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Abstract |iii

Excessive or chronic stress can lead to maladaptive anxiety. Anxiety disorders are highly prevalent and
thereis a pressing demand for a more comprehensive understanding of the molecular mechanisms that
underlie such disorders. Dysregulation of the stress response and genetic risk factors can contribute
towards an increased susceptibility to maladaptive anxiety. The co-chaperone FKBP51 is an
immunophilin protein best known as a regulator of the glucocorticoid receptor (GR) and the stress
response system. Human and animal studies have shown that aberrant GR signalling as well as genetic
variants within the gene encoding FKBP51, FKBP5, can precede stress-related pathology. Notably, the
effects of FKBP51 are highly region- and cell type specific. The central extended amygdala, which
comprises the central amygdala (CeA) and the bed nucleus of the stria terminalis (BNST), more
specifically the oval BNST (ovBNST), is a promising limbic structure of the forebrain that has been
repeatedly associated with the modulation of anxiety states. However, the region-specific function of
FKBP51 in this nucleus has not been explored yet. Moreover, Tachykinin 2 (Tac2) is an emerging
neuropeptide that is also expressed in the BNST and highly likely involved in mediating anxiety-like
behaviour. In this thesis, we aimed to elucidate molecular mechanisms mediated by the GR, FKBP51 and
Tac2 that underlie stress-induced anxiety states. Initially we addressed whether GR signalling in
forebrain neurons contributes to fear and anxiety-related behaviour. Interestingly, we found that
forebrain glutamatergic, but not GABAergic, neurons mediate the anxiogenic effects of the GR.
Moreover, virally-mediated GR deletion revealed that fear-related behaviour is regulated exclusively by
GRs in the glutamatergic neurons of the basolateral amygdala (BLA). We then proceeded to explore
whether the lack of FKBP51 would lead to alterations in brain architecture and connectivity in mice.
Using in vivo structural magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) we
reported two clusters of significantly larger volumes in the hypothalamus, periaqueductal grey (PAG),
and dorsal raphe (DR) region of wildtype (WT) animals. DTl measurements, however, highlighted
statistically higher fractional anisotropy (FA) values for FKBP51 knockout (51KQ) animals in locations
including the anterior commissure, fornix, and posterior commissure/superior colliculus region. In order
to dissect the role of FKBP51 in anxiety, we characterised the function of FKBP51 in the ovBNST and
assessed its impact on HPA axis function and anxiety-related behaviour. Notably, our data suggests that
stress-induced increase of FKBP5 in the ovBNST may in fact have a protective role, leading to decreased
anxiety and suppression of a future stress-induced HPA axis activation. Finally, we convey a first
impression of the function of Tac2 within the ovBNST and its implication in anxiety-like behaviour. Here
we show that Tac2 is upregulated by acute stress in the ovBNST and that ovBNST Tac2 positive neurons

are involved in anxiety circuitry and behaviour. The collective findings of the
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current thesis provide novel evidence for the contribution of GR, Tac2 and FKBP51 towards the

underlying molecular mechanisms of stress-induced anxiety-like states.
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1.1. Anxiety Disorders
Mental health disorders are complex and associated with immense health care costs and a high burden
of disease. Recent estimates from the Global Burden of Disease study reported that an approximate
10.7 % of the world population is affected by a mental health condition, with anxiety disorders taking
the lead (James et al., 2018). Anxiety disorders are stress-induced and arise in a number of forms. The
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition divides pathological anxiety into
three main categories of disorders, including obsessive-compulsive and related disorders, trauma-and
stressor-related disorders, and anxiety disorders (American Psychiatric Association, 2013). Well known
derivatives of these categories are phobias, post-traumatic stress disorder (PTSD), and general anxiety

disorder (GAD).

While the symptoms and diagnostic criteria for each subset of anxiety disorders are unique, they all
involve excessive and persistent fear and anxiety, impairing every day functioning and performance
(Craske and Stein, 2016). The prevalence of anxiety disorders across the world varies from 2.5 to 7
percent by country, affecting an estimated 25 million people in the EU alone (James et al. 2018; OECD).
Notably, women are twice more likely than men to develop an anxiety disorder, revealing a strong
gender bias. Comorbidity among anxiety disorders is common, and they often co-occur with major
depression, alcohol and other substance-use disorders, and personality disorders (Craske and Stein,
2016). The economic fallback of this reality results in a huge economic burden, with an estimated 4% of
the EU’s annual GDP (more than EUR 600 billion) spent on mental health care costs (Health at a Glance:
Europe 2020). A combination of pharmacological treatments, particularly selective serotonin-reuptake
inhibitors and serotonin-noradrenaline-reuptake inhibitors, and psychological treatments, especially
cognitive behavioural therapy, has been shown to be the most effective in treating anxiety disorders.
Nevertheless, the need for more accessible mental health interventions and increasingly personalised
treatment has significantly heightened the demand for a more comprehensive understanding of such

disorders.

1.2. Anxiety and Fear
Anxiety is critical for survival since it functions to signal potential threats or dangers in the environment,
and facilitates accompanying coping strategies (Kalin, 2020). It can therefore be defined as a sustained
emotional state induced by uncertain or diffuse threats (Ahrens et al.,, 2018). Pathological or
maladaptive anxiety, however, is characterised by anxiety that is overly intense or occurs in situations

or contexts that otherwise would not be expected to elicit an anxious reaction. Features of pathological
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anxiety include hypervigilance, excessive worry, physiological arousal, and avoidance behaviour. Though
distinct, anxiety is strongly intertwined with fear. Fear is the phasic emotional state induced by acute
and explicit threats that dissipates quickly once the threat is removed (Davis et al., 2010). Moreover,
fearis a rapid behavioural response that leads to active avoidance (e.g. fight or flight) or other automatic
responses, such as increased heart rate or freezing/paralysis. Anxiety almost always follows a fearful
experience and can in turn influence fear responses to a threat. Moreover, exposure to acute and
intense fearful experiences, especially those that are life threatening, often lead to maladaptive anxiety,
or anxiety disorders, such as PTSD (Ahrens et al., 2018). Additionally, prolonged exposure to distressing
stimuli may eventually cause fear to bridge into anxiety. Early research on fear and anxiety tended
towards a theoretical model in which anxiety (sustained) and fear (phasic) are putatively separate
processes (Davis, 1998; Barlow, 2002; Sylvers et al., 2011; Robinson et al., 2019). Nevertheless, more
recent and nuanced research indicates comparable clinical symptomology of fear and anxiety as well as
considerable overlap in physiological substrate, circuitry, and neural mechanisms (Tovote et al., 2015).
Evidently, fear and anxiety go hand-in hand, and therefore, it is crucial to take into account the

commonalities of these physiological states and brain structures.

1.3. Structures and Circuitry Involved in Mediating Anxiety and Fear
The substrates of fear and anxiety have long been the subject of many research endeavours, leading to
a surge of key insights in the past two decades to address one of the most pressing psychiatric concerns
to date. Early research focused primarily on the role of particular brain areas in generating fear and
anxiety, and the contribution of neuromodulatory and synaptic processes within identified brain areas
to these internal states. However, owing to the development of optogenetics, pharmacogenetic tools
and improved imaging techniques, the emphasis has shifted towards more causal investigations of

specific neural circuit elements and networks.

Fear and anxiety are primitive states, which provide adaptive survival responses to threat (LeDoux, 2000;
Porges, 1995; Sylvers et al., 2011). Consequently, the brain structures implicated in mediating fear and
anxiety are part of the limbic system, the oldest part of the brain, and conserved across species, which
allows researchers to extrapolate provisional biological findings from non-human mammals to humans
(MaclLean, 1952; MaclLean, 1949; Roxo et al., 2011). Although there are species-specific fearful and
anxious behaviours, translational research in this area is continuously supported by complementary
human studies (Sylvers et al., 2011). Nevertheless, the majority of animal research in this field has been

conducted using rodents.
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1.3.1. The Amygdala
Early work in lesion studies and fear conditioning in animal models highlighted the key role of the
amygdala in fear and anxiety (Blanchard & Blanchard, 1972). Traditionally, the amygdala has long been
associated with emotion processing, specifically fear and other emotions related to both aversive and
rewarding environmental stimuli. The amygdala is an intricate structure embedded in the medial
temporal lobe, comprised of numerous subregions and distinct neuronal populations. The most studied
sub-regions are the basolateral complex of the amygdala (BLA; made up of the basal (BA), basomedial
(BM) and the lateral (LA) cell groups) and the central nucleus of the amygdala (CeA; made up of a medial
(CeM) and a lateral (Cel) subdivision) (see Fig. 1A). The BLA consists of glutamatergic principal neurons
and inhibitory interneurons, and robustly projects to the CeA (CelL and CeM) which is composed of ~
95% GABAergic medium spiny neurons (McDonald, 1982). The CeL in turn projects to the CeM, which is

also the main output of the amygdala (Janak and Tye, 2015).

A major determinant of whether environmental stimuli are interpreted as threatening occurs in the
amygdala, wherein sensory stimuli are imbued with emotional valence (Calhoon & Tye, 2015). The
simplified view of information flow through the amygdala is as follows (adapted from Calhoon & Tye,
2015; Tovote et al., 2015; Janak & Tye, 2015; Tye et al., 2011) (see Fig. 1B). The LA receives information
about the external environment from the sensory cortices and via the thalamus. The LA projects within
the BLA to the BM and BA, as well as to the neighbouring CeA (Janak & Tye, 2015; Tye et al., 2011). The
BLA, which is also reciprocally connected with cortical regions (medial prefrontal cortex; mPFC), the
hippocampus and sensory association areas, thus then processes and integrates the sensory
information which results in the formation of associations between neutral predictive stimuli and
outcomes of positive or negative valence (Calhoon & Tye, 2015; Janak & Tye, 2015). Thus, cues
predicting reward are themselves becoming rewarding and, likewise, those predicting threats are
themselves recognized as threatening (Calhoon & Tye, 2015; Janak & Tye, 2015; Ledoux, 2000). The
emotional valence of these stimuli then determines whether reward or fear pathways are recruited
downstream of the BLA; in fear-or anxiety provoking circumstances, the CeA and the bed nucleus of the
stria terminalis (BNST) are activated. In turn, the striatum, CeA and BNST, with the latter two structures
connected via GABAergic efferents, have been considered to mediate the translation of BLA signals to

behavioural output.
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BM

Figure 1: Anatomy of the Amygdala and Circuitry implicated in Fear- and Anxiety-related Behaviours

(A) The most studied subregions of the amygdala are the basolateral (BLA) complex of the amygdala, which
consists of the lateral (LA), basal (BA) and basomedial (BM) cell groups; and the central nucleus of the
amygdala (CeA), made up of the medial (CeM) and lateral (CeL) subdivision. (B) A sagittal view of the rodent
brain including distal- and micro- circuits involved in fear-and anxiety related behaviours. Pink arrows
represent a simplified information flow during threat processing; grey arrows represent projections and/or
fear-anxiety circuitry. mPFC, medial prefrontal cortex; THAL, thalamus; PAG, periaqueductal gray; BNST, bed
nucleus of the stria terminalis; HYP, hypothalamus; HPC, hippocampus.

Thus, while extensive research has clearly implicated the amygdala in mediating fear as well as threat
and reward, its direct role in maintaining sustained anxiety symptoms has been more difficult to
establish. However, previous findings have identified that the “central extended amygdala”, in which
the key components include the CeA and the BNST, has a central role in the generation of anxiety states

(Ahrens et al., 2018; Calhoon & Tye, 2015; Gungor & Paré, 2016; Tovote et al., 2015; Robinson et al,,
2019).
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1.3.2. The Bed Nucleus of the Stria Terminalis

The BNST is a basal forebrain structure well-situated to integrate limbic information and regulate
defensive states such as anxiety, since it is a major target of the CeA and the BLA and projects to many
hypothalamic and brainstem structures that receive CeA nucleus terminals (Ledoux, 2000; Dong et al.,
2001b; Adhikari, 2014). In addition, the BNST is the centre of the psychogenic circuit from the
hippocampus to the paraventricular nucleus (PVN), which plays an important role in mediating the
hypothalamic pituitary adrenal (HPA) stress response (Dong et al., 2001b; Lebow and Chen, 2016; Ch’'ng
et al., 2018). Furthermore, both the CeA and the BNST share a similar morphology and neuropeptide
expression profile, including neuropeptides such as corticotrophin-releasing hormone (CRH),
neuropeptide Y (NPY), and Tachykinin 2 (Tac2) which have also been implicated in the modulation of
anxiety and the HPA axis response (Andero et al., 2016; Gafford & Ressler, 2015; McDonald, 1982;
Woodhams et al., 1983; Zelikowsky, Hui, et al., 2018).

Like the amygdala, a large body of evidence associates the BNST with anxiety. Early evidence arose from
the assumption of a distinct differentiation between fear and anxiety in the BNST. Spearheaded by
Walker and Davis, a highly influential model theorized that the amygdala underlay “phasic” responses
to threat while the BNST was thought to mediate “sustained” responses (Walker et al., 2009; Davis et
al., 2010; Gungor and Paré, 2016; Goode et al., 2019). This was based on previous observations that
BNST lesions did not alter conditioned fear responses elicited by discrete conditioned sensory cues
(Hitchcock & Davis, 1991; LeDoux et al., 1988), unless they were very long (> 8 min) (Waddell et al,,
2006; Gungor and Paré, 2016). In contrast, lesioning the BNST impaired the acquisition and recall of
contextual fear responses, which might be due to the diffuse nature of contextual cues (Waddell et al.,
2006; Duvarci et al., 2009). Other work indicated that lesioning the amygdala reduced fear-potentiated
startle, but did not affect BNST mediated anxiety-like behaviour in the elevated plus maze (EPM)
(Ventura-Silva et al., 2013), anxiety-like responses to CRH injection and bright lights (Walker & Davis,
1997) or to alarm pheromones (Fendt et al., 2003).

Clinical data has further supported the role of the BNST in anxiety. For example, patients with
generalized anxiety disorder showed hyperactivation of the BNST when engaged in a gambling task with
high uncertainty (Yassa et al., 2012). Furthermore, the BNST is recruited during hypervigilance caused
by threat-monitoring processes in individuals with higher trait anxiety (Somerville et al., 2010). Studies
in both males and females with phobias, which cause anxiety states, showed functional magnet
resonance imaging (fMRI) activation of the BNST, the anterior cingulate cortex and the insula in
anticipation of visual stimuli of phobia-inducing objects (for example, a spider) with no activation in the
amygdala (Straube et al., 2007). Nevertheless, another study used a real tarantula during brain imaging

in healthy males and females, and demonstrated that the closer the tarantula was placed to the foot of
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the participant, the greater the activity in the BNST, but also in the amygdala (Mobbs et al., 2010). This
indicates that diffuse states of threat apprehension are represented differently to an actual threat; while
only the BNST is activated during imagery of a future threat, both the BNST and the amygdala are

activated when presented with an actual threat (Lebow and Chen, 2016).

Nevertheless, these findings also suggest that both the BNST and the CeA are involved in mediating
phasic and sustained responses to threat, and that a distinction between the two states- anatomically
and conceptually- is an oversimplification. This was also highlighted by two studies that showed that the
BNST plays a crucial role in shaping phasic responses to acute stimuli when they are encountered in
potentially dangerous contexts and also contributes to the “overgeneralization” of fear and anxiety
(Kheirbek et al., 2012; Lissek, 2012). In addition, in the absence of a functional BLA, the BNST was shown
to act as a compensatory site in the acquisition of fear memories, although this BLA-independent fear
learning required more training (Poulos et al., 2010). Overall, however, human imaging data suggests

that the BNST is implicated in anxiety, and that its activity is correlated with an increase in anxiety.

More recent studies conducted with rodents have provided evidence that there are more nuanced roles
of the BNST in anxiety. For example, Treit and colleagues (1998) found no effect of BNST lesions in open-
arm avoidance in the EPM, whereas Duvarci et al. (2009) demonstrated anxiogenic effects of BNST
lesioning on the plus maze. Moreover, Van Dijk et al. (2013) reported that electrical stimulation of the
BNST did not affect anxiety-like behaviour in the plus maze, and Walker (1997) found that infusions of
glutamate antagonists in the BNST were anxiolytic in the light potentiated startle paradigm (Adhikari,
2014). These data are in line with the general consensus for the involvement of the BNST in anxiety, yet
they do not illustrate if this structure decreases or increases anxiety. This is perhaps unsurprising given
that the BNST is small, but highly heterogenous and complex in its anatomy and neurochemical
properties, likely reflecting functional differentiation among the nuclei. If different BNST subregions
regulate anxiety in opposite directions, pharmacological and lesion manipulations of BNST nuclei will
generate conflicting results. It is therefore essential to focus on the specific subregions, and how exactly

these are implicated in mediating anxiety.

1.3.3. The Oval Bed Nucleus of the Stria Terminalis

The oval bed nucleus (ovBNST), a region considered to be the master controller of BNST outflow, is of
particular interest to the topic of anxiety. In rodents, the BNST is located ventral to the lateral septum
(LS) area, dorsal to the hypothalamus and surrounds the anterior commissure. A review by Lebow and
Chen describes the BNST anatomy and connectivity according to the series of papers of Dong & Swanson
(Dong et al., 2001a, 2001b; Dong and Swanson, 2004a, 2004b, 2006; Lebow and Chen, 2016). The BNST

is primarily divided into the posterior and anterior divisions. The posterior division is comprised of three
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well-characterized nuclei: the principal, the interfascicular and the transverse. The anterior division
includes the anterolateral, anteromedial, fusiform, juxtacapsular, rhomboid, dorsomedial, ventral
nucleus, magnocellular, and the oval BNST (see Fig.2A). Posteriorly located nuclei are involved in
reproductive and social defensive behaviours via the PVN and have received little attention from
fear/anxiety research. Instead, the focus has been on the anterior BNST region, because it is the main
termination zone of CeA axons (Krettek and Price, 1978) and also considered a relay station between
the mPFC and PVN that mediate the stress response via the HPA axis (Choi et al., 2007, 2008; Radley
and Sawchenko, 2011).

The ovBNST is largely known as an integrator of mood and negative valence information. An influential
study by Kim and colleagues clearly delineated the role of the ovBNST in generating anxiety, after
reporting that optogenetic inhibition of dopamine-receptor-1a (DrD1a) positive cells in the ovBNST had
an anxiolytic effect, whereas stimulation increased both behavioural and physiological measures of
anxiety (Kim et al., 2013). In addition, anterodorsal BNST (adBNST?)-associated activity exerted anxiolytic
influences through receiving differential input from the BLA, whereby three distinct efferent projections
— to the lateral hypothalamus (LH), parabrachial nucleus (PB) and ventral tegmental area (VTA) - each
implemented an independent feature of anxiolysis (see Fig. 2B). These results gave a clear indication of
the subregion specificity with regards to different aspects of anxiety and also emphasized the ovBNST’s

implication in anxiety-like behaviour.

Notably, BNST subregions and cells differ in their neurochemical profiles, suggesting functional
differentiation among cells located in the same nucleus. Much evidence suggests that CRH exerts
anxiogenic effects through its actions in the BNST and within the ovBNST, respectively. In fact, the
ovBNST contains the highest concentration of CRH neurons in the brain (Morin et al., 1999; Daniel and
Rainnie, 2016a). In line with this, a recent study confirmed that chronic stress and acute optogenetic
activation of the ovBNST increased anxiogenic behaviours and cellular excitability of CRH positive cells
in the ovBNST (Hu et al., 2020a). In a different study, Hu et al highlighted that early life stress (ELS)
resulted in a long-lasting activation of CRH signalling in the mouse ovBNST, leading to potential
maladaptive changes in ovBNST function in adulthood (Hu et al., 2020b). These results confirm that the

ovBNST is not only a mediator of anxiety, but also a modulator of the stress response.

The ovBNST receives substantial input from central amygdala inhibitory afferents, with large subsets of
somatostatin positive (SOM) and CRH positive CeA-to-ovBNST GABAergic projections that mediate

anxiety- related behaviours (Ahrens et al., 2018; Pomrenze et al., 2019a). Additional afferents are very

! First defined by Ju and Swanson (1989) as the region dorsal to the anterior commissure and contiguous with the
anteroventral area rostral and caudal to the commissure (Ju and Swanson, 1989). Defined by Kim et al (2013) as
“the region surrounding the ovBNST”. Outlined in Fig. 2A.
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similar to CeA afferents; including inputs from the LA via glutamatergic neurons, the mPFC via pyramidal
neurons, and from the dorsal raphe (DR) and VTA via dopaminergic neurons (Park et al., 2013). It also
receives viscerosensory afferents from the insula and brainstem autonomic nuclei as well as mixed
dopaminergic- glutamatergic inputs from the periaqueductal gray (PAG) (Schwaber et al., 1982;
McDonald et al., 1999; Gungor and Paré, 2016; Li et al., 2016). These afferents project onto GABAergic
populations within the ovBNST that co-express a wide selection of neuropeptides such as CRH,
encephalin, dynorphin, NPY, SOM, Tac2 and pituitary adenylate cyclase-activating polypeptide (PACAP)
(Walter et al., 1991; Poulin et al., 2009; Hammack et al., 2010; Lebow and Chen, 2016; Ahrens et al.,
2018; Zelikowsky et al., 2018b; Pomrenze et al., 2019a; Hu et al., 2020b).

am

fu

Figure 2: Anatomy of the anterior BNST and BNST Circuitry implicated in Anxiety-related Behaviours

(A) Anterior division of the rodent BNST depicting the anterior commissure (acc), anteromedial (am), anterolateral
(al), juxtacapsular (ju), fusiform (fu) and oval (ov) nuclei. The red outline represents the region referred to as
“anterodorsal (ad)”. (B) A sagittal view of the rodent brain with focus on the BNST and other structures that are
implicated in mediating anxiety states. Grey arrows represent neural circuits implicated in anxiety-related
behaviours. mPFC, medial prefrontal cortex; LS, lateral septum; THAL, thalamus; ov, oval BNST; CeA, central
amygdala; BLA, basolateral amygdala; HPC, hippocampus; LH, lateral hypothalamus; HYP, hypothalamus; VTA,
ventral tegmental area; PB, parabrachial nucleus; DR, dorsal raphe; PAG, periagueductal gray.
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Interestingly, the ovBNST is devoid of direct inputs from the BLA and only receives a very weak
projection from the adBNST (Dong, Petrovich, & Swanson, 2001; Kim et al.,, 2013). Studies using
anterograde tracing illustrated that the ovBNST, similar to the CeA, projects heavily to HPA axis-related
structures, and not surprisingly, also projects dense inhibitory feedback to the CeA. In fact, the ovBNST
and the fusiform nucleus, which the ovBNST projects to very densely, along with the CeA, form a highly
interconnected network that reportedly mediates aspects of the stress response (Dong et al., 2001b).
Taken together, these data show that subregion specificity, neurochemical composition and anatomical
connectivity are all features to be considered when studying the role of the BNST in anxiety. Moreover,
the CeA and the ovBNST share strikingly similar circuitry and neurochemical profiles, which strongly
support their interconnective roles in mediating anxiety-states. Lastly, the ovBNST has a distinct role in

the modulation of anxiety.

1.4. Structural Abnormalities associated with Pathological Fear and Anxiety
The intricate interplay of structures, circuitry and neurochemical profiles that contribute to processing
emotional stimuli can be disrupted in pathological anxiety and fear. Clinical and animal research has
repeatedly shown that stressful and anxious experiences can induce alterations in fear/anxiety
neurocircuitry and functioning. For example, ELS and anxiety has been linked to enlarged amygdala,
particularly the BLA nuclei, through the interplay of prolonged exposure to stress hormones and
experience- dependent plasticity in the animal brain (Mitra and Sapolsky, 2008; Lupien et al., 2009). In
humans, higher amygdala volume has been reported in adults with GAD as well as healthy adults with
high trait anxiety (Etkin et al., 2009; Baur et al., 2012). Furthermore, patients with social anxiety disorder
showed increased amygdala activation during anticipatory anxiety relative to healthy subjects (Boehme
et al., 2013). In addition, Quin and colleagues demonstrated that children with high levels of anxiety

showed enlarged amygdala and functional hyper-connectivity with distributed regions (Qin et al., 2014).

In line with this, diffusion tensor imaging (DTI) studies have highlighted micro-architectural alterations
in the structural organization and integrity of certain brain regions or white matter tracts across a range
of psychiatric disorders including affective disorders such as anxiety. For example, a study conducted
with twins discordant for lifetime GAD showed reduced fractional anisotropy (FA) values in the left
uncinate fasciculus (UF) and in the right inferior longitudinal fasciculus in the affected twins (Hettema
et al., 2012). The UF connects the amygdala and the orbitofrontal cortex (Ebeling and Cramon, 1992).
These findings are consistent with studies in GAD in which abnormalities in connectivity between limbic
and frontal structures have been described (Etkin et al., 2009, 2010; Ayling et al., 2012). Evidently, stress
and anxiety, potentially in interaction with genetic predispositions and exposure to environmental

adversity, have an enormous impact on structural and functional integrity within the brain.



General Introduction |10

On the molecular level, these changes have been associated with greater dendritic arborization and
aberrant pruning of synapses, leading to an increased rate of growth in certain structures such as the
amygdala (Davidson & McEwen, 2012; Vlyas et al., 2002). Such increases have been linked to prolonged
activation of stress hormones, like cortisol, which act directly on the BLA and also lead to heightened
fear and anxiety (Vyas et al., 2004; Lupien et al., 2009; Roozendaal et al., 2009). Excessively elevated
levels of cortisol however can also have the opposite effects, for example in the hippocampus and
prefrontal cortex (PFC), leading to inhibition of cell proliferation and neurogenesis, which can eventually
result in structural volume loss and functional impairments (Magarifios et al., 1996; Sandi et al., 2003;
Hall et al., 2015). Thus, abnormalities in the structures and circuitry that mediate anxiety-and fear-
related states are an important element of pathological or maladaptive anxiety. Together with genetic
predispositions and environmental factors, dysregulation of the stress system response, especially in
the form of aberrant glucocorticoid (GC) signalling, poses a major risk factor to develop an anxiety
disorder. It is therefore crucial to understand the complex neural and physiological underpinnings of
stress and identify how an adaptive stress response can shift towards a maladaptive reaction that may

ultimately contribute towards the pathogenesis of anxiety.

1.5. Stress and the HPA axis

1.5.1. The Concept of Stress
The physiologist Claude Bernard noted that the maintenance of life is critically dependent on keeping
our internal milieu constant in the face of a changing environment (Bernard, 1957). Walter Cannon, also
a physiologist, referred to this as “homeostasis”(Cannon, 1915). Hans Selye (1956), an endocrinologist
heavily influenced by the latter two scientists, used the term “stress” to represent the “non-specific
response of the body” to anything that threatens homeostasis (Selye, 1956). The actual or perceived
threat to an organism is referred to as the “stressor” and the response to the stressor is called the
“stress response”. Selye pioneered the field of stress research and provided convincing arguments that
although stress responses evolved as adaptive processes, severe and/or prolonged stress responses
might have an impact on health and lead to disease. Nevertheless, attempts to identify stress, which is
an inferred state (such as anxiety, pleasure, fear, etc.) as a biological construct have suffered the same
fate as other such discussions and a consensus definition still eludes the field. Over the recent years,
many experimental approaches brought forth new evidence that the neuroendocrine response is in fact
stressor-specific. However, although different categories of stressors (i.e. physical or neurogenic; acute
or chronic; external or internal; severe or light; etc.) require different brain networks, all stressors

converge to activate the HPA axis (Herman et al., 2003).
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1.5.2. The HPA axis
The HPA axis, together with the sympathetic nervous system (SNS), comprise the stress system which
mediates the stress response. Upon stress, the SNS stimulates rapid release of adrenaline and
noradrenaline from the adrenal medulla. Simultaneously, monoaminergic neurons in brain stem areas
are activated, such as the noradrenergic neurons of the locus coeruleus (Valentino and Van Bockstaele,
2008). Peripherally and centrally released monoamines then exert rapid, but short-lasting effects on
neuronal activity and brain function, promoting a “fight-or-flight” response and the mobilisation of
resources to compensate for adverse effects of stressful stimuli (Smith and Vale, 2006). In the HPA axis,
the parvocellular neurosecretory neurons within the PVN of the hypothalamus release CRH and
arginine-vasopressin (AVP) (see Fig. 3). CRH and AVP are released from the median eminence into the
hypophysial portal blood system, which connects the hypothalamus and the anterior part of the
pituitary gland. At the pituitary gland, CRH and AVP act synergistically to stimulate the release of
adrenocorticotrophic hormone (ACTH), whereby CRH binds to G-protein coupled corticotrophin
releasing hormone R1 receptors (CRHR1) which activates adenylate cyclase, and AVP to AVP1B
receptors. The binding of CRH also enhances transcription of the proopiomelanocortin (POMC) gene,
which encodes ACTH. Once ACTH is synthesized, it is packaged into vesicles and released into the
peripheral circulation. At the adrenal cortex, ACTH stimulates the release of GCs (cortisol in humans and
corticosterone in rodents). GCs are recognised as the major end products of the HPA axis and
subsequently act on various targets to modulate the effects in almost every system of the body (e.g.
metabolic, immune, cardiovascular, nervous, etc.). Most importantly, however, GCs are involved in
negative feedback mechanisms whereby they operate at different levels of the HPA axis and the

hippocampus to terminate the stress response and restore baseline levels.
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Figure 3: The stress response as mediated by the hypothalamus-pituitary-adrenal (HPA) axis

A key system in the mediation of the stress response is the HPA axis. Neurons in the paraventricular nucleus (PVN) of the
hypothalamus secrete corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP). Subsequently, this
triggers the release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary, leading to the production of
glucocorticoids by the adrenal cortex, which then bind to the glucocorticoid receptor (GR) and the mineralocorticoid
receptor (MR). Following activation of the system, and once the perceived stressor has subsided, feedback loops at
various levels of the system (from the adrenal gland to hypothalamus and other brain regions such as the frontal cortex
and hippocampus) shut the HPA axis down to return to a set homeostatic point (adapted from Lupien et al (2009)).
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The actions of GCs are mediated by two receptor systems, the type |, high affinity mineralocorticoid
receptor (MR), encoded by the NR3C2 gene, and the type I, low affinity glucocorticoid receptor (GR),
encoded by the NR3C1 gene. Based on differences in location and binding-affinity, the MR and GR have
distinct roles. MRs are abundantly expressed in limbic circuits, whereas GRs are widely expressed in
neurons and glial cells, and have their densest expression in brain regions that control the physiological
and behavioural stress response, such as the amygdala, hippocampus and hypothalamus (specifically,
in PVN-CRH neurons and anterior or pituitary POMC cells) (de Kloet et al., 2020). Moreover, MRs bind
corticosterone with very high affinity, which means they are substantially occupied at basal circulating
corticosterone levels. The GR, however, is virtually devoid of ligand at low basal corticosterone levels
and only becomes activated after stress and at the circadian peak, and is therefore particularly
important for negative feedback and terminating the stress response (Reul and De Kloet, 1985; de Kloet
et al., 2020). Overall, the GR and MR complement each other in the control of the initiation and
termination of the stress response. Moreover, proper GR signalling and HPA axis regulation is crucial for

homeostasis and health.

In the absence of GC binding or other activating signals, steroid receptors such as the GR are
sequestered in the cytoplasm in a heteromeric protein complex (Cheung and Smith, 2000). This
complex, which involves several chaperones and co-chaperones, folds the GR to a conformation with
high-affinity hormone binding competence and tightly regulates GR translocation to the nucleus. Briefly,
the chaperone heat-shock protein 70 (Hsp70) binds to and unfolds the GR in the cytosol (see Fig. 4). The
Hsp70-heat shock protein 90 (Hsp90) organizing protein (hop) promotes the transfer of the partially
folded GR to the Hsp90-based folding platform. Hop is later dislodged from the Hsp90-GR complex upon
Hsp90 binding ATP and subsequent association of the co-chaperones FK506 binding protein 51
(FKBP51), FKP506 binding protein 52 (FKBP52), cyclophilin 40 (CyP40) and protein phosphatase 5 (PP5).
Hsp90 keeps the GR in a hormone binding competent state, stabilized by the co-chaperone p23. The co-
chaperone FKBP51 inhibits nuclear transactivation of GR, while FKBP52 and other co-chaperones
promote translocation. Subsequently, the GR binds corticosterone, dimerizes in a homo-or heterodimer
and translocates to the nucleus where it binds to specific DNA sequences located in the promoter region
of target genes, termed glucocorticoid response elements (GREs), stimulating or inhibiting the

expression of target genes (Mifsud and Reul, 2016; Fries et al., 2017, Baker et al., 2019).

Notably, FKBP51 has a dissimilar regulatory function to all the other co-chaperones of the GR-complex.
FKBP51 is upregulated by GR activity, which directly promotes the transcription of FK506 binding protein
5 (FKBP5), the gene that encodes FKBP51, and which contains functional GREs. Increased FKBP51 then

hinders GR translocation, at least in part, by impairing the interaction between the GR heterocomplex
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with dynein, which results in reduced GR activity. The proposed mechanism of action is a short, negative
feedback loop whereby FKBP51, in a Hsp90-dependent mechanism, decreases GR ligand binding affinity,
causing resistance to GC feedback (Zannas et al., 2016; Baker et al., 2019). FK506 binding protein 4
(FKBP4), the gene that encodes the highly similar FKBP51 homologue, FKBP52, has the opposite effect
on GR activity, which may be a combination of increased dynein binding as well as through displacing
the inhibitory effects of FKBP51 from the Hsp90-heterocomplex, However, conflicting evidence suggests
that FKBP52 does not alter GR nuclear translocation (Riggs et al., 2003, 2007; Wochnik et al., 2005;
Baker et al., 2019).
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Figure 4: Schematic of glucocorticoid receptor (GR) nuclear transactivation and FKBP51-mediated
negative feedback loop

Glucocorticoids secreted from the adrenal cortex crosses the plasma membrane of the cell. Inside the
cell, Hsp70 binds and unfolds the GR in the cytosol; hop then recruits GR:Hsp70 to Hsp90. Co-
chaperones such as FKBP51 and FKBP52 bind to Hsp90 as hop is released. p23 stabilizes the GR:Hsp90
heterocomplex. Upon glucocorticoid binding to the GR, FKBP51 (which inhibits GR nuclear
transactivation) is replaced by FKBP52. FKBP52 facilitates the translocation of the GR complex into the
nucleus, where it binds to glucocorticoid response elements (GREs). FKBP5 is one of the target genes
of the GR, resulting in an ultra-short feedback loop that decreases GR activity.
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Overall, the HPA axis response to stress is a highly complex and fine-tuned procedure, orchestrated by
the balanced interplay of many subordinate components, their interconnected mechanisms, and down-
stream pathways. Proper termination of the stress response through functioning negative feedback
mechanisms on several levels of the HPA axis that are mediated by GR signalling and intracellular
modifications of co-chaperones such as FKBP51, is crucial to maintaining homeostasis and health.
Dysfunction of the HPA axis and aberrant GR signalling are believed to contribute to the development
of anxiety disorders (De Kloet et al., 2005; Joéls, 2011; Joéls & Baram, 2009). It is thus important to
investigate the underlying mechanisms that can lead to HPA axis dysregulation, possibly as a
combination of genetic predisposition and external factors, and that pose a risk factor to maladaptive

anxiety.

1.5.3. HPA axis Dysregulation in Anxiety Disorders
If the stress response is inadequate or excessive and prolonged, the cost of maintaining homeostasis
may become too high, which is a condition referred to as “allostatic load” (McEwen, 2003). Traumatic
experiences in childhood or acute and chronic stress challenge an organism to cope. The inability to
cope with stressful life events, which may lead to the hypersecretion of corticosteroids, imposes an

increased risk for mood disorders, including anxiety disorders (De Kloet et al., 2005).

In acute anxiety, the activation of the HPA axis is adaptive. Conversely, in chronic anxiety the gradual
development of a disconnection between the stressor and its behavioural consequences is the main
coping mechanism which allows for continuous everyday normal functioning. When this mechanism
fails, the HPA axis is consistently activated, which results in a sustained increase of cortisol levels,
impaired coping mechanisms, and lower tolerance to subsequent stressors. In fact, animal studies that
utilized “chronic stress models” that are based on several weeks of daily immobilization or repeated
social stressors such as daily exposure to a dominant male, reported severe deficits in hippocampus-
related memory, increased fear-motivated behaviour, and significant neural correlates of these
behavioural deficits (Conrad et al., 1999; Kim and Diamond, 2002; Bowman et al., 2003; Sandi, 2004)
Specifically, in the amygdala, the hippocampus, and PFC, including aspects of structural remodelling and
cell proliferation, as well as changes in amine, neuropeptide and corticosteroid systems (De Kloet et al.,
2005). Most likely, the effects of chronic stress are mediated through MR- and GR- related actions,
whereby negative feedback resistance of the GR results in elevated circulating GC concentrations.
Consequently, MR and GR gene regulation are altered and may result in increased or decreased
expression levels within different neural structures, such as the hippocampus or hypothalamus, further
exacerbating deficient feedback of the HPA system. Moreover, abnormal levels of GRs and MRs have

been associated with the cognitive and emotional disturbances resembling symptoms of mood
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disorders. For example, deleting GR expression in the limbic system (except for hypothalamic PVN)
resulted in a depression-like phenotype, whereas forebrain specific overexpression of the GR in mice
resulted in a state of emotional lability (Wei et al., 2004; Boyle et al., 2005). Thus, chronic stress, such
as observed during prolonged exposure to stressful life events, along with an inadequacy to cope or the
perceived loss of control, may lead to persistent activation of the HPA axis, aberrant GR/MR signalling

and subsequently to a constant increase of cortisol levels.

Interestingly, patients with a primary diagnosis of Cushing’s disease, defined as Cushing’s syndrome
associated with an ACTH-secreting pituitary tumour and characterized by hypercortisolism, often suffer
from anxiety, specifically GAD (Loosen et al., 1992). Successful treatment of Cushing’s syndrome by
correction of hypercortisolism was associated with the gradual reduction of symptoms in atypical
depression and anxiety (Dorn et al., 1997). A considerable number of patients suffering from anxiety
disorders exhibit hyperactivity of the HPA axis, with the consequent hypercortisolism. This has been
described in patients with panic disorder (PD) or GAD, however, hypercortisolism in patients has not
been observed in other studies (Tafet et al., 2001; Risbrough and Stein, 2006; Abelson et al., 2007; Hek
et al., 2013). This may not come as a surprise, however, since hypercortisolism is neurochemically not
the same as chronic stress or an anxiety disorder. In fact, chronic stress is characterised by prolonged
release of GCs, yet the secretion is triggered by neuropeptides (for example, CRH). In healthy individuals,
neuropeptides facilitate adaptation, which they fail to do so in individuals affected by anxiety disorders,
which precipitate psychopathology (De Kloet et al., 2005). In Cushing’s disease, or even corticosteroid
therapy, the prime cause is excessive GC, but not peptide concentrations, which have vastly different
effects that range from cognitive impairment to psychosis, and even to mania and delusions (De Kloet
et al., 2005). Nevertheless, confirming previous observations regarding the effects of chronic stress,
HPA axis dysregulation and increased levels of GCs seem to be implicated in the psychopathology of
anxiety disorders. Furthermore, restoring or normalizing HPA disturbance has been shown to be a

prerequisite for successful treatment and persistence in mood disorders.

Along with HPA axis hyperactivity, exposure to ELS (such as childhood abuse or adverse parenting
experience) has been considered a major risk factor for anxiety disorders later in adulthood (Kendler et
al., 1992; Bandelow et al., 2004; Lochner et al., 2010; Gal et al., 2011; Sauro et al., 2012; Lahdepuro et
al., 2019). For example, children who experienced permanent or long-term separations from parents,
or parental death, exhibited a hyperactive HPA axis, with increased basal cortisol levels and cortisol non-
suppression after the Dexamethasone (Dex) Suppression Test (Breier et al., 1988; Tyrka et al., 2008).
Furthermore, Pfeffer et al. (2007) noted that children who had lost their parent in the September 11",
2011 terror attack had significantly increased rates of anxiety disorders, as well as significantly higher

morning and afternoon baseline cortisol compared to non-bereaved children. At last, Carpenter and
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colleagues reported that childhood sexual abuse was a significant predictor of higher cortisol curves in
adulthood (Carpenter et al., 2009). Thus, it seems like severe ELS is associated with persistent
sensitization of the HPA axis, which can result in HPA axis hyperactivity to subsequent stressors,

eventually resulting in an increased risk for maladaptive anxiety later in life.

While the vast majority of studies demonstrate HPA hyperactivity as a risk factor for anxiety disorders,
compared to the extensive literature of HPA axis reactivity in patients with depressive illness, the
evidence base relating to HPA axis function in patients with anxiety disorders is relatively limited and
often discordant (Arborelius et al.,, 1999; Heim and Nemeroff, 2001; Sauro et al., 2012; Elnazer and
Baldwin, 2014; Tafet and Nemeroff, 2020). Particularly, it is important to keep in mind that anxiety is
highly comorbid with depression. In fact, Vreeburg et al (2010) observed that a modest but significantly
higher 1- hour cortisol awakening response among anxiety patients was driven mainly by those with
comorbid depression, and similar data was confirmed by de Kloet et al. (2008). Nevertheless, Vreeburg
also found that—independently of the presence of comorbid depression- panic disorder (PD) combined
with agoraphobia was strongly associated with an increased cortisol awakening response, whereas PD,
GAD and social phobia were not as much associated (Vreeburg et al., 2010). In addition, Graeff (2007)
demonstrated that anticipatory anxiety and GAD both activate the HPA axis, whereas panic attack
causes major sympathetic activation, but has little effect on the HPA axis. Thus, these results indicate
that HPA axis dysregulation can be considered a general feature of anxiety disorders, but hyperactivity
itself is no unifying disturbance of HPA axis function across all anxiety disorders (Sauro et al., 2012;

Sotnikov et al., 2014).

Taken together, HPA axis dysregulation due to excessive or prolonged GC exposure, as exemplified by
hypercortisolism in Cushing’s disease or chronic stress or ELS, and subsequent sensitisation of the HPA
axis, poses a vulnerability factor for anxiety disorders. However, hypercortisolism is not equivalent to
chronic stress or exposure to ELS or even an anxiety disorder. Nevertheless, the same endocrine
conditions that are elicited by these conditions might induce a susceptibility to anxiety in individuals

that carry a genetic risk.

1.6. The co-chaperone FKBP51 as a Risk Factor for Anxiety Disorders
Co-chaperone variants and altered expression levels have been linked to psychiatric illness. The co-
chaperone FKBP51 has been implicated in several pathological processes and diseases including
depression, PTSD, anxiety disorders, Alzheimer’s disease and even cancer (Koren et al., 2011; Hou and
Wang, 2012; Zannas and Binder, 2014; Blair et al., 2015; Sabbagh et al., 2018). Variations in the function
of FKBP51 can be caused by changes in FKBP5 levels due to genetic, epigenetic and environmental

factors.
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FKBP51 displays peptidyl-prolyl isomerase activity and classifies as an immunophilin due to its binding
to the immunosuppressants FK506 and rapamycin. FKBP51 consists of three important domains; first, a
peptidyl-prolyl cis-trans isomerase (PPlase) domain (called FK1), located at the N-terminus, which is
recognized as the primary regulatory domain for steroid receptor signalling and furthermore as the
binding site of the immunosuppressive drugs FK506 and rapamycin (Riggs et al., 2003; Sinars et al., 2003;
Kozany et al., 2009). The second domain, FK2, is less well characterised and understood than FK1.
Regardless, the FK2 domain possesses a scaffolding function and contributes to protein-protein
interactions (Sinars et al., 2003; Hahle et al., 2019). The C-terminal region- the third functional domain-
contains a three- unit repeat of the tetratricopeptide repeat (TPR) domain which mediates Hsp90

binding within steroid receptor complexes (Pratt and Toft, 1997; Kumar et al., 2017).

FKBP51 is a multifunctional protein that is not only involved in stress regulation and GR modulatory
functions, but also implicated in pathways such as NF¢B, AKT/ mTOR and AKT/PHLPP signalling, as well
asimmune function, autophagy, apoptosis, cell growth, cytoskeleton dynamics, epigenetic remodelling,
and metabolism (see Zgajnar et al., 2019 and Hahle et al., 2019 for review). FKBP51 is also a protein that
is regulated at multiple layers. The FKBP5 gene consists of 13 exons which are located on the short arm
of chromosome 6. The most important hallmark of the gene, at least with respect to GR regulation, is
the presence of several GREs in the promoter region and intron 2,5 and 7 (Zannas et al., 2016; Hahle et
al., 2019). Notably, FKBPS5 transcription is not only induced by GR, but also by androgen receptor (AR)
and progesterone receptor (PR) activation (Magee et al., 2006; Jaaskeldinen et al., 2011; Stechschulte
and Sanchez, 2011). Nevertheless, upon binding of activated GRs, these enhancer elements promote
transcription via the formation of three-dimensional chromatin loops and the recruitment of RNA

polymerase to the transcription start site.

Several polymorphisms have been identified within the FKBP5 gene that allow for stronger FKBP51
induction by GCs. For example, the rs1360780 short nucleotide polymorphism (SNP) is located in intron
2 close to a functional GRE, and the rarer T-allele was demonstrated to lead to increased GR-mediated
FKBP51 expression, likely supported by the ability to bind TATA-box binding protein (Bertolino and Singh,
2002). FKBP5 has also been shown to be regulated by DNA methylation, directly mediating the effects
of environmental stimuli on the gene. Furthermore, DNA methylation changes across different regions
of the FKBP5 gene can influence its expression and interact with specific polymorphisms (Fries et al.,
2017). In line with this, Klengel et al (2013) found reduced DNA methylation specifically in the intron 7
of the FKBP5 gene in rs1360780 T allele carriers that had been exposed to childhood trauma, but not
individuals with alternate genotypes. Furthermore, reporter gene assays showed that decreased
methylation in this specific region was linked to disinhibited GR-induced transcription of FKBP5 and GR

resistance. Moreover, these effects were observed only with childhood but not adult trauma,
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emphasizing a complex interplay between genotype, DNA methylation and environmental influences,

specifically ELS, on FKBP5 gene transcription.

FKBPS5 transcription has also been shown to be controlled in a region and tissue specific manner, possibly
through a combination of the aforementioned mechanisms (Fries et al., 2017). In a study performed
with mice, Scharf et al (2011) showed that FKBP51 is ubiquitously expressed throughout the entire brain,
with higher expression levels in specific brain areas. In particular, regions with low basal FKBP51
expression, such as the PVN or the CeA, showed a higher increase in FKBP5 mRNA following induction
via dexamethasone treatment than regions with high baseline expression levels, like the hippocampus,
which showed only a modest induction of FKBP5 expression. These findings strongly support the role of

FKBP51 as a negative regulator of GR sensitivity.

Notably, common FKBP5 SNPs, such as the allelic variant rs1360780, have been associated with an
increased risk of developing a mood disorder (Binder et al.,, 2004). Accordingly, Ising et al (2008)
demonstrated that healthy controls that were homozygote for the high-induction alleles showed
significantly slower recovery from stress-related increases in cortisol levels as well as more anxiety
symptoms in the recovery phase than healthy controls with the other allelic variants. More recently,
FKBP5 polymorphisms were also associated with an increased risk of anxiety in patients with cancer
(Kang et al., 2012). In addition, carriers of the same rs1360780 risk variant were more susceptible to
anxiety and other mental health disorders when exposed to maltreatment as a child (Klengel et al., 2013;
Scheuer et al., 2016). Similarly, other FKBP5 allelic variations have been linked to several mental
disorders such as depression, PTSD, bipolar disorder, schizophrenia, suicidal behaviour and psychosis
(Binder et al., 2008; Fujii et al., 2014; Mihaljevic et al., 2017; Stamm et al., 2016; Szczepankiewicz et al.,
2014; for review Zannas et al., 2016). Interestingly enough, however, at least four SNPs (rs1360780,
rs9470080, rs9296158, rs3800373) have been reported to be significantly implicated in anxiety (Criado-
Marrero et al., 2018).

Taken together, substantial evidence from mice and human genetics has confirmed FKBP51 as a key
regulator of GR sensitivity and the HPA stress response. Specifically, its regulatory mechanisms and

direct interaction with stress make FKBP5 a candidate gene in the pathology of anxiety disorders.

1.6.1. FKBP51 in the Amygdala and its implication in Anxiety
The role of FKBP5 in the development and susceptibility to anxiety disorders has long been
overshadowed by research into the implication of FKBP5 and depressive illness. However, recent studies
in rodent models have provided supporting evidence and further insight into the link of FKBP5 and

anxiety. Naturally, the focus of research has been on the amygdala. While a global knockout of FKBP5
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did not affect anxiety-like behaviour under basal and stress conditions, selectively reducing FKBP51 in
the amygdala with viral vectors alleviated stress-induced anxiety-like behaviour in mice (Attwood et al.,
2011; Touma et al., 2011; Hartmann et al., 2012b; JC et al., 2013). Likewise, pharmacological disruption
of FKBP51 signalling locally in the amygdala also demonstrated an anxiolytic effect (Hartmann et al.,
2015). In line with this, viral-mediated overexpression of FKBP51 in the BLA or the CeA enhanced
anxiety- like behaviour (Hartmann et al., 2015). However, anxiety was not altered by overexpressing
FKBP51 in the dorsal hippocampus of mice (Hartmann et al., 2015) or by knocking down FKBP5 in the
prelimbic cortex of rats (Criado-Marrero et al., 2017). This reconfirms the region- specific regulation of

FKBP51 and how these effects in the amygdala seem to be critical for anxiety regulation.

As a matter of fact, interaction with stress-related mechanisms has also been shown to modulate
FKBP51 in the amygdala. Attwood and colleagues found that chronic stress increases amygdalar FKBP51
in mice through a pathway involving neuropsin dependent cleavage of the tyrosine receptor kinase,
EphB2 (Attwood et al., 2011). More recently, a study showed that microRNA-15a inhibits amygdalar
FKBP51 expression, which decreased anxiety levels in mice. Reciprocally, reducing amygdalar microRNA-
15a increased FKBP51 and anxiety-like behaviour after exposure to a chronic stress paradigm (Volk et
al., 2016). Overall, these findings indicate that FKBP51 in the amygdala does in fact play an important
role in the regulation of anxiety. This makes FKBP51 a key therapeutic target in stress- related anxiety

disorders.

1.7. The Neuropeptide Tachykinin 2 and its implication in Stress and Anxiety
Neuromodulators such as biogenic amines and neuropeptides have long been implicated as mediators
of internal states (Harris-Warrick and Marder, 1991; Marder, 2012; Kennedy et al., 2014; Zelikowsky et
al., 2018a). In particular, the family of tachykinins has been identified to be involved in the regulation of
emotional processes, and possibly in the modulation of stress, anxiety and mood responses. Mammalian
tachykinins including the main members substance P (SP), neurokinin A (NkA) and neurokinin B (NkB)
are a group of neuropeptides that are almost exclusively expressed in neurons, acting as
neurotransmitter and/or neuromodulators in the central nervous system (CNS). Most studies on
tachykinins have been carried out in the rat brain and have primarily focused on SP (Ebner et al., 2009).
Thus, the role of NkB, which is encoded by the Tac3 gene in humans and Tac2 gene in rodents, in the
stress response and its effects on anxiety-related phenotypes has been overlooked. NkB has long been
accepted as a robust modulator for neuronal activity (Otsuka and Yoshioka, 1993; Mar et al., 2012).
Interestingly, first evidence for a role of NkB in the control of stress and anxiety-related behaviours came
from reports that intracerebral injections of NkB or adequate agonists modulate emotional behaviour

(Ribeiro & De Lima, 2002; Ribeiro et al., 1999; Ribeiro & De Lima, 1998). For example, anxiolytic-like
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effects were observed after central NK3 receptor activation in the EPM and, vice versa, anxiogenic

effects after inhibition of NK3R activity (Ribeiro et al., 1999).

More recent studies have implicated Tac2 directly in the stress response as well as in fear learning and
memory (Andero et al., 2016; Andero et al., 2014). In fact, Andero and colleagues (2014) reported that
increased Tac2 expression in the CeA following virally mediated overexpression or via a stress-induced
animal model for PTSD was sufficient to enhance fear consolidation. Likewise, Zelikowsky and colleagues
(2018) demonstrated that social isolation stress caused a distributed upregulation of Tac2 in regions
including the adBNST and the CeA, and consequently linked Tac2 expression to an anxiogenic
phenotype. Moreover, systemic administration of Osanetant, a NK3 receptor antagonist, attenuated
the SIS induced anxiety-like behaviour. Chemogenetic silencing of Tac2 positive neurons in the adBNST,
CeA and dorsomedial hypothalamus (DMH) blocked SIS specific behaviour, whereas chemogenetic
activation in combination with Tac2 overexpression mimicked the effects of SIS, respectively. Thus, Tac2
is a relatively novel and unexplored neuropeptide that is clearly implicated in the regulation of stress
and anxiety. Furthermore, it is expressed in the BNST and the CeA which makes it a promising,

complimentary gene to explore with regard to the function of FKBP5.

1.8. Rational and Thesis Objectives
Anxiety disorders are highly prevalent and complex, and there is a pressing demand for a more
comprehensive understanding of the mechanisms underlying such disorders. Dysregulation of the stress
response and genetic risk factors can contribute towards a susceptibility to maladaptive anxiety. Human
and animal studies have shown that aberrant GR signalling as well as variants and altered levels of
FKBP51 precede stress-related pathology. The BNST, specifically the ovBNST, is a promising limbic
structure with regard to anxiety disorders and the region-specific effects of FKBP51 in this region have
not been explored yet. Furthermore, Tac2 is an emerging neuropeptide expressed in the adBNST and
highly likely involved in mediating stress-induced anxiety-like behaviour. The main objective of the
current thesis was to establish how FKBP51 in its function as a GR co-chaperone is implicated in anxiety.
To this end, we formulated explicit research questions to address whether, and to what extent, FKBP51

and its interaction partners might be contributing to specific pathologies that underly anxiety disorders.

Research Questions
l. How does the GR and GR signalling in forebrain neurons of the major neurotransmitter systems
- GABAergic and glutamatergic- contribute to anxiety- like behaviour?

I. Does lack of FKBP51 shape brain structure and connectivity in male mice?
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. How does stress-induced FKBP51 in the ovBNST regulate HPA axis activity and anxiety-related
behaviour?

V. What is the role of Tac2 in the ovBNST and how is it implicated in maladaptive anxiety?
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ORIGINAL ARTICLE
Forebrain glutamatergic, but not GABAergic, neurons

mediate anxiogenic effects of the glucocorticoid receptor

J Hartmann'?, N Dedic’, ML Péhlmann ', A Hausl, H Karst?, C Engelhardt’, S Westerholz, KV Wagner', C Labermaier, L Hoeijmakers ',
M Kertokarijo1, A Chen', M Joéls3, JM Deussing1 and MV Schmidt'

Anxiety disorders constitute a major disease and social burden worldwide; however, many questions concerning the underlying
molecular mechanisms still remain open. Besides the involvement of the major excitatory (glutamate) and inhibitory (gamma
aminobutyric acid (GABA)) neurotransmitter circuits in anxiety disorders, the stress system has been directly implicated in the
pathophysiology of these complex mental illnesses. The glucocorticoid receptor (GR) is the major receptor for the stress hormone
cortisol (corticosterone in rodents) and is widely expressed in excitatory and inhibitory neurons, as well as in glial cells. However,
currently it is unknown which of these cell populations mediate GR actions that eventually regulate fear- and anxiety-related
behaviors. In order to address this question, we generated mice lacking the receptor specically in forebrain glutamatergic or
GABAergic neurons by breeding GR™1°* mice to Nex-Creor DIx5/6-Cremice, respectively. GR deletion specifically in glutamatergic,
but not in GABAergic, neurons induced hypothalamic-pituitary-adrenal axis hyperactivity and reduced fear- and anxiety-related
behavior. This was paralleled by reduced GR-dependent electrophysiological responses in the basolateral amygdala (BLA).
Importantly, viral-mediated GR deletion additionally showed that fear expression, but not anxiety, is regulated by GRs in
glutamatergic neurons of the BLA. This suggests that pathological anxiety likely results from altered GR signaling in glutamatergic
circuits of several forebrain regions, while modulation offear-related behavior can largely be ascribed to GR signaling in
glutamatergic neurons of the BLA. Collectively, our results reveal a major contribution of GRs in the braifs key excitatory, but not
inhibitory, neurotransmitter system in the regulation offear and anxiety behaviors, which is crucial to our understanding of the

molecular mechanisms underlying anxiety disorders.

Molecular Psychiatry(2017) 22, 466-475; doi:10.1038/mp.2016.87; published online 31 May 2016

INTRODUCTION

Anxiety disorders, such as generalized anxiety disorder, panic
disorder, obsessive-compulsive disorder and posttraumatic stress
disorder, represent the most common psychiatric illnesses, with a
lifetime prevalence of approximately 30% in the United States! >

Dysfunctions of the major excitatory (glutamate) and inhibitory
(gamma aminobutyric acid (GABA)) neurotransmitter circuits have
been implicated in anxiety disorders. In particular, an imbalance
between these neurotransmitter systems can lead to abnormal
excitability of the anxiety-related neuronal network, thereby
causing aberrant behavioral responses'®

The major environmental risk factor for anxiety disorders is
exposure to traumatic and stressful life events, such as threats
and social stress®' These situations activate the hypothalamic
pituitary-adrenal (HPA) axis, which ultimately leads to the
enhanced secretion of glucocorticoids (GCs). GCs alter neuronal
activity in various brain regions, including the hippocampus and
the basolateral amygdala (BLA), which are implicated in attention,
vigilance and the selection of appropriate behavioral strategies!’
This mechanism allows the body to optimally face stress
challenges and adapt to environmental stimuli.

GCs act via glucocorticoid receptors (GRs) and mineralocorticoid
receptors (MRs), and proper GR signaling is critical for a healthy
stress response. Thus dysfunction of the HPA axis and altered GR
signaling are believed to contribute to the development of

anxiety disorders.'' ' Earlier pharmacological and genetic

approaches have clearly implicated the GR in the modulation of
stress-related  behaviors.'”?' Both central nervous system
(CNS)- and forebrain-specific GR ablation result in decreased
anxiety.'®*" However, the underlying brain regions and specfic
cell types that modulate GR action on fear and anxiety still remain
largely unknown.

Given the reports of previous studies'®?°?? and the impor-
tance of the glutamate-GABA balance for the etiology of anxiety
disorders, we argued that particularly GR expression in excitatory
(that is, glutamatergic) neurons would impact fear- and anxiety-
related behavior. To test this, we generated conditional mouse
mutants lacking the receptor in glutamatergic neurons GR'“
mice) and contrasted this with mice lacking GR in the majority of
GABAergic neurons (GRA®AC mice). Subsequently, we assessed
whether fear- and anxiety-related behavior are regulated by GRs in
glutamatergic neurons of the BLA (GR-BLA”""®*% mice). Thus our
models have the unique potential to specfically dissect the role of
the GR in the major excitatory and inhibitory neurotransmitter
system within distinct brain regions of the CNS.

MATERIALS AND METHODS

Detailed information on experimental procedures is provided in Supple-
mentary Materials and Methods.

"Department of Stress Neurobiology and Neurogenetics, Max Planck Institute of Psychiatry, Munich, Germany?Department of Psychiatry, Harvard Medical School and McLean
Hospital, Belmont, MA, USA and 3Department of Translational Neuroscience, Brain Center Rudolf Magnus, UMC Utrecht, Utrecht, The Netherlands. Correspandence:
Dr MV Schmidt, Department of Stress Neurobiology and Neurogenetics, Max Planck Institute of Psychiatry, Kraepelinstr. 2-10, Munich 80804, Germany

E-mail: mschmidt@psych.mpg.de
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Generation of neuratransmitter-specific conditional GR KD lines
The genesation of GA-floxed mice was previously described.'® Conditional
GR mutant mice in glmamatergic or GABAergic cells were obtained
by Brseding GE™" mice 1o Mee-Cre mice or DS/6-Cre mice, respectively,
using & three-generation breeding scheme [detsiled nformation in
Supplementary Materials and Methods).

Generation of Cre-driver-speciic LacZ reporter lines

Moo reporting the expression of Camsda-, Nex- and DSA5-Cre drivers
were gererated by breeding hemizygous o heterozygous Comblo-,
Mew- and D AA-Cre mice to Bosaia™ th-REF-LacT reparter mice (referred
to as K267, flop; foxed stap, '

Aav-mediated deletion of GR in the BLA

Conditional deletion of the GR in the BLA was induced with adens-
associabed vires (AAV) vectors, expresiing an enhanced green Muarescent
pratein (EGFP] reporter ar<d Cre recombanase under the contral of the
Camkio promoter [AAY-Camk2mEGFP-Cre, aPY1917, Penn Yector Core,
University of Pennsybvania, Philadelphia, PA, USAL For the cantrol group,
A& vectors lacking the Cre recombinase were used [AAV-Camk2o:EGFP,
¥PV2S21, Penn Vector Core, University of Pennsyhanial. virs production,
amplification and purification were performead by GeneDetect (Auckland,
Mew Zealandh GRY™ mace were anesthetized with isoflurane, and
0.5 pl [BLA] of either AAV-Camkla:zEGFP-Cre or AANM-Camk2oEGFP were
hilaterally injected in the BELA& at 006 pl min™ ! by glass capillanies with tip
resistance of 2-4 MO in a stereatactic apparatus. The following coordinates
wiere used: BLA 1.0 mm postenor to bragma, 3.5 mm lateral from midling,
and 38 mm below the surface of the skull, After surgery, mice were treatad
for 5 days with Metacam. Behavioral testing stamed 4 weeks after virus
njection. Swocesshul knockout (KO) of the GR in Camkla neursns of the
BLA was verified by immunoflusneicencs. Animals that were not infected
bilatarally in the BLA were excluded fram the analysis,

Single in sty hybridization

Frazen brains were sectioned at —20°Cin a Cryastat miratome at 18 pm,
thaw mounted on Super Frost Plus slides, dried and stored a1 —80°C
In sity hybeidization wsing 75 UTP-labeled ribanudective probes (GR and
carticotrapin-releasing hormone  [CRMY was perdformed as described
provioushy,®

Dowbde in sitw hybridization

Frozen brains were sectioned at — 20°C in & cryadtal micnatome at 20 pm,
thaw mounted on Super Frost Plus slides, dried and stored a1 - 80°C
Dauble in sitw hybnidization [DISH) enabling the simultaneous detection of
twn different mANA markers was performed as previously described,

Immunchistochemistry

nmunefluarescence was perfomed an free-floating sections as described
previowsly™  (detailed information in Supplementary  Materials  and
Meathods).

MNeuroendocrine parameters

To determine basal corticosterone and  adrenocorticotmpic honmons
levels, blood sampling was peformed in the early morning (QE30-
0930 haurs]l  ard  afternoon  (0430-0530 howrs, anly  corticosterone)
by collecting trunk blood from animals rapidly decapitated under
Boflurane anesthesia, with the tims frem frst handling of the animal o
completion of bleeding not ewceeding 455 For evaluation of the
cofticosterane response o stress, we collected blood samples 30 min
1re5|:-uq'h:sue lewels) after an acute stressor (3 forced swim test (FSTI by
tail eul

Behavicral testing

All behavioral tests ware reconded using a videotracking system (Anymaze
4.20: Swoelting, Dubling Ireland), unless otherwise stated. The following
behavioral tests were perforrmed in the marming between 0830 and 1230 h
in the sarme room in which the mice were housed: open feld (OF), alevated
plus maze (EPM), dask-light {Dali) bes, FST, and fear conditoning
paradigms. Home cage activity was assessed during the dark and light

© 2017 Maomillan Pubishers Limited, part of Sgringer Mature,
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cycle. The testing procedures were performed a5 described  in
Supplementary Matenials and Methods,

mEPSC recordings

Mewrons in the BLA were selected for recording if they displayed a pyramidal-
shaped ool body, A0 minizture excitatory postsynaptic current [MEPSCH wens
recorded with a holding potential of =20 mV. If the neuran ender study
displayed stable mEPSC properties during baseline recordineg (at keast 10 min,
cortioosteroids were appled for =30 min via the perfusion medium. &l data
were acquired, stored and anabyzed on a FC using pClamp 20 and Campfit
.2 (Awon Instrments, Berkshire, UK], Minimal cutoff for mEPSC anabysis was
& pd (expanrmental detalls in Supplementany Matenak and Methods)

Statistical amalysis

The data presented are shown as means+sem, and were analyzed by the
commaercally available software SPE5 170 (5P5%, Chicagao, 1L USA} and
Sigrma Plot 10.0 {Systat, Erkrath, Germany], The sample size was chosen
such that with a type 1 error of 005 and a type # ermor of 1.2 the effect sze
shauld be at keast 1.2-fold of the pooled sd. When two groups were
compared, the unpaired Student's t-test was applied. If data were not
niarmally distributed, the non-parametnic Mann-Whitney test was usad. For
four-group comparisens (chronic socal defeat stress), tao-way analysis of
variance was performed. Comparisons between mEPSC  properties
deternined during the final Smin of baseline recording and the final
5 min al recording inthe presence of coricasteron in the same cells were
analyred by ane-tailed paired -pest. The courses af looomotar sacivity in
the OF and the freezing responses during the lear canditioning paradigms
were analyred by repeated-messore analysic of varfance. P-values of
= (05 were considered significant. All data were tested for outliers using
the Grubbs' test. Homogeneity of variances was tested using the Bartlett's
test. fnimals were allocated o experimental groups ina semirandomized
manner, and data analysis was performed blinded to the growp allocation,

RESULTS

Meuretransmitter identity of GR-expressing neurens

Im order to assess the distribution of GR expression within the
major limbic excitatory and inhibitory brain circuits, we performed
DiISH, Simultanecus detection of *75-labeled GR and digosigenin-
labeled vesicular glutamate transporter 1 (Wglutl) riboprabes
revealed predominant expression af GR in glutamatergic newrons
of the hippocampus, BLA and throughout the cortical layers.
Minimal-to-no co-expression was observed for the central amyg-
dala [CeA), confirming earlier findings, which demonstrate a
prominent expression of GABAergic markers in this region™
(Figure Tal, In support, DISH: performed against GR and the
GABRergic markers glutamic acid decarboxylase 65 and &7
(Gadb56G7) revealed a strong co-localization in the Ced. In
addition, GR mRMA was also present in GABAergic interneurons
of the hippocampus and cortex and few Gadbe5/67 cells of the BLA
{Figure 1h), In summary, GE expression within the comex, hippo-
campus and BLA is predominantly confined to Vglutl-positve
glutamatergic newrons, whereas expression in the Ced is langely
restricted to Gadis/G7-positive GABAergic neurons,

Mext we wsed conditional mutagenesis to genetically dissect the
specific involvernent of GRs in glutamatergic and GABAergic
neuranal subpopulations. We crossed GR™ mice with Mex-Cre
or Dixsis-Cre mice to generate the following lines: GRZ“™ mice,
wiwere GR s deleted in forebrain glutamatergic neurens, and
GRS mice, carrying a GR deletion in forebrain GABAergic
neurans. In situ hybridization demonstrated that lack of GR mRNA
in GRY Y mice was most prominent in the cortex and limbic
reglons, including the BLA and dorsal and ventral hippocampus.
We did not ohserve a significant loss of GRs in the dentate gynes,
which might be caused by the repopulation of GR-expressing
newborn neurons during adulthood, considering that the MNEX
promater is only transiently active in the dentate gyrus granule
cells*® In addition, the absence of GR was also detected in a
nurmber of paraventricular nuclews (PYN) newrons (Flgure 2al.

Muodecular Psychiatry (2017), 486 -475
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| Vaglut! + Nr3ct (GR)
' DG

Fgure 1. Glucocorticoid receptor (GR) is exprassed in neurons of the major excitatory and inhibitory neurotransmitter systems within the
brain. GR was colocalized with neurotransmitter-specific markers by double in situ hybridization using wild-type mice. (a) There is a
predominant expression of GR in glutamatergic (Vglutl) neurons of the hippocampus, the basolateral amygdala (BLA) and throughout the
cortex. Minimal-to-no co-expression was observed for the central amygdala (CeA). (b} GR strongly co-localized with GABAergic {Gad65/67)
neurons in the CeA, In addition, GR mRNA was also present in GABAergic neurons of the hippocampus and cortex, and few Gad65/67 cells of
the BLA, Black arrowheads indicate examples of cells expressing only GR (silver grains). Gray arrowheads indicate cells co-expressing GR and
the respective markers (red staining). Scale bar, 50 pm, DG, dentate gyrus,

Molecular Psychiatry (2017), 466475 © 2017 Macmillan Publshers Limited, part of Springer Nature.
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Figure 2. Neurotransmitter-specific GR-CXO lines lack GR expression in a cell type-specific manner. (a) Expression of GR mRNA was assessed by
i situ hybridization in wild-type and neurotransmitter-specific GR-CKO lines. Autoradiographs of glucocorticoid receptor (GR) mRNA
expression pattern in brain sections of wild-type, GE™ ™ and GE“* ™ mice. Areas of Interest are highlighted with arrowheads and dashed
lines. CPu, caudate putamen; Pir, piriform cortex; Ctx, cortex; PVN, paraventricular nucleus; dHc, dorsal hippocampus; CeA, central amygdala;
BLA, basolateral amygdala; vHe, ventral hippocampus. |b) Coronal sections of control and mutant mice were stained for GR protein and DAPI
[4,6-dlamidino-2-phenylindole). DG, dentate gyrus. Scale bar, 250 pm. GR deletion in GF®Y ™ mice is most prominent in limblc structures,

such as the BLA, PVN and hippocampus, whereas lack of GR in GR™

Notably, mice (non-specifically) lacking the GR in principal
forebrain neurons have previously been generated by breeding
GR™“™* mice with Camk2a-Cre mice. Although Camk2a is
predominately expressed In excitatory projection neurons, it s
also found In GABAergic medium spiny neurons of the
strlatum.” * In addition, GABAergic Camk2a-positive neurons
have recently been identified in the bed nucleus of the stria
terminalis and shown to modulate anxiety-related behavior”’
Consequently, Nex-Cre-mediated inactivation represents a much
more selective approach to assess GR deletion specifically in
glutamatergic neurons. In fact, analyses of LacZ mRNA expression
in Camk2a-Cre and Nex-Cre reporter mice showed that, in contrast
to Nex-mediated Cre activity, Camk2a-Cre is additionally expressed
in a subset of neurons of the caudate putamen, CeA, septum and
bed nucleus of the stria terminalis (Supplementary Figure S1).
Moreover, the LacZ expression pattern in Nex-Cre reporter mice
[R26'°“Nex) strongly resembles endogenous Vglut? expression,
which s largely absent from the striatum, as well as from the
thalamic and hypothalamic nuclet****7 However, lack of GR In a

© 2017 Macmillan Publshers Limited, part of Speinger Nature,

EACRD

mice was mainly observed in the CeA

subset of PVN neurons in GR®* mice also suggests recombina-

tion in Vglut2-containing neurosecretory PYN neurons,” ™'
Deletion of GR mRNA in GR*" " mice was most obvious not
only in GABAergic neurons of the caudate putamen and CeA but
also detected in hippocampal and cortical intermeurons (Figure 2a
and Supplementary Figure 52). The latter only constitute a small
fraction of cortical and hippocampal neurons, and hence of
GR-expressing cells, which is reflected in the apparent lack of the
GR mRNA deletion pattern in GRE“* Y mice. However, scattered
expression of LacZ mRNA in the cortex and hippocampus of
Dlx-Cre reporter mice (R26'"“Dix5/6) clearly shows Dix5/6-Cre
mediated recombination in these regions (Supplementary
Figure S1). In addition, previous work has confirmed the exclusive
GABAergic identity of Cre-expressing neurons in Dix5/6-Cre
mice, % Lack of GR expression in GR™ P and GREAAR
mice was also evident at the protein level (Figure 2b and Supple-
mentary Figure S2). Overall, the pattern of GR deletion in both
conditional KO lines nicely mirrored the co-expression patterns

Molecular Psychiatry (2017), 466475
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Figure 3, Glucocorticoid receptor [GR) signaling in glutamatergic, but not GAB&ergic, newrons is necessary for appropriate hypothalamic-
pituitary-adrenal axis activity, [a] Basal am and pm corticosterone levels were increased in GRTT ice fam: Manmn-Whitrey test (MW-test),
T=153.00, P < 0001, ctrl n=12, GF*"™ n=9; pm: ttest, Ty =~ 2697, P 0.05, ctl n=12, GA™ ° n=11). (bl Corticosterone Tesponse
levels, assessed 30 min after an acute stresson, were increased in GRS mice [Hest, To=-3309, P <005, ctrl n=12 8™ n=1),
i€ and d) Basal am and prm, as well a2 responds, corticostarone levels did not differ between GR™ ™ and control linermatas (ool n=12,
GREASSEIE 5 = 100, () Thyrmus weight was decreased in GV mice (rtest, Ta=3,190, 8 = 001, etrl 5= 12, GR™ = a)_ (f) Adrenal gland
weight was increased in GR™ ™ mice (Hest, Ty, =— 9484, F <= 000, etrl n=12, GROWERD 1y gy gl Basal adrenocaricotropic hormane (ACTH)
levels were increased in GEE2S mice (MW-test, T= 17100, F < 0001, ctrl n= 12, GF*™ p =19}, (h} left] Corticotropin-releasing hormaone
[CRH) mRMA levals in the paraventricular nuclews [PYN) were increased in GRE" mice (et Ty =— 2226, P < 005, et n=11, GE=
r=8); (right] Representative in aitu hybridization images of CAH mBNA expresion in the PYR. *F < 005, data are expresed ad meant+iem.

ohserved with DISH, highlighting the selactive neurctransmitter  hody weight of GA™? mice, we found significantly reduced
type-specific deletion properties of the generated mouse mutants,  hody webkaht in GRS mice [Supplementary Flgures 530 and

E). Because of the robust endocrine phenotype of GE™ ™ mice,
Absence of GRs in forebrain glutamatergic neurons results in HPA ~ We continued to check for potential differences in circadian
ais hyperactivity behavior, To investigate baseline activity in a familiar environment

GR™S mice exhibit absence of GR expression mot only in that is not compromised by novelty, home cage activity was

glutamatergic neurons of the PYN (an important feedback site for ~ MoMitored during the dark and light phase by an automated
GCs) but alse in the hippocampus and the BLA, which represent ﬁﬁared tl.an:lur.ug syslterré. H;n{vﬂmr,.we uhser'.'eddnu d:’fe"rences in
additional key players and regulators of the HPA axis. We therefore SEmEter acthity In ) mice compared with (Itermate
imvestigated whether neurotransmitter-specific deletion of GR In controls (Supplementary Figure S3F).
forebraim glutamatergic or GABRergic circuits would hawve an
affect on HPA axis regulation. GR activity in forebrain glutamatergic neurons controls fear and
We found that basal am arvdePm corticosterone levels ware anxiety
significantly increased Im GR™ ™ compared with GRS mice  Next we assessed the behavioral consequences of GE deletion in
(Figure 3a). Moreover, response levels taken 30 min after an acute forebrain GABAergic or glutamatergic newrons on anxiety and
stressor [F5T) showed signi'Fu:antr:.r increased corticosterone levals faar. In the EPM test, G Y2 mice showad reduced anxiaty-like
i GREYS (Figure 3b), in line with impaired negative feedback behavior as compared with control littermates, which s evident
via GRs, Remarkably, we did not observe any changes in corti-  fram increased open arm time and entries (Figure 4a), The kow-
costerone levels in the G mice (Figures 3c and d).  ansiety phenotype of GR™™ " mice was further confirmed in the
Consequently, we analyzad adrenal and thymus gland weight, a5 Dali box test as GRE™™ mice spent more time in tha lit
alterations in these organs are often associated with changes in - compartment and showed an increased distance travelled in the
HPA axis activity, Indeed, adrenal gland weight was significantly it compartment compared with GE™“*™ mice (Figure 4b). The
increased, and thymus weight was significantly decreased in anxdolytic phenotype was independent of alterations in general
el comparad with controls L[:-gure-s 32 and ), while locamation, as total distance travebsd in the OF test [Supple-
there were no changes at all in GRS mice (Supplermentiny mentary  Figures 544 and B) and  home cage  activity
Figures 53A and El. Similarly, basal adrenocorticotropic hormone [Supplementary Figure 53F) did not differ between the two
levels were increased in GRSV but not in GRO™ mice.  genatypes. Moreover, stress-coping behavior in the F5T was nat
supparting & predominant central HPA-hyperdive In GRS ahtered in GF™ ™ mice (Supplementary Figures 54C and O), Mo
animals (Figure 3g, Supplementary Figure 53CL Moreover, we chamges in anziety-related and  stress-coping  behavior wemne
detectad significantly increased CRH mBMA levels in the PYN of observed in GE*"™ T mice [Figures 4c and d; Supplementary
GR™ ™ mice (Figure 3h). Althowgh there were no differences in Figures 540G and H); however, general locomation was increased in
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Figure 4. Glucocorticoid receptor (GR) in glutamatergic, but not in GABAsrgic, meurons selectively drives ansiety-related behavior and fear.
(@) GR™ mice spent more time in (Fest, Ty;=-3.823, = 0001) and showed more entries inte the open arms (ttest, Ty,=— 2602,
P = 005} of the elevated plus maze (EPM) (ctrl n=11, GA"™ n=4#). (b} A" mice spent more time in (Mann-Whitney test [MW-tast),
T=131.00, - 0.05 and showed an increased distance traveled (MW-test, T=128.00, P = 0.05) in the it compartment of the dark-light (Dalil
box fctrl n=12, GA™ n=8), ic and d) Anxiety-related behavior was not altered in "9 mice in the EPM and Dali fctrl n=12,
GRS 0= 11, el GR™ ™ mice showed a reduced freezing response to the conditioned stimulus (tone) in a newtral emvironment during
thiz course of all extinction trials {repeated-measwre analysis of varance (ANOVAL F, - =4976, P = U.EIS:"} after conditioning with a single
tone-footshock paining (ctrl =13, GRTEERD 0 130, [F) Mo differences in freezing were found bebween GEE mice and control mice in the
acquisition and consolidation (day 1) of another aversive fear {mditimiga paradigm with five tone-footshock pairings in a different batch of
mice {n =12 per groupl. During the extinction sessions (day 2 and 71, GR™ mice showed a significantly reduced freezing response to the
conditioned stimulus (repested-measure ANOVA, F, ,=4670, P < 005 (n= uufer group). g and h) Freering behavior did not differ in

ML mice inany of the two fear conditioning paradigms (ctrl n= 12, GR™M ™ 0 2 11): #F = 0,05, data are expressed as meanss.em,

GRE Y mica compared with control littermates in the OF test  freezing response to the tone (cued fear) without confounding
{aupplementary Figures S4E and F). As the contribution of Influsnces of contextual memory, conditioned mice wene only
forebrain GABAsrglc GR: fo newrcendocrine and behavioral tested Im a newtral emvironment, GEY " mice did not show any
alterations may only be apparent under severe stress conditions, significant differenceas during fear retrieval (first three tone bins of
we subjected GRS mice to 3 weeks of chronic soclal defeat  sesslon 1) compared with controls, However, GRESCC mice
stress, However, we stil observed no genotype-dependent  demonstrated enhanced fear extinction compared with GRE
differences with regard 1o corticosterone levels, anxiety, social mice, a3 depicted in the time freezing over the course of the thres

behavior or stress coping (Supplementary Figure 550 etinction sessions (Figure 4e), To resolve whether the enhanced
A hey feature of clinical anxiety disorders is a failure to  fear extinction in GR™“*” mice may be the result of ahtered fear
appropriately inhibit, or extinguish, fear™ Paviovian fear con- lzarming, we subjected another batch of mice to a paradigm with

ditioning represents one of the best rodent models to assess five C5-US pairings,™ allowing the analysis of fear acquisition,
cognitive processes related to fear, It consists of the pairing of a consolidation and extinction in more detail, GR™ ™ mice did not
conditioned stimulus (C5] with an aversive unconditioned stimulus show amy alterations in fear learning compared with A" mice
(U5 electric footshock], which mainly induces increased freezing (Figure 4f, left). However, while there were also no alteration
as a conditioned fear respmse.":' Thus we subjected both during the fear consolidation session (tone bins 1-3], GRECHD
GREOT and GRE™ mice to a fear conditioning paradigm  mice  demonstrated  significantly  enhanced fear  extinction
with a single C5-U% paling. In order to subsequently assess the compared with GREVET nire during the extinction phase (tonse

© 2017 Macmillan Publisbers Limited, part of Sgringer Nature. Muodacular Psychiatry (2017), 466 -475
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Figure 5. Glucocorticoid receptor (GR] signaling in glutamatergic neurons of the basolateral amygdala (BLA) is essential for responses to
corticosterone, and cued fear conditioning. (a) G compared with control mice showed an increased basal miniature excitatory

postsynaptic current (mEPSC) frequency (t-test, Ty, =—2.192, P < 0.05; ctrl n =8, GA“"™ n=8). (b and ¢) BLA neurons of controls responded
to the first pulse (20 min, 100 nu} of corticosterone with increased mEPSC frequency (P < 0.05, n=8) and with a decreased mEPSC frequency
to a second pulse (20 min, 100 nw) applied 1 h later (P < 0.05, n=6). {d and e) BLA responses to a first corticosterone pulse were not present in
GREY O mice (n = 8). BLA responses to a second pulse of corticosterone were not present in GF™Y ™ mice (n=8). (f) Representative images of
GR™™ mice injected with AAV-Camk2w:GFP-Cre (GR-BLA®Y ™7) or AAV-Camk2a:GFP (GR-BLAY "} in the BLA. Green fluorescent protein
(GFP) in green, GR immunostaining in red. (g-j) Anxiety-related behavior was not affected in GR-BLAY ™ mice (GR-8LASY ™ n=10,
GR-BLASY T2 1 — 12). (k) GR-BLA®Y ™™ mice showed significantly attenuated fear leaming during conditioning (repeated-measure analysis of
variance (ANOVA), Fy .,=6.620, P = 0.05) as well as decreased fear expression (day 1) and enhanced extinction (days 2 and 7) (repeated-
measure ANOVA, F;, o= 6.199, P < 0.05) following fear conditioning {GR-BLA® ' n =10, GR-BLA®" ™7 n = 12). *P < 0.05, data are expressed as

mean + s.e.m. DAPY, 4,6-diamidino-2-phenylindole; EPM, elevated plus maze.

bins 4-13) of days 2 and 7 after conditioning, reflected in sign-
ificantly reduced freezing responses (Figure 4f, ight). Thus the initial
findings of an enhanced fear extinction phenotype In GR™ ™ mice
is independent of fear learning during the acquisition session, which
was confirmed using a different paradigm in a separate batch of
mice. Interestingly, GRS mice did not exhibit any alterations in
fear learning, consofidation and fear extinction (Figures 4g and h) in
any of the two fear conditioning paradigms.

GR deletion in forebrain glutamatergic neurons prevents
metaplasticity of BLA responses to corticosterone

Persistence of fear involves the BLA*® Corticosterone strengthens
(BLA-dependent} cue-related fear in C578l/6 mice,*” and rapid

Molecular Psychiatry (2017), 466475

GR-dependent effects in the BLA are important for stable
emotional memory.”® We reasoned that impaired GR-dependent
signaling in the BLA may contribute to the less stable fear
phenotype of GR“"“*” mice. To probe the underlying neurobio-
logical substrate, we focused on GR-sensitive signaling specifically
in BLA glutamaterglic cells, that is, the frequency of mEPSCs.*
Thus BLA cells rapidly respond to a 20-min application {pulse) of
100 nm corticosterone with increased mEPSC frequency via MRs*?;
yet, a second pulse (20 min, 100 nw, 1 h after the first pulse) causes
decreased mEPSC frequency—a phenomenon called 'metaplasti-
city—via a GR-dependent mechanism.*® This GR-dependent
decrease does not occur in the hippocampus, where the second
pulse causes mEPSC frequency enhancement, similar to the first.*?

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Basal mEPSC frequency was significantly increased in the
principal BLA neurons of GA™" compared with GR®%*™ mice
{Figure 5al, comparable to mice with GR ablation in all BLA cells.*®
As axpected, BLA cells in GR® ™ mice responded to a first pulse
of corticosterone with increased mEPSC frequency (Flgure Sh;
Supplementary Table 52), whereas exposure to a second pulse
coused a decrease in mEPSC frequency, esarlier shown to be
GR dependent (Figure 5cb. In GR™“™ mice, this GR-dependent
reduction in mEPSC frequency in response to the second
corticosterone pulse did not occur [Figure 5e). Motably, the
(ME-dependent] response 1o the first pulse was also amenuarted
{Figure 5d], which was somewhat wnexpected as we did not
abserve alterations in MR mAMA levels in the BLA of GR™“ mice
(Supplementary Figure 56). Hippocampal cells (not liable to
metaplasticity) of GF*“™™ mice showed a clearly enhanced
mEPSC fraquency to the second pulse (prior to corticosterone:
0.36+0005 Hz, during cortlcosterone: 0.51+008 Hz, n=19; F=0.004),

GR deletion in glutamatergic neurons of the BLA alters fear but
not angety behavior

Based on the electrophysiology results, we elaborated to which
extant the fearsuppressing and anxialytlc phenatype of GREYCFE
mice ks mediated by GHs in the glutamatergic neurans of BLA, For
this, we injected AV vectors expressing either Camk2ooGFP-Cre
[GR-BLA®"™ ™) or Camb2acGFP {GR-BLA™ ™) constructs into the
BLA of GR™ ™ mice (Figure 5f and Supplementary Figure 574)
Thus Cre-expression is driven by the Camkla promoter and
therefore  largely  restricted  to  excitatory  meurons 32028
Moreover, In contrast to the Ced the BLA primarly contains
excitatory glutamatergic neurans [Figure 11,555 Consequently,
Cre-mediated GR deletion in the BLA of GR™™"™™ mice should
almost entirely be restricted to glutamatergic neurons. Following
wiral inl';ctinm and recovery for 4 weeks, GR-BLATT ond
GR-BLA®Y S pjce wiere subjected to the OF, EPM, Dali box and
the auditary fear conditioning paradigm with five C5-L% palrings.
Interestingly, we did not observe any differences in anxiety
between GR-BLA ™™ and GR-BLA™ " mice in the EPM or Dali
b test (Figures 5g-+j) and no changes in general locomotion in
the OF [Supplementary Figure 578). In contrast, disruption of GR
expression i glutamaterglc neurons of the BLA resulied in
significamtly reduced fear Iearnlﬁ during acquisition (Flgure 5k,
leftl, Along these lines, GR-BLA™™ mice also showed signifi-
cantly reduced fear expression and enhanced fear extinction
compared with control mice in the subsequent test sessions on
days 1, 2 and ¥ after conditioning (Figure Sk, nght).

CHSCUSSION

In this study, we employed a unigue set of ransgenic mice 1o
delineate whether the GR modulates neurcendocring regulation
a5 well as fear- and anwiety-related behavier primarily  via
excitatory (glutamatergicl or inhibitory (GABAergic) forebrain
circuits. Our results prowvide substantial evidence that GR signaling
in the forebrain glutamatergic, but not in the GABAergic,
neurotransmitter system s croclally involved In regulating stress
syatirn activity, Tear and anxiety,

Several conditional GR KD mouse studies previcusly contributed
to cur understanding of GR-mediated control of HPA axis activity.
In particular, conditional deletion of GR in the CHS [GR™ mice)
resulted in HPA axis hyperactivity, possibly owing to GR deletion in
the PYH.'® Moreover, disruption of GR limited to adult forebrain
neurans (forebrain-specihc GR KO (FBGRKO) mice [Camk2a-Cre),
which primarily, but not exclusively, lack GRin forebrain excitatory
neurons) led to a mild form of HPA ais hyperactivity.*" More
recently, hypercorticosteroidism was observed in PYN-specific GR
KO mice {Sim]Cre-GRe3A mice)” Our observations of HPA axis
fperactivity in GRS mice, with GR deletion in limbic
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structures and the PV, are in lione with these results, We detected
an wpregulation of Crh mENA in the PYN of G mice, which
might result from disrupted negative-feedback contral in gluta-
matergic, CRH-expressing GR neurans, and thus further potentiate
HPA axis activity. Along these lines, a recent study demonstrated
that the great majority of P¥N CRH neurons co-express WaLUT2. ™
Thus it is likely that Nex-Cre-mediated recombination, and hence
GR deletion, ocourred in VGLUT2-expressing CRH neurons of the
PWN. However, the precise percentage of glutamatergic CRH/GR-
positive neurans In the PV remains 1o be determined. Maotably,
glutamaterglc and GABAergic forebraln neurons in GREVERD and
GREBICND ice, respectively, are ‘protected’ agalnst the ralsed
corticosterone levels owing to GR deletion and, if amything, will
shaw enhanced MR activation,™ From aur study, we can conclude
that especially the GR in forebrain glutamatergic neurons has &
prominent role in mediating the negative feedback on the HPA
axis; however, this does mot exclude a GR-dependent role of
GABAergic meurons in HPA axis regulation, for instance, as an
interface between GR-carrying  excitatory  estrahypothalamic
neurens and CAH-expressing neurans in the PYM.

Genetic mowse models of altered GR expression hawe also
highlighted the crucial involverment of brain GR in emotional
behavior.'® Specifically, conditional overexpression of the GR in
the forebraln and the limbic system (GRov micel led 1o Increased
anxlety-like behavior,"® Fittingly, cmﬂalgeciﬁc GR KO mice (GRME™
mice) and FEGRHD, as well as G mica in this study,
demonstrated reduced aniety-related behavior.**"*" However,
the interpretation of the anxioltic phenotype in FBGRED s
confounded by the observed increase in lotomotion during the
Dali box and EPM test, In contrast to our results, :lespairra-la::d
behavior was enhanced in FEGAKD mice ™ Interestingly,
PWM-specific GR KO mice [SimICre-GRe3A mice) and mice lacking
GR in the CeA demonstrated no alterations in anxiety-related or
(in the case of Sim{Cre-GRe3A mice) despair behavior.**® Along
these lines, we observed no significant changes in anxiety upon
specific deletion of the GR in glutamatergic neurons of the BLA
This potentially suggests that GR action in glutamatergic neurons
of other limbic structures, such as the hippocampus or prefrontal
cortex, or n alutamatergic clrcuits of several bralm realons s
primarily Involved In modulating anxiety-related behawior.

Althouwgh many of the previous studies examined the effects of
GR deletion on anxiety in relatively non-homogeneous pepula-
tions of neurans, we were ghle w isolate the specific contribution
of the GR in forebrain glutamatergic neurons, MNat only are
these behaviorsl effects not observed when GR is lacking in
GABAergic neurons but also mice lacking the GR im dopamine-
releasing neurons (GR7" micel or in dopaminoceptive neurons
(&R mice) did mot show an overt anxiety-related phenotype.'”
Also an additional challenge of the system by chronic stress did
not reveal a role of GABAergic GRs in stress system regulation and
anxiety. Monethebess, we cannot rule out a potential contribution
of non-Dlx5%8 expressimg GABAergic interneurons in anxiety-
related phenotypes. In addition, GRs in forebrain GABAergic
neurcns could be of relevance for other behavioral domains, In
fact, the slight hyperocomation in GRS* Y mice might be a
consequence of the pronounced receptor deletion throughaout the
striatum/CPu, & structure which is  highly rebevant for the
coordination of movement.

An inability to properdy extinguish fear is often observed in
patients suffering from anxiety disorders, such as posttrau-
matic stress disorder and phobias.* Rodent studies have shown
that corticosterone can facilitate and is necessary for fear
extinction.”** " However, while most of these studies applied
acute pharmacological approaches or targeted GR deletion in a
non-cell type-specific manner, we were able to specifically dissect
the contribution of GRs ower a prolonged pericd of tirme (similar o
the timeframe in disease development) in glutamaterglc and
GABAergic newrons, Lack of GR in forebraln glutamatergic, but not
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GABAergic, neurens led to enhanced tone-fear extinction in twe
different  fear conditioning  paradigms, while  fear  learning
remained unaffected, Interestingly, no overt fear conditioning
phenatype was reported in FEGAKD mice.™ The discrepancies in
fear conditioning between FEGRKD and GRZ ™% mice are most
likely related to differences im deletion patterns and deletion time
points and the subsequently triggered compensatory mechanism.
Mex-Cre-induced deletion is exclusively restricted to glutamatengic
neurons (mostly Vglutl-positive), most prominently of the cortex,
hippocampus and BLA, and Initiated during early development
(E11.5.* On the ather hand, Camk2a-induced deletion is initlated
postnatally (F16-201%* and prmarily, but not exclusively, not only
chserved in excitatory neurons of the corex, hippocampus and
BLA but also detected in neurcns of the Ced, strigtum and
thalamus, Impartantly, our results suggest that GRs in glutama-
tergic meurons of the BLA mediate conditioned fear but not
anxiety. Notably, whereas G mice only displayed enhanced
extinction, AAV-mediated deletion of the GR in glutamatergic
neurons of the BLA [GR-BLA™™ mice) additionally resulted in
decreased fear learning and fear expression. The more drastic
effect on conditioned fear in GA-BLA®™T mice might be
explained by the more imstant (viral-mediated] deletion process
of the GR during adulthood specifically in glutamatergic neurons
of the BLA, a5 opposed to the gradual GR deletion process, which
oocurs i GREY mice throughout development within the
entire exclitatory cinoult, and might thus be more prone to induce
compensatony changes, Our results are in line with previows
studies, which have repeatedly implicated GR signaling in the BLA
with the farmation and consolidation of fear memories 0%
Along  these  lines, GR antagonist application inta the BLA
attenuates  fear-related  behavior  and  disrupts  traumatic
mamaries.* " Interestingly, viral-induced deletion of GR in the
Cef (which is predominantly GABAsrgic) was shown to reduce
contextual as well as auditory cued freezimg following fear
conditioning.™ Collectively, these and our results support a role
for the GR im the BLA and CeA in the regulation of fear-related
behavior during adulthoeod. The fact that we observed no
altarations in fear conditioning in GR&**" mice (in which GR
i5 also deleted in the Cedl might be the result of compensatory
meachanisms owing 1o developmeantal GR deletion and/or abience
of GR In GABAsrgic neurons throughout the brain, Of course, it
cannot be entirely excluded that viral spread outside the Ced in
the previous study™ er the BLA in our study might have partially
influenced the behavioral outcomes,

Im search af a possible mechanism whereby the lack of GR
expression in glutamatergic BLA nevwrons could lead to less stable
fear memary, we assessed mEPSCs—which reflect the sponta-
neous release of a glutamate-containing weside—in principal
neurons of the BLA in GE™ ™ and control mice. High levels of
corticosterone quickly and long-lastingly enhance glutamatengic
transmission in BLA neurons, via nongenomic actions requiring
MRS, possibly allowing an extended timeframe for encoding of
emational aspects during stressful events™ A second pulse of
coricosterone  applled 1h later, though, leads to a quick
suppression  of glutamatergle  transmission, a GR-dependent
phenomenon. This GR-dependent reduction by a second pulse
was completely abolished in GE™ ™ mice, Interestingly, even the
respanse to the first pulse, which is MR-dependent, was absent in
GE e although MBS mBNA levels were not altered in
GRS mice, Possibly, protein level and localization of MRs
{for example, availability in the plasma membrane] or systems
downstream of the MR were changed, owing to prolonged GR
knockdown andfor the associated hypercorticosteroidism. Regard-
less of the mechanism, the results dlearly show attenuated
G 5&3"@ related oz EBLA glutamatergic transmission in
GRS mige,

Taken together, our study supports that GR slgnaling In
farebrain glutamatergic, but not GABAergic, neurons mediates

Molecular Psychiatry (2017], 466 - 475

Research Articles |32

fear and anxiety behavior and has a critical role in the regulation
af HP#& axls activity, Moreowver, we were able to further dissntangle
GR-mediated amiety- and fear-related behaviors. Cur results
suggest that pathological anxiety might result from alterations in
GR signaling in glutamatergic cirouits of several foretrain regions,
while modulation of fear-related behavior can largely be ascribed
to GR signaling in glutamatergic neurons of the BLA. Our study
provides a clear dissection of GR action in phenotypically distinct
neuraonal populations, which adds significant clarity to Its role in
stress-related emational behavior, These findings further under-
line the importance of GR-dependent glutamatergic pathways in
the development of psychopathologies related 1o fear and
amubety, which s of relevance to future phamacological
approaches.
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ORIGINAL RESEARCH

Lack of FKBP51 Shapes Brain Structure and
Connectivity in Male Mice

Clara Engelhardt, MRes,"** @ Bencit Boulat, PhD,? Michael Czisch, PhD,? and
Mathias V. Schmidt, PhD'™

Background: Stress exposure as well as psychiatric disorders are often associated with abnormalities in brain structure or
connectivity. The co-chaperone FEKS06-binding protein 51 (FKBPS51) iz a regulator of the stress system and is associated
with a risk to develop stress-related mental illnesses.

Purpose: To assess the effect of a general FEKBPS1 knockout on brain structure and connectivity in male mice.

Study Type: Animal study,

Animal Model: Two cohorts of FKEP31 knockout (31K0) and wildtype (WT) mice. The first cohort was comprised of n
= 1B WT and n = 17 51KOs; second cohort p = 10WT and n = % 51KOs.

Field Strength/Sequence: % 4T/3D gradient echo (VEM), DTI-EFI (DI,

Assessment: Voxel-based morphometry (VBM) and diffusion tensor imaging (DTI). For VBM, all procedures were executed
in SPM12. DT FMRIB Software Library (F5L) Tract Based Statistics (TBSS) were integrated within DTI-TK, allowing the cre-
ation of a mean FA skeleton. A voxelwise statistical analysis was applied between WT and 51KO mice.

Statistical Test: Volumetric differences were collected at a thrashaold of P =< 0005, and only clusters sundving a familywizse erar
carrecticn an the cluster level ([DPWVE, duster <0.05) were further considered, VEM data were analyzed using a two-sample ¢-test,
The Threshold Free Cluster Enhancement (TFCE) method was used to derive uncorrected-F statistical results at a P-level of 0.01.
Results: The sructural analysis revealed two clusters of significantly larger volumes in the hypothalamus, periaqueductal
gray, and dorsal raphe region of WT animals, DTl measurements, however, demonstrated statistically higher fractional
anisotropy (FA) values for 31K0 animals in locations including the anterior commissure, farniz, and posterior commissure)
superior colliculus commissure region,

Data Conclusion: This study used in vive structural MR and DTI to dermanstrate that a lack of FKBPST leads to alterations in
braim architecture and conmectivity in male mice. These findings are of particular translational refevance for our understanding
of the neuroanatomy underlying the interaction of FKBPS genetic status, stress susceptibility, and psychiatric disorders.

Level of Evidence: 1

Technical Efficacy Stage: 1

J. MAGHN, RESORN. IMAGING 2021;53:1358-1 3465,

AHN(_“{_N‘[A'.T”F.S in I;]w struciure .an|.| |:J|.:|nm:_-'l,n:i'l."ll:_'!.I |_1'F
the brain appear w characterize individuals with abnor-
mal mood disruptions.”* Clinical research has repearedly
repomed gray matter (GM) deficits in the hippocampus of
paticnes with major depressive disorder (MDD, a5 well as alier-
ations in corical thickness and surface area'™ In line with this,
diffision tensor imaging (DTI) sdies have shown micro-
;ln;,:"limuur.ll qkﬁq:i:s in w]!i‘h: imakfer I:":{-'.'ﬂ.-‘[:l EraChs achois a range

|_1|:- Pﬁ}‘ﬂil'l'ii-":'i!: Llll-\l;nd-rr,s. inl:'_1|_,||;|.'ing .-..I:J!i:.'.uphl\-:n'ia, alql;i,sm e
trum disorder, and affective disorders such as bipolar disorder.™*

Accumulating evidence suggesis thar the development
of GM architecrure and WM integrity are largely under the
influence  of generics.” The FK506  binding proeein
51 (FKBPS1; encoded by the FEBPS gene) is therefore of
particular inrerest due oo is funcrion as a regularor of the
stress 5:,.-.-.r4.-m and its a,smjl:.'i;lriun wir|'| p.k}l::hopathu'ug.
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FEBPS is a heat shock protein co-chaperone that is involved
in glucocomiosid signaling. [v is  ubigquitously expressed
throughour the brain, bur enriched in the hippocampus,
hypothalamus, corex, and amygdala.® Together with the hear
shock prowein 0, FEBP31 suppresses glucocormicoid recepror
(GR) activity by decreasing the affinity of the GR to gluco-
corticoids and inhibitng nuclear ransporcation of the GR
mmplﬂ:.? However, once the GR enters the nucleus, FARPS
capression s upregulared via glucocorticoid response cle-
ments, therehy creating a short negative feedback loop that
mediares hypothalamus—pimitar—adrenal (HPA) axis acovity.,
Interestingly, the single nucleotide polymorphism  (SNEF)
rs1 360780 in the FRECS gene has been associated with psy-
chiatric disorders, such as MDD and posteraumatic seress dis-
order.” Individuals carrying the risk T-allele of rs1 360780
are pronce 1o higher FRBPS1 expression through cordsal,
which induces a prolonged cortisol response. eventually |ead-
ing 1o alered GR signaling and HPA axis dysregubaion®
Aberrant GR signaling in turn has been linked to inhibition
of cell proliferation and neurogenesis, resuliing in strocoeral
volume low and abnormalivies in function,” These finclings
imply thar there may be a neurobiological interplay of FERPS
genetic status, dysregulaied stress system response, and pay-
chiarric disorders, leading ro alterations in brain anaromy and
function,

Mumersus studies have now corroborated the hypothe-
sis thar allelic differences in the FEEPS gene conrribure
abnormalities in the function or volume of specific brain
regions.' "' Frodl and O'Keane showed that exposure 1o
early life stress in MDD parients with the FERMS risk variane
was associared with strucoueal changes in brain sorucoures
affected by the disease.”™ Zobel et al demonserated a smaller
mean volume of the right hippocampus in parients affecred
by MDD and carrving the sk Tallele,"* This was further
confirmed cross-culturally in a sample of raumarized African-
American women whose global and local shape analysds rev-
ealed morphological differences in the hippocampus between
T and non-T carriers.'” In addition, a study by Toezi e al
using functional magnetic resonance imaging (IMRI) and dif-
fusion tensor imaging (DT found thar MDD patients
expressing the T allele and exposed to childhood malereat-
ment showed lower funcrional acrivity and mean diffusivicy,
but higher fractional anisotropy (FA) in brain areas involved
in emotional processing in MDD.'"* More recently, Mikolas
et al focused on the effects of the FABPT ml 3007080 poly-
morphism in patients with MDD in combination with early-
life  srress,  highlighting  lower  wvolumes  within - the
hippocampus—amygdala-transition area compared tw healthy
controls.'® Even in a nonclinical popularion, Fujii er al could
demensirmate that carrping the T allele of FRBRS s assosiared
with smaller GM volume in the dorsal anverior cingulate cor-
tex (ACCH as well as altered WM inteprine both in the
dACC and posterior cingulare corex (PCCLY Owerall, these

May 2021

Research Articles |36

Engl:”"l.ur\d't et al.: FK'BF51 Sh.upl::- Brﬂin S'trulzturc

ﬁnqlings indicate that allelic varianes of FARPS, p-ul;rn‘ri;”}- in
combinarion with srressful environmenrtal facrors, manifest in
distincr changes in brain architecrure and funcrion, thus rep-
resenting an increased vulnerabilicy for the development of
psychiarric disorders.

Comparartive in vive neursimaging using mice is proba-
bly the method most conducive to translate berween the
human evidence for altered brain stares in psychiatrie disor-
ders and animal models thereof."*"" Moreover, the availabil-
ity of genetically engineered  mice provides a unique
oppormunity to investigate underlying functional and strue-
ueal effecrs, as well as the consequences of genetic hallmarks
specific to certain psychiatric disorders. This also includes
finding funcrional coreelares of genetic- or  drug-relared
manipulations  and valuable biomarkers.  For  example,
CGrandjean er al observed thar chronic psychosocial stress in
mice induced functional connectivity and cercbral metabao-
lism states, as well as Wi pathway alverarions analogous o
thase in human MDD Similarly, Laine et al demonstraged
thar mice exposed o chronic social defeat stress showed sig-
nificantly more activation in several brain regions known o
regulate depressive and anxiety-like behavior.”' In a recent
review, Melnmosh er al concluded thar increased lareral ven-
tricular volume and decreased hippocampal volume are rela-
tively consistent hallmarks in both patients with MDD and
animals model, =

Thus, based on the srong clinical evidence regarding the
manifistation of FEEPT SMPs on human brain archinecture
and function, and the promising potendal of MRI as a wech-
nique, it would be of grear transbational Interest o explon:
whether a conventional FEBIS 1 knockout (KO} in mice had
an effect on the connectivity and structure of the brain.

The FEBPS KO (51K} mouse line is well established
and has provided unique insight into the behavioral, molecu-
lar, ame nevroendocrinologieal effects of FKBPS1 and s
invalvement in psychopathology. Mice lacking the FEEPS
gene have repeatedly been shown o be more resilient 0 acure
and chrenic stress paradigms, ™ metabolic stress, and sleep
deterioration. ™" Mare specifically, Haremann er al showed
thar $1KO mice displayed a diminished physiological and
neuroendocrine response 1o chronic social defeat stress™ Fur-
thermore, after exposure to acute restraint stress, FKBI'S1
KO mice demonstrared enhanced acrive stress coping behav-
ior in the forced swim rese,” In addition, STKO mice were
also less responsive to the treatment with antidepressamts,
which complements clinical Andings that showed Faster treat-
ment response in patients who caried the risk allele of
13007807 Overall, KO of FKBPS1 scems o have a prowec-
tive influence on stress physiology and stress-coping behavior,
therehy  potentally reducing the suscepaibiliny rowards the
development of a stress-related psychiatric disorder,

Using in vive high-resolution newrcimaging o explose
the effects of FKBPST KO in the mouse brain has unique
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potential to provide a Arst tanslational perspective on the
funcrional and strucrural changes analogous o the human
brain. This smudy therefore aimed o explore the effecr of a
convenrional FKB1 KO on the in vivo starus of the mouse
brain, with a specific focus on connecrivity and sructural
architecoure,

Materials and Methods

Animals, Preparation, and Anesthesia
The cxperiment was carmied our in the MR animal Beilite of the
Max Planck Institute of Paychiary (Munich, Germany) and per-
formed in accordance with the En.m‘lpe:.n Communities Council
Drective 2010/03/EL. The protocols were approved by the Cam-
mietee for the Care and Use of Liboratory Animals of the Goven-
ment of Ul'lpe:r Bavaria, G:rm:n:,r. The animals used for chis s:ud:,r
were young adult S1KD mice™ Male mice from the age of
LO-16 weeks were used and group bouwsed in standand  cages
(21 =15 = 14 am, T"]n:igj.u} on an inverted Li-huurd:yhrﬁ#t
cyele, with food and warer ad libioum, Twe different cohors of mice
were uied for the experiment. one for DT measerements compris-
ing x = 3% animals, resulting in & = 18 wildtvpe (WT) and o = 17
1RO mice, and a second cohort for voxel-based morphomerry
(B, with & = 10WT and = = 9 SIKOL

All mice were sedated in a preparation bax using 1.5 val% iso-
Aurane. Animals were then fxed in prone pasition onoan hH-
compatible ansmal bed using a stereotactic device, while anesthesia
was deivered via a breathing mask. Mice were kept anesthetized
with an isoflurane/air microre {'I.S-—I,H vol %, with an air flow of
L.2=14 Limin). Fespiraton amd body temperature were monitond
using a pressure sensor placed below the mouse’s chest and a rectal
thermomeser, respecrively, Body temperanure was kepe berween 36,5
“Coand 37.5 "C using a heating pad. The firse cobore of animals was
subjected o [FT1 measurements; the secomd cobort underwens
VEM measures,

Data Acquisition

ME] experiments were mun an a BioSpec 9420 animal MBI system
(Bruker Biodpin, Rheinsteten, Germany) equipped with a 94T
horiznneal bare magnet of 20 em diameter and 2 BGAT2S HEF gradi-
ent system capable of a mazimum gradient soength of 420 mlVm
with a 140 ps rise tdme. For DT studses, a linear volume resonasor
coil For excitation and 2 3 % 1 dements phased-array BF coil for
veceprion of the signal were used, while for VBM studics, 4 mwo-
channel crvopense transmit-receive RE coil was urtlized.

For WVBM studies, anaromical images were recorded using 2
A gradient echo sequence with a repetition tme (TR) of 34,1
maee, ccho time (TE) = 6.25 msec, ﬁi].: angle = 107, number of aver-
ages (MA) = 3, marrix dimension = 256 x 166 % 20%, Boompic picel
vesoluion 77 pm.

For DTT studies, diﬁunﬂlh-ﬂu‘iglmd images were recorded
wing 1 20 mubishor, four segments DTl-echo-planar imaging
(EPT) sequence with TR = S0 msec, TE = 19,26 msec, excitation
|.1|.1|5: un|_.;]|.' = 90F, MNA = 1, matnx dimension = 128 =92, |.r:|m.'|.
dimension 0.14 % 0.1% mm, slice thickness = (L5 mm, number of
slices = 35, Using diffusion encoding gradients with the diffusion
Emd:unl duration & = 25 msec and a diffuslon time & = 1084
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msee, seven image datasers were acquired wirh bovalue, b= 0 s'mm’
(B amages), followed by 900 pradsent-encoded  images with
b = 1020 s/mm”.

Data Processing
Imaging data for each individual mouse were fise converred @
MIFT] formar,

Bran extraction was perdormed in a two-step procedure: Inoa
bt preprocessing step, mouse dara were segmented  and  bias
correcred using Staristical Paramerric Mapping sofreare [SPM12,
Wellcome Depantment of Copnitive MNeurslogy, London, UK) and
the Hikishima BLG rernpl.:.re.” The inirial GM, WM, and cerebro-
spinal fuid (CSF) probabiline maps were summed and hinarized for
image intensaties buger 0.3, o create a first brain mask, This mask
was dilated by five voxels and applied o the bias-comreoted images.
In & second step, the resulring images were again segmenred, this
time wiLfig @ modified verslon of the Hikishima I!|.'r|:||.1|u|!|.' fior which
the wriginal C5F remplate was divided into two subtemplates ven-
rricular inmer CSF and surface comical CSF, Far this second segmen-
tation 3[1:|.:. GM and WA were summed, the ventacular boles lled
wsing, Marlab's (MarhWorks, Marick, MA} imhbll Funcrion, sightly
dilared, and hinarized wsing an incensity chreshold of =0,1, Finally,
the n.':ullinﬁ sk was I|J|J|:|:d tar ik unﬂi_nﬂ G imulql:s.

VEBM

ALY images were segmented using the SPAM12 old sepment function
and the spmmouse wemplates, Subsequent DARTEL normalization
first imported the brain exmacred images and o segments (G,
WA, and a study-specific emplate based on GM oand WM was
proerated in seven lwerations. G cssue probabality maps were noe-
malized and modulared ro the remplare space. Brain exrracred images
were rransterred to the wemplate space unmadulated, and 4 mean
image was caeulaved for display purpeses. Finally, the modulared
M images were smoathed using a Gaussian kernel of 4 mm. Taral
inrracranial volume was approximated a5 the sum of all modulared
tisswe probabalivies, excluding the olfictory bulls and the cerebellum
due o 4 lower signal-ra-naise rario in thess regions as a consequence
of the surtace coil characreristics.

om

For each individual in the cohorr, 4 brain mask was derived by
segmenting out GM, WM, and C5F comgpartments from a By
image, and adding back these three segmienes wogecher as 2 mask.
Multiplicarion of the mask with the dara resulted inoa brain exmacred
dataser. These steps were performed using SPMI12 running on
MatLab rebease 2001 7a. Muise in the dara were remaoved with the pro-
codure “dwidenoize” in the software package MRuix3, Individual
data were each corrected Tor restdual motions and eddy current ar-
Facts  with the FMRIE Software Library™  subgackage
“sddy_correct.” A diffusion rensor component could be obrained for
each individual in the cobors using FSL's fdy procedure, from which
quantities like medial diffusivity, radial diffusivite, and FA could be
calculared. To derive a remplare for group analysis, the software wal
DTI-TH was used ™! DTI-TK contains an opaimized DT spatial
normalization and atlas construction tool, which was shown o per-
torm superior regisration when compared o scalar registeation
imethods. " DHifusion wernior datasets of six l'l.'lrm‘lll.lli“‘ indivadisals
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in each cohorr with similar spatial alignment were averaged o oreare
an tnitial tensor emplae. Then a sigad alignment of cach individual
tersor dataset o this inital tensor um]'.\]:l:: Wi Parﬁ'.hrrmﬂl, Iterd-
tively oprimizing the template for the nese iteration as an average of
the normaltzed bmages. Stmilarly, o subsequent affine registration
step fellowed by a diffesmorphic registration step were used o refine
both the alignment of cach individual rensor data te the tensor tem-
plate and v optimiee the ler. At cach veration step, the wensor
quantities associared with difusion were sransformed in 2 consistent
peanmer by the registration algorichms, Finally, the process diffusion
maps like medial diffusiviey map, rodial diffusiviey map, FA map,
and minde of anisotropy map could be created at the remplate level.
The fise steps of FSLs Tracr Based Sparial Starisvics (TBSS) were
invegrated within [FT1-TE. These allowed the creation of a mean
FA skeleton, which represented the WM skeleton from the high-
resolution FA map of the DT remplare derived carlier, The FA
threshold was st v 005 The nest steps dn the TBSS analysis con-
sisted of projecting all subjects’ aligned fractional aniseropic dasa
ot the mean FA skeleon,

Statistical Analysis

VEBM. Data were analvzed using a two-samiple test, The smesthied
maclulared GM maps were entered, Global differences in skull sive
of the individual animals were considered by adding the ol inora-
crantal volume (sum ol GM, WM, and CSE) o the stavstical model,
applying proportional scaling, Volumerric differences were collsoed
at a threshold of P < 0,005, and only clusters surviving a familywize
ertor correction on the cluster level (prgp g, < 005) were further
considersd,

DT, Fellevwing the firnal steps af FEL's TBSS procedure, o voxelwise
statistical analysis was conducted thar uncovered the FA skeleton
vixels thar were significanidy different berween the mwo different
groups of subjeces, WT and FEBPS1 KOs, For this purpase, a non-
parametric randomized procedure was followed. The Threshold Free
Cluster  Enhancement (TFCE] method™ was wsed 1o derive
uncorrected-P statistical sezules ar a P level of 001,

Results

VBM

Towl inrracranial volume (TIV) did nor significantly differ
between the two groups, nor did the three individual sissue
compartments (TTV: P = 0.35%% GM: F = 0.434; Whi:
P = 0.0%; CSF: P = 0,156), VBEM revealed ewo clusters with
significantly larger volume in the WT animals compared o
the F1EO animals the hilateral thalamus and  the  per
iaqueductal gray and dorsal raphe nucleus (Fig, 1). Thalamic
differences compiised the complere length of the thalamus in
the anterior—posterior direction. Mo suprathreshold clusters
were detecred for the inverse contrast (WT < 31RO}, These
results were confirmed wsing statistical nonparametrie map-
ping (warwick.ac.ukfsnpm; v. SnPM13) applving a permura-
ton test with 5000 repetitions, which resulted in virally
identical clusters of volumerric differences.
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DT

Differences in the FA were found berween the WT and the
1K animals (Fig. 2). Specifically, FA values were signifi-
antdy larger in 51RO animals than in WT  animals
i< 001} in the following locations: the anterior commis-
sure, the temporal limb, the lateral olfactory trace area, the
fornix, the posterior commissure, and the superior colliculus
commissure region, Changes in concomitant mean diffusivity
were larger in W animals, bur only in the fomix region
e 0005). Concomitant axial diffusivity changes ar P 0,05
were found to be significandy larger in a location straddling
the posterior commissure | superior colliculus commissure
region in $TKC animals. but also &ignlﬁcant]}' larger in WT
animals in close by location in the periaqueductal gray. There
was no significant difference in radial diffusivity berween the
rwor groups of animals. In the fornix and posrerior commis-
sure regions, there were statistizally significant differences for
the mode of anisorropy: ar an uncorrected Mlevel of 0,02 for
the fornix region and uneorrected Plevel of 1001 for the pos-
rerior commissure region, this merric had a higher value in
the 31KECY animals than in the WT ones.

Discussion

This study used i vive strucrural MRID and DTT o demon-
strare effecss of FEBEP1 KO on dthe connectivity and sorue-
tural integrity of the mouse brain. These findings are of
particular rranslarional relevance for our undersranding of the
neurcanatomy underlying the interaction of FABPMS genetic
starus, stress suscepribiliy, and paychiarric disorders.

The structural analysis revealed two clusters with signifi-
candy larger volume in the %W7T animals compared o those
with FREPS KO: the thalamus as well as the periaqueducal
gray and the dorsal raphe nucleus region. In general, the thal-
amus s a critical component of the fronml cortical-basal-
ganglia thalamic circuirs that integrate inpurs related w emo-
tion, cognition, motivation, and mowor funcion o modolae
behaviors.”* Most important, however, thalamic areas are
invalved in information processing after cxposure o soess,
thus playing a central role in the regulation of the HPA axis
stress response, Specifically, the paraventricular nucleus of the
thalamus (PVT) was reported to be uniquely involved in reg-
ulating newroendocrine and behavioral adaprations w severe
or chronic stress.*™™ Penzo er al estblished the PVT as a
putative stress sensor that detects imminent threar and regu-
lares fear expression and memory ogether with the ceneeal
ammdala."h In response to chronic stress, corticosterone
binds o the GR in the VT in ras o promore feedback
inhibicion of the HPA axis stress TEspHINsE and habitation
stress, ™ Moreover, an  association  berween glucocomicoid
levels and thalamus volume was reported by imaging stud-

ies.**** It was further highlighted thar the thalamus is one of
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FIGURE 1: Results af the voxel-based marphometry analysis, depicting gray matter (GM) reglons of larger local valume in wildiype
[WT) animals a3 compared with 51O mice (WT = KO). Coronal sections showing velumetric differences in the thalarmus (a) as well as
the periagueductal gray (PAG) and the dorsal raphe (DR) nucleus (B); thalamic nuclei include the paraventricular thalamic nuclews
[FWT), anterior part, the mediodorsal thalamic nucleus, the anterodorsal thalamic nuclews, the central medial thalamic nudleus,
paratenial thalamic nucleus, and the reuniens thalamic nuecleus. Positions of the coronal slices are indicated on a mid-sagittal slice {c).

Mo significant woxels appear in the inverse contrast (WT < KO}, Clusters are significant at prag dustr < 0.05, with a collection

threshold of P < 0,005,

the areas that express FEBPS, and the distrbution of FERPS
is sirailar te thar of the GR under baseline conditions.”

Thus, considering the central rele of the thalamus in
:-\.'J_;uJ;LIiI'I;_; the stress SYAICITL TEspROnse and the numerous stud-
ies that have repearedly highlighted an eftece of the FAEPS
Eenolype on subcortical srructures, our Ei.r'ldizl.r;,-. Are congiucne
with previous data, Furthermore, an effect of the ] 360780
genorype and maternal acceprance on thalamic GM volume
(LMY s :\e'|r-|':r||.'d.":I supgesting that the effect of maternal
acceprance on brain development was different depending en
the 1300780 genotype,™  Interestingly, higher maternal
acceprance  predicted  larger thalamic volume among  the
and L
homoeygones

T-carricrs srnaller  thalamic  volume  among

A J!ulmil‘:-h.' uAE:l|u|'|ul::.|||1 for this ]!l|'|r.'r'|»:.l:|:u'.':u|:1 was deliv-
ered by Sheikh et al. who showed that the associadon
berween positve parenting and Wi invegriny was modulaned
by inherent cortiil levels. " Tn girls with higher cortisol levels
ar the age of 3 years, a negarive correladon was found
between positive parenting and FA in the ACC ar the age of
(v years, whereas a positive comelation was revealed in gids
with lower corrisal levels *! Thus, Sheilk e al iLIt:I.I.A'.'LI. that the
developing brains of children might be differentially affected
by positive pareniing, depending on the child’s inherent level
of cortiel reactivity to stress, In line with this, Law et al dem
onstrated positive associations berween serum cortisol levels,
cognitive processing speed, and regional brain volume in the

thalamus of elderly partients, implying a facilitating role of

1562
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cortisol in cognitive function via this brain region.™ While
these studies are nor |.|i:'r.'|.l|_3. ;|]:l|.'r]:.|.'u.|'l|.|.' to the esults of the
present study, S1KO animals have been shown to be more

.- . r PRI AT
stress pesilient than their W'T conteals. = Thus, a smealler
thalamic volume in the S1KOs might be causally linked to

I.iII.L

the seress-pesilicnr |'l|:'LI.'I1l.r|.:| |'IL' aof these ani

Maoreover, a |_|rp'r volume in W animals in the pet

iaqueducral gray (FAG) and dorsal raphe region was observed.

The PAG is a fundamental structure in the hiemchical to

down contel of defensive and aggressive stravegies, and best
known for its involvement in panic and |1:|i|1."'i The dorsal
raphe nucleus, however, is crdically invelved in regulating
seratonergic tone throughour the brain; and rogether with the
ventral PAG, it has recently been considered as a single func-
tional unic thar is In.'v:::.|.'r|||n...1|.|.5.' connected, }'r|:1) ing a rale in
appetitive states, anxiety, and depression.™ Similar to the
findings in this soudy, Anacker er al highlighred anatomic dit-
ferences associated with stress susceptibility and resilience in
mice.”” Specifically, susceprible mice exhibived a reduced
volume of the raphe nuclei and the thalamus, and more
important, increased volume of the PAG, indicating thar
siress-inregrtive birain reghons .-.|:1:|p|.' the neural archivecture
underlying individual ditferences in suscepribiling and  resil-
ience o stress. However, while the current resulis demon-
stratd  volumetrdc changes in similar brain regions, e
volumes observed in the susceprible mice (WT) were always
|:Lr§;;'r. Hll.l.h ‘I'.FE-I. rences |'|'I:|.|." |.H' .I['lrll.llll'll.'l.l LR} |h|.' IIIL"I'l:II'l'I'.I.

model wsed by Anacker er al, which comprised a social defear

Wl '-!-t, M, §
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WT

FIGURE 2: Results from the TBSS-FILL group comparison for fractional anisotropy (FA) and mode of anisotropy (MO) in wildtype
(WT) and 51KO mice. Hot colors represent voxels that were significantly different for FA at a P-level of 0.01 between the two
cohorts of mice; red implies FA in 51KO > WT. Cold colors depict voxels for the MO, which were significantly different at a P-level of
0.01 (posterior commissure) and 0.02 (fornix); blue implies MO in 51KO > WT. Significant differences were identified in (a) the
anterior commissure, temporal limb, and the lateral olfactory tract area; (b) the fornix, marked by a cross, and (¢} the posterior
commissure and superior colliculus commissure region, also marked by a cross.

protocol and a subsequent social avoidance tese in C57BL/G
mice, l'Jll':l'f ‘h.l" a more trait Ilkl' E_"('n('“l ”I()(I('], as ll\('\l n
this study.™

Overall, these data h:ghl:gln neuroanatomic differences
due to FKBPS1 deletion in brain structures that are tradition-
ally associated with the stress system. However, in other
regions with high FKBP51 expression that are central o the

stress response, og, the lliplm{.unpu.\. no robust neuroana-

tomic changes were observed. One might speculate that the
structural effects observed following FKBPS1 deletion are
strongest in regions with a highly dynamic FKBPS1 regula
tion, rather than in regions with a consecutively high
FKBPS1 expression. In addition, a lack of a structural alter
ation in a specific brain region does not allow the conclusion
thar FKBP51 is of little importance in that region. The dara
merely illustrate that while there may be a high functional rel-
evance of FKBP51 in a given brain region, this does not nec-
essarily lead to changes in structure or connectivity. Finally,
an important consideration is the choice of the cutoff P value
for the ;m.a[\‘xls, and a more moderate autoff of P< 0,05

would have resulted in more brain regions being affected,

May 2021

including the hippocampus. However, the current analysis
dims to l)l‘ more \l”ngt'ni Jn(l r(‘p(’r'\ lln[“" ‘Ilt' chiects \\’”h
the highest statistical confidence.

A general consideration for further evaluating local vol
ume ditferences associated with a general FKBPS1 KO is the
underlying dssue  microstrucrure. This  muldparamerric
approach of combining MRI and DTI measurements of
S1KO and WT mice may provide some frst insight into
structural differences associated with changes in white micro-
structure between resilient and susceptible brains. Generally,
da l.lfg('f !‘1‘\ l:'.lh(.ifl'\ more l‘r(’“(‘“"t l'l, ssue anisot “lp:.' )?‘JI

integrity, possibly as a result of increased axonal density and

myelination, decreased interfering processes (eg, ghal cells,
vasculature, neuntis) and increased organizadon along the
dominant axis (eg, alignment of neurites).™ > In the anterior
commissure {temporal limb) and the lateral olfactory trace
region this might imply a greater integrity of the microstruc-
tural architecture in the STKO animals. However, in the pos
terior commissure [ superior colliculus region the results
demonstrated a higher FA together with an increase of MO,

which represents a transition of WM from a planar to a more

1363



Journal of Magnetic Resonance Imaging

linear diffusion tensor. This combinaton of measurements
mast likely reflecrs a selecrive sparing {or selecrive degenera-
tion) of one fiber population among the crosing fibers, "
suggesting that the 51KO animals might possibly lack a selec-
tive fiber population in the fornix and the posterior commis-
sure { superior colliculus region in contrast o the WT
animals.

Limitations

First, the animals used in this experiment were exclusively
male, and thus do not provide an appropriate representation
of the popularion. Stress-relared psychiarric disorders in par-
ricular are highly sexually dimorphic in their pathology, with
sig,niﬁcant climical implicarions for guiding djagnmis. reat-
ment, and prevention in an individualized manner.™ Second,
whether the ohserved differences in volume and WM integ-
riy are the basis for or the result of the previously established
higher stress resilience in S1KO mice remaing elusive, This is
further exacerbated by potential developmennal effecs of the
FREPST KO and the lack of corresponding, cohont specific
behavioral dara. In addition, the effecrs reported might be
mediated by numerous other interacting prorein pariners of
FKBPS1 or due to the disruption of cellular pathways thar
involve FEEP31, such as, for cxample. the NF-xB, Akt and
MAPE paduwa}'s.“"ﬁ"w Finally, animals were imaged under
basal conditions only, disregarding the interesting implica-
tions of FEKBPS1 an the brain and behavior onee activated by
exposure o stress. Future research should therefore ke these
considerations into account and strive towards 2 more sex-
specific and causal understanding of the effects of FEBI'S1
on W integrity and brain architecrure.

Conclusion

Taken together, this study provides evidence that a lack of
the psychiarric risk factor FEBPS1 leads o alieraions in
brain connectivity and archirecture in male mice, which may
underlic some of the funcrional and behavioral phenorypes
abserved in thise animals,

Acknowledgment

We thank Jessica Keverne for language editing of the aricle,
funding and  organieed by

Open acces enabled

Projekr DEAL,

REFERENCES

1. Schmaal L, Pozzi E, Ho T, at al. EMIGMA MDD: Seven yoars of global
neuraimaging studies of major depression through worddwide data
sharing [Intemat]. Transl Peychiatry 2020;10:1-19.

2. Kedhiyarna D, Fukunaga M, Okada N, at al, White marier micrestruc-
tural altarations acrass four major peychiatric dsorders: Maga-analyiis
study i 7937 ingivickials, Mal Peychaatry 202025040 883895,

3. Wise T, Radua J, Via E, et al. Common and distinct patterns af grey-
matter volume alteration in major depression and bipolar disorder

136

10

11.

12

13

14

1LY

16

17

8.

1%

Research Articles |41

Ewidence fram waxel-based meta-analyss. Mol Psychiary 20172201 0%
1455-1443. fwailable from: wies rature.com'mp.

Favra P, Pauling M, Stout J, at al. Widespread white matter microstruc-
tural abramalibes in bipoler disorder: Evidenos from mega- and meta.
analyses acrass 3031 ndeiduals. Meurcpsychophamacalogy 201944
(1322 E5. 2293

Girasby KL, Jabarshad W, Painter JM, a1 al. The genatic architacture of
tha Puman cansbral conex Soence 2020 340&484). Avalable from:
hirtpe: e o o S cbn OB MG ORgfcontent 367 16484 aaay b a9,

Scharf SH, Linkl C, Bindar EB, Schaidt M, Miillar MB. Expréssion and
megulation of e FkbpS sene in tha adult mouse bran, Flo% Cng
207 1EE 10

Crinda-Marrera M, Gabeu NT, Goeuld LA, et al. Early ke strass and high
FEBPS mteract to incresse arciety-live symptoms through shered AKT
signaling in the dorsal hippocampus. IntJ Mol Sci 2009200112738

Binder EB, Salyskina O, Lichiner P, et al. Falmarphisms in FKEFS are
pesaciated with rireassd recurenos of depressive episades and repid
resporse 10 anbidepressant treatment. Mat Genet 2004:3601201379-
1325, Available fram: hipsfewe. nabure comdarticlesng 1479,

Binder EB. Bradley BG. Liu W, et al. Assacistion af FKEFS podymer-
phisms and childhood sbuse with risk of postiraumatic stress. disorder
symptoms in adults. JAMA PODE29H111:1291-1305. Awailable from:
hetp/fenewe ncbinim.rih. gow/pubmed 1 8349090,

Hall B5, Moda R, Listan C. Glucocorticoid mechanisms of functianal
connectivity changes in stress-related newropsychiatric disorders. Mew-
robiod Stress 2015;1:174-183. Axailable from: httpcffweess.nchi.nlmunih.
gopubmedd 25729780,

Fani M, King TZ, Reiser E, et al. FEKBFS genctype and structural
imbegnty aof the postenor cingulum. WNeuropsychopharmacology
214, 3WE1208-1213.  Awailable  from:  httpeffwwnw nature. coms”
articlesinpp2 01 3322,

Torzi L, Carbaleda &, Watteding F. et al Single-nucleatide polymor
phism af tha FKBPS gene and childhood mahreatment as predcters of
struchural changes in brain areas iwaleed in @mabanal precessing in
depresman. Mewcpsychophamacalegy 2014412487497, Avalable
fram: httputhwwsy natune. comfarticles/npp2 151 70,

Fradl T, O'keana V. How does the brain deal with cumulative stress?
& resnew with facus an developmental stress, HPA axis function and
hippacampal structure in humans. Meurcbiol Dis 2013;52-24.37.
Available frem: httpssYwass.sciencedirect.comfsoencesant cledpa
SOPA9994 112000824 Fvia®3Dihub.

Zohal A, Schuhmachar &, Jagsen F, o1 & DN& saopiance vaiants of
the FEBPE gane ar asaciated with unigalar depression, Ing .| Meuno-
peychepharmacal 2010,1315:5645-680,

Fani M, Gutman [, Ters EB, &1 . FEKAFS ard amantien bias for thraat
Jana Pagchimry  A13,0H4)392. Sailable frome bimpodarchesye.
jamanatwart.comdaricks . s Tdoi= 1010017201 2 jamapsychiatry. 210

Mikolas P, Tozzi L. Daclin K, Farell C, O'Keare W, Frod| T. Effects af
warly life achwersty and FKBFS geratype on hippocamgal subfields val-
ume in major depression, J Affect Disord 2019, 252[Movember 2018
152-15%9, awailable frome  hrpeinkinghuby, elsavian comdratriawa il
SMESDEITIRIZTE6Z

Fujii T, Ot M, Hari H, #t sl Assacistion bersesn the cammon fune-
tisrad FEBFS wanant (s 380700) ard beain structure in 8 nor-clinical
population. J Paychiatr Res 20145856101, Awilable from: btipssy?
v scienoedirect comdsciencedarticl s pivSIIZ2 3756 14902064 Tvin®
3Dk,

Staburd JM, Jorest BR, Mrande-Domirgueee O, et sl Large-scale
topakgy and the default mode neteork in the mouse connectame.
Proc Matl Acad Sci U 5 A 200411152 18745-18750. swvailable from:
v pnas orpfc o/ do 10107 3 pnaes. 1404346717

Grandjean J, Schroeter &, He F, et al. Eady alterations in furctioral
connectivity and white matter sbructure in a transgenic mouse model af
cerebral armdoidasis. J Meurosci 200434021 13780-13789. Avaiable
from: https:fewe. peurcso.orgfoontent 344 11 37RO

Velume 33, Mo, §



20

21.

22

23

4.

285,

26

27

28.

2%

a0

.

3z

1.

3d.

Grandjean J, Azinnan [, Seuwan &, et al. Chrenic pspchosocial stress
in mice leads to changes in bran furctional connectrity ard metaoo-
lita lovals comparable to human depression. Mowmmage 2074142
S4d-552,

Laine M, Sckalewsks E, Dudek M, Callan 58, Hyytid P, Howatta |
Bran activation induced by chranic paychosocial stress in mice. 5o Rep
2HTTAE-11, Available from: was nature comfscimntilicreperts,

Meintesh AL, Gormley 5, Tozzi L, Fradl T, Harkin A Recent aghances in
translational magnetic resonance imaging n animal madals of stress
ard depressian. Frant Cell Newoso 2017,11:150.

Haortrmann  J. Wagrer KW, Lebl ©, et al The involvemant al
FES0E-bindng protein 31 (FKBPS} in the behavicral and neurserdo-
crne effects of chranic social defeat stress. Meuropharmacology 201Z;
&2[1E3E32-339. Available fram: hittps:ffwram sciencedirect comiscierce)
artiche’ pa 00235081 1003297 TviaXk I Dihuks,

Touma [, Gassen NG, Harmann L, &t &l FESDG binding protain
5 shapes stiess rosporsivaness: Modulation of reunsendocring reae-
tivity and coping bahawiar, Bl Pepchiaty 2071 70000928-5248,
Avpilable  fram:  hitpsfwessr scioncedirectcomiscanceaniclafgad
SO0MEITZ I IDNTE T viaR30 bk,

Balzzvich G, Hausl A5, Meyer OW, et al. Sress-respanzive FKEFE reg-
ulstes AKTZ-A5160 signaling and metabalic function. Mat Commun
SMTAAEITES.  Available  framc  httpofssovnature comdarbcles’
=41 447N 7-01T B3y,

Ak 5 Roemanceskh CPN, Letisa Curs M, e al. Deficiency of
FESIE-bindng protain [FKBF) 51 alters shap architectur andd recenary
shspp resperaes o eness in mice. J Sleep Res 201433001 14-185.
Availabib froen; g rchi anlmonih. gespubired 243547885,

Tranguch 5, Cheurg-Flynn J, Dakolu T, et al. Cochaperone immu-
rephilin FKBPSZ & cntcal to uterine receptivity for embryo imglanta-
tior. Proc Matl dcad 50 U 5 A 2005;102M@00:14326-14331. Available
fram: htipfwwes. nchi.nlm.nih.gowpubmed? 146 174985,

Hikishima K, Kamaki ¥, Seki F, Ohnishi ¥, Okano HI, Okane H. In vive
mitroscapi vasel-based mophomaetry with o bran temglate to cheac-
turize strainspecific stroctures in the mouse bran, S0 Reg 20077013085
Available from: fpmclerticles FMCS42TF 14 freport=sbetract.

denbrson M, Becomann CF, Bohrens TEJ, Woalnch B0, Sonith SPd.
Review F5L. Meuromage 201 242:782.7%0.

Zhang H, Yushkevich PA, Rueckert O, Gee JC. Uriiased white matter
atlas construction using diffusion sensar images. Lecture Motes in Com-
puter Soence [including subsanes Lecturs Notes in Adfificial intei-
genoe and Lecture Motes in Broinfarmaticsl, Berlin: Springer; 2007, p
211-218, Avwailoble fom:  hips:tlink springer.comdchapten'10,10077
¥78-3-540-75759-7_246.

Zhang H, fwarts BB, Yushkevich P&, at al. High-dmersicral spabal
mnomalization of diffusion tensor mages improves the detection of
white matter differences: &n exampla study using amyatrophec lateral
scleroais, IEEE Trans Maed Imamrg 2007,26(11]:1 585-15%97.

dduru M, Zhang H, Fox AS, et al. & diffusan tenisor brain termplate for
rhesus macaques. Meuroimage 2012,5%{11:306-318. Awailable from:
ipmcfartickes PMIC3 195880 report=absiract.

Sanith 58, Mighols TE. Threshold-fres clustar enh nanT Ak ]
prablors of smocthing, threshald depandancs and localisation in dis-
tar inferamos, Masrsirmags 200944108398, Avalable from: hitgsd
pubircd nek nlnrib.gow 1BS B30

Haber 5M, Calzavara R. The cortico-basal ganglia integrative net-
wiork: The rode of the thalamus. Bran Res Bull 2009 78(2-3:49-74.
Available from:  https:feww sciencedirect.comdscience/article fabsf
piiS03419 23008003420 tia %3 Dihub.

May 2021

15

1k

ErR

1B

g

4D,

41,

az.

LEN

Aad.

a5,

s,

a7

48,

ag.

Research Articles |42

Engelhardt et al.: FKEFST Shapes Brain Structure

Panzo WM&, Robert W, Tucciarone J, et al. The paravertncular thalamus
controls & central amygdala fear circwe, Mabare 201 55197 544):455-
45%. fwalable from: hitps:pubmed. rchinlmonih.goe 256002690

Bhatnagar 5, Hubaer B, Lazar E, Pych L, Vireng C. Chironic stross ahers
bahawor in the condtiened defonsve burgng test: Role of the poste-
nior paravenincular thalamus. Phamacel Biochem Behae 20037402
343-34%. Available frem: htpeYpubmed nch.nim.ribogow' 1 45926877,

Jaferi &, Bhatnagar 5. Caorticosterane can act at the postenar para-
wentncular thalamus to inhikit hypothalamic-pitaitang-adranal activity
in animals that habituate to repoated stress. Endecrinology 2004;
14T 49174530, Available from:  hitpsafpubmed.ncbe nlm.mih.
qow' 1 GE0F4LG,.

Lau WKW, Loung ME, Law ACK, Les TMC. Maderating effects of cari-
sal on reural-cegnitve assaciation in cognitively ramal eldedy sub-
jects. Front Aging Newoso 2007,%:143.

Chen B, Muctzed RL, El Mamroun H, ot al. Mo asseciation betwaen hair
comsel o comsone  and  bran momphology  in children.
Peychoreurcendocnrclogy 21 E74101-110. Available from: htpss
pubrmred nckenlmorah. gow 2759845 67,

Marsudaira |, Oba K, Takeudhi H, et al. rs1380780 of the FKBPS gena
modulates the asseciabon between matemal acceptance and regional
gray matter wokime in the thalamus in children and adokescants. PLaS
One 2079,1448):022 1748,

Shaikh HI, Joanisse MF, Mackrall 58, at al. Links betwaen white matbar
microstructure and cortisol reactvity 1o stress in early chidhaod: Evie
dence for maderation by parenting. Meurolmage Clin 200467785
Swailable from: hitps:pubmed. nebinlmonib. goy 2537 %4187,

Stechaschulte LA, Qi B, Wamer M, et al. FKBFS1 rull mece ane resistant
1o diet-irduced obesity ard the PRARy aganist rasigltazone. Endoori-
nology 201415710 3088.3900. Avalable fram: https:Yacdemic.oup.
comdandataticle leakupidow 10,12 10¢en. 20151994,

Siva T, MicNaughton M. Are penaqueductal gray and dorsal raphe the
joundation of appettive and awersive condrol? A comprebensive
raviaw. Prog Mewckial 201%177:33.72. Available from: hitps s,
sciencedrect comysoiencedarbcl o/ pivSI 301 DOBT 18301722,

#nacker C, Scholz J, O'Dannell KJ, et 2. Mewoanatomic differences
associabed with stress susceptioility and resiience. Biol Pesychiatry 2016;
TONOEA40-249. hittpa/dioearg'10. 1014/ biopsych. 2015, 08.009.

Zatome RJ, Fields RD, JohanserrBerg H. Flasticity in gray and white:
Meuraimaging changes in brain structure during learmineg. Mature: Meu-
rosoence FIE;15:528-534. fwailable from: hitps. e nature coms
articlesnn. 3045,

Douaud G, Behrens TE, Poupan C, et &l In vivo evidence far the selec-
tve subcartical degeneration n Hunmbrgton's disease. Meuroimage
200508041958 B64. Ayailaple from: hetpesd pubmed.rchi.nlm. nib.gore!
193321410,

Fierpaali C, Barnett A, Fajevic 5, et al. 'Water diffusion changes in
wallerian degeneration and their dependence an white matter archi-
tecture. Meurcimage 2000;1341:1174-1185. Awailable from: htps:#f
pubmed.nooi.nimonih.gow 1 1352425

Bargaszser 04, Valenting BJ. Sex differences in stress-related paychiat-
ric disorders: Mewrobiological perspectives. Front Mewrpendocrino
2014;35:303-319.

Zannas A5, ka M, Hafner K, et al. Epigeretic upregulatan of FKBFS by
aqing and stress contrioutes to NF-kB-dnven inflammation and cardio-
wascular =k, Froc Matl Acad Sci U S A 201918831137 0-11379.
Movailable from: hitps:sws. pras orgfoontent! 11 872311370,

1365



Research Articles |43

2.3. FKBP51 in the ovBNST regulates anxiety-like behaviour

Engelhardt, C, Tang, F., Bordes, J., Brix, L.M., van Doeselaar, L.,Hausl, A.S., P6himann, M.L., Schraut,
K.G., Yang, H., Chen, A., Deussing, J., & Schmidt, M.V.

Manuscript in preparation



Research Articles |44

Abstract

The co-chaperone FKBP51 and the oval bed nucleus of the stria terminalis (ovBNST) have both been
implicated in stress-induced anxiety. However, the role of Fkbp5 in the ovBNST and its impact on
anxiety-like behavior have remained unknown. Here we show that Fkbp5 in the ovBNST is reactive to
acute stress and co-expressed with the stress-regulated neuropeptides Tac2 and Crh. Subsequently,
results obtained from viral-mediated manipulation indicate that Fkbp5 overexpression (OE) in the
ovBNST results in an anxiolytic tendency regarding behavior and endocrinology, whereas a knockout
exposed a clear anxiogenic phenotype, indicating that native ovBNST expression and regulation is
necessary for normal anxiety-related behavior. Notably, our data suggests that a stress-induced increase
of Fkbp5 in the ovBNST may in fact have a protective role, leading to a transient decrease in anxiety and
suppression of a future stress-induced hypothalamic-pituitary-adrenal (HPA) axis activation. Together,
our findings provide a first insight into the previously unknown relationship and effects of Fkbp5 and
the ovBNST on anxiety-like behavior and HPA axis functioning.

Significance Statement

Both the co-chaperone FKBP51 and the oval bed nucleus of the stria terminalis (ovBNST) have been
implicated in anxiety, yet their combined effects of mediating anxiety-like states have not been
explored. Here we provide a first characterization of the role of Fkbp5 in the ovBNST on HPA axis
function and anxiety-related behavior. Our findings suggest that stress induction of Fkbp5 in the ovBNST
may have a protective role, leading to decreased anxiety and suppression of a future stress-induced
HPA axis activation. Overall, this study constitutes a basic step towards understanding the underlying
mechanisms of Fkbp5 signaling in the ovBNST and their role in stress-induced anxiety disorders.

Introduction

Stress exposure can trigger maladaptive behavioral responses and induce mood disorders, such as
anxiety (De Kloet et al., 2005). Anxiety is characterized by non-adaptive hypervigilance and threat
overestimation in uncertain situations (Sylvers et al., 2011). The FK506 binding protein 51 (FKBP51;
encoded by the FKBP5 gene), a heat shock protein 90 kDa (Hsp90) co-chaperone, is a regulator of the
stress system and a risk factor for anxiety disorders (Binder, 2009). Together with Hsp90, FKBP51
regulates glucocorticoid receptor (GR) activity via a short negative feedback loop. This signaling pathway
rapidly restores homeostasis in the hypothalamic-adrenal-pituitary (HPA) axis after exposure to stress.
Altered HPA axis regulation mechanisms, specifically impaired signaling of GR, have been causally
implicated in the pathogenesis of anxiety (Holsboer, 2000).

Interestingly, single nucleotide polymorphisms (SNPs) in FKBP5 have been associated with increased
FKBP51 expression and GR resistance, leading to differential HPA axis activation after stress exposure
(Binder, 2009). Healthy controls homozygote for the high-induction alleles show significantly slower
recovery of stress-related increases in cortisol levels as well as more anxiety symptoms in the recovery
phase than healthy controls with other genotypes (Ising et al., 2008). Furthermore, carriers of the same
risk variant were more susceptible to anxiety when exposed to childhood maltreatment (Scheuer et al,,
2016).
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Rodent studies have provided further insights into the role of FKBP51 and anxiety. Traditionally, anxiety
is associated with the amygdala (Felix-Ortiz et al., 2016; Tye et al., 2011). While a global knockout (KO)
of Fkbp5 did not affect anxiety-like behavior, reducing FKBP51 in the amygdala decreased stress-induced
anxiety-like behavior (Attwood et al., 2011). Likewise, pharmacological disruption of FKBP51 signaling
in the amygdala demonstrated an anxiolytic effect, whereas FKBP51-OE enhanced anxiety-like behavior.
However, anxiety was not altered by FKBP51-OE in the dorsal hippocampus of mice (Hartmann et al.,
2015). These findings suggest that FKBP51 in the amygdala regulates stress-induced anxiety-like
behavior, and that these effects are highly region-specific.

Like the amygdala, a large body of evidence implicates the bed nucleus of the stria terminalis (BNST) in
anxiety. The BNST receives information from limbic structures (e.g. amygdala, hippocampus, mPFC) and
projects to autonomic and neuroendocrine systems located in hypothalamus and brainstem regions
that regulate the HPA axis (Dong et al., 2001b; Ch'ng et al., 2018). Clinical imaging data suggest that
BNST activity is positively correlated with increased anxiety (Somerville et al., 2010; Yassa et al., 2012).
The rodent literature however has presented conflicting results (Walker and Davis, 1997; Treit et al,,
1998; Duvarci et al., 2009; Van Dijk et al., 2013; Luyck et al., 2017), confirming that the BNST in fact
modulates anxiety, but not specifying if this structure increases or decreases anxiety. These
discrepancies might be accounted for by the anatomical and neurochemical heterogeneity of the BNST.
The BNST consists of 18 sub-nuclei, which likely regulate anxiety in different, sometimes opposing
directions (Bota et al., 2012). For instance, optogenetically inhibiting the oval nucleus of the BNST
(ovBNST) elicited an anxiolytic effect, whereas light-induced decreases in neuronal activity in the
anterodorsal BNST (adBNST) were anxiogenic (Kim et al.,, 2013). Likewise, chronic stress and acute
optogenetic activation of the ovBNST increased anxiogenic behaviors (Hu et al., 2020a). Moreover, early
life stress resulted in a long-lasting activation of CRH signaling in the mouse ovBNST, leading to potential
maladaptive changes in ovBNST function in adulthood (Hu et al., 2020b). The ovBNST is therefore a
promising region with regard to anxiety disorders, since it is strongly involved in mediating anxiety-like
behavior.

Given FKBP51’s role in stress-induced anxiety, an understanding of its function in the ovBNST is of great
relevance to further decipher maladaptive anxiety as a psychiatric disease. Here, we describe FKBP51
expression and regulation in the ovBNST under basal conditions and after stress. We further explore the
neuropeptide expression profile of FKB51 positive cells within the ovBNST. Finally, we delineate the
effects of Fkbp5 manipulation in the ovBNST on anxiety-like behavior and neuroendocrinology.

Materials and Methods
Animals and Animal housing

Experiments were carried out with C57BI/6n, Fkbp5'®/° (Hausl et al., 2019) and Fkbp5*® (Tranguch et
al., 2005) mice obtained from the in-house breeding facility of the Max Planck Institute of Psychiatry,
Munich. All animals used during the experiments were male and between 8-12 weeks old. Initially, mice
were group housed and then single-housed at least 1 week prior to the start of the experiment. Housing
parameters in the holding and testing rooms were kept constant on a 12h light: 12h darkness cycle, with
controlled temperature (22+ 2°C) and humidity (45 10%). Food (Altromin 1324, Altromin GmBH,
Germany) and water (tap water) was provided ad libitum. Experiments were carried out in accordance
with the European Communities Council Directive 2010/63/EU. All efforts were made to minimize
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animal suffering during the experiments. Protocols were approved by the committee for the Care and
Use of Laboratory Animals of the Government of Upper Bavaria, Germany.

Stress paradigms
Acute Restraint Stress

Mice were restrained manually and guided into a 50 ml falcon tube. The falcon contained holes in the
top and the lid to allow for sufficient ventilation and tail movement. The restraint lasted 4 hours and
animals were either sacrificed immediately after or allowed to recover in their home cage for 4 hours.
Animals that underwent a FKBP51 KO were restrained for half an hour before the sacrifice in order to
facilitate subsequent virus validation.

Chronic Social Defeat Stress

The Chronic Social Defeat Stress (CSDS) paradigm lasted for 21 days and was conducted as described
previously (Wagner et al., 2012). Briefly, experimental mice were placed in the home cage of a dominant
CD1 resident mouse. Interaction was permitted until the experimental mouse was attacked and
defeated by the CD1 aggressor. Mice were subsequently separated by a wire mesh that prevented
physical contact but maintained sensory contact for 24h. Each day, for 21 days, the experimental mouse
was paired with another unfamiliar CD1 mouse. Both control and stressed mice were handled daily
during the course of the stress exposure.

Acute Fear Conditioning

Animals were habituated for two days by placing them into the conditioning chamber (Bioseb, France)
for 5 min with the chamber lights switched on. On the consecutive day (D3), mice either received five
tones (30s, 9kHz, 80 dB) paired with a foot shock (500 ms, 0.7 mA) and a 5- min inter-trial, or they were
exposed to the tones only. Animals remained in the shock/ tone-shock context for an additional 60 sec,
before they were returned to their home cages. Control animals remained in their home cages at all
times. Stimuli (light, tone, shock) were operated with commercially available software (Packwin V2.0;
Panlab, Spain).

Behavioral paradigms

All behavioral testing was carried out in the animal facility of the Max Planck Institute of Psychiatry,
Munich. Tests were performed during the light phase between 7am and 1pm to avoid potential
behavioral alterations due to circadian variation of corticosterone levels. The behavioral testing was
conducted in the following order: elevated plus maze (EPM), dark-light box (DALI), open field (OF) and
acute stress response. Recording, tracking and scoring of animal behavior was carried out using the
automated video tracking system ANY-maze (ANY-maze 6.18; Stoelting Co, Wood Dale, IL, USA). All tests
were performed by an experienced, blinded researcher and according to established protocols.

EPM

The EPM was performed as previously described (Santarelli et al., 2014). Briefly, animals were placed in
an elevated (50 cm) plus-shaped platform made of grey PVC, with two opposing open arms (30x5x 0.5
cm) and two opposing enclosed arms (30 x 5 x 15 cm). lllumination was less than 10 lux in the enclosed
arms and 25 lux in the open arms. Animals were placed in the center zone facing one of both closed
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arms at the beginning of a 10-minute trial. An increase in open arm activity (duration and/or entries) is
interpreted as a decrease in anxiety-like behavior.

DALI

The apparatus was comprised of a dark and protected compartment (15 x 20 x 25 cm, dimly lit under
10 lux) and a brightly illuminated compartment (30 x 20 x 25 cm, lit with 700 lux); both compartments
were connected by a tunnel of 4 cm in length. Mice were placed in the dark compartment, facing
towards a wall and recorded for 5 min. To assess anxiety-related behavior, the time spent, number of
entries and latency to first entry into the lit compartment were measured.

OF

Mice were placed in a corner of a 50 x 50 x 50 cm plastic arena. Fifteen-minute trials were video
recorded by an overhead camera. The test was performed under conditions of a highly lit center zone
(20 lux; 20x 20 cm) and a dimly lit (16 lux) outer zone. Parameters of interest regarding anxiety-like
behavior were time spent and number of entries to the center zone. For more detailed analysis, the
time total was divided into three segments of 5 min.

Stress response dfter acute restraint stress (ARS)

Mice were restrained for 15 min and blood was immediately collected by a tail cut to examine response
corticosterone levels. Mice were then released back into their home cage. 30 min and 60 min after the
onset of the stressor additional blood samples were again collected via the tail vein in order to assess
corticosterone levels. Plasma was collected and stored at -20°C. Levels of plasma corticosterone were
subsequently determined using a commercially available radioimmunoassay kit with ?°|-labeled anti-
corticosterone antibody (MP Biomedicals Inc.; sensitivity: 12.5 ng/ml; intra-assay coefficient of variation
(CV): 7%; inter-assay CV: 7%).

Tissue collection and processing

Animals were anesthetized with isoflurane and sacrificed by decapitation. Basal trunk blood was
collected and processed (as described above). Brains were removed, snap frozen and stored at -80°C.
Adrenals and thymus gland were removed, dissected from fat and weighed. Alternatively, mice were
anesthetized with isoflurane and transcardially perfused with 0.1 M phosphate-buffered saline (PBS)
followed by 4% (v/v) paraformaldehyde (PFA) fixative in PBS. Brains were rapidly removed and post-
fixed in PFA overnight at 4°C. The following day, post-fixed brains were transferred to a cryoprotectant
solution (30% sucrose in 0.1 M PBS) for two additional overnight incubations at 4°C. Brains were stored
at -4°C until processed.

Stereotactical Microinjections

Manipulation of FKBP51 was performed using adeno-associated bicistronic AAV1/2 vectors (AAV1/2-
HA-CAG-FKBP5-1 and AAV1/2-CAG-null, GeneDetect; AAV1-CMV-Cre and AAV1/2-CAG-empty-IRES-
EGFP, Addgene; AAV1/2-ERT2-Cre-ERT2). Stereotactic injections were performed as described
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previously (Schmidt et al. 2011) Briefly, an injection volume of 0.3 pl using a glass capillary with a tip
resistance of 2 -3 MQ over 6 min (0.05 pl/min) was used to deliver the virus. For bilateral microinjections
into the ovBNST, mice were anesthetized with isoflurane and fixed in a stereotaxic frame in order to
target the following coordinates relative to Bregma: posterior 0.8 mm; 1.2 mm lateral; 4.3 mm ventral.
After surgery, mice remained in their home cage for 3 weeks until the start of behavioral experiments.
Successful virus expression was verified by in situ hybridization (/SH).

4-hydroxytamoxifen (4OHT) Treatment

To induce activity-dependent Cre expression, 40HT (H6278, Sigma-Aldrich) 50 mg/ml 40HT dissolved in
DMSO (D81438, Sigma-Aldrich) and diluted 10x in saline containing 2% Tween80 (P1754, Sigma-Aldrich)
and 10x in saline; final concentration: 2.5 mg/ml 40HT, 5% DMSO and 1% Tween80 in saline) was
injected immediately in Fkbp5'®/°* mice before a 4 h restraint (final dose: 25 mg/kg). The restraint
ensured viral Cre expression, thus FKBP5-KO, but only in those neurons in the ovBNST that had been
previously activated by the restraint stress.

Immunohistochemistry

Immunohistochemistry was used to detect beta-gal distribution and thus indirectly visualize cellular
location of FKBP51. In addition, virus injections were validated using immunohistochemical staining.
Briefly, serial free-floating sections were washed in 0.1 M PBS and incubated in blocking solution (10%
normal goat serum (NGS)/ 1% Triton/ 0.1 M PBS) for 30 min at room temperature. Sections were
incubated with the primary antibody (diluted 1:500 -1000 in 1% NGS/ 0.3% Triton/ 0.1 M PBS) overnight
at 4°C. Sections were washed with 0.1 M PBS and incubated with a secondary antibody (1:500-1000) for
2 hin a light protected environment. After washes with 0.1 M PBS, the sections were mounted with
DAPI medium (Fluoromount-G Cat. No. 0100-20) and cover-slipped.

Fresh-frozen sections used for virus validation were treated with an adapted version of the protocol
described above. A hydrophobic barrier PAP pen (Sigma-Aldrich) was used to encircle the sections.
Blocking and antibody solutions were pipetted onto the encircled region. Furthermore, slides were
covered with parafilm (neolab, Germany) during antibody incubation to prevent drying out and ensure
constant coverage of the sections.

In Situ Hybridization

Fkbp5 gene expression in the BNST was examined by ISH. Coronal whole-brain slices were cryosectioned
at a thickness of 20 um and directly mounted onto Superfrost Plus Slides as 6 sequential series. A cRNA
anti-sense riboprobe was transcribed from linearized plasmid DNA (for forward primer:
5'CTTGGACCACGCTATGGTT; reverse primer: 5’GGATTGACTGCCAACACCTT). ISH was performed as
previously described (M. Schmidt et al. 2003; Schmidt et al. 2007). For signal detection, slides were
exposed to a Kodak Biomax MR film (Eastman Kodak Co). Exposure times varied according to the
radioactive properties of each riboprobe. Autoradiographic densities were quantified using the NIH
Imagel Software (NIH, Bethesda, MD, USA) to both validate and quantify expression of the gene.
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Double ISH

Double ISH (DISH) was used for the co-localization of Fkbp5 mRNA with the GABAergic marker
Gad65/Gad67 within the ovBNST. Briefly, 3>S UTP-labelled Fkbp5 riboprobe was used with a combination
of digoxigenin (DIG)-labelled Gad65 and DIG-labelled Gad67 riboprobe. The antisense riboprobes were
transcribed from a linear plasmid for Fkbp5 (forward primer: 5’- CTT GGA CCA CGC TAT GGT TT -3;
reverse primer: 5’-GGA TTG ACT GCCAACACCTT-3’), Gad65 (forward primer: 5'- TAATAC GACTCA CTA
TAG CG -3’; reverse primer: 5’-CCC TTT AGT GAG GGT TAA TT- 3’) and Gad67 (forward primer: 5'-ATG
ACG TCT CCT ACG ATA CA-3'; reverse primer: 5'-CCC CTT GAG GCT GGT AAC CA-3'). DISH was performed
as previously described (Refojo et al., 2011). Briefly, sections were fixed in 4 % PFA. After several washing
steps, endogenous peroxidase was quenched in 1% H,0,. Background was reduced in 0.2 M HCl,
followed by 2 additional washing steps (1 x PBS). The slides were then acetylated in 0.1 M
triethanolamine, washed (1 x PBS) and dehydrated through increasing concentrations of ethanol. After
that, tissue sections were saturated with 90 ul of hybridization buffer containing approximately 50,000
cpm/pl *°S-labelled riboprobe and 0.2 pg/ml DIG-labelled riboprobe. Brain sections were cover-slipped
and incubated overnight at 55°C. The following day, coverslips were removed, and sections were
washed several times in decreasing concentrations of SSC/formamide buffers under stringent
temperature settings. After SSC washes, sections were treated with RNAse A in 1 x NTE at 37°C and
washed in 1x NTE/0.05% Tween20 (2x times) followed by a blocking step in 4% BSA for 1 hour. After
additional washing steps, sections were blocked in NEN-TNB for 30 min. In a final step, slides were
incubated with Roche’s anti-DIG (FAB) (1:400, Roche Molecular Diagnostics) at 4°C overnight. On the
last day, sections were washed several times in TNT at 30°C followed by a signal amplification step in
which sections were incubated for 15 min in tyramide-biotin. Thereafter, additional washing steps were
performed (Roche washing buffer, Roche Molecular Diagnostics). Sections were then incubated for 1 h
with Roche streptavidin-AP (1:400, Roche Molecular Diagnostics). Afterwards, sections were washed in
Roche washing buffer and subsequently prepared for Vector red staining in 100 mM Tris/HCL (Vector
Laboratories, Burlingame, CA, USA). Slides were immersed in Vector red solution under unlit conditions
for 15-30 min depending on staining. When staining was sufficient, the reaction was stopped in 1 x PBS
followed by a fixation step in 2.5% glutaraldehyde. Finally, sections were washed in 0.1 x SSC and
dehydrated through a graded series of ethanol solutions (30, 50, 70, and 96%).

RNAscope

RNAscope is a novel ISH assay for detection of target RNA within intact cells. This approach allows for
multiplex detection of up to four target genes. The procedure was performed according to
manufacturer’s specifications and with the RNAscope Flourescent Multiplex Reagent Kit (Cat. No.
320850, Advanced Cell Diagnostics, Newark, Ca, USA). The probes used for detection were; Fkbp5 (Mm-
Fkbp5-No-XHs), Tac2 (Mm-Tac2-C2/C3), Gad65 (Mm-Gad2-C3) and Crh (mm-Crh-C2).

Briefly, sections were fixed in 4% PFA for 30 min at 4°C and dehydrated in increasing concentrations of
ethanol. Next, tissue sections were incubated with protease IV for 30 min at room temperature. The
probes were mixed at a ratio of 1:1:50 and hybridized for 2 h at 40°C followed by four hybridization
steps of the amplification reagents 1 to 4. The sections were then counterstained with DAPI, cover-
slipped and stored at 4°C. Images were acquired with experimenter blinded to probes used.
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Sixteen-bit images of each section were taken on a Zeiss confocal microscope using a 20x, 40x, and 63x
objective. Within a sample, images were acquired with identical settings for laser power, detector gain,
and amplifier offset.

Experimental Design and Statistical Analyses

Data were analysed using IBM SPSS Statistics 25 software (IBM SPSS Statistics, IBM, Chicago, IL, USA)
and GraphPad Prism 8.0 (GraphPad Software, San Diego, California, USA). For the comparison of two
groups, the independent Student’s t-test was applied. If the data were not normally distributed, the
non-parametric Mann-Whitney (MW-test) was used. Data with more than two groups were tested by
the appropriate analysis of variance (ANOVA) model followed by Bonferroni post-hoc analysis to
determine statistical significance between individual groups. In the event of multiple time points, a
repeated-measures ANOVA was performed. If a single value was missing from the data, mixed model
analysis was applied. All data are shown as means +/- standard error of the mean (SEM). The level of
statistical significance was set at p < 0.05.

Results
Expression and regulation of Fkbp5 in the ovBNST

To gain a deeper understanding of the possible function of FKBP51 in the BNST, we first explored its
regulation following exposure to different stressful situations. Since visualization of FKBP51 protein
regulation is hindered by the lack of specific antibodies, we utilized the Fkbp5C line. Here, the insertion
of the lacZ gene in the Fkbp5 locus of this line results in changes in beta-gal expression, which directly
reflect expression changes of FKBP51. Beta-gal free-floating IHC indicated a strong upregulation of
FKBP51 after exposure to acute restraint stress predominantly in the ovBNST (Fig 1A, B). This finding
was confirmed using ISH to quantify Fkbp5 mRNA expression in C57BI/6n mice at basal level (n=7) and
after exposure to 4h of acute restraint stress. Exposure to restraint stress resulted in a significant
increase in Fkbp5 mRNA expression within the ovBNST (t(12)= 6.61, p < 0. 0001, unpaired t-test) (n = 8;
Fig. 1C). To further characterize the Fkbp5 positive neuronal population activated by acute restraint
stress within the ovBNST, co-expression with the neuronal GABAergic markers GAD65/67 was
determined using DISH at basal level and after restraint stress (Fig. 1D). From the results it could be
concluded that Fkbp5 is expressed and regulated in the majority of GABAergic neurons in the ovBNST.
This finding was further confirmed using RNAscope (Fig. 1E), demonstrating a clear co-expression of the
marker GAD65 and Fkbp5 within the ovBNST and on a single cellular level. Interestingly, quantification
of Fkbp5 mRNA regulation after exposure to CSDS did not result in a significant difference between the
control (n= 10) and stressed group (n= 8) in the ovBNST (Fig. 1F), indicating that ovBNST Fkbp5
upregulation might be reactive predominantly to acute stress exposure. Consequently, mice were
exposed to a different kind of acute stressor —a modified and acute version of classical fear conditioning
that included a home cage only group (n = 7), tone only (n=8), and shock and tone combined group
(n=5). A one-way ANOVA demonstrated a significant difference between the three groups [F (2, 17) =
4.644, p=0.025] (Fig.1G) and Bonferroni post-hoc analysis revealed a significant difference between the
home cage group and the tone and shock combined group (t(17)= 2.835, p= 0.034). Finally, to gain
information on the dynamics of Fkbp5 upregulation within the ovBNST after exposure to acute restraint
stress, a time course was performed (Fig. 1H). Fkbp5 upregulation differed significantly within the
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different time points [F (4, 21) = 5.767, p= 0.0027, ANOVA] and peaked as observed previously after 4
hours (Bonferroni basal vs 4h, t(21)= 3.848, p= 0.0093).
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Figure 1: Expression and regulation of Fkbp5 in the ovBNST. (A) Fkbp5 is expressed predominantly in the
ovBNST at basal level and highly upregulated after exposure to acute stress. Stress regulation of FKBP51

is shown though beta-gal upregulation (B) and on mRNA level (C). Furthermore, Fkbp5 is expressed and

regulated in the majority of GABAergic neurons (D). Black arrow: GABAergic cell expressing Fkbp5; white

arrow: non-GABAergic cell expressing Fkbp5. This was further confirmed by RNAscope (E),

demonstrating a clear co-expression of Fkbp5 and GADG65 in a cell. (F) Fkbp5 was not significantly

upregulated after exposure to chronic social defeat stress. However, exposure to a different type of

acute stress — acute fear conditioning — reliably resulted in a significant upregulation of Fkbp5 in the

ovBNST (G). A time-course of Fkbp5 revealed a significant upregulation, with Fkbp5 regulation peaking
at its highest after 4h (H). Data are mean + SEM. * P< 0.05; **P < 0.01; # P < 0.001.
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Co-expression of Fkbp5 with Crh and Tac2

Next, we wanted to explore the neurochemical profile of Fkbp5 positive neurons in the ovBNST. Previous
studies have demonstrated that various stress- and anxiety-related neuropeptides are richly expressed
in the BNST (Walter et al., 1991; Adhikari, 2014; Zelikowsky et al., 2018b; Hu et al., 2020b). In fact, the
highest concentration of Crh neurons in the brain is located in the ovBNST (Morin et al., 1999; Daniel
and Rainnie, 2016a). Another neuropeptide of interest that has been recently associated with the BNST
and stress is Tachykinin 2 (Tac2) (Zelikowsky et al., 2018b). Thus, here we investigated the potential co-
expression of Fkbp5 with Crh and Tac2 in the ovBNST (Fig.2). Our results indicated that Fkbp5 and Tac2
are strongly co-expressed in the ovBNST (Fig. 2A,D). This also applies to Fkbp5 and Crh, which are
similarly co-expressed in ovBNST cells (Fig. 2B,E). However, apart from these two distinct populations,
co-expression patterns of Fkbp5, Tac2 and Crh also seemed to overlap within the ovBNST (Fig.2C,F).
Specifically, using RNAscope we could visualize Fkbp5 positive cells co-expressing both Crh and Tac2
(Fig. 2F, violet arrow), Fkbp5 positive cells strongly co-expressing Tac2 (Fig.2F, violet outline arrow),
Fkbp5 positive cells weakly co-expressing Tac2 (Fig.2F, grey arrow) and Fkbp5 positive cells strongly co-

expressing Crh (Fig.2F, grey outline arrow).

Figure 2: Fkbp5 is co-expressed with the neuropeptides Crh and Tac2 in the ovBNST. (A) Fkbp5 and Tac2
are strongly co-expressed in the ovBNST, as can be seen in detail (D). (B) Fkbp5 and Crh are also co-
expressed in the ovBNST as shown in detail (E). (C) Expression patterns of Fkbp5 with Tac2 and Crh in
the ovBNST come in various combinations. (F) Violet arrow: Fkbp5 positive cell co-expressing both Crh
and Tac2. Violet outline arrow: Fkbp5 positive cell strongly co-expressing Tac2. Grey arrow: Fkbp5
positive cell weakly co-expressing Tac2. Grey outline arrow: Fkbp5 positive cells strongly co-expressing
Crh. Scalebar (A-C): 25 um; (D-F): 10 pm.
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Overexpression of Fkbp5 in the BNST

Following the characterization of Fkbp5 expression and regulation after exposure to stress within the
ovBNST, we investigated whether manipulation of Fkbp5 would result in a behavioral phenotype and
affect endocrinological parameters. Thus, viral-mediated gene transfer to the ovBNST was used to
overexpress FKBP51, thereby mimicking a stress-related upregulation (Fig.3A). ISH of coronal sections
was used to validate Fkbp5-OE and to exclude mice who presented off-target injection sites (Fig. 3B).
Mice that were not infected bilaterally in the BNST were excluded from all analyses.

In total, 13 control and 13 FKBP518"T9 mice were used for further analysis. There were no significant
differences between control and FKBP51B%TCE gnimals in the time spent and the number of entries to
the open arms in the EPM (Fig. 3C). However, FKBP518"T0F gnimals entered the lit zone of the DALI test
significantly more often than control animals [T(23)= 2.114, p= 0.046, unpaired t-test], yet did not
significantly differ in the distance covered within the light department (Fig. 3D). In addition, FKBP518NT-
F and control animals did not differ in the total distance covered during the OF test (Fig. 3E). However,
FKBP518MTOF animals demonstrated significantly lower corticosterone levels after a 15 min acute
restraint stress, [F(3, 68) = 4.310], p=0.008, ANOVA] (Fig. 3F). While this experiment did not yield a clear
behavioral phenotype, it alluded to the idea that Fkbp5-OE might have a mild anxiolytic effect and
suppress HPA axis reactivity.
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Figure 3: Overexpression of Fkbp5 in the BNST. Virally mediated overexpression of Fkbp5 (OE) did not
yield a clear behavioral phenotype but indicated a tendency towards anxiolysis (C-F). (A) Schematic
representation of viral manipulation and experimental timeline including testing battery. (B) Fkbp5 ISH
demonstrating correct viral expression and appropriate targeting of the BNST. Scale bar: 250 um. (C)
There were no significant differences in open-arm time spent and number of open-arm entries in the
elevated plus maze (EPM). (D) FKBP51B"TOF animals entered the lit compartment of the dark-light box
(DALI) more frequently than control animals, but there was no significant difference in the distance
covered within the light zone. FKBP518NT0F and control animals did not differ in the total distance
covered during the open field (OF) test (E). FKBP51B"T0F animals demonstrated significantly lower
corticosterone levels after a 15 min acute restraint stress (ARS) (F). Data are mean + SEM. * P< 0.05;
**p <0.01.
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Knockout of Fkbp5 in the BNST

The next experiment therefore explored the necessity of FKBP51 in the ovBNST on anxiety-related
behavior and HPA axis regulation by specific Fkbp5 deletion. ovBNST Fkbp5-KO was induced by viral
manipulation and animals underwent the exact same testing battery as in the previous experiment (Fig.
4A). Cre ISH was used to validate Fkbp5-KO and correct targeting of the ovBNST (Fig. 4B). Mice that were
not infected bilaterally in the ovBNST were excluded from all analyses.

Interestingly, FKBP518%T€0 animals spent significantly less time in the open arms [U= 22, p= 0.001,
Mann-Whitney test] and entered open arms of the EPM significantly less than control animals [T(20)=
3.171, p= 0.005, unpaired t- test] (Fig. 4C). Furthermore, whilst there was no significant difference for
the number of entries into the light zone of the DALI test, FKBP518"™*9 animals covered significantly
less distance within the light zone [T (19)=2.097, p= 0.049,unpaired t-test] (Fig. 4D). In addition, the two
groups did not differ in the total distance covered during the OF test, indicative of unaltered locomotor
behavior (Fig. 4E). Lastly, FKBP518¥“Canimals exposed significantly higher corticosterone levels after a
15 min acute restraint stress [time: F (2.895, 60.80) = 111.1, p < 0.0001; condition: F(1, 21) = 5.308, p=
0.032] (Fig. 4F). Overall, these data confirm that Fkbp5 manipulation in the BNST has a specific effect on
stress-induced anxiety and highlight an anxiogenic phenotype for Fkbp5-KO in the ovBNST.
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Figure 4: Knockout of Fkbp5 in the BNST. Virally mediated knockout of Fkbp5 (KO) resulted in a clear
anxiogenic phenotype. (A) Schematic of viral manipulation as well as experimental timeline and testing
battery. (B) Example of virus expression and correct targeting through Cre ISH. Scale bar: 250 um (C) In
the elevated plus maze (EPM), FKBP518MT0 animals (n=13) spent significantly less time in the open
arms and entered open arms less frequently than control animals (n=10). In line with this, FKBP5158NT-
KO animals covered significantly less distance within the light area of the dark-light box (DALI) test (D).
Total distance covered within the open field (OF) test increased for KO animals, albeit not significant. (F)
FKBP518MNTKO gnimals demonstrated a matching neuroendocrine phenotype, exposing significantly
higher corticosterone levels after a 15 min acute restraint stress (ARS). Data are mean + SEM. * P< 0.05;
**P <0.01; # P <0.001.
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Activity-dependent knockout of Fkbp5 in Fkbp5+ neurons of the ovBNST

Next, we investigated whether the lack of FKBP51 only in stress-activated cells of the ovBNST can
recapitulate the anxiogenic phenotype observed in the KO experiment. Thus, Fkbp5 was deleted in
Fkbp5 positive neurons that had been previously activated by acute restraint stress (Fig. 5A). Validation
of correct targeting and KO was performed though Fkbp5 ISH (Fig. 5B). As in previous experiments,
animals that were not infected bilaterally were excluded from all analysis.

Similar to the Fkbp5-KO in the BNST, activity-dependent KO of Fkbp5 in the ovBNST indicated an

1°VBNSTKO gnimals spent significantly less time in the open arms [T(21)=

anxiogenic phenotype. FKBP5
2.142, p=0.044, unpaired t-test)], but did not differ to the control group regarding the number of entries
to the open arms (Fig. 5C). Furthermore, there was no significant difference in light zone entries or
distance travelled during the DALI box (Fig. 5D). This was also observed for the total distance travelled
in the OF test (Fig. 5E). Finally, there was no effect of Fkbp5 ovBNST KO on endocrinological parameters
following acute restraint stress (Fig. 5F). Thus, a more precise KO of Fkbp5 in the ovBNST demonstrated
an anxiogenic phenotype specific to the exploration of the unprotected arms of the EPM, aligning with

the previous anxiety phenotype of Fkbp5-KO in the BNST.
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Figure 5: Activity-dependent knockout of Fkbp5 in the BNST. Activity-dependent knockout of Fkpb5 in
the ovBNST tended towards an anxiogenic phenotype. (A) Schematic representation of ESARE promoter
driven and 40HT dependent conditional knockout of previously activated neurons in the ovBNST, as
well as subsequent experimental timeline. (B) Fkbp5 ISH to validate correct viral manipulation. Scale bar:
250 um (C-F) Activity-dependent knockout of Fkpb5 in the ovBNST indicated an anxiogenic phenotype.
(C) FKBP51°BNSTKO (KO) animals spent significantly less time in the open arms of the elevated plus maze
(EPM). In addition, they showed a tendency to travel less distance within the light zone of the dark-light
box (DALI). The open field (OF) test (E) and the acute restraint stress response (F) did not show any
significant differences between the two groups. Data are mean + SEM. * P<0.05; **P < 0.01.
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Timeframe of anxiety-like behavior after exposure to acute restraint stress

The data on FKBP51 regulation in the ovBNST and anxiety-related behavior suggest that stress-induced
increase of FKBP51 in this region might in fact have a protective role, thus leading to decreased anxiety.
Consequently, we hypothesized that acute stress exposure should have a transient anxiolytic effect
following the stress-induced FKBP51 upregulation within the ovBNST. To explore this hypothesis,
C57Bl/6n mice were subjected to the EPM and OF test 12 hours after exposure to the acute restraint
stress paradigm (Fig. 6A). Notably, animals that had been previously restrained spent increased time in
the open arms of the EPM [T(18)= 2.306, p= 0.033, unpaired t-test] compared to controls (Fig. 6B).
Furthermore, there were no differences in total distance travelled within the OF apparatus test (Fig.6C).
These findings suggest that indeed acute stress exposure might lead to a transient anxiolytic phenotype
due to the specific increase of FKBP51 in the ovBNST.
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Figure 6: Timeframe of anxiety-like behavior after exposure to acute restraint stress. Exposure to acute
restraint stress caused an anxiolytic phenotype. (A) Schematic representation of experimental timeline.
(B) In the elevated plus maze (EPM), restrained animals (rs) spent significantly more time in the open
arms. However, there was no difference regarding the number of entries to the open arms between the
two groups. (C) The open field (OF) test did not show any significant differences between the two
groups. Data are mean + SEM. * P< 0.05; **P < 0.01.

Discussion

FKBP51 and the ovBNST play a pivotal role in stress-induced anxiety disorders (Ising et al., 2008; Kang
etal, 2012; Kimetal., 2013; Klengel et al., 2013; Scheuer et al., 2016; Hu et al., 2020a, 2020b). However,
the precise function of FKBP51 in the ovBNST and its role in anxiety remained unknown. Here we explore
for the first time the function of FKBP51 in the ovBNST upon stress, and the subsequent effects on
maladaptive anxiety behaviors, revealing ovBNST FKBP51’s important role in anxiety. We demonstrate
that ovBNST Fkbp5 expression is upregulated after exposure to acute stress and co-expressed with
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relevant stress-related neuropeptides. Furthermore, manipulation of Fkbp5 in the BNST has an effect
on anxiety-like behaviors. Remarkably, our results indicate that stress-induced increase of Fkbp5 in that
region might have a protective role regarding anxiety-like behavior.

Fkbp5 expression and regulation is highly region- and cell type-specific

Exposure to acute restraint stress significantly upregulated Fkbp5 in the ovBNST. This upregulation
seems reactive to acute stress only, since exposure to CSDS did not result in a significant upregulation.
Another acute stressor confirmed this, showing Fkbp5 upregulation relative to stressor severity. As the
ovBNST is a predominantly GABAergic nucleus (Lebow and Chen, 2016), we confirmed Fkbp5 expression
and regulation in the majority of ovBNST GABAergic neurons, which reaches a maximum at around 4
hours after stress onset. The short-lasting but robust upregulation of ovBNST Fkbp5 suggested a
functional consequence of this regulation in the aftermath of an acute or traumatic stress exposure.

Furthermore, the ovBNST expresses a number of neuropeptides relevant for emotional regulation
(Hammack et al., 2009; Lebow and Chen, 2016; Hu et al., 2020a), with CRH linked to anxiety-like states
in the BNST (Butler et al., 2016; Faria et al., 2016; Pomrenze et al., 2019b; Hu et al., 2020a). CRH is most
strongly expressed in the ovBNST and responsive to stress exposure (Dabrowska et al., 2013). Similarly,
neurokinin B (encoded by Tachykinin 2 (Tac2) was recently related to the BNST, stress and anxiety-like
behavior. Studies of Tac2 in the central amygdala have previously implicated the peptide in fear memory
and learning (Andero et al., 2016; Andero et al., 2014). Zelikowsky and colleagues demonstrated that
social isolation stress resulted in a robust increase of Tac2 mRNA expression in the CeA and the anterior
dorsal BNST, linking Tac2 expression to an anxiogenic phenotype (Zelikowsky et al., 2018b). We
therefore assessed potential co-expression of Fkbp5 with CRH and Tac2. Our results indicated that
Fkbp5 positive neurons in the ovBNST strongly co-express Tac2 and Crh. Interestingly, expression
patterns of Fkbp5 with Crh and Tac2 also partially overlapped and the presence of Fkbp5/Tac2/Crh-
containing neurons suggest that these two neuropeptides might work in tandem with Fkbp5 to mediate
anxiety-like behaviour.

Tonic Fkbp5 expression in the ovBNST shapes HPA axis responsivity to acute challenges

The anterior BNST acts as relay station between the mPFC and the PVN, mediating HPA responses to
stress to activate the HPA axis to release corticosterone (Radley and Sawchenko, 2011; Lebow and Chen,
2016). The ovBNST expresses neuropeptides that innervate CRH-expressing neurons, and stimulate
activation of the HPA axis (Hammack et al., 2009; Roman et al., 2014). Here, we observed reduced or
suppressed HPA axis activity as a result of long-term ovBNST Fkbp5-OE and enhanced HPA axis response
due to stable ovBNST Fkbp5-KO. Since there was no effect on HPA axis responsivity to acute stress when
Fkbp5-KO was exclusively in ovBNST stress-activated neurons, we assume however that the long-term
HPA axis impact of Fkbp5 manipulation is not carried by the stress-activated neuronal population of the
oVvBNST, but possibly by a different distinct cellular population within this nucleus (Hammack et al.,
2009; Roman et al.,, 2014). These findings point towards differential long-lasting changes in the
responsivity of the HPA axis that potentially depend on Fkbp5 status in the BNST.

The HPA response might be different in the immediate aftermath of a stressor that leads to transient
oVvBNST Fkbp5 upregulation. Homotypic stress often results in habituation of the HPA axis whereas
heterotypic stress can result in its sensitization (Kirschbaum et al., 1995; McEwen, 2003; Wst et al.,
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2005; Gianferante et al., 2014). However, these processes are highly time-dependent, as a blunted HPA
axis response was previously observed if stressors were applied within 90 minutes (De Souza, 1982), but
not after 150 minutes (Dallman and Jones, 1973) of the initial stress exposure. Recently GR signaling in
CRH neurons of the PVN has been implicated in long-term stress habituation (Dournes et al.,2020.).
Taken together, our data suggest that ovBNST Fkbp5 likely plays a key role in adaptive HPA axis
responses to repeated stressors.

Native ovBNST Fkbp5 expression and regulation is necessary for normal anxiety-related behavior

Our genetic manipulation of native Fkbp5 expression in the ovBNST demonstrates the central role of
this co-chaperone in regulating anxiety-related behavior. While a stable and long-lasting Fkbp5-OE only
led to a modest anxiolytic phenotype, likely due to the ectopic expression of Fkbp5 in various cell types
and adjacent BNST structures, a deletion of Fkbp5 in the ovBNST or specifically in stress-activated cells
of the ovBNST resulted in anxiogenesis. These findings are in contrast to most of the findings in other
brain regions, where virally-mediated Fkbp5-OE resulted in an anxiogenic phenotype (Attwood et al.,
2011; Hartmann et al., 2015; Criado-Marrero et al., 2019), whereas Fkbp5-KO or pharmacological
inhibition were associated with more resilient behavior (Hartmann et al., 2015; Volk et al., 2016).
However, these previous results were reported mainly from Fkbp5 manipulations in the amygdala
(Attwood et al.,, 2011; Hartmann et al., 2015; Volk et al., 2016; Criado-Marrero et al.,, 2019).
Manipulations of Fkbp5 in other regions, such as the dorsal hippocampus of mice, did not alter anxiety-
like behavior (Hartmann et al., 2015). In addition, different BNST subregions are known to regulate
anxiety in opposite directions (Kim et al., 2013) and there is likely even a functional differentiation
among cells located in the same BNST sub-nucleus (Jennings et al., 2013). Thus, the ovBNST seems to
play a special role in the extended amygdala network and Fkbp5 in this region may act to reduce stress-
induced anxiety. This might also explain the lack of anxiety-related phenotypes in the full Fkbp5-KO mice
(Hartmann et al., 2012a), where Fkbp5 is neither expressed in the ovBNST nor in the amygdala.

Stress-induced Fkbp5 in the ovBNST may control transient stress-related anxiolysis

Our data suggest that the stress-induced increase of Fkbp5 in the ovBNST might be protective, leading
to temporary anxiolysis. While this might seem counterintuitive given the reported anxiogenesis
following stress exposure (MacNeil et al., 1997; Mechiel Korte et al., 1999; Chotiwat and Harris, 2006;
Grillon et al., 2007), anxiolysis has been reported before (Radulovic et al., 1998; Laxmi et al., 2003;
Albrecht et al., 2013). Specifically, anxiolytic behavior in the EPM was shown after highly aversive
context conditioning (Radulovic et al.,, 1998; Laxmi et al., 2003) and after single fear conditioning
(Albrecht et al., 2013). Here, the observation of anxiolysis was always time-restricted and followed a
delay after the stress exposure, possibly matching the time course of Fkbp5 expression in the ovBNST.
This hypothesis is supported by our data showing that a single episode of restraint stress leads to
reduced anxiety 12 hours later.

Interestingly, the phenomenon of alleged anxiolytic or resilient behavior after a stressful or traumatic
event has also been reported clinically. Moreover, the BNST has been repeatedly associated with PTSD-
like-behavior (Buff et al., 2017; Awasthi et al., 2020). Several studies have identified exposure to
traumatic events and subsequent symptoms of PTSD as risk factors for increased impulsivity and risk-
taking behavior (Ben-Zur and Zeidner, 2009; James et al., 2014). Furthermore, acute stress has been
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shown to modulate decision-making processes, increasing individuals’ risk taking behavior in a time-
dependent manner (Bendahan et al., 2017). In animal research, the EPM measures exploratory drive
and anxiety in a novel environment, which is potentially useful for new niche discovery (i.e., food
resources and reproductive partners) but also dangerous (i.e., predators). An increase in the open arm
time or entries could therefore also be interpreted as an increase in risk-taking exploration (Macri et al.,
2002; Cortese et al., 2010; Hogman, 2014). While comprehensive proof of the role of Fkbp5 in the
ovBNST on stress-induced anxiolytic behavior is still lacking, our data support this notion.

In summary, we present the first characterization of Fkbp5’s role in the ovBNST on HPA axis function
and anxiety-related behavior. Our findings suggest that here, stress induction of Fkbp5 may have a
protective role, leading to decreased anxiety and suppression of future stress-induced HPA axis
activation. Further in-depth investigations of the causality will help to understand the full extent of the
underlying mechanisms and lead to a better understanding of ovBNST’s role in stress-induced anxiety
disorders.
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Abstract

The neuropeptide Tachykinin 2 (Tac2) and the oval bed nucleus of the stria terminalis (ovBNST) are both
emerging key players in stress-induced maladaptive anxiety. However, the role of Tac2 in the ovBNST
and its implication in anxiety-related behaviour has not been explored yet. Here we demonstrate that
Tac2 in the ovBNST is upregulated by exposure to acute stress. Moreover, Tac2 positive neurons of the
ovBNST project to brain structures that modulate anxiety, therefore pointing towards functional
participation of this neuronal population in anxiety circuitry. In line with this, chemogenetic inhibition
of ovBNST Tac2 positive neurons resulted in a mild anxiogenic-like phenotype. Together, our findings
lay the groundwork for further research focusing on the relationship and mechanistic effects of Tac2
and the ovBNST in stress-induced anxiety states.

Introduction

Anxiety is critical for survival as it enables assessment of the environment while minimizing
exposure to potential threats. However, exposure to extended or acute and intense stressors,
particularly those that are life-threatening, can lead to maladaptive anxiety, or anxiety
disorders such as post-traumatic stress disorder (PTSD) (Etkin et al., 2010; McLaughlin et al.,
2014; Fox et al., 2015). Anxiety disorders are highly prevalent and the neural mechanisms
underlying maladaptive anxiety remain ambiguous.

Previous studies have identified that the central extended amygdala, comprised of the bed
nucleus of the stria terminalis (BNST) and the central amygdala (CeA), plays a key role in the
generation of fear and anxiety states (Davis et al., 2010; Calhoon and Tye, 2015; Tovote et al.,
2015; Gungor and Paré, 2016; Ahrens et al., 2018). Early research in fear (the phasic emotional
state induced by explicit and acute threats) and anxiety proposed a model in which anxiety
(sustained) and fear (phasic) were putatively separate processes (Walker and Davis, 1997;
Barlow, 2002; Sylvers et al., 2011). More recent evidence, however, from humans and animals
demonstrates that both structures are activated by potential and explicit threats (Mobbs et al.,
2010; Fox et al., 2015; Gungor and Paré, 2016). These findings suggest that the BNST and CeA
coordinate to orchestrate both acute and chronic responses to various kind of stressful stimuli,
reinforcing a more nuanced conceptual and physiological understanding of fear and anxiety
states.

The BNST in particular is a highly complex structure comprised of many subregions and
heterogenous neuronal populations, which likely form discrete neural circuits subserving
distinct aspects of anxiety-related behavior (Kim et al., 2013; Lebow and Chen, 2016). For
instance, Kim and colleagues reported decreased measures of anxiety- like behavior upon
optogenetically inhibiting dopamine-receptor-la (DrD1a) positive cells in the oval BNST
(ovBNST), whereas light-induced decreases in neuronal activity in the anterodorsal BNST
(adBNST) DrD1a resulted in an anxiogenic phenotype (Kim et al., 2013). Likewise, a recent study
provided evidence that chronic stress in male mice increased anxiogenic behaviors and cellular
excitability of corticotrophin releasing hormone (CRH) positive cells in the ovBNST (Hu et al.,
2020a). The ovBNST is therefore likely to be highly involved in the mediation of anxiety- like
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states. Interestingly, a substantial portion of ovBNST input originates from CeA inhibitory
afferents, with subsets of CeA CRH+ (Pomrenze et al., 2019a) and somatostatin (SOM) positive
(Ahrens et al., 2018) GABAergic projections that provide an anatomical basis between these
two extended amygdala nuclei for the coordinated modulation of anxiety.

Neuropeptides, most notably CRH, have been implicated in mediating the stress response and
mal-/adaptive anxiety (Kash et al., 2015; Chen, 2016; Hu et al., 2020a, 2020b). Exposure to
stress induces CRH, which is abundantly expressed in the hypothalamic paraventricular neurons
and responsible for HPA axis regulation and cortisol/corticosterone release. CRH is also highly
expressed in the BNST (Pomrenze et al.,, 2015; Sanford et al., 2017); in fact, the highest
concentration of CRH neurons in the brain is located in the ovBNST (Daniel and Rainnie, 2016b).
Consequently, Hu and colleagues observed that early life stress resulted in a long-lasting
activation of CRH signaling in the mouse ovBNST, leading to increased anxiogenic behaviors
later in adulthood (Hu et al., 2020b). In general, the ovBNST and the CeA have a very similar
neurochemical profile, expressing a wide range of neuropeptides such as CRH, dynorphin,
neuropeptide Y, enkephalin, neurokinin B, etc (Lebow and Chen, 2016; Zelikowsky et al., 2018b)

The effects of one key neuropeptide in particular and its implication in stress-induced anxiety
however have been largely overlooked; neurokinin B (NkB), encoded by the Tac2 gene in
rodents and the Tac3 gene in humans, belongs to the family of tachykinin peptides and has long
been accepted as a robust modulator for neuronal activity (Otsuka and Yoshioka, 1993). More
recent studies of Tac2 /NkB in the CeA have linked the peptide to fear memory consolidation,
suggesting a role in fear learning and expression (Andero et al., 2016; Andero et al., 2014).
Likewise, Zelikowsky and colleagues demonstrated that chronic social isolation stress (SIS)
resulted in a significant increase of Tac2 mRNA expression in both the CeA and the adBNST,
consequently linking Tac2 upregulation to an anxiogenic phenotype (Zelikowsky et al., 2018b).
Subsequently, systemic administration of Osanetant, a NkB receptor (Nk3R) antagonist,
reversed SIS induced anxiety- like behavior. Moreover, chemogenetic activation of Tac2+
neurons combined with virally mediated Tac2 overexpression mimicked the effects of SIS, and
region-specific chemogenetic silencing of Tac2 positive neurons blocked distinct behavioral
responses to SIS. These results point towards a promising role of Tac2 in the BNST and CeA
regarding its impact on stress-related anxiety-like behaviors. However, the BNST is comprised
of 18 sub-nuclei, which regulate anxiety in different, sometimes opposing directions (Bota et
al., 2012). Specifically, the ovBNST and the adBNST exert opposite effects on the anxious state
(Kim et al., 2013). In addition, the activity of Tac2+ neurons is reportedly differentially required
in different brain regions for different features of anxiety-like behavior (Zelikowsky et al,,
2018b, 2018a). Evidence on the role of Tac2 in the ovBNST, and to a certain extent in the CeA,
and whether manipulation of ovBNST Tac2 would have an impact on stress-induced anxiety-
like behavior is still missing.

Here, we explore expression and regulation of Tac2 after acute stress exposure in the ovBNST.
Furthermore, we identify projections sites of ovBNST Tac2+ neurons. Lastly, chemogenetic
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manipulation of Tac2+ ovBNST neurons points towards their implication in anxiety-related
behavior.

Materials and Methods
Animals and Animal housing

Experiments were carried out with C57Bl/6n and Tac2-Cre mice (Cai et al., 2014; Zelikowsky et al.,
2018a). obtained from the in-house breeding facility of the Max Planck Institute of Psychiatry, Munich.
All animals used during the experiments were male and between 8-14 weeks old. Initially, mice were
group housed and then single-housed at least 1 week prior to the start of the experiment. Housing
parameters in the holding and testing rooms were kept constant on a 12h light: 12h darkness cycle, with
controlled temperature (22+ 2°C) and humidity (45 10%). Food (Altromin 1324, Altromin GmBH,
Germany) and water (tap water) was provided ad libitum. Experiments were carried out in accordance
with the European Communities Council Directive 2010/63/EU. All efforts were made to minimize
animal suffering during the experiments. Protocols were approved by the committee for the Care and
Use of Laboratory Animals of the Government of Upper Bavaria, Germany.

Stereotactic viral injection and guide cannula/fiberoptic cannula implantation

Chemogenetic manipulation of Tac2 positive cells was performed using adeno-associated bicistronic
AAV1/2 vectors (AAV2-eSyn-GFP and AAV1/2-hSyn-DIO-hM4D-mCherry; Addgene). For the tracing of
neuronal Tac2 positive axonal projections AAV-EF1a-eNPH3.0-mcherry (UNC, Karl Deisseroth) was used.

Stereotactic injections were performed as described previously (Schmidt et al. 2011). Briefly, an
injection volume of 0.3 pl using a glass capillary with a tip resistance of 2 -3 MQ over 6 min (0.05 pl/min)
was used to deliver the virus. For bilateral microinjections into the ovBNST, mice were anesthetized with
isoflurane and fixed in a stereotaxic frame in order to target the following coordinates relative to
Bregma: posterior 0.8 mm; 1.2 mm lateral; 4.3 mm ventral.

All mice recovered in their home cage for 3 weeks until the start of behavioural experiments. Successful
virus expression and correct targeting in all mice was validated through immunohistochemistry (IHC).
Mice that were not infected bilaterally in the ovBNST were excluded from all analyses.

Clozapine N-oxide (CNO) Treatment

CNO (BML-NS105, Enzo LifeSciences, Brussels) (final dose: 5 mg/kg, injection volume 10 ul/g body
weight) was injected intraperitoneally 30 min before each behavioral test and before the sacrifice in
experimental mice. Control mice were injected the same amount of vehicle (saline).
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Stress Paradigms

Acute Restraint Stress

Mice were restrained manually and guided into a 50 ml falcon tube. The falcon contained holes in the
top and the lid to allow for sufficient ventilation and tail movement. The restraint lasted 4 hours and
animals were sacrificed immediately after.

For the timecourse of Tac2 regulation, the acute restraint stress paradigm was modified, so that mice
were restrained for 1h, 2h, and 4h, respectively. They were all sacrificed immediately after the restraint
or after a 4h recovery period in their homecage.

Behavioral Paradigms

All behavioral testing was carried out in the animal facility of the Max Planck Institute of Psychiatry,
Munich. Tests were performed during the light phase between 7am and 1pm to avoid potential
behavioral alterations due to circadian variation of corticosterone levels. The behavioral testing for
Experiment 3 (DREADD manipulation) was conducted in the following order: elevated plus maze (EPM),
dark-light box (DALI), open field (OF) and acute stress response (ASR).

Recording, tracking and scoring of animal behaviors was carried out using the automated video tracking
system ANY-maze (ANY-maze 6.18; Stoelting Co, Wood Dale, IL, USA). All tests were performed by an
experienced, blinded researcher and according to established protocols.

EPM

The EPM was performed as previously described (Santarelli et al., 2014). Briefly, animals were placed in
an elevated (50 cm) plus-shaped platform made of grey PVC, with two opposing open arms (30 x5 x 0.5
cm) and two opposing enclosed arms (30 x 5 x 15 cm). lllumination was less than 10 lux in the enclosed
arms and 25 lux in the open arms. Animals were placed in the center zone facing one of both closed
arms at the beginning of a 5-minute trial.

DALI

The apparatus was comprised of a dark and protected compartment (15 x 20 x 25 cm, dimly lit under
10 lux) and a brightly illuminated compartment (30 x 20 x 25 cm, lit with 700 lux); both compartments
were connected by a tunnel of 4 cm in length. Mice were placed in the dark compartment, facing
towards a wall and recorded for 5 min. To assess anxiety-related behavior, the time spent, number of
entries and latency to first entry into the lit compartment were measured.

OF

Mice were placed in a corner of a 50 x 50 x 50 cm plastic arena. Fifteen-minute trials were video
recorded by an overhead camera. The test was performed under conditions of a highly lit center zone
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(20 lux; 20x 20 cm) and a dimly lit (16 lux) outer zone. Parameters of interest regarding anxiety-like
behavior were time spent and number of entries to the center zone during the first 5 min.

Tissue collection and processing

Animals were anesthetized with isoflurane and sacrificed by decapitation. Brains were removed, snap
frozen and stored at -80°C. Alternatively, mice were anesthetized with isoflurane and transcardially
perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4% (v/v) paraformaldehyde (PFA)
fixative in PBS. Brains were rapidly removed and post-fixed in PFA overnight at 4°C. The following day,
post-fixed brains were transferred to a cryoprotectant solution (30% sucrose in 0.1 M PBS) for two
additional overnight incubations at 4°C. Brains were stored at 4°C until processed.

Immunohistochemistry

Virus injections were validated using immunohistochemical staining. Antibodies used were: anti-
mcherry rabbit (abcam, ab167453), anti-cfos rat (Synaptic Systems, 226017), anti-cfos guinea pig
(Synaptic Systems, 226004), anti- GFP rabbit (MBL, 11072720), alexa 488 anti-rabbit (abcam,
ab150077), alexa 594 anti-rat (abcam, ab150160), alexa 647 anti-guinea pig (abcam, ab150187). Briefly,
serial free-floating sections were washed in 0.1 M PBS and incubated in blocking solution (10% normal
goat serum (NGS)/ 1% Triton/ 0.1 M PBS) for 30 min at room temperature. Sections were incubated
with the primary antibody (diluted 1:500 -1000 in 1% NGS/ 0.3% Triton/ 0.1 M PBS) overnight at 4°C.
Sections were washed with 0.1 M PBS and incubated with secondary antibody (1:500-1000) for 2 h in a
light protected environment. After washes with 0.1 M PBS, the sections were mounted with DAPI
medium (Fluoromount-G Cat. No. 0100-20) and cover-slipped.

Fresh-frozen sections were treated with an adapted version of the protocol described above. A
hydrophobic barrier PAP pen (Sigma-Aldrich) was used to encircle the sections. Blocking and antibody
solutions were pipetted onto the encircled region. Furthermore, slides were covered with parafilm
(neolab, Germany) during antibody incubation to prevent drying out and ensure constant coverage of
the sections.

In Situ Hybridization (ISH)

Tac2 gene expression in the ovBNST was examined by ISH. Coronal whole-brain slices were
cryosectioned at a thickness of 20 um and directly mounted onto Superfrost Plus Slides as 6 sequential
series. A cRNA anti-sense riboprobe was transcribed from linearized plasmid DNA (all primer details are
available upon request). ISH was performed as previously described (M. Schmidt et al. 2003; Schmidt et
al. 2007). Briefly, sections were fixed in 4% paraformaldehyde and acetylated in 0.25% acetic anhydride
in 0.1 M triethanolamine/HCl. Subsequently, brain sections were dehydrated in increasing
concentrations of ethanol. The antisense cRNA probes were transcribed from a linearized plasmid.
Tissue sections were saturated with 100 pl of hybridization buffer containing approximately 1.5 x 10°
cpm 3°S labeled riboprobe. Brain sections were coverslipped and incubated overnight at 55°C. On the
next day, the sections were rinsed in 2 x SSC (standard saline citrate), treated with RNAse A (20 mg/I).
After several washing steps with SSC solutions at room temperature, the sections were washed in 0.1 x
SSC for 1 h at 65°C and dehydrated through increasing concentrations of ethanol. Finally, the slides were
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air-dried and exposed to Kodak Biomax MR films (Eastman Kodak Co., Rochester, NY) for up to 14 days.
ISH autoradiographs were digitized, and expression was determined by optical densitometry utilizing
Imagel. The mean of four measurements of two different brain slices was calculated for each animal.
The data were analyzed blindly, always subtracting the background signal of a nearby structure not
expressing the gene of interest from the measurements.

RNAscope

RNAscope is a novel ISH assay for detection of target RNA within intact cells. This approach allows for
multiplex detection of up to four target genes. The procedure was performed according to
manufacturer’s specifications and with the RNAscope Flourescent Multiplex Reagent Kit (Cat. No.
320850, Advanced Cell Diagnostics, Newark, Ca, USA). The probes used for detection was Tac2 (Mm-
Tac2-C2). Briefly, fresh frozen sections at a thickness of 20 um were fixed in 4% PFA for 30 min at 4°C
and dehydrated in increasing concentrations of ethanol. Next, tissue sections were incubated with
protease IV for 30 min at room temperature. The probes were mixed at a ratio of 1:1:50 and hybridized
for 2 h at 40°C followed by four hybridization steps of the amplification reagents 1 to 4. The sections
were then counterstained with DAPI, cover-slipped and stored at 4°C. Images were acquired with
experimenter blinded to probes used.

Microscopy and Image Processing

For RNAscope, sixteen-bit images of each section were taken on a laser scanning confocal microscope
(LSM 800, Zeiss, Jena, Germany) with a frame size of 1024px x 1024px (8 bits per pixel) using a 20x, 40x,
and 63x objective. Within a sample, images were acquired with identical settings for laser power,
detector gain, and amplifier offset.

Fluorescent images of IHC treated brain sections were obtained using a Zeiss Axioplan 2 microscope
(Zeiss, Jena, Germany) and the AxioVision 3.2 software (Zeiss,Jena, Germany). Black and white images
of the ovBNST were taken with the 2.5x, 10x, and 20x objectives. Images were processed using Image)
(National Institute of Health,USA).

ISH slides were dipped in Kodak NTB2 emulsion (Eastman Kodak Co., Rochester, NY) and exposed at 4°C
for 2-3 weeks for better visibility of the gene expression and regulation. Slides were developed and
examined with the Zeiss light microscope (5x objective) to show mRNA expression.

Experimental Design and Statistical Analyses

Data were analysed using IBM SPSS Statistics 25 software (IBM SPSS Statistics, IBM, Chicago, IL, USA)
and GraphPad Prism 8.0 (GraphPad Software, San Diego, California, USA). For the comparison of two
groups, the independent Student’s t-test was applied. If the data were not normally distributed, the
non-parametric Mann-Whitney (MW-test) was used. Data with more than two groups were tested by
the appropriate analysis of variance (ANOVA) model followed by Bonferroni post-hoc analysis to
determine statistical significance between individual groups. In the event of multiple time points, a
repeated-measures ANOVA was performed. If a single value was missing from the data, mixed model
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analysis was applied. All data are shown as means +/- standard error of the mean (SEM). Significance
was accepted if p < 0.05, trends were observed at 0.05< p<0.1.

Results
Expression and regulation of Tac2 in the ovBNST

To gain an understanding of the possible functions of Tac2 in the ovBNST, we first characterized its
expression and regulation pattern under basal conditions and after exposure to stress (Fig. 1 and 2).
Using RNAscope (Tac2: yellow), we observed expression of Tac2 predominantly within the ovBNST
region under basal conditions (Fig.1A,B). To gain more information on the dynamics of Tac2
upregulation within the ovBNST after exposure to acute stress, a time course was performed (Fig. 2). An
ISH revealed that Tac2 was significantly upregulated after exposure to acute restraint stress [F (4, 17) =
5,879, p=0.0037, ANOVA], with significant differences between 1h vs 2h [t (17)= 3.661, p= 0.0194;
Bonferroni] and 1h vs 4h [t(17)=3.661, p= 0.0135; Bonferroni], and peaking after 4 hours (Fig. 2A,B).
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Figure 1: Expression of Tac2 in the ovBNST. (A) Tac2 is expressed in the ovBNST at basal level, as shown

through RNAscope (yellow: Tac2). Scalebar: 50 um. (B) Detail showing ovBNST Tac2 mRNA expression.
Scalebar: 20 um
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Figure 2: Upregulation of Tac2 in the ovBNST after exposure to acute stress. (A) Timecourse of Tac2 after
exposure to varying times of restraint stress revealed a significant upregulation of Tac2 in the ovBNST.
Specifically, Tac2 upregulation peaked after 4 hours. Data are mean + SEM. * P< 0.05. (B) Example of
ovBNST Tac2 mRNA expression at basal level and after 4h of acute restraint stress. Scalebar: 200 um.

Projections of ovBNST Tac2 positive neurons

Since the BNST is a highly heterogenous and interconnected structure with specific subregions
coordinating different features of anxiety-like behavior (Kim et al., 2013), we were interested in the
projection sites of Tac2 positive neurons of the ovBNST. Tac2- Cre mice were injected in the ovBNST
with a halorhodopsin virus (AAV-EF1la-eNPH3.0-mcherry) to trace axonal projections. The regions
identified were the prefrontal cortex, in particular the infralimbic (IL) and prelimbic cortex (PL) (Fig. 3A);
the lateral septal nucleus, ventral part (LS) (Fig. 3B) and the ovBNST (as injection site) and the adBNST
(Fig. 3C). Moreover, projection terminal sites were visible in the thalamic nuclei (Fig. 3D) and the
amygdala, specifically the BLA (Fig. 3E) as well as the lateral (CeL) and medial division (CeM) of the CeA.
These findings are in line with previous results regarding BNST macro- and micro-circuitry (Lebow and
Chen, 2016), but also provide a new insight into the unique circuitry of ovBNST Tac2 neurons that might
be implicated in mediating anxiety-related behaviours.
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+ adBNST

THALAMIC NUCLEF

Figure 3: Tac2 positive neurons of the ovBNST project to various structures. Labeling of axonal projections
after injection of AAV-EF1a-eNPH3.0-mcherry in the ovBNST of Tac2- Cre mice. Regions identified were
(A) the prefrontal cortex, specifically the pre-limbic (PL) and infra-limbic (IL) cortex; (B) the lateral septal
nucleus, ventral part (LSV); (C) the oval bed nucleus (ovBNST) as injection site and the anterodorsal bed
nucleus (adBNST); as well as the thalamic nuclei (D) and the amygdala (E), specifically the basolateral
(BLA), central, lateral division (Cel) and central, medial division (CeM). (F) Schematic illustrating
structures implicated in ovBNST Tac2 circuitry. Scale bars: 250 um.

Chemogenetic inhibition of Tac2 positive neurons in the ovBNST

Following the characterization of ovBNST Tac2 expression, regulation and projection sites, we
investigated whether manipulation of Tac2 positive neurons would result in a behavioral phenotype.
Thus, viral-mediated gene transfer to the ovBNST was used to chemogenetically inhibit Tac2 positive
neurons of the ovBNST (Fig. 4A). IHC of coronal sections was used to validate ovBNST virus expression
and targeting, as well as appropriate virus function in terms of inhibiting Tac2 neurons (Fig. 4B). In total,
9 experimental (hm4D) and 15 control animals were used for further analysis. There were no significant
differences between control and hm4D animals in the time spent and the number of entries to the open
arms in the EPM (Fig. 4C). However, hm4D animals entered the lit zone of the DALI test significantly
fewer times than control animals [t(22)=2.336, p= 0.029, unpaired t-test], yet did not significantly differ
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in the distance covered within the lit department (Fig.4D). In addition, hm4D and control animals did
not differ in the total distance covered during the OF test (Fig. 4E). While this experiment did not yield
a clear behavioral phenotype, it alluded to the idea that chemogenetically inhibiting Tac2 positive
neurons in the ovBNST might have a mild anxiogenic effect on behavior.
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Figure 4: DREADD inhibition of Tac2 positive neurons in the ovBNST. Chemogenetic inhibition tended
towards a mild anxiogenic phenotype. (A) Schematic representation of viral manipulation via inhibitory
DREADDs and subsequent experimental timeline. (B) IHC to validate correct targeting and sufficient
inhibitory activity of the virus. Scalebar: 200 um. (C) Chemogenetic inhibition of Tac2 neurons in the
ovBNST did not result in any significant differences between control and hm4D animals in the elevated
plus maze (EPM). (D) However, hm4D animals entered the light zone of the dark-light test (DALI)
significantly fewer times than controls (E). This tendency could not be observed in the open field (OF)
test, where no significant difference between the two groups was reported. Data are mean * SEM. * P<
0.05; **P < 0.01.

Discussion

Both the ovBNST and more recently the neuropeptide Tac2 have been associated with stress-induced
anxiety-like behaviour. However, the specific role of Tac2 in the ovBNST and its implication in anxiety
have not been explored in detail yet. The majority of studies reported Tac2 mRNA upregulation after
exposure to chronic stress paradigms (Zelikowsky et al., 2018b; Hook et al., 2019). Here, for the first
time we observed region-specific induction of Tac2 in the ovBNST after exposure to acute restraint
stress. Moreover, we identified structures such as the CeA and the LS as projection sites of ovBNST Tac2
positive neurons, that have been consistently linked with neuronal circuits of anxiety. Subsequently,
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chemogenetic manipulation of ovBNST Tac2 positive neurons alluded towards their involvement in
anxiety-related behaviour.

Tac2 is expressed in the ovBNST and reactive to acute stress exposure

Tac2 expression within the BNST has been reported previously (Zelikowsky et al., 2018b). Specifically,
Zelikowsky et al observed expression and upregulation of Tac2 in the adBNST and other brain structures
including the dorso-medial hypothalamus (DMH) and the CeA. In general, Tac2 upregulation has been
demonstrated in response to chronic stress (e.g. two weeks of social isolation or chronic mild stress
(Zelikowsky et al., 2018b; Hook et al., 2019)), but not acute stress (e.g. 2h restraint stress or 24h of social
isolation (Andero et al., 2014; Zelikowsky et al., 2018b)). Our data showed that Tac2 is expressed under
basal conditions in the ovBNST. Remarkably, ovBNST Tac2 mRNA was significantly upregulated after
exposure to a 4h acute restraint stress. Moreover, we demonstrate that Tac2 upregulation reaches its
maximum at around 4 hours after stress onset and returns back to basal after 4 hours restraint and an
additional 4 hours of recovery. This short-lasting but strong upregulation of ovBNST Tac2 might indicate
a functional consequence of this mechanism in the aftermath of an acute or traumatic stress exposure.

Tac2 positive ovBNST neurons project to brain structures implicated in anxiety circuitry

The ovBNST integrates information about mood and negative valence via CRH, PACAP, dynorphin,
dopamine and encepahlin projections while modulating anxiety-like behaviour (Lebow and Chen, 2016).
In line with this, our findings confirmed that Tac2 positive neurons within the ovBNST project to brain
structures that are principal components of the anxiety circuitry (Calhoon and Tye, 2015; Tovote et al.,
2015; Lebow and Chen, 2016). While the extended amygdala has dominated research on the neural
circuitry of fear and anxiety, the LS and the PFC were shown to be directly involved in stress-induced
behavioural and endocrinological dimensions of anxiety states (Anthony et al., 2014; Parfitt et al., 2017).
We further observed fluorescent signal in the adBNST and the thalamic nuclei; the intrinsic circuitry of
the BNST is highly complex, with a large amount of connectivity in and between the smaller BNST nuclei
(Dong et al., 2001b; Dong and Swanson, 2004b). The ovBNST and the adBNST were demonstrated to act
as opposite players in the modulation of anxiety states (Kim et al., 2013). The same study also revealed
that ovBNST Drd1a neurons, which are also expressed by CRH neurons of the ovBNST, send an inhibitory
projection to undifferentiated adBNST regions (Kim et al., 2013; Daniel and Rainnie, 2016b). Likewise,
Engelhardt et al (2021) illustrated that Tac2 and CRH are co-expressed in the ovBNST. More recently,
Bruzsik and colleagues also observed that somatostatin and CRH positive BNST neurons projected to
the thalamic nuclei region identified in our results, suggesting an involvement in learned fear responses
(Bruzsik etal., 2021). Thus, the current findings are coherent with previous results. Overall, Tac2 positive
neurons of the ovBNST and their projections pose a substantial component of anxiety circuitry.

Chemogenetic inhibition of ovBNST Tac2 positive neurons has a mild anxiogenic behavioural effect

Our chemogenetic manipulation of Tac2 positive neurons in the ovBNST further suggested a role of this
neuropeptide in the modulation of anxiety-like behaviour. More specifically, inhibition of ovBNST Tac2
neurons through the means of DREADDs revealed a mild anxiogenic phenotype. These findings are
contrary to Zelikowsky and colleagues’, who observed a significant anxiolytic effect when they
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chemogenetically inhibited Tac2 neurons in the adBNST after exposure to three weeks of chronic social
isolation stress. However, it is important to keep several aspects in mind: first of all, we only targeted
the ovBNST. Since there is likely functional differentiation among BNST sub-regions and even among cell
populations within the same BNST sub-nucleus, a different anxiety-like phenotype may not be
completely excluded. Second, our mice were not previously stressed by three weeks of single housing
(SIS paradigm), but instead were group housed until 1 week prior to the start of experiments.
Furthermore, we initially observed Tac2 mRNA upregulation in the ovBNST after exposure to acute
restraint stress. Thus, possibly, there is a difference of effect due to the type of stressor (social vs non-
social) and the dose (SIS exposure before chemogenetic manipulation) which may contribute to a more
distinct anxiety phenotype. Therefore, it would be interesting to explore how an acute restraint stress
prior to ovBNST Tac2 chemogenetic inhibition may affect anxiety behaviour. Another factor to consider
is the timeline of anxiety behavioural assessment after the chemogenetic manipulation. For example,
Andero and colleagues found that systemic injections of the Tac2 antagonist Osanetant both before and
after conditioning impair fear expression 24 hours later (Andero et al., 2016; Abed et al., 2021). Our
observation of Tac2 mRNA upregulation in the ovBNST may imply that the time course of Tac2
regulation is important when predicting anxiety-like behavioural effects.

In summary, we present the first characterization of Tac2 and its role in the ovBNST, specifically after
exposure to acute stress. Our findings indicate that ovBNST Tac2 positive neurons are heavily implicated
in anxiety circuitry and behaviour. This was further alluded to by the results obtained from
chemogenetic manipulation of ovBNST Tac2 neurons. However, further in-depth investigations of the
parameters of the stressor (e.g. timing, type, dose) and a focus on the causality underlying the
mechanisms of ovBNST Tac2 on anxiety like behaviour are absolutely crucial in the future.
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3.1. Summary
The main objective of the current thesis was to further unravel the underlying mechanisms of
maladaptive anxiety. Accordingly, we specifically focused on the implication of the co-chaperone
FKBP51 and its direct and indirect interaction partners in anxiety-related behaviours. In particular, we
initially addressed the question of how lack of GR - as a steroid receptor regulated by FKBP51 and a
direct FKBP51 interaction partner- in forebrain glutamatergic neurons mediates anxiogenic behaviours
(Chapter 2.1). We then explored whether the general lack of FKBP51 has an effect on brain structure
and connectivity in male mice (Chapter 2.2). Next, we focused on FKBP51 expression in the ovBNST and
how acute stress exposure induces FKBP51, and subsequently regulates HPA axis activity and anxiety-
like behaviour (Chapter 2.3). Finally, we explored the role of the neuropeptide Tac2 in the ovBNST and
how it might be implicated in anxiety-related behaviour (Chapter 2.4). Specifically, we observed
regulation of Tac2 after acute stress and chemogenetically manipulated Tac2 positive neurons in the

oVBNST.

These data comprehensively examine how FKBP51 and its interaction partners contribute to specific
pathological mechanisms that underly stress-induced anxiety. Our findings indicate that the GR as well
as FKBP51 and Tac2 are all implicated in maladaptive anxiety, but under highly specific conditions. The
effects observed depended - amongst other factors - on the following overarching aspects: brain region

and/or structure specificity, the type of stressor, HPA axis reactivity, and cell-type specificity.

3.2.FKBP5 and Tac2 are reactive to acute stress in the ovBNST and key mediators of

anxiety states
We tested the hypothesis that FKBP5 in the ovBNST mediates the crosstalk between the regulation of
the stress response and maladaptive anxiety. This hypothesis was based on the notion that FKBP51 is
already known to regulate the stress response (Touma et al., 2011; Hartmann et al., 2012b) and on
previous findings that demonstrated a clear role of FKBP51 in the amygdala and anxiety-related
behaviours (Attwood et al., 2011; Hartmann et al., 2015; Volk et al., 2016). Furthermore, the BNST, and
the ovBNST specifically, were consistently associated with the modulation of stress-induced anxiety
states, yet the interaction of ovBNST FKBP51 and stress on anxiety-like behaviours remained
unexplored. Therefore, as a first step we measured whether FKBP5 gene expression in the ovBNST is
responsive to acute stress exposure. Using a standard restraint stress paradigm, we found indeed that
FKBPS5 is highly reactive to acute restraint stress in the ovBNST. To further validate this effect, we utilised

a different type of acute stressor (fear conditioning) and also exposed male mice to a chronic social
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defeat stress (CSDS) paradigm. Remarkably, we observed the same ovBNST FKBP51 upregulation after
the acute stressor, but not after exposure to chronic stress. Although these findings did not yet establish
FKBP51 as a target at the interface between stress reactivity and maladaptive anxiety per se, they
highlight the fact that FKBP5 in the ovBNST is responsive to acute stress, and thus very likely involved in
the modulation of behavioural states associated with this specific structure. This hypothesis was later

confirmed since viral manipulation of ovBNST FKBP5 had an effect on anxiety states.

Subsequent characterisation of FKBP51 positive neurons in the ovBNST revealed co-expression with the
neuropeptide Tac2. Since recent studies had suggested a role of Tac2 within the BNST in stress-induced
anxiety (Zelikowsky et al., 2018b) and we were interested in targeting and manipulating the ovBNST
more precisely, we proposed that Tac2 and FKBP5 in the ovBNST might work in tandem to mediate
anxiety. For this purpose, we first examined the role of Tac2 and stress in the ovBNST and its implication

in anxiety separately (Chapter 2.4).

Interestingly, we observed a similar significant upregulation of Tac2 mRNA in the ovBNST to FKBP5 after
exposure to acute restraint stress. Moreover, Tac2 also exposed a similar timeline of regulation to
FKBP5. Subsequently, chemogenetic manipulation of Tac2 positive neurons in the ovBNST revealed a
mild anxiogenic behavioural phenotype. These results demonstrate that Tac2 in the ovBNST is

implicated in stress-induced anxiety states.

While together these data provide a first indication towards a coordinated mediation of stress-induced
anxiety states by Tac2 and FKBP5, further evidence is needed to disentangle the more causal roles of
Tac2 and FKBP5 in the ovBNST and anxiety states. Nevertheless, we show clearly that Tac2 and FKBP5
in the ovBNST are responsive to acute stress, regulated in the same time-dependent manner, co-
expressed in the same cells, and likewise involved in the modulation of stress-induced anxiety-like

behaviours.

3.3.The effects of the GR, FKBP51 and Tac2 on anxiety are dependent on brain

region and/or structure

In all of the chapters (Chapter 2.1- 2.4) it became evident that the effects of the GR as well as of FKBP51

and Tac2 on anxiety- like behaviours are specific to the different brain regions and/or structures.

In particular, in Chapter 2.1 we hypothesised based on reports of previous studies and the importance
of the glutamate-GABA balance in the etiology of anxiety disorders that GR expression in excitatory (that

is, glutamatergic) neurons of the forebrain would have an impact on anxiety- related behaviour.
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For this, male GR®""“Omice that lack GR in the cortex and limbic regions, including the BLA, dorsal and
ventral hippocampus, and to a certain extent in the PVN, were used. Interestingly, these mice indeed
showed reduced anxiety-like behaviour in the EPM and the DALI test compared to their control
littermates. When trying to specify to which extent the anxiolytic phenotype of GR®"“*® mice was
mediated by GRs in the glutamatergic neurons of the BLA - the structure most obviously associated with
anxiety-like states-, we observed no significant changes in anxiety-like behaviours. Thus, the initial
effects on anxiety are potentially mediated by the GR in glutamatergic neurons of other limbic
structures, such as the hippocampus, PFC, or PVN. Moreover, when using GR®*84X0 mice that carry a
GR deletion in forebrain GABAergic neurons, we observed no changes in anxiety-like behaviour at all.
Since the BNST is mainly GABAergic, this may imply that a lack of GR in regions including the BNST does
not have an impact on anxiety-like behaviour, unless our results were due to compensatory mechanisms
owing to the developmental GR deletion and/or absence of GR in GABAergic neurons throughout the
brain. Overall, however, these findings highlight how selectively the effects on anxiety states are

regulated.

In line with this, we observed changes in brain architecture and connectivity in specific brain regions in
mice that lacked FKBP51 entirely (51 KO) (Chapter 2.2). More precisely, analysis of MRI data revealed
two clusters with significantly larger volume in the WT animals compared to those with FKBP5 knockout:
the thalamus as well as the PAG and the DR region. In addition, 51KO animals displayed potential greater
integrity of microstructural architecture in the anterior commissure, but possibly a selective sparing (or
degeneration) of fibers in the fornix and posterior commissure/superior colliculus region compared to
control animals. The 51 KO line has been repeatedly characterised as more resilient in terms of stress
physiology and stress-coping behaviour (Touma et al., 2011; Hartmann et al., 2012b; Albu et al., 2014,
Balsevich et al., 2017), and is thus potentially less susceptible to stress-related psychiatric disorders.
While a general knockout of FKBP51 resulted in distinct changes in specific stress-relevant brain regions
and fibre bundles, we can not specify which aspect of the general FKBP51 knockout eventually lead to
these differences. Unlike in chapter 2.1 we did not consolidate our initial observation by singling out the
effects of FKBP51 (or knockout of FKBP51) in one or several specific brain regions. However, this was
the first study of its kind to investigate whether there are any effects of FKBP5 knockout on brain
connectivity and tissue architecture. Therefore, it is a matter of good scientific strategy to start more
general and narrow down the research question while gaining more knowledge during the process.
Consequently, based on our original findings, mice with conditional FKBP51 knockout (FKBP51-Nex-Cre/
FKBP51-DIx-Cre) in the forebrain are now studied with a focus on more specific cause-effect differences

in brain structure and connectivity.

In our third study (Chapter 2.3) we asked whether the manipulation of FKBP51 in the ovBNST has an

impact on anxiety-related behaviour. To address this question, we first performed a virally-mediated
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overexpression of FKBP51 and conversely, a virally-mediated knockout of FKBP51. The overexpression
exposed a tendency towards an anxiolytic behavioural phenotype, whereas the knockout delivered a
solid anxiogenic behavioural phenotype. The phenotype observed for the overexpression experiment
may have been moderated by ectopic expression of FKBP51 in various other cell types that usually do
not express FKBP51 or in adjacent BNST nuclei (such as the adBNST). This is less likely to occur in a viral
knockout experiment, since FKBP51 will only be deleted in cells that already express FKBP51. Thus, the
strong anxiogenic phenotype of ovBNST FKBP51 knockout is most likely highly accurate. Since we
observed a remarkable inversion of anxiety phenotypes compared to results reported for other
structures like the amygdala (Attwood et al., 2011; Hartmann et al., 2015; Criado-Marrero et al., 2019),
in which FKBP51 overexpression usually resulted in anxiogenic behaviour and a knockout in an anxiolytic
behavioural phenotype, we wanted to refine our viral manipulation by targeting only those neurons of
the ovBNST that are activated during acute stress. This was based on our initial observation of FKBP51
induction in the ovBNST after exposure to acute restraint stress. Subsequently, a selective knockout in
the ovBNST produced a similar anxiogenic behavioural phenotype to the more general FKBP51 knockout
observed earlier. Thus, these data show that the effects of FKBP51 in the ovBNST on anxiety- like states
are highly unique and contrary to anxiety-like effects reported in other brain regions or structures. This
applies to even those structures that are implicated in the circuitry of anxiety, such as the amygdala and
the dorsal hippocampus (Hartmann et al., 2015), as well as the prelimbic cortex (Criado-Marrero et al.,

2017).

The last study (Chapter 2.4) also highlighted that the influence of Tac2 on anxiety-like behaviour is in
fact region- specific. We were particularly interested in the role of Tac2 in the ovBNST on anxiety-related
behaviours. This was based on our observation of ovBNST Tac2 upregulation after acute stress as well
as Zelikowsky and colleagues’ study (2018), which reported an anxiogenic effect of adBNST Tac2
overexpression in combination with chemogenetic activation and, vice versa, an anxiolytic behavioural
phenotype due to Tac2 knockdown, NK3R antagonist application or chemogenetic inhibition. For this
purpose, we chemogenetically inhibited Tac2 positive neurons of the ovBNST in male mice and
consequently reported a mild anxiogenic behavioural phenotype. While this finding does not suffice to
draw any definite conclusions regarding the role of Tac2 in the ovBNST, it nevertheless indicates that
ovBNST Tac2 is implicated in anxiety states and that, not surprisingly, Tac2 in the ovBNST has a
potentially different role to Tac? in the adBNST. Thus, future studies should perform further
manipulations of Tac2 in the ovBNST, e.g. chemogenetic stimulation, optogenetic manipulations,

overexpression/knockout, etc., to pinpoint the exact role of ovBNST Tac2 in anxiety-related behaviours.
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3.4. The effects of FKBP51, Tac2 and the GR on anxiety are cell-type specific

While examining the function of FKBP51 and its interaction partners in the different brain regions and
their impact on anxiety states, it became very obvious that the underlying mechanisms of the effects
observed were not only mediated by the different brain structures but are also highly specific depending

on the cell-type or population.

For example, in our first study we initially set out to investigate GR action on fear- and anxiety-related
behaviours in both excitatory (glutamatergic) and inhibitory (GABAergic) neurons. To test this, we
generated conditional mouse mutants lacking the receptor in glutamatergic neurons (GR®"“"%°) and

(GREABA-CKO) "First baseline

contrasted this with mice lacking the GR in the majority of GABAergic neurons
characterisations of both lines revealed that an absence of GRs in forebrain glutamatergic neurons
resulted in HPA axis hyperactivity, while GR®*8*#t O mijce did not display any changes at all apart from a
significantly reduced body weight. In line with the endocrinological phenotype, GR®"“"*9 gnimals showed

RGABA*CKO m ice,

reduced anxiety- like behaviour as well as significantly enhanced fear extinction. G
however, did not exhibit any changes in anxiety-and fear- related behaviours, not even after exposure
to severe stress conditions (CSDS). These results indicate that especially the GR in forebrain
glutamatergic neurons, but not in GABAergic neurons, plays a prominent role in mediating HPA axis

activity, as well as fear- and anxiety- like behaviour.

In this context, we wanted to identify which glutamatergic neuronal population might be responsible

for the fear-supressing and anxiolytic phenotype of the GR®“t0

animals. Due to some promising
electrophysiology results and the prominent role of the amygdala in anxiety-and fear-related
behaviours, we used a viral construct to knock out GR exclusively in glutamatergic neurons of the BLA.
Remarkably, we did not observe any differences in anxiety, but in fear learning and extinction. Since the
BLA contains numerous sub-populations of GR positive glutamatergic neurons, one can speculate that
the GR anxiety-like effects were possibly driven by a different population, potentially involving FKBP51,
CRH or Tac2. However, this needs to be investigated more thoroughly in future research. Taken
together, these results illustrate that GR signalling in forebrain glutamatergic, but not in the GABAergic
neurotransmitter system are essential in regulating stress system activity, fear and anxiety. More
specifically, the GR glutamatergic neuronal population of the BLA is substantially involved in mediating
fear learning and memory. Finally, neuronal glutamatergic GR populations in the other structures of the

forebrain (cortex, hippocampus, PVN) or specific glutamatergic GR sub-populations in the BLA might

mediate anxiety-related behaviours.

Similar to the GR, the effects of FKBP51 on stress reactivity and anxiety-like behaviour are also highly
cell-type specific. For instance, when we first characterised the FKBP51 positive neurons of the ovBNST

that are activated by acute restraint stress, our results highlighted that this specific neuronal population
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did not only express FKBP51 but also co-expressed CRH, Tac2 and Gad65/67. Moreover, expression
patterns were quite heterogenous and partially overlapped, possibly representing specific sub-
populations of FKBP51 positive ovBNST neurons that are responsive to acute restraint stress.
Nevertheless, further investigation and quantification is required to systematically categorize these

different neuronal sub-/populations that are involved in the ovBNST FKBP51 mediated stress-response.

While the overexpression of FKBP51 in the ovBNST may have led to expression of FKBP51 in cells or
populations that usually do not express FKBP51, the FKBP51 ovBNST knockout yielded a relatively cell-
specific result, since FKBP51 can only be deleted from cells that express the co-chaperone anyway.
However, this may have not been the FKBP51 positive neuronal population that is sensitive to acute
restraint stress. Thus, we decided to tailor our manipulation specifically to the ovBNST restraint stress-
activated neuronal population by knocking out FKBP51 in these neurons only. For this purpose, we
utilized a virus construct with a synthetic promoter, the enhanced synaptic activity-responsive element
(ESARE), coupled with a drug-inducible Cre recombinase downstream of the promoter. Remarkably, we
obtained a similar anxiogenic-like behavioural phenotype to the previous, more general FKBP51
knockout. Interestingly enough, however, this time we did not detect any endocrinological effect on
HPA axis activity which had previously accompanied the FKBP51 knockout and overexpression. Thus, we
predict that the HPA axis impact of FKBP51 manipulation is not specifically mediated by the stress-
activated FKBP51 positive neurons within the ovBNST, but potentially by a different distinct population
within the nucleus. Taken together, these results perfectly illustrate the cell-type specific contributions
of FKBP51 and advance our understanding of the role of FKBP51 within the ovBNST. However, this is

still preliminary evidence which needs to be systematically pursued in the future.

Our findings concerning the GR and FKBP51 regarding their cell-type specificity were also applicable to
Tac2 and its function in the ovBNST. For example, Tac2 positive neurons within the ovBNST were co-
expressed with FKBP51 and CRH. Similar to ovBNST FKBP51 positive neurons, this could imply that there
are several sub-populations of Tac2 positive neurons within the ovBNST. However, again, this needs to
be determined using a more systematic, quantified approach in follow up studies. Nevertheless, we
could identify several projection sites of the Tac2 positive neuronal population in the ovBNST, which
had been previously associated with anxiety circuitry (Calhoon and Tye, 2015; Tovote et al., 2015; Lebow
and Chen, 2016). Moreover, chemogenetic inhibition of this specific neuronal population resulted in a
tendency towards anxiogenic-like behaviour. Overall, the cell-specific properties of Tac2 positive
neurons within the ovBNST are evident, yet there remains significant potential for more detailed

investigations in upcoming experiments.
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3.5. The effects of the GR and FKBP51 impact HPA axis re-/activity
Maladaptive anxiety and anxiety disorders are often characterised by altered HPA axis re-/ activity
(Sotnikov et al., 2014). In both the first and the third study (Chapter 2.1 and 2.3) we reported changes
in anxiety-like behaviour- either due to GR or FKBP51 manipulation-, and consequently noticed
differences in HPA axis re-/activity. For instance, an absence of GRs in forebrain glutamatergic neurons
resulted in HPA axis hyperactivity. This could be observed at basal levels, but also after exposure to an

RE-CKO animals exposed significantly increased adrenals and significantly

acute stressor. Moreover, G
smaller thymus glands compared to controls. Since GR®“© mice exhibit absence of GR expression in
glutamatergic neurons of the PVN, which is an important feedback site for GRs, and in the hippocampus
and the BLA, which constitute additional regulators of the HPA axis, we were not surprised by the

observed differences in HPA axis activity.

We also showed differences in HPA axis re-/activity depending on FKBP5 status in the ovBNST.
Specifically, we reported blunted HPA axis activity as a result of long-term ovBNST FKBP5 overexpression
and enhanced HPA axis response due to stable ovBNST FKBP5 knockout. Knockout of FKBP51 in ovBNST
restraint stress activated neurons only did not affect HPA axis activity, indicating that long-term HPA
axis impact of FKBP5 is not carried by this specific ovBNST neuronal population, but possibly a different

distinct cellular population within the nucleus.

Several nuclei of the anterior BNST send GABAergic projections to the PVN and also project to the CeA,
making the anterior BNST a relay station that mediates HPA axis responses to stress. In fact, the ovBNST
contains a very high density of CRH-producing cells which project directly to the PVN (Dong et al.,
2001a). Thus, parallel to the HPA axis hyperactivity in the GR®“© mice, which is potentially influenced
by the lack of glutamatergic GRs in the PVN, we observed similar, possibly PVN-mediated effects on HPA
axis activity after ovBNST FKBP51 manipulation. As discussed previously (see Chapter 1.5.3) anxiety
disorders are often, but not exclusively, characterised by a hyperactive HPA axis. Moreover, Sotnikov
and colleagues even reported a blunted HPA axis reactivity due to GC system disbalance in mice with

high-anxiety related behaviour (Sotnikov et al., 2014).

Overall, both the ovBNST FKBP51 knockout and the GR knockout in forebrain glutamatergic neurons
resulted in higher corticosterone levels after exposure to acute stress and an anxiogenic phenotype.
The ovBNST FKBP51 overexpression, however, resulted in significantly lower corticosterone levels
compared to control animals and a mild anxiolytic behavioural phenotype. These results perfectly
illustrate the complexity and multifactorial reality of interplay between candidate gene manipulation,
HPA axis re-/activity, and anxiety-related behavioural phenotypes. While it is difficult to establish a
precise cause-effect relationship from these observations, they do provide several important and

differentiated insights with regard to this matter. First, maladaptive anxiety can be characterised by
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both a hyper- and/or hypoactive HPA axis. Second, high FKBP51 expression or upregulation does not
automatically imply an anxiogenic behavioural phenotype and HPA axis hyperactivity, and vice versa,
FKBP51 reduction or knockout is not always associated with anxiolytic behaviour and a decrease in HPA
axis activity (Hartmann et al., 2015; Hausl et al., 2021). Instead, this is dependent on the brain structure,
cell-type, and possibly the timing of the stressor and the timing of its assessment. In fact, long-term
ovBNST FKBP51 overexpression or knockout may result in the reported endocrinological HPA axis
phenotypes, yet these, together with anxiety-like phenotypes, might be different after an acute stress-
induced increase (or potentially decrease/inhibition) of FKBP5 in the ovBNST (see Chapter 2.3). For
example, subjects with PTSD reportedly expose a hyperactive HPA axis shortly after the traumatic event
but a hypoactive HPA axis in the long-term aftermath. However, findings regarding pattern of HPA
alterations in PTSD also remain highly inconsistent (Young et al., 2018; Schumacher et al., 2019; Speer
et al.,, 2019). Therefore, rather than trying to categorise HPA axis activity, gene status, and anxiety
phenotype accordingly, it is important to account for the dynamic properties of such a versatile system

as the HPA stress response.

These factors should also be considered in potential future pharmacological treatment. SAFit2, a
selective antagonist ligand of FKBP51, has successfully been shown to enhance feedback inhibition of
the HPA axis, stress coping and glucose tolerance (Gaali et al., 2015; Balsevich et al., 2017; Hahle et al.,
2019). Moreover, it had anxiolytic properties, protected from weight gain and alleviated pain states
(Hartmann et al.,, 2015; Maiaru et al., 2016, 2018; Balsevich et al., 2017). When applied together with
the antidepressant escitalopram, SAFit2 reduced the anxiolytic effect of escitalopram, but improved
stress-coping behaviour (P6hlmann et al., 2018). However, administration of SAFit2 in the ovBNST to

regulate HPA axis activity and anxiety-like behaviour would have to be highly region- and time-specific.

Taken together, both the GR in forebrain glutamatergic neurons and FKBP51 in the ovBNST are
implicated in HPA axis regulation. Based on our results we can conclude that their effects are highly

dynamic and dependent on GR/FKBP5 status as well as the timing and the type of stress exposure.

3.6. Limitations and Future Directions
The current thesis contributes important insights into the molecular mechanisms underlying
maladaptive anxiety. We demonstrate that GR signalling in forebrain glutamatergic neurons, but not
GABAergic neurons, mediates anxiogenic behaviour. For the first time, we show that FKBP51 plays an
important role in the ovBNST and is implicated in the regulation of anxiety-like behaviour. Moreover, a
complete lack of FKBP51 significantly affects brain architecture and connectivity. Finally, we are the first
to delineate a role of the neuropeptide Tac2 in the ovBNST and anxiety.

Overall, we present compelling data that identify particularly FKBP51 and Tac2 in the ovBNST as novel
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molecules involved in the regulation of anxiety-like behaviour. This opens a new avenue of research,
which has the potential to advance current therapeutic and medical practices. Despite laying the
groundwork for future research regarding FKBP51 and Tac2 ovBNST function, there remain outstanding

research questions and limitations to our current findings.

The brain region and cell- type specificity of candidate genes associated with stress and anxiety such as
GR, FKBP5 and Tac2 have been pressed before. This concept was successfully considered and applied in
the first study; the GR was deleted from forebrain GABAergic or glutamatergic neurons first, and
eventually we could pinpoint the observed effects on fear- related behaviour down to GR action in
glutamatergic neurons of the BLA, whereas anxiety-related behaviour was assigned to glutamatergic
neuronal GR signalling in limbic structures such as the hippocampus, PFC or PVN. The anxiety-like effects

could have been defined further, however, this might be more appropriate for future publications.

In order to explore how the lack of FKBP51 might affect brain architecture and connectivity, we imaged
the whole brain of total 51 KO male mice. Although conventional 51KO mice provided a means to
establish whether FKBP51 is involved in brain plasticity and connectivity or not, there are many
shortcomings associated with any conventional knockout mouse line. As discussed before (see Chapter
2.2 and General Discussion), there is inevitably a lack of spatial and temporal control of gene expression,
and compensatory mechanisms during development may distort the reported findings. Thus, the
contribution of individual FKBP51 positive tissue types, or specific cell types, must be addressed in the

future.

For our third and fourth study, which focused on the role of FKBP51 and Tac2 in the ovBNST and their
implication in anxiety-like behaviours, similar shortcomings apply. First, the ovBNST is so complex and
heterogenous in terms of the numerous neuronal populations expressed within the nucleus, that
further rigorous quantitative characterisation of FKBP51 and Tac2 positive neuronal populations is
crucial. Moreover, there needs to be a more distinct differentiation between those FKBP51/ Tac2
positive neurons that are activated by acute restraint stress and those that are simply expressed within

the ovBNST.

Additional characterisation would also enable more appropriate viral targeting and manipulation. For
example, while we observed a robust anxiogenic phenotype when we virally knocked out FKBP51 in the
ovBNST, a more selective manipulation by chemogenetically inhibiting only those FKBP51 positive
neurons that had been previously activated by restraint stress, eventually provided a more nuanced

picture.

Although further systematic characterisation and specification will help to generate more knowledge

on the contributions of FKBP51 and Tac2 in the ovBNST, it may lead to very compartmentalised
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knowledge without sufficient contextual and behavioural framework. Thus, it may be of advantage to
focus more on the circuitry of FKBP51/Tac2 in the ovBNST and explore how the various components
orchestrate anxiety-related behaviour. For example, we demonstrated that Tac2 positive neurons in the
ovBNST project to several anxiety-relevant structures such as the LS and the CeA. Therefore, it would
be highly interesting to do more circuit- based manipulations, such as retrograde stimulation (e.g.
through the means of optogenetics) of neurons projecting from the ovBNST to the CeA or the LS.
Alternatively, manipulating FKBP51/ Tac2 positive neurons in several structures simultaneously, e.g.
ovBNST and CeA, may provide a more realistic impression of circuit-mediated anxiety-like behaviour.
Taken together, ideally further stringent characterisation of Tac2/FKBP51 ovBNST neurons should go
hand in hand with more circuit-based manipulations in order to disentangle the influence of the two

genes on anxiety-related behaviour.

Another limitation of all our studies that needs to be discussed is the lack of inclusion of female animals.
In general, anxiety disorders are more prevalent in women and including females in the future will
provide data that is more representative of the general population. Moreover, Tac2/ neurokinin B is an
important mediator of the reproductive axis and FKBP51 also regulates sex steroid receptors such as
the androgen and the progesterone receptor (Magee et al., 2006; Topaloglu et al., 2009; Jadskelainen
et al., 2011, Stechschulte and Sanchez, 2011). Furthermore, the ovBNST is sexually dimorphic, which
may also account for the gender disparity in prevalence and treatment of stress-related psychiatric

diseases (Lebow and Chen, 2016) .

3.7.Closing Remarks
To conclude, we provide new insights into the underlying molecular mechanisms of stress-induced
maladaptive anxiety. Our findings concerning the function of FKBP51 and Tac2 in the ovBNST will lay
the groundwork for a new avenue of research that is not yet widespread in literature. Future studies
will be able to provide an even clearer picture in order to understand the causal mechanisms behind
the observed effects. Ultimately, we hope to contribute towards the development and implementation

of pharmacological treatment and therapy of stress-related psychiatric disorders.
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