronal Circuits of Social Fear

The behavioral and physiological response to a threatening stimulus arises from the coordinated
communication of interconnected neurons in various brain regions. These networks, also known as
neuronal circuits or assemblies, can exist within the same region, forming microcircuits, or can
connect distant areas of the brain through long-range axonal projections. Thus, neuronal networks
can be viewed as both functional and anatomical entities (Bargmann and Marder, 2013; Purves et
al., op. 2012). While a large amount of research has dissected the neuronal substrates of fear and
anxiety, very sparse studies focus specifically on social fear. Not surprisingly, some regions involved

in social fear overlap with regions and circuits found in general fear and anxiety processing.

A major and complex processing station that modulates memory encoding and consolidation by
evaluating the emotional relevance of perceived stimuli is the amygdala (AMY) (Richardson et al.,
2004). Neuroimaging studies suggested amygdala-hyper-responsivity in SAD patients confronted
with pictures of angry faces compared with healthy controls (Evans et al., 2008). Interestingly, acute
intranasal administration of Oxytocin (OXT) attenuated the heightened AMY reactivity to fearful
faces in SAD patients, suggesting an involvement of OXT in modulating exaggerated processing of
social signals of threat in patients with SAD (Labuschagne et al., 2010). However, more detailed
insights in the neuronal structures and mechanisms involved in social fear arises from rodent
studies. Employing an innovative technology known as CANE (capturing activated neuronal
ensembles), scientists successfully labeled neurons selectively activated during encounters with
fearful social stimuli in the ventromedial hypothalamus (VMH). In the experimental setup, mice
underwent aggression from a dominant resident before participating in a social interaction test
with a non-aggressive conspecific. Remarkably, optogenetic stimulation of the identified neurons
induced social avoidance during the subsequent social interaction test, even in the absence of a
prior aggressive encounter with a resident (Sakurai et al., 2016). In a quite similar experimental
setup using in vivo calcium imaging, a separate research group observed a reorganization of
neuronal activity in the VMH of mice during social encounter following social defeat. The findings
suggest that dynamic alterations in the activity of specific neurons may play a crucial role in

mediating adaptations in social behavior after experiencing social trauma. (Krzywkowski et al.,
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2020). Utilizing the SFC paradigm, an elevation in c-fos positive cells in the prefrontal cortex (PFC)
was observed following exposure to a conspecific mouse in social fear conditioned mice.
Additionally, pharmacological inhibition of the PFC with muscimol resulted in a reduction of social
avoidance in SFC* mice, implying the involvement of GABAergic neurons in the PFC in mediating the
expression of social fear. (Xu et al., 2019). In a subsequent study, the same research group
demonstrated through chemogenetic inhibition that the reduction of social fear expression is
specifically regulated by somatostatin (SSt) expressing interneurons in the PFC (Wang et al., 2020).
Possibly this behavioral alterations are further mediated by inhibitory inputs from the PFC to the
PAG (Franklin et al., 2017).

Beside the brain regions and neuronal mechanisms that mediate the expression of social fear
another question is how a fear memory can also be eradicated, referred to as fear extinction. Fear
extinction is a crucial process in psychological therapy and the most important component of the
whole picture of fear circuits regarding clinical relevance. To what extent fear extinction relies on
the formation of a fear extinction memory, the modulation of the existing fear circuit, or a
combination of both mechanisms, is not fully understood yet. Since fear responses can recover
spontaneously, extinction surely not erase the original fear memory trace completely. Given the
great overlap between regions associated with fear learning and extinction learning, the possibility
exists, that these mechanisms are closely related. Most likely, the original fear circuit is modified
and a closely related formed extinction circuit leads to a competition between this two networks
(Bouton, 2004). Regarding specifically the extinction of social fear, studies have indicated that the
infusion of synthetic OXT into the dorsal part of the lateral septum (LSd) before social fear extinction
training in mice conditioned against a conspecific resulted in elevated levels of social investigation.
These levels were comparable to those observed in unconditioned animals (Zoicas et al., 2014). This
implies that the lateral septum (LS) is not only implicated in the circuits of social fear but specifically
plays a role in the aspect of social fear extinction. Notably, the LS is a region that exhibits extensive

interconnections with all the aforementioned regions.

1.4.1 Implications of the Lateral Septum

The LS is a subcortical region located between the lateral ventricles, the corpus callosum, and the
decussation of the anterior commissure and has been implicated in several aspects of motivated
behaviors. In the mouse brain, the LS spans along the rostral-caudal axis from bregma: +1.1 to -0.1.
Along the dorsal-ventral axis, the LS can be divided into three layers: the dorsal, intermediate and
ventral part (Risold and Swanson, 1997)(Figure 5, A). A small proportion of LS neurons express
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glutamate (Lin et al., 2003), however, the majority, i.e., over 90%, express the inhibitory
neurotransmitter GABA (Zhao et al., 2013). GABAergic neurons are heterogeneous in morphology
and often co-expression of other peptides (Melzer and Monyer, 2020). In the LS it has been shown
that specifically in the rostral part of the LS (LSr), a subgroup of GABAergic neurons express
neurotensin (Nts) (Chen et al., 2022), whereas in more caudal regions, SSt expressing GABAergic
neurons predominate as the primary subtype (Kéhler and Eriksson, 1984). Furthermore, neurons in
the LS differ based in their receptor expression. So far, LS neurons are described to possess
neuropeptide receptors for OXT, serotonin (5-HT), AVP, dopamine (DA), corticotropin-releasing
factor (CRF) and estrogen (ER). Neurons expressing these different receptors seem to be distributed
in a specific spatial pattern, partially overlapping with each other (Menon et al., 2022; Sheehan and
Numan, 2000). The innervation of the LS shows a topographic organization. While the LSr receives
information from the hippocampus (HIP), cortical regions and AMY, the LSc is predominantly
targeted by the HIP solely. Moreover, it has been shown, that neurons of the LS form local
microcircuits within the LS region, which may serve an autoinhibitory function, controlling its
output and hence the downstream signaling, but they also send long range projections, other
subcortical regions, especially different sub-nuclei of the hypothalamus (HYP) (Sheehan et al.,,

2004)(Figure 5, B).
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Figure 5: Structure and connectivity of the lateral septum (LS). Left: Showing the extension of the LS along the
rostral-caudal axis, right: showing the subdivision within the LS along the dorsal-ventral axis, LSd= dorsal part
of the LS, LSi= intermediate part of the LS, LSv=ventral part of the LS. B) Schematic illustration of the afferent
and efferent connections of the LS, EC= entorhinal cortex, PFC= prefrontal cortex, Amy=amygdala, BNST= bed
nucleus of the stria terminalis, NA= nucleus accumbens, Thal=thalamus, PAG= periaqueductal gray, MS/DBB=
medial septum/diagonal band of broca, VTA= ventral tegmental area, LC= locus ceruleus, LDT= laterodorsal
tementum (Image from (Sheehan et al., 2004)).

Functionally, the LS is considered as an integration station responsible for adjusting and evaluating

perceived information, which it then conveys to downstream targets to elicit appropriate
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behavioral and physiological responses (Besnard and Leroy, 2022; Rizzi-Wise and Wang, 2021). Due
to its highly heterogeneous nature, different subregions with distinct connectivity patterns may
regulate a wide range of functions like aggression (Brady and Nauta, 1953; Oliveira, Vinicius Elias
de Moura et al., 2021), reward processing (Olds and Milner, 1954; Vega-Quiroga et al., 2018), but
also innate physiological needs such as eating (Carus-Cadavieco et al., 2017). Several aspects of fear
behavior have also been linked to LS activity and in the regulation of fear (Rizzi-Wise and Wang,
2021). Activation of the LS via glutamatergic input from the HIP decreases anxiety-like behavior,
while inhibition has the opposite effect (Parfitt et al., 2017). Additionally, activation of a specific
subpopulation of SSt expressing neurons in the LSd predicts freezing after contextual fear
conditioning (Besnard et al., 2019). On the contrary, activation of type 2 CRF receptor expressing

neurons in the LS promotes persistent anxious behavior (Anthony et al., 2014).

However, less studies have associated the LS specifically with social fear. OXT administration in the
LSd has been shown to facilitate extinction success when administered before extinction training
(Zoicas et al., 2014). The same effect has also been shown in virgin female mice (Menon et al.,
2018). Another study found that oxytocin receptor expressing (OXTR*) neurons from the
hippocampal cornu ammonis region 1 (CA1), and 2 (CA2) that project to the LS control
discrimination of social stimuli, supporting the important role of OXT and the LS in social contexts
(Raam et al., 2017). Contrary, activation of OXTR* neurons in the LS have also been shown to
enhance contextual fear conditioning (Guzman et al., 2013). Magel2 deficient mice (Magel2KO)
show deficits in pro-social behavior and cannot extinguish social fear in the SFC. Using this mouse
line, it could be shown, that photoinhibiton of SSt expressing neurons in the LS promoted social
fear extinction. Further the author suggest that in wild type (WT) animals, the SSt neurons in the LS
are inhibited by OXT release from the SON, which promotes successful extinction (Dromard et al.,
2023). Furhtermore, infusion of neuropeptide Y into the dorsal part of the LS reduced the

expression of SFC-induced social fear (Kornhuber and Zoicas, 2021)

Even though the precise mechanisms underlying extinction are not fully understood, it is evident
that active changes in the brain, likely involving learning-associated mechanisms, are necessary.
One crucial mechanism in this context is the acetylation of histones by class | histone deacetylases
(HDACs). Interestingly, the inhibition of HDAC activity in the LS resulted in an increased expression
of local GABA-A receptors, further facilitating social fear extinction learning in the SFC paradigm
(Bludau et al., 2023). Additionally, the regulation of specific long non-coding RNAs has been linked to
the success of social fear extinction (Royer et al., 2022). It has been demonstrated that the knockdown

of specific isoforms of the long non-coding RNA Meg3 delayed social fear extinction. This suggests
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that, in addition to region-specific signaling, downstream molecular mechanisms also play a crucial

role in the overall neuronal network of social fear.

In summary, the LS is implicated in a broad spectrum of motivated behaviors, encompassing fear
and anxiety-related behaviors, but also particular aspects of social fear. However, a comprehensive
understanding of the LS's involvement and the precise mechanisms through which it regulates
specific aspects of social fear requires detailed investigations into distinct neuronal subpopulations

within the LS.

1.5 Recent Technologies to Correlate Activity of Septal OXTR*

Neurons with Social Fear Related Behavior in Mice in vivo

Understanding the intricate relationship between the activity of OXTR* neurons in the LS and social
interaction pre- and post-socially traumatic events is a crucial aspect in understanding the
involvement of these neurons in social fear. Recent progress in electrophysiological and optical
recording methodologies has empowered researchers to observe neuronal activity in vivo. These
advancements have significantly enhanced our insight into the dynamic interactions among
neurons within circuits, shedding light on how neuronal activity patterns contribute to cognitive

and behavioral processes (Cui et al., 2014).

The most direct and temporally precise measurement of neuronal activity involves
electrophysiological recordings. By utilizing implanted electrodes in the brain, voltage changes can
be recorded in freely moving or head-fixed animals. Nonetheless, assigning these records to
individual neurons requires an additional computational spike sorting step. The primary challenges
associated with this technique include the challenge of long-term tracking of individual neurons
and the inherent difficulty in defining cell identity (Roth and Ding, 2020). A more cell type specific
approach involves employing genetically encoded voltage-sensitive dyes, enabling the direct
visualization of membrane depolarization. Despite offering high temporal and spatial resolution,
thereby providing valuable insights into cellular activity, voltage imaging often encounters
challenges such as limited signal strength and constraints in longitudinal recording when compared
to alternative methods (Grinvald and Hildesheim, 2004). The third alternative is calcium (Ca%)
imaging, akin to voltage imaging, involving the expression of a fluorescent indicator. Here,
genetically encoded Ca?" indicators (GECIs), typically delivered through viral injection into specific
brain regions. GECls are constructed by fusions of fluorescent proteins and Ca?* buffer proteins,
such as calmodulin, undergoing a conformational change in response to Ca?* binding. Intracellular
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calcium signaling plays a pivotal role in a diverse array of cellular processes, and neuronal activity
triggers a brief influx of calcium (Roth and Ding, 2020). Thus, calcium serves as a more indirect
measure of neuronal activity but acts as a reliable proxy for such measurements. While voltage-
sensitive dyes can also be genetically encoded to enable cell type-specific expression, the significant
advantage of GEClIs lies in the longitudinal recording of neuronal activity, extending over several

days.

Visualizing fluorescent dyes within the brain requires suitable optical imaging techniques. One
approach involves two-photon confocal microscopy implemented on fixed-stage microscopes,
achieving optimal resolution. However, in most cases, this method requires immobilizing the
animal, exposing the imaged region to an objective (Russell, 2011). Another, more accessible
method is the use of fiber-optic-based microendoscopes. These devices are small enough to be
head-mounted and utilize optic fibers to deliver the excitation beam and collect the emitted light

from the targeted neurons in awake animals (Helmchen et al., 2001).

When combined with cre-dependent selective expression of genetically encoded fluorescent
indicators, Ca%" imaging becomes a tool for measuring the neuronal activity of specific cell
populations in mice (Russell, 2011). The bacteriophage recombinase Cre, facilitating recombination
between two loxP sites, has found widespread application in mice (Luo et al., 2008). Various
transgenic mice expressing Cre recombinase with distinct expression patterns have been
generated, including the OXTR-Cre mouse line, where the Cre recombinase is specifically expressed
in cells expressing OXTR (Harris et al., 2014). Viral vectors can be employed to target transgene
expression, delivering genetic material in transgenic Cre animals. Several recombinant vectors, such
as the adeno-associated virus (AAV), allow long-term gene expression without significant toxicity
(Luo et al., 2008). By using site-specific infusion of a calcium indicator flanked with loxP sites, the

calcium indicator can be selectively expressed in Cre-expressing cells.

Therefore, utilizing the transgenic OXTR-Cre mouse line in combination with a Cre-dependent
recombinant virus expressing a GECI and delivered into the LS, this approach enables specific

measurement of the activity of OXTR* neurons in the LS throughout the SFC paradigm.

1.6 Aims and Outline of the Present Study

SAD is a debilitating mental health disorder, that can immensely impair an individual’s ability to
function in various areas of life, leading to isolation and overall a decreased quality of live. The lack
of effective treatment options and the high relapse rates, emphasize the urgency of understanding
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the neuronal mechanisms that mediate this disease and especially its extinction. A key aspect of
social fear extinction is the restoration of social functioning after a socially traumatic event. Since
the OXT system is highly implicated in the overall regulation of social behavior and anxiolysis, OXTR*
neurons in the brain are a promising candidate for involvement. The LS, a brain region that
comprises OXTR* cells, has been shown already to mediate an extinction facilitating effect in the

SFC paradigm.

However, the mechanism how OXTR* neurons in the LS mediate this effect remains elusive.
Therefore, in this thesis | aimed to, A) characterize the subpopulation of OXTR* cells in the LS in
more detail, and B) shed light on the detailed functional involvement of this neurons during social
fear extinction and C) Characterize the activity of OXTR* in the LS in response to social interaction

before and after SFC-induced social trauma.

A) Characterization of OXTR* neurons in the LS regarding distribution, connectivity and co

expression

Given the high heterogeneity of anatomical and molecular aspects of LS neuronal subpopulations,
| aimed to detect a possible distribution pattern of OXTR* neurons within the LS using receptor
autoradiography, uncover downstream target of this neurons with viral tracing techniques, and
reveal possible subtypes regarding molecular composition of this neurons using in situ hybridization

techniques.
B) Functional involvement of OXTR* neurons in the LS in SFC paradigm

Based on the hypothesis that OXTR* expressing cells are not uniformly distributed within the LS, |
further aimed to investigate the role of OXTR mediated signaling in different subregions of the LS
on social fear extinction. Since OXTR can couple to different Ga subunits, | also aimed to generate

a more detailed picture of the downstream effects by using subtype specific OXTR ligands.

C) Activity dependent characterization of LS - OXTR* neurons during social interaction before

and after SFC-induced social fear

| further hypothesized, the effect of OXT in the LS on social fear extinction is mediated by a altered
activation of OXTR* neurons after experience of a social trauma. Therefore, | aimed to resolve the
specific temporal involvement of this neurons during different stages of SFC paradigm, i.e. during

social interaction before induction of social fear and throughout the extinction.

Overall in this study | aimed to provide a deeper understanding about the nature of the OXTR*

neurons in the LS and their role in social interaction and social fear extinction. Furthermore, | aimed
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to integrate the findings in the large-scale picture of the neuronal circuit that underlies social fear

extinction.
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2 MATERIAL AND METHODS

2.1 Animal and Husbandry

All studies were conducted according to the Guide for the Care and Use of Laboratory Animals of
the National Institute of Health and where approved by Government of Oberpfalz and the ARRIVE
guidelines for animal research (Kilkenny and Altman, 2010). Wildtype CD1 mice were purchased
from Charles River Laboratories (Sulzfeld, Germany). Transgenic mice (CD1 background) expressing
Cre recombinase in neurons containing OXTR (OXTR-Cre), as described elsewhere (Harris et al.,
2014), were obtained from the Max-Planck-Institut in Munic (research group Dr. Jan Deussing).
Details are available on a public database (http://www.gensat.org/) under the name: Tg(Oxtr-
cre)ON66Gsat/Mmucd. The animals were further bred in the animal facilities of the University of
Regensburg (Germany). All Cre-transgenic mice were bred using heterozygous female and wildtype
male mice of CD1 background and were maintained as heterozygous. All animals were housed
under standard laboratory conditions (12/12 hrs light/dark cycle, lights on at 07:00 a.m., 21 - 23 °C,
55-60 % humidity, food, and water ad libitum) in in polycarbonate cages (16 x 22 x 14 c¢cm) until
described otherwise. Mouse cages were changed weekly. All experiments were performed

between 08:00 and 13:00 and between 8-18 weeks of age.

2.2 Behavioral Assays

2.2.1 Social Fear Conditioning

The Social Fear Conditioning (SFC) paradigm creates robust and specific fear of conspecifics in mice.
The paradigm consists of three experimental phases performed on consecutive days and was

carried out as previously described by (Toth et al., 2012) (Figure 6).
Day 1 — Social Fear Acquisition

Mice were placed in a conditioning chamber (45 x 22 x 40 cm), and after a 30 seconds habituation
period a non-social stimulus, represented by an empty mesh wire cage (7 x 7 x 6 cm) was
introduced. After 3 min the non-social stimulus was replaced by a similar cage containing an
unfamiliar male mouse as a social stimulus. Unconditioned mice (SFC’) were allowed to freely
investigate the stimulus for 3 minutes, while conditioned mice (SFC*) received between an electric
foot shock (0.7 mA) when they made direct contact with the stimulus animal. Conditioned animals

were shocked until they moved to the opposite side of the chamber (= 1 s shock duration), and
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received between 1-5 shocks in total. Animals were considered as successfully conditioned and
returned to the home cage, when no more contact was made for 6 min after the first shock, or

2 min after £ 2 shocks.
Day 2 — Social Fear Extinction

On the following day, mice underwent social fear extinction. Here the animals were exposed to
three non-social stimuli (empty wire mesh cages) and six different unfamiliar social stimuli (male
mice in wire mesh cages) in their home cage. Investigation level of the non-social stimuli indicates
non-social fear, while the investigation level of the social stimuli reflects social fear. Each stimulus

is presented for 3 minutes, with a 3-minute inter-exposure interval.
Day 3 — Recall of Social Fear Extinction

One day after extinction recall of the prior induced and extinguished social fear is conducted by
exposing the mice to six different unfamiliar social stimuli in their home cage for 3 minutes, with a
3-minute inter-exposure interval, to assess extinction success. Again, social investigation level was

used as readout parameter of social fear.
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A) Day 1 - Aquisition (Conditioning Chamber)

Habituation non social stimulus

social stimulus

7 ‘III' SFC-

30 sec 3 min

B) Day 2 - Extinction (Homecage)

non social stimulus social stimulus

7
2 g |

3 x3 min 6 x 3 min

C) Day 3 - Recall (Homecage)

social stimulus

2-6 min

inter stimulus interval: 3 min

inter stimulus interval: 3 min

Figure 6: Schematic representation of the three phases of the social fear conditioning (SFC) paradigm. A) On
day 1 during acquisition of social fear mice were habituated to the conditioning chamber for 30 seconds.
Subsequently a non-social stimulus was presented for 3 min each. Unconditioned mice (SFC) were allowed to
explore the social stimulus freely, whereas conditioned mice (SFC*) received a foot shock when investigating
the social stimulus. B) On day 2 during social fear extinction, mice are exposed to 3 non-social and 6 social
stimuli leading to a gradual loss of social fear. C) During social fear recall on day 3 mice are again exposed to
6 social stimuli to evaluate whether extinction of social fear was successful (adapted from (Menon et al.,

2018)).

2.2.2 Elevated Plus Maze

The Elevated Plus Maze (EPM) generates a natural conflict between the exploratory drive and the

innate fear of open and exposed areas in rodents. The open arms (OA) are normally considered to

be dangerous by rodents and they tend to spent more time in the closed arms (CA) of the maze.

Therefore, increased exploration of the OA is typically interpreted as a low level of anxiety. The test
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was conducted as previously described (Reber and Neumann, 2008). The arena consists of two open
(6 x30 x 0.3 cm, 140 lux) and two closed arms (6 x 30 x 16 cm, 25 lux) radiating from a central
platform (6 x 6 cm). The maze is elevated 35 cm above the floor. Animals were placed on the central
platform facing a closed arm and allowed to freely explore the EPM for 15 minutes. The maze was
cleaned before each test and the whole experiment was video recorded. Subsequently, the time
animals spent in the center, CA, OA (forelimbs have entered the OA) and full OA (all paws have

entered the OA) was calculated.

2.3 Surgical Procedures

After arrival, animals were habituated to the new environment for at least one week, before
surgeries were conducted. Mice received a subcutaneous injection of the analgesic Buprenorhine
(0.05 mg/kg, Buprenovet, Bayer, Germany) 30 min before the start of the surgery. Animals were
anesthetized with Isoflurane (4% Isoflurane, Abbott GmbH, Germany) and mounted in a
stereotactic frame (Kopf Instruments, Canada). Anesthesia was maintained with Isoflurane
throughout surgical procedure. Eyes were covered with ophthalmic ointment (Bepanthen, Bayer,
Germany) to avoid drying. Before cutting the skin on top of the skull, a local anesthetic (2%
Lidocainhydrochlorid; Bela-pharm, Germany) was injected subcutaneously. Further steps were
performed under constant and carefully observed Isoflurane anesthesia. All coordinates used are

based on the mouse brain atlas (Paxinos and Franklin, 2019).

2.3.1 Viral Infusions

Virus suspension was infused with a 30 -gauge (G) needle (Hamilton, USA) in a stereotactic mounted
micro pump (UMP3T, Word Precision Instruments, UK) with a flow rate of 100 nL/min. After
infusion, the needle was kept in place for 10 min and then slowly removed. The drill hole in the skull
was closed using bone wax (Ethicon, USA) and the incision was sutured using sterile nylon material
and treated with Lidocaine (2% Lidocainhydrochlorid; Bela-pharm, Germany). Viral constructs were
obtained from UNC Gene Therapy Center Vector Core (University of North Carolina at Chapel Hill,
USA) or MIT Vector Core (provided by Simon Chang). For Ca?* imaging, AAV-DJ-EF1a-DIO-GCaMP6m
(UNC, 5 x 102 GC/mL) with a dilution of 1:1.5 in saline and a volume of 250nL per injection level
was used. The LSc was targeted unilateral at anterior-posterior (AP) +0.15, medio-lateral (ML) -0.5
and dorso-ventral (DV) -3.35 and -3.0 from the bregma. For anterograde tracing AAVs-CMV-DIO-
Syn-mCherry (MIT, 1 x 10®® GC/uL) with a volume of 100nL per hemisphere was used. The LSc was
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targeted bilaterally at anterior-posterior (AP) +0.15, medio-lateral (ML) +0.5 and dorso-ventral (DV)

-3.2 from the bregma.

2.3.2 Guide Cannula Implantation

For icv infusions, an 8 mm long 21 G guide cannula was stereotaxically placed 2 mm above the
lateral ventricle. For local infusion, 8 mm long 23 G guide cannulas were implanted bilaterally 2 mm
above different subregions of the LS (Table 1). The cannulas were fixed to two stainless steel screws
using dental cement (Kallocryl, Speiko-Dr. Speier GmbH, Germany). Mice were single housed after
surgery and allowed to recover for at least 5 day. Animals were handled daily to habituate them to
the infusion procedures and to minimize non-specific stress response at the day of experiment. All
guide cannulas were closed using a stylet, which was cleaned daily during the handling procedure

with 70% ethanol.

Target AP ML DV Angle
lcv +0.2 +1.0 -1.4 0°
LSr +0.85 +/-0.5 -1.6 0°
LSm +0.5 +/-0.5 -1.6 0°
LSc +0.15 +/-0.5 -1.6 0°

Table 1: Stereotaxic coordinates for guide cannula implantation. AP= anterior-posterior, ML= medio-lateral,
DV=dorso-ventral. All measures in [mm] according to bregma. Icv= intracerebroventricular, LSr= rostral part
of the lateral septum, LSm= medial part of the lateral septum, LSc= caudal part of the lateral septum.

2.3.3 GRIN Lens Implantation

For Ca% imaging, the Gradient Refractive Index (GRIN) lens was implanted, after viral injection.
ProView™ integrated lenses were used (Inscopix, USA), in which the lens (0.5 NA, 1.5 pitch, 0.5 x
6.1 mm) is attached to a baseplate. The craniotomy drilled for the virus was extended for the lens
implantation with a trephine bit (1.8 diameter tip, Fine Science Tools, USA). The integrated lens was
attached to an nVista dummy microscope integrated into a Pro-View stereotax rod (Inscopix, USA)
and slowly lowered at a rate of 100 um/min from DV 0 to -3.1 mm. The skull was thoroughly dried,
and the lens was secured to the skull with Metabond (Parkell, USA). After the cement was dry, the

skin was sutured tightly and the baseplate was covered with a protective cover (Inscopix, USA).
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2.4 Deep Brain Single-Cell Imaging

2.4.1 Ca*"Imaging in Freely Behaving Mice

To attach the microendoscope (2 g, 650 x 1050 pm field of view (FOV), single-channel
epifluorescence: 475 nm blue LED excitation, 535 nm green LED collection, Inscopix, Palo Alto, CA,
USA), the animal was gently fixed by hand, the protective cover removed and the microendoscope
secured to the baseplate with a fixation screw. Animals were then allowed to adapt for 5 min before
the start of the experiment. To determine the optimal focus and LED Power, the microendoscope
was attached one day prior to start of experiment and settings were kept consistent in all animals

over different days of recording.

2.4.2 Data Acquisition and Processing

Greyscale tiff images were acquired using the Inscopix Data Acquisition Software v2.0.0 (Inscopix,
Palo Alto, CA) at 10 frames/s with an exposure time of 100 ms. Video streams from Ca?* and
behavioral imaging were triggered via TTL pulses delivered by an AMi interface (Stoelting, Wood
Dale, IL, USA) and controlled by ANY-maze (Stoelting, Wood Dale, IL, USA). All Ca?* imaging
recordings were initially pre-processed in batch using the Inscopix Data Processing Software v1.6
Python API (Inscopix, USA). All frames collected for a single mouse over the course of a session were
initially concatenated and cropped to remove empty parts of the FOV, such as the rim of the lens,
and spatially downsampled in the X and Y dimensions by a factor of two. A band-pass spatial filter
was then applied to reduce noise and remove artifacts. The resulting videos were exported to
identify individual regions of interest (ROI) and extract their Ca®* traces using Constrained
Nonnegative Matrix Factorization for microEndoscopic data in MATLAB
(https://github.com/zhoupc/CNMF_E, (Zhou et al., 2018)). To ensure high quality segmentation, all
extracted components were manually refined to exclude components with traces that contained
motion artifacts, high noise levels or whose ROlIs lacked a round, soma-like shape. For the EPM
recordings, individual Ca?* traces were normalized to AF/F (also called z-score) across each recorded
trial, i.e. the change of a cell’s fluorescence normalized to the mean fluorescence across the entire
recording. SFC traces were instead z-scored using the break intervals around each recording as
baseline, i.e. the change of a cell’s fluorescence normalized to the mean fluorescence across the

break interval.
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2.4.3 Longitudinal Registration Across Experimental Sessions

To ensure consistent identity preservation of all ROIs throughout distinct recording sessions, a dual
strategy was employed. Initially, the spatial footprints of individual neurons were used with the
CellReg tool in MATLAB (https://github.com/zivlab/CellReg) to automatically detect potential
positional variations (translations + rotations) with a high degree of confidence across consecutive
days (Sheintuch et al.,, 2017). Subsequently, the outcomes of this automated matching were
meticulously cross-referenced with the corresponding recording videos from each session. This
manual verification step was conducted to ensure a heightened level of accuracy and to rectify any

discrepancies, establishing robust alignment across sessions.

2.4.4 Linear Model for Modulated Neurons

To identify neurons whose activity was significantly correlated to the timing of the contact behavior,
we created a linear model using the statistical package “statspackage” in R. For each individual ROI,
we correlated the scored social contact, a period of 3s before the start of every social interaction
(‘before contact’) and after the end (‘after contact’) with the calcium imaging activity for each stage
of the paradigm. Neurons that were significantly correlated (p < 0.05) for one of the three behaviors
were categorized as modulated against the non-responsive not significant neurons. Modulated
neurons were then classified as excited or inhibited if the regression coefficients were positive or
negative, respectively. Cells were categorized as “modulated” by a significant predictor if the
independent variables (predictors) within the linear model fitted to the cell's activity were deemed
significant (p < 0.05). Conversely, cells were classified as “non-responsive” if the significance
threshold was not met (p > 0.05). In instances where predictors were significant, positive regression
coefficients designated cells as “excited”, while negative coefficients identified cells as “inhibited”.
To handle the issue of multiple comparisons, we utilized the Benjamin-Hochberg procedure, which

effectively corrected for statistical considerations.

2.5 Invivo Pharmacology

All substances were freshly diluted from concentrated stock solutions on the day of the experiment
in sterile Ringer’s solution (B. Braun, Melsungen AG, Germany). For both, icv and intra-LS infusion,
the stylet was removed and replaced by the infusion cannula (27 G, 10 mm). A total volume of 2 uL
was manually infused icv, while for local LS infusions a volume of 0.2 uL/hemisphere was applied

(Table 2). As control (vehicle; Veh) sterile Ringer’s solution was applied.
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Substance Target Concentration Source Identifier
OXT icv 0.1pg/2uL Sigma Aldrich 06379
OXT local 5ng/0.2 uL Sigmal Aldrich 06379
Atosiban local 20 ng/ 0.2 uL Tocris Cat#6332
Carbetocin local 0.4 pg/ 0.2 uL Tocris Cat#4852

Table 2: Concentrations of substances either infused intracerebroventricular (icv), or locally in the lateral
septum (LS). OXT=oxytocin, atosiban= oxytocin receptor Gi-agonist, carbetocin= oxytocin receptor Gg-agonist.
All substances were infused via guide cannulas.

After infusions, the cannula was kept in place for 10 s to guarantee appropriate local substance
diffusion. The animals where carefully observed when returned to the homecage. None of them
showed convulsions, or tremor behavior after injection. For visualization and validation of the

corresponding infusion site, mice were injected with ink postmortem.

2.6 Tissue Collection and Slice Preparation

2.6.1 Snap Frozen Tissue

Brains were rapidly removed, flash frozen in pre-chilled N-methylbutane on dry ice and stored at -
80°C. Tissue was then equilibriated to -20°C and sliced in coronal sections using a Cryostat (CM3000,
Leica, Germany). For RNAscope, 10 um sections were mounted on Superfrost Plus slides
(ABOO000112E01MNZ50, Thermo Fisher Scientific, Germany). For Receptor Autoradiography, 16
pum sections were mounted of Superfrost slides (JI800AMNZ, Thermo Fisher Scientific, Germany)
and for tissue punches of the septum brains were sliced in 200 um sections. The tissue was then

stored at -80°C again until further processing.

2.6.2 Perfused Tissue

For visualization of the anterograde tracing, brains were fixed by intracardial perfusion of
paraformaldehyde (PFA). Animals were anesthetized using a mixture of ketamine (10%, 1 mL/kg,
Medistar Arzneimitter GmbH, Germany) and Xylazine (2%, 0.5 mL/kg, Serumwerk Bernburg AG,
Germany), intraperitoneally (i.p.) administered. Transcardial perfusion was then performed using
ice-cold 0.01 M phosphate buffered saline (1 x PBS) and 1 x PBS supplemented with 4% PFA (Sigma

Aldrich, Germany, pH 7.4) at a speed of 19 mL/min for 3 min. Afterwards, brains were removed and
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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 frozen in N-methylbutane cooled on dry ice and stored at -80°C.
For microscopy, tissue was then equilibriated to -20°C and cut in 40 um coronal sections and

mounted on Superfrost slides, covered with ROTI DAPI mount.

2.7 Molecular Method

2.7.1 RNAscope

Visualization of single RNA molecules was carried out using RNAscope. This in situ hybridization
technique was performed according to the manufacturer’s protocol (RNAscope Multiplex
Fluorescent V2 Assay, Advanced Cell Diagnostics). Briefly, fresh frozen brain slices were stored at -
80°C until further processing. Sections were post-fixed in 4% PFA in 0.1 M PBS cooled to 4°C for 30
min. Sections were then dehydrated in 50%, 70% and two times in 100% ethanol. After drying
hydrogen peroxidase was applied for 10 min in order to remove blood residues. Cells were then
permeabilized by 10 min protease Ill treatment and washed with 0.1 M PBS. Tissue was then
covered with RNAscope probes targeting OXTR (412171-C1), SSt (404631-C3) and Nts (420441-C3)
at 40°C for 2 h. After hybridization of the probe, sections were washed twice for 2 min in RNAscope
wash buffer and sequentially incubated with RNAscope Amp-I and Amp-Il for 30 min and Amp-lIl
solution for 15 min, with two washing steps with Wash buffer in between each treatment. Signal
was developed using the TSA Plus fluorophore Cy5 (1:1000), Cy3 (1:1000) and Flp (1:1000) (FP1168,
FP1170, FP1171, perkin Elmer). Sections were covered with Roti-Mount FlurCare DAPI. Images were
obtained with a confocal microscope (SP8, Leica Microsystems, Germany) at 65x magnification at
different subregions of the LS. Images were analyzed using a custom Cell Profiler Pipeline, adapted

from (Erben and Buonanno, 2019).

2.7.2 Receptor Autoradiography (RAR)

Mice were euthanized with CO, and brain were removed and snap frozen on dry ice and stored at
-20°C until cryosectioned coronally at 16um targeting the whole LS (Bregma (+)1.1 — (-)0.1 mm) and
mounted on superfrost microscope slides. Slides were stored at -20°C until the receptor-binding
study was performed according to (Lukas et al.,, 2010) using a linear OXTR antagonist [125l]-
d(CH2)5[Tyr(Me)2-Tyr-Nh2]9-OVT (NEX254010UC, Perkin Elmer, USA). In brief, the slides were
thawed and dried at room temperature, followed by fixation in paraformaldehyde (PFA, 0.1%).

Then slides were washed two times in 50 mM Tris (pH 7.4), exposed to tracer buffer (50 mM tracer,
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50 mM Tris, 10 mM MgCl2, 0.1% bovine serum albumin (BSA)) for 60 min, and washed three times
in Tris buffer 10 mM MgCl2. The slides were then shortly dipped in water and dried at room
temperature overnight. On the following day, slides were exposed to Biomax MR films for 5 days
(Kodak, France). The films were scanned at high resolution (1200 dpi at 8-bit) using a flatbed
scanner (EPSON Perfection V800, Epson Corporation, Germany). Quantification of grey value was
performed in IMAGE J (NIH, Bethesda, MD, USA) with taking the mean of 3 sections per region of
interest (ROI). For quantification, no adjustments were made to the images. ROIs were selected by
comparison to an atlas (Paxinos and Franklin, 2019). Specific binding was determined by
substraction of tissue background sampled from a control region for each slide. Left and right

regions were scored separately and pooled if no significant hemispheric difference was found.

2.7.3 Genotyping

The Cre-LoxP system uses the bacteriophage P1 Cre recombinase to catalyze the excision of
selected DNA sequences flanked by LoxP sequences, and therefore allows cell type specific
modification in genetically modified mouse lines (Orban et al., 1992). The OXTR-Cre mouse line
expresses Cre integrase specifically in OXTR* cells, as described previously (Harris et al., 2014) OXTR-
Cre females were bred with WT males and offspring was genotyped using the KAPA mouse
genotyping kit to select for Cre positive (Cre*) mice (KR0385_S-v1.17, KAPAbiosystems, Germany).
Briefly, tissue was collected as ear punches and kept on -20°C until further processing. Tissue was
lysed at 75°C for 10 min (KAPA express extract buffer), followed by enzyme inactivation at 95°C for
5 min (KAPA Express Extract Enzyme). Template DNA was then mixed with a genotyping mix
containing DNA polymerase, dye and the corresponding primers targeting Cre and Control DNA

(Metabion, Germany)(Table 3).

Primer Sequence (5°-3") Size amplicon (bp) Identifier

Cre-F2 CCACCAGCCAGCTATCAACT 249 200730B001A06
Cre-R2 CAGCTTGCATGATCTCCGGT 249 200730B001F05
Thyl-F1 TCTGAGTGGCAAAGGACCTTAGG 372 200730B001C05
Thy1-R1 CCACTGGTGAGGTTGAGG 372 200730B001B05

Table 3: Identification number, sequence, and amplicon size of primers used for genotyping.
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PCR was performed with the following cycling steps (Table 4):

Step Temperature Duration Cycles
Initial denaturation 95°C 3 min 1
Denaturation 95°C 15 sec

Annealing 60°C 15 sec 35-40
Extension 72°C 15 sec/kb

Final extension 72°C 1 min/kb 1

Table 4: Polymerase chain reaction (PCR) protocol used for genotyping.

For southern analysis PCR product was mixed with RotiStain (Carl Roth, Germany) and loaded on
1% agarose gel (pore size 200-500 nm) and then electrophoresed for 1 h at 140 V and 80 mA. Gel

was imaged under UV light using ChemicDoc XRS system (Bio-Rad, Germany).

2.8 Statistical Analysis and Figures

Data was analyzed using SPSS, Version 26.0 (IBM Corp., USA) and depicted using GraphPad Prism
version 8.0 (GraphPad Software, USA, www.graphpad.com).

For data analysis with one factor and two groups, independent T-Test or Mann-Whitney-U Test was
used. Analysis of variance (ANOVA) has been used, when more than two groups were compared,
either with one factor (One-way ANOVA) or two factors (Two-way ANOVA) or a Kruskall-Wallis test.
For analysis over different time points mixed model ANOVA was applied. All tests were followed by
a Bonferroni post hoc test, whenever appropriate. For microendoscopy experiments, all test where
followed by a Dunn post hoc test. Values of the post hoc tests are stated in the body text, while
values of the general test are stated in a separate table for each experiment. Statistical significance
was accepted at p £0.05, a trend was accepted at p <0.07. All values are represented as the mean

+ standard error of the mean (SEM).

Main figures and other illustrations were created using BioRender (BioRender.com) and Affinity

Designer (https://affinity.serif.com/en-us/designer/).
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2.9 Experimental Design

The following section contains a short outline of each experiment of this thesis, including a graphical

illustration.

2.9.1 Characterization of OXTR* Cells within the LS

To study the rostro-caudal distribution of OXTR within the LS, OXTR-autoradiography was used.
Brains of 4 adult male and 4 female mice were cryocut coronally at 16 um targeting the whole LS
(Bregma (+)1.1 — (-)0.1 mm). LSr was defined as Bregma: (+)1.1 — (+)0.5 and LSc was defined as
Bregma (+)0.5-(-)0.1 (Figure 7, A). Grey value was measured using Image J, including the Fiji
distribution (Schindelin et al., 2012). To determine the binding specificity, tissue background was

sampled from the Str was subtracted for each slide (Figure 7, B).
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Figure 7: Experimental design to evaluated the rostro-caudal distribution of oxytocin receptor- (OXTR) binding
with the lateral septum (LS) in male and female mice. A) represents the whole extension of the sampled area,
with green representing the rostral part of the LS (LSr) and orange representing the caudal part of the LS (LSc)
according to bregma in [mm]. B) representative image of the selected and measured regions. Orange
represents the region of interest (ROI), and gray the control region (Ctrl.) measured in the striatum.

To characterize the molecular identity of OXTR* neurons in the LS more closely, OXTR mRNA
together with SSt and Nts mRNA levels along in different parts of the LS were assessed in different
parts of the LS using RNAscope. Brains of 3 adult males were sliced coronally at 10 um collecting
three equally distributed targets along the rostral and caudal part respectively (Figure 8, A). For
each slice three images where taken along the dorsal-ventral axis of the LS, representing the dorsal

(LSd), intermediate (LSi) and ventral part (LSv) respectively (Figure 8, B). Images where acquired at
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65x magnification using a confocal laser scanning microscope (SP8, Leica Microsystems, Germany).
Co-localization was automatically analyzed with a custom written CellProfiler pipeline

(www.cellprofiler.org). Briefly, extended nuclei (accepted as cells) with more than 3 OXTR mRNA

dots were counted as OXTR*, while cells with more than 10 SSt, or Nts mRNA dots were counted as

SSt, or Nts expressing cells.

o1 = Bregma: 1.10 | | , 4 = Bregma: 0.30
19 2 = Bregma: 0.80 |- @ 5 = Bregma: 0.15
i 3 = Bregma: 0.50 6 = Bregma: 0.00

Figure 8: Experimental design to evaluate oxytocin receptor (OXTR) mRNA distribution within the lateral
septum (LS). In order to represent the overall distribution of OXTR, somatostatin (55t) and neurotensin (Nts)
mRNA distribution in within the LS slices and images where collected and stained at different subdivisions of
the whole region. A) Slice collection along the rostral-caudal extension of the LS. B) Image collection along the
dorsal-ventral axis of each single slice.

To determine possible downstream targets of OXTR* neurons in the LSc, four adult male OXTR-Cre
mice were injected bilaterally with an anterogradely transducing virus (Figure 9, A) expressing
synaptophysin in the axon terminal of OXTR expressing neurons. After 3 weeks of transfection, 40
pum brain slices taken between the olfactory bulb and the cerebellum were collected (Figure 9, B).
Slices were directly mounted on glass slides and covered with DAPI stain. Images where acquired
with a fluorescence microscope (Leica THUNDER, Leica Microsystems, Germany) with 10 — 20x

magnification. Projection areas were manually detected, based on red fluorescent signal.
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AAV -CMV-DIO-Syn-mCherry
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Figure 9: Experimental design to evaluate the downstream targets of oxytocin receptor expressing (OXTR*)
cells in the caudal part of the lateral septum (LSc). A) Injection site of the anterogradely transducing virus:
AAVs-CMV-DIO-Syn-mCherry, targeting the LSc. B) Slice collection after 3 weeks transfection time along the
rostral caudal extension of the LS according to bregma in [mm].

2.9.2 Pharmacological Manipulation of OXTR Signaling within the LS

To examine the involvement of OXT signaling in social fear extinction, either OXT, carbetocin or
atosiban were applied icv or bilaterally in the LS in male mice prior to extinction training (Figure 10,
A, C). The effect of OXT on social fear extinction was evaluated by either icv or intra-LS injection 10
min prior to extinction training. Doses and timing were selected based on earlier experiments
(Zoicas et al., 2014). In order to analyze if different G-protein coupled effector signaling cascades
differentially effect social fear extinction, either carbetocin (=Gaq coupled signaling) or atosiban
(=Gai coupled signaling) was applied prior to extinction training. Timing and doses were selected
on the basis of earlier experiments (Busnelli et al., 2013). Lastly, the effect of OXT in different
subregions of the LS along the rostral-caudal axis of the LS was examined. In each experiment, an

equal volume of sterile Ringer’s solution (Veh) was infused as control.

All behavioral experiments were video recorded (Figure 10, B). The correct cannula placement was
verified by ink injection postmortem and visual inspection (Figure 10, D). Investigation time was

scored manually using JWatcher program (V 1.0, Macquarie University and UCLA).
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Figure 10: Experimental design to evaluate the effects of oxytocin receptor mediated signaling by either
intracerebroventricular (icv) or intra-septal infusion on social fear extinction. A) Experimental timeline.
Animals recovered from surgery for 7 days before animals went through the social fear conditioning (SFC)
paradigm. 10 min prior to extinction (Ext) of social fear substances were administered. B) detailed
experimental setup shows the presentation of the different non-social (ns 0-3) and social (s 0-12) stimuli during
the experimental phases. C) Animals were infused with either oxytocin (OXT), carbetocin or atosiban through
a guide cannula. D) Postmortem, animals were infused with ink to verify the infusion site.

2.9.3 Temporal characterization of OXTR" Neurons within the LS

Declaration: The in vivo calcium imaging experiment described in this chapter was performed in
collaboration with Prof. Dr. Tatiana Korotkova (University of KéIn, Germany), providing the Insopix
system and calcium imaging expertise, and Prof. Dr. Inga Neumann (University of Regensburg,
Germany) providing experimental materials and behavioral expertise for this project. Experiments
were carried out by Francisco de los Santos (Doctoral thesis, University of Kéln, Germany) and
Theresa Schdfer (Doctoral thesis, University of Regensburg, Germany). Detailed contributions are

stated below.
Contributions to the project by Theresa Schdfer:

e TVA adaptations
e Experimental Design
e Animal Breeding, genotyping and handling

e Validation experiments (behavior and virus validation)
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e Experiment: controlling animals
e Analysis of behavioral data
e Data pre-processing: execution

e Final figures and data interpretation of all results shown in this thesis
Contributions to the project by Francisco de los Santos:

e Virus injection and GRIN lens implantation

e Experiment: controlling Inscopix system

e Data pre-processing: teaching and support

e Analysis of Calcium imaging data: including coding and generation of individual plots and
written explanation in this thesis

e Final figures and data interpretation of all results shown in Francisco de los Santos thesis

In vivo calcium imaging in freely behaving mice was used to correlate the activity of OXTR* neurons
in the LSc with behavior. In neurons, Ca?* signaling is precisely controlled and related to important
functions such as membrane excitability, neurotransmitter release, and synaptic plasticity (Brini et
al., 2014). Therefore, in this study a Cre-dependent genetically encoded calcium indicator (GECI)
was unilaterally injected in the LSc of nine male OXTR-Cre mice. By implantation of a Gradient Index
(GRIN) lens above the injection site, the light can be transferred to a head-mounted miniaturized
microendoscope (miniscope). This setup allows not only cell type-specific activity recording, but
also tagging of responsive cell over several days of experiment in freely moving animals. In order to
examine, if OXTR* neurons respond differently to social interaction before, during and after a
socially traumatic event, but also during natural anxiety-like behavior, the SFC paradigm was slightly
extended, hereinafter referred to as adapted SFC (aSFC) (Figure 11, A). The experimental design
started with exposure of the mice to the EPM to correlate activity of OXTR* neurons in the LSc with
generalized anxiety-like behavior. Subsequently, the animals were exposed to a slightly modified
SFC paradigm (aSFC), which starts with a 3 min social interaction (SE) in the homecage to monitor
the activity of OXTR* neurons in the LSc during natural social investigation. On the next day social
fear was aquired (Acq) by operant conditioning in a conditioning chamber and on the following days
extinction (Ext) and recall (Rec) of social fear were performed as described in chapter 2.2.1 and
again in the homecage. During each experimental different social stimuli (s1-s14) or non-social
stimuli (ns1-ns4) where presented to the experimental mouse, referred to as different conditions

(Figure 11, B). To avoid bleaching of the GECI, selected conditions were recorded (indicated in
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orange or green) and Ca2+ signal was either evaluated throughout the recorded condition, or

during contact behavior (for detailed information see 2.4)

Prior to each experimental day (EPM, SE, Acq, Ext, Rec) the miniscope was attached to the baseplate
and a pre-recording revealed approximately 15 healthy and responding neurons in all nine

experimental animals (Figure 11, D).
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Figure 11: Experimental design to correlate the activity of oxytocin receptor expressing (OXTR*) neurons in the
caudal part of the lateral septum (LSc) with behavior during the elevated plus maze (EPM) and the adapted
social fear conditioning (aSFC) paradigm. A) Shows the overall experimental timeline. After a transfection time
of 42-49 days (d), animals were exposed to the EPM. 2 days later, animals underwent a modified SFC
paradigm, referred to as aSFC, which starts with a social exposure (SE) prior to induction of social fear. On the
following days, the SFC paradigm was performed as described previously. B) Detailed experimental setup of
the aSFC paradigm and presentation of the different social stimuli (s 1-14) and non-social stimuli (ns 1-4)
during the different experimental phases. C) Representative illustration of recording and transfected neurons
(green) and placement of the gradient refractive index (GRIN) lens. D) recorded neurons during test recording
in all 9 experimental mice, n indicates total number of recorded neurons.

After termination of the whole experiment, animals where perfused with PFA (see chapter 2.6.2),
brains removed, cryocut and visualized using a fluorescence microscope to determine proper virus
and lens placement (Figure 11, C). Behavior was manually scored using the BORIS software (Friard

and Gamba, 2016), in order to compare activity during contact behavior (Table 5).
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Scored behavior Description

EPM

center The behavior starts when the forelimbs have entered the center and

ends when the forelimbs have entered another zone

CA The behavior starts when the forelimbs have entered the CA and

ends when the forelimbs have entered another zone

OA The behavior starts when the forelimbs have entered the OA and

ends when the forelimbs have entered another zone

fullOA The behavior starts when all four paws have entered the OA and ends

when the forelimbs enter the center

aSFC
Eating The total amount of time the animal spent eating
Drinking The total amount of time the animal spent drinking
Grooming The total amount of time the animal spent grooming
Exploration Summarizes all remaining activities of the animal during the
recorded time
Contact The total amount of time the animal spent exploring the stimuli (non-

social or social) with direct nose contact. Undirect sniffing and
stretch-approach postures were not considered as investigation of

the stimuli

Table 5: Ethogram of experimental behaviors.

For separate analysis of of mice with successful and unsuccessful social fear extinction, a threshold
of 45% of contact level during s7 and s8 was assigned, as previous reported by (Royer et al., 2022).
Animals with a mean contact level < 45% during s7/s8 were considered as successful extinction
animals and referred to as fast extinction animals (FEA), while animals with a mean contact level >
45% during s7/s8 were considered as successful extinction animals and referred to as slow

extinction animals (SEA)
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3 RESULTS

3.1 Characterization of OXTR* Cells in the LS

The presence of OXTR expression in the LS has been consistently confirmed. Moreover, validated
evidence supports projections from OXTR-producing regions to the LS (Grinevich et al., 2016).
Nonetheless, a more precise characterization of OXTR+ cells within the LS is needed, specifically in
terms of their spatial distribution, downstream targets, and the array of neurotransmitters and

receptors they express. This information remains elusive at present.

3.1.1 OXTR Binding within the LS

OXTR binding was abundantly found in all subregions of the LS. To determine whether OXTR binding
differs along the rostral to caudal extension of the LS in male and female mice, | performed receptor
autoradiography (RAR) (see 2.7.2) and compared the OXTR binding density in the LSr and LSc (Figure
12,A) (see 2.9.1). Independent of sex a higher OXTR binding in the LSc could be observed (p < 0.001).
Furthermore, male and female mice showed similar OXTR binding density in the rostral and caudal
part of the LS, which indicates that the distribution pattern is region specific, but sex independent

(Table 6, Figure 12, B).
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Figure 12: Oxytocin receptor (OXTR) binding density differs within the lateral septum (LS) in male and female
mice. A) Schematic views and representative images of OXTR binding in the rostral part of the lateral septum
(LSr) and the caudal part of the lateral septum (LSc). B) OXTR binding in the LSr and LSc in males and females.
Data represents means + SEM. *** p<0.001, n = image number over (animal number)/ group, for detailed
statistics see Table 6.
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OXTR binding Two-way ANOVA Figure 12
(Region) F1,12=74.5 p <0.001
Grey density (Sex) F112=1.26 p =0.285
(Region x Sex) F1,12 = 2.15 p=0.168

Table 6: Statistics — Oxytocin receptor (OXTR) distribution based on OXTR-autoradiography. Factor region
represents LSr vs LSc effects and factor sex represents male vs female mice effects.

3.1.2 OXTR mRNA Expression within the LS

To quantify the total amount of OXTR* cells in the LS and the proportion of OXTR* cells that co-
express for either SSt, Nts or both, | used RNA-scope, an in-situ hybridization technique (Figure 13,
A). In total 21% of the evaluated cells in the LS express OXTR (Figure 13, B left)(see 2.7.1). Within
that population of OXTR expressing cells, the majority (60,18 %) does not co-express mRNA for Nts
(8,27 %), SSt (15,47 %), or a combination of both (16,08 %) (Figure 13, B right).
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Figure 13: Proportion of oxytocin receptor expressing (OXTR*) cells in the lateral septum (LS) and co-expression
with neurotensin (Nts) and somatostatin (SSt). A) Representative image from the LS showing triple in situ
hybridization of mRNA encoding OXTR (yellow), SSt (red), Nts (green), and a DAPI nuclear counterstain. Scale
bar, 50 um. B) Left: Percentage of OXTR* cells in the LS. Right: Percentage of OXTR which co-express Nts, SSt,
or a combination of both. n = cell number over (mouse number).

In order to assess whether OXTR mRNA exhibits a specific distribution pattern, as seen in OXTR
binding, | conducted an analysis of OXTR mRNA transcript levels along both the rostral-caudal and
dorsal-ventral axes in the LS. This approach was employed to gain a more detailed understanding

of the spatial distribution of OXTR within the LS.

While the amount of OXTR mRNA expression is uniform across the rostral-caudal extension of the

LS (Figure 14, A), a higher OXTR mRNA was found in the intermediate part compared to the dorsal

(p < 0.001) and the ventral parts (p = 0.006) of the LSr (Figure 14, B). Similarly, in the LSc the

intermediate part shows a higher OXTR mRNA expression compared to the dorsal (p = 0.017), but

not the ventral, part (Figure 14, C). The distribution pattern found on OXTR mRNA level is also
[41]
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reflected in the regional proportion of OXTR* cells within the total cell population, here a cell was
counted as OXTR* if 3 or more mRNA dots were visible on the respective cell (see 2.9.1). Therefore,
OXTR* cells do not differ across the rostral-caudal extension of the LS (Figure 14, D), but in the LSr
is a significant increase of OXTR* cell in the intermediate part compared to the dorsal (p < 0.001)
and ventral part (p = 0.004)(Figure 14, E). However, in the LSc the intermediate part just differs with
a trend compared to the ventral part (p = 0.07, Figure 14, F). In order to compare the individual
OXTR transcript level of the cells, scores were assigned to separate high (21-58 dots/cell), medium
(10-20 dots/cell), and low OXTR expressing cells (3-9 dots/cell). In both subregions (LSr and LSc) the
majority of OXTR* cells express 3-9 dots/ cell. Even though the high expressing cells are a minor part
of the OXTR expressing cells, the proportion in the LSc is higher compared to the LSr, 11 % vs 3 %

respectively (Figure 14, H—1).
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Figure 14: Subregion specific quantification of oxytocin receptor (OXTR) mRNA expression and OXTR
expressing (OXTR*) cells within the lateral septum (LS). A-C) Transcript expression level analyzed per area.
Images were taken at 63x magnification (135x135 um image size), n = image number over (animal number).
D-F) Percentage of positive cells relative to all cells, n = absolute cell number over (animal number). G)
Representative image of cells expressing OXTR mRNA (orange) and a DAPI nuclear counterstain. Scale bar, 10
um. H-1) Proportion of individual OXTR* cells with different transcription level in the LSr (green, left) and LSc
(orange, right) respectively. Data represents means + SEM. *** p < 0.001, ** p < 0.01, * p <0.05, (*) p < 0.07.
For detailed statistics see (Table 7).
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OXTR Transcripts Mann-Whitney-U Test (Region), One-way ANOVA Figure 14 A-C
Region Usg1=-0.981 p=0.333
Subregion — LSr Fy21=17.9 p <0.001
Subregion — LSc Fi24=3.91 p=0.016
OXTR Cells Mann- Whitney-U Test (Region), One-way ANOVA Figure 14 D-F
Region Uso.7 = -0.807 p=0.424
Subregion — LSr Fy21=15.5 p <0.001
Subregion — LSc F224 =3.40 p =0.050

Table 7: Statistics — Oxytocin receptor (OXTR) distribution, based on RNAscope. Factor region represents LSr
vs LSc effects and factor subregion represents LSd vs LSi vs LSv.

3.1.3 Downstream Targets of OXTR" Neurons in the LSc

As shown above 21,4% of the cells in the LS express OXTR mRNA, and local OXTR binding is
abundant. The LS receives projections from OXT producing regions, such as the PVN or SON
(Grinevich et al., 2016). However, the downstream targets of OXTR* neurons in the LS remains
elusive. As shown above, the OXTR density increases towards the LSc, therefore, | aimed to
determine the downstream targets of OXTR* neurons specifically of the LSc, to further clarify the
communication route of this neuronal subtype in the LSc. To determine where OXTR* neurons
project to, | injected an AAV expressing a Cre-dependent synaptophysin-mCherry (Syp-mCherry)
fusion protein into the LSc of OXTR-ires-Cre mice (Figure 15, A). Presynaptic Syp-mCherry puncta in
the medial habenula (Mhb), demonstrated the presence of Mhb-innervating OXTR* neurons from
the LSc (Figure 15, B). In addition, to the Mhb, | detected, synaptophysin-mCherry signal in the
CA2/3 regions of the dorsal HIP and the ventral diagonal band of broca (VDB).
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Figure 15: Oxytocin receptor expressing (OXTR*) neurons in the caudal part of the lateral septum (LSc) project
to the medial habenula (Mhb). AAV expressing a Cre-dpendent Synaptophysin (Syp)-mCherry fusion protein
(AAV9-CMV::DIO-Syp-mCherry) was bilaterally injected into the LSc of OXTR-ires-Cre mice. Presynaptic Syp-
mCherry puncta are shown in red. The anterogradely labeled presynaptic terminals (Syp-mCherry puncta)
represent direct projection sties of LSc OXTR+ neurons. Prominent Syp-mCherry labeling was observed in the
Mhb. Accuracy of the tracing approach was verified by co-injecting AAV9-hSyn::DIO-eGFP, which helped to
identify correctly targeted neurons at the injection site, since most Syp-mCherry is transported to presynaptic
terminals and thus often not visible in the cell soma. The highest Syp-mCherry puncta density originating from
the LSc was observed in the Mhb. Scale bars represent 500 um.

3.2 Pharmacological Manipulation of the Septal OXT System

Previous research has already suggested that OXT administration, either icv or into the dorsal part
of the LS, can enhance the process of social fear extinction (Zoicas et al., 2014). Given that the
studies conducted in this thesis with RNAscope and RAR for OXTR have shown a heterogenous
distribution of OXTR* cell in the LS, here | aimed to investigate specifically the role of OXTR* cells in

the LSc, the region with the highest expression level.
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3.2.1 Effects of OXT Infusion in the LSc on Social Fear Extinction

To investigate, whether OXT binding in the LSc affects social fear extinction as well as social
behavior in general, | infused SFC* and SFC mice (n = 43/ 2 cohorts) with either Veh or OXT 10 min
before extinction training (Figure 16, A). During acquisition, SFC* animals that were treated with
OXT later on received significantly less foot shocks (p = 0.039) (Figure 16, B), which could lead to a
decreased social avoidance behavior. Typically, animals receive 1-3 foot shock to establish
complete social avoidance, with subsequent grouping ensuring an equal distribution of foot shock
between treatment and veh groups. However, rare instances may disrupt this even distribution,
such as the exclusion of animals due to issues like improper cannula placement or other
abnormalities, which occurred in this particular case. The next day, and prior to social fear
extinction training, all mice displayed similar investigation of the non-social stimuli (Figure 16, C),
which indicates, that acquisition does not alter general exploratory or anxiety-related behaviors in
the mice. During extinction training, SFC*/Veh animals showed reduced social investigation in the
beginning (s1-s3: p <0.01, s4: p =0.021, s5 p =0.037), but similar social investigation during the last
social stimulus presentation compared to the SFC/Veh group. This indicates successful induction of
social fear, which could be extinguished by repeated social stimulus presentation. Furthermore,
SFC/OXT treated animals did not differ in social investigation time compared to SFC/Veh treated
animals, indicating that administration of OXT in the LSc does not alter social stimulus investigation
per se. SFC*/OXT treated animals displayed increased social investigation in the beginning of
extinction training (s1: p = 0.066, s2: p = 0.011), reflecting a partial reversal of social fear and a
facilitated social fear extinction compared to SFC*/Veh animals. Even though, SFC*/OXT animals
showed increased social investigation with progressing stimuli presentation, they still significantly
differ from SFC/OXT animals during the last stimulus presentation (s6: p = 0.042), indicating an
unsuccessful social fear extinction (Figure 16, D). During recall, SFC*/Veh animals only showed
reduced investigation time during the first social stimulus (s7: p = 0.020) compared to SFC/Veh,
whereas SFC*/OXT animals showed reduced social investigation time during the second and third
presentation during recall (s8: p = 0.039, s9: p = 0.048) compared to SFC/OXT (Figure 16,E).
Nevertheless, stable investigation during the last social stimuli presented, indicates a successful and

stable extinction of social fear in both conditioned groups.
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Figure 16: Oxytocin (OXT) infusion in the caudal part of the lateral septum (LSc) facilitates social fear
extinction. A) Schematic representation indicating the site of bilateral OXT infusion (5ng/ 0.2uL/ hemisphere)
into the LSc, with a representative image of the infusion site. Accepted diffusion range within the LS was set
on Bregma 0.4 — (-)0.1 mm. B) Number of CS-US pairings presented to social fear conditioned mice (SFC*)
during acquisition of social fear (day 1). C) Percentage of time investigating the non-social stimuli (ns1-ns3)
presented prior to social fear extinction training of all treatment groups (SFC/Veh; SFC/OXT, SFC'/Veh;
SFC'/OXT). D) Percentage of time investigating the social stimulus presented during social fear extinction. E)
Percentage of time investigating the social stimulus presented during social fear extinction recall. Data
represents mean + SEM.* p < 0.05 or (*) p < 0.07 SFC+/OXT vs SFC*/Veh, S p < 0.05 SFC*/Veh vs SFC/Veh, #
p <0.05 SFC'/OXT vs SFC/OXT. For detailed statistics see Table 8.
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Acquisition Independent T-Test Figure 16, B
CS-US pairings T2 =2.20 P =0.039
Extinction ns 1-3 Mixed Model ANOVA Figure 16, C
(Time) Fp7s=27.1 P <0.001
(Conditioning) F1,39 = 0.390 P=0.536
(Treatment) F139 = 0.159 P=0.692
Investigation Time (Time x Conditioning) F,75 = 1.71 P=0.187
(Time x Treatment) F,,73 = 0.089 P=0.915
(Conditioning x Treatment) Fy 39 = 1.03 P=0.317
(Time x Conditioning x Treatment) Fy75 = 2.47 P=0.091
Extinction s 1-6 Mixed Model ANOVA Figure 16,D
(Time) Fs101 = 11.7 P <0.001
(Conditioning) F139 =53.2 P<0.001
(Treatment) F139=0.226 P=0.637
Investigation Time (Time x Conditioning) Fs 101 = 12.9 P <0.001
(Time x Treatment) Fs10; = 0.832 P=0.464
(Conditioning x Treatment) F139 = 0.299 P =0.588
(Time x Conditioning x Treatment) Fs 101 = 1.89 P=0.150
Recall s 7-12 Mixed Model ANOVA Figure 16, E
(Time) Fso93 = 25.4 P <0.001
(Conditioning) F139 = 6.55 P=0.014
(Treatment) F139 = 0.003 P =0.955
Investigation Time (Time x Conditioning) Fse3 = 2.56 P=0.073
(Time x Treatment) Fso3 = 1.27 P=0.288
(Conditioning x Treatment) F1 39 = 0.071 P=0.792
(Time x Conditioning x Treatment) Fs o3 = 0.256 P=0.811

Table 8: Statistics — Effects of Oxytocin (OXT) infusion into the caudal part of the lateral septum (LSc) prior to
social fear extinction. Factor Time represents stimulus presentation during SFC, factor Conditioning represents

SFC* vs SFC effects, factor Treatment represents OXT vs Veh effects.

3.2.2 Effects of Atosiban Infusion in the LSc on Social Fear Extinction

To evaluate whether the effects of OXT are mediated by Gai-coupled signaling pathways, the

selective OXTR-Gai agonist Atosiban was administered bilaterally into the LSc 10 minutes prior to

(48]



RESULTS

social fear extinction training in two cohorts of animals consisting of a total of 43 mice (Figure 17,A).
SFC* animals that were treated with Atosiban later on received significantly less foot shocks during
acquisition (p =0.022) (Figure 17, B), potentially resulting in a decrease in social avoidance behavior.
All groups displayed similar levels of investigation toward non-social stimuli (Figure 17, C),
suggesting that acquisition did not affect general exploratory behavior in the animals. During
extinction training, SFC*/Veh animals exhibited an overall reduction in social investigation (s1: p <
0.01, s2: p = 0.002, s3 p = 0.007, s4 p = 0.040, s5 p = 0.020, s6 p = 0.040) compared to SFC'/Veh
animals. This indicates the successful induction of social fear but an unsuccessful elimination of
social fear upon repeated presentation of social stimuli during extinction training. SFC/Atosiban
animals did not differ in their investigation time of social stimuli compared to SFC/Veh treated
animals, suggesting that Atosiban binding in the LSc does not inherently alter the investigation of
social stimuli. SFC*/Atosiban animals exhibited increased social investigation during the first
presentation of a social stimulus (s1: p = 0.024) compared to SFC*/Veh animals. Moreover, from the
third stimulus onward, SFC*/Atosiban animals displayed similar levels of social investigation (s1: p
< 0.001, s2: p = 0.021) compared to SFC/Atosiban treated animals, indicating a rapid extinction
success. However, during the final presentation of a social stimulus, they once again exhibited
decreased social investigation compared to SFC/Atosiban treated animals (s6: p = 0.038),
suggesting a resurgence of social fear (Figure 17, D). During recall SFC*/Veh animals generally
showed reduced investigation time, except for the fifth presentation during recall (s7: p = 0.062,
s8: p=0.001, s9 p =0.001, s10 p = 0.01, s12 p = 0.002). In contrast, SFC*/Atosiban treated animals
did not differ in their investigation time during recall compared to SFC’/Veh throughout the session.
However, they exhibited significantly increased investigation time compared to SFC*/Veh animals
starting from the second stimulus presentation during recall (s8: p = 0.030, s9: p = 0.004, s10 p =
0.002, 511 p=0.067, 512 p < 0.001), which indicates that SFC*/Atosiban treated animals successfully

overcame social fear in contrast to SFC’/Veh animals (Figure 17,E).
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Figure 17: Atosiban infusion in the caudal part of the lateral septum (LSc) facilitates social fear extinction. A)
Schematic representation of bilateral atosiban infusion (0.2ug/ 0.2ul/ hemisphere) in the LSc, with a
representative image of the injection site. Accepted diffusion range within the LS was set on Bregma 0.4 — (-
)0.1 mm. B) Number of CS-US pairings presented to conditioned mice (SFC*) during acquisition of social fear.
C) Percentage of time investigating the non-social stimuli presented during social fear extinction of all
treatment groups (SFC/Veh; SFC/Atosiban, SFC'/Veh; SFC'/Atosiban). D) Percentage of time investigating the
social stimulus presented during social fear extinction of all treatment groups. E) Percentage of time
investigating the social stimulus presented during social fear extinction recall. Data represents mean + SEM.*
p £0.05 or (*) p £0.07 SFC'/OXT vs SFC*/Veh, S p < 0.05 SFC'/Veh vs SFC/Veh, # p < 0.05 SFC'/OXT vs SFC
/OXT. For detailed statistics see Table 9.
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Acquisition Independent T-Test Figure 17, B
CS-US pairings Ty =2.48 P =0.022
Extinction ns 1-3 Mixed Model ANOVA Figure 17, C
(Time) F2,70=9.66 P <0.001
(Conditioning) F1,35 = 0.396 P=0.533
(Treatment) F135 = 0.436 P=0.513
Investigation Time (Time x Conditioning) F2,70=9.46 P <0.001
(Time x Treatment) F270=0.138 P=0.871
(Conditioning x Treatment) F1 35 = 0.900 P =0.900
(Time x Conditioning x Treatment) F270=1.06 P=0.351
Extinction s 1-6 Mixed Model ANOVA Figure 17, D
(Time) F2.7¢6 = 9.38 P <0.001
(Conditioning) F135=21.0 P <0.001
(Treatment) F135 = 0.573 P=0.454
Investigation Time (Time x Conditioning) F279¢ = 4.21 P=0.010
(Time x Treatment) F,796 = 0.580 P=0.614
(Conditioning x Treatment) Fy,35s = 0.653 P=0.425
(Time x Conditioning x Treatment) F,.706 = 0.430 P=0.714
Recall s 7-12 Mixed Model ANOVA Figure 17, E
(Time) F3105 = 28.3 P <0.001
(Conditioning) F135 = 6.55 P =0.005
(Treatment) F135 = 0.003 P=0.034
Investigation Time (Time x Conditioning) F3,10s = 0.627 P =0.600
(Time x Treatment) F3105 = 1.31 P=0.275
(Conditioning x Treatment) Fy 35 = 0.071 P =0.060
(Time x Conditioning x Treatment) F3 105 = 1.12 P =0.346

Table 9: Statistics — Effects of atosiban infusion in the caudla part of the lateral septum (LSc) prior to social
fear extinction. Factor Time represents stimulus presentation during SFC, factor Conditioning represents SFC*
vs SFC effects, factor Treatment represents atosiban vs vehicle effects.

3.2.3 Effects of Carbetocin Infusion in the LSc on Social Fear Extinction

To evaluate whether the effects of OXT are mediated by Gag-coupled signaling pathways, the

selective OXTR-Gaq agonist Carbetocin was administered bilaterally in the LSc 10 minutes prior to
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social fear extinction training in two cohorts of animals consisting of a total of 41 mice (Figure 18,A).
All animals received a similar number of foot shocks during Acquisition (Figure 18, B). All groups
displayed similar levels of investigation toward non-social stimuli (Figure 18, C), suggesting that
acquisition did not affect general exploratory behavior in the animals. During extinction training,
SFC*/Veh animals exhibited significantly reduced social investigation at the beginning (s1: p < 0.01,
s2:p<0.01,s3 p=0.002,s4 p=0.024, s5 p = 0.068), but demonstrated comparable levels of social
investigation during the final presentation of a social stimulus compared to SFC/Veh animals. This
suggests the successful establishment of social fear, which could be diminished through repeated
presentations of the social stimulus. SFC/Carbetocin treated animals did not differ in their
investigation time of social stimuli compared to SFC/Veh treated animals, suggesting that
Carbetocin binding in the LSc does not inherently alter the investigation of social stimuli.
SFC*/Carbetocin treated animals displayed similar levels of social investigation compared to SFC
/Carbetocin treated animals (s1: p < 0.001, s2: p <0.001, s3: p = 0.033), indicating a rapid extinction
success, but investigation time did not differ compared to SFC*/Veh (Figure 18, D). During recall,
SFC*/Veh animals again exhibited reduced investigation time during the first two stimulus
presentations (s7: p = 0.002, s8: p < 0.001) and still differed with a trend in the following two
presentations (s9: p=0.054, s10: p =0.067) compared to SFC'/Veh. SFC*/Carbetocin treated animals
also showed reduced social investigation during the first two stimuli presentations (s7: p < 0.001,
s8: p = 0.001) compared to SFC/Carbetocin animals. Therefore, both groups showed a
reinstatement of social fear, which could be extinguished from the second and fourth stimulus

presentation during recall, respectively (Figure 18,E).
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Figure 18: Carbetocin infusion in the caudal part of the lateral septum (LSc) does not influence social fear
extinction. A) Schematic representation of bilateral carbetocin infusion (5ug/ 0.2ul/ hemisphere) in the LSc,
with a representative image of the injection site. Accepted diffusion range within the LS was set on Bregma
0.4—(-) 0.1 mm. B) Number of CS-US pairings presented to conditioned mice (SFC*) during acquisition of social
fear. C) Percentage of time investigating the non-social stimuli presented during social fear extinction of all
treatment groups (SFC/Veh; SFC/Carbetocin, SFC'/Veh; SFC'/Carbetocin). D) Percentage of time investigating
the social stimulus presented during social fear extinction of all treatment groups. E) Percentage of time
investigating the social stimulus presented during social fear extinction recall. Data represents mean *+ SEM.
Sp<0.05o0r(S)p <0.07 SFC*/Veh vs SFC/Veh, # p < 0.05 SFC'/OXT vs SFC/OXT. For detailed statistics see
Table 10.
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Acquisition Independent T-Test Figure 18, B
CS-US pairings T,1=0.157 P =0.664
Extinction ns 1-3 Mixed Model ANOVA Figure 18, C
(Time) Fy72=4.83 P=0.011
(Conditioning) F1,37 = 0.602 P=0.443
(Treatment) F137=0.235 P=0.235
Investigation Time (Time x Conditioning) F274 = 0.331 P=0.715
(Time x Treatment) F274 = 3.50 P =0.035
(Conditioning x Treatment) F13; = 0.148 P=0.148
(Time x Conditioning x Treatment) F,74 = 0.383 P =0.683
Extinction s 1-6 Mixed Model ANOVA Figure 18, D
(Time) Fo489 = 4.43 P =0.010
(Conditioning) F137 = 18.7 P<0.001
(Treatment) F137=0.132 P=0.719
Investigation Time (Time x Conditioning) F,.489 = 10.9 P <0.001
(Time x Treatment) F480 = 3.57 P =0.025
(Conditioning x Treatment) F13; = 0.930 P=0.341
(Time x Conditioning x Treatment) F;.4,55 = 0.863 P=0.443
Recall s 7-12 Mixed Model ANOVA Figure 18, E
(Time) F3110=33.1 P <0.001
(Conditioning) F137 = 6.55 P=0.023
(Treatment) F137 = 0.003 P=0.686
Investigation Time (Time x Conditioning) F3,110 = 7.95 P <0.001
(Time x Treatment) F3110 = 0.330 P =0.802
(Conditioning x Treatment) F13; = 0.071 P=0.194
(Time x Conditioning x Treatment) F3110 = 2.30 P =0.082

Table 10: Statistics - Effects of carbetocin infusion in the caudl part of the lateral septum (LSc) prior to social
fear extinction. Factor Time represents stimulus presentation during SFC, factor Conditioning represents SFC*

vs SFC effects, factor Treatment represents Atosiban vs vehicle effects.

3.2.4 Effects of OXT Infusion in Different Subregions of the LS

In light of the less pronounced effects observed in the above-mentioned results, which differ from

earlier findings showing complete suppression of social fear expression with OXT administration in
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the dorsal part of the LS (Zoicas et al., 2014), | conducted OXT infusions across various subregions
along the rostral-caudal axis of the LS to investigate the region-specific impact of OXT signaling on
social fear extinction (Figure 19, A-C). Either OXT or Veh was administered 10 minutes prior to social
fear extinction training in a cohort consisting of a total of 33 mice. All groups received similar
number of foot shocks during acquisition (Figure 19, D). Since the control animals from all groups
(SFC*/Veh) did not differ from each other during extinction training (Figure 19, E), the animals were

pooled to one group for further comparisons (Figure 20).
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Figure 19: Oxytocin (OXT) infusion in different subregions of the lateral septum (LS) - part 1. A-C) Schematic
representation of OXT infusion (OXT; 5ng/ 0.2uL/ hemisphere) in the rostral (LSr), medial (LSm) or caudal part
of the LS (LSc), with a representative image of each injection site. Accepted diffusion range within the LS was
set on + 0.15 mm for each injection point. D) Number of CS-US pairings presented to conditioned mice (SFC*)
during acquisition of social fear. E) Percentage of time investigating the social stimulus presented during social
fear extinction of all Veh treated groups (SFC'/Veh/LSr; SFC'/Veh/LSm, SFC'/Veh/LSc). For detailed statistics
see Table 11
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Acquisition One way ANOVA Figure 19, D
CS-US pairings (Region) F3,33 =1.06 P=0.382
Extinction s 1-6 Mixed Model ANOVA Figure 19, E
(Time) F2.4,36 = 10.2 P <0.001
Investigation Time (Region) F2,15 =0.330 P=0.724
(Time x Region) F4.8,36 = 1.17 P=0.345

Table 11: Statistics - Effects of vehicle infusion in different subregions of the lateral septum (LS) prior to social
fear extinction. Factor Time represents stimulus presentation during SFC, factor Region represents LSr vs LSm
vs LSc effects.

Both groups, SFC*/Veh and SFC*/OXT exhibited similar investigation time of the non-social stimulus
in all targeted subregions (Figure 20, A, D, G). During extinction both treatment groups showed
increased social interaction over the repeated presentation of the social stimuli, indicating an
extinction progress over time. However, both groups did not differ from each other, indicating that
OXT binding in the LSr does not influence social fear extinction in none of the subregions (Figure
20, B, E, H). During recall both groups showed reduced social investigation, which again increased

over the stimuli presentation (Figure 20, C, F, I).
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Figure 20: Oxytocin (OXT) infusion in different subregions of the lateral septum (LS) — part 2. A-C) Percentage
of time investigating the presented stimuli (non-social and social) during extinction and recall. Animals were
injected in the LSr with OXT, or Veh 10 min prior to extinction training. D-F) Percentage of time investigating
the presented stimuli (non-social and social) during extinction and recall. Animals were injected in the LSm
with OXT, or Veh 10 min prior to extinction training. G-1) Percentage of time investigating the presented stimuli
(non-social and social) during extinction and recall. Animals were injected in the LSc with OXT, or Veh 10 min
prior to extinction training. For detailed statistics see Table 12.

[57]



RESULTS

LSr
Extinction ns 1-3 Mixed Model ANOVA Figure 22, A
(Time) F1327 =6.30 P =0.012
Investigation Time (Treatment) Fy 0= 1.27 P=0.272
(Time x Treatment) F13,7 =0.334 P=0.635
Extinction s 1-6 Mixed Model ANOVA Figure 22, B
(Time) Fa345 = 8.82 P <0.001
Investigation Time (Treatment) F120 = 0.364 P=0.553
(Time x Treatment) F2345 = 1.21 P=0.312
Recall s 7-12 Mixed Model ANOVA Figure 22, C
(Time) Fyg55 = 14.2 P <0.001
Investigation Time (Treatment) F120 =0.583 P=0.454
(Time x Treatment) F555 = 3.34 P =0.028
LSm
Extinction ns 1-3 Mixed Model ANOVA Figure 22, D
(Time) F1328=12.1 P <0.001
Investigation Time (Treatment) F12, =0.251 P=0.621
(Time x Treatment) F13,s = 0.850 P=0.850
Extinction s 1-6 Mixed Model ANOVA Figure 22, E
(Time) Fz249 = 6.68 P <0.001
Investigation Time (Treatment) F137 = 0.544 P=0.740
(Time x Treatment) F2,,49 = 0.589 P=0.577
Recall s 7-12 Mixed Model ANOVA Figure 22, F
(Time) F2.7,60 = 7.60 P <0.001
Investigation Time (Treatment) F137 = 0.602 P =0.469
(Time x Treatment) F,760 = 0.684 P=0.684
LSc
Extinction ns 1-3 Mixed Model ANOVA Figure 22, G
(Time) F1328=7.63 P =0.001
Investigation Time (Treatment) F12; = 3.68 P =0.069
(Time x Treatment) F1328 = 0.025 P=0.926
Extinction s 1-6 Mixed Model ANOVA Figure 22, H
Investigation Time (Time) F.2,46 = 8.70 P <0.001

(58]



RESULTS

(Treatment) F12; = 0.058 P=0.812
(Time x Treatment) F22.46 = 1.43 P=0.249
Recall s 7-12 Mixed Model ANOVA Figure 22, |
(Time) F2553=9.70 P <0.001
Investigation Time (Treatment) F12; = 0.620 P =0.440
(Time x Treatment) F2553 = 0.969 P =0.403

Table 12: Statistics - Effects of oxytocin (OXT) infusion in different subregions of the lateral septum (LS) prior
to social fear extinction. Factor Time represents stimulus presentation during SFC, factor Treatment
represents OXT vs Veh effects.

3.2.5 Effects of icv OXT Infusion on Social Fear Extinction in Mice from 2

Different Breeding Colonies — pilot study

Since the above presented results did not reveal striking effects, | repeated an original experiment
from 2014, where OXT was administered intracerebroventricular (icv) (Zoicas et al., 2014), in order
to verify the effect of OXT on social fear extinction. To account also for cohort effects, that might
influence the overall behavior of animals, | used one cohort of animals from Charles River
Laboratories (CR-Cohort, n = 11) and another cohort that was bred at the University of Regensburg
in our own facilities (UR-Cohort, n = 9) and infused them with either Veh or OXT 10 min prior to
extinction training (Figure 21,A). Both treatment groups in both cohorts received a similar number
of foot shock during acquisition (Figure 21, B, C). Furthermore, both cohorts and treatment groups
exhibited similar investigation of the non-social stimulus, which indicates, that acquisition does not
alter general explorative behavior in the animals (Figure 21, D, G). During extinction, both treatment
groups from CR-Cohort exhibited increased social interaction during repeated social stimulus
presentation, indicating an extinction success over time. However, SFC*/OXT and SFC*/Veh animals
did not differ from each other. Therefore, icv OXT had no effect on social fear extinction progress
in the CR-cohort (Figure 21, E). Similarly, during recall both treatment groups did not differ from
each other (Figure 21, F). The treatment groups from UR-Cohort also did not differ from other,
neither during extinction nor during recall. However, none of the animals exhibited increased social
interaction as a result of consecutive presentations of the social stimuli, indicating an increased
manifestation of the traumatic event, that could not be eradicated. Also, during recall the animals

from the UR-Cohort did not interact with the presented social stimuli, (Figure 21, 1).
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Figure 21: Intracerebroventricular (icv) administration of oxytocin (OXT) in mice from two different breeding
cohorts has no effect on social fear extinction — pilot study. A) Schematic representation of OXT infusion (OXT;
0.5 ug/ 2 ul), with a representative image of the injection site. B-C) Number of CS-US pairings presented to
conditioned mice (SFC’) during acquisition of social fear. D,G) Percentage of time investigating the non-social
stimuli presented during social fear extinction of both cohorts and treatment groups (SFC'/Veh; SFC'/OXT).
E,H) Percentage of time investigating the social stimulus presented during social fear extinction. F,l)
Percentage of time investigating the social stimulus presented during social fear extinction recall. Data
represents mean * SEM. For detailed statistics seeTable 13.
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Acquisition Independent T-Test Figure 23, B,C
(CR-Cohort) To =0.592 P =0.568
CS-US pairings
(UR-Cohort) T; = 0.424 P =0.685
CR-Cohort
Extinction ns 1-3 Mixed Model ANOVA Figure 23, D
(Time) F215=10.8 P <0.001
Investigation Time (Treatment) F15 = 0.024 P =0.880
(Time x Treatment) F2,13 = 3.06 P =0.072
Extinction s 1-6 Mixed Model ANOVA Figure 23, E
(Time) F1917=6.43 P <0.001
Investigation Time (Treatment) F10=1.98 P =0.667
(Time x Treatment) F1917 = 0.289 P=0.736
Recall s 7-12 Mixed Model ANOVA Figure 23, F
(Time) F2,15=13.0 P <0.001
Investigation Time (Treatment) F15=1.90 P =0.202
(Time x Treatment) F,,13 = 0.284 P=0.748
UR-Cohort
Extinction ns 1-3 Mixed Model ANOVA Figure 23, G
(Time) F1,7=10.6 P=0.013
Investigation Time (Treatment) F17=1.18 P=0.313
(Time x Treatment) F;7; = 0.158 P=0.706
Extinction s 1-6 Mixed Model ANOVA Figure 23, H
(Time) F1,7=0.818 P=0.396
Investigation Time (Treatment) F17=0.721 P=0.424
(Time x Treatment) F;7; = 0.158 P =0.405
Recall s 7-12 Mixed Model ANOVA Figure 23, |
(Time) Fy,75 = 0.860 P =0.390
Investigation Time (Treatment) F17 = 0.863 P=0.384
(Time x Treatment) F1 75 = 0.634 P =0.460

Table 13: Statistics - Effects of icv Oxytocin (OXT) infusion prior to social fear extinction. Factor Time represents
stimulus presentation during SFC, factor Treatment represents OXT vs Veh effects.
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3.3 Temporal Characterization of OXTR* Neurons in the LSc

Declaration: The following results are generated in collaboration with Francisco de los Santos

(University of KéIn). For detailed contributions see chapter 2.9.3.

Based on the cellular heterogeneity and the pharmacological effects mediated by OXT signaling we
aimed to characterize OXTR* neurons in the LSc also on temporal level. Injection of an adeno-
associated virus containing the genetically encoded calcium indicator GCaMP6f flanked by a
double-floxed inverse open reading frame (DIO) into the LSc of OXTR-Cre mice, enabled direct
tracking of individual OXTR* neurons in the LSc. The activity of these cells was then recorded during

EPM and throughout the adapted SFC (aSFC) paradigm (see 2.9.3).

3.3.1 Activity of OXTR" neurons in the LSc during exposure to the EPM

On behavioral level, animals spent most time in the CA (62,73%) and less time in the center
(15,24%), OA (11.28) and with full OA entries (10.75%), reflecting comparable levels of anxiety-
related behavior in the EPM.

To quantify how OXTR* neurons respond to different environments, neuronal activity measured in
fluorescence intensity was compared to mean activity over the whole trial (= AF/F), which served
as a baseline (see 2.4.2). Hereby, CA is considered a safe and reassuring environment, while OA, or
full OA is considered as a risky and, therefore, rather stressful environment. The activity of OXTR*
neurons did not differ during the exploration of the CA vs OA or during full OA entries (p = 0.18),
indicating that OXTR* neurons in the LSc are not responding to the exploration of different non-
social environments. Furthermore, the overall activity of OXTR* neurons in the LScis very low during

EPM.
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Figure 22: Activity of oxytocin receptor expressing (OXTR*) neurons does not change upon exploration of
different sections in the elevated plus maze (EPM) test. A) Location of the animal in the center, closed arm
(CA), open arm (OA), or fullOA represented in percentage of the total time spent in the EPM, i.e. 15 min. B)
Ca?* signal at different locations. n indicates number of cells recorded over (animal number). AF/F represents
z-scored individual Ca?* traces of OXTR* neurons (see 2.4.2), data represents mean *+ SEM. For detailed
statistics see Table 14.

AF/F Kruskal-Wallis Figure 24, B

Location X3(2)=3.4 p=0.18

Table 14: Statistics — Elevated plus maze (EPM) Ca®*- Imaging. Factor location represents fluorescent changes
of OXTR* neurons during CA vs OA vs fullOA.

3.3.2 Activity of OXTR™ Neurons in the LSc during SFC

Next, we analyzed neuronal activity under different conditions throughout the aSFC paradigm (see
2.9.3). Briefly, the aSFC starts with a 3 min social interaction (SE) in the home cage where the social
stimulus 1 (s1) was presented to monitor the activity of OXTR* neurons in the LSc during natural
social investigation. On the next day social fear was aquired (Acq) by operant conditioning in a
conditioning chamber, here a non-social stimulus 1 (ns1) and a social stimulus (s2) were presented
and on the following days extinction (Ext, presentation of ns 2 — 4 and s 3 - 8) and recall (Rec,
presentation of s 9 - 14) of social fear were performed again in the home cage. To quantify how
LSc-OXTR* neurons respond across the experimental days before and after induction of the social
trauma (SE, Ext, Rec) and specifically during the different conditions (ns 1 — 4 and s 1 — 14), the
neuronal activity under each condition was explicitly compared with the activity during the breaks,
recorded before and after each condition, which served as a baseline. Therefore AF/F represents

the change of a cell’s fluorescence normalized to the mean fluorescence across the break interval
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The animals showed similar investigation of the non-social stimulus before (ns1) and after (ns3)
acquisition, indicating that acquisition had no effect on general explorative behavior (Figure 23, A).
Overall activity of OXTR* neurons was low during non-social stimuli conditions. Furthermore,
activity did not change upon interaction with the empty cage, compared to other behaviors, which
includes eating, drinking grooming and exploration of the home-cage, neither before (nsl), nor

after (ns3) acquisition (Figure 23, B).

During SE animals showed a high social investigation time during the first social exposure, i.e. prior
to acquisition (s1). In contrast, after acquisition social exploration was decreased during
presentation of the first social stimulus during extinction training (s1 vs s3, p= 0.002), indicating a
successful induction of social fear in all animals. This could be reversed by extinction training, as the
animals showed again increased social interaction during presentation of the last social stimulus
(s3 vs s8, p= 0.046) and did not differ anymore from contact levels found before acquisition (Figure

23, Q).

Along the three abovementioned conditions, i.e. s1, s3 and s8, the neuronal activity differed during
social contact behavior compared to other behaviors displayed (s1: p = 0.004, s3: p = 0.012, s8:
p = 0.050), suggesting a specific response of OXTR* neurons upon social interaction (Figure 23, D).
Direct comparison of the activity during social interaction revealed an increase of activity after
acquisition (s1 vs s3: p = 0.032), which decreased after successful extinction training (s3 vs s8:
p < 0.001). These results suggest that LSc-OXTR* neurons are modulated in an inverse manner

compared to social interaction behavior (Figure 23, E).

Interestingly, detailed dissection of the behavioral raw data, revealed a subset of animals that
successfully overcame the induced social fear during extinction training (for assignment of the
groups see 2.9.3), as indicated by decreased social interaction in the beginning (s1 vs s3: p = 0.016)
but increased contact during the end of extinction training (s1 vs s8: p = 0.001) which did no longer
differ from levels found during SE (Figure 23, F). Those animals are referred to as Fast Extinction
Animals (FEA, n =5). These animals showed altered neuronal activity throughout the tree conditions
compared to other behaviors as described above (s1: p =0.018, s3: p=0.053, s8: = p = 0.001, Figure
23, G), and also the direct comparison of the activity during social interaction revealed an increase
of activity after acquisition (s1 vs s3: p = 1.929e-2), which decreased after successful extinction

training (s3 vs s8: p = 1.348e-5, Figure 23, H).

Conversely another subset of animals was not able to extinguish prior induced social fear, as
indicated by decreased social interaction in the beginning of extinction training (s1 vs s3: p < 0.001)

which remained low until the last presentation of a social stimulus (s1 vs s8: p < 0.001, Figure 23,
[64]
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1). Those animals are referred to as Slow Extinction Animals (SEA, n = 4). Within this group of
animals, the activity during the different conditions did no longer differ compared to other
behaviors, and also a direct comparison between the activity during social contact behavior did not

differ from each other (Figure 23, J, K).
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Figure 23: Activity of oxytocin receptor expressing (OXTR*) neurons in the caudal part of the lateral septum
(LS) before and after acquisition of social fear. ns = non-social stimulus presentation, s = social stimulus
presentation, numbers refers to different conditions within the adapted social fear conditioning (aSFC)
paradigm. A) Contact level of all animals during presentation of the non-social stimuli. Continued on next page
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B) Behavior specific elicited Ca®* signal during ns condition. C) Contact level of all animals during presentation
of three social stimuli in all animals. D) Behavior specific elicited Ca?* signal during s condition. E) Comparison
of Ca?* signal during in different social stimuli conditions. F) Contact level of all animals during presentation
of three social stimuli in fast extinction animals (FEA). G) Behavior specific elicited Ca?* signal during s
condition. H) Comparison of Ca®* signal during in different social stimuli conditions. 1) Contact level of all
animals during presentation of three social stimuli in slow extinction animals (SEA). J) Behavior specific elicited
Ca?* signal during s condition. K) Comparison of Ca®* signal during different social stimuli conditions. Data
represents mean + SEM; (*) p <0.07, * p <0.05, ** p £0.01, *** p <0.001. For detailed statistics see Table 15

Non-social interaction

Behavior T-test Figure 25, A
Contact Tos=-2.124 P =0.061
AF/F Wilcoxon Rank test Figure, B
nsl W = 2647 P =0.947
ns3 W = 4944 P =0.661

Social interaction — all animals

Behavior One-way ANOVA Figure 25, C
Contact F2,24=7.830 P =0.002
AF/F Wilcoxon Rank test Figure, D

sl W =1045 P =0.004

s3 W = 3240 P=0.012

s8 W =4119 P=0.051
AF/F Kruskal-Wallis Figure, E
Stage X3(2) = 15.65 P =0.000401

Social interaction - FEA

Behavior One-way ANOVA Figure 25, F
Contact F212=12.090 P=0.001
AF/F Wilcoxon Rank test Figure, G

sl W =687 P=0.018
s3 W =659 P =0.054
s8 W =1470 P =0.001
AF/F Kruskal-Wallis Figure 25, H
Stage X?(2) =21.09 P <0.0001

Social interaction - SEA

Behavior One-way ANOVA Figure 25, |
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Contact F0=82.748 P <0.001
AF/F Wilcoxon Rank test Figure 25, )
sl W =37 P=0.128
s3 W = 1007 P=0.176
s8 W =508 P =0.309
AF/F Kruskal-Wallis Figure 25, K
Stage X3(2)=0.88 P =0.640

Table 15: Statistics — Ca?*- Imaging in Oxytocin receptor expressing neurons in the caudal part of the lateral
septum (LSc-OXTR?) neurons before and after acquisition of social fear. Factor contact represents ns1 vs ns3,
or s1 vs s3 vs s8 behavioral effects accordingly. Factor ns1/ns3, or s1/s3/s8 represents fluorescent changes of
OXTR* neurons during other behavior (eating, drinking, grooming exploration) vs social contact/non-social
contact. Factor Stage represents fluorescent changes of OXTR* neurons during social contact s1 vs s3 vs s8.

In support with the statement above, visualization of the stimulus investigation time throughout
the whole aSFC paradigm, shows a continuous increase in social investigation during extinction
training and a stable formation of an extinction memory (s3-s8), as indicated by high social
investigation levels during recall (s9-s14, Figure 24, A). On the other side, the calcium signal during
the recorded conditions throughout extinction training and recall decreases over time (Figure 24,
B). These results indicate an opposite relationship of the activity of LSc-OXTR* neurons and

extinction success.

More detailed investigation shows that this pattern is driven by the FEA, which show a fast
eradication of social fear on a behavioral level (s3-s8, Figure 24, C) and corresponds to a fast
decrease in neuronal activity over the recorded conditions throughout extinction training and recall

(Figure 24, D).

On the other side, SEA exhibited increased social interaction just from the second social stimulus
during recall on (s10-s14, Figure 24, E). In line with the general observation, that the activity of LSc-
OXTR* neurons decreased with increased social interaction, the corresponding calcium signal
throughout recorded conditions during extinction training and recall declines less and shows a

higher variation (Figure 24, D).
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Figure 24: Contact behavior and Ca?* signal of oxytocin receptor expressing (OXTR*) neurons in the caudal part
of the lateral septum (LSc) throughout the adapted social fear conditioning (aSFC) paradigm. A) Contact levels
of all animals throughout the aSFC paradigm. Colored bars indicate recorded events, green = non-social
stimuli, orange = social stimuli. B) Corresponding Ca** signal throughout extinction and recall of all animals.
C) Contact levels of fast extinction animals (FEA) throughout the aSFC paradigm. D) Corresponding Ca?* signal
throughout extinction and recall of FEA. E) Contact levels of slow extinction animals (SEA) throughout the aSFC
paradigm. F) Corresponding Ca?* signal throughout extinction and recall of SEA.

We proceeded to assess the percentage of modulated LSc-OXTR* neurons related to contact
behavior using a linear model (see 2.4.4). To achieve this, distinct sub-behaviors were defined:

"during" (contact), "before" (three seconds preceding contact), and "after" (three seconds

[69]



RESULTS

following contact). Additionally, we analyzed the proportions under different conditions,
specifically SE, Ext, and Rec, separately. This method allowed us to explore potential differences in
activity before and after the acquisition of social fear, as well as after successful extinction of
induced social fear. Neurons exhibiting increased activity were classified as excited, those with

decreased activity as inhibited, and those with unchanged activity as non-responsive.

During SE, a relatively small proportion of neurons displayed modulation. Specifically, 22.2% were
excited and 14.1% were inhibited before direct social contact occurred. This pattern shifted upon
making social contact, with nearly half of the neurons (47.5%) being inhibited and a smaller
percentage (12.1%) becoming excited. Following the contact event, the modulation reversed,

evident by 42.4% of neurons being excited and 14.1% being inhibited (Figure 25, A).

In the context of extinction training, 30.2% of neurons were activated, whereas 23.6% were
inhibited before social contact. During contact, approximately half of the neurons (51.9%) were
inhibited, while 19.8% showed excitement. After the contact, a majority of cells (57.5%) were once

again activated, with 20.8% being inhibited (Figure 25, B).

Upon successful extinction of social fear, specifically during recall, 33.3% of neurons were activated
and 21.4% were inhibited before social contact. During contact, over half of the neurons (59.8%)
were inhibited, while a smaller fraction exhibited excitement (23.1%). Post-contact, 51.3% of

neurons were inhibited, contrasting with only 11.1% being activated (Figure 25, C).

Interestingly, the modulation of responsive neurons displayed a consistent pattern across diverse
experimental conditions, encompassing SE, extinction, and recall. Notably, LSc-OXTR* neurons were
predominantly inhibited during social contact, transitioning to a strong activation immediately

following the contact event.
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Figure 25: Proportion of modulated oxytocin receptor expressing (OXTR*) neurons in the caudal part of the
lateral septum (LSc) before, during and after social contact during different experimental stages. Social
contact is defined as direct nose contact with the cage of the social stimulus, before is defined as social contact
-3 s and after is defined as social contact +3 s. A) Proportion of modulated neurons during social exposition
(SE). B) Proportion of modulated neurons during extinction (Ext). C) Proportion of modulated neurons during
recall (Rec). n = number of recorded neurons, number in brackets indicates animal number. Orange= exited-,
green= inhibited- and gray= non-responsive neurons.

Despite the comprehensive perspective gained from examination of all animals, a separate analysis

of the FAE and SEA revealed disparities in the percentage of modulated neurons between that

groups. Those differences were particularly evident during the course of extinction training.

Within the FEA subgroup, a modest portion of neurons were modulation during SE. More

specifically, 22.5% showed excitation, while 12.1% were inhibited prior to direct social contact. This
[71]



RESULTS

dynamic changed upon engaging in social contact, when half of the neurons (50%) were inhibited,
and a smaller fraction (15%) excited. Subsequent to the contact event, the modulation pattern

shifted, with 35% of neurons becoming excited and 20% being inhibited (Figure 26, A).

In the context of extinction training, 21.7% of neurons became more active, while an equal
proportion of 21.7% had reduced activity before social contact. During the contact phase, the
majority of neurons (87%) showed a decrease in activity, with a minor subset (6.5%) displaying
increased activity. After the contact, a majority of cells demonstrated modulation, but with an
equitable distribution, 37% became more active, and 39.1% exhibited decreased activity (Figure 26,

B).

Upon the successful elimination of social fear, particularly during the recall phase, 44.9% of neurons
displayed heightened activity, while 14.3% showed reduced activity before social contact. During
contact, half of the neurons (51%) exhibited decreased activity, and a smaller portion displayed
increased activity (22.4%). Following the contact period, 40.8% of neurons exhibited reduced

activity, in contrast to 12.2% displayed heightened activity (Figure 26, C).

While the proportions of modulated neural responses prior to and after social contact are quite
similar across various conditions (SE, Ext, Rec), a significant decrease in neural activity occurs during
social contact in the context of extinction training, wherein animals learn to overcome fear. During
recall, following the successful elimination of fear, this decreased activity level reverts to the
modulated pattern observed during SE, prior to the induction of social fear. This observed inhibition
of LSc-OXTR* neurons could potentially contribute to the rapid extinction success within this specific

group of animals.
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Figure 26: Proportion of modulated oxytocin receptor expressing (OXTR*) neurons in the caudal part of the
lateral septum (LSc) before, during and after social contact during different experimental stages — fast
extinction animals (FEA) only. Social contact is defined as direct nose contact with the cage of the social
stimulus, before is defined as social contact -3 s and after is defined as social contact +3 s. A) Proportion of
modulated neurons during social exposition (SE). B) Proportion of modulated neurons during extinction (Ext).
C) Proportion of modulated neurons during recall (Rec). n = number of recorded neurons, number in brackets
indicates animal number. Orange= exited-, green= inhibited- and gray= non-responsive neurons.

Within the SEA subgroup, 22% of the neurons showed heightened activity, and 15.3% were
inhibited before direct social contact was established during SE. Upon social contact, nearly half of
the neural responses (45.8%) indicated inhibition, while a smaller portion (10.2%) showed

heightened activity. Subsequent to the contact event, the modulation pattern reversed, with 47.5%
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of neural responses showing heightened activity and 10.2% displaying reduced activity (Figure 27,

A).

During extinction training, 36.7% of neurons exhibited heightened activity, while 25%
demonstrated reduced activity before social contact. During the contact phase, this proportion
remained relatively stable, with 30% of neural responses indicating heightened activity and 25%
showing reduced activity. Following the contact period, a majority of cells (73.3%) showed

increased activity and only 6.7% displayed reduced activity (Figure 27, B).

During recall, half of the neural responses displayed modulation before contact, with 25% showing
heightened activity and 26.5% indicating reduced activity. During contact, over half of the neural
responses (66.2%) showed reduced activity, while 23.5% exhibited heightened activity. After the
contact event, 58.8% of neural responses were heightened, contrasting with only 10.3% showing

reduced activity (Figure 27, C).

Notably, in contrast to the FEA group, SEA animals showed substantial inhibition of LSc-OXTR*
neurons upon social contact exclusively during recall. For the SEA subgroup, this condition
coincided with achievement of successful social fear eradication, further reinforcing the notion that
inhibition of LSc-OXTR* neurons, contributes to the extinction success. Additionally, unlike the FEA
group, these animals showed a larger proportion of excited neural responses following the contact
event across all conditions (SE, Ext, Rec), with the highest activation observed after the acquisition
of social fear, specifically during extinction and recall. These findings, suggest, that variations in the
modulation of LSc-OXTR* neural responses following a socially traumatic event play a pivotal role
in an animal’s capacity to conquer social fear. Moreover, the discrepancies in modulation of LSc-
OXTR* neurons found in the two subgroups (SEA and FEA) serve as a driver for the different levels

of extinction success.
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Figure 27: Proportion of modulated oxytocin receptor expressing (OXTR*) neurons in the caudal part of the
lateral septum (LSc) before, during and after social contact during different experimental stages — slow
extinction animals (SEA) only. Social contact is defined as direct nose contact with the cage of the social
stimulus, before is defined as social contact -3 s and after is defined as social contact +3 s. A) Proportion of
modulated neurons during social exposition (SE). B) Proportion of modulated neurons during extinction (Ext).
C) Proportion of modulated neurons during recall (Rec). n = number of recorded neurons, number in brackets
indicates animal number. Orange= exited-, green= inhibited- and gray= non-responsive neurons.
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4 DISCUSSION

To date, exposure therapy remains the most effective therapeutic option for individuals with SAD.
Nevertheless, the mechanisms underlying the gradual extinction of social fear and avoidance are
not well understood. Identifying the neuronal mechanisms and brain regions involved in the
extinction of social fear could pave the way for new strategies to complement exposure therapy for
SAD patients. One neurotransmitter system that has been shown to enhance social fear extinction
in mice is the OXT-system. Through binding to the corresponding receptor in the Lateral Septum
(LS), synthetic OXT infusion has been observed to eliminate social fear expression in male mice.
However, due to the complexity of brain signal processing, the effects of OXT administration on
social fear extinction require a more detailed characterization. Given the potential existence of
subregion specific projections and functions within the LS, it is crucial to identify the spatial
distribution and resulting cellular consequences of OXTR-coupled signaling, which may lead to
diverse downstream effects. Furthermore, understanding the exact temporal involvement of OXT
administration in behaviors like social fear extinction is essential. Utilizing OXTR autoradiography,
an increased OXTR binding in the LSc compared to the LSr was observed. Subsequent RNAscope
analysis indicated that approximately 21% of LS cells express OXTR, with an increased OXTR mRNA
expression in the intermediate part along the dorsal-ventral axis of the LS. Based on these findings,
subsequent experiments focused on the LSc, where the highest OXTR binding was observed.
Anterograde tracing techniques revealed that OXTR* neurons in the LSc project downstream to the
Mhb, a region associated with decision-making and modulation of the reward system. To
investigate the impact of OXT signaling specifically in the LSc on social fear extinction, synthetic OXT
was administered prior to social fear extinction training. Additionally, OXTR Gi agonist atosiban and
OXTR Gq agonist carbetocin were infused in the LSc to determine the downstream cellular signaling
pathway. The results demonstrated that OXT administration and atosiban led to a facilitation of
social fear extinction, suggesting that the effect is mediated via the OXTR-Gi coupled signaling
pathway, lowering the excitability of these cells. The pharmacological findings led me speculate,
that the timing of activation of OXTR* neurons in the LSc may be crucial for a successful and robust
extinction of social fear. Advances in technology, particularly in vivo Ca?* imaging combined with an
OXTR-Cre mouse line, allowed tracking changes in the activity of LSc-OXTR* neurons during social
interaction. These neurons were found to be specifically activated during social interaction and
exhibited increased activation after experiencing a socially traumatic event compared to pre-

traumatic social interaction. Additionally, differences in the modulation of LSc-OXTR* neurons,
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noted in mice with varying degrees of extinction success, particularly in the context of social

interactions, might contribute to the effectiveness of individual therapy outcomes.

4.1 Characterization of OXTR* Cells in the LS

In this study, | characterized the precise distribution pattern of OXTR binding along the rostral-
caudal axis of the LS, as well as subregion-specific OXTR mRNA and the downstream connectivity of
OXTR* neurons in the LSc. The results revealed that approximately a fifth of cells in the LS expressed
OXTR mRNA (Figure 13, B). Interestingly, while OXTR binding increased towards the LSc (Figure 12),
no significant differences were observed in the total mMRNA transcript number or the percentage of

OXTR* cells along the rostral-caudal axis (Figure 14).

Using RNAscope | could further reveal that most of the OXTR* cells throughout the LS express
approximately 3-9 OXTR mRNA transcripts/cell, the proportion of very high expressing cells (20-60
dots/cell) turned out higher in the LSc (Figure 14), which might explain the increased OXTR binding
in LSc found with OXTR autoradiography. However, it is important to note that the amount of mRNA
does not necessarily correlate with the amount of the respective proteins. Mechanisms acting on
mRNA stability or attenuation of the translation influence the turnover rate, as well as the
degradation or internalization cycle of certain proteins (Cohen et al., 2013). Also mechanisms on
protein level might influence the observed increase of OXTR binding towards the LSc, for example
the OXTR can occur in the cell membrane in different conformations and shows different affinity
for OXT as monomer or dimer (Busnelli and Chini, 2018). These regulatory mechanisms allow cells
to adapt to their environment and maintain homeostasis and all of those factors influence each
other in a complex and still undefined manner. The extracellular environment, particularly the
presence of glia, can have a potent influence on protein turnover. For instance, glial cells either
speed up or slow down the turnover rate of neuronal protein (Dorrbaum et al., 2018). Interestingly,
Laura Boi (PhD student from the Neumann lab) showed, that there is a significant increase of
Astrocyte density towards the LSc (unpublished data), which could correlate with the increased

OXTR protein level.

The mechanisms mentioned above could account for the observed disparity between OXTR mRNA
and OXTR binding along the rostral-caudal axis of the LS. However, there may also be a functional
explanation for the heightened OXTR binding in the LSc. For instance, increased neuronal activity
in the LSc could result in an elevated turnover of OXTR proteins. Previous studies have
demonstrated that heightened activity can alter the turnover rates of various proteins in cortical
neurons, thereby preparing the neurons for new functional roles (Ehlers, 2003). Another possibility

is, that higher turnover of OXTR in the LSc could be an overcompensation to capture as much OXT
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as possible. Interestingly another study showed, that OXT neurons from the PVN and SON mainly
project to the rostral and intermediate part of the LS (Liao et al., 2020). Similar compensatory
mechanisms have been observed in other systems, such as the increased expression of D2/D3
receptors in the striatum upon decreased dopamine levels in the same region (Stokholm et al.,

2021).

Previous studies have frequently concentrated on either the dorsal or ventral subdivisions of the
LS. For instance, the dorsal LS inhibits the ventral LS, playing a role in male aggression (Leroy et al.,
2018), or SSt expressing neurons in the dorsal LS are linked to food-seeking behavior (Carus-
Cadavieco et al., 2017). Conversely, the ventral LSr is implicated in social dysfunctions induced by
early-life stress (Shin et al., 2018). While these studies highlight functional distinctions among LS
subregions, they also underscore diverse roles of neurons with specific chemical compositions. The
heterogeneity in the distribution of OXTR* cells in the LS emphazises potential subregion-

dependent functional differences among OXTR* cells within the LS as well.

Another important question to consider is what alterations occur in downstream signaling,
specifically after the binding of OXT to its respective receptor in the LS. As previously mentioned,
the LS is predominantly composed of GABAergic neurons (Zhao et al., 2013). Certain GABAergic
neurons within the LS express SSt and Nts (K6hler and Eriksson, 1984). SST and Nts signaling is
involved in regulating various physiological and behavioral responses, including the modulation of
social interaction and fear responses (Besnard et al., 2019; Li et al., 2023). Interestingly, | was able
to identify that only a minority of OXTR* cells (about 40%) co-localize with SSt and Nts (Figure 13).
While this finding does not rule out the possibility of OXTR being expressed on GABAergic neurons
in the LS, it does raise questions about the downstream signal integration upon ligand binding.
Understanding how OXT signaling further influences cellular mechanisms and downstream
signaling is crucial to unravel the complex mechanisms underlying the effects of OXT in the LS.
Further investigations are needed to elucidate the specific pathways and processes that occur after
OXT binds to its receptor in the LS and how these interactions contribute to the regulation of social

behaviors.

4.1.1 Downstream Target of OXTR" Neurons in the LSc

To further investigate the connectivity of OXTR neurons in the LSc, | utilized a transgenic mouse line
expressing Cre specifically in OXTR* cells, along with a Cre-dependent recombinant virus expressing

a synaptophysin-mCherry fusion protein in the axon terminals. This approach allowed me to label
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the downstream projection sites of OXTR* neurons in the LSc. Brain-wide microscopy revealed
sparse and distinct projection sites of OXTR* neurons in the LSc. Notably, these projection sites
included the medial habenula (MHb), the ventral diagonal band of Broca (VDB), and the

hippocampal CA2/3 region, with the highest intensity observed in the MHb (Figure 15).

The habenula is a phylogenetically old brain region and present in all vertebrate species and can be
divided in into the MHb and lateral habenula (LHb) (Okamoto et al., 2012). While the LHb in
zebrafish has received some attention in previous studies, the MHb has been relatively neglected
so far (Viswanath et al., 2013). Nevertheless, research has shown that the habenula receives input
from limbic systems, including the septal area, and communicates with the ventral tegmental area
(VTA) and the raphe nuclei downstream, suggesting a modulatory role in the dopamine and
serotonin systems (Herkenham and Nauta, 1977). Based on gene expression, it is believed, that the
LHb and MHb serve different functions (Andres et al., 1999). However, due to their small size and
high proximity, it is challenging to target one subdivision exclusively. Nevertheless, a sparse number
of studies revealed an involvement of the MHb in experience dependent fear response via lesioning
of that region in zebrafish (Agetsuma et al., 2010; Mathuru and Jesuthasan, 2013). Another study
using selective postnatal ablation of MHb cells in transgenic mice showed deficits in cognition-
dependent executive function (Kobayashi et al., 2013). Based on this finding it is speculated that
the habenula plays a role in value-based decision-making by modulating dopamine and serotonin

neurons downstream.

For the first time, my studies demonstrate that OXTR* neurons in the LSc project specifically to the
MHb. Nevertheless, it is crucial to highlight that, although this projection was observed in multiple
animals, viral spreading from the injection site to the rostral part of the LS was noted in 3 out of 4
animals. Therefore, it cannot be ruled out that OXTR* neurons in the LSr may also project to the
MHb. Consequently, these observations should be interpreted with caution. Nonetheless, given the
understanding of the functions associated with the LS and the MHb and the OXT system, it is
tempting to speculate that the specific pathway of OXTR* LSc — MHb is involved in the processing

of emotional states and the generation of specific behaviors.

4.2 Functional Involvement of OXTR Signaling in the LS in Social Fear

Extinction

Regions that produce OXT have been found to project to the LS. Specifically in the intermediate
part of the LSr fibers where detected (Liao et al., 2020). At least in lactating females mice this
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projections predominantly originate from the SON (Menon et al., 2018). Additionally, the
expression of OXTR in the septal nuclei has been described before (Gimpl and Fahrenholz, 2001;
Russell and Brunton, 2009). Particularly interesting for this study was the observation, that OXT is
released into the LS upon social interaction during extinction training in the SFC in SFC’, but not in
SFC* mice. Moreover, infusion of OXT in the LSd led to increased social investigation levels, similar
to those found in unconditioned animals. Notably the coordinates for microdialysates as well as
OXT infusion was set on Bregma: -0.3 mm, 0.5 mm, —-1.6 mm in this study (Zoicas et al., 2014).
Since previous studies revealed, that the expression level of OXTR is a critical factor determining
responses to OXT in the brain and directly influences behavioral responses and social traits (King et
al., 2016; Rilling and Young, 2014), | aimed to define the effects of OXTR binding more precisely, by
infusing OXT in the intermediate part of the LSc, targeting the subregion with the highest OXTR
density within the LS. The results indicated that SFC*/OXT treated animals exhibited significantly
more social interaction in the beginning of extinction compared to SFC/Veh, demonstrating an
extinction facilitating effect of OXT (Figure 16). However, it is worth mentioning that the SFC*/OXT
animals received fewer foot shocks during acquisition. Typically, animals receive 1-3 foot shocks to
establish complete social avoidance, with subsequent grouping ensuring an equal distribution of
foot shock between treatment and veh groups. However, rare instances may disrupt this even
distribution, such as the exclusion of animals due to issues like improper cannula placement or

other abnormalities, which occurred in this particular case.

Since the above discussed experiment indicates an involvement of OXT in the LSc on social fear
extinction, | next aimed to clarify the molecular pathway that follows OXT binding and mediates
this effect. As mentioned earlier, the OXTR is a GPCR, and the signaling cascade triggered by ligand
binding depends on the engaged Ga subunit of the heterotrimeric G protein complex. The OXTR
can couple to Gag and Gai complexes in a promiscuous manner and is capable of mediating either
synergistic or opposite effects depending on the context. Two factors control the response upon
OXT binding. Firstly, the local concentration of OXT plays a role, for instance Gai-coupled complexes
are activated upon high OXT concentrations and Gaqg-coupled complexes are activated on lower
concentrations. Secondly, the expression level of individual G protein isoforms plays a role, which
can vary in different cell types and regions (Busnelli and Chini, 2018). The complete downstream
effects of Gai and Gagq signaling are not fully understood yet and most of the knowledge derives
from studies in non-neuronal cells. However, some general key aspects of their functioning have
been clarified. The Gaq isoform is ubiquitously expressed and, upon activation, stimulates the PLC
pathway, leading to the release of calcium from internal stores. carbetocin is a functionally selective
analogue capable of inducing specifically OXTR/Gag protein coupling. Interestingly icv
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administration of carbetocin has already been associated with anxiolytic effects in the EPM (Mak
et al., 2012). In contrast to the Gaq isoform, the Gai isoform is particularly highly expressed in the
brain. Gai inhibits adenylate cyclase activity and directly regulates ion channel activity, thereby
closing Ca?* channels. The selective agonist atosiban promotes OXTR/Gai coupling and has been
shown to inhibit cell proliferation and exhibits pro-inflammatory effects in in vitro cell cultures

(Busnelli et al., 2012).

Taken together, administration of synthetic OXT, which can activate OXTR regardless to which G
protein they are coupled, in the LS had an extinction facilitating effect. Upon administration of
Atosiban in the LSc, conditioned animals exhibited increased social investigation during the
presentation of the first stimulus during extinction compared to SFC*/Veh treated mice.
Interestingly, during recall, SFC*/Atosiban treated animals no longer differed from unconditioned
animals, indicating successful extinction memory formation, while SFC*/Veh animals showed
significantly reduced social interaction compared to that group (Figure 17). On the other hand,
Carbetocin injection had no effect on social fear extinction compared to SFC*/Veh treated animals
at all (Figure 18). It should be noted that by chance atosiban-treated animals received fewer foot
shocks during acquisition. Nevertheless, these results suggest that OXT binding in the LSc has an
extinction-facilitating effect and stabilizes extinction memory via Gai-coupled signaling cascades
and this could be either due to an increased local concentration of OXT during extinction training,

or specific accumulation of OXTR/Gai subtypes in the LSc.

4.2.1 Biological Variations in Experimental Animals

In 2014, Zoicas et al. demonstrated the reversal of social fear expression within the SFC paradigm
through intracerebroventricular (icv) and LSd administration of OXT (Zoicas et al., 2014). However,
given the absence of such striking effects in the findings discussed above, | conducted a replication
of the original experiments to validate the previously published impact of OXT on the extinction of
social fear. To determine whether there exists a region-specific influence of OXT, animals were
infused across various subregions of the LS. Surprisingly, none of the administered regions revealed

any effects of OXT (Figure 20).

Furthermore, icv administration also failed to show any observable effect of OXT on social fear
extinction. Moreover, animals from two distinct cohorts were utilized to mitigate any potential
cohort-related influences arising from differing handling and breeding conditions. Intriguingly,

animals bred at the University of Regensburg exhibited an elevated level of fear, apparent through
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the complete inability of both the SFC*/Veh and SFC*/OXT groups to effectively overcome social

fear during the course of extinction training (Figure 21).

It is worth noting that both of these experiments should be regarded as pilot studies due to the
relatively small sample size. Nonetheless, the outcomes have raised compelling questions

concerning the reproducibility of animal experiments.

The challenge of reproducibility and the inconsistency of experimental results, even within or
between laboratories, are major issues of animal research. Strategies to address this concern are
constantly under discussion (Voelkl et al., 2020). The outcomes of experiments are influenced by a
combination of both internal factors, such as genotype and individual experiences, and external
factors, including the experimental environment and conditions. The role of discrete experimental
factors was, for example, investigated in a study where a computational approach was used to
assess variability in pain responses in rats based on a previous experiment. This investigation
revealed that factors such as time of day, test order, and room humidity significantly contributed
to the behavioral variation (Chesler et al., 2002). Often overlooked hidden variables, like husbandry
practices and environmental cycles, can exert substantial influence on experimental outcomes
(Butler-Struben et al., 2022). The impact of seemingly minor changes can also be profound. For
instance, transitioning to a different cage type was found to alter the effectiveness of maternal
immune activation in inducing deficits in working memory and social interaction (Mueller et al.
2018). The "litter effect" is another noteworthy phenomenon, where animals from the same litter
exhibit different behaviors compared to those from different litters. This effect is frequently
disregarded, yet can significantly impact research outcomes (Lazic and Essioux, 2013).
Characteristics of the human experimenter also introduces variability. Studies have demonstrated
that the sex of the human experimenter influences mouse behavior, with increased stress
susceptibility observed when handled by male experimenters (Georgiou et al., 2022). Additionally,
previous research indicated that male experimenters result in higher corticosterone levels and
increased anxiety-like behavior in mice (Sorge et al., 2014). Even when focusing on a single strain,
results may not generalize to other strains. Extensive testing of various mouse strains revealed
substantial within-strain variability in behavior under highly standardized conditions over time,
highlighting the intricate interplay of genetic and environmental factors (Loos et al., 2015). The
variability of phenotypes within a population of organisms reflects the combined effects of
genotype and lifetime environmental response, contributing to the challenge of reproducibility in

animal research.
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While the current best practice involves stringent standardization of animals and their environment
(Principles of laboratory animal science, 2003), this approach may reduce environmental noise but
falls short in accounting for biological variation. Treatment effects often vary due to a multitude of
genetic and environmental factors, which can be highly specific and unexpected, thus challenging
to control. One approach to account for that is the systematic heterogenization of study samples,
and conditions can be employed to artificially introduce diversity and enhance the robustness of
experimental findings. Taken together, the abovementioned studies might explain the lack of
effects found in the replicated experiments. However, it also becomes very clear that phenotypic
variations are a factor that is very hard to determine and test for. However, it is a factor that should

always carefully be considered when interpreting behavioral results.

4.3 Temporal Characterization of OXTR* Neurons in the LSc

In this experimental setup usage ot the transgenic OXTR-Cre mouse line in combination with a Cre-
dependent recombinant virus expressing a GECl and delivered into the LSc, enabled specific
measurement of the activity of OXTR* neurons in the LS throughout the aSFC paradigm. Intracellular
calcium signaling plays a pivotal role in a diverse array of cellular processes, and neuronal activity
triggers a brief influx of calcium (Roth and Ding, 2020). Thus, calcium serves as a more indirect
measure of neuronal activity but acts as a reliable proxy for such measurements. However, The use
of GECls, such as GCaMP, offers a distinct advantage in providing a continuous record of neuronal

activity over an extended period, even spanning several days.

Having said, that this technique was performed for the first time in our lab, we were able to perform
surgery in all planned nine experimental animals with an optimal lens placement and viral
transfection. In contrast to surgical approaches regularly conducted, the AAV-DJ-EF1a-DIO-
GCaMP6m requires 6 weeks minimum for optimal transfection. Since animals can not group housed
after surgery, to secured maintenance of the implant, this experimental setup caused a longer
isolation period that normally conducted prior to experimental start. However, the long isolation
period did not interfere with general social interest as seen by the high social exploratory activity
during SE. Furthermore, the surgery did not affect animals, as they were daily and carefully
observed after the surgery and one week prior to experiment daily handled, including microscope
attachment in order to habituate them to the procedure and minimize stress for the animal on the

experimental days.
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4.3.1 Activity of OXTR" Neurons in the LSc During Exposure to the EPM

Exposure to the EPM typically generates a natural conflict in the mice, with a tendency to avoid the
exposed and potentially dangerous open arms of the maze and favoring the enclosed arms as
environment of relative safety. In line with this presumption here we could show, that the animals

prefer to remain in the closed arms than venture into the open arms.

Previous studies have already demonstrated an involvement of the LS in the regulation of anxiety-
related behavior measured in the EPM. Notably, septal administration of the GABA-A agonist
muscimol, but also SSt diminished anxiety-like behavior, thereby increasing the number of OA
entries and the time spent in the OA in rats (Trent and Menard, 2010)(Yeung and Treit, 2012).
Furthermore, single-unit recording in the LS revealed a heightened neuronal firing rate when rats
were exposed to the OA compared to the CA of the maze. The authors concluded, that activation
of the LS suppresses fear, enabling animals to confront anxiety-provoking situations (Thomas et al.,
2013). While the LS seems to be linked to anxiety-related behavior, the septal OXT system has
predominantly been associated with social-related behavior (Menon et al., 2022). The presence of
OXTR within the LS has been directly correlated with heightened social investigation in prairie voles
(Ophir et al., 2009). Moreover, OXTR signaling has been demonstrated to mediate social memory
in both, rats and mice (Horiai et al., 2020; Lukas et al., 2013). Notably, the infusion of OXT into the
LS alleviates social fear and recovers social preference in female and male mice (Menon et al., 2018;

Zoicas et al., 2014).

Interestingly, employing in vivo calcium imaging technique, we were able to show, that LSc-OXTR*
neurons remain unresponsive both, during CA occupancy as well as OA exploration. Even
investigation of the entire OA (fullOA) of the EPM, did not lead to increased activity of LSc-OXTR*
neurons (Figure 22). The observed lack of responsiveness is further underscored by consistently low
overall neuronal activity. While the before mentioned studies demonstrate, that the LS certainly
plays a role in anxiety related behavior measured in the EPM, the LSc-OXTR* neurons don’t seem to
be involved in that context. These findings support the notion that septal OXT signaling is
specifically involved in social behavior, with less involvement in general fear processing or risk

assessment behavior.

4.3.2 Activity of OXTR" Neurons in the LSc throughout aSFC

During SE and therefore prior to acquisition of social fear, animals exhibit robust social investigation

behaviors, consistent with prior observations of heightened exploratory tendencies towards

(85]



DISCUSSION

conspecifics in rodents (Blanchard et al., 2001; File and Hyde, 1978). The pattern of social behavior
observed during social fear acquisition, extinction, and recall aligns with earlier studies (Toth et al.,
2012), characterized by fear-induced suppression of social interactions and subsequent restoration
of social behavior following repeated social stimulus presentations, akin to the attenuation of
conditioned fear responses (Maren et al., 2013)(Figure 23). No discernible LSc-OXTR* neuronal
activity emerges during non-social object exploration, reinforcing the notion of specific neuronal
regulation in response to social behaviors. This observation is in line with investigations identifying
OXTR-mediated roles in social recognition and processing in rodents (Ferguson et al., 2001;
Knobloch et al., 2012). Remarkably, heightened activation of LSc-OXTR* neurons follows social fear
acquisition. This finding parallels discovery in another brain region, where distinct basal AMY
neuron populations triggering contextual fear conditioning by a switch of activity in mice,
suggesting finely tuned neuronal responsiveness contributes to appropriate behavioral adaptations
(Herry et al., 2008). Normalization of neuronal activity during extinction training further supports
the role of LSc-OXTR* neurons in mediating recovery from fear induction. Similar mechanisms have
been proposed already (Myers and Davis, 2002) but mostly in other regions and neurotransmitter
systemes, i.e. increased infralimbic activity was detected in rats using single-unit recording, but is

dampened with extinction success (Milad and Quirk, 2002).

Interestingly, detailed behavioral analysis reveals two distinct animal subgroups based on their
extinction training responses. This differentiation between Fast Extinction Animals (FEA) and Slow
Extinction Animals (SEA) underscores the heterogeneity in coping with social fear and recovery. FEA
animals rapidly respond to extinction training, while SEA animals struggle to overcome social fear
during training, achieving normal social investigation only during recall (Figure 24). This variability,
known as fear extinction learning variability, has been explored in humans and rodents (Milad and
Quirk, 2012), highlighting individual differences in neural circuits and learning processes
contributing to diverse extinction responses. Notably, while LSc-OXTR* neuronal activity decreases
with heightened social investigation in FEA animals, SEA animals lack such a decrease, suggesting
altered neuronal processing contributing to impaired fear extinction (Figure 24). Comparable
impairment has been observed in humans, where varying therapeutic responses are often noted
(Norrholm and Jovanovic, 2018). A comprehensive analysis of neuronal modulation patterns
surrounding contact events uncovers insights into LSc-OXTR* neuronal dynamics during social fear
modulation and interaction. Across all animals, a consistent pattern emerges encompassing pre-
acquisition (SE) and post-acquisition (Ext, Rec), indicating specific responses to social stimuli in LSc-
OXTR* neurons (Figure 25). Subgrouping neurons based on calcium traces reveals that
approximately 50% of neurons are unmodulated before contact (= contact -3s), with half being
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inhibited during contact and half activated after contact (= contact +3s). A similar study on
extinction-mediating neurons in the BLA in mice demonstrated, that a specific neuronal subtype is
activated during contextual fear extinction and further shows distinct modulation patterns
throughout extinction training (Zhang et al., 2020). This supports the idea, that precise context-
dependent modulation of specific neuronal subtypes in specific regions, plays an important role in

mediating certain behaviors.

Remarkably, FEA animals exhibit substantial inhibition (87%) during social contact in extinction
training (Figure 26). This unique signature can be associated with efficient fear extinction and might
suggest a potential neuronal mechanism contributing to their rapid fear recovery. Clinical studies
using fMRI, show that human individuals with effective fear extinction often display pronounced
AMY inhibition in response to fear cues, as induced by mild shock coupled to presentation of a
colored square (Phelps et al., 2004). In contrast, SEA animals show increased neuronal activation
after contact during extinction training and inhibition during recall, hinting at distinct neural
signaling or compensatory mechanisms reinforcing fear extinction (Figure 27). Notably, other
studies have highlighted the impact of subtle factors on extinction success (Monfils et al., 2009).
For example, a recently published study shows that regulation of the IncRNA Meg3 influences

extinction success (Royer et al., 2022).

In conclusion, this study demonstrates that LSc-OXTR* neurons exhibit context-specific responses,
with inhibition upon social interaction and increased activation following social fear acquisition. The
distinct response patterns between FEA and SEA animals underscore the intricate neuronal

mechanisms driving behavioral adaptations and individual responsiveness.

4.4 Summary

In this thesis, | charcterized a population of LS neurons expressing OXTR, which play a pivotal role

in regulating social interaction and the extinction of social fear.

| colocalized and quantified of OXTR* cells within the LS and its subregions, revealing an
approximate proportion of 20%. Notably, | also demonstrated a varied distribution pattern of OXTR
at both protein and mRNA levels within the LS, with the highest levels of expression found in the
intermediate caudal region. Prior studies have highlighted the predominant composition of
GABAergic neurons in the LS (Zhao et al., 2013), alongside the expression of SSt and Nts (Risold and
Swanson, 1997). My work, however, shows that septal OXTR* cells largely do not co-localize with
Nts and SSt. Furthermore, existing evidence has associated the septum and the OXT system with
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diverse facets of motivated behavior (Menon et al., 2022). Building upon this, | was able toillustrate
that septal OXTR* neurons project to the Mhb, a region that has also been linked to motivated
behaviors (Kobayashi et al., 2013). Taken together, the heterogeneous nature of septal OXTR* cells
within the LS implies that distinct populations of these cells are involved in mediating different

functions.

Earlier studies have linked OXT signaling in the LS to anxiolysis (Menon et al., 2018; Yoshida et al.,
2009) and even the reversal of social fear (Zoicas et al., 2014). Building upon this, | established that
OXTR-mediated signaling in the LSc specifically facilitates social fear extinction. Furthermore,
treatment with the selective OXTR-Gai agonist atosiban enhanced social investigation during
extinction training and stabilized the formed extinction memory, in contrast to the ineffectiveness
of carbetocin. This implies the involvement of OXTR-Gai, but not OXTR-Gag- mediated signaling
pathways in modulating social investigation. Thus, inhibiting OXTR* cells in the LSc during extinction

training seems to play a restorative role in social functioning.

In order to investigate the activity pattern of LSc-OXTR* neurons in more detail, we used calcium
fluorescence, to observe real-time activity in LSc-OXTR* neurons during a modified SFC paradigm
(aSFC) which includes an additional social interaction period prior to acquisition of social fear and
EPM tasks. Intriguingly, these neurons remained unmodulated during exposure to the EPM and
object (non-social stimulus) investigation, reaffirming their specificity to social contexts. Further
investigation of modulation patterns revealed that these neurons are inhibited during social contact
and become more active after contact, suggesting a specific response to social interaction. Overall,
LSc-OXTR* neurons exhibited heightened activity during socially related behavior after acquiring

social fear, with activity levels normalizing following successful fear extinction.

Strikingly, segregating animals into two responder groups during SFC unveiled differing responses
of LSc-OXTR* neurons following social fear acquisition. In mice that rapidly overcame fear during
social fear extinction, reflected by gradual increase of social interaction which did not differ from
the interaction levels found during SE, LSc-OXTR* neurons showed increased inhibition during
contact, while animals with slower fear extinction displayed heightened inhibition during recall,
when those animals achieved successful extinction of social fear. This indicates that the activity of
OXTR* neurons in the LSc is associated with individual extinction success, possibly mediated by

temporal shifted or disrupted OXT secretion into the LSc.

A noteworthy point is, that the OXTR can promiscuously couple to Gai and Gaq subunit, resulting
in either decreased or increased cellular excitability (Gravati et al., 2010). For instance, the

recruitment of these different subunits and therefore distinct cellular pathways is influenced by
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different OXT concentrations. While Gai-coupled complexes are activated upon high OXT
concentrations, Gag-coupled complexes are activated on lower concentrations (Busnelli et al.,
2012). Considering the observation, that the LS is mainly composed of GABAergic neurons, a
possible scenario could be, that the presence of a social stimulus might stimulates local OXT release
and consequently the inhibition of LSc-OXTR* neurons, recruiting the Gai pathway, followed by
disinhibition of downstream targets. A gradual reduction in locally available OXT through reduced
local release, diffusion and peptide degradation could shift the response of the neurons towards
the Gq pathway, leading to enhanced activation post-social contact. This molecular transition in

LSc-OXTR* neurons might mediate normal social interaction (Figure 28).

before social contact during social contact after social contact

unmodulated inhibited activated
= OXT expressing neuron from PVN/SON % 1
= OXTR expressing neuron in the LSc o
- disinhibition of inhibition of
@-0x1 @-=Cca™ iﬂﬂﬂ: OXTR [J|= Ca*- Channel downstream target downstream target

Figure 28: Oxytocin (OXT) signaling in the caudal part of the lateral septum (LSc) implicated in social
interaction. Theoretical OXT- oxytocin receptor (OXTR) signaling, indicated on a schematic illustration of the
mouse LS before, during and after social contact. Before social contact, no OXT secretion in the synaptic cleft,
further leads to majority of neurons being unresponsive. Social contact directly leads to increased OXT
secretion from stored presynaptic vesicles, which activates the OXTR-Gai pathway, which closes calcium ion-
channels and leads to decreased excitability of the postsynaptic membrane. After social contact the OXT
secretion is reduced, which leads to recruitment of the OXTR-Gaq pathway, leading to secretion of calcium
from internal calcium stores and increases excitability of the postsynaptic membrane.

However, the induction of social fear disrupts this signaling cascade, evident from increased LSc-
OXTR* activation during presentation of social stimuli post-social trauma, which gradually

normalizes with extinction success. In animals quickly overcoming social fear (FEA) exaggerated OXT
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release within the LSc upon social contact may trigger substantial neuronal inhibition and
consequently, disinhibition of downstream targets such as the Mhb. Conversely, in slow fear
extinctions animals (SEA) decreased and delayed OXT release, potentially explains heightened LSc-
OXTR* activation after social contact during extinction training. It is important to consider the
possibility, that co-release of other transmitters from LSc-projecting OXT neurons, or other regions
projecting to these neurons, recruiting different neurotransmitter systems might be modulated

post-social fear induction.

Summing up, my thesis has unraveled the heterogeneous distribution of OXTR* cells within the LS.
I have also illuminated the role of OXT signaling in LSc, specifically in facilitating social fear extinction
and consolidating extinction memory through the OXTR-Gai signaling pathway. Additionally, | have
elucidated a specific modulation pattern of LSc-OXTR* neurons upon social interaction and
identified their activity as a marker for individual extinction success. These results shed light on the
neuronal regulation of social interaction, as well as the formation of social fear extinction

memories. Furthermore, these insights enhance our understanding of individual therapy success.

4.5 Future Directions

The present study has provided valuable insights into the intricate interplay between OXTR*
neurons in the LSc and their role in regulating social behavior and fear extinction. Based on these
results, several research avenues for future exploration and experimentation emerge, offering the
potential to unravel deeper layers of the neuronal mechanisms underlying social interaction and

fear processing.

Comprehensive brain connectivity: To elucidate the broader context of LSc-OXTR* neuron
functions, the utilization of anterograde and retrograde tracing techniques, coupled with light sheet
microscopy, can provide a comprehensive mapping of the whole brain connectivity of septal OXTR*
neurons. This approach would offer insights into the specific regions influenced by LSc-OXTR*
projections and region-specific quantification of the primary sources for OXT in the LS, possibly with

subregion specific resolution, further unraveling the intricacies of social behavior regulation.

Single-cell RNA sequencing and functional heterogeneity: Recent advancements in single-cell RNA
sequencing technology offer a powerful tool to delve deeper into the molecular and functional
diversity of OXTR* neurons within the LSc. By characterizing gene expression profiles of individual
neurons, researchers can identify distinct subtypes of LSc-OXTR* cells, each potentially contributing
to different aspects of social behavior and fear extinction. Integrating this information with in vivo
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calcium imaging data could uncover specific molecular signatures associated with different
modaulation patterns, shedding light on the underlying mechanisms governing diverse responses to

social stimuli.

Population recording and manipulation: In order to validate the concept of response of LSc-OXTR*
neurons within the aSFC paradigm, population recording could be employed, recording the activity
of OXTR* neurons using acute brain slices. Investigation of the response of LSc-OXTR* neurons to
different doses of OXT, atosiban, and carbetocin, utilizing an OXTR-Cre mouse line with mCherry-
labeled cells, could provide insights into the specific activity patterns in response to

pharmacological manipulations.

Neurotransmitter interactions and plasticity: Exploring the interactions between OXT and other
neurotransmitter systems, such as dopamine and serotonin, could provide a more comprehensive
understanding of the complex neural network regulating social behaviors and fear responses.
Investigating the plasticity of LSc-OXTR* neurons in response to chronic social trauma or prolonged
exposure to social stimuli could reveal the mechanisms underlying maladaptive responses and

potential targets for therapeutic interventions.

Optogenetic and chemogenetic manipulation: One promising direction lies in the application of
optogenetics, a cutting-edge technique that enables precise control of neural activity with light
stimulation. By targeting specific subpopulations of LSc-OXTR* neurons, researchers can investigate
their functional significance within intricate neural circuits. Optogenetic activation or inhibition of
these neurons during social interactions or fear extinction tasks could elucidate the causal
relationships between LSc-OXTR* neuron activity and behavioral outcomes. Moreover, optogenetic
approaches can extend to investigating the role of downstream targets, such as the medial
habenula, in the context of social behaviors and fear processing. While a chemogenetic approach
in this context would be possible as well, one needs to consider the fact that it lacks the temporal

specificity of optogenetics.

Clinical applications and precision medicine: Translating the knowledge gained from this study into
clinical settings holds promise for developing individualized interventions for social anxiety and
related disorders. By profiling LSc-OXTR* neuron activity in patients and correlating it with
treatment outcomes, researchers could establish a basis for precision medicine approaches,

tailoring therapeutic strategies to match the neural profiles of individuals.

The current study has set a basis for a multitude of future directions. By the use of state-of-the-art

techniques, investigating further the cellular and functional heterogeneity of OXTR* cells in the LS
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DISCUSSION

offer a multifaceted approach to unraveling the complexities of social interaction and fear
processing at the neural level. With further work in this field, the understanding of social behaviors
and dysfunctions, as well as individual responses could be increased and contribute to the

development of more effective therapeutic strategies.
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