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Das Ziel dieser Studie war es, das Translokatorprotein (TSPO) 18 kDa in einem psy-
chopathologischen Tiermodell fiir Angst und Depression zu untersuchen, um tiefere Ein-
blicke in die Rolle von TSPO bei psychiatrischen Stérungen und deren potenziellen ther-
apeutischen Angriffspunkte zu gewinnen. TSPO ist ein Kanalprotein, das sich in der
ausseren Mitochondrienmembran befindet und fiir die Neurosteroid-Synthese mit limi-
tierenden Eigenschaften wesentlich ist. Neurosteroide erleichtern die Neurotransmission
am GABA j-Rezeptor und vermitteln dadurch anxiolytische Eigenschaften. Der TSPO-
Ligand Etifoxin wirkt durch verstédrkte Neurosteroidsynthese anxiolytisch. In der vor-
liegenden Studie wurde versucht, weitere Erkenntnisse tiber die Funktionsweise von Eti-
foxin anhand der auf hohes bzw. niedriges Angst-dhnliches Verhalten geziichteter Ratten
zu gewinnen. Die vorliegende Studie bestéatigt die anxiolytische Wirkung von Etifoxin,
deckt aber auch einen Geschlechtsunterschied auf, da Etifoxin nur bei Weibchen mit
hohem Angst-dhnlichen Verhalten anxiolytisch wirkte. Bei den ménnlichen Tieren mit
hohem Angst-dhnlichen Verhalten fithrte Etifoxin nicht zu einer Verringerung des Angst-
ahnlichen Verhaltens. Diese Ergebnisse sind im Hinblick auf die héhere Préavalenz psychi-
atrischer Storungen, insbesondere von Angststorungen, bei Frauen von Bedeutung. Die
Studie erweitert frithere Beobachtungen, wonach die therapeutische Wirkung von Eti-
foxin auf pathologische Zustande mit einem gestorten Neurosteroid-System beschrankt
sein konnte. Weitere geschlechtsspezifische Unterschiede miissen bei der Anwendung von
TSPO berticksichtigt werden. Die Studie bestétigt ausserdem, dass der TSPO-Ligand
Etifoxin in dem Tiermodell der auf hohes bzw. niedriges Angst-dhnliches Verhalten
geziichteter Ratten keine verbessernde Wirkung auf depressives Verhalten hat. In Ubere-
instimmung mit dem aktuellen Stand der Literatur hatte Etifoxin keine Auswirkungen
auf die Stressreaktivitat bei Tieren mit pathologischen Zustdnden. Die Behandlung mit
Etifoxin fithrte jedoch zu einer erhohten Kortikosteronreaktion bei Tieren, die nicht auf
Angst-ahnliches Verhalten selektiert wurden. Die Ergebnisse unterstreichen, wie wichtig
es ist, die Beziehung zwischen TSPO und der Stressreaktion unter pathologischen Be-
dingungen weiter zu untersuchen, insbesondere im Zusammenhang mit Angststérungen.
Dariiber hinaus zeigte die Behandlung mit FEtifoxin eine Verringerung der Oxytocin-
Rezeptorbindung in der zentralen Amygdala von Weibchen mit hohem Angst assoziierten
Verhalten. Dies konnte auf eine verstiarkte Oxytocin-Signalisierung im Gehirn zuriick-
zufiithren sein, bedarf jedoch weiterer Forschung. Bislang gibt es nur wenige Forschungsergeb-
nisse iiber die Beziehung zwischen TSPO und Oxytocin. Wichtig ist, dass diese Ergebnisse
die Bedeutung der Beriicksichtigung neuroendokriner Systeme bei der Entstehung von
Angststorungen unterstreichen. Die vorliegende Arbeit beweist das Potenzial von TSPO
als Ziel fir die Behandlung von Angststorungen und zeigt, wie wichtig es ist, weibliche

Probanden in die Forschung einzubeziehen, insbesondere in neurobiologischen Bereichen.
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Chapter 1

Introduction

1.1 General overview

Anxiety disorders are among the most prevalent psychiatric disorders and ranked as the
sixth most prominent cause of disability worldwide (World-Health-Organization, 2017).
The global prevalence of anxiety disorders and depressions is estimated at around 300
million (World-Health-Organization, 2017). These disorders result in a tremendous per-
sonal burden and affect the economy and health systems with an enormous cost factor
(Gustavsson et al., 2011). In Germany, mental disorders are the third most common
cause of the incapacity of work (DAK-Gesundheit, 2019). In this context, the disability-
adjusted- life years lost (DALY) is an important tool to estimate the disease burden.
DALY considers the number of years lost due to illness, disability, or death. The World-
Health-Organization (2019a) attributes a DALY of 46 years to depression and 28 years to

anxiety disorders.

1.2 Anxiety disorder

1.2.1 Definition

In order to understand anxiety disorders, it is important to distinguish fear and anxi-
ety (Davis et al., 2010). Fear is the emotional reaction to a distinctly real and present

threat, whereas anxiety is the expectation of rather undefined and unpredictable threats.



1.2. Anxiety disorder Introduction

These two sensations have some overlap, yet fear is rather associated with the autonomic
nervous systems response of fight-or-flight, whereas anxiety is expressed through vigilant,
preparatory, and cautious behavior (American-Psychiatric-Association, 2013). Persistent,
maladaptive, and excessive anxiety behavior is considered a pathological form of anxiety.
Typically, the pathological state of anxiety lasts for around six months (Bandelow, 2014).
The focus of apprehension of anxiety is either the stimulus or the circumstances that
activate fear or anxiety (Kogan et al., 2016). This focus can have an external origin, such
as social situations, or an internal origin, such as emotions and feelings. The symptoms
of excessive anxiety include feelings of enormous and enduring fear, somatic reactions like
raised heart rate and sweating, or psychological symptoms like discomfort and restless-
ness. Further, panic attacks and avoidance behavior can be part of some anxiety disorders
(Craske et al., 2017).

The term anxiety disorder stands for various illnesses that differ in the type of anx-
iety trigger, associated reactions, and content of thoughts (see table 1.2.1). These in-
clude separation anxiety disorder, selective mutism, specific phobia, social anxiety disor-
der (SAD), panic disorder, agoraphobia, substance- or medication-induced, and general
anxiety disorder (GAD) (Craske et al., 2017). Obsessive-compulsive disorder (OCD) and
Post-traumatic stress disorder (PTSD) are classified separately in the Diagnostic and

statistical manual of mental disorders 5 (DSM-5).
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Introduction

Table 1.2.1: Classification of anxiety disorder

Anxiety Disorder

Definition

Generalized anxiety disorder

Characterized by excessive and persistent fear in differ-
ent fields. Physical symptoms are restlessness, concen-
tration difficulties, inability to cope with certain situa-
tions, rapid fatigue, and sleep disturbances.

Panic disorder

Experience of recurrent, unexpected, or expected (spe-
cific stimulus) panic attacks, leading to a persistent
worry of further panic attacks. Enormous fear, increas-
ing within minutes and accompanied by physical and
cognitive symptoms, characterizes the panic attack.

Social anxiety disorder (Social
phobia)

Social situations in which the individual is examined are
feared. Such situations can vary from eating or drinking
in public to performing in front of others. Humiliation,
negative evaluation, and rejection are expected.

Agoraphobia

Certain situations like using public transport, being in
enclosed spaces, or a crowd lead to excessive fear. The
individual avoids mentioned situations, as he fears that
help is not accessible.

Specific phobia

Individuals are anxious and fearful about a specific stim-
ulus or situation. An almost immediate anxious reaction
follows the stimulus, accompanied by avoidance of the
stimulus. The phobia-inducing stimulus can be an an-
imal, a natural environment, a doctor consultation, or
other situations.

Separation anxiety disorder

Excessive fear of losing attached figures or homes, with
massive distress and worries when separated from these
reference points.

Selective mutism

Failure to speak in specific situations, e.g., school,
wherein other conditions, no problems with speech oc-
cur. The inability to talk in special situations leads to
a disadvantage in the academic and social sense.

Substance/medication-
induced anxiety disorder

Symptoms of anxiety disorder occur due to substance
intoxication or another medical condition.

Note. Definition and diagnosis of anxiety disorders adapted from the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5) (American-Psychiatric-Association, 2013).

11
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1.2.2  Epidemiology

According to the World Mental Health Survey (Kessler et al., 2005), and in line with
other community surveys (Wittchen & Jacobi, 2005; Alonso et al., 2007), almost one
in four people have or previously suffered from an anxiety disorder in the past. The
estimated lifetime prevalence of anxiety disorders varies between 10% and 15%. Most
anxiety disorders start early in life, with an incidence increase during childhood and
adolescence, followed by a decrease in older age groups. Jacobi et al. (2014) show that
the prevalence of SAD, GAD, and specific phobia peak in the 18-34 year group, whereas
the prevalence for panic disorder was highest in the 35-49 year group. The episode of
anxiety disorders appears to be persistent throughout its lifetime, yet the duration of the

disease is around an average of 11 years (Kessler et al., 2005).

1.2.3 Pathophysiology and risk factors

The pathogenesis of anxiety disorders is a complex combination of genetic, environmental,
and metabolic factors. Due to the variety and heterogeneity of anxiety disorders, the
complete mechanism is not comprehended. So far, researchers have agreed on some general
aspects of the development of anxiety disorders. Genetics and environment are essential
for the emergence of anxiety disorders. Risk factors for developing anxiety disorders are
family history and a female gender (Bangasser & Cuarenta, 2021; Craske et al., 2017).
Additionally, the genetic risk for anxiety disorders is approximately 35-50 % (Shimada-
Sugimoto et al., 2015). Several candidate genes for anxiety-related traits are identified
(Gottschalk & Domschke, 2017). Further, a strong interaction of genes and environmental
factors is suggested (Bartlett et al., 2017). An example is the interaction of separation
life events with variations in the 5-HTTLPR serotonin transporter gene, connected with
an increased risk for panic disorder (Choe et al., 2013). Family studies show that several
life events, such as sexual violence, abuse, or traumatic injuries, increase the risk for
anxiety disorders (Strohle et al., 2018). Particularly early-life stress is associated with
the development of anxiety disorder (Hunter & McEwen, 2013). Concurrent with these

findings, partnership and higher socioeconomic status reduce the prevalence of anxiety
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disorders (Jacobi et al., 2014).

1.2.3.1 DBrain regions

Brain regions that play a role in the development of anxiety disorders include the amyg-
dala, hippocampus, prefrontal cortex, anterior cingulate cortex, insular cortex, and stria
terminalis of the brain stem (Craske et al., 2017). Brain network dysfunction is associated
with developing anxiety disorders (Briihl et al., 2014; Lai, 2020). The amygdala is the
center point of the neuronal circuitry in response to an immediate threat (LeDoux & Pine,
2016). In fear-conditioned animals, lesions in the amygdala obliterate anxiety-related be-
havior (Blanchard & Blanchard, 1972). Healthy humans respond with the activation of
the amygdala to the presentation of a threat (Dolan & Vuilleumier, 2003; Phelps, 2005).
Furthermore, Phelps (2005) and Adolphs (2008) show that people with a damaged amyg-

dala do not respond adequately to a threat.

Anterior

cingulate .
cortex )
Ventromedial—= 70— = N
prefrontal Amygdala
cortex

;_.,g }Insular cortex

. PEE——
Hippocampus ——0 ‘

Figure 1.2.1: Amygdala-driven anxiety-circuit: the amygdala is bidirectionally connected and con-
trolled with the anterior cingulate cortex and the ventromedial cortex. In addition, functional inter-
action between these regions and the hippocampus is shown (Craske et al., 2017; Milad & Quirk,
2012).

The prefrontal cortex, ventrolateral prefrontal cortex, and the anterior cingulate cor-
tex, however, have an inhibitory effect on the development of anxiety (Bandelow et al.,
2017; Pillay et al., 2006). The idea of an amygdala-driven anxiety circuit is consistent

with findings in rodent and human studies. Differences in the activity and coordination
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of the amygdala, prefrontal cortex, and hippocampus are associated with the ability to
suppress anxiety and fear (Milad & Quirk, 2012; Robinson et al., 2014). In line with
these findings, Cremers et al. (2015) found correlations between cortical-amygdala con-
nectivity and symptoms in SAD. An early-life model of anxiety in primates highlights the
importance of the functional connectivity between the frontal regions and the amygdala.
Reduced connectivity between these two brain areas is associated with elevated anxiety
(Birn et al., 2014). However, distinguishing different anxiety disorders according to brain

regions in neuroimaging techniques is not possible yet (Craske et al., 2017).

1.2.3.2 Neurotransmitters

Furthermore, neurotransmitters have long been the focus of the development of anxiety
disorders (Bandelow et al., 2017). Various neurotransmitters are modulators of differ-
ent emotional processes. Reward, for instance, is driven by endogenous dopamine and
opioids (Le Merrer et al., 2009), whereas punishment is modulated via serotonin (Jean-
Richard-Dit-Bressel et al., 2018). Serotonin, mainly released from the raphe nuclei in the
brainstem, has a dual role in aversive behaviors. On the one hand, it enhances the anxiety
response of the amygdala (Deakin & Graeff, 1991; Deakin, 2013) and at the same time,
it inhibits the fight-or-flight response within the brainstem (Mobbs et al., 2007). Deakin
and Graeff proposed in their serotonin hypotheses that serotonergic neurons modulate
the response to chronic and acute stressors. Moreover, a disruption of these neurons can
enhance vulnerability to anxiety disorder (Paul et al., 2014). In line with this finding
Corchs et al. (2015) reported a negative effect of decreased serotonin depletion on the
symptoms of SAD and PTSD. The role of serotonin and its receptors in anxiety is studied
widely and reflected in the successful serotonergic treatment (Baldwin & Polkinghorn,
2005; Durant et al., 2010). Another neurotransmitter system involved in anxiety is the
Gamma-aminobutyric acid (GABA) system. GABA is the main inhibitory neurotrans-
mitter of the brain. It binds either the rapid acting ion-gated or ionotropic receptors
(GABA, and GABA() or the slower acting G-coupled metabotropic receptor (GABApR).

The most prominent GABA receptor in the brain is the GABA, receptor, a chloride
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channel (Bormann, 2000). The influx of chloride ions stabilizes the membrane potential,
exerting an inhibitory effect. Early behavioral studies in animals with GABAergic drugs
promote the role of GABA in anxiety disorders (Durant et al., 2010; Nutt, 1990). A
disbalance in the GABAergic system can lead to a decreased inhibitory action of neuronal
circuits and the manifestation of anxiety disorders (Luscher et al., 2011). Some exper-
imental research in animals provides evidence for this inhibitory purpose of GABA on
the neuronal circuits. Barbalho et al. (2009) and Sanders & Shekhar (1995) showed that
infusions of GABA or GABA receptor agonists into the amygdala have anxiolytic effects
in rodents, whereas infusions of GABA antagonists increases anxious behavior. For the
role of GABAa in treatment options see below.

Neuroendocrine systems, precisely the hypothalamic-pituitary-adrenal (HPA) axis, are
also crucial for developing anxiety disorders. In terms of an efficient response to a stres-
sor, the body must immediately unravel resources. Partly, the activation of the HPA
axis obtains this balance. The HPA axis is a negative feedback loop. It begins with
the release of corticotropin-releasing factor (CRF) and arginine-vasopressin in the par-
aventricular nucleus (PVN) of the hypothalamus. Thereby the production of proopiome-
lanocortin (POMC) in the pituitary is stimulated. After the conversion of POMC into
adrenocorticotropic hormone (ACTH), it is released into the blood. ACTH promotes the
production of corticosteroids in the cortex of the adrenal gland. After release into the
bloodstreams the corticosteroids (CORT) bind to mineralocorticoid and glucocorticoid
receptors. They can further inhibit CRF and ACTH production as a negative feedback
mechanism. ACTH further stimulates the production of epinephrine and norepinephrine.
Together with CORT, these catecholamines control the stress response of the autonomic
nervous system, such as the reduction of digestion and immune function and the increase
of heart rate and blood pressure (Bartlett et al., 2017). Further, cortisol is involved in
metabolism and plays a vital role in maintaining homeostasis in stress. The dysregulation
of the HPA axis, caused by chronic stress, can lead to the development of anxiety and
other mental disorders (Kinlein et al., 2019). This dysregulation is characterized by en-

hanced activity of the HPA axis, hypercortisolemia, and diminished inhibitory feedback
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(Juruena et al., 2017; Saridjan et al., 2010).

Neuropeptides, like the nonapeptide oxytocin (OXT), are also connected with anxiety
disorders. OXT is synthesized in magnocellular neurons within the supraoptic (SON),
paraventricular (PVN), and accessory nuclei of the hypothalamus. It is secreted into the
bloodstream, facilitating uterus contractions and the milk ejection reflex during labor.
However, OXT is also released within the brain, where it can modulate social behavior
and emotionality (Landgraf & Neumann, 2004; Rhodes et al., 1981). OXT increases not
only maternal aggression (Bosch & Neumann, 2012) but also acts anxiolytic (Neumann
et al., 2000). This effect was especially mediated within the amygdala (Bale et al., 2001).
Anxiolytic effects are apparent after acute administration of synthetic and endogenous
OXT (Blume et al., 2008). This anxiolytic effect is mainly present in stressful situations
or increased release during lactation when the OXT system is physiologically active (Neu-
mann et al., 2000). Only a few studies investigated the chronic effect of OXT treatment
in humans. However, a beneficial effect of intranasal OXT administration exists in antic-
ipatory anxiety (de Oliveira et al., 2012) and the promotion of trust (Kosfeld et al., 2005;
Zak et al., 2005). Additionally, evidence suggests an imbalance of the endogenous OXT

system in animal models and humans (Neumann & Slattery, 2016).

1.2.3.3 Microbiome

Moreover, the microbiome, as the composition of all bacteria and microorganisms found
in and on the body, received greater attention in the context of the pathophysiology of
mental illnesses in the last years (Frankiensztajn et al., 2020). The influence of a disrupted
microbiome as a potential link to mental illnesses is described (Clapp et al., 2017). For
example, an altered microbiome was found in patients with major depressive disorder
(Bastiaanssen et al., 2020; Foster et al., 2021). Preclinical studies revealed a connection
between microbiome and anxiety (Clarke et al., 2013; Bastiaanssen et al., 2020). For germ-
free mice, for example, the absence of gut microbiome reduces anxiety-related behavior
(Pan et al., 2019). Further, the microbiome regulates CORT levels, as Jasarevié¢ et al.

(2018) found that the transfer of vaginal microbiome from stressed mothers to offspring
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that were not stressed results in higher CORT levels in this group. In addition, prenatally
stressed animals show a significantly different microbiome composition than their controls
(Gur et al., 2019). This might affect the disruption of the HPA axis through modifications
of central gene expression in the hippocampus and hypothalamus, as mentioned above
(Frankiensztajn et al., 2020). However, precise information about the microbiome still

needs to be provided (Clapp et al., 2017).

1.2.4  Animal model of rats selectively bred for extremes in anxiety-related behavior

Animal models are essential in terms of understanding the pathology of anxiety disorders
(Bartlett et al., 2017). Creating animal models for psychiatric disorders presents consider-
able challenges due to the diverse range of psychological and physiological symptoms that
are difficult to replicate in animals. Additionally, there is a notable absence of objective
biomarkers and diagnostic tests for clinical situations (Nestler & Hyman, 2010). Essen-
tial criteria for adequate animal models are aetiological, face, predictive, and construct
validity. Aetiological validity indicates that identical conditions cause the phenotype of
the disorder. Face validity means the model’s phenotype is similar to the imitated human
syndrome regarding symptoms. Predictive validity indicates that known human patho-
logical manipulation, such as exposure to stressful events, have equal consequences in
humans and animals. Finally, construct validity ensures that both animal model and hu-
man diseases share similar pathological substrates, which explain the pathology in both
models, thereby generating an understanding of general theories and enabling clinical in-
vestigations (Berton et al., 2012; Neumann et al., 2011). These criteria are difficult to
meet regarding the complexity of symptoms in psychiatric diseases such as anxiety and
depression. Therefore it has become clear that with animal models, functional dimensions
can be assessed rather than the disease as such (Gururajan et al., 2019). In general, three
strategies have been used to develop sufficient animal models. These are genetic models,
such as gene knockouts (Scherma et al., 2019); animal models with environmental manip-
ulations, such as maternal separation (Rincel & Darnaudéry, 2020) and animal models

with selective breeding for extremes in a particular behavioral phenotype (Neumann et al.,

17



1.2. Anxiety disorder Introduction

2011).

An important example of an animal models are Wistar rats bred for high (HAB) and
low (LAB) anxiety-related behavior, and non-selected (NAB) for anxiety-related behavior.
These models present a unique opportunity to study trait anxiety and depression in a
translational aspect. The animal model was established in Leipzig and later transferred
to Regensburg with identical selection criteria. Animals at the age of 9 weeks are tested
in the elevated plusmaze (EPM), an unconditioned test for anxiety. The test creates
a conflict between the animal’s exploratory drive and fear of bright and open areas.
Regarding their behavior in the trial, the animals are divided into two groups. Animals
that explore the EPM’s open and closed arms are grouped as LAB animals. Animals,
which mainly stay in the closed arms, are grouped as HAB animals. Initially, animals
with less than 5% (HAB) or more than 40% (LAB) of time spent on the light arm were
cautiously paired without pairing close relatives. (Landgraf & Wigger, 2002).

The line-specific differences of anxiety-related behavior found in the EPM were con-
sistent in both genders and several various experimental settings such as different time
settings and countries (Carnevali et al., 2013; Salomé et al., 2002; Slattery & Neumann,
2010). Various other behavioral tests confirm line-specific differences in anxiety-related
behavior, such as the light-dark box (LDB), the open field, and the hole board test. HAB
animals spent less time in the light part of the LDB, indicating higher anxiety-related
behavior (Ohl et al., 2001a; Landgraf & Wigger, 2002; Slattery & Neumann, 2010). Of
utmost importance is that the line-specific alterations of emotional behavior were stable
throughout their lifetime. These started, for example, with altered ultrasound reactions
in the prenatal period and were also present throughout pregnancy and lactation (Bosch
et al., 2006; Bosch, 2011; Wigger et al., 2001). HAB animals show other functional
changes, such as alternation in respiration rates, similar to anxious patients (Carnevali
et al., 2013). High anxiety levels in the HAB animals are accompanied by reduced lo-
comotion, thus indicating passive stress-coping mechanisms (Landgraf & Wigger, 2002).
Furthermore, the animals with high anxiety-related behavior are associated with increased

passive stress-coping mechanisms in the FST, a test more specific for depressive-like behav-
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ior (Slattery & Cryan, 2012). This co-appearance of anxiety-related and depressive-like
behavior is especially important since both pathological conditions are often linked to
each other (Keck et al., 2003; Slattery & Neumann, 2010).

Genetic alterations were determined between the two breeding lines. Single-nucleotide
polymorphisms (SNP) in the region coding for arginine-vasopressin (AVP) are found in
HAB and LAB animals (Murgatroyd et al., 2004). The alterations are associated with
changes in emotional and social behavior. AVP is a neurohypophysial hormone, which
is closely related to OXT and also involved in the regulation of emotional behavior.
Changes in the promoter region of the AVP gene in HAB animals led to over-expression
of AVP, which resulted in variations of the phenotype (Landgraf & Wigger, 2003; Mur-
gatroyd et al., 2004). In line with these findings, various behavioral, neuroendocrine,
and neuropharmacological studies highlighted the role of the AVP gene in trait anxiety
(Engelmann et al., 2004; Landgraf & Neumann, 2004). Alterations in central OXT genes
were not found to be equally involved in the expression of the anxiolytic HAB phenotype
(Murgatroyd et al., 2004); however chronic icv infusions of OXT affected anxiety-related
behavior (Slattery & Neumann, 2010).

Animals of the HAB-LAB model have a disrupted HPA axis. Under basal conditions,
levels of CORT and ACTH do not differ between the two breeding lines. This also applies
to the HPA response to mild stressors (Frank et al., 2006; Keck et al., 2002; Landgraf
et al., 1999; Liebsch et al., 1998). However, HAB animals show more vigorous HPA axis
response to stronger stressors than LAB animals, as more CORT and ACTH release was
detected (Landgraf et al., 1999; Liebsch et al., 1998). In addition, HAB animals are
non-suppressors of dexamethasone in the dexamethasone test, similar to effects seen in
depressed patients (Landgraf & Wigger, 2002). Interestingly, the microbiome of HAB
animals is remarkably different from NAB animals. In a recent study, modifying the
microbiome with an antibiotic shows reduced depressive-like behavior (Schmidtner et al.,
2019).

Several neuropharmacological treatments were shown to reduce anxiety- and depressive-

like behaviors in HAB animals, providing predictive and face validity. For example,
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administering the known anxiolytic benzodiazepine diazepam reduces anxiety-related be-
havior. In addition, administering the SSRI antidepressant agent paroxetine improves

depressive-like behavior (Liebsch et al., 1998; Muigg et al., 2007).

1.2.5 Treatment

Despite effective treatment for mental disorders, substantial undertreatment is reported.
This phenomenon is called the "treatment gap” (Bandelow et al., 2015; Kohn et al.,
2004). A large European study estimates that only 21% of patients with anxiety disorder
demanded professional help, and within this group, 23% did not receive treatment at all
(Alonso et al., 2002). This is due to various reasons. For example, personal issues, like one
person’s displacement of the existence of the diseases or the belief that the problem will
solve itself (Kessler et al., 2001). Further, it is essential to distinguish between different
anxiety disorders, as the numbers of patients receiving health care differs within the
diseases. This might be explained by other approaches that patients with various anxiety
disorders have. Patients with panic disorders, for instance, repeatedly worry that they
suffer a severe somatic disorder, such as a cardiac event or the development of tumors,
therefore utilizing more medical health care. In contrast, patients with SAD avoid contact
with physicians and believe their fear is normal. Generally speaking, lack of information
and stigma remain popular issues (Schofield et al., 2020). Finally, financial aspects and
the limited availability of correct treatment may explain this gap. Psychiatrists are still
a rare human source; globally, there is less than one psychiatrist for 10,000 people. This
effect is even more substantial in low- than in high income countries, with around 120
times more psychiatrists in in the latter (World-Health-Organization, 2018). Baldwin
et al. (2012) highlight this issue, showing that a total of 45% of the patients with GAD
show symptoms for around two years before they were diagnosed and treated.
Medications and psychological interventions, e.g., cognitive-behavioral therapy (CBT),
are the two major treatment options for anxiety disorders. Both monotherapies are effec-
tive; however, medical therapy’s beneficial effect is superior to psychological interventions.

Still, a combination of both therapies is state of the art (Bandelow et al., 2015; Strohle
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et al., 2018). Since the current study focuses on pharmacological therapy, only pharma-
ceutical targets will be discussed in more detail.

Several medications are used for anxiety disorders. The most common class of drugs are
antidepressants, particularly selective serotonin reuptake inhibitors (SSRIs) and selective
serotonin and noradrenaline inhibitors (SSNRI) (Bandelow et al., 2012). By interfer-
ing with serotonin and noradrenaline, these drugs target the disrupted neurotransmitter
system in anxiety disorders. The drugs prevent the selective reuptake of both neurotrans-
mitters from the synaptic cleft and provide an anxiety-relieving effect (Dell’Osso et al.,
2010; Baldwin et al., 2010). SSRI and SSNRI are first-line treatment options for panic
disorder, SAD, and GAD (Bandelow, 2014).

Further effective treatment of anxiety disorders are benzodiazepines. By allosteric ac-
tivating specific GABA receptor sites, benzodiazepines increase the brain’s inhibitory
neurotransmission, promoting the anxiolytic effect. The GABA, receptor has several
subunits (a1, ag, ag, ...). Different receptors regulate different activities with different
subunits. The «aq subunit, for instance, is involved in sedative-hypnotic activity, whereas
mainly the ag and the a3 subunit plays a key role as a target for anxiolytics (Low et al.,
2000; Mohler, 2006). Most benzodiazepines bind to all subunits, causing them to produce
many effects (Balon & Starcevic, 2020). Benzodiazepines are effective with a rapid onset
of action in treating GAD, SAD, and panic disorder but have limited impact in other anx-
iety disorders (Baldwin et al., 2010). Since 1960, benzodiazepines have become a widely
prescribed class, Olfson et al. (2015) show that in 2008 5,4% of American aged 18 to 80
years used benzodiazepines. However, benzodiazepines show severe side effects like central
nervous system (CNS) depression, impairment of cognitive functions, and drug tolerance
(Balon & Starcevic, 2020). Prolonged use of the drug, approximately 4-6 months, is as-
sociated with drug dependence (Shader & Greenblatt, 2010). Due to the troublesome
side effects, benzodiazepines should only be prescribed after careful evaluation (Bande-
low, 2014; Garakani et al., 2020). Benzodiazepines do not treat depression, a common

comorbidity of anxiety disorders, in comparison to SSRIs and SSNRIs (Bandelow, 2020).
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1.3 Depression

1.3.1 Definition

According to the WHO, one person dies due to suicide every 40 seconds, so suicide is
among the top twenty most frequent causes of death worldwide. Most of these suicide
numbers are assigned to depression (World-Health-Organization, 2019b). Depressive dis-
orders are characterized by sad, irritable, or empty moods for at least two weeks. In
addition, the patient’s ability to function is affected as somatic and cognitive changes
occur. Sleep disturbances, poor concentration, and reduced appetite are common symp-
toms (Otte et al., 2016). The term depressive disorder includes several disorders such as
disruptive mood disorder, mood dysregulation disorder, major depressive disorder, persis-
tent depressive disorder, premenstrual dysphoric disorder, substance-induced depressive
disorder, depressive disorder due to another medical condition or another specific or un-
specific depressive disorder (American-Psychiatric-Association, 2013). Major depression

is highly comorbid with anxiety disorders (Andrade et al., 2003).

1.3.2 Epidemiology

According to the WHO, over 300 million people worldwide suffer from depression. This
number equals 4% of the world’s population (World-Health-Organization, 2017). In Ger-
many, the lifetime prevalence of a diagnosed depression was 11,6% and is highest among
persons between 60 and 69 years (Busch et al., 2013). Several studies found an associa-
tion between gender, marital status, and depression. Depression is about two times more
prevalent among women than men (Seedat et al., 2009; Van de Velde et al., 2010). The
course of the disease is variable, with differences in chronicity and remission. A popula-
tion survey in the Netherlands estimated that the mean duration of the disease is around
six weeks (ten Have et al., 2017). However, compared to depressive disorders, anxiety
disorders still seem to have a longer course of disease (Penninx et al., 2011). Childhood
trauma, higher severity of symptoms, and comorbidity are associated with a less favor-

able course of illness (Hovens et al., 2012; Penninx et al., 2011). After the remission
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of depression, functional impairment and residual symptoms often remain (Ormel et al.,
2004). Despite the relatively short mean course of the disease, it is assumed that 90% of
patients affected with a depressive disorder experience recurrence once in their life (Vos

et al., 2004).

1.3.3 Etiology and risk factors

The pathophysiology of depressive disorders is complex and, until now, not completely un-
derstood (Otte et al., 2016; Malhi & Mann, 2018). Yet, neurotransmitters have long been
considered a key role in understanding the development of depressive disorders. Especially
the depletion of monoamines (serotonin, noradrenaline, and dopamine) seems to reflect a
common pathophysiology (Deakin & Graeff, 1991; Malhi & Mann, 2018). Similar to the
development of anxiety disorders, patients with MDD present disrupted neurotransmitter
systems (Luscher et al., 2011; Dell’Osso et al., 2010). This hypothesis is further endured
as modulation of the neurotransmitter system leads to sufficient antidepressant treatment
(Hill et al., 2012; Kraus et al., 2017).

Genetics plays an important role in the development of the disease. First-degree rel-
atives have a strongly increased risk of depression with a heritability of the disorder of
around 35% (Geschwind & Flint, 2015). However, no significant genetic associations are
found for depressive disorder (Bosker et al., 2011). This might be explained as depres-
sion is a polygenic disorder with a wide range of phenotypes (Hyman, 2014). Several
genome-wide studies try to find correlating genetic loci, hoping that there will be further
discoveries in this area in the future (Bosker et al., 2011). In genetically manipulated
animal models, similar behaviors and core symptoms of depressed humans are observed.
Animals show increased immobility in the forced swim test, an index for depressive-like
behavior, reduced active social interaction and altered maternal behavior and altered
maternal behavior (Overstreet et al., 1992; Overstreet & Griebel, 2004; Friedman et al.,
2006). Antidepressant treatment could partially reverse this depression-like phenotype
(Overstreet & Griebel, 2004).

Further, several environmental factors are associated with the appearance of depres-
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sive disorders. Separated or divorced people have higher rates of depression than married
people (Weissman et al., 1996; Andrade et al., 2003). Higher socioeconomic status is asso-
ciated with a lower prevalence of depression (Busch et al., 2013). The age of onset seems
to peak in older adulthood between 55-74 years. Depression also occurs in childhood, but
with a lower prevalence than adulthood (World-Health-Organization, 2017; Busch et al.,
2013). The events can either be temporally linked to the onset of the disease or early
life-threatening events. Loss of employment, financial instability, or violence exposure are
temporally related events. Physical neglect, abuse, and exposure to domestic violence are
often early lifetime events (Juruena et al., 2009). With several different environmental
manipulations, such as early life stress, learned helplessness, and chronic unpredictable
stress, environmental animal models of anxiety and depression are created (Ménard et al.,
2016).

Early life stress events and, thus, a disrupted HPA axis can trigger depressive disorders
(Juruena et al., 2017). Patients with depressive disorders display higher cortisol levels
(Goodyer et al., 2000). Environmental animal models show this correlation between stress
and depressive-like behavior (Willner, 2016). Further, morphological and neurochemical
changes, such as reduced hippocampal volume, were similar to observations in depressed
patients (Bhutani et al., 2009; Hill et al., 2012; Papp et al., 2002). Individuals who have
experienced traumatic events in childhood, such as violence or abuse, show increased
activity of the HPA axis in adulthood when exposed to standardized stressors (Boschloo

et al., 2014).

1.3.4 Treatment

Treatment options for depressive disorders include psychological interventions and phar-
macological treatments. Pharmacological treatment options have many targets, such as
the disrupted neurotransmitter systems (Malhi & Mann, 2018). The antidepressants act
on synaptic receptors and enhance the concentration of neurotransmitters, thereby en-
hancing signal transduction (Willner et al., 2013). Despite the role of the HPA axis in

depressive disorders, promising treatment options regarding the HPA axis were not found
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yet (Stetler & Miller, 2011). As mentioned in 1.2.5, an enormous treatment gap for men-
tal disorders exist (Kohn et al., 2004). Therefore further investigations and studies for

depressive disorders are of utmost importance.

1.4 Translocator Protein

1.4.1 Structure and Function

The Translocator Protein (TSPO), with a molecular mass of 18 kDa, is a transmembrane
protein located in the outer mitochondrial membrane (Rupprecht et al., 2010). Discov-
ered in 1977, TSPO, previously known as the peripheral-type benzodiazepine receptor,
has been a subject of scientific exploration (Braestrup & Squires, 1977). Throughout
evolution, the sequence of TSPO is very well conserved, and knock out of TSPO leads to

a lethal phenotype in mice (Lacapere & Papadopoulos, 2003; Papadopoulos et al., 1997).

Mitochondrion

Figure 1.4.1: Structure of TSPO with the associated VDAC and ANT (Rupprecht et al., 2010).

Although TSPO is found in almost all body cells, the expression of the protein is partic-
ularly high in tissues that contain steroid-synthesising-cells like adrenal, gonad, and brain
cells (Papadopoulos et al., 2006). The protein is arranged as a five-membrane helix struc-
ture, consisting of a 169 amino acid sequence, and exists as a monomer, dimer, or poly-
mer (Liauzun et al., 1998). The functional TSPO, however, is a dimer (Caballero et al.,
2013). TSPO forms complexes with proteins associated with the inner and outer mito-

chondrial membrane. TSPO interacts directly with the voltage-dependent anion channel
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(VDAC) and several other mitochondria proteins, forming a super-complex. This super-
complex impacts several biochemical processes, especially related to the mitochondrion
(Papadopoulos et al., 2006). VDAC is associated with the adenine nucleotide translocator
(ANT) and the steroidogenic acute regulatory protein (STAR), forming the mitochondrial
permeability transition pore (MPTP), a major part of the outer membrane, functioning
as a channel for ions, metabolites, and ADP/ATP and playing an important role in cell-
apoptosis (Shoshan-Barmatz et al., 2006).

TSPO is a multifunctional protein. As part of the outer membrane of the mitochondria,
TSPO mediates several mitochondrial functions, mainly cholesterol transport and steroid
hormone synthesis. Further, TSPO is essential for mitochondrial respiration (Hirsch et al.,
1989) and permeability, generation of reactive oxygen species, as well as cell proliferation
(Corsi et al., 2008) and cell death (Veenman et al., 2007). However, the complete struc-

ture, function, and role in cellular processes of TSPO needs to be further investigated.

1.4.2 TSPO and neurosteroids

TSPO is rate-limiting in neurosteroidogenesis as it transports cholesterol into the mito-
chondria. Neurosteroids are endogenous steroids produced in either the CNS or peripheral
sources (Robel & Baulieu, 1994; Rupprecht & Holsboer, 1999). The steroid synthesis be-
gins with the transfer of cholesterol into the mitochondria. As cholesterol is a high lipid
compound, it can not freely diffuse into the mitochondria. Enzymes then metabolize
cholesterol in the mitochondria and endoplasmic reticulum of steroid-forming cells. The
observation that TSPO ligands notably elevate the rate of steroid synthesis serves as
evidence for the rate-limiting role of TSPO (Papadopoulos et al., 2018).

The effects of steroids on CNS neurotransmitter functions involve both genomic and
nongenomic actions (McEwen, 1991). Steroid hormones can regulate the transcription of
DNA. They bind associated intracellular receptors and regulate gene expression, acting
as transcription factors (Evans, 1988). Further, neurosteroids are assumed to indirectly
work as allosteric modulators at the cellular receptors in the brain and as modulators

of the release of neurotransmitters such as GABA, glutamate, and acetylcholine (Zheng,
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Figure 1.4.2: Neurosteroid synthesis (Rupprecht & Holsboer, 1999; Nothdurfter et al., 2012).

Besides their action on gene expression, neurosteroids can alter neuronal excitability
through interaction with specific neurotransmitter receptors such as GABA », N-methyl-
D-aspartate (NMDA), and glutamate receptors (Eser et al., 2008; Rupprecht, 2003; Rup-
precht & Holsboer, 1999). As previously mentioned, GABA 5 receptors are chloride chan-
nels, mediating inhibitory neurotransmission (Olsen & Sieghart, 2009). Among these
steroids, allopregnanolone, allotetrahydrodeoxy corticosterone, and pregnanolone are pos-
itive allosteric modulators of the GABA, receptors, potentiating their effects (Bitran
et al., 1991; Brot et al., 1997). Whereas 3-a-5-3-tetrahydro-progesterone is a negative
modulator of GABA, (Eser et al., 2008; Robel & Baulieu, 1994). The frequency, as well
as the duration of opening of the GABA 5, gated Cl- channel, is modified by neurosteroids
in low nanomolar concentrations, resulting in membrane hyperpolarization and reduced
neuronal excitability (Lambert et al., 1995; Paul & Purdy, 1992). Neither the amplitude
nor the rise time of the postsynaptic current is changed (Lambert et al., 2003; Puia et al.,
1990). The interaction between neurosteroids and GABA receptors is highly selective
and different between neurons and brain regions (Belelli & Lambert, 2005).

Neurosteroid levels alter in different physiological and pathophysiological conditions,
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such as an increase in acute stress (Purdy et al., 1991) and pregnancy (Verbe et al., 2019),
and a decrease in aging (Schumacher et al., 2003). Some of the behavioral effects of neu-
rosteroids are shortening sleep time (Majewska, 1992) and reducing aggressive behavior
(Haug et al., 1988).

In fact, neurosteroids play an important role in anxiety disorders, as suggested to be
important modulators of anxiety and depression (Romeo et al., 1998; Strohle et al., 2003).
For example, patients with panic disorder show decreased neurosteroids during panic
attacks (Strohle et al., 2003). The baseline concentrations of neurosteroids in patients
with depression are decreased, whereas those in patients with panic disorder were increased
(Strohle et al., 2002). The disequilibrium of neurosteroids in depressed patients is balanced
with successful antidepressant therapy (Romeo et al., 1998). In female patients with panic
disorder, elevated plasma concentrations of allopregnanolone are found in all phases of
the menstrual cycle (Brambilla et al., 2003).

The neurosteroids allopregnanolone (ALLO), allotetrahydrodeoxycorticosterone (THDOC),
and, to a minor extent, pregnenolone (PREG) act anxiolytic by increasing the chloride
current at the GABA receptor (Bitran et al., 1991; Patchev et al., 1994). The benzo-
diazepine antagonist Flumazenil does not block the anxiolytic effect of allopregnanolone,
suggesting that neurosteroids do not directly bind the benzodiazepine site (Brot et al.,
1997). However, in patients with GAD, SAD, or mixed anxiety-depressive disorders,
no alterations of allopregnanolone levels are revealed (Bicikova et al., 2000; Heydari &
Le Mellédo, 2002; Semeniuk et al., 2001). Nevertheless, Khisti et al. (2000) show a re-
duced immobility time in the FST due to administration of allopregnanolone, indicating

reduced depressive-like behavior.

1.4.3 TSPO in psychiatric disorders

Several pathophysiological conditions are associated with alternations and functional
changes in TSPO. Interestingly, anxiety disorder and depression are associated with re-
duced TSPO levels (Nudmamud et al., 2000). Abnormal concentrations are linked to can-

cer, neurodegenerative and inflammatory diseases, such as Parkinson’s and Alzheimer’s,
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primary hypogonadism, and neuropsychiatric disorders (Rupprecht et al., 2010).

TSPO deficiency is associated with the regulation of anxiety and depression related
behavior, as shown in TSPO knockout experiments (Barron et al., 2021). In order to gain
a deeper understanding of TSPQO’s role in psychiatric disorders, mRNA expression and
TSPO ligand binding capacities were studied. Significant reduction of TSPO mRNA in
platelets is shown in anxious patients (Nudmamud et al., 2000). Reduced TSPO mRNA
expression in general anxiety disorder (Rocca et al., 1998), lower TSPO density in pa-
tients with panic disorder and adult separation disorder (Pini et al., 2005), as well as
SAD (Johnson et al., 1998) are discovered. Additionally, comorbidity of depression or
bipolar disorder, such as suicidality (Soreni et al., 1999) and adult separation anxiety
disorder (Chelli et al., 2008; Abelli et al., 2010) are associated with reduced TSPO ex-
pression. However, due to large fluctuations of the TSPO mRNA, its measurement does
not seem to be suitable for the diagnosis of anxiety disorders (Nudmamud et al., 2000).
A high frequency of the single nucleotide polymorphism A147Th is found in patients with
depression and anxiety disorder. The polymorphism is associated with the previously
mentioned increased anxiety behavior (Costa et al., 2009b), reduced TSPO drug ligand

binding (Owen et al., 2012), and reduced pregnenolone production (Costa et al., 2009a).

1.4.4 'TSPO ligands

Besides endogenous TSPO ligands such as cholesterol and porphyrins (Verma et al., 1987;
Li et al., 2001), several synthetic TSPO ligands are described. Some of the synthetic
ligands are shown to be anxiolytic in rodents (Serra et al., 1999; Kita & Furukawa, 2008;
Okuyama et al., 1999; Costa et al., 2011). Supposedly, this anxiolytic effect is due to
increased production of neurosteroids, then acting as positive modulators of the GABA
receptor (Rupprecht, 2003). Administration of TSPO ligands increases the levels of neu-
rosteroids independent of peripheral sources. The amygdala mediates the observed anx-
iolytic effect. (Serra et al., 1999; Verleye et al., 2005; Romeo et al., 1993). Akwa et al.
(1999) and Engin & Treit (2007) record a correlation of reduced anxiety-related behavior

in rodents after a direct infusion of allopregnanolone into the amygdala.
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An example of a synthetic TSPO ligand is etifoxine hydrochloride (6-chloro-2-ethylamino-
4-methyl-4-phenyl-4H-3, 1-benzoxazine hydrochloride / etifoxine). Etifoxine is a non-
benzodiazepine anxiolytic and anticonvulsant drug in the benzodiazepine class (Sigma-
Aldrich, 2021). Further, etifoxine acts neuroprotective (Nuss et al., 2019; Shehadeh et al.,
2019), modulates inflammatory response (Girard et al., 2012), and helps to reduce neu-
ropathic pain (Aouad et al., 2009). Etifoxine has two different ways of action. One of
them is a direct positive modulation of the GABA 5 receptor at a separate site than the
benzodiazepines, where etifoxine binds the 2 and (3 subunits of the GABA, receptor
(Hamon et al., 2003). The other mechanism is an indirect effect of etifoxine, involving the
stimulation of TSPO and presumably including neurosteroid synthesis. (Schlichter et al.,

2000).
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Figure 1.4.3: (A) Hypothetical model of the GABA, receptor with five subunits arranged around
a central chloride-selective pore. Various compounds can allosterically modulate the receptors at
different binding sites. Etifoxine (EFX) can directly bind the GABAA receptor, presumably via

B2 and 33 subunits, mediating anxiolytic action. (B) Through binding the Translocator Protein
(TSPO), etifoxine enhances neurosteroid synthesis. These neurosteroids (allopregnanolone in the
figure) bind the GABAA receptor. Adapted from Choi & Kim (2015); Rupprecht et al. (2010).

The TSPO ligands are positive modulators of the previously described neurosteroid

synthesis in the brain. The neurosteroids enhance the function of the GABA receptor,
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thus reducing anxious behavior (Verleye et al., 2005). do Rego et al. (2015) demonstrate
that etifoxine increases the neurosteroid synthesis using a frog hypothalamus model. Nei-
ther GABA p-antagonist nor TSPO antagonist PK11195 reverse this enhancing effect for
the neurosteroid synthesis. Inhibition of the 5-a-reductase, an enzyme of the neuros-
teroid synthesis, does not entirely reduce the anxiolytic effect of etifoxine, supporting the
hypothesis of etifoxine’s direct mechanism of action on the GABA receptor (Schlichter
et al., 2000). A double-blind control study with etifoxine and buspirone (a serotonergic
and noradrenergic anxiolytic) in patients with adjustment disorder with anxiety (ADWA)
reported a significantly higher treatment effect for the patients treated with etifoxine
(Servant et al., 1998). The same improvement in favor of etifoxine is within patients
with ADWA treated either with etifoxine or the benzodiazepines lorazepam or alprazo-
lam (Nguyen et al., 2006; Stein, 2015). Etifoxine was originally released in France and
has since been prescribed as an anxiolytic in 40 different countries. Even though etifoxine
shows fewer side effects such as sedation and anterograde amnesia, as well as less rebound
of anxiety symptoms after stopping the treatment in comparison with benzodiazepines,
it has not yet been able to assert itself against benzodiazepines (Micallef et al., 2001;
Nguyen et al., 2006). Even in older adults, etifoxine is associated with fewer side effects
(Deplanque et al., 2018). However, etifoxine comes with side effects such as initial drowsi-
ness, and the treatment with etifoxine correlates with acute liver damage in some cases,

yet with unknown overall incidence (Moch et al., 2012).
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1.5 Aims and Objectives

Mood disorders are highly prevalent and a tremendous burden in our society. There is
still massive uncertainty about psychopathology and, therefore, the correct treatment of
these disorders. The present study aims to create a new understanding and more in-depth
insights into TSPO and its function in anxiety disorders and depression. Therefore, we
studied the effect of the TSPO ligand etifoxine on various levels, from emotionality and
stress reactivity to the brain OXT system, using the rodent model for psychopathologies,
namely HAB and LAB rats. Furthermore, to include potenial differences between the
sexes, all expermeints were performed in males and females and NAB rats served as
controls. This study will provide valuable insights into the function and effect of TSPO in
mood disorders, thereby adding more knowledge to the development of new therapeutic

agents.
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Material and Methods

2.1 Animals and housing conditions

All rats used in the experiments were either bred in the animal facility of the University
of Regensburg (HAB and LAB) or purchased from Charles River Laboratories, Sulzfeld
(NAB rats). Animals were housed in groups of two to four per cage, maintained on a 12h
light-dark cycle with light between 7 a.m. and 7 p.m. The temperature was controlled
to 22-24 C with 55% humidity. The bedding was changed once a week. Water and food
(standard rat chow) were given to the animals ad libitum. The weight of the animals at
the time of testing was between 200g and 400g, depending on age and gender. Animals
were tested at the age of 12-15 weeks. Animals were handled daily until the first day
of the injection to decrease non-specific stress during the testing. The experiments were
performed in the morning between 9 a.m. and 12 p.m.

All procedures were approved by the Committee on Animal Health and Care of the
local government of the Oberpfalz. The experiments were performed according to the
Care and Use of Laboratory Animals guidelines by the National Institute of Health. All

efforts were made to reduce, refine, and replace animals used in animal testing.

2.2 Behavioral tests

All animals were brought into the experimental room for habituation one day before

testing.
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2.2.1 Light-Dark-Box

Anxiety-related behavior was tested in the Light-Dark-Box (LDB). This test was devel-
oped as a paradigm to determine anxiety-related behavior in rodents. The test creates
a conflict between the rodent’s natural aversion to bright-lit areas and its exploratory
behavior (Crawley & Goodwin, 1980). We used an adopted experimental design for rats,
as previously described (Chaouloff et al., 1997; Henniger et al., 2000). The LDB is a
two-chambered box; the lit compartment was 40cm x 50cm (100 Lux), and the dark
chamber was 40cm x 30cm (0 Lux). Before each trial, the LDB was cleaned with water
and detergent and dried with a paper towel. Each rat was placed in the lit area, and
the behavior was recorded with an overhead camera. During the 5-minute test sessions,
the animals could freely move between the two compartments. The time spent in the
lit compartment, as an indicator for reduced anxiety-related behavior, and the distance
traveled, as an indicator of locomotion, were assessed. The threshold for the evaluation

with NOLDUS (EthoVision XT, version 12, Netherlands) was at 5%.

2.2.2 Forced-Swim-Test

A paradigm for the assessment of depressive-like behavior is the Forced Swim Test (FST).
The test is based on the observation that rats exposed to water initially show intense
escape behavior, such as struggling and swimming. Struggling is defined as the behavior
when all paws are above the water’s surface; swimming is an active movement in the
water. Later, the animals stop the active behavior and show passive, immobile behavior.
This behavior seems to reflect either a failure to maintain escape-directed behavior after
stress or the inability of the animal to perform active stress-coping behavior (Cryan et al.,
2002; Slattery & Cryan, 2012). Several antidepressants increase active behavior in the
FST (Cryan et al., 2005). Animals were placed individually in a cylinder tank (21 x 46cm)
with water (22-24 °C) to a depth of 30cm. The water in the tank was changed after each
rat. For 10 minutes, a camera placed in front of the cylinder recorded the behavior of the

animals, which was further analysed with JWatcher (Version 1.0).
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2.3. Etifoxine Suspension Material and Methods

2.3 Etifoxine Suspension

For the etifoxine suspension, a stock solution of 100mg/ml etifoxine in 0.9% NaCl(B.
Braun, Melsungen, Germany) and 10% Tween 80 (Sigma Aldrich, Darmstadt) was pre-
pared and then stored at -20 °C degrees. Etifoxine powder was mixed with 900ul NaCl
and 100ul Tween. One stock (100ul) was filled with 900ul NaCl to create a concentration
of 1% Tween concentration. The suspension was freshly made every day from the stock.
The suspension was gently mixed with the pipette until a homogeneous solution was ob-
tained. The filled syringes were permanently kept in motion (Liere et al., 2017; Shehadeh
et al., 2019; Verleye et al., 2005).

2.4  Experimental design

Female and male animals (HAB - LAB - NAB) were included in the experiment (for
details, see 1.2.4). The animals were assigned to either a treatment or a control group,
resulting in a group size of 810 animals. The rats received one intraperitoneal (ip)
injection daily at 9 a.m. over a total of nine days containing either etifoxine at a dose of
50 mg/kg/5ml dissolved in Saline with 1% Tween 80 (Sigma Aldrich) or the same amount

of only 1% Tween 80 in vehicle.

Injection Start Light-Dark-Box Forced-Swim-Test
l —t— : —t— e
Day 1 Day 5 Day 9
l
Light-Dark-Box Fun:e:; Swi;'n Test

Figure 2.4.1: Animals receive treatment for nine days. behavioral testings after the 5th and after
the ninth injection day (Created with BioRender).
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2.4. Experimental design Material and Methods

2.4.1 Experiment 1: Effect of TSPO ligand etifoxine on innate emotionality and stress

reactivity
2.4.1.1 Behavioral Observations

On the fifth day, each rat was tested in the LDB, and on the 9th day, in the FST. Five
minutes after the FST, the animals were decapitated, and trunk blood and brains were
collected and stored at -20°C for later analysis. To control the influence of the oestrus
cycle on female behavior, vaginal smears were taken daily during the experiments to
control the state of the oestrus cycle. Females were included in the experiment once they
were in metestrus or diestrus. In this phase of the estrus cycle, the animals showed the

highest anxiety-related behavior (D’Souza & Sadananda, 2017).

2.4.1.2 Stress reactivity

The enzyme-linked immunosorbent assay (ELISA) quantifies the presence of a ligand or
antibody. Enzyme-linked antibodies are used to bind a substrate and convert a colorless
molecule into a luminescent product for detection. Trunk blood was collected and cen-
trifuged (5000 rpm, 10 min, four °C). The plasma was collected and stored at — 20 °C until
further processing. Plasma CORT (sensitivity < 0.56 ng/ml; intra-assay and inter-assay
coefficients of variation < 6.35%) was measured using a commercially available ELISA
kit (IBL International GmbH, Hamburg, Germany). The complete ELISA kit consits of
96 well plates are precoated with antigen/antibody. It is essential to assign a standard
to which the respective measured values are then plotted. The enzyme conjugate (anti-
body) is mixed with the diluent. 20ul of the sample (CORT) is transferred to the well
plate. The sample is usually double-determined, and the mean value of the two is used
for statistics. In the next step, the enzyme conjugate is pipetted onto the samples. The
wells are covered with foil and incubated on a shaker (300/min) for one hour. Meanwhile,
the wash buffer (1200ml water + buffer from the kit) is prepared. After incubation, three
wash steps are conducted. Then, the color developer is pipetted, and a slight color change

indicates the developer’s function. As the color is light-sensitive, 15min incubations in
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the dark follow. The Elisa reader and the distribution of the wells are set up. After the
incubation, the stop solution inhibits further color development. The Elisareadaer can
measure the dilution factor and provide the results. A linear regression curve shows the

relation to the standard. The optical density and its mean value are used to compare the

values (Beiderbeck et al., 2012; Lassé et al., 2021).

2.4.2 Experiment 2: Impact of peripheral TSPO ligand application on oxytocin receptor

binding in selected brain regions

The receptorautoradiography for the oxytocin receptor binding was conducted after an
established protocol in our laboratory (Bosch & Neumann, 2008, 2010). The collected
brains from Experiment 1 (2.4.1) were cut with the cryostat (Leica, Wetzlar) into 16pm
coronal slices. The slices containing the prefrontal cortex, lateral septum, nucleus ven-
tromedialis hypothalami, and central amygdala were stored at -20 °C degrees. On the
autoradiography day, the slides were thawed for 30 minutes at 4 °C, dried for 30 minutes
at room temperature and fixed for two minutes in 0.1% paraformaldehyde. The slides
were washed twice for ten minutes in Tris buffer (NO MgCl12) (50 mM Tris, pH 7.4; Sigma
Aldrich, Darmstadt, Germany). Afterwards, the slides were incubated 50 mM (7.4) tris
buffer with 10mM magnesium chloride (MgCl2), 0.1% bovine serum albumin and 50 pM
of the radioactive tracer (2000cp,/101) for 60 minutes. 125I-ornithine vasotocin analog
(1251-d(CH2)5(Tyr(Me)2, Thr4, Orn8)(1251)Tyr9-NH2); Perkin Elmer, Uberlingen, Ger-
many) was used for the oxytocin receptor autoradiography. Then, the slides were washed
three times for seven minutes in Tris, MgCl2 buffer. After a final rinse for 30 min in
spinning Tris, MgCl2 buffer, the slides were dipped into distilled water before air-drying
overnight. In a final step, the slides were exposed to a Kodax BioMaxMR film (Kodak,
Rochester, NY, USA) for three days, and the autoradiographs were then developed (Ko-
dak D19). The slides from the female and male groups were processed simultaneously.
The oxytocin receptor binding is quantified, as grey density, with an NIH Image program
(Fiji, ImageJ V. 2.1.0, National Institutes of Health). Bilateral measurements from six

sections per rat were taken for each brain region, background activity was subtracted, and
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the mean density was calculated. The three highest values were used to calculate a mean
to establish better comparability between the animals. Brain regions were identified with

the stereotaxic rat brain atlas of Paxinos and Watson (6th edition, 2007).

2.4.3 Experiment 3: Effect of central infusion of TSPO ligand etifoxine on innate emo-

tionality and stress reactivity

Some animals underwent stereotactic surgery with an intracerebroventricular cannula un-
der semi-sterile conditions. Therefore the rats were deeply anesthetized with the inhala-
tion anesthesia isoflurane (Baxter GmbH, UnterschleiBheim, Germany) and placed onto
a stereotactic apparatus and a thermal pad (32°C) to avoid hypothermia. The skull was
shaved, and a midline incision of 2 cm with a scalpel was made from between the eyes until
the beginning of the ears. Bregma was identified as a reference point for the implantation
of the cannulas. Two stainless steel screws were inserted into the skull to improve implant
adhesion. A 21 G stainless steel guide cannula targeting the right lateral ventricle (4 1.0
mm caudal, +1.6mm lateral, and 4+ 2.1 mm ventral to bregma (Paxinos, Watson, 6th edi-
tion, 2007)) was implanted. The cannula was secured with a light-hardening dual-curing
self-adhesive resin cement (Heraeus Kulzer GmbH, Hanau, Germany). The cannula was
closed after surgery using stainless steel stylets that were removed and disinfected daily.
The animals were treated with either 5ul etifoxine solution (see 2.3) or 5 ul vehicle. Sur-
prisingly, the animals showed severe adverse effects independent of the vehicle or etifoxine
treatment. The animals showed barrel rotations, and strong and unusual motor distur-
bance with rotation around the longitudinal axis. Barrel rotations were also seen in rats
after ICV applications with neuropeptides (Diamant et al., 1994; Perry, 1987). However,
so far, no data regarding tween administration and an occurrence of barrel rotations have
been reported. It remains unclear if the application of tween has any influence on the
development of barrel rotations in a similar way as described, for example, vasopressin
(Marrannes & Wauquier, 1988). Therefore, the complete understanding of the occurrence
of barrel rotations in our series of experiments is still unclear. At the same time, we

had already carried out local surgical procedures with a cannula into the amygdala. De-
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spite the observation that a local administration of 5ul of the vehicle did not generate
barrel rotations, we decided, as of technical and ethical concerns, against continuing the

experiment.

2.5 Statistical Analysis

The behavioral test data (Experiment 1) is presented as group means in each behavioral
category with the standard error of the mean (SEM). The CORT Levels (Experiment 1)
are shown as group means +SEM. The receptor autoradiography studies (Experiment 2)
results are presented as group means of gray density +SEM. Statistical analysis was per-
formed using SPSS for MacOS (Version 25-29, SPSS Inc, Chicago, IL, USA). Differences
between the groups were statistically tested by two-way analysis of variance (ANOVA)
(treatment;breeding) or, if data were not normally distributed, using the non-parametric
Kruskal Wallis test. If overall significance was preserved, post hoc tests were carried out
using either Bonferroni, Fisher’s LSD test or Mann—Whitney U test. For all statistical
tests, the significance level was set at p < 0.05 ; p-values between 0.05 and 0.1 were noted
as a trend towards significance. The graphs were plotted with Graph Pad Prism8 for
MacOS (Version 8.2.1, San Diego, USA).
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Chapter 3

Results

3.1 Experiment 1: Effect of the TSPO ligand etifoxine on innate emo-

tionality and stress reactivity

3.1.1 Behavioral observations

Anaxiety-related behavior

To study anxiety-related behavior, female and male HAB, LAB, and NAB rats were
tested in a five-minute session in the Light-Dark-Box (LDB) 30 minutes after etifoxine
treatment. Significant differences in breeding line and treatment (two-way ANOVA; dF =
3.713 ; p = 0.031 ) were detected in females (Fig. 3.1.1a). Bonferroni correction in post-
hoc test showed significant differences between NAB and LAB (p = 0.000), as well as NAB
and HAB (p = 0.000) rats. No significant difference regarding the breeding line in females
between LAB and HAB rats was detected. However, separate statistics (independent t-
test, p = 0.000) revealed a significant difference between the female control LAB and
HAB rats (Fig. 3.1.2). The treatment with etifoxine led to a significantly increased
time etifoxine-treated HAB females spent in the light box (dF = 7.594 ; p = 0.008).
Two-way ANOVA analysis (dF = 5.316; p = 0.008) revealed significant differences in
males (Fig.3.1.1b) regarding the breeding lines of the rats. Post-hoc tests with Bonferroni
correction indicate that LAB (p = 0.043) and NAB (p = 0.008) rats spent significantly

more time in the light box than HAB rats.
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Figure 3.1.1: Effects of the etifoxine treatment on anxiety-related behavior. Time spent
in the light compartment of the LDB of female (a) and male (b) HAB, LAB, and NAB rats was
scored during the five-minute trial. Rats received ip. injections of either vehicle (1% Tween 80 in
0,9% NaCl) or treatment (50/mg/kg etifoxine in 1% Tween 80 in 0,9% NaCl) ref.: 2.4. Data is
presented as mean + SEM, n = 8-10 per group; two-way ANOVA, factors: breeding x treatment.
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Figure 3.1.2: Effect of the TSPO ligand etifoxine on anxiety-related behavior of female
control rats. Rats received ip injections of vehicle (for treatment see chapter 2.4). Data is pre-
sented as mean + SEM, n = 9-10 per group; t-test: Mann-Whitney test.

Further analysis of the locomotion of the rats is shown in Figure 3.1.3. Females exhib-
ited significant treatment (dF = 7.605; p = 0.008) and breeding line (dF = 29.433; p =
0.000) differences regarding the total distance traveled (Fig. 3.1.3a). Bonferroni post-hoc

comparisons were significant between all breeding lines. However, only HAB females in
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3.1. Experiment 1 Results

the treatment group travelled significantly less, than vehicle HAB females (p = 0.037).
The two-way ANOVA analysis for overall velocity in females (Fig. 3.1.3¢) revealed a sig-
nificant difference in treatment (dF = 7.647; p = 0.008) and breeding line (dF = 28.130;
p = 0.000). Post-hoc tests with Bonferroni corrections showed significant breeding line
differences between all three groups (p p < 0.01). Etifoxine-treated HAB females had

significantly lower velocity overall than their controls (p = 0.036).
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Figure 3.1.3: Effect of the TSPO ligand etifoxine on locomotion in the LDB. Distance
moved [female:(a) and male:(b) HAB, LAB and NAB rats| and total velocity [female:(c) and
male:(d) HAB, LAB and NAB rats| observed in the LDB are shown in this graph. For details
on treatment, see chapter 2.4. Data is presented as mean + SEM, n = 8-10 per group; two-way
ANOVA, factors: breeding x treatment.

The observation of the total distance traveled in male rats (Fig. 3.1.3b) revealed dif-
ferences in breeding lines (dF = 9.461; p = 0.000) and treatment (dF = 5.099; p =
0.028). HAB males moved significantly less than LAB (Bonferroni: p = 0.000) and NAB
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(Bonferroni: p = 0.007 ) males. In addition, a treatment effect after the post-hoc test
is only shown in LAB males (p = 0.009). Etifoxine-treated LAB rats moved less than
their controls. The same effect was observed regarding the total velocity of the males
(Fig. 3.1.3d) with breeding line (dF = 9.815 ; p = 0.000) and treatment (dF = 5.050 ;

= 0.029 ) differences. HAB males had an overall lower velocity than LAB (Bonferroni:
p = 0.000) and NAB (Bonferroni: p = 0.006) males. Etifoxine-treated LAB males had

reduced velocity compared to the rest of the LAB group (p = 0.010).
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Figure 3.1.4: Effect of the TSPO ligand etifoxine on anxiety-related behavior in the LDB
Time spent in the light compartment of the LDB: HAB (a), LAB (b), and NAB (c) rats. For de-
tails on treatment, see chapter 2.4. Data is presented as mean + SEM, n = 9-10 per group; two-
way ANOVA, factors: gender x treatment

The two-way ANOVA analysis for sex differences revealed significant sex differences in
LAB (dF = 5.546; p = 0.024). However, in the post-hoc test Bonferroni correction, only a

tendency was found (p = 0.055). No significant differences were for either NAB or HAB.
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Depressive-like behavior

Regarding depressive-like behavior, LAB, NAB, and HAB were tested in the 10-minute
FST. In females, the two-way ANOVA analysis of the floating behavior revealed significant
differences regarding the breeding line (dF = 18.828; p = 0.000). Bonferroni corrections
show that LAB females have significantly less floating behavior than NAB (p = 0.000) and
HAB (p = 0.002) rats. However, Fisher s LSD corrections show that HAB females float
significantly less than NAB females (p = 0.025). Treatment did not resolve significant
differences.

A significant difference in the total time floating was found in males regarding the
breeding lines (two-way ANOVA; dF = 25.526; p = 0.000). Post-hoc test with Bonferroni
correction revealed that LAB males show less floating behavior than NAB (p = 0.000) and
less than HAB (p = 0.000) males. Yet, with Fisher”s LSD corrections, HAB males float
significantly less than NAB males (p = 0.048). No differences regarding the treatment

were observed.
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Figure 3.1.5: Effect of the TSPO ligand etifoxine on passive stress-coping behavior in the
FST. Passive, floating behavior of females (a) and males (b) HAB, LAB and NAB rats in the
FST. Rats received treatment as described in chapter 2.4. Data is presented as mean + SEM, n =
8-10 per group; two-way ANOVA, factors: breeding x treatment.

Observing the overall time struggling, breeding line differences were found regarding

the behavior of females (Fig. 3.1.6a) (two-way ANOVA; dF = 21.479; p = 0.000). Female
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LAB rats show significantly more struggling behavior than NAB (p = 0.000) and HAB (p
= 0.000) females (post-hoc; Bonferroni). Significant treatment effects were not observed.

Significant differences within the breeding lines were found in males (Fig. 3.1.6b) (two-
way ANOVA; dF = 4.278; p = 0.019). Bonferroni corrections in the post-hoc test showed
that these differences are not consistent over all groups. Only HAB males struggled
significantly less than LAB males (p = 0.018). Fisher’s LSD corrections, however, were
also significant for the difference of NAB and HAB males (p = 0.035). HAB males

struggled less than LAB and NAB. No treatment differences were observed in any group.
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Figure 3.1.6: Effect of the TSPO ligand etifoxine on active stress-coping behavior in the

FST. The struggling and swimming behavior, seen as active stress-coping behavior of females (a)
and males (b) HAB, LAB, and NAB rats, were scored during the 10-minute trial. Rats received ip
injections of either vehicle or treatment (for treatment see chapter 2.4. Data is presented as mean
+ SEM, n = 8-10 per group; two-way ANOVA, factors: breeding x treatment.
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3.1.2  Stress reactivity

To assess the stress reactivity depending on etifoxine treatment in female and male HAB,
LAB, and NAB rats, plasma CORT levels were measured 5 minutes after ending the
FST. Significant differences regarding a treatment effect on CORT levels were found in
both NAB female (Fig. 3.1.7a) (two-way ANOVA; dF = 4.625; p = 0.014) and male
(Fig. 3.1.7b) (two-way ANOVA; dF = 8.575; p = 0.005). In both female and male
NAB rats, etifoxine-treated rats showed greater CORT levels after the FST than their
controls. Bonferroni-adjusted post-hoc analysis revealed a significant difference (p < 0.05)
regarding the breeding lines in females. CORT levels in NAB rats were higher than in

HAB and LAB rats. In males, no breeding line difference in CORT levels was present.
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Figure 3.1.7: Effect of the TSPO ligand etifoxine on stress reactivity in the plasma CORT
levels of females (a) and males (b) HAB, LAB and NAB rats. For treatment, see chapter 2.4.
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3.2  Experiment 2: Impact of peripheral TSPO ligand application on OXT

receptor s expression in a selected brain region

OXT receptor binding in the central amygdala was measured using receptor autoradio-
graphy. In female rats, a significant difference was detected (two-way ANOVA; dF =
4.902; p = 0.011). Post hoc tests with Bonferroni corrections revealed that HAB females
etifoxine-treated with etifoxine expressed higher levels of OXT receptor in the right cen-
tral amygdala than the vehicle control group (p = 0.018). However, no breeding line

differences were observed on either side.
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Figure 3.2.1: Effect of the TSPO ligand etifoxine on OXT receptor binding in the central
amygdala OXT receptor binding in the left (@) and right (b) central amygdala of female HAB,
LAB and NAB rats. For treatment, see chapter 2.4.

In male rats, OXT receptor binding in the central amygdala has significant breeding
difference on both sides (left: two-way ANOVA; dF = 9.439; p < 0.001) (right: two-way
ANOVA; dF =11.001; p < 0,001). Post hoc tests with Bonferroni corrections revealed that
NAB males express lower levels of OXT receptors in the right and left central amygdala
than HAB and LAB animals (p <0.001). However, no treatment differences were observed

on either side.
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Figure 3.2.2: Effect of the TSPO ligand etifoxine on OXT receptor binding in the central
amygdala OXT receptor binding in the left (a) and right (b) central amygdala of male HAB, LAB

and NAB rats. For treatment, see chapter 2.4.
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Chapter 4

Discussion

4.1 Summary of results

Anxiety and depression are among the most frequently diagnosed diseases worldwide and
the leading cause for a high amount of DAYLY (World-Health-Organization, 2017). A
better understanding of these life-threatening diseases is of utmost importance. In treat-
ing anxiety disorders, benzodiazepines are emergency drugs because of their rapid onset of
action (Olfson et al., 2015). However, these drugs can lead to tolerance and abuse, asso-
ciated with withdrawal symptoms, and can have sedative side effects (Balon & Starcevic,
2020; Shader & Greenblatt, 2010). Initial long-term treatment of anxiety disorders can be
started with antidepressants. However, the onset of action of these antidepressants can
be delayed up to weeks (Dell’Osso et al., 2010). Thus, there is a demand for innovative
pharmacological interventions that concurrently offer rapid anxiolytic effects while min-
imizing issues such as the induction of tolerance and susceptibility to abuse (Bandelow,
2014; Nothdurfter et al., 2012).

TSPO has gained significant attention regarding the pathophysiology and treatment
options of anxiety disorders (Nguyen et al., 2006; Micallef et al., 2001; Rupprecht et al.,
2010; Servant et al., 1998). This thesis evaluated the effect of etifoxine on anxiety-related
behavior in a psychopathological animal model for anxiety and depression (Gryksa et al.,
2023). Therefore, etifoxine and vehicle were administered once daily over nine days. On

day five, the anxiety-related behavior of both female and male HAB, LAB, and NAB rats
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was tested, followed by the depressive-like behavior test on day nine. The stress reactivity
and OXT receptor binding in the central amygdala were further evaluated. The present
study confirms the anxiolytic effect of etifoxine, but only in female HAB rats, thereby re-
vealing a sex-specific treatment effect. Further, it was discovered that etifoxine treatment
influenced the binding properties of OXT in a similar pattern. However, etifoxine did not
affect depressive-like behavior. Interestingly, it was observed that etifoxine altered the
stress reactivity only in NAB rats, i.e., in rats not selected for anxiety-related behavior.
With the present findings, we extend our knowledge about TSPO and its ligands (Ugale
et al., 2007; Verleye et al., 2005; Verleye & Gillardin, 2004), and propose to consider the
sex difference in treatment strategies for anxiety disorders. The study verifies the HAB
breeding line as a model for innate anxiety-related behavior with etifoxine as a potential
treatment. Hence, the HAB-LAB model for anxiety and depression provides a unique
model for a better understanding of the mechanisms and treatment options of anxiety

and depressive disorders, especially with a focus on sex differences.

4.2 Effects of etifoxine treatment on innate emotionality and stress reac-
tivity

Etifoxine was the initial TSPO ligand shown to be anxiolytic in a clinical trial (Nguyen
et al., 2006). TSPO is involved in the rate-limiting step of the neurosteroid synthesis
(Papadopoulos et al., 1997). Thus, the observed anxiolytic effect of etifoxine is probably
due to enhanced neurosteroid synthesis, particularly allopregnanolone. Etifoxine also ele-
vates plasma and brain levels of pregnenolone, 5-a-dihydroprogesterone and progesterone
(Okuyama et al., 1999; Serra et al., 1999; Verleye et al., 2005). Within hypothalamic neu-
rons, etifoxine amplifies tonic inhibition, a process mediated by extrasynaptic GABA
receptors (Romeo et al., 1993; Serra et al., 1999). Neurosteroids seem to alternate the re-
lease of GABA neurotransmitter through binding GABA-receptor subunits (Belelli et al.,
2006; Mellon & Griffin, 2002). This observation is supported by the fact that the anxi-
olytic effect of etifoxine is reversed by the steroid synthesis inhibitor finasteride (Schlichter

et al., 2000). The release of neurosteroids is brain-specific, as the increase is independent
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of peripheral sources (Verleye et al., 2005). The mentioned anxiolytic effects are mainly
mediated by the amygdala (Akwa et al., 1999). Etifoxine is also shown to bind GABA
receptors at S and [3, thus further facilitating GABAergic transmission (Hamon et al.,
2003). This allosteric site is different from that of neurosteroids and benzodiazepines
(Verleye et al., 1999, 2001; Schlichter et al., 2000). As etifoxine also functions as a weak
direct GABA 5 receptor enhancer (Schlichter et al., 2000), the extent to which the neuros-
teroidogenesis is related to the anxiolytic properties of etifoxine is not completely clarified

(Rupprecht et al., 2010).

Especially in recent years, sex differences in psychiatric diseases have become increas-
ingly apparent. Women tend to suffer from more mood disorders than male patients
(Craske et al., 2017; Seedat et al., 2009; Seney & Sibille, 2014). Female patients have a
two times higher risk of developing an anxiety disorder than men (Bandelow & Michaelis,
2015). Additionally, women are more likely to have a disease with a chronic course,
more comorbidity, and vaster functional impairment (Jalnapurkar et al., 2018). Various
factors have drawn attention regarding the different sex-dependant prevalence. Besides
psychological, environmental, and cultural factors, biological features may explain these
differences (Bangasser & Cuarenta, 2021; Farhane-Medina et al., 2022). Twin studies
declare genetic factors responsible for the sex difference in anxiety disorders (Ask et al.,
2014; Merikangas & Almasy, 2020). However, the occurrence of anxiety disorders can-
not be explained by one specific genetic difference, as several factors contribute to the
development of anxiety and, therefore, also to the different manifestations of both gen-
ders (Gottschalk & Domschke, 2017). Rather apparent is the gender difference within
changes in hormones. Females and males display different levels and functions of vari-
ous hormones, such as estrogen or testosterone (Domonkos et al., 2017). Especially the
hormones within the menstrual cycle play a vital role in the sex difference in anxiety
disorders. It is suggested that estrogen and progesterone increase the vulnerability of
females to anxiety disorder, as well as facilitate the maintenance of symptoms after the
development of the disorder (Li & Graham, 2017; Nillni et al., 2021). In preclinical stud-

ies, sex-dependent implications on fear memory and extinction are observed (Dalla &
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Shors, 2009; Gupta et al., 2001; Marcondes et al., 2002). Growing evidence suggests addi-
tionally the difference in brain circuits mediating anxiety- and depressive-like behavior for
either females or males (Bangasser & Cuarenta, 2021). For example, Labonté et al. (2017)
found sex differences regarding stress susceptibility in MDD patients on a transcriptional
level. Females exhibit greater vulnerability to negative emotions, with higher activation
of amygdala-associated brain circuits (Gardener et al., 2013; Lungu et al., 2015). Further,
in preclinical studies, sex as a biological variable remains underrated (Beery & Zucker,
2011; Kokras & Dalla, 2017). Especially in neuroscientific research, a sex-bias is reported,
with many male animals included in preclinical studies (Beery & Zucker, 2011; Will et al.,
2017). Mentioned disproportion regarding sex can negatively affect the development of
sufficient drug treatments (Check Hayden, 2010).

Interestingly, the present results demonstrate an anxiolytic effect of etifoxine only
in female rats with high innate anxiety, as those spent more time in the illuminated
compartment of the LDB, indicating reduced anxiety-related behavior (Henniger et al.,
2000). Therefore, there is a sex-specific effect of etifoxine. However, comparable results
of both sexes still need to be included in most pre-clinical etifoxine studies. (Ugale et al.,
2007; Verleye et al., 2005; Verleye & Gillardin, 2004). Consequently, studying these sex-
dependent results in animals and humans is crucial, as this would influence the clinical
use of etifoxine. A possible hypothesis for the present sex differences might be linked to
the role of neurosteroids. Etifoxine acts anxiolytic through enhanced neurosteroid synthe-
sis (Schlichter et al., 2000; Verleye et al., 2005). The neurosteroid allopregnanolone was
found to be anxiolytic, especially in female rats (Bitran et al., 1991; Brot et al., 1997).
Moreover, females show a greater sensitivity towards neurosteroids. In a postnatal stress
model, allopregnanolone reduces anxiety-like behavior only in females, and female mice
have a greater sensitivity to neurosteroid treatment in epileptic seizures (Brunton et al.,
2015; Reddy et al., 2019). In addition, studies showed a sex-dependent effect of allopreg-
nanolone, as in prenatally stressed rats, neuroactive steroids were shown to reduce the
activity of the HPA axis in females only (Zimmerberg et al., 1999). Furthermore, recent

results show that anxiolytic neurosteroids have basal sex differences in various brain re-
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gions (Giatti et al., 2020). For example, allopregnanolone levels in the hippocampus and
cerebral cortex are higher in female rats. Those sex differences might be due to differences
in the machinery of the neurosteroid synthesis, as the gene expression of the steroidogenic
acute regulatory protein (StAR) also exhibits sex differences (Giatti et al., 2019; Lavaque
et al., 2006). Therefore, the sex difference may be due to a complex interplay between
neurosteroid level and sensitivity to neurosteroids, as downregulation and imbalance of
neurosteroids contribute to the development of anxiety disorders (Schiile et al., 2014;
Nothdurfter et al., 2012; Rupprecht et al., 2010). In favor of the mentioned hypothesis,
Bahr et al. (2021) propose that the therapeutic effect of etifoxine is limited to patients
suffering from psychiatric diseases with disrupted neurosteroid systems. Treatment op-
tions targeting the neurosteroid system may need to be carefully adapted to the sexes. To
shed more light on this, it would be interesting to determine neurosteroid levels in HAB
rats.

Another explanation for the sex-dependent effect of etifoxine could be hormonal. It is
well known that the occurrence and onset of anxiety disorders are dependent on fluctua-
tions of the estrous cycle, as well as their course and severity (Basso et al., 2011; Domonkos
et al., 2017). Regarding therapeutic studies in animals and humans, it remains inevitable
to consider that previous studies did not always test the efficacy of anxiolytics in both
sexes. This is in part due to females being considered more variable and more difficult to
investigate (Beery & Zucker, 2011). However, observations regarding neurosteroids and
the estrous cycle remain ambiguous (Lovick & Zangrossi, 2021). Considering neurosteroid
levels, a change in allopregnanolone is observed during the estrus cycle. Especially during
proestrus, the levels of allopregnanolone were high (Palumbo et al., 1995; Schmidt et al.,
1994) and females exhibited reduced anxiety-related behaviors (D’Souza & Sadananda,
2017). To reduce the variability of neurosteroids and their influence on behavior, only
female rats in the LDB and FST were included in the metestrus-diestrus tests. Never-
theless, it would be interesting to compare the effect of etifoxine on behavior in female
rats in proestrus-estrus to detect if the anxiolytic effect of etifoxine is affected. In hu-

mans, allopregnanolone was associated with improvement in patients with premenstrual
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syndromes during one estrus cycle (Wang et al., 1996). Furthermore, women are also
vulnerable to developing mood and anxiety disorders when endogenous estradiol levels
are low during menopausal and postpartum periods (Altshuler et al., 1998; Schnatz et al.,
2010). During pregnancy, allopregnanolone serum levels are increased, and postpartum
mood alterations are due to the withdrawal of neurosteroids after birth (Majewska, 1992).
These fluctuations in females and, thus, a possible enhancement of the neurosteroid levels
could also explain why an effect of neurosteroids was found in females.

On the other hand, obtained sex differences and the lack of a treatment effect on males
contrast earlier studies that showed an anxiolytic effect in male rats. However, these
studies have either used different experimental patterns or been conducted in healthy
animals without innate anxiety (Ugale et al., 2007; Verleye et al., 2005; Schlichter et al.,
2000). Thus, etifoxine may act different in psychopathological conditions, as proposed by
Bahr et al. (2021). Regarding etifoxine effects on anxiety, previous anxiolytic properties
of etifoxine are present in healthy male rats after exposure to short-time stressors (Ugale
et al., 2007; Verleye et al., 2005; Schlichter et al., 2000). However, the present study used
rats with a high innate anxiety phenotype (Landgraf & Wigger, 2002). This difference
is particularly relevant given the high genetic component of anxiety disorders in humans,
which is represented by the HAB rats (Craske et al., 2017; Gottschalk & Domschke, 2017;
Shimada-Sugimoto et al., 2015). Different underlying pathophysiology of the anxiety
circuits and further tools of assessing anxiety-related behavior, might explain the sex
difference of the present study. An example is the use of the Vogel’s conflict test (VGT)
(Schlichter et al., 2000; Verleye et al., 2005), where water-deprived animals receive a mild
shock when they drink water. Conflict is created between the animal’s instinctive behavior
and fear-associated behavior (Vogel et al., 1971). Anxiety and fear can be distinguished.
Fear emerges when a specific threat or clear signals indicate danger, yet anxiety arises
in situations characterized by uncertainty and unpredictability, where potential dangers
are not indicated (Davis et al., 2010). This can be seen when rodents are exposed to
unfamiliar open spaces, creating a feeling of danger. It remains essential to consider

the nature of the anxiety or fear-inducing stimuli (Armario & Nadal, 2013). Thus, the
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behavior assessed in the LDB measures more preciously innate and sustained fear, whereas
the behavior observed in the VGT is more suitable to detect phasic and learned fear (Davis
et al., 2010; Lisboa et al., 2010; Millan, 2003). Etifoxine shows an effect on short-term
punishment of the VGT in males but no impact on the traits of anxiety in the HAB animal
model. Regarding its importance in estimating the level of anxiety with several different
tests (Sudakov et al., 2013), it is crucial to consider the contrasting results of males of the
VGT and the LDB might add up together to a more precise understanding of the effect
of etifoxine on anxiety. Nevertheless, to prove this hypothesis and suggest sex differences,
it would be important to analyze the effect of etifoxine in females exposed to a short-time
stressor. Together, the findings indicate that the anxiolytic effect of etifoxine observed in
males based on learned fear differs from those of animal models involving an innate fear
of animals. The reasons for the different ways of action of etifoxine are unknown.

Overall, the study highlights the importance of the HAB animal model in studying
sex differences. The animal model is essential as it allows a better mimic of anxiety in
humans, combining genetic alterations and stress exposure (Gryksa et al., 2023; Neumann
et al., 2011). So far, no sex-specific differences are present in this animal model (Landgraf
& Wigger, 2002). Thus, HAB rats provide an interesting model for studying sex-specific
differences in treating psychiatric disorders. Interestingly, Schmidtner et al. (2019) reveal
a sex- and trait-dependent difference in treating depressive-like behavior in HAB males.
Thereby, again highlighting the importance of including female animals in neurobiological
research.

With regard to human research, etifoxine was found to be anxiolytic in clinical trials.
However, a closer look reveals that more women (2/3) were included in the study, yet a
more detailed breakdown of the effectiveness of etifoxine in both sexes is missing from the
study. Nevertheless, the study design could already provide an indication of a possible
sex difference (Nguyen et al., 2006). Nuss et al. (2019) suspect a possible sex difference
regarding etifoxine treatment in humans. The conclusion is also drawn in regards to
the greater rate of women included in ineffective etifoxine trials (Alexandrovsky et al.,

2010; Stein, 2015; Servant et al., 1998), which needs to be interpreted carefully. Finally,

95



4.2. Effect of etifoxine Discussion

regarding the target of etifoxine, a recent publication provides further evidence for sex
differences within TSPO. Higher TSPO distribution in the brain was present in women,
using the radioligand [11C]PBR28 (Tuisku et al., 2019). In light of these considerations,
the present study suggests that women show greater susceptibility to treatment options
with TSPO ligands, most likely resulting in stronger alterations of neurosteroid synthesis.
Hence, the management of TSPO targets should be considered precisely in clinical set-
tings. However, more evidence is required to prove the presumed sex difference between

TSPO and etifoxine, particularly in regard to anxiety disorders.

Anxiety and depression are highly co-morbid (Craske et al., 2017). Therefore, the HAB-
LAB animal model provides an important tool to look closely at depressive-like behavior.
Concomitant with the high-anxiety phenotype, the behavior observed in the LDB and
the FST confirmed the same breeding line difference in anxiety-related and depressive-
like behavior (Landgraf & Wigger, 2002; Ohl et al., 2001a). HAB rats of both sexes were
more anxious than LAB rats. In addition, the HAB rats showed less active stress-coping
behavior. However, the current analysis revealed no significant differences due to etifoxine
treatment on depressive-like behavior. Despite the observation that allopregnanolone
reduces depressive-like behavior in the FST (Khisti et al., 2000), no effect of etifoxine was
seen in this experiment. Nevertheless, recent research highlights the relationship between
depression and TSPO (Rupprecht et al., 2023). The role of TSPO in depressive disorder
might be linked to microglial activation and synaptic plasticity and, therefore, not possible
to detect in a short-term etifoxine treatment (Schmidtner et al., 2019; Setiawan et al.,

2015).

Benzodiazepines are very effective in the treatment of anxiety disorders and are widely
prescribed for rapid onset treatment (Olfson et al., 2015), although the treatment is as-
sociated with several severe side effects, such as CNS depression, drug dependence, or
intense symptoms of withdrawal (Balon & Starcevic, 2020; Schweizer & Rickels, 1998;
Shader & Greenblatt, 2010). Therefore, it is indispensable to rethink the use of benzodi-

azepines in anxiety disorders and develop new forms of therapy (Nothdurfter et al., 2012;
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Rupprecht et al., 2010). For instance, Micallef et al. (2001) compared the psychomotor
and memory effects of etifoxine and the benzodiazepine lorazepam in healthy participants.
The double-blind, placebo-controlled study investigated psychomotor performance, atten-
tion, and memory. In comparison to the lorazepam group, the etifoxine group exhibited
a significantly quicker reaction time. Additionally, participants administered lorazepam
reported significantly higher levels of drowsiness, fatigue, and somnolence, while also ex-
pressing reduced feelings of energy. An additional study provides further information on
alertness and cognitive impairment of etifoxine in comparison to lorazepam with healthy
older volunteers included in the study. Etifoxine administration had no harmful effects on
alertness, where it was significantly reduced with lorazepam. Moreover, no effects on at-
tention, information processing, and memory were observed due to the etifoxine treatment
(Deplanque et al., 2018). Interestingly, the present study revealed different observations.
The locomotion of etifoxine-treated HAB females that showed less anxiety-related behav-
ior was reduced in comparison to the control group. However, in terms of analyzing the
effect of the locomotion on anxiety-related behavior, those results are important, as they
show that reduced anxiety-related behavior was independent of the arousal state of the
animal. This is important, as high arousal states can increase locomotor activity, which
might falsely be interpreted as reduced anxiety-related behavior (Ohl et al., 2001b; Rex
et al., 2005). Yet, the animal model and observed locomotion might not be suitable to

quantify and compare the side effects of etifoxine in humans.

Regarding stress reactivity, the obtained CORT levels revealed some interesting findings,
as plasma CORT levels were only elevated in NAB rats treated with etifoxine but not in
HAB or LAB rats. Interestingly, while the baseline CORT levels of HAB and LAB rats
are indifferent, the stress-induced CORT response is significantly higher in HAB versus
LAB rats (Landgraf et al., 1999; Liebsch et al., 1998). However, these differences were
not seen in the present experiment. This might be due to a reduced stress response of the
HAB and LAB rats following etifoxine treatment, as previously shown in non-selected rats
(Verleye & Gillardin, 2004). However, results from NAB rats, where etifoxine increased

stress-induced plasma CORT levels, are in contrast with the observation that etifoxine
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does not affect the stress-induced activity of the HPA axis in healthy humans, measured
by salivary CORT levels (Bahr et al., 2021). However, detailed information on changes
in the steroid system of HAB, LAB, and NAB rats is missing. The observed alteration
in plasma CORT levels was restricted to animals without altered behavioral phenotypes.
Psychopathological conditions, such as anxiety and depression, are often associated with
a disrupted HPA axis (Kinlein et al., 2019). This disrupted system of the HPA due to
the altered phenotype of the animals may explain why no effect of etifoxine was seen in
HAB and LAB rats (Schiile et al., 2014). Interestingly, plasma CORT alterations were
present in females and males who did not display behavioral alterations. The obtained
results reject the assumption that etifoxine has a more significant influence on the stress
response in pathological conditions in humans (Bahr et al., 2021). In line with this
finding, research goes even further by questioning the role of TSPO in steroid synthesis
(Morohaku et al., 2014; Banati et al., 2014). Additional experiments with TSPO-knockout
revealed an influence of TSPO on steroid synthesis but not on CORT levels (Fan et al.,
2020). However, Papadopoulos et al. (2018) failed to reproduce the experiments that
challenged the importance of TSPO in steroid synthesis and further highlight their role
of action (Owen et al., 2017). The measurement of plasma CORT might not contribute
to understanding the treatment effects of etifoxine in psychiatric conditions. Therefore,
further studying TSPO “s mechanism of action in psychiatric disorders and linked therapy

is inevitable (Rupprecht et al., 2022).

4.3 Impact of peripheral TSPO ligand application on OXT receptor’s

density in a selected brain region

One of the most critical brain regions regulating anxiety is the amygdala (Craske et al.,
2017). Several mechanisms are essential to understand the pathophysiology of psychi-
atric disorders. One important mediator is the neuropeptid OXT (Yoon & Kim, 2020).
Especially in the amygdala, OXT is associated with an anxiolytic effect (Bale et al.,
2001; Viviani et al., 2011). OXT regulates fear negatively through increased excitability

of OXT receptors in the amygdala and inhibition of the fear response through GABA
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(Huber et al., 2005; Viviani et al., 2011).

In order to study the potential effects of etifoxine treatment on anxiety via modulation
of the OXT system, the binding of OXT receptors in the central amygdala was examined.
In fact, etifoxine had a significant effect on OXT receptor binding in HAB female rats
only. Etifoxine-treated HAB females had reduced OXT receptor binding in the right
central amygdala. Interestingly, this effect was found in the same breeding line that
showed behavioral changes after etifoxine treatment, i.e., reduced anxiety-related behavior
in the light-dark box. Hence, activation of TSPO might be associated - directly or rather
indirectly - with OXT receptor binding. Indeed, OXT administration has anxiolytic
properties (Neumann et al., 2000). Therefore, treatment with etifoxine and activation of
TSPO might be associated with an increase in OXT levels, which in turn could lead to a
downregulation of OXT receptors in the amygdala. Increased OXT levels due to chronic
OXT administration over 14 days lead to decreased levels of OXT receptors. However, in
contrast to this result, the downregulation of OXT receptors was associated with increased
anxiety (Peters et al., 2014; Huang et al., 2014). It is essential to consider that the observed
reduction in anxiety-related behavior was on the fifth day of the administration and the
evaluation of the OXT receptor levels after the ninth day of the administration. For more
comparable results, it would be interesting to repeat the test for anxiety-related behavior
after a more extended period of etifoxine treatment or evaluate the OXT receptor binding
after five days of etifoxine treatment.

So far, differences in the basal level of OXT receptor binding in HAB and LAB females
and males have not been reported (Gryksa et al., 2023). Interestingly, in the HAB animal
model, an anxiolytic effect of OXT was only apparent in female, but not male HAB rats
(Landgraf & Wigger, 2003). Yet, within the OXT system, there could be a link to the
observed sex differences. Furthermore, OXT receptor expression could also be regulated
through enhanced levels of neurosteroids induced by TSPO activation. An example is the
steroid estrogen, known to influence the induction of OXT receptor expression (Choleris
et al., 2003; Young et al., 1998). Further observations might help to understand underlying

neurobiological mechanisms.
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Overall, the current behavioral investigations urge the importance of considering sex dif-
ferences in psychiatric disorders. Nevertheless, further and more comprehensive prospec-
tive studies are needed to validate these results and consolidate the potential role of TSPO

in psychiatric disorders.

4.4 Limitations and Restrictions

Although animal behavior is reproducible, reliable, and well-studied, some limitations
remain. One of them is the difficulty of modeling diseases using an animal model; de-
spite promising research and reliable animal models, there are still factors that cannot be
sufficiently modeled in animals, especially when it comes to psychiatric diseases. These
include, for example, the nature and complexity of many symptoms and the lack of objec-
tive diagnostic tools (Nestler & Hyman, 2010). Another main factor of limitation in the
analysis might be the small sample size, which may have influenced results and, there-
fore, should be considered when interpreting results. Regarding the laboratory conditions,
some limitations might also occur, such as the influence of the human person conducting
and evaluating the experiment. However, these errors were kept to a minimum through

established laboratory standards.

4.5 Future Research

Considering the role of TSPO in psychiatric diseases, future research should reach out in
attempting to understand and describe the underlying mechanism. Moreover, forthcoming
research should be conducted to understand the sex differences in psychiatric diseases,
focusing on the treatment options and difficulties. This is particularly important in order
to establish better treatment regimes for women. To further cement the reliability and
validity of present findings, the author encourages reevaluating the results in further

experiments.
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Chapter 5

Summary

The overall goal of this study was to investigate TSPO 18 kDa in the HAB-LAB animal
model of psychopathologies and gain deeper insights into TSPO as a therapeutic target
in psychiatric disorders. TSPO is a channel protein located in the outer mitochondrial
membrane that is essential for neurosteroid synthesis with rate-limiting features. Neuros-
teroids facilitate neurotransmission at the GABA p-receptor, thereby mediating anxiolytic
properties. The TSPO ligand etifoxine acts through enhanced neurosteroid synthesis as
an anxiolytic compound. The present study sought further insights into the functioning
of etifoxine, especially under pathological conditions. The present study confirms the
anxiolytic effect of etifoxine but also unravels a sex difference, as etifoxine acted anxi-
olytic in HAB females, only. In males of the HAB breeding line, etifoxine did not lead
to a reduction of anxiety-related behavior. These results are significant concerning the
higher prevalence of psychiatric disorders, especially anxiety disorders in females. The
study extends previous observations that the therapeutic effect of etifoxine might be lim-
ited to pathological conditions with a disrupted neurosteroid system. Other sex-related
differences need to be considered in the use of TSPO. The study further confirms that
the TSPO ligand etifoxine has no ameliorative effect on depressive behavior in rats bred
for high and low anxiety-related behavior.

Consistent with the current state of the relevant literature, etifoxine had no effect on
stress reactivity in animals with pathological conditions. However, treatment with eti-

foxine resulted in an increased corticosterone response in animals that were not selected
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for anxiety-related behavior. These results are in contrast with earlier findings. The re-
sults highlight the importance of further investigating the relationship between TSPO and
stress response in pathological conditions, particularly in the context of anxiety disorders.

In addition, etifoxine treatment revealed a reduction of OXT receptor binding in the
central amygdala of HAB females. This could be due to increased OXT signaling in the
brain, but it requires further proof. So far, limited research is available regarding the re-
lationship between TSPO and OXT. Importantly, those findings reinforce the significance
of considering neuroendocrine systems in anxiety disorders’ onset.

The present work proved the potential of TSPO as a target for the treatment of anxiety
disorders and showed the pivotal importance of including female subjects in basal research,

especially in the neurobiological fields.
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