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Abstract

Abstract

Environmental threats demand adaptive defensive responses of an organism that ensure
1ts survival. Extreme stressors, however, can unbalance stress homeostasis and lead to
long-term changes that impair appropriate defensive behaviors and emotional responses.
In my thesis, I assessed (1) the interaction of two stress-related neuromodulatory systems,
(2) the effects of a traumatic incident on brain volume and hyperarousal, and (3) sonic
vocalization as a defensive behavior in mice, and discussed the topics in three independent

studies.

In the first study, I evaluated the interaction of two regulatory systems with respect to
fear, anxiety, and trauma-related behaviors. Although the endocannabinoid and the
corticotropin-releasing factor (CRF) systems are well described in modulating stress-
related responses, the direct interaction of both systems remained poorly understood. The
generation of a new conditional knockout mouse line that selectively lacked the expression
of the cannabinoid type 1 (CB1) receptor in CRF-positive neurons presented no differences
in various tests of fear and anxiety-related behaviors under basal conditions or after a
traumatic event. Also stress hormone levels were unaffected. However, male knockout
animals exhibited a significantly increased acoustic startle response thus suggesting a

specific involvement of CB1-CRF interactions in controlling arousal.

In the second study, I assessed the consequences of a traumatic experience on behavior
and grey matter volume in mice. Whole-brain deformation-based morphometry (DBM) by
means of magnetic resonance imaging (MRI) after incubation of a traumatic incident
showed changes in the dorsal hippocampus and the reticular nucleus. Using the severity
of hyperarousal as regressor for cross-sectional volumetric differences between
traumatized mice and controls revealed a negative correlation with the dorsal
hippocampus. Further, longitudinal analysis including volumetric measurements before
and after the traumatic incident showed that volume reductions in the globus pallidus

reflect trauma-related changes in hyperarousal severity.

In the third study, I characterized sonic vocalization as a defensive behavior in mice. Mice
bred for high anxiety-related behavior (HAB) were found to have a high disposition to emit
audible squeaks when taken by the tail which was not the case for any of the other five
mouse lines tested. The calls emitted had a fundamental frequency of 3.8 kHz and were

shown to be sensitive to anxiolytic but not panicolytic compounds. Manganese-enhanced
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MRI (MEMRI) scans pointed towards an increased tonic activity, among others, in the
periaqueductal grey (PAG). Inhibition of the dorsal PAG by muscimol not only completely
abolished sonic vocalization, but also reduced anxiety-like behavior. This suggests that
sonic vocalization of mice is related to anxiety and controlled by the PAG. To explore the
ecological relevance of defensive vocalization, I performed playback experiments with
conspecifics and putative predators. Squeaks turned out to be aversive to HAB mice but
became appetitive to both mice and rats when a stimulus mouse was present during

playback.

Collectively, the results of this thesis provide novel insights into fear and anxiety-related

behaviors and shine light onto their mechanistic basis and ecological relevance.



Zusammenfassung

Zusammenfassung

Gefahren aus der Umwelt erfordern von einem Organismus angepasste defensive
Reaktionen, die dessen Uberleben sicherstellen. Extreme Stressfaktoren kénnen die
Stresshomoostase aus dem Gleichgewicht bringen und zu Langzeitverdnderungen fiihren,
die adaptives defensives Verhalten und emotionale Reaktionen beeintriachtigen. In meiner
Dissertation habe ich (1) die Interaktion von zwei stressabhingigen
neuromodulatorischen Systemen, (2) die Auswirkungen eines traumatischen Ereignisses
auf das Hirnvolumen und das individuelle Erregungsniveau und (3) horbare
Vokalisierung als ein defensives Verhalten bei Mé&usen untersucht und in drei

unabhéngigen Studien diskutiert.

In der ersten Studie habe ich die Interaktion zweier regulatorischer Systeme in Bezug auf
Furcht, Angst und traumabedingte Verhaltensdnderungen untersucht. Obwohl das
Endocannabinoid- und das Corticotropin-releasing factor (CRF)-System weitreichend in
Bezug auf die Modulation von Stressantworten beschrieben sind, ist tiber die direkte
Interaktion der beiden Systeme wenig bekannt. Die Ziichtung einer neuen konditionalen
Knockout-Mauslinie, bei der die Expression des Cannabinoid-Rezeptors Typ 1 (CB1)
spezifisch auf CRF-positiven Neuronen fehlte, zeigte keine Unterschiede in verschiedenen
Tests fir Angst- und Furchtverhalten, weder unter basalen Bedingungen noch nach einem
traumatischen Ereignis. Auch die Stresshormonkonzentrationen blieben vom Knockout
unbeeinflusst. Méannliche Knockout-Mause zeigten jedoch eine signifikant erhéhte
Schreckreaktion, was auf eine Mitwirkung der CB1-CRF-Interaktion bei der Kontrolle der
Erregung hindeutet.

In einer zweiten Studie habe ich die Konsequenzen einer traumatischen Erfahrung auf
das Erregungsverhalten und das Volumen der grauen Substanz von Mausen untersucht.
Deformation-Based Morphometry (DBM) mithilfe von Magnetresonanztomografie (MRT)
nach der Inkubation eines traumatischen Ereignisses zeigte Veranderungen im dorsalen
Hippocampus und dem Nucleus reticularis auf. Durch die Anwendung des individuellen
Erregungsniveaus als Regressor konnte eine negative Korrelation zwischen
Erregungsniveau und dem Volumen des dorsalen Hippocampus im Vergleich von
traumatisierten Médusen und Kontrollen gefunden werden. Des Weiteren zeigte eine
longitudinale Analyse mit Volumenmessungen vor und nach dem traumatischen Ereignis,
dass eine Volumenabnahme im Globus Pallidus mit traumabedingten Verdnderungen in

der Schwere der Ubererregbarkeit koinzidiert.
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Zusammenfassung

In der dritten Studie habe ich die horbare Vokalisierung als defensives Verhalten von
Mausen charakterisiert. Eine Mauslinie, die auf erhohtes Angstverhalten geziichtet
wurde (HAB-Méuse), zeigt eine hohe Tendenz, hérbare Quiek-Laute auszustollen, wenn
sie an der Schwanzwurzel hochgehoben wurde. Dies konnte bei funf weiteren getesteten
Mauslinien nicht beobachtet werden. Die Laute hatten eine Grundfrequenz von 3,8 kHz
und konnten durch anxiolytische, nicht jedoch panikolytische Substanzen verringert
werden. Mangan-verstirkte MRT-Aufnahmen deuteten auf eine erhoéhte tonische
Aktivitat unter anderem im periaquiaduktalen Hohlengrau (PAG) hin. Die Inhibition des
PAG durch Muscimol hat nicht nur die hérbare Vokalisierung komplett ausgeschaltet,
sondern auch das Angstverhalten reduziert. Um die 6kologische Relevanz der defensiven
Vokalisierung zu untersuchen, habe ich abschlieBend Playback-Experimente mit
Artgenossen und potenziellen Fressfeinden durchgefiihrt. Die Quiek-Laute stellten sich
als aversiv fiir HAB-Miuse heraus, wurden jedoch appetitiv sowohl fiur Méuse als auch

Ratten, wenn sich wiahrend der Playbacks eine Stimulusmaus in der Arena befand.

Zusammengefasst liefern die Ergebnisse dieser Dissertation neue Erkenntnisse beziiglich
Angst- und Furchtverhalten und geben Einblicke in deren mechanistischen Grundlagen

und 6kologische Relevanz.



Introduction

1. INTRODUCTION

According to our understanding of natural selection, the species adapting best to changes
in its environment will survive. Breaking this down to the level of individual organisms,
only those individuals that survive will pass on their genes. Survival requires basic needs
like access to food, water, and shelter, but also avoidance of predatory and other harmful
threats. Adaptive responses to those threats are supported by the individual’s emotions,

especially fear.

In our everyday language, the terms fear and anxiety are used interchangeably while they
actually describe different conditions. The exact definitions and distinctions are discussed
since decades and up to today (for review see McNaughton and Corr, 2004; Perusini and
Fanselow, 2015; Mobbs et al., 2019). Fear is elicited by an imminent threat and triggers
behaviors that aim at its avoidance. These behaviors are sensitive to panicolytic drugs but
Insensitive to anxiolytics (Blanchard et al., 1993). Anxiety is a state defined by a potential
or anticipated but absent threat and reactions like heightened vigilance aim at gathering
information of potential dangers and enabling rapid responses to avoid potential hazards
(McNaughton and Corr, 2004). A third category describes panic. This state is characterized

by strong uncontrollable fear reactions that might occur in life-threatening situations.

1.1. Disorders of Fear, Anxiety and Panic

Anxiety, fear, and panic behaviors are essential and important for survival allowing the
organism to adequately respond to threats. However, if these states persist beyond a time
when threats are no longer present, they become maladaptive and possibly even
pathological. The Diagnostic and Statistic Manual of Mental Disorders 5th Edition (DSM-
5, American Psychiatric Association, 2013) and the International Classification of Disease
10t Edition ICD-10, World Health Organization, 1992) define these dysfunctions under
the umbrella of Anxiety Disorders. With a 12-month prevalence of 14 % in the year 2010,
anxiety disorders are the most frequent mental illness within the European Union
(Wittchen et al., 2011). Anxiety disorders include, among others, Specific Phobias, Panic
Disorders, Agoraphobia, and Generalized Anxiety Disorder (GAD) that tend to be highly
comorbid with each other and with other psychiatric disorders like depression and bipolar
disorder (Merikangas and Swanson, 2010). The disorders are often accompanied by

disproportionate avoidance of potentially aversive places or situations that disable
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Introduction

patients in their daily life. Individuals with GAD experience excessive and persistent
anxiety and worry and have difficulties controlling these thoughts. In Panic Disorder,
affected individuals undergo recurrent panic attacks that are followed by concerns and
fear of potential future unexpected panic attacks. A panic attack itself involves sudden
feelings of intense fear that may even peak in fear of dying. They are accompanied by
physiological symptoms like accelerated heart rate and sweating (Nashold et al., 1969;
Goetz et al., 1996; American Psychiatric Association, 2013).

Alike most psychiatric disorders, genetic predisposition and heredity play a role in anxiety
disorders as association studies and twin and family studies suggested (Hettema et al.,
2001; Otowa et al., 2016; Purves et al., 2020, for review see Sharma et al., 2016; Meier and
Deckert, 2019). However, complex diseases are considered to be caused by a combination
of inherited susceptibility and exposure to environmental factors (for review see Hunter,

2005).

The development of Posttraumatic Stress Disorder (PTSD) is triggered by such an
exposure to an environmental stressor. In the DSM-5, PTSD is no longer categorized as
part of anxiety disorders (American Psychiatric Association, 1994) but belongs to the class
of newly included Trauma- and Stressor-Related Disorders (American Psychiatric
Association, 2013). Traumatic events leading to the manifestation of PTSD may include
combat exposure, threatened or physical abuse, violence, or experience of natural
disasters. Individuals suffering from PTSD often experience recurrent memories in the
form of dreams or flashbacks of the traumatic incident which is accompanied by avoidance
behavior (e.g., of certain places or situations) to prevent the re-experience of those
memories. Further, negative alterations in mood and cognition and changes in arousal
come into play. Hyperarousal is a prominent symptom that can be observed in terms of
exaggerated startle responses and hypervigilance (American Psychiatric Association,
2013). The lifetime prevalence of PTSD across 24 countries has been estimated at 5.6 %
(Koenen et al., 2017).

1.2. The Predator Imminence Continuum

Fear, anxiety, and panic have further been defined on basis of the predator imminence
continuum, a model shaped over decades by Gray, Fanselow, McNaughton, Caroline and
Robert J. Blanchard and others (Fanselow and Lester, 1988; Blanchard and Blanchard,
1990; Gray and McNaughton, 1996; McNaughton and Corr, 2004). In this theory, the
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defensive distance, i.e., the perceived proximity to a threat, determines the defensive
reaction of an animal (Fanselow and Lester, 1988). It encompasses three stages: Pre-
encounter, post-encounter, and circa-strike (Figure 1; for reviews see Perusini and
Fanselow, 2015; Mobbs et al., 2020). In the pre-encounter phase, a risk of danger but no
actual threat is present. An animal leaving a safe place to forage or search for mating
partners would be an example for that stage. It is associated with heightened cautiousness
and arousal and might be ascribed to anxiety-related behaviors. Post-encounter describes
the stage once the threat is detected, e.g., the prey detects the predator. Here, fear
responses come into play that aim at decreasing detection and reducing the chance of an
encounter. Once the predator has detected its prey, the circa-strike phase starts and
induces another switch in behavior in the prey animal. Species-specific defensive
behaviors could include fight, flight, and aggression to ensure survival and could be

ascribed to panic-related behaviors.

Y A

Pre-encounter Post-encounter Circa-strike

Freezing

Fight & Flight
Vocalization

Risk assessment

Probablitly

- large - Defensive Distance - small -

Anxiety Fear Panic

Figure 1: The Predator Imminence Continuum

Defensive behaviors switch with the change in defensive distance. Pre-encounter is defined by
cautiousness and heightened vigilance. Distant threats might induce freezing behaviors which
undergo an explosive switch to more active coping behaviors in case of a predatory attack. Figure

created with BioRender.com.
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1.3. Defensive Behaviors in Rodents

Along the stages of the predator imminence continuum, rodents display different sets of
behavioral responses depending on the emotional state and the defensive distance of the

threat.
Arousal

While arousal does not officially fall into the category of defensive behaviors, it is a state
important to facilitate defensive reactions. It can be described as wakefulness and being
highly reactive to stimuli. Arousal increases attention and alert and is priming an
individual for threatening stimuli and survival. It is highly adaptive in pre-encounter
stages. This is orchestrated by several physiological systems and results in increased heart
rate, blood pressure and muscle tension. Arousal is classically examined via the startle
response, both in humans and rodents. The startle response is a reflexive innate reaction
to sudden intense stimuli like noises or air puffs and has a protective function. Responses
in humans involve fast contraction of muscles in order to close the eyes, move up the
shoulders, or lower the head which reduces the risk of potential damage by an attack from
behind or facilitates flight (Yeomans and Frankland, 1995). The acoustic startle response
(ASR) is classically used to study startle behavior and is triggered in response to a loud
(>80 dB) acoustic stimulus (Pilz et al., 1987). The latency and magnitude of the reaction
are measured. These measures are largely influenced by external and internal factors,
e.g., the stimulus intensity, the environment, and the emotional state of the animal (Pilz
et al., 1988; Vrana et al., 1988; Lang et al., 1990; Walker and Davis, 1997). Presentation
of an acoustic stimulus shortly before the startle pulse leads to a decreased startle
amplitude. This phenomenon is called pre-pulse inhibition (Hoffman and Ison, 1980). Also,
repeated presentation of the stimulus leads to a decrease in the response and habituation
(Rimpel et al., 1982). Conversely, the startle magnitude is increased if the organism is in
an aversive state (e.g., in an anxiety state, Brown et al., 1951). An important neuronal hub
for mediating the ASR is the caudal pontine reticular nucleus (PnC). It receives direct
inputs from nuclei of the auditory pathway e.g., the cochlear root nucleus. The neurons of
the PnC in turn project directly onto spinal, cranial and facial motor neurons (Davis et al.,
1982). This short pathway allows for very short ASR latencies of about 10 ms (Cassella et
al., 1986). Further, the PnC receives inputs from the basolateral amygdala (BLA), the PAG
and the ventral tegmental nucleus, brain areas involved in the fear potentiation and
sensitization of the ASR (Hitchcock and Davis, 1991; Davis et al., 1993; Fendt et al., 1994,

for review see Koch, 1999).
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Freezing and Escape

Once a threat has been detected, the organism needs to switch from an alert state to a set
of behaviors that attempt avoidance of the threat. Two behaviors highly conserved across
mammals come into play: freezing and escape. Freezing describes the absence of any
movement except respiratory motions (Curti, 1935; Grossen and Kelley, 1972). In his 1872
book entitled “The Expression of the Emotions in Man and Animals”, Darwin notes the
following concerning fear responses in humans: “The frightened man at first stands like a
statue, motionless and breathless, or crouches down as if instinctively to escape
observation.” (Darwin, 1872). The reduction in motion reduces visibility which is
particularly effective for slow rodents. However, if the distance to the threat drops below
a certain boundary, i.e., the defensive distance is small, escape or flight behavior is more
adaptive. It aims at increasing the distance between animal and threat to ultimately avoid
an encounter and enhancing the chance to escape. This is also illustrated in the Flight
Initiation Distance (FID), a model that takes the economic costs of a flight reaction into
account (Ydenberg and Dill, 1986). It is the distance at which the costs for remaining, e.g.,
at a rich food source, exceeds the cost for escaping. The behavioral switch from freezing to
fleeing has been demonstrated in mice using a visual representation of a cruising and an
approaching aerial predator. While a small sweeping dot on a screen above the mouse
arena induced freezing, a rapidly expanding looming stimulus triggered a flight response
to the shelter (De Franceschi et al., 2016). Looming stimuli have been found to be innately
threatening and trigger escape behaviors across phyla, in insects, fish, birds, and
mammals including humans (Schiff et al.,, 1962; King et al., 1992; Wu et al., 2005;
Hammond and O’Shea, 2007; Yilmaz and Meister, 2013; Temizer et al., 2015; Vale et al.,
2017).

Vocalization

If the above-described defensive behaviors were unsuccessful in preventing contact with
the threat, circa-strike behaviors come into play. With this explosive switch in response,
the prey intents to discourage the predator from further attacks. Cira-strike behaviors
may include fighting, jumping, biting, and vocalizations (Blanchard et al., 1980, 1998;
Fanselow and Lester, 1988).

“As fear rises to an extreme pitch, a dreadful scream of terror is heard”, Darwin observed

in frightened humans (Darwin, 1872). Screams are short and intense vocal calls that are
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innately emitted by a wide range of species in different contexts (Lingle et al., 2012;
Frihholz et al., 2021). They seem to be quickly recognized and trigger a fast response in
the receiver, such as predator-related alarm screams of monkeys or marmosets
(Zuberbtiihler, 2000; Blumstein et al., 2008). This has been attributed to the roughness and
non-linear structure of these calls (Fitch et al., 2002; Blumstein and Récapet, 2009; Arnal
et al., 2015; Schwartz et al., 2020).

While mice and rats also emit scream-like calls in circa-strike situations like capture or
when in pain, they mostly communicate in the ultrasonic range (for reviews see Musolf
and Penn, 2012; Wohr and Schwarting, 2013; Portfors and Perkel, 2014). Ultrasound is
defined as sound wave frequencies above the human hearing limit which is at about
20 kHz. Since this frequency range is also inaudible to certain predators (e.g., birds of prey
or reptiles), and ultrasonic signals are more easily attenuated and deflected by
environmental objects than audible sounds, ultrasonic communication might be
advantageous to rodents to evade predator detection and localization (Brudzynski, 2009;
Brudzynski and Fletcher, 2010). Mouse and rat ultrasonic vocalization (USV) have been
studied since decades striving to decode its meaning, function, structure, and its role in
different emotional states and contexts. Mice and rats emit ultrasonic calls early on during
their development. Zippelius and Schleidt showed that USVs indeed serve a
communicative function. Pups that are isolated from the nest emit USVs. In response to
such vocalizations which they termed “Pfeiffen des Verlassenseins” (“whistles of
loneliness”) the mother leaves the nest to retrieve the pup (Zippelius and Schleidt, 1956;
Sewell, 1970). Discussions emerged on whether these vocalizations reflect a negative
affective state of the animal or whether they appear as a byproduct of impaired
thermoregulation during isolation (Blumberg and Sokoloff, 2001). In support of a role in
emotions and affect are studies showing a reduction in isolation-induced USV following
treatment with anxiolytics (Fish et al., 2000; Kromer et al., 2005; Takahashi et al., 2009).
Adult mice emit USVs of 30-110 kHz mostly in response to a social interaction partner.
During courtship, male mice produce song-like USV in the presence of a female, and
female urine alone is sufficient to trigger such calls (Whitney et al., 1974; Nyby et al.,
1976; Nyby, 1983). This type of vocalization was found to have temporal and structural
features and complexity similar to bird songs (Holy and Guo, 2005) and it does trigger
approach behavior of female mice (Pomerantz et al., 1983; Hammerschmidt et al., 2009).
While USV during adult male-male interaction is rare, females emit USVs during an
encounter with another female or with males (Maggio and Whitney, 1985; Moles et al.,

2007; Neunuebel et al., 2015; Heckman et al., 2017; Warren et al., 2020).
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While more and more studies try to classify mouse ultrasonic calls into different subtypes
(Holy and Guo, 2005; Panksepp et al., 2007; Scattoni et al., 2008; Lahvis et al., 2011) using
novel machine learning tools (Van Segbroeck et al., 2017; Coffey et al., 2019; Vogel et al.,
2019; Sangiamo et al., 2020), the picture appears to be simpler in rats. Besides isolation-
induced pup USVs emitted at around 40 kHz (Allin and Banks, 1972; Hofer and Shair,
1978), adult rats produce USVs classified as low and high frequency USVs. Low frequency
or 22-kHz USVs are long calls (300-4000 ms) at a frequency range of 18-32 kHz (Miczek
and Van Der Poel, 1991; Brudzynski, 2001) that are emitted in aversive situations like
predator exposure (Blanchard et al., 1991), startling sounds (Kaltwasser, 1991), fighting
(Kaltwasser, 1990), foot shocks (Cuomo et al., 1988) or drug withdrawal (Vivian et al.,
1994). It is debated whether 22-kHz calls function as alarm calls (Blanchard et al., 1991;
Wohr and Schwarting, 2008) but it could be shown that the presentation of such USV
induces neuronal activity in brain areas implicated in fear and anxiety such as the PAG
and the amygdala (Beckett et al., 1997; Sadananda et al., 2008). High frequency or so-
called 50-kHz USVs are emitted at 32-96 kHz and are short in comparison to 22-kHz USV
(30-50 ms, White et al., 1990). This type of vocalization has been attributed to positive
affect since it is emitted during mating (Thomas and Barfield, 1985), in anticipation of
food (Burgdorf et al., 2000), in juvenile play (Knutson et al., 1999), when rats are tickled
(Panksepp and Burgdorf, 2000),and it induces social exploratory behaviors (Wohr and
Schwarting, 2007).

Mammalian sound production requires three essential components: The respiratory
system, the larynx and supralaryngeal elements. Ultrasonic and sonic vocalizations are
produced via different mechanisms. While audible sounds are created by mechanical vocal
fold vibrations (for review see Fitch, 2006), the exact mechanism of USV production is still
investigated. The larynx has been identified as the important anatomical structure
(Roberts, 1975a, 1975b; Brudzynski and Fletcher, 2010; Johnson et al., 2010) and models
of intralaryngeal planar pinging jets (Mahrt et al., 2016), edge-tone mechanisms involving
the alar cartilage (Riede et al., 2017) and a shallow cavity model (Handley and Mithani,
1984) are discussed.

The respiratory, laryngeal and supralaryngeal muscles orchestrating vocal production are
innervated by motoneurons arising from the lumbar to cervical spinal cord and the
hindbrain. Since no direct reciprocal connections between the motoneurons have been
found (Cunningham and Sawchenko, 2000), vocal and respiratory motor coordination and

synchronization must be achieved by a higher order structure. Both the hindbrain nucleus
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retroambiguus and the reticular formation have direct connections to vocal and
respiratory motoneurons, and electrical stimulation of the structures triggered
vocalizations in a wide range of mammals (for reviews see Jurgens and Hage, 2007;
Holstege and Subramanian, 2016). Yet, indispensable for the production of vocalization is
the midbrain PAG (for details on this brain structure see chapter 1.4). Lesions or
traumatic injuries of the PAG lead to mutism and electrical or neurochemical stimulation
trigger naturally sounding vocalizations in a wide range of species including humans
(Adametz and O’Leary, 1959; Skultety, 1962; Jiurgens and Pratt, 1979; Esposito et al.,
1999). It is assumed that the PAG serves as a gating center for the initiation of innate

vocalization rather than contributing to the patterning of vocalizations.

A recent study identified a subset of neurons in the lateral PAG projecting to the nucleus
retroambiguus that are required for USV of male mice (Tschida et al., 2019). Further, it
was shown that these neurons are controlled in a bidirectional manner by an inhibitory
projection from the amygdala and a disinhibitory circuit from the preoptic area (Gao et al.,
2019; Michael et al., 2020; Chen et al., 2021). In primates, two distinct forebrain-to-
hindbrain vocal pathways are established. The so-called “primary vocal motor network”
comprises projections from the anterior cingulate cortex and other forebrain structures to
the PAG and initiates innate vocalizations such as crying depending on the affective state.
In the “volitional articulation motor network” which is underdeveloped in non-human
primates, the laryngeal motor cortex sends direct projections to vocal motoneurons, which
1s essential for volitional human speech (for reviews see Jiirgens, 2002, 2009; Hage and
Nieder, 2016; Nieder and Mooney, 2020). In rodents, it is assumed that laryngeal motor
neurons receive no direct input from the motor cortex, although one study could show such
a projection (Arriaga et al., 2012). A functional involvement of this pathway in vocalization
rather than the control of other laryngeal tasks like swallowing remains to be shown.
Transsynaptic retrograde rabies tracing from the laryngeal muscles showed cortical,
amygdalar and hypothalamic labeling only several synapses upwards (Van Daele and
Cassell, 2009). Also, the mouse motor cortex seems to be dispensable for the patterning of
vocalization, as lesion studies could show (Arriaga et al., 2012; Hammerschmidt et al.,

2015).

Patients with psychiatric and neurodevelopmental disorders often exhibit communicative
impairments. Autistic individuals have been shown to have difficulties in appropriate
intonation, volume, and pitch of speech which masks the emotional state to the listener

(Fine et al., 1991; Shriberg et al.,, 2001). Likewise, individuals suffering from
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schizophrenia, depression, or mania may experience communication deficiencies
(Docherty, 2005). Aiming at disentangling the genetic and neuronal basis of those
disorders, several rodent models have been established, some of which include the
investigation of vocalization. Administration of amphetamine in rats leads to substantial
increases in 50-kHz USV emission (Engelhardt et al., 2017) and locomotion (Cox et al.,
1971), a phenotype used to model the elevated mood and hyperactivity in mania (for review
see Wohr, 2021). Shank3 is a gene associated with autism and Phelan—McDermid
syndrome and Shank3 null mutant mice were found to exhibit altered USV (for review see
Wohr, 2014). Further, the inbred mouse strain BTBR T+ tf/J, used as a model for autism,

revealed an usual pattern of ultrasonic call types (Scattoni et al., 2008).

1.4. Neuronal Circuits of Defensive Responses

The neuronal circuits orchestrating the behavioral response to a threat entail brain
regions involved in sensory threat detection, along with brain areas that integrate those
environmental inputs with the internal state of the animal and convey the information to
output structures that coordinate the resulting defensive behaviors (for review see Pereira

and Moita, 2016; Silva et al., 2016; Branco and Redgrave, 2020).

Animals detect threats of different sensory modalities such as olfactory, visual, tactile,
auditory, or multimodal cues. For rodents, olfactory inputs play a major role and are
processed by the main olfactory system (volatile cues) and the associated olfactory system
(non-volatile cues). The beforementioned looming and other visual stimuli are detected by
the retinal ganglion cells which send projections to the superior colliculus (SC). Auditory
stimuli are processed in the auditory cortex that sends projections to the inferior colliculus.
Major hubs of sensory processing and integration of threatening stimuli are the amygdala
and the medial hypothalamus. The amygdala is a heterogenous structure comprising
several subnuclei that integrate auditory (lateral amygdala), visual (lateral amygdala),
and olfactory (cortical and medial amygdala) inputs. This information is further relayed
to the medial hypothalamic defensive circuit consisting of two parallel pathways
(Canteras, 2002; Gross and Canteras, 2012; Silva et al., 2013). Cues concerning aggressive
conspecifics are conveyed from the medial amygdala to the ventrolateral part of the
ventromedial nucleus of the hypothalamus (VMH) to activate the conspecific response
circuit. The parallel and independent predator response circuit comes into play in response
to predator cues conveyed via the medial amygdala to the dorsomedial VMH. Projections

from a wide range of sensory processing areas as well as such that provide further
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contextual information (e.g., the hippocampus, Canteras, 2002) make the medial
hypothalamus a candidate integration hub. This is further supported by loss-of-function
and activation studies which could show that activation of the medial hypothalamus
triggers defensive behaviors such as freezing or flight which are impaired by the blockage

of the site (Brutus et al., 1985; Canteras et al., 1997; Silva et al., 2013; Wang et al., 2015).

Both the medial hypothalamus and the amygdala send strong projections to the midbrain
PAG (Hopkins and Holstege, 1978; Marchand and Hagino, 1983; Rizvi et al., 1991). The
PAG is a heterogenous structure that has been implicated in numerous tasks. It is
considered an essential output site for defensive responses since stimulation of the
amygdala, or the medial hypothalamus could trigger defensive reactions in cats that were
abolished when the PAG was lesioned. However, defensive behaviors elicited by the
stimulation of the PAG could not be blocked by amygdalar or hypothalamic lesions
(Hunsperger, 1963). Further hints for a fundamental function in control of defensive
behaviors come from studies that analyzed immediate early gene expression after
exposure of rodents to a predator or predator odor. Beside c-Fos upregulation in the
amygdala and the medial hypothalamus, immediate early gene expression was also
increased in the PAG (Canteras and Goto, 1999; Dielenberg et al., 2001; Comoli et al.,
2003; Martinez et al., 2008). Stimulation of the PAG induces species-specific defensive
reactions or even explosive panic-like behaviors (Fardin et al., 1984; Brandio et al., 1999;
Bittencourt et al., 2004; Evans et al., 2018). In search of treatment for chronic pain, deep
brain stimulation of the patients’ PAG elicited intense feelings of fear, panic, and of
imminent death (Nashold et al., 1969; Schenberg et al., 2001). Further evidence for a role
of the PAG in circa-strike behaviors came from human functional MRI studies conducted
by Mobbs and colleagues. Participants were confronted with a virtual predator and the
task to escape the threat in order to avoid an electric shock. While distal threats led to
increased prefrontal cortex (PFC) activity, a proximal threat induced a forebrain-to-
midbrain switch with increased activity in the PAG (Mobbs et al., 2007, 2009). This is in
line with models suggesting a hierarchical defensive system with an involvement of the
PFC and the hippocampus in gathering contextual information (McNaughton and Corr,
2004).

Classically, the elongated area around the cerebral aqueduct has been structured into
anatomical longitudinal subcolumns, each serving different and partly opposing functions
and integrated into distinct neuronal circuitries (Bandler et al., 1991). These include the

dorsomedial (dmPAG), dorsolateral (dIPAG), lateral IPAG) and ventrolateral (vIPAG)
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subdivisions. Given their close anatomical proximity and overlapping functions, the
dmPAG, dIPAG, and IPAG are sometimes referred to as dorsal PAG (dPAG). Traditionally,
the dorsal and ventral parts have been ascribed to opposing roles in defensive behaviors
and autonomic functions: While the ventral part is associated with passive behavioral
states involving quiescence, freezing, hypotension and bradycardia, the dorsal part is
linked to more active coping strategies including flight, hypertension, tachycardia, and
vocalization (Zhang et al., 1990; Bandler and Shipley, 1994; Keay and Bandler, 2001). Both
divisions are further involved in non-opioid and opioid-mediated analgesia (Fardin et al.,
1984; Besson et al., 1991). Beside this predominant dorsoventral division, functional
differences along the caudo-rostral and interior-exterior axis have been established (for

review see Silva and McNaughton, 2019).

Predatory and conspecific threats are conveyed via the medial hypothalamic defensive
circuit to the dPAG (dl and dm respectively, Canteras et al., 1994; Canteras, 2002; Tovote
et al., 2016; Wang et al., 2021). Recent optogenetic studies provided insights into the
functional involvement of hypothamalic and PAG substructural pathways. Optogenetic
stimulation of a dmVMH-PAG projection has been shown to promote immobility (Wang et
al., 2015) and activation of a I/VIPAG projecting y-aminobutyric acid (GABA)-ergic
pathway from the lateral hypothalamus elicited escape behavior (Li et al., 2018).
Optogenetic inhibition of cholecystokinin (CCK)-expressing neurons of the premammillary
nucleus to dIPAG projection decreased escape behaviors in response to threats (Wang et
al., 2021). Apart from hypothalamic projections, the dPAG receives direct input from the
SC, but not the IC, that trigger innate flight reactions in response to auditory threats
(Xiong et al., 2015; Evans et al., 2018). From the amygdala complex, only the central
nucleus of the amygdala (CeA) sends projections to the PAG, mostly terminating in the
I/VIPAG. No CeA afferents reach the dIPAG (Hopkins and Holstege, 1978; Rizvi et al.,
1991). Tovote and colleagues showed that glutamatergic vIPAG efferents are inhibited by
local GABAergic interneurons. In an opposing manner, an inhibitory projection from the
CeA disinhibits the output to allow freezing, while a local excitatory projection from the
dIPAG onto the interneurons inhibits the vIPAG efferents and promotes flight reactions.
These responses are mediated by vIPAG efferents to the medulla (Tovote et al., 2016). The
vIPAG also sends projections to the CeA, the hypothalamus, the thalamus, the locus
coeruleus, the raphe nucleus, the reticular formation and the cerebellum. The dorsal and
lateral divisions project to the hypothalamus, the raphe nucleus, the medulla (for detailed

review on PAG afferents and efferents see Silva and McNaughton, 2019).

15



Introduction

1.5. Potential Regulatory Systems

The regulation of fear and anxiety involves a variety of neurotransmitter and
neuromodulator systems that enable defensive behaviors in response to stressors and that
might be altered in stress-related pathologies. Two well-investigated systems that are
expressed throughout important brain structures regulating fear, anxiety, and stress are

the endocannabinoid (eCB) and the CRF system.

The CRF System

The perception of a threat such as a predator leads to behavioral and emotional changes
that are facilitated by adaptions of the autonomic nervous system (ANS) and the release
of glucocorticoids. The neuropeptide CRF has been described as the central mediator of
the stress response since it activates the hypothalamic-pituitary-adrenal (HPA) axis.
Upon perception of a stressor, CRF is released from parvocellular neurons of the
paraventricular nucleus of the hypothalamus (PVN) into the hypophyseal portal
vasculature and transported to corticotrope cells of the anterior pituitary. There it triggers
the release of the adrenocorticotropic hormone (ACTH) which in turn mobilizes the release
of glucocorticoids (GCs, corticosterone in rodents, cortisol in humans) in the adrenal cortex
(Figure 2). GCs, next to the ANS activity, initiate physiological reactions that supports the
organism’s fight-or-flight response: Energy mobilization, increases in heart and
respiratory rate, anti-inflammatory effects, enhanced analgesia, suppression of feeding
and the reproductive system, but also increased arousal and focused attention (for review
see Charmandari et al., 2005). While these effects are largely mediated via the
mineralocorticoid receptor (MR), the glucocorticoid receptor (GR) is an important player
in the termination of the stress response. Circulating GCs feed back to the pituitary, the
PVN, the amygdala and the hippocampus to cease the release of CRF and ACTH (Gjerstad
et al., 2018).

CRF is widely expressed throughout the brain, including the piriform cortex, the
neocortex, the hippocampus, the PVN, the central amygdala, the BNST, the Barrington’s
nucleus, and the inferior olive (Alon et al., 2009; Peng et al., 2017). It is found mostly in
different types of GABAergic cells depending on the brain region. In the hippocampus, it
1s expressed by parvalbumin (PV)-positive, CCK-negative basket cells while in the

neocortex it is found in PV-negative, somatostatin-expressing and even CCK-positive cells
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(Kubota et al., 2011). In the piriform cortex and the PVN, CRF-positive neurons are
glutamatergic (Dabrowska et al., 2013; Kono et al., 2017).

CRF signals through two G protein-coupled receptors (GPCRs), corticotropin-releasing
factor receptor (CRFR) 1 and CRFR2, exhibiting a higher affinity for the former. The
peptide functions as a neuromodulator, meaning it alters the action of neurotransmitters
on the membrane potential. The exact mode of action is complex and remains partly
unknown. Depending on cell type and brain area, CRF affects intracellular signaling
pathways, can influence ionic currents of potassium (K+*) and calcium ions (Ca?*) and has
been found to increase action potential firing and to decrease afterhyperpolarization in the

hippocampus (Aldenhoff et al., 1983; Rainnie et al., 1992; Chen et al., 2012).

While the role of CRF in the regulation of the HPA axis is well understood, its effect on
behavioral responses is more complex (for reviews see Dedic et al., 2017; Deussing and
Chen, 2018). After the isolation of the CRF molecule (Vale et al., 1982), studies using
intracerebroventricular administration of the peptide or CRFR1 agonists showed that
such central increases in CRF led to phenotypes similar to those of stressed animals,
including increased anxiety-like behavior and arousal (Britton et al., 1982; Liang et al.,
1992; Momose et al., 1999; Devigny et al., 2011). Similarly, CRF-overexpression mice
exhibited an anxiogenic phenotype and displayed increased active stress-coping behaviors,
which could be reverted by CRFR1 antagonists (Britton et al., 1986; Stenzel-Poore et al.,
1994; Lu et al., 2008; Toth et al.,, 2014). This effect is likely mediated via forebrain
glutamatergic CRFR1, while midbrain dopaminergic CRFR1-expressing neurons display
anxiolytic characteristics (Refojo et al., 2011). Several psychopathologies have been linked
to dysfunctions of the CRF system. In depressive patients and suicide victims increased
levels or CRF have been found in the cerebrospinal fluid (CSF) and in several brain regions
(Nemeroff et al., 1984; Aratd et al., 1989; Raadsheer et al., 1995; Bissette et al., 2003).
Along the line, CRFR1 has been found to be downregulated in the prefrontal cortex which
1s attributed to a compensatory reaction to the elevated central CRF (Nemeroff et al., 1988;
Merali et al., 2004). Besides, patients suffering from PTSD exhibited increased levels of
CRF in the CSF (Bremner et al., 1997; Baker et al., 1999).
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Figure 2: The Hypothalamic-Pituitary-Adrenal Axis

In response to a stressor, corticotropin-releasing factor (CRF) is released from the paraventricular
nucleus of the hypothalamus (PVN) into the hypophyseal portal vasculature and reaches the
anterior pituitary where it stimulates the secretion of adrenocorticotropic hormone (ACTH) into
the blood. The peptide travels to the adrenal cortex and triggers the release of glucocorticoids (GCs)
which contribute to physiological stress reactions. Circulating GCs bind to glucocorticoid receptors
at all levels of the HPA axis and contribute to the termination of the stress response. Figure created

with BioRender.com.

The Endocannabinoid System

The eCB system is a neuromodulatory system highly conserved from fish to humans
(McPartland et al., 2006). Only decades after the discovery of A9-tetrahydrocannabinol
(A9-THC) as the psychoactive component of Cannabis sativa and the elucidation of its
chemical structure (Gaoni and Mechoulam, 1964), the CB1 receptor has been identified as
an endogenous target (Matsuda et al., 1990). Soon after, a second cannabinoid receptor
has been discovered (CB2, Munro et al., 1993), along with the endogenous cannabinoids
anandamide (AEA; Devane et al., 1992) and 2-arachidonoylglycerol (2-AG; Mechoulam et
al., 1995; Sugiura et al., 1995). The eCB system further consists of the main synthesizing

and degrading enzymes of the endocannabinoids: N-acyl phosphatidyl ethanolamine-
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phospholipase D (NAPE-PLD; Okamoto et al., 2004), diacylglycerol lipase-a (DAGLq;
Bisogno et al., 2003), fatty acid amide hydrolase (FAAH; Cravatt et al.,, 1996), and
monoacylglycerol lipase (MAGL; Dinh et al., 2002).

The eCB system acts as a retrograde messenger system at various synapses. Its
mechanism of action comprises numerous molecules, overlaps with other pathways,
depends on the type of synapse and the intensity of neuronal activation. A simplified model
1s depicted in Figure 3. The CB1 receptor is a GPCR mostly integrated in the presynaptic
plasma membrane. Ca2* influx via voltage-gated calcium channels, AMPA or metabotropic
glutamate receptor activation contribute to the biosynthesis of endocannabinoids in the
postsynapse. Accordingly, endocannabinoids are synthesized “on demand”, unlike classical
neurotransmitters. Upon release, endocannabinoids diffuse to and travel through the
synaptic cleft in a retrograde manner and bind to CB1 receptors. Activated CB1 receptors,
mostly via Go, inhibit voltage-gated Ca?* channels and activate inwardly rectifying K+
channels leading to a reduction in intracellular Ca?* levels and thereby inhibiting
neurotransmitter release (Shen et al., 1996; Katona et al., 1999). Thus, the eCB system
acts as a transient negative feedback mechanism upon stimulation to reduce synaptic
transmission. Applying electrophysiological tools, it has been found that depolarization-
induced suppression of excitation (DSE, Kreitzer and Regehr, 2001; Maejima et al., 2001)
or inhibition (DSI, Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) can be mediated
by endocannabinoids. It is noteworthy that AEA shows a greater affinity for the CB1
receptor than 2-AG. However, 2-AG can be found in much higher concentrations than AEA

in several tissues, e.g., the brain of rodents (Buczynski and Parsons, 2010).

CB1 receptors are abundantly expressed throughout the central nervous system, and
receptor autoradiography revealed high expression levels in the brain (Herkenham et al.,
1990, 1991). Prominent expression can be found in the cortex, hippocampus, amygdala,
dorsal raphe nucleus, PAG and the cerebellum. In cortical areas, the CB1 receptor is
highly expressed on GABAergic CCK-positive interneurons but also on glutamatergic
neurons (Marsicano and Lutz, 1999; Katona et al., 2006). Besides, it has been found on
serotoneric, cholinergic and noradrenigeric cells (Degroot et al., 2006; Haring et al., 2007;

Carvalho et al., 2010).

Numerous pharmacological compounds have been developed that facilitate disentangling
the mechanisms and effects of the eCB system in vitro and in vivo and that have been used
as therapeutics (for reviews see Howlett et al., 2002; Di Marzo et al., 2004; Micale et al.,
2013). The development of FAAH and MAGL inhibitors allowed to study the effects of
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increased cannabinoid tones without the administration of exogenous CB1 agonists like
A9-THC. The compounds URB597 and JZ1.184 block AEA and 2-AG degradation via
FAAH and MAGL inhibition, respectively (Kathuria et al., 2003; Long et al., 2009).
SR141716A was the first compound found to act as an inverse agonist on the CB1 receptor
(Rinaldi-Carmona et al., 1994). It had received approval by the European Medicines
Agency as an anti-obesity drug under the market name rimonabant but was withdrawn a

year later due to severe psychiatric side effects (Traynor, 2007).

This observation highlights the sensitive role of the eCB system in regulating various
behavioral and emotional responses as it modulates synaptic transmission throughout the
brain. These effects become evident once the system has been triggered above threshold
such as by a strong negative environmental stimulus (Kamprath et al., 2009). Under such
conditions, numerous studies have shown the regulatory effects of the eCB system on
anxiety-like behaviors using pharmacological and genetic tools in rodents (for reviews see
Riebe et al., 2012; Ruehle et al., 2012; Lutz et al., 2015; Petrie et al., 2021). While CB1-
deficient mice exhibited an anxiogenic phenotype under aversive conditions (Jacob et al.,
2009), conditional knock-out mutants revealed opposing roles of glutamatergic and
GABAergic CBl-expressing neurons in anxiety-related behavior (Rey et al., 2012). The
loss of CB1 on glutamatergic neurons increased anxiety-like behaviors (Lafenétre et al.,
2009; Haring et al., 2011) which could be rescued by re-expression of the receptor (Ruehle
et al., 2013). Conversely, deletion of CB1 from forebrain GABAergic neurons leads to
decreased anxiety like behaviors (Lafenétre et al., 2009; Haring et al., 2011). Similarly,
opposing roles for these cell types have also been described for fear responses. Conditional
knock-out mice lacking CB1 on cortical glutamatergic neurons showed increased
behavioral inhibition (Genewsky and Wotjak, 2017) and higher levels of passive fear
responses in classical fear conditioning (Metna-Laurent et al., 2012), while CB1 on
GABAergic neurons was found to play a role in passive avoidance (Genewsky and Wotjak,
2017) and enhanced fear expression (Llorente-Berzal et al., 2015). The CB1 agonist A9-
THC acts in dose-dependent manner, with high doses leading to passive fear responses
but low doses triggering active fear coping strategies (Metna-Laurent et al., 2012). AEA
was found to promote acute fear relief and to have panicolytic characteristics, while 2-AG

mediated conditioned fear expression (Llorente-Berzal et al., 2015; Heinz et al., 2017).

In respect to PTSD, a deficit in eCB signaling has been suggested (for review see Hill et
al., 2018). Patients with PTSD showed lower levels of circulating 2-AG (Hill et al., 2013)

and AEA, and increased CB1 receptor expression in the brain (Neumeister et al., 2013).
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In line with this, rodent studies report that 2-AG augmentation in the amygdala and the
nucleus accumbens lead to a stress-resilient phenotype in mice (Bosch-Bouju et al., 2016;
Bluett et al., 2017). Taken together, the eCB system is considered to act as a buffering
system to guard against harmful effects of environmental stressors and to balance

emotional responses.
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Figure 3: The Endocannabinoid System

Upon synaptic stimulation, the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol
(2-AG) are synthesized by N-acyl phosphatidyl ethanolamine-phospholipase D (NAPE-PLD) and
diacylglycerol lipase-a (DAGLa), respectively. After diffusion, the molecules travel through the
synaptic cleft in a retrograde manner and bind at the cannabinoid receptor type 1 (CB1). CB1 acts
via intracellular pathways which leads to an inhibition of neurotransmitter release from the
presynapse. Endocannabinoids are degraded by the enzymes fatty acid amide hydrolase (FAAH) in
case of AEA and monoacylglycerol lipase (MAGL) in case of 2-AG which in turn can be
pharmacologically inhibited by the compounds URB597 and JZ1.184, respectively. SR141716A is a

selective CB1 antagonist. Figure created with BioRender.com.
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1.6. Aims of the Thesis

Defensive behaviors along the predator imminence continuum from arousal to panic-like
flight responses have been described in various species. In humans, the exaggeration and
persistence of related behaviors beyond the presence of a threat or other stressor have
been associated with anxiety and stress-related disorders, such as PTSD. While new
methodologies and technologies that arose during the last decades helped to elucidate the
malfunctions of such disorders, much of the underlying mechanisms including neuronal

circuits and neuromodulatory systems remain to be explained.

In this thesis, the following objectives have been addressed:

Objective 1: Assessment of the interaction of CRF and CB1 in the context of fear,

anxiety, and stress.

The objective was tackled by the behavioral evaluation of a newly generated conditional
knockout mouse line that selectively lacks CB1 expression in CRF-positive neurons. The

results are presented in section 2.1.

Objective 2: Identify correlates of grey matter volume changes and hyperarousal

severity induced by a traumatic experience.

To address this objective, we combined MRI scans before and after a traumatic incident
for grey matter volume measures with behavioral assessments after trauma incubation in

wild-type mice. For methodology and results, please see section 2.2.

Objective 3: Characterization of sonic mouse vocalization including the
dissection of the underlying neuronal circuits and investigation of its ecological

relevance.

This objective involved the description of sonic vocalization observed in mice bred for high
anxiety-related behavior as well as in vivo imaging, pharmacological and chemogenetic
manipulations to identify brain areas involved followed by playback experiments to

highlight the ecological function of the calls. See section 2.3 for results.
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Abstract

The endocannabinoid system is an important regulator of the hormonal and behav-
ioral stress responses, which critically involve corticotropin-releasing factor (CRF) and
its receptors. While it has been shown that CRF and the cannabinoid type 1 (CB1)
receptor are co-localized in several brain regions, the physiological relevance of this
co-expression remains unclear. Using double in situ hybridization, we confirmed co-
localization in the piriform cortex, the lateral hypothalamic area, the paraventricular
nucleus, and the Barrington's nucleus, albeit at low levels. To study the behavioral
and physiological implications of this co-expression, we generated a conditional
knockout mouse line that selectively lacks the expression of CB1 receptors in CRF
neurons. We found no effects on fear and anxiety-related behaviors under basal con-
ditions nor after a traumatic experience. Additionally, plasma corticosterone levels
were unaffected at baseline and after restraint stress. Only acoustic startle responses
were significantly enhanced in male, but not female, knockout mice. Taken together,
the consequences of depleting CB1 in CRF-positive neurons caused a confined
hyperarousal phenotype in a sex-dependent manner. The current results suggest that
the important interplay between the central endocannabinoid and CRF systems in
regulating the organism's stress response is predominantly taking place at the level of

CRF receptor-expressing neurons.
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1 | INTRODUCTION example of this interaction, CRF acts via CRFR1 to trigger fatty acid

The corticotropin-releasing factor (CRF) and the endocannabinoid
(eCB) systems are important players of the negative valence system
and are implicated in various stress-related psychopathologies (for
reviews see Reference [1,2]). The role of the neuropeptide CRF in the
regulation of the endocrine and behavioral stress response has been
well described.! CRF secretion from neurons of the paraventricular
nucleus of the hypothalamus (PVN) into the portal blood of the
median eminence triggers the activation of the hypothalamic-pitui-
tary-adrenal (HPA) axis. Within the brain, release of CRF modifies
anxiety-related behavior via CRF receptor type 1 (CRFR1) in a cell
type-specific manner.®>* Intracerebroventricular (ICV) injections and
central overexpression of CRF promote anxiogenic effects in rodents
that are mediated by CRFR1, likely expressed by forebrain gluta-
matergic neurons.*° Likewise, reducing CRF activity, and CRFR1 sig-
naling via midbrain dopaminergic neurons leads to anxiolytic
behavioral phenotypes.®>**12 Human studies have also showed a
role for CRF in anxiety disorders as CRF levels are elevated in individ-
uals suffering from post-traumatic stress disorder (PTSD).*%1 Besides
its involvement in promoting anxiety, CRF also plays a role in arousal.
In rodents, increased central CRF led to increased acoustic startle
responses (ASR) and decreased startle habituation.*>~8

The eCB system is a retrograde messenger system modulating
synaptic transmission, whereby the stimulation of the presynaptically
located cannabinoid type 1 (CB1) receptor by endocannabinoids sup-
presses neurotransmitter release. Studies using CB1-deficient mice
and pharmacological manipulations confirmed a role of the eCB sys-
tem in regulating anxiety-related behaviors in rodents, again in a cell
type-dependent manner. Confronted with strongly aversive stimuli,
CB1 knockout mice exhibited an increased anxiety-like behavior.'?
Hereby, the cellular identity of CB1-expressing neurons plays an
opposing role with GABAergic neurons mediating anxiogenic and glut-
amatergic neurons anxiolytic effects (for review see Reference [2]). In
respect to PTSD, affected individuals have been found to have
reduced levels of the eCB anandamide (AEA) and upregulated CB1
receptor expression.2%2!

Interestingly, CRF and the eCB system seem to regulate fear, anx-
iety, behavioral and hormonal stress responses in an antagonistic
manner. A considerably large body of literature describes the func-
tional interaction of the systems with a focus on HPA axis regulation
(for reviews see Reference [22,23]). For instance, Di and colleagues
described a model that suggests a glucocorticoid receptor-triggered
activation of eCB synthesis on parvocellular neurons leading to a
CB1-mediated inhibition of glutamate release from presynaptic neu-
rons as a mechanism for the fast feedback inhibition of CRF by corti-

costerone (CORT;?* for review see Reference [25]). As another

amide hydrolase (FAAH) activity within the basolateral amygdala. Acti-
vation of FAAH, the main degrading enzyme of AEA, attenuates retro-
grade AEA signaling thus disinhibiting glutamatergic inputs to the
basolateral amygdala. The resulting activation of the pyramidal projec-
tion neurons facilitates HPA axis activation.?¢=3% Furthermore, the
medial prefrontal cortex has been identified as a critical hub for the
negative feedback inhibition of the HPA axis with a CB1-mediated
cessation of the stress response.®*

CRF and CB1 are co-localized in several brain regions, for example,
in the piriform and prefrontal cortex, the bed nucleus of the stria ter-
minalis (BNST), the PVN, the amygdala and the locus coeruleus.>>=%7 In
spite of the intriguing involvement of both the CRF and eCB system in
anxiety-related behaviors, nothing is known about the physiological rel-
evance of this co-expression. Therefore, here we crossbred previously
generated and validated mouse lines, the CRF-IRES-Cre®® and the
CB1-floxed®® mice to generate a conditional knockout mouse line lac-
king CB1 specifically in CRF-positive neurons (CB1€C-CRF), cB1KO-RF
and wildtype littermates were assessed for anxiety and fear-related
behavior, arousal, and HPA axis function. We additionally characterized
the mutant mice after a traumatic experience, given the potential

F4O,4 1

involvement of both CR| and endocannabinoids in PTSD-like phe-

notypes (for reviews see Reference [42,43]).

2 | MATERIALS AND METHODS

21 | Animals

Male and female CB1KO°RF and CB1* (male: 2-7 months age,
female: 2-6 months age) and male C57BL/6NRjMpi (originating from
Janvier, 3 months age) mice were bred in the vivarium of the Max
Planck Institute of Biochemistry, Martinsried, Germany. After the
transfer to the animal facility at the Max Planck Institute of Psychia-
try, mice were permitted a recovery period of at least 10 days before
starting experiments. The animals were group-housed under standard
housing conditions in Green Line IVC Sealsafe mouse cages
(Tecniplast, HohenpeiBenberg, Germany) equipped with bedding and
nesting material and a wooden rodent tunnel (ABEDD, Vienna,
Austria). Animals had access to food and water ad libitum and were
maintained in a 12/12-hours normal light/dark cycle (lights on at
6 am). Behavioral testing was performed during the light phase. All
experimental procedures were approved by the Government of Upper
Bavaria (Regierung von Oberbayern, 55.2-2532.Vet_02-17-206) and
performed according to the European Community Council Directive
2010/63/EEC. All efforts were made to reduce the number of experi-
mental subjects and to minimize, if not exclude, any suffering.
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2.2 | Generation of CB1€°°RF mice and 242 | Elevated plus maze
genotyping
In the elevated plus maze (EPM) test, mice were exposed to an
CB1°KCCRF mice originated from crossing of female CRF-IRES-Cre elevated (32 cm above ground) plus-shaped maze consisting

mice®® (Jackson Laboratory stock no: 012704) with male CB1-floxed
mice®? (CB1 coding region is flanked by two loxP sites). Experimental

animals were generated by breeding female heterozygous CB1°KC-<RF

with male heterozygous CB1-floxed mice. Cre-positive (CB1<C-CRF)
and Cre-negative (CB1°™) littermates were used for experiments.
Genotyping was performed by PCR using the following primers: G50
(5'-GCTGTCTCTGGTCCTCTTAAA-3'), G51 (5-GGTGTCACCTCTGA
AAACAGA-3'), G53 (5'-CTCCTGTATGCCATAGCTCTT-3'), G100 (5'-
CGGCATGGTGCAAGTTGAATA-3), and G101 (5-GCGATCGCT
ATTTTCCATGAG-3'). All animals were re-genotyped after completion

of the experiment.

2.3 | Single and double in situ hybridization

Expression analysis was performed on 20 pm thick coronal brain slices
thaw mounted onto SuperFrost Plus slides (Thermo Fisher Scientific,
Waltham, MA, USA). Single and double in situ hybridization was per-
formed as described previously.* The following riboprobes were used:
Crf  (nucleotides 70-469 of GenBank number
NM_205769.2) and Cnrl (nucleotides 597-2129 of NM_007726.4).

For double in situ hybridization, CRF riboprobes were labeled with

accession

radioactive sulfur while CB1 riboprobes were digoxigenin (DIG)-
labeled. Image analysis was performed blind of genotype using open-
source Fiji image processing software.** Gray values were measured
in defined areas of the piriform cortex which are outlined in Figure 1F,
G. To facilitate the reading flow, we use capitalized abbreviations for

gene, mMRNA and protein names throughout the manuscript.

24 | Stress and behavioral procedures

Male and female mice were tested as different groups (i.e., on differ-
ent times of the day or different days) to avoid unspecific carry-over
effects by sex pheromones. We therefore do not draw conclusions on

sex differences, only genotype differences.

241 | Open field test

The open field test (OFT) was used to assess locomotor activity and
anxiety measures. Mice were placed into a dimly lit (100 Ix) square
arena (W50 x L50 x H40 cm) with opaque walls facing the wall. The
animals could freely explore the arena for 15 min. The movement of
the mouse was video recorded using ANY-maze software (Stoelting
Co., Dublin, Ireland) and the time spent in the center zone
(W35 x L35 cm, 1225cm?) versus the outer zone (W7.5 cm,
1275 cm?) and the total distance moved were analyzed. The arena

was cleaned with soap and water after each trial.

of two opposing arms enclosed by opaque Plexiglas walls
(L27 x W5 x H14 cm) and two opposing arms (L27 x W5 cm)
without walls (except for a small rim), connected by a central zone
(L5 x W5 cm). After being placed in the end of one of the closed
arms facing the wall, mice could freely explore the maze for
15 min. The experiment was video-recorded using ANY-maze
tracking software and the time spent in the open arms and the
latency to enter an open arm were determined. The setup was
cleaned with soap and water after each trial.

243 | Light dark box

The light dark box (LDB) apparatus consisted of two compartments.
One compartment (W20 x L29 x H25 cm) was made of white
plexiglass walls and brightly lit (200 Ix) while the other one was a black
dark box (W20 x L15 x H25 cm). Both compartments were con-
nected via a door (Wé x H10 cm). The animal was placed in the
brightly lit compartment and was allowed to freely move between to
two areas for 15 min. The experiment was videotaped by ANY-maze
tracking software and the time spent in the light zone was analyzed.
The number of fecal boli were counted. The arena was cleaned with

soap and water after each trial.

244 | Beetle Mania Task

The Beetle Mania task (BMT) was performed essentially as described
previously.** In brief, mice were placed into the end of a gray polyeth-
ylene arena (L100 x W15 x H37 cm; 80-120 Ix) and the number of
rearings was scored during the first 5 min (habituation phase). Subse-
quently, a robo-beetle (Hexbug Nano, Innovation First Labs Inc.,
Greenville, TX, USA) was inserted most distantly from the mouse. For
another 5 min, the number of contacts and avoidance behavior
(mouse withdrew from the beetle upon contact) were scored by an
experienced observer blind to genotype and experimental condition.

The arena was cleaned with soap and water after each trial.

2.4.5 | Acoustic startle response

In the acoustic startle response (ASR) test, startle reflexes to acoustic
stimuli were measured using the Startle Response System (TSE Sys-
tems GmbH, Bad Homburg, Germany). Animals were placed into the
metal grid cage (L9.5 x W4 x H4.5 cm) sitting on the measuring plat-
form. For the measurement of the intensity-response curve, the fol-
lowing protocol was applied: After a 5-min habituation period without
sound presentation, white noise pulses of 70 dB(A), 90 dB(A), and
105 dB(A) (duration: 20 ms) were presented in a pseudo-randomized
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order 30 times each, interspersed with 18 control trials (no sound pre-
sentation). Inter-trial intervals were of 13-25s length. The startle
amplitude was defined as the peak amplitude in grams within the first
100 ms after stimulus onset. The prepulse inhibition (PPI) protocol
consisted of 5 initial white noise pulses of 105 dB(A) followed by
pulses of 105 dB(A) with prepulses of 75 dB(A). Prepulses were pres-
ented 50, 150 and 500 ms prior to the startle pulse. Each prepulse-
pulse combination was presented 27 times in a pseudo-randomized

order interspersed with 27 white noise pulses of 105 dB(A). Inter-trial

FIGURE 1 Co-localization of CRF and
CB1 in the mouse brain. (A-D) Double in
situ hybridization using sulfur-labeled CRF
and DIG-labeled CB1 ribo-probes on
C57BI/6 mouse brain sections (n = 2).
(A) Piriform cortex, (B) Paraventricular
nucleus of the hypothalamus (PVN),
(C) Lateral hypothalamic area,
(D) Barrington's nucleus. Gray
arrowheads: CRF and CB1 double-
positive cells. Brightfield images. Scale
bars: 20 pm. (E) Breeding scheme. Female
CRF-IRES-Cre were crossed with male
CB1-floxed mice. (F, G) Single in situ
hybridization using sulfur-labeled CB1
ribo-probes on male knock-out (cKO-CRF,
n = 3) and wildtype (Ctrl, n = 3) mouse
— brain sections and measurement of gray
values for the anterior (F) and posterior
(G) Piriform cortex areas. Darkfield
images. Scale bars: 200 pm. Same-color
data points represent measurements of
brain slices originating from the same
mouse. **p < 0.01 (unpaired t-test)

aé,aia

L
Ctrl cKO-CRF

intervals were of 13-25 s length. PPl was calculated as a percentage
PPl = 100 x (1 - [startle response for prepulse + startle trial)/(startle
response for startle stimulus alone trial]).

2.4.6 | Trauma protocol

Foot shock delivery and trauma memory assessment were performed

as described previously.*® In brief, animals were placed into a cubic-
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shaped conditioning chamber (MED Associates, Fairfax, VT, USA) with
a metal grid floor through which two electric foot shocks of 1.5 mA
and 2 s duration were delivered. The chamber had been cleaned with
70 % ethanol. Animals of the control group underwent the same pro-
cedure without receiving a foot shock. Thirty days later, all animals
were placed into a neutral context (a cylindric chamber with bedding
instead of metal grid and cleaned with 1 % acetic acid) for 3 min. On
the subsequent day, the mice were re-exposed to the conditioning
chamber that had been cleaned with ethanol to test for conditioned
fear. The trials were videotaped and freezing time and number of

rearings were analyzed by an experienced observer.

2.4.7 | Acute stress and plasma CORT
measurements

Mice were single-housed for 10 days. On testing day, the animals
were restrained in a 50 ml Falcon tube (equipped with holes for tail
movement and oxygen supply) for 15 min in their home cage during
morning hours of the light phase. At the end of the restraint (t15), a
tail cut was made at the middle part of the tail. Blood was collected in
EDTA-coated tubes (Sarstedt, Nimbrecht, Germany). Blood collection
was repeated 30 min (t30) and 90 min (t90) after the onset of the
restraint. Trunk blood was collected 2 weeks after the restraint stress
(basal) during morning hours of the light phase. All blood samples
were centrifuged at 8g for 15 min at 4°C. Plasma was retrieved from
the supernatant and CORT concentrations were measured using a
commercially available radioimmunoassay kit (MP Biomedicals,

Eschwege, Germany).

2.5 | Statistical analysis

Data are presented as means + SEM. For normally distributed data,
unpaired t-tests, one-way analysis of variance (ANOVA) followed by
Tukey's post-hoc test or two-way analysis of variance (ANOVA) for
repeated measures followed by Bonferroni post-hoc analysis were
performed. Kruskal-Wallis followed by Dunn's multiple comparison
tests was employed for non-parametric distribution. Statistical signifi-
cance was accepted if p < 0.05. All statistical analyses were performed

using GraphPad Prism 9.0.

3 | RESULTS
3.1 | Co-localization of CRF and CB1 in the mouse
brain

To assess the level of CRF and CB1 co-expressing cells in the mouse
brain, we performed a double in situ hybridization on brain slices of
male C57BL/6 mice. We found a moderate level of co-localization in
the piriform cortex (mostly in the anterior part, Figure 1A), and the

Barrington's nucleus (Figure 1D). A low level of co-localization was

and Behavior

observed in the PVN (Figure 1B) and the lateral hypothalamic area
(Figure 1C). We found no co-localization in the central and basolateral
amygdala and the BNST (data not shown).

32 |
neurons

Conditional knockout of CB1 in CRF-positive

To study the effect of a potential unrestrained CRF release from
CB1-positive neurons, we bred female CRF-IRES-Cre mice with male
CB1-floxed mice (Figure 1E). The resulting conditional knockout mice
(CB1KC-CRF) were expected to express a reduced level of CB1 in the
aforementioned brain areas compared with the wildtype littermates
(CB1%™). To confirm this assumption, we performed a single CB1 in
situ hybridization on brain slices of male CB1°KC-“RF and CB1°*" mice.
We measured the gray values of a defined area of the lateral anterior
and posterior piriform cortex (Figure 1F, G), a region shown to harbor
CFR-CB1 double-positive cells. We found a reduction of gray value in
CB1KO-CRF compared with wildtype mice in the anterior piriform cor-
tex (t1o = 3.9, p < 0.01; Figure 1F) but not in the more posterior part
of this area (t14 = 0.8, p = 0.44; Figure 1G).

3.3 | Baseline behavioral characterization of
CB1CKO-CRF

To assess behavioral consequences of the conditional knockout, we
exposed male and female CB1©-°RF and CB1“*" mice to a battery of
behavioral tests (Figure 2A). We found no significant differences
between knockout and wildtype animals in a 15-min OFT, measuring
the total distance traveled (males: too = 0.14, p = 0.89; females: t,,
= 0.46, p = 0.65; Figure 2B) nor in the time spent in the inner and
outer zone of the arena (males: F(; 40) = 2.25, p = 0.14; females: F(1 44
= 0.56, p = 0.46; Figure 2C). The mice were next tested in the EPM
for anxiety-like behavior. No differences in the time spent in the open
arms (males: U =46, p =0.23; females: ty, =1.60, p =0.12;
Figure 2D) nor in the latency to enter the open arms (males: U = 41,
p =0.13; females: U = 63, p = 0.62; Figure 2E) were observed
between the genotypes. Similarly, there were no differences in the
time spent in the light compartment during a 15-min LDB test (males:
to1 = 0.28, p = 0.78; females: ty, = 1.06, p = 0.30; Figure 2F) nor in
defecation (males: t,4 = 0.25, p = 0.81; females: to, = 0.17, p = 0.86;
Figure 2G).
To assess active versus passive fear responses to a potentially
threatening stimulus, the animals were subjected to the BMT. We
could not show any differences in the number of rearing events dur-
ing the baseline period (males: t,4 =0.12, p = 0.90; females: to,
= 0.00, p > 0.99; Figure 2H). Also, upon confrontation with the robo-
beetle, there was no significant difference in the avoidance behavior
between the two genotypes (males: t,1 = 1.57, p = 0.13; females: t,
= 1.28, p = 0.21; Figure 2I).
A new cohort of male and female CB1°K°-“RF and CB1™ mice

was tested for the ASR and for circulating CORT levels (Figure 3A).
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FIGURE 2 Baseline behavioral characterization. (A) CB1KC-“RF and CB1™" male (n = 11/12) and female (n = 12/12) mice were exposed to a
behavioral test battery for baseline characterization. d, day. Distance moved (B) and time in the inner (IZ) and outer zone (OZ, C) in the open field
test (OFT). Time spent in the open arms (D) and latency to the first open arm entry (E) in the elevated plus maze test (EPM). Time spent in the
light zone (F) and defecation (G) during the light-dark box test (LDB). Number of rearing events (H) and avoidance behavior as a fraction of total

contacts with the robo-beetle (1) during the Beetle Mania Task (BMT).®

We exposed mice to white noise pulses of different intensity and
measured the startle amplitude. As showed by 2-way ANOVA, there
was a significant interaction between genotype and startle pulse
intensity in male mice (F349 = 4.47, p < 0.01; Figure 3B) with post-

hoc analysis confirming a higher startle amplitude of CB1<©-CRF

at
the highest white noise intensity (105 dB(A)) compared with wildtype
controls. This effect could not be observed in female mice (F344
=0.16, p = 0.92; Figure 3B). Next, mice were tested in a PPI task.

No significant difference in the startle response could be shown

between CB1°KO“RF and wildtype mice (males: Fp4 = 2.07,
p = 0.14; females: F;44 = 0.59, p = 0.56; Figure 3C). After sufficient
time for recovery, we measured basal and post-stress blood plasma
CORT concentrations. Mice were restrained for 15 min and blood was
sampled via a tail cut at the end of the restraint period (t15), as well as
30 (t30) and 90 (t90) min after the beginning of the stressor. Mice
showed an increase in plasma CORT after the restraint, but there was
no significant difference between the genotypes (males: F3 49 = 0.75,
p = 0.53; females: F3 43 = 0.48, p = 0.70; Figure 3D).
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startle responses (ASR; Nmale = 13/12, Ntemate = 12/12) and plasma corticosterone (CORT; Npaje = 11/15, Ntemae = 11/12) levels. d: day (A).
Intensity-response relationship between sound-pressure levels (SPL) of the white noise pulses and ASR (B). Prepulse inhibition (PPI) with different

inter-pulse intervals (IPI, C). CORT blood plasma concentrations at basal and 15, 30, and 90 min after restraint stress (D). **

ANOVA followed by Bonferroni's post-hoc test)

34 | Behavioral characterization of CB1°K©-CRF
after trauma incubation

Both the CRF and CB1 systems are known to be involved in trauma-
related behavioral changes. Therefore, we exposed experimentally

naive male and female CB1KO-CRF

and wildtype controls to a trauma
protocol. Mice were assigned to four experimental groups per sex, fol-
lowing a 2 x 2 design (genotype x trauma). All groups were placed into
a shock chamber, with two groups receiving two electric foot shocks of
1.5 mA (cKO-S+ and Ctrl-S+), while the other two groups remained
non-shocked (cKO-S- and Ctrl-S-). Four weeks later, we assessed gen-
eralized trauma-associated fear followed by measurement of active
and passive fear responses (Figure 4A). Mice that had received a foot
shock froze significantly more (Kruskal-Wallis test; males: p < 0.0001;
females: p < 0.0001; Figure 4B) and exhibited significantly fewer rea-
ring events than non-shocked controls upon exposure to a neutral test
context (Kruskal-Wallis test; males: p < 0.0001; females: p < 0.0001;
Figure 4C). These observations were independent of genotype or sex.
The same findings for freezing and rearing were shown when the mice
were re-exposed to the shock context on the next day (Kruskal-Wallis
test; males: p < 0.0001; females: p < 0.0001; Figure 4D,E).

Next, we tested the mice in the BMT to measure the conse-

guences of trauma on active versus passive fear responses. During

p < 0.01 (two-way rm-

the baseline period without robo-beetle, cKO-S+ mice showed signifi-
cantly reduced vertical exploration behavior (rearing events) com-
pared with cKO-S- (Kruskal-Wallis test; males: p < 0.01; females:
p < 0.001) but there was no significant difference between CB1€°-
CRF and CB1“™ (Figure 4F). Avoidance behavior in response to the
robo-beetle was unchanged between genotypes and trauma experi-
ence (males: F339 = 0.88, p = 0.46; females: F340 = 2.09, p = 0.12;

Figure 4G).

4 | DISCUSSION
The current study investigated consequences of the selective deletion
of CB1 receptors from CRF neurons by means of a newly generated
conditional knockout mouse line (CB1KO-°RF). The cell-type specific
lack of CB1 expression caused an increase in the ASR in male but not
female mice with no consequences on locomotion, anxiety- and fear-
related behavior and HPA axis activity. Likewise, no behavioral differ-
ences were found following trauma exposure.

In wildtype mice, we could show the co-localization of CB1 and
CRF mRNA in the piriform cortex, the PVN, the lateral hypothalamic
area, and the Barrington's nucleus. This is in agreement with previous

studies, which additionally report co-expression in the prefrontal
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FIGURE 4 Behavioral characterization after trauma exposure. (A) Male (n = 8-14 per group) and female (n = 8-14 per group) CB1<°-CRF

and CB1%*" mice received two electric foot shocks of 1.5 mA (cKO-S+ and Ctrl-S-+) or were assigned to the non-shocked control group (cKO-S-
and Ctrl-S-). After an incubation time of 30 days, generalized and contextual fear were assessed in a novel (cylinder) and in the shock context
(chamber), respectively. One week later, mice were exposed to the Beetle Mania Task (BMT). Time spent freezing (B) and number of rearing
events (C) during exposure to the novel environment. Time spent freezing (D) and number of rearing events (E) during re-exposure to the shock
environment. Number of rearing events (F) and avoidance behavior as a fraction of total contacts with the robo-beetle (G) during the BMT.

**p < 0.01, ***p < 0.001, ****p < 0.0001 (1-way ANOVA for B-E, G; Kruskal-Wallis test for F)

cortex, the BNST, and the amygdala.®>*¢ An immunohistochemical
approach showed CB1 and CRF protein co-localization in the locus
coeruleus in axon terminals of neurons projecting from the central
amygdala (CeA).%” Our failure to show co-localization in the amygdala
might be ascribed to differences in the sensitivity of the methods
and/or generally low levels of expression of both CB1 and CRF under
basal conditions.

To study the consequences of CB1 loss on CRF-expressing neu-
rons, we crossed CRF-IRES-Cre®® and CB1-floxed®” mouse lines. Both
mutant mouse lines have been well investigated and successfully used
for knockout and mapping studies.®>*”~>° Using in situ hybridization,
we could confirm a reduction of CB1 for the piriform cortex of

CB1°K©-CRF Even though we did not perform co-expression analyses

in mutant mice due to the low abundant expression of both CRF and
CB1, it is highly likely that this reduction results from the selective
deletion of CB1 expression in CRF-positive neurons.

In order to study behavioral consequences of the knockout on
the negative valence system, we exposed male and female mutants
and their respective wildtype littermate controls to a variety of behav-
joral paradigms. We found no difference in locomotor activity or fear

1KO-CRF and controls of

and anxiety-related behaviors between CB
both sexes. If we assume that the lack of CB1 receptors may result in
unrestrained release of CRF, we would have expected increased loco-
motion and anxiety.®?:1051-54

Male CB1%€®-RF showed an increased startle amplitude com-

pared with male littermate controls. This is in line with previous
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studies reporting increased ASR and decreased startle habituation fol-
lowing ICV administration of CRF or overexpression of CRF.15-17:5%:56
The lack of an arousal effect in female CB1“C-“RF could be attributed
to sex dimorphisms of the CRF system, as has been shown in terms of
behavior, HPA axis function, and gene expression'” (for reviews see
Reference [57,58]). We can only speculate about the pathway
involved in the hyperarousal shown by male mutants. There is the
likelihood of an involvement of projections from the CeA to the
BNST.*8 A contribution of CRF signaling within the CeA for the gener-
ation of active versus passive fear>® however, appears to be less likely,
given the lack of effects in the BMT, a test designed to measure
unconditioned active versus passive fear.*>%%! Besides, we could not
reproduce the previously described co-localization of CRF and CB1
within the CeA.

Under basal conditions, our experiments showed no effects from
the knockout on fear and anxiety. This might be due to a lack of acti-
vation of the CRF system under the experimental conditions. Expo-
sure to a stressor has been found to increase CRF expression in
various brain regions,? and it has been suggested that endogenous
CRF release must be triggered by a stressor prior to a paradigm in
order to observe behavioral effects.®® To challenge the CRF system,
we exposed the mice to both an acute restraint followed by measure-
ment of HPA axis activity and assessed behavior after incubation of a
traumatic event.*® Despite the well-described regulation of CB1 on
the HPA axis, we failed to detect differences in plasma CORT levels
between the genotypes, both at basal and post-stress time points.
Likewise, no behavioral changes were observed after trauma
exposure.

The very distinct behavioral phenotype of male CB1<©-CRF

might
be explained in several ways. We observed an overall low level of co-
localization of CRF and CB1 throughout the brain, that is, only a low
number of cells is affected by the knockout. Next, it is unclear
whether these cells are activated at all during the tasks employed and
whether enough CRF is released under basal conditions. Another
important question is whether CRF release is even under control of
CBJ1. Depolarization-induced suppression of excitation and inhibition
are well-established concepts of CB1-controlled release of the neuro-
transmitters glutamate and GABA, respectively.*° Less is known
about CB1 inhibiting the release of neuropeptides. A functional inter-
action of CB1 and the cholecystokinin (CCK) system in regulating fear
memory has been shown.%¢” But while CCK and CB1 are very highly
co-expressed for example in hippocampal basket cells, we observed
an overall low abundant co-expression of CRF and CB1. Moreover,
the possibility of neurotransmitter co-transmission must be borne in
mind. CRF is mostly expressed in GABAergic neurons in the brain,®°
with the exception of the piriform cortex and the PVN where it is
expressed in glutamatergic neurons.”®”* Thus, whether the observed
hyperarousal of male CB1“®"“RF can be attributed to disinhibited
release of CRF or neurotransmitters remains to be confirmed using
CRFR1 or CRFR2 antagonists or new genetic models.

In conclusion, we show a selective increase in the ASR of male
mice lacking CB1 receptor expression in CRF neurons with no alter-

ations in the negative valence system and HPA axis activity.
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ARTICLE INFO ABSTRACT

Keywords: Post-traumatic stress disorder (PTSD) is a chronic disease caused by traumatic incidents. Numerous studies have
Post-traumatic stress disorder revealed grey matter volume differences in affected individuals. The nature of the disease renders it difficult to
Hyperarousal

distinguish between a priori versus a posteriori changes. To overcome this difficulty, we studied the consequences
of a traumatic event on brain morphology in mice before and 4 weeks after exposure to brief foot shocks (or sham
treatment), and correlated morphology with symptoms of hyperarousal. In the latter context, we assessed hy-
perarousal upon confrontation with acoustic, visual, or composite (acoustic/visual/tactile) threats and integrated
the individual readouts into a single Hyperarousal Score using logistic regression analysis. MRI scans with
subsequent whole-brain deformation-based morphometry (DBM) analysis revealed a volume decrease of the
dorsal hippocampus and an increase of the reticular nucleus in shocked mice when compared to non-shocked
controls. Using the Hyperarousal Score as regressor for the post-exposure MRI measurement, we observed
negative correlations with several brain structures including the dorsal hippocampus. If the development of
changes with respect to the basal MRI was considered, reduction in globus pallidus volume reflected hyper-
arousal severity. Our findings demonstrate that a brief traumatic incident can cause volume changes in defined
brain structures and suggest the globus pallidus as an important hub for the control of fear responses to
threatening stimuli of different sensory modalities.

Magnetic resonance imaging
Grey matter volume
Animal model

1. Introduction

Post-traumatic stress disorder (PTSD) is a severe psychiatric disease
that may develop after an exposure to a traumatic event such as combat
experience, natural disasters or sexual abuse. It is characterized by
intrusive symptoms, avoidance behavior, negative changes in thought,
and hyperarousal, with these symptoms persisting for longer than a
month (Del Barrio, 2016). During the last decades, numerous studies
aimed at examining molecular and brain morphological changes
occurring in the aftermath of the traumatic incident. Key brain areas of
interest became the hippocampus, the prefrontal cortex, and the
amygdala (Armony et al., 2005; Gilbertson et al., 2002; O’Doherty et al.,

2015; Shin et al., 2004; Wignall et al., 2004; Woodward et al., 2006;
Yamasue et al., 2003). Neuroimaging methods, such as magnetic reso-
nance imaging (MRI), allow to assess brain volumetric changes of pa-
tients diagnosed with PTSD. However, human studies come with the
limitations of heterogenous samples (e.g., severity of the trauma or
medical treatment) and methodology, often leading to controversial
results. While a number of studies found no volumetric changes in the
hippocampus of patients with PTSD (Bonne et al., 2001; Carrion et al.,
2001; De Bellis et al., 2001; Fennema-Notestine et al., 2002), others
reported reduced hippocampal volume compared to controls (Gilbertson
et al., 2002; Logue et al., 2018; Wignall et al., 2004). Noteworthy, such
studies rarely involved longitudinal designs with measurements before
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and after the trauma. This gains particular importance if one considers
that a priori differences in brain volume may serve as susceptibility/
resilience factors for the development of PTSD (Gilbertson et al., 2002)
and not necessarily consequences of the trauma. Therefore, the moni-
toring of intraindividual trajectories of brain volume appears to be the
most sensitive measure of PTSD-related changes in grey matter volume.
To overcome these limitations, several rodent models of PTSD have been
established (for reviews see Deslauriers et al., 2018; Verbitsky et al.,
2020). We have previously studied consequences of a traumatic expe-
rience (ie., exposure to an electric foot shock (Siegmund and Wotjak,
2007)) on hippocampal volume of inbred mice using in vivo and ex vivo
approaches after long-term incubation of the trauma (Golub et al.,
2011). We observed a reduced hippocampal volume (Golub et al., 2011),
which coincided with a reduction in synaptic markers at late time points
after the trauma (Herrmann et al., 2012). The present study should
extend those observations to within-subject measurements before and
after the trauma. Moreover, we employed voxel-based whole brain an-
alyses rather than region of interest measurements. In a two-step pro-
cess, we initially assessed the behavioral consequences of exposure to an
inescapable electric foot shock after trauma incubation, with particular
focus on the hyperarousal domain. Classically, hyperarousal is measured
as a startle response to a sudden loud noise. It is unclear to which extent
hyperarousal can be seen in response to stimuli of different sensory
modality, such as visual or tactile threats. Based on the various behav-
ioral data, we performed a logistic regression analysis to obtain indi-
vidual “Hyperarousal Scores” that allowed us to distinguish trauma-
exposed animals and controls. In a second step, we conducted longitu-
dinal measurements of brain morphometry using whole-brain MRI scans
in new cohorts of mice. Animals were subjected to a basal MRI prior to
the foot shock. After trauma incubation, the animals underwent a second
MRI scan and subsequent behavioral screening. This experimental
design permitted both cross-sectional and longitudinal within-subject
analyses. In addition, we could use the individual Hyperarousal Scores
as regressors to identify brain structures which reflect changes in hy-
perarousal in a parametric rather than categorical manner.

2. Materials & methods

2.1. Animals

Adult male C57BL/6NRjMpi mice (B6NR, originating from Janvier;
n = 67, 2-5 months age) were bred in the vivarium of the Max Planck
Institute of Biochemistry (Martinsried, Germany). Due to changes in the
animal facility of the Max Planck Institute of Psychiatry, the two cohorts
of mice had to be housed under different conditions. Animals of the first
cohort were group-housed under standard housing conditions in Mak-
rolon type II cages with food and water ad libitum and maintained in a
12/12-h inverse light/dark cycle (lights off at 6 am). Behavioral testing
took place during the active phase of the mice (between 7 am and 5 pm),
except for the trauma protocol which was performed during the light
phase. The second cohort of mice was group-housed in Green Line IVC
mouse cages with food and water ad libitum and maintained in a 12/12-h
normal light/dark cycle (lights on at 6 am). Behavioral testing took place
during the light phase (between 7 am and 5 pm). After admission at the
Max Planck Institute of Psychiatry, mice were permitted a recovery
period of at least 10 days before starting with the experiments. Experi-
mental procedures were approved by the Government of Upper Bavaria
(Regierung von Oberbayern, 55.2-2532.Vet_02-17-206) and performed
according to the European Community Council Directive 2010/63/EEC.
All efforts were made to reduce the number of experimental subjects and
to minimize, if not exclude, any suffering.

2.2. Behavioral procedures
2.2.1. Trauma protocol

Foot shock delivery and assessment of sensitized and conditioned
fear has been performed as previously described (Siegmund and Wotjak,
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2007). In brief: On day 0, mice were placed onto a metal grid in a
conditioning chamber (cubic shaped) that had been cleaned with
alcohol-based disinfectant (Pursept A, Schiilke & Mayr GmbH, Norder-
stedt, Germany). After 198 s, they received two electric foot shocks of
1.5 mA (duration: 2 s), interspaced by 60 s. They were returned to their
home cage another 60 s later. Animals of the control group underwent
the same procedure without receiving a foot shock. To assess trauma-
related sensitized fear, all animals were placed into a neutral test
context (cylindric Plexiglas wall, no metal grid but bedding, supple-
mented with 1% acetic acid) for 3 min 23-35 days after foot shock de-
livery. On the following day, conditioned fear was tested by re-exposing
the mice for 3 min to the conditioning context (chamber, cleaned with
Pursept A). The sessions were video-recorded, and the following
behavioral measures were scored by an experienced observer unaware
of the group affiliations: Freezing time, number of rearings and stretch-
attend postures (SAPs).

2.3. Acoustic Startle Response (ASR)

Stimulus-response curves were performed using the SR-LAB Startle
Response System (San Diego Instruments, San Diego, USA) with a
custom-built animal enclosure. The enclosure consisted of black plastic
walls (H17 cm) sitting on the upward bended edges of a plastic floor (L5
x W9 cm). During testing, the enclosure was covered with a lid to pre-
vent the mice from escaping. Movement was detected by a piezo element
mounted under the floor of the enclosure and connected to the control
unit of the SR-LAB system. The enclosure was placed into a cabinet with
the fan turned on. The intensity-response curve protocol consisted of a 5-
min habituation period followed by 20 ms white noise pulses of 70 dB
(A), 90 dB(A), and 105 dB(A). The pulses were each presented 30 times
in a pseudo-randomized order, interspersed with 18 control trials
(background noise only, 55 dB(A)). Inter-trial intervals were 13-25 s in
length. The startle amplitude was defined as the peak voltage output
within the first 100 ms after stimulus onset. The enclosure was cleaned
with soap and water after each trial.

2.3.1. Beetle Mania Task (BMT)

The Beetle Mania Task (BMT) was used to study defensive reactions
to a combined visual, acoustic, and tactile threat as previously described
(Heinz et al., 2017). In brief: Experiments were performed in an arena
(L150 x W15 x H37 cm for Experiment 1 and L100 x W15 x H37 for
Experiment 2) made of grey polyethylene under low light conditions
(<50 Ix). During the initial habituation phase of 5 min, mice were
inserted to one end of the arena, and the latency to reach the opposite
end segment as well as the number of rearings were scored. In the end of
the habituation phase, we inserted an erratically moving robo-beetle
(Hexbug Nano, Innovation First Labs Inc., Greenville, TX, USA) far
most distant from the mouse and scored the following behavioral mea-
sures over the course of 10 min: (1) contacts (number of physical con-
tacts between the beetle and the mouse), (2) passive behavior (tolerance
of the approaching or by-passing beetle), (3) avoidance behavior
(whereby the mouse withdrew from the robo-beetle with accelerated
speed), (4) approach behavior (events during which the mouse followed
the by-passing robo-beetle in close vicinity), and (5) jumps. The
behavioral measures (2)-(5) were expressed as the percentage of the
number of contacts.

2.3.2. Visual Threat Task (VTT)

This task exposed the animals to two visual threats: a sweeping dot
(SD) (De Franceschi et al., 2016), followed by a looming disk (LD)
(Yilmaz and Meister, 2013). The visual stimuli were presented in a white
Plexiglas arena (L34 x W47 x H30 cm; 70 1x in the center) equipped with
an opaque triangular shelter (W19 x H11.5 c¢m; 10 1x) in the corner (De
Franceschi et al., 2016). A monitor (L30 x W47.5 cm, Samsung Sync-
Master T220, 60 Hz) was placed on top of the arena, leaving a gap for the
camera (DMK 23UV024, The Imaging Source) to capture the mouse
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movements. The SD stimulus was a black dot of 3 cm diameter presented
in one corner of the display. The dot moved diagonally over the screen
four times with a speed of 0.1 m/s. The LD stimulus was a black dot of 3
cm diameter presented in the center of the screen, that expanded in size
to 21 cm diameter within 250 ms. The stimulus was repeated 20 times.
Both stimuli had a total duration of 20 s and were presented on a grey
background. The VTT was performed on two consecutive days. On the
first day, the animals were habituated to the arena for 15 min without
behavioral analysis. During this time, the arena was covered with the
monitor presenting the grey screen without any stimulus. On the next
day, animals were habituated to the arena for another 5 min (baseline),
with presentation of the grey screen. Thereafter, the sweeping stimulus
was triggered, and the behavior was recorded for 5 min after stimulus
onset. In the third phase, the looming disk stimulus was presented, and
the behavior was monitored for another 5 min. The stimuli were only
triggered once the animals were located in the center of the arena. The
test was stopped, and the behavior not further analyzed, if an animal
failed to leave the shelter for 30 min. Therefore, the total test time could
differ significantly between the animals. We considered the following
behavioral measures: Number of rearings, freezing duration, the time
spent in the shelter, and the latency to enter the shelter after the onset of
the stimulus (if a mouse did not enter the shelter within the 20 s after
stimulus onset, we assigned an escape latency of 21 s).

2.3.3. In vivo magnetic resonance imaging (MRI) and deformation-based
morphometry (DBM) analysis

Anesthesia was initiated and maintained using isoflurane (cp-
pharma, Burgdorf, Germany). Mice were then stereotactically fixed on
an MR compatible animal bed in prone position. Eye ointment
(Bepanthen, BAYER AG, Leverkusen, Germany) was applied to protect
the eyes from dehydration. Respiration and body temperature were
constantly monitored. Body temperature was kept between 36.5 °C and
37.5 °C, using a water flow heating pad (Haake S 5P, Thermo Fisher
Scientific, Waltham, United States).

MRI experiments were run on a BioSpec 94/20 animal MRI system
operating on Paravision 6.0.1 (Bruker BioSpin GmbH Rheinstetten,
Germany) equipped with a 9.4 T horizontal bore magnet of 20 cm
diameter and a two-channel cryogenic transmit-receive radio frequency
coil. Structural images were recorded using a 3D gradient echo sequence
with a repetition time of 34.1 ms, echo time = 6.25 ms, excitation pulse
angle = 10°, number of averages = 3, matrix dimension = 256 x 166 x
205, pixel resolution 77 pm. After visual inspection of the data and
exclusion of certain mice due to motion artefacts, a total of 20 animals
were included in the final analysis.

Images were converted to NIFTI format, with the voxel size of mice
image data artificially multiplied by ten (in order to fully exploit anal-
ysis pipelines optimized for the human sized brain).

In a two-step procedure, brain extraction was performed: In a first
preprocessing step, mouse data was segmented and bias corrected using
Statistical Parametric Mapping software (SPM12, Wellcome Department
of Cognitive Neurology, London, UK) and the Hikishima C57BI6 template
(Hikishima et al., 2017) comprised of 5 different compartments. The
resulting bias-corrected images were filtered using a spatial adaptive
non-local means denoising filter (Manjon et al., 2010) as implemented in
the cat12 toolbox of SPM (www.neuro.uni-jena.de/cat). The initial grey
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) proba-
bility maps were summed, and binarized for image intensities larger 0.3,
to create a first brain mask. Holes in this mask were filled using MAT-
LAB’s (MathWorks, Natick, Massachusetts, USA) imfill function, the
mask was dilated by five voxels, and applied to the bias-corrected
spatially filtered images. In a second step, the resulting images were
again segmented, this time using a modified version of the Hikishima
template for which the original CSF template was divided into two sub-
templates: ventricular inner CSF and surface cortical CSF. After this
second segmentation step, GM, WM and ventricular inner CSF compart-
ments were again summed, binarized using an intensity threshold >0.1,
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and remaining holes inside the brain mask filled and slightly dilated.
Finally, the resulting mask was applied to the spatially filtered and bias
corrected images of the first step. These brain-extracted 3D images were
then segmented using the SPM12 old segment function, now using only
three compartments of the modified version of the Hikishima template,
namely GM, WM and inner ventricular CSF.

For cross-sectional DBM analyses focusing on the second experi-
mental time point, DARTEL normalization first imported the brain
extracted images of two segments (GM, WM), and a study-specific tem-
plate based on GM and WM was generated in seven iterations, along with
flow-fields which parameterize the deformations. The flow-fields were
then converted to Jacobian determinant fields, which were spatially
smoothed with a Gaussian kernel of about 6 times the voxel size.

Longitudinal analysis used the rodent longitudinal toolbox (RLT,
Version 1; dbm.neuro.uni-jena.de) for SPM12. Bias corrected images (no
brain extraction) entered the RLT analysis. Again, C57Bl6 Hikishima
templates were used, with a maturation rate of 45 (adult mice). The
Jacobian determinant fields for each set of measurements were calcu-
lated with respect to the subject’s temporal average image, and then
subtracted from each other to generate a deformation image from MRI 1
to 2 (Jacobian difference images). The average images per subject were
used to create a DARTEL study specific template. Finally, the Jacobian
difference images were normalized to the template space and smoothed
with a Gaussian kernel of about 6 times the voxel size.

Total intracranial volume (TIV) was approximated as the sum of all
modulated tissue probabilities (for the longitudinal analysis, these were
derived from the temporal average images), excluding the olfactory bulb
and the cerebellum, as well as brain regions inferior to the anterior
commissure, due to lower signal-to-noise in these regions because of the
surface coil characteristics.

2.4. Experiments

In a first step, we assessed behavioral changes of mice in response to a
traumatic event and described these in a Hyperarousal Score (Experiment
1). Subsequently, we applied the same mathematical approach to a new
batch of mice, which were repeatedly scanned in the MRI before
behavioral screening (Experiment 2) in order to relate volumetric
changes of the brain to individual behavioral consequence of the trauma.

2.4.1. Experiment 1: long-term consequences of a traumatic experience

To examine long-term effects of a traumatic event on defensive re-
sponses to threatening stimuli of different sensory modality, we
randomly assigned B6NR mice to two groups which either received two
electric foot shocks (S+, n = 24) or not (S-, n = 20). Three weeks later,
we measured generalized fear upon exposure to the neutral context
(cylinder), followed by measurement of conditioned fear upon re-
exposure to the shock context (chamber) 24 h later. Subsequently, all
mice underwent the ASR, the VIT and the BMT, with one week of re-
covery in between two tests.

2.4.2. Experiment 2: structural correlates of defensive reactions

Experimentally naive BGNR mice underwent a first MRI scan (MRI1).
After a recovery phase of at least 3 days, we randomly assigned the
animals to two groups which either received a foot shock (S+,n =11) or
not (S-, n = 12), followed by a second MRI scan for both groups (MRI2;
28-30 days later). Thereafter, we assessed generalized and conditioned
fear (35 days after foot shock), defensive responses to the robo-beetle
(BMT; 41 days after foot shock), acoustic threats (ASR; 47 days after
foot shock), and visual threats (VTT; 53 days after foot shock) similarly
to Experiment 1.

2.5. Statistics

Behavioral data is presented as means + standard error (SEM), if
appropriate. In case of normal distribution, groups were compared by
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paired and unpaired t-tests, one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test or 2-way analysis of variance
(ANOVA) for repeated measures followed by Bonferroni post-hoc anal-
ysis. In case of non-parametric distribution, we employed Mann-
Whitney U tests, and for contingency analyses Chi square tests. Statis-
tically significant differences were accepted if p < 0.05. All statistical
analyses were performed using GraphPad Prism 8.2.

2.5.1. Logistic regression analysis

We performed a logistic regression analysis in MATLAB R2020a on
the z-scores of all readouts of the ASR, BMT, and VTT to predict whether
an animal has undergone the preceding PTSD procedure. The analysis
was based on the data of Experiment 1. The resulting coefficients were
used to calculate the behavior-based Hyperarousal Scores for all animals
of both experiments. Therefore, the data of Experiment 2 served as a
hold-out validation sample.

2.5.2. MRI

To test the volumetric difference between the shocked and the non-
shocked group (MRI2), analysis was run as a two-sample t-test, applying
proportional scaling on the TIV to consider unspecific global effects. To
test if local brain volumes at MRI2 correlated with the results of the
logistic regression on the behavioral readouts, a multiple regression
design was used in SPM12, with the TIV entered as a nuisance variable
(global normalization using ANCOVA). Volumetric changes between
MRI 1 and 2 were analyzed using the Jacobian difference images. Again,
TIV was included as nuisance regressor. T-maps were thresholded at an
uncorrected p < 0.005 or p < 0.001 with a minimum cluster extent of 20
voxels. Clusters surviving family-wise error correction as a whole are
shown at prwg,cluster < 0.05.
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3. Results
3.1. Trauma-related changes in threat responding (Experiment 1)

Experimentally naive B6NR mice were randomly assigned to two
experimental groups. Both groups were placed into a shock chamber,
with one group receiving two electric foot shocks (S+), while the other
remained non-shocked (S-). Starting 3 weeks later, we assessed gener-
alized trauma-associated fear followed by measurements of hyper-
arousal upon confrontation with threatening stimuli of different sensory
modality.

3.1.1. Generalization of trauma-associated fear memories

S+ mice froze significantly more than S- controls (U =7, p < 0.0001,
Fig. 1A) upon exposure to a neutral test context 3 weeks after foot shock
(S+) or control exposure to the chamber (S-). Moreover, S+ mice reared
less (U = 0, p < 0.0001, Fig. 1B), which also became evident if we
considered the number of mice which failed to rear at all (S+: 42%, S-:
0%; y° = 10.8, p < 0.01; Fig. 1B). The behavior of S+ mice cannot be
explained by a general decrease in locomotor activity due to a trauma-
related reduction in exploratory drive, since S+ showed significantly
more risk assessment than S- controls (U =51, p < 0.0001; Fig. 1C). This
was reflected by the number of mice which displayed SAPs at all
(5+:96%, S-: 40%); )(2 = 16.3, p < 0.0001; Fig. 1C). Re-exposure to the
original shock context another day later revealed essentially the same
findings with significantly higher freezing levels (U = 2, p < 0.0001,
Fig. 1D), reduced rearing (U = 13, p < 0.0001, Fig. 1E; with 61% S+, but
0% S- showing no rearing at all, y> = 18.1, p < 0.0001; Fig. 1E) and
increased risk assessment (U = 118, p < 0.001; with 52% S+, but only
5% S- showing risk assessment, y2 = 11.3, p < 0.001, Fig. 1F).

Risk assessment ASR
C 154 8000-
it G @ S-
o O S+
- ool
& 10 ° %'
N @ = 4000-
g @ o $55% &
) <
5_
. &
© amo
L O
0- 0'_I_I_I_I_
S- s+

BG 75 90 105

SPL [dB]
F 157 s = H 9000
[ — [} &
[+1]
104 e o 6000 o %
¥ o
= : | 2
g o $5% z o RP
@ 5 o 'g 30001 ‘ &
g [(=) e
o B
o1 —amo—aom— 0
S- S+ S- S+

Fig. 1. Generalized trauma-associated fear memory and acoustic startle responses (ASR) after trauma incubation. Mice were (re-)exposed to (A-C) a neutral test
context (cylinder) and (D-F) the shock context (chamber) 23 and 24 days after they had received electric foot shocks in the shock chamber (S+) or not (S-). We
assessed (A, D) freezing behavior, (B, E) the number of rearings per mouse, as well as the proportion of mice per group which reared at all, and (C, F) risk assessment
on basis of the number of stretch-attend postures (SAPs) per mouse and as the proportion of mice which showed SAPs at all. (G) Intensity-response relationship
between sound-pressure levels (SPL) of the white noise pulses and the ASR for S+ and S- mice 6 weeks after foot shock or control exposure. (H) Startle responses
elicited by white noise pulses of 105 dB(A). *##p < 0.001, *###p < 0.0001 (Mann-Whitney test for (A-F)) and ***p < 0.001, ¥*%*p < 0.0001 (Chi square test). ****p
< 0.0001 (2-Way ANOVA followed by Bonferroni post-hoc test) and ***p < 0.001 (unpaired t-test).
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3.1.2. Acoustic startle response after trauma incubation significant interaction between shock and startle pulse intensity (Fs 123
Four weeks after foot shock application, we exposed the S+ and S- =11.1, p < 0.0001). Post-hoc analyses confirmed that S+ mice showed a
mice to white noise pulses of different intensity and measured their higher startle response at the highest startle pulse intensity (105 dB(A))

acoustic startle responses. As revealed by 2-way ANOVA, there was a compared to S- controls (t31 = 3.9, p < 0.001; Fig. 1G-H).

Fig. 2. Beetle Mania Task (A-E) and Visual Threat
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3.1.3. Beetle mania task after trauma incubation

To assess consequences of trauma on active versus passive fear re-
sponses to a potentially threatening stimulus, we submitted S+ and S-
mice to the BMT four weeks after foot shock. During the baseline
exploration without robo-beetle (0-5 min), S+ showed significantly
reduced horizontal (assessed by the latency to reach the end of the
arena; U = 74, p < 0.0001, Fig. 2A; whereby only 63% compared to 95%
of S- reached the opposite end of the arena at all, )(2 = 6.6, p < 0.05;
Fig. 2A) and vertical exploration (assessed by the number of rearings; U
= 44.5, p < 0.0001, Fig. 2B).

Subsequent confrontation with the erratically moving robo-beetle
(5-15 min) resulted in the same number of contacts (mean S+ = 42.2
+ 1.2 versus mean S- = 41.9 + 1.0, t4o = 0.2). However, S+ responded
differently from S- to the contacts: S+ mice showed an increase in
avoidance behavior (t42 = 5.4, p < 0.0001, Fig. 2C) which was mirrored
by a corresponding decrease in passive behavior (t42 = 4.6, p < 0.0001,
Fig. 2D). Besides, S+ mice reacted with more jumps (range S+ = 0-54,
median = 1.5 versus range S- = 0-72, median = 8.0, U = 149.5, p < 0.05)
and a lower level of proactive approaching of the bypassing robo-beetle
compared to S- controls (U = 59, p < 0.0001, Fig. 2E).

3.1.4. Visual threat task after trauma incubation

Eight weeks after foot shock, we tested the reaction of S+ and S-
mice to two different visual overhead stimuli, following habituation to
the setup the day before, and a 5-min basal exposure to the arena on the
test day. There were no group differences in freezing (2-way ANOVA
RM; p = 0.51) and shelter time (2-way ANOVA RM; p = 0.261) during
baseline (0-300 s). 2-way ANOVA (group, time bin) for repeated
measures revealed no differences when comparing the time spent
freezing (Fig. 2F) and the time spent in the shelter (Fig. 2G) during the
30-s time bin containing the 20-s SD stimulus presentation (301-330 s)
and the following 30-s time bin (331-360 s; statistics not shown).
Considering the latency to enter the shelter after the onset of the visual
stimulus, both the S- controls (t;g = 7.5, p < 0.0001, (Fig. 2H) and the
S+ animals (t3 = 3.0, p < 0.01, Fig. 2I) showed a decreased latency in
response to the LD stimulus compared to the SD stimulus. While both
groups showed an increase in the number of animals entering the
shelter at all in response to the LD compared to the SD stimulus (x? =
24.0,p < 0.0001 for S-;;(2 =11.0,p < 0.001 for S+, Fig. 2H-I), a smaller
fraction of S+ animals escaped to the shelter during the LD stimulus
compared to S- (4% = 13.2, p < 0.001). There was no difference between
the groups in the latency to shelter entry during the SD phase (U = 222,
p = 0.94; Fig. 2J), but S+ animals had a higher latency to enter the
shelter in response to the LD stimulus (U = 132.5, p < 0.05, Fig. 2K). In
summary, shocked animals tended to express more passive behavior in
comparison to non-shocked control animals, irrespective of the nature
of the overhead visual stimulus.

#72
shock (S+) < non-shock (S-)

#93
shock (S+) > non-shock (S-)

Progress in Neuropsychopharmacology & Biological Psychiatry 111 (2021) 110404
3.2. Structural changes in brain morphometry after trauma (Experiment 2).

To assess structural correlates of trauma exposure, an experimentally
naive cohort of B6NR mice underwent a first volumetric MRI scan.
Subsequently, the cohort was split into two groups, one receiving two
electric foot shocks (S+), while the other remained non-shocked (S-).
One month later, both groups were subjected to a second MRI scan. DBM
was used to detect morphological differences between the two groups.
Whole-brain analysis after the shock (MRI2) revealed a reduced volume
of the right dorsal hippocampus, affecting areas CA1 and CA2 (Fig. 3A)
and an increased volume of the caudal linear raphe nucleus and the right
reticular nucleus (Fig. 3B) in S+ compared to S- mice (p < 0.005).

To relate the interindividual variability in PTSD-related symptoms to
morphometric measures while reducing the dimensions of the data and,
thus, the fallacies associated with multiple comparisons, we decided to
condense the different behavioral readouts from ASR, BMT and VVT into
a single Hyperarousal Score. We performed a logistic regression analysis
based on the z-scores of the individual readouts to predict the condition
(S- and S+) of the mice of Experiment 1. The resulting coefficients were
used to calculate the Hyperarousal Score for all mice from both exper-
iments (Fig. 4A). In this way, the sample from Experiment 2 served as a
hold-out validation sample (data of the individual behavioral tests not
shown). The high accuracy of 83% to predict the condition in the hold-
out sample supports the stability of the score despite the relatively small
sample size in Experiment 2.

The highest positive loadings were dominated by avoidance behavior
and latency to explore the arena in the BMT, and the time spent in the
shelter during the LD stimulus in the VTT. The strongest negative
loadings resulted from rearing behavior in the BMT, time spent in the
shelter and latency to enter the shelter during the SD stimulus in the VIT
(Table 1).

The inter-individual differences in the individual Hyperarousal
Scores of S+ and S- mice from Experiment 2 allowed us to use the
behavior-based score as a regressor for volumetric changes. When
applied to MRI2, we found that higher Hyperarousal Score values
correlated with smaller volumes of the left ventrolateral and lateral
orbital cortex, the dorsal and ventral agranular insular cortex, the gus-
tatory cortex (Fig. 4B), the primary somatosensory cortex (Fig. 4B-C),
the right ventral part of the caudate putamen (Fig. 4C), the right dorsal
hippocampus (specifically the dorsal CA1/CA2/CA3 regions; Fig. 4D)
and the right subiculum (Fig. 4E). On the other end, higher Hyper-
arousal Scores correlated with larger volumes in the right nucleus of the
diagonal band (Fig. 4C), the pontine reticular nucleus and the right
pontine grey (Fig. 4F; p < 0.005; cluster extent >30).

Next, we related the individual Hyperarousal Scores to longitudinal
within-subject changes in brain volume from baseline to post-shock
conditions (MRI2-MRI1). We obtained a negative correlation between
the Hyperarousal Score and the volume change of the right internal and
external segment of the globus pallidus (Fig. 4G and H), the secondary
motor area, the medial amygdala (Fig. 4H), the dorsal raphe nucleus and

Fig. 3. DBM on brains of trauma-exposed and control
mice. Coronal brain slice indicating smaller right
dorsal hippocampal volume (A) and an increased
volume in the caudal linear raphe nucleus and the
right reticular nucleus (B) in S+ mice four weeks after
foot shock (MRI2). Brain structures indicated: 1 dor-
sal hippocampus, 2 caudal linear raphe nucleus, 3
pontine reticular nucleus. Numbers(#) under the
slides indicate image numbers of corresponding
reference images in the Allen Brain Atlas. Statistical
threshold is set at p < 0.005, with cluster extent >30.
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the ventromedial periaqueductal grey (Fig. 4I; prwg,cluster < 0.05, with a
collection threshold of p < 0.001) with higher Hyperarousal Scores
correlating with a decrease in volume after trauma incubation.

4. Discussion
We employed a well-established mouse model of PTSD (Siegmund

and Wotjak, 2007) to study the association between trauma-related
hyperarousal and volumetric changes in the mouse brain. Trauma-
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Fig. 4. Logistic regression analysis and correlation with brain morphology.
Hyperarousal Scores for Experiment 1 and 2 (A). Coronal brain slices indicating
brain areas correlating with the Hyperarousal Score at scan time point 2 (B-F; p
< 0.005, cluster extent >30) and in the longitudinal within-subject analysis (G-
I; PFwE, cluster < 0.05, with a collection threshold of p < 0.001). Blue color in-
dicates a negative correlation, brown color indicates a positive correlation with
the Hyperarousal Score for (B-I). Brain structures indicated in figures: 1
ventrolateral and lateral orbital cortex, dorsal and ventral agranular insular
cortex, gustatory cortex, primary somatosensory cortex; 2 primary somatosen-
sory cortex; 3 ventral caudate putamen; 4 nucleus of the diagonal band; 5 dorsal
hippocampus; 6 subiculum; 7 pontine reticular nucleus; 8 pontine grey; 9 + 11
internal and external segment of the globus pallidus; 10 secondary motor area;
12 medial amygdala; 13 dorsal raphe nucleus and the ventromedial peri-
aqueductal grey. Numbers(#) under slides indicate image numbers of corre-
sponding reference images in the Allen Brain Atlas. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
Zersion of this article.)

exposed mice exhibited increased generalized and conditioned fear re-
actions, accompanied by increased acoustic startle responses and
increased active fear in response to a robo-beetle. The group differences
were confirmed by the logistic regression analysis and the resulting
Hyperarousal Score. Whole-brain MRI with scans prior to and after
trauma exposure allowed for cross-sectional and longitudinal analyses.
Shocked animals showed a decreased volume of the dorsal hippocampus
and an increase of the reticular nucleus compared to non-shocked con-
trols after trauma. Applying the Hyperarousal Scores as regressor for the
cross-sectional analysis after trauma revealed, among others, a negative
correlation with the dorsal hippocampus. Further, we found a negative
correlation between the regressor and the globus pallidus in the longi-
tudinal within-subject analysis.

PTSD is a disorder defined by symptoms lasting for at least one
month. During the last decades, numerous animal models have been
established to mimic the disorder in rodents (Verbitsky et al., 2020). Our
model (Siegmund and Wotjak, 2007) could show that behavioral
changes persist weeks after mice had received electric foot shocks. Be-
sides the classic immobility measures in the conditioning and neutral
context, we observed reduced exploratory behavior (rearings) and
increased risk assessment (number of SAPs), indicative of increased
anxiety-like behavior (Grewal et al., 1997).

Studies showed that combat-exposed PTSD patients exhibit an
exaggerated startle response (Orr et al., 1995; Shalev and Rogel-Fuchs,
1992), and hyperarousal is one of the diagnostic criteria for PTSD (Del
Barrio, 2016). In our study, we can show that trauma-exposed animals
displayed an exaggerated acoustic startle response. Earlier rodent
studies, some of them differing in the type of stressor and trauma in-
cubation time, have come to similar results (Bourke and Neigh, 2012;
Cohen et al., 2004; Golub et al., 2011; Golub et al., 2009; Pulliam et al.,
2010). Aside from classic behavioral tests, we also exposed the mice to
more ethobehavioral tasks to test for innate fear responses. Exposure to
an erratically moving robo-beetle (Heinz et al, 2017) indicated
increased active (i.e., avoidance, jumping) and decreased passive fear
responses after trauma incubation. The situation appeared to be
different upon confrontation with visual threats, whereby shocked mice
showed a trend towards increased freezing not only to the SD (remi-
niscent of a cruising bird of prey (De Franceschi et al., 2016)) but also in
response to a LD (reminiscent of an approaching predator (Yilmaz and
Meister, 2013)), when escape would be the appropriate reaction. The
lack of statistically significant group differences might be ascribed to the
rather long incubation time of more than 8 weeks after foot shock or
habituation due to handling associated withthe exposure to previous
behavioral tasks.

In order to assess the PTSD-like symptoms not only in a parametric
manner but on a continuous scale for symptom intensity, we calculated a
Hyperarousal Score based on the individual behavior after trauma in-
cubation. The score does not include measures for generalized fear
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Table 1
Behavioral readouts with corresponding loadings of the logistic regression
analysis based on Experiment 1 (significant loadings in bold).

Variable Loading
BMT: Avoidance in response to RB contact 102.51
BMT: Latency to end exploration during baseline 90.02
VTT: Total shelter time during LD 56.51
BMT: Jumps in response to RB contact 30.35
VTT: Total freezing time during SD 26.34
VTT: Freezing time during SD stimulus 25.19
ASR: Startle response at 105 dB(A) 22.78
VTT: Freezing time during first 20 s of baseline 8.94
Intercept 7.54
VTT: Latency to shelter entry in response to LD stimulus 6.15
VTT: Total freezing time during LD 5.98
VTT: Total shelter time during SD 5.40
VTT: Shelter time during first 20 s of baseline 3.43
VTT: Total freezing time during baseline -12.95
VTT: SAP during SD —28.96
VTT: Total shelter time during baseline -31.83
VTT: Shelter time during LD stimulus —49.75
VTT: Freezing time during LD stimulus —71.57
VTT: Latency to shelter entry in response to SD stimulus —75.56
VTT: Shelter time during SD stimulus —95.88
BMT: Rearing during baseline -126.11

because of the limited variability of the data and is therefore biased
towards the hyperarousal domain. The logistic regression revealed a
general increase in hyperarousal and reactivity irrespective of the sen-
sory modalities of the threatening stimuli. This supports a scenario,
whereby perception and incubation of the foot shock leads to long-term
changes in brain structures generally involved in threat responding,
rather than in individual stimulus-response pathways.

To narrow down those brain structures, we combined behavioral
assessment with in vivo brain volume measurements. We based this
attempt on the premise that changes in neuronal activity may result in
changes in grey matter volume. Numerous structural MRI studies have
been performed comparing PTSD patients and non-traumatized controls
or trauma-exposed healthy individuals. Many of them applied region-of-
interest-driven approaches and a cross-sectional design. Recent meta-
analyses have reported reduced volume of the hippocampus, the
amygdala, the anterior cingulate and the occipital cortex in PTSD pa-
tients compared to healthy controls without trauma exposure (Bromis
et al., 2018; Li et al., 2014; Meng et al., 2014; O’Doherty et al., 2015).
The same studies revealed a reduction in the hippocampus, the left
temporal gyrus, and the right superior frontal gyrus as well as the left
anterior cingulate cortex, and the left insula in PTSD patients compared
to trauma-exposed individuals that did not develop PTSD (Li et al., 2014;
Logue et al., 2018; Meng et al., 2014; O’Doherty et al., 2015; Woon
et al., 2010). In our mouse model we applied a whole brain voxel-wise
analysis and could demonstrate a reduction of the right dorsal hippo-
campus of shocked mice compared to the non-shocked control group.
This confirms earlier work from Golub and colleagues applying ultra-
microscopy and manganese-enhanced MRI (Golub et al., 2011). Further,
we saw a volume increase in the reticular nucleus and the raphe nucleus
of trauma-exposed mice, both brain structures being part of the so-called
reticular activating system. The reticular nuclei are known to serve a
fundamental role in the promotion and maintenance of an arousal state
and defensive reactions in rodents and humans (Davis et al., 1982;
Steriade, 1996). A recent study found enhanced pedunculopontine
nuclei resting state functional connectivity to brain areas involved in
threat responding such as the amygdala or the medial prefrontal cortex
in individuals with the dissociative subtype PTSD compared to healthy
controls (Thome et al., 2019).

Applying the Hyperarousal Score as a regressor for cross-sectional
volumetric measures revealed a correlation with two brain structures
already identified in the shock/non-shock comparison. We found a
negative correlation with the right dorsal hippocampus and a positive
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correlation with the reticular nucleus. Additionally, the subiculum as
part of the hippocampal formation showed a negative correlation with
the Hyperarousal Score, indicating a smaller grey matter volume in
animals with a high score. Several studies have analyzed volumetric
differences in hippocampal subfields in individuals affected with PTSD
and controls. Some of these found a reduced volume of the subiculum in
PTSD patients (Luo et al., 2017; Teicher et al., 2012) while others failed
to reveal differences (Bonne et al., 2008; Chen et al., 2018; Wang et al.,
2010). We wish to emphasize that our analysis does not explore cate-
gorical differences between trauma-exposed individuals and controls
but include the inter-individual differences in the severity of trauma-
related hyperarousal regarding brain volume changes (i.e., parametric
differences).

Studying PTSD in a mouse model comes with the advantage of
standardized trauma intensity and incubation time. But more impor-
tantly, it allows us to measure grey matter volume before and after the
traumatic event, an experimental design which is difficult to employ in
humans. Our longitudinal regression analysis revealed a negative cor-
relation between the Hyperarousal Score and the globus pallidus, the
medial amygdala, and the dorsal raphe nucleus/ventral periaqueductal
grey area. Animals with a higher severity of symptoms therefore show a
volume decrease in these areas. Smaller volumes of the globus pallidus
have been linked to higher symptomatic scores in active police soldiers
that had been exposed to work-related traumatic events (Shucard et al.,
2012). Another study found the globus pallidus as a cluster of decreased
neuronal activity in PTSD-affected individuals compared to controls
(Disner et al., 2018). However, no volumetric difference in globus pal-
lidus volume was found by Sussmann and colleagues when comparing
soldiers with PTSD and combat-exposed controls in a cross-sectional
analysis (Sussman et al., 2016).

Several of the volumetric differences were only detected unilaterally
in our study. This might be attributed to brain lateralization, a feature
conserved across species, including mice (Ehret, 1987; Kawakami et al.,
2003). On the other hand, we cannot exclude the possibility that the lack
of bilateral evidence is due to the small sample size.

Our study confirms trauma-induced changes in brain morphology as
opposed to a priori differences which would define individual suscepti-
bility to traumatic events. We can only speculate about the mechanisms
underlying the volume changes in response to such events. Previous
work has shown that grey matter volume loss can be explained by
decreased neurogenesis in dentate gyrus (Gould et al., 1997), loss of
dendritic length and branching and reduction in the number of synapses
(Kassem et al., 2013; Radley et al., 2006) and decrease in the number of
oligodendrocytes (Banasr et al., 2007) in response to stress in rodents. It
is conceivable that those structural changes may resemble compensatory
mechanisms in neuronal circuits aimed at protecting against devastating
consequences of hyperexcitation. Also elevated cortisol levels have been
linked to decreases in brain volume, e.g., in the hippocampus (Echouffo-
Tcheugui et al., 2018; Fowler et al., 2021; Geerlings et al., 2015; Lupien
et al., 1998; Pruessner et al., 2005). In our model, we do not have evi-
dence for sustained changes in corticosterone (Kao et al., 2015), which is
different from a subset of patients which even show reduced plasma
cortisol levels and increased negative feedback of the HPA axis (Mason
et al., 1986; Yehuda et al., 1996). Nevertheless, we cannot rule out that
the rise in corticosterone in the early aftermath of the traumatic incident
has contributed to the volumetric changes observed several weeks later.
It remains to be demonstrated in future studies, to which extent those
scenarios account for the trauma-related changes in brain volume
observed in the present study.

Our study comes with several limitations, first of which is the rela-
tively small sample size for longitudinal volumetric measures. Due to
this power issue, we were only able to characterize the strongest
changes. Increasing animal numbers might allow for detecting more
subtle structural changes and bilateral effects. This study only includes
male mice and the results provided might not be valid when it comes to
behavioral and morphological trauma-related changes in females.
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Further, our behavioral readouts have a bias towards the hyperarousal
domain of PTSD symptoms and do not cover other important symptom
criteria such as avoidance of trauma-related cues. The current study
provides a correlational analysis which generates hypotheses. It is up to
future studies to deliver proofs of functional involvement of the brain
areas discussed in the neuronal circuits of PTSD.

5. Conclusion

Our findings demonstrate that a brief traumatic event is sufficient to
trigger changes in grey matter volume and that, among others, the
globus pallidus plays an important role in the control of fear responses to
threats of different sensory modalities.
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Results

Summary

While mice mostly communicate in the ultrasonic range, they also emit audible calls upon
painful or threatening encounters. Here we demonstrate that mice selectively bred for
high anxiety-related behavior (HAB) show a high disposition for emitting sonic calls when
caught by the tail. The vocalization was unrelated to pain but sensitive to anxiolytics. As
revealed by manganese-enhanced MRI, the increased anxiety and sonic vocalization
shown by HAB mice coincided with increased tonic activity — among others — of the
periaqueductal grey (PAG). Selective inhibition of its dorsolateral part not only reduced
anxiety-like behavior but also completely abolished sonic calls, thus further supporting a
causal link between high levels of anxiety and squeaking. Calls were emitted at a
fundamental frequency of 3.8 kHz, which falls into the sensitive hearing range of
numerous predators. Indeed, playback of sonic vocalization attracted rats if associated
with a stimulus mouse. If played back to HAB mice, squeaks were repellent in absence
but attractive in presence of a conspecific. Our data demonstrate that sonic vocalization
attracts both predators and conspecifics depending on the social context. This may

increase the likelihood of escaping from circa-strike situations.

Keywords

Vocalization, sonic, anxiety, periaqueductal grey, manganese-enhanced MRI, escape

behavior, fear, predator, playback
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Introduction

Vocalization is an essential mean of communication that conveys information to
conspecifics and across species. It is produced in a diverse range of contexts and emotional
states, such as during social interactions like courtship, play and maternal care, but also
in threatening situations in the shape of alarm calls and cries, and in response to painful
encounters. Vocalization requires an interplay of respiratory, laryngeal, and
supralaryngeal components which are coordinated via hindbrain nuclei 5. From decades
of work, the midbrain PAG has been established as a crucial gating center for vocalization
from fish to humans3¢-9, For instance, bilateral lesions or traumatic injury lead to mutism
while electrical or neurochemical stimulation of the PAG could trigger natural vocalization
sounds 1017, In mice, recent work has discovered a specific subpopulation of PAG neurons
and their hypothalamic inputs that mediate vocalization®!$-20, Research on mouse
vocalization has mainly focused on ultrasonic vocalization (USV). However, beside these
sounds that are inaudible for humans, mice also emit squeaks and squeals that are well
within the human hearing range. Compared to our growing understanding of mouse USV
neuronal circuits, its functions?-25 and implications in mouse models of psychiatric
disorders like autism, schizophrenia, and mania26-39, sonic vocalization has received by far
less attention. Early reports refer to observations of singing house mice332 and describe
sonic squeaks in the context of pain cries 3334 and defensive behaviors3>38. Yet, the
characteristics of sonic mouse vocalization and the underlying neuronal circuits and

ecological relevance are largely unexplored.

In the current study, we used a mouse line that had been selectively bred for high anxiety-
related behavior?® in which we had observed a high disposition of sonic calls during
handling. We studied (i) the characteristics of the sonic calls in comparison to other mouse
lines, (i1) assessed the consequences of anxiolytic versus panicolytic compounds, (iii)
dissected the neuronal circuits for sonic vocalization by means of manganese-enhanced
magnetic resonance imaging (MEMRI)#04!, tracing, pharmacological and chemogenetic
methods and (iv) investigated the ecological function of sonic calls in relation to

conspecifics and predators.
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Results

Mice bred for high anxiety-related behavior show a high disposition for

sonic vocalization

Based on our observation that HAB mice emit sonic calls when lifted by their tail, we used
the classic tail suspension test (T'ST) to trigger and record sonic vocalization (Figure 1A).
To investigate whether this vocalization behavior is specific to HAB mice, we tail
suspended HAB, normal anxiety-related behavior (NAB, originating from the same CD-1
strain by selective breeding), CD-1, BALB/c, DBA and C57BL/6 (B6N) mice and measured
vocalization. During a 5-min TST, 75 % of HAB mice emitted sonic calls while no NAB,
CD-1, nor B6N and only one out of 30 BALB/c mice produced sonic vocalization (y2 = 86.3,
p <0.0001; Figure 1B). Also female HAB mice produced sonic vocalization when
suspended by the tail, even though at a lower percentage than males (26 %; y2 = 9.2, p <
0.01, data not shown). NAB mice weighed significantly more than HAB mice (t4s = 7.9, p
< 0.0001; Figure 1C), and the struggling behavior did not differ between the two strains
(t38 = 0.8, p = 0.41; Figure 1D). In the hot-plate test, HAB mice showed even a lower pain
sensitivity than NAB mice (U=3, p <0.0001; Figure 1E). These findings preclude
increased levels of physical stress and pain as the driving force behind the elevated

susceptibility of HAB mice for sonic vocalization.

HAB mice were not generally more talkative, since fewer animals emitted ultrasonic calls
compared to male NAB mice in the presence of a female conspecific (2 = 4.1, p < 0.05;
Figure 2A), which was also reflected by a lower number of female-induced USVs (U = 14,
p <0.01; Figure 2B). The reduced ultrasonic vocalization was unrelated to the social
investigation behavior, which were even more pronounced in HAB mice (t1s=6.4, p
< 0.0001; Figure 2C). Thus, the lower prevalence of ultrasonic vocalization shown by HAB

mice 1s unrelated to deficits in social interaction.

Sonic vocalization is sensitive to anxiolytics

To gain insight into potential systems involved in the regulation of sonic vocalization, we
treated mice systemically with anxiolytic and panicolytic compounds before tail
suspension. The group of diazepam-treated HAB mice showed a trend to a reduction in
the number of vocalizing animals compared to vehicle-treated HAB mice (y2 = 3.55, p =

0.06; Figure 3A), with the number of sonic calls emitted significantly decreased after
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diazepam administration (U= 31.5, p < 0.05; Figure 3B). Mobility during the TST, in
contrast, was unchanged (U =57, p = 0.57; Figure 3C). Diazepam treatment of male mice
before a social interaction with a female did not alter the number of USV emitted
compared to vehicle-treated controls (U=59.5, p= 0.69; data not shown). This

demonstrates the sensitivity of sonic, but not ultrasonic vocalization to anxiolytic drugs.

Given the panicolytic consequences of activated anandamide signaling??, we blocked the
main degrading enzyme of this endocannabinoid, fatty acid amide hydrolase (FAAH),
before the TST. Neither of the doses of URB597 (0.3 and 1 mg/kg) had an effect on the
number of vocalizing animals (y2 = 0.72, p = 0.70; Figure 3D), the number of calls emitted
(F2,36 = 0.06, p = 0.94; Figure 3E), nor the mobility (Fb35 = 1.24, p = 0.30; Figure 3F). To
rule out that anandamide signaling had already been sufficiently activated by the test
procedure, which would have occluded any further changes by URB597 treatment, we
administered the cannabinoid receptor type 1 (CB1) antagonist/inverse agonist
SR141716A to a new cohort of mice prior to the TST. Again, we did not observe changes
in the proportion of vocalizing animals (y2 = 0.02, p = 0.88; Figure 3G), the number of calls
(t17=0.66, p =0.52; Figure 3H), or the struggling behavior during the TST (U = 36,
p = 0.44; Figure 3I). Taken together, we could show that sonic vocalization is sensitive to

anxiolytics but is most likely not controlled by the endocannabinoid system.

The dorsolateral periaqueductal grey controls sonic vocalization

In a next step, we aimed at dissecting the central pathways controlling the high levels of
anxiety and sonic vocalization in HAB mice. To this end we assessed the accumulation of
manganese as a measure for tonic neuronal activity using MEMRI. We identified several
brain regions with differences in manganese accumulation when comparing male HAB
and NAB mice (Figure 4A). Among others, HAB mice seem to have a decreased tonic
neuronal activity of the superior colliculus and the reticular nucleus. Conversely,
manganese accumulation was increased in the lateral septum, the hippocampus, the
interpedunculopontine nucleus, and the rostral and caudal periaqueductal grey (Figure
4B-C, Supplementary Figure 1). Local infusions of muscimol (MUSC) into the dorsolateral
PAG (dIPAG) prior to the TST (Figure 4D,E) resulted in complete abolishment of sonic
vocalization (y2 = 20.1, p < 0.0001, Figure 4F; U = 14, p < 0.0001, Figure 4G). In contrast,
mobility was significantly increased (U = 39, p < 0.05; Figure 4H). Importantly, the same

intervention caused the animals to spend significantly less time in the closed (9 = 3.7, p
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< 0.01; data not shown) and significantly more time in the open arms of an Elevated Plus
Maze (EPM) compared to vehicle-treated controls (U =1, p < 0.01, Figure4l). This finding
further supports the close link between increased anxiety and high levels of sonic

vocalization and suggest an essential role for the PAG in this interaction.

Since the intraneuronal accumulation of manganese is biased towards axon terminals?,
we aimed at identifying brain areas projecting to the PAG. We injected the retrograde
tracer Fluoro-Gold (FG) unilaterally into the dIPAG of HAB mice (Supplementary Figure
2A) and found FG-labeled cells in the medial prefrontal cortex (mPFC), more specifically
the infralimbic, prelimbic and cingulate cortex and the secondary motor area
(Supplementary Figure 2B,C). Less dense labeling was observed in the lateral septum
(Supplementary Figure 2D). FG-positive cells could also be seen in the medial and lateral
preoptic area and the bed nucleus of stria terminalis (Supplementary Figure 2E). Strong
labeling was shown in the ventromedial hypothalamus and the zona incerta, and a few
FG-positive cells could be observed in the dorsomedial hypothalamus (Supplementary
Figure 2F). Given the evidence for a strong projection from mPFC to the dIPAG and earlier
reports on the role of the mPFC in controlling vocalization in rats, monkeys, and
humans*3-45, we employed a double-viral approach to chemogenetically inhibit the
pathway (Supplementary Figure 2G,H). The intervention did neither affect the number of
vocalizing animals (y2 = 0.1, p = 0.75; Supplementary Figure 2I) and the number of calls
emitted (U=65, p =0.49; Supplementary Figure 2J), nor the struggling behavior
(U =56.5, p =0.38; Supplementary Figure 2K) during the TST. Conversely, the inhibition
of the mPFC-dIPAG pathway led to a decrease in avoidance behavior upon confrontation
with an erratically moving robo-beetle (t23 = 2.4, p < 0.05; Supplementary Figure 2L), thus
demonstrating the sufficiency of the approach to interfere with innate fear. Consequently,
other projections to the PAG but from the mPFC seem to mediate sonic vocalizations in

HAB mice.

Sonic mouse calls are appetitive to rats and mice in the presence of a

social stimulus

Since vocalization aims at transmitting information to other individuals, we wanted to
elucidate the ecological function of sonic HAB calls. In a first step, we analyzed the
characteristics of the calls. A representative spectrogram of sonic calls of HAB mice is

depicted in Figure 5A. The recorded calls follow a harmonic structure with a flat pattern
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showing very little modulation in frequency. Besides, nonlinear features such as
subharmonics and deterministic chaos can be detected in the spectrogram of the calls
(Figure 5A). Most calls were emitted during the first minute of the TST and vocalization
declined over time (Figure 5B). Analysis of the characteristics of the calls emitted by male
HAB mice revealed a mean fundamental frequency of 3802 + 87.6 Hz (Figure 5C) with a
mean duration of 56.4 + 4.2 ms length (Figure 5D). During a 5-min TST, male HAB mice
emitted a variable number of calls, with a median call number of 7 calls (Figure 5E). To
compare the measured fundamental frequency of TST-triggered calls with those emitted
in other behavioral test situations and by other strains, we subjected male HAB and B6N
mice to a social defeat paradigm. Sonic calls emitted by defeated HAB mice were
comparable to those emitted during a TST (fundamental frequency of 3872 + 116 Hz) and
those of defeated B6N mice (3870 + 192 Hz (data not shown)).

The fundamental frequency of the recorded calls falls within the best hearing frequencies
for numerous predators*6-50, Since rats are muricide in the wild, we set up a playback
experiment where TST-triggered sonic calls of HAB mice or a white noise control sound
(Figure 6A) were presented to male Long Evans rats (Figure 6B), whereby the animals
could control the presentation of the acoustic stimuli by their own behavior, thus turning
it into a kind of real-time place-preference/place-avoidance paradigm. During baseline
(BL; no sound presentation, no stimulus mouse; Figure 6D), rats showed no preference for
one of the prospective stimulus zones (t12=0.27, p = 0.80; Figure 6(G). Similarly, no
preference was observed during the playback (PB) stage during which squeaks and white
noise sounds were presented (412 = 1.62, p = 0.13; Figure 6E,H). In the third stage of the
test, male B6N stimulus mice were constrained to each playback zone in order to make
the sound presentation more relevant with the presence of a social stimulus (PB+S, Figure
6F). In presence of stimulus mice, rats showed a preference for the squeak zone (¢12 = 2.51,
p <0.05; Figure 6I). To illustrate these results more clearly, we calculated the Squeak
Zone Score that indicates the preference for the squeak zone with values above 50. Rats
showed a significantly higher Squeak Zone Scores in the PB+S compared to the PB stage
(F224 = 6.61, p <0.01; Figure 6J). Hence, potential predators are attracted to the squeaks

if presented together with a real-life prey/mouse.

Even though the fundamental frequency of the squeaks falls below the best hearing
frequencies of mice46:59, the harmonics at higher frequencies render it likely that sonic calls
may serve as alarm signals for conspecifics. Therefore, we repeated the playback

experiments with HAB and NAB mice, analogously to the playback experiment with rats
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(Figure 6C). During the BL period, both HAB (s =0.12, p = 0.92; Figure 6K) and NAB
(t7=10.26, p =0.80; Figure 60) mice spent equal amounts of time in the prospective
playback arms of the test apparatus. Upon presentation of the sounds in the PB stage,
HAB mice spent less time in the squeak zone compared to the white noise zone (¢s = 3.20,
p <0.05; Figure 6L). This effect was not observed in NAB mice (¢7 = 0.66, p = 0.53; Figure
6P). Despite avoiding the squeak zone during the PB stage, HAB mice spent more time in
the squeak zone compared to the white noise zone in presence of a stimulus animal during
the PB+S stage (s = 2.70, p < 0.05; Figure 6M). Likewise, NAB mice preferred the squeak
zone over the white noise zone during the PB+S stage (t7 = 3.07, p <0.05; Figure 6P).
Considering the Squeak Zone Score, HAB mice showed an aversion for the squeak zone
when the sound was presented alone (fs = 2.64, p < 0.05) but revealed a preference once a
stimulus animal was present (ts = 2.85, p < 0.05 and F216 = 11.47, p < 0.001; Figure 6N).
For NAB mice the preference is only significant in the presence of a stimulus mouse during
PB+S (t7=3.19, p <0.05 and F214=4.76, p <0.05; Figure 6R). Together, these data
indicate the aversive nature of squeaks per se to the highly anxious HAB mice. In
combination with a social stimulus, however, avoidance turned into approach behavior not

only in HAB but also in NAB mice.
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Discussion

Mice bred for high anxiety-related behavior?® showed a high disposition to vocalize when
suspended by the tail compared to other mouse lines which could not be explained by
different stress coping strategies or higher pain sensitivity. Sonic vocalization was
sensitive to anxiolytic but not panicolytic treatment and depended on the dorsolateral
PAG. Playback of sonic calls to rats and mice revealed that the squeaks trigger approach

behavior, however only in the presence of a stimulus mouse.

When suspended by the tail, only HAB mice reliably vocalized. This was not related to a
higher body weight, increased struggling during the test or increased pain sensitivity.
Conversely, HAB mice emitted less USVs during interaction with females despite an
increase in exploration time. This dissociation stand in contrast to mouse models of
autism, whereby the impairment in female-induced USV emission shown by BTBR T+tf/J

mice coincided with reduced investigation times?9,

Audible vocalizations have been reported in the context of predatory defense. Along the
predator imminence continuum?®!, anxiety-like and fear behaviors such as risk assessment
and freezing decrease with increasing proximity to the predator and switch to explosive
panic-like behaviors such as fighting, biting, jumping, and vocalizations in response to an
attack (for review see Perusini & Fanselow, 2015). Increasing anandamide signaling via
CB1 receptors may reduce panic-like behaviors in HAB mice upon confrontation with an
erratic moving robo-beetle!2. Therefore, we treated HAB mice with URB597 to inhibit
FAAH activity. However, the treatment did not show any effect on sonic vocalizations,
similarly to treatment with a CB1 receptor antagonist. Together these findings speak
against an involvement of endocannabinoid signaling in sonic vocalization. In contrast,
treatment with the anxiolytic diazepam significantly reduced the number of sonic calls
without affecting female-induced USV. Taken together the results of pharmacological
treatment, sonic vocalization seems to be more closely connected to anxiety than panic.
Interestingly, HAB mouse pups emit a higher number of isolation-induced USV39.52:53 g

behavior associated with anxiety®* that could be reduced by treatment with diazepam3°.

We employed MEMRI to relate the increased disposition of HAB mice for emitting sonic
calls due to increased basal anxiety levels to tonically increased neuronal activity. Mn2*
enters neurons through ion channels in an activity-dependent manner#4!. Due to its
paramagnetic characteristics, Mn?* can be quantified in vivo using MRI. Voxel-wise

comparisons of HAB and NAB mice revealed, among others, increased Mn2+ accumulation
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in the septal-hippocampal complex, which has been suggested as a key circuit implicated
in generalized anxiety®. In addition, we observed increased Mn2* levels within the PAG.
Local muscimol infusion into the PAG completely abolished sonic vocalizations and
significantly reduced anxiety-like behavior. The PAG has been established as a gating
center for vocalization across many species3, including mice®20. Here we extend those
observations by its role as an important hub for the coordination of anxiety-related

vocalization.

The intraneuronal accumulation of Mn2* is biased towards axon terminals. Therefore,
we used retrograde tracing to identify brain structures which project to the PAG and may
contribute to the increased Mn2* accumulation observed at level of the PAG. Those
structures included the mPFC, the lateral septum, the preoptic area, the VMH and the
zona incerta. This is in line with previous findings56-58 (for review see Silva &
McNaughton, 2019%). Electrical stimulation of the prelimbic cortex in rats has been shown
to trigger vocalizations#, To prove a functional involvement of the mPFC-dIPAG projection
in sonic vocalization in mice, we employed a double-viral chemogenetic approach to
selectively inhibit this projection during tail suspension. While the intervention proved to
be capable of modulating behavioral responses as seen by decreased avoidance behavior
during the BMT, it was inefficient in affecting sonic vocalization. Even though this finding
suggests that the mPFC-dIPAG projection is not essential for this behavior, technical
reasons such as a restricted expression of the chemogenetic receptors may limit our

conclusion.

Given that mice emit sonic calls in both interactions with conspecifics3437 (wriggling,
defeat) and during circa-strike attacks by predators3é, the question arises as to their
ecological relevance. Mice mostly communicate in the ultrasonic range e.g., during
courtship696l  in female-female interactions®263 and in form of isolation-induced pup
calls®465 to attract mating partners, social partners or maternal care. Ultrasonic
communication gives rodents an advantage in evading predator detection since many
predators are unable to hear ultrasonic sounds, the sound waves are more directional, and
attenuate rapidly compared to sounds in the sonic frequency ranges6.67, So, why do mice
then also emit squeaks and squeals audible to humans and predators? Sonic mouse
vocalization has been described in the context of pain®69 when a non-receptive female is
approached by a male mouse™, wriggling sounds of pups?, or during defense36. We have
shown that mouse squeaks emitted when held by the tail or in a defeat situation have a

fundamental frequency of 3800 Hz, which is in line with previous reports 3568, Evaluation
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of the spectral features revealed that some calls contain nonlinear features such as
subharmonics and deterministic chaos™. These spectral elements have previously been
described in calls of high arousal like alarm calls and screams across different species
including humans”-7. Nonlinearities make calls evocative and attract the listener’s
attention’®. Further, these features were found to prevent habituation to the sound’.77. In
particular, subharmonics present an interesting aspect that allow the animal to lower the
pitch, a characteristic which receivers associate with larger body size and aggression of
the vocalizing animal®7, This allows small animals to mimic the vocal frequency of a

larger animal and potentially prevent a predator attack?.

To assess the impact of sonic calls on potential predators and conspecifics, we designed
playback experiments, in which the animals could control the occurrence of sonic calls or
control white noise sound by their own behavior. Playback of sonic calls attracted rats,
however, only if combined with a stimulus mouse. The same has been the case for both
HAB and NAB mice. In absence of a stimulus mouse, sonic calls lose their appetitive
nature (NAB) or even turn into a repellent signal (HAB). The neural basis of this

remarkable social contextualization remains to be shown in future studies.

In the desperate situation of being trapped or caught by a predator, attraction of a
conspecific may distract predators and, thus, increase the likelihood to escape. However,
while the best hearing frequency of Mus musculus is near 16 kHz, foxes and cats perceive
best sounds of 4 kHz and 8 kHz, respectively*-48, Intriguingly, hunters regularly use
whistles that imitate distress calls in the range of 3 to 10 kHz to lure foxes or feral cats.
Assuming that vocalizations are transmitting information, the sender should choose a
frequency that triggers the highest responsiveness in the receiver. Under this premise, it
1s likely that the emission of 3.8 kHz calls by mice and the hearing range of predators have
coevolved. Vocalizations addressing a predator have been observed across species and
typically increase in rate with closer proximity of the threat (e.g., also a human
experimenter). It is assumed that such calls inform the predator that the prey is prepared
for defense actions and counter-attacks®. Further, the squeaks may startle the predator,
offering the prey a chance to escape®'-83, On top, the screams of a struggling prey might
attract a second predator expecting an easy meal. The subsequent fight between the two
rival predators might offer the prey another chance to flee®2. In support of these
hypotheses, playback of avian distress calls was indeed shown to trigger approach and to

startle predators
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Taken together, our study provides insights into sonic mouse vocalization as a mean of
communication under distress that has so far received little to no attention in
neurobiological research. So, why do mice squeak? Because they are anxious, show
increased activity of the PAG and to attract both conspecifics and predators to increase

the likelihood to escape if trapped.
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Figure 1: Mice bred for high anxiety-related behavior show a high disposition

for sonic vocalization. (A) Sonic calls were triggered during a 5-min tail suspension and

recorded using an ultrasound microphone. (B) Percentage of male mice of different mouse

lines emitting sonic calls during tail suspension. HAB: High anxiety-related behavior,
NAB; normal anxiety-related behavior, B6N: C57/BIl6. (C) Body weight of HAB (n=20) and
NAB (n=26) mice. (D) Mobility behavior during the tail suspension. (E) Latency to hind
paw flicks or licking during a hot plate test (n=20 HAB, n=12 NAB). Data are presented
as percentage of total (B), individual data with mean + SEM (C-E). %%%p < 0.0001 (Chi

square test), ****p < 0.0001 (unpaired t test).
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Figure 2: HAB mice produce less female-induced ultrasonic vocalization. (A)
Percentage of male HAB (n = 11) and NAB (n = 9) mice emitting ultrasonic calls in the
presence of a same-strain female. (B) Number of ultrasonic calls emitted during 10 min of
interaction (not corrected for outliers). (C) Total duration of anogenital and facial sniffing
by male mouse. Data are presented as percentage of total (A) individual data with mean

+ SEM (B-C). 3p < 0.05 (Chi square test), **p < 0.01, ****p < 0.0001 (unpaired t test).
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Figure 3: Sonic vocalization is sensitive to anxiolytics. Percentage of HAB mice
emitting sonic calls (A, D, G), number of calls emitted per mouse (B, E, H), and mobility
behavior (C, F, I) during tail suspension (2.5 min) 60 min after systemic treatment with
diazepam (A-C), FAAH inhibitor URB597 (D-F), or CB1 receptor antagonist/inverse
agonist SR141716A (G-I). Data are presented as percentage of total (A, D, G), individual
data with mean + SEM (B-C, E-F, H-I). *p < 0.05 (Mann Whitney test for B).
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Figure 4: The dorsolateral periaqueductal grey controls sonic vocalization. (A-C)
Manganese-enhanced MRI (MEMRI) comparing HAB vs. NAB mice. (A) HAB (n = 31) and
NAB (n=26) mice received daily systemic manganese injections (30 mg/kg) and
underwent MRI scanning 24 hours after the last injection. (B-C) Increased tonic neuronal
activity in the caudal periaqueductal grey (PAG) of HAB mice. d/ilSC: deep/intermediate
layers of superior colliculus; IPN: interpedunculopontine nucleus. Numbers (#) indicate
1mage numbers of corresponding reference images in the Allen Brain Atlas. (D-I) Local
inhibition of the dIPAG using muscimol (MUSC). (D) MUSC was bilaterally injected via
guide cannulas into the dIPAG 45 min prior to the TST and EMP (n=14). (E)
Representative image of the injection site. Scale bar: 1 mm. (F) Percentage of HAB mice
emitting sonic calls, (G) the number of calls emitted per mouse, and (H) mobility behavior
during the tail suspension (5 min). (I) Open arm time on the Elevated Plus Maze (EPM)
during the first 5 min of the test. Data are presented as percentage of total (F) or
individual data with median (G-I). $$$$p < 0.0001 (Chi square test), *p < 0.05, **p < 0.01,
*F*%p < 0.0001 (Mann-Whitney test).
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Figure 5: HAB mice emit sonic calls when caught by the tail. (A) Representative
spectrogram displaying various HAB calls. (B) Relative frequency of calls emitted by HAB
mice over the course of a 5-min tail suspension. (C) Mean fundamental frequency of HAB
calls. (D) Mean duration of HAB calls. (E) Number of calls emitted per mouse during tail
suspension. Data are presented as relative frequency (B), individual data with mean +

SEM (C,D), or median (E).
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Figure 6: Sonic mouse calls are appetitive to rats and mice in the presence of a
social stimulus. (A) HAB squeaks (SQ, upper spectrogram) or control time- and
amplitude-matched white noise (WN, lower spectrogram) served as stimulus sounds. (B)
Setup for rat (n = 13) playback experiment with two playback compartments and a
connecting corridor. (C) Playback experiment with HAB (n = 9) and NAB (n = 8) mice were
performed in a Y-maze with two playback compartments and a start arm where no sound
was presented. (D) During the baseline stage (BL) animals could freely explore the maze
without sound presentation or stimulus mouse. (E) Squeaks or white noise were played

back once the animal has entered the respective zone during the playback stage (PB)
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without additional stimulus mouse. (F) During the last stage (Playback + Stimulus,
PB+S), the sounds were presented with an additional male stimulus mouse being present
in each playback zone. Percentage of time spent in each zone is presented for rats (G-I),
HAB (K-M), and NAB (0-Q). The squeak zone score for each stage of rats (J), HAB (N),
and NAB (R). Data are presented as individual data with mean + SEM (G-I, K-M, O-Q) or
individual data with mean (J, N, R). *p < 0.05, **p < 0.01, ***p < 0.001 (paired t test for I,
L, M, Q; RM 1-way ANOVA followed by Tukey’s post-hoc test for J, N, R), #p < 0.05 (one
sample t test for N,R).
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STAR Methods

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and
will be fulfilled by the lead contact Dr. Carsten T. Wotjak (wotjak@psych.mpg.de).

Materials availability
This study did not generate new unique reagents.
Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
¢ Any additional information required to reanalyze the data reported.

Experimental model and subject details

Adult male C57BL/6NCrl (B6N; n = 38, 6 months age), BALB/cAnNCrl (BALB/c; n = 30,
5 months age), and DBA/2NCrl (DBA, n =12, 4 moths age) mice were purchased from
Charles River Laboratories (Sulzfeld, Germany). High-anxiety-related behavior (HAB;
male n =235, 2-9 months age; female n = 36, 2-4 months age), normal-anxiety-related
behavior (NAB; male n = 91, 4-7 months age; female n = 8, 4 months age), both originating
from a selective breeding approach which started with CD-1 outbred mice 3° and male CD-
1 mice (n = 12, 4 months age) were bred in the vivarium of the Max Planck Institute of
Biochemistry (Martinsried, Germany). After admission at the Max Planck Institute of
Psychiatry, mice were permitted a recovery period of at least 10 days before starting with
the experiments. Due to changes in the animal facility of the Max Planck Institute of
Psychiatry, over time mice had to be housed under different conditions. All animals were
group-housed under standard housing conditions (20-22 °C room temperature, 50-60 %
humidity) in either Makrolon type II cages or Green Line IVC mouse cages with food and
water ad libitum. Mice were kept under SPF conditions which were confirmed by biannual
health monitoring using sentinel mice. A 12/12-hour normal or inverse light/dark cycle
(6 am — 6 pm) was maintained. For within-strain comparisons, littermates of the same sex
were randomly assigned to experimental groups. All mouse experiments were performed
according to the European Community Council Directive 2010/63/EEC and approved by
the local government of Upper Bavaria (565.2-1-54-2531: 44-09, 188-12, 142-12, 133-06, 08-
16; 55.2-2532.Vet_02-17-223). All efforts were made to reduce the number of experimental

subjects and to minimize any suffering.
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Adult male Long Evans rats (n = 13, 2 months age) were group-housed under standard
housing conditions at the Institute of Biomedical Sciences of the University of Sao Paulo,
Sao Paulo, Brazil. Rats were kept in open cages with food and water ad libitum and

maintained in a 12/12-hour normal light/dark cycle (lights on at 6 am).

Method details
Drugs

URB597 (0.3 or 1 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) and SR141716A (3 mg/kg;
Sigma-Aldrich) were dissolved in 15 % dimethylsulfoxide, 4.25 % polyethylene glycol, 4.25
% Tween 80, and 76.5 % saline. Diazepam (DZP, 1 mg/kg; Ratiopharm, Ulm, Germany)
was dissolved in physiological saline. The drugs were injected intraperitoneally (i.p. at
10 ml/kg) 1 h prior to the behavioral paradigm. To activate DREADDs, clozapine N-oxide
(CNO; Tocris, Bristol, Great Britain) dissolved in physiological saline was injected i.p. at
10 mg/kg and 10 ml/’kg 45 min before exposure to the behavioral test.

Muscimol (MUSC; Sigma-Aldrich) and fluorescently-labeled MUSC (fMUSCL; BODIPY™
TMR-X conj., Thermo Fisher Scientific, Waltham, MA, USA) were dissolved in artificial
cerebrospinal fluid (aCSF) and injected locally via guide cannulas 45 min prior to
behavioral testing at 0.1 ng/nl. Vocalization experiments were conducted using fMUSC in
a crossover design whereby half of the animals received fMUSC and the other half vehicle
(aCSF). On the next day, the treatment was switched. For the elevated plus maze (EPM)

experiment mice received MUSC or vehicle.

Stereotaxic Injections and Implantations

For all stereotaxic surgeries, mice were deeply anesthetized and then maintained at
surgical tolerance with isoflurane (CP-Pharma, Burgdorf, Germany) in oxygen-enriched
air. Pre-surgery analgesia was provided via subcutaneous (s.c.) injections of 5 mg/kg
meloxicam (Metacam, Boehringer Ingelheim, Ingelheim am Rhein, Germany) and
200 mg/kg metamizole (Vetalgin®, MSD Animal Health). Post-surgery the animals were
checked on daily and treated with 5 mg/kg meloxicam s.c. if needed for 3 days. Stereotaxic
injections were delivered using a glass syringe connected to a micropump system (UMP3
and Micro4™, World Precision Instruments, Sarasota, FL, USA). All coordinates were

validated and adapted to the CD-1 strain. For targeting the dIPAG the following
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coordinates were used: AP -4.38 mm, ML £0.3 mm, DV -2.20 mm. Fluoro-Gold (FG, 4 %,
350 nl; Fluorochrome, Denver, CO, USA) was injected unilaterally while all adeno-
associated virus (AAV) injections were performed bilaterally. For double-viral targeting,
300 ul AAVrg-pmSyn-EBFP-Cre (#51507, Addgene, Watertown, MA, USA) were injected
at a titer of 7.6x10° gc/ul into the dIPAG. One week later, AAV1/2-hSyn-DIO-hM4D-
mCherry (titer: 5x10° gc/ul) or AAV2-eSyn-EGFP (titer: 7.6x10° gc/ul; #VB1107, Vector
Biolabs, Malvern, PA, USA) were injected into the medial prefrontal cortex (mPFC, AP
+1.20 mm, ML £0.3 mm) at two dorsoventral positions (DV -1.80 and -2.40 mm), 250 nl
respectively. Animals were allowed 3 weeks recovery before subjected to behavioral

testing.

For local MUSC injections, guide cannulas (L3 mm, 26 gauge; World Precision
Instruments) were implanted bilaterally at AP -4.25 mm, ML +£1.02 mm, DV -1.55 mm
with an angle of +25°. With an injection needle of 4 mm length, the target injection site
was at AP -4.25 mm, ML £0.6 mm, DV -2.45 mm. The cannulas were fixed to the skull
with skull screws positioned above the hippocampus and dental cement (Paladur®;
Kulzer, Hanau, Germany). To prevent clogging, dummy injection needles (L.3.5 mm) with
a dust cap were inserted into the guide cannulas. After allowing at least 2 weeks of
recovery, the animals were slightly anesthetized (2-2.5 % of isoflurane) to inject 100 nl of

MUSC or vehicle at 100 nl/min bilaterally via the guide cannulas.

Behavioral Tests
Tail Suspension Test (TST) and Sound Recording

Mice were attached to a vertical metal rod with lightly adhesive tape at a height of about
45 cm above ground. Light conditions were at 80-100 Ix. A CM16/CMPA ultrasound
microphone (Avisoft Bioacoustics, Glienicke, Germany) connected to an UltraSoundGate
116 (Avisoft Bioacoustics) was placed in 25 cm distance from the mouse. Sound was
recorded using Avisoft RECORDER (Version 2.9) and mice were videotaped using ANY-
maze tracking software (Stoelting Co., Dublin, Ireland) to allow for scoring of mobility

behavior by a trained observer. The test lasted for 2.5 or 5 min.
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Hot Plate Test

To test for thermal pain sensitivity, mice were placed on a warm metal surface (53 = 0.1
°C) surrounded by a cubic Plexiglas wall (Ugo Basile, Gemonio, Italy). The latency to hind
paw flicks or licks was measured with a stopwatch. If no reaction was observed, the test

was stopped after 30 s.

Social Defeat

Male HAB or B6N mice were placed into the open top home cages of male single-housed
CD-1 resident mice. Vocalization was recorded using a CM16/CMPA ultrasound
microphone. The test was aborted, and the intruder mouse removed once approximately
15 calls were recorded, the attacks accumulated to avoid wounding or after 10 min of

testing.

Social Interaction with Female Mice

Male mice were placed into a square cage with transparent Plexiglas walls and an open
top (L40 x W40 x H35 cm) without bedding (to avoid background noise). After a
habituation period of 5 min, a female mouse of the same strain was inserted, and the mice
could freely interact for 10 min. To record ultrasonic vocalization, a CM16/CMPA
ultrasound microphone was positioned approximately 25 cm above ground hanging
through the open top of the cage. The session was videotaped and the time the male mouse
spent sniffing on the female mouse (anogenital and facial sniffing) was scored. The cage

was cleaned with soap and water in between each trial.

Elevated Plus Maze (EPM)

The maze was an elevated (32 cm above ground) plus-shaped platform consisting of two
opposite arms enclosed by opaque Plexiglas walls (.27 x W5 x H14 c¢cm) and two opposite
arms without walls (.30 x W5 cm, surrounded by a small rim of 0.5 cm height), connected
by a central zone (L5 x W5 c¢cm). Mice were placed in the end of one of the closed arms
facing the wall. They were allowed to freely explore the maze for 15 min. The experiment
was video-recorded, and the time spent in the closed arms was determined. The maze was

cleaned with soap and water after each trial.

70



Results

Beetle Mania Task (BMT)

To test for defensive reactions, the BMT was performed as described previously*2. In brief:
Mice were inserted in one end of a rectangular arena (LL100 x W15 x H37 cm) made of gray
polyethylene. After a 5-min habitation phase, an erratically moving robo-beetle (Hexbug
Nano, Innovation First Labs Inc., Greenville, TX, USA; 1L4.5 x W1.5 x H1.8 cm) was
inserted far most distant from the mouse. During the 10-min test period, avoidance
behavior upon contact with the robo-beetle (whereby the mouse withdrew from the robo-
beetle with accelerated speed) was scored. The maze was cleaned with soap and water

after each trial.

Playback Experiments

The sounds played back were sonic calls recorded from male HAB mice during a TST.
Using Audacity® open-source software, a time- and amplitude-matched white noise sound
was created as a control stimulus. The recordings were of 21 s length and were seamlessly

repeated if needed.

The playback (PB) experiment with mice was performed in a Y-shaped grey polyethylene
maze (arm dimensions: W9.5 x LL30 x H10 cm). Two arms were equipped with speakers
over each end, the start arm was not. Each rear end of the arms was segregated by a fence.
The test animal was placed into the start arm and was automatically tracked using
EthoVision XT 14 (Noldus Information Technology, Wageningen, the Netherlands).
During the first stage of the test, the baseline (BL) stage, the animal could freely explore
the maze without sound presentation for 3 min. In the second stage (PB, 3 min), the
squeak sound was automatically presented whenever the animal entered the left arm and
continued playing until the animal left the arm. In the same manner, the control sound
was played whenever the animal was positioned in the right arm of the maze. No sound
was presented in the start arm. In the last stage (PB+S, 3 min) male B6N stimulus mice
were constrained to the rear end of the two playback arms, allowing visual, auditory, and
olfactory but no physical contact with the test animal. The sounds were presented in the
same manner as in the PB stage. The maze was cleaned with soap and water after each

trial.

The setup for rats consisted of two transparent Plexiglas boxes (25 x W25 x H25 cm)
connected by a corridor of 100 cm length (W12.5 x H26 cm). The speakers were installed

above the two boxes. Transparent plastic containers with holes were fixed in the rear ends
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of the boxes for stimulus mice. Rats were habituated to the setup on 3 consecutive days,
allowing 10 min of free exploration without sound presentation. The playback experiment
was performed on the fourth day analogous to the mouse playback experiment. A 3-min
BL stage without sound presentation was followed by a 4-min PB stage. The squeaks were
played whenever the rat entered the left box and the control sound was presented when it
was positioned in the right box. No sound was presented when the rat was in the corridor.
During the PB+S stage (4 min), male B6N mice were placed into the containers and the
sounds were played back in same manner as in the PB stage. The setup was cleaned with

70 % ethanol after each trial.

For both experiments, the time spent in each zone was determined. The Squeak Zone Score

was calculated as time in squeak zone/( time in squeak zone + time in white noise zone).

Sound Analysis

The number of calls and the call duration were analyzed manually in Raven Pro
(Interactive Sound Analysis Software Version 1.5; The Cornell Lab of Ornithology, Ithaca,
NY, USA). For analysis of the fundamental frequency of sonic calls, a custom-written

Python 2.7 script was used.

Histology

To verify injection and implantation sites, sections of either freshly frozen or perfused
brains were analyzed. For both cases mice were overdosed with isoflurane. To obtain fresh
tissue, the brain was dissected from the skull and shortly placed into ice-cold
methylbutane. Brains were then stored at -80 °C until sectioned using a cryostat. 20 um
sections were mounted directly onto microscopy slides (SuperFrost Plus™, Thermo Fisher
Scientific) and stored at -20 °C. Transcardial perfusion was performed after respiratory
arrest had been confirmed. Cold phosphate buffered saline (PBS) was supplied followed
by 4 % paraformaldehyde (PFA) in PBS. The brain was dissected from the skull, incubated
at 4°C in 4 % PFA overnight and subsequently transferred into 30 % sucrose in PBS
solution. Perfused brains were vibratome-sectioned at 30 um slice thickness. The slices

were stored in cryoprotectant solution at -20 °C.
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Mice that had received fMUSC injections were perfused 1-3 days after injection. To
visualize FG labeling, mice were perfused 1 week after surgery. Brains were freshly frozen

from animals of the double-viral experiment 5 weeks after the first viral injection.

To visualize the infection of the tissue with AAVrg-pmSyn-Cre-EBFP and AAV1/2-hSyn-
DIO-hM4D-mCherry, their fluorophores were enhanced via immunohistochemistry. The
microscope slides were thawed and dried and the sections were fixed with 4 % PFA for 30
min. After washing three times with PBS, they were incubated for 1 h in Mouse IgG
Blocking Reagent of the M.O.M.® Immunodetection Kit Basic (Vector Laboratories,
Burlingame, California, USA). Subsequently, they were washed twice for 2 min in PBS
and then incubated for 15 min in M.O.M. Diluent. The primary antibody solution
containing the two primary antibodies, M.O.M. Diluent and 0.1 % Triton X-100 was
applied for overnight incubation. After two times 4 min washes in PBS, the slices were
incubated for 2 h in the secondary antibodies diluted in 1.5 % normal goat serum, 0.1 %
Triton X-100 and PBS. After the final washing steps (three times 5 min in PBS), the slides
were dried, mounted with mounting medium (DAPI Fluoromount-G®, SouthernBiotech,
Birmingham, AL, USA) and covered with a glass slide. The primary and secondary
antibodies used were mouse anti-EBFP (1:50, ab32791; Abcam, Cambridge, Great Britain)
and anti-mCherry (1:250, ab167453; Abcam), Alexa Fluor® 594 goat anti-mouse (1:250, A-
11032; Thermo Fisher Scientific), Alexa Fluor® 488 goat anti-rabbit (1:250, A-11034;

Thermo Fisher Scientific).

Immunofluorescence imaging was done using a Axioplan 2 Imaging fluorescence

microscope (Zeiss, Oberkochen, Germany).

Manganese-enhanced magnetic resonance imaging (MEMRI)

For detailed description of the procedure and analysis see Griinecker et al., 2010 8¢, Male
HAB and NAB mice received i.p. injections of 30 mg/kg manganese (MnClz -4H20, Sigma-
Aldrich) in saline for eight consecutive days. 24 hours after the last injection, the MRI
experiments were performed in a 7T MRI scanner (Avance Biospec 70/30, Bruker BioSpin,
Ettlingen, Germany). The animals were anesthetized with isoflurane (1.5-1.7 % in
oxygenated air) and body temperature was constantly monitored and kept at 36-37 °C
throughout the procedure using a water flow heating pad (Haake S 5P, Thermo Fisher
Scientific, Waltham, United States). T1-weighted images were acquired using a 3D

gradient echo pulse sequence (repetition time TE =50 ms, echo time TE =3.2 ms). A
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matrix of 128x128x128 at a field of view of 16X16x18 mm?3 yielding a final resolution of
125%125%x140.6 pm3 was used and each voxel was imaged 10 times for averaging.
Additionally, 3D T2-weighted images were acquired using a rapid acquisition relaxation
enhanced (RARE) pulse sequence (TR = 1 s, TE = 10 ms). The same spatial resolution as
for T1-weigthed images was acquired, imaging two averages. The reconstructed images
(Paravision, Bruker BioSpin, Ettlingen, Germany) were further analyzed using the
statistical parametric mapping package SPM5 (using the spmmouse toolbox) and SPMS8
(using the segment option for bias correction) (www.fil.ion.ucl.ac.uk/spm/). The acquired
images of all animals were segmented exploiting mouse specific tissue probability maps,
to obtain bias corrected images. Subsequently, the images were spatially normalized in
several steps: 1. Normalization of all images (including brain and extracranial tissue) to a
representative single animal image and calculation of the mean normalized image. 2.
Creation of a brain mask on the mean normalized image. Brain extraction in native space
using the back-transformed mean brain mask. 3. Normalization of the brain extracted
images to the group template. Finally, images were smoothed using a Gaussian kernel of
eight times the image resolution. Differential manganese accumulation was revealed by
pairwise voxel-based comparison between HAB vs. NAB (FDR p < 0.001, cluster extent
>20).

Quantification and statistical analysis

Data is presented as mean values + standard error (SEM), if appropriate. Statistical
details such as the number of animals used can be found in the respective figures and/or
figure legends. For normal distribution, paired and unpaired t tests and one-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test were performed. In case of not
normally distributed data, we applied non-parametric statistics (Kruskal-Wallis or Mann-
Whitney U-tests), and for contingency analyses Chi square test. Statistically significant
differences were accepted if p < 0.05. Statistical analysis was performed using GraphPad

Prism 9.1.
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Supplemental Figure 1: Complete MEMRI data set showing differences in tonic
neuronal activity in HAB vs. NAB mice. BNST: bed nucleus of the stria terminalis,
CN: cochlear nucleus, d/ilSC: deep/intermediate layers of the superior colliculus, HPC:
hippocampus proper, IPN: interpedunculopontine nucleus, LS: lateral septal nucelus,
L/MGM: lateral/medial geniculate, MRN: midbrain reticular nucleus, PAG:
periaqueductal gray, nucleus. Numbers (#) indicate image numbers of corresponding
reference images in the Allen Brain Atlas. Asterisks indicate potential artifacts which

have been observed to occur close to the brain surface or the ventricular system.
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Supplemental Figure 2: The mPFC-dIPAG projections decreases avoidance but
does not control sonic vocalization. (A-F) Retrograde FluoroGold (FG) tracing. (A)
Schematic illustration. FG was unilaterally injected into the dIPAG. (B-F) Afferent
structures labeled by FG. BNST: bed nuclues of stria terminalis, cc: corpus callosum, Cg1:
cingulate cortex area 1, Cg2: cingulate cortex area 2, DM: dorsomedial hypothalamic
nucleus, DP: dorsal peduncular cortex, IL: infralimbic cortex, LPO: lateral preoptic area,
LSD: lateral septal nucleus, dorsal part, LSI: lateral septal nucleus, intermediate part,
M2: secondary motor cortex, MPA: medial preoptic area, MPO: medial preoptic nucleus,
PrL: prelimbic cortex, SHi: septohippocampal nucleus, SHy: septohypothalamic nucleus,
VMH: ventromedial hypothalamic nucleus, ZI: zona incerta. Scale bars: 200 um. (G-L)
Chemogenetic inhibition of mPFC-dIPAG projection. (G) Experimental schematic. (H)
Representative image of mPFC. Scale bar: 200 um. (I) Percentage of HAB mice emitting
sonic calls, (J) the number of calls emitted per mouse, and (K) mobility behavior during
the tail suspension (2.5 min). (L) Avoidance behavior during the Beetle Mania Task (BMT;
mouse withdrew from the robo-beetle with accelerated speed). Data are presented as
percentage of total (I) or individual data with mean + SEM (I-L). *p < 0.05 (unpaired t
test).
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3. DISCUSSION

In this thesis, different aspects of defensive behaviors and threat responding along with
the underlying neuronal circuits and neuromodulatory systems have been considered. In
the following, I will summarize the results and give an overview about research questions
that arise from the studies. However, the main focus of this general discussion will lie on
principles and concepts of the design and analysis of behavioral testing. Study-specific

aspects are mainly discussed in the respective manuscripts.

Innate defensive behaviors can be triggered by threats of different sensory modalities such
as olfactory, auditory, visual, tactile, or composite cues. In the three studies of this thesis,
different behavioral paradigms have been used that involved such threats to induce and
investigate defensive behaviors in mice. Considering the model of the predator imminence
continuum, the stimuli presented were of different intensity and induced defensive
behaviors depending on the perceived distance of the threat. The visual stimuli of the VI'T
mimic both, a distant threat in the form of a cruising aerial predator (sweeping dot
stimulus; De Franceschi et al., 2016) and a more proximal threat imitating a rapidly
approaching aerial predator (looming disk stimulus; Yilmaz and Meister, 2013; De
Franceschi et al., 2016). In both cases, the animals had a chance to escape to a shelter at
any time. The auditory stimuli presented during the ASR paradigm range in the medial
distance. However, the animals did not have the possibility to evade the threat as they
were confined to the apparatus. In case of the BMT (Heinz et al., 2017), physical contact
with the multi-sensory robo-beetle was established, thereby presenting a more proximal
threat but offering the animal a chance to escape within the arena. The extreme end of
the spectrum is reached in the TST where the animal was caught and trapped by the tail
without a chance to escape. The use of these threats allowed me to study the brain regions

and circuits as wells as the neuromodulatory systems involved in threat responding.

Translational psychiatric research can be designed by applying top-down or bottom-up
approaches. The former investigates a phenotype to elucidate the underlying mechanisms
(e.g., genes involved), while with the latter candidate genes are mutated and the resulting

phenotypes are studied. Both approaches have been presented in this thesis.

In the first study, a bottom-up design has been employed to investigate the interaction of
the eCB and the CRF system using behavioral tests for threat responding as well as for
anxiety measures. To study the interplay of CRF and the CB1 receptor, we generated a
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new conditional knockout mouse line that selectively lacked CB1 in CRF-positive neurons.
Employing double in situ hybridization on wild-type brains, we found an overall low level
of co-localization of CRF and CB1 in the brain. While there were no differences in fear and
anxiety-related behaviors under basal conditions and after exposure to a traumatic
experience, the startle amplitude of male knockout mice was significantly increased. This
corroborates previous findings which demonstrated increases in the startle response by
intracerebroventricular administration of CRFR1 agonists (Devigny et al., 2011) or CRF
(Swerdlow et al., 1986; Liang et al., 1992) and CRF overexpression (Dirks et al., 2002; Toth
et al., 2014; Flandreau et al., 2015). The limited phenotypic differences observed between
knockout and wild-type animals could on the one hand be explained by the circuits and
projections involved in the different tasks. On the other hand, it might have to do with the
level of activation of those circuits. As described earlier, the eCB system needs to be
triggered above a certain threshold such as by a strong threat to exert its actions
(Kamprath et al., 2009). The repeated exposure to a sudden loud noise as it was the case
in the ASR paradigm could lead to such an above-threshold activation. Interestingly, an
increased ASR was only observed in male, but not female knockout mice. This could be
attributed to sex dimorphisms of the CRF system, as has been demonstrated in terms of
behavior, HPA axis function, and gene expression (Toth et al., 2014, for reviews see
Bangasser and Valentino, 2014 and Brivio et al., 2020). Such sex differences highlight the

importance to study both sexes.

The remarkable confinement to the hyperarousal phenotype of the knockout mouse line
should be further investigated and confirmed in future studies. Such experiments could
involve the systemic injection of CRFR1 or CRFR2 antagonists before exposing the
conditional knockout mice to the startle response paradigm. This will also shine light onto
the question whether CRF or the co-transmission of neurotransmitters like GABA or
glutamate mediate the behavioral effect observed. Also, the co-localization and co-
expression of CRF and CB1 should be examined further using additional and potentially
more sensitive methods like RNAscope or the analysis of single-cell sequencing data (e.g.,
from data repositories). The resulting candidate brain regions could then be targeted
locally via guide cannulas with CRFR1 antagonists to study the effect on arousal. Given
the co-localization of CRF and CB1 in the piriform cortex, exposure of the animals to
olfactory threatening cues such as 2,5-dihydro-2,4,5-trimethylthiazoline (TMT), a

component of the fox feces odor could be worthwhile exploring.
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Next, I employed a screening approach with a multi-factorial design (genotype, sex, and
traumatic experience). In order to capture potential differences between the groups across
the negative valence and arousal systems, the mice were exposed to a battery of behavioral
and physiological tests. Test batteries for mice and rats are a commonly used approach in
both top-down and bottom-up studies (Crawley and Paylor, 1997; Rogers et al., 1999;
Hatcher et al., 2001; Wolf et al., 2016). Since psychiatric disorders are complex and might
involve several physiological and behavioral systems, it is challenging and might be
insufficient to capture those in a single classical test. In a typical test battery, the animals
are assessed in a series of different paradigms measuring various behavioral or
physiological aspects, as has been done in the first study. Test batteries come with several
advantages. Compared to simply performing a single test or using a new batch of animals
for each test, a test battery allows for within-subject measurements, it has the power of
picking up subtle differences that might be missed in a single test, and it can demonstrate
a true positive phenotype that is confirmed across several paradigms. But most
importantly, testing animals in a series of paradigms drastically reduces the number of
animals needed. On the one hand, this reduces costs and effort to obtain a sufficient
number of animals e.g., with targeted mutations like in the case of the CB1<KO-CRF mouse
line. On the other hand, reducing the number of animals going into experimental research
1s an crucial factor from an ethical perspective, following the principle of the 3Rs: Replace,
Reduce, Refine (Russell and Burch, 1959). However, the use of test batteries also comes
with limitations and considerations that need to be taken into account. When testing
animals in a series of paradigms, each test might pose a stressor to the animal and the
animal’s experiences accumulate. Studies have shown that the extensive handling and
experience of a mouse alters its behavior compared to naive mice, e.g., shown by reduced
locomotor activity (Mcllwain et al., 2001; Voikar et al., 2004). Therefore, results from a
series of tests should ideally not be directly compared to the results obtained by a naive
group of animals exposed only to a single test (Mcllwain et al., 2001). Comparisons of
results obtained in a test battery with those acquired by naive mice should be interpreted
with care and should be replicated before final conclusions are drawn. Further, stressful
experiences can impair cognitive function and learning (Moreira et al., 2016). Therefore,
the order of testing is important. Classically, the more stressful and invasive tests are
performed at the end of the battery to reduce potential carry-over effects. This rule has
also been applied in the first study by starting the test battery with an OFT and ending it
with the more challenging BMT.
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Beside technical considerations, also the analysis of test battery data comes with
challenges. Video analysis, novel tracking software, and machine learning tools like
DeepLabCut (Mathis et al., 2018) allow to determine countless measures for behavioral
paradigms. In a single open field test, classic parameters like the total distance moved or
the time spent in the inner or outer zone can be measured but using elaborate tracking
tools, additional measures such as speed, angular velocity, head turnings, rotations,
rearing, jumping, elongation, grooming, the distance to objects, and many more can be
assessed. In this fashion, dozens of parameters and values might be collected for each
animal by the end of a test battery and are possibly combined with further results from
physiological or molecular measures. However, statistical analysis is often performed by
separate comparisons for each parameter and each test, such as via Student’s t-tests or 1-
way ANOVA for parametric data. Subsequently, individual significantly differing
variables are often presented without correction for multiple testing thus increasing the
risk of false positive findings. Applying correction for multiple testing in turn requires a
rather large sample size to grant sufficient power and to reflect significant results.
Increasing the sample size of a mouse cohort comes with the beforementioned ethical issue
and contradicts the aim to reduce the number of animals used. Further, a large sample
size might reveal statistically significant differences that are yet not biologically
significant. In order to increase the possibility to draw general conclusions from the test
battery results, different means of data analysis have been suggested that include
multivariate comparisons and reductions of dimensionality (Feyissa et al., 2017; Stukalin
and Einat, 2019). Performing principal component or factor analysis allows to reduce a
large number of complex variables to a few components that mirror the behavioral
phenotypes measured and highlight important variables by high loadings (Feyissa et al.,
2017; Kielar et al., 2018; Heinz et al., 2021). Similarly, logistic regression analysis and z-
scores reduce the dimensionality of the behavioral data and help to gain an overall
conclusion from the measurements obtained by a test battery (Guilloux et al., 2011;
Stukalin and Einat, 2019). Alternatively, screening approaches with a limited number of
animals can be performed by first exposing an exploration sample to a test battery. After
correction for multiple testing, the behavioral test that revealed a significant difference
e.g., between the genotypes tested is then repeated with a naive cohort of animals. With
this approach, the result can be replicated without further stringent multiple testing
correction and a robust overall conclusion regarding the group difference can be drawn.
This approach as well as measures for dimensionality reduction have been applied in

study two.
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In the second study, the consequences of trauma exposure on grey matter volume were
investigated and correlated with the severity of hyperarousal symptoms. Using a well-
powered exploration sample, we assessed the behavioral consequences of the exposure to
an inescapable foot shock after an incubation time of four weeks. The animals were
thereby exposed to a short test battery which included exposure to threatening stimuli of
different sensory modalities. To reduce the dimensionality of the data, we calculated the
Hyperarousal Score using logistic regression analysis. The variables included were
contained to the arousal domain of PTSD symptoms. Although trauma-related changes in
memory are an important characteristic of the disease phenotype, the limited variability
of the memory-related data did not provide a basis to include those variables in the logistic
regression analysis. The Hyperarousal Score therefore combines behavioral readouts
measured in response to threats of different sensory modalities (auditory, visual, and
multi-sensory) and allowed us to clearly distinguish shocked animals and non-shocked
controls. Using a naive cohort of mice as a replication sample, we could replicate those
behavioral results and subject the animals to longitudinal measurements of brain
morphometry using whole-brain MRI scans. A cross-sectional design revealed a volume
decrease of the dorsal hippocampus and an increase of the reticular nucleus in shocked
mice compared to non-shocked controls. With the longitudinal within-subject design, a
reduction of grey matter volume of the globus pallidus could be correlated with high
symptom severity as revealed by regression with the Hyperarousal Score. This finding
highlights the power of the design of the study since the globus pallidus was a largely non-
considered brain structure in PTSD-related neuronal circuits. Further, using the validated
Hyperarousal Score as regressor allowed us to rely on the smaller replication cohort for
grey matter volume measurements. Finally, this approach enabled us to assess
relationships between dimensional rather than categorical trauma consequences on

hyperarousal and grey matter volume changes.

Our descriptive study raises questions concerning the causes and mechanisms of the
observed volume changes. The increases and decreases in grey matter volume could on the
one hand be pathogenic and promote behavioral changes related to arousal, on the other
hand they could be compensatory mechanisms, assuming that a reduction in synaptic
contacts protects against over-excitation. To tackle this question, future experiments could
chemogenetically target the brain areas of interest, such as the globus pallidus. Injections
of a viral vector encoding for inhibitory Designer Receptors Exclusively Activated by
Designer Drugs (DREADDs) and administration of clozapine N-oxide (CNO) before or

directly after trauma exposure could highlight the involvement of this brain area in fear
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memory and trauma-induced changes in behavior. To study the mechanistic basis of
volume changes, histological analysis of the brain sections could be valuable. Labeling
with bromodeoxyuridine as a marker for cell proliferation along with Nissl and Golgi
stainings for the quantification of neurons, astrocytes, and oligodendrocytes as wells as
dendritic length and spine density measurements would give insights into the processes

underlying the grey matter volume changes.

In the third study, a top-down approach was used. Based on the vocalization phenotype
observed in an inbred mouse line, circa-strike behavior was studied (Perusini and
Fanselow, 2015). I investigated the characteristics of sonic mouse vocalization, the
underlying neuronal circuits, and its ecological function. Sonic calls were found to be
emitted at high disposition by mice selectively bred for high anxiety-related behavior when
caught by the tail but not by other commonly used laboratory mouse lines. Circa-strike
threat responses like vocalization are described as panic-like behaviors. Yet, the
panicolytic properties of enhanced AEA levels previously shown in the BMT with HAB
mice (Heinz et al., 2017) had no effect on vocalization. The anxiolytic compound diazepam
however reduced sonic vocalization. Also local muscimol injections into the dIPAG and the
resulting abolishment of vocalization and which coincided with an increase in open arm

time on the EPM speak for relation between anxiety but not panic and sonic vocalization.

Follow-up questions of this study would certainly concern the further dissection of the
neuronal pathways involved in the control of sonic vocalization. Employing a retrograde
tracing approach, I could identify several brain structures afferent to the dIPAG.
Chemogenetic silencing of the medial prefrontal cortex to dIPAG projection had no effect
on sonic vocalization. In order to identify which of the remaining d1IPAG afferents play a
functional role, they could be labeled via a retrograde virus encoding a fluorophore under
an activity-sensitive E-SARE promotor injected into the dIPAG (Kawashima et al., 2013).
The thereby identified projections could subsequently be stimulated optogenetically
(terminal stimulation) to test for their functional involvement in vocalization. The
dynamics of the afferent brain area and the dIPAG during vocalization could additionally
be described using calcium imaging. The identified pathway could further be activated
(e.g., optogenetically) in other mouse lines such as NAB or C57B1/6 mice to assess whether
sonic calls could be triggered. Such an experiment would show that the circuit is genuine
but might be activated or disinhibited in HAB mice at a lower threshold compared to other
mouser lines leading to the observed vocalization behavior. To further study the ecological

relevance of the 4 kHz calls of HAB mice, the sound should be played back to other mouse
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predators such as cats. Intriguingly, mouse predators have a best hearing frequency close
to the fundamental frequency of the mouse calls (4 kHz for foxes, 8 kHz for cats), while
the best hearing frequency of mice lies around 16 kHz (Masterton and Heffner, 1980;
Heffner and Heffner, 1985; Malkemper et al., 2015) suggesting a predator-prey co-

evolution.

The mouse lines used in study two and three such as the HAB, CD1, BALB/c or C57Bl/6
mice for top-down approaches are inbred mouse lines that are widely used in psychiatric
and neuroscience research. These lines have been bred over generations of brother-sister
mating to generate genetically homogeneous strains for research. However, the
limitations in the sole use of inbred mouse lines should be considered (for reviews see
Ishikawa, 2013; Zilkha et al., 2016). These mice have initially mostly been selected and
bred to be easy to handle, to show low level of aggression and to be highly reproductive,
generating mouse strains that differ profoundly from wild mice. While the use of inbred
mouse lines and the myriad of transgenic mouse strains comes with clear benefits for
scientists and increases reproducibility, the lack of genetic diversity also produces a lack
of complex behaviors as has been highlighted when comparing inbred mice to wild-derived
mice (Chalfin et al., 2014). Chalfin and colleagues further showed that backcrossing of
wild-derived mice with an inbred mutant mouse line enriched the behavioral repertoire
and yet allowed them to study the specific gene functions (Chalfin et al., 2014). Gene-of-
Iinterest manipulations can further be achieved using tools like CRISPR-Cas9 (Wang et
al., 2013) or TALEN (Joung and Sander, 2013) for non-model organisms like wild-derived
mice. The implementation of wild-derived mice into studies on threat responding offers
opportunities to increase the complexity of behaviors that can be observed and studied.
Regarding study three, the investigation of sonic vocalization behavior in wild-derived
mice could reveal further insights into its ecological function and the anxiety versus panic

component by using pharmacological tools.

Many studies do not only come with reduced genetic variability but also reductionist
behavioral test situations. The classic behavioral paradigms for mice and rats that
measure emotionality and threat responses take place in a very reduced, simple, and
artificial environment for a short time period. Additionally, for the time of the test, the
animals are separated from their cage mates. This approach permits a relatively high
degree of standardization and the possibility to measure defined behaviors. Yet, these
tests do not allow to observe more complex behaviors such as interactions of an individual

within a group and changes of behavior over a longer time period. Early on, there have
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been attempts to tackle these challenges and expose and observe mice in semi-natural
environments (Calhoun, 1962; Poole and Morgan, 1976; Roper and Polioudakis, 1977).
Recent technological advances facilitate such experiments both by providing the
possibility to automatically track and distinguish animals in a group and by (semi)-
automated analysis tools (Kimchi et al., 2007; Shemesh et al., 2013; Weissbrod et al., 2013;
Pérez-Escudero et al., 2014). Such developments also allowed to record USV in groups of
mice and identify the call emitting animal (Neunuebel et al., 2015; Sangiamo et al., 2020).
This enables researchers to observe animals and their interactions in an undisturbed
manner over hours, days, or weeks. Further, the experiments permit insights into complex
behaviors that are ethologically relevant and provide understanding of the underlying
circuitries when combined with circuit dissection tools and genetically targeted mice
(Shemesh et al., 2016; Anpilov et al., 2020). Clearly, such long-term observations yield an
enormous amount of data that requires high computational power to perform automated
analyses. For screening approaches, such as the investigation of a new genetically targeted
mouse line similar to study one, long-term observations might highlight additional
behavioral phenotypic differences that are not captured in standard tests and increase the

reliability of the data since results are based on large data sets.

In summary, in this thesis novel insights into defensive behaviors and the underlying
mechanistic basis have been presented. In the discussion, difficulties and considerations
to be taken into account when performing and analyzing behavioral tests have been
highlighted. Some options are fairly simple to incorporate, such as adapting the statistical
analysis of test batteries. Others, like the generation of new mouse lines by backcrossings

with wild-derived mice, would require more efforts.
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