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Abstract

ABSTRACT

Anxiety disorders are one of the most common psychiatric disorders. Among them, social
anxiety disorder (SAD), or social phobia, are characterized by persistent fear and avoidance of
social situations. Unfortunately, treatments for SAD are rather unspecific as patients are
generally treated with anxiolytics and/or antidepressant drugs combined with cognitive
behavioral therapy. However, a lot of patients are resistant to these treatments or relapse
once the treatment is over. This, combined with the high prevalence of SAD, highlights the
emergency to develop new treatment strategies more specific to SAD. However, to find new
potential targets for SAD treatments, animal models are needed to understand the underlying
mechanisms of SAD. One of the major restrictions of SAD research was the lack of animal
models. In 2012, the model of social fear conditioning (SFC) has been developed specifically
to study SAD. After conditioning, the conditioned mice (SFC*) develop social avoidance, a sign
of social fear, and the main symptom of SAD. This is easily measurable during the social fear
extinction training, mimicking the cognitive behavioral therapy. The social fear extinction
training consists of several presentations of unknown conspecifics. At the first presentation,
the fearful mice show low investigation time (social avoidance). After several presentations of
social stimuli, the investigation time of the mice increases, the sign of social fear extinction.
Oxytocin, well-known for its prosocial properties, is also a puissant anxiolytic. Previous studies
found a crucial role of the neuropeptide oxytocin in social fear. Oxytocin was shown to
facilitate social fear extinction when infused within the lateral septum (LS). Moreover,
lactating females, which are a model for an upregulation of the OXT system, did not show
social fear. Moreover, an infusion of an OXT receptor antagonist (OXTR-A) into the LS of
lactating mice induced the expression of social fear during social fear extinction. However,
lactation is a model for chronic upregulation of the OXT system as the number of OXT fibers
and the OXTR binding are increased. In order to study the effect of an acute endogenous
release of OXT, mating in male mice is a more adapted model. Indeed, an acute release of OXT

within the paraventricular nucleus of the hypothalamus was found in male rats during mating.

During my PhD thesis, my first aim was then to investigate the effect of mating on social fear
extinction in male mice. Male mice were allowed to mate during 1h before to be subjected to

social fear extinction. Interestingly, | found a facilitation of social fear extinction exclusively
7



Abstract

after successful mating (with ejaculation, Ej*). The mice that did not ejaculate prior to social
fear extinction (Ej’) did not show this facilitation. | then characterized the effect of mating on
cued fear, general anxiety, and social preference/novelty to determine if the benefic effect of
ejaculation was specific to social fear. Male mice were allowed to mate during 1h before to
undergo cued fear extinction, light-dark box, marbles burying test, and social
preference/novelty test. No effect of mating without or with ejaculation has been found on
cued fear extinction. | found a general anxiolytic effect of mating (Ej  and Ej*) on general
anxiety. | found no changes in social preference nor social novelty. Ej* mice showed a
facilitation of social fear extinction, which cannot be explained by the general anxiolytic effect
of mating, with and without ejaculation, or an increased social motivation, as no specific effect
of ejaculation was found in the social preference test. Next, | investigated the mechanisms
underlying social fear extinction. For that, | conducted an experiment aiming to measure the
level of the protein cFos, product of an immediate-early gene and thereby marker for neuronal
activity, to evaluate which brain regions are recruited during the different stages of social fear
extinction. Male mice were sacrificed either at the first stimulus (SFC and SFC* mice) or the
last stimulus (only SFC*) of the social fear extinction. | found an increased cFos protein level
within the OXT neurons of the PVN and SON, and within the central amygdala (CeA) after the
last stimulus of the extinction in SFC* mice. | also found a decreased level of cFos in SFC* mice
at the first stimulus of the extinction in comparison with SFC" mice in the ventral part of the
LS. To assess the involvement of OXT in mating behavior, | measured the release of OXT within
the LS and CeA during mating behavior using microdialysis. | found a specific release of OXT
during mating behavior within the LS, but not within the CeA. In the next experiment, | aimed
to inhibit the effect of the release of OXT during mating by blocking the OXTR with an
antagonist. | first infused i.c.v. an OXTR-A immediately after mating before social fear
extinction. Both Ej-and Ej* showed an increased social fear expression during extinction. In
order to block more specifically the OXTR during mating, | infused an OXTR-A within the LS
before mating prior social fear extinction. No effect of the OXTR-A could be found. The OXT
release during mating within the LS is then not or not the only reason for the facilitation of the

extinction observed after ejaculation.

In the second part of my PhD work, | aimed to investigate the mechanism underlying social

fear extinction. The CeA is well known for its role in fear conditioning and expression. In the
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context of social fear, | previously found an increased cFos expression in the CeA the last social
stimuli of social fear extinction in SFC* mice. This implies an involvement of the CeA in the
extinction of social fear. Also, an upregulation of the OXTR binding was found after social fear
acquisition in SFC* mice, suggesting a regulation of the OXT system during social fear
acquisition. | then aimed to investigate the involvement of the OXT system within the CeA
during social fear extinction. | first infused synthetic OXT within the CeA before social fear
extinction. | found a slight facilitation of social fear extinction. In order to confirm this result,
| conducted a similar experiment in which | infused a specific OXTR agonist. However, | could
not repeat the previously obtained result. In the last experiment, | used chemogenetic to
specifically activate the OXTR-positive neurons within the CeA before social fear extinction.
However, | could not find any effect of CeA OXTR-positive neurons stimulation on social fear

extinction.

Altogether, | showed that ejaculation during mating specifically facilitates the extinction of
social fear. However, | could not identify the circuit directly responsible for this effect yet.
Independently of mating behavior, | could show the recruitment of the CeA in social fear
extinction. More experiments need to be conducted to understand the role of OXT in the CeA

in social fear extinction.



Introduction

INTRODUCTION

1. Emotions

As described by Darwin in “The Expression of the Emotions in Man and Animals” in 1872,
emotions can be observed across several species (Figure 1) (Darwin, 1872). However, whether
animals experience emotions in the same manner as humans and how to define them is still
under debate. Emotions enable the adaptation of the behavioral response towards a specific
stimulus. They are essential for survival and they ask the capability to identify an external
stimulus, to assess the internal state, and to combine the environmental context and the
previous experiences to direct an appropriate behavioral response. Hence, the expression of
one emotion is the result of the detection and assessment of the nature of one specific cue
combined with the internal body state and the previous experience of the subject. An emotion
is expressed by a behavioral, hormonal, and autonomic response (LeDoux, 2000; Anderson
and Adolphs, 2014; Barrett and Satpute, 2019). A very prominent section of emotion research

is focused on anxiety and fear due to his high relevance for survival.

Figure 1. Expression of emotions observed by
Charles Darwin in different species. a, terror in
humans. b, disappointment in chimpanzee. c,
hostility in cat. d, hostility in dog (Anderson and
Adolphs, 2014).

10
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2. Anxiety and fear

In the field of emotion, anxiety and fear are probably the most studied as they are highly
relevant for survival. The manifestations of anxiety and fear are very similar, however, they
are triggered by different stimuli. In 1993, Blanchard et al. attempted to describe the
difference between anxiety and fear. Fear is a response to imminent danger, the threat is then
physically present and well defined. Anxiety is a response to potential and subjective threats.
Fear could then be defined as a response to an immediate threat while anxiety is a response
to a distant or future threat. In rodents, anxiety and fear are manifested by different defensive
behaviors depending on the context. When the predator or threat is distant, flight or
avoidance can be observed. If no escape is possible, a freezing response will be then observed.
If the predator is getting closer, this passive behavior change in an active defensive threat or
attack. Thus, the behavioral response depends on both the threat proximity and the
environment. Other defensive behaviors can also be observed like ultrasonic vocalization,
defensive burying, or startle response in response to a threat (Blanchard et al., 1993).
Occasional anxiety and fear are beneficial for the survival of an individual, enabling fast
responses to possible threats. However, a persistent state of anxiety or a fear response
towards non-threatening stimuli can be qualified as pathological. Pathological anxiety and fear
are detrimental to the health of an individual, as anxiety and fear are conflicted with other

behavior such as feeding, mating, or social interactions among others.

3. Anxiety disorders

Pathological anxiety and fear, i.e. anxiety disorders, cause personal distress, reduce the quality
of life, impair social functioning, and increase even the risk of suicide. The term “anxiety
disorders” represents a large variety of disorder as general anxiety disorder (chronic
apprehension and anxiety), specific phobia (fear about a specific object/situation), social
anxiety disorder (SAD, fear of social situations), post-traumatic stress disorder (avoidance and
fear of stimuli related with a previous trauma) just to name the most prominent ones
(American Psychological Association (APA), 2013). In Europe, the prevalence to develop any
kind of anxiety disorder is 14.5% according to the European Study of the Epidemiology of
Mental Disorders. Within the broad spectrum of anxiety disorders, specific phobia,

generalized anxiety disorder, and SAD are the more common (Baldwin et al., 2013; Bandelow
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and Michaelis, 2015). Anxiety disorders can be grouped in two kinds of clinical entities: the
ones which are characterized by an elevated fear for specific stimuli (e.g. phobias), and the

ones which are characterized by an elevated anxious apprehension. However, anxiety and fear

are the major symptoms described in the definition of most of the anxiety disorders. In the

DSM V, specific phobia is described as a “Marked fear or anxiety about a specific object or

situation (e.g. flying, heights, animals receiving an injection, seeing blood). The phobic object
or situation almost always provokes immediate fear or anxiety”. Another relevant example is
the definition of SAD. In the DSM |V, SAD was described as a “marked and persistent fear of
one or more social/performance situations in which the person is exposed to unfamiliar
people or possible scrutiny by others”. This definition has changed in the DSM V to include

also anxiety: “Marked fear or anxiety about one or more social situations in which the

individual is exposed to possible scrutiny by others” (American Psychological Association
(APA), 2013; Substance Abuse and Mental Health Services Administration, 2016). Even though
they have distinct definitions, anxiety and fear cannot be distinguished at a clinical level as
both of them are generally expressed in anxiety disorders. SAD is particularly relevant in the

context of my thesis, | will now describe it more in detail.

SAD, also called social phobia, is defined by a persistent fear in certain or all social situations.
The person suffering from SAD fears being judged, humiliated, or rejected. According to the
DSM V, a specific form of SAD is the so-called performance anxiety and is defined by fear of
giving a speech or performing on stage (American Psychological Association (APA), 2013). The
main symptom of SAD is the avoidance of social situations, which is often accompanied by
physical symptoms such as sickness, increased heart rate. Moreover, the majority of SAD
patients develop other psychiatric disorders such as depression or substance abuse. The 12-
months prevalence for SAD is between 0.6-7.9 % in Europe depending on the country
(Wittchen and Jacobi, 2005; Wittchen et al., 2011) and 6.8% in the US (Kessler et al., 2005).
The treatments for SAD are non-specifics and have been developed first to treat general
anxiety disorder or depression. These include selective serotonin inhibitors, serotonin-
norepinephrine reuptake inhibitors, and benzodiazepines for the most prescribed. Other
treatments that can be proposed are tricyclic antidepressants, monoamine oxidase inhibitors
or, more unusual treatments like B-adrenergic blockers and anticonvulsants. However, 50% of

relapse has been observed less than 2 months after the end of the treatment (Blanco et al.,

12
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2013; Williams et al., 2017). That is why pharmacotherapy is often combined with cognitive
behavioral therapy, a therapy combining problematic thinking to eliminate negative thoughts
and desensitization exposure training, which consists of gradual exposure to anxiety-
provoking situations. This combination gives better results and decreases the rate of relapse

after treatment (Goldin et al., 2014; Stangier, 2016).

Due to the high prevalence, anxiety disorders are a burden for society. In particular, in the
actual context of the COVID-19, the prevalence of anxiety disorders might significantly
increase in the post-illness stage (Rogers et al., 2020). Moreover, the prolonged social isolation
during the lockdown might increase the probability to develop SAD (Holmes et al., 2020).
Anxiety and fear have been extensively studied in preclinical research, however, the question
of how dysregulations in the brain lead to anxiety disorder needs a better understanding on a
translational level. Moreover, novel treatments are needed to compensate for the lack of
specific treatment for anxiety disorder like SAD. That is why, models were developed in
rodents in order to investigate the mechanisms underlying fear and anxiety, and their

dysregulations, leading to anxiety disorders.

4. Modeling anxiety disorders in rodents

To study anxiety disorders in preclinical studies with laboratory animals and understand their
underlying mechanisms, animal models were developed. A good animal model has to fulfill 3
criteria. It should first develop the same symptoms as the human disorder, both at a
physiological level and at a behavioral level (face validity). Then, the model should be sensible
to pharmacological treatments used in patients (predictive validity). And finally, the causality
should be the same, meaning that the neurobiological processes involved in anxiety should be

the same in the animal model than in humans (construct validity).

4.1. Measuring anxiety in rodents

Anxiety depends on cues or stimuli that cannot be predicted. In this case, the stimulus elicits
a state of anxiety over a long period which decays slowly after the removal of the stimulus (De

Jongh et al., 2003).

To measure anxiety, a broad spectrum of tests and paradigms were developed. Most of these

tests are based on ethology, as they involved innate anxiety in rodents like exploring new,
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bright, and open environments where they are more vulnerable to predators. These tests are
conflictual for the rodents, as they oppose their unconditioned general exploratory drive with
their innate anxiety of open spaces. Among others, the elevated-plus maze, the open field,
and the light/dark box (LDB) are the most commonly used (Campos et al., 2013). The elevated
plus-maze consists of two closed arms and two open arms elevated from the ground. Anxious
rodents avoid the open arms (Walf and Frye, 2007). Regarding the open field, this paradigm
consists of one big open area. Anxious rodents prefer to stay at the edges rather than
investigate the bright and unprotected center of the arena (Gould et al., 2009). In the present
thesis, | used the LDB to measure anxiety in mice, this paradigm is composed of one dark, i.e.
“safe” chamber and one bright, i.e. “anxiogenic” chamber. Thus, anxious animals spend more
time within the dark chamber than the bright chamber (Griebel et al., 2000; Hascoét and
Bourin, 2009; Miller et al., 2011). All these tests were shown to be sensitive to anxiolytic drugs.
However, these tests have the weakness to be sensible to locomotion deficit. Indeed, an
animal showing low locomotion can be interpreted as highly anxious while an animal showing
high locomotion can be interpreted as non-anxious. Another way to test for anxiety is to use
active avoidance tasks, in which rodents try to minimize the threatening stimuli by, for
example, burying it. In the shock probe burying (also called defensive burying) paradigm, rats
bury an electrified probe after receiving a footshock (Treit et al., 1981; Treit, 1990). This test
is mostly used in rats, however, few studies could validate it in mice (Sluyter et al., 1996;
Degroot and Nomikos, 2004). In the marbles burying test, the rodent spontaneously buries
non-noxious stimuli such as marbles. This test is more common in mice (Deacon, 2006),
however, it was shown that rats also bury non-noxious stimuli (Poling et al., 1981). All these

tests are sensitive to anxiolytic drugs.

4.2.The Cued Fear Conditioning (CFC)

Based on associative memory, fear can be induced by a short and discrete cue paired with an
aversive stimulus. When the cue is presented, it elicits a state of fear that begins and dissipates
quickly once the stimulus is removed. In this context, fear conditioning was extensively used

to investigate fear behavior and fear-related circuitries in the brain of rodents.

One of the most famous paradigms is the cued fear conditioning (CFC). It is a type of classical
conditioning, also called respondent or Pavlovian conditioning paradigm. The principle of CFC

is based on the association of two independent stimuli. Before conditioning, one stimulus,
14
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called unconditioned stimulus (US; a footshock), is able to elicit an unconditioned fear
response (e.g.freezing). The other stimulus is neutral (for example a tone), it doesn’t lead to
any behavioral response. During the conditioning, the neutral stimulus is presented at the
same time as the US. The presence of the US is naturally leading to the expression of the
unconditioned fear response. After several US-CS pairings, the CS is presented alone and, if
the associative learning happened during the conditioning, it should lead to an equivalent
response than the unconditioned response, i.e. freezing, which is then called a conditioned
response. A procedure of fear extinction then generally takes place. This procedure aims to
induce a new learning, where the animal learns that the CS is not linked with the US anymore.
During extinction, the CS is then presented alone several times. When extinction is successful,
the test animal should present a lower level of fear response at the end of the process than
initially. The CFC is mostly used to investigate the basis of fear learning and fear extinction. It
is also used to investigate anxiety disorders such as general anxiety disorder or post-traumatic
disorder. However, this model is not ideal for investigating a disorder like SAD, as it doesn’t

induce social avoidance, the main symptom of SAD.

4.3.The Social Fear Conditioning (SFC)

As previously explained, specific treatment options are lacking for SAD. Studying the
underlying mechanisms of SAD is then crucial. However, no appropriate model was available
to study this disorder. Several models allow to induce social avoidance in rodents as acute or
chronic social defeat or foot-shock exposure (Haller and Bakos, 2002; Louvart et al., 2005;
Huhman, 2006). However, these paradigms are unspecific and induce also general anxiety-
and depression-like symptoms. That is why the SFC paradigm was developed in 2012 in our
lab (Toth et al., 2012a). Based on the operant conditioning or instrumental conditioning, this
type of conditioning induces an association between an active behavior and a consequence
that can be either positive (reward) or negative (punishment), allowing either to exacerbate
or to inhibit a specific behavior. The SFC, which was develop in mice, associates the
investigation of a conspecific with a foot shock, leading to a decreased social investigation
(social avoidance). Similarly to the CFC, this conditioning is followed by an extinction training
procedure where several unknown conspecifics are presented. The mouse then has the choice
to investigate the social stimulus or to avoid it. Once the mouse recognizes that the social

investigation is no longer paired with the foot shock, the social fear is gradually extinguished
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as the investigation time of the social stimulus is increased. The extinction training in socially
fearful mice mimics the cognitive behavioral therapy in SAD patients. This procedure allows
us to generate generalized social fear in mice, without alteration in anxiety- or depressive-like
behavior (face validity). After the acquisition, social fear lasts for at least 2 weeks. Moreover,
antidepressant or anxiolytic treatments reverse the SFC-induced social fear (predictive
validity) (Toth et al., 2012a). The SFC paradigm is nowadays the best option to study the
neuronal substrates of SAD. The mechanisms underlying both SAD in humans and social fear
in mice are not well understood. However, the hypothesis of the involvement of the
neuropeptide oxytocin (OXT) is growing (Marazziti et al., 2015). Indeed, a study found lower
plasmatic OXT levels in SAD patients while they were performing a pro-social task in
comparison with healthy controls (Hoge et al., 2012). Using SFC, a release of OXT release
within the lateral septum (LS) was found in control mice but not in socially fearful mice during
social fear extinction (Zoicas et al., 2014). In contrast, two other studies found elevated plasma
OXT in SAD patients in comparison to healthy controls (Hoge et al., 2008; Oh et al., 2018).
However, the sampling of OXT was not done during a social task in these last two studies,
which might explain the difference in the results. Altogether, both SAD patients and social fear

conditioned mice seem to present a dysregulation of the OXT system (construct validity?).

5. Regulation of anxiety and fear: focus on Oxytocin (OXT)

5.1.The OXT system

The nonapeptide OXT was discovered in 1909 by Sir Henry H. Dale, and later, its structure was
characterized by Du Vigneaud in 1953 (Du Vigneaud et al., 1953). This highly conserved
neuropeptide is synthesized within the paraventricular (PVN), supraoptic (SON) and accessory
nuclei of the hypothalamus in mammals. The magnocellular neurons of the PVN and SON
project to the neurohypophysis, where OXT is released into the bloodstream. OXT is also
released by parvocellular neurons of the PVN. This neuronal population is distinct from the
magnocellular neurons as they have a smaller size and do not project to the neurohypophysis.
Parvocellular OXT neurons of the PVN project to extrahypothalamic regions including the
brainstem and the spinal cord to regulate autonomic function like pain, analgesia and penile
erection (Wagner and Clemens, 1993; Ackerman et al., 1997; Gerendai et al., 2001; Eliava et

al., 2016). Parvocellular neurons project also to other hypothalamic and extra-hypothalamic
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nuclei (Armstrong et al., 1980; Swanson and Kuypers, 1980; de Vries and Buijs, 1983;
Sofroniew, 1983; Swanson and Sawchenko, 1983; Knobloch et al., 2012). OXT projections from
these nuclei are found in numerous brain areas including the septal area, the bed nucleus of
the stria terminalis, the nucleus accumbens, the ventral hippocampus, the medial amygdala
(MeA), and the central amygdala (CeA)(Neumann and Landgraf, 1989; Knobloch et al., 2012;
Menon et al., 2018; Ferretti et al., 2019) (Figure 2). The central release of OXT within the PVN
and SON is due to somato-dendritic release, while the release in the limbic regions is due to
axonal release (Ludwig and Leng, 2006). The release of OXT is stimulus- and region-dependent.
Using microdialysis sampling, the intracerebral release of OXT was detected in several brain
regions (Neumann, 2007) including the PVN/SON in response to swimming in male rats and
maternal aggression in female rats (Wotjak et al., 1998; Bosch et al., 2005; Engelmann et al.,
2006; Torner et al., 2017), the septum during suckling in lactating rats (Neumann and Landgraf,
1989), social defeat in male rats (Ebner et al., 2000) and social memory retrieval in male rats
(Lukas et al., 2013a), social fear extinction in male and female mice (Zoicas et al., 2014; Menon
et al., 2018), the dorsal hippocampus during suckling in lactating rats (Neumann and Landgraf,
1989), the CeA during forced swim test and maternal aggression in rats (Bosch et al., 2005;
Ebner et al., 2005). Optogenetic stimulation of the hypothalamic OXT terminals in rats was
also able to trigger a release of OXT within the CeA (Knobloch et al., 2012; Ferretti et al.,
2019). Studies in other species like sheep allowed to identify other regions where OXT is
released, e.g. the bed nucleus of the stria terminalis (BNST), the medial preoptic area (MPOA),
and the olfactory bulb in parturient ewes, during suckling or, during vaginocervical stimulation
(Kendrick et al., 1988, 1992; Lévy et al., 1995). In humans, a peripheral release of OXT has been
detected in plasma and saliva in response to stress like running (Landgraf et al., 1982; de Jong
et al., 2015). The release of OXT also occurs in response to martial art (Rassovsky et al., 2019)
or during a psychosocial test Trier Social Stress Test) (Pierrehumbert et al., 2010). Except
during social interactions and stress, the intracerebral release of OXT also occurs following
strong physiological stimuli. Well known in females, lactation and birth are two particularly
strong stimuli that induce the release of OXT in the PVN and SON (Neumann et al., 1993). In
males, a central endogenous release of OXT occurs during mating, like in the PVN for example

(Waldherr and Neumann, 2007).
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Endogenously release of OXT expresses its effect usually via the OXT receptor (OXTR). The
OXTR is a G protein-coupled transmembrane receptor, which is highly expressed throughout
the social brain network and many other brain areas like the CeA, basolateral nuclei of the
amygdala (BLA), MeA, nucleus accumbens, BNST, PVN, MPOA, hippocampus, periaqueductal
gray, LS, or olfactory bulbs (Brinton et al., 1984; De Kloet et al., 1985; Elands et al., 1988;
Tribollet et al., 1988) (Figure 2). The broad distribution of the OXTR within the brain, as well
as the numerous OXT projections, enable OXT to modulate the expression of social behavior,
as well as other behaviors like fear and anxiety.
— OXT projections

= Y OXT receptors
cortical areas y \ OXT release

oB

¥ v
o ’
brainstem

peripheral
secretion ¥

Figure 2. Scheme of OXT projections, sites of OXT release, and OXTR expression within the brain.
AON, anterior olfactory nucleus; OB, olfactory bulb; OT, olfactory tubercle; Nac, nucleus accumbens;
OVLT, organum vasculosum laminae terminalis; SON, supraoptic nucleus; PVN, paraventricular
nucleus; PP, posterior pituitary,; PFC, prefrontal cortex; CC, cingulate cortex; MPOA, medial preoptic
area; BNST, bed nucleus of the stria terminalis; LS, lateral septum; CPu, caudate putamen; PV,
periventricular nucleus of the thalamus; CeA, central amygdala;, MeA, medial amygdala; BLA,
basolateral amygdala; VTA, ventral tegmental area; LC, locus coeruleus; PBN, parabrachial nucleus;
DRN, dorsal raphe nucleus; PAG, periaqueductal gray; SN, substantia nigra;, HPC, hippocampus; HDB,
nucleus of the horizontal limb of the diagonal band. Figure from (Grinevich and Neumann, 2020).

After binding to its receptor OXT modulates social behaviors such as social approach (Lukas
et al., 2011), social memory and recognition (Engelmann et al., 1998; Lukas et al., 2013a),
maternal aggression (Bosch et al., 2005), aggression (Calcagnoli et al., 2015), male and female
sexual behavior (Arletti and Bertolini, 1985; Arletti et al., 1985; Waldherr and Neumann, 2007;
Nyuyki et al., 2011) and pair-bonding (Williams et al., 1994; Johnson et al., 2016). Aside from
its pro-social effects, OXT also regulates anxiety and fear, this will be discussed in the next

section.
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5.2.0XT in anxiety and fear

The role of OXT in the regulation of stress and anxiety has been well studied. Stressful
situations induce the release of OXT both at the periphery and in the brain. For example, in
rats, 10 minutes of forced swim induces the peripheral release of OXT into the bloodstream
(Wotjak et al., 1998, 2001; Torner et al., 2017), as well as a central release into the PVN/SON
(Wotjak et al., 1998, 2001; Torner et al., 2017) and the CeA (Ebner et al., 2000). Also, acute
social defeat induces OXT release into the bloodstream, within the hypothalamus (Engelmann
et al.,, 1999) and the LS (Ebner et al., 2000). In accordance, OXT deficient mice showed
increased anxiety-like behavior in the elevated plus-maze, a novel environment, and a
platform shaker (Mantella et al., 2003; Amico et al., 2004). In addition, OXTRs are expressed
in key brain regions involved in the neurocircuitry of anxiety and fear like the prefrontal cortex,
the hippocampus, or the amygdala. Hence, OXTR antagonist (OXTR-A) infused either i.c.v. or
into the PVN increases the hypothalamic—pituitary—adrenal axis response during stress in the
elevated plus-maze, and the forced swim test in male rats (Neumann et al., 2000). Chronic
intracerebral infusion of OXT via minipumps (Windle et al., 1997) or OXT infusion into the CeA
(Bale et al., 2001) decreases the stress response and anxiety-like behavior in female rats and
mice. Moreover, the administration of OXT within the PVN decreases anxiety-like behavior in
rats in the elevated plus-maze and the LDB by activating the mitogen-activated protein kinase
cell signaling pathway (Blume et al., 2008). In the prelimbic cortex, OXT infusion induces
anxiolysis by recruiting GABAergic neurons to modulate downstream regions like the CeA
(Sabihi et al., 2014, 2017). In humans, intranasal administration of OXT was also shown to
reduce the stress response (Heinrichs et al., 2003; Kirsch et al., 2005) and to reduce aversion
to angry faces (Evans et al., 2010). All in all, endogenous OXT is a puissant anxiolytic in both

rodents and humans.

Aside from anxiety, OXT also plays a role in the regulation of fear behavior. In CFC, i.c.v. OXT
infusion before fear extinction impairs the extinction. However, when infused before the
acquisition, OXT does not affect fear acquisition but facilitates fear extinction (Toth et al.,
2012b). After contextual fear memory retrieval, microinfusion of OXT, or specific agonists
within the infralimbic region of the medial prefrontal cortex facilitates extinction (Lahoud and

Maroun, 2013). The OXT infusion within the BLA before fear memory retrieval increases
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freezing and impairs fear extinction. Infusions before fear memory retrieval into the CeA does
not affect fear extinction. When infused before conditioning into the BLA, OXT decreases the
freezing response and facilitates extinction, while, when infused into the CeA, OXT has no
effect. However, agonists of the OXTR show different effects than OXT in this study. When
infused before fear retrieval into the BLA, OXTR agonists induce a decrease in fear responses
during extinction, and, when infused before conditioning into the CeA, they facilitate fear
extinction (Lahoud and Maroun, 2013). In another study, an infusion of OXT before extinction
reduces fear expression during the extinction. However, OXT impairs the acquisition of
context fear when infused into the BLA before the acquisition, reflected by the low level of
freezing during extinction. A local infusion or an optogenetically stimulated release of OXT
within the CeA suppresses the expression of contextual fear (Viviani et al., 2011; Knobloch et
al., 2012). The different effects of OXT into the amygdala sub-regions on fear extinction are
puzzling and need more investigation. Moreover, an acute social defeat before context fear
conditioning enhanced fear memory, an effect mediated by the OXTR into the LS (Guzman et
al., 2013). However, OXT infusion in the LS decreases fear expression in contextual fear
conditioning after positive social exposure (Guzman et al., 2014). It seems then that OXT effect
depends on the valence of the stimulus presented before extinction. In the context of social
fear, OXT is released within the LS during social fear extinction and facilitates social fear
extinction in both lactating female and male mice (Zoicas et al., 2014; Menon et al., 2018).
Moreover, social fear alters OXTR binding in several brain regions. An increase in OXTR binding
is found after conditioning within the dorsal LS (dLS) and the right CeA (Zoicas et al., 2014). In
SAD patients, the intranasal administration of OXT dampens the amygdala hyperreactivity
(Labuschagne et al., 2010; Dodhia et al., 2014; Gorka et al., 2015).

5.3.Brain regions involved in anxiety and fear

5.3.1. Amygdala

The case of the patient S.M. suffering from a bilateral destruction of the amygdala, described
in 1994, introduced the relevance of the amygdala for emotions. This patient suffers from
bilateral destruction temporal lobes containing the amygdala. The most remarkable change in
behavior was the lack of fear (Adolphs et al., 1994). Brown and Schéfer in 1988, followed by
Kliver and Bucy in 1937, already described a lack of fear as a consequence of a bilateral

ablation of the temporal lobe in Rhesus monkey, the so-called Kliiver-Bucy syndrome.
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The amygdala can be divided into several sub-nuclei: the MeA, the BLA, and the CeA nucleus.
| will here focus on the BLA and CeA as these two regions are participating in the regulation of
anxiety and fear. The BLA is mostly constituted of glutamatergic projection neurons and
inhibitory interneurons. It receives sensory information from the cortices and the thalamus
about the environment but also the hippocampus or the prefrontal cortex. The BLA sends
projections to structures like the nucleus accumbens, the BNST, and CeA to then, adapt the
behavior in response to a fearful stimulus. Some assume that the CeA plays only the role of a
relay between the BLA and the output region, but the CeA also receives direct sensory
information and can regulate some behavior via projections to the brainstem independently
from the BLA (Pliota et al., 2018). The CeA was strongly investigated concerning its role in
defensive behavior and anxiety (LeDoux, 2000). The CeA receives a large variety of inputs
including sensory and nociceptive information via projections from the thalamus, the ventral
hippocampus, the parabrachial nucleus, or the BLA among others (Figure 3). Thanks to all
these connections, the CeA is important for associative learning like conditioning. Even though
the CeA is a rather small structure, the microcircuit contained inside is complex. Mainly
composed of inhibitory neurons, the CeA can be divided into a medial (CeM) and a lateral
(Cel) part (Jolkkonen and Pitkdnen, 1998). The Cel is composed of different types of cells,
which can be classified depending on their molecular specificity: somatostatin-positive (SOM),
corticotropin-releasing factor-positive (CRF) and protein kinase C isoform delta-positive (PKC
6) cells. These cells can be divided also depending on their response to fear stimuli: some cells
are activated in response to a conditioned stimulus (CeL®N) while the others are inhibited
(CeL°FF) (Ciocchi et al., 2010). Interestingly, the CeL°neurons have been identified as the PKC
6-positive cells (Haubensak et al., 2010). All these cells form a micro-inhibitory circuit sending
projections to the CeM that modulates fear expression by sending projections to the
hypothalamus, the PAG, and the brainstem (Ciocchi et al., 2010; Haubensak et al., 2010; Fadok
et al., 2017). The theory of a reciprocal inhibitory circuit would be that the CeL°N (SOM+) and
Cel°FF (PKC &+) are connected in a way that one inhibited the other allowing a rapid behavioral
change. For example, the activation of the SOM-positive cells induces a freezing response
while the activation of the PKC &-positive cells suppresses freezing (Fadok et al., 2017).
Regarding the CRF-positive cells, they also share reciprocal inhibitory connections with the

SOM-positive cells and promote active defensive behavior.
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The BLA and CeA receive OXTergic projections from the PVN (Knobloch et al., 2012; Ferretti et
al., 2019). Both the BLA and the CeA express in abundance the OXTR. Within the CeA, OXTRs
are particularly localized in the Cel. Interestingly, the cells expressing the OXTR have been
identified as the CeL°F or PKC &-positive cells (Haubensak et al., 2010). Indeed, OXT elicits the
activation of approximately 20% of the CeL neurons and inhibits about 50%, leading in fine to
the suppression of fear expression (Huber et al.,, 2005). Moreover, the responses of CeA
neurons to OXT show a desensitization of the neurons, as more the neurons are stimulated
more the response decreases in brain slices from virgin and lactating rats. This effect is
particular to the CeA, as it is not present in the MeA (Terenzi and Ingram, 2005). The action of
OXT in the amygdala seems to be time- and region-dependent. In the BLA, an infusion of OXT
before conditioning enhances context fear expression during the extinction in rats (Lahoud
and Maroun, 2013). However, in another study also in rats, OXT infusion into the BLA impairs
acquisition, reflected by a decreased context fear expression (Campbell-Smith et al., 2015).
When infused before context fear extinction into the BLA, OXT and OXT agonists decrease fear
expression (Lahoud and Maroun, 2013; Campbell-Smith et al., 2015), this effect can be blocked
by an OXTR-A infusion (Campbell-Smith et al., 2015). OXT infused into the CeA before
contextual fear conditioning does not affect fear acquisition. However, OXT agonists infusions
impair context fear acquisition, reflected by a decreased contextual fear expression during
extinction (Lahoud and Maroun, 2013). Campbell-Smith et al. also shown an impairment of
contextual fear acquisition by OXT infusion into the CeA (Campbell-Smith et al., 2015). While
no effect was found on contextual fear extinction after OXT infusion before extinction (Lahoud
and Maroun, 2013), another study showed an increased expression of contextual fear after
pre-extinction OXT infusion. This effect could be blocked by OXTR-A, and an OXTR-A infusion
alone abolished the expression of fear during extinction (Campbell-Smith et al., 2015).
Optogenetically stimulated release of OXT within the CeA suppresses the expression of
contextual fear (Viviani et al., 2011; Knobloch et al., 2012). Several hypotheses have been
advanced to explain the multiple effects of OXT in the amygdala, which might vary depending
on the protocol, time and doses used. In the context of SFC, OXT is crucial for social fear
extinction. Lactating female mice, a model of high activity of the OXT system, do not show
social fear (Menon et al., 2018). The possible role of OXT within the CeA in SFC has not yet
been studied. However, an increase in OXTR binding was found in the right CeA after

conditioning. This might imply a role of the OXTR in social fear conditioning or expression. In
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humans, intranasal OXT reduces the activation of the amygdala in response to fear in healthy
people and SAD patients (Kirsch et al., 2005; Petrovic et al., 2008; Labuschagne et al., 2010;
Dodhia et al., 2014).

Decision/ Context Anxiet
Prediction J7 Y

Sensory inputs Nociception

PVT/
PVN
Fear Mativation
regulation/Valence
BLA/ VTA/
ITC < RN
\
Autonomic Action
responses selection
g \Q BF
LC DMV PAG HYP Il OXTR

Figure 3. Connectivity of the CeA. The CeA receives multiple connections from various brain regions
to coordinate an appropriate response face to a threat. BF, Basal forebrain; BLA, Basolateral nucleus
of the amygdala; BNST, Bed nucleus of the stria terminalis; CTX, cortices; DMV, Dorsal motor nucleus;
HIP, Hippocampus; HYP, Hypothalmus; ITC, Intercalated cells of the amygdala; LC, Locus coeruleus;
PAG, Periaqueductal grey, PBN, Parabrachial nucleus; mPFC, medial prefrontal cortex; PVN,
Paravevntriclar nucleus of the hypothalamus; PVT, Paraventricular nucleus of the thalamus, RN,

Raphe nucleus; VTA, Ventral tegmental area. Figure adapted from (Fadok et al., 2018).

5.3.2. Lateral Septum

The septum is divided into two sub-regions, the medial septum (MS) and LS. The septum is

highly connected with the hippocampus, with the MS sending projections to the hippocampus
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and the hippocampus sending back projections to the LS, forming the so-called
septohippocampal formation. The LS is mainly composed of GABAergic neurons and is highly
connected with hypothalamic regions, PAG, amygdala, BNST, and others. The LS receives
mostly glutamatergic inputs but also dopaminergic, serotoninergic, cholinergic, and
adrenergic (Sheehan et al.,, 2004). In humans, the famous “septal rage syndrome” is
characterized by the disinhibition of fear or an overexpression/inappropriate fear reaction. In
rats, lesion studies showed an anxiolytic role of the septum (Brady and Nauta, 1953). cFos
studies revealed the activation of the LS after the presentation of a fear conditioned stimulus
or after infusion of anxiolytic drugs in male rats (Campeau et al., 1997; Singewald et al., 2003).
Using the fear-potentiated-startle and the light-enhances-startle paradigms, measuring fear
and anxiety respectively, the ventral (vLS) and the intermediate parts of the LS were shown
more activated during anxiety than fear exposure (Veening et al., 2009). It is via connections
with structures like the ventral hippocampus and the CeA that the LS can regulate anxiolytic-
like behavior. Thus, in male mice, chemogenetic activation of the ventral hippocampus
projections to the LS decreased anxiolytic-like behavior in several tests like the elevated plus-
maze or the open-field. Conversely, the inhibition of these projections increases anxiety-like
behavior (Parfitt et al., 2017). The LS also seems to modulate the activity of CeA. The electrical
stimulation of the LS inhibited the firing of CeA neurons. In contrast, the electrical stimulation
of the CeA neurons stimulated the activity of the LS neurons, indicating a negative feedback
interaction between the LS and the CeA (Thomas et al., 2012). This indicates that the LS
decreases the activity of the CeA and hence the fear response. However, it is interesting to
note that some lesion studies show an anxiogenic role for the LS. After lesions of the LS, rats
display a lower level of anxiety-like behavior as they explore more the open arms of the
elevated plus-maze and bury less in the shock-probe burying test (Treit and Pesold, 1990;
Menard and Treit, 1996), indicating that the LS could normally be responsible for the anxiety-
like behavior expression. Moreover, the activation of the CRF receptor type 2 in the LS induces
anxiety-like behavior in the immobilization stress and elevated plus-maze (Radulovic et al.,
1999; Henry et al., 2006; Anthony et al., 2014; Lamontagne et al., 2016). These different
effects of the LS on anxiety might be due to the heterogeneity of the region. For example, the
rostral LS expresses mRNA for neurotensin and encephalin while the caudal LS expresses
mMRNA for somatostatin and only the vLS expresses mRNA for estrogen receptors (Risold and

Swanson, 1997). Hence, different subregions are activated by different stimuli (Degroot and
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Treit, 2004; Sheehan et al., 2004). For example, the vLS seems more involved in the freezing
response (Mongeau et al., 2003; Veening et al., 2009). The LS is also involved in other behavior,
like in social behavior like social memory (Lukas et al., 2013b) and aggressive behavior (Potegal
et al., 1981; Borland et al., 2020). In summary, the LS is a complex brain region from the point
of view of the network as well as the behavioral output. Focusing specifically on behavior the
LS was shown to be involved in anxiety, fear, and social behavior which are also regulated by

OXT.

The LS contains OXTR-expressing cells and receives OXT projections, majoritively from the SON
(Menon et al., 2018). OXTRs within the LS were shown to potentiate the induction of fear in
context fear conditioning following social defeat (Guzman et al.,, 2013). Moreover, OXT
infusion within the LS decreases fear expression in contextual fear conditioning after positive
social exposure (Guzmdn et al., 2014). The involvement of the OXT system in the LS in social
fear was studied in our lab using the SFC paradigm. Increased OXTR binding is found in socially
conditioned animals in the dorsal LS (dLS) (Zoicas et al., 2014). While unconditioned animals
have a release of OXT within the LS during social fear extinction, conditioned animals do not
show any release. However, the conditioned mice do not investigate the social stimuli at all
during this microdialysis experiment, raising then the question if social contact induced the
release of OXT during social fear extinction or vice versa. The extinction of social fear is also
facilitated by a local infusion of OXT into the LS (Zoicas et al., 2014). Moreover, lactating
females, a model for enhanced activity of the OXT system, show less fear during social fear
extinction than virgin females, an effect that can be blocked by a septal infusion of OXTR-A
(Menon et al., 2018). However, lactating females possess an up-regulation of the complete
OXT system (increased number of fibers, OXTR binding, etc) due to the long-term adaptation
during the peripartum period. It would be then interesting to evaluate the effect of an
endogenous release of OXT without any change in fibers and receptor expression. For that, an
acute endogenous release of OXT like during mating and ejaculation in males would be a good

model.

6. Studying the OXT system: an endogenous model of OXT release in male

To study the role of oxytocin on fear and anxiety, the use of endogenous models of release of

OXT is particularly relevant as they allow the release of low and physiological concentration
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of OXT, in comparison with a classic pharmacological infusion which is normally well above
the normal physiological level. In females, the peripartum period is characterized by many
changes in the OXT system for a long period. In males, a prominent release of OXT occurs
during mating which is then a brief and acute release of OXT in comparison to the lactating
females. In my thesis, | used mating behavior in male mice to trigger the OXT release. | will
now briefly review mating behavior in rodents in general and with a special focus on it as a

model of endogenous release of OXT.

6.1. Male sexual behavior in mice: from female encounter to ejaculation

During an encounter with a sexually receptive female, male rodents display a series of
behavior leading to mating and ejaculation. Sexual behavior can be described as the
succession of two  different phases:  the  precopulatory/appetitive  and
copulatory/consummatory phases (Figure 3) (Hull and Dominguez, 2007; Veening and Coolen,
2014). During the precopulatory/appetitive phase, the male will follow the female, sniffing the
anogenital region to determine the sexual receptivity. In mice, the male can often be observed
putting his head under the female and lift her to smell, this behavior is the so-called “rooting”.
If the female is receptive, the male will then attempt to mount by pressing his forepaws on
the side of the female’s abdomen and makes rapid and repeated pelvic movements aiming to
penetrate the female. The apparition of mounting behavior is generally considered as the
transition into the copulatory/consummatory phase of sexual behavior. Mounting with
intromissions (=the penis successfully penetrate the vaginal canal of the female) are
recognizable by deeper and slower pelvic thrusts. Genital grooming is common to observe
after each mounting with intromission. This sequence of intromissions and grooming is
generally repeated until ejaculation. Ejaculation is characterized by a contraction of the
muscles at the base of the penis (Beyer et al., 1981); the male is freezing and falling off on the
side for several seconds before separating from the female. The dismount from the female
after ejaculation is normally followed by extensive grooming (Coolen et al., 1996; Burns-cusato
et al., 2004; Hull and Dominguez, 2007). After ejaculation, the male will not mate with the
female for a certain period called post-ejaculatory interval (PEIl), which can last from a few
minutes up to 24h depending on the species. In mice, several parameters like the number of
intromissions before ejaculation, the inter-intromission interval, as well as the PEIl can vary

depending on the strain of mice (Table 1) (Burns-cusato et al., 2004; Hull and Dominguez,
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2007; Liu et al., 2020). The PEIl can be shortened by an encounter with a new female, which is

characteristic for the so-called “Coolidge effect”. After several ejaculations, males reach sexual

satiety, when the sexual behavior is inhibited for several hours to several days even during an

encounter with a new female. In rats, the first ejaculation facilitates the second ejaculation,

as a lower number of intromission is sufficient to trigger ejaculation; thereafter ejaculation

will start to have an inhibitory effect, and longer PEl and more intromissions needed to induce

ejaculation (Jackson and Dewsbury, 1979; Rodriguez-Manzo and Fernandez-Guasti, 1994;

Phillips-Farfan and Fernandez-Guasti, 2009). The mechanisms regulating PEl are different than

the ones regulating sexual satiety (Rodriguez-Manzo et al., 2000b).

Mouse strain

First intromission latency

Number of intromissions

Ejaculation latency

C57BL/6) 46 — 107 sec/ 1,5 min 28 888 — 1258 sec / 14 - 20 min
BALB/c 116 sec/ 2 min 36 1302 - 3645 sec/ 21 — 60 min
CD-1 542,94 sec / 9 min 22 240 - 1824 sec / 4 — 30 min

Table 1. Strain comparison for the average first intromission latency, the number of intromissions before
ejaculation, and the ejaculation latency. The CD-1 mice were used during this thesis (Burns-cusato et al., 2004;

Liu et al., 2020).
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Sexual Phase 1 : 3
satiety Precopulatory or appetitive phase

A

Rooting Anogenital investigation

Phase 2 :
Copulatory or consummatory phase

Post-ejaculatory
interval (PEI)

Mounting with intromission Ejaculation

Figure 4. Description of male sexual behavior. During an encounter with a female, the male starts
investigating the female to determine the appropriate behavior to adopt. This is the pre-copulatory
or appetitive phase (Phase 1). During this phase, the male investigates the female, in particular the
anogenital region (anogenital sniffing). If the female is receptive, the male will attempt to mount the
female. This marks the passage to the copulatory or consummatory phase (Phase 2), characterized
by mounting and intromissions. After several mounts with intromissions, the male will ejaculate. This
is followed by a short period of inhibition of mating behavior during the so-called post-ejaculatory
interval (PEI). Phase 2 will start again and be repeated until sexual exhaustion or satiety.
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6.2.Neuronal circuit of male sexual behavior

The neuronal circuit underlying sexual behavior in rodents was mainly studied in rats,
hamsters, and mice using brain regional lesions or assessment of regional neuronal activity
patterns. Here, | will briefly describe the neuronal circuit involved in the initiation and the

process of mating (Figure 4).

The male sexual behavior circuit can be differentiated in afferent pathways (sensory inputs),

integrating pathways that lead to efferents to result in the initiation of motor outputs.

Afferent pathways. The olfactory information about the social stimulus (female or
male, receptive or non-receptive) processed by the main and accessory olfactory systems are
relayed to the MeA (Kelliher et al., 1999; Baum and Kelliher, 2009; Dhungel et al., 2011;
Kunkhyen et al., 2017). Bilateral radiofrequency lesions of the MeA annihilate mating behavior
in rats (no intromission nor ejaculation) (Kondo, 1992). The MeA also receives indirect
somatosensory information from the genitals (Lehman et al., 1980), via the subparafascicular
nucleus of the thalamus (SPF). The MeA receives then all the sensory inputs necessary during
mating behavior. The MeA is sending projections to the MPOA. A unilateral radiofrequency
lesion of the MeA combined with a contralateral lesion of the MPOA also abolishes sexual
behavior in male rats (no intromission nor ejaculation) (Kondo and Arai, 1995). The BNST is
functionally connected with the MeA and the MPOA (Simerly and Swanson, 1988). Lesions of
the BNST using radiofrequency in rats do not completely block sexual behavior, but only impair
it, as a higher number of mounts with intromissions is needed for ejaculation. Moreover, a
longer interval between intromissions and the PEI can be observed (Emery and Sachs, 1976;
Valcourt and Sachs, 1979). The sensory inputs processed into the MeA are crucial for the
initiation of mating behavior. The BNST plays a minor role in the transmission of this

information to higher integrative regions like the MPOA.

Integrative areas and efferent pathways. The MPOA is the main integrative area for
male sexual behavior, receiving direct chemosensory and genitosensory information from the
MeA and the SPF respectively (Baum and Everitt, 1992). The MPOA sends projections to
several midbrain regions and brain stem nuclei including the hypothalamus and the PAG to
regulate autonomic and motivational states but also somatomotor responses. These

projections are crucial for the initiation of sexual behavior (Brackett and Edwards, 1984;
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Simerly and Swanson, 1988). The inactivation of the MPOA using an infusion of lidocaine
decreases the number of rats displaying mating behavior (mounts, intromissions, and
ejaculation) by 50%. Moreover, the latencies to mount and intromit are strongly increased but
the ejaculation latency remains the same as the control rats (Hurtazo et al., 2008). The
initiation of mating behavior is driven by the MPOA, but not the ejaculation. The hypothalamic
PVN is one of the main nuclei involved in male sexual behavior. The PVN receives input from
the MPOA (Simerly and Swanson, 1988) and indirectly from the genitals (Marson et al., 1993).
Both magnocellular and parvocellular neurons participate in the regulation of mating behavior
by either releasing neuropeptides such as OXT into the bloodstream or via extrahypothalamic
projections, e.g. to the spinal cord. Projections of parvocellular OXT neurons of the PVN reach
the spinal cord, more particularly the thoracolumbar and lumbosacral regions, which
innervate the organs of the male reproductive system (Luiten et al., 1985; Wagner and
Clemens, 1993). The MPOA and the PVN project both to motor output such as the
ventrolateral PAG (Luiten et al., 1985) and the nPGi (Bancila et al., 2002)

Motor output: The PAG forms reciprocal connections with the MPOA (Simerly and
Swanson, 1988) and sends projections to the nPGi, which tonically inhibits the spinal cord and
the mechanisms controlling penis erection (Normandin and Murphy, 2011). It is the major
source of inhibition of genitals reflexes and copulation (Bancila et al., 2002). Bilateral
radiofrequency lesions of the nPGi in male rats induce a global increased mating efficiency
(decreased mounting and intromission frequency, increased probability of ejaculation) (Yells
et al., 1992). The spinal cord, which contains autonomic and somatic nuclei, is the main motor
output for male sexual behavior. Within the spinal cord is located the spinal ejaculation
generator. Ejaculation is then a spinal reflex and is under the tonic inhibition of the brain

(Sachs and Garinello, 1980; Sachs and Bitran, 1990).

Other regions may also participate in the regulation of male sexual behavior. For example,
bilateral radiofrequency lesions of the LS but not of the MS significantly decrease the number
of mounts and intromissions in male rats (Kondo et al., 1990). The LS projects and send
projections to numerous brain regions, including the MPOA and the PVN (Deng et al., 2019).
The process of mating behavior recruits various brain regions, which are involved in the

regulation of other behavior such as anxiety and fear.

30



Introduction

Olfactory
bulbs

Spinal cord

Figure 5. Simplified scheme of the principal brain areas involved in male sexual behavior. In green:
ascending pathways. In orange: Integrative pathways. In red: Outputs. Abbreviation: BNST = bed
nucleus of the stria terminalis ; MeA = medial amygdala ; MPOA = medial preoptic area ; PAG =
periaqueductal grey ; nPGi = nucleus paragigantocellularis of the medulla ; PVN = paraventricular
nucleus of the hypothalamus ; SPF = subparafascicular nucleus of the thalamus.

6.3. Effect of sexual behavior on anxiety and fear

Via the involvement of many neurotransmitters, sexual behavior also influences other
behaviors. The rewarding effect of sexual behavior is already well known (Pfaus et al., 2001;
Paredes, 2009) and has been used to condition rodents. In the conditioned place preference,
the rewarding effect of mating can be used to reinforce or induce a preference for a neutral
stimulus in mice and rats (Tenk et al., 2009; Quintana et al., 2019). For example, males that
develop a conditioned preference for the compartment where they previously mated do not
change their preference when the other chamber is paired with morphine, indicating that
morphine has a similar or lower rewarding value than mating (Camacho et al., 2009).
Moreover, mating, and in particular ejaculation, can affect anxiety- and depression-like
behavior. In a test of defensive burying, ejaculation in male rats was shown to exert an
anxiolytic effect, whereas intromissions without ejaculation did not induce any change in the
burying behavior. This effect was independent of the number of ejaculation (Fernandez-Guasti
et al., 1989). Pharmacology studies in rats showed that this effect was mediated by GABA, as
i.p. application of a GABA antagonist blocked the anxiolytic effect of ejaculation (Fernandez-
Guasti and Saldivar, 1990). The serotonin system might also play a role in the anxiolytic effect
of ejaculation. Indeed, lesion of all serotonin terminals using a selective serotoninergic

neurotoxin administrated i.c.v. abolished the anxiolytic effect of ejaculation in the defensive
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burying paradigm in male rats (Saldivar et al., 1991). The anxiolytic effect of ejaculation seems
to last less than 24h, as no effect was found on anxiety 24h after ejaculation in the defensive
burying paradigm. Regarding the male that reached sexual satiety, an ejaculation, even 24h
after sexual satiety, did not induce anxiolysis anymore in rats (Rodriguez-Manzo et al., 1999).
Ejaculation can also have an anti-depressive-like effect. In rats, males that ejaculated spent
less time immobile in the forced-swim test than rats that showed only intromissions

(Martinez-Mota et al., 2005).

In the context of fear conditioning, rats were exposed to a female or a male conspecific for
24h immediately after fear conditioning. During the fear memory test, rats that were paired
with a female and showed mating behavior had a disrupted contextual fear memory and show
less freezing during the fear extinction, both when tested immediately after mating or 7 days
after mating in comparison to the male rats exposed to another male or kept single-housed.
A systemic or intra-hippocampal (CA1) antagonization of the dopamine (DA) receptor
prevented the disruption of the fear memory. While a systemic infusion of a DA agonist after
acquisition could mimic the effect of female exposure and disrupt the fear memory during the
memory test, the activation of the DA receptors within the CA1 by a selective agonist could
not impair the fear memory. The DA receptors expressed into the CA1 of the hippocampus
were then necessary but not sufficient to disrupt fear memory formation during mating
behavior (Bai et al., 2009). Moreover, mating (without differentiation with or without
ejaculation) shows an anxiolytic effect in the elevated plus-maze or the light/dark box (LDB).
In this study, male rats mated with a receptive female for 30 min before being tested in the
elevated plus-maze and the LDB. Mating rats showed decreased anxiety-like behavior in both
tests. Moreover, this beneficial effect of mating was still observable in the elevated plus-maze
2h and 4h after mating. In this context, mating-induced anxiolysis was impaired by the i.c.v.

administration of an OXTR-A (Waldherr and Neumann, 2007).

6.4.Regulation of male sexual behavior by the PVN and OXT

The PVN was extensively studied in the context of male sexual behavior. Its connections to
several brain regions such as the PAG and the spinal cord but also to the pituitary for hormonal
release into the bloodstream make it a potential integration and modulation center for male
mating behavior (Argiolas and Melis, 2004; Melis and Argiolas, 2011). The activity of the PVN

neurons during mating behavior in male rats was investigated using the expression of the cFos
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protein as a marker of neuronal activation. Within the parvocellular region of the PVN, the
proportion of OXT neurons expressing cFos was increased by 29% after intromissions in
comparison with naive control rats (Witt and Insel, 1994). In rats, electrolytic lesions of the
lateral parvocellular subdivision of the PVN, including the OXT parvocellular neurons, induce
anincrease in the latencies to mount, without altering the number of mounts or intromissions
before ejaculation or the ejaculation latency (Hughes et al., 1987). The OXT parvocellular
neurons of the PVN connect directly or indirectly via the nPGi to the spinal cord which controls
the muscles responsible for penile reflex (Swanson et al., 1980; Wagner and Clemens, 1991;
Marson and Mckenna, 1996; Gerendai et al., 2001; Bancila et al., 2002). Administration of i.c.v.
OXT in male rats induces penile erection (Argiolas et al., 1988; Melis et al., 1988) and shortens
ejaculation latency and the PEI (Arletti et al., 1992). When infused directly into the PVN of rats,
OXT also induces penile erection. This effect of OXT could be reversed by an i.c.v.
administration of an OXTR-A (Melis et al., 1988). OXTR-A alone reduced non-contact erections
(in presence of an inaccessible receptive female) when infused i.c.v. but not into the PVN of
male rats, it also impairs sexual performance (increased intromission and ejaculation latencies
and decreased frequency of mounts, intromissions, and ejaculations) but this could be a

secondary effect of the lack of penile erection (Argiolas et al., 1989).

Another route of OXT to regulate penile erection is likely to be via magnocellular neurons in
the PVN projecting to the pituitary gland, where OXT is released into the bloodstream.
Moreover, the OXT magnocellular neurons of the SON are also activated during intromissions
until ejaculation (Pattij et al., 2005; Caquineau et al., 2006), and this is likely to reflect the high
activity of OXT neurons projecting to the neurohypophysis and increased OXT secretion into
blood. Circulating OXT may be important for penile erection as hypophysectomized rats
presented a reduced penile erection even afteri.c.v. OXT administration (Argiolas et al., 1989).
OXTR are highly expressed on the male reproductive organs and participate in the contraction
of the muscle inducing penile erection and ejaculation (Filippi et al., 2002, 2005). However,
Gupta et al. demonstrated that OXT may act via the vasopressin V1A receptor, and not the

OXTR to induce the contraction of erectile and ejaculatory tissues (Gupta et al., 2008).

In addition to its role in penile erection, OXT is also released during mating behavior.
Experimental evidences suggest that OXT released during mating is involved in the regulation

of male sexual behavior. However, pharmacological experiments showed contradictory
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results. In male rats, an elevated release of OXT could be measured in the PVN during mating
using microdialysis (Waldherr and Neumann, 2007). In male rats, increased OXTR mRNA
expression in the MPOA can be found after 30 min of sexual behavior, independently of sexual
experience. However, male rats with a sexual experience display higher levels of OXTR protein
measured via western-blot (Gil et al., 2013). OXT administration into the MPOA decreases the
latency of ejaculation and decreases the PEl in rats (Gil et al., 2011). Consequently, an infusion
of OXTR-A into the MPOA decreases anogenital sniffing, delays mating behavior, and increases
the ejaculation latency (Gil et al., 2011, 2013). It seems that OXT acts within the MPOA to
facilitate copulation and ejaculation. Within the parvocellular region of the PVN, the number
of neurons expressing cFos increased by 124% after ejaculation, in comparison with naive
controls. The proportion of OXT neurons expressing cFos was increased only in the lateral
parvocellular subdivision of the PVN. In this region, the expression of cFos in OXT neurons
increases by 31% after ejaculation, in comparison with naive controls (Witt and Insel, 1994).
This may imply that OXT afferents to the spinal cord may modulate autonomic regulation of
ejaculation (Ackerman et al., 1997; Clément et al., 2008, 2013). Furthermore, the blockade of
OXTR in the brain and the spinal cord alters ejaculation in anesthetized rats (Clément et al.,
2008), and OXT concentrations considerably increase in CSF after ejaculation (Hughes et al.,
1987). Also, in men, an increase in plasma OXT could be found during sexual intercourse and
ejaculation in men (Carmichael et al., 1987; Murphy et al., 1987; Kriiger et al., 2003; Uckert et
al., 2003).

Moreover, there is a possibility of a reciprocal interaction between mating and the OXT
system. In mice, Jirikowski et al. found alterations of the OXT-immunoreactivity in the PVN
and SON, depending on the duration and the number of mating events (Jirikowski et al., 1991).
They sacrificed mice either after one single ejaculation or after 3 weeks of continuous sexual
behavior and found that one acute ejaculation in naive mice decreases OXT-immunoreactivity

in the PVN and SON, while 3 weeks of sexual behavior increased it (Jirikowski et al., 1991).
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AIMS OF THE PRESENT THESIS

Social fear is a devastating psychopathology with high prevalence. It has been previously
shown in a mouse model of SFC that the neuropeptide OXT is essential for social fear
extinction. States of high activity of the endogenous OXT system, as seen in lactating females,
were found to be accompanied by low levels of social fear. Therefore, in the first major part
of my PhD thesis, | aimed to investigate, how sexual behavior in male mice modulates fear and
anxiety, focusing on the involvement of the neuropeptide OXT by combining behavioral,
microdialysis and pharmacological techniques as well as neuronal activity assessment. In more

detail, | aimed to:

1. Study the effects of mating on social fear conditioning, anxiety-like behavior, social

preference/novelty and cued fear conditioning,

2. Assess cellular activation patterns within selected brain regions such as the PVN and the LS

during the process of social fear extinction and mating and the combination of both,

3. Evaluate the role of OXT in the effect of mating on fear and anxiety using microdialysis and

pharmacological approaches.

Using the SFC model, we previously showed in our lab that OXT within the LS can facilitate the
extinction of social fear (Zoicas et al., 2014; Menon et al., 2018). However, social fear is
without any doubt a complex process, likely involving many other brain areas, such as the
amygdala. Therefore, in the second part of my PhD thesis, | studied the involvement of the
CeA in the process of social fear extinction, focusing on the OXT system using pharmacological

and chemogenetic techniques.
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MATERIALS AND METHODS

1. Animals

Male CD1 mice (8-12 weeks; Charles River, Sulzfeld, Germany) and male OXTR-Cre mice
(courtesy of Dr. Jan Deussing, Max Planck Institute of Psychiatry, Munich, Deutschland) were
used for all mating, social fear conditioning and social preference experiments, while female
CD1 mice were used as a mating partner for the mating experiments. Mice were kept under
the standard laboratory conditions (12/12 h light/dark cycle, lights on at 06:00, 22°C, 60
humidity, food, and water ad libitum). Three days before any experiments, male mice were
single-housed in observation cages (30x24x36cm) unless specified otherwise. All experimental
procedures were performed between 08:00 and 12:00 hrs in accordance with the Guide for
the Care and Use of Laboratory Animals of the Government of Oberpfalz and the guidelines of

the NIH.

The OXTR-CRE mice are a genetically modified line, originating from the CENSAT consortium.
These mice have a CD1 background and express the enzyme Cre recombinase under the OXTR
promotor. The Cre recombinase recognizes Lox sequences and recombines the sequence. This
means that, when a virus expressing a specific gene surrounded by LoxP sites is infused into
the brain, only the cells expressing the Cre-recombinase — the OXTR cells in our case — will be

able to recombine and express the sequence of this gene.

2. Behavioral techniques

2.1. Mating experiments

Males underwent a 30 min-training for mating 48h before the mating experiments with a
sexually experimented but non-primed female. The aim was to familiarize the animals with
the mating procedure and to give them a sexual experience. To avoid any long-term effect of
mating on the future experiments, no ejaculation was achieved during the mating training.
Indeed, the training was stopped if the male achieved a successful mounting (one or more
intromissions). Female mice were primed 38h before the mating experiment with estrogen (13-

estradiol 3-benzoate, 25ug/0.05ml of oil, sub-cutaneous.; Sigma-Aldrich) to increase sexual
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receptivity. 24h after priming, females were trained for mating. The female was introduced
into the cage of a sexually experienced male. Moreover, the estrous cycle of the females was
evaluated by sampling a vaginal smear. After observation under the microscope, the females
in proestrus/estrus were classified as receptive while the females in the metestrus/diestrus
phases were non-receptive. On the day of the experiment, a primed and sexually experienced
female was introduced for 1h in the home cage of the male. The female mice that were
receptive during the mating training and which were in a receptive phase of the estrus cycle

were used in priority.

All mating experiments were video recorded for later analysis. The latencies of the first
intromission and ejaculation, as well as the number of successful mounting (mount of the
female + intromissions), were manually scored. The males were then separated in three
groups: non-mating (NM), control mice that did not undergo the mating protocol, mating
without ejaculation (Ej) and mating with ejaculation (Ej*). After the mating experiment, an

interval of 10 min was given before further behavioral testing.

- 48h - 38h - 24h - 14h Oh
| I | | I
I I I | I
3 Q Q Vaginal Mating
mating training priming mating training smear experiment

Figure 6. Experimental design of the mating experiments. The male mice were trained for mating
48h before the mating experiment. The females were primed 38h before the experiment and trained
for mating 24h before. The estrous cycle of the females was checked 14 h prior experiment.

2.2.Experimental desigh of the behavioral experiments

Social and cued fear conditioning. In order to investigate the effect of mating on social and
cued fear conditioning, male mice were kept single-housed for 2 days in observation cages.
Then, male mice underwent 30 min of mating training with a non-primed and sexually
experienced female, 24h before social (Figure 7A), or cued fear conditioning (Figure 7B). 23h
after the fear acquisition, a receptive female was introduced in the home cage of the male
and left undisturbed for 1h. Control mice were left single-housed for 1h. 10 min after the

removal of the female, the fear extinction took place. The recall was 24h after fear extinction.
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Anxiety-like behavior tests and social preference/novelty test (SPT/SNT). In order to
investigate the effect of mating on anxiety-like behavior and social preference/novelty. Male
mice were kept single-housed for 2 days in observation cages. They then underwent 30 min
of mating training with a non-receptive experienced female. 48h after mating training, a
receptive female was introduced in the home cage of the male and left undisturbed for 1h.
Control mice were left single-housed for 1h. 10 min after the removal of the female, mated

and control mice were subjected to either the SPT/SNT, the LDB, the marbles burying test

(Figure 7C).
A -24h Oh +23h +24h +48h
| | | 10 min | I
I I I I |
mating%raining SFC acquisition 1h Mating SFC Extinction SFC Recall

-24h Oh +23h +24h +48h
| | | 10 min | |
I I | I |
3
mating(training CFC acquisition 1h Mating CFC Extinction CFC Recall
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SPT/SNT

! s
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| | 10 min |
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I
2
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Figure 7 Experimental design of the behavioral experiments. A. Mating before social fear extinction.
B. Mating before cued fear extinction. C. Mating before either anxiety-like behavioral tests or social
preference/novelty test.
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2.3.Social Fear Conditioning paradigm (SFC)

The SFC paradigm was first developed in 2012 in order to model social anxiety disorder in
mice. This paradigm, based on the principles of operant conditioning, induces social
avoidance, and social fear, without affecting anxiety- or depressive-like behaviors in mice

(Toth et al., 2012a).

The SFC protocol was performed on 3 consecutive days as previously described (Toth et al.,
2013; Menon et al., 2018). On day 1, the social fear acquisition was performed in a rectangle-
conditioning chamber (45x22x41cm) with black Perspex walls and electric grid floor (TSE
system GmbH, Bad Hamburg, Germany). The social fear extinction (day 2) and extinction recall
(day 3) took place in the home cage of the test mouse. Each trial was video- recorded for later

analysis.

Social fear acquisition (day 1). Animals were introduced into the conditioning chamber.
After 3 min of habituation, a non-social stimulus (empty wire mesh cage, 7x7x6 cm) was
introduced into the chamber and placed on the lower right corner for 3 min. The non-social
stimulus was then replaced by a social stimulus, a wire mesh cage containing a conspecific of
the same strain, sex, and age. Unconditioned mice (SFC) were allowed to explore this social
stimulus for 3 min before they were returned to their home cage. The conditioned mice (SFC*)
were given an electric foot (0.7mA, pulsed) every time they directly contacted the social
stimulus. The duration of the foot shocks was equivalent to the time that the animals needed
to escape the social stimulus (~1sec.). Mice received on average between 1 and 3 foot shocks,
the inter-shock interval was dependent on when the social contact was made. Mice receiving
7 or more foot-shocks were excluded. Mice were returned in their home cage when no further
social contact was made after 6 min if they previously received only 1 shock, or after 2 min if

they received 2 or more shocks.

Social fear extinction (day 2). In their home cage, mice were exposed to 3 non-social
stimuli (empty wire mesh cage, 7x7x6) for 3 min with 3 min inter-stimulus interval, allowing
to assess non-social fear. They were then exposed to 6 unknown and different social stimuli
(wire mesh cage containing a conspecific) for 3 min each with 3 min inter-stimulus interval to

assess social fear and social fear extinction.
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Social fear extinction recall (day 3). In their home cage, mice were exposed to 6

unknown and different social stimuli for 3 min each with 3 min inter-stimulus interval.

Scoring of the social fear. During the social fear extinction and extinction recall, 5
parameters were manually scored to measure social fear using the JWatcher program (V 1.0,
Macquarie University, and UCLA) (See Table 2). Social fear is reflected by the percentage social

investigation i.e., the more the mice investigate the social stimulus the less they are socially

fearful.

Behavior Definition

Investigation Direct contact with the non-social or social stimulus.

On the cage Standing on the stimuli cage without investigation.

Freezing Passive fear behavior. Complete immobility except the movement
needed to breathe for >1sec.

Burying Active fear behavior. Throwing the bedding towards the stimulus cage to
bury it.

Exploration Any other behavior unrelated to the stimulus (eating, sleeping,
exploration ...)

Table 2. Description of the different behaviors scored during the SFC.

2.4.Cued-Fear Conditioning (CFC)

The CFC procedure was adapted from Toth et al., 2012 (Toth et al., 2012b). The cued fear
experiments were performed on 3 consecutive days in a conditioning box (TSE system GmbH,
Bad Hamburg, Germany) using two different contexts A and B. The context A, which consists
of a transparent Perspex box (29.5x29.5x34.5 cm) with an electric grid floor, was used for the
cued fear acquisition. Before each trial, the box was cleaned with water containing a neutral-
smelling detergent. Context B, which consists of a black Perspex box (29.5x29.5x34.5 cm) with
a smooth black floor, was used for both cued fear extinction and recall. Before each trial, the
box was cleaned with a lemon-smelling detergent. Background noise was constantly present.
Illumination was provided by a white-light (310 Ix) for the context A or yellow light (40 Ix) for
the context B. Auditory stimuli were delivered by a speaker integrated into the ceiling of the

conditioning chamber.
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Cued fear acquisition (day 1). Animals were placed in the conditioning chamber
(context A). After 5 min of habituation, they were subjected to 5 CS-US pairings with a 2 min
inter-stimulus interval. The CS was a 30 sec sound (80 dB, 8 kHz) which was paired for the last
2 sec with the US, a mild electric foot-shock (pulsed, 0.7mA). 5 min after the last CS-US pairing,

the mice were returned to their home cage.

Cued fear extinction (day 2). Animals were placed in the chamber (context B). After 5
min of habituation, the mice were exposed to 20 CS presentations (sound, 30 sec, 80 dB, 8
kHz) with 5 sec inter-stimulus presentation. 5 min after the last CS presentation, the mice were

returned to their home cage.

Cued fear extinction recall (day3). Animals were placed in the chamber (context B).
After 5 min of habituation, the mice were exposed to 2 CS presentations (sound, 30 sec, 80
dB, 8 kHz) with 5 sec inter-stimulus presentation. After the last CS presentation, they were

directly returned to their home cage.

Scoring of the cued fear. Freezing was manually quantified as a measure of fear and
defined as at least 1 sec of complete immobility but respiratory movements using JWatcher
(V 1.0, Macquarie University, and UCLA). During the cued fear extinction, the CS presentations
are shown in 10 blocks, each block representing the mean freezing percentage during two CS

presentations.

2.5.Social Preference test (SPT) and Social Novelty test (SNT)

The apparatus consists of a rectangular three-chambered box divided by transparent Plexiglas
walls with small circular openings allowing access to each chamber. 24h before the test, the
mice were habituated to the three-chambered box. The day before the experiment, the mice
were habituated to the three-chambered test. A mouse was placed into the middle
compartment and was allowed to explore the chambers for 5 min. At the end of the 5min, the
mouse was removed and 2 identical non-social stimuli (empty wire mesh cages) were placed
into the right and left chambers for 5 min. The mouse was then removed and returned to its
home cage. On the day of the experiment, the mouse was placed in the middle compartment
and allowed to explore for 5 min. After the habituation period, the mouse was removed and
a non-social stimulus (empty wire mesh cage) and a social stimulus (wire mesh cage containing
an unfamiliar conspecific) were placed in the two lateral chambers. The test mouse was then
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reintroduced in the middle compartment and allowed to explore all 3 chambers freely for 5
min. After the SPT, the test mouse was again removed and the unsocial stimulus was replaced
by a new social stimulus, following which the test mouse was introduced in the middle
compartment and allowed to explore all 3 chambers freely for 5 min. At the end of the test,
the mouse was returned to its home cage. The apparatus was cleaned with water containing
a very small amount of detergent and dried after each animal. To avoid a place preference
bias, the compartments containing the non-social and the social stimuli were exchanged for
each mouse. Each session was video recorded and the time spent in each compartment was
evaluated with the software Ethovision XT, a video tracking system (Noldus Information
Technology, Wageningen, The Netherlands). The animals that did not enter in all the

compartments within the first 150 sec were excluded from the analysis.

2.6.The light/dark box (LDB)

The LDB is a classic test, which was originally established to test the efficacy of anxiolytic, was
in our case used to evaluate anxiety-like behavior in rodents, using their innate aversion for
brightly lit areas. The LDB constitutes of two compartments, one is enclosed and dark (1/3, O-
11x) and the other one is open and bright (2/3, 300 Ix). During this test, we measure the natural
exploratory behavior of the mice. We measure here the time spent in the light compartment,
as a measure of anxiety-like behavior, and the number of entries in the light compartment and
the locomotion, as measures of exploratory behavior (Hascoét and Bourin, 2009). The mice
were introduced into the light compartment and allow to explore for 10 min before to be
returned in their home cage. The box was cleaned before each animal using water containing
a small amount of lemon-smell detergent. The LDB has been evaluated using the software

Ethovision XT (Noldus Information Technology, Wageningen, The Netherlands).

2.7.The marbles burying test

In opposition to other classical anxiety-like behavioral tests, the marbles burying test is not
based on a negative experience, but on their innate fear of unknown objects. Digging and
burying are two innate behaviors in rodents. In the marbles burying test, mice show both
digging and burying behaviors, these behaviors were shown to be sensitive to anxiolytic drugs
but also antidepressant drugs (Deacon, 2006). The marbles burying test consists of a

transparent box filled with bedding at a depth of 5 cm and 20 marbles (1.5 cm of diameter).
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Animals were introduced in the lower right corner, without any contact with the marbles. They
were left undisturbed for 30 min into the cage. The total of marbles buried was counted at 5,

10, 15, 20 and, 30min. A marble was considered buried when % were non-visible.

3. Pharmacology and stereotactic techniques

3.1.Experimental design of the pharmacological and chemogenetic experiments

Manipulation of the OXT system after or during mating. In order to assess the role of the
OXT release during mating in social fear extinction, male mice underwent surgery for
intracerebroventricular (i.c.v.) or local cannula implantation into the LS and were left for
recovery for 3 or 7 days respectively. Meanwhile, they were handled every day to habituate
them to the i.c.v. or local infusion procedure. As described before, males underwent the
mating training 24h before to be conditioned. 24h later, the males were then infused with
either OXTR-A or a vehicle (Veh) 10 min after (i.c.v.) or before (local) the mating procedure.
As described above, the mice were then subjected to the social fear extinction. The recall took

place 24h after extinction (Figure 8A and B).
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Figure 8. Experimental design of the pharmacological experiments aiming to block the OXTR i.c.v.
after mating (A) or locally within the LS (B) before mating prior to social fear extinction.
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Manipulation of the OXT system during social fear extinction. To assess the involvement of
the OXT system within the CeA during social fear extinction, male mice underwent surgery for
local cannula implantation or virus microinfusion into the CeA and were left for recovery for 7
or 3 weeks respectively. They were handled every day for 7 days before social fear acquisition
to habituate them to the local infusion or intraperitoneal (i.p.) procedure. For the
pharmacological experiments, 24h after the acquisition, the males were infused with either
synthetic OXT or Veh, Carbetocin or Veh, 10 min before social fear extinction (Figure 9A). For
the chemogenetic experiment, 24h after the acquisition, the males received an i.p. injection
of Clozapine N-oxide dihydrochloride 40 min before social fear extinction. The recall took place

24h after extinction (Figure 9B).

OXT or Veh
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B i.p. CNO
administration
-3
weeks Oh +24h +48h
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Figure 9. Experimental design of the manipulation of the OXT system within the CeA using OXT or
carbetocin infusions (A) or chemogenetic (B).
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3.2.Stereotactic guide cannulas and microdialysis probe implantations and

intracerebral infusion

All surgeries have been conducted in semi-sterile conditions. Mice were anesthetized with
Isoflurane (Forene, Abbott GmbH, Wiesbaden, Germany) and received an i.p. injection of an
analgesic (Buprenovet, 300ul/kg, Bayer, Germany) before to be fixed on the stereotaxic frame.
Guide cannulas (i.c.v. 21G unilateral, local 23G bilateral, 8mm, Injecta GmbH, Germany) or
microdialysis probe (unilateral, 2mm, self-made, molecular cut-off 18 kDa) were implanted.
The coordinates of the target regions were determined according to mouse brain atlas by
Paxinos and Watson (A or P, anterior (+) or posterior (-) to Bregma; L or R, left or right to
midline; V, ventral to the surface of skull; Franklin and Paxinos, 2008). To target the ventricle
and the LS, the guide cannulas have been implanted 2 mm above the target region (from
Bregma, i.cv. : AP+0.2 mm, ML+ 1.0 mm, V:+ 1.4 mm; LS: AP+ 0.3 mm, ML+ 0.5mm, V: + 1.6
mm). For the CeA, which is located more ventrally, the guide cannulas have been implanted
2mm above (Experiment 1) or 3 mm above (Experiment 2) the target region (from Bregma, AP
-1.Amm, ML #3.1mm, V -2.9mm or -1.9mm). For the microdialysis experiment, the probe was
implanted directly into the targeted region (CeA: AP -1.5 mm, ML 3.1 mm, V -5.0mm). The
cannulas were fixed to the scalp using two jeweler’s screws and dental cement (Kallocryl,
Speiko-Dr. Speier GmbH, Muenster, Germany). A stylet (26G, 8mm) was inserted into the
guide cannula to avoid any contact with the external environment. After surgery, the mice
received an injection of antibiotics to avoid post-surgical infections (3 mg/30 pl Baytril, Bayer
GmbH, Leverkusen, Germany). The weight of the mice was measured prior and after surgery
until recovery (i.e. gain of weight compared to the weight one day after surgery). Mice which
lost 20% of their weight between the surgery and the day of the experiment were excluded
from the experiment. The mice were handled and the stylet was exchanged every day after
surgery until the first day of experiment. Experiments were conducted either 3 days

(microdialysis and i.c.v.) or 7 days (local infusions) after surgery.

3.3.Intracerebral infusions

All the infusions were performed in awake but slightly restrained animals by a blind
experimenter. The vehicle groups received a sterile Ringer solution (i.c.v.: 2ul, LS/CeA:
0.2ul/side). At the end of the experiments, a blue dye was infused to verify histologically the

correct location of the implantations. The doses and the time of infusion were selected based on
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previous studies in the lab (Zoicas et al., 2014; Menon et al., 2018). For the OXTR agonist
Carbetocin, the doses were selected based on a prior experiment in the lab (unpublished, Dr. Rohit

Menon).

i.c.v. infusion. A stainless steel needle (26G; 10 mm) connected via polyethylene tubing to
a Hamilton syringe (Hamilton Company, Bonaduz, Switzerland) was directly inserted into the
guide cannula. 30 min prior extinction, the animals received the OXTR-A desGly-
NH2,d(CH2)5[Tyr(Me)2,Thr4]OVT (i.c.v.: 2 ug/2 ul, kindly provided by Dr. Maurice Manning,
Toledo, Ohio).

CeA infusion. In a first experiment (Experiment 1), the animals were implanted bilaterally
2 mm above the CeA with guide cannulas (23G, 8mm) and the infusions were made with an
infusion system made of a stainless steel needle (26G; 10mm) connected via a polyethylene
tubing to a Hamilton syringe. However, the behavior of these animals in the SFC paradigm
seemed impaired (See Results Section 2.1.). That is why a second experiment (Experiment 2)
was performed with an implantation of the guide cannulas (21G, 8 mm) 3 mm above the CeA
and an infusion system made of glass fiber (11 mm) connected to a Hamilton syringe via a
polyethylene tubing. This allowed me to minimize the damage into the brain as the guide
cannulas were less penetrating into the tissue and the diameter of the infusion system was
comparatively smaller. For these experiments, mice received either synthetic OXT (Sigma-
Aldrich Chemie GmbH; 0.1ng/0.2ul/side) or Carbetocin (0.5 or 5ng/0.2ul/side) 10 min before

the extinction of the SFC.

LS infusion. Based on the CeA infusion issues, the bilateral infusions into the LS have been
also made using a glass fiber infusion system (10 mm long). The animals were implanted
bilaterally using 23G guide cannulas. The implantations were 2 mm above the target region.
As the LS is a brain structure that is relatively dorsal to the CeA, implanting the cannulas 3 mm
above was not possible because the majority of the cannula would have been outside the
brain, impairing then their stability and increasing the risk that the mice remove the cannulas
while grooming. The animals received an OXTR antagonist (OXTR-A; desGly-
NH2,d(CH2)5[Tyr(Me)2,Thr4]OVT; 20ng/0.2 ul/side) 10 min before mating.
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3.4.Virus microinfusion and chemogenetic experiments

Following a procedure similar to the guide cannulas implantations, a recombinant adeno-
associated virus (AAV) with a hSyn-DIO-hM3D(Gq)-MCherry construct coding for an excitatory Gqg-
DREADD (Designer Receptor Exclusively Activated by a Designer Drug) was infused directly into
the CeA of OXTR-Cre mice (70 nl/side, AP -1.4 mm, ML +3.1 mm, DV -4.9mm). After infusion,
the skin was sutured and the mice were single-housed for 1 week. After recovery, the mice
were group-housed for 2 more weeks, the time necessary for the virus to be expressed in the
targeted cellsi.e., neurons according to the viral construct with the hSyn promoter. Moreover,
this virus possesses 2 loxP sites, meaning that only cells expressing the Cre recombinase will
be able to express the Gg-DREADD in its active form. Thus, only the OXTR-positive neurons
will express the Gg-DREADD. 40 min before social fear extinction, mice received an i.p.
injection of Clozapine N-oxide dihydrochloride (CNO; 3mg/kg; HelloBio, Bristol, United
Kingdom), which is the ligand to activate the Gq-DREADD. The mice were sacrificed at the end
of the experiment and the brains were removed for verification of the virus expression using

the expression of reporter protein mCherry as a proxy for viral expression.

3.5. Microdialysis for measuring OXT release

Intracerebral microdialysis allows monitoring local extracellular concentrations of
neuropeptides, including OXT. This technique is performed in vivo, enabling to measure the
release of OXT in behaving animals. The implanted probe possesses a U-shaped semi-
permeable membrane (molecular cutoff 18 kDa) and is perfused with a Ringer solution. Based
on the principle of passive diffusion, OXT will diffuse from the extracellular medium (higher
concentration) to the probe (lower concentration). The microdialysis probe was implanted
into the right CeA as described above (AP -1.5 mm, ML 3.1 mm, DV -5.0mm). One day after
surgery, the mice were habituated to the weight of the collecting cup. On the next day, the
probes were connected to the microdialysis pump. The microdialysis probes were rinsed for
2h with a sterile Ringer solution (pH 7.4, rate: 3.3ul/min). Then, 2 basal measures were taken
before the introduction of a female into the cage. 3 measurements were made during mating
behavior, followed by 1 basal measurement after the removal of the female. Each dialysate
was collected after 30 min of behavior into 200 pl microfuge tubes containing 10 ul of 0.1M
HCl. The samples were immediately frozen and stored at -20°C before quantification by

radioimmunoassay (sensitivity 0.3 pg/sample, cross-reactivity 0.7%; RIAgnosis, Germany). The
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experiment has been repeated once at the start of the light phase and a second time during
the start of the dark phase to evaluate the effect of the light cycle on the release of OXT during
mating behavior. As no difference was found, the result shown in this thesis included both
light and dark measurements. Later, the animals were sacrificed and the correct implantation

of the probe was verified.

4. Histological and microscopy techniques

4.1.Sacrifice and transcardial perfusion

For histological analysis, the animals were sacrificed with CO2. The brains were removed and

directly frozen in dry ice-cold 2-methylbutane and conserved at -20°C.

For immunostaining analysis, the animal was first deeply anesthetized. Once the state of the
animal is such that it has stopped breathing but the heart is still beating, the thoracic cavity
was delicately open to reveal the heart. A 26G needle connected to the perfusion pump was
introduced into the right ventricle and, after starting the perfusion pump, the left atrium was
opened. The bloodstream was then flushed with a solution of 1X PBS pH 7.4 at a rate of 19
ml/min. Only when the blood has been removed from the bloodstream, the fixation solution
can be perfused (4% Paraformaldehyde, PFA, pH 7.4). This solution allows the fixation of all
cells permanently for further immunostaining to detect and mark specific protein, explaining
the importance of flushing the blood cells. After 2 min of PFA perfusion, the brain was
removed and stored in a 4% PFA solution overnight to insure a complete fixation of the tissue.
The brain was then transferred in a 30% sucrose solution for 48h to remove the water
molecules from the tissue before being flash-frozen with dry ice-cold 2-methylbutane. The

brain was then stored at — 20°C.

4.2. Immunohistochemistry

For the investigation of the activation pattern during social fear extinction and/or mating, the
cFos protein and the phosphorylated state of the kinase Erk (pErk) have been chosen as
markers of cellular activation. cFos is the product of the immediate-early gene fos gene which
is one of the first genes being translated following cell activation. The peak of cFos expression
is approximatively after 90 min (Curran and Morgan, 1995). pErk is immediately measurable

after stimulation (Trainor et al., 2010).
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Neuronal activation during the social fear extinction To reveal the process of social fear
extinction, | used cFos expression as a marker of neuronal activity. Male mice were subjected
to the social fear acquisition, in which a set of the mice was unconditioned while the rest was
conditioned. On the following day, the extinction took place. 6 SFC and 6 SFC* mice were
sacrificed 90 min after exposition to the first social stimulus (551) of the extinction in order to
compare the different cFos expressions into targeted brain regions depending on the
conditioning. 7 SFC* mice were sacrificed 90 min after the exposition to the sixth social
stimulus (SS6) in order to compare the different cFos expressions into targeted brain regions
depending on the social fear extinction. Then, the groups SFC/SS1 and SFC*/SS1 were
compared to each other to assess the conditioning effect on cFos expression at the start of
the extinction procedure, and the groups SFC*/SS1 and SFC*/SS6 were compared to each other

to assess the effect of the extinction process on cFos expression.

After the removal and fixation of the brain, the frozen brains were sliced using a cryo Leica
CM3050S (Leica Microsystems). 30 um-slices were collected in series from the LS, PVN, SON,
and CeA. The slices were stained following different protocols in order to detect the cFos-
positive neurons in the LS, the OXT neurons cFos-positive in the PVN and SON, or the cFos-
positive cells into the CeA. In general, the slices were washed thrice for 10 min in PBS, followed
by a 15 min treatment against the endogenous peroxidase (3% H.0; and 10% Methanol in 1X
PBS - 0,3% Triton). The slices were then washed 3 times for 10 min in 1X PBS — 0,3% Triton
before to be incubated in a blocking solution (5% Normal Goat serum in 1X PBS — 0,3% Triton)
for 1h at room temperature. After blocking, these slices were then incubated with the primary
antibodies diluted in blocking solution for 48h at 4°C (See table 2 for dilution). For the LS and
the PVN/SON slices, an immunofluorescence staining was performed to allow the detection
of several targets on the same slice. The next steps were then all performed in the dark to
preserve the fluorescence. The slices were washed for 3 times 10 min in 1X PBS — 0,3% Triton
to remove the primary antibodies which did not bound before to be incubated with the
secondary antibodies coupled with fluorescent protein diluted in blocking solution for 2h at
room temperature (1:1000, conjugated with a CF dye 488, 561 or 647, Biotum). The slices
were once again washed three times 10 min and mounted on a slide and covered. For the CeA
slices, a chromogenic or DAB immunostaining was performed as only one target needed to be

detected. This method is more stable and easier to conserve than a fluorescence
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immunostaining. After incubation with the primary antibody, the slices were washed 3 times
for 10 min in 1X PBS — 0,3% Triton and incubated with a biotinylated secondary antibody for
2h at room temperature. They were washed then again 3 times for 10 min and were incubated
an ABC solution (ABC kit, PK-4000, Vector Labs) for 1h at room temperature. After 3 times 10-
min washes, they were incubated with a DAB solution containing nickel (DAB kit, SK-4100,
Vectors Labs), the reaction was stopped after approximately 2 min. The slices were washed 6

times for 10 min before being mounted and covered.

Differential neuronal activation during mating and social fear extinction. In order to
understand the effect of ejaculation on social fear extinction and what makes the difference
between a male that mated and one that ejaculated, an experiment aiming to compare the
different patterns of neuronal activation in between mice that mated with or without
ejaculation and their respective social fear extinction has been conducted. 10 CD1 mice were
conditioned with the SFC protocol. 24h later, the mice were allowed to mate with a primed
female. Each mouse that ejaculated was separated from its female partner. At precisely the
same time point another mouse that had not yet ejaculated was also separated from its
mating partner. This protocol allowed me to control for an influence of the duration of the
social contact with the female on social fear extinction and cFos or pErk expression. The
extinction of the social fear was started 1h03min after ejaculation (or after the removal of the
female mating partner). The extinction protocol was stopped after the second social stimulus,
as this is the time point where visible behavioral differences emerge between the mice that
did ejaculate and the other ones. Thus, | chose this time point to assess if the behavioral
differences were reflected in the pErk expression level. The duration of this shortened social
fear extinction was 27 min. After the second social stimulus, the mice were immediately
deeply anesthetized before to be perfused, meaning that the sacrifice and perfusion were
approximately 90 min after mating/ejaculation (peak of cFos expression) and within 10 min
(peak of pErk expression) after the extinction of social fear. After the perfusion, the brains
were stored in a 4% PFA solution pH 7.4 overnight and moved into a 30% sucrose solution for

48h. They were then frozen and conserved at -20°C.

30 um-slices were collected in series from the LS, PVN, SON, and MPOA. The slices were
stained in order to detect the cFos- and pErk-positive neurons as well as OXT neurons. In

general, the slices were washed 3 times for 10 min in PBS, followed by 10 min in 100% ice-cold
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methanol. The slices were then incubated for 20 min in a glycine buffer 0.1M and washed 3
times for 6 min in 1X PBS — 0,3% Triton before to be incubated in a blocking solution (5%
Normal Goat serum in 1X PBS — 0,3% Triton) for 1h at room temperature. After blocking, the
slices were incubated for 64h with the primary antibodies diluted in blocking solution at 4°C
(See table 3 for dilution). The next steps were all performed in the dark to preserve the
fluorescence. The slices were washed for 3 times 10 min in 1X PBS — 0,3% Triton to remove
the unbound primary antibodies before incubation with the secondary antibodies coupled
with a fluorescent protein diluted in 1X PBS —0,3% Triton for 2h at room temperature (1:1000,
conjugated with a CF dye 488, 561 or 647, Biotum). The slices were once again washed 3 times

10 min before to be mounted on a slide and covered.

Primary antibodies Dilution

Rabbit anti-cFos (Abcam) 1:20 000, incubation 48h 4°C

Mouse anti-neurophysin-OXT (p38), kindly | 1:10 000, incubation 48h 4°C
provided Dr. Harold Gainer (NIH, Bethesda)

Rabbit anti-pERK 1:1000, incubation 64h 4°C

Sheep anti-cFos (Abcam) 1:10 000, incubation 64h 4°C

Table 3. List of the primary antibodies used during this thesis.

4.3.Image Analysis and Cell Quantification

Systematic random sampling was used through the different target regions by counting the

cells on both hemispheres of each section in 1:4 series (40 um apart).

Neuronal activation during the SFC extinction. The pictures from the LS and the PVN
were obtained using a Leica SP8 Confocal Laser Scanning Microscope system (Leica
Microsystems). Because of technical issues, a Leica AF6000LX fluorescence microscope
equipped with a Leica DFC7000 GT digital camera (Leica Microsystems; courtesy of Prof. Eugen
Kerkhoff, Department of Neurology, Regensburg, Germany) was used to image the SON. Z-

stack images with a 2.41 um (LS) or 1 um (PVN/SON) step size were collected using a 20x
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objective. For bright-field images, a Leica THUNDER Imager Tissue upright microscope (Leica

Microsystems) was used with 10X objective.

Differential neuronal activation during mating and social fear extinction. The pictures
from the LS, the MPOA and, the PVN were obtained using a Leica THUNDER Imager Tissue

upright microscope, 20x objective (Leica Microsystems).

Cell quantification was performed using the image processing software package, Imagel
(National Institute of Health, USA; (Schneider et al., 2012)). Systematic random sampling was
employed for cFos-positive cell quantifications in the LS, the unbiased Physical Paired
Dissector method (Mayhew, 1992) was performed for unbiased stereological estimation of
the number of each immunopositive cell phenotype. The total number of both OXT neurons
and OXT-positive neurons expressing cFos were counted. All cell numbers are expressed as an

average per section.

For area quantification, the area of interest was outlined manually and its area calculated

using the image processing software ImageJ.

5. Statistical analysis

Statistical analysis was done using IBM SPSS Statistics 25. Data were analyzed by independent
t-tests, paired t-tests, one- and two-way analysis of variance (ANOVA) for repeated measures,
corrected with Greenhouse-Geisser when the sphericity was not assumed and followed by a

Bonferroni posthoc when appropriate or other when specified.
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RESULTS

1. Investigation of the effect of sexual behavior on social fear in male mice: involvement

of the OXT system

1.1.Establishment of the priming and mating experiment

The initial protocol for the mating experiment consisted of priming the females with estrogen
48h prior to the experiment and, on the day of the experiment, allowing the male to mate for
1h with a receptive female. In the case the female was not receptive, it was replaced by
another female. However, | realized that this protocol was not optimal, as approximately 33%
of males were not mating with the females (Figure 10B), as the females were either not in a
receptive phase of the cycle (proestrus/oestrus) or too stressed to mate. After trying several
protocols, | selected the most efficient one (Figure 10A): the males were “trained” for mating
48h before the mating experiment, to avoid any long-term effect of the training on the
experiment. During the male “mating training”, a sexually experienced female was introduced
into the cage of a male for 30 min. 38h prior to the experiment, | primed the female with
estrogen, and 24h after priming, | assessed the estrous cycle of the females by sampling a
vaginal smear, and “trained” them to mate. After observation under the microscope of the
vaginal smear, the females in proestrus/estrus were classified as receptive (R; ~75%) while the
females in the metestrus/diestrus phases were non-receptive (nR; ~25%; Figure 10C). For the
female “mating training”, a test female is introduced into the cage of a sexually experienced
male. However, most females refused to mate during the training, but those who did were
selected as suitable for the next day mating experiments. For both male and female training,
the female was removed from the male cage when a mounting with intromissions was
observed. Then, no ejaculation occurred during the training. The aim of the “mating training”
is to familiarize the animal with the mating procedure and to give them a mating experience.
On the day of the experiment, the females that were receptive when the vaginal smear has
been taken are used in priority. With this protocol, the rate of males that mated during the
experiment raised to ~98% in comparison to ~67% with the old protocol. Accordingly, the rate
of males that did not mate at all decreased to ~2% in comparison to ~33% with the old protocol

(Figure 10B).
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Figure 10. Improvement of the protocol for mating experiments. The protocol for mating
experiments is now composed of 3 steps, the training of the males 48h prior experiment, the
priming of the females 38h prior experiment, and the training of the females (- 24h) plus the

analysis of the vaginal smear (-14h) prior experiment (A). This protocol increased the percentage of

males mating (B) and females in a receptive state (R) vs. in a non-receptive state (nR) (C). Mating =

all mice that mated with or without ejaculation; Ej- = mating without ejaculation; Ej* = mating with
ejaculation.

1.2.Behavioral characterization of the effect of mating on anxiety-like, fear and

social behavior

Mating effect on social fear extinction

To determine whether mating affects social fear extinction, male mice were allowed to mate
for 1 h before being subjected to the social fear extinction. This experiment was performed
in 2 sets. As no significant difference could be found between the preliminary experiment
performed by a previous student and the experiment performed within this thesis, the social
fear extinction and recall results have been pooled and are presented here (Figure 11C and
D). The data presented on the figures 11B and C were only obtained from the repeated
experiment, as no record from the previous experiment could be found (Figure 11A and B).
Mice received an equivalent number of shocks during the social fear acquisition (Figure 11B).
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It is interesting to note that even though the mice have been properly conditioned (as
reflected by the low social contact at the first social stimulus); the mating behavior seems to
be intact (Figure 11C). During social fear extinction, mice showed a similar investigation of the
non-social stimuli. At the presentation of the first social stimulus, all mice showed a low time
of social investigation, reflecting social fear. Over the presentation of the 5 other stimuli, the
level of social investigation increased for all conditioned groups, however, the Ej* mice showed
a higher amount of social investigation over the social fear extinction, indicating that these
mice extinguished social fear faster than the NM and Ej groups (Figure 11D). During the recall,
a difference can still be found between the Ej and Ej* groups, only at the first stimulus (Figure

11E). For detailed statistics, see table 4.
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Figure 11. Ejaculation prior social fear extinction facilitates extinction. (A) Experimental design:
24h after the acquisition, the mice were allowed to mate for 1h before to perform the SFC extinction.
24h later, the SFCrecall was performed. (B) Social fear acquisition and (C) Mating behavior. The mice
did not differ in the number of shocks received during the acquisition, neither in the latency to mate.
During social fear extinction (D), the mice that ejaculated extinguished the social fear faster than
the two other groups. During the recall (E), the mice that did not ejaculate are still fearful at the first
stimulus. SFC* = unconditioned; SFC* = conditioned; NM =non mating; Ej- = mating without
ejaculation; Ej* = mating with ejaculation. Data presented in mean + SEM. ** p<0.01 Ej* vs. Ej  ; ##
p<0.01 Ej* vs. NM.
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Mating

F(2,38)=0.957, p=0.393
Stimuli*mating

F(10,190) = 1.842, p= 0.056

Figure 11 | Test Effect Pair-wise comparisons
B No. of shocks Mating
B One-way ANOVA F(2,1.601)=0.236
C Latency mating T(6.283)=0.304, p=0.771
t-test for equality of
means
D SFC extinction (non- | Stimuli
a social stimuli) F(2,76)=73.890, p=0.0001
Two-way ANOVA | Mating
repeated measures F(2,38)=1182, p=0318
Stimuli*mating
F(4,76)=1.791, p=0.139
D SFC extinction | Stimuli Social Stimulus 1-6
a (social stimuli) F(5,190) = 16.510, p=0.0001 | NM vs. Ej- p=1.000
Two-way ANOVA | Mating NM vs. Ej* p=0.012
repeated measures F(2,38)=7.089, p=0.002 Ej vs. Ej* p=0.005
Stimuli*mating
F(10,190) = 0.865, p=0.567
E Recall Stimuli Social Stimulus 1
B Two-way ANOVA | F(5,190) = 4.393, p=0.001 NM vs. Mating p=0.405
repeated measures

NM vs. Ej* p=0.221
Ej- vs. Ej* p=0.002

Social Stimulus 2-6

p>0.05 for all comparisons

Table 4. Statistic tables for the effect of mating on SFC.

Effect of mating on CFC

As ejaculation had no specific effect on anxiety-like and social behavior, | decided to evaluate

the effect of mating on a non-social fear conditioning paradigm. The mice were allowed to

mate for 1h before the cued fear extinction (Figure 12A). No significant difference could be

found between NM, Ej and Ej*, neither during the acquisition, extinction, and recall (Figure

12B, C, and D). For detailed statistics, see table 5.
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Figure 12. Mating does not affect CFC. (A) Experimental design: the mice were conditioned on day
1. On day 2, the mice were allowed to mate for 1h before to perform the CFC extinction. On day 3,
the mice went through the CFC recall. During the CFC acquisition (B), extinction (C) and recall (D), no
difference was found between the groups. NM =non mating; Ej” = mating without ejaculation; Ej* =
mating with ejaculation. Data presented in mean = SEM. *** p<0.001.

Figure 12 Test Effects
B Acquisition CS Side*Mating
Two-way ANOVA | F(4,88)=32.073, p=0.0001 F(8,88)=0.217, p=0.928
repeated measures Mating
F(2,22)=0.009, p=0.991
C Extinction CS Side*Mating
Two-way ANOVA | F(9,198)=26.819, p=0.0001 F(18,198)=0.659, p=0.686
repeated measures Mating
F(2,22)=0.569, p=0.574
D Recall One-way | F(2,22)=0.928, p=0.410
ANOVA

Table 5. Statistic tables for the effect of mating on CFC.

Mating effect on anxiety-like behavior

To understand this effect of ejaculation on social fear extinction, | decided to investigate the

effect of ejaculation on anxiety-like behavior. | hypothesized that a less anxious animal would

approach the social stimulus much faster than the more anxious one. As mating is known to
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reduce anxiety-like behavior in male rats, | investigated the effect of mating without or with
ejaculation on anxiety-like behavior in mice using two tests: the LDB and the marbles burying
test. | chose these two tests based on the literature. Mating has been shown to have an
anxiolytic effect in the LDB in male rats in our lab (Waldherr and Neumann, 2007). However,
the studies of the group of Ferndndez-Guasti used the defensive probe burying test to
highlight a particular anxiolytic effect in male rats (Ferndndez-Guasti et al., 1989). This test
requires a special apparatus that we don’t have in our lab. However, | tried to recreate this
test in our lab with the available equipment and chose to perform the marbles burying test.
Male mice were then allowed to mate for 1h before they underwent either the LDB or the
marbles burying test (Figure 13A). In the LDB, Ej and Ej* mice showed a reduced anxiety-like
behavior, reflected by a significant increase in the time spent in the light compartment (Figure
13B). No significant difference was found in the number of entries in the light compartment
and the distance moved, indicating that the locomotion of these mice was not changed
following mating (Figure 13C and D). In the marbles burying test, no statistical significance was
found but a trend (p=0.057), indicating that mice which ejaculated might burry less than the
non-mating and mating without ejaculation mice (Figure 13E). For detailed statistics, see table

6.
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Figure 13. Mating has an anxiolytic effect in male mice. (A) Experimental design. Mice were allowed
to mate for 1h before to undergo either the LDB or the marbles burying test. In the LDB, Ej  and Ej*
showed a decrease in anxiety-like behavior (B: time spent in the light compartment), and without
modification of the locomotor behavior (C: number of entries in the light compartment and D:
distance moved in the LDB). In the marbles burying test (E), no statistical difference could be found
but a strong trend (p=0.057) indicating that Ej* mice tended to burry less marbles. NM =non mating;
Ej" = mating without ejaculation; Ej* = mating with ejaculation. Data presented in mean + SEM. ***
p<0.001 Ej vs. NM; ** p<0.01 Ej*vs. NM.
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Figure 13

Test

Effects

Pair-wise comparisons

B

LDB (% of time)
One-way ANOVA

Mating
F(2,28)=8.528, p=0.001

NM vs. Ej p=0.001
NM vs. Ej* p=0.016
Ej vs. Ej*p=0.719

Two-way ANOVA repeated
measures

F(4,27) = 94.444, p=0.0001
Mating

F(2,27) = 3.194, p=0.057
Time*Mating

F(2,27) = 0.337, p=0.717

C LDB (no. of entries) Mating

- One-way ANOVA F(2,28) = 2.256, p=0.124

D LDB (distance moved) | Mating

o One-way ANOVA F(2,28) = 0.459, p= 0.637

E Marbles burying test Time LSD post-hoc test

NM vs. Ej* p=0.026
Ej vs. Ej* p=0.061

Table 6. Statistic tables for the effect of mating on anxiety-like behavior.

Mating effect on social behavior in the SPT and SNT

The social fear extinction possesses also a social component, which might contribute to the

effect of the ejaculation on social fear extinction. Hence, | decided to test the mice in the SPT

and SNT after mating (Figure 14A). The hypothesis was that, after mating, mice might be more

attracted by a social stimulus, which may lead to facilitated social fear extinction in the SFC

paradigm. Mating did not affect social behavior, as evidenced in the SPT (Figure 14C) or SNT

(Figure 14D). During the habituation, all groups spent equivalent time in the left and right

compartment (Figure 14B). In the SPT, all groups showed social preference (Figure 14C) and

all groups were able to recognize the novel social stimulus in the SNT (Figure 14D). For detailed

statistics, see table 7.
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Figure 14. Mating does not modify social behavior in the SPT and SNT. (A) Experimental design.
Mice were allowed to mate for 1h before to be introduced into the three-chambered box for 5 min
habituation, followed by 5 min SPT and 5 min SNT. (B) Habituation. (C) SPT, O=0Object and S=social.
(D) SNT, N=novel and K=known. No difference have been found between NM, Ej-and Ej*in the SPT
(C) or SNT (D). NM =non mating; Ej"= mating without ejaculation; Ej* = mating with ejaculation. Data
presented in mean = SEM. *** p<0.001.

Figure 14 Test Effects
A Habituation Side Side*Mating
Two-way  ANOVA | F(1,25)=0.538, p=0.470 F(2,23)=1.467, p=0.250

repeated measures Mating

F(2,25)=1.653, p=0.212

B SPT Side Side*Mating
B Two-way  ANOVA | F(1,23)=33.776, p=0.0001 F(2,23)=1.081, p=0.356
repeated measures Mating
F(2,23)=0.020, p=0.980
C SNT Side Side*Mating
B Two-way  ANOVA | F(1,25)=22.032, p=0.0001 F(2,25)=0.634, p=0.539

repeated measures Mating
F(2,25)=0.668, p=0.522

Table 7. Statistic tables for the effect of mating on social behavior in the SPT and SNT.
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1.3.Summary of the behavioral experiments

I could find a specific enhancing effect of ejaculation on SFC extinction, with no effect on CFC.
Moreover, | could confirm that mating behavior has an anxiolytic effect in LDB, which was
already founded in rats. However, it seems that the mice that ejaculated bury less than the

other groups. No modification of the social behavior in the SPT nor SNT could be found.

1.4.Neuronal activation pattern during SFC extinction

The neuronal circuitry underlying sexual behavior is quite well known. However, the
mechanisms allowing social fear extinction are still under investigation. As the effect of
ejaculation was specifically observed on social fear extinction, | aimed to reveal the process of
social fear extinction and used cFos expression as a marker of neuronal activity at the start
and the end of the social fear conditioning procedure. With this experiment, | wanted to have
an indication as to which brain regions might be involved in this process. As it is known that
social fear extinction is dependent on the OXT system within the LS (Zoicas et al., 2014; Menon
et al., 2018), | targeted the PVN and SON - where the OXT neurons are located -, the LS and
the CeA — brain region known to be involved in fear acquisition and extinction. The mice went
through the social fear acquisition, during which some were unconditioned (SFC’) and the
others conditioned (SFC*). On the second day, the social fear extinction was performed. In
order to visualize a modification of the cFos expression pattern during extinction, the mice
were sacrificed either after the first social stimulus (SS1, the start of the extinction process),
either after the sixth social stimuli (556, end of the extinction process). In either case, the
sacrifice and perfusion of the animals were 90 min after exposure, the peak of cFos protein
expression. Consequently, | analyzed the effect of the conditioning by comparing the SFC and
SFC* mice at the first stimulus, and the effect of the extinction process by comparing SFC* after
the first or the last stimuli (Figure 15A). During the social fear extinction, the SFC* mice showed
social avoidance at the first stimulus, which is a sign of social fear. On the contrary, SFC mice
showed a high level of social investigation. For the group SFC*/SS6, the mice showed social
fear extinction, as the level of social investigation increased over time. However, two animals
have been excluded from this group, as they did not extinguish the social fear (Figure 15B).
Within the PVN and SON, the percentage of OXT neurons that are expressing the protein cFos
has been counted (Figure 15C). No statistical difference could be found. However, the high

variation in the SFC* groups suggested that a higher number of animals might be necessary to
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find a statistical difference. Within the LS, a differentiation between the ventral and the dorsal
was made, as these two heterogeneous parts of the LS might be regulated by different
processes (Figure 15D). In general, the dorsal LS showed a higher amount of cFos-positive
cells. However, only in the ventral part, the SFC*/SS1 mice presented a lower number of cFos-
positive cells in comparison to the SFC/SS1 mice, indicating that the SFC* mice have reduced
ventral LS activation when compared to the SFC mice. Within the CeA, no difference was
observed between the SFC/SS1 and the SFC*/SS1 mice. However, the SFC*/SS6 showed a
significantly higher number of cFos-positive cells than the SFC*/SS1 mice (Figure 15E). For

detailed statistics, see table 8.
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Figure 15. Activation of different brain regions during social fear extinction. (A) Experimental
design: the mice were conditioned on day 1. On day 2, the mice underwent the social fear extinction
where they were exposed to either one (SS1) or six (SS6) stimuli. 90 min after social exposure, the
mice sacrificed. (B) Social fear extinction. The SFC™ mice show a high level of social investigation,
while the SFC* mice show social avoidance. At the end of the extinction procedure, the mice that
received six stimuli show a high level of investigation, a sign of social fear extinction. (C) Percentage
of OXT neurons expressing the cFos protein within the PVN and the SON. No statistical difference
between the groups could be found. (D) Number of cFos-positive cells within the ventral and dorsal
LS. The dorsal part of the LS presented, in general, a higher number of positive cells. In the ventral
part, the SFC*/SS1 group showed less positive cells than the SFC/SS1 group. (E) In the CeA, the
SFC*/SS6 mice presented a higher number of positive cells than the SFC*/SS1. Data presented in mean
+ SEM. * p<0.05 SFC/SS1 vs. SFC*/SS1. # p=0.05 SFC*/SS1 vs. SFC*/SS6. $S p<0.01 ventral vs. dorsal.
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Figure 15 Test Effects
C cFos within the PVN | Conditioning (SFC™ /SS1vs. Stimuli (SFC* /SS1vs.
- Independent t-test SFC*/SS1) SFC*/SS6)
T(6.925)=2.035, p=0.082 T(-4.9)=-1.711, p=0.149
C cFos within the SON | Conditioning (SFC™ /SS1vs. Stimuli (SFC* /SS1vs.
Independent t-test SFC*/SS1) SFC*/SS6)
T(11)=-0.315, p=0.759 T(4.102)=-1.861, p=0.134
D cFos  within  the | Conditioning (SFC  /SS1vs. Stimuli (SFC* /SS1vs.
- ventral LS SFC*/SS1) SFC*/SS6)
Independent t-test T(11)=-0.854, p=0.411 T(10)=--0.241, p=0.814
D cFos  within  the | Conditioning (SFC" /SS1vs. Stimuli (SFC* /SS1vs.
a dorsal LS SFC*/SS1) SFC*/SS6)
Independent t-test T(11)=-2.248, p=0.046 T(10)=-0.447, p=0.677
D cFos within the LS SFC /SS1 SFC* /SS6
- Paired t-test (ventral vs. | T(5)=-5.896, p=0.002 T(4)=-4.812, p=0.009
dorsal) SFC* /SS1
T(6)=-6.397, p=0.001
E cFos within the CeA | Conditioning (SFC™ /SS1vs. Stimuli (SFC* /SS1vs.
- Independent t-test SFC*/SS1) SFC*/SS6)
T(5.313)=-1.639, p=0.159 T(4.028)=-2.773, p=0.05

Table 8. Statistic tables for the expression of cFos during SFC extinction.

1.5.0OXT release during mating behavior

The previous results indicate that the activity of the LS and CeA is regulated during social fear
extinction. Knowing that OXT plays a key role during social fear extinction (Zoicas et al., 2014;
Menon et al., 2018), | wanted to know if one of these regions is also involved in mating
behavior. More particularly, | wanted to know if OXT is released during mating in one of these
regions. It is already known from the literature that OXT is released within the PVN during
mating (Waldherr and Neumann, 2007), however, this information is still not available for the
LS and the CeA. To obtain this information, | performed a microdialysis experiment, where |
measured the release of OXT during mating. Unfortunately, the dialysates had to be collected
every 30 min to ensure a sufficient quantity for analysis. No differentiation between Ej and Ej*
mice could be done, as ejaculation is an extremely brief moment and cannot be targeted with
this technigue. Before mating, two dialysates have been sampled under basal conditions.
Then, a female was introduce into the cage of the male for 1h in the case of the LS experiment
or 1h30 for the CeA experiment. The mating duration has to be extended for the later
experiment, as the ejaculation latency was longer for this experiment. Two dialysates for the

septum, or three for the amygdala, were collected during mating behavior. After the removal

of the female, another dialysate under basal condition was sampled. The microdialysis within
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the septum was performed by a previous PhD student. The measurement exclusively in the LS
was not possible due to the size of the probe. The sampling was done within the septal area,
including lateral septum and medial septum. The analysis of the microdialysis during mating
revealed that OXT is specifically released during mating in the septum. No release was found
in the male that only had social contact with the female (Figure 16A). For the same reasons,
the sampling within the amygdala included not only the CeA but also a part the dorsal MeA
and the ventral BLA. In the amygdala, OXT was released in both groups, indicating that the
contact with a female also induces the release of OXT in this brain region (Figure 16B). For

detailed statistics, see table 9.
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Figure 16. Mating-induce release of OXT in the septum but not in the amygdala. Release of OXT in
the LS specifically during mating (A). Within the amygdala, the presence of the female induces
release of OXT (B). Data presented in mean £ SEM. Mating = mating with or without ejaculation, NM
=in presence of a female but do not show mating behavior. * p<0.05 Mating vs. NM; # p<0.05 Mating
vs. Non-hits.
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Figure 16 | Test Effects Pairwise comparisons

A Microdialysis  in | Time At 90min:

B the septum F(4,64)=5.802, p=0.0001 Mating vs. NM p=0.074
Two-way ~ ANOVA, | Mating Mating vs. Non-hits p=0.013
repeated measures F(2,16)=5.836, p=0.012

Time*Mating At 120 min:
F(4,64)=3.495, p=0.002 Mating vs. Non-hits p=0.041
Time*Mating

F(4,64)=3.495, p=0.002

Microdialysis  in | Time

the amygdala F(5,65)=9.719, p=0.0001
Two-way ANOVA, | Mating

repeated measures F(1,13)=0.013, p=0.912
Time*Mating
F(5,65)=0.596, p=0.703

o)

Table 9. Statistic tables for the microdialysis within the septum and the amygdala during mating.

1.6.i.c.v. administration of OXTR-A after mating prior social fear extinction

According to the previous results, OXT seems to be a common link between mating behavior
and social fear extinction. Indeed, a central release of OXT occurs during both social fear
extinction and mating behavior, particularly in the LS. Before to perform any local experiment,
| performed an i.c.v. experiment to block the OXT system by infusing a specific OXTR-A. With
this experiment, | aimed to highlight the involvement of the OXT system in a general manner.
After surgery, the mice were kept single-housed until the social fear acquisition. 24h after, the
mice were allowed to mate for 1h. The infusion of Veh or OXTR-A was done 10 min after the
end of the mating procedure. The social fear extinction started 30 min after infusion (Figure
17A). Thei.c.v. infusion of the OXTR-A has to be done after mating since central OXT is needed
for penile erection and mating behavior. Preliminary results of this experiment showed a loss
of the beneficial effect of ejaculation on extinction in Veh animals. In this protocol, the mice
were single-housed for 7 days after surgery in order to get a full recovery. | hypothesized that
this social isolation might be the reason for the loss of the ejaculation effect (Han et al., 2018).
Thus, for this experiment, the mice were single-housed for only 3 days after the surgery.
During the social fear acquisition, all the groups received the same amount of shocks (Figure
17B). No difference was found in the non-social stimuli investigation (Figure 17C). The OXTR-
A groups showed a reduced investigation of the social stimuli, which indicates an impairment

of the social fear extinction. However, no difference was found between the SFC*/Ej /Veh and
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Ej*/Veh. (Figure 17C). It seems then that the loss of the ejaculation effect was not due to the
social isolation but might be due to either the surgery or the infusion procedure. The

extinction recall is under analysis. For detailed statistics, see table 10.
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Figure 17. i.c.v. OXTR-A impairs social fear extinction independently of mating behavior. (A)
Experimental design: 24h after the acquisition, male mice were allowed to mate for 1h. 10 min after
mating, they received either an infusion of Veh or OXTR-A. The extinction took place 30 min after
infusion. 24h later, the recall was performed. (B) SFC acquisition, no difference was found between
the groups. (C) SFC extinction. No difference was found between SFC*/Ej/Veh and SFC*/Ej*/Veh
groups. A main effect of the OXTR-A was found, showing an impairment of the SFC extinction. Data
presented in mean + SEM.
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Figure 17 | Test Effect
B No. of shocks Mating Mating*Treatment
B One-way ANOVA F(1,29)=0.726, p=0.401 F(1,29)=0.042, p=0.839
Treatment
F(1,29)=0.433, p=0.516
C SFC extinction (non- | Stimuli Mating*treatment
- social stimuli) F(2,58)=62.342, p=0.0001 F(2,58)=0.625, p=0.512
Two-way ANOVA | Mating Stimuli*mating
repeated measures F(1,29)=0.469, p=0.499 F(5,145)=0.740, p=0.532
(Only Ef and EJ* groups) Treatment Stimuli*treatment
F(1,29)=3.916, p=0.057 F(5,145)=1.680, p=0.177
Mating*Treatment Stimuli*mating*treatment
F(1,29)=0.127, p=0.724 F(5,145)=0.925, p=0.433
C SFC extinction | Stimuli Mating*treatment
B (social stimuli) F(5,145)=5.491, p=0.002 F(1,20)=0.005, p=0.946
Two-way ANOVA | Mating Stimuli*mating
repeated measures F(1,29)=1.007, p=0.324 F(5,100)=1.230, p=0.303
(Only £ and Ef* groups) Treatment Stimuli*treatment
F(1,29)=7.331, p=0.011 F(5,100)=0.401, p=0.667
Mating*Treatment Stimuli*mating*treatment
F(1,29)=0.151, p=0.701 F(5,100)=1.036, p=0.363
C SFC extinction | Stimuli Stimuli*mating
- (social stimuli) F(5,105)=5.794, p=0.0001 F(10,105)=1.302, p=0.276
Two-way ANOVA | Mating
repeated measures F(2,21)=0.603, p=0.556
(Only Veh groups)

Table 10. Statistic tables for the i.c.v. infusion of OXTR-A after mating prior extinction.

1.7.Septal administration of OXTR-A before mating prior social fear extinction

As i.c.v. OXTR-A was able to impair social fear extinction when administrated after mating in
the same manner in both Ej and Ej* mice, it can be hypothesized that OXT might be involved
in the facilitatory effect of ejaculation on social fear extinction. However, the fact that there
was no difference between SFC*/Ej/Veh and SFC'/Ej*/Veh might negatively influence this
hypothesis. As the main region involved in the effect of OXT in social fear extinction is the LS
and OXT is also released in this region during mating behavior. | then decided to inhibit the
OXT system within the LS during mating before social fear extinction by locally infusing an
OXTR-A. The aim of this experiment was to causally link the OXT release within the LS during
mating with the facilitatory effect of ejaculation on social fear extinction. For this purpose,
guide cannulas were surgically implanted bilaterally above the LS. The mice were kept single-

housed for 7 days after the surgery. As the i.c.v. experiment showed that social isolation was
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not responsible for the loss of the ejaculation effect during social fear extinction, | chose to let
the mice recover from the surgery for a longer period, which is the standard protocol in our
lab and ensures full recovery of the mice. The mice underwent social fear acquisition. 24h
later, the mice received either an infusion of Veh or OXTR-A. 10 min after the infusion, the
mice were allowed to mate for 1h. 10 min after the end of the mating, the social fear extinction
started (Figure 18A). The analysis of the mating behavior showed that the OXTR-A infusion
within the LS does not impair sexual behavior (Figure 18B, C, and D). During social fear
acquisition, the mice received the same amount of shocks (Figure 18E). No difference has been
found during social fear extinction (Figure 18F). As for the i.c.v. experiment, the effect of
ejaculation on social fear extinction is lost in the Veh group. Regarding the effect of OXTR-A,
its infusion into the LS before mating does not impair social fear extinction. The extinction

recall of this experiment is under analysis. For detailed statistics, see table 11.
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Figure 18. OXTR-A infusion within the LS before mating does not impair social fear extinction. (A)
Experimental design: 24h after acquisition, male mice received either an infusion of Veh or OXTR-A
10 before to mate for 1h. 10 min after mating, the SFC extinction started. 24h later, the recall was
performed. (B) Latency to mate, this graph combined the Ej- and Ej* mice. (C) Number of
intromissions, this graph combined the Ej and Ej* mice. (D) Latency to ejaculate, only Ej* mice. (E and
F) No difference was found between the groups. Data presented in mean = SEM.
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Figure 18 | Test Effect
A Latency mating T(23)=0.473, p=0.641
t-test for equality of
means
B No. of intromissions | T(23)=-0.709, p=0.486
t-test for equality of
means
C Latency ejaculation | T(9)=0.907, p=0.388
t-test for equality of
means
D No. of shocks Mating Mating*Treatment
- One-way ANOVA F(1,20)=0.101, p=0.754 F(1,20)=0.231, p=0.533
Treatment
F(1,20)=0.402, p=0.533
E SFC extinction (non- | Stimuli Mating*treatment
B social stimuli) F(2,40)=68.788, p=0.0001 F(1,20)=1.319, p=0.264
Two-way ANOVA | Mating Stimuli*mating
repeated measures F(1,20)=1.976, p=0.175 F(2,40)=2.273, p=0.137
Treatment Stimuli*treatment
F(1,20)=0.007, p=0.934 F(2,40)=0.287, p=0.765
Stimuli*mating*treatment
F(2,40)=0.180, p=0.748
E SFC extinction | Stimuli Mating*treatment
B (social stimuli) F(5,100)=16.455, p=0.0001 F(1,20)=0.005, p=0.946
Two-way ANOVA | Mating Stimuli*mating
repeated measures F(1,20)=0.704, p=0.411 F(5,100)=1.230, p=0.303
Treatment Stimuli*treatment
F(1,20)=0.091, p=0.766 F(5,100)=0.401, p=0.667
Stimuli*mating*treatment
F(5,100)=1.036, p=0.363

Table 11. Statistic tables for the septal infusion of OXTR-A before mating prior extinction.

1.8.Differential neuronal activation during sexual behavior and SFC extinction

As the blockage of the OXTR-A during mating did not lead to any conclusive result during the

social fear extinction, | aimed to understand what is the difference between the mice that

mated without and with ejaculation. | performed an experiment that aims to measure the

expression of the cFos protein, product of the immediate-early gene cfos, during mating and

ejaculation, and the level of pErk, also a marker of neuronal activation, during social fear

extinction in the same animals. Thanks to the comparison of the cFos expression level

between Ej and Ej* mice, | would be able to identify a potential brain region specifically

recruited during ejaculation. Furthermore, the comparison of the pErk expression level
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between Ej and Ej* mice, | would be able to identify a potential brain region differently
recruited during social fear extinction, which might be responsible for the social fear extinction
facilitation induced by ejaculation. For that, animals have been sacrificed immediately after
the second social stimulus of the social fear extinction (90 min after mating), the time point
where the Ej-and the Ej* mice show the greatest difference in the social investigation (Figure
19A and B). | focused on brain regions known to be involved in social fear extinction: the PVN
and the SON (source of OXT neurons) and the LS (Zoicas et al., 2014; Menon et al., 2018). As
our knowledge about the social fear circuit is limited, | decided to also investigate the MPOA,
a brain region known to be involved in mating behavior (for more details see Introduction).

This experiment is currently under analysis.
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Figure 19. Activation of different brain regions during mating and social fear extinction. (A)
Experimental design: the mice were conditioned on day 1. On day 2, the mice were allowed to mate
for 1h before to undergo the social fear extinction where they were exposed to 3 non-social stimuli
and 2 social stimuli. The mice sacrificed immediately after the second social stimulus. (B) Social fear
extinction. Both SFC*/Ej and SFC*/Ej* mice show a social avoidance at the first stimulus. However, at
the second stimulus, SFC*/Ej* mice seem to have a higher social investigation time than the SFC*/Ej
mice.
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1.9.Summary

In summary, | could confirm that mating has an anxiolytic effect in male mice. However, in the
marbles burying test, only ejaculation seems to have a positive effect. Accordingly, ejaculation
also facilitates social fear extinction. In an effort to investigate the process of social fear
extinction, | could highlight a modulation of the activity of the LS and the CeA following either
conditioning or extinction, respectively. Unfortunately, the low number of animals could not
allow me to find statistically significant effects within the PVN or the SON. | found a release of
OXT within the LS specifically during sexual behavior. However, male sexual behavior seems
to not depend on the OXT system within the LS as a local infusion of OXTR-A did not impair it.
To finish, even though OXT may still be involved in the effect of ejaculation in social fear

extinction, it seems that this effect does not depend on the OXTR within the LS.

75



Results

2. Involvement of the OXT system within the CeA in social fear extinction

As previously explained in my major project, | aimed to assess the involvement of specific brain
regions, including the CeA, in the process of social fear extinction. The mice went through the
social fear acquisition, during which some were unconditioned (SFC’) and the others
conditioned (SFC*). On the second day, the extinction was performed. In order to visualize a
modification of the cellular activity pattern during extinction, the mice were sacrificed either
after the first social stimulus (SS1, the start of the extinction process), either after the sixth
social stimuli (556, end of the extinction process). In either case, the sacrifice and perfusion of
the animals were 90 min after exposure, the peak of cFos protein expression. Consequently, |
analyzed the effect of the conditioning by comparing the SFC and SFC* mice at the first
stimulus, and the effect of the extinction process by comparing SFC* after the first or the last
stimuli (Figure 20A). During the social fear extinction, the SFC* mice showed social avoidance
at the first stimulus, which is a sign of social fear. On the contrary, SFC- mice showed a high
level of social investigation. For the group SFC*/SS6, the mice showed social fear extinction, as
the level of social investigation increased over time. However, two animals have been
excluded from this group, as they did not extinguish the social fear (Figure 20B). | found an
increase of the cFos protein expression after social fear extinction in SFC* mice in the CeA. This
change in the expression of cFos in the CeA implies the recruitment of the CeA during social

fear extinction. For detailed statistics, see table 12.
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Figure 20. Activation of the CeA during social fear extinction. (A) Experimental design: the mice
were conditioned on day 1. On day 2, the mice underwent the SFC extinction where they were
exposed to either one (SS1) or six (SS6) stimuli. 90 min after social exposure, the mice sacrificed. (B)
Social fear extinction. The SFC mice show a high level of social investigation, while the SFC* mice
show social avoidance. At the end of the extinction procedure, the mice that received six stimuli
show a high level of investigation, a sign of social fear extinction. (C) In the CeA, the SFC*/SS6 mice
presented a higher number of positive cells than the SFC*/SS1. Data presented in mean = SEM. #
p=0.05 SFC*/SS1 vs. SFC*/SS6.

Figure 20 Test Effects
C cFos within the CeA | Conditioning (SFC™ /SS1vs. Stimuli (SFC* /SS1vs.
Independent t-test SFC*/SS1) SFC*/SS6)
T(5.313)=-1.639, p=0.159 T(4.028)=-2.773, p=0.05

Table 12. Statistic tables for the expression of cFos during social fear extinction.

2.1.Pharmacological manipulation of the OXTR into the CeA

Infusion of synthetic OXT into the CeA

In order to assess the involvement of the OXT system within the CeA on social fear extinction,
| infused synthetic OXT directly into the CeA. A first experiment has been performed
(Experiment 1, Figure 21A, and B) where the guide cannulas have been implanted 2mm above

the CeA. 7 days after surgery, the mice were submitted to the social fear acquisition during
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which they received an equivalent number of shocks (Figure 21A). 24h after the acquisition,
the mice received either Veh or OXT. For this experiment, | used a classic infusion system
composed of a 27G needle connected to a Hamilton syringe via tubing. 10 min after infusion,
the mice underwent the social fear extinction. During the investigation of the non-social
stimuli, an effect of the conditioning could be observed. Indeed, the SFC™ groups investigated
the non-social stimuli significantly more than the SFC* mice. Moreover, during the exposition
to the 6 social stimuli, the analysis of the SFC groups only shows a main effect of the stimuli
and a significant linear within-subjects contrast, indicating that the SFC" mice exhibited
decreased social investigation during the social fear extinction (Figure 14 B). | hypothesized
that this abnormal behavior from the SFC mice might be caused by the surgery. Thus to
circumvent this, in a second experiment (Experiment 2, Figure21 C, D, and E), | modified the
implantation site to 3mm above the CeA and used a different infusion system made of glass
fiber to limit the damage into the brain. During the acquisition, the mice received the same
number of shocks (Figure 21C). 24h after the acquisition, the extinction was performed. An
interaction between the stimuli and the treatment could be found, however, the posthoc
analysis did not reveal any statistically significant differences. During the social stimuli
exposure, the analysis of only the SFC groups showed no statistical difference within the
different stimuli, indicating that the modification of the procedure prevented the disruption
of the behavior. A significant difference could be found when a two-way ANOVA for repeated
measures was run on the 2 first social stimuli, showing that OXT allowed to slightly facilitate
social fear extinction (Figure 21D). During the recall, a treatment effect could still be found
with a statistical significance on the last stimulus within the SFC* which received Veh and OXT,

the Veh group investigating less than the OXT. For detailed statistics, see table 13.
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Figure 21. OXT infusion within the CeA slightly facilitates social fear extinction. (A and B)
Experiment 1: implantation 2mm above the CeA. The mice received the same number of shock during
SFC acquisition (A). However, the behavior of the SFC™ groups was impaired during social fear
extinction (B). (C, D, and E) Experiment 2: implantation 3 mm above the CeA. The mice received the
same number of shock during SFC acquisition (C). During the extinction, the behavior of the SFC™ was
restored. Moreover, the SFC*/OXT mice extinguished faster than the SFC*/Veh mice (D). Extinction
recall (E). Data presented in mean + SEM.
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Figure 21 Tests Effects Pairwise comparisons
A No. of shocks | T(13)=-0.775, p=0.452
B (implantation 2mm
above)
Independent T-test for
equality of means
B SFC extinction (non- | Time
B social stimuli) | F(2,34)=44.279, p=0.0001
(implantation 2mm | Conditioning
above) F(1,17)=13.30, p=0.002
Treatment
Two-way ANOVA repeated | F(1,17)=3.498, p=0.079
’Zf,asu/r_‘fc ditiomin T ¥Troat Time*Conditioning
gn;;nw onditioning*Treatm F(2,34)=5.354, p=0.018
Time*Treatment
F(2,34)=0.875, p=0.400
Time*Conditioning*Treatment
F(2,34)=1.450, p=0.250
B SFC extinction (social | Time
B stimuli)  (implantation | F(5,20)=5.602, p=0.002
2mm above) Treatment
Two-way ANOVA repeated | F(1,4)=0.986, p=0.377
measures Time*Conditioning
Only SFC (Stimuli* Treatment) F(5,20)=0.796, p=0.566
Linear within-subjects contrast
Time(1,4)=49.167,p=0.002
C No. of shocks | T(17)=-0.246, p=0.808
B (implantation 3mm
above)
Independent T-test  for
equality of means
D SFC extinction (non- | Time Stimulus 1
a social stimuli) | F(2,56)=26.309, p=0.0001 SFC Veh vs. OXT
(implantation 3mm | Conditioning p=0.080
above) F(1,28)=1.810, p=0.189
Two-way ANOVA repeated | Treatment p>0.05 for all other
measures - F(1,28)=3.149, p=0.087 pairwise comparisons
(Stimuli*Conditioning*Treatm o e
ent) Time*Conditioning
F(2,56)=1.137, p=0.311
Time*Treatment
F(2,56)=5.017, p=0.022
Time*Conditioning*Treatment
F(2,56)=1.145, p=0.309
D SFC extinction (social | Time
- stimuli)  (implantation | F(5,55)=1.216, p=0.314
3mm above) Treatment

F(1,11)=0.038, p=0.850
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Two-way ANOVA repeated | Time*Treatment
measures F(5,55)=0.071, p=0.996
Only SFC (Stimuli* Treatment)
Linear within-subjects contrast
F(1,11)=0.067,p=0.800
D SFC extinction (social | Time Stimulus 2
a stimuli) (implantation | F(5,85)=17.033, p=0.0001 SFC* Veh vs. OXT
3mm above) Treatment p=0.48
Two-way ANOVA repeated | F(1,17)=2.344, p=0.144
measures. Time*Treatment p>0.05 for all other
Only SFC* (Stimuli* Treatment) F(5,85)=0.509, p=0.678 pairwise comparisons
D SFC extinction (social | Time Stimuli 1
a stimuli) (implantation | F(1,17)=28.152, p=0.0001 SFC* Veh vs. OXT
3mm above) Treatment p=0.098
Two-way ANOVA repeated F(1,17)=5.253, p=0.035
Mmeasures | Time*Treatment Stimulus 2
OnlySFC stimuli /2 (SUmul™ | £(1,17)=1.491, p=0.239 SFC* Veh vs. OXT
reatment)
p=0.048
E SFC recall (implantation | Time Stimuli 6
B 3mm above) F(5,80)=5.579, p=0.0001 SFC* Veh vs. OXT
Two-way ANOVA repeated | Treatment p=0.035
measures F(1,16)=5.371, p=0.034
Only SFC” (Stimuli*Treatment) Time*Treatment p>0.05 for all other
F(5,80)=0.525, p=0.757 pairwise comparisons

Table 13. Statistic tables for the infusion of OXT into the CeA before SFC extinction.

Infusion of the specific OXTR agonist Carbetocin into the CeA

OXT is known to interact with the OXTR but also with the vasopressin receptors. To confirm
that the effect of OXT was mediated via the OXTR, | chose to infuse a selective agonist of the
OXTRi.e., Carbetocin. The doses have been chosen depending on a previous experiment done
in the lab in a different brain region (unpublished, Dr. Rohit Menon). Another appropriate
experiment would have consisted of inhibiting the OXTR or vasopressin receptors before
infusion of OXT and see if the effect of OXT infusion in the CeA shown in the previous
experiment remained. However, based on the issue encountered in the previous experiment
(Experiment 1, Figure 21A, and B), | assumed that a double-infusion within the CeA might
disturb the normal social fear extinction behavior. During the acquisition, the mice received
the same number of shocks (Figure 22A). The SFC group represents the SFC mice that received

either Veh or Carbetocin. These groups have been pooled as no difference was found between
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them. The different groups investigated the 3 non-social stimuli in the same manner. No

difference was found during the investigation of the social stimuli between the SFC* mice

which received either Veh, Carbetocin 0.5ng, or Carbetocin 5ng. No main effect of the stimuli

could be found during the extinction, sign that the mice did not extinguish the social fear

(Figure 22B). During the recall, a stimuli main effect has been found, signifying that the mice

started to extinguish the fear only during the recall. No difference has been found between

the groups (Figure 22C). For detailed statistics, see table 14.
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Figure 22. Carbetocin (Cb) infusion within the CeA does not affect social fear extinction.
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(A) The

mice received the same number of shocks during SFC acquisition. (B and C) SFC extinction and
extinction recall. No effect of Carbetocin was found. Data presented in mean + SEM.

Figure 22 | Test Effects
A No. of shocks Treatment F(2,21)=0.089, p=0.915
One-way ANOVA
B SFC extinction (non-social | Time Time*Conditioning

stimuli)

Two-way ANOVA
measures
(Stimuli*Conditioning *Treatm
ent)

repeated

F(2,52)=13.199, p=0.0001
Conditioning
F(1,26)=0.177, p=0.678
Treatment

F(1,26)=0.960, p=0.396

F(2,52)=2.022, p=0.143
Time*Treatment
F(4,52)=0.917, p=0.461
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B SFC extinction (social | Time Time*Treatment

B stimuli) F(5,105)=2.947, p=0.051 F(10,105)=0.782, p=0.461
Two-way ANOVA repeated | Treatment
measures F(2,21)=0.785, p=0.469
SFC* only (Stimuli* Treatment)

C SFC recall Time Time*Treatment

B Two-way ANOVA repeated | F(5,110)=7.128, p=0.001 F(10,110)=1.775, p=0.139
measures Treatment
SFC* only (Stimuli* Treatment) F(2,21)=0.785, p=0.469

Table 14. Statistic tables for the infusion of Carbetocin into the CeA before social fear extinction.

2.2.Chemogenetic activation of the OXTR neurons into the CeA

As the Carbetocin seemed to not affect social fear when infused into the CeA, | decided to
confirm the involvement of the OXT system within the CeA using chemogenetics. | infused a
virus coding for a Ggq-DREADD into the CeA of OXTR-Cre mice in order to directly activate the
neurons expressing this receptor. The surgery took place 3 weeks before the acquisition. The
mice received the same number of shocks (Figure 23A). Before extinction, the mice received
ani.p. injection of either Veh or CNO. To control that the infusion of CNO alone does not affect
the behavior, a control group that did not express the Gq-DREADD received an i.p. CNO
infusion 40min before extinction (data not shown on the graph for more clarity). No effect of
CNO on social fear extinction could be found. The mice investigated all the non-social stimuli
in the same manner. No treatment effect was found during the investigation of the social
stimuli (Figure 23B). However, after histology, the diffusion of the virus seems to be only partly

into the CeA. Most of the virus seems to be located into the dorsal MeA (Figure 23C).
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Figure 23. Specific activation of OXTR-positive cells within the CeA via a Gqg-DREADD does not affect
social fear extinction. (A) The mice received the same number of shocks during SFC acquisition. (B)
Social fear extinction. No difference was found between SFC*/Gq-DREADD/Veh and SFC*/Gq-
DREADD/CNO. C) Example of the Gg-DREADD expression. Data presented in mean + SEM.
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(Stimuli*Conditioning*Treatm
ent)

Figure 23 | Test Main effects Panrwmg
comparisons
A No. of shocks T(12)=-1.0, p=0.356
Independent t-test for equality
of means
B B/ SFC extinction (non- | Time
B social stimuli) F(2,38)=41.967, p=0.0001
Conditioning
Two-way ANOVA repeated | F(1,19)=1.9, p=0.184
measures Treatment

F(1,19)=1.106, p=0.306
Time*Conditioning
F(2,38)=0.177, p=0.839
Time*Treatment
F(2,38)=0.295, p=0.746
Time*Conditioning*Treatment
F(2,38)=0.204,p=0.816

SFC extinction (social
stimuli)
Two-way ANOVA repeated

measures
(Stimuli*Conditioning *Treatm
ent)

Time

F(5,95)=10.492, p=0.0001
Conditioning
F(1,19)=21.942, p=0.0001
Treatment

F(1,19)=1.708, p=0.207
Time*Conditioning
F(5,95)=4.290, p=0.018
Time*Treatment
F(5,95)=0.060, p=0.952
Time*Conditioning*Treatment
F(5,95)=1.132,p=0.336

Stimulilto 6

SFC vs SFC*
p<0.05

Table 15 Statistic table for Gg-DREADD expression into the CeA before social fear extinction.

2.3.Summary

| could show that an infusion of OXT into the CeA allows a slight facilitation of social fear

extinction. However, | was not able to reproduce this result by infusing a specific OXTR agonist

into the CeA. The result obtained using chemogenetic are inconclusive due to a bad diffusion

of the virus.
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GENERAL DISCUSSION

1. Effect of sexual behavior on social fear in male mice: involvement of the OXT system

In the first part of my PhD thesis, | aimed to investigate, how sexual behavior in male mice
modulates fear and anxiety, focusing on the involvement of the neuropeptide OXT by
combining behavioral, microdialysis, and pharmacological techniques as well as neuronal

activity assessment. In more detail:

1. | was able to show that ejaculation allows the facilitation of social fear extinction. This
cannot be explained by a decrease in anxiety-like behavior or a modulation of natural social

preference behavior.
2. | confirmed the involvement of the LS and the CeA in the process of social fear extinction.

3. | identified the specific release of OXT within the LS during mating behavior. However, |

found that a blockage of the OXTR in the LS during mating doesn’t affect social fear extinction.

1.1.Effect of mating on emotional, social and socio-emotional behavior

Based on the anxiolytic effect of the mating-induced release of OXT within the PVN (Waldherr
and Neumann, 2007), | hypothesized that the central release of OXT during mating would
facilitate socio-emotional behavior, i.e. social fear extinction. Thus, in order to evaluate the
effect of mating on social fear extinction in male mice, | allowed male mice to mate for 1h
before social fear extinction. Contrary to our expectations, mating per se did not affect social
fear extinction. However, the males that ejaculated showed a facilitation to extinguish social
fear. To understand if this effect was specific on social fear extinction, | first evaluated the
effect of mating on cued fear extinction, which is a paradigm measuring the emotional
response of the tested animal. For this purpose, male mice were allowed to mate for 1h before
cued fear extinction. | could not find any effect of mating with or without ejaculation. A
previous study reported that mating after the acquisition of context fear conditioning
decreased freezing behavior during extinction in male rats (Bai et al., 2009). In this study, a
male was paired with a female for 24h after the cued fear acquisition. It was shown that
mating behavior impairs the formation of fear memory by activating the dopamine system
within the hippocampus. Regarding my result in the CFC, mating occurred only before

extinction and thus could not affect fear memory formation. As ejaculation seemed to not
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have any effect on the emotional response in a non-social context that was assessed with CFC,
| then tested the mice after mating for anxiety-like behavior, hypothesizing that if mating
decreases anxiety-like behavior, mated males would be more inclined to extinguish social fear
during the extinction. | found that mating induced anxiolysis in the LDB, as already shown in
male rats (Waldherr and Neumann, 2007). In the marbles burying test, mating without
ejaculation did not induce a decrease in burying behavior, while mating with ejaculation tends
to decrease it, which is related to decreased anxiety-like behavior, even though | could not
found a statistical significance. Increasing the animal numbers in each group might help to
see a clearer effect. Several studies investigated the effect of mating and ejaculation on
anxiety-like behavior. Fernandez-Guasti and collaborators found a clear effect of ejaculation
on anxiety-like behavior in male rats using the conditioned defensive burying test (Fernandez-
Guasti et al., 1989; Fernandez-Guasti and Saldivar, 1990; Rodriguez-Manzo et al., 1999). In
their experiments, mating without ejaculation did not affect anxiety-like behavior. However,
in our lab, mating alone has been shown to have an anxiolytic effect in the LDB and the
elevated-plus-maze in male rats, independently of ejaculation (Waldherr and Neumann,
2007). The anxiolytic effect of mating and/or ejaculation seems to vary depending on certain
conditions, i.e. laboratory conditions, the kind of test used to evaluate the behavior (passive
or active behavior) or the model used. As an important component of the social fear
extinction, | evaluated the social preference and motivation of male mice after mating.
Negative social experiences such as social defeat induce social avoidance (Haller and Bakos,
2002; Huhman, 2006). | hypothesize than a positive social experience might promote social
preference or social approach. | did not find any modification of social preference or social
motivation after mating behavior. Then, mating doesn’t affect the motivation or the approach
towards unknown same-sex conspecifics. The facilitation of the social fear extinction after
ejaculation is then not mediated by a decrease in anxiety-like behavior or an increase social

motivation.

It is also interesting to note that the mice that were conditioned in the social fear paradigm
do not show fear towards the female during mating behavior. Moreover, the mating
procedure does not lead to a social fear extinction. This means that during 1h of mating, the
conditioned males do not extinguish the fear by contact with the female as they show social

fear at the first social stimulus of the extinction. This suggests that the SFC paradigm induces
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a generalized social fear, as mice are fearful of unknown male conspecific, but in a sex-specific
manner as this seems not to be the case for females. In this context, it would be interesting to
evaluate if male mice can be conditioned against a female which possesses inherently a higher

biological valence and vice versa.

1.2.Neuronal activity during social fear extinction

Social fear has been investigated in our lab since the generation of the SFC paradigm in 2012
(Toth et al., 2012a). Consequently, several studies showed that OXT promotes the facilitation
of the social fear extinction, more specifically when it is released into the LS (Zoicas et al.,
2014; Menon et al., 2018). The measurement of OXT release using microdialysis after social
fear conditioning or after extinction revealed a release within the LS only in SFC™ mice but not
in SFC* mice during social fear extinction. However, it is important to note that, in this
experiment, SFC* mice did not extinguish social fear, i.e. they did not have any social contact
during the extinction (Zoicas et al., 2014). Thus, we cannot affirm whether the OXT release is
actually impaired in SFC* mice or if it is the lack of social investigation that impairs OXT release
in SFC* mice while increased social investigation triggers the release of OXT during the
extinction in SFC mice. During social fear extinction, social fear conflicts with social motivation
of the conditioned mice. Indeed, mice that have been conditioned are confronted with a social
conspecific which is linked to a trauma (foot-shock), but which is also highly attractive as mice
are social animals (Preston, 2017). This generates a conflict between avoidance and approach
during social fear extinction. | aimed to understand better the involvement of OXT in the
regulation of this process. For that, | sacrificed the mice at different time points during the
social fear conditioning procedure. These were 90 min after either the first social stimulus
(SFC and SFC* mice) or the last social stimulus (SFC* only) and | measured the expression of
the protein cFos, product of the immediate-early gene cfos and marker of neuronal activity. |
did not find any difference in cFos expression in the OXT neurons of the PVN and SON. This
suggests that there is no impact of conditioning on the expression of cFos in OXT neurons at
the first social fear extinction stimulus (comparison between the SFC/SS1 and the SFC*/SS1).
Regarding the effect of repeated social exposure, also no significant effect could be found
(comparison between the SFC*/SS1 and the SFC*/SS6). However, two mice had to be removed
from the SFC*/SS6 group because they did not extinguish social fear. The number of mice for

this group was consequently too low (n=5) and the variance too high to identify a proper

88



General Discussion

effect. By increasing the n number in each group, | expect then an increased expression of
cFos in the OXT neurons of both PVN and SON after 6 social stimuli in response to social fear
extinction. Two assumptions can be made to interpret the increased OXT neurons expressing
cFos after 6 stimuli. This increase might happen in response to the process of social fear
extinction (either as the process of social fear extinction or as a stress response), or the
increase in cFos-positive OXT neurons might simply reflect the repetition of social contact.
Several studies show the release of OXT and the increased activity of OXT neurons following
stress (Engelmann et al., 1999; Wotjak et al., 2001; Torner et al., 2017) and social exposure
(Hung et al., 2017; Resendez et al., 2020). To interpret this effect, a fourth group containing

SFC mice exposed to 6 social stimuli should be included.

Regarding the LS, | found a decreased neuronal activation in the ventral part at the first social
stimulus in SFC* mice compared to SFC". This indicates that the ventral LS exhibits reduced
activation when the mice have been conditioned. Although an effect could only be confirmed
in the ventral part of the LS, it does not exclude the possibility that this effect might also be
present in the dorsal part, neither the possibility that the SFC*/SS1 and SFC*/SS6 might present
a differential activation, once the group size is increased to reach the correct statistical power.
The LS is known to be involved in the inhibition of fear response (Sheehan et al., 2004). In this
context, high expression of cFos protein has been found in the LS after fear conditioning
(Calandreau et al., 2007; Menon et al., 2018). However, after extinction, the LS presented a
level of cFos protein similar to the control group (Menon et al., 2018). During the social fear
extinction, the LS could participate in the inhibition of the fear expression. Intriguingly, an
increased level of OXTR binding was detected within the dLS after acquisition in the SFC* mice.
This increase reverted to baseline levels after extinction (Zoicas et al.,, 2014). These data
showed a modulation of the OXT system within the dLS induced by social fear. However, the
precise mechanisms by which OXT signaling within the LS regulates social fear extinction are

still not completely understood.

Within the CeA, | found an increase of the cFos protein expression after social fear extinction
in SFC* mice. This change in the expression of cFos in the CeA implies an involvement of the
CeA during social fear extinction. Furthermore, the particular involvement of the OXT system
in social fear extinction and the increase of the OXTR binding in SFC* mice after social fear

acquisition (Zoicas et al., 2014) raises the hypothesis of a specific involvement of OXT within
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the CeA during social fear extinction. This will be further discussed in section 2 of the

discussion.

Altogether, | found an increased cFos expression in the PVN and SON OXTergic neurons as well
as in the CeA after social fear extinction and a decreased cFos expression in the vLS before

social fear extinction. These regions are then differently recruited during social fear extinction.

1.3.0OXT release during mating behavior

From previous studies, OXT is known to promote social fear extinction when released into the
LS (Zoicas et al., 2014; Menon et al., 2018). In order to investigate how ejaculation can affect
social fear extinction, and more precisely, if OXT can be a common factor to both mating and
social fear extinction, | investigated the release of OXT during mating using microdialysis in
different brain regions. Based on the current knowledge of social fear mechanisms and my
previous results, | aimed to target the PVN, the LS, and the CeA. It is known from the literature
that OXT is released within the PVN (Waldherr and Neumann, 2007) and that OXT neurons
within the PVN show an increased cFos expression level during mating (Witt and Insel, 1994).
Regarding the LS, a previous student measured the release of OXT in the LS using microdialysis
in male mice and found an increase of OXT release during mating. The control mice, which
were co-housed with a female but did not mate, did not show any release of OXT. This means
that social contact with a female alone did not drive the release of OXT. This is the first
evidence of a specific release of OXT in the LS during mating. Several studies in rats and
hamsters showed that the LS might facilitate male sexual behavior (Baum et al., 1982; Gogate
et al., 1995; Gulia et al., 2002), however, the involvement of the OXT system within the LS

during mating has not been investigated yet.

In the amygdala, | found a release of OXT in both mated and non-mated mice, indicating that
the presence of the female already induces OXT release. Due to the location and the size of
the microdialysis probe, the OXT release was measured within the CeA but also the dorsal
MeA and the ventral BLA. As OXT release in these regions is known to occur in response to a

social stimulus (Dumais et al., 2016), the results obtained are then not surprising.

| have to mention that | measured here the release of OXT during the complete process of
mating. This means that | could not differentiate the mice that ejaculated from the ones that
did not, due to the sampling requirements. Indeed, a 30 min-sampling ensures a minimum
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amount of ECSF to obtain a reliable measurement of the OXT levels. As the ejaculation is a
very brief event, | was not able to measure the release specifically during this event. Hence,
due to temporal constraints, | have to say that the OXT release in the LS is specific to mating
behavior, but not ejaculation. However, in men, plasma OXT increases during self-stimulation
with a maximum level during orgasm and ejaculation (Ogawa et al., 1980; Carmichael et al.,
1987; Murphy et al., 1987; Kriiger et al., 2003). | hypothesized that the central release of OXT
follows the same pattern as in the plasma, and might rise during mating behavior with a peak
of release during ejaculation. Then, the specific release of OXT during mating in the LS points
in the direction of the mediation of the ejaculation effect on social fear extinction by OXT and

the LS.

1.4.Effects of blockade of OXTR after mating prior social fear extinction

To elucidate if OXT mediates the effect of ejaculation on social fear extinction | conducted a
pharmacological experiment aiming to infuse i.c.v. an OXTR-A after mating and before social
fear extinction. One hypothesis is that the release of OXT during mating might facilitate a
second release of OXT during social fear extinction. Indeed, this phenomenon called “self-
priming” occurs in OXT neurons in the PVN (Ludwig and Leng, 2006). OXT binding to its
receptor on the OXT neurons induces the accumulation of an available secretory pool at the
target cell, potentiating the next release within up to 90 minutes. This process permits to
prepare the system for an anticipated future trigger. Hence, a release of OXT during the
mating behavior could prime the OXT neurons to potentiate for the next stimulus, the social
fear extinction, which takes place 45-75 minutes after ejaculation, thus facilitating the
extinction. Moreover, during mating, male mice ejaculated generally several times before to
reach sexual satiety. The first ejaculation was shown to facilitate the second ejaculation in
male rats by decreasing the number of intromissions needed to reach ejaculation (Rodriguez-
Manzo and Fernandez-Guasti, 1994). The mating protocol that | used if often too short to let
the mice ejaculated a second time. Hence, if | hypothesize that the first ejaculation could
prime the OXT neurons of the PVN to potentiate the next ejaculation, and as the male mice
ejaculated only once during the mating protocol, then the ejaculation-induced priming of the
OXT neurons should still be present during the social fear extinction. Hence, the male that
ejaculated would show a potentiated release of OXT, leading to a facilitation of the extinction.

However, this hypothesis needs to be proven with further experiments. l.c.v. infusion is a
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reliable way to evaluate the general involvement of a system in a particular phenomenon. The
infusion of the OXTR-A had to be done after mating as central OXT is involved in penile
erection (Argiolas et al., 1988, 1989; Melis et al., 1988) which is essential for mating to occur.
| could show that an OXTR-A infusion after mating and prior to the extinction reduced social
investigation during social fear extinction in both Ej and Ej* mice. However, no difference was
found between the groups SFC*/Ej"/Veh and SFC*/Ej*/Veh. It is likely that the experimental
procedure abolished the effect of ejaculation on social fear extinction. This could be an effect
of the surgery, or of the manipulation of the mice to perform the infusion or the infusion itself.
The effect of the i.c.v. OXTR-A on social fear extinction was expected as it is known that an
infusion of OXTR-A, either i.c.v. or local in the LS, impairs extinction (Zoicas et al., 2014; Menon
et al., 2018). However, the fact that the mice ejaculated before did not protect them from the
effect of the OXTR-A. This interpretation, of course, can be contested by the fact that the
positive effect of the ejaculation is now present in the SFC*/Ej/Veh and SFC*/Ej*/Veh groups.
i.c.v. infusion of OXTR-A appears to not be ideal to investigate the effect of mating and
ejaculation on social fear extinction. Hence, a local blockage of the OXTR seems to be a better

option.

1.5.LS administration of OXTR-A after mating prior social fear extinction

Endogenous and applied OXT into the LS was shown to facilitate social fear extinction (Zoicas
etal., 2014; Menon et al., 2018). Moreover, | showed that OXT is released during mating within
the LS. As previously explained, hypothesizing that the central release of OXT follows the same
time course than in the plasma, OXT would be centrally released during mating, with a peak
of release during ejaculation. Considering this, | then hypothesized that OXT release within
the LS might be mediating the facilitatory effect of ejaculation on social fear extinction. To
confirm the involvement of the LS-OXT system activation in the facilitatory effect of
ejaculation on social fear extinction, | conducted an experiment to block the OXTR during
mating within the LS. This time, the local blockage of the OXTR is not expected to interfere
with mating behavior and penile erection. Thus, | infused an OXTR-A directly into the LS before
mating prior social fear extinction. Even though more mice need to be added to this
experiment to achieve the necessary statistical power, the OXTR-A infusion seemed to not
impair the mating behavior. Indeed, neither the latency and number of intromissions and the

latency to ejaculate were modified following the infusion of OXTR-A. OXTRs within the LS are
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then not needed to achieve mating behavior and ejaculation. In line with the i.c.v infusion, no
difference was found between the groups SFC*/Ej/Veh and SFC*/Ej*/Veh mice, which means
that once again the specific effect of ejaculation on extinction was lost. The OXTR-A infusion
during mating behavior did not affect the social fear extinction, neither in the Ej-and Ej* mice.
Thus, although OXT is released during mating in the LS, it seems to not causally influence the
social fear extinction. However, more animals have to be included in this experiment to reach
an acceptable statistical power. Another information that we can acquire from the above-
mentioned results is that pharmacological manipulations are possibly not the most suitable
approach for studying the effect of ejaculation on social fear extinction. Indeed, in both i.c.v.
and local experiments, the facilitation of the extinction which was specific of the Ej* mice was
absent. The hypothesis that the release of OXT during mating might facilitate the second
release of OXT during social fear extinction could not be verified. This result reveals the
importance of studying other systems in the context of social fear and its extinction. Indeed,
it seems that ejaculation induces a specific effect on social fear extinction which is not strictly
dependent on the OXT system within the LS. However, this does not rule out the possibility of
an involvement of the OXT system within another brain region or an involvement of the LS
independently of the OXT system. Even the simultaneous activation of the LS OXT and OXT in
other brain regions or in the periphery may be thinkable to be responsible for the effect of

ejaculation in social fear extinction.

1.6.Differential neuronal activation during sexual behavior and SFC extinction

So far, OXT release within the LS was the only overlap that | could find between mating
behavior and social fear extinction. However, this did not lead to any conclusive result. One of
the major issues is the differentiation of mating and ejaculation on the level of oxytocin
neurotransmission, as a proper distinction during the measurement of the OXT release was
problematic due to the short duration of ejaculation. Then, | aimed to identify a specific region
which is specifically involved in the ejaculation and social fear extinction processes in addition
to the LS, | performed an experiment which aims to measure the expression of the cFos
protein, product of the immediate-early gene cfos during mating and ejaculation, and the level
of pErk, also a marker of neuronal activation, during social fear extinction in the same animals.
For that, animals were sacrificed immediately after the second social stimulus of the social

fear extinction, the time point where the Ej and the Ej* mice show the greatest difference in
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social investigation. The purpose is to assess which regions are recruited by both mating
behavior and social fear extinction, and if there is a difference of cFos and/or pErk expressions
in these regions in between males that mated with or without ejaculation. | focused on brain
regions known to be involved in social fear extinction: the PVN and the SON, as sources of OXT
neurons, and the LS, essential for social fear extinction as the blockage of the OXTRs in the LS
inhibit social fear extinction (Zoicas et al., 2014; Menon et al., 2018). | chose to investigate the
LS even though the previous results were not conclusive because | only assessed the
involvement of this region in the context of the OXT system. As our knowledge about the social
fear circuit is limited, | decided to also investigate some regions known to be involved in
mating behavior, like the MPOA. The MPOA is the main integrative center of mating behavior,
receiving afferent genitosensory information from different regions (for more details, see
Introduction). This experiment is still under analysis. However, in both the LS and the MPOA a
high level of cFos and pErk could be found. Moreover, it seems that cFos and pErk colocalize,
suggesting that similar populations of cells might be activated by mating and social fear
extinction in these brain regions. In the PVN, cFos and pErk could be observed, however, they
seem to not colocalize. cFos and pErk are two different markers of cell activity, the fact that
they are expressed in the same cells does not mean that one induced the expression of the
other. Then, colocalization of cFos and pErk does not mean that the activation of a cell during
mating induced its activation during extinction. The two processes are independent. The main
focus of this experiment is to find a difference between mating with or without ejaculation.
Ejaculation is a spinal reflex, which is described as the emission and expulsion of seminal fluid.
This reflex can occur even following the transection of the spinal cord, indicating that the
supraspinal structures are not essential for ejaculation (McKenna et al., 1991). However, even
though supraspinal regions are not necessary for ejaculation, some brain regions have been
identified to be particularly activated after ejaculation in male rats. Indeed, clusters of cFos-
positive neurons have been found in the posterodorsal MeA, the posteromedial BNST, and
the medial suprafascicular nucleus of the thalamus (Coolen et al., 1996). These brain regions

might then be also investigated in the future.

1.7.Conclusion and future studies

During my PhD thesis, | investigated how mating influences social fear extinction in male mice.

The principal hypothesis was a main involvement of the OXT system in this context. However,
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the outcome of my work seems to point in another direction. Indeed, the blockage of the OXTR
within the LS before mating did not impair social fear extinction. In the context of mating
behavior, OXT might act in synergy with other neurotransmitters in the brain to affect fear

and anxiety-like behavior.

One of the biggest issues is to determine if OXT is released within the LS in response to mating
in a general manner, or if the central release of OXT follow the same pattern than in the plasma
and significantly increases during ejaculation (Ogawa et al., 1980; Carmichael et al., 1987;
Murphy et al., 1987; Kriiger et al., 2003). This could be measured by collecting cerebrospinal
fluid (CSF) via cisterna magna puncture either during mating behavior or immediately after
ejaculation. Even though the spatial resolution is not optimal, the temporal resolution is better
than the microdialysis experiment. After having the confirmation that ejaculation leads to an
increased release of OXT in comparison to mating, the hypothesis of the “self-priming” of the
OXT neurons should be explored. The second issue is the pharmacological experiments, which
seem to impair the facilitation of the extinction induced by ejaculation. Hence, it seems more
appropriate to use a different approach like chemogenetics which is less invasive and stressful
on the day of the experiment (only an i.p. infusion). Moreover, this technique allows a long-
term inhibition of the targeted neurons, which will allow the inhibition of a specific
system/region during the entire mating duration. To determine which region should be
inhibited, the results of the measurement of neuronal activation during mating and social fear
extinction are crucial. These results would give a proper indication of which region is activated
by both stimuli and might then be involved in both mating behavior and social fear extinction.
A good perspective for this project would be then to investigate a possible macrocircuit

involved in the regulation of social fear extinction using chemogenetics.
1.8.0utlook

The possibility that OXT interacts with other neurotransmitters to induce the facilitation of
social fear extinction should not be excluded. Mating behavior is a complex behavior involving
different neurotransmitters like dopamine (DA). DA is released in several brain regions like
the nucleus accumbens, the MPOA, and the PVN during mating behavior (Hull et al., 1995;
Sato et al., 1995; Melis et al., 2003; Succu et al., 2007). Using lesions and pharmacological
studies, DA and its receptors have been shown to facilitate mating behavior, be pro-

ejaculatory and participate in the sexual reward effect (Pfaus and Phillips, 1989; Markowski et
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al., 1994; Dominguez and Hull, 2005; Kitrey et al., 2007; Clément et al., 2008). During mating,
DA stimulates the OXT neurons in the PVN. In response, OXT is then released into the PVN and
the VTA among others, stimulating DA release and OXT release in extra-hypothalamic regions
(e.g. the spinal cord) to induce penile erection and promote ejaculation (Melis et al., 1989;
Melis and Argiolas, 1995, 2011; Hull et al., 2004; Argiolas and Melis, 2005). Mostly known as
a rewarding neurotransmitter, the involvement of DA in aversively motivated behavior was
investigated first in the early 1960s (Posluns, 1962). During fear extinction, DA is released in
the medial prefrontal cortex (Hugues et al., 2007; Lammel et al., 2011). In contextual fear
conditioning, an increase of DA concentrations within the ECSF by blocking the dopamine
transporter or a systemic administration of L-DOPA (precursor of DA) after fear extinction
enhanced fear extinction retention in male mice (Abraham et al., 2012; Haaker et al., 2013).
The mesocorticodopamic system contributes to the evaluation of the threat interpretation
and can shift the anxiety-like behavior towards appetitive behavior when the apparent risk
seems inferior to the possible rewards (e.g. food, water, mating partner). DA-based
treatments were already used in clinical studies. In healthy patients, a protective effect from
fear renewal was found after the administration of L-DOPA after fear extinction (Haaker et al.,
2015). In PTSD-patients, the efficacy of psychotherapy was improved following the
administration of MDMA (drug inducing increased level of DA) (Mithoefer et al., 2011) with
robust fear reductions for up to 74 months (Mithoefer et al., 2013, 2018). A co-action of OXT
and DA in fear/anxiety was shown in the shock-probe burying test. The administration of
raclopride, a D2/3R antagonist, reverses the anxiolytic effect of OXT into the CeA (de la Mora
et al., 2016). A co-action of OXT and DA to facilitate social fear extinction after ejaculation is

then a possibility.

In the context of this project, | showed that successful mating promotes the facilitation of
social fear extinction. Negative social contact, such as the exposition to a fearful conspecific,
enhances the renewal of fear after extinction (Guzman et al.,, 2013; Nowak et al., 2013).
However, social encounters with a positive valence such as an unconditioned conspecific or a
mating partner induce a facilitation of fear extinction in rats and mice (Guzman et al., 2014;
Mikami et al., 2016; Yuan et al., 2018; Ferreira et al., 2019; Gao et al., 2020). Social support
during fear extinction seems to recruit different mechanisms than a solitary extinction (Farias

et al., 2019). Hence, positive relationships or social company before or during cognitive
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behavioral therapy would potentiate the effect of the therapy, particularly when the patient
is engaged in a healthy relationship (Tol et al., 2011; Rapee et al., 2015; Strauss et al., 2017;
Hori et al., 2018; Stone et al., 2019).

2. Involvement of the OXT system into the CeA in social fear extinction

Using the SFC paradigm, our lab has previously shown that OXT within the LS can facilitate the
extinction of social fear (Zoicas et al., 2014; Menon et al., 2018). However, social fear is
without any doubt a complex process, likely involving many other brain areas, such as the
amygdala. Therefore, in the second part of my PhD thesis, | studied the involvement of the
CeA in the process of social fear extinction, focusing on the OXT system using pharmacological

and chemogenetic techniques.

In the first part of my thesis, | assessed the involvement of specific brain regions in the process
of social fear extinction. | found an increase of the cFos protein expression after social fear
extinction in SFC* mice in the CeA. This resembles previous findings obtained after cued fear
conditioning, in which rats that extinguished the fear presented a high level of cFos protein in
the CeA, specifically in the Cel (Knapska and Maren, 2009). This change in the expression of
cFos in the CeA implies an involvement of the CeA during social fear extinction. Furthermore,
the particular involvement of the OXT system in social fear extinction and the increase of the
OXTR binding in SFC* mice after social fear acquisition (Zoicas et al., 2014) raise the hypothesis

of a specific involvement of OXT within the CeA during social fear extinction.

2.1.Effects of OXT infusion into the CeA on social fear

In order to assess the involvement of OXT within the CeA in social fear extinction, | infused
synthetic OXT directly into the CeA before social fear extinction. As expected, | found a slight
facilitation of the social fear extinction after OXT infusion into the CeA. The effects of OXT
within the CeA on cued fear extinction have been investigated in several studies. Within the
CeA, a microcircuit gates the fear behavior expression. The Cel part contains two
subpopulations of GABAergic neurons, the PKC&™ cells and the PKCS* cells, also called Cel®N
and CeL®F respectively. The PKCS are activated when the conditioned stimulus is presented,
which leads to a freezing response. The PKC&* or CeLF cells, also expressing the OXTR, do not
respond to the conditioned stimulus and their activation inhibits the freezing response

(Ciocchi et al., 2010; Haubensak et al., 2010). PKC6* and PKC& neurons are reciprocally
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inhibiting each other. The PKC8* or CeL°f project to the CeM where they tonically inhibit the
neurons projecting to output brain regions like the PAG. Hence, when a conditioned stimulus
is present, PKC&™ cells are activated and inhibit the PKC&* cells. In turn, these disinhibit the
CeM neurons which leads to freezing. The release of OXT induces the excitation of CeA
neurons in brain slices of male mice and lactating rats (Huber et al., 2005; Terenzi and Ingram,
2005; Knobloch et al., 2012). Theoretically, OXT should then excites the PKC&* neurons and,
via the inhibition of the CeM neurons, inhibit the freezing response. These mechanisms have
been previously investigated using pharmacological and optogenetic approaches. The
activation of the OXT system within the CeA leads to an inhibition of the freezing response in
classic Pavlovian fear conditioning (Viviani et al., 2011; Knobloch et al., 2012; Rickenbacher et
al., 2017). In the context of SFC, | saw that the cFos expression is increased in the CeA after
social fear extinction. Moreover, a previous study in our lab showed a higher OXTR binding
within the CeA in SFC* mice after acquisition (Zoicas et al., 2014). My result confirms then an
involvement of the OXT system in social fear extinction. However, the slight facilitation of the
extinction by OXT infusion into the CeA shows that the CeA is probably not the major site of

action of OXT in social fear extinction.

As OXT can also bind to vasopressin receptors, the expression of vasopressin receptors in the
CeM (Huber et al., 2005) raises the possibility that OXT may act through the vasopressin
receptor to affect social fear extinction. A classic way to answer this question is to co-infuse
an OXTR-A or a vasopressin receptor antagonist with OXT. If the effect of OXT is blocked only
by the OXTR-A, then OXT acts via the OXTR. If the effect is blocked or partially blocked by the
vasopressin receptor antagonist, then OXT acts at least partially via the vasopressin receptor.
In the case of the CeA, the difficulties met during the first experiment (Experiment 1) show
the sensitivity of this region to tissue disruptions. Thus, a double-infusion in this region could
harm or disrupt the behavior. Therefore, | decided to infuse the specific agonist of the OXTR
Carbetocin (Passoni et al., 2016). If the OXT effect would be mediated by the OXTR, | was then
expecting a similar effect on social fear extinction using Carbetocin. | could not find any effect
of Carbetocin on social fear extinction. This could mean that OXT does not act through the
OXTR in the CeA to regulate social fear extinction. On top of this, in vitro studies showed that
Carbetocin is a specific agonist of the OXTR only when the OXTR is coupled with a protein Gq
(Passoni et al., 2016). If the OXTR into the CeA is Gi-coupled, then Carbetocin would have
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indeed no effect. However, in my opinion, this explanation seems not plausible because if the
OXTR were coupled with a Gi protein, this would mean the inhibition of the PKC&* cells by
OXT. This would then theoretically lead to an increase of the freezing response, which is in
opposition to the known effects of OXT within the CeA. Furthermore, OXT has been shown to
activate approximately 20% of the CelL neurons (Huber et al., 2005). Carbetocin has been
tested in our lab in the context of SFC. When infused into the LS before social fear extinction,
Carbetocin induced a similar facilitation effect than OXT (unpublished data, Dr. Rohit Menon).
In mice, this agonist was also successfully used when infused into the nucleus accumbens
(Williams et al., 2020). However, a study published shortly after my experiments showed an

inefficiency of Carbetocin in vivo (Moy et al., 2019).

2.2.Chemogenetic activation of the OXTR neurons into the CeA

The infusion of Carbetocin into the CeA did not successfully answer the question of the
involvement of the OXTR in the mediation of the OXT effect. We recently obtained in the lab
a new mouse line, the OXTR-Cre mice. In these mice, the expression of the enzyme Cre
recombinase is driven by the OXTR promoter. Using these mice, | could directly target and
manipulate the neuronal subpopulation expressing the OXTR within the CeA. In this last
experiment, | infused an AAV-hSyn-DIO-hM3D(Gq)-MCherry directly into the CeA, inducing
the expression of a Gg-DREADD specifically on the OXTR-positive neurons of the CeA. 3 weeks
after the virus infusion, | performed the SFC and administrated before extinction CNO, the
dedicated ligand of DREADD, to the mice. Theoretically, this should lead to the activation of
the OXTR neurons. No effect could be found during the extinction, however, the groups need
to be completed. As the effect of OXT on social fear extinction seems to be discrete, it is
possible that a higher number of mice is necessary to generate a clear behavioral effect.
Furthermore, even by infusing the lowest volume possible (i.e., 70nl), the virus diffused in
numerous mice into the dorsal MeA. This has to be taken into consideration in future

interpretations of the results.

2.1.Conclusion and future experiments

| could show a discrete facilitation of OXT on social fear extinction. However, | could not yet
confirm the involvement of the OXTR in the mediation of the OXT effect. The first step would

be to complete the chemogenetic experiment using Gq-DREADD as a method to specifically

99



General Discussion

activate the OXTR-positive neurons within the CeA. Moreover, a neuronal activation study
would be interesting to identify the neuronal subpopulations within the CeL which are
activated by OXT. In this experiment, | would infuse OXT within the CeA and sacrifice the mice
90 min later. | would then stain the CelL for the cFos protein and the PKC& protein. | would

expect an expression of the protein cFos in the PKC&* neurons.
2.2.0utlook

As previously explained, OXT is a potential new target for treating anxiety disorders in
combination with cognitive behavioral therapy. In healthy and SAD patients, it was shown that
OXT can dampen the amygdala response in response to fearful faces (Kirsch et al., 2005; Evans
et al., 2010; Labuschagne et al., 2010). In healthy patients, OXT administrated before the
cognitive behavioral therapy, increased fear expression during fear extinction but, was able to
significantly decrease fear expression during the extinction retrieval (Acheson et al., 2013).
The involvement of CeA-OXT signaling in social fear extinction needs to be further studied.
More importantly, the circuit in which OXT acts to reduce social fear seems to be particularly

relevant from the perspective of a new potential treatment for SAD.
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Neurosciences, University College of Cork, Cork, Ireland.
Supervisors: Dr Y. Nolan and Prof. J. Cryan
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Research subject: Assessment of neurogenesis in the hippocampus of adult Nr2el
(frc/frc) mice
e Quantification of DCX positive-cells
e Learning cell culture techniques (HEK cells, Hippocampal neural progenitor
cells)
e Learning PCR techniques

November 2014 - January 2015 (2 months): Internship at the Research Centre on Animal
Cognition (CRCA), CNRS, Toulouse, France.
Supervisor: Dr BP. Guiard
Research subject: Role of Cx43-mediated astrocytic network on the modulation of the
serotoninergic system
e Electrophysiology in the dorsal raphe nucleus: serotoninergic firing rate in
anesthetized mice
e 8-OHDPAT-induced hypothermia
e Behavioral tests: learning and memory (object recognition) and
depression/anxiety (Novelty suppressed feeding, Tail suspension test, Open-
field, Porsolt’s test, Elevated-Plus Maze)

June 2014 - July 2014 (2 months): Internship at the Research Centre on Animal Cognition
(CRCA), CNRS, Toulouse, France.
Supervisors: Drs BP. Guiard and C. Rampon
Research subject: Impact of diabetes on adult hippocampal neurogenesis in mice
e Immunohistochemistry: evaluation of adult hippocampal neurogenesis from
cell proliferation to neuronal maturation and gliogenesis (BrdU, DCX, NeuN,
GFAP ...) in light and fluorescent microscopy

EDUCATION AND DEGREES

2012 - 2014: Undergraduate studies (BSc) in Cellular Biology and Physiology, University Paul
Sabatier, Toulouse, France
2014 - 2016: Master’s degree (MSc) in Neuroscience, Cognition and Behaviour, University Paul
Sabatier, Toulouse, France
March 2017 - now: PhD at the Department of Behavioral and Molecular Neurobiology,
Universitat Regensburg, Regensburg, Deutschland.

Supervisors: Prof. Dr 1.D. Neumann

Research subject: Role of oxytocin on social fear in male mice

SKILLS

FELASA B
Language:

A French: Native language
A English: certified European level B2 (CLES 2)
A German: level B2
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Curriculum Vitae

CONFERENCES

e ISPNE — Poster presentation, 07.09.17 — 09.09.17 (Zurich, Switzerland)

e The 2" Munich Winter Stress Conference on Stress — Poster presentation, 16.03.19 —
20.03.19 (Garmisch-Partenkirchen, Germany)

e FAPESP-BAYLAT Workshop — Talk and Poster presentation, 01.05.19 —03.05.19
(Munich, Germany)

e German-Israeli Minerva School — Talk, 18.06.19 — 20.06.19 (Regensburg, Germany)

e 48th Meeting of the European Brain and Behaviour Society — Poster presentation,
21.09.19 -24.09.19

e IBNS 2020 - Poster presentation, 03.08.2020 — 07.08.2020 (Online)

PUBLICATIONS

Zemdegs, J., Rainer, Q., Grossmann, C. P., Rousseau-Ralliard, D., Grynberg, A., Ribeiro, E., & Guiard,
B. P. (2018). Anxiolytic- and Antidepressant-Like Effects of Fish Oil-Enriched Diet in Brain-
Derived Neurotrophic Factor Deficient Mice. Frontiers in Neuroscience, 12, 974.

Masis-Calvo, M., Schmidtner, A. K., de Moura Oliveira, V. E., Grossmann, C. P., de Jong, T. R., &
Neumann, I. D. (2018). Animal models of social stress: the dark side of social interactions. Stress,
21(5), 417-432.

REFERENCES

Prof. Inga Neumann: inga.neumann@biologie.uni-regensburg.de, Department of Behavioral
and Molecular Neurosciences; Universitat Regensburg (Regensburg, Germany)

Dr Bruno GUIARD : bruno.guiard@univ-tlse3.fr, MCU, CRCA-UMR CNRS-5169 (Toulouse,
France)

Dr Claire RAMPON: claire.rampon@univ-tlse3.fr, DR2 CNRS, CRCA-UMR CNRS-5169
(Toulouse, France)

Prof. John CRYAN: J.Cryan@ucc.ie, Prof. & Chair, Dept Anatomy & Neuroscience; PI, APC
Microbiome Institute (Cork, Ireland)
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