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Abstract

Abstract

Our world is facing a pandemic of stress-related disorders, ranging from mental health to
cardiovascular and metabolic diseases, and there is an urgent need for effective and selective
treatments. Despite enormous efforts and decades of research, we are still far from finding
targeted interventions for most psychiatric but also metabolic diseases. The identification of
genetic risk factors and subsequently deciphering their tissue- and cell type-specific role in
physiology is an indispensable step towards a more comprehensive understanding of the
molecular mechanisms underlying these disorders. One prominent example is the co-
chaperone FKBP51, which has been linked to the development of psychiatric and metabolic
disorders in humans. It has been shown to be involved in a plethora of cellular signaling
pathways that modulate our hormonal stress response system, the hypothalamic-pituitary-
adrenal (HPA axis), and whole-body metabolism. To dissect the tissue-specific role of FKBP51
in the HPA axis, we selectively manipulated FKBP51 expression in mouse paraventricular
nucleus (PVN), the master regulator of the central stress response, and assessed the
behavioral and endocrine phenotypes of these animals. We were further interested in
whether loss of FKBP51 in corticotrope pro-opiomelanocortin (POMC) cells in the pituitary
gland (PIT) affects negative feedback control of the HPA axis and age-related dysregulation of
the stress response. Both cell type-specific studies on the involvement of FKBP51 in HPA axis
(re)activity revealed a beneficial effect of attenuating Fkbp5 expression, which is consistent
with systemic endogenous knockout (KO) studies in rodents. To expand the existing
knowledge on the role of FKBP51 in autophagy signaling, we knocked out and overexpressed
(OE) the gene in the mediobasal hypothalamus (MBH), which is known for its key role in energy
homeostasis and feeding behavior. Our study identified a novel group of molecular players
called phosphoinositide protein family (WIPI proteins) that interact with FKBP51 to control
autophagy signaling in the rodent MBH. Since the MBH is a heterogeneous structure with
multiple neuronal subpopulations that all individually and synergistically contribute to
shaping homeostasis, we set out to investigate the cell type-specific role of FKBP51 in
steroidogenic factor 1 (577) expressing neurons of the ventromedial hypothalamus (VMH) and
Pomcexpressing cells of the arcuate nucleus (ARC). Intriguingly, KO of FKBP51 in these two
MBH subnuclei had opposite effects on high-fat diet (HFD) induced body weight (BW) gain:

KO of FKBP51 in VMH-SF1 neurons adversely affects whole-body metabolism, corresponding
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to an MBH-wide KO of this co-chaperone. However, attenuation of Fkbp5 expression in POMC
neurons had positive effects on BW regulation under a HFD challenge. Thus, the collective
results of this work highlight the importance of cell type-specific studies on the role of FKBP51

in homeaostatic control and pave the way for future pharmacological intervention studies.



Zusammenfassung

Zusammenfassung

Auf unsere Welt rollt eine Pandemie stressbedingter Storungen zu, die von psychischen
Erkrankungen bis hin zu Herz-Kreislauf- und Stoffwechselerkrankungen reichen und es
besteht ein dringender Bedarf an wirksamen Behandlungen. Trotz enormer Anstrengungen
und jahrzehntelanger Forschung sind wir noch weit davon entfernt, gezielte Interventionen
fur die meisten psychiatrischen, aber auch metabolischen Erkrankungen zu finden. Die
Identifizierung genetischer Risikofaktoren und die anschlieSende Entschlusselung ihrer
gewebs- und zelltypspezifischen Rolle in der Physiologie ist ein unerlasslicher Schritt zu einem
umfassenderen Verstandnis der molekularen Mechanismen, die diesen Erkrankungen
zugrunde liegen. Ein bekanntes Beispiel ist das Co-Chaperon FKBP51, das mit der Entstehung
von psychiatrischen und metabolischen Erkrankungen bei Menschen und Nagern in
Verbindung gebracht wird. Es hat sich gezeigt, dass es an einer Vielzahl von zelluldren
Signalwegen Dbeteiligt ist, die unser hormonelles Stressreaktionssystem, die Hypothalamus-
Hypophysen-Nebennieren-Achse (HPA-Achse) und den Ganzkorperstoffwechsel modulieren.
Um die gewebesperzifische Rolle von FKBP51 in der HPA-Achse zu untersuchen, haben wir die
FKBP51-Expression im paraventrikularen Nukleus (PVN) der Maus, der Steuerzentrale der
hormonellen Stressreaktion, selektiv manipuliert und die Verhaltens- und endokrinen
Phanotypen dieser Tiere untersucht. Des Weiteren waren wir daran interessiert, inwiefern
der Verlust von FKBP51 in kortikotropen Proopiomelanocortin-Zellen (POMC) in der
Hypophyse die negative Ruckkopplung der HPA-Achse und die altersbedingte Dysregulation
der Stressreaktion beeinflusst. Diese zelltypspezifischen Manipulationen der Fkbp5
Expression ergaben einen positiven Effekt des Knockouts (KO) auf die (Re-)Aktivitat der HPA-
Achse, was mit systemischen endogenen KO-Studien in Nagern Ubereinstimmt. Um unser
Wissen Uber die bereits etablierte Rolle von FKBP51 bei der Autophagie-Signalgebung zu
erweitern, haben wir das Gen im mediobasalen Hypothalamus (MBH), der fUr seine
SchlUsselrolle bei der Energiehomaoostase und Fressverhalten bekannt ist, ausgeschaltet und
Uberexprimiert (OE). In dieser Studie identifizierten wir eine neue Gruppe von molekularen
Akteuren der Phosphoinositid Protein Familie (WIPI-Proteine), die mit FKBP51 interagieren
und die Autophagie-Signalgebung im MBH der Nager steuern. Da der MBH eine heterogene
Struktur mit mehreren neuronalen Subpopulationen ist, die alle einzeln und synergetisch zur

Gestaltung der Homoostase beitragen, haben wir die zelltypspezifische Rolle von FKBP51 in

Vv



Zusammenfassung

Steroidogenic Factor 1 (S577) exprimierenden Neuronen des ventromedialen Hypothalamus
(VMH) und Pomcexprimierenden Zellen des Nucleus arcuatus (ARC) untersucht.
Interessanterweise hatte der KO von FKBP51 in diesen beiden MBH-Subkernen
gegensatzliche Auswirkungen auf die durch eine hochkalorische Diat hervorgerufene
Zunahme des Korpergewichts: Der KO von FKBP51 in VMH-SF1-Neuronen wirkt sich negativ
auf den Ganzkdrperstoffwechsel aus, was einem MBH-weiten KO dieses Co-Chaperons
entspricht. Die Abschwachung der Fkbp5Expression in POMC-Neuronen hatte jedoch
positive Auswirkungen auf die Regulierung des Korpergewichts unter hochkalorischer Diat.
Zusammenfassend unterstreicht diese Arbeit die Wichtigkeit zelltypspezifischer Studien zur
Rolle von FKBP51 bei der homoostatischen Kontrolle und ebnet den Weg fur zukunftige

pharmakologische Interventionsstudien.

VI



Abbreviations

51 KO
51 OE
AAV
ACTH
AgRP
AKT
AMP
AMPK
AP
APA
ARC
AS160
Atgs
AV1BR
AUC
AVP
Atg/
BAT
BDNF
BNST
BW
CART
CCK
CORT
CRH
CRHR1
CSDS
DEX
DMH

Abbreviations

Fkbp5 knockout

Fkbp5 overexpression
Adeno-associated virus
Adrenocorticotropin hormone
Agouti-related peptide

Protein kinase B

Adenosine monophosphate
AMP-activated protein kinase

Area postrema/Anterior pituitary gland
American Psychological Association
Arcuate nucleus

AKT substrate 160

Autophagy related genes
Arginine-vasopressin receptor 1 B
Area under the curve
Arginine-vasopressin

Autophagy related gene 7

Brown adipose tissue
Brain-derived neurotrophic factor
Bed nucleus of the stria terminalis
Body weight

Amphetamine-related transcript
Cholecystokinin

Corticosterone
Corticotropin-releasing hormone
Corticotropin-releasing hormone receptor 1
Chronic social defeat stress
Dexamethasone

Dorsomedial hypothalamus

Vil



FKBP51
FKBP52
GABA
GC
GLUT4
GLP1
GR
GRE
HFD
HIP
HOP
HPA
HSP70
HSP90
IMM

IRS-1
KO

LC
LepR
LH
MC3R
MC4R
MBH
MEE
MR
mTOR
NPY
NTS
OE
OXT

Abbreviations

FK507-binding protein 51
FK506-binding protein 52
y-aminobutyric acid
Glucocorticoid

Glucose transporter 4
Glucagon-like peptide 1
Glucocorticoid receptor
Glucocorticoid response element
High-fat diet

Hippocampus
Hsp90-organizing-protein
Hypothalamic-pituitary-adrenal
Heat shock protein 70

Heat shock protein 90
Immunophilins

Insulin receptor

Insulin receptor substrate 1
Knockout

Locus coeroleus

Leptin receptor

Lateral hypothalamus
Melanocortin 3 receptor
Melanocortin 4 receptor
Mediobasal hypothalamus
Median eminence
Mineralocorticoid receptor
Mammalian target of rapamycin
Neuropeptide Y

Nucleus tractus solitarii
Overexpression

Oxytocin

Al



PHLPP
PI3K
PIT
POMC
PP
PPARy
PTSD
PVN
RPA
SAFit
SAM
SF1
SIM1
SKP2
SNPs
SNS
SST
SHR
TPR
TRH
72D
UCP1
VMH
WAT
WD
WIPI
WT

ZF

ZR
a-MSH

Abbreviations

PH domain and leucine rich repeat protein phosphatase
Phophoiosititde 3-kinase

Pituitary

Pro-opiomelanocortin

Posterior pituitary

Peroxisome proliferator-activated receptor-y
Post-traumatic disorder

Paraventricular nucleus

Raphe pallidus

Selective antagonist for FKBP51 by induced fit
Sympatho-adreno-medullary system
Steroidogenic factor 1

Single-minded homologue 1

S-phase kinase-associated protein 2

Single nucleotide polymorphism
Sympathetic nervous system

Somatostatin

Steroid hormone receptor

Tetratricopeptide repeat domain
Thyrotropin-releasing hormone

Type 2 diabetes

Uncoupling-protein 1

Ventromedial hypothalamus

White adipose tissue

Tryptophan-aspartic acid-repeat proteins
WIPI

Wildtype

Zona fasciculata

Zona reticularis

a-melanocyte-stimulating hormone

IX



Publications

Publications

Chapter 2.1

Hausl, A.S.*, Brix, LM.*, Hartmann, J.,, P6himann, M.L., Lopez, J.P., Menegaz, D., Brivio, E.,
Engelhardt, C., Roeh, S., Bajaj, T., Rudolph, L., Stoffel, R., Hafner, K., Goss, H.M, Reul, J. M. H. M.,
Deussing, J.M., Eder, M., Ressler, KJ., Gassen, N.C,, Chen, A. & Schmidt, M.V. (2021). The co-
chaperone Fkbp5 shapes the acute stress response in the paraventricular nucleus of the
hypothalamus of  male mice. Molecular — Psychiatry, 26, 3060-3076.
https://doi.org/10.1038/s41380-021-01044-x

*Shared first authorship with equal contribution

Chapter 2.2

Brix, L.M., Hausl, AS., Toksoz, |, Bordes, J., Doeselaar, L.V., Engelhardt, C., Narayan, S., Springer,

M., Sterlemann, V., Deussing, J.M., Chen, A. & Schmidt, M.V. (2022). The co-chaperone FKBP51
modulates HPA axis activity and age-related maladaptation of the stress system in pituitary
proopiomelanocortin cells. Psychoneuroendocrinology, 138, 105670.

https://doi.org/10.1016/j.psyneuen.2022.105670

Chapter 2.3

Hausl, A.S., Bajaj, T., Brix, L.M., P6himann, M.L., Hafner, K., De Angelis, M., Nagler, J., Dethloff,

F., Balsevich, G., Schramm, K.W., Giavalisco, P., Chen, A., Schmidt, M.V. & Gassen, N.C. (2022).
Mediobasal hypothalamic FKBP51 acts as a molecular switch linking autophagy to whole-body

metabolism. Science Advances, 8, 4797. https://doi.org/10.1126/SCIADV.ABI4797

Chapter 2.4

Brix, L.M., Toksoz, I, Aman, L., Bordes, J., Doeselaar, L.V., Engelhardt, C., Hausl, A.S., Kovarova,

V., Narayan, S., Springer, M., Sterlemann, Yang, H., Deussing, J.M. & Schmidt, M.V. (2022).
Contribution of the co-chaperone FKBP51 in the ventromedial hypothalamus to metabolic

homeostasis in male and female mice. Molecular metabolism. Manuscript under revision.

X



Publications | Xl

Chapter 2.5

Brix., L.M., Hausl, A.S., Toksoz, I, Aman, L., Bordes, J., Doeselaar, L.V., Engelhardt, Kovarova, V.,
Narayan, S., Springer, M., Sterlemann, Yang, H., Deussing, ].M. & Schmidt, M.V. (2022). Deletion
of the co-chaperone FKBP51 in POMC- but not AGRP neurons of the arcuate nucleus

improves whole-body metabolism in male and female mice. Manuscript in preparation.



Additional Contributions

Additional Contributions

Doeselaar, L., Yang, H., Bordes, J., Brix, LM., Engelhardt, C, Tang, F., & Schmidt, M. V. (2020).

Chronic social defeat stress in female mice leads to sex-specific behavioral and

neuroendocrine effects. Stress, https://doi.org/10.1080/10253890.2020.1864319

Engelhardt, C, Tang, F,, Elkhateib, R., Bordes, J., Brix, L.M., Doeselaar, L., Hausl, A.S., P6himann,

M.L., Schraut, K.G., Yang, H., Chen, A, Deussing, J., & Schmidt, M.V. (2021). FKBP51 in the Oval
Bed Nucleus of the Stria Terminalis Regulates Anxiety-Like Behavior. eNeuro, 8 (6).

https://doi.org/10.1523/ENEURO.0425-21.2021

Xl



Declaration of Contribution | Xl

Declaration of Contribution

| hereby clarify that | contributed may own work to the current thesis, entitled Dissecting the
cell type-specific role of FKBP51 in the stress response and whole-body metabolisrm

- The WHEN and WHERE matters - in the following way:

Chapter 2.1

Designing and planning the study:

In collaboration with AH and MVS
Conducting the experiments:

In collaboration with AH, MP, DM, CE, TB
Analyzing the data:

Independently executed - Figure 6
Preparing the manuscript:

In collaboration with AH and MVS

Chapter 2.2

Designing and planning the study:

In collaboration with AH and MVS

Conducting the experiments:

In collaboration with AH, IT, |B, LvD, CE, SN, MS and VS
Analyzing the data:

Independently executed

Preparing the manuscript:

In collaboration with MVS

Chapter 2.3

Designing and planning the study:
In collaboration with AH, TB, NCG and MVS

Conducting the experiments:



Declaration of Contribution | XIV

In collaboration with AH, TB, MP, MH, MA, JN, FD, GB, GS and KG
Analyzing the data:

In collaboration with AH and TB

Preparing the manuscript:

In collaboration with AH, TB, NCG and MVS

Chapter 2.4

Designing and planning the study:

In collaboration with MVS

Conducting the experiments:

In collaboration with IT, LA, JB, LvD, CE, AH, VK, SN, MS, VS and HY
Analyzing the data:

Independently executed

Preparing the manuscript:

In collaboration with MVS

Chapter 2.5

Designing and planning the study:

In collaboration with AH and MVS

Conducting the experiments:

In collaboration with IT, LA, B, LvD, CE, AH, VK, SN, MS, VS and HY
Analyzing the data:

Independently executed

Preparing the manuscript:

In collaboration with MVS

Munich, 15t of June, 2022

Lea Maria Brix



Declaration of Contribution | XV
Hiermit bestatige ich die von Frau Lea Maria Brix angegebenen Beitrage zu den einzelnen

Publikationen.

MUnchen, 1% of June, 2022

Mathias V. Schmidt



General Introduction

1. General Introduction

1.1 The pandemic of stress-related diseases

We live in a very stressful world: The COVID19 pandemic, climate change, Russia’s invasion of
Ukraine, and inflation are just some of the many stressors facing our modern society. As a
result, these stressors can cause diminished productivity, accidents, absenteeism, and direct
medical, legal, and insurance costs of $300 billion every year. National surveys conducted by
the American Psychological Association (APA) show that 75% of adult Americans experienced
moderate to high stress levels, with a trend towards increasing perceived stress levels
throughout 2021. The combination of these stressors and the steady drumming of a crisis
that shows no sign of stopping is causing the APA to sound the alarm: ' We are facing a national
mental health crisis that could yield serious health and social consequences for years to
come! (American Psychological Association, 2022). The idea that stress can determine a
person’s state of mind and negatively affect psychological health has been known for
decades. Consistent with this view, there is ample scientific evidence that exposure to recent
or chronic stressful events is associated with the occurrence of psychiatric diseases, such as
depression, post-traumatic disorder (PTSD), and anxiety (De Kloet et al., 2005; Holsboer,
2000; McEwen, 2003; Selye, 1936).

While stress research has evolved around the consequences of stress on mental health,
scientists have only recently connected ill-timed, chronic, and severe stressors with metabolic
disturbances, such as cardiovascular disease, metabolic syndrome, type 2 diabetes (T2D),
eating disorders, and obesity. Moreover, several chronic stress-related mental health
disorders, such as depression, anxiety, and substance abuse, are often comorbid with
metabolic abnormalities (Rabasa and Dickson, 2016; Russell and Lightman, 2019; Tomiyama,
2019; van der Kooij, 2020).

Even though there is a concise link between stress, metabolic diseases, and mental health,
the question of how they are interwoven and whether they are mutually dependent remains
unresolved. However, research suggests that the answer to this overarching question lies in
our physiological stress response system, which has evolved to help us escape life-

threatening situations by mobilizing the appropriate allocation of resources.

1



General Introduction

1.2 The stress response

1.2.1 History and concept of stress
Stress is a daily reality for most living organisms and the idea that stress matters for health
and well-being is now widely accepted by the public and among many researchers and
physicians. However, when it comes down to a concise definition of the term, it becomes clear
that the perception of stress is highly subjective and variable across times and cultures,
puzzling scientists for decades. The French physiologist Claude Bernard made the most
fundamental contribution to stress research with his theory of the milieu intérieur. he stated
that the maintenance of life depends crucially on keeping our internal milieu constant in the
face of a changing environment (Bernard, 1872). Fifty years later, Walter Cannon expanded
on Bernard's ideas of internal physiological mechanisms in response to toxic influences and
introduced the term "homeostasis” (Cannon, 1915). However, it was not until 20 years later
that Hans Selye coined the term Stress response’ to describe the non-specific pattern of
physiological responses to stress (Selye, 1936). Today's classical concept of stress is based on
Selye’s theory that all living organisms strive towards a dynamic equilibrium (homeostasis)
and that physical and psychological events, defined as ‘stressors), threaten this equilibrium.
As a result, behavior is directed towards appraising the stressor’s destabilizing potential and
reinstating homeostasis. Therefore, the stress response has evolved as an adaptive process,
keeping us alert, motivated, and ready to avoid danger (‘eustress’). However, if these stressors
are of chronic or severe nature, or the stress response is inadequate (distress’), the cost of
reinstating this equilibrium becomes too high, a condition termed ‘allostatic load’ (McEwen,
2003). Such inappropriate responses and prolonged stressors can produce a vulnerable
phenotype and serve as triggers for mechanisms that leave genetically predisposed

individuals at increased risk for mental and metabolic illness.

1.2.2 The ‘fight-or-flight’ response
Our brain continuously integrates sensory information, identifies potential threats, and
coordinates appropriate physiological responses to fine-tune homeostasis. The
hypothalamic-pituitary-adrenal (HPA) axis and the sympatho-adreno-medullary system (SAM)
are critical components of the stress response that integrate stress signals of actual or
perceived threats. Shortly after a stressful event, activation of the SAM initiates the release of

monoamines, including noradrenaline, dopamine, and serotonin, from sympathetic nerve
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endings in the brainstem, such as the locus coeruleus (LC), which in turn triggers adrenalin
and noradrenalin release from the adrenal medulla into the blood circulation (Valentino and
Van Bockstaele, 2008). These catecholamines then cause immediate but short-lasting
characteristic effects of the ‘fight-or-flight’ response in the periphery (e.g., increase in heart
rate, respiration, pupil dilation, digestion), mobilizing the appropriate allocation of resources
in a potentially threatening situation. Each monoamine contributes to specific behavioral
aspects to collectively promote crucial behavioral strategies that help the individual overcome
and survive the initial phase of a stressful event (Joéls and Baram, 2009; Ulrich-Lai and
Herman, 2009). The second system, which response is slower but longer lasting compared to

the ‘fight or flight' response, is the HPA axis.

1.2.3 The HPA axis - Focus on the PVN

In the HPA axis, the paraventricular nucleus (PVN) in the hypothalamus stands out as the
principal integrator of perceived stress signals. This nucleus contains three main functional
neuronal types that act as central stress response regulators: parvocellular and
magnocellular neurosecretory neurons and long-projecting neurons in the intermediocellular
region. Parvocellular neurons send their projections to the median eminence (MEE) to
regulate the release of corticotropin-releasing hormone (CRH) together with arginine-
vasopressin (AVP), thyrotropin-releasing hormone (TRH), and somatostatin (SST) into the
pituitary (PIT) to influence the synthesis and release of hormones from endocrine cells.
Magnocellular neurons send their axons directly to the posterior lobe of the pituitary (PP) and
secrete either oxytocin (OXT) or AVP directly into the general circulation. Long-projecting
neurons in the intermediocellular component express mainly melanocortin 4 receptor
(MC4R) and OXT, which project primarily to the hindbrain to regulate energy balance.
Transcription factor single-minded homolog 1 (SIM1) is ubiguitously expressed in the PVN
and acts as a critical regulatory gene of the PVN on AVP, TRH, CRH, and OXT expression (Qin
et al,, 2018) (see Figure 1).

Immediately after their release from the PVN, CRH and AVP act at their receptors
(corticotropin-releasing hormone receptor 1 (CRHRT) and arginine-vasopressin receptor 1 B
(AV1BR), respectively) to induce the transcription of pro-opiomelanocortin (POMC), and its
downstream synthesis to adrenocorticotropin hormone (ACTH), which is released from

corticotrope cells of the AP (Joéls and Baram, 2009; Rotondo et al., 2016). Peripheral ACTH
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subsequently stimulates the release of glucocorticoids (GCs) (cortisol in humans and
corticosterone (CORT) in rodents) from secretory cells of the zona fasciculata (ZF) and zona
reticularis (ZR) of the adrenal cortex. This steroid hormone is considered the main hormonal
end product of the HPA axis that ultimately acts on a plethora of peripheral organ systems
and the brain to modulate downstream effects of the stress response by binding to
glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) (Sapolsky et al., 2000;
Sheng et al., 2021; Sorrells et al., 2009). Further, GCs are involved in the negative feedback at
several levels of the HPA axis, including the PIT, PVN, and hippocampus (HIP), to shut down
the stress response and restore the homeostatic equilibrium (Myers et al., 2012) (see Figure
1). Pomc-expressing corticotropes in the AP gland are the key cell population of this GC-
dependent negative feedback regulation of the HPA axis in the periphery. Consequently, they
express high levels of GR receptors, and therefore GCs directly inhibit Pormcgene expression
in pituitary corticotrope cells (Jenkins et al., 2013; Kageyama et al., 2021; Parvin et al., 2017).

A . B
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AVP Voo \\\ o
° s
} Parvocellular
PIT o &\
.
S ®
° Brain stem/Autonomic
structures
ACTH o
L)
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Created with BioRender.com
Figure 1: Hypothalamic-pituitary-adrenal (HPA) axis and cytoarchitecture of the paraventricular nucleus
(PVN) of the hypothalamus
(A) Activation of the HPA axis by psychological or physiological stressors leads to the secretion of
hypothalamic corticotropin-releasing hormone (CRH) and arginine-vasopressin (AVP) from the PVN.

Subsequently, this triggers the secretion of adrenocorticotropin hormone (ACTH) from corticotrope
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cells of the anterior pituitary (AP). ACTH stimulates the secretion of glucocorticoids (GCs) from the
adrenal cortex (cortisol in humans and corticosterone (CORT) in rodents) that exert their function at
the glucocorticoid (GR) and mineralocorticoid receptor (MR). Once perceived stressors have declined,
GC-mediated negative feedback at several tissue targets along the HPA axis (pituitary (PIT), PVN,
hippocampus (HIP)) shuts down the stress response and reinstates homeostasis. (B) Cytoarchitecture
of the PVN highlighting relevant cellular subdivisions in the neuroendocrine stress response system.
Parvocellular neurons (red), including somatostatin (SST), thyrotropin-releasing hormone (TRH), and
corticotropin-releasing hormone (CRH), project to the median eminence (MEE) and are released into
the anterior pituitary (AP) to initiate the HPA axis. The magnocellular neurons (green), including AVP
and oxytocin (OXT) neurons, project to the posterior pituitary (PP). The long-projecting neurons in the
intermediocellular compartment (yellow), including OXT and melanocortin 4 receptor (MC4R) neurons,
project to autonomic structures in the brainstem, regulating energy balance. Transcription factor
single-minded homolog 1 (SIM1) is ubiquitously expressed in the PVN and acts as a critical regulatory

gene of the PVN on AVP, TRH, CRH, and OXT expression.

1.3 Corticosteroid hormones and their receptors

Independent of stress, GCs are secreted from the adrenal gland in about hourly pulses to
synchronize and coordinate the mobilization of energy stores to meet the needs of an awake
organism. This intrinsic rhythmicity introduces high inter-individual variation into the stress
response and the fundamental processes underlying homeostasis (Young et al., 2004). The
key to understanding stress-related and baseline HPA axis function lies within the receptor
system that mediates the action of corticosteroids: the type Il GR (encoded by the Nr3c7),
selective for naturally occurring and synthetic GCs, and the type | MR (encoded by the Nr3c2),
which binds CORT with a 10-fold higher affinity than the GR. Another steroid, aldosterone,
can activate MR within the periphery in kidney and colon epithelial cells. Here, GCs are
enzymatically converted by 11 B-hydroxysteroid dehydrogenase type Il to inactivate CORT,
thereby allowing the lower affinity ligand aldosterone to bin. Both receptors belong to the
family of nuclear transcription factors and are ubiquitously expressed in the brain, where they
exert distinct roles based on different locations and binding affinities (De Kloet et al., 2005).
Besides their genomic actions, they are also involved in rapid, non-genomic effects at the cell
membrane (Karst et al.,, 2022). The GR is expressed in neurons and glial cells in limbic areas
that control the physiological and behavioral stress response, such as the amygdala, HIP,

hypothalamus, and POMC cells within the AP. GR density is highest in parvocellular PVYN-CRH
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neurons. MR expression, on the other hand, is more restricted. It is abundant in the rodent
and human HIP and other limbic brain areas such as the prefrontal cortex and amygdala, with
a considerable co-expression of the two receptors in the hippocampal pyramidal cells of
almost all species (Meijer et al., 2018). At baseline circulating GC levels, the MR is primarily
activated, while the GR becomes activated only when GC levels are elevated during the
circadian peak or under stressful conditions. With this, the GR is essential for negative
feedback and terminating the stress response (de Kloet et al., 2019). To better understand
the mechanistic basis of the negative feedback regulation of the HPA axis, it is crucial to

decipher the underlying molecular mechanisms and identify vital players in the process.

1.4 Co-chaperone FKBP51 in HPA axis negative feedback

In the absence of GC binding, steroid hormone receptors (SHRs) such as the GR and MR
remain in the cytoplasm in a heterodimeric protein complex with heat shock protein 90
(Hsp90), heat shock protein 70 (Hsp70), Hsp90-organizing- (Hop), and Hsp90-binding protein
p23 (Cheung and Smith, 2000; Noddings et al., 2022). Upon activation (binding by GCs), the
receptor undergoes conformational changes leading to dissociation from these cytoplasmic
chaperones (see Figure 2). In brief, Hsp70 binds to and unfolds the GR in the cytosol. Hop
recruits the GR:Hsp70 complex to Hsp90. Hop is dislodged from the complex upon binding
of other co-chaperones via their tetratricopeptide repeat (TPR) domains to a universal TPR
binding domain on Hsp90 during GR complex maturation. Among these are the mammalian
FK506-binding proteins (FKBPs), FKBP51 (encoded by the Fkbp5 gene), and FKBP52 (encoded
by the Fkbp4 gene). Upon release of Hop, p23 binds and stabilizes the
GR:Hsp90:FKBP51/FKBP52 heterocomplex. Subsequently, the GR binds CORT, dimerizes and
binds to its cognate DNA sequences, called glucocorticoid response elements (GRE), and
induces transcription of downstream genes (Baker et al., 2019; Biddie and Hager, 2009;
Cheung and Smith, 2000; Fries et al., 2017) (see Figure 2).

FKBP52 and FKBP51 both belong to the superfamily of immunophilins (IMM) that bind to
immunosuppressant drugs, such as rapamycin and FK506 (Schreiber, 1991), and were
identified as co-chaperones of Hsp90 regulating the responsiveness of SHRs (Smith et al,,
1993). While FKBP51 and FKBP52 share more than 70 % sequence identity in mammals, they
have opposing regulatory functions on GR signaling (Binder, 2009; Storer et al., 2011; Wochnik

et al, 2005), where FKBP51 inhibits nuclear transactivation, while FKBP52 promotes
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translocation to the nucleus. In an ultra-short negative feedback loop, FKBP51 is upregulated
by active GR, which in turn decreases GR ligand-binding sensitivity and nuclear translocation
efficiency. FKBP52, on the other hand, is considered to promote GR activity, which may be a
combination of increased dynein binding as well as displacing the inhibitory effects of FKBP51
from the Hsp90-heterocomplex (Baker et al., 2019; Denny et al., 2000; Fries et al., 2017) (see
Figure 2).
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Figure 2: Schematic representation of key factors and chaperones involved in glucocorticoid receptor
(GR) transactivation in response to glucocorticoids (GCs) and the FKBP51-mediated negative feedback
loop

(A) Exemplary scheme of the negative feedback of the hypothalamic-pituitary-adrenal (HPA) axis by GCs
in humans. (B) GCs secreted by the adrenal cortex after adrenocorticotropin releasing hormone (ACTH)
binding cross the membrane and enter the cell. In the cytosol, the binding of heat shock protein 70
(HSP70) facilitates the folding of the GR into a conformation with low steroid affinity. Hsp90-organizing-
protein (HOP) recruits GR:HSP70 to heat shock protein 90 (HSP90). Upon binding co-chaperones
(FKBP51 and FKBP52), HOP is released from the complex, and p23 stabilizes the GR:HSP90
heterocomplex in a high-affinity state. The binding of FKBP51 to the complex decreases the affinity of
GCs for GR and delays translocation to the nucleus. However, displacement of FKBP51 by FKBP52

increases ligand binding affinity, and nuclear translocation efficacy of the GR, allowing GCs to bind. The
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GR dimerizes, migrates into the nucleus, and binds to GC response elements (GREs), activating
transcription. The Fkbp5 gene is one of the downstream target genes of the GR, resulting in an ultra-

short negative feedback loop.

1.5 HPA-axis-related disease phenotypes - Focus on FKBP51

1.5.1 HPA axis in psychiatric diseases
Given its significant role in GR-mediated negative feedback control of the HPA axis, FKBP51
has been associated with diseases related to an imbalance of the stress hormone system.
Most of those are related to acute or chronic exposure to stress, such as most
neuropsychiatric disorders. Binder and colleagues could not only show that Fkbp5 single
nucleotide polymorphisms (SNPs) are connected to the antidepressant response and the
recurrence of depressive episodes but also that increased Fkbp5 expression following GR
activation is associated with GR resistance and a higher risk for the onset of stress-related
psychiatric diseases, such as depression and PTSD (see Figure 3 A) (Binder, 2009; Binder et
al., 2008, 2004; Matosin et al., 2018; Zannas and Binder, 2014). The substantial involvement
of FKBP51 in psychiatric disorders has encouraged preclinical research to investigate the
mechanistic role of this co-chaperone in HPA axis (re)activity and disease using animal
models. Endogenous overexpression of Fkbp5 in squirrel monkeys, which have high
circulating cortisol to compensate for low-affinity GRs, decreased hormone-binding affinity of
the GR in these animals (see Figure 3 A) (Denny et al., 2000; Scammell et al., 2001; Westberry
et al,, 2006). Further, Fkbp5 mRNA is ubiquitously expressed in the mouse brain and shows
substantial overlap with the GR, e.g., in the HIP and hypothalamus (Scharf et al.,, 2011). Both
in rats and mice, Fkbp5 MRNA expression and FKBP51 protein level are inducible by the GC
agonist dexamethasone (DEX), CORT, and by stress paradigms (Guidotti et al, 2012;
Hartmann et al,, 2012; Lee et al,, 2011, 2010; Scharf et al., 2011; Yang et al.,, 2012). A knockout
mouse line lacking FKBP51 (FKBP517/51KO) displays decreased HPA axis (re)activity and Gr
expression changes in response to acute stressors, positively shaping the neuroendocrine

profile of these animals (Hartmann et al.,, 2012; Touma et al,, 2011).

1.5.2 HPA axis in aging
In addition to stressful acute or chronic living conditions and psychiatric disorders, aging leads

to changes in the human’s and rodent’'s hormonal stress responses. HPA axis function and
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stress reactivity increase with age due to impaired negative feedback of the HPA axis
(Belvederi Murri et al,, 2014; Gupta and Morley, 2014; Sapolsky et al., 1986). In addition,
various age-related morphological changes in the adrenal glands are associated with altered
hormone secretion, leading to a gradual increase in GC secretion (Yiallouris et al., 2019).
Therefore, the ability of the aging human to adequately terminate the stress response system
is impaired. Consistent with these findings, the negative feedback regulation of the HPA
system appears to be profoundly disrupted in aging rodents and non-human primates
(Goncharova et al., 2002; Sapolsky, 1992). Interestingly, Sabbagh and colleagues showed that
FKBP51 levels in rodents increase with aging, contributing to reduced resilience to
depression-like behavior via impaired GC signaling, a phenotype absent in mice with complete
Fkbp5 knockout (O'Leary et al., 2011; Sabbagh et al., 2014). Furthermore, a clinical study by
Zannas et al. confirmed a genome-wide epigenetic upregulation of FKBP51 by aging and
stress in peripheral blood, promoting inflammation and cardiovascular risk in the elderly
population (see Figure 3 B) (Zannas et al., 2019).

The stress- and age-induced pathophysiologies described all share an increase in FBKP51
levels and reduced GR-mediated negative feedback regulation of the HPA axis, which occurs
at different hierarchical levels, including the HIP, PVN, and the PIT (Schmidt et al., 2009, 2005;
Wagner et al, 2011). Intriguingly, all of these anatomical sites exhibit stress-induced
expression changes of Fkbp5 (Jenkins et al.,, 2013; Scharf et al,, 2011). However, region- and

cell type-specific functions of FKBP51 in stress system biology are still lacking.

1.5.3 HPA axis in obesity
It has been well appreciated that chronic stress combined with a positive energy balance
increases the risk for obesity, but the underlying mechanisms, molecular players, and circuits
remain elusive (Bose et al., 2009). From an evolutionary point of view, it makes sense that
stress affects metabolic processes: one of the primary goals of our stress response is to
supply our body with energy in the form of glucose to escape life-threatening situations.
However, the stressors of modern society often do not require a physical response as they
are primarily psychosocial in nature. Consequently, excess cortisol (CORT in rodents) can
eventually increase body fat accumulation in human and animal models resulting in weight

gain (Bjorntorp, 2001; Bjorntorp and Rosmond, 2000). The pathways linking stress to obesity

! Adapted from Brix et al., 2022.
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are diverse, ranging from cognition and behavior to eating and reward processing. One of the
pathophysiological hallmarks of obesity is a hypersensitive HPA axis (Tomiyama, 2019). Clinical
studies have shown that obese individuals have higher circulating levels of cortisol following
pharmacological stimulation with ACTH or CRH, suggesting a hypersensitive HPA axis
(Incollingo Rodriguez et al., 2015). Consistent with these findings in humans, diet-induced
obese rats also have higher circulating CORT levels following physical stressors (Levin et al,,
2000). One of the hallmarks of FKBP51 is its involvement in the negative feedback of the HPA
axis, which fine-tunes our hormonal stress response system. Excess FKBP51 leads to
hypersensitivity and impaired negative feedback of the HPA axis in /n vitro and /n vivo,
resulting in elevated cortisol levels (see Figure 2). Besides a potential involvement of FKBP51
in metabolic phenotypes and obesity (see Figure 3 C, 1.6.1 and 1.6.2), this protein is involved
in various metabolic signaling pathways that control homeostasis and energy metabolism

(see Figure 4).
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Figure 3: FKBP51 in clinical- and preclinical disease phenotypes

(A) Psychiatric disorders: In humans, Fkbp5 single nucleotide polymorphisms (SNPs) are associated

with a higher risk of developing stress-related psychiatric disorders such as depression and post-
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traumatic stress disorder (PTSD). Endogenous FKBP51 overexpression (OE) decreases the hormone-
binding affinity of the glucocorticoid receptor (GR) and disrupts negative feedback of the hypothalamic-
pituitary-adrenal (HPA) axis. Knockout of FKBP51 (51KO) in mice improves (re)activity of the HPA axis
and positively influences the neuroendocrine profile of these animals. (B) Aging: Clinical studies in
human peripheral blood show a genome-wide epigenetic upregulation of FKBP51 and Fkbp5
methylation by aging and stress, promoting inflammation, cardiovascular- and psychiatric risk in the
elderly population. In mice, Fkbp5 mRNA increases with age, which is positively correlated with lower
resilience to age-related depression-like behaviors. 51KO increases resilience in aged animals and
reverses age-related phenotypes. (C) Obesity: A study in human adipocytes identified various SNPs in
the Fkbp5 gene associated with type 2 diabetes (T2D), triglyceride accumulation, and altered
cholesterol blood levels. Consistent with this, 51KO mice have a leaner body weight (BW) phenotype
and improved metabolism. FKBP51 OE in the mediobasal hypothalamus (MBH) induces obesity and

worsens metabolic outcomes under a high-fat diet (HFD) challenge.

1.6 FKBP51 and the molecular chaperoning of metabolism

Fkbp5 is abundantly expressed in metabolically relevant tissues in the periphery, such as
adipocytes and skeletal muscle (Balsevich et al.,, 2017; Baughman et al., 1997; Pereira et al,,
2014; Sidibeh et al., 2018) and brain regions, like the arcuate nucleus (ARC) and ventromedial
hypothalamus (VMH), both well-established as neuronal hubs controlling energy balance (see
1.7) (Balsevich et al., 2014; Gautron et al., 2015; Scharf et al.,, 2011). Based on this expression
profile, it is not surprising that animal and cell culture studies have uncovered new and

potentially important roles for FKBP51 in metabolism.

1.6.1 FKBP51 in human metabolic phenotypes
The first clinical study by Pereira and colleagues on FKBP51 in 2014 investigated the effects
of Fkbp5 expression in adipose tissue on metabolic control. The authors could show that DEX
has a direct regulatory role on FKBP51 level in subcutaneous and omental human adipose
tissue. Higher Fkbp5 gene expression in omental adipose tissue was associated with markers
of insulin resistance. The same study identified 12 SNPs in the Fkbp5 gene associated with
T2D, triglyceride accumulation, and altered cholesterol blood levels in humans (see Figure 3
C) (Pereira et al., 2014). Four years later, Sidibeh et al. (2018) showed that in humans with
T2D, the expression of Fkbp5 was increased in subcutaneous adipose tissue and that the
gene is associated with lipid metabolism and adipogenesis. They revealed that FKBP51

negatively correlates with genes involved in adipogenesis (Sidibeh et al., 2018). Supporting
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the hypothesis that FKBP51 is a risk gene for insulin resistance and obesity (Fichna et al.,
2018), two studies identified methylation of Fkbp5 at introns 2 and 7 as a potential marker
for GC resistance induced by FKBP51 (Ortiz et al., 2018; Resmini et al., 2016). Others have
found that the SNP rs1360780 in the Fkbp5 gene locus, which leads to increased FKBP51

level, is associated with reduced weight loss after bariatric surgery (Hartmann et al., 2016).

1.6.2 FKBP51 in preclinical metabolic phenotypes
The human studies on FKBP51 align with rodent preclinical studies showing that FKBP51 loss
is beneficial for whole-body metabolism and energy homeostasis. In 2012 two studies
reported that 51KO mice are leaner than their control littermates under a regular chow diet
(Hartmann et al,, 2012; Sanchez, 2012). Two years later, a study by Balsevich and colleagues
revealed a positive correlation between chronic stress, Fkbp5mRNA, and BW gain, suggesting
FKBP51 is a link between stress-related disorders and metabolic complications (Balsevich et
al., 2014). Further, 51KO mice are resistant to a high-fat diet (HFD) induced weight gain;
display improved glucose tolerance and increased energy expenditure (see Figure 3 Q)
(Balsevich et al., 2017; Stechschulte et al., 2016). A study by Soukas and colleagues revealed
that leptin-deficient ob/0b mice have high expression levels of Fkbp5in white adipose tissue
(WAT), which is reduced after several days of leptin treatment. This suggests that the co-
chaperone is involved in leptin signaling pathways such as hunger and satiety (Soukas et al,,
2000). Further, hypothalamic Fkbp5 mMRNA is induced by fasting, and viral overexpression of
this gene in the hypothalamus results in increased vulnerability to a metabolic HFD challenge
(see Figure 3 Q) (Yang et al,, 2012). Previous and ongoing molecular- and pathway analyses
further decipher the mechanistic involvement of FKBP51 in homeostatic pathways such as

protein kinase B (AKT)-signaling, adipogenesis, and autophagy.

1.6.3 FKBP51 in AKT-signaling
FKBP51 is known as a negative regulator of the cell growth regulator AKT. The AKT signaling
pathway is a crucial player in cellular functions under healthy and pathological conditions. It
could be shown that in cancer cells, FKBP51 acts as a scaffolding protein between AKT and
PH domain leucine-rich repeat phosphatase (PHLPP) to facilitate the dephosphorylation and
inactivation of AKT. In line with this regulatory role via AKT, loss of FKBP51 and AKT
hyperactivation are implicated in several pancreatic and breast cancer cell lines (Pei et al,,

2009). Interestingly, the AKT pathway is also involved in energy homeostasis as a nutrient
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sensor (Kim et al., 2006). Further, it plays a vital role in the insulin-signaling cascade as it is
involved in the peripheral control of hepatic glucose production (Schwartz et al., 2013) as well
as insulin resistance (Samuel and Shulman, 2012). The first mechanistic /7 vivo study by
Balsevich and colleagues demonstrated that FKBP51 plays a role in glucose homeostasis by
regulating AKT2 signaling (see Figure 4 A). They identified a new link between FKBP51 and AKT
substrate 160 (AS160), a substrate of AKT2 involved in glucose uptake in skeletal myotubes
(Balsevich et al., 2017).

1.6.4 FKBP51 in adipocytes
Following the discovery that FKBP51 is one of the key proteins induced during WAT adipocyte
differentiation (Toneatto et al., 2013; Yeh et al., 1995), Stechschulte and colleagues set out to
investigate the underlying molecular mechanisms and pathways: /7 vitro studies in FKBP51-
deficient mouse embryonic fibroblasts revealed that FKBP51 controls cellular adipogenesis
via the AKT-p38 kinase-mediated phosphorylation of GRa and PPARy (peroxisome
proliferator-activated receptor-y), the master regulator of adipocyte differentiation (see
Figure 4 B). Loss of FKBP51 resulted in significantly reduced lipid accumulation, reduced fatty
acid synthase activity, and expression of adipogenic genes (Stechschulte et al.,, 20143, 2014b;
Toneatto et al, 2015). Studies in FKBP51-deficient mice suggest that FKBP51 plays an
essential role in WAT browning. 51KO mice show an upregulation of thermogenic genes, such
as uncoupling-protein 1 (UCP1), associated with increased energy expenditure, which is a
potential explanation for their lean phenotype (Balsevich et al., 2017; Stechschulte et al,
2016). Studies in human adipose tissue cultures confirm the results of preclinical studies in
rodents: Pereira and colleagues were able to show that DEX exposure promotes Fkbp5
expression in human adipose tissue and that increased levels of FKBP51 are associated with
insulin resistance (Pereira et al, 2014). In human subcutaneous tissue, Fkbp5 expression
levels correlated positively with several indices of GC-induced-insulin resistance and were

higher in individuals with T2D compared to controls (Sidibeh et al.,, 2018).

1.6.5 FKBP51 in autophagy
Autophagy is our body’'s way of cellular housekeeping: it is the natural, conserved degradation
of cellular debris, such as misfolded proteins, damaged organelles, and pathogens. Cellular
fragments are taken up by autophagosomes and degraded by fusion with lysosomes to form

an autolysosome. These processes are orchestrated by a total of 30 autophagy-related genes
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(Atgs) and regulatory hetero protein complexes, such as adenosine 5-monophosphate
(AMP)-activated protein kinase (AMPK), which are regulated via a complex pathway under the
control of the mTOR kinase (mammalian target of rapamycin) signaling cascade (Dikic and
Elazar, 2018). Hereby, autophagy is an adaptive process that responds to various stressors
such as nutrient deprivation, high-calorie intake, infection, and inflammation and plays a vital
role in regulating metabolic processes and obesity (Hausl et al., 2019; Zhang et al., 2018).
Recent studies have added the tryptophan-aspartic acid (WD)-repeat proteins to the plethora
of autophagy regulators. They interact with the phosphoinositide protein family (WIPI) and act
as subordinate scaffold proteins linking autophagy signaling control and autophagosome
formation (Bakula et al., 2017).

Studies by Gassen et al. (2019) have shown that FKBP51 plays a central role in autophagy and
related mechanisms by binding to the essential autophagy regulators AKT and Beclin1. The
binding of FKBP51 to Beclin1 alters its phosphorylation status and thus promotes the
induction of autophagic processes. In addition, FKBP51 was shown to interact with PHLPP
and AKT, favoring the dephosphorylation of AKT and promoting the recruitment of Beclin
and its subsequent dephosphorylation (see Figure 4 C). Furthermore, the researchers
showed that synthetic GCs, such as DEX and antidepressants, act synergistically with FKBP51
in the induction of autophagy (Gassen et al., 2015, 2014; Wang et al., 2012). Additionally,
FKBP51 prevents Beclin1 from proteasomal degradation by reducing AKT-mediated
phosphorylation of S-phase kinase-associated protein 2 (SKP2), thereby enhancing
autophagy signaling (Gassen et al., 2019).

Data from human and preclinical studies suggest that FKBP51 plays a central role in whole-
body metabolism and homeostasis, opening a new avenue of research for developing
targeted therapeutic interventions to treat metabolic diseases and their comorbidities.
However, to date, cell- and tissue-specific effects of FKBP51 on energy homeostasis /1 vivo
are still lacking. A promising target to study the role of FKBP51 in energy homeostasis is the

brain, particularly the mediobasal hypothalamus (MBH).
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Figure 4: Molecular chaperoning of FKBP51 in cellular metabolic signaling cascades

(A) During insulin signaling in mouse skeletal muscle, FKBP51 scaffolds protein kinase B 2 (AKT2), PH
domain leucine-rich repeat phosphatase 1 (PHLPP1), and AKT substrate 160 (AS160). In the presence
of FKBP51, PHLPP-mediated inactivation of AKT2 and activation of AKT substrate 160 (AS160) are
enhanced: PHLPP phosphatase activity is targeted towards AKT2 to inactivate it and decrease AS160
phosphorylation. Ultimately, this decreases glucose transporter 4 (GLUT4) recruitment to the cell
surface and reduces glucose uptake. (B) FKBP51 increases the dephosphorylation of peroxisome
proliferator-activated receptor-y (PPARy) (master regulator of adipogenesis) via the AKT-p38 signaling
pathway to increase lipogenesis and decrease lipolysis in human and mouse adipose tissue. (C) In
human peripheral blood and mouse brain cells, FKBP51 promotes the induction of autophagy signaling
through dephosphorylation of Beclin1. Furthermore, FKBP51-mediated recruitment of PHLPP
dephosphorylates the Beclin1-phosphorylating kinase AKT, which triggers downstream autophagy
pathways.

1.7 Central control of energy homeostasis

The first scientist to describe the process of energy homeostasis was Kennedy in 1953, who
discovered that food intake is controlled by a chemo-sensitive mechanism: His ‘Lipostatic

Model assumes that signals proportional to the amount of fat in the body modulate the

15



General Introduction

amount of food consumed at each meal to maintain overall energy balance (Kennedy, 1953).
Under physiological conditions, energy intake and expenditure are balanced by the biological
process of ‘energy homeostasis’, which keeps body fat levels stable over time (Morton et al,,
2014). This system is tightly regulated by complex processes in the peripheral and central
nervous system involving thousands of genes, hormonal, and neuronal signaling networks
that inform the central nervous system about the availability of stored nutrient resources
(Lenard and Berthoud, 2008).

Despite the high efficacy of this system and its tight control in normal-weight individuals, the
modern western world is confronted with a high prevalence of metabolic diseases, such as
overweight, obesity, and T2D (Ryan et al., 2020), which highlights that the anatomy and
functions of the neural systems involved in maintaining energy homeostasis are still poorly
understood. This emphasizes that there is an urgent need for a deeper knowledge of the
essential components driving and controlling this delicate system to tackle metabolic

diseases.

1.7.1 Brain regions involved in energy homeostasis - Focus on the VMH
The hypothalamus is a dynamic brain region consisting of several distinct nuclei that
contribute to neural circuits involved in energy homeostasis and food intake (see Figure 5 A,
B). A long line of research dating back to the 1940s has uncovered a link between the brain
and BW mediated by food intake, energy expenditure, body fat stores, and glucose signaling
(Anand and Brobeck, 1951; Brobeck, 1946; Kennedy, 1950; Stellar, 1954). The identified
regions of the hypothalamus constantly monitor metabolic signals that reflect the current
energy status to adjust energy expenditure- and intake. Within this superordinate master
regulator of whole-body metabolism, the ARC, located in the MBH has become one of the
cornerstones of energy metabolism and food intake (Timper and Bruning, 2017). Located
near the MEE, the ARC can sense peripheral nutrients and hormonal signals through two
functionally distinct subpopulations (Myers and Olson, 2012): The orexigenic (appetite-
stimulating) AgRP/NPY neurons expressing agouti-related peptide (AgRP) and neuropeptide
Y (NPY), and the anorexigenic (appetite-suppressing) neurons that express POMC and
amphetamine-related transcript (CART) (Balthasar et al., 2005). These first-order neurons,
located in the ARC, gather information about the body's metabolic state and subsequently

project to other intra- and extrahypothalamic brain areas (2" order neurons) to maintain
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energy homeostasis and to ensure nutrient demands are fulfilled (see 1.7.3) (Bellinger and
Bernardis, 2002).

For a long time, the VMH and its importance for whole-body metabolism were
underestimated and understudied. This is despite the fact that it was already described in the
late 1940s as a potential neuronal center involved in energy homeostasis: A set of systematic
lesions in rats in which several hypothalamic nuclei, including the VMH, PVN, and the
dorsomedial hypothalamus (DMH), were destroyed, led to hyperphagia and obesity in these
animals (Brobeck, 1946). Five years later, Brobeck and colleagues were able to show that
lesions in the lateral hypothalamus (LH) lead to the opposite effect, namely hypophagia
(Anand and Brobeck, 1951). These findings led to the postulation of the ‘dual center model,
which identified the VMH as the ‘satiety center’ with a high number of leptin receptors (LepR)
and the LH as the 'hunger center’ (Stellar, 1954). Today, we know that the VMH is a crucial
target for insulin in the MBH as direct insulin infusions into this brain region decrease food
intake and BW in rodents (Penicaud et al., 1989).

The heterogenous cytoarchitecture of the VMH is composed of different cell types with
different gene expression patterns. The ubiquitously expressed Nr5a7 gene, which encodes
steroidogenic factor 1 (SF1), is specifically and exclusively expressed in the VMH within the
brain. Here it acts as a transcription factor whose expression is essential for both the
development and function of the VMH (Kurrasch et al., 2007; Parker et al., 2002). Studies using
postnatal VMH-specific SF1 knockout mice mirrored the metabolic phenotype of VMH lesion
in rats, highlighting the critical importance of SF1 in the VMH for healthy energy homeostasis;
along with its role as a primary satiety center (Dhillon et al., 2006; Kim et al., 2011). Chemo-
and optogenetic techniques that allow spatiotemporal neuronal manipulation showed that
inactivation of Sf7-expressing neurons enhanced feeding behavior, decreased energy
expenditure and thermogenesis, and blocked recovery from insulin-induced hypoglycemia
via a variety of different hormone receptors, including LepR and insulin receptor (IR), nutrient
sensors and sympathetic nervous system (SNS) activation (Fosch et al., 2021). Mice with
specific deletion of the IR in SF1 neurons were protected from HFD-induced weight gain,
which was associated with increased firing of POMC neurons. An effect that is likely driven by

increased activity of glutamatergic projections from SF1 neurons (Klockener et al., 2011).
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1.7.2 The hypothalamic melanocortin pathway

The homeostatic regulatory neurocircuit underlying the interplay of these two
subpopulations within the ARC is the central melanocortin pathway (see Figure 5) (Cone,
2005; Timper and Bruning, 2017). Both neuronal populations of the ARC (Pomc and
AgRP/Npy~expressing neurons, respectively) express receptors that can bind a wide variety
of hormonal, neuronal, and metabolic signals such as leptin, ghrelin, insulin, glucose,
serotonin, and leucine, which in turn act on these key neurons to regulate energy balance (Xu
et al., 2011).

The two best characterized long-term adipostatic signaling molecules for the maintenance of
whole-body energy homeostasis are leptin, secreted from adipose tissue, and insulin,
secreted by the pancreas. Both humoral mediators circulate in proportion to body fat stores
and have been shown to bind to AgRP/NPY and POMC neurons (Ellacott and Cone, 2006).
AgRP/NPY neurons, which stimulate feeding behavior, food foraging, and locomotion when
they are activated (Dietrich et al.,, 2015; Huang et al., 2013; Luquet et al.,, 2005), are inhibited
by the binding of leptin (Cowley et al., 2001) and insulin (Spanswick et al., 2000). The effect of
leptin as a humoral mediator on homeostasis was demonstrated in lep®/lep® mice lacking
the leptin gene. These animals showed an increase in feeding behavior and developed severe
obesity (Schwartz et al., 1996). Consistent with this phenotype, these mice showed elevated
Npy mRNA expression (Thornton et al., 1997). Ghrelin, an acute hunger signal released from
the gastrointestinal tract before meal onset, stimulates SST neurons in the tuberal region of
the hypothalamus, facilitating energy intake (Cowley et al., 2003; Luo et al.,, 2018).

However, when leptin and insulin bind to POMC neurons, they activate this subpopulation in
the ARC, promoting satiety, increased energy expenditure, and suppressed food intake (Hill
et al., 2010; Schwartz et al,, 1997; Timper and Bruning, 2017). This anorexigenic neuronal
subpopulation of the MBH expresses the neuropeptide precursor POMC, which is cleaved to
a-melanocyte-stimulating hormone (a-MSH). a-MSH mediates its effects via transmembrane
melanocortin 3 and 4 receptors (MC3R/MC4R) on downstream targets, such as the PVN, VMH,
and LH. Here, a-melanocyte acts as an agonist at these receptors (Millington, 2007), while
AgRP is a high-affinity antagonist for both, promoting food intake and decreasing energy
expenditure (Morton and Schwartz, 2001). Besides its antagonistic action on MC3R and MC4R

receptors, preventing anorexigenic effects of a-MSH on 2" order neurons (Morton and
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Schwartz, 2001), AgRP/NPY neurons directly inhibit POMC neuron activity via inhibitory y-
aminobutyric acid (GABA) action at the level of the ARC (Cowley et al., 2001) (see Figure 5 D).
Clinical and preclinical studies confirm their distinct roles, as patients with POMC deficiency
(Krude et al, 1998) and POMC KO mice (Shen et al., 2017) develop severe metabolic
complications such as obesity and hyperphagia. Mutations of the downstream a-MSH target
MC4R are also strongly associated with obesity in humans (Faroogi and O'Rahilly, 2006; Yeo
et al,, 1998) and rodents, in which disruption of the MC4R results in hyperphagia, reduced
energy expenditure, and impaired glucose homeostasis (Balthasar et al., 2005; Huszar et al.,
1997). Preclinical AgRP/NPY ablation studies revealed that these neurons are critical for
survival, as their loss leads to anorexia, rapid weight loss, and death by starvation (Krashes et
al., 2011). Activation of AgRP/NPY neurons, on the other hand, produces a feeding response,
decreases energy expenditure, and impairs glucose balance (Vohra et al., 2022). However,
recent research has opened our eyes to a much more complex interplay between these two
neuronal populations within the ARC that goes beyond this simplistic view of a 'ying and yang'
interaction (Vohra et al., 2022). Most importantly, this sophisticated interplay does not
function in isolation but in complex circuits involving intra- and extrahypothalamic

connections to regulate complex behavior and homeostasis.

1.7.3 Intra- and extra-hypothalamic connections
Pomc and AgRP/Npy-expressing neuronal subpopulations within the ARC project to 2" order
neurons in adjacent hypothalamic brain regions that express MC3R and MC4Rs, including the
PVN, LH, VMH, and the DMH (Elmquist et al., 1998). These regions, in turn, project to other
intra- and extrahypothalamic areas, resulting in an integrated response to energy intake- and
expenditure. Here, the PVN has the highest and thus predominant MC4R population in the
central nervous system, which regulates the inhibitory control of food intake (Krashes et al.,
2016; Leibowitz et al,, 1981). PVN neurons control sympathetic outflow to peripheral organs
and secrete a variety of regulatory neuropeptides (Figure 5 E): brain-derived neurotrophic
factor (BDNF), CRH, and TRH are downstream mediators that relay the effects MC4R activation
on food intake and energy homeostasis via melanocortinergic neurons of the hypothalamus
(Timper and Bruning, 2017). The energy expenditure that increases with MC4R activation is
the result of increased sympathetic tone activating brown adipose tissue (BAT) (Voss-Andreae

et al., 2007).
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NPY/AgRP neurons, which send their inhibitory projections to the PVN and the LH, are
stimulated by fasting to promote food intake and a positive energy balance (Betley et al.,
2013). In addition, intrahypothalamic AgRP/NPY projections to the PVN and to the bed
nucleus of the stria terminalis (BNST), which is involved in the control of feeding and reward
behavior, were shown to decrease metabolic activity in BAT (Shi et al., 2013; Steculorum et al,,
2016). POMC neurons innervate the PVN and the LH and send additional projections to the
VMH and DMH, reducing feeding behavior via stimulation of MC3R/MC4R expressing neurons
in these nuclei. Consequently, disruption of these projections by surgically removing the
connections between the ARC and PVN results in obese phenotypes (Bell et al., 2000). In
contrast to deletion studies in the PVN (Leibowitz et al, 1981), the DMH (Bellinger and
Bernardis, 2002) and LH (Milam et al., 1980) revealed that these regions most likely involved
in orexigenic signaling pathways, as their deletion produces a hypophagic, lean phenotype.
Further, NPY/AgRP and POMC neurons receive excitatory glutamatergic input from the VMH
and the PVN (Waterson and Horvath, 2015).

Despite the important role of the hypothalamus in maintaining energy homeostasis, the
control of this highly complex process is not limited to this brain area alone. Hypothalamic
nuclei have been shown to send their projections to several extrahypothalamic regions, such
as the nucleus tractus solitarii (NTS), area postrema (AP), and raphe pallidus (RPA), all of which
are located in the brainstem and influence satiety perception and food reward (see Figure 5
E) (Waterson and Horvath, 2015). The NTS plays a crucial role in suppressing food intake as
this hindbrain nucleus expresses POMC neurons itself and is directly innervated by POMC
terminals of the ARC to terminate meals and thereby maintain energy balance (Zheng et al,,
2010). Besides its connection to the ARC, the NTS receives direct sensory information from
the gastrointestinal tract via the afferent vagus nerve (Browning and Carson, 2021) and
expresses a variety of receptors that can directly bind circulating nutrient satiety signals such
as leptin, cholecystokinin (CCK), and glucagon-like peptide 1 (GLP1) and can thus act

independently of hypothalamic neuronal circuits (Waterson and Horvath, 2015).
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Figure 5: Hypothalamic and peripheral control of energy homeostasis

(A) Coronal section of a mouse brain highlighting the hypothalamus in the dashed square and figure
legend. (B) Overview of selected hypothalamic brain areas and neuronal circuits controlling energy
balance in the rodent brain. Neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons in the
arcuate nucleus (ARC) (red) of the mediobasal hypothalamus (MBH) send their inhibitory projections
to both the lateral hypothalamus (LH) and the paraventricular nucleus (PVN) to induce orexigenic
pathways and promote feeding behavior. The dorsomedial hypothalamus (DMH) and PVN send their
glutamatergic projections to NPY/AgRP neurons. Pro-opiomelanocortin (POMC) neurons (purple)
innervate the PVN as well as the ventromedial hypothalamus (VMH), DMH, and LH and reduce feeding
behavior via stimulation of melanocortin 4 receptor (MC4R)-expressing neurons in these nuclei. (C)
Hypothalamic nuclei innervate extrahypothalamic nuclei in the brainstem, such as the nucleus tractus
solitarii (NTS), area postrema (AP), and raphe nucleus (RPA), to control feeding behavior and energy
homeostasis. (D) POMC and AgRP neurons in the ARC initiate the hypothalamic melanocortin pathway,
which modulates the activity of post-synaptic MC4R neurons. The three primary hormonal mediators
of feeding behavior, leptin, insulin, and ghrelin, act on POMC and NPY/AgRP neurons to modulate
energy homeostasis. (E) The satiety signals leptin, cholecystokinin (CCK), and glucagon-like peptide 1

(GLP1) directly bind to their receptors in the brainstem, leading to meal termination. Adipose tissue is
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abundantly innervated by hypothalamic sympathetic and parasympathetic fibers. Grey arrows

represent activating and red, blunted arrows inhibitory neuronal inputs.

1.8 Rationale and thesis objectives

Clinical and preclinical studies position FKBP51 as a promising molecular target for the
treatment of psychiatric and metabolic disorders and shed light on its potential overarching
role in the underlying disease mechanisms. Research in rodents and humans has shown that
this co-chaperone modulates biological signaling pathways central to homeostatic control,
ranging from feedback mechanisms in our hormonal stress response system to autophagy
and adipogenesis. An indispensable step towards targeted and effective pharmacological
interventions for psychiatric and metabolic disorders is to decipher the tissue- and cell type-
specific involvement of FKBP51 in these signaling pathways. So far, however, we lack
knowledge about its exact role in specific brain regions, let alone in individual cell types. The
present work, therefore responds to the urgent need for a more comprehensive, region- and
cell type-specific understanding of the effects of FKBP51 to pave the way for future
pharmacological intervention studies. To this end, | aimed to address the following research

questions:

What is the central role of FKBP51 in the PVN of the hypothalamus in modulating
negative feedback control of the HPA axis? (Chapter 2.1)

II. What is the peripheral role of FKBP51 in the pituitary gland in modulating negative
feedback control of the HPA axis, and how does it affect aging-related
dysregulation of the hormonal stress response system? (Chapter 2.2)

Il In what way does modulation of Fkbp5 expression in the rodent MBH influence
autophagy signaling, and which molecular players are involved in the process?
(Chapter 2.3)

V. How does FKBP51 in the rodent VMH (Chapter 2.4) and in Pormc expressing
neurons of the ARC (Chapter 2.5) shape whole-body metabolism and energy

homeostasis?
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Abstract

Disturbed activation or regulation of the stress response through the hypothalamic-pituitary-adrenal (HPA) axis is a
fundamental component of multiple stress-related diseases, including psychiatric, metabolic, and immune disorders. The
FK506 binding protein 51 (FKBP5) is a negative regulator of the glucocorticoid receptor (GR), the main driver of HPA axis
regulation, and FKBP5 polymorphisms have been repeatedly linked to stress-related disorders in humans. However, the
specific role of Fkbp5 in the paraventricular nucleus of the hypothalamus (PVN) in shaping HPA axis (re)activity remains to
be elucidated. We here demonstrate that the deletion of Fkbp5 in Sim1" neurons dampens the acute stress response and
increases GR sensitivity. In contrast, Fkbp5 overexpression in the PVN results in a chronic HPA axis over-activation, and a
PVN-specific rescue of Fkbp5 expression in full Fkbp5 KO mice normalizes the HPA axis phenotype. Single-cell RNA
sequencing revealed the cell-type-specific expression pattern of Fkbp5 in the PVN and showed that Fkbp5 expression is
specifically upregulated in Cri" neurons after stress. Finally, Crh-specific Fkbp3 overexpression alters Crh neuron activity,
but only partially recapitulates the PVN-specific Fkbp5 overexpression phenotype. Together, the data establish the central
and cell-type-specific importance of Fkbp5 in the PVN in shaping HPA axis regulation and the acute stress response.

Introduction

Life is full of challenges and appropriate coping with such
events implies proper activation and termination of the
stress response. The hypothalamic-pituitary-adrenal (HPA)
axis is the central orchestrator of the stress response and its
end product glucocorticoids (cortisol in humans, corticos-
terone (CORT) in rodents) mediates the adaptation to acute
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and chronic stressors in peripheral tissues as well as in the
brain [1]. A hallmark of HPA axis regulation is the negative
feedback on the secretion of stress hormones to terminate
the stress response which is controlled by glucocorticoids
via the glucocorticoid receptor (GR).

A critical regulator of GR and therefore key to a suc-
cessful termination of the stress response is FK506 binding
protein 51 (FKBP5), which is encoded by the FKBPS5 gene
[2]. FKBP5 is an Hsp90-associated co-chaperone that
restricts GR function by reducing ligand binding, delaying
nuclear translocation, and decreasing GR-dependent tran-
scriptional activity [3, 4]. Hence, higher levels of FKBPS5
mRNA are associated with higher levels of circulating cor-
tisol and reduced negative feedback inhibition of the stress
response [5-9]. Consequently, GR-induced FKBPS5 levels
reflect the environmental stress condition, and as such,
FKBP5 expression has been used as a stress-responsive gene
marker [10]. Importantly, FKBP5 polymorphisms have been
consistently associated with stress-related psychiatric dis-
orders such as major depression and PTSD [11-13], where a
demethylation-mediated increase in FKBPS5 expression was
identified as causal in risk-allele carriers [14].

Despite the central importance of FKBPS in stress sys-
tem biology and stress-related disorders, detailed functional
and mechanistic studies are still largely missing. Only a few
human post-mortem studies focus on central tissue in order
to dissect FKBPS5 mechanisms [15, 16], while the majority
of studies use peripheral blood mononuclear cells as a
correlate of FKBPS brain activity [17]. Most of the animal
data were obtained from wild-type (WT) or conventional
Fkbp5 knockout mice, thereby lacking cell-type-specific
insights of Fkbp5 function [8, 18]. To tackle this paucity of
information, we here investigate the specific role of Fkbp5
in the paraventricular nucleus of the hypothalamus (PVN)
the key brain region orchestrating the stress response [19].
Interestingly, previous data in rats suggested a potentially
decisive role of Fkbp5 expression in the PVN to drive HPA
axis hyperactivity achieved by a selective breeding
approach [20]. Using site-specific manipulations of FkbpS5,
single-cell RNA expression profiling, and functional
downstream pathway analyzes, our data unravel a key role
of PVN Fkbp5 in shaping the body’s stress system (re)
activity, with important implications for its contribution to
stress-related disorders.

Material and methods
Animals and animal housing
All experiments were performed in accordance with the

European Communities’ Council Directive 2010/63/EU.
The protocols were approved by the committee for the care

and use of laboratory animals of the Government of
Upper Bavaria, Germany. The mouse lines Fkbp5'°X1°%,
FkbpSPYN-"" Fibp5"™™  and CRH-ires-CRE/Ai9 were
generated in house. Experiments were performed on male
mice aged between 3 and 5 months unless stated otherwise
in the results section. During the experimental time, animals
were kept singly housed in individually ventilated cages
(IVC; 30cmx 16cmx 16 cm; 501 cmz), serviced by a
central airflow system (Tecniplast, IVC Green Line—
GM500). Animals were maintained on a 12:12 h light/dark
cycle, with constant temperature (23 =2 °C) and humidity
of 55% during all times. Experimental animals received ad
libitum access to water and a standard research diet
(Altromin 1318, Altromin GmbH, Germany) and IVCs had
sufficient bedding and nesting material as well as a wooden
tunnel for environmental enrichment. Animals were allo-
cated to experimental groups in a semi-randomized fashion
and data analysis was performed blinded to the group
allocation.

Generation of Fkbp5 mice

Conditional Fkbp5> knockout mice are derived from
embryonic stem cell clone EPD0741_3_HO03 which was tar-
geted by the knockout mouse project (KOMP). Frozen sperm
obtained from the KOMP repository at UC Davis was used to
generate knockout mice (Fkbp5™!4KOMPIWisty by in vitro fer-
tilization. These mice designated as FkbpS™™ ™ are capable to
re-express functional Fkbp5 upon Flp recombinase-mediated
excision of an frt-flanked reporter-selection cassette integrated
into the Fkbp5 gene. Mice with a floxed Fkbp5 gene desig-
nated as Fkbp3'O'% (Fkbp5™! CKOMPIWisiy wwere obtained by
breeding Fkbp5TF™ mice to Deleter-Flpe mice [21]. Finally,
mice lacking Fkbp5 in PVN neurons (Fkbp5® YNy were
obtained by breeding Fkbp5** mice to Siml-Cre mice
[22]. The CRH-ires-CRE/Ai9 mouse line was generated
previously [23]. Genotyping details are available upon
request.

Viral overexpression and rescue of Fkbp5

For overexpression and rescue experiments, stereotactic
injections were performed as described previously [24]. In
brief, mice aged between 10 and 12 weeks were anesthe-
tized with isoflurane, and 0.2 ul of the below-mentioned
viruses (titers: 1.6x 10'>"® genomic particles/ml) were
bilaterally injected in the PVN at 0.05 pl/min by glass
capillaries with tip resistance of 2-4 M() in a stereotactic
apparatus. The following coordinates were used: —0.45 mm
anterior to bregma, 0.3 mm lateral from midline, and 4.8
mm below the surface of the skull, targeting the PVN. After
surgery, mice were treated for 3 days with Metacam via i.p.
injections and were allowed to recover for 3—4 weeks before
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the start of the testing. Successful overexpression or rein-
statement of Fkbp5 was verified by ISH and RNAscope. For
in vivo experiments, we used adeno-associated bicistronic
AAV1/2 vectors. In the overexpression experiments, the
vector contained a CAG-HA-tagged-FKBP51-WPRE-
BGH-polyA expression cassette (containing the coding
sequence of human Fkbp51 NCBI CCDS ID CCDS4808.1).
The same vector constructs without expression of Fkbp5
(CAG-Null/Empty-WPRE-BGH-polyA) was used as a
control. For the Crh specific overexpression of Fkbp5, we
used a viral vector containing an AAV1/2-Cre-dept-HA-
FKBP51 (pAAV-Cre-dependent-CAG-HA-human wildtype
FKBP51 WPRE-BGH-polyA) and a control virus contain-
ing AAV1/2-Cre-dept-GFP (pAAV-Cre-dependent-CAG-
GFP-WPRGE-BGH-polyA). Virus production, amplifica-
tion, and purification were performed by GeneDetect. For the
rescue experiment, a viral vector containing a flippase
expressing cassette (AAV2-eSYN-eGFP-T2A-FLPo, Vector
Biolabs; VB1093) was used to induce endogenous Fkbp5
expression in FkbpS™"™RT mice. Control animals were
injected with a control virus (AAV2-eSYN-eGFP; Vector
Biolabs; VB1107).

Acute stress paradigm

For acute stress exposure, the restraint stress paradigm was
used, as it was shown to be a reliable and robust stressor in
rodents [25]. One to 2h after lights on each animal was
placed in a restrainer (50 ml falcon tube with holes at the
bottom and the lid to provide enough oxygen and space for
tail movement) for 15 min in their individual home cage.
After 15 min, animals were removed from the tube and the
first blood sample was collected by tail cut. Until the fol-
lowing tail cuts at 30, 60, and 90 min after stress onset, the
animals remained in their home cage to recover. Basal
CORT levels (morning CORT) were collected one week
prior to the acute stress paradigm at 8 a.m.

Combined Dex/CRH test

To investigate the HPA axis function we performed a
combined Dex/CRH test as described previously [8]. On an
experimental day, mice were injected with a low dose of
dexamethasone (0.05 mg/kg, Dex-Ratiopharm, 7633932)
via i.p injections at 9 a.m. in the morning. At this dose Dex
does not cross the blood-brain barrier and acts pre-
dominantly in the periphery [26] Here, the most important
site of action in relation to HPA axis function, especially
when combined with a challenge with the neuropeptide
CRH, is the pituitary. Thus, 6 h after Dex injection, a blood
sample was collected via tail cut (after Dex value), followed
by an injection of CRH (0.15 mg/kg, CRH Ferrin Amp).
Thirty-minute after CRH injection, another blood sample
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was obtained (after CRH value). All samples from the acute
stress experiments and the Dex/CRH test were collected in
1.5 ml EDTA-coated microcentrifuge tubes (Sarstedt, Ger-
many). All blood samples were kept on ice and were cen-
trifuged for 15min at 8000 rpm and 4 °C. Plasma was
transferred to new, labeled microcentrifuge tubes and stored
at —20 °C until further processing.

Sampling procedure

On the day of sacrifice, animals were deeply anesthetized
with isoflurane and sacrificed by decapitation. Trunk blood
was collected in labeled 1.5ml EDTA-coated micro-
centrifuge tubes (Sarstedt, Germany) and kept on ice until
centrifugation. After centrifugation (4 °C, 8000 rpm for 1
min) the plasma was removed and transferred to new,
labeled tubes and stored at —20 °C until hormone quanti-
fication. For mRNA analysis, brains were removed, snap-
frozen in isopentane at —40 °C, and stored at —80°C for
ISH. For protein analysis, brains were removed and placed
inside a brain matrix with the hypothalamus facing upwards
(spacing 1 mm, World Precision Instruments, Berlin, Ger-
many). Starting from the middle of the chiasma opticum, a
1 mm thick brain slice was removed. The PVN was further
isolated by cutting the slice on both sides of the PVN along
the fornices (parallel to the 3rd ventricle) as a landmark and
a horizontal cut between the reuniens and the thalamic
nucleus. Finally, the slice containing the third ventricle was
bisected, and the distal part discarded. The remaining part
(containing the PVN) was immediately shocked frozen and
stored at —80 °C until protein analysis [27]. The adrenals
and thymus glands were dissected from fat and weighed.

Hormone assessment

CORT and ACTH concentrations were determined by
radioimmunoassay using a corticosterone double-antibody
125T RIA kit (sensitivity: 12.5 ng/ml, MP Biomedicals Inc.)
and adrenocorticotropic double-antibody hormone '>’I RIA
kit (sensitivity: 10 pg/ml, MP Biomedicals Inc.) and were
used following the manufacturers’ instructions. Radio-
activity of the pellet was measured with a gamma counter
(Packard Cobra II Auto Gamma; Perkin-Elmer). Fifteen-
minute post-stress analysis of ACTH concentrations was
analyzed by using ACTH ELISA (IBL international GmBH,
RES53081) and the ELISA was performed as recommended
by the manufacturer. Final CORT and ACTH levels were
derived from the standard curve.

In situ hybridization (ISH)

ISH was used to analyze mRNA expression of the major
stress markers, Fkbp5, Gr, Crh, and Avp. Therefore, frozen
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brains were sectioned at —20 °C in a cryostat microtome at
20 um, thaw mounted on Super Frost Plus slides, dried, and
stored at —80 °C. The ISH using S UTP labeled ribonu-
cleotide probes was performed as described previously
[28, 29]. All primer details are available upon request.
Briefly, sections were fixed in 4% paraformaldehyde and
acetylated in 0.25% acetic anhydride in 0.1 M triethanola-
mine/HCI. 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 1.5x 10°cpm *°S labeled ribop-
robe. 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/l). After several washing steps with SSC
solutions at room temperature, the sections were washed in
0.1 xSSC for 1h at 65°C and dehydrated through
increasing concentrations of ethanol. Finally, the slides
were air-dried and exposed to Kodak Biomax MR films
(Eastman Kodak Co., Rochester, NY) and developed.
Autoradiographs were digitized, and expression was deter-
mined by optical densitometry utilizing the freely available
NIH ImageJ software. 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. For Fkbp5,
exemplary slides were dipped in Kodak NTB2 emulsion
(Eastman Kodak Co., Rochester, NY) and exposed at 4 °C
for representative pictures; exposure time was adjusted to
average expression level. Slides were developed and
examined with a light microscope with darkfield condensers
to show mRNA expression.

RNAscope analysis and cell counting

For the RNAscope experiments, C57B1/6 male mice were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). All procedures conformed to National Institutes of
Health guidelines and were approved by McLean Hospital
Institutional Animal Care and Use Committee. Mice were
housed in a temperature-controlled colony in the animal
facilities of McLean Hospital in Belmont, MA, USA. All
mice were group-housed and maintained on a 12:12 h light/
dark cycle (lights on at 7am.). Food and water were
available ad libitum unless specified otherwise. Mice were
12 weeks at the time of tissue collection. Animals were
allowed to acclimate to the room for 1 week before the
beginning of the experiment. During the experiment, mice
were either left undisturbed (ctrl) or subjected to 14h
(overnight) of food deprivation prior to sacrifice. During the
stress procedure, animals were kept in their home cages and

had free access to tap water. All mice were sacrificed by
decapitation in the morning (08:00 to 08:30 a.m.) following
quick anesthesia by isoflurane. Brains were removed, snap-
frozen in isopentane at —40°C, and stored at —80 °C.
Frozen brains were sectioned in the coronal plane at —20 °C
in a cryostat microtome at 18 pm, mounted on Super Frost
Plus slides, and stored at —80 °C. The RNA Scope Fluor-
escent Multiplex Reagent kit (cat. no. 320850, Advanced
Cell Diagnostics, Newark, CA, USA) was used for mRNA
staining. Probes used for staining were; mm-Avp-C3, mm-
Crh-C3, mm-Fkbp5-C2, mm-Oxt-C3, mm-Sst-C3, and mm-
Trh-C3. The staining procedure was performed according to
the manufacturer’s specifications. Briefly, sections were
fixed in 4% paraformaldehyde for 15 min at 4 °C. Subse-
quently, brain sections were dehydrated in increasing con-
centrations of ethanol. Next, tissue sections were incubated
with protease IV for 30 min at room temperature. Probes
(probe diluent (cat. no. 300041 used instead of Cl-probe),
Fkbp5-C2, and one of the above C3-probes) were hybri-
dized for 2 h at 40 °C followed by four hybridization steps
of the amplification reagents 1-4. Next, sections were
counterstained with DAPI, cover-slipped, and stored at 4 °C
until image acquisition. Images of the PVN (left and right
side) were acquired by an experimenter blinded to the
condition of the animals. Sixteen-bit images of each section
were acquired on a Leica SP8 confocal microscope using a
40x objective (n = 3 animals per marker and condition). For
every individual marker, all images were acquired using
identical settings for laser power, detector gain, and
amplifier offset. Images of both sides were acquired as a z-
stack of 3 steps of 1.0 um each. Fkbp5 mRNA expression
and co-expression were analyzed using Imagel] with the
experimenter blinded to the condition of the animals. Fkbp5
mRNA was counted manually and each cell containing 1
mRNA dot was counted as positive.

Single-cell sequencing. Tissue dissociation

Single-cell sequencing was performed on PVN tissue dis-
sected from male C57Bl/6 mice aged between 8 and
12 weeks. Therefore, mice were anesthetized lethally using
isoflurane and perfused with cold PBS. Brains were quickly
dissected, transferred to ice-cold oxygenated artificial cer-
ebral spinal fluid (aCSF), and kept in the same solution
during dissection. Sectioning was performed using a
0.5mm stainless steel adult mouse brain matrice (Kent
Scientific) and a Personna double edge prep razor blade. A
slide (approximately —0.58 mm Bregma to —1.22 mm
Bregma) was obtained from each brain and the extended
PVN was manually dissected under the microscope. The
PVN from five different mice was pooled and dissociated
using the Papain dissociation system (Worthington) fol-
lowing the manufacturer’s instructions. All solutions were
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oxygenated with a mixture of 5% CO, in O,. After this, the
cell suspension was filtered with a 30 um filter (Partec) and
kept in cold and oxygenated aCSF.

Cell capture, library preparation, and high-
throughput sequencing

Cell suspensions of PVN with ~1,000,000 cells/uL were
used. Cells were loaded onto two lanes of a 10X Genomics
Chromium chip per factory recommendations. Reverse
transcription and library preparation was performed using the
10X genomics single-cell v2.0 kit following the 10X geno-
mics protocol. The library molar concentration and fragment
length were quantified by qPCR using KAPA Library Quant
(Kapa Biosystems) and Bioanalyzer (Agilent high sensitivity
DNA kit), respectively. The library was sequenced on a
single lane of an Illumina HiSeq4000 system generating 100
bp paired-end reads at a depth of ~340 million reads per
sample.

Quality control and identification of cell clusters

Pre-processing of the data was done using the 10X geno-
mics cell ranger software version 2.1.1 in default mode. The
10X genomics supplied reference data for the mmlO
assembly and corresponding gene annotation was used for
alignment and quantification. All further analysis was per-
formed using SCANPY version 1.3.7 [30]. A total of 5.113
cells were included after filtering gene counts (<750 and
>6.000), UMI counts (>25.000), and the fraction of mito-
chondrial counts (>0.2). Combat [31] was used to remove
chromium channels as batch effects from normalized data.
The 4.000 most variable genes were subsequently used as
input for Louvain cluster detection. Cell types were deter-
mined using a combination of marker genes identified from
the literature and gene ontology for cell types using the
web-based tool: mousebrain.org (http://mousebrain.org/
genesearch.html).

Western blot analysis

Protein extracts were obtained by lysing cells in RIPA buffer
(150 mM NaCl, 1% IGEPAL CA-630, 0.5% Sodium deox-
ycholate, 0.1% SDS 50mM Tris (pHS8.0)) freshly supple-
mented with protease inhibitor (Merck Millipore, Darmstadt,
Germany), benzonase (Merck Millipore), 5 mM DTT (Sigma
Aldrich, Munich, Germany), and phosphatase inhibitor
cocktail (Roche, Penzberg, Germany). Proteins were sepa-
rated by SDS-PAGE and electro-transferred onto nitrocellu-
lose membranes. Blots were placed in Tris-buffered saline,
supplemented with 0.05% Tween (Sigma Aldrich) and 5%
non-fat milk for 1 h at room temperature, and then incubated
with primary antibody (diluted in TBS/0.05% Tween)
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overnight at 4 °C. The following primary antibodies were
used: Actin (1:5000, Santa Cruz Biotechnologies, sc-1616),
GR (1:1000, Cell Signaling Technology, #3660), p-GR
Ser211 (1:500, Sigma, SAB4503820), p-GR Ser226
(1:1000, Sigma, SAB4503874), p-GR 203 (1:500, Sigma,
SAB4504585), FKBP51 (1:1000, Bethyl, A301-430A).

Subsequently, blots were washed and probed with the
respective  horseradish  peroxidase or fluorophore-
conjugated secondary antibody for 1h at room tempera-
ture. The immuno-reactive bands were visualized either
using ECL detection reagent (Millipore, Billerica, MA,
USA) or directly by excitation of the respective fluorophore.
Determination of the band intensities was performed with
BioRad, ChemiDoc MP. For quantification of phosphory-
lated GR, the intensity of phosphor-GR was always referred
to as the signal intensity of the corresponding total GR.

Chromatin preparation for chromatin
immunoprecipitation (ChIP) analysis

The GR ChIP was performed as previously described [32].
We added 1 mM AEBSF or 0.1 mM PMSF, SmM Na®-
Butyrate (NaBut), and PhosSTOP phosphatase inhibitor
cocktail tablets (1 per 10 ml; Roche, Burgess Hill, UK) to
all solutions unless otherwise stated. Briefly, hypothalamus
tissues from four mice were cross-linked for 10 min in 1%
formaldehyde in PBS. Crosslinking was terminated by
adding glycine (5 min, final concentration 200 pM) and
centrifuged (5 min, 6000 g, 4 °C). Pellets were washed three
times with ice-cold PBS. Next, the pellets were re-
suspended in ice-cold Lysis Buffer [50 mM Tris-HCl pH
8, 150 mM NaCl, 5mM EDTA pH 8.0, 0.5% v/v Igepal,
0.5% Na-deoxycholate, 1% SDS, 5mM NaBut, 2 mM
AEBSF, 1 mM Na3VO04, complete ultra EDTA-free pro-
tease inhibitor tablets and PhosSTOP phosphatase inhibitor
cocktail tablet (both 1 per 10 ml, Roche, Burgess Hill, UK)]
and rotated for 15min at 4 °C. Samples were aliquoted,
sonicated (high power; 2 x 10 cycles; 30s ON, 60s OFF)
using a water-cooled (4 °C) Bioruptor Pico (Diagenode,
Liege, Belgium) and centrifuged (10 min, 20,000 g, 4 °C).
Supernatants (containing the sheared chromatin) were
recombined and re-aliquoted into fresh tubes for subsequent
ChIP analysis and for assessment of Input DNA (i.e., the
starting material). Chromatin was sonicated to a length of
~500 base pairs.

For ChIP analysis

Aliquots of chromatin were diluted ten-times in ice-cold
Dilution Buffer [50 mM Tris-HCI pH 8.0, 150 mM NaCl, 5
mM EDTA pH 8.0, 1% v/v Triton, 0.1% Na-deoxycholate 5
mM NaBut, | mM AEBSF, complete ultra EDTA-free pro-
tease inhibitor tablets and PhosSTOP phosphatase inhibitor
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cocktail tablet (both 1 per 10ml, Roche)]. 10ul of GR
antibody (ProteinTech, USA) was added to each sample, and
tubes were rotated overnight at 4 °C. Protein A-coated
Dynabeads® (Life Technologies) were washed once in ice-
cold 0.5% BSA/PBS before blocking overnight at 4 °C. Pre-
blocked beads were washed once in ice-cold Dilution buffer,
re-suspended in the antibody:chromatin mix, and allowed to
incubate for 3 h at 4 °C to allow binding of beads to anti-
body:chromatin complexes. After 3h, the samples were
placed in a magnetic stand to allow the beads (with the
Bound fraction bound) to separate from the liquid
“Unbound” fraction. Beads carrying the Bound chromatin
were washed three times with ice-cold RIPA buffer [10 mM
Tris-HCI pH 7.5, 1 mM EDTA pH 7.5, 0.1% SDS, 0.5 mM
EGTA, 1% Triton, 0.1% Na-Deoxycholate, 140 mM
NaCl + inhibitors] and washed twice with ice-cold Tris-
EDTA buffer. Bound DNA was eluted in two steps at room
temperature; first with 200 ul Elution buffer 1 (10 mM Tris-
HCI pH 7.4, 50mM NaCl, 1.5% SDS) and second with
100yl Elution buffer 2 (10 mM Tris-HCl pH 7.4, 50 mM
NaCl, 0.5% SDS). Crosslinks were reversed by the addition
of NaCl (final concentration 200 mM) and overnight incu-
bation at 65 °C. The next day, samples were incubated first
with RNase A (60 pg/ml, 37 °C, 1 h), followed by incubation
with proteinase K (250 pg/ml, 37 °C, 3.5 h). DNA was pur-
ified using a QIAquick PCR purification kit (Qiagen) as per
the manufacturer’s instructions. Input samples were incubated
overnight at 65 °C with 200 mM NaCl to reverse crosslinks,
incubated with RNase A and proteinase K (overnight), and
DNA was purified using a Qiagen PCR purification kit. All
samples (bounds and inputs) were diluted to a standardized
concentration with nuclease-free water and analyzed by
gPCR as described below using primers/probes (forward:
5'-TGTCAATGGACAAGTCATAAGAAACC;  reverse:
5'-GAATCTCACATCCAATTATATCAACAGAT; probe:

“TTCCATTTTCGGGCTCGTTGACGTC). The binding
of GR was expressed as a percentage of input DNA, i.e., %
Input, which is a measure of the enrichment of steroid
receptor bound to specific genomic sequences.

gPCR analysis

Mastermix for qQPCR was prepared to contain 900 nM for-
ward and reverse primers, 200 nM probe, 1X TagMan fast
mastermix (Life Technologies, Paisley, UK), and nuclease-
free water. Primers and dual-labeled probes with 6-FAM as
the fluorescent dye and TAMRA are the quencher were
designed using Primer Express software (Version 3.0.1,
Life Technologies). Standard curves were performed for
each primer pair and the qPCR efficiency was calculated
using the equation: £ = ((10 — 1/slope) — 1) x 100 (where E
is qPCR efficiency and the slope is the gradient of the
standard curve). Only primer pairs with efficiencies greater

than 90% were used. Quantitative PCR was performed
using a StepOne Plus machine (Life Technologies, Paisley,
UK). Taq enzymes were activated at 95 °C for 20 s, then 40
cycles of 95°C (1s) to 60°C (20s) were performed to
amplify samples.

Electrophysiology

A separate cohort of CRH-ires-CRE/Ai9 mice (Fkbp5°RH OF
n=4, Control n=4) was used for electrophysiology
experiments. Mice underwent surgery as described above.
After 34 weeks of recovery, mice were anesthetized with
isoflurane and decapitated. The brain was rapidly removed
from the cranial cavity and, using a vibratome (HM650V,
Thermo Scientific), 350 um-thick coronal slices containing
the PVN were cut in an ice-cold carbonated gas (95%
0y/5% CO,)-saturated solution consisting of (in mM): 87
NaCl, 2.5 KCl, 25 NaHCOs;, 1.25 NaH,PO,, 0.5 CaCl,, 7
MgCl,, 10 glucose, and 75 sucrose. Slices were incubated in
carbonated physiological saline for 30min at 34°C
and, afterward, for at least 30 min at room temperature
(23-25 °C). The physiological saline contained (in mM):
125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH,POy,, 2 CaCl,, 1
MgCl,, and 10 glucose. Using infrared video microscopy,
somatic whole-cell voltage-clamp recordings from control
and FKBP51-overexpressing PVN neurons (identified by
fluorescence imaging; seal resistance >1G(; holding
potential —70 mV, corrected for a liquid junction potential
of 10mV) were performed with an EPC 10 amplifier
(HEKA) at room temperature in physiological saline
(2-3 ml/min flow rate) containing picrotoxin (100 uM) and
TTX (1 uM). Patch pipettes (3—4 M(} open tip resistance)
were filled with a solution consisting of (in mM): 125
CsCH3SOs3, 8 NaCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3
Na-GTP, and 20 Na,-phosphocreatine (pH adjusted to 7.2
with CsOH). Five minutes after a break-in to the cell,
AMPA receptor-mediated miniature excitatory postsynaptic
currents (MEPSCs) were recorded for 5 min. Offline ana-
lysis of mEPSCs was conducted using the Mini Analysis
Program (Synaptosoft). Recordings, where series resistance
changed by more than 10%, were excluded from the
analysis.

Statistical analysis

The data presented are shown as means = SEM and sample
sizes are indicated in the figure legends. All data were
analyzed by the commercially available software SPSS 17.0
and GraphPad 8.0. When two groups were compared, the
unpaired student’s #-test was applied. If data were not nor-
mally distributed the non-parametric Mann—Whitney test
(MW-test) was used. For four group comparisons, a two-
way analysis of variance (ANOVA) was performed,
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Fig. 1 Loss of Fkbp5 in the PVN alters HPA axis physiology. A
Cre-LoxP based generation of the Fkbp5™Y™~"~ mouse line. B Vali-
dation of Fkbp5 mRNA expression in the PVN via in situ hybridiza-
tion (ISH) and RNAscope (for mRNA quantification see
Supplementary Fig. 1A). C Fkbp5™Y™" mice (n=16) presented
reduced body weight, lowered adrenal weights, and increased thymus
weights under non-stressed conditions compared to their WT litter-
mates (n=15). D Corticosterone levels were significantly reduced

followed by a posthoc test, as appropriate. P values of less
than 0.05 were considered statistically significant. The
sample size was chosen such that with a type 1 error of 0.05
and a type 2 error of 0.2 the effect size should be at least
1.2-fold of the pooled standard deviation. All data were
tested for outliers using the Grubbs test.

Results

Loss of Fkbp5 in the PVN alters HPA axis physiology
To study the effects of Fkbp5 in the PVN, we first gen-
erated PVN-specific conditional Fkbp5 knockout mice
(Fkbp5P¥N""") by crossing Fkbp5'°* mice (generated
in-house; for details see methods) with the Siml-Cre

mouse line, which expresses Cre recombinase in Sim1*
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following a 15 min restraint stress until at least 60 min after stress
onset. E A combined Dex/CRH test showed a significantly pro-
nounced response to a low dose of dexamethasone as well as a
dampened response to CRH injection. Data are received from mice
between 16 and 20 weeks of age and are presented as mean = SEM.
All data were analyzed with a student’s f-test. *p <0.05, **p <0.01,
and ***p <0.001.

neurons mostly concentrated within the PVN (Fig. 1A).
The successful deletion of Fkbp5 in the PVN was
assessed by mRNA and protein analysis (Fig. 1B and
Supplementary Fig. 1). Under basal conditions, adult
mice (16-20 weeks of age) lacking Fkbp5 in the PVN
showed significantly lower body-, and adrenal weights
and higher thymus weights compared to their WT litter-
mates (Fig. 1C). Interestingly, FkbpSPVN"‘ mice in
young adolescence (8 weeks of age) showed no sig-
nificant differences in body weight, adrenal, or thymus
weights (Supplementary Fig. 2), indicating an age-
dependent phenotype of Fkbp5 in the HPA-axis’
response.

As PVN Fkbp5 mRNA levels are highly responsive to an
acute stressor [10], we hypothesized that Fkbp5™V™ /" mice
have an altered stress response following an acute chal-
lenge. Under basal conditions during the circadian trough,
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no differences in corticosterone secretion were detected in
young and adult mice (Supplementary Figs. 1 and 2).
However, already after 15 min of restraint stress adult and
young Fkbp5TYN~~ mice displayed significantly reduced
plasma corticosterone levels compared to the control group
(Fig. 1D). The dampened stress response was persistent for
60 min in adult mice, while the effect has vanished in young
mice already 30 min after stress onset (Fig. 1D and Sup-
plementary Fig. 2). Levels of the adrenocorticotropic hor-
mone (ACTH) were not altered under basal or acute stressed
conditions (Supplementary Fig. 1).

To further investigate the effect of Fkbp5 on GR sensi-
tivity, we performed combined dexamethasone (Dex, a
synthetic GC)—corticotropin-releasing hormone (CRH) test
on adults Fkbp5"¥™""~ mice. The combined Dex/CRH test
is a method to analyze HPA axis (dys)function in depressed
individuals or animals, measuring the responsiveness of the
body’s stress response system through suppression (by Dex
injection) and stimulation (by CRH injection) of the HPA
axis [33]. The injection of a low dose of Dex (0.05 mg/kg)
resulted in a reduction in blood corticosterone levels com-
pared to the evening corticosterone levels in both groups.
Interestingly, mice lacking Fkbp5 in the PVN showed 1.5-
fold lower levels of corticosterone compared to their WT
littermates. Following CRH stimulation (0.15 mg/kg)
Fkbp5™¥N="~ mice showed a significantly lower reaction to
CRH than control mice (Fig. 1E). These data indicate that
specific deletion of Fkbp5 in the PVN dampens HPA axis
response and enhances GR sensitivity.

Overexpression of Fkbp5 in the PVN induces a
stress-like phenotype in C57Bl/6 mice under basal
conditions

Chronic or acute stress upregulates Fkbp5 in distinct brain
regions, such as the PVN [10]. Therefore, we were inter-
ested to explore whether selective overexpression of Fkbp5
in the PVN would be sufficient to affect body physiology
and stress system regulation. To do so, we bilaterally
injected 200 nl of an adeno-associated virus (AAV) con-
taining an Fkbp5 overexpression vector into the PVN of
10-12 weeks old C57BI/6 mice (Fkbp5T¥N OF, Fig. 2A, B).
The AAV-mediated overexpression resulted in a (fourfold)
increase in FkbpS mRNA and protein levels (Fkbp5) in the
PVN (Supplementary Fig. 3).

Intriguingly, Fkbp5 overexpression altered the physiol-
ogy of stress-responsive organs. Fkbp5™"N OF animals
showed a significantly reduced thymus weight and
increased adrenal weights compared to their littermates
(Fig. 2C), the hallmark of chronically stressed animals
[34, 35]. Furthermore, overexpression of Fkbp5 affected the
circadian rhythm of corticosterone secretion, indicated by
increased blood corticosterone levels in the morning as well

as the evening (Fig. 2D). Consequently, ACTH levels of
F‘»’cbpﬁwN OF animals were also increased under non-
stressed conditions (Supplementary Fig. 3). Next, we ana-
lyzed distinguished stress markers under basal conditions in
order to determine whether consequences of PVN-specific
Fkbp5 overexpression are also detectable at the molecular
level. Nric3 and Crh mRNA expression in the PVN were
increased in Fkbp5*VN ©F animals under basal conditions;
however, to a lesser extent than the increase of Fkbp5
mRNA due to viral overexpression. Avp mRNA levels were
not altered (Supplementary Fig. 3). Together, these results
are comparable to chronically stressed animals and
demonstrate that local overexpression of Fkbp5 in the PVN
is sufficient to mimic a stress-like phenotype without phy-
sically challenging the animals.

In accordance with the knock-out studies of the
Fkbp5PVN~"" animals, we investigated the endocrinology of
Fkbp35P¥NOF animals after an acute challenge. As expected,
we detected higher blood corticosterone levels in Fkbp5™¥™
OF mice 15 and 30 min after stress onset compared to the
stressed controls (Fig. 2E). However, we could not detect
any difference in ACTH release after stress (Supplementary
Fig. 3). No differences between both groups were observed
60 and 90 min after restraint stress (Fig. 2E and Supple-
mentary Fig. 3). These data show that Fkbp.‘)'P VN O mice
have a hyperactive HPA axis response and are more vul-
nerable to acute stress exposure.

To further assess GR sensitivity in Fkbp5 overexpressing
animals, we again tested the response to a combined Dex/
CRH test. While control animals showed a decline (<5 ng/
ml) in blood corticosterone levels 6 h after Dex injection,
Fkbp5FPVN OF mice showed almost no response to Dex
treatment (Fig. 2F). Interestingly, the subsequent CRH
injection resulted in a higher corticosterone release in
Fkbp5*VN OF mice compared to controls (Fig. 2F). These
results suggest that excess levels of Fkbp5 in the PVN lead
to a decreased GR sensitivity and thereby to an altered HPA
axis response. Taken together, animals overexpressing
Fkbp5 in the PVN show a hyperactive function of the HPA
axis under basal and acute stress conditions, thereby
mimicking the physiological hallmarks of chronic stress
exposure and HPA axis hyperactivity, as observed in mul-
tiple stress-related diseases [36].

Reinstatement of endogenous Fkbp5 in the PVN of
global Fkbp5 knock-out animals normalizes the
body’s stress response

Global loss of Fkbp5 results in a more sensitive GR and
better-coping behavior of mice after stress [8, 17, 28, 34],
and our results demonstrated that Fkbp5 in the PVN is
necessary for an undisturbed stress system function. Thus,
we were encouraged to test whether the reinstatement of
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Fig. 2 The overexpression of Fkbp5 in C57Bl/6 mice induces a
stress-like phenotype under basal conditions. A Overexpression of
Fkbp5 in the PVN was achieved by bilateral viral injections. B Vali-
dation of Fkbp5 mRNA overexpression in the PVN by ISH (see
Supplementary Fig. 3A for mRNA quantification). C FkbpS5™VN OF
mice (n=20) showed significantly increased adrenal weights and a
reduced thymus weight under non-stressed conditions compared to the
controls (n=20). D Fkbp5 overexpression resulted in heightened
corticosterone levels during the day. E Fifteen and 30 min after stress

native Fkbp5 expression only in the PVN is sufficient to
push the HPA axis activity of global Fkbp5 knock-out
animals to a wildtype level. Therefore, we injected an Flp
recombinase expressing virus into 12-14 weeks old
FkbpSt™F mice. These mice carry an FRT flanked reporter
selection (stop) cassette within the Fkbp5 locus, leading to a
disruption of the Fkbp3 function. We compared Fkbp5" V™
mice to WT littermates and observed a similar HPA-axis
phenotype to the well-established Fkbp5 full KO lines ([8]
and Supplementary Fig. 4). An Flp removes the stop cas-
sette from the Fkbp5 locus, resulting in endogenous Fkbp5
re-expression (Fig. 3A, B, Supplementary Fig. 5). In
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onset, Fkbp5*¥™ OF mice displayed significantly higher corticosterone

levels. F Fkbp5TVN OF mice showed significantly elevated corticos-
terone 6 h after dexamethasone treatment. The following CRH injec-
tion further significantly increased the corticosterone release compared
to controls. Data are presented as mean + SEM. All data were received
from mice between 14 and 20 weeks of age and analyzed a with
student’s f-test. *p<0.05, *p<0.01, ***p<0.001, not
significant.

n.s.

parallel to the two previous mouse models, we assessed
body physiology, basal corticosterone levels, and the acute
stress response. Interestingly, mice with re-instated FkbpS
expression (Fkbp5'¥N Ry showed significantly higher
adrenal weights as compared to their control littermates
(Fig. 3C). Furthermore, we observed that the reinstatement
of Fkbp5 in the PVN resulted in significantly increased
blood CORT levels in the morning under basal conditions
(Fig. 3D), with no effect on thymus weights, evening
CORT, and ACTH levels (Supplementary Fig. 5). ISH
analysis revealed significantly higher levels of Crh mRNA,
but no changes in Nric3 and Avp mRNA expression in the
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Fig. 3 The reinstatement of endogenous Fkbp5 in the PVN of
global Fkbp5 knock-out animals. A Experimental procedure. B
Validation of successful Fkbp5 rescue by ISH (see Supplementary
Fig. 5A for mRNA quantification) and comparable WT Fkbp5
expression. C The reinstatement of Fkbp5 in the PVN resulted in
increased adrenal weights and elevated morning corticosterone levels

PVN under basal conditions (Supplementary Fig. 5). Next,
we monitored blood corticosterone levels after 15 min of
restraint stress. Here, we observed significantly higher
corticosterone levels 15 and 60 min after stress onset
(Fig. 3E). No differences were detected in the combined
Dex/CRH test (Supplementary Fig. 5), which suggests that
a PVN-driven over-activation of the HPA axis might be
necessary for desensitization of GRs in the PVN and the
pituitary. These rescue experiments underline the impor-
tance of Fkbp5 in the acute stress response and demonstrate
that Fkbp5 in the PVN is necessary and sufficient to reg-
ulate HPA axis (re)activity.

Fkbp5 manipulation directly affects GR
phosphorylation

It is well known that ligand-binding induced phosphorylation
of GR plays an important role in response to hormone sig-
naling [37]. The main phosphorylation sites involved in
hormone signaling of GR are Scrinf:(Sf:r)203 (mouse Sm),
Ser?!! (mouse Ser220), and Ser’?® (mouse 861’234) and are
associated with GR activity [37, 38]. Here, we tested the
hypothesis that the co-chaperone Fkbp5 regulates phosphor-
ylation of GR in Fkbp5™¥™ " and Fkbp5°¥N °F mouse lines.
To do so, we dissected the PVN of Fkbp5PVN7/7 and
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under basal conditions D. Furthermore, Fkbp5 re-instated animals
displayed a significantly higher corticosterone response after restraint
stress E. For comparison of Fkbp5™™™ and WT see control experi-
ments in Supplementary Fig. 4. Data are presented as mean + SEM.
All data were received from mice between 16 and 20 weeks of age and
analyzed a with student’s r-test. *p <0.05.

Fkbp5T™N ©F mice and measured the phosphorylation levels
of Ser203, Se “, and Ser*™ under basal and stress conditions.

Under basal conditions, animals lacking Fkbp3 in the
PVN showed significantly less GR phosphorylation at
Ser’ (Fig. 4A). Furthermore, Fkbp5™YN""" animals dis-
played higher phosphorylation of GR at Ser”** and Ser”'" in
comparison to their WT littermates (Fig. 4B, C). Under
stressed conditions, deletion of Fkbp5 had the same effects
on pGR®™2! and pGRS™** as we observed under basal
conditions (Fig. 4B, C). Levels of pGR>™% were found to
be unchanged in the Fkbp5™YN""" after acute stress com-
pared to the basal levels. However, pGR>?® levels of the
control group increased after stress (Fig. 4A).

Intriguingly, Fkbp5T¥N ©F animals showed exactly the
opposing phenotype at all three phosphorylation sites with
less pGro™** and pGr3®?!! and higher phosphorylation at
Ser’® under basal conditions (Fig. 4E-G). In parallel to the
unstressed condition, the overexpression of Fkbp5 resulted
in less GR phosphorylation at Ser”'! and higher levels of
pGRSerzo3 compared to their control group after stress
(Fig. 4E, F). Interestingly, levels of pGR*™* were
unchanged after stress (Fig. 4G). Notably, total GR levels
were not significantly altered in both experimental groups
and conditions (Fig. 4D, H). Despite the altered GR phos-
phorylation, we could not detect any significant changes in
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Fig. 4 FkbpS manipulation affects phosphorylation of the gluco-
corticoid receptor (GR). A Animals lacking Fkbp5 in the PVN
showed significantly lower phosphorylation at pGR>™" and higher
levels of (B) pGR3>™!! and (C) pGR3™* compared to the control
animals. D FkbpS*YN~~ mice showed no differences in total GR. E
Fkbp5"¥N OF animals showed the opposite effect on GR phosphor-

ylation with higher phosphorylation on pGr®™?%. F In addition, we

observed significantly lower phosphorylation at the GR sites Ser?!!

GR enrichment at the glucocorticoid response element
(GRE) in the Crh gene after acute stress (Supplementary
Fig. 6), which may be due to the use of an antibody that
recognizes all GR molecules irrespective of its
phosphorylation state.

Overall, our data demonstrate that Fkbp5 manipulation in
the PVN affects GR phosphorylation at all three major
phosphorylation sites and thereby affects GR activity.

Fkbp5 in the PVN acts in a complex cellular context

To further unravel the expression profile of Fkbp5 in the
PVN and to detect cellular populations that might be
mediating the effects of Fkbp5 on HPA axis control, we
used a single-cell RNA sequencing dataset consisting of
5113 single cells isolated from the PVN of C57B1/6 male
mice [39]. The single-cell expression data reveal a complex
cellular composition, with the majority of cells identified as
neurons (38%), ependymal cells (25%), and astrocytes
(14%) (Fig. SA-C). Fkbp5 was found to be differentially
and cell-type specifically expressed, with the biggest
Fkbp5" cell population found in GABAergic neurons
(42%). A significant expression of Fkbp5 was also detected
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and (G) Ser®. H Fkbp5 overexpression had no effect on total GR
protein level. Representative blots are shown in (D) and (H). Group
size for (A)—(H): 6 vs. 6. Data were received from animals between 16
and 20 weeks of age and are presented as relative fold change to
control condition, mean+ SEM, and were analyzed with a two-way
ANOVA. *significant genotype effect, (*p <0.05, **p <0.01, **¥*p <
0.001). +significant genotype x stress interaction (*p<0.05), *sig-
nificant stress effect ("p < 0.05, ¥p < 0.01).

in neuronal populations known to be directly involved in
HPA axis regulation, most prominently in Crh positive
neurons (Fig. 5D). However, it is important to point out that
the expression levels of Fkbp5 are relatively low. Unfor-
tunately, lowly expressed genes may not be detected using
this technique [40] and therefore many Fkbp5 positive cells
may have remained undetected in this dataset. To circum-
vent this problem, we next performed a targeted co-
expression study of Fkbp5 with five major markers that are
characteristic of the stress response oxytocin (Oxt), soma-
tostatin (Sst), vasopressin (Avp), thyrotropin-releasing hor-
mone (Trh), and Crh under basal and stress conditions
(Fig. 5E, Supplementary Fig. 7). We observed a strong but
not complete co-localization of Fkbp5 expression with these
neuropeptide-expressing cellular populations in the PVN
under basal conditions. Interestingly, a detailed quantifica-
tion of the change in co-expression following stress
revealed that there was a significant increase in Crh-FkbpS
co-localization only in the Crh-expressing neurons (Fig. 5E,
F and Supplementary Fig. 8).

These data reveal the complex cell-type-specific
expression pattern of Fkbp5 under stress and basal condi-
tions in the PVN. The significant increase of FKBP51 in
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Fig. 5 Single-cell RNA sequencing of cells in the PYN of C57Bl/6
male mice under non-stressed conditions. A Single-cell sequencing
depicted several different cell types. With the majority being neurons
(38%), ependymal cells (25%), and astrocytes (14%). Fkbp5™" cells are
highlighted. B Diversity of Fkbp5" cell population. C Neurons could
be divided mostly into GABAergic (66%) and glutamatergic (Glut,
11%) cells. Furthermore, the well-known stress markers corticotropin-
releasing hormone (Crh, 6%), somatostatin (Sst, 5%), oxytocin (Oxt,

Crh positive neurons after an acute stress challenge
encouraged us to specifically manipulated FKBP51 in Crh
positive neurons.

Crh-specific overexpression of Fkbp5 in the PVN
alters HPA axis physiology and CRH neuronal
activity

Based on the observed increase in Crh-Fkbp5 co-
localization post-stress (Fig. 5E, F and Supplementary
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2%), and vasopressin (Avp, 1%) could be detected under basal con-
ditions. D Fkbp5* cells of selected neuronal subpopulations under
basal conditions. E RNAscope validation of Fkbp5 mRNA expression
in Crh + neurons. F Quantity of Fkbp5' cells, as well as Fkbp5
mRNA levels, are significantly increased after stress. Data are were
received from animals between 8 and 12 weeks of age and are pre-
sented as mean + SEM. For (E): data were analyzed with student’s f-
test. **#p <0.001.

Fig. 8), we were interested whether a Crh-specific Fkbp5
overexpression in the PVN could drive the stress-like phe-
notype observed in the unspecific PVN overexpression
(Fig. 2) and whether this neuron-specific manipulation
alters CRH neuronal activity. Therefore, we bilaterally
injected 200nl of an AAV containing a Cre-dependent
Fkpb5 overexpression vector into the PVN of adult
(26 weeks) CRH-ires-CRE/Ai9 mice expressing tdTomato
specifically in CRH neurons (Fkbp5°®H OF) (Fig. 6A). Cre-
dependent AAV mediated overexpression resulted in a
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Fig. 6 The Crh-specific overexpression of Fkbp5 in the PVN. A
Crh-specific overexpression of Fkbp5 in the PVN was achieved by
bilateral injections of a Cre-dependent FkbpS overexpression virus in
the PVN of CRH-ires-CRE/Ai9 mice. B Validation of Crh-specific
Fkbp5 mRNA overexpression in the PVN by ISH and RNAscope.
Arrowheads pointing at viral Fkbp5 expressing Crh' neurons (For
mRNA quantification see Supplementary Fig. 9D). C Fkbp5“R" OF
mice showed significantly increased adrenal weights (n=10) and
reduced thymus weights (n =9) under non-stressed conditions com-
pared to the controls (n = 10). D Corticosterone levels were mildly,

fourfold increase of Fkbp5 mRNA level in the PVN and
Crh specificity of Fkbp5 overexpression was successfully
confirmed by RNAscope (Fig. 6B and Supplementary
Fig. 9E). Under basal conditions, FkbpS“®" %F mice dis-
played significantly increased adrenal weights and reduced
thymus weights compared to the control group (Fig. 6C),
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but not significantly increased in Fkbp5CRH OF 4t 15, 30, and 60 min
post-stress (Fkb,z;-5CRH OF 1y = 10; Control n = 9. E Fkbp5CRH OF mice
displayed a decrease in CRH neuronal mEPSC frequency accom-
panied by an increased amplitude (FkbpSCRH Ol Hicise =2 Misoron =
29; Control #youse = 43 Mpeuron = 25), which is reflected in two repre-
sentative recording traces. Data are presented as mean + SEM. All data
were received from animals between 30 and 34 weeks of age and
analyzed with the student’s #-test. *p <0.05, **p < (.01, ***p <0.001,
T=0.05<p<0.1, n.s. not significant.

indicative of chronic hyperactivity of the HPA axis. Sur-
prisingly, the circadian rhythm of corticosterone secretion
(Supplementary Fig. 9A), as well as stress-induced corti-
costerone level (Fig. 6D), were unaffected by the Crh-
specific Fkbp5 overexpression. Further, basal and 15 min
post-stress ACTH level and DEX/CRH corticosterone level
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remained unaffected in Fkbp5“®H °F mice (Supplementary
Fig. 9B-D). To further assess the impact of Fkbp5 over-
expression on neuronal activity in Crh positive (Crh")
neurons in the PVN, we recorded AMPA receptor-mediated
mEPSCs in these cells using cell patch-clamp recordings in
a separate cohort. Fkbp5 overexpression decreased the fre-
quency of mEPSC frequency while increasing amplitude
(Fig. 6E). This data shows that the Fkbp5 expression level
in Cri™ neurons can steer CRH neuronal activity within the
PVN, whereas the baseline- and stress phenotype of
FkbpS RHOE mice is mostly unaffected by the manipulation,
identifying Crh" neurons as one important but not the only
driver of the observed stress-like Fkbp5*¥N ®F phenotype.

Discussion

FKBP5 was first associated with stress-related disorders in
2004 [13] and has been studied extensively over the past 15
years with regard to stress regulation and sensitivity.
However, detailed cell-type and region-specific manipula-
tions of Fkbp5 in the brain are still lacking. In this study, we
highlight the importance of this co-chaperone in the reg-
ulation of the acute stress response through the combined
analysis of deletion, overexpression, and rescue of Fkbp5
exclusively in the PVN.

Fkbp5 is a stress-responsive gene and past research has
shown that its main effects occur after chronic or acute
stress [8, 18, 28, 32, 41]. Given that deletion of Fkbp5 in the
PVN mimics the previously described phenotype of Fkbp5
KO mice [28, 41], with regard to their basal neuroendocrine
profile and HPA axis function, our data illustrate that the
functional contribution of Fkbp5 to HPA axis activity is
centered in the PVN. In addition, reinstatement of native
basal Fkbp5 expression in the PVN of Fkbp5 KO mice was
sufficient to normalize HPA axis function. Interestingly, the
phenotype of intensified HPA axis suppression due to the
loss of Fkbp5 in the PVN emerges only in adult animals,
excluding developmental effects and underlining the pre-
viously reported importance of Fkbp5 in aging [42, 43].

Further, our results highlight the essential role of Fkbp5
in stress adaptation, as PVN-specific Fkbp3 excess is suf-
ficient to reproduce all physiological and endocrinological
hallmarks of a chronic stress situation [29, 44]. Interest-
ingly, the results of our Fkbp5"¥N °F cohort are comparable
to the neuroendocrine effect of GR deletion in the PVN [45]
and are in line with the high PVN-specific FKBPS expres-
sion in rats with a hyperactive HPA axis [20]. The con-
sequence of a heightened Fkbp5 expression in the PVN is
twofold. Firstly, it leads to direct changes in GR sensitivity
and downstream GR signaling directly in the PVN. Sec-
ondly, PVN Fkbp5 overexpression dramatically affects GR
sensitivity and feedback at the level of the pituitary, as

demonstrated by the inability of a low Dex dose (that does
not cross the blood-brain barrier and acts predominantly at
the level of the pituitary [26]) to suppress corticosterone
secretion. This secondary effect is likely due to the constant
overproduction of CRH in the PVN and very similar to the
effects of HPA hyperactivity observed in many depressed
patients [33, 46].

Mechanistically, we explored the role of Fkbp5 in
modulating GR phosphorylation. The status of GR phos-
phorylation at Ser’'!, Ser’, and Ser” is associated with
transcriptional activity, nuclear localization, and ability to
associate with GRE containing promoters [37]. Whereas
higher levels of phosphorylation at Ser’!! are associated
with full transcriptional activity and localization in the
nucleus, increased phosphorylation of Ser” is linked to a
transcriptionally inactive form of GR within the cytoplasm
and thereby less active GR [38, 47, 48]. In our experiments,
overexpression of Fkbp5 resulted in dephosphorylation at
Ser*!! and higher phosphorylation at Ser””, suggesting that
the GR is mostly located in the cytoplasm and less active.
Deletion of Fkbp5 showed the opposing effect, indicating a
more active GR in Fkbp5"VN"'~ animals. Unfortunately, we
were not able to analyze the GR phosphorylation in our
Fkbp5*VNRescte animals due to technical and breeding issues
and therefore can only speculate that FKBP5FYN Rescue i
mals might have elevated levels of pGRSer203 and
decreased levels of pGRSer211 and pGRSer234. It has
previously been reported that GR phosphorylation is regu-
lated by several kinases, including CDKS5 and ERK
[37, 49], and Fkbp5 has also been shown to be associated
with CDKS5 in the brain [50]. Therefore, we hypothesize
that Fkbp5 also interacts with CDKS5 to phosphorylate GR
at multiple phosphorylation sites, thereby directly affecting
ligand-dependent GR activity.

Given the complexity of the different cell types with
highly specialized functions in the brain, it is essential to
gain a deeper understanding of the cellular architecture of
the PVN and the specific function of Fkbp5 in this context.
Previously, it was assumed that Fkbp5 is quite widely
expressed in most cell types of the nervous system [51].
However, our current data suggest that while Fkbp5 is
indeed expressed in the PVN, it is enriched in specific sub-
populations, including for example GABAergic neurons,
Crh* neurons, and microglia, but largely absent in others,
such as astrocytes and endothelial cells. Interestingly, when
quantifying Fkbp5 regulation, we identified a highly
selective regulation of Fkbp5 in Crh' neurons, further
supporting the central role of Fkbp5-controlled GR feed-
back in this neuronal subpopulation.

To further disentangle the role of Fkbp5 within Crh
positive neurons in the acute stress response and HPA-axis
feedback regulation, we selectively overexpressed Fkbp5 in
Crh" cells within the PVN and assessed baseline- and
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stress-induced phenotypes paralleled by selective patch-
clamp recordings from Crh' neurons. Fkbp3 over-
expression enhanced the amplitude of mEPSCs in Crh"
cells indicating a postsynaptic and, thus, the direct effect of
our Fkbp5 manipulation on excitatory neurotransmission
onto these neurons. This effect, which was accompanied by
a diminished rate of mEPSC, potentially arises from
accelerated recycling of internalized AMPA receptors to the
postsynaptic density [52] and suggests an increased activity
of Crh™-cells. However, Fkbp5 overexpression only par-
tially recapitulating the HPA-axis phenotype observed in
the Fkbp5'™VN ©F mice. The unselective Fkbp5 over-
expression in Fkbp5°YN OF animals targeted a broad range
of Fkbp5 expressing cell populations within the PVN,
amongst which are oxytocin and vasopressin. Their essen-
tial contribution to the initiation and termination of the
HPA-axis is well established, with vasopressin (together
with CRH) inducing ACTH release from the pituitary [53]
and oxytocin enhancing the negative feedback helping to
dampen the stress response [54]. Hence, our data suggest
that Fkbp5 might play an essential role in at least one fur-
ther neuronal subpopulation of the PVN driving the
observed stress-like phenotype of Fkbp5™¥N 9E mice in
concert with CRH neurons.

The current study also comes with a number of limita-
tions. Importantly, only male animals were used and the
conclusions should therefore only be drawn with respect to
male HPA axis regulation. Furthermore, given the fact that
we did not observe differences in ACTH levels after stress,
we cannot exclude that Fkbp5 manipulations in the PVN
also drive changes in adrenal sensitivity, e.g., via alterations
of sympathetic adrenal innervation [55]. Furthermore, the
time course of CRH and ACTH release is quite different
from the CORT response, so our measures may have missed
a differential regulation. In fact, a modest increase in cir-
culating ACTH at certain times of the circadian rhythm can
indeed lead to adrenal hypertrophy and increased sensitiv-
ity, thereby contributing to increased CORT secretion even
following comparable ACTH levels. Finally, the lack of
ACTH data in the Dex/CRH test was technically unavoid-
able but also limits the conclusions with regard to the
involved mechanism.

In summary, this study is the first to specifically
manipulate Fkbp5 in the PVN and underlines its central
importance in shaping HPA axis regulation and the acute
stress response. The results have far-reaching implications
for our understanding of stress physiology and stress-related
disorders.
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Supplementary Figure 1: Corticosterone and ACTH levels of Fkbp5°'N/- mice (16-20 weeks of age).
(A) Validation of the Fkbp5 deletion in Fkbp5°YN'/- animals (Fkbp5?YN'- n = 16; Fkbp5'¥'** n =15). (B)
Fkbp5 deletion in the PVN has no effect on basal CORT levels (Fkbp5°'N/" n = 16; Fkbp5'"¥/'**n =15). (C)
ACTH levels under basal,15 and 30 minutes after stress onset were unaltered (Fkbp5"/N’ n = 9-16;
Fkbp5'™/°x n =12-15). (D) mRNA changes of stress responsive genes within the PVN under basal
conditions (Fkbp5""N/" n = 16; Fkbp5'/'** n =15). (E) Fkbp5 protein levels under basal and stress
conditions (Fkbp5°YN/ n = 6; Fkbp5'*'** n = 6 for stressed and non-stressed group). All data were
received from mice between 16 and 20 weeks of age and are presented as mean + SEM and were
analyzed with a student’s t-test (A-D) or with a two way ANOVA (E). n.d. = not detectable; n.s. = not

significant; T=0.05< p < 0.1; ¥** = p < 0.001.



A Body Physiology B Morning Evening
309 N s = 249 —/— T 1509 2 T 1509 2=

‘b‘n B [+4] ; 2.04 }D ) ?ﬂ v
g ) . = £
£ 289 . P > 169 @ 1004 o @ 1004
oam c c
(] : E £ o o
3 » e 5 3
3 8 2 0389 2 2 501
g : : s g :

© £ 49

< = 5] ]

0.0+ o O 0
C Acute stress response
15 Minutes 30 Minutes 60 Minutes 90 Minutes

T 25090 — T 2500 — T 2009 28 T 2500 2=
S~ S~
£ 2004 2 2004 s E ° e E’ 2004 ° o
Q () Q ) Q
€ 1501 £ 1501 3 E 5
s o s 1004 =
£ 1001 £ 1001 % %
% 50! % &g g 504 g O Fkbps 'ox/lox
o o o Fkbp5 PYN-/-
o 0 3 o o 0 o BFkbp

Supplementary Figure 2: Young mice with Fkbp5 deletion in the PVN. (A) Animals with an age of 8-
10 weeks had no alterations in body physiology. (B) Morning and evening corticosterone levels were
unchanged. (C) FKBP51°YN/- animals had significantly lower corticosterone levels 15 minutes after
stress onset compared to the control group (group size for A-C: Fkbp5°N n = 9; Fkbp5'"'** n =9). All
data were received from mice between 8 and 10 weeks of age and are presented as mean + SEM.

Data were analyzed with a student’s t-test. n.s. = not significant; T=0.05< p <0.1; * = p < 0.05.
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Supplementary Figure 4: Validation of the Fkbp57/F* mouse line in comparison to wildtype
littermates. (A) Adrenal and thymus weights on sacrifice day. (B) Morning and evening
corticosterone levels. (C) ACTH under basal conditions and 15 minutes after stress onset. (D)
Corticosterone after 15 minutes of restrain stress. (E) Combined Dex/CRH test. For all groups, n
(wildtype) = 12 vs. n (Fkbp5F/) = 11). All data were received from mice of 16-24 weeks of age and
are presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not significant; T =

0.05<p<0.1; ** = p<0.01, *** = p < 0.001.
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Supplementary Figure 5: Corticosterone and ACTH levels of Fkbp5~fe'® mice. (A) Validation of Fkbp5
mRNA expression compared to Fkbp5 /. (B) Fkbp5 reinstatement had no effect on thymus weights.
(C) ACTH hormone levels were unaltered under basal and 15 minutes after stress. (D) Evening
corticosterone. (E) Rescue of endogenous Fkbp5 in global knock-out animals had no significant effect
on the Dex/CRH test. (F) mRNA levels of stress responsive genes under basal conditions. Group sizes
for A-F: Fkbp5Resie n = 10; Fkbp57™/f* n =9). All data were received from mice between 16 and 20
weeks of age and are presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not

significant; n.d. = not detectable; * = p < 0.05.
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Supplementary Figure 6: GR to GRE binding within the Crh gene after stress. Mice were sacrificed
30 minutes after stress onset. Every n consists of a pool of 4 individual hypothalami. All data were
received from mice aged between 12-16 weeks and are indicated as mean + SEM and were analyzed

with a student’s t-test; (n = 4 vs. 4); n.s. = not significant.
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Supplementary Figure 7: RNAscope analysis of Fkbp5 expression in stress response neuronal cell
populations of C57BI/6 under basal and stressed conditions. In comparison to single-cell
sequencing, RNAscope revealed a significant higher co-localization ratio of Fkbp5 in oxytocin (Oxt),
corticotropin-releasing hormone (Crh), vasopressin (Avp), somatostatin (Sst) and thyronine releasing

hormone (Trh) neurons. Overnight food deprivation increased Fkbp5 mRNA in all cell populations.
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Supplementary Figure 8: Quantification of Fkbp5 co-localization in stress response markers under
basal and stress conditions. Under basal conditions Fkbp5 mRNA signal was detected in 83% of Oxt+
neurons, 68% in Avp+ and 84% of Sst+ neurons. We monitored a non-significant increase in Fkbp5
mRNA expression in all neuronal populations. Each n represents an average of the detected Fkbp5+
cells within six z-stacks of 1um each (3 per PVN side). Data are were received from animals between
8-12 weeks of age and are presented as mean + SEM and were analyzed with a student’s t-test. n.s. =

not significant.
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Supplementary Figure 9: Corticosterone and ACTH levels of Fkbp5%" ©t mice. (A) Fkbp5
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Control n = 9) and evening (Fkbp5%*" °¢ n = 12; Control n = 11) CORT level. (B) ACTH level were
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9; Control n = 9). (C) In the combined Dex/CRH test CORT level were unaltered in Fkbp5" °F (nagter pex
= 10; Nater crt = 11) compared to controls (n = 10) (D) Fkbp5 mRNA expression level. All data are
presented as mean + SEM and were analyzed with a student’s t-test. n.s. = not significant; *** = p <
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ARTICLE INFO ABSTRACT

Keywords: Glucocorticoid (GC)-mediated negative feedback of the hypothalamic-pituitary-adrenal (HPA) axis, the body’s
FKBPS1 physiological stress response system, is tightly regulated and essential for appropriate termination of this hor-
POMC . monal cascade. Disturbed regulation and maladaptive response of this axis are fundamental components of
:l:ﬁtf;;s multiple stress-induced psychiatric and metabolic diseases and aging. The co-chaperone FK506 binding protein
Aging 51 (FKBP51) is a negative regulator of the GC receptor (GR), is highly stress responsive, and its polymorphisms

have been repeatedly associated with stress-related disorders and dysfunctions in humans and rodents. Proo-
piomelanocortin (Pomc)-expressing corticotropes in the anterior pituitary gland are one of the key cell pop-
ulations of this closed-loop GC-dependent negative feedback regulation of the HPA axis in the periphery.
However, the cell type-specific role of FKBP51 in anterior pituitary corticotrope POMC cells and its impact on
age-related HPA axis disturbances are yet to be elucidated. Here, using a combination of endogenous knockout
and viral rescue, we show that male mice lacking FKBP51 in Pomc-expressing cells exhibit enhanced GR-
mediated negative feedback and are protected from age-related disruption of their diurnal corticosterone
(CORT) rhythm. Our study highlights the complexity of tissue- and cell type-specific, but also cross-tissue effects
of FKBP51 in the rodent stress response at different ages and extends our understanding of potential targets for
pharmacological intervention in stress- and age-related disorders.

DEX/CRH test

1. Introduction

Our world is facing an unprecedented number of mental health
diseases, with major depressive disorder (MDD) being the most common
in different age groups (James et al., 2018). Hence, studying the
mechanisms and biomarkers underlying increased stress vulnerability at
different age periods throughout an individual’s lifetime is crucial for
the prevention and treatment of stress-induced disorders that are
widespread in the aging population (Belvederi Murri et al., 2014).

MDD is a multifactorial and polygenic disorder, which results from a
complex interplay of genetic risk factors together with environmental
factors that cumulatively act throughout an individual’s life to shape

disease susceptibility (Uher, 2008; Wray et al., 2018). One interesting
candidate identified in this context is the FK506 binding protein 51
(FKBP51; encoded by the FKBP5 gene), a co-chaperone of heat-shock
protein 90 (Hsp90) (Sinars et al., 2003), which has been reliably asso-
ciated with the occurrence of stress-related psychiatric disorders (Binder
et al., 2008, 2004; Matosin et al., 2018; Zannas and Binder, 2014). This
genetic risk factor is a key player in glucocorticoid receptor (GR)-me-
diated negative feedback regulation of the HPA axis; the stress-induced
hormonal signaling cascade that results in the release of glucocorticoids
(GCs; cortisol in humans, and CORT in rodents) from the adrenal glands
(De Kloet et al., 2005). As a complex with Hsp90, FKBP51 negatively
regulates GR sensitivity by lowering the receptor’s affinity to CORT and
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reducing its nuclear translocation efficacy (Wochnik et al., 2005). In
turn, FKBP5 expression is induced via active GR and thereby provides an
ultra-short, negative feedback loop for GR-sensitivity (Denny et al.,
2000). Demethylation-mediated increase of FKBP5 expression in
risk-allele carriers was shown to reduce GR-mediated negative feedback
and prolong activation of the hormonal stress response and is therefore
considered a major genetic risk factor of stress-related disorders, such as
MDD and post-traumatic stress disorder (Binder, 2009).

Besides stressful acute or chronic life conditions and psychiatric
disorders, aging is well known to cause alterations in the hormonal stress
response system in humans and rodents. HPA axis function and stress
responsiveness are increased with age as a result of disturbed HPA axis
negative feedback regulation (Belvederi Murri et al., 2014; Gupta and
Morley, 2014; Sapolsky et al., 1986). Further, various aging-induced
morphological changes of the adrenal glands are associated with alter-
ations in hormonal output, resulting in a gradual increase in GC secre-
tion (Yiallouris et al., 2019). Hence, the ability to adequately terminate
the stress response system is impaired in the aging human population. In
line with these findings, appropriate negative feedback regulation of the
HPA system appeared to be profoundly dysregulated in aging rodents
and non-human primates (Goncharova et al., 2019; Sapolsky, 1992).
Interestingly, Sabbagh and colleagues showed that FKBP51 levels in
rodents increase with aging, which contributes to impaired resiliency to
depressive-like behaviors via disrupted GC signaling, a phenotype that is
absent in full Fkbp5 knockout mice (O’Leary et al., 2011; Sabbagh et al.,
2014). Further, a human population study by Zannas et al. confirmed
genome-wide epigenetic upregulation of FKBP51 by aging and stress in
peripheral blood, thereby driving inflammation and cardiovascular risk
in the elderly population (Zannas et al., 2019).

Described stress- and age-induced pathophysiologies share an in-
crease in FBKP51 levels and reduced GR-mediated negative feedback
regulation of the HPA axis, which has been shown to occur at different
hierarchical levels, including the hippocampus, paraventricular nucleus
of the hypothalamus (PVN) and the pituitary gland (Schmidt et al.,
2009, 2005; Wagner et al., 2011), with all of these anatomical sites
displaying stress-induced expression changes of FKBP5 (Jenkins et al.,
2013; Scharf et al., 2011). Despite its well-established role as a genetic
risk factor, region- and cell type-specific functions of FKBP51 in the
context of stress system biology are rare. A study recently published by
our lab found that FKBP51 in the PVN shapes HPA axis negative feed-
back and (re)activity (Hausl et al., 2021). PVN specific knockout of
Fkbp5 in male C57/Bl6n mice improved GR-mediated negative feedback
sensitivity and dampened the acute stress response whereas an over-
expression reversed the effects, causing greater endocrine stress
vulnerability.

To further disentangle the site- and cell type-specific contributions of
FKBP51 to stress- and age-related HPA axis imbalance, we here inves-
tigated its functional role within the pituitary gland, the central endo-
crine hub of the HPA axis, which plays a key role in GR-mediated
negative feedback control (Schmidt et al., 2009; Wagner et al., 2011).
We profiled stress-related behavior and neuroendocrine phenotypes in
young and aging male mice of a conditional knockout lineage lacking
FKBP51 in all proopiomelanocortin (Pomc)-expressing cells
(Pomc®P5-/) This mainly involves the pituitary gland in the periphery,
but also some neuronal structures such as the arcuate nucleus (ARC) as
the primary central site of expression and a smaller population in the
brainstem nucleus of the solitary tract (NTS) (Balthasar et al., 2004;
Quarta et al., 2021; Toda et al., 2017). In line with their described
function in the HPA axis, we here demonstrate that FKBP51 in POMC
cells of the pituitary is the main driver of improved HPA axis negative
feedback regulation and prevents an aging-induced increase in diurnal
CORT release.
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2. Material and methods
2.1. Animals and animal housing

All experiments and protocols were approved by the committee for
the Care and Use of Laboratory animals of the Government of Upper
Bavaria and were performed in accordance with the European Com-
munities’ Council Directive 2010/63/EU. Throughout the experiments,
all effort was made to minimize any suffering of the animals. The mouse
lines Fkbp5°** and Pomc™®>/- were obtained from the in-house
breeding facility of the Max Planck Institute of Psychiatry and are all
bred on C57/BL6n background. Young Fkbp5°/'% and Pomc™*®P>/-
males were aged 3-4 months and aging animals were 7-8 months old at
the onset of the experiments. All animals were kept single housed in
individually ventilated cages (IVC; 30 cm x 16 cm X 16 cm; 501 cm?)
serviced by a central airflow system (Tecniplast, IVC Green Line —
GM500). Animals had ad libitum access to water (tap water) and food
(standard research diet by Altromin 1318, Altromin GmbH, Germany)
and were maintained under constant environmental conditions (12:12
hr light/dark cycle, 23 + 2 °C and humidity of 55%). All IVCs had suf-
ficient bedding and nesting material as well as a wooden tunnel for
environmental enrichment. Animals were allocated to experimental
groups in a semi-randomized fashion, data analysis and execution of
experiments were performed blinded to group allocation.

2.2. Generation of Fkbp5°*/°* and Pomc™ >/~ lines

Mice with a floxed Fkbp5 gene designated as Fkbp5'°%/1% (Fkbp5™1°
(KOMPYWssty ere obtained by breeding Fkbp5 ™™ full knockout mice to
Deleter-Flpe mice (Rodriguez et al., 2000). The conditional Fkbp5™/™t
knockout mice are derived from embryonic stem cell clone
EPD0741_3_HO03 which was targeted by the knockout mouse project
(KOMP). Frozen sperm obtained from the KOMP repository at UC Davis
was used to generate knockout mice (Fkbp5™ ! @KOMPIWSH) 1y in vitro
fertilization. Finally, mice lacking Fkbp5 in POMC neurons of the arcuate
nucleus and POMC cells in the pituitary (POMCT%®P>") were obtained by
breeding Fkbp5'°/°% mice to POMC-Cre mice (Balthasar et al., 2004).
Genotyping details are available upon request.

2.3. Viral rescue of FKBP51 in the ARC

POMC-specific rescue of Fkbp5 expression (Fkbp5Re¢'®) was ach-
ieved by bilateral injections of a Cre -dependent Fkbp5 overexpression
virus (pAAV-Cre-dependent-CAG-HA-human wildtype FKBP51 WPRE-
BGH-polyA, titer: 1.3 x10'? genomic particles/ml, Gene Detect
GD1001-RV) into the ARC of PomcF kbp5-/- knockout mice. For knockout-
and wildtype controls, Pomc™ 5/~ and Fkbp5'*/'% (referred to after
virus injection as Control“C and Control/!% respectively) were
injected with an AAV2-eSyn-GFP control virus (titer: 1.3 x10° genomic
particles/ml, Vector Biolabs VB1107). Stereotactic surgeries were per-
formed as described previously (Hausl et al., 2021). In brief, male mice
between 3 and 5 months of age were anesthetized with isoflurane and
fixated in a stereotactic apparatus. Then, 0.5 pl of above-mentioned
viruses were bilaterally injected into the ARC at a 0.05 pl/min flow
rate with glass capillaries with a tip resistance of 2 — 4 MQ. To target the
ARC the following coordinates were used: - 1.5 mm anterior to bregma,
0.35 mm lateral from midline, and 5.8 mm below the surface of the skull.
After surgery, animals were treated with Metacam i.p. for three days and
were allowed to recover for four weeks before initiating the experi-
mental phase.

2.4. Combined DEX/CRH test
To investigate the negative feedback sensitivity of the HPA axis, we

performed a combined dexamethasone (DEX)/corticotropin-releasing
hormone (CRH) test as described previously (Touma et al., 2011). In the
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morning (8:00 AM) of the experimental day, mice were injected i.p. with
a low dose of the synthetic adrenal corticosteroid DEX (0.05 mg/kg,
Dex-Ratiopharm, 7633932), which was shown not to cross the blood
brain barrier (BBB) but predominantly act in the periphery (Karssen
et al., 2005). Here, the pituitary is the most important site of action in
relation to HPA axis function, especially in combination with a subse-
quent CRH challenge. Six hours after DEX injection, blood was collected
via tail cut immediately followed by an i.p. injection of CRH (0.15
mg/kg, CRH Ferrin Amp). A second blood sample was obtained 30 min
after CRH injection. All experimental blood samples were collected in
1.5 ml EDTA-coated microcentrifuge tubes (Kabe Labortechnik, Ger-
many), immediately stored on ice and centrifuged for 15 min at 8000
rpm at 4 °C. 10 pl of plasma were transferred to new, labeled 2 ml
microcentrifuge tubes and stored at — 80 °C until further processing.

2.5. Acute restraint stress paradigm

The acute restraint stress paradigm is perceived as a severe stressor
robustly inducing the entire spectrum of known allostatic responses in
rodents and was therefore the stress paradigm of choice. At 8:00 AM, one
hour after the lights were switched on, each animal was placed in a
custom-made restrainer (50 ml falcon tube with holes at the bottom and
the lid to provide enough oxygen and space for tail movement) for 15
min in their home cage. After 15 min, animals were removed from the
tube and the first blood sample was collected by tail cut. Subsequent
blood samples at 30, 60, and 90 min post stress were collected in the
home cage via tail cut and animals were left undisturbed in between
sampling procedures.

2.6. Tissue sampling procedure

On the day of sacrifice, animals were weighed, deeply anesthetized
with isoflurane and sacrificed by decapitation. Trunk blood (basal
morning CORT and basal adrenocorticotropin hormone (ACTH)) was
collected in labeled 1.5 ml EDTA-coated microcentrifuge tubes (Kabe
Labortechnik, Germany) and kept on ice until centrifugation. After
centrifugation (4 °C, 8000 rpm for 15 min) plasma was removed and
transferred to new, labeled 2 ml tubes and stored at — 80 °C until hor-
mone quantification. For mRNA analyses, brains were removed, and the
pituitary was dissected from the skull and manually attached to the
brain. Brains were snap-frozen in isopentane at — 40 °C and stored at —
80 °C until further processing. The adrenals were dissected from fat and
weighed.

Evening CORT blood samples were collected between 5:00 and 7:00
PM via tail poking. Therefore, animals were poked in the tail tip with a
needle and blood drops were collected with 1.5 ml EDTA-coated
microcentrifuge tubes (Kabe Labortechnik, Germany). This sampling
technique is less invasive while still providing sufficient blood volumes
for further analysis.

2.7. Hormone assessment

Baseline and post stress plasma CORT (ng/ml) and baseline ACTH
(pg/ml) concentrations were determined by radioimmunoassay using
CORT %I RIA kit (sensitivity: 12.5 ng/ml, MP Biomedicals Inc) and
ACTH 251 RIA kit (sensitivity: 10 pg/ml, MP Biomedicals Inc) following
the manufacturers’ instructions. Radioactivity of the pellet was
measured with a gamma counter (Packard Cobra II Auto Gamma;
Perkin-Elmer). ACTH and CORT were assessed 15 min post stress using
an ACTH ELISA (IBL international GmbH, RE53081) according to the
manufacturer’s instructions. Final CORT and ACTH levels were derived
from the standard curve.

2.8. Double in-situ hybridization — Co-expression analysis

To initially check co-expression of Fkbp5 mRNA with Pomc™ cells, we
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performed a double in-situ hybridization (DISH) using 3>S UTP labeled
Fkbp5 and DIG labelled Pomc riboprobes in 3 — 4 months old C57/Blén
males. Frozen brains were sectioned at 20 ym in the coronal plane
through the level of the hypothalamic PVN, dorsal and ventral hippo-
campus and pituitary at — 20 °C in a cryostat microtome. Sections were
thaw mounted on Super Frost Plus slides, dried and stored at — 80 °C.
The antisense cRNA probes were transcribed from a linearized plasmid
for Fkbp5 and Pomc. All primer details are available upon request.
Radioactive labeling of the 3°S UTP labeled Fkbp5 ribonucleotide probe
was performed as described previously (Hausl et al., 2021; Schmidt
et al., 2007). Digoxigenin (DIG) labeling of the nonradioactive Pomc
probe using the 10 x DIG RNA labeling mix (Roche, Switzerland) was
performed according to the manufacturer’s protocol. Concentration of
DIG Pomc riboprobe was assessed in a serial dilution of the probe
compared to a control RNA riboprobe with a known concentration. DISH
was performed as previously described (Refojo et al., 2011).

2.9. In-situ hybridization — post DEX/CRH

To analyze post DEX/CRH mRNA expression of Gr and Pomc cell
population within the pituitary, we performed in-situ hybridization
(ISH). Therefore, frozen brains were processed as described for the DISH
and ISH using 355 UTP labeled ribonucleotide probes (Gr and Pomc) was
performed as described previously (Hausl et al., 2021; Schmidt et al.,
2007). All primer details are available upon request. For signal detec-
tion, the slides were exposed to Kodak Biomax MR films (Eastman Kodak
Co., Rochester, NY) and developed. Exposure times varied according to
the radioactive properties of each riboprobe. Autoradiographs were
digitized, and expression was determined by optical densitometry uti-
lizing the freely available NIH ImageJ software (NIH, Bethesda, MD,
USA). The grey value of left and right side of the anterior pituitary was
measured within a circular template (16 width x 16 height) in every
slice analyzed (1 slice per animal). The data were analyzed blindly, al-
ways subtracting the background signal of a nearby structure not
expressing the gene of interest from the measurements.

2.10. RNA scope — Validation of knockout and quantification of off-
target effects

To validate successful knockout of Fkbp5 mRNA in Pomc™ cells in the
ARC and pituitary, we performed a RNAScope experiment on brain
sections of the Pomc™ >/~ mouse line under basal conditions 3-4
months of age). Brains were processed as described above for ISH. The
RNA Scope Fluorescent Multiplex Reagent kit (cat. no. 320850,
Advanced Cell Diagnostics, Newark, CA, USA) was used for mRNA
staining. Probes used for staining were; Fkbp5 (Mm-Fkbp5-C1) and Pomc
(Mm-Pomc-C3). The Fkpb5 probe spans Exon 9, which is deleted in our
model, but also targets neighboring exons. Consequently, the probe may
still bind to truncated mRNA leading to a residual Fkbp5 mRNA signal in
knock-out cells, even though no functional FKBP51 protein can be
expressed. The staining procedure was performed according to manu-
facturer’s specifications and as performed previously (Hausl et al.,
2021). Images of the arcuate nucleus (left and right side) and the pitu-
itary were acquired by an experimenter blinded to the condition of the
animals. Sixteen-bit images of each section were acquired on a Zeiss
confocal microscope using a 20x and 40x objective (n = 3 animals per
marker and condition). For every section, all images were acquired using
identical settings for laser power, detector gain, and amplifier offset.
Fkbp5 mRNA expression was analyzed using ImageJ with the experi-
menter blinded to the genotype of the animals and was counted manu-
ally. Each Pomc™ cell containing one or more Fkbp5 mRNA puncta was
counted as positive and calculated as percentage of Fkbp5 positive cells
from total number of Pomc- expressing cells. For cell-type unspecific
quantification of potential off-target effects of the knockout, Fkbp5
mRNA puncta were manually counted in 30 DAPI" and Pomc™ cells per
image analyzed (same images as used for knockout quantification) and
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average number of puncta per Pomc” cell was calculated.

2.11. Behavioral stress phenotyping

All behavioral tests were performed between 8:00 AM and 12:00 PM
in a room adjacent to the animal housing room and were recorded and
tracked using the automated video-tracking system Anymaze 6.3
(Stoelting, Dublin, IE).

2.11.1. Open field test

The first behavioral task of the test battery was the open field test
(OF) to assess locomotor activity and anxiety-like behavior. The empty
OF arenas (50 x50 x 50 cm) were made of gray polyvinyl chloride
(PVC) which were evenly illuminated (~ 20 lux) throughout the course
of the experiment. All animals were placed in the lower left corner of the
arena right before recording and tracking was started manually. During
a total of 15 min, distance travelled, entries to — and time spent in inner
zone were analyzed.

2.11.2. Elevated plus maze

To further assess anxiety-like behavior, animals were tested in the
elevated plus maze (EPM) on day two of the behavioral testing period.
The elevated maze (50 cm above ground) consisted of two opposing
open arms (30 x5 x 0.5 cm) and two opposing enclosed arms (30 x5 x
0.5 cm) of grey PVC, which were connected by a central platform (5 x5
cm) shaping a plus sign. Lighting conditions were set to 20 lux in the
closed arms and remained unchanged during the experiment. At the
beginning of the test, animals were placed in the center zone, facing an
enclosed arm before recording and tracking was started manually. Mice
were allowed to explore the maze for a total of 10 min during which the
time spent in the open arms and entries and total distance were
analyzed.

2.11.3. Dark-light box test

Finally, we assessed anxiety in the dark-light box test (DALI) at the
third day of behavioral testing. The DALI apparatus has two compart-
ments: One light compartment (30 x20 x 25 cm) evenly illuminated at
~700 lux and a dark and protected compartment (15 x20 x 25 cm)
which was dimly lit with a maximum illumination of ~15 lux in the
transition area. A door and a covered acrylic-glass tunnel of 4 cm in
width connected the two areas of the apparatus allowing the animal to
transit freely from one to the other compartment. Mice were placed in
the lower left corner of the dark compartment, facing the center before
manually starting the test and were recorded for a total of 5 min. To
assess anxiety, time spent- and number of entries to the light compart-
ment were measured.

2.12. Statistical analysis

The data presented are shown as means + SEM and samples sizes are
indicated in the figure legends and in the main text. All data were
analyzed by the commercially available GraphPad Prism 9.0 software
(GraphPad Software, San Diego, California, USA). When two groups
were compared, the unpaired student’s t test was applied. If data were not
normally distributed the non-parametric Mann-Whitney test (MW test)
was used. Data with more than two groups were tested by the appro-
priate analysis of variance (ANOVA) model followed by Bonferroni post-
hoc analysis to determine statistical significance between individual
groups. P values of less than 0.05 were considered statistically signifi-
cant. The sample size was chosen such that with a type 1 error of 0.05
and a type 2 error of 0.2 the effect size should be at least 1.2-fold of the
pooled standard deviation. Outliers were assessed with the online
available Graph Pad outlier calculator performing the two-sided Grubb’s
outlier test.
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3. Results

3.1. Co-expression of Fkbp5 with Pomc and validation of successful
Fkbp5 knockout

To validate co-expression of Fkbp5 with Pomc™ cells we performed a
DISH in 3 - 4 months old C57/Bl6n males under baseline conditions.
Besides a high expression level of Pomc mRNA within the pituitary, Pomc
is also abundantly expressed within the ARC and further in a small
fraction of POMC neurons in the brainstem NTS (Quarta et al., 2021;
Toda et al., 2017). In this study, co-expression was investigated solely in
Pomc-expressing cells within the ARC and pituitary. Qualitative analysis
of DISH radiographs successfully revealed co-expression of Pomc mRNA
(pink DIG labeling) and Fkbp5 mRNA (black 35g UTP labeling) in neu-
rons of the ARC and cells in the pituitary gland (Fig. 1A).

To study the site-specific effects of FKBP51 in Pomc-expressing cells
on stress physiology, we generated POMC-specific conditional Fkbp5
knockout mice (Pomc™®5/") by crossing the Fkbp5'®/* with the POMC-
Cre line, which expresses Cre-recombinase under the Pomc promoter
(Fig. 1B). Successful reduction of Fkbp5 expression within Pomc™ cells in
the pituitary and ARC was assessed by semi-quantitative analysis of
RNAScope fluorescent mRNA staining (Fig. 1C, D). The number of
Pomc* cells expressing Fkbp5 within the pituitary and ARC is signifi-
cantly reduced in Pomc™®P>/* mice compared to control Fkbp5°*/* mice
(ARC: U = 0, p < 0.001, PIT: tg = 2.35, p = 0.047) (Fig. 1D). Quantifi-
cation of off-target effects of our knockout revealed unchanged expres-
sion of Fkbp5 mRNA in Dapi™ and Pomc™ cells both in ARC (t;; = 0.92,
p = 0.38) and pituitary (tg = 0.38, p = 0.71) of Pomc” kbp5-/- compared to
controls (Supplementary Fig. 1).

3.2. GR-mediated negative feedback sensitivity is improved in young
Pomc™P>/- qt the level of the pituitary

To investigate the impact of our Fkbp5 disruption on stress system
biology, cohorts of young (3-4 months) Pomc™>/- and control male
mice underwent stress-related endocrine and behavioral phenotyping.

Bodyweight (t39 = 0.56, p = 0.58) and adrenal weight (t3p = 0.86,
p = 0.4) at the day of sacrifice were not different in the first cohort tested
(Npomc¥P5/ =21, nn(bpsk”‘/ 10X _ 20) (Fig. 2A). Further, baseline morning
(8:00 AM) and evening (6:00 PM) CORT were unaltered in young
Pomc™ P>/~ mice (morning: U = 92.5, p = 0.42; evening: t3p = 0.37,
p = 0.72) (Fig. 2B). Morning and 15 min post stress ACTH (Fig. 2B and
C) were assessed in a second cohort (Npemc P>/ = 8, I'lebp_glox/ lox _ 12)
for reasons of experimental practicability. Morning baseline ACTH
measures were significantly reduced in knockout animals and post stress
ACTH values showed a trend towards reduced levels in young
Pomc™ P57/~ mice (morning: U = 18, p = 0.02, post stress: t;g = 1.77,
p =0.09). We further assessed the animal’s CORT response 15 and
60 min after an acute restraint stress in the first cohort, which revealed a
genotype-specific difference in the recovery phase at T60 (T15: t3g =
0.23, p = 0.83; T60: U = 66, p = 0.03) (Fig. 2C).

With the pituitary being a central endocrine hub of the HPA axis and
one of the main anatomical sites of GR-mediated negative feedback
regulation (Toda et al., 2017), we hypothesized that a knockout of Fkbp5
in cells of the pituitary would alter HPA axis (re)activity. To test this
hypothesis, we investigated GR-mediated feedback sensitivity in a
combined DEX/CRH test in the first cohort of young Pomc™®>/~ mice.
This endocrine function test is one of the diagnostic hallmarks of MDD
and one of the most sensitive measures of subtle changes in HPA system
regulation. Hence, it has been applied extensively in human and rodent
HPA axis function studies and is widely used as a state dependent marker
to monitor HPA axis abnormalities (Ising et al., 2005; Mokhtari et al.,
2013). By injecting a low dose of DEX (0.05 mg/kg), the synthetic GC
does not cross the BBB, thereby acting predominantly in the periphery
(for details see 2.4). Here, the pituitary is the most important site of
action in relation to HPA axis function, especially in combination with a
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Fig. 1. Validation of Fkbp5 knockout in Pomc-expressing neurons in the ARC and pituitary. A Qualitative co-expression analysis of Fkbp5 (black 35 S UTP labeling)
and Pomc mRNA (pink DIG labeling) via double-in situ hybridization in neurons of the ARC and cells of the pituitary. Grey squares highlight double-positive cells that
are zoomed in on in the panels on the right. B Cre-LoxP based generation of the conditional POMC-specific Fkbp5 knockout mouse line (Pomc™ %), C Representative

confocal images of RNAScope of Fkbp5 mRNA expression in Pomc™ cells in the ARC (upper panels) and pituitary (lower panels) of Fkbp5'*/°% controls vs. Pomc

Fkbp5-/-

knockout. D Quantification of the total percentage of Fkbp5 positive cells that co-express Pomc mRNA revealed significant reduction of Fkbp5 expression in the
Pomc™ P>/ knockout line (n = number of analyzed 40x confocal images of either left or right ARC or pituitary, ARC: ngo = 9, Ncontrol = 5; pituitary: ngo = 6, Ncoentrol
= 4). Data are received from mice between 16 and 20 weeks of age and are presented as mean + SEM. * p < 0.05, * ** p < 0.001.

subsequent CRH challenge. This allowed us to specifically investigate
the effects of FKBP51 action on HPA axis (re)activity within the pituitary
gland and separate observed effects from FKBP51 in POMC neurons
within the ARC. The injection of a low dose of DEX resulted in a drastic
reduction in blood CORT in both groups to the same extend. Following

CRH stimulation, Pomc™®°/~ mice showed a significantly attenuated
reaction to CRH compared to control mice (after DEX: U = 41, p = 0.34;
after CRH: tyg = 4.24, p = 0.0002) (Fig. 2D). Interestingly, ISH analysis
of the pituitary 30 min after CRH injection revealed significantly lower
Pomc mRNA expression level in Pomc™%7- compared to WT littermates



L.M. Brix et al.

A Body physiology B CORT and ACTH baseline
Morning Evening Morning
354 50 150 *
0.20 - _ 800
= 20 & % ? H3 3 §40 §°100 600
A LY ] —_— _— =
£ > =015 1 P 2 30 @ ° : £
x o £ H H ° 2%
g » . o g ° 5 ° L4 2 400
3 ° had 220 % % S o &
257 || [ 50101 | o 8 Coo® g % 2
e o |® s £10 £ e 200
° 2 o s °® o ; :.
20 0.05 0 0 []
C Acute restraint stress D DEX/CRH
15 min restrain DEX CRH
¢ 0.05mg/kg ¢ 0.15mg/kg
E L 45 min homecage 30
W l_ i 45 min homecage & .
- l 1 min I
Acute response Recovery
gl
400 * T 5
1500 500
E ] ° ° T 4004
S 300{ o o % 400
£ H ° = oo =
2 . E 10001 o 3 3001
§ 200- Q o E %’ S
g ° ° T H £ 200-
8 ol |® G 5004 [o0] |% 8
£ 100+ ° € 100 lox/lox
S S ®  Fkbps
° Fkbp5-/-
0 0 04 Pomc
T15 T60 T15 After DEX After CRH
lox/lox
E Fkbp5 PomcFkbp5-/-
<
r4
o
- 3
S
' §
Pomc v o w o $
110
100{ °
D (i, e .
s 57 QUSS0 " g O < g0d
,»( Z \\ 7 et .zEg °
Gr Y ({ ) ) ] LR\ 5 ) & 807 rete
i, 7 A N\ W& G lox/lox
y, . Y o 70 ®  Fkbp5’
\’ Wow © POMICbPS/
60-.
F Fkbp5 rescue in ARC G DEX/CRH in ARC rescue
.
3000 P 400+
L]
Pomer> e _ : £ 300 :
s ¢ F 2000 ® 2
Cre deptendent — I R LU R LA — ) 2
. 5 3 _& S 200
OE virus _ _ T e o B
Control virus s 3 E 1000 a % o 8
: . ﬁ ﬁ “é “
L 3 5
: o
o = Y 04
After DEX After CRH After DEX After CRH

(ty = 4.1, p = 0.003), while Gr mRNA expression was unaltered (t;4 =
0.52, p = 0.62) (Fig. 2E). These data indicate that deletion of FKBP51 in
POMC cells suppresses HPA axis (re)activity and improves negative
feedback potentially by downregulation of Pomc mRNA expression

within corticotrope cells of the anterior pituitary.

To pin down the observed DEX/CRH phenotype to Pomc-expressing
cells within the pituitary and to further rule out a contribution of the
ARC, we restored native Fkbp5 expression exclusively within the ARC
via Cre-dependent viral Fkbp5 overexpression in Pomc'*?P5/* knockout

o con"ol\oxl\ox
®  Control®
o Fibpstese
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Fig. 2. Inactivation of Fkbp5 in POMC cells of
young animals affects GR-mediated feedback
sensitivity of the HPA axis at the level of the
pituitary. A Bodyweight and relative adrenal
weights were unaltered in a first cohort of
young (3 - 4 months) Pomct*br5-/- (n = 20)
compared to controls (Fkbp5'*/°* = 21). B
Baseline morning and evening CORT levels
were unaltered in these knockout animals.
Morning baseline ACTH measures were signifi-
cantly decreased in a second cohort of
Pom CFkbp5—/— (anbDSIOX/IOX =12; npomchbPSf/f =8).
C 60 min after an acute restraint stress,
Pomc™ P>/~ mice in the first cohort displayed
significantly reduced CORT levels. Further,
there was a trend towards reduced ACTH levels
fifteen minutes post stress in the knockout line.
D In the DEX/CRH test Pomc™ /" animals
displayed a significant decrease in CRH-
mediated CORT overshoot. E ISH analysis of
the pituitary 30 min after CRH injection
revealed significantly lower Pomc mRNA
expression level in Pomc™P>/" (nyome = 5)
compared to WT littermates (npomc = 6) and

unaltered gr mRNA (Dpopc <PP5 7" lox/

= 7; Dpkpps
lox

= 9). F Rescue of Fkbp5 expression was
achieved by bilateral viral injections of a Cre-
dependent Fkbp5 overexpression virus into the
ARC of the Pomc™P>/ knockout line
(Fkbp5ResUe, n = 10). Fkbp5©°*/°* (n = 20) and
Pomc™ 5/~ knockout animals (n = 10) received
an eGFP control virus (referred to as Control'®
lox and Control®®). G CORT and ACTH levels
post CRH injection confirmed reduced over-
shoot in the knockout line (Control¥°)
compared to Control'®/1*, FKBP51-reinstated
animals (Fkbp5"®“"®) displayed CORT levels
comparable to the knockout line and signifi-
cantly reduced ACTH levels post DEX and CRH
injection in comparison to Control'®/'%, Data
are represented as mean + SEM. All data were
received from mice between 3 and 4 months of
age. *p <0.05, ** p<0.01, ***p < 0.001,
T <0.1.

animals (Fkbp5R®°“®, n = 10). Pomc™ 57" mice injected with an eGFP
control virus served as the knockout control group (ControlKo, n=10)
and Fkbp5*/% injected with the same control construct that belonged
to the Control!®/1°% (n = 19) group (Fig. 2F). A one-way ANOVA of

ACTH values post CRH revealed significant differences between all three

groups (Fp29 = 14.21, p < 0.0001). Bonferroni post-hoc analysis
revealed significantly blunted ACTH levels in the viral knockout and
rescue group compared to controls (Control*?: p = 0.002, Fkbp5Rescue;
p = 0.0002). ACTH levels after DEX were reduced in rescue animals
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compared to controls (Fo15 = 3.2, p=0.07; Bonferroni post-hoc:
p =0.047). CORT measures after CRH failed to reach significance
when comparing all three groups in the ANOVA but showed the ex-
pected trend towards lower CORT levels in Control*® and FkbpsRescue
compared to controls (Fy 31 = 1.78, p = 0.18). CORT after DEX was not
different between groups, confirming DEX/CRH findings from the pre-
vious cohort (F 32 = 0.85, p = 0.44) (Fig. 2G). This rescue experiment
demonstrates that reinstatement of Fkbp5 expression within the ARC
fails to restore control ACTH and CORT levels in the DEX/CRH, indi-
cating an exclusive role of the pituitary in generating endocrine phe-
notypes observed in the previous experiment.

To further deepen our understanding of a potential behavioral effect
of the Fkbp5 inactivation in POMC cells, we assessed stress related
behavioral parameters in the second cohort of young Pomc™P>/- (n = 8)
and controls (n = 12) in an OF, EPM, and DALI (Supplementary Fig. 2).
In the OF, young Pomc™ >/~ animals entered the inner zone signifi-
cantly more often than controls (t;g = 2.11, p = 0.049), spent less time
immobile (t;g = 2.42, p = 0.03), covered a higher total distance (t;g =
3.31, p =0.004) with significantly greater mean speed (t15 = 3.29,
p = 0.004) and more line crossings (t;g = 3.82, p = 0.0013) (Supple-
mentary Fig. 2A). In line with this behavioral phenotype, time immobile
(t1g = 2.83, p = 0.01), total distance (U =13, p = 0.006), mean speed (U
= 14.5, p = 0.007) and line crossings (U = 11.5, p = 0.003) were all
significantly increased in the EPM. However, entries into the open arm
were not different between genotypes in this test (t;5 = 0.25, p = 0.81)
(Supplementary Fig. 2B). In the DALI, animals with a knockout of Fkbp5
spent significantly more time in the lit compartment than controls (t;g =
2.29, p = 0.04). Further, this group covered a greater total distance
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within the lit zone (t;g = 2.3, p = 0.04) and spent more time mobile (t;g
= 2.02, p = 0.06). However, in contrast to the OF and EPM, the mean
speed was not significantly increased in Pomc™®>7* (U = 38, p = 0.46)
(Supplementary Fig. 2C). While this test battery in young animals did
not yield a clear behavioral phenotype, well-established anxiety mea-
sures in the DALI (lit zone time) and OF (inner zone entries) alluded to
the idea that the inactivation of Fkbp5 drives a mild anxiolytic pheno-
type in young Pomc” kbp5-/- However, these results need to be interpreted
with caution due to the robust hyperlocomotion observed in the
PomcFkop5-/- mice, which can also have a direct effect on these measures
independent of an anxiety phenotype.

3.3. Loss of FKBP51 in POMC cells reverses aging-induced increase in
baseline CORT levels

As aging was shown to induce disturbed negative feedback regula-
tion of the HPA axis together with upregulated levels of circulating GCs
and increased Fkbp5 expression in rodents and humans, we hypothesized
that age-induced upregulation of FKBP51 could drive a stress-related
endocrine and behavioral phenotype in aging Pomc™ >/~ mice. In a
first cohort of aging (7 — 8 months) PomcFkeps-/- (n = 15) and controls
(n = 13) bodyweight (36 = 0.1, p = 0.92) and adrenal weight (t26 =
0.79, p = 0.44) did not differ between genotypes (Fig. 3A). Intriguingly,
the lack of FKBP51 affected levels of circadian CORT secretion, indi-
cated by decreased blood CORT levels in the morning (U = 47, p = 0.02)
and in the evening (tz4 = 2.18, p = 0.04), which prevented Pomcep5/-
from age-induced increases in CORT observed in controls. Baseline
morning ACTH levels measured in the second cohort of aging animals (7
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Fig. 3. Knockout of Fkbp5 in POMC cells of aging animals confirms improved GR-mediated feedback sensitivity of the HPA axis and altered baseline CORT levels. A
Bodyweight and relative adrenal weights were unaltered in a first cohort of aging (7 — 8 months) Pomc*bp5-/- (n = 15) compared to control FkbpSZ‘”‘/ lox (n=13).B
Baseline morning and evening CORT levels were significantly reduced in knockout animals with no differences in morning baseline ACTH levels in the second cohort
of Pomc™ P57/ (anbP5IOX/ 19X — 12; Npomc ¥PP/~ = 8). C Fifteen and 60 min after an acute restraint stress, Pomc™P>/* mice displayed unaltered CORT. Further, ACTH
levels were reduced fifteen minutes post stress in the second aging knockout cohort. D In the DEX/CRH test aging Pomc™ >/ animals displayed a significantly
enhanced decrease of CORT after DEX and blunted CRH-mediated CORT overshoot. Data are represented as mean + SEM. All data were from mice between 7 and 8

months of age. *p < 0.05, * * p < 0.01, T < 0.1.
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— 8 months, Npomcrkbps./- = 8, NFkbpslox/lox = 12) remained unchanged (t17
=0.08, p = 0.94), indicative of a counter-regulatory effect (Fig. 3B). The
acute stress challenge confirmed reported prolongation of the HPA axis
response in aging rodents, which was unaffected by the lack of FKBP51
in POMC cells (T15: tp5 = 0.2, p = 0.84; T60: to5 = 0.13, p = 0.9). ACTH
measurements taken 15 min post stress in aging animals (2nd cohort)
confirmed findings in young animals with a trend towards reduced
levels of this stress hormone (t;3 = 1.94, p = 0.07) (Fig. 3C). In the DEX/
CRH, aging knockout animals display significantly lower CORT values
post DEX (U = 38.5, p = 0.009) and CRH (tp¢ = 2.28, p = 0.03), further
indicating an aggravation of the endocrine phenotype observed in young
Pomc™ P>/~ mice (Fig. 3D). Behavioral data in aging animals confirmed
the OF hyperlocomotion phenotype observed in young Pomc*bp5-/-
(OFtime immobile: t18 = 3.0, p = 0.008; OFota) distance: t18 =2.74, p = 0.01;
OFmean speed: t18 =2.78, p = 0.01; OFine crossings: t18 =2.63, p = 0.02)
(Supplementary Fig. 3A). However, the potential anxiolytic phenotypes
identified in the OF and DALI that were seen in the young mice were
abolished in aging animals (OFinner zone entries: tis =1.33, p = 0.2;
EPMopen arm entries: t18 = 0.22, p = 0.83; EPMtime immobile: t1s = 0.27,
P = 0.8; EPMotal distance* t18 = 0.48, p = 0.64; EPMpean speed- t1g = 0.44,
p = 0.67; EPMjjpe crossings: [18 = 0.27, p = 0.8; DALILjt zone time: U = 47,
P = 0.97; DALltime mobile: t18 = 1.16, p = 0.26; DALIotal distance: t18 =
0.94, p = 0.36; DALIjean speed: t1is = 0.1, p = 0.92) (Supplementary
Fig. 3B, C). These data emphasize the role of FKBP51 in aging-induced
HPA axis dysfunction and indicate a beneficial effect of FKBP51 reduc-
tion in Pomc-expressing cells of the pituitary and neurons within the
ARC.

4. Discussion

Over the past few years, the literature on the central role of FKBP51
in stress system biology has grown steadily, vastly improving our un-
derstanding of the genetic and molecular basis of physiological and
maladaptive processes in the field of stress research. However, most of
these studies investigated FKBP51 through systemic rather than region-
or cell type-specific manipulation of its gene expression. This study is the
first to investigate cell type-specific effects of this co-chaperone in-vivo
on stress regulation and sensitivity, as well as the age-related malad-
aptation of this system. We demonstrate that FKBP51 in POMC cells of
the pituitary is the main driver of improved HPA axis negative feedback
regulation in the DEX/CRH test and prevents an aging-induced increase
in diurnal CORT release, while no other physiological or behavioral
alterations besides the ones reported in this study were observed.

Pomc-expressing corticotropes in the anterior pituitary gland
(adenohypophysis) are the key cell population of the closed-loop GC-
dependent negative feedback regulation of the HPA axis in the periph-
ery. Consequently, they express high levels of GR receptors and GCs
were shown to directly inhibit Pomc gene expression in pituitary corti-
cotrope cells (Jenkins et al., 2013; Kageyama et al., 2021; Parvin et al.,
2017). Further, the POMC protein is a precursor of ACTH and thereby
essential in the hormonal signaling cascade initiated by stress (Harno
et al.,, 2018). POMC cells in the ARC of the MBH have emerged as
important in the melanocortin circuit controlling homeostatic functions
by decreasing food intake and increasing energy dissipation (Quarta
et al., 2021).

While FKBP51 is known to be expressed and upregulated by GCs in
the pituitary (Jenkins et al., 2013) and in the ARC (Wray et al., 2019),
we are the first to demonstrate distinct co-expression of Pomc and Fkbp5
mRNA and to successfully knock out FKBP51 at these sites in-vivo.
Assessment of peripheral GR-mediated HPA axis negative feedback
regulation and (re)activation in the DEX/CRH test with a low dose of
DEX (that does not cross the BBB and acts predominantly at GRs at the
level of the pituitary (Karssen et al., 2005)) revealed an attenuated
CORT shift after CRH administration in young Pomc™ %" animals
whereas DEX-induced CORT suppression remained unchanged in this
cohort. Furthermore, young Pomc" kbp5-/- mice showed improved
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recovery-CORT levels 60 min after an acute stress exposure. Reduced
morning ACTH level together with unchanged morning and evening
CORT in these young Pomc™®>/* animals suggest that there are
compensatory mechanisms responsible for this discrepancy, e.g.,
increased ACTH sensitivity at the level of the adrenal. Taken together,
our results in this young cohort of FKBP51 knockout animals suggests
improved negative feedback regulation and attenuated HPA axis (re)
activity. Since our knockout of Fkbp5 partially resembles the opposite
endocrine phenotype of a Gr knockout in pituitary POMC cells (Schmidt
et al., 2009), FKBP51 in this specific pituitary cell type directly affects
negative feedback sensitivity at the GR, thus controlling HPA axis (re)
activity in-vivo (Denny et al., 2000; Wochnik et al., 2005). A recent
in-vitro study by Kageyama et al. on DEX treated mouse corticotrope
POMC cells revealed counterregulatory roles of FKBP51 and DEX in
mediating Pomc and Gr mRNA expression (Kageyama et al., 2021). They
could show that DEX suppressed Pomc, Gr and Fkbp4 gene expression
(encoding for the FKBP52 protein) while increasing Fkbp5 mRNA (Jen-
kins et al., 2013). Interestingly, a knockdown of Fkbp4 counteracted
DEX-mediated Pomc mRNA downregulation while Fkbp5 knockdown
further decreased Pomc mRNA expression. Therefore, they concluded
that FKBP52 directly contributes to the negative feedback of GCs while
FKBP51 itself reduces the efficiency of GCs on POMC downregulation
(Kageyama et al., 2021), an effect of FKBP51 on Pomc mRNA expression
that we could confirm in-vivo. This proposed mechanism could further
explain why we do not observe differences in negative feedback regu-
lation post DEX in the young cohort but a dampened (re)activation of the
HPA axis after CRH in our Fkbp5 knockout animals.

There is a growing body of research investigating a potential role of
the ARC in the regulation of the HPA axis and diurnal CORT cycle, with
most studies concluding that neuropeptide-Y (NPY)/agouti-related
protein (AgRP) neurons, the second set of players in the melanocortin
pathway, are involved in this process (Fang et al., 2021; Leon-Mercado
et al., 2017; Shimizu et al., 2008; Xin-Yun et al., 2002). However, there
is increasing evidence that also POMC ARC neurons respond to stress
and that they are involved in stress-related behaviors and endocrine
changes, particularly via melanocyte-stimulating hormone alpha
(a-MSH; POMC cleavage product) and the melanocortin pathway (Liu
etal., 2007; Qu et al., 2020). As we cannot rule out an impact of FKBP51
in POMC neurons of the ARC without an appropriate control experiment
to attribute observed changes in HPA axis (re)activity to a disruption of
Fkbp5 in the pituitary alone, we reinstated Fkbp5 expression exclusively
in the ARC by Cre-specific viral Fkbp5 rescue in Pomc*p5/-, Supporting
our hypothesis of a pituitary-driven DEX/CRH phenotype, Fkbp5Rescue
animals resembled dampened HPA axis (re)activation (CORT and ACTH
post-CRH), which was observed in Control*© and the Pomc™ 5" line.
Further, the absence of alterations in circadian CORT levels in young
knockout animals are in line with a pituitary-driven HPA axis phenotype
as these functions are predominantly steered centrally by the PVN (acute
stress response) (Hausl et al., 2021) and the suprachiasmatic nucleus
(SCN) (circadian rhythm) (Kalsbeek et al., 2012). However, the precise
contribution of specifically the PVN in relation to the pituitary for
negative feedback control of the HPA axis still warrants further studies,
potentially also by using inducible knockouts that avoid developmental
compensations. Taken together, this study is the first to confirm a
GR-mediated role of FKBP51 on Pomc mRNA expression in cells of the
anterior pituitary in-vivo, dampening HPA axis (re)activity and
improving negative feedback sensitivity after a challenge in young male
mice.

As negative feedback suppression by GR agonists is known to be less
effective in old age (Veldhuis, 2013), to alter circadian GC hormone
rhythms (Van Cauter et al., 1996) and to increase the expression of
Fkbp5 (O’Leary et al., 2011; Sabbagh et al., 2014; Zannas et al., 2019),
we hypothesized that age-related HPA axis dysfunction is positively
influenced by inactivation of Fkbp5 in POMC cells of the pituitary gland.
Indeed, under basal conditions during the circadian trough, we observed
significantly lower baseline morning and evening CORT levels in aging
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knockout animals, suggesting that Pomc™P>/- are protected from the
known age-related increase in diurnal CORT levels (Sapolsky, 1992;
Sapolsky et al., 1986; Van Cauter et al., 1996). Further, older knockout
animals show an enhanced improvement of their endocrine phenotype
in the DEX/CRH assay with lower CORT levels not only after CRH as in
young mice, but already after DEX. Interestingly, a study by Givalois
et al. has shown that Pomc mRNA expression in corticotrope cells of the
adenohypophysis decreased significantly with age, leading to a decline
in HPA axis activity (Givalois and Pelletier, 1999). This age-related
decrease of POMC, in conjunction with an increase of FKBP51 in the
elderly, could amplify the negative effects of FKBP51 on the
GC-mediated downregulation of Pomc mRNA expression in the pituitary
that we and Kageyama et al. have observed (Kageyama et al., 2021). The
potentiation of negative FKBP51 action on Pomc mRNA expression in
aging animals could explain why we only observe the beneficial effects
of a Fkbp5 knockout on diurnal CORT rhythm (and after DEX) in older
PomcP*P5/- Furthermore, aging animals were hyporesponsive to the
acute stress 15 min post stress (Buechel et al., 2014) and showed a
delayed but prolonged elevation of CORT levels (Sapolsky et al., 1983,
1986). However, there was no difference between aging knockout and
control animals in the recovery phase as seen in young animals. This
could be explained by observed shift in the stress response in the older
animals, which may have caused us to miss the right time to capture
potential differences. In addition to the novel role of FKBP51 on Pomc
mRNA expression in pituitary corticotropes, this study is the first to
describe cell type-specific effects of this gene on age-related HPA axis
dysfunction.

In the behavioral test battery, young Pomc animals displayed a
potential anxiolytic phenotype in standard behavioral stress tests com-
parable to that of the full Fkbp5 knockout line (Hartmann et al., 2012;
Touma et al., 2011), which is most likely a secondary effect of their
endocrine phenotype. Aging Pomc™ P57/~ showed less pronounced anxi-
olytic effects in stressful test situations than young knockout mice,
which is in line with their hyporesponsive phenotype in the acute stress
response.

Considering that the disruption of Fkbp5 in the pituitary partially
resembles not only the HPA axis (re)activity of mice with complete
Fkbp5 knockout (Hartmann et al., 2012; Touma et al., 2011), but also a
PVN-specific knockout of Fkbp5 (Hausl et al., 2021) and that it fails to
fully induce the aging phenotype of full Fkbp5 knockout described by
O’Leary et al. (O’Leary et al.,, 2011), this study emphasizes the
complexity of tissue- and cell type-specific, but also cross-tissue effects
of FKBP51 in the stress response.

This study also comes with some limitations: Importantly, only male
animals were used and the conclusions should therefore only be drawn
with respect to male HPA axis regulation. Further, the rescue experiment
targets the ARC only, therefore we cannot fully rule out a contribution of
the NTS to observed endocrine phenotypes, as this small neuronal sub-
population innervates other stress-responsive brain regions, such as the
locus coeruleus (Reyes et al., 2006). However, the NTS is protected by
the BBB just like the ARC (Wang et al., 2008), and therefore we are
convinced that improved HPA axis (re)activation in the DEX/CRH test in
aging and young Pomc™ >/ animals is exclusively driven by POMGC
cells in the pituitary. Finally, it is important to clarify that
eight-month-old mice are not aged in the sense of senescence, but are an
appropriate model to capture a time window in the aging process that
adequately reflects incipient changes in HPA axis function (Sabbagh
et al., 2014).

In conclusion, we demonstrate that male mice with a knockout of
FKBP51 in corticotrope cells of the anterior pituitary display improved
negative feedback and attenuated HPA axis (re)activity. Furthermore,
animals lacking FKBP51 in POMC cells in the adenohypophysis are
protected from age-induced disturbances in diurnal CORT rhythm,
emphasizing a key role of this stress-related protein in the aging process.
Remarkably, these beneficial effects are mediated via pituitary FKBP51
in the periphery, further enhancing our understanding of potential

Fkbps-/-
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target tissues for pharmacological intervention in stress- and age-related
disorders.
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Suppl Figure 1: Quantification of cell-type unspecific off-target effects in Pomc™**>/-and Fkbp5'>/"*,

Quantification of the average number of Fkbp5 mRNA puncta per Pomc negative (Pomc neg.) and DAP/
positive cell in RNAScope images of arcuate nucleus (ARC; A) and pituitary (PIT; B) revealed that there are
no off-target effects of the knockout. Fkbp5 mRNA puncta were counted manually in 30 cells per image
and the average number of puncta per cell was calculated. n = number of analyzed 40x confocal images
of either left or right ARC or pituitary, ARC: nKO = 8, nControl = 5; pituitary: nKO = 7, nControl = 4). Data

are received from mice between 16 to 20 weeks of age and are presented as mean + SEM.
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Suppl. Figure 2: Loss of FKBP51 induces a hyperlocomotion and mild anxiolytic phenotype in young

PomcFor5/-,

A In the open field test, young knockdown animals (Npomecrkbps-/- = 8, Nekbpsiox/iox = 12) entered the inner zone

significantly more often than controls, spent less time immobile, covered a higher total distance with

significantly greater mean speed and more line crossings. B In the elevated plus maze, time immobile,



total distance, mean speed and line crossings were significantly increased in young Pomc™*">-, whereas
there was no difference in open arm entries between genotypes. C Time spent in the lit zone and total
distance travelled were significantly increased in Pomc™>/- with a significant trend towards higher
mobility in the dark-light box. Behavioral data are received from the 2" cohort of young mice between 3

to 4 months of age and are presented as mean + SEM. *p < 0.05, **p <0.01, T<0.1.
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Suppl. Figure 3: Aged Pomc™ >/~ animals confirm hyperlocomotion but do not display mild anxiolytic

phenotype of young animals.

A Aged Pomc™ P> (Npomcrkbps/- = 8, Nrkbpsioxiox = 12) mirrored the open field hyperlocomotion phenotype
observed in young animalswith less time immobile, higher total distance, significantly greater mean speed

and more line crossings. However, the number of inner zone entries did not differ between genotypes in



aged animals. B, C Mild anxiolytic phenotypes in the dark-light box and elevated plus maze observed in
young mice were abolished with aging. Data are received from the 2" cohort of aged mice between 7 to

8 months of age and are presented as mean + SEM. *p < 0.05, **p < 0.01.
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Mediobasal hypothalamic FKBP51 acts as a molecular
switch linking autophagy to whole-body metabolism

Alexander S. Hausl't, Thomas Bajaj*t, Lea M. Brix'3, Max L. P6himann', Kathrin Hafner?,
Meri De Angelis®, Joachim Nagler’, Frederik Dethloff®, Georgia Balsevich', Karl-Werner Schramm®,
Patrick Giavalisco®, Alon Chen”®, Mathias V. Schmidt'*, Nils C. Gassen®**#

The mediobasal hypothalamus (MBH) is the central region in the physiological response to metabolic stress. The
FK506-binding protein 51 (FKBP51) is a major modulator of the stress response and has recently emerged as a
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scaffolder regulating metabolic and autophagy pathways. However, the detailed protein-protein interactions
linking FKBP51 to autophagy upon metabolic challenges remain elusive. We performed mass spectrometry-
based metabolomics of FKBP51 knockout (KO) cells revealing an increased amino acid and polyamine metabo-
lism. We identified FKBP51 as a central nexus for the recruitment of the LKB1/AMPK complex to WIPI4 and TSC2 to
WIPI3, thereby regulating the balance between autophagy and mTOR signaling in response to metabolic chal-
lenges. Furthermore, we demonstrated that MBH FKBP51 deletion strongly induces obesity, while its overexpres-
sion protects against high-fat diet (HFD)-induced obesity. Our study provides an important novel regulatory
function of MBH FKBP51 within the stress-adapted autophagy response to metabolic challenges.

INTRODUCTION
An adequate response to nutritional changes requires a well-coordinated
interplay between the central nervous system and multiple periph-
eral organs and tissues to maintain energy homeostasis. High-caloric
food intake and chronic overnutrition strongly challenge this system
on a cellular and organismic level and are main drivers in the devel-
opment of obesity, a hallmark of the metabolic syndrome (I).
Autophagy is an evolutionarily conserved process that efficiently
degrades cellular components, like unfolded proteins or organelles,
to provide internal nutrients and building blocks for cellular fitness
(2). Dysfunctional autophagy is associated with many diseases, such
as neurodegeneration, liver disease, cancer, and metabolic syndrome
(3-5). In obesity, however, the alterations of autophagy are not fully
explored yet. Autophagic signaling in obese individuals is sup-
pressed in pancreatic B cells, liver, and muscle, whereas other stud-
ies demonstrated enhanced autophagy signaling in adipose tissue
(3,6, 7). Autophagy initiation is tightly controlled by a series of pro-
teins encoded by autophagy-related genes (ATGs) and regulatory
heteroprotein complexes, including the systemic energy sensor
adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK)
that is in balance with the mechanistic target of rapamycin (mTOR)
(8). Amino acid surplus activates mTOR signaling, which further
suppresses autophagy by inhibiting the UNC51-like kinase 1
(ULK1) complex [composed of ULK1, ATG13, FIP200 (FAK family
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kinase-interacting protein of 200 kDa), and ATG101]. In the course
of nutrient deprivation, elevated AMP activates AMPK to initiate
autophagy via the ULK1 complex and in turn diminishes mTOR
signaling (9, 10). It has recently been shown that the tryptophan-
aspartic acid (WD)-repeat proteins that interact with the phospho-
inositide protein family (WIPI proteins) act as subordinate scaffolders
of the liver kinase B1 (LKB1)/AMPK/TSC2 (tuberous sclerosis
complex 2)/FIP200 network linking AMPK and mTOR signaling to
the control of autophagy upon metabolic stress (11).

In the mediobasal hypothalamus (MBH), the brain’s central region
for metabolic control, the deletion of ATG7 (a ubiquitin E1-like
ligase, downstream of the ULK1 complex) in proopiomelanocortin
(POMC)-expressing neurons resulted in obesity and dampened
sympathetic outflow to white adipose tissue (WAT) (12), while ATG7
deficiency exclusively in agouti-related protein (AgRP)-expressing
neurons resulted in decreased body weight (13). Together, these data
indicate a role of MBH autophagy in the development of obesity,
but key regulatory proteins remain largely elusive.

The FK506-binding protein 51 (FKBP51, encoded by Fkbp5) is
the main modulator of the stress response and is best characterized
as a co-chaperone to HSP90, thereby orchestrating diverse pathways
important to maintain homeostatic control (14-17). We and others
have provided evidence that FKBP51 is associated with type 2 diabetes
and have shed light on its role as a fundamental regulator of obesity
and glucose metabolism (18-22). Following the identification of
FKBP51 as a negative regulator of the serine/threonine kinase AKT
in cancer cells (23), we showed that FKBP51 acts as a modulator of
glucose uptake by mediating the AKT2/PHLPP (PH domain leucine-
rich repeat-containing protein phosphatase)/AS160 (AKT substrate
of 160 kDa) complex specifically in muscle (18). Furthermore, we
demonstrated that FKBP51 induces autophagy through autophagy-
promoting beclin-1 (BECN1) in two ways: (i) FKBP51 limits AKT-
directed inhibitory phosphorylation of BECN1 at $234 and S295
(24, 25), and (ii) it reduces AKT-mediated phosphorylation of S-phase
kinase-associated protein 2 (SKP2) at S72 and thereby lowering its
E3-ligase activity, preventing BECN1 from proteasomal degradation
(26). Autophagy and FKBP51 are involved in the regulatory role of
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adipocyte differentiation and mass development (19, 27-29) and are
up-regulated in the MBH following starvation (13, 30, 31). The data
indicate converging mechanisms of FKBP51-directed protein scaf-
folding and autophagy, and therefore, we hypothesized a subordinate
role of FKBP51 in concert with members of the autophagy signaling
network in shaping central and peripheral autophagy signaling. In
the current study, we set out to identify the molecular interplay of
FKBP51 with cellular autophagic signaling and tested whether
FKBP51 shapes the in vivo whole-body response to an obesogenic
challenge. Our study unravels the tissue specificity of autophagy sig-
naling in response to obesity and reveals FKBP51 as a previously
unknown regulatory link between the stress-induced LKB1/AMPK-
mediated autophagy induction and WIPI protein scaffolds.

RESULTS

FKBP51 deletion increases AMPK and mTOR-associated
amino acid and polyamine biosynthesis

As a first approach to broaden our insights into the contribution of
FKBP51 under basal (1x glucose) and metabolically challenging (2x
glucose) conditions, we performed a multilevel mass spectrometry
(MS)-based metabolomics profiling analysis of human neuroblastoma
SH-SY5Y cells lacking FKBP51 [(FKBP51 knockout (KO)] and wild-type
(WT) controls. FKBP51 KO cells showed an increase in multiple me-
tabolites compared to WT cells to different extents under basal and high
glucose conditions (fig. S1, A to D). Most frequent and pronounced
alterations could be attributed to biosynthetic and metabolic pathways
of various amino acids, including but not limited to arginine, valine,
leucine, and isoleucine biosynthesis and histidine, cysteine, and methi-
onine metabolism (Fig. 1A and fig. S1E). It is well known that amino
acids signal to mTOR and that mTOR itself actively participates in
the sensing of amino acids in the lysosomal lumen. Particularly, the
branched-chain amino acids (BCAAs) leucine, valine, and isoleucine,
all elevated in FKBP51 KO cells (Fig. 1B, top right), can activate
mTOR and thereby block the autophagy pathway (32-34). On the
other hand, the pathway analysis showed increased AMP/adenosine
5’-triphosphate (ATP) ratio and strongly increased levels of poly-
amines and their metabolites in FKBP51 KO cells (Fig. 1B, left and
bottom right). AMP/ATP ratio was strongly reduced in FKBP51 KO
cells under metabolically challenging conditions (fig. S2E).

The overall increase in amino acids most likely results from
ubiquitous protein degradation, in line with enhanced cellular cata-
bolic processes. We performed isotope tracing with '*C-labeled glu-
cose to determine the intracellular flux in FKBP51 KO cells. Here,
we observed no substantial differences between both cell types (fig.
S1F), corroborating the fact that cellular catabolic processes rather
dominate over anabolic processes. To exclude that the observed effects
are specific to a human cell line, we performed the metabolomics
profiling also in mouse Neuro2a (N2a) cells (fig. S2, A to E). While
the effects of amino acid biosynthesis are more pronounced in the
human cell line following FKBP51 deletion, the data nonetheless
point in the same direction and support our hypothesis that FKBP51
affects autophagy and mTOR signaling. We were therefore further
encouraged to disentangle the underlining metabolic pathways.

FKBP51 is essential for homeostatic autophagy following
nutrient deprivation

Because autophagy and FKBP51 expression levels are highly in-
duced after starvation (4, 31), we tested whether deletion of FKBP51,

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

in turn, affects the induction of autophagy after nutrient deprivation.
To do so, we exposed FKBP51 KO or WT cells to Hank’s balanced
salt solution (HBSS) for 4 hours to induce cellular starvation.
FKBP51 KO cells showed less phosphorylated AMPK (pAMPK) at
T172 and lower levels of LKB1 compared to WT cells already under
nutrient-rich conditions (Fig. 2A and fig. S3A), while there was a
significant increase in activating phosphorylation of SKP2 at S72
and AKT at S$473 (fig. S3, B and C). These changes in upstream sig-
naling resulted in the slight but not significant accumulation of the
autophagy receptor and substrate p62 (Fig. 2B), which is an impor-
tant measure to determine autophagic activity (35). On the other
hand, we could observe increased levels of pp70S6K at T389 in
FKBP51 KO cells (Fig. 2C). These data imply a reduction of autoph-
agy signaling and increased mTOR signaling after FKBP51 deletion
under basal conditions (36). The deletion of FKBP51 blocked the
starvation-induced increase in LKB1 protein and the activation of
AMPK at T172 (Fig. 2A and fig. S3A) and thereby reduced the level
of autophagy signaling. These data underline the importance of
FKBP51 in the autophagic stress response after starvation and sug-
gest a tight regulation of FKBP51 on AMPK and LKBI.

Next, we investigated whether FKBP51 up-regulation can enhance
autophagy by moderately overexpressing (OE) Flag-tagged FKBP51 in
N2a cells (fig. S3D). In line with our hypothesis, FKBP51 OE resulted
in highly increased phosphorylation of AMPK at T172 and enhanced
levels of LKB1 (Fig. 2E and fig. S3E), which indicate an increase of
upstream autophagy initiation, further evidenced by increased phos-
phorylation of ULK1 at S555 (fig. S3E). Consequently, there was an
increase in proautophagic phosphorylation of BECN1 at S14 and
§91/594 (in humans at $93/596) through kinases ULK1 and AMPK,
respectively (fig. S3E) (37). Previous literature has shown that in-
creased LKB1/AMPK signaling also activates the TSC1/TSC2 com-
plex, which, in turn, inhibits mTOR activity (38). In line with that,
phosphorylation of TSC2 at S1387 was significantly enhanced
(fig. S3E), and the phosphorylation of AKT at S473, SKP2 at 72,
and the mTOR substrate pp70S6K at T389 was significantly decreased
(Fig. 2F and fig. S2F). In addition, we validated autophagy signaling
by the increase in phosphorylation of ATG16L1 at S278, a recently
described marker for autophagy induction (39), and the decrease in
the autophagy substrate p62 (Fig. 2G and fig. S2G). Last, we as-
sessed autophagic flux by the quantification of LC3B-II (lipidated
microtubule-associated proteins 1A/1B light chain 3B) accumulation
in response to starvation (HBSS) and the autophagy inhibitor
bafilomycin A1 (BafA1) in FKBP51 OE, KO, and FKBP51 KO + OE
N2a cells (Fig. 2, I and ], and fig. S3, H and I). BafAl1 led to a signif-
icant increase in LC3B-II levels in FKBP51 WT and FKBP51 OE
N2a cells, but not in FKBP51 KO and FKBP51 KO + OE N2a cells,
as compared to FKBP51 WT N2a cells during baseline conditions.
Under starvation conditions (HBSS treatment), BafA1l caused a
significant accumulation of LC3B-II in all genotypes; however, this
increase was attenuated in FKBP51 KO N2a cells.

The data from our metabolomic analysis indicated that alteration
in FKBP51 levels might enhance hypusination of the translation
factor elF5A and thereby positively regulate autophagy via nuclear
translocation of transcription factor EB (TFEB) (40). To test this
hypothesis, we measured the translocation of TFEB into the nucleus
using a TFEB-green fluorescent protein (GFP) reporter assay in
N2a cells. Here, we observed reduced baseline levels of nuclear
TFEB in FKBP51 KO N2a cells and diminished nuclear transloca-
tion of TFEB after starvation (HBSS) of FKBP51 KO cells compared
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to the control (Fig. 2, K and L). OE of FKBP51 in WT cells could FKBP51 associates with LKB1/AMPK/WIP14 and TSC2/WIPI3
further increase nuclear TFEB under basal conditions. The nuclear heteroprotein complexes to regulate autophagy
TFEB signal could not be further increased by OF under starvation and mTOR signaling
compared to the WT control (Fig. 2, K and L). We could not detect A recent study by Bakula and colleagues (11) investigated the role of
any differences in the hypusination of eIF5A (fig. S4, A and B). the four WIPI proteins on autophagy, and the WIPI protein inter-
Together, these findings demonstrate that FKBP51 regulates au-  actome revealed an association of WIPI4 with FKBP51, AMPKal,
tophagy induction, especially after a metabolic challenge. However, and AMPKy2 (11). WIPI proteins are essential scaffolding proteins
it is still unclear whether FKBP51 shapes the autophagic response  that function as central molecular hubs to link key regulatory ele-
via direct protein-protein interactions to AMPK and LKB1. Given = ments of autophagy with proteins that are sensitive to main metabolic
the fact that FKBP51 was previously shown to interact with several  cascades such as amino acid and glucose metabolism (41). On the
signaling molecules within the autophagy pathway (Fig. 3A), we basis of our FKBP51 starvation and OE experiments, we hypothesized
were encouraged to unravel the underlying molecular mechanism  that FKBP51 might scaffold WIPI4 and AMPK to induce autophagy
and identify potential novel interactions of FKBP51 with members initiation and therefore performed co-immunoprecipitation (co-IP)
of the autophagy signaling network. studies using N2a cells, with FKBP51-Flag OE.
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Fig. 2. FKBP51 regulates AMPK and mTOR activity following nutrient deprivation. (A) WT or FKBP51 KO cells were starved in HBSS medium for 4 hours to induce
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These experiments confirmed that FKBP51 associates with WIPI4
but not with WIPI1 and WIPI2 (Fig. 3B), as suggested by Bakula and
colleagues (11). Intriguingly, our experiments revealed a previously
unidentified association of FKBP51 with WIPI3 (Fig. 3B). Next, we
assessed the association of FKBP51 with various isoforms of AMPK

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

and validated the expected interactions of FKBP51 with AMPKal and
AMPKYy2 and further revealed a interaction with AMPKI (Fig. 3C).
We validated the previously unknown interactions of FKBP51 with
WIPI3, WIPI4, AMPKo, and LKB1 in mouse WT N2a neuroblastoma
cells performing IPs and co-IPs from endogenous proteins (fig. S5A).

40f16

2202 ‘€2 Yoe |l Uo B10°30Us 105 MMM /SNy WOJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

mTOR signaling wpa - *+ FKBPS51 (Flag)
AMPK signaling B N ss-E FKBP51
TSC2 -=-\-T==Z T
AMg( 5 \\O\ mTOR B0 5| s | wen
=< . 5
S~ AN = | 55 WIPI2
-~ N 5
RETUIRN g | s5- | WiPI3
WIPI4 WIPI3 /‘AKT Y a0
ignali \ ' WIPl4
Autophagy signaling 0 Efklﬂ‘a&?é£1lL77 FKBP51 Pe‘\/egﬂ/_,. PHLPP .
. tal. (16) ——— ;7Peiela/.{23)
Taipale 6125 IS vigh— e
_ (26 ich Insulin signaling 55_E| FKBP51
et & @ e PP ol 7@
. o AS160 SS'E WPl
ot w
o -~ — - Inhibitory 55 | e | WIPI3
Autophagy initiation ion (FKBPS1 i -
o ——— Published interaction with FKBP51 - WIP14
Stress signaling I
Ubiquitination
- = + siWPi4 - = + FKBP51KO - = + siwiP3
kDa — + FKBPS51 (Flag) kDa — + + FKBPS51 (Flag) kDa - + + WIPK-AB kDa - + + FKBP51 (Flag)
o 55-[3 FKBP51 Fl 55-[2] FKBP51 55 lZl FKBPS51 _ ss-E FKBP51
3 £ & 2
v 55 - o 55- % ;g- =
= & ’ -
x 70 | AMPKy 2 w 17o-[:| Tsc1
w
o 55 ..
S| g [ ] AMPK 1 2 4“'@ wipl4 E AWPKa1 > 110 EI Tsc2
55 - -
- - + FKBP51KO
- + + WPI3-AB
kba AMPK/LKB1/WIPI4 - heterocomplex TSC2/TSC1/WIPI3 - heterocomplex
@
$ — =] 1sc2
|
mTOR signaling
AMPKa 1 K4 TSC1
8 () Independent of WIPI4/WIPI3
= 170-@ TSC2 o AMPKYL e Dependent of WIPI4
170 \EI Tsc1 Autophagy signaling Independent of FKBP51
------- Dependent of FKBP51

Fig. 3. FKBP51 associates with AMPK, TSC2, and WIPI3 and WIPI4 to regulate autophagy and mTOR signaling. (A) Published protein-protein interactions of FKBP51.

(B) FKBP51 associates with WIPI3 and WIPI4, but not with WIPI1 and WIPI2. WCE, who

le-cell extract; IP, immunoprecipitation. (C) Interaction of FKBP51 with AMPK sub-

units. (D) Interaction of FKBP51 with LKB1 and AMPKa in WIPI4 KD cells. (E) Interaction of WIPI4 with AMPKa in FKBP51-lacking cells. (F) FKBP51 interacts with TSC2in
dependency of WIPI3. (G) WIPI3 interacts with TSC2 and TSC1 in the presence or absence of FKBP51. (H) Identified associations of FKBP51 in the regulation of autophagy
and mTOR signaling and the proposed model of interaction. FKBP51 recruits LKB1 to the AMPK-WIPI4 complex and thereby facilitates AMPK activation. Furthermore,

FKBP51 scaffolds TSC2-WIPI3 binding to alter mTOR signaling. AB, antibody.

To investigate the functional relevance of WIPI4 in the association
of FKBP51 with AMPK, we generated WIPI4 knockdown (KD) N2a
cells using small interfering RN A (siRNA) cotransfected with FKBP51-
Flag (fig. S5B). We observed that FKBP51 binding to AMPK was re-
duced in cells lacking WIPI4 (Fig. 3D and fig. S5C). Our precipitation
studies further demonstrated that FKBP51 interacts with LKB1, which
confirmed the finding of a previous interactomics-based screening ex-
periment by Taipale and colleagues (16) and further revealed that this
interaction is independent of WIPI4 (Fig. 3D and fig. S5, D and A).
Furthermore, we could demonstrate that WIPI4 deletion blocked the
phosphorylation effect of FKBP51 OE on pAMPK at T172 (fig. S5E),
suggesting that FKBP51 binds to AMPK in dependency of WIPI4.
In addition, studies in FKBP51 KO cells revealed that the WIPI4
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interaction to AMPK depends on the presence of FKBP51 (Fig. 3E),
indicating a subordinate role of FKBP51 as a molecular bridge that
links the autophagy-relevant WIPI network to AMPK signaling.

Last, we assessed the functional relevance of WIPI3-FKBP51
binding. Performing co-IP studies in N2a cells in the presence or
absence of WIPI3 (fig. S5F), we observed that FKBP51 interacts
with TSC2 but not TSC1 (Fig. 3F), which are upstream master reg-
ulators of mTOR (42). Further, we confirmed the association of
FKBP51 with TSC2, which depends on the presence of WIPI3
(Fig. 3F), whereas the interaction of WIPI3 to TSC2 and TSC1 is
independent of FKBP51 (Fig. 3G).

Collectively, we demonstrate that FKBP51 regulates autophagy
in concert with the WIPI protein family, specifically WIPI3 and
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WIPI4 via interactions with the mTOR and AMPK cascades (Fig. 3H).
The combined interpretation of our molecular and metabolomic
analyses led us to hypothesize that FKBP51 regulates autophagy and
consequently whole-body metabolism in vivo, especially after a
metabolic challenge.

MBH FKBP51 is a regulator of body weight and food intake
We and others have previously shown that FKBP51 acts in a tissue-
specific manner in soleus muscle (SM), epididymal WAT (eWAT),
and the hypothalamus to regulate metabolism (18, 19, 22, 30). How-
ever, the interconnected response of autophagy and FKBP51 to a
metabolic stressor, such as HFD, remains elusive and encouraged
us to investigate the possible relationship between FKBP51 expres-
sion and autophagic flux (the protein turnover through catabolic
autophagy).

Our analysis revealed that C57BL/6N mice showed significantly
increased FKBP51 protein levels (Fig. 4A) and diminished accumu-
lation of the autophagy substrate p62 in the MBH upon 10 weeks of
HFD (58% kcal from fat) (Fig. 4B). HFD per se did not affect the
lipidation of the autophagosome-spiking protein light chain 3
(LC3B-I) to LC3B-II (Fig. 4C), which binds the autophagosome and
is a reliable marker to analyze autophagic flux (35). However, levels
of LC3B-II were similarly increased in both conditions after treat-
ment with chloroquine (50 mg/kg), an inhibitor of lysosomal acidi-
fication and autophagosome-lysosome fusion that, in turn, blocks
degradation of autophagosome cargo (35). In line with the reduced
levels of p62, these results indicate an active central autophagic flux
after HFD.

In peripheral eWAT and SM, however, chloroquine treatment
did increase LC3B-II levels only in chow-fed animals (fig. S6, A and
B), implying reduced or even blocked autophagy signaling under
HED conditions. This hypothesis is supported by an increased ac-
cumulation of p62 in these peripheral tissues with a significant in-
crease in SM (fig. S6C). FKBP51 protein levels were unaffected in
eWAT and slightly but not significantly decreased in SM (fig. S6D).
These data suggested a possible interconnected role of FKBP51 and
autophagy flux, particularly in the MBH. We, therefore, decided to
further test the effects of FKBP51 on autophagy signaling and its
relevance for whole-body metabolism in vivo by manipulating
FKBP51 in the MBH.

First, we injected a Cre-expressing virus into the MBH of FKB-
P51°°% animals (Fig. 4D) to evaluate the effects of central FKBP51
deletion. FKBP51M"M X9 animals showed a massive increase in
body weight 6 weeks after surgery, despite their regular chow diet
(Fig. 4E). The bodyweight increase was accompanied by increased
food intake and decreased glucose tolerance (Fig. 4, F and G). These
findings were unexpected, considering the lean phenotype of full-
body FKBP51-deficient mice after prolonged exposure to an HFD
(18, 19) and further highlight the tissue specificity of FKBP51.

Next, we injected an adeno-associated virus (AAV)-mediated
FKBP51 OE virus into the MBH of C57/Bl6 mice (FKBP51MP"OF,
Fig. 4H). FKBP51*"F animals showed no substantial differences
in body weight gain within the first 4 weeks after surgery. Therefore,
we challenged FKBP51M*™OF animals with a metabolic stressor by
feeding them an HFD for 8 weeks. Animals overexpressing FKBP51
displayed significantly reduced body weight gain compared to the con-
trol group (Fig. 41), paralleled by a reduction in food intake (Fig. 4]).
In a second cohort of FKBP51MBH-OF ahimals [with an identical
body weight phenotype (fig. S6E)], we investigated whether glucose
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metabolism was altered and observed improved glucose tolerance
and insulin sensitivity compared to the control group under HFD
but not under normal chow diet (Fig. 4K and fig. S6, F to H). To-
gether, these experiments reveal an essential role of MBH FKBP51 in
central coping mechanisms with an obesogenic stressor and posi-
tion MBH FKBP51 as a key regulator of whole-body metabolism.

MBH FKBP51 fine-tunes autophagy signaling in aninversed
U-shaped manner

Given the opposing phenotypes of FKBP51MBHKO 4nd FKBP51MBH-OF
animals and the discovered regulatory function of FKBP51 in the meta-
bolic control of autophagy, we were interested in the underlying regu-
lation of autophagy signaling. In our KO experiment, viral injection
resulted in a high-deletion rate within the MBH of FKBP51"#H-K0
animals (Fig. 5, A and B). According to our hypothesis, we observed
a reduced binding of LKB1 and AMPK to WIPI4 (Fig. 5C and see
fig. S7A for quantification), which was accompanied by a reduction
in the phosphorylation of AMPK at T172, causing less active AMPK
(Fig. 5D). Downstream of AMPK, we monitored diminished phos-
phorylation of ULKI at §555, BECN1 at S91/5S94, and TSC2 at
S1387 (fig. S7, B to D). Parallel to the effects of AMPK downstream
proteins, we detected reduced levels of TSC2 binding to WIPI3
(Fig. 5E and see fig. S7E for quantification). Furthermore, we ob-
served increased levels of phosphorylated AKT at S473 and phos-
phorylated ULK1 at S757 (fig. S7, F and G), indicating increased
AKT/mTOR signaling. The increased mTOR activity could be vali-
dated by increased levels of pp70S6K (Fig. 5F). Last, loss of FKBP51
resulted in decreased levels of LC3B-II and the accumulation of p62
(Fig. 5, G and H). Together, these data suggest that FKBP51 dele-
tion reduced autophagy signaling in the MBH via the reduction of
AMPK activity and an increased mTOR signaling, which is in line
with our in vitro data.

Animals overexpressing FKBP51 in the MBH showed an excessive
up-regulation of FKBP51 (Fig. 5, I and J). Co-IP studies indicated
that following the excessive overexpression (OE) of FKBP51, AMPK
binding to WIPI4 was decreased. Furthermore, LKB1 levels were
strongly reduced and binding of LKB1 to WIPI4 vanished (Fig. 5K
and fig. S7A). Consequently, phosphorylation of AMPK at T172 was
significantly reduced (Fig. 5L). Downstream of AMPK, we observed
a decrease in phosphorylation of ULK1 at S555 and no changes of
phosphorylated BECNT1 levels (fig. S7, B and C). Phosphorylation of
TSC2 at S1387 and the binding of TSC2 to WIPI3 were significantly
decreased (Fig. 5M and fig. S7, D and E). Phosphorylation of AKT at
$473 was unchanged (fig. S7F). On the other hand, FKBP51MBHOF
animals showed increased mTOR signaling, indicated by increased
phosphorylation of ULK1 at S757 and elevated levels of pp70S6K
(Fig. 5N and fig. S7G). Last, FKBP51 OE animals showed increased
levels of LC3B-II. However, treatment with chloroquine (50 mg/kg)
did not further increase the LC3B-II levels in FKBP51MBH-OF animals
(Fig. 50), indicating that the fusion of autophagosomes with lyso-
somes is impaired and central autophagic flux is blocked. This
hypothesis is supported by the fact that FKBP51 OE resulted in the
accumulation of the autophagy substrate p62 (Fig. 5P). These data
are in contrast to our previously observed findings and imply that
FKBP51MP7-OF animals, despite their highly elevated FKBP51 levels,
have blocked autophagy signaling in the MBH.

The observation that viral overexpression of FKBP51 in the MBH
resulted in a massive overexpressing of FKBP51 led us to hypothesize
that the level of FKBP51 expression directly correlates with the degree
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of autophagy signaling. Therefore, we gradually increased FKBP51 levels
in N2a cells by the titration of AAV-hemagglutinin tag (HA)-FKBP51.
Following a moderate increase of FKBP51, we observed a decrease
in the accumulation of p62 and an increase in BECN1, supporting
the activating role of FKBP51. In parallel, we could observe a slight
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decrease in p70S6K phosphorylation. However, upon a stimulus
threshold (at approximately three- to fourfold FKBP51), we observed
an inhibitory effect on autophagy with decreased protein level of
BECNT1 and an increased phosphorylation of p70S6K and enhanced
accumulation of p62 (Fig. 5, Q and R, and fig. S7TH).
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Our pathway analysis demonstrates that deletion of FKBP51 re-
duces autophagy signaling, and excessive levels of FKBP51 protein
results in a total block of autophagy, causing a substantial shift from
autophagy to mTOR signaling. In conclusion, we suggest that
FKBP51 dose dependently regulates autophagy signaling in an in-
versed U-shaped manner (Fig. 5S).

MBH FKBP51 alters sympathetic outflow and thereby
regulates autophagy signaling in the periphery

The MBH is an established regulatory center for sympathetic out-
flow to peripheral tissues (43). Consequently, we were interested
whether the sympathetic tone of the brain into peripheral tissues
was affected in FKBP51MPH9F animals. To do so, we treated
FKBP51MPH-OF mice with a single dose of the norepinephrine (NE)
synthesis inhibitor a-methyl-p-tyrosine (a-MPT) to block NE
synthesis in the periphery, thereby enabling the assessment of the
catecholamine turnover rate (cTR) (44, 45). MBH FKBP51 OE led
to a reduction in the cTR in muscle and eWAT (Fig. 6, A and B).
Further, inguinal WAT (iWAT) of FKBP51M*"OF animals showed
significant differences in initial NE levels, but not in cTR (fig. S8A).
We also observed a mildly but not significantly decreased cTR in
brown adipose tissue (BAT) (fig. S8B), whereas no effects were de-
tected in the pancreas or heart tissue (fig. S8, C and D). Together,
these data demonstrate that MBH FKBP51 OE dampens the sympa-
thetic outflow especially to muscle and fat tissue and encouraged us
to investigate changes in autophagy signaling in both tissues.

In FKBP51M*"9F animals, we observed increased levels of FKBP51
in SM and eWAT (fig. S8E), which resulted in increased AMPK ac-
tivity (Fig. 6C) by enhanced binding of AMPK and LKB1 to WIPI4
(fig. S8, F and G). Downstream of AMPK, we observed increased
phosphorylation of ULK1, BECN1, and TSC2, indicating enhanced
autophagy initiation in the periphery (fig. S8, H to J). We again as-
sessed mTOR signaling and observed increased binding of TSC2 to
WIPI3 (fig. S8K) and a strong reduction in the phosphorylation of
AKT at $473 and ULK1 at S757 (fig. S8, L and M), which resulted in
reduced levels of pp70S6K (T389) (Fig. 6D). Furthermore, we mon-
itored reduced levels of p62 (Fig. 6, E and F). To verify the increase
in autophagy signaling, we analyzed LC3B-II levels before and after
chloroquine treatment. Here, we detected a true increase in LC3B-1I
levels after chloroquine treatment (Fig. 6, G to I). These data impl¥
an increase in autophagy flux in the periphery of FKBP51MBH-0
animals. This is in line with our hypothesis that moderately elevated
levels of FKBP51 increase autophagy signaling and suggest that the
balance between active mTOR signaling in the MBH and active au-
tophagy signaling in the peri'Phery is one driving factor of the lean
phenotype of the FKBP51"* “OF animals.

In FKBP51MPHKO mjce, we observed an opposing phenotype
with reduced autophagy signaling in SM, whereas autophagy sig-
naling in eWAT was unaltered. In both tissues, we did not observe
significant changes in FKBP51 protein level (fig. S8N). However, we
could detect less phosphorylation of AMPK at T172 (Fig. 6]) and
reduced binding of AMPK/LKB1 to WIPI4 (fig. S8, O and P). These
findings were accompanied by reduced levels of ULK1, BECN1, and
TSC2 (fig. S8, Q to S). Furthermore, we monitored increased levels
of pp70S6K (T389), pULK1 (S757), and pAKT (S473), suggesting
increased mTOR signaling (Fig. 6K and fig. S8, U and V). Last,
LC3B-II levels were significantly reduced (Fig. 6L) in combination
with elevated levels of p62 in SM (Fig. 6, M and N), which is indic-
ative of reduced autophagy signaling solely in this peripheral tissue.

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

We could not detect any differences in autophagy signaling in other
peripheral tissues, such as the liver (fig. S9, A and B). In summary,
we suggest that the combined reduction of autophagy in the MBH
and peripheral tissues, such as muscle and adipose tissue, is driving

the observed body weight phenotype in FKBP51M*70 mice,

DISCUSSION

In the current study, we examined the role of stress-activated chap-
erone FKBP51 as a molecular master switch linking autophagy and
whole-body metabolism. We here present that FKBP51 actively modu-
lates the response of the AMPK-mTOR network to an HFD by scaf-
folding autophagy-upstream AMPK/LKB1/WIPI4 and TSC2/WIPI3
heteroprotein complexes. We identify a tissue-specific function of
FKBP51 by providing in vivo evidence that hypothalamic FKBP51
acts as a dose-specific mediator of whole-body metabolism.

Metabolomic profiling of neuronal-like cells lacking FKBP51 re-
vealed a substantial increase for several metabolites and amino ac-
ids and suggests a role of FKBP51 in BCAA metabolism. BCAAs are
important regulators of neurotransmitters and protein synthesis as
well as food intake (46, 47). The increase of multiple BCAAs have
been associated with obesity and insulin resistance (48, 49). In our
in vitro metabolomic profiling analysis, isoleucine, leucine, valine,
and tyrosine were strongly elevated in FKBP51 KO cells under normal
and high glucose concentrations, which is indicative of constantly
active mTOR signaling (50). Furthermore, it has been shown that
excess leucine can reduce abdominal fat loss, whereas leucine depri-
vation promotes fat loss via cyclic AMP response element-binding
protein signaling and increased expression of CRH (corticotropin-
releasing hormone) in the hypothalamus. This effect is conveyed by
the activation of the sympathetic nervous system (51). Leucine is an
important regulator of mTOR and negatively affects the biogenesis
of autophagosomes through its metabolite acetyl coenzyme A, which
thereby enhances acetylation of the regulatory-associated protein of
MTOR (RPTOR) via acetyltransferase EP300 in neurons and other
cell types. This cascade of events ultimately leads to autophagy inhi-
bition and mTOR activation (52, 53). At the same time, the increased
levels of polyamines, observed in FKBP51 KO cells, are in contrast
to autophagy inhibition. In particular, spermidine was shown to be
capable of autophagy induction via inhibition of EP300 (54). Neverthe-
less, cell type-specific effects have to be taken into account as studies
suggest an increased expression of EP300 in response to spermidine
supplementation in aged and osteoarthritic chondrocytes (55).

To gain further insight into the underlying mechanisms, we built
on already existing knowledge about FKBP51 regarding its regula-
tory role on single autophagy-related proteins [like BECN1, WIPIs,
and SKP2 (11, 16, 26)], which further positions FKBP51 as a major
upstream regulator of autophagy. AMPK is activated by the phos-
phorylation of T172, which is regulated by LKB1 (56), and increased
LKB1/AMPK signaling activates the TSC1/TSC2 complex, which, in
turn, inhibits mTOR activity (38). Recently, Bakula and colleagues
(11) showed that the WIPI protein family members WIPI3 and WIPI4
are essential scaffolders of the LKB1/AMPK/TSC1/2 signaling net-
work thereby regulating autophagy and mTOR signaling. Here, we
extended this knowledge by revealing that FKBP51 recruits LKBI to
the WIPI4-AMPK regulatory platform to induce AMPK phospho-
rylation at T172, which further increases autophagy initiation by
direct phosphorylation of ULK1 at S555 (10). On the other hand,
FKBP51 associates with the TSC2/WTPI3 heterocomplex to coregulate
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mTOR signaling and thus position FKBP51 as a main regulatory switch
between autophagy initiation and mTOR signaling. Our experiments
in vivo and in vitro led us to propose a model in which physiological
levels of FKBP51 are essential for normal cellular autophagy-mediated
homeostasis. Hereby, the absence of FKBP51 reduces autophagy

Hausl et al., Sci. Adv. 8, eabi4797 (2022) 9 March 2022

signaling and capacity in contrast to excessive, nonphysiological levels
of FKBP51, which block autophagy in favor of mTOR signaling. The
relative amounts of FKBP51 complexed with autophagy regulators
within a cell govern the threshold for a transition from cell homeo-
stasis to impaired autophagy in an inversed U-shaped manner.
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FKBP51 has been shown to act tissue-specific to control adipo-
cyte differentiation, browning (19, 57), and glucose metabolism (18).
Most studies investigated global FKBP51 KO mice and observed a
lean phenotype after an HFD regimen. These observations would
imply that hypothalamic FKBP51 OE increases body weight gain,
whereas deletion reduces body weight. We here observed that the
acute FKBP51 manipulation in the MBH acts in an opposing man-
ner with a central deletion leading to obesity and an overexpres-
sion to a lean phenotype, emphasizing its tissue specificity.
These data suggest that hypothalamic FKBP51 regulates body weight
and food intake in a U-shaped manner, which is supported by the
fact that HFD increases FKBP51 expression and that a modest in-
crease of hypothalamic FKBP51 induces body weight gain (30).

Several studies have already addressed the functional role of hy-
pothalamic autophagy in the regulation of whole-body metabolism.
Mice challenged with a chronic HFD showed impaired autophagy
in the arcuate nucleus, and a deletion of ATG7 in the MBH resulted
in hyperphagia and increased body weight (58). The MBH, howev-
er, is a complex brain region with multiple different nuclei, which
have various opposing roles in the control of whole-body metabo-
lism (1, 59). Here, we targeted FKBP51 nonselectively in various
nuclei within the MBH, which is a limitation of the study. However,
it also raises the question, which nuclei or neuronal subpopulations
are the driving force behind our observed phenotypes. Previous studies
have shown that specific deletion of autophagy in POMC neurons
leads to hyperphagia and obesity (12). These findings are in line with
our data of the FKBP51M*" animals, which develop obesity and
hyperphagia on a regular chow diet in combination with decreased
activity of central autophagy. Intriguingly, animals overexpressing
FKBP51 in the MBH have a reduced body weight progression,
increased glucose tolerance, and insulin sensitivity under an HFD
regimen despite the hypothalamic autophagy blockage. The deletion
of autophagy in AgRP neurons resulted in decreased body weight
and food intake in response to fasting (13). The current study, how-
ever, cannot fully address whether the observed effects on obesity
and the sympathetic effect output are purely driven by FKBP51 ma-
nipulation and whether autophagy is required for this effect. Future
studies should emphasize the specific neuronal action of FKBP51 on
autophagy to regulate body weight progression and food intake and
investigate whether a blockade of autophagy can indeed counteract
the effects of FKBP51 overexpression and vice versa.

Last, we suggest that the altered balance between hypothalamic
and peripheral autophagy-mTOR signalir}llg is a major contributor
to the observed phenotype of FKBP51MPH-OF and FKBP51MPHKO
animals. FKBP51MP"XC animals showed decreased autophagy and
increased mTOR signaling in the periphery (eWAT and SM),
whereas peripheral autophagy signaling in FKBP51"*™F animals
displayed the opposite phenotype. The importance of central-
peripheral mTOR and autophagy signaling has already been studied
intensely. For instance, peripheral mTOR activity was shown to be
involved in the pathogenesis of obesity and is enhanced in muscle and
adipose tissue in obese animals (60, 61), whereas the activation of
central mTOR can reduce food intake and body weight gain (62). In
particular, the mTOR substrate p70S6K was shown to regulate body
weight by mediating the sensitivity of leptin to AMPK via PI3K/AKT1/
mTOR pathway (63, 64). Here, we extend this finding by the fact that
the combination of peripheral and central p70S6K activity is an
important contributor to the development of obesity. One has
to keep in mind, although, that FKBP51 is highly dynamically
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regulated by stressful situations and acts in concert with other chap-
erone proteins in a cell type— and tissue-specific manner. This may
also explain apparent minor inconsistencies in our data and warrants
further investigation.

In conclusion, this study provides a conceptual framework for the
regulatory function of the stress-responsive co-chaperone FKBP51
on autophagy signaling and establishes a physiological role of MBH
FKBP51 in the regulation of food intake and body weight regulation.
We further suggest that FKBP51 is a crucial sensor linking signaling
pathways controlling the stress response, autophagy, and metabolism.
The ability of FKBP51 to regulate autophagy and energy homeostasis
might therefore open new promising treatment avenues for meta-
bolic disorders, such as obesity and type 2 diabetes.

MATERIALS AND METHODS

Antibodies

The following antibodies were used: goat polyclonal anti-actin
(I-19) (sc-1616, Santa Cruz Biotechnology), rabbit polyclonal anti-
FKBP51 (A301-430A, Bethyl Laboratories), rabbit monoclonal
anti-FKBP5 (D5G2, #12210, Cell Signaling Technology), rabbit
monoclonal anti-LKB1 (D60C5, #3047, Cell Signaling Technology),
rabbit polyclonal anti-pAMPKa'7? (#2531, Cell Signaling Tech-
nology), rabbit polyclonal anti-pAMPKa (#2532, Cell Signaling
Technology), rabbit polyclonal anti-SKP2 (L70, #4313, Cell Signal-
ing Technology), rabbit anti-pSKP2%" (was a gift from Cell Signal-
ing Technology), rabbit polyclonal anti-AKT (#9272, Cell Signaling
Technology), rabbit monoclonal anti-pAKT®*”® (D9E, #4060, Cell
Signaling Technology), rabbit polyclonal anti-p62 (#5114, Cell Sig-
naling Technology), rabbit monoclonal anti-LC3B (D11, #3868, Cell
Signaling Technology), rabbit polyclonal anti-pULK1%">” (#6888, Cell
Signaling Technology), rabbit monoclonal anti-pULK1***® (D1H4,
#5869, Cell Signaling Technology), rabbit monoclonal anti-ULK1
(D8HS5, #8054, Cell Signaling Technology), anti-pBECN 1573/
(in mouse S91/S94) (#12476, Cell Signaling Technology), rabbit
polyclonal anti-pBECN1°" (#84966, Cell Signaling Technology),
rabbit polyclonal anti-BECNI1 (#3738, Cell Signaling Technology),
rabbit polyclonal anti-TSC2 (#3612, Cell Signaling Technology), rabbit
polyclonal anti-pTSC2%"*% (#5584, Cell Signaling Technology), rabbit
monoclonal anti—pATG16L1S278 (EPR19016, ab195242, Abcam),
rabbit polyclonal anti-WIPI4 (WDR45) (19194-1-AP, Proteintech),
mouse monoclonal anti-WIPI4 (G12, sc-398272, Santa Cruz Bio-
technology), rabbit polyclonal anti-WIPI3 (WDR45L) (SAB2102704,
Sigma-Aldrich), mouse monoclonal anti-WIPI3 (B-7, sc-514194,
Santa Cruz Biotechnology), rabbit polyclonal anti-WIPI2 (#8567, Cell
Signaling Technology), rabbit polyclonal anti-WIPI1 (HPA007493,
Sigma-Aldrich), rabbit polyclonal anti-AMPKal (#2795, Cell
Signaling Technology), rabbit polyclonal anti-AMPKy2 (#2536,
Cell Signaling Technology), rabbit polyclonal anti-AMPKo2 (#2757,
Cell Signaling Technology), rabbit monoclonal anti-AMPKp1
(71C10, #4178, Cell Signaling Technology), rabbit polyclonal anti-
AMPKy1 (#4187, Cell Signaling Technology), rabbit polyclonal
anti-AMPKP2 (#4188, Cell Signaling Technology), rabbit polyclonal
anti-AMPKy3 (#2550, Cell Signaling Technology), rabbit mono-
clonal anti-TSC1 (D43E2, #6935, Cell Signaling Technology), rabbit
polyclonal anti-Flag (600-401-383, Rockland Inc.), rabbit polyclonal
anti-hypusine (ABS1046, Merck Millipore), rabbit monoclonal
anti-eIF5A (D8L8Q, #20765, Cell Signaling Technology), and rabbit
polyclonal anti-TFEB (ab245350, Abcam).
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Animals and animal housing

All experiments and protocols were approved by the committee for
the Care and Use of Laboratory Animals of the Government of Up-
per Bavaria and were performed in accordance with the European
Communities’ Council Directive 2010/63/EU. All animals were kept
singly housed in individually ventilated cages (IVCs) (30 cm by
16 cm by 16 cm; 501 cm?) with ad libitum access to water and food
and constant environmental conditions (12-hour light/12-hour dark
cycle, 23° + 2°C, and humidity of 55%) during all times. All IVCs
had sufficient bedding and nesting material as well as a wooden
tunnel for environmental enrichment. All animals were fed with
a standard research chow diet (Altromin 1318, Altromin GmbH,
Germany) or an HFD (58% kcal from fat; D12331, Research Diets,
New Brunswick, NJ, USA). For all experiments, male C57BL/6N
or male Fkb‘1751°’(/1°X mice [described in (65)] aged between 2 and
5 months were used.

Viral overexpression and knockdown of FKBP51

For overexpression of FKBP51, we injected an AAV vector containing
a CAG-HA-tagged FKBP51-WPRE-BGH-polyA expression cassette
(containing the coding sequence of human FKBP51 National Center
for Biotechnology Information CCDS ID CCDS4808.1) in C57BL/6N
mice. The same vector construct without expression of FKBP51
(CAG-Null/Empty-WPRE-BGH-polyA) was used as a control. Virus
production, amplification, and purification were performed by
GeneDetect. A viral vector containing a Cre-expressing cassette
(pPAAV-CMV-HI-eGFP-Cre-WPRE-SV40, #105545, Addgene) was
used to induce FKBP51 deletion in FKBP51'°!°* mjce. Control
animals were injected with a control virus (pAAV-CMV-PI-eGFP-
WPRE-bGH, #105530, Addgene). For both experiments, stereotactic
injections were performed as described previously (66). Briefly, mice
were anesthetized with isoflurane prior surgery, and 0.2 pl of the
abovementioned viruses (titers: 1.6 x 10'271 genomic particles/ml)
was bilaterally injected in the MBH at 0.05 ul/min by glass capillaries
with a tip resistance of 2 to 4 megohm in a stereotactic apparatus.
The following coordinates were used: —1.5 mm anterior to bregma,
0.4 mm lateral from midline, and 5.6 mm below the surface of the
skull, targeting the MBH. After surgery, mice were treated for 3 days
with Metacam via intraperitoneal injections and were housed for 3
to 4 weeks for total recovery before the actual experiments. Successful
overexpression and KD of FKBP51 were verified by Western blot.

Autophagic flux

We investigated the autophagic flux by the injection of chloroquine
(50 mg/kg), an inhibitor of lysosomal acidification and autophagosome-
lysosomal fusion that blocks degradation of autophagosome cargo
(35). We injected C57BL/6N mice in the morning with chloroquine
(50 mg/kg) or saline as control. Multiple tissues were removed and
shock-frozen 4 hours after injection and stored at —80°C until protein
analysis of LC3B-1I normalized to glyceraldehyde-3-phosphate dehy-
drogenase or actin. Lipidation of LC3B in protein homogenates ob-
tained from animals treated with chloroquine (fusion block) was
compared to LC3B lipidation of animals treated with vehicle.

Sample collection

On the day of euthanization, animals were deeply anesthetized with
isoflurane and euthanized by decapitation. Trunk blood was collected
in labeled 1.5-ml EDTA-coated microcentrifuge tubes (Sarstedt) and
kept on ice until centrifugation. After centrifugation (4°C, 8000 rpm
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for 1 min), the plasma was removed and transferred to new, labeled
tubes and stored at —20°C until hormone quantification. For pro-
tein analysis, the MBH, skeletal muscle (SM), and WAT (eWAT)
were collected and immediately shock-frozen and stored at —80°C
until protein analysis.

cTR determination
Catecholamine turnover was measured on the basis of the decline in
tissue NE content after the inhibition of catecholamine biosynthesis
with a-methyl-pL-tyrosine (o-MPT) (200 mg/kg i.p. injection;
Sigma-Aldrich, ST, Quentin, France), as described previously (44).

In the morning, bedding was changed, and C57BL/6N mice were
food-deprived for 3 hours to insure postprandial state and injected
with o-methyl-pr-tyrosine (0-MPT; a tyrosine hydroxylase inhibitor)
to block catecholamine synthesis. Before (time = 0) and 3 hours
after the injection (time = 3 hours), animals were euthanized, and the
tissues were removed, flash-frozen in liquid nitrogen, and stored
at —80°C for monoamine and metabolite analysis.

Catecholamine content at time = 0 [NE (0)] was determined on
a group of animals receiving a saline injection. Because the concen-
tration of catecholamine in tissues declined exponentially, we could
obtain the rate constant of NE efflux (expressed in h — 1). Compre-
hensive analysis of NE was carried out by reverse-phase liquid chro-
matography (LC) with electrochemical detection as described in
(67). The values obtained were expressed as nanogram per milli-
gram wet tissue and were logarithmically transformed for calcula-
tion of linearity of regression, SE of the regression coefficients, and
significance of differences between regression coefficients.

Glucose tolerance and insulin tolerance

Alteration of glucose metabolism in FKBP51MH-OF and FKBP51MPHKO
mice was investigated by a glucose (glucose tolerance test) and
insulin tolerance (insulin tolerance test) test as described previ-
ously (18).

Hormone assessment

Corticosterone concentrations were determined by radioimmuno-
assay using a corticosterone double antibody '#°I radioimmunoassay
kit (sensitivity: 12.5 ng/ml; MP Biomedicals Inc.) and were used
following the manufacturers’ instructions. Radioactivity of the pellet
was measured with a gamma counter (Packard Cobra II Auto Gamma,
PerkinElmer). Final corticosterone levels were derived from the
standard curve.

Cell lines and transfection

N2a WT, N2a FKBP51 KO, SH-SY5Y WT, and FKBP51 KO (68) cells
were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 1x penicillin-streptomycin
antibiotics at 37°C in a humidified atmosphere with 5% CO2. At
90% confluency, N2a cells were detached from the plate, and 2 x 10° cells
were resuspended in 100 pl of transfection buffer [50 nM Hepes
(pH 7.3), 90 mM NaCl, 5 mM KCl, and 0.15 mM CaCl2]. A total
of 2.5 ug of plasmid DNA or 80 ng of siRNA (siWIPI3, EMU081491
or siWIPI4, EMU007321 or siControl, and SIC001, all Sigma-Aldrich)
was used per transfection. Electroporation was performed using
the Amaxa Nucleofector System 2b (program T-020). For OE experi-
ments, N2a cells were transfected with FKBP51-Flag expression
or TFEB-GFP reporter plasmid using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
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Generation of FKBP51 KO N2a cells

N2a (Sigma-Aldrich) FKBP51 KO cell line was generated with the
Alt-R CRISPR-Cas9 System from Integrated DNA Technologies (IDT)
according to the manufacturer’s instructions. Briefly, RNA oligos
[Alt-R CRISPR-Cas9 crispr RNA (crRNA) against murine FKBP51
and Alt-R CRISPR-Cas9 trans-activating crRNA (tracrRNA)] were
mixed in nuclease-free duplex buffer (IDT) in equimolar concen-
trations yielding a final duplex of 1 pM and then heated at 95°C for
5 min and combined with 1 uM Alt-R S.p. HiFi Cas9 Nuclease V3
diluted in Opti-MEM (Thermo Fisher Scientific). Ribonucleoprotein
(RNP) complexes were assembled at room temperature (RT) for 5 min
and mixed with Lipofectamine RNAiMAX reagent (Thermo Fisher
Scientific) and Opti-MEM (Thermo Fisher Scientific) and incubated
for 20 min at RT to form transfection complexes. Subsequently,
40,000 N2a cells per well were reverse-transfected using complete
culture media without antibiotics in a 96-well tissue culture plate with
a final RNP concentration of 10 nM. After 48 hours (37°C, 5% CO2),
single-cell clones were obtained by array dilution method, expanded,
and analyzed by Western blotting. FKBP51 WT control cells were
identified by immunoblotting after single-cell cloning procedures
and, therefore, underwent the same transfection and isolation pro-
cedure as the FKBP51 KO cells. Predesigned Alt-R CIRSPR Cas9
guide RNAs (IDT) were used for KO generation (protospacer
adjacent motif sequence in italics). Mm.Cas9.FKBP5.1.AA: CGATC-
CCAATCGGAATGTCGTGG.

Treatment of N2a cells

Treatments of N2a cell cultures included glutocorticoid receptor (GR)
stimulation with dexamethasone (Sigma-Aldrich) ranging from 1 to
100 nM for 24 hours, HBSS (Thermo Fisher Scientific)-induced
starvation for 4 hours, and inhibition of autophagosome-lysosome
fusion by BafA1 (100 nM, 4 hours; Alfa Aesar).

Co-immunoprecipitation

IPs of endogenous proteins were performed from protein extracts
(n = 3 to 4 per group) derived from N2a cells, SH-SY5Y WT or
FKBP51 KO cells, SM, eWAT, and MBH. For co-IPs, 500 ug of
lysate was incubated with 2 pg of the appropriate IP antibody [anti-
Flag (FKBP51), anti-FKBP51, anti-WIPI4, and anti-WIPI3] at
4°C overnight. A total of 20 pl of rabbit immunoglobulin G-conjugated
protein G Dynabeads (Invitrogen, 100-03D) were blocked with bo-
vine serum albumin and subsequently added to the lysate-antibody
mixture and allowed to incubate at 4°C for 3 hours to mediate bind-
ing between Dynabeads and the antibody-antigen complex of interest.
Beads were then washed three times with ice-cold phosphate-buffered
saline, and the protein antibody complexes were eluted with 60 ul of
Laemmli loading buffer. Thereafter, the eluate was boiled for 5 min
at 95°C. Then, 2 to 5 pl of each immunoprecipitate were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred onto nitrocellulose membranes. For assessing protein
complexes, immunoblotting against WIPI1-WIPI4, FKBP51, LKBI1,
AMPK, TSC1, and TSC2 was performed.

Western blot analysis

Protein extracts were obtained by lysing cells [in radioimmunopre-
cipitation assay buffer (150 mM NaCl, 1% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, and 50 mM tris (pH 8.0)] freshly
supplemented with protease inhibitor (Merck Millipore, Darmstadt,
Germany), benzonase (Merck Millipore), 5 mM dithiothreitol
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(Sigma-Aldrich, Munich, Germany), and phosphatase inhibitor
cocktail (Roche, Penzberg, Germany). Proteins were separated by
SDS- PAGE and electro-transferred onto nitrocellulose membranes.
Blots were placed in tris-buffered saline supplemented with 0.05%
Tween (Sigma-Aldrich) and 5% nonfat milk for 1 hour at RT and
then incubated with primary antibody (diluted in tris-buffered
saline/0.05% Tween) overnight at 4°C.

Subsequently, blots were washed and probed with the respective
horseradish peroxidase or fluorophore-conjugated secondary anti-
body for 1 hour at RT. The immunoreactive bands were visualized
either using an enhanced chemiluminesence detection reagent
(Millipore, Billerica, MA, USA) or directly by excitation of the
respective fluorophore. Determination of the band intensities was
performed with Bio-Rad, ChemiDoc MP.

LC-MS analysis of amine-containing metabolites
The benzoyl chloride derivatization method was used for amino
acid analysis (69). Briefly, the dried metabolite pellets were resus-
pended in 90 ul of the LC-MS grade water (Milli-Q 7000 equipped
with an LC-Pak and a Millipak filter, Millipore). Then, 20 pl of the
resuspended sample was mixed with 10 pl of 100 mM sodium
carbonate (Sigma-Aldrich), followed by the addition of 10 pl of
2% benzoyl chloride (Sigma-Aldrich) in acetonitrile (Optima-Grade,
Fisher Scientific). Samples were vortexed before centrifugation for
10 min at 21,300g at 20°C. Clear supernatants were diluted 1:10
with LC-MS grade water and transferred to fresh autosampler tubes
with conical glass inserts (Chromatographie Zubehoer Trott) and
analyzed using a Vanquish UHPLC (Thermo Fisher Scientific) con-
nected to a Q-Exactive HF (Thermo Fisher Scientific).

For the analysis, 1 ul of the derivatized sample were injected onto
a 100 x 2.1 mm HSS T3 UPLC column (Waters). The flow rate was
set to 400 pl/min using a buffer system consisting of buffer A [10 mM
ammonium formate (Sigma-Aldrich) and 0.15% formic acid (Sigma-
Aldrich) in LC-MS grade water] and buffer B (acetonitrile, Optima-
grade, Fisher Scientific). The LC gradient was 0% buffer B at 0 min,
0 to 15% buffer B at 0 to 0.1 min, 15 to 17% buffer B at 0.1 to 0.5 min,
17 to 55% buffer B at 0.5 to 7 min, 55 to 70% buffer B at 7 to 7.5 min, 70 to
100% buffer B at 7.5 to 9 min, 100% buffer B at 9 to 10 min, 100 to
0% buffer B at 10 to 10.1 min, and 0% buffer B at 10.1 to 15 min. The
mass spectrometer was operating in positive-ionization mode moni-
toring the mass range, mass/charge ratio of 50 to 750. The heated elec-
trospray ionization (ESI) source settings of the mass spectrometer
were as follows: spray voltage of 3.5 kV, capillary temperature of 250°C,
sheath gas flow of 60 arbitrary units (AU), and auxiliary gas flow of
20 AU at a temperature of 250°C. The S-lens was set to a value of 60 AU.

Data analysis was performed using the TraceFinder software (ver-
sion 4.2, Thermo Fisher Scientific). Identity of each compound was
validated by authentic reference compounds, which were analyzed
independently. Peak areas were analyzed using extracted ion chromato-
gram (XIC) of compound-specific [M + nBz + H]", where n corre-
sponds to the number of amine moieties, which can be derivatized with
abenzoyl chloride (Bz). XIC peaks were extracted with a mass accuracy
(<5 parts per million) and a retention time tolerance of 0.2 min.

Anion-exchange chromatography MS of the analysis
of tricarboxylic acid cycle and glycolysis metabolites
Anion-exchange chromatography was performed simultaneously
to the LC-MS analysis. First, 50 ul of the resuspended sample was
diluted 1:5 with LC-MS grade water and analyzed using a Dionex

13of 16

2202 ‘€2 Yoe |l Uo B10°30Us 105 MMM /SNy WOJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

ion chromatography system (ICS-5000, Thermo Fisher Scientific).
The applied protocol was adopted from (70). Briefly, 10 ul of polar
metabolite extract was injected in full-loop mode using an overfill
factor of 3, onto a Dionex IonPac AS11-HC column (2 mm by 250 mm,
4-um particle size, Thermo Fisher Scientific) equipped with a
Dionex IonPac AS11-HC guard column (2 mm by 50 mm, 4 um,
Thermo Fisher Scientific). The column temperature was held at
30°C, while the autosampler was set to 6°C. A potassium hydroxide
gradient was generated by the eluent generator using a potassium
hydroxide cartridge that was supplied with deionized water. The
metabolite separation was carried at a flow rate of 380 ul/min, ap-
plying the following gradient: 0 to 5 min, 10 to 25 mM KOH; 5 to
21 min, 25 to 35 mM KOH; 21 to 25 min, 35 to 100 mM KOH, 25 to
28 min, 100 mM KOH; and 28 to 32 min, 100 to 10 mM KOH. The
column was re-equilibrated at 10 mM for 6 min. The eluting metab-
olites were detected in negative ion mode using ESI MRM (multire-
action monitoring) on a Xevo TQ (Waters) triple quadrupole mass
spectrometer applying the following settings: capillary voltage of
1.5 kV, desolvation temperature of 550°C, desolvation gas flow of
800 liters/hour, and collision cell gas flow of 0.15 ml/min. All peaks
were validated using two MRM transitions, one for quantification
of the compound, while the second ion was used for qualification of
the identity of the compound. Data analysis and peak integration
were performed using the TargetLynx Software (Waters).

Analysis of nuclear translocation of TFEB

Images for assessment of nuclear translocation of TFEB-GFP in
paraformaldehyde-fixed N2a cells were acquired using the VisiScope
CSU-W1 spinning disk confocal microscope and the VisiView Software
(Visitron Systems GmbH). Settings for laser and detector were
maintained constant for the acquisition of each image. For analysis,
at least three images were acquired using the 20x objective. For
quantification of nuclear TFEB- GFP translocation, GFP intensity
was determined in ImageJ by manually drawing a border around
randomly selected, 4’,6-diamidino-2-phenylindole-positive nuclei
of N2a cells with a GFP signal.

Statistical analysis

The data presented are shown as means + SEM, and samples sizes
are indicated in the figure legends. All data were analyzed by the
commercially available software SPSS v17.0 and GraphPad v8.0.
The unpaired Student’s ¢ test was used when two groups were com-
pared. For four-group comparisons, two-way analysis of variance
(ANOVA) was performed, followed by Tukey’s or Dunnett’s multiple
comparisons test, as appropriate. P values of less than 0.05 were
considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi4797

View/request a protocol for this paper from Bio-protocol.
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Supplementary figure 1: FKBP51 deletion alters AMPK and mTOR-associated amino acid

metabolic and biosynthetic pathways.
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Fig. S1: FKBP51 deletion alters AMPK and mTOR-associated amino acid metabolic and
biosynthetic pathways. A) Heatmap of altered amine-containing (Bz) metabolites in SH-SY5Y
cells lacking FKBP51 and WT control cells cultured under normal glucose condition (1x, 4.5 g/l)
and (B) increased glucose condition (2x, 9 g/1). (C) Heatmaps of altered anionic (IC) metabolites
in SH-SYSY cells lacking FKBP51 compared to WT control cells under normal and (D) increased
glucose culturing conditions. The fractional differences of each replicate are shown for all
metabolites comparing the genotype and the different glucose conditions. (E) Analysis and
regulation of significantly altered pathways of FKBP51 KO and WT cells under excessive glucose
conditions. The f(x)-axis shows the (median) log2 fold change (FC) of all significantly altered
metabolites of the indicated pathway and the false discovery rate (FDR, equals the —log10 adjusted
p-value) is shown on the x-axis. The size of the circles represents the amount of significantly
changed metabolites in comparison to all metabolites of a particular pathway. (F) Analysis of the
metabolic flux in FKBP51 KO cells compared to WT cells using C13 glucose as tracer. The

enrichment of C13 is displayed for each metabolite investigated.



Fig. S2: FKBP51 deletion alters AMPK and mTOR-associated amino acid metabolic and
biosynthetic pathways in murine neuroblastoma cells.
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Fig. S2: FKBPS51 deletion alters AMPK and mTOR- associated amino acid metabolic and
biosynthetic pathways in murine neuroblastoma cells. (A, B) Validation of FKPBS5I
responsiveness in WT N2a cells to dexamethasone stimulation. (C) Titration of FKBP51-FLAG
expression construct in FKBP51 WT and KO N2a cells (n=3). (D) FKBP51 deletion and
overexpression (OE) in N2a cells alters metabolites of the polyamine pathway and levels of amino
acids associated with mTOR signaling. (E) AMP/ATP ratio in N2a and SH-SY5Y FKBP51 KO
cells under increased glucose conditions. All data are shown as relative fold change compared to
control condition; + s.e.m.; One-way ANOVA followed by Dunnett’s multiple comparison test for
A, the paired student’s t-test was performed in D and E. * p < 0.05, **p < 0.01, ***p < (0.001;
Abbreviations: AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; arg,
arginine; ATP, adenosine triphosphate; dex, dexamethasone; dcSAM, decarboxylated S-
adenosylmethione; glc, glucose; gln, glutamine; gly, glycine; ile, isoleucine; leu, leucine; LKB1,
liver kinase B 1; met, methionine; MTA, 5’-methylthioadenosine; mTORCI1, mechanistic target
of rapamycin complex 1; NAput, N-acetylputrescine; NAspd, N-acetylspermidine; NAspm, N-
acetylspermine; orn, ornithine pro; proline; put, putrescine; SAM, S-adenosylmethionine; ser,
serine; spd, spermidine; spm, spermine; TFEB, transcription factor EB; TSC2, tuberous sclerosis

complex 2; val, valine; veh, vehicle.



Fig. S3: In-vitro manipulation of FKBPS51 and its effects on autophagy signaling.
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Fig. S3: In-vitro manipulation of FKBP51 and its effects on autophagy signaling. Wildtype
(WT) or FKBP51 knockout (FKBP51 KO) cells were starved in HBSS medium for 4 h to induce
autophagy. The levels of autophagy markers were determined by immunoblotting. (A)
Quantification of LKB1, (B) pSKP2 (S72), and (C) pAKT (S473). (D) Validation of FKBP51
overexpression (FKBP51 OE) in mouse neuroblastoma cells. (E) FKBP51 OE in N2a cells
enhanced phosphorylation of autophagy markers regulating autophagy initiation. (F)
Quantification of pAKT (S473) and pSKP2 (S72). (G) Phosphorylation of ATGL16L1 at S278.

(H) LC3B-II accumulation in FKBP51 KO+OE N2a cells in response to starvation and in the



presence or absence of BafA1 to assess autophagy flux (I). Representative blots of autophagy flux
assay. All data are shown as relative fold change compared to control condition; & s.e.m.; a two-
way ANOVA was performed in (A-C) and followed by a Tukey’s multiple comparison test. One-
way ANOVA followed by a Dunnett’s multiple comparison test was performed for (I). The
unpaired student’s t-test was performed in (D-L). *p < 0.05, **p <0.01, ***p <0.001; # p <0.05,

## p < 0.01. * = significant genotype effect; # = significant treatment effect.



Fig. S4: FKBPS51 does not alter hypusination of elF5A.
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Fig. S4: FKBP51 does not alter hypusination of elF5SA.
(A) Hypusination of elF5A is not affected by FKBP51 KO or expression level in N2a cells.

(B) Representative blots of hypusinated elF5A, total elF5A, GAPDH and FKBP51.



Fig. S5: In-vitro manipulation of FKBP51 and its effects on autophagy signaling.

A
WIPI4-IP
kDa - + WIPI4-AB
40
35— —
—
WIPI4
25 4
20—
B c
2.0 LS %ZJJ
ot
5 1.5 % 81.5
3 2o
<+ 1.0 2 010
3 5
2 s o xos
X =
i %1
0.0 200

FKBP51-IP

kDa - +

35

40
35

25—

20 -—

7
5

WIPI4

AMPKa

FKBP51

.
"1 -

o
n
o

m

n

LKB1/ STK11
protein level
5

o
o
pAMPK protein level

FKBP51-AB

WCE

kDa

50—|§| FKBP51

WIPI4

2.0 LN
1.5

104 %

=4
0.5
0.0

D siCTRL

siwIP14

WIPI3 level
e e = = [nd
o Y o o o
) H

Fig. S5: FKBPS51 associates with AMPK, TSC2, and WIPI3 & 4 to regulate autophagy and
mTOR signaling. (A) Endogenously expressed FKBP51 associates with WIPI4, LKB1, WIPI3
and AMPKa in WT N2a cells. (B) Confirmation of WIPI4 KD in N2a cells. (C) FKBP51 binding
to AMPKal in WIPI4 KD cells. (D) LKB1 binding to FKBP51 was not affected in WIPI4-KD
cells. (E) WIPI4 KD blocked the FKBP51 overexpressing (510E) effect on pAMPK at T172 (F)
WIPI3 KD in N2a cells. All data are shown as relative fold change compared to control condition

and were analyzed with an unpaired t-test.; = SEM; * p <0.05, **p < 0.01, ***p < 0.001.



Fig. S6: FKBP51 overexpression in the MBH affects sympathetic outflow to muscle and fat

tissue.
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Fig. S6: FKBPS51 overexpression in the MBH affects sympathetic outflow to muscle and fat

tissue. (A) LC3B-II levels before and after chloroquine treatment (50 mg/kg) in eWAT and (B)

soleus muscle under chow and HFD conditions (C) 10 weeks of HFD increased the accumulation

of the autophagy receptor p62 in SM, but not in eWAT. (D) FKBP51 expression in soleus muscle

(SM) and epididymal white adipose tissue (eWAT) after 10 weeks of HFD. (E) Overexpression of

FKBP51 in a second cohort of C57/Bl16 animals resulted in a lean body weight phenotype after 10

weeks of HFD. (F-H) Differences in glucose metabolism were investigated by performing a



glucose tolerance test (GTT) and an insulin tolerance test (ITT) under chow and HFD conditions.
For (A, B) a two-way ANOVA was performed followed by a Tukey’s multiple comparisons test
and data are shown as relative fold change compared to control condition. For (C - H) an unpaired
student’s t-test was performed. = SEM; * p < 0.05, **p < 0.01, ***p <0.001; +p <0.05, ++p <

0.01. * = significant treatment effect; + = significant treatment x diet interaction.



Fig. S7: FKBPS51 regulates autophagy signaling in the MBH.
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Fig. S7: FKBP51 regulates autophagy signaling in the MBH. Pathway analysis of main

autophagy and mTOR regulators

in the mediobasal hypothalamus (MBH). FKBPS5I

overexpression is depicted in blue and FKBP51 deletion is depicted in green. (A) Quantification

of LKB1 and AMPK binding to WIPI4. (B) Phosphorylation of ULK1 at S555, (C) pBECNI1 at

S14, (D) pTSC2 at S1387. (E) Quantification of TSC2 binding to WIPI3. (F) Phosphorylation of

AKT at S473, and (G) ULK1 at S757. (H) Quantification of pp70S6K while titrating AAV-HA-




FKBP51 virus into N2a cells. All data are shown as relative fold change compared to control

condition and were analyzed with an unpaired t-test.; = SEM; * p <0.05, **p <0.01, ***p <0.001.



Fig. S8: Effects of hypothalamic FKBPS51 overexpression on peripheral autophagy
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Fig. S8: Effects of hypothalamic FKBPS1 overexpression on peripheral autophagy signaling.

(A-D) Representative decrease in tissue NE content after MPT injection (left panel) and turnover

rate (right panel) were determined on inguinal WAT and brown adipose tissue (BAT), pancreas,

and heart. (E-V) Pathway analysis of main autophagy and mTOR marker in the soleus muscle

(SM) and epididymal white adipose tissue (eWAT). FKBP51 overexpression is depicted in blue

and FKBP51 deletion is depicted in green. (E) Quantification of FKBP51 protein level. (F)



Quantification of AMPK and (G) LKB1 binding to WIPI4. (H) Phosphorylation of ULK1 at S555,
(I) pPBECNI1 at S14, (J) TSC2 at S1387. (K) Quantification of TSC2 binding to WIPI3. (L)
Phosphorylation of ULK1 at S757, and (M) AKT1 at S473. (N) FKBP51 level in SM and eWAT
of FKBPSIMBHKO mijce. (0) Quantification of AMPK and (P) LKB1 binding to WIPI4. (Q)
Phosphorylation of ULK1 at S555, (R) pBECNI at S14, (S) TSC2 at S1387. (T) Quantification of
TSC2 binding to WIPI3. (U) Phosphorylation of ULK1 at S757, and (V) AKT1 at S473. All data
are shown as relative fold change compared to control condition and were analyzed with an

unpaired t-test.; £ SEM; * p <0.05, **p <0.01, ***p <0.001.

Fig. S9: AMPK and mTOR signaling was not affected in in liver tissue of FKBP51MBH-KO

mice.
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Fig. S9: AMPK and mTOR signaling was not affected in liver tissue of FKBP51MBH-KO pjce,
(A) Representative blots and quantification of AMPK phosphorylation at T172 and (B) p70S6K
in liver tissue of FKBP51MBH-KO mice (n=8 for WT, n= 11 for KO). All data are shown as relative

fold change compared to control condition and were analyzed with an unpaired t-test.; + SEM; *

p <0.05, **p < 0.01, ***p < 0.001.



Fig. S10:

Fig. S10: The stress-responsive FKBP51 controls body weight gain by regulating the balance
between autophagy and mTOR signaling. We identified FKBP51 as a central nexus for the
recruitment of the LKB1/AMPK complex to WIPI4 and TSC2 to WIPI3, thereby regulating the
balance between autophagy and mTOR signaling in response to metabolic challenges. MBH

FKBP51 dose-dependently regulates autophagy both in the brain as well as in peripheral metabolic

tissues.
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Abstract

Objective: Steroidogenic factor 1 (SF1) expressing neurons in the ventromedial hypothalamus
(VMH) have been directly implicated in whole-body metabolism and in the onset of obesity.
The co-chaperone FKBP51 is abundantly expressed in the VMH and was recently linked to
type 2 diabetes, insulin resistance, adipogenesis, browning of white adipose tissue (WAT) and

bodyweight regulation.

Methods: We investigated the role of FKBP51 in the VMH by conditional deletion and virus-
mediated overexpression of FKBP51 in SF1-positive neurons. Baseline and high fat diet (HFD)-

induced metabolic- and stress-related phenotypes in male and female mice were obtained.

Results: In contrast to previously reported robust phenotypes of FKBP51 manipulation in the
entire mediobasal hypothalamus (MBH), selective deletion or overexpression of FKBP51 in
the VMH resulted in only a moderate alteration of HFD-induced bodyweight gain and body

composition, independent of sex.

Conclusions: Overall, this study shows that animals lacking and overexpressing Fkbp5in Sf7-
expressing cells within the VMH display only a mild metabolic phenotype compared to an
MBH-wide manipulation of this gene, suggesting that FKBP51 in SF1 neurons within this

hypothalamic nucleus plays a subsidiary role in controlling whole-body metabolism.
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1. Introduction

Since the ventromedial hypothalamus (VMH) was first described as a site for body weight
regulation and food intake in 1942 by Hetherington and Ranson (Hetherington and Ranson,
1942) it has been convincingly demonstrated that this mediobasal hypothalamic (MBH)
nucleus directly steers food intake, whole-body metabolism, and energy homeostasis (Choi
et al., 2013; King, 2006). Hetherington's and other early VMH lesion studies concurringly
observed hyperphagia, insulin resistance, and dramatic body weight gain following the loss of
VMH function (Anand and Brobeck, 1951; Brobeck, 1946; Kennedy, 1950).

The heterogenous cytoarchitecture of the VMH is comprised of various cell types with
different gene expression patterns (McClellan et al., 2006). Intriguingly, the ubiquitously
expressed Nr5a7 gene, encoding steroidogenic factor 1 (SF1), is specifically and exclusively
expressed within the VMH in the brain. Here, it acts as a transcription factor, which expression
is essential for both VMH development and function (Kurrasch et al., 2007; Parker et al., 2002;
Segal et al., 2005). Studies using postnatal VMH-specific SF1 knockout (KO) mice mirrored the
metabolic phenotype of VMH lesion in rats, highlighting the cruciality of SF1 in the VMH for
healthy energy homeostasis; together with its role as a primary satiety center (Dhillon et al,,
2006; Kim et al,, 2011). Chemo- and optogenetic techniques, allowing for spatiotemporal
neuronal manipulation, revealed that inactivation of Sf7-expressing neurons increased
feeding behavior, reduced energy expenditure and thermogenesis, and blocked recovery
from insulin-induced hypoglycemia via a plethora of different hormone receptors, including
leptin- (LepR) and insulin receptor (IR), nutrient sensors and sympathetic nervous system
(SNS) activation (Fosch et al., 2021). A recent study by Coupé et al. further demonstrated the
importance of autophagy signaling within the VMH in response to fasting: mice lacking the
autophagy-related gene 7 (Atg/) within the VMH displayed altered leptin sensitivity and
disrupted energy expenditure in response to fasting. Additionally, from a cellular metabolism
perspective, they had impaired mitochondrial morphology and activity (Coupé et al., 2021).
In the periphery, SF1 is expressed in steroidogenic tissue of the adrenal cortex, in
gonadotrope cells of the anterior pituitary, and gonads with differential roles during
development. A global SF1 KO was shown to be lethal, with animals exhibiting a complex
endocrine phenotype including gonadal and adrenal agenesis, impaired expression of
pituitary gonadotropes and ablation of the VMH. Altogether, indicating that SF1 acts at

multiple levels of this hypothalamic-pituitary-steroidogenic organ axis to regulate
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steroidogenesis, reproduction and energy homeostasis (Hoivik et al., 2010; Majdic et al., 2002;
Sadovsky et al.,, 1995; Zhao et al., 2004).

Another gene expressed at described sites along this axis, including the VMH, adrenal and
pituitary is the FKBP506 binding protein 51 (FKBP51), encoded by the Fkbp5 gene (Balsevich
et al,, 2014; Brix et al,, 2022; Jenkins et al., 2013; Scharf et al,, 2011). This protein belongs to
the superfamily of immunophilins, and as a co-chaperone of heat-shock protein 90 (Hsp90)
it regulates the responsiveness of steroid hormone receptors (Sinars et al., 2003). Several
studies identified FKBP51 as a strong inhibitor of glucocorticoid receptor (GR) function by
reducing glucocorticoid (GC) binding, delaying nuclear translocation and decreasing GR-
dependent transcriptional activity, thereby shaping (GR)-mediated negative feedback of the
hormonal stress response system, the hypothalamic-pituitary-adrenal (HPA) axis (De Kloet et
al., 2005; Denny et al,, 2000; Scammell et al., 2001; Westberry et al., 2006; Wochnik et al,
2005). The first cell type-specific murine KO studies recently published by our lab found that
FKBP51 in the paraventricular nucleus (PVN) of the hypothalamus and in corticotrope
proopiomelanocortin (POMC) cells of the anterior pituitary shape negative feedback and
(re)activity of the HPA axis (Brix et al., 2022; Hausl et al., 2021).

Besides its function along the HPA axis in humans and rodents, FKBP51 is abundantly
expressed in metabolically relevant tissues in the periphery, such as adipocytes and skeletal
muscle (Balsevich et al,, 2017; Baughman et al., 1997; Pereira et al., 2014; Sidibeh et al., 2018)
and brain regions, like the arcuate nucleus (ARC) and VMH, both well-established as neuronal
hubs controlling energy balance (Balsevich et al., 2014; Gautron et al., 2015; Scharf et al,,
2011). Today, there is an increasing body of research providing evidence on the role of
FKBP51 in type 2 diabetes, insulin resistance, adipogenesis, browning of white adipose tissue
(WAT), and bodyweight regulation (Hausl et al., 2019; Smedlund et al., 2021). We and other
colleagues showed that FKBPS51-null mice are resistant to diet-induced obesity and
demonstrate improved glucose tolerance and increased insulin-signaling in skeletal muscle.
Furthermore, chronic treatment with a highly selective FKBP51 antagonist, SAFit2,
recapitulates the effects of FKBP51 deletion on both body weight regulation and glucose
tolerance (Balsevich et al.,, 2017; Hartmann et al., 2012; Stechschulte et al,, 2016). The
investigation of central Fkbp5 mMRNA expression in response to a metabolic challenge, either
a high-fat diet (HFD) or fasting, revealed that hypothalamic Fkbp5 in the VMH, PVN, and

arcuate nucleus (ARC) is increased following a metabolic stressor (Balsevich et al,, 2014;
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Scharfetal, 2011; Yang et al., 2012). Based on the molecular interplay of FKBP51 with cellular
autophagy (Gassen et al.,, 2015, 2014; Hausl et al., 2019), our lab recently uncovered that
FKBP51 in the rodent MBH represents a novel regulatory link between central and peripheral
autophagy signaling and the /n vivo whole-body response to an obesogenic challenge, and
that KO of Fkbp5 in the MBH results in opposite metabolic phenotypes to those observed in
FKBP51-null mice (Hausl et al., 2022).

Overall, there is strong evidence that central and peripheral FKBP51 is a molecular player in
human and rodent metabolism, with a powerful role in MBH-mediated control of autophagy
signaling. Thus, strategies aimed at manipulating FKBP51 could provide a new therapy
approach to treat metabolic disorders such as obesity and type 2 diabetes. However, the
MBH-specific FKBP51 manipulation study by Hausl and colleagues (Hausl et al., 2022) once
again exhibited the highly tissue-specific manner this protein acts in, together with its dynamic
regulation by the environment. To address the lack of central cell type-specific studies on the
role of FKBP51 on whole-body metabolism, we here investigated baseline and HFD-induced
metabolic- and stress-related phenotypes in male and female mice with a conditional KO of
Fkbp5in all Sf1-expressing cells (SF77%>7), mainly involving the VMH, adrenals, and pituitary
(Balsevich et al., 2014; Jenkins et al., 2013; Scharf et al,, 2011). To narrow down metabolic
effects observed in Sf77%7>” mice to the VMH, we virally overexpressed Fkbp5 exclusively in
Sfl-expressing (57793 9 cells within this nucleus. Overall, our results show that while a KO
and OE of Fkbp5 in the VMH induced a slightly increased HFD-induced BW gain and
decreased adrenal weights in S77%%7*” and Sf7%%5 9 males and females, this nucleus does
not account for the robust metabolic alterations observed following whole MBH FKBP51

manipulations.
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2. Materials and Methods

2.1 Animals and animal housing

All experiments and protocols were performed in accordance with the European
Communities' Council Directive 2010/63/EU and were approved by the committee for the
Care and Use of Laboratory animals of the Government of Upper Bavaria. All effort was made
to minimize any suffering of the animals throughout the experiments. The mouse lines
Fkbp 5277 SF17%9757 and Sf7-Crewere obtained from the in-house breeding facility of the Max
Planck Institute of Psychiatry and are all bred on C57/BL6N background. All animals were
between 12 - 20 months old at the onset of the experiments. Male Sf7%%75” animals were
kept single housed and female mice were group housed throughout the experiments, unless
indicated otherwise. All animals were held in individually ventilated cages (IVC; 30cm x 16 cm
x 16 cm; 501 ¢cm?) serviced by a central airflow system (Tecniplast, IVC Green Line - GM500).
Animals had ad /ibitum access to water (tap water) and food (see 2.3) and were maintained
under constant environmental conditions (12:12 hr light/dark cycle, 23 + 2 °C and humidity
of 55%). All IVCs had sufficient bedding and nesting material as well as a wooden tunnel for
environmental enrichment. Animals were allocated to experimental groups in a semi-
randomized fashion, data analysis and execution of experiments were performed blinded to

group allocation.

2.2 Generation of Fkbp5°7°*and SF17%P>lines

Mice with a floxed Fkbp5 gene designated as Fkbp 5o/ (Fkbp 5 KOMEIVSH were obtained by
breeding Fkbp5 ™ full KO mice to Deleter-Flpe mice (Rodriguez et al., 2000). The conditional
Fkbp5™™ KO mice are derived from embryonic stem cell clone EPD0741_3_H03 which was
targeted by the KO mouse project (KOMP). Frozen sperm obtained from the KOMP repository
at UC Davis was used to generate KO mice (Fkbp 59 OMIMNEN by in vitro fertilization. Finally,
mice lacking Fkbp5in SF1 cells (5777975 were obtained by breeding Fkbp5°/° mice to Sf7-
Cre mice that express (re recombinase under the control of the S/7 promoter (approved
mouse gene name, Nr5a7) (Dhillon et al, 2006). Genotyping details are available upon

request.
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2.3 Diet for induced obesity

Baseline metabolic characterization of all experimental cohorts was performed under a
standard chow diet (standard research diet by Altromin 1318, Altromin GmbH, Germany) with
the following nutritional values: 14 % fat and sucrose, 27 % protein, and 59 % carbohydrates.
Animals under dietary challenge received a HFD diet (HFD, D12331, Research Diets, New
Brunswick, NJ, USA) over a period of several weeks to induce overweight. Nutritional values
HFD: 58 % fat and sucrose, 17 % protein, 25 % carbohydrates. Bodyweight and food intake

were measured weekly in all experimental cohorts.

2.4 Viral overexpression of Fkbp5in the VMH

SF1-specific overexpression (OE) of human Fkbp5 (SF7797% 9% was achieved by bilateral
injections of the Cre-dependent viral vector AAV1/2-Cre-dept-HA-FKBP51 (rAAV1/2-Cre-
dependent-CAG-HA-human wildtype FKBP51 WPRE-BGH-polyA, titer: 1.3 x 10'¢ genomic
particles/ml, Gene Detect GD1001-RV) into the VMH of male S77-Cre mice. As controls, Cre-
negative animals of this mouse line were injected with an AAV2-eSyn-GFP control virus (CMV-
hSYN1-eGFP, titer: 1.3 x 10'* genomic particles/ml, Vector Biolabs VB1107) for neuronal
expression of a fluorescent reporter. Stereotactic surgeries were performed as described
previously (Hausl et al., 2021). In brief, male mice between 3 to 5 months of age were
anesthetized with isoflurane and fixated in a stereotactic apparatus. Then, 0.2 pl of the above-
mentioned viruses were bilaterally injected into the VMH at a 0.05 pl/min flow rate with glass
capillaries with a tip resistance of 2 - 4 MQ. To target the VMH the following coordinates were
used: - 1.5 mm anterior to bregma, £ 0.4 mm lateral from midline, and 5.6 mm below the
surface of the skull. After surgery, animals were treated with meloxicam for three days and

were allowed to recover for four weeks before initiating the experimental phase.

2.5 RNAScope - Validation of Fkbp5 KO and OE

To validate successful KO of Fkbp5mRNA in 5777 cells, we performed a RNAScope experiment
on tissue sections of male Sf77%°*” and Fkbp5°/* animals under basal conditions (3 - 4
months of age). Frozen tissue was sectioned at 20 ym at -20 °C in a cryostat microtome.
Sections were thaw mounted on Super Frost Plus slides, dried, and stored at -80 °C. The RNA

Scope Fluorescent Multiplex Reagent kit (cat. no. 320850, Advanced Cell Diagnostics, Newark,
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CA, USA) was used for mRNA staining. Probes used for staining were; Fkbp5 (Mm-Fkbp5-C1)
for native Fkbp5 expression, human Fkbp5 (H-Fkbp5-C1) for detection of viral OE and 577
(Mm-Nr5a1-C2). The Fkpb5 probe targets Exon 9, which is deleted in our model, but the probe
also spans neighboring exons. Consequently, the probe may still bind to truncated mRNA
leading to a residual Fkbp5 mRNA signal in knock-out cells, even though no functional FKBP51
protein can be expressed. The staining procedure was performed according to the
manufacturer’s specifications and as performed previously (Hausl et al., 2021). Images of the
VMH (left and right side), pituitary, and adrenal were acquired by an experimenter blinded to
the condition of the animals. Sixteen-bit images of each section were acquired on a Zeiss
confocal microscope using a 20x and 40x objective (n = 2 animals per marker and condition).
For every section, all images were acquired using identical settings for laser power, detector
gain, and amplifier offset. Fkbp5 MRNA expression was analyzed using Image) with the
experimenter blinded to the genotype of the animals and was counted manually. Each S577°
cell containing one or more Fkbp5 MRNA puncta was counted as positive and calculated as a

percentage of Fkbp5 positive cells from total number of S77-expressing cells.

2.6 /n-situ hybridization in SF77%op5 OF

To quantify viral Fkbp5 mRNA OE, we performed /n-situhybridization (ISH). Frozen brains were
processed as described for RNAScope and ISH using a *>S UTP labeled F4bp5 ribonucleotide
probe was performed as described previously (Hausl et al.,, 2021; Schmidt et al., 2007). All
primer details are available upon request. For signal detection, the slides were exposed to
Kodak Biomax MR films (Eastman Kodak Co., Rochester, NY) and developed. The
autoradiographs were digitized, and expression was determined by optical densitometry
utilizing the freely available NIH Image] software (NIH, Bethesda, MD, USA). The grey value of
the left and the right side of the VMH was measured within a circular template (16 width x 16
height) in every slice analyzed (1 slice per animal, 2 animals per group). The data were
analyzed blindly, always subtracting the background signal of a nearby structure not

expressing the gene of interest from the measurements.
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2.8 Acute restraint stress paradigm

The acute restraint stress paradigm is perceived as a severe stressor robustly inducing the
entire spectrum of known allostatic responses in rodents and was, therefore, the stress
paradigm of choice. At 8:00 AM, one hour after the lights were switched on, each animal was
placed in a custom-made restrainer (50 ml falcon tube with holes at the bottom and the lid
to provide enough oxygen and space for tail movement) for 15 minutes in their home cage.
After 15 minutes, animals were removed from the tube and the first blood sample was
collected by a tail cut. Subsequent blood samples were collected at 15, 30, and 60 minutes
post stress in the home cage via tail cut. The animals were left undisturbed in between

sampling procedures.

2.9 Hormone assessment

Baseline morning (measured between 08:00 - 12:00 a.m.) and post stress plasma CORT
(ng/mL) and baseline ACTH (pg/mL) concentrations were determined by radioimmunoassay
using CORT '#°l RIA kit (sensitivity: 12.5 ng/ml, MP Biomedicals Inc) and ACTH '#°| RIA kit
(sensitivity: 10 pg/ml, MP Biomedicals Inc) following the manufacturers’ instructions. The
radioactivity of the pellet was measured with a gamma counter (Packard Cobra Il Auto

Gamma; Perkin-Elmer). Final CORT and ACTH levels were derived from the standard curve.

2.10 Nuclear magnetic resonance

In addition to weekly measures of BW, the animal's body composition was assessed with a
body composition analyzer (LF50 BCA NMR Minispec Analyzer, Bruker Optik) after several
weeks on chow and HFD. This method applies time domain nuclear magnetic resonance (TD
- NMR) to measure lean tissue mass, fat mass, and free fluids non-invasively and /n vivo
without the need for anesthetics in small rodents (Halldorsdottir et al.,, 2009). Body
constituents were normalized to bodyweight for each group and the ratio of fat to lean mass

was calculated.

2.11 Intraperitoneal glucose (GTT) and insulin (ITT) tolerance test
After several weeks under a chow diet, an intraperitoneal glucose tolerance test (GTT) was

carried out after lights-on. A 20% D-(+)-Glucose solution (Sigma Aldrich, Merck, Darmstadt)
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was prepared, and animals were subjected to an overnight fast of 14 hours (6 p.m. until 8
a.m.) prior to the experiment. Every animal was weighed and intraperitoneally injected with 2
g glucose per kg bodyweight. Blood glucose concentrations were measured from tail stitches
at 0, 15, 30, 60, 90, and 120 minutes after the glucose injection using a handheld XT
glucometer (Bayer Health Care, Basel, Switzerland).

An intraperitoneal insulin tolerance test (ITT) was performed 14 days after the GTT to ensure
a complete recovery from the overnight fast. A similar procedure as for the GTT was applied
as follows: An insulin stock solution of 0.5 IU/mL (Actrapid® Penfill®, Novo Nordisk Pharma
GmbH, Bagsveerd, Denmark) was prepared, and animals were fasted for 4 hours (7 until 11
a.m.) before the onset of the ITT. Every animal was weighed and intraperitoneally injected
with 11U insulin per kg bodyweight. Blood glucose concentrations were measured at 0, 15,

30, 60, 90, and 120 minutes after the insulin injection.

2.12 Indirect calorimetry

Metabolic phenotyping and food intake after several weeks on HFD challenge was conducted
by an automated PhenoMaster open-circuit indirect calorimetry system (TSE Systems) in
single housed male Sf7%5” and Fkbp5°** mice. All animals were allowed to acclimatize to
the experimental setup for 2 days with a total experimental duration and data acquisition of
7 days. The statistical analysis was performed exclusively on data from day 3 to day 6 (total of
72 hours) for all animals. The time plots were generated from hourly averages of all
parameters over 72 hours. Totals were calculated as the average of all measures over 72
hours. HFD and water were available ad libitum. The data acquisition was carried out by TSE

Phenomaster version 7.2.8.

2.13 Statistical analysis

The data presented are shown as means + standard error of the mean (SEM) and samples
sizes are indicated in the figure legends and the main text. All data were analyzed by the
commercially available GraphPad Prism 9.0 software (GraphPad Software, San Diego,
California, USA). When two groups were compared, the unpaired two-tailed student’s t test
was applied. If data were not normally distributed the non-parametric Mann-Whitney test

(MW test) was used. Data based on repeated observations comparing two groups were tested
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by repeated measures ANOVA. P values of less than 0.05 were considered statistically
significant. Statistical significance was defined as: *p < 0.05, **p < 0.01. A statistical trend was
accepted with a p value of 0.05 < p < 0.1 and indicated in the figures with the symbol “T".
Outliers were assessed with the online available Graph Pad outlier calculator performing the
two-sided Grubb’s outlier test. As this was an exploratory study, no statistical methods were

used to predetermine sample sizes.
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3. Results

3.1 Validation of successful Fkbp5 KO in VMH and metabolic phenotyping of male
and female Sf77%°> mice

As hypothalamic Fkbp5 mRNA levels are highly responsive to dietary challenges such as
prolonged HFD (Balsevich et al., 2014) and food restriction (Guarnieri et al., 2012; Scharf et
al, 2011; Yang et al,, 2012), this protein seems to sense the nutrient environment and to
adjust its central expression to the given dietary conditions. Further, our group could show
that hypothalamic FKBP51 can shape whole-body metabolism and steer central and
peripheral autophagy (Hausl et al,, 2022). Therefore, we hypothesized that a KO of Fkbp5
specifically in VMH SF1 neurons could alter homeostasis and resemble observed metabolic
phenotypes following Fkbp5 manipulation in the whole MBH.

To study the effects of FKBP51 in Sf7-expressing neurons within the VMH on whole-body
metabolism, we generated a SF1-specific conditional Fkbp5 KO mouse line (577727,
Qualitative co-expression analysis of Fkbp5and S/7° neurons in the VMH revealed that Fkbp5
is almost exclusively expressed in 57" neurons (Fig. 1 A). Subsequent quantification of co-
expression revealed that the number of 5777 cells expressing Fkbp5 within the VMH is
significantly reduced in S/7%%°*>” mice compared to control Fkbp5°"* mice (&= 3.13, p=0.02)
confirming successful KO of Fkbp5in this neuronal population (Fig. 1 B). Note that the residual
Fkbp5 signal in SF77°°>” mice is likely due to the detection of truncated Fkbp5 MRNA
expression that does not lead to a functional protein. Assessment of weekly BW in a first
cohort revealed non-significant but slightly increased HFD-induced BW gain in mice with a KO
of Fkbp5(n =13) compared to controls (n = 12), indicating a higher metabolic vulnerability to
the dietary challenge (F,23= 2.63, p=0.12) (Fig. 1 Q). This slight increase of BW-gain in S7774»*
~animals could be confirmed by a significantly higher ratio of fat to lean mass in the KO
animals after 8 weeks on a HFD (chow: U=49, p=0.12; HFD: &3 =2.36, p=0.03) (Fig. 1 D). To
assess the effects of our KO on glucose tolerance and insulin sensitivity under chow diet, we
performed a GTT and ITT in a separate cohort (Fig. 1 E), first confirming that these animals
had the same phenotype as our 1% cohort (Nsrawps. = 5; Nawvpsioviox= 9) (Supl. Fig. 1 A - B).
Further, we performed a GTT and ITT after several weeks on a HFD (GTT: 16 weeks, ITT: 18
weeks) in the 1% cohort (Fig. 1 F). Under both dietary regimens, KO and control animals

showed typical blood glucose curve progression after a single glucose or insulin bolus, but no
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difference between genotypes was detected (Chow: GTT £, =0.85, p= 042, ITT £, =167, p
= 0.12; HFD: GTT &1 = 0.24, p=0.81, ITT 3 = 0.66, p = 0.52). To allow deeper metabolic
phenotyping, the animal's energy expenditure (EE), respiratory exchange ratio (RER), activity
and food intake were measured in metabolic cages via indirect calorimetry. Repeated
measures ANOVA did not detect significant differences between Sf77%5 KO animals and
controls in any of the parameters assessed (RER: /4= 091, p=0.36, t;3=04, p=0.7; EE:
F1,12= 035, p=0.56, t;3=1.02, p=0.33; activity: F,74= 0.02, p=0.9, t;3=0.04, p=0.1; food
intake: £,72=0.91, p=0.36, t;2=1.26, p=0.23) (Suppl. Fig. 2 A - H).
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(A) Representative RNAScope confocal images of endogenous Fkbp5 mMRNA expression in SF1 neurons
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total percentage of Fkbp5 positive cells that co-express S77 mRNA revealed significant reduction of
Fkbp5 expression in the S£77%P>- KO line (n = number of analyzed 40x confocal images of either left or
right VMH, nko = 4, Nconrol = 4; 2 animals/genotype). (C) In a first cohort under SD for 8 weeks and HFD
for 21 weeks, Sf77P>*mice (n = 73)displayed slightly increased HFD-induced BW gain compared to
controls (n = 72) which was stable over time but non-significant. (D) Higher BW was reflected in a
significant increase in the ratio of fat to lean mass in S#774%°% 9% in this cohort compared to controls after
8 weeks on a HFD. Blood glucose levels remained unchanged in the GTT and ITT under chow, which
were assessed in a separate cohort (Nsmeawps-~= 5; Navpsiowviox= 9) (E), and HFED in the first cohort (F). Data
are received from mice between 12 to 20 weeks of age and are presented as mean + SEM. * p < 0.05.

AUC area under the curve, GTT glucose tolerance test, ITT insulin tolerance test

Conditional KO of Fkbp5 in female mice resembled metabolic phenotypes of male 577>
with a non-significant mild increase in HFD-induced BW gain over time (/,79= 2.74, p=0.11)
(Fig. 2 A), and an increase in the ratio of fat to lean mass already under chow (¢s=2.48, p=
0.02) and after 8 weeks on HFD challenge (U= 29, p= 0.08) (Nsaps.= 9; Navpsiovio= 12) (Fig.
2 B). The group housing of mixed KO and control litters did not allow us to measure food
intake in females.

In order to exclude that the mild metabolic phenotype of male and female Sf7%%5” KO
animals was affected by the deletion of Fkbp5 in Sf7-expressing cells of the pituitary (& =
3.08, p=10.0097) and the adrenal gland (zs=5.48, p=0.0006) (Supp!. Fig. 3 A - D), we assessed
common HPA axis parameters in all experimental cohorts (Suppl. Fig. 4 A - 1). Adrenal weight
was measured at the endpoint of each experiment and statistical analysis revealed
significantly reduced relative adrenal weights in male KO mice under chow (& = 3.49, p =
0.008) and after 21 weeks on a HFD (&2 = 2.41, p=0.03) in two individual cohorts (Suppl. Fig.
4 A). To determine if the function of the HPA axis was impaired by a KO of Fkbp5in cortical
adrenal- and gonadotrope pituitary SF1 cells, morning CORT on chow and HFD and morning
ACTH on HFD were assessed between 08:00 - 12:00 a.m. Both endocrine measures remained
unchanged in male Sf7%P>” KO animals (CORT chow: U= 10, p= 037, CORT HFD: U=67, p
=0.57; ACTH HFD: 63 =1.25, p=0.22) (Suppl. Fig. 4 B and C). In line with the effects observed
in male KO mice, relative adrenal weight was significantly decreased in female Sf77%%°>” after
15 weeks on HFD (¢;7 = 4.09, p=0.002) (Suppl. Fig. 4 D) without altering baseline CORT post
HFD (t79=0.75, p=0.46) (Suppl. Fig. 4 E), indicating that HPA axis function is unaffected by a
KO of Fkbp5in both sexes.
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Together, data from male and female cohorts indicate that the KO of Fkbp5in Sf7-expressing
cells has a mild impact on BW progression under a dietary challenge without altering other
metabolic parameters assessed by indirect calorimetry. Interestingly, relative adrenal weight
was significantly reduced in S777%%” males and females under chow and after HFD, but this

had no consequences on HPA axis (re)activity.
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Figure 2: Conditional KO of Fkbp5 in Sfi-expressing cells of female mice resembles male metabolic
phenotype

(A) Female Sf77%o°>(n = 9) mice displayed higher HFD-induced weight gain than control Fkbp5®7°* (n
= 12), thus resemble BW phenotype of the male KO cohort. (B) Female S#77%°>* ratio fat to lean mass
is higher under a chow diet and after a dietary HFD challenge (15 weeks total). Data are received from

mice between 8 to 12 weeks of age and are presented as mean + SEM. * p <0.05, T<0.1.

3.2 Viral Fkbp5 OE in SF1 neurons within the VMH induces similar phenotype to
SF1*P5" males

To gain deeper understanding of how changes in Fkbp5 expression levels within the VMH
may control BW progression and changes in adrenal weight, and to narrow down observed
effects on the VMH, we virally overexpressed Fkbp5 exclusively in VMH SF1 neurons. SF1-
specific OF of Fkbp5(SF17%P° %, n = 15) was achieved by bilateral injections of a (re-dependent
Fkbp5 OE virus into the VMH of male S77-Cre mice. Controls (n = 16), were injected with an
AAV2-eSyn-GFP control virus (Fig. 3 A). Qualitative analysis of viral Fkbp5 mRNA OE in
RNAScope confocal images (Fig. 3 B) and /SH autoradiographs (Fig. 3 C) revealed a robust and
SF1-specific increase of Fkbp5 expression in the VMH of S/7%%°° % mijce. Quantification of /SH
Fkbp5 mRNA expression within the VMH revealed a significant 1.6-fold increase of gene
expression in 57777 % animals (2= 9.5, p=0.01) (Fig. 3 D). Comparable to S777%*>*'KO mice,
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HFD-induced BW gain was mildly but non-significantly increased in group housed OE animals
(F20= 2.27, p=0.14) (Fig. 3 E) with a significantly higher ratio of fat to lean mass in Sf7#%> %
after 6 weeks on HFD (chow: =95, p=0.34; HFD: 6 = 2.18, p=0.04) (Fig. 3 F). Blood glucose
levels assessed in the GTT and ITT were unaltered under chow diet (GTT &9 = 0.43, p= 0.67;
ITT 9 =0.08, p=0.94) (Fig. 3 G). However, on a HFD challenge, animals overexpressing Fkbp5
in their VMH displayed slightly impaired glucose tolerance and insulin sensitivity (GTT U= 60,
p=0.02;ITT &9 =1.87, p=0.07) (Fig. 3 H). The group housing of mixed OE and control litters
did not allow us to measure food intake in this cohort. As observed in male and female
SF17P> animals, relative adrenal weight was significantly decreased in Sf77%%° 9 after 13
weeks on HFD (25 = 2.65, p=0.01) (Suppl. Fig. 4 F), without affecting morning baseline CORT
levels on chow (U= 88.5, p=0.48) and HFD (&0 = 0.28, p=0.79) nor ACTH on HFD (&9 = 1.05,
p = 0.3) (assessed between 08:00 - 12:00 a.m.) (Suppl. Fig. 4 G - H). With an acute restraint
stress and subsequent CORT measures at 15, 30, and 60 minutes post stress, we further
confirmed that endocrine- and HPA axis function is unaffected by the OE of Fkbp5in the VMH
(T15: 68 =0.2, p=0.84; T30 s = 0.75, p=0.46; T60 U= 91, p=0.79) (Suppl. Fig. 4 1).
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Figure 3: Viral OE of Fkbp5 exclusively in SF1 neurons within the VMH induces a similar metabolic
phenotype to the KO under a HFD challenge
(A) VMH-specific Fkbp5 OE was achieved by bilateral injections of a Cre-dependent human Fkbp5 OF

virus into the VMH of Sf7-Cre mice (S77746p5 OF n = 15). Control Sf7-Cre received an eGFP control virus
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(n = 16). (B) Representative RNAScope confocal images of Fkbp5 mRNA expression in SF1 neurons
within the VMH of Sf7%p5 OF (human Fkbps; upper orange panel) and controls (mouse Fkbp5, lower
grey panel). Arrowheads highlighting viral Fkbp5 OE in 577 positive neurons. (C) Qualitative and
quantitative (D) /SH analysis confirmed successful viral Fkbp5 OE with a ~ 1.6fold increase of Fkbp5
expression in Sf77P% %F animals (n = 2) compared to controls (n =2). (E) Sf77° 9% mice displayed a
higher HFD-induced BW gain over time compared to controls. (F) Higher BW was reflected in a
significant increase in the ratio of fat to lean mass in S77/%p> 9% after 6 weeks on a HFD. (G) Blood glucose
levels in the GTT and ITT were unaltered under a chow diet but after 9 weeks on a HFD KO animals
displayed significantly increased blood glucose levels in the GTT and a trend towards increased levels
in the ITT (H). Data are received from mice between 16 to 20 weeks of age and are presented as mean
+ SEM. * p<0.05, T<0.1. AUC area under the curve, GTT glucose tolerance test, ITT insulin tolerance

test
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4. Discussion

Since a study led by Eriksson and colleagues in 2014 first revealed the metabolic impact of
Fkbp5 expression in adipose tissue (Pereira et al., 2014), our understanding of the peripheral
role of this co-chaperone in adipogenesis, insulin signaling, autophagy, and type 2 diabetes
(T2D) has rapidly improved. Preclinical full FKBP51 KO studies in rodents have further
uncovered the role of this co-chaperone in regulating whole-body metabolism /n7 vivo (Hausl
et al, 2019). Despite this progress over the past 10 years and our knowledge that FKBP51 is
highly expressed in metabolic brain centers such as the VMH, PVN, and ARC (Balsevich et al.,
2014; Brix et al, 2022; Hausl et al., 2021), the role of FKBP51 in these nuclei remains
unexplored as cell type-specific studies are completely lacking. Here we manipulated FKBP51
in a cell type- and nucleus-specific manner to further narrow down its potential sites of action
in whole-body metabolism; an indispensable step towards the development of targeted
therapeutic interventions for metabolic disorders. Using a combination of systemic
endogenous KO of FKBP51 in Sf7-expressing cells and viral OE of the gene exclusively in the
VMH, we demonstrate that FKBP51 in VMH SF1 neurons induces only a mild metabolic
phenotype triggered by a dietary challenge in male and female mice.

We have recently shown that deletion of FKBP51 in the MBH results in massive obesity within
a few weeks already under chow conditions, while MBH-specific Fkbp5 OE resulted in
protection from diet-induced obesity (Hausl et al., 2022). In this recent study, however, all cell
types and regions of the MBH were affected. Data from the current study clearly indicate that
while FKBP51 is strongly expressed in almost all SF1-positive neurons of the VMH, deletion of
FKBP51 in these cells only had a moderate effect on weight gain and body composition under
a HFD challenge, albeit in the same direction as a full MBH FKBP51 deletion. This effect was
largely independent of sex and did not result in significant alterations of glucose or insulin
tolerance in the animals. We can thus conclude that SF1 neurons in the VMH are not the main
driver of an MBH FKBP51 deletion-induced obesity, and at most act in concert with other cell
types or nuclei in the MBH to drive this phenotype. Interestingly, mice with a VMH-specific KO
of SF1 showed increased weight gain and impaired thermogenesis, and in agreement with
our results, a dietary challenge was necessary to induce this SF1-driven metabolic phenotype
(Dhillon et al.,, 2006; Kim et al, 2011). Since prolonged nutrient overload is considered a
metabolic stressor activating inflammatory processes at metabolically active sites in the brain,

it can trigger a central and behavioral stress response (Aslani et al., 2015). This response could
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in turn amplify the effects of stress-and diet-responsive Fkbp5 (Balsevich et al., 2014; Scharf
etal, 2011; Yang et al., 2012) in our KO model.

To gain a deeper understanding of the dose-dependent actions of FKBP51 in the VMH and
its implications on homeostatic control, we overexpressed FKBP51 exclusively in S77-
expressing neurons of the VMH by Cre-specific viral injections. Intriguingly, these male 57743
% developed a similar BW phenotype to our male and female Sf77%°*” cohorts with a slightly
accelerated weight gain under a HFD challenge, resulting in a significantly higher fat to lean
mass ratio in animals overexpressing FKBP51 in the VMH. Further, viral Fkbp5 OE and mild
differences in BW resulted in impaired glucose tolerance and insulin signaling only under
HFD. In line with MBH FKBP51 OE results, the BW phenotype was induced exclusively by a
high-calorie challenge. However, resulting phenotypes diverged in opposite directions as the
MBH FKBP51 OE mice were protected against an HFD-induced weight gain compared to
controls. These results further underline that SF1 neurons in the VMH are not the main
contributor to the overall metabolic role of FKBP51 in the MBH.

Interestingly, the recent paper by Hausl and colleagues (Hausl et al., 2022) does offer possible
explanations for the unexpected phenotypes observed in the current study. First, they
detected an altered balance between hypothalamic and peripheral autophagy-mTOR
signaling as a major contributor to the observed metabolic phenotype of MBH Fkbp5 OE and
KO mice (Hausl et al., 2022). Recently, a knockout study of autophagy gene 7 (Atg7) in mouse
VMH-SF1 neurons reported that loss of this gene alters the homeostatic response to fasting
and that this metabolic challenge triggers autophagy in the VMH (Coupé et al, 2021).
However, within the MBH, a role for proopiomelanocortin (POMC) and agouti-related protein
(AGRP) neurons of the ARC in autophagy signaling has also been described. Atg/ deletion in
POMC neurons of the ARC implied an obesogenic phenotype, especially when fed a HFD
(Coupé et al., 2012; Quan et al., 2012), whereas loss of this autophagy gene in AGRP neurons
promoted leanness (Kaushik et al., 2011). These studies suggest that autophagy signaling and
homeostatic control within the MBH are regulated in a cell type-specific manner, and the
resulting metabolic effects are highly dependent on the types of neurons involved.
Nonetheless, it is tempting to speculate that alterations of autophagic signaling in the VMH
are causally linked to the mild phenotype induced by FKBP51 manipulations in this region.
Second, Hausl and colleagues described the effects of FKBP51 on autophagy in the MBH in

an inversed u-shaped manner. Both deletion and robust OE of FKBP51 lead to significant
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reductions in autophagy in the MBH, while a moderate FKBP51 increase in the periphery of
MBH OE mice stimulated autophagy and induced their lean phenotype (Hausl et al., 2022). It
is therefore feasible that our current manipulations of FKBP51 in SF1 neurons both lead to a
cell-type specific reduction of autophagic signaling. This could explain the similar metabolic
phenotype of mice with either a SF1-specific Fkbp5 OE or deletion.

To rule out an impact of our Fkbp5KO in Sf7-expressing cells within the adrenal and pituitary
(Brix et al., 2022; Hoivik et al., 2010; Sadovsky et al., 1995; Zhao et al., 2004) on described
phenotypes, we assessed adrenal weights and endocrine parameters of the HPA axis,
including baseline and post-stress CORT and ACTH under HFD and SD in our cohorts.
Intriguingly, adrenal weights were consistently lower in the experimental group, irrespective
of sex, dietary condition and genetic manipulation. Since our viral OE exclusively affected the
VMH and yet produced the same phenotype in the adrenal glands as the KO supports the
hypothesis of a VMH-driven effect rather than a result of Fkbp5KO in this organ itself. Further,
there were no functional consequences of Fkbp5 manipulation on the HPA axis function in
either cohort. Intriguingly, there are early studies demonstrating that compensatory adrenal
growth after unilateral adrenalectomy, a common method to study adult adrenal growth
mechanisms, is mediated by a neural loop including afferent and efferent limbs between the
adrenals and the VMH (Beuschlein et al., 2002). Further, VMH-lesion studies indicated a
gradual but strong increase in the efferent activity of the adrenal sympathetic nerves and
increased catecholamine secretion from the adrenal medulla which could be involved in the
development of metabolic disorders observed during the VMH syndrome (Yoshimatsu et al.,
1985). A study by King et al. further established a key role for adrenal glucocorticoids in the
development of obese phenotypes that resulted from VMH lesions (King and Smith, 1985).
However, the involvement of FKBP51 in the described VMH-mediated adrenal growth
mechanisms and functions in the onset of obesogenic phenotypes is speculative at the
moment. Nevertheless, our study opens a promising new avenue to study our mouse models
in the context of VMH-induced metabolic phenotypes.

This study also comes with some limitations: Due to experimental restrictions, we could not
show the KO of FKBP51 in Sf7%%°*” animals at the protein level. However, a recent study by
Hausl et. al (Hausl et al., 2021), which also used the Cre-lox breeding approach to generate a
KO of FKBP51 in single-minded homolog 1 (S/m7) expressing neurons within the PVN,

successfully confirmed their KO at the protein level by western blot analysis. Since the two
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targeted neuronal cell types (Sim1 and SF1) have comparable expression levels in their
respective nuclei (Kurrasch et al.,, 2007; Michaud et al., 1998) and the exact same strategy was
used to generate the conditional FKBP51 KO mouse lines, we can assume that KO efficiency
at the protein level is in the same range; with non-detectable FKBP51 protein level in the KO
animals (Hausl et al., 2021). Further, it is important to note that the two approaches used for
genetic manipulation of Fkbp5 expression, might target a different set of neuronal
subpopulations within the VMH: Developmental KO of Fkbp5 affects the entire VMH as SF1
acts as a transcription factor, which expression is essential for both VMH development and
function (Kurrasch et al.,, 2007; Parker et al.,, 2002; Segal et al., 2005). Adult, viral OE of Fkbp5,
on the other hand, only targets Sf7-expressing cells in the dorsomedial and central parts of

the VMH (Cheung et al., 2013).

5. Conclusion

In summary, this study shows that animals lacking and overexpressing Fkbp5 in Sf7-
expressing cells within the VMH display a mild metabolic phenotype compared to an MBH-
wide manipulation of this gene. Therefore, suggesting that FKBP51 in this hypothalamic
nucleus plays a minor role in controlling whole-body metabolism. Therefore, future studies
involving MBH cell type-specific KO and OE studies will shed light on MBH nuclei and cell
populations that contribute significantly to the metabolic effects achieved with MBH-wide
manipulation of FKBP51. Two promising candidates are POMC and AGRP populations within
the ARC (Coupé et al,, 2012; Kaushik et al,, 2011; Quan et al., 2012) and the ongoing metabolic
phenotyping of FKBP51-specific KO mouse lines that we have generated (Brix et al., 2022) will

help to further unravel the FKBP51 driven effects on MBH metabolism.
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Suppl. Figure 1: Separate cohort of Sf77%>*male mice under a chow diet to assess glucose tolerance-
and insulin signaling

(A) In a separate cohort of SF77%r> (n = 9) and Fkbp5°7°*(n = 5) under chow diet, bodyweight (BW)
was assessed over a total period of 8 weeks to ensure a comparable BW phenotype as in the 1%t cohort
(Fig. 1 Q). Glucose tolerance (GTT) and insulin tolerance test (ITT) after 3 and 6 weeks respectively did
not reveal differences between S777r>KO animals and controls. (B) The body composition scan in
week 2 of the experiment did not reveal differences between the two groups. Data are received from

mice between 18 to 24 weeks of age and are presented as mean + SEM.
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Suppl. Figure 2: Knockout of Fkbp5 in Sf1-expressing cells did not alter the metabolic phenotype
assessed by indirect calorimetry

(A) Respiratory exchange ratio (RER) over a time course of 72 hours (average/hour) and the total

average of RER over 72 hours (B) was not different between S#77#°>(n = 8) and Fkbp5°7°*(n = 8). (C)
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Energy Expenditure (EE) and the average EE over three days (D) were unchanged between both groups.
(E) Activity over 72 hours and average activity over three days (F) were unaffected by a knockout of
Fkbp5in SF1 neurons. (G) Cumulative food intake and average total food intake (average over 72 hours)
(H) were the same between both genotypes. Data are received from mice between 16 to 20 weeks of
age and are presented as mean + SEM. RER respiratory exchange ratio, VO, oxygen intake, VCO; carbon

dioxide release
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Suppl. Figure 3: Knockout validation of Fkbp5in Sf7-expressing cells in the adrenal zona fasciculata
and anterior pituitary

(A) Representative RNAscope confocal images of Fkbp5 mRNA expression in SF1 cells in the zona
fasciculata (ZF) of the adrenal cortex and anterior lobe (AL) of the pituitary (B) in Fkbp5°7°¥and Sf17+op
~knockout male mice. Yellow dashed squares represent area chosen for 40 x confocal images for

quantification. Significant decrease in the total percentage of Sf7-positive cells that co-express Fkbp5
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MRNA in adrenal cortex (C) and anterior pituitary (D) of S/7#%°> knockout animals compared to
Fkbp5°xcontrols (n = number of analyzed 40x confocal images of pituitary AL: Nko = 4, Ncontrol = 6 and
adrenal ZF: nko = 8, Ncontrol = 6; 1 - 2 animals/genotype). Data are received from mice between 10to 16
weeks of age and are presented as mean + SEM. ** p < 0.01, *** p < 0.001. AL anterior lobe, IL

intermediate lobe, M medulla, PL posterior lobe, ZF zona fasciculata, ZG zona glomerulosa, ZR zona

reticulata
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Suppl. Figure 4: Endocrine phenotyping of S/7%#,>males and females, and male mice overexpressing
Fkbp5in SF1 neurons within the VMH reveals decreased adrenal weights in all three cohorts with an
intact HPA axis function

(A) Relative adrenal weight was significantly lower in male knockout animals under chow and after 21
weeks on a HFD (Ns7 07> = 13; N agps®/0 = 12). (B) Baseline morning CORT (measured between 08:00
-12:00 a.m.) under chow diet and after 21 weeks on HFD was unaltered between Sf7%%°>"(n =13) and
Fkbp5°°X(n = 12) male mice with unaffected morning baseline ACTH post HFD (C). (D) Relative adrenal

weight of female animals with a knockout of Fkbp5 was significantly reduced after 15 weeks on a HFD
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with unaltered baseline corticosterone levels (E). (F) Relative adrenal weight of Sf7%05 OF was
significantly lower than that of controls after 13 weeks on a HFD. (G) Baseline morning CORT under
chow diet and after 13 weeks on HFD were not different between S77746p5 9% (n = 15) and controls (n =
16). (H) Morning baseline ACTH levels after 13 weeks on HFD are equal in both groups. (I) Both S77/%r>
9% and control animals displayed a functioning stress response post restraint stress with an increase in
CORT at T15 and T30 post restraint and a recovery at T60 but there were no differences between
groups observed. Data are received from mice between 16 to 20 weeks of age and are presented as
mean + SEM. * p < 0.05, ** p < 0.01. ACTH adrenocorticotropin releasing hormone, CORT

corticosterone, HFD high-fat diet, T time point
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2.5 Deletion of the co-chaperone FKBP51 in POMC- but not AgRP
neurons of the arcuate nucleus improves whole-body metabolism
in male and female mice

Brix., L.M., Hausl, A.S., Toksoz, I., Aman, L., Bordes, J., Doeselaar, L.V., Engelhardt, Kovarova, V.,

Narayan, S., Springer, M., Sterlemann, Yang, H., Deussing, J.M. & Schmidt, M.V.
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Abstract

FKBP51 in the mediobasal hypothalamus (MBH) has been recently described as a central
regulator of whole-body metabolism and energy homeostasis. However, the contribution of
FKBP51 in specific MBH cell types to robust and distinct phenotypes remains elusive. Two
promising candidates in this context are agouti related protein (AgRA- and
proopiomelanocortin (Pormc)-expressing neurons within the arcuate nucleus (ARC), as they
are the driving force of the melanocortin signaling pathway and thus control food intake and
energy homeostasis. In the current study we therefore manipulated Fkbp5 expression in
POMC- (Pomc™P*>”) and AgRP neurons (AgRP*%>”) within the ARC by means of endogenous
knockout (KO) (AgRP™ P> and Pomc™®>”) and viral overexpression (OE) (Pomc™* 9%, and
assessed the animal's baseline and high fat diet (HFD)-induced metabolic phenotypes. Our
data reveal that only a KO of Fkbp5 in POMC cells induced beneficial metabolic, behavioral
and neuroendocrine phenotypes in these animals, regardless of sex. Our study therefore
identifies the first cell type in rodents that benefits from attenuation of Fkbp5 expression in
the context of metabolic control, opening a new avenue of research for the development of
targeted therapeutic interventions in the treatment of metabolic diseases and their

comorbidities.
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1. Introduction

The prevalence of overweight and obesity has reached epidemic proportions worldwide but
the environmental and internal factors, molecular players and underlying genetics that
contribute to obese phenotypes remain elusive (WHO, 2022). The main cause of this disease
is a long-term energy imbalance between too many calories consumed and too few calories
expended, which is owed to our modern sedentary life style, a lack of physical activity and,
the over-consumption of high-calorie food (BlUher, 2019). Our bodies must constantly fine-
tune energy homeostasis via an unceasing process of communication between the brain and
peripheral organs to maintain a stable body weight throughout life (Lenard and Berthoud,
2008).

The relevant role of the arcuate nucleus (ARC) in the mediobasal hypothalamus (MBH) in fine-
tuning energy balance and adapting feeding behavior has been known since decades.
Peripheral nutrients and hormonal signals, like insulin, leptin and glucagon like peptide (GIp1)
are sensed by two functionally distinct and antagonistic neuronal subpopulations within the
ARC (Xu et al., 2011): The orexigenic (appetite-stimulating) AgRP/NPY neurons expressing
agouti-related peptide (AgRP) and neuropeptide Y (NPY), and the anorexigenic (appetite-
suppressing) neurons that express pro-opiomelanocortin (POMC) and amphetamine-related
transcript (CART) (Myers and Olson, 2012). The homeostatic regulatory neurocircuit that
underlies the interplay of these two subpopulations is the central melanocortin pathway
(Timper and Bruning, 2017). Activation of POMC neurons by adipostatic signaling molecules
insulin or leptin promotes satiety, increases energy expenditure, and suppresses food intake
through the release of POMC-derived neuropeptide alpha-melanocyte stimulating hormone
(a-MSH) (Timper and Bruning, 2017). a-MSH mediates its effects through transmembrane
melanocortin receptors 3 and 4 (MC3R/MC4R) on downstream targets, such as the
paraventricular nucleus (PVN) and the lateral mediobasal hypothalamus (LHA) (Harno et al,,
2018; Millington, 2007). AgRP acts as a high-affinity antagonist on these receptors, thereby
promoting food intake and decreasing energy expenditure (Morton and Schwartz, 2001).
Beyond this simplistic view on POMC function, this ARC population is well known for its high
neuronal heterogeneity, which may have originated as an adaptive mechanism to orchestrate
competing emotional states and food foraging. Hence, POMC neurons can affect a plethora
of physiological and behavioral responses associated with the evolutionary survival of our

species, including locomotion, pain, fear, and stress (Quarta et al., 2021).
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Best known for its role as a negative regulator of the glucocorticoid receptor (GR), co-
chaperone FK506-binding protein 51 (FKBP51, encoded by Fkbp5) shapes GR-mediated
negative feedback of the hormonal stress response system, the hypothalamic-pituitary-
adrenal (HPA) axis in complex with heat-shock protein 90 (Hsp90) (Wochnik et al., 2005). In
this context, our lab found that FKBP51 in the PVN of the hypothalamus and in POMC cells
of the anterior pituitary shapes negative feedback and (re)activity of the HPA axis (Brix et al.,
2022; Hausl et al.,, 2021). Besides its role as a genetic risk factor in the occurrence of stress-
related psychiatric disorders (Binder et al., 2008, 2004; Matosin et al., 2018; Zannas and
Binder, 2014), there is evidence that FKBP51 is associated with type 2 diabetes, insulin
resistance, adipogenesis, browning of white adipose tissue, glucose metabolism and
bodyweight regulation (Hausl et al., 2019; Smedlund et al., 2021). Further, we and others
could show that Fkbp5 is abundantly expressed in metabolically relevant tissues in the
periphery, such as adipocytes and skeletal muscle (Balsevich et al.,, 2017; Baughman et al,,
1997; Pereira et al, 2014; Sidibeh et al, 2018), and brain regions, like the ARC and
ventromedial hypothalamus (VMH), which are considered neuronal centers controlling
energy metabolism (Balsevich et al., 2014; Gautron et al., 2015; Scharf et al., 2011). The
investigation of central Fkbp5 MRNA expression in response to a prolonged metabolic
challenge revealed that hypothalamic Fkbp5 mRNA expression is increased in the VMH, PVN
and ARC (Balsevich et al., 2014; Scharf et al., 2011; Yang et al.,, 2012). Further, we know from
preclinical studies in mice with a full knockout (KO) of FKBP51 that these animals are resistant
to diet-induced obesity and demonstrate improved glucose tolerance, and increased insulin-
signaling in skeletal muscle (Balsevich et al., 2017; Hartmann et al.,, 2012; Stechschulte et al.,
2016). Publications by our lab shed light on the region- and cell-type specificity of FKBP51 in
mediating whole-body metabolism: A recent study by Hausl and colleagues revealed that
FKBP51 in the rodent MBH represents a novel regulatory link between central and peripheral
autophagy signaling and the /n vivo whole-body response to an obesogenic challenge, and
that KO of Fkbp5 in the MBH results in opposite metabolic phenotypes to those observed in
FKBP51-null mice (Hausl et al., 2022). Further, we could show that cell-type specific KO and
overexpression (OE) of Fkbp5 in steroidogenic factor 1 (S77)-expressing neurons of the VMH
induced only a mild metabolic phenotype compared to an MBH-wide manipulation of this
gene. This suggests that FKBP51 in SF1 neurons plays a subsidiary role in controlling whole-

body metabolism (Brix et al. 2022, in submission).
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The exclusion of the VMH as the driving force behind metabolic effects in the Hausl study
(Hausl et al., 2022) raises the question of other MBH subpopulations responsible for the
observed changes in whole-body metabolism. Therefore, we here investigated homeostatic,
metabolic, and behavioral effects of an endogenous Fkbp5 KO in Pomc (Pomc™P>”) and
AgRP-expressing neurons (AgRP™P>7). Central AgRP expression was shown to be restricted
to neurons within the ARC (Tong et al., 2008). Successful deletion of Fkbp5in POMC neurons
of the ARC, as the primary central site of Pomcexpression, and corticotroph cells of the
anterior pituitary, was recently confirmed by our lab (Brix et al., 2022; Toda et al., 2017). Within
the brain, Pomcis also expressed in a small population in the nucleus of the solitary tract
(NTS) (Georgescu et al.,, 2020). To assess dose-dependent effects of FKBP51 and to induce a
region- and cell-type specific genetic manipulation, we virally overexpressed the gene in
POMC neurons of the ARC. Our data revealed, that only a KO of Fkbp5in POMC cells triggers
beneficial metabolic, behavioral and neuroendocrine phenotypes in these animals,
independent of sex. Therefore, positioning FKBP51 in POMC neurons as a promising target
in the future development of novel therapy approaches to treat metabolic disorders and their

comorbidities.
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2. Materials and Methods

2.1 Animals and animal housing

The mouse lines Fkbp5°7%", Pomc™>” and AgRP™®>” were obtained from the in-house
breeding facility of the Max Planck Institute of Psychiatry and are all bred on C57/BL6én
background. Males and females in all Fkbp5°7%", Pomc™ P> and AgRP* > cohorts were
aged 2 - 7 months at the onset of the experiments. Male Pornc™®>” and AgRP™>” animals
were kept single housed (Fig. 1 and Fig. 4), female Pomc™P>” (Fig. 2) and male Pomc™o> ¢
(Fig. 3) were kept in groups of 3 - 5 animals per cage. All animals were held in individually
ventilated cages (IVC; 30cm x 16 cm x 16 ¢cm; 501 cm?) serviced by a central airflow system
(Tecniplast, IVC Green Line - GM500). Animals had ad /ibitum access to water (tap water) and
food (see 2.2) and were maintained under constant environmental conditions (12:12 hr
light/dark cycle, 23 + 2 °C and humidity of 55%). All IVCs had sufficient bedding and nesting
material as well as a wooden tunnel for environmental enrichment. Animals were allocated
to experimental groups in a semi-randomized fashion, data analysis and execution of
experiments were performed blinded to group allocation. All experiments and protocols were
approved by the committee for the Care and Use of Laboratory animals of the Government
of Upper Bavaria and were performed in accordance with the European Communities'
Council Directive 2010/63/EU. Throughout the experiments, all effort was made to minimize

animal suffering during the experiments.

2.2 Generation of Fkbp5°oX Pomc™ P> and AgRP™P>lines

Mouse lines with deletion of FKBP51 in POMC neurons of the ARC and POMC cells in the
pituitary (Pomc™P*”) were generated by breeding mice with a floxed exon 9 in the Fkbp5
gene locus designated as Fkbp5oY'* (Fkbp 5 CKOMPVS) to Pomc-Cre mice (Balthasar et al,,
2004). Animals lacking FKBP51 in AgRP neurons in the ARC were generated by crossing
Fkbp5°° to AgRP-Cre animals (Tong et al., 2008). Genotyping details are available upon

request.
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2.3 Diet for induced obesity

Baseline metabolic characterization of all experimental cohorts was performed under a
standard chow diet (standard research diet by Altromin 1318, Altromin GmbH, Germany) with
the following nutritional values: 14 % fat, 27 % protein and 59 % carbohydrates. Dietary
challenge was induced with a HFD diet (HFD, D12331, Research Diets, New Brunswick, NJ,
USA) over a period of several weeks to induce overweight. Nutritional values HFD: 58 % fat
and sucrose, 17 % protein, 25 % carbohydrates. Bodyweight and food intake were measured

on a regular basis in all experimental cohorts.

2.4 Viral overexpression of Fkbp5in the ARC of Pomc-Cre mice

Pomc-specific overexpression (OE) of Fkbp5 (Pomc™P? %) was achieved by bilateral injections
of a Cre-dependent Fkbp5 OE virus (pAAV-Cre-dependent-CAG-HA-human wildtype FKBP51
WPRE-BGH-polyA, titer: 1.3 x 10"? genomic particles/ml, Gene Detect GD1001-RV) into the
ARC of male Pomc-Cre mice. Control Pomc-Cre mice were injected with an AAV2-eSyn-GFP
control virus (titer: 1.3 x 10° genomic particles/ml, Vector Biolabs VB1107). Stereotactic
surgeries were performed as described previously (Hausl et al., 2021). In brief, male mice
between 6 to 7 months of age were anesthetized with isoflurane and fixated in a stereotactic
apparatus. Then, 0.5 pl of above-mentioned viruses were bilaterally injected into the ARC at
a 0.05 pl/min flow rate with glass capillaries with a tip resistance of 2 - 4 MQ. To target the
ARC the following coordinates were used: - 1.5 mm anterior to bregma, £ 0.35 mm lateral
from midline, and 5.8 mm below the surface of the skull. After surgery, animals were treated
with meloxicam for three days and were allowed to recover for four weeks before initiating

the experimental phase.

2.5 RNAScope - Validation of Fkbp5 KO in AgRP P> and OE in Pomc™or> ¢

To validate successful KO of Fkbp5 in AgRP-expressing neurons of the ARC and to confirm
viral OE of Fkbp5 in Pomc” neurons, we performed an RNAScope experiment on tissue
sections of male AgRP™ P> and Pomc™> % animals. Frozen tissue was sectioned at 20 pm
at -20 °Cin a cryostat microtome. Sections were thaw mounted on Super Frost Plus slides,
dried and stored at -80 °C. The RNA Scope Fluorescent Multiplex Reagent kit (cat. no. 320850,

Advanced Cell Diagnostics, Newark, CA, USA) was used for mRNA staining. Probes used for
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staining were; Fkbp5 (Mm-Fkbp5-C1) for native Fkbp5 expression, human Fkbp5 (H-Fkbp5-
C1) for detection of viral OE, Pornc (Mm-Pomc-C2) and AgRP (Mm-AgRP-C2). The provided
Fkpb5 probe spans Exon 9, which is deleted in AgRP™ > and Pomc™*” line, but also targets
neighboring exons. Consequently, the Fkbp5 probe may still bind to truncated mRNA leading
to aresidual Fkbp5 mRNA signal in knock-out cells, even though no functional FKBP51 protein
can be expressed. The staining procedure was performed according to manufacturer’s
specifications and as performed previously (Hausl et al., 2021). Images of the ARC (left and
right side) were acquired by an experimenter blinded to the condition of the animals. Sixteen-
bit images of each section were acquired on a Zeiss confocal microscope using a 20x and 40x
objective (n = 2 animals per experimental group). For every section, all images were acquired
using identical settings for laser power, detector gain, and amplifier offset. Fkbp5 MRNA
expression in animals with a KO in AgRP neurons was analyzed using Image] with the
experimenter blinded to the genotype of the animals and was counted manually. AgRP" cells
were split up in 5 bins according to the amount of Fkbp5 MRNA puncta counted inside the
cell: Bin 0 (0 puncta), Bin 1 (1 - 3), Bin 2 (4 - 9), Bin 3 (10 - 15) and Bin 4 (> 15). Then, the
percentage of AgRP" neurons in each bin was calculated from a total amount of 30 AgRF

expressing cells per image.

2.6 Tissue sampling procedure and hormone assessment

On the day of sacrifice, animals were weighed, deeply anesthetized with isoflurane and
sacrificed by decapitation. For mRNA analyses, brains were removed and snap-frozen in
isopentane at -40°C and stored at -80°C until further processing. Trunk blood (basal morning
and basal adrenocorticotropin hormone (ACTH)) was collected in labeled 1.5 ml EDTA-coated
microcentrifuge tubes (Kabe Labortechnik, Germany) and kept on ice until centrifugation.
After centrifugation (4°C, 8,000 rpm for 15 min) plasma was removed and transferred to new,
labeled 2 mL tubes and stored at -80°C until hormone quantification. Post stress CORT was
collected 30 and 90 minutes post stress via tail cut and further processed like trunk blood.

Baseline and post stress plasma CORT (ng/ml) and baseline ACTH (pg/ml) concentrations
were determined by radioimmunoassay using CORT 1251 RIA kit (sensitivity: 12.5 ng/ml, MP

Biomedicals Inc) and ACTH 1251 RIA kit (sensitivity: 10 pg/ml, MP Biomedicals Inc) following
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the manufacturers’ instructions and as described previously (Brix et al., 2022). Final CORT and

ACTH levels were derived from the standard curve.

2.7 Nuclear magnetic resonance

In addition to weekly measures of BW, the animal's body composition was assessed with a
body composition analyzer (LF50 BCA NMR Minispec Analyzer, Bruker Optik) after several
weeks on chow and HFD. This method applies time domain nuclear magnetic resonance (TD
-NMR) to measure lean tissue mass, fat mass and free fluids non-invasively and /n vivowithout
the need for anesthetics in small rodents (Halldorsdottir et al., 2009). Body constituents were

normalized to bodyweight for each group and ratio of fat to lean mass was calculated.

2.8 Intraperitoneal glucose (GTT) and insulin (ITT) tolerance test

After several weeks under chow diet, an intraperitoneal glucose tolerance test (GTT) was
carried out as described previously after lights-on (Brix et al., 2022). A 20% D-(+)-Glucose
solution (Sigma Aldrich, Merck, Darmstadt) was prepared, and animals were subjected to an
overnight fast of 14 hours (6 p.m. until 8 a.m.) prior to the experiment. Every animal was
weighed and intraperitoneally injected with 2 g glucose per kg bodyweight. Blood glucose
concentrations were measured from tail stitches at 0, 15, 30, 60, 90, and 120 minutes after
the glucose injection using a handheld XT glucometer (Bayer Health Care, Basel, Switzerland).
An intraperitoneal insulin tolerance test (ITT) was performed 14 days after the GTT to ensure
a complete recovery from the overnight fast. A similar procedure as for the GTT was applied
as follows: An insulin stock solution of 0.5 IU/mL (Actrapid® Penfill®, Novo Nordisk Pharma
GmbH, Bagsveerd, Denmark) was prepared, and animals were fasted for 4 hours (7 until 11
a.m.) before the onset of the ITT. Every animal was weighed and intraperitoneally injected
with 11U insulin per kg bodyweight. Blood glucose concentrations were measured at 0, 15,

30, 60, 90, and 120 minutes after the insulin injection.

2.9 Indirect calorimetry

Metabolic phenotyping and food intake after several weeks on HFD challenge was conducted
by an automated PhenoMaster version 7.2.8 open-circuit indirect, calorimetry system (TSE
Systems) in single housed male and female Pomc™P>” mice as described previously (Brix et

al., 2022). All animals were allowed to acclimatize to the experimental setup for 2 days with a
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total experimental duration and data acquisition of 5 -7 days. Statistical analysis was
performed exclusively on data from day 3 to day 6 (total of 72 hours) for all animals. Time
plots were generated from hourly averages of all parameters over 72 hours. Means per day
and night were calculated as the average of all measures over 72 hours. HFD and water were

available ad libitum.

2.10 Behavioral assessment

Open field test

The first behavioral task of the test battery was the open field test (OF) to assess locomotor
activity and anxiety-like behavior. Animals were placed in the lower left corner of the OF
arenas (50 x 50 x 50 cm) right before 15 minutes of recording and tracking was started
manually. Assessed parameters: inner zone entries, distance travelled, line crossings and
mean speed.

Flevated plus maze

The elevated maze (50 cm above ground) consisted of two opposing open arms (30 x 5 x 0.5
cm) and two opposing enclosed arms (30 x 5 x 0.5 ¢cm), which were connected by a central
platform (5 x 5 cm) shaping a plus sign. At the beginning of the 10 minutes recording, animals
were placed in the center zone, facing an enclosed arm before recording and tracking was
started manually. Assessed parameters: open arm entries, distance travelled, line crossings
and mean speed.

Dark-ljght box test

Finally, we assessed anxiety in the dark-light box test (DALI) at the third day of behavioral
testing. The DALI apparatus has two compartments: One light compartment (30 x 20 x 25 cm)
a dark and protected compartment (15 x 20 x 25 cm). Mice were placed in the lower left
corner of the dark compartment, facing the center before manually starting the 5 minutes
test. Assessed parameters: lit zone entries, distance travelled, line crossings and mean speed

were analyzed.

2.11 Statistical analysis
The data presented are shown as means + standard error of the mean (SEM) and samples

sizes are indicated in the figure legends. All data were analyzed by the commercially available
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GraphPad Prism 9.0 software (GraphPad Software, San Diego, California, USA). When two
groups were compared, the unpaired two-tailed student’s t test was applied. If data were not
normally distributed the non-parametric Mann-Whitney test (MW test) was used. Data based
on repeated observations comparing two groups were tested by repeated measures ANOVA.
Pvalues of less than 0.05 were considered statistically significant. Statistical significance was
defined as: *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001. A statistical trend was
accepted with a p value of 0.05 < p < 0.1 and indicated in the figures with the symbol “T".
Outliers were assessed with the online available Graph Pad outlier calculator performing the
two-sided Grubb’s outlier test. As this was an exploratory study, no statistical methods were

used to predetermine sample sizes.
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3. Results

3.1 KO of Fkbp5 in POMC neurons of male mice increases activity and improves
whole-body metabolism under HFD

The successful and specific knockout of Fkbp5 in Pormc-expressing neurons of the ARC and
cells within the pituitary gland was confirmed recently in a publication by our lab describing
the endocrine phenotype and stress physiology of the Pornc™®>”" KO model in the context of
aging (Brix et al., 2022). In the current study, we show that deletion of FKBP51 in Pomnc
expressing neurons of the ARC does not induce metabolic changes unless challenging this
model with a HFD over several weeks (16 weeks) (Fig. 1 A - L). Weekly BW measures in two
separate cohorts (Chow and HFD) revealed a significantly lower HFD-induced BW gain in
Pomc™ P> KO animals compared to Fkbp5°7°* controls, which remained stable over the
course of the experiment (Chow: F;,39= 0.89, p = 0.35; HFD: F,2,= 5.00, p = 0.03) (Fig. 1 A).
This reduction in BW gain in animals lacking FKBP51 in Pormc neurons was reflected in body
composition scans under chow and HFD, which showed a lower fat-to-lean mass ratio in KO
males compared to controls exclusively after a dietary challenge (chow: &g = 0.68, p = 0.5;
HFD: &9 = 3.53, p = 0.0014) (Fig. 1 B). To assess the functional effects of deleting Fkbp5 in
POMC neurons on metabolic control, we performed GTTs and ITTs under chow and HFD
showing that Pomc™®>” mice exhibited improved insulin sensitivity compared to controls
once differences in body weight became apparent (chow: GTT &g = 0.50, p=0.62, ITTU = 764,
o =0.34; HFD: GTT &7 =149, p=0.15, ITT &7 = 2.3, p = 0.03) (Fig. 1 C, D). This observation
suggests that improved insulin signaling in Pomc™®>” is a consequence rather than a cause
of the differences in body weight after dietary challenge. To allow in depth metabolic
phenotyping and to assess metabolic consequences of BW differences under a HFD (4.5
months), the animals’ energy expenditure (EE), respiratory exchange ratio (RER), activity,
speed and food intake were measured in metabolic cages via indirect calorimetry (Fig. 1 E -
L). RER (F7,74= 0.62, p = 0.44) and EE (F;,4= 2.0, p = 0.18) were unaffected by a deletion of
FKBP51 (Fig. 1 E, F). Interestingly, male Pomc™**” displayed increased activity during the day-
and active night phase (£,74= 0.72, p=0.2; day: U= 36012, p=0.015; night: /= 33966, p=
0.0007) (Fig. 1 G - H). Mean speed was slightly but non-significantly increased during day and
night (£7,74= 1.64, p=0.22; day: U= 38579, p = 0.25; night: U= 37648, p=0.11) (Fig. 1 | - )).

Food intake over the course of 72 hours did not differ between the two groups (/,7>= 0.002,
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p=0.97;day: U=81901, p=0.29; night: U= 84209, p=0.7) (Fig. 1 K, L). To assess the impact
of a dietary challenge on the animal's endocrine phenotype, adrenal weights and CORT were
measured at baseline under both dietary regimens. Other than a trend towards reduced
baseline CORT levels on HFD &7 = 0.16, p=0.09), Pomnc™®*"males did not display differences
in adrenal size (chow: o =0.86, p=0.4; HFD: &7 =0.16, p=0.87) and chow baseline CORT (U
=106.5, p=0.61) (Suppl. Fig. 1 A, B).
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Figure 1: KO of Fkbp5in POMC neurons of male mice alters whole-body metabolism by increasing
locomotion under HFD
(A) Endogenous KO of Fkbp5in Pormcexpressing neurons within the ARC increased HFD-induced BW

gain (chow (11 weeks): Nawpsioxiox = 21, Npomerrops-= 20; HFD (16 weeks): Navpsioviox = 16, Npomerrops.-=
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13). (B) Higher BW was reflected in a significantly lower ratio of fat-to-lean mass in Pomc™®*>"KO males
exclusively under high calorie load once differences in BW were present. (C) Blood glucose level in the
GTT and ITT were unaltered after 5 and 7 weeks on chow diet. (D) After 15 weeks on a HFD, animals
with a deletion of FKBP51 in Pomcexpressing ARC neurons developed improved insulin signaling but
no changes in glucose tolerance were observed. EE (E) and RER (F) assessed over a time course of 72
hours via indirect calorimetry were unchanged between Pomc™>”and Fkbp5°7°* animals. (G), (H)
Activity and mean speed (|, J) were increased during both day and night in animals with a deletion of
FKBP51. (K, L) Food intake was not different between groups (Naepsioxiox= 7, Nromerrops~= 9). Data are
received from male mice between 8 to 24 weeks of age and are presented as mean + SEM. * p < 0.05,
** p <0.01, *** p < 0.001, T 0.05 < p <0.1. AUC area under the curve, EE energy expenditure, GTT

glucose tolerance test, HFD high-fat diet, ITT insulin tolerance test, RER respiratory exchange ratio

3.2 KO of Fkbp5 in POMC neurons of female mice resembles male Pomc™*or>”
metabolic phenotype

As sex differences in metabolic traits such as obesity, diabetes and cardiovascular disease
have been extensively described in preclinical animal- and patient studies (Krishnan et al,,
2018), we set out to characterize female Pomc™#>” mice on a chow diet and after several
weeks on a HFD (16 weeks). Under chow diet, BW (Fig. 2 A), body composition (&7 =0.22, p=
0.83) (Fig. 2 B), glucose (&6 = 0.24, p=0.81)- and insulin tolerance (U= 0.85, p=0.54) (Fig. 2
C) were unaltered between female KO and control animals (Naxpsioxiox= 18, Neomerop~= 11).
Comparable to the male mice, female KO mice showed differences in BW exclusively after a
high-caloric load (Chow: F27=1.12, p=0.3; HFD: F;33= 34.74, p < 0.0001) (Fig. 2 A), which is
why we went on to examine metabolic parameters under HFD in a second cohort of females
(Nertpsionion =13, Nromerrops.~-= 23). Abody composition scan after 7 weeks on HFD consequently
reflected differences in BW with a higher fat-to-lean mass ratio in Fkbp5°/°* controls
compared to Pomc™P*” (&, = 3.53, p = 0.0013) (Fig. 2 B). As in males, female KO mice
developed improved insulin signaling but no changes in glucose tolerance under HFD (HFD:
GTT 3=0.04, p=0.96; ITT &2 =3.73, p=0.0008) (Fig. 2 D). EE (F7,13=1.35, p=0.27) and RER
(F1,13= 0.77, p=0.4) assessed by indirect calorimetry were unaffected by a KO of FKBP51 in
POMC neurons of the ARC and could therefore not explain observed differences in BW (Fig.
2 E, F). In line with findings in males, females with a KO of FKBP51 displayed significantly
increased activity exclusively during their active phase at night (/,73= 0.59, p= 0.46; day: U=
34614, p = 0.35; night: U= 31956, p = 0.02) (Fig. 2 G, H). Further supporting this notion,
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Pomc™P>" mice moved with significantly higher speed during the night (£/,75= 0.09, p= 0.76;
day: U= 34231, p=0.26; night: U= 32381, p=0.03) (Fig. 2 |, J). Food intake, was slightly but
not significantly lower in Pomc™®*” females during the night (/,7,= 0.23, p = 0.64; day: U=
26114, p=0.45; night: U= 25017, p=0.13) (Fig. 2 K, L). Together, assessment of metabolic
parameters and in-depth phenotyping in metabolic cages indicate that animals lacking
FKBP51 develop increased activity and speed, which appear to be causative for the observed
protection against HFD-induced weight gain and subsequent metabolic complications.
Relative adrenal weights were significantly increased after a HFD challenge in female
Pomc™P>" (£, = 2.78, p= 0.009) together with a trend towards increased morning CORT (&7

=1.78, p=0.09), and decreased ACTH levels (3 = 2.37, p=0.02) (Suppl. Fig. 1 C - E).
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Figure 2: KO of Fkbp5in POMC neurons of female mice resembles male Pomc™oP5*HFD-induced
metabolic and locomotion phenotype
(A) Weekly assessment of BW over a period of 6 weeks on chow and 16 weeks on HFD revealed a

blunted HFD-induced BW increase in female Pomc™®>/mice compared to Fkbp5°°*controls (chow:
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Nxvpsioniox = 18, Npomeropsr-= 11, HFED: Nawpsioxiox = 13, Neomerrops~= 23). (B) A body composition scan
after 7 weeks on HFD confirmed lower BW with a decreased ratio of fat-to-lean mass in females with a
KO with no changes under chow diet. (C) There were no differences in glucose- and insulin tolerance
under chow diet. (D) As in males, Pomc™>KO mice showed improved insulin signaling after 13 weeks
on HFD but there were no effects on glucose tolerance observed. EE (E) and RER (F) assessed over a
time course of 72 hours by indirect calorimetry remained unaffected by a deletion of FKBP51 in POMC
neurons. KO animals displayed higher activity (G, H) and speed (I, J) at night during their active phase.
(K - L) Food intake was not different between KO and control animals in the metabolic cages (n = 8
animals per genotype). Data are received female mice per genotype between 4 to 10 weeks of age and
are presented as mean + SEM. * p < 0.05, ** p < 0.01, **** p <0.0001. AUC area under the curve, EE
energy expenditure, GTT glucose tolerance test, HFD high-fat diet, ITT insulin tolerance test, RER

respiratory exchange ratio

3.3 Viral overexpression of Fkbp5 in POMC neurons of male mice does not alter
metabolism

Since there is solid evidence that mRNA expression of Fkpb5in the central MBH is increased
during prolonged metabolic challenge (Balsevich et al., 2014; Scharf et al., 2011; Yang et al,,
2012), we set out to investigate metabolic effects of Fkbp5 OE exclusively within POMC
neurons of the ARC. Pomc-specificity (Pomc™P? % was achieved by bilateral injections of a
Cre-dependent Fkbp5 OE virus into the ARC of male Pomc-Cre mice. Control mice received
an AAV2-eSYN-GFP control virus (Fig. 3 A). Qualitative analysis of viral Fkbp5 mRNA OE in
RNAScope images revealed a robust and very strong OE of the gene which in Pomnc
expressing neurons within the ARC (Fig. 3 B, C). Metabolic phenotyping under chow and HFD
did however not reveal any effects of the Fkbp5 OE on BW progression under dietary load
(F1,29= 0.61, p=0.44), body composition (U= 85, p=0.18), glucose tolerance (Chow: U= 85,
p=0.44; HFD: U= 112, p=0.77) and insulin signaling (Chow: &9 = 0.45, p = 0.22; HFD: U=
109, p=0.68) (Fig. 3 D - Q). Further, viral OE of FKBP51 in POMC neurons of the ARC did not
alter adrenal weights (after HFD) (&6 = 0.5, p=0.62), morning CORT on chow (U= 111, p=
0.96) and HFD (0= 1.18, p=0.25) and ACTH post dietary challenge (&s= 1.0, p=0.33) (Suppl.
Fig. 1F — H). Therefore, viral overexpression of Fkbp5 in POMC neurons revealed that, in
contrast to a deletion of this gene, unphysiologically high levels of this co-chaperone do not

affect central MBH-regulated control of whole-body metabolism.
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Figure 3: Viral overexpression of Fkbp5in POMC neurons of male mice does not alter metabolism

(A) Pomc-specific Fkbp5 OE was achieved by bilateral injections of a Cre-dependent human Fkbp5 OE
virus into the ARC of Pomc-Cre male mice (Pomc™er® Ok n = 15). Control Pomc-Cre animals received an

eGFP control virus (n = 16). Representative RNAScope confocal images of Fkbp5 mRNA expression in

155



Research articles

Pomc* neurons within the ARC in control Fkbp5°7°%(B) and Pomc™ P> % animals (n = 1 male per group)
(C). Dashed yellow squares indicate areas chosen for 40x close-up images. (D) Assessment of weekly
BW over a period of 14 weeks on chow and 13 weeks on HFD showed no differences in BW
development in animals overexpressing Fkbp5 in POMC neurons. (E) OE did not induce changes in
body composition in Pomc™ > ¢ animals compared to controls. (F - G) Glucose tolerance and insulin
signaling remained unaffected by OE of Fkbp5 under both dietary conditions. Data are received from
male mice between 24 to 28 weeks of age and are presented as mean + SEM. AUC area under the

curve, GTT glucose tolerance test, HFD high-fat diet, ITT insulin tolerance test

3.4 KO of Fkbp5in AgRP neurons of male mice does not affect metabolic control nor
locomotion

Another neuronal population within the ARC, which has been studied extensively in the
context of hypothalamic control of food intake and metabolism, expresses AgRP and is
described to counteract Pomc neurons in the melanocortin pathway (Yeo et al, 2021).
Therefore, we hypothesized that endogenous KO of Fkbp5in AgRP-expressing neurons could
induce a metabolic phenotype that contrasts with the described effects observed in our
Pomc™P>" mice. AgRP-specific conditional KO (AgRP* ) was achieved by crossing the
Fkbp 527 with the AgRP-Creline (Tong et al., 2008), which expresses Cre-recombinase under
the AgRP promoter. Qualitative and semi-quantitative analysis of RNAScope images (Fig. 4 A)
revealed successful and AgRP-specific KO of Fkbp5in the ARC (Bin 1 (1-3 puncta): &o = 2.39,
p<0.03; Bin 2 (4-9 puncta): U= 26, p=0.04) (Fig. 4 B). Contrary to our expectations, FKBP51
deletion in this neuronal subpopulation within the ARC did not trigger differences in BW (£7,.29
=0.34, p=0.57) nor food intake (#7,29= 0.81, p=0.38) under both dietary conditions (Fig. 4 C
- D). Further, glucose- (&9 = 0.42, p=0.68) and insulin tolerance (s = 1.13, p=0.27) on chow
diet remained unaffected by FKBP51 deletion (Fig. 4 E). Besides their well described role in
hypothalamic control of food intake and energy homeostasis (Deem et al., 2021), AgRP/Npy-
expressing neurons within the MBH were shown to engage in HPA axis activity (Chong et al.,
2015; Li et al., 2019; Perry et al., 2019; Rutters et al,, 2012; Xiao et al., 2003). Therefore, we
investigated potential changes in HPA axis function in our KO model by measuring relative
adrenal weights under chow (&9 = 0.62, p=0.54) and HFD (#, = 0.03, p=0.98) and performed
an acute 15 minutes restraint stress challenge (basal: =85, p=0.34; T30 min &9 =0.27, p=
0.79; T90 min U= 72, p=0.19) (Suppl. Fig. 1 I - J), neither of which showed any functional
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consequences of the KO. A behavioral test battery with an open field test (OF) (inner zone
entries: U= 105.5, p=0.58; distance travelled: o= 0.25, p=0.81; line crossings: 0= 0.07, p
= 0.94; mean speed: 30 = 0.23, p=0.82), elevated plus maze (EPM) (inner zone entries: &9 =
1.5, p=0.14; distance travelled: &9 = 0.14, p=0.89; line crossings: &9 = 0.55, p=0.58; mean
speed: &9 = 0.16, p = 0.88) and a dark-light (DALI) test (lit zone entries: &4 = 0.30, p=0.77;
distance travelled: U= 95, p=0.7; line crossings: U= 94.5, p=0.85;, mean speed: g = 0.5, p
= 0.62) did not reveal any effects on anxiety-related- and locomotion phenotypes in KO mice
compared to controls (Suppl. Fig. 2 A - C). In summary, KO of Fkbp5in AgRP neurons of the
ARC did not induce changes in whole-body metabolism, left HPA axis function intact and did
not elicit behavioral changes as described in Pomc™>” animals in this and a recently

published study from our lab (Brix et al., 2022).
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Figure 4: KO of Fkbp5in AgRP neurons of the ARC does not affect metabolism in male mice

(A) Representative RNAScope confocal images show co-expression of Fkbp5 mRNA with AgRP neurons
in the ARC of male Fkbp5°¥*and AgRP™P5>/-KO mice. Orange arrow heads indicate AgRP"neurons
with a complete KO of Fkbp5. (B) Semi-quantitative analysis of Fkbp5 mMRNA expression in AgRP
neurons revealed a significant increase in AgRP* cells expressing a low number of Fkbp5 mMRNA puncta

(Bin 1: 1 - 3 puncta) and a significantly lower percentage of high-expressors (Bin 2: 4 - 9 puncta) in
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AGRP 5/ KO mice (n =number of analyzed 40x confocal images of either left or right ARC, nko = 14,
Ncontrol = 8; 2 Males per genotype). Irrespective of the dietary regimen, BW (C) and food intake (D) were
not affected by a KO of Fkbp5in AgRP neurons of the ARC. (E) Glucose- and insulin tolerance under
chow diet remained unaffected in AgRP P> males compared to controls (Naspsioxior= 19; Nagrertps=
12). Data are received from male mice between 16 to 20 weeks of age and are presented as mean +
SEM. AgRP agouti-related protein, AUC area under the curve, GTT glucose tolerance test, HFD high-fat

diet, ITT insulin tolerance test
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4. Discussion

While recent work from our lab revealed that S/7-expressing neurons in the VMH are not the
driving force (Brix et al., 2022, in submission) behind strong (and opposing) phenotypes
achieved with an MBH-wide (Hausl et al., 2022) or a full KO of Fkbp5 (Balsevich et al., 2017;
Hartmann et al,, 2012; Stechschulte et al., 2016), this study is the first to identify a cell-type
specific role of this co-chaperone in robust metabolic phenotypes. Endogenous KO in Pomc-
(Pomc™P>") and AgRP-expressing (AgRP™>”) neurons, and viral cell-type specific OE of
Fkbp5in the ARC, suggested a beneficial effect of FKBP51 deletion exclusively in the Pomc™P>
“mouse model, in both sexes. Male and female mice with a KO of FKBP51 in Pomcexpressing
cells were protected from HFD-induced bodyweight gain, which was reflected in a higher ratio
of fat to lean mass and improved insulin signaling. Intriguingly, described metabolic
improvements were absent under a chow diet and were dependent on a HFD trigger. It is
known that diet-induced obesity undermines the ability of POMC neurons to appropriately
respond to nutrients and hormones, and chronic exposure to high-fat feeding decreased the
electrophysiological properties of these neurons (Quarta et al, 2020). Further, our lab
revealed that central Fkbp5is upregulated in the MBH in response to a high-fat diet challenge
(Balsevich et al.,, 2014). Therefore, our model suggests that FKBP51 could be involved in intra-
and intercellular pathogenic alterations underlying HFD-induced POMC dysfunction. In line
with this hypothesis, a KO of Fkbp5in this vulnerable neuronal population of the ARC should
have a protective effect against HFD-induced maladaptation of this system, which is what we
show in our Pormc™>”"model.

A prolonged HDF and resulting obese phenotypes were shown to induce hypothalamic
inflammatory pathways and increased autophagic activity, particularly at the level of POMC
neurons (Le Thuc et al., 2017; Thaler et al,, 2012). These long-term neuronal alterations
induced by elevated pro-inflammatory signaling, such as the inhibitor of kB kinase-f3 (IKK[3)-
nuclear factor kappa B (NFkB) pathway (Jais and Bruning, 2017), can eventually lead to
apoptotic events and therefore to POMC neuron death (Moraes et al., 2009; Thaler et al,
2012). Ultimately this results in HFD-induced insulin and leptin resistance and supports
obesity and related metabolic complications (Ullah et al., 2021).

At this stage, we can only speculate about the possible involvement of FKBP51 in these
maladaptive processes in POMC neurons, but there are two promising lines of thought. 1) A

direct mechanistic role of FKBP51 in inflammatory signaling: Immunoprecipitation studies in
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cell culture by Kastle and colleagues described the presence of a complex of FKBP51, Hsp90,
GR, and members of the IKK family. Intriguingly, RNAi-mediated silencing of Fkbp5 reduced
NFkB signaling, demonstrating FKBP51s potential for a broad anti-inflammatory profile (Kastle
et al,, 2018). In line with this, human genome-wide association studies by Zannas et al. linked
higher Fkbp5 mRNA in human blood cells with a pro-inflammatory profile and altered NFkB-
related gene networks (Zannas et al., 2019). Hence, the KO of Fkbp5in our Pomc™ P> mouse
model could protect animals from HFD-induced inflammation. 2) A role of FKBP51 in the
inflammation-driven increase of autophagic signaling and cell-death (Thaler et al., 2012):
While, described HFD-induced increase in autophagic signaling in the MBH may serve to
minimize neuronal inflammation and injury (Meng and Cai, 2011), there is emerging evidence
that autophagy is a primary mechanism of cell death (autophagic cell death) (Jung et al., 2020).
As for the role of FKBP51 in autophagy signaling, there is ample evidence that this co-
chaperone is an important upstream regulator of this pathway (Gassen et al.,, 2019, 2014;
Hausl et al., 2022). The MBH-wide FKBP51 manipulation study by Hausl revealed that FKBP51
steers autophagy pathways in the MBH in a dose-dependent inversed u-shaped manner.
Hereby, the absence of FKBP51(KO) reduced MBH autophagy signaling in contrast to
excessive, non-physiological levels (OE), which block autophagy (Hausl et al., 2022).

Metabolic cage experiments revealed that Pomc™®>” females and males had a higher
voluntary locomotor activity, an effect that had already been shown in full FKBP51 KO males
(Balsevich et al,, 2017). Intriguingly, we have observed this phenomenon before in our
Pomc™P>” model in classical behavioral tasks to assess locomotion and anxiety-related
phenotypes (Brix et al., 2022). Zhan and colleagues showed that one of the downstream
metabolic effects of POMC deletion in the ARC, which mimics a malfunctioning or cell-death
of this neuronal population, is a reduction in voluntary locomotion, along with a decrease in
food intake and increase in bodyweight. Interestingly, this POMC deletion study excluded a
role of POMC neurons in the NTS in mediating these effects, suggesting that the ARC is the
neuronal hub that enables changes in locomotion and energy metabolism in our model (Zhan
et al, 2013). In this sense, there is ample evidence for the role of ARC POMC neurons and the
melanocortin signaling pathway in controlling rodent locomotor activity (Adage et al., 2007;
Caronetal, 2018; Huo et al., 2009; Lute et al., 2014; Marie et al., 2000; Pei et al., 2019; Reinol3
et al., 2020). The potential underlying mechanism causing changes in locomotor activity could

be described HFD-induced inflammation of POMC neurons, as hypothalamic induction of
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inflammatory pathways in mice via bacterial lipopolysaccharide (LPS) injections decreased
locomotor activity (Le Thuc et al., 2017). Therefore, it is tempting to speculate that the deletion
of FKBP51 in our Pomc™P*” mice prevents inflammation-induced autophagic cell death and
the associated decrease in locomotor activity, thus protecting the animals from POMC-
mediated dysregulation of energy metabolism under HFD.

A possible explanation for the lack of an FKBP51 OE effect (Pomc™?° % is the high age of the
animals at the beginning of the experiments (8 - 9 months), which is a major limitation of this
study. In this age range, studies show that aging can accelerate obesity-induced comorbidities
and that aged mice are more vulnerable to the effects of a prolonged HFD (Azzu and Valencak,
2017; Moreno-Fernandez et al.,, 2021). Further, FKBP51 was shown to increase with aging
(Sabbagh et al., 2014; Zannas et al., 2019) and under a HFD challenge (Balsevich et al., 2014).
Hence, age-related metabolic perturbations could override any beneficial or detrimental
effects of our genetic manipulation in this experiment, as the potential of FKBP51 to drive
underlying mechanisms in POMC neurons could be limited (ceiling-effect).

The absence of a metabolic phenotype in our AgRP**>” mouse model was surprising in light
of AgRP's important role in energy metabolism, food intake, locomotion and food foraging
(Dietrich et al., 2015; Huang et al., 2013; Timper and Bruning, 2017). One possible explanation
is that AgRP neurons are activated most prominently and robustly under food deprivation
and in fasted states, driving food foraging- and intake (Dietrich et al., 2015; Takahashi and
Cone, 2005). Therefore, it is likely that we are overlooking FKBP51-related effects in AgRP
neurons with our experimental set up, and future experiments in this mouse model should
include an assessment of homeostatic states in fasted and food deprived animals.

In summary, we demonstrate that male and female mice with a KO of FKBP51 in POMC
neurons of the ARC exhibit improved whole-body metabolism, a phenotype that is most likely
driven by increased voluntary locomotor activity. Considering that the disruption of FKBP51
in POMC neurons of the ARC is consistent with a full FKBP51 KO (Balsevich et al., 2017;
Stechschulte et al.,, 2016) and in contrast to an MBH-specific central Fkbp5 KO (Hausl et al.,
2022), this study highlights the complexity of tissue- and cell type-specific, but also cross-
tissue effects of FKBP51 in whole-body metabolism. With this study, we are opening up a new
research avenue for the development of targeted therapeutic interventions for the treatment

of metabolic diseases and their comorbidities.
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Suppl. Figure 1: Endocrine phenotyping of Pomc™*P>*males and females, male mice overexpressing

Fkbp5in POMC neurons and males with a KO of Fkbp5in AgRP neurons within the ARC

(A) Relative adrenal weight and baseline morning corticosterone (CORT) (B) were not altered in male

knockout animals under chow and after 16 weeks on a HFD. (C) Relative adrenal weight of female
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animals with a knockout of Fkbp5in POMC neurons was significantly increased after 16 weeks on a
HFD with higher baseline CORT (D) and lower baseline ACTH levels (E). (F) Relative adrenal weight, CORT
under chow and HFD (G) and ACTH after HFD (H) remained unchanged male Pomc™*“> 9 mice virally
overexpressing Fkbp5in POMC neurons of the ARC. (I) Relative adrenal weight, CORT at baseline and
after 15 minutes restraint stress (J) was unaltered in male AgRP P>/ mice with a knockout of Fkbp5in
AgRP neurons. Data are received from male and female mice between 16 to 20 weeks of age and are
presented as mean + SEM. * p <0.05, ** p < 0.01, T 0.05 < p <0.1. ACTH adrenocorticotropin releasing

hormone, CORT corticosterone, HFD high-fat diet
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Suppl. Fig. 2: Behavioral assessment of anxiolytic phenotypes and locomotion in animals lacking
FKBP51 in AgRP neurons

(A) Male AgkP*r>"mice with a deletion of FKBP51 in AgRP neurons in the arcuate nucleus did not
develop an anxiolytic- nor a hyperlocomotion phenotype in the open field test as assessed with inner
zone entries, distance travelled, line crossings and mean speed. The same parameters for locomotion
and anxiety-related measures were unaltered between AgRP P> and Fkbp5°7°¥ in the elevated plus
maze (B) and dark-light box (C). Data are received from male mice between 12 to 16 weeks of age and

are presented as mean + SEM.

173



General Discussion

3. General Discussion
3.7 Summary

The main goal of this thesis was to decipher the tissue- and cell type-specific role of the co-
chaperone FKBP51 in regulating the hormonal stress response system and energy
metabolism. Since FKBP51 is best known for its critical involvement in the negative feedback
control of the HPA axis, we set out to investigate the effects of its genetic manipulation in two
anatomical nodes in this process. In particular, we examined its role in central negative
feedback control and HPA axis (re)activity in the PVN of the hypothalamus (Chapter 2.1) and
corticotrope POMC cells of the PIT (Chapter 2.2). Both studies confirmed that the loss of
FKBP51 has a beneficial effect on HPA axis function by improving negative feedback, an effect
that is dependent on the animals’ age.

To further unravel the central role of FKBP51 in whole-body metabolism, we manipulated its
expression in the MBH via viral approaches: we uncovered a novel regulatory role for FKBP51
in autophagy signaling, identifying new molecular interaction partners involved in this process
(Chapter 2.3). To delve deeper into specific subnuclei of the MBH that may be involved in
FKBP51-mediated actions in the MBH, we manipulated its expression in SF1 neurons of the
VMH (Chapter 2.4) and POMC neurons of the ARC (Chapter 2.5). Intriguingly, the resulting
phenotypes diverge in opposite directions, highlighting its cell type specificity in the regulation
of energy metabolism.

These data are the first to examine the cell type-specific roles of FKBP51 in the HPA axis and
metabolism /n vivo. Therefore, they are crucial to decipher the potential of FKBP51 for
targeted pharmacological interventions in treating psychiatric- and metabolic disease
phenotypes. In this regard, the observed effects of FKBP51 depended mainly on the following
aspects: cell type (Chapter 3.2 and 3.4), age (Chapter 3.3), dose (Chapter 3.4), and diet
(Chapter 3.5).

3.2 The effects of FKBP51 on HPA axis (re)activity are unidirectional

In our first two studies (Chapter 2.1 and Chapter 2.2), we tested the hypothesis that ablation
of FKBP51 in the PVN (Fkbp5™") and corticotrope POMC cells in the PIT (Pomc™®>")
improves the hormonal stress response and that this positive effect is mediated via negative

feedback control of the HPA axis at the GR. This hypothesis is based on the well-established

174



General Discussion

negative regulatory role of FKBP51 at the GR (Touma et al, 2011) and FKBP51's stress-
responsive nature (Zannas et al., 2019, 2015). It has been shown that the expression of Fkbp5
is drastically increased after stress in stress-relevant brain regions, including the PVN and PIT
(Jenkins et al., 2013; Scharf et al.,, 2011). In line with its mechanistic role in HPA axis negative
feedback control, the 51KO mouse line displays decreased HPA axis (re)activity and Gr
expression changes in response to acute stressors, positively shaping the neuroendocrine
profile of these animals (Hartmann et al,, 2012; Touma et al,, 2011). Despite increasing
evidence of a positive effect of FKBP51 loss on the hormonal stress response, the involvement
of specific central and peripheral tissues and cell-types driving these phenotypes was
previously unknown.

Therefore, we genetically and virally modulated Fkbp5 expression in the PVN (Chapter 2.1)
and PIT (Chapter 2.2), confirming findings in 51KO animals: both endogenous FKBP51 KO
models (Fkbp5”"™N7" and Pomc™P*” ) displayed improved HPA axis negative feedback control,
whereas OE of the gene in the PVN (Fkbp5™ 99 reproduced physiological and
endocrinological hallmarks of a chronic stress situation (Schmidt et al., 2007). Assessment of
GR sensitivity via the DEX/CRH test produced very strong and robust phenotypes in both
genetic lines, indicating the involvement of the GR in improved stress responses and negative
feedback regulation. Interestingly, CORT levels were lower in Fkbp5™"" animals than in
controls after both DEX and CRH, whereas Pomc™P>” mice showed differences exclusively
after CRH. Our data suggest that this can be explained by slightly different modes of action
of FKBP51 on GR activity in the two target tissues: A negative correlation between FKBP51
levels and GR activity, as determined by the phosphorylation status of the receptor, revealed
that the phenotypes observed in the Fkbp5™"”" model were due to direct involvement of
FKBP51 in GR-mediated negative feedback. In Pomcexpressing cells of the PIT, our data
suggest that KO of FKBP51 has an indirect effect on GR activity via reducing the efficiency of
GCs on POMC downregulation (Kageyama et al., 2021). This proposed mechanism could
explain why we did not observe differences in negative feedback regulation post DEX but
rather a dampened (re)activation of the HPA axis after CRH. Taken together, both KO studies
describe an improvement of GR-mediated negative feedback of the HPA axis via direct
(Fkbp5™™"~") or indirect (Pormc™®°” ) actions of FKBP51 on GR activity.

Since the effects of the KO at these two anatomical sites in the periphery and in the brain are

unidirectional, it is tempting to speculate that their effects on GR-mediated feedback are
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additive, which would be reflected in more robust global 51KO phenotypes compared to a
KO in one specific tissue. To approach this question, significance levels of the most
informative HPA-related parameters (see Table 1) from two global 51KO (Fkbp5”) studies by
Touma et al. and Hartmann et al. (Hartmann et al., 2012; Touma et al., 2011) were qualitatively
compared with our tissue specific KO studies in the PVN in chapter 2.1 (Hausl et al., 2021)
and PIT in chapter 2.2 (Brix et al., 2022). The experimental procedures in the various studies
are congruent for almost all endocrine parameters, as shown in the table below. What is
immediately striking is that the basal CORT levels (A) in none of the four studies listed differ
significantly from those of the control group. This confirms once again that FKBP51 is a stress-
responsive gene whose expression must be triggered by a stressor to induce significant
effects of its KO on stress physiology. Consistent with this, the 6-minute forced swim test (FST)
(B) used in the Hartmann study (row 2) is not strong enough to trigger an effect compared to
15-minute restraint stress used in the other studies (except Pomc™P*7), underlining that the
exact nature and strength of the stressor is decisive. This observation is in line with results by
Scharf et al. (Scharfetal., 2011), who found that more severe stressors (24 h food deprivation)
resulted in a higher expression shift of central Fkbp5 mMRNA compared to milder and shorter
stressors (15-minute restrained).

Comparing significance levels of all four studies across all parameters assessed, the KO of
Fkbp5 in POMC cells of the PIT (row 4) was found to have the most specific effects on HPA
axis activity, exclusively at CORT 60 minutes post stress, and CORT 30 minutes post CRH
injection in the DEX/CRH (E) test. In contrast, the KO of Fkbp5 in the PVN (row 3) appears to
elicit a comparable, if not stronger, stress phenotype than the global Fkbp5” KO (rows 1 and
2). It should be noted here that a global loss of FKBP51 also affects other brain regions that
are crucial for the stress response, such as the amygdala, BNST, and HIP which could have
counterregulatory or opposite effects. Engelhardt and colleagues showed that a KO of Fkbp5
in the BNST actually induced the opposite effect and increased the HPA axis (Engelhardt et
al., 2021). Taken together, these results do not support the hypothesis of additive effects in
global 51KO animals but instead suggest a predominantly PVN-driven effect on HPA axis
function in all four studies, with a significant but not exclusive role of FKBP51 in the PIT in HPA
axis (re)activity and stress recovery. This is consistent with our finding that reinstatement of

Fkbp5 expression exclusively in the PVN of global 51KO animals raises HPA axis activity to WT
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levels, demonstrating that FKBP51 in the PVN is necessary and sufficient to regulate HPA axis

activity (Chapter 2.1) (Hausl et al., 2021).

A) B) Q) D) E) F
Mouse line Study Basal CORTT'™ | CORTT®- | CORT6 | CORT30 | Adrenals
CORT | post stress %0 post h post | min post
stress DEX CRH
Fkbp5™~
(Touma et ' '
VS, n.s. * % *(Restraint) * (75min) * *k*
o al, 2011)
/0 /4
Fkbp5™~
(Hartmann
VS. n.s. n.s.(F" * (90min) *
b5 et al, 2012)
/0 )+
F/(bpg”l//\/f/f
(Hausl et
VS, n.s. +* % *(Restraint) * (60min) **k* *k* *kh*k
Fbp 5P al., 2021)
Pomcees”
(Brix et al.,
VS, n.s. n_S_(Restraint) * (60min) n.s. *h*k n.s.
Fkbp 5/ 2022

Table 1: Overview of the levels of statistical significance between different FKBP51 knockout (KO)

mouse lines and their respective wildtype (WT) controls

Rows one and two show global 51KO (Fkbp5”) studies by Touma et al. and Hartmann et al. Rows three
and four show tissue-specific KO studies by Hausl and Brix et al.: KO of Fkbp5 in the paraventricular
nucleus (PVN; Fkbp5V") and pro-opiomelanocortin (POMC; Pomc™r>7) cells in the pituitary (PIT). (A)
In all four studies, baseline plasma corticosterone (CORT) levels were assessed during the circadian
nadir in the morning between 08:00 - 10:00 and were consistently unchanged between KOs and
controls in each study. (B) Depicted are the significance levels of CORT 15 minutes after acute restraint
stress. Applied stress was a 15-minute restraint stress in all studies, except for a 6-minute forced swim
test (FST) in the study by Hartmann et al. (C) CORT levels in the recovery phase after the respective
stress paradigm ranged from 60-90 minutes post stress (duration indicated in the table, column C). (D)
With the exception of the study by Hartmann et al, all studies performed the

dexamethasone/corticotropin-releasing hormone test (DEX/CRH), starting in the morning between
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08:00 and 09:00 with the injections of DEX and continuing 6 hours later with a subsequent CRH
injection (E). (F) The weights of dissected adrenals were assessed in all studies at the endpoint
(sacrifice).

n.s. not significant; significance levels are indicated by following asterisks: *p <0.05, **p <0.01, and

%0 < 0,001

3.3 The effects of FKBP51 on HPA axis (re)activity are age-dependent

Male mice of our tissue-specific KO lines (Chapter 2.1 and Chapter 2.2) were tested at
different ages in each study to investigate whether FKBP51-mediated effects on the HPA axis
in the target regions are age-dependent. This is based on the described increase of Fkbp5
expression levels with aging in humans (Blair et al., 2013; Zannas et al., 2019) and mice (Jinwal
etal, 2010; O'Leary et al,, 2011; Sabbagh et al., 2014), which contribute to reduced resilience
to depression-like behavior that increases with aging mice and humans. An overview of the

animals’ age and their designation in both studies is given in Table 2 below.

Mouse line Study Age in weeks | Age designation
(Hausl et al 8 Adolescent
Flbp 57N/~ !
2021) 16- 20 Adult
s (Brix et al., 12-16 Young
Pomc*er>"
2022) 28 - 32 Aging

Table 2: Age of animals used in paraventricular nucleus (PVN)- and pituitary (PIT)-specific knockout

(KO) studies

Overview of the animal's age indicated in weeks and their respective designations in the Fkbp5™""

and Pomc™> KO studies of chapters 2.1and 2.2, respectively.

Although not the focus of this study, we were able to show that the robust effects on HPA
axis (re)activity observed in adult Fkbp5™""~ animals (16 - 20 weeks old) were not present in
adolescent males that were eight weeks old at the start of the experimental phase (Chapter
2.1). The same phenomenon was observed in study 2 (Chapter 2.2), in which young (12 - 16
weeks) and aging (28 - 32 weeks) male mice with a KO of Fkbp5 in POMC cells of the PIT
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(Pomc™®3"y were compared with respect to the significance levels of our KO. The Fkbp5™"V7"
mice designated as “adult” in chapter 2.1 and the “young” Pomc™®>” animals in chapter 2.2
were approximately in the same age range so the results can be directly compared with each
other in terms of the effect size of our KO (see 3.2). In brain lysates from mice collected at
different ages, Jinwal and colleagues showed that FKBP51 protein levels gradually increased
from detectable levels at 5.5 months of age to markedly elevated levels at 9 months of age
(Jinwal et al,, 2010). The fact that we were able to observe FKBP51-mediated effects on
endocrine parameters of the HPA axis at a younger age than 5.5 months in both studies might
be due to the low resolution of the technique applied in the Jinwal study: they used Western
blot analyses in whole-brain lysates, which can dilute expression in particular brain regions at
a young age to a point where it is no longer detectable. Overall, this dynamic of FKBP51 levels
in the rodent brain over time described by Jinwal et al. fits into the overall picture of resulting
phenotypes that we drew in chapters 2.1 and chapter 2.2. Unfortunately, we did not cover all
three age stages (adolescent, adult, and aging) in each study. However, by combining the
results from both studies, we can suggest that the strength of the effects of our FKBP51 KOs
in the PVN and PIT follow the protein’s gradual upregulation with aging (see Figure 6). We are
therefore the first to add spatial information to these dynamics /n vivo. Furthermore, the PIT

is the first peripheral tissue in rodents in which upregulation of FKBP51 with age has been

suggested.
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Figure 6: Graphical representation of the directionality of FKBP51-mediated effects in Fkbp5”"Vand

Pomc s mice

FKBP51 KO studies in the paraventricular nucleus (PVN) and pro-opiomelanocortin (POMC) cells of the

pituitary (PIT) indicate a positive linear correlation of FKBP51-mediated effects on hypothalamic-
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pituitary-adrenal (HPA) axis function and age. Dotted lines and blanks below the line indicate
extrapolation of the curve progression because data within these age ranges were not assessed in the
respective study. Solid lines and filled spaces indicate the age ranges in which effects on HPA axis

activity were evaluated in each study.

3.4 FKBP51 shapes metabolism bidirectionally dependent on tissue
and cell type in a dose-dependent manner

Based on the lean phenotype and improved metabolism of global 51KO mice (Balsevich et
al., 2017, 2014; Hartmann et al.,, 2012; Sanchez, 2012; Stechschulte et al., 2016), we were
initially puzzled to observe that male mice with a viral KO in the MBH showed a massive
increase in BW within a few weeks, while an OE of Fkbp5 protected these animals from HFD-
induced weight gain (Chapter 2.3; see Figure 7). The overarching mechanism that appeared
to drive the differences in BW in our MBH-wide manipulation was autophagy signaling within
this hypothalamic brain region. We identified FKBP51 in the MBH as a master switch linking
autophagy and whole-body metabolism via the AMPK-mTOR network by scaffolding upstream
hetero protein complexes in the initiation phase of autophagy signaling. By combining our /n
vivoand /n vitro data, we revealed that FKBP51 regulates autophagy signaling within the MBH
dose-dependently in an inversed u-shaped manner (see Figure 7). deletion of FKBP51
reduced autophagy signaling, and excessive levels of the protein resulted in a total block of
autophagy in the MBH. However, the MBH does not regulate energy homeostasis in isolation
but in concert with the periphery (Broberger, 2005). Excessive OE of Fkbp5 in the MBH also
moderately increased FKBP51 levels and autophagic flux in muscle and adipose tissue via
decreased sympathetic outflow, which positively affected BW regulation.

Intriguingly, endogenous KO of Fkbp5in Sf7-expressing neurons within the VMH also resulted
in slightly increased susceptibility to a dietary challenge. Still, instead of improving energy
metabolism, viral OE of Fkbp5 in Sf7-expressing neurons increased susceptibility to a HFD-
challenge (Chapter 2.4). Thus, FKBP51-mediated BW regulation followed the described u-
shaped and dose-dependent effects of FKBP51 on autophagy signaling described in chapter
2.3 (see Figure 7). Therefore, it is tempting to speculate that autophagy signaling within the
MBH is the common mechanism underlying the observed metabolic phenotypes in both
studies. The fact that we see opposite effects on BW in the respective FKBP51 OE experiments

may also be a matter of dose: cell type-specific OE of the co-chaperone in the VMH was
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probably not strong enough to induce downstream effects on sympathetic outflow and to
increase FKP51 levels, and autophagy signaling in the periphery, and therefore we did not see
beneficial effects on BW progression in the SF1-specific OE in chapter 2.4. The relatively mild
effects on metabolic control induced by the manipulation of FKBP51 in SF1 neurons suggest
that this neuronal population is not the only one, or else one of a conglomerate of MBH nuclei
that drive robust phenotypes upon MBH-wide manipulation in chapter 2.3.

Adding to the complexity of the role of FKBP51 in energy metabolism, an endogenous KO in
Pomcexpressing neurons of the ARC produced a phenotype comparable to that of global
51KO animals, while its viral OE did not have effects on metabolic control (Chapter 2.5; see
Figure 7). Based on our postulated theory that FKBP51 regulates autophagy signaling in an
inversed u-shaped manner, this suggests two things: 1) Loss of FKBP51 could be
advantageous in pathways other than autophagy signaling, such as HFD-induced
neuroinflammation in POMC neurons (Kastle et al., 2018; Zannas et al., 2019). 2) A dampening
of autophagy signaling in POMC neurons could be beneficial in cases of inflammation-driven
excessive autophagy, protecting the neurons from cell death (Thaler et al., 2012). The absence
of a phenotype with viral POMC-specific OE might be explained by the animals’ high age (8 -
9 months) at the beginning of the experiments. Age-related metabolic perturbations could
override any beneficial or detrimental effects of our genetic manipulation (Azzu and Valencak,
2017; Balsevich et al., 2014; Moreno-Fernandez et al., 2021; Sabbagh et al., 2014; Zannas et
al., 2019), as the potential of FKBP51 to drive underlying mechanisms in POMC neurons could
be limited (ceiling effect). Although this is a major limitation of the study, it extends our
hypothesis of age-dependent dynamics of FKBP51-mediated effects on stress- and metabolic
phenotypes. Future studies should include young adult animals to underpin this hypothesis.
In global 51KO animals, the sum of the described positive effects of FKBP51 loss (see 1.6.2)
might outweigh the negative consequences on hypothalamic autophagy signaling
(Chapter2.3), resulting in an overall favorable metabolic phenotype.

Taken together, these results illustrate that manipulation of FKBP51 levels can lead to
opposite metabolic phenotypes, depending on cell type, tissue, and site of its loss or OE (see
Figure 7), thus expanding our understanding of the cell type-specific role of this co-chaperone

in energy homeostasis.
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Figure 7: Overview of metabolic phenotypes resulting from FKBP51 manipulation in the mediobasal

hypothalamus (MBH), the ventromedial hypothalamus (VMH), and the arcuate nucleus (ARC)

Knockout (KO; orange) of Fkbp5 in the MBH and steroidogenic factor 1 (577)-expressing cells in the
VMH lead to increased body weight (BW) and obese phenotypes. In contrast, a KO in pro-
opiomelanocortin (Pomag-expressing neurons of the ARC protects animals from a high-fat diet (HFD)-
induced BW gain. Overexpression (OE; green) in SF1 neurons results in increased susceptibility to a
HFD, whereas animals with viral MBH-wide OE remain lean under dietary challenge due to moderate
increases of FKBP51 and autophagy signaling in the periphery. OE in POMC neurons of aging animals
had no effect on BW, which may indicate a ceiling effect in terms of the potential of FKBP51 to induce
downstream effects on metabolic control. Therefore, the dynamic and thus curve progression in
younger animals with an OE of FKBP51 in POMC neurons remains unknown (dashed green lines).

Overall, the effect of FKBP51 levels on the animal's BW depends strongly on the targeted cell types:
The relationship between FKBP51 and BW in the VMH can be described by a u-shaped curve, and in
MBH-wide manipulation, it follows a negative linear function. The BW phenotype in VMH-FKBP51 KO
and OF animals suggests that autophagy signaling is the underlying mechanism, as the BW follows the
same dose-dependent dynamics as this mechanism itself. The results of POMC-specific FKBP51

manipulation suggest other molecular effects responsible for the observed phenotype that are
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currently unknown. All curves shown are representative, hypothetical approximations. Question marks

indicate open hypothesis.

3.5 The effects of FKBP51 on whole-body metabolism are modulated
by the dietary context

In chapters 2.3, 2.4, and 2.5, we investigated the effects of endogenous and viral manipulation
of Fkbp5 gene expression in the MBH and its subnuclei, the VMH and the ARC, on whole-body
metabolism. What was striking and common to almost all models (except MBH-wide KO in
Chapter 2.3) was that the phenotypes were only triggered after a dietary challenge (HFD)
lasting several weeks. While it was known from Scharf et al. (Scharf et al., 2011) that not only
a physical restraint stress but also 24 hours of fasting induce increased Fkbp5 mRNA levels
in the mouse brain, Yang and colleagues confirmed that Fkbp5is one of the genes that are
upregulated in the hypothalamus after 48 hours fast. In particular, they observed increased
FKBP51 levels in the VMH, PVN, and ARC of mice and rats. Hypothesizing that an OE of Fkbp5
in the hypothalamus promotes obese phenotypes, they transferred the gene to the
hypothalamus via an AAV and observed elevated BW on a HFD (Yang et al., 2012). This not
only confirmed that hypothalamic Fkbp5 responds to a HFD challenge but also showed that
these elevated levels can trigger obese phenotypes. Two years later, Balsevich and colleagues
investigated the interaction effect of an eight-week HFD followed by a psychosocial and
physical chronic social defeat stress (CSDS) paradigm to assess a potential role for FKBP51 at
the interface between stress reactivity and energy balance. They were the first to show an
upregulation of Fkbp5 mRNA in the MBH and HIP upon dietary challenge but could not show
an interaction effect of the two stressors (Balsevich et al., 2014). Interestingly, the harmful
effects of a HFD can be passed on from the damn to the offspring, leading to long-lasting
impairments in anxiety-like behaviors and stress coping strategies in the next generation that
correspond to the adverse effects of chronic stress exposure in adult mice. Further, they
observed significant upregulation of Fkbp5in the PVN of the offspring (Balsevich et al., 2016).
Consistent with these findings, a chronic HFD exposure was shown to elicit a stress response
itself with downstream behavioral and neuroendocrine effects comparable to chronic
physical and or psychosocial stress exposure (Aslani et al., 2015). Further, high calorie diets
can potentiate the negative effects of chronic stressors alone, increasing neuroinflammation,

cardiovascular-, endocrine-, behavioral- and cognitive deficits (Batschauer et al., 2020; Lippi,
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2021; Wang et al., 2022). Overall, there is ample evidence that chronic HFD elicits a stress
response and increases FKBP51 levels in hypothalamic brain regions, promoting obesity and
stress-related phenotypes, so we can assume that it acts as a trigger for the observed
changes in energy metabolism in our models.

The KO of Fkbp5in Pomc-expressing neurons (Chapter 2.5) follows this logic as it is known
from the literature that a prolonged HFD causes detrimental effects on POMC neuron
function, such as inflammation and cell death (Le Thuc et al,, 2017; Moraes et al., 2009; Thaler
et al, 2012), that can be boosted by higher FKBP51 levels (Gassen et al., 2014b; Kastle et al,,
2018; Zannas et al, 2019). This gradual loss of POMC neuronal function can ultimately
promote obesity (Ullah et al., 2021). In the VMH KO model (Chapter 2.4), where autophagy
signaling is assumed to be the driving mechanism, loss and OE of Fkbp5 have detrimental
effects on BW following the dose-dependent u-shaped curve of FKBP51-mediated autophagy
signaling (see Figure 7). Prolonged nutrient overload is known to increase inflammatory
processes in the hypothalamus (Jais and Bruning, 2017; Thaler et al., 2012) and could amplify
the effects mediated by FKBP51, ultimately leading to higher metabolic susceptibility to a HFD
in our model. In contrast to all our other models, MBH-wide KO of Fkbp5 did not require a
HFD to induce obesity-related phenotypes. The reason for this is most likely the dose-
dependence of FKBP51 when it comes to the magnitude of its effect on autophagy signaling:
A KO of Fkbp5in only one cell type within the MBH (SF1 neurons; Chapter 2.4) corresponds
to a moderate reduction in autophagy, whereas a KO targeting all cell types within the MBH
(Chapter 2.3) results in a total block of autophagy signaling. In this sense, our “moderate” KO
in the VMH requires an additional stressor to trigger FKBP51-mediated effects on
metabolism. In contrast, a total block of autophagy in the MBH alone seems sufficient to

increase BW.

3.6 FKBP51 shapes the stress response and energy homeostasis:
Potential therapeutic implications

Soon after the discovery of antidepressant and antipsychotic medications in the mid-
twentieth century, it was recognized that a lot of patients show limited to no response to
these drugs. Today we know that 20 - 60 % of patients with psychiatric disorders are
treatment resistant (Howes et al., 2021), which is associated with increased healthcare

burden that is up to ten-fold higher relative to patients in general. While there has been an
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increase in the proportion of psychiatric research focusing on treatment resistance, it is still
less than 1% of the total output (Howes et al., 2021). Our world is facing a shortage of effective
pharmacological treatments not only for psychiatric- but also for metabolic diseases. While
enormous progress has been made in the management of obesity and its comorbidities, the
treatment of this disease itself has proven largely resistant to pharmacological interventions
(MuUller et al., 2021). Since both diseases are comorbid (Rabasa and Dickson, 2016; Russell
and Lightman, 2019; Tomiyama, 2019; van der Kooij, 2020), it is even more worrying that some
of the medications have side effects that can exacerbate the other condition. A large
proportion of anti-obesity drugs target the central neurochemical system, which modifies
behavioral components of obesity, such as food intake, emotional- and cognitive function,
and they were found to have varying adverse neuropsychiatric profiles (Nathan et al., 2011).
On the other hand, pharmacological interventions for psychiatric diseases, especially
antidepressants, often increase the risk of metabolic complications (Gramaglia et al., 2018). A
great glimmer of hope on the horizon of this crisis is personalized medicine which is based
on the assumption that an individual's unique physiologic characteristics play a significant role
in disease vulnerability and in response to specific therapies. A fundamental building block of
this approach is the patient's genetic profile to elucidate the molecular underpinnings of
these disorders and be able to develop individualized prevention strategies (Ozomaro et al.,
2013).

This is where FKBP51 comes to the table: Not only is this gene regulated via interactions
among environmental stressors, genetic variants, and epigenetic modifications, which can
result in psychiatric disease phenotypes (Zannas et al., 2015), but its genetic variants are also
associated with obesity and insulin resistance (Fichna et al., 2018). This broad spectrum of
FKBP51 action makes it a very promising target for pharmacological interventions targeting
both sides of the coin. Two highly selective antagonist ligands of FKBP51, SAFit1 and SAFit2
(selective antagonist for FKBP51 by induced fit; SAFit2 is brain-permeable), have been shown
to enhance neurite outgrow in mice, with SAFit2 increasing feedback inhibition of the HPA
axis and stress coping (Gaali et al, 2015). Moreover, SAFit2 has anxiolytic properties
(Hartmann et al,, 2015), alleviates pain states (Maiaru et al., 2018, 2016), and improves stress-
coping behavior in combination with escitalopram in rodent models (P6himann et al., 2018).
In addition to the positive effects on stress- and pain-related phenotypes, blocking FKBP51

action with SAFit2 was shown to improve insulin signaling in skeletal myotubes and protected
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treated animals from diet-induced weight gain, which was comparable to the effects of a
global KO of FKBP51 (Balsevich et al., 2017).

In chapters 2.1 and 2.2, we provide evidence that central and peripheral loss of FKBP51 in
the PVN and corticotrope cells of the PIT, respectively, positively shapes HPA axis negative
feedback regulation and (re)activity, which is consistent with the HPA axis phenotype in
animals with a global loss of FKBP51 (Hartmann et al,, 2012; Touma et al.,, 2011) (see 3.2). The
unidirectionality of the central and peripheral effects of FKBP51 on the stress-response would
argue for global pharmacological attenuation of FKBP51 to improve the hormonal stress
response. Ideally, only in patients who have been screened for known FKBP51 SNPs to
increase treatment success (Binder, 2009; Binder et al,, 2008, 2004; Matosin et al., 2018;
Zannas and Binder, 2014). Consistent with this, Gaali and colleagues could show that SAFit2
improved the suppression of CORT levels after DEX and CRH, which is consistent with the
enhancement of GR sensitivity following FKBP51 inhibition (Gaali et al., 2015). However, our
studies on the metabolic effects of central loss of FKBP51 in metabolically relevant
hypothalamic nuclei in chapters 2.3 and 2.4, and 2.5 add another level of complexity to any
potential pharmacological approach to attenuate FKBP51 function. Considering improved
whole-body metabolism in global FKBP51 KO mice (Balsevich et al, 2017; Hartmann et al.,
2012; Sanchez, 2012; Stechschulte et al., 2016) in combination with our cell type-specific loss
of FKBP51 in Pomcexpressing neurons in the ARC (Chapter 2.5), it seems reasonable to
suggest that blocking FKBP51 function (globally and/or centrally) is beneficial in both
psychiatric- and metabolic diseases, bypassing the known side effects of classical
antidepressant- and anti-obesity drugs. However, our central KO and OE studies in the MBH
(Chapter 2.3) and VMH (Chapter 2.4), where the loss of FKBP51 impaired energy metabolism,
urge caution about pharmacological attenuation of FKBP51 and suggest region- and cell type-
specific fine-tuning of SAFit administration to avoid metabolic side effects.

Therefore, the work done here increases our knowledge of the potential of FKBP51 as a target
in the pharmacological treatment of psychiatric- and metabolic diseases tremendously. It
raises awareness for the importance of region- and cell type-specific studies in the preclinical

phase of developing tailored pharmacological treatment approaches.
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3.7 Limitations and future directions

This thesis provides compelling evidence that FKBP51 acts in a highly cell type-specific, dose-
and age-dependent manner and that its action is modulated by the dietary context. We are
the first to decipher the cell type-specific effects of FKBP51 on the HPA axis and metabolic
control, and delineate the underlying mechanisms in which this co-chaperone is involved,
thereby steering and fine-tuning the hormonal stress response and energy metabolism.
Despite our in-depth characterization of the cell-type specificity of FKBP51 and its dynamics
in modulating these two physiologic processes, there remain outstanding research questions

and limitations to our current findings.

Sex differences

The cell type-specific KO and OE studies in the PVN (Chapter 2.1) and Pomcexpressing cells
of the pituitary (Chapter 2.2) were performed exclusively in male mice, even though sex and
gender differences in mental disorders are among the most common and robust findings in
psychiatric research. These differences exist in the prevalence of psychiatric diseases, with
depression being twice as common in females than in males, and in symptomatology, risk-
and influencing factors (Riecher-Rassler, 2017). However, we still don't understand the
underlying physiologic causes of these differences, and there is a lack of research in this field,
which has resulted in poorer treatment outcomes for women. Often-used justification for this
focus on males is that females are considered more variable (in part due to estrous cyclicity),
their use will reduce statistical power, and small differences can be overemphasized.
However, research shows that these concerns do not stand in-depth statistical simulations,
demonstrating that females are not more variable than males and that their estrous cycle
need not be considered (Beery, 2018). In particular, the PIT, which plays a central role in
sexual development and modulation of various endocrine axes, is sexually dimorphic in size,
gene expression and function in humans and rodents (Bjelobaba et al., 2015; MacMaster et
al., 2007). Therefore, future preclinical studies in our cell type-specific KO and OE models of
FKBP51 should include female phenotyping to help overcome this gap and improve future

treatment outcomes for women.
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Interaction effect

While this thesis suggests that FKBP51 has a high potential to act at the interface of stress-
physiology and metabolism, we do not investigate this in-depth. Research shows that
prolonged HFD is considered a metabolic stressor, increasing Fkbp5 expression in
hypothalamic brain regions (Balsevich et al., 2014) and eliciting similar behavioral- and
endocrine profiles as a CSDS (Aslani et al., 2015) (Chapter 3.5). Even more importantly, it was
shown that a dietary challenge could boosts the adverse effects of chronic physical and
psychosocial stressors (Batschauer et al., 2020; Lippi, 2021; Wang et al., 2022). In this context,
FKBP51 could be the molecular bridgehead at the interface of these two mechanisms, linking
and amplifying the negative effects of a high-calorie diet and chronic stressors. Balsevich et
al. investigated this a couple of years ago in the global 51KO mouse model and found that
although FKBP51 was responsive to both stress and dietary conditions, there was no
interaction effect (Balsevich et al., 2014). However, this does not exclude potential interaction
effects in our cell type-specific KO and OE models. Especially, our KO of FKBP51 in the PVN
(Chapter 2.1) may be involved in such interaction effects, as this hypothalamic nucleus is not
only considered a master regulator of the HPA axis (see 1.2.3) but is also crucial in mediating
the downstream effects of POMC and AgRP activity on whole-body metabolism (see 1.7.2 and
1.7.3). Therefore, a combination of a prolonged dietary challenge and a chronic physical and
psychosocial stressor, such as a CSDS, may reveal the potential of FKBP51 to exacerbate
adverse effects at the interface between the stress response and whole-body metabolism.
Mechanisms

While studies in chapters 2.1, 2.2, and 2.3 provide analysis of the molecular and mechanistic
role of FKBP51 underlying the observed stress- and metabolic phenotypes, this information
is partially missing in chapters 2.4 and 2.5. Based on our MBH-wide manipulation study
(Chapter 2.3) and the dynamics of BW progression in our KO and OE in Sf7-expressing
neurons of the VMH (Chapter 2.4), it is suggested that autophagy signaling is the underlying
mechanism of FKBP51-mediated effects on metabolism. Nevertheless, we do not investigate
this further following the example of MBH-wide manipulation of FKBP51 and analyze key
markers for autophagy signaling centrally and in the periphery. However, this was a deliberate
decision, as the primary outcome of the VMH-specific study in chapter 2.4 was the relatively
small involvement in robust FKBP51-mediated effects observed in chapter 2.3. POMC-specific

KO in chapter 2.5 provides evidence for a central role of FKBP51 in this neuronal population
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in steering downstream effects on BW and energy metabolism under a dietary challenge. One
identified cause that may lower HFD-induced BW gain in animals with a KO is their increased
activity pattern, which is already present before the dietary challenge. Therefore higher
locomotion could counteract negative effects of POMC neuronal dysfunction induced by the
HFD (e.g., inflammation and cell death) (Le Thuc et al., 2017; Moraes et al., 2009; Thaler et al.,
2012). In line with that, inflammation in POMC neurons was shown to decrease voluntary
rodent locomotion (Le Thuc et al, 2017; Zhan et al, 2013). Therefore, it is tempting to
speculate that the deletion of FKBP51 in our Pomc™P*” mice prevents inflammation-induced
autophagic cell death and the associated decrease in locomotor activity, thus protecting the
animals from POMC-mediated dysregulation of energy metabolism under HFD. As this study
is still awork in progress, we aim to further elucidate the underlying processes that potentially
mediate FKBP51 driven effects on metabolism in POMC neurons, assessing inflammatory-
and apoptotic markers, autophagy signaling, and electrophysiological properties. Once we
have established which direct molecular changes occur in POMC neurons lacking FKBP51,
investigating the underlying circuits in which this neuronal population and second-order
neurons interact will help further unravel the downstream events that lead to improved
energy metabolism in our Pomc™®>” animals. MC4R expressing neurons in the PVN are an
interesting candidate in this context, as they are a target of both POMC and AgRP neurons.
Interestingly, the activity of mTOR complex1 (MTORCT) has been shown to control
glutatmatergic POMC inputs onto PVN parvocellular neurons, which is reduced under a HFD
(Mazier et al,, 2019). Therefore, in our model, FKBP51 may be directly involved in mTORC1
signaling in POMC neurons and thus reduce glutamatergic inputs onto the PVN, requiring

modulation of MC4R in parvocellular PVN neurons.

3.8 Closing remarks

We elucidate cell type-specific roles of FKBP51 and its underlying mechanisms in the
hormonal stress response system and energy metabolism. We show that the effects of this
co-chaperone are highly dependent on its site of expression, its dosage and the age of the
animals and are modulated by the dietary context. With this, we open a new avenue of
research and raise awareness for developing targeted therapeutic interventions in the

treatment of psychiatric- and metabolic diseases and their comorbidities.
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