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Preface

In 2017, the Nobel Prize in Physiology or Medicine was awarded to Jeffrey C. Hall, Michael
Rosbash, and Michael W. Young for their discovery of the molecular circadian clock. This
groundbreaking research inspired numerous scientists to delve further into the study of
circadian rhythms in health and disease. It is an honor for me to have contributed to the

advancement of knowledge in this field.

“These rhythms are one of the signatures of life and an understanding of these biological
processes tells us much about ourselves and the world in which we live”

— Foster and Kreitzman

Through my research on the role of circadian rhythms in mental health, | hope to increase
awareness and understanding of psychiatric disorders, thereby supporting those who are

struggling from and fighting against these conditions.

“On croit parfois que c'est la seule maniére de les faire taire
Ces pensées qui nous font vivre un enfer”

— Stromae
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Abstract

Background: Mood and metabolic disorders frequently occur concomitantly in individuals,
causing a tremendous health burden. The disproportionate comorbidity of these disorders has
led to the concept of ‘metabolic-mood syndrome’, suggesting the existence of common
underlying biological mechanisms. Since the circadian system regulates virtually all bodily
functions, including brain and metabolic functions, it has been proposed that circadian system
disruptions, among others, might be at the root of this comorbidity. The circadian system can
be disrupted genetically (e.g., clock gene mutation), environmentally (e.g., shift work) or by a
combination of both. Research has shown that genetic and environmental circadian disruptions
can lead to behavioral and metabolic deficits in animals and humans. However, not all
individuals experience adverse health consequences from shift work, indicating differing genetic
susceptibilities to environmental circadian disruptions and highlighting a potential circadian
gene-environment interaction (GxE) in the generation of disease. These arguments suggest that
genetic and environmental circadian disruptions can each be causal for concomitant mental and
metabolic deficits, but their interaction further increases an individual's risk for comorbid
conditions. According to this hypothesis, the impact of a genetic or environmental circadian
disruption, as well as the influence of their interaction on the development of behavioral and
metabolic deficits in mice were assessed in this thesis. More precisely, this thesis investigated
comorbid (i.e., occurring in the same animal) behavioral and metabolic deficits in three different

mouse models.

Methods: In the first model, a genetic circadian disruption was caused by downregulation of
molecular rhythms in the suprachiasmatic nucleus (SCN), the master pacemaker of the circadian
system. This was achieved by stereotactic injection of short hairpin RNAs (shRNAs), knocking
down the essential clock gene Bmall, into the SCN of mice (SCN-Bmal1-KD). In the second mouse
model, the environmental circadian disruption was induced by exposing mice to alternating light
cycles, mimicking shift work conditions. Based on sexually dimorphic health implications in shift
workers, male and female mice were both assessed to investigate sex-specific health effects of
an environmental circadian disruption. In the third mouse model, the interaction between a
genetic and an environmental circadian disruption was examined by subjecting mice lacking a
single copy of Bmall (Bmall*") to the shift work light paradigm. In all three mouse models,
comorbidity of behavioral and metabolic deficits in the same animal was examined through
various tests that evaluated depression-, mania-, and anxiety-like behaviors, as well as metabolic

variables such as eating behavior, weight gain, and sugar metabolism.
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Results: Downregulation of molecular SCN rhythms in SCN-Bmal1-KD animals leads to
dampened locomotor activity rhythms, mania-like behavior, and alterations in the positive
valence system that propose changes in reward-related behavior. Importantly, SCN-Bmal1-KD
animals also exhibit a striking metabolic phenotype with excessive weight gain in the first weeks
following SCN rhythm downregulation. Despite overall levels of metabolic parameters remaining
unchanged (e.g., food intake), their rhythmicity is significantly dampened in SCN-Bmal1-KD
mice. Downregulation of SCN rhythms equally affects glucose homeostasis with SCN-Bmal1-KD
animals displaying changes in glucose tolerance, hypoglycemia, and a potential loss of glucose
rhythms under ad libitum feeding. The majority of the observed behavioral and metabolic
phenotypes are established rapidly following downregulation of SCN rhythms and do not change
following a more chronic downregulation. Interestingly, SCN-Bmall-KD animals exhibit
alterations in periaqueductal gray (PAG) rhythmicity and the orexin (ORX) system, suggesting
that the observed comorbid behavioral and metabolic deficits following SCN rhythm
downregulation might originate from disturbances in subordinate clocks involved in the

regulation of brain and metabolic functions.

In the second approach, the environmental circadian disruption, we successfully established a
shift work light paradigm, which leads to constant re-entrainment in both, male and female
mice. However, adaptation to alternating light cycles is sex-specific with male mice appearing to
shift more readily than females. The shift work light paradigm leads to behavioral and metabolic
deficits. Interestingly, and according to results in human studies, those deficits are sex-specific.
While male mice show reduced helplessness during shift work conditions, females exhibit
increased helplessness under these conditions. Further, female shift work animals display
increased anxiety-like behavior — an effect, which is not observed in males. In line with this, only
female shift work animals display a lengthening of the rhythm of the PAG, a brain region involved
in anxious responses. In addition, we observe a sex-specific effect of shift work on weight gain
with males displaying a significantly increased weight gain following shift work conditions
despite unaltered overall food consumption. Thus, we report sex-specific deficits during shift
work conditions with females being more susceptible to increased helplessness and anxiety-

related features, and males exhibiting reduced helplessness and subtle metabolic changes.

In the third approach, investigating a circadian GxE in generating comorbid diseases, we show
an altered adaptation of locomotor activity of Bmal1*- animals to the shift work light paradigm.
Independent of shift work conditions, Bmal1* mice display hyperactivity and mild signs of
anxiety but no changes in mood-associated behaviors or metabolic parameters. Against our

expectation, shift work conditions do not alter behavior and have only mild metabolic effects
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(i.e., increased weight gain) in Bmal1* and WT animals. Importantly, we do not report any
evidence for an interaction between a genetic and environmental circadian disruption in

generating comorbid behavioral and metabolic phenotypes in mice.

Outlook: This thesis provides further evidence for the importance of both, genetically-
controlled and environmentally-regulated circadian rhythms for mental and metabolic health.
However, we cannot provide evidence for a circadian GxE in generating comorbidities. Our
research highlights the importance of SCN rhythms in mental and metabolic health, suggesting
that stabilization of these rhythms, for instance via light therapy, might be an effective and easy-
to-implement tool for preventing or treating comorbidities. Our findings also contribute to the
growing body of evidence suggesting sexually dimorphic health effects of shift work. Given the
increasing number of individuals engaged in shift work, we recommend taking into
consideration sex-specific prevention and/or therapy of shift work-associated health

implications.
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1. Introduction

1.1 Metabolic-Mood comorbidity

Affective disorders, also referred to as mood disorders, is an umbrella term used to summarize
the group of mood-related psychiatric disorders. These include diseases such as major
depressive disorder (MDD) and bipolar disorder (BP). Patients suffering from affective disorders
experience very strong positive and/or negative emotional states or a complete lack of emotions
[1]. Itis widely recognized that affective disorders often co-occur with anxiety disorders, another
class of psychiatric illnesses. Anxiety-related disorders are characterized by excessive and
persistent anxiety and worry, restlessness, irritability, and sleep disturbances [1]. According to
estimations in 2019, approximately 301 million and 280 million individuals globally were living
with anxiety disorders and MDD, respectively. Around 40 million people experienced BP [2].
Affective and anxiety disorders are a leading cause of disability worldwide and majorly
contribute to the overall global burden of disease. The global costs of MDD and anxiety disorders
are estimated to USS 1 trillion each year [3]. In addition to affective disorders, metabolic
disturbances, such as obesity, hypertension, type 2 diabetes and dyslipidemia are a major public
health concern [4]. This cluster of symptoms, known as metabolic syndrome, affects around 1/3
of the adult population in the United States and the cost of this epidemic is estimated in trillions

of USS [5].

Importantly, mood and metabolic disorders are frequently associated. MDD patients exhibit a
50 % increased risk of developing obesity, compared to healthy individuals [6-8]. Equally,
patients with BD display a prevalence of metabolic syndrome, which is nearly double as high as
in the general population [9, 10]. Along the same lines, depressive symptoms during adolescence
are a predictor for increased body mass index (BMI) during adulthood [11]. Importantly,
metabolic syndrome in psychiatric patients elevates the risk for cardiovascular events and
thereby mortality [12-14]. Conversely, individuals suffering from obesity are more likely to
report depressive and/or manic symptoms and individuals primarily diagnosed with type 2
diabetes, display an increased prevalence of comorbid depression [7, 15, 16]. Even though
antidepressants used to treat mood disorders have metabolic side effects, studies in
unmedicated patients evidence that metabolic dysregulation also occurs independently of drug
effects [17, 18]. The epidemiological relevance of this comorbidity has become apparent insofar

that both disorders and especially their co-occurrence are associated with a tremendous illness-
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associated burden [19, 20]. The close relationship between mood and metabolic disorders has
led to the concepts of ‘metabolic-mood syndrome’ or ‘metabolic depression’, proposing
common underlying biological factors for both diseases [15, 21]. The understanding of the
nature of these biological mechanisms remains limited. However, the circadian system has been

proposed as one factor [22], which is explored in more detail below.

1.2 The circadian system

1.2.1 Origin of the circadian clock

Life on Earth is characterized by daily recurrent changes in the environment, brought about by
the 24-hour rotation of the Earth around its axis. These environmental variations include the
light-dark (LD) cycle, temperature oscillations, and fluctuations in food availability. One of the
greatest challenges of living organisms is to coordinate their behavior and physiology during
these variations in environmental conditions. Therefore, organisms evolved an internal
timekeeping system, called the circadian system, which enables them to anticipate regular 24-
hour changes on Earth, thereby enhancing their chance of survival and reproduction [23-26]. In
contrast, disruption of the circadian system impairs fitness [27]. “Circadian” derives from the
Latin words “circa” and “diem”, which signify “approximately a day” i.e., 24 hours. Circadian
rhythms have been extensively studied and described in nearly all living organisms including
algae, bacteria, fungi and multicellular organisms like animals, and plants [28]. Importantly,
circadian rhythms are defined by three characteristics: (1) they are endogenous, self-sustained
rhythms of approximately 24 hours, (2) they are entrainable and (3) they are temperature

compensated [29]. These features are further explored in the following paragraphs.

1.2.2 The molecular clock

At the cellular level, the circadian system is based on a molecular clock residing in nearly every
cell of the body. This clock is formed by an endogenous, cell-autonomous, and self-sustained
transcriptional-translational feedback loop (TTL) [30]. In the TTL, the positive limb consists of the
activating transcription factors brain and muscle ARNT-like protein 1 (BMAL1; also called ARNTL

or MOP3) and circadian locomotor output cycles kaput (CLOCK) or its paralogue neuronal PAS
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domain protein 2 (NPAS2; also called MOP4). These transcription factors form BMAL1:CLOCK
heterodimers via their PAS domains and bind to enhancer boxes (E-boxes) in promoter regions
via basic-helix-loop-helix (bHLH) domains. The binding of BMAL1:CLOCK heterodimers to E-
boxes results in the transcription of the core clock genes Period1/2/3 (Peri/2/3) and
Cryptochromes1/2 (Cry1/2), as well as of so-called clock-controlled genes (CCGs). Upon
translation in the cytoplasm, PERs and CRYs form heterodimers, which bind to and inhibit
BMAL1:CLOCK activity and thus ultimately their own transcription. Over time, PERs and CRYs are
ubiquitinated and degraded resulting in BMAL1:CLOCK complexes binding again to E-boxes and
starting a new cycle of transcription (Figure 1 A). This core TTL generates cycles of approximately
24 hours, which in contrast to most biological reactions maintain their kinetics over a broad
range of temperatures (i.e., temperature compensation). Although the TTL is the main loop
generating endogenous oscillations, it is fine-tuned and stabilized by auxiliary loops. The most
studied auxiliary loop consists of REV-ERBa/P (also called NR1D1/2) and RORa/B/y (also called
NR1F1/2/3) [31, 32]. The binding of BMAL1:CLOCK to E-boxes drives the transcription of REV-
ERBa/B and RORa/B/y. REV-ERBa/B and RORa/B/y in turn fine-tune the expression of BMAL1,
by repressing and activating Bmall transcription, respectively. However, other auxiliary loops
formed by E4 promoter-binding protein (E4BP4, also called NFIL3) and D-box albumin promoter
binding protein (DBP) or DEC1/2 (also called SHARP2/1) have been characterized [33-35]. The
rhythms of clock genes are superimposed to a large fraction of the genome since E-boxes and
other circadian regulatory elements exist in the promoters of most genes. Indeed, over 80 % of

protein-coding genes in primates display daily oscillations in at least one tissue [36].

1.2.3 Hierarchical organization of the circadian system

Circadian clocks are present throughout the body. However, they must be coordinated to allow
synchrony with the environment as well as within and between tissues. To this end, the circadian
system is organized in a hierarchical manner with the master pacemaker, the suprachiasmatic
nucleus (SCN), at the top of the hierarchy [37, 38]. The central role of the SCN as a master
pacemaker of the circadian system was initially demonstrated in lesion studies. In rats, bilateral
SCN lesion results in arrhythmic locomotor and drinking behavior and blunted rhythms of
endocrine signals such as corticosterone [39, 40]. Further, transplantation experiments
evidenced that SCN grafts in SCN lesion animals restored behavioral rhythms and that the period
of restored locomotor activity rhythms reflects the period of the initial graft rhythms [37]. The

SCN consists of two nuclei comprised of densely packed neurons located in the ventral
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hypothalamus, directly above the optic chiasm [41]. In mice, each nucleus is comprised of
approximately 10,000 neurons, which are predominantly GABAergic. Anatomically, the SCN
divides in “core” and “shell” subregions characterized by distinct neuropeptide expression
patterns. Whereas the core comprises vasoactive intestinal peptide (VIP) and gastrin-releasing
peptide (GRP) neurons, the shell contains mainly arginine vasopressin (AVP)-expressing cells
[42]. The core receives direct light input via the retinohypothalamic tract (RHT) from intrinsically
photosensitive retinal ganglion cells (ipRGCs) in the eye. The SCN then synchronizes subordinate
clocks in the brain and the periphery via neuronal projections of the autonomic nervous system
(ANS), hormones (e.g., melatonin and glucocorticoids) or via the regulation of body temperature
and behavior, notably locomotor activity and food intake (including reward-related feeding) [43-
45]. Importantly, the SCN receives feedback from different brain regions and peripheral tissues,

which stabilizes the circadian system (Figure 1 B).

1.2.4 Entrainment of circadian clocks

The endogenous circadian rhythm (i.e., internal time) must be synchronized to the environment
(i.e., external time). This process is referred to as entrainment and is essential as most
endogenous circadian rhythms are not exactly 24 hours [46]. Thus, their phase must be adjusted
via environmental stimuli, called Zeitgebers (German: ‘time giver’). Since Zeitgebers affect and
adjust the circadian system, circadian time points are based on Zeitgeber times (ZT) with ZTO
corresponding to the beginning of the light phase (i.e., ‘lights on’). Light is the strongest
Zeitgeber of the circadian system and mainly signals to the SCN. The SCN in turn can either
directly influence peripheral clocks via neuronal and hormonal routes or indirectly by influencing
behavior [47, 48]. In this vein, the SCN dictates rest-activity cycles, which then drive the rhythmic
exposure of the organism to Zeitgebers such as the LD cycle, food, or temperature. This rhythmic
exposure to Zeitgebers can synchronize peripheral clocks. For instance, liver, pancreas, muscle,
adipose tissues and non-SCN brain areas (e.g., amygdala and hippocampus) are entrained via
metabolic signals from food [49, 50]. Peripheral clocks in turn can influence the SCN via
hormonal and metabolic signals. This feedback to the SCN fine-tunes and stabilizes the circadian
network. Thus, the entrainment of circadian clocks is a complex, reciprocal process between
Zeitgebers, the SCN and peripheral clocks (Figure 1 C). Although this bidirectional crosstalk
enables stability of the circadian system, it also signifies that disrupting either the SCN,
Zeitgebers or both will ultimately affect the entire system and thereby perturb body

homeostasis.
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Figure 1. The circadian system in mammals. (A) The molecular clock. In nearly every cell of the body, including in the
SCN and peripheral tissues, resides a molecular clock. This molecular clock is formed by a TTL. The positive limb of the
TTL consists of the transcription factors BMAL1 and CLOCK, which heterodimerize and bind to E-box elements in
promoter regions. This results in the expression of PERs, CRYs and CCGs. PERs and CRYs heterodimerize in the
cytoplasm and bind to and inhibit BMAL1:CLOCK activity and hence their own transcription (negative limb). Over time,
PERs and CRYs are degraded resulting in BMAL1:CLOCK heterodimers starting a new cycle of transcription. (B) The
hierarchical organization of the circadian system. In mammals, light is the strongest Zeitgeber. Light information
reaches the iPRGCs in the retina and is then transferred to the SCN through the RHT. The SCN is the master pacemaker
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and synchronizes subordinate clocks in the brain and periphery via the ANS, hormones or via the regulation body
temperature and behavior (notably locomotor activity and food intake). In this manner, subordinate clocks are
synchronized with environment and amongst each other. Peripheral circadian oscillators generate outputs that
feedback to the brain, further stabilizing the circadian system. (C) Schematic representation of the entrainment of
circadian clocks. The bidirectional crosstalk confines stability but also signifies that disrupting one component will

ultimately affect the entire circadian system thereby altering body homeostasis. Created with BioRender.

1.3 Circadian regulation of mood and metabolism

The circadian clock is present in virtually all cells of the body and regulates gene expression in a
tissue-specific manner. It is therefore not surprising that the circadian system regulates a wide
range of physiological, behavioral, and psychological functions, including mood and metabolism.
In healthy individuals, a circadian pattern in subjective mood as well as in appetite and hunger
has been reported [51-53]. Similarly, neural networks associated with mood and affectivity,
including the limbic system and the hypothalamic-pituitary-adrenal (HPA) axis, are all subject to
circadian regulation [54, 55]. Moreover, the expression of numerous metabolic
enzymes/transporters/receptors is rhythmic and circadian oscillations in food-regulating brain
regions including the arcuate nucleus (ARC), the ventromedial hypothalamus (VMH) and the

dorsomedial hypothalamus (DMH) have been reported [56].

The link between the circadian clock, mood and metabolism is further strengthened by findings
of circadian dysregulation in metabolic and affective disorders. Individuals suffering from MDD
display dampened locomotor activity rhythms as well as reduced amplitudes of body
temperature and hormone rhythms (e.g., cortisol and melatonin) [57-59]. On the molecular
level, a post-mortem human brain study reported dampened circadian gene expression rhythms
in mood-regulating brain areas including the nucleus accumbens (NAc) and the amygdala in
patients suffering from MDD [55]. In obese individuals, altered hormone secretion and body
temperature rhythms and a loss of daily rhythms in glucose and insulin sensitivity have been

reported [60, 61].

Interestingly, human data points towards an association between the master pacemaker of the
circadian system, the SCN, and both mood and metabolic disorders. Post-mortem studies have
found altered neurotransmitter and/or receptor expression in the SCN of individuals who
suffered from mood disorders. For instance, increased GABA expression, altered melatonin
receptor abundances and increased numbers of AVP-expressing neurons were found in MDD

patients [62-64]. Equally, a post-mortem human study found altered numbers of AVP- and VIP-



Introduction 22

expressing neurons as well as astroglia in the SCN of type 2 diabetes patients, indicating a

potential involvement of the SCN in the disease [65].

The beneficial effects of chronotherapeutic interventions, aiming at stabilizing endogenous
circadian rhythms, in affective and metabolic disorders provide another line of evidence for a
link between circadian rhythms, mood and metabolism. For instance, chronotherapeutic
interventions (e.g., bright light therapy, social rhythm therapy, agomelatine) have been shown
to improve symptomatology in patients suffering from affective and/or anxiety disorders [66-
69]. Similarly, time-restricted eating and time-restricted feeding, which restrict food intake to
the active phase was shown to be successful in alleviating metabolic symptoms in humans and
mice, respectively [70-72]. The beneficial effects of chronotherapeutic interventions in affective
and metabolic disorders suggest that circadian disruptions might be a common underlying

biological mechanism but do not allow to draw definitive conclusions about causality.

Indeed, despite an evident role of the circadian system in mood and metabolism, the question
whether blunted physiological rhythms are a predisposing factor for, or a consequence of these
disorders remains to be disentangled. To establish a causal role of the circadian clock in
metabolic and mood disorders, different models of circadian disruptions have been established

and studied.

1.4 Origin and models of circadian disruptions

Circadian rhythms are manifestations of endogenous feedback loops of clock genes, which are
entrained to the environment by Zeitgebers. Given this, disruptions of the circadian system can
be caused genetically and/or environmentally. Circadian disruptions have been linked to
pathology and although the mechanisms explaining how genetic and environmental circadian
perturbations ultimately lead to pathology remain largely unknown, two expert reviews propose
mechanistic concepts including external desynchronization, internal desynchronization at
different levels of physiology, reduced rhythm amplitude and changes in sleep architecture [73,
74]. For instance, circadian clocks throughout the body are differentially affected by Zeitgebers
and disruptive Zeitgeber inputs result in the loss of phase coherence within and between tissue
clocks (internal desynchronization), altering physiological homeostasis further bringing about
various diseases. Some of the described mechanistic concepts will be explored in this thesis in

models of genetic and environmental circadian disruptions.
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1.4.1 Genetic disruptions of the circadian system

Circadian disruptions can occur due to genetic alterations in clock genes. In humans, genetic
polymorphisms mapping to clock genes have been associated with morningness—eveningness
preference or circadian rhythm sleep disorder, demonstrating their impact on circadian timing
[75]. Importantly, certain human single nucleotide polymorphisms (SNPs) have been associated
with disease, including psychiatric and metabolic disorders. For instance, a SNP in the CLOCK
gene (rs1801260) was significantly associated with increased manic episodes in BP [76, 77], as
well as with increased BMI [78]. Moreover, genome-wide association studies (GWAS) have
provided compelling evidence of the remarkable overlap between genetic risk loci for major
psychiatric disorders and genetic determinants of BMI [79]. As explored below, genetic
disruptions of circadian clocks have been more extensively studied in animals, using different

strategies.

KO vs. KD

A standard approach for studying the circadian clock involves deleting a clock gene i.e., knockout
(KO) and analyzing the phenotypes that ensue. Most of the clock genes are present as paralog
pairs (e.g., Cryl and Cry2), which to some extent can compensate for each other’s loss. Thus,
single gene KO of most clock genes has shown compensation [80-83]. However, Bmall is a non-
redundant clock gene whose single gene KO alone is sufficient to abrogate the functioning of
the molecular TTL resulting in arrhythmicity in mice [84]. In contrast to KO, knockdown (KD) of
a clock gene is a genetic strategy to study its role without entirely abolishing circadian function
and thus might represent a more clinically relevant approach. Landgraf and colleagues, for
instance, examined the behavioral and metabolic effects of SCN rhythm disruption by SCN-
specific Bmall knockdown (SCN-Bmal1-KD) [85]. Given that this thesis employed the genetic
approach of Landgraf and colleagues, the advantages of this model and the earlier discoveries

are covered in detail below.

Full body vs. local

The investigation of full body clock mutants, i.e., animals lacking a functional molecular clock in
every cell of the body, is relevant. However, it often yields a vast range of phenotypes
highlighting a significant incentive to investigate the contribution of circadian clocks in a more

tissue-specific manner. A primary approach is to lesion a tissue and analyze the resulting
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phenotypes. For instance, SCN lesions in rodents do not only result in arrhythmicity but also in
reduced behavioral despair and metabolic disturbances including increased fat accumulation, a
loss in circadian energy metabolism as well as insulin resistance [39, 40, 86, 87]. However, in
addition to perturbing cellular circadian rhythms, brain lesions also eliminate cells and critical
neuronal connections, including light input pathways to areas that are involved in regulating
other functions than circadian rhythms [88]. Therefore, more targeted approaches have been
established to study the role of clock proteins in specific tissues. For instance, tissue-specific KOs
of clock genes were achieved using the Cre-lox system. In this system, transgenic mice are
created to produce a Cre recombinase transgene under the control of promoters that are
specific to the tissue of interest, enabling a tissue- or cell-specific deletion of the targeted clock
gene [89]. Another strategy to investigate the role of local cocks is to inject a clock gene-
targeting shRNA into a specific brain region. This approach was used, for example, by Landgraf
and colleagues, who injected Bmal1 targeting shRNAs into the SCN of mice to downregulate SCN

rhythms [85].

Homozygous vs. heterozygous

An alternative approach to using homozygous clock gene KO mice is the use of heterozygous
mice, lacking only one copy of the clock gene. For instance, in contrast to Bmall”- mice, Bmal1*
mice are healthy under standard conditions e.g., rhythmic behavior, normal weight gain [90, 91].
However, Bmall*~ mice may represent a translational ‘circadian susceptibility’ model, which
upon exposure to an environmental circadian disruption (e.g., shift work) might display adverse
health consequences. As explained later, this genetic model was employed in this thesis to

examine a potential interaction between a genetic and environmental circadian disruption.

Permanent vs. time point-specific

In contrast to the conventional permanent KO approach, some studies targeted clock genes at
a specific time point during development. In these approaches, the clock gene is expressed
normally during embryogenesis. For instance, Yang and colleagues investigated the effects of an
inducible postnatal global deletion of Bmall (Bmal1-iKO). Interestingly, many of the adverse
health consequences observed in conventional Bmall KO mice (Bmall-cKO) (e.g., reduced
lifespan and decreased body weight [84, 92]) were not observed in Bmal1-iKO mice [93]. This
study helped decipher that some of the phenotypes of Bmall-cKO are a consequence of

developmental functions of Bmall, which are not related to its function in the molecular
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circadian clock. Moreover, the SCN-Bmal1-KD model of Landgraf and colleagues used in this
thesis equally eliminates confounds of complete Bmal1 loss during development since Bmall KD

occurs during adulthood [85].

The different genetic manipulations in mice (KO vs. KD; full body vs. local; homozygous vs.
heterozygous; permanent vs. time point-specific) have provided valuable models for studying
the role of circadian clocks in health and disease. The health consequences of genetic circadian

disruptions are further discussed below with particular focus on mental and metabolic health.

1.4.2 Environmental disruptions of the circadian system

In addition to genetic causes of circadian disruptions, environmental alterations can equally
perturb the circadian system. In modern society, individuals are frequently exposed to disrupted
Zeitgeber conditions including shift work, light at night, jet lag, or constant availability of high
palatable foods triggering altered feeding behavior (e.g., late night eating). Those conditions
promote an uncoupling of external and internal time ultimately favoring the development of
many diseases [94]. In particular due to our 24/7 society, there is an increasing proportion of
individuals working outside the standard working hours and thus outside their natural active
phase. Indeed, approximately 30 % of the working population worldwide is engaged in some
form of shift work [95]. Over the last decade, it has become increasingly apparent that shift work
is associated with a plethora of adverse health effects. For instance, shift work has been
associated with sleep problems [96, 97], mood disorders, such as depression and anxiety [97-
99] as well as metabolic disorders including obesity, type 2 diabetes and cardiovascular disease
[100-102]. Shift work contributes to pathological outcomes via alteration of Zeitgebers. Working
schedules of shift workers result for instance in aberrant light exposure, overall reduced as well
as shifted and thereby qualitatively compromised sleep, decreased physical activity, or altered
food timing — all interfering with normal daily rhythms [73]. Given that research in human
subjects is limited in its use for understanding causality and mechanistic underpinnings of the
relationship between shift work and adverse health, animal models have been employed to gain
further insights. Manipulation of Zeitgebers have been used to model shift work in rodents;
notably, the use of different light, food, or locomotor activity timings [73]. In line with human
findings, murine shift work models reveal an impact of environmental circadian disruptions on
metabolism and behavior [73, 103-108]. The mental and metabolic health consequences of

environmental circadian disruptions are further explored below.
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1.5 Health consequences of genetic circadian disruptions

1.5.1 Mood and anxiety

Several human genetic studies evidence an association between polymorphisms in clock genes
and affective or anxiety disorders further indicating an endogenous circadian predisposition for
disease. For instance, a polymorphism in the PER3 gene was shown to affect the age of onset
of BP [109]. Moreover, circadian variation in mood in MDD patients was associated with a
polymorphism in another circadian gene, RORA [110]. Interestingly, a study aiming to generate
a predictive model for MDD-to-BD conversion found that eleven SNPs in circadian genes were
associated with this conversion [111]. In addition, in the case of anxiety disorders, genetic
variants in PER3 and ARNTL2 have been linked to the predisposition to these disorders [112,
113]. Lastly, an evening chronotype, a circadian feature strongly influenced by genetic variation,

has been associated with adverse mental health in humans [114].

Further causal evidence for a genetic circadian disruption in affective and anxiety disorders
stems from animal models of clock gene mutations. For instance, transgenic mice carrying a
variant in the human PER3 gene associated with seasonal affective disorder exhibit a mild
depression-like phenotype [115]. Rev-erba’ mice display both anxiety-like and mania-like
phenotypes when exposed to a stressful environment [116]. Further, KD of Per1 and Per2 in the
NAc of wild type (WT) mice produces anxiety-like behavior suggesting a causal role for the
regulation of anxiety by core clock components in the NAc [117]. However, KD of Rev-erba in
the same brain area leads to decreased anxiety-like behavior, suggesting that the specific clock
gene manipulated may affect the resulting behavioral phenotype [118]. Nevertheless, it is worth
noting that the circadian phenotypes of Per1/2 double KO and Rev-erba double KO mice differ,
implying that the behavioral outcomes may be influenced by the overall circadian phenotype
resulting from the clock manipulation rather than the specific clock gene targeted [82, 119].
Moreover, these findings highlight the important role that local clocks play in regulating
behavior and suggest that clocks in different brain areas may have distinct functions. In line with
this, arrhythmicity in the NAc and PAG, two brain regions involved in the reward circuitry, is
associated with helpless behavior in mice, proposing that disruption of local clocks in mood-
regulation brain regions is associated with depression-like behavior [120]. Not only region-
specific but also cell type-specific manipulations of the molecular clock have been investigated

with respect to the development of affective and anxiety disorders. For instance, loss of Per2 in
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glial cells of mice reduces anxiety-related behavior and behavioral despair [121]. Moreover,
deletion of Bmall exclusively in cortical neurons results in depression-like behavior [122].

As highlighted above, genetic approaches have been increasingly used to assess the role of
tissue- or cell type-specific clocks in regulating mood and anxiety. One brain area that has been
of particular interest is the master pacemaker, the SCN. Bilateral lesion of the SCN in rats result
in reduced immobility in the forced swim test (FST), indicating a protective effect of SCN lesion
in the induction of behavioral despair [86, 123]. However, testing during these studies was
conducted during the inactive phase when immobility time in the FST may be higher and
lesioning the SCN could ameliorate the diurnal variation in this behavior [124]. Regarding the
regulation of anxiety-like behavior by the SCN, a study demonstrated that SCN lesions have no
effect on anxiety-like behavior in mice that experienced or did not experience social defeat. This
study suggested no role of the SCN in regulating anxiety-like behavior [125]. However, drawing
definitive conclusions about the role of the SCN in mood regulation based on these SCN lesion
studies is limited because behavioral tests were only conducted at a single time point. As a
result, there is a lack of information about the behavior of SCN-lesioned animals throughout the
day. Additionally, the anatomical connections are disrupted by the lesion, which further
complicates the interpretation of results. Nonetheless, more recent studies have investigated
the role of the SCN in mood regulation in a neuroanatomically intact system. For instance,
disruption of the SCN via optogenetics results in dampened locomotor activity rhythms in mice,
which directly correlate with increased anxiety-like behavior [126]. Further, SCN-selective
ablation of Sox2, a transcription factor regulating Per2, results in anxio-depressive-like behavior

in mice [127].

1.5.2 Metabolism

Similar to affective and anxiety disorders, multiple genetic studies in humans indicate that there
is an association between variations in clock genes and metabolic disorders. For instance,
genetic association studies demonstrate that a CLOCK polymorphism is a risk factor for diabetes
in humans, which depending on the CLOCK haplotype is associated with a low or high prevalence
of metabolic syndrome [128, 129]. Two BMALI1 haplotypes have been linked to type 2 diabetes
and a missense polymorphism in PER3 has equally been associated with type 2 diabetes [130,
131]. Further, an evening chronotype, a trait that is strongly influenced by genetic variation, has

been linked with metabolic disorders in humans [132].
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Genetic studies of clock mutations in rodents have been pivotal in further deciphering the role
of circadian disruption in metabolism. Global Bmall KO mice display impaired glucose
metabolism, insulin hypersensitivity, decreased fat and muscle mass as well as a decreased
lifespan [84, 92, 133]. Moreover, male but not female Per1/2/3 triple mutant mice display an
increased vulnerability to high-fat diet (HFD), indicating sex differences [134]. Systemic KO
rodent models do not allow drawing conclusions about the role of specific tissue clocks in energy
homeostasis as all tissue clocks including the SCN clock are affected. Peripheral tissues, like liver,
pancreas, stomach, muscle, or adipose tissue, orchestrate food intake and metabolic processes.
Therefore, clock mutations in peripheral metabolically active organs have been investigated.
Liver-specific deletion of Bmall in mice leads to hypoglycemia during fasting and excessive
glucose disposal [133]. Moreover, pancreatic deletion of Bmall leads to hypoinsulinemia and
impairments in glucose tolerance [135]. Muscle-specific loss of Bmall impairs glucose import
and adipose tissue clock ablation leads to hyperphagia and obesity [136, 137]. Surprisingly,
intestine-specific Bmall ablation protects against HFD-induced obesity [138], potentially by
decreasing intestinal glucose absorption and altering systemic glucose homeostasis [139].
Beyond tissue-specific clock mutants, cell type-specific clock mutants have been characterized.
Many appetite- and energy expenditure-regulating neuronal populations reside within the
hypothalamus, making those cell populations of particular interest in the investigation of cellular
clocks in metabolic health. Disrupting clock function in dopaminergic neurons of ventral
tegmental area (VTA) in mice abolishes hedonic appetite rhythms [140]. Further, the clock in
Agouti-related peptide (AgRP)-expressing neurons plays a crucial role in hepatic glucose
metabolism and Bmall ablation in Sf1 neurons of the VMH alters brown adipose tissue (BAT)
function, thermogenesis, and energy expenditure [141, 142]. Cellular populations other than
neurons have also been investigated. For instance, Bmall deletion in astrocytes alters glucose
homeostasis in mice, which is accompanied by an initial weight increase followed by weight loss
due to premature aging [143]. Again, evidence suggests that clock ablation can have protective

effects; microglia-specific KO of Bmall is protective against HFD-induced obesity in mice [144].

The role of the master pacemaker of the circadian system in regulating metabolism has been of
great interest, similar to its involvement in mood and anxiety. The SCN regulates brain regions
involved in food regulation, including the paraventricular nucleus (PVN) and the ARC, but also
acts on systemic metabolism through endocrine factors [145]. Rodent models with SCN lesions
exhibit a loss of rhythmic food intake, weight gain, and a diabetes-like phenotype [87], but as
mentioned earlier, lesion models have many limitations, highlighting the necessity for targeted
genetic approaches. For instance, ablating Bmall in the SCN results in weight gain and loss of

peripheral clock coordination in mice [146]. In contrast, limiting Bmall expression to the SCN is
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sufficient to restore the rhythms of most circulatory metabolites, supporting a role of the master

pacemaker in governing metabolic signals [147].

1.5.3 Metabolic-Mood comorbidity

As discussed above, genetic disruptions of the circadian system are associated with both, mood
and metabolic disorders. Hence, perturbed circadian clocks have been suggested as modulators
of metabolic-mood comorbidities [22]. Evidence in human and animal studies further support
such a role of the circadian clock. For example, a SNP in the CLOCK gene (rs1801260) was
significantly associated with enhanced manic episodes in BP and increased BMI [76-78].
Moreover, GWAS have presented convincing evidence of an extensive overlap between genetic
risk loci for major psychiatric disorders and genetic loci for BMI [79]. Further, mice expressing a
dominant-negative Clock variant (ClockA19) exhibit mania-like behavior, as well as disrupted
feeding patterns, hyperphagia, hyperglycemia and obesity [148-150]. Cry1/27" mice display
increased anxiety-like behavior, manifested by restlessness and compulsive behavior, and
exhibit a loss of metabolic rhythms together with insulin resistance [151-153]. Furthermore, SCN
lesions result in reduced behavioral despair, a loss of rhythmic food intake as well as weight gain
and a diabetes-like phenotype [86, 87, 123]. These studies suggest a role for the SCN in
generating metabolic-mood comorbidity. However, metabolic and behavioral assessments of
SCN-lesioned mice were conducted in distinct studies and SCN lesions result in a disruption of
neuroanatomical connections. To circumvent these issues, Landgraf and colleagues
downregulated Bmall expression in the SCN of adult mice (SCN-Bmal1-KD) and assessed
behavioral and metabolic phenotypes within the same mouse [85]. This approach has numerous
advantages as it allows studying the role of SCN rhythms in physiology using an animal model
with a functionally developed, anatomically intact brain and light input pathways, where
molecular rhythms in all non-SCN brain areas and peripheral organs remain intact. Since KD of
Bmall occurs during adulthood, it also eliminates confounds of complete Bmall loss during
development. Importantly, SCN-Bmal1-KD animals in this study exhibit depression- and anxiety-
like behavior together with an increased weight gain [85]. However, a comprehensive metabolic
characterization of these mice is still pending to provide a better understanding of the
metabolic-mood comorbidity resulting from downregulated SCN rhythms. Moreover, it is yet to
be determined which subordinate body clocks mediate these comorbid deficits. Finally, it is
worth noting that only the acute effects of downregulated SCN rhythms on behavior and

metabolism have been evaluated thus far. Therefore, it is remains to be investigated whether
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the comorbid behavioral and metabolic outcomes resulting from chronic downregulation of SCN

rhythms differ from those resulting from acute downregulation.

1.6 Health consequences of environmental circadian disruptions

1.6.1 Mood and anxiety

To assess the impact of environmental circadian disruptions on mood and anxiety, numerous
human studies in shift workers have been conducted. A plethora of epidemiological studies
indicate an association between shift work and poor mental health [154-156]. For instance, shift
workers suffer more frequently from depressive and anxiety symptoms than individuals working
under regular working schedules [157]. Further, in a Romanian sample, 26 % and 17 % of shift
workers were affected by depression and anxiety, respectively [158]. A meta-analysis of 11
studies concluded that compared to daytime workers, night shift workers are 40 % more likely
to develop MDD [98]. Similarly, a meta-analysis of 7 longitudinal studies concluded that shift
workers, especially women, are more likely to experience mental illness, particularly depressive
symptoms [99]. This study suggests that there might be sex differences in the health implications
of shift work. Although less studied than shift work, jet lag has also been associated with
increased prevalence of affective and anxiety disorders. For instance, a study investigating jet
lag in five men found that a 7-hour eastward shift results in significantly disrupted sleep and
elevated anxiety and depression scores [159].

Studies in rodents confirm the ability of environmental circadian disruptions to induce altered
mood and anxiety phenotypes. Alternations in LD cycles, constant light (LL), light at night, and
non-24-hour LD cycles are all used to model shift work using light in mice. These paradigms
induce depression-and/or anxiety-like behavior in rodents [103, 105, 160-163]. For instance,
exposing mice to a 6-hour phase advance every 3 days leads to enhanced behavioral despair
[103]. Equally, 8 weeks of LL increases depression-like behavior in rats and results in a loss of
rhythms in locomotor activity, melatonin, and corticosterone [161]. Furthermore, in female
Siberian hamsters, 4 weeks of dim light at night (5 Lux) enhances depression-like symptoms
[163]. Moreover, exposing rats to cycles of 11 hours light and 11 hours dark induces depression-

like behavior [124]. Lastly, McGowan and Coogan observed that mice exposed to alternating LD
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cycles mimicking shift work exhibit an increased tendency to stay in the perimeters of the open

field, indicating increased anxiety-like behavior [105].

1.6.2 Metabolism

Shift work is linked to mistimed sleeping but naturally also to behavioral rhythm changes (e.g.,
alterations in eating patterns) all contributing to circadian misalignment and thus ultimately
disease. Accordingly, shift work has been repeatedly associated with metabolic disorders [164].
Shift workers evidence higher prevalence of obesity and type 2 diabetes than day workers [165-
167]. Shift workers also display higher triglyceride and lower HDL cholesterol [168]. Further, a
5-year follow-up study in female workers found that female employees with persistent rotating
shift work exposure have an increased risk of metabolic syndrome [169]. In addition to the long-
term consequences of shift work, forced desynchrony protocols have been developed to
evidence the immediate effects of circadian environmental disruption. After exposing
participants to 10 days of circadian misalignment (28-hour day length cycles), subjects displayed
increased glucose and insulin, decreased leptin and a reversed diurnal cortisol rhythm along with
elevated blood pressure [170]. Furthermore, studies showed that three days on a night shift
schedule are enough to disrupt metabolism in humans. For instance, subjecting individuals to 3
days of stimulated night shift results in altered patterns in the lipidome compared to a day shift
schedule [171]. Similarly, following a 3-day stimulated shift work schedule, the majority of
metabolites linked to nutrient metabolism dissociate from SCN pacemaker rhythms in humans

[172].

Numerous animal models based on altered timing of light, feeding, locomotor activity or sleep
have been developed to model shift work and assess its impact on metabolism. For example,
under LL, mice display increased food intake, decreased energy expenditure, weight gain and a
loss of circadian variation in insulin sensitivity [173]. Another study reported that following dim
light at night, mice display an increased weight gain and impaired glucose tolerance, likely
resulting from their altered timing of food intake [174]. In a rodent model of simulated night
shift (forced activity for 8 hours), glucose rhythms are abolished, and triglyceride rhythms are
reversed [108, 175]. Moreover, timed sleep restriction in mice moderately alters locomotion
and feeding rhythms and provokes significant disruptions in liver transcriptome rhythms [176].
Equally, housing mice in a 20-hour LD cycle, which is incompatible with their internal timing,
results in accelerated weight gain, enhances insulin and leptin levels as well as altered body

temperature rhythms [177]. In addition, subjecting female mice to alternating LD cycles (8-hour
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phase advance and delay every 3-4 days) results in altered insulin sensitivity during the light
phase and shifted glucose tolerance rhythms [178]. Exposing male mice to 8 weeks of rotating
light cycles (3 days normal light cycle followed by 4 days of reversed light cycle) promotes weight
gain and hepatic lipid accumulation [179]. In addition, chronic LD cycle shifts compromising 6-
hour advances twice weekly, induces obesity, glucose intolerance, white adipose fat
accumulation and alterations in the expression of metabolic genes in the liver of mice [180]. It
should be noted that exposure of female mice to weekly alternating LD cycles (12-hours shifts)
has only modest effects on metabolism [181]. This highlights that differences in shift work
paradigm, sex and/or rodent strain might have an impact on the metabolic outcomes following
shift work conditions. To assess if shift work has a sex-specific effect on metabolic outcomes, a
systematic characterization and comparison of the metabolic phenotypes of male and female

mice following shift work conditions is required.

1.6.3 Metabolic-Mood comorbidity

As discussed in the previous two chapters, numerous studies evidence that environmental
disruptions of the circadian system bring about disturbances in mood and metabolism. This
proposes that environmental circadian disruptions might represent a potential mechanism
underlying metabolic-mood comorbidities. Crucially, to support this notion, a few humans and
rodent studies have assessed metabolic and mood outcomes within the same organism
following shift work conditions. For instance, shift work was associated with concurrent adverse
metabolic and mental health outcomes in a large population-based study [182]. Further, in a
shift work paradigm based on sleep deprivation, male rats show features related to depression
and anxiety as well as increased weight gain [102]. Similarly, when kept under short
photoperiods mimicking shift work light conditions, diurnal fat sand rats (Psammomys obesus)
display concomitant mood and metabolic abnormalities [103]. Nonetheless, the so-far
conducted studies exploring metabolic-mood comorbidities following shift work conditions are
sparse and performed limited behavioral and/or metabolic measurements. Therefore, a detailed
metabolic and behavioral characterization in the same animal following shift work conditions

remains to be conducted.

Importantly, epidemiological studies have found sex differences in the shift work-associated risk
of mental and metabolic disorders [99, 183]. For instance, amongst shift workers, particularly
women are at increased risk for adverse mental health and depression [99]. Similarly, for shift

work-associated adverse metabolic outcomes, sex differences have been reported although
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results have been conflicting. For example, some epidemiological studies showed a stronger and
others a weaker association between shift work and metabolic syndrome in women compared
men [184-187]. In rodent studies, male mice subjected to shift work-mimicking conditions
exhibit metabolic alterations [177, 179, 180]. In contrast, exposure of female mice to alternating
light cycles has only modest metabolic effects [181]. Similar to epidemiological studies, these
rodent studies may suggest a sexual dimorphism in shift work-associated metabolic
dysfunctions. Interestingly, in a population-based study of 277,168 workers in the UK biobank,
shift work was associated with poor mental and metabolic outcomes. However, shift work was
more strongly associated with adverse metabolic health in women compared to men [182],
suggesting sexual dimorphism in the development of comorbid metabolic and mental-related

perturbations following shift work.

The sex-dependent vulnerability to adverse health following shift work conditions might be
explained by sex differences in the circadian system and its response to shift work light
conditions. On the anatomical level, sex-specific differences of the circadian system have been
characterized — namely differences in SCN morphology, peptide expression, electrical activity as
well as gonadal steroid receptor and target site expression (for an extended review see [188]).
Moreover, sex differences in the responses to photic input have been reported. Following a light
pulse given during the dark phase, female mice display a larger phase shift than males [189].
Further, in Octodon degus, a diurnal rodent, females adjust more rapidly to a 6-hour advance of
the LD cycle than males [190]. Despite apparent sex differences in the response of the circadian
system to shift work light conditions, less than 7 % of circadian phase shift studies in rodents
included females, highlighting the demand for the use of both sexes in future shift work studies
[191]. Given the inconsistent findings on sex differences in shift-work associated health
implications and the tremendous illness-associated burden of metabolic-mood comorbidities
[19, 20], there is an unmet need for a systematic investigation of sex differences in the

concomitant behavioral and metabolic outcomes following shift work conditions.

1.7 Health consequences of combined genetic and environmental

circadian disruptions

The previous chapters provided evidence that genetic or environmental circadian disruptions
can lead to the development of mental and/or metabolic disorders. However, it has become

apparent — particularly in the field of psychiatric disorders — that pathological states are often a



Introduction 34

product of an interplay between genetic and environmental factors (i.e. gene-environment
interaction; GxE) rather than merely their independent primary effects [192, 193]. This means
that depending on genetic factors, the impact of environmental conditions on pathology can
vary (and vice versa). This concept, the so-called diathesis-stress model, originates from the
1960s, and proposes the interaction of the diathesis, a predisposing vulnerability (e.g., genetic),
and stress (i.e., environment) [194-196]. Although GxE have been primarily discussed in the
context of psychiatric disorders [197], evidence also points towards a role of GxE in modulating

the risk of metabolic disorders [198].

1.7.1 The diathesis-stress model in circadian biology

In the field of circadian biology, the diathesis-stress model can be applied by considering genetic
disruptions in clock genes as ‘diathesis’ and circadian environmental disruptions as ‘stress’.
However, the research on interactions between circadian genetic and environmental
disruptions (circadian GxE) remains limited. Some studies have investigated the impact of
chronotype, a circadian feature strongly influenced by genetics, on mood or metabolic
parameters in shift workers. For instance, among shift workers, late chronotype was associated
with greater depressive symptoms compared to morning chronotype [199]. Equally, in shift
workers, evening chronotype was associated with greater BMI compared to morning or
intermediate chronotypes [200]. Both studies advocate an interplay between circadian genetic
and environmental disruptions in the generation of pathological outcomes. In rodents, the
interaction of circadian genetic and environmental disruptions in generating metabolic and/or
mood phenotypes remains little explored. Pati and colleagues reported that metabolic
aberrations following a chronic circadian disruption light paradigm might depend on the
molecular clock [201]. However, total Bmall KO mice used in that study are not a useful model
to investigate an interaction between a genetic and environmental circadian disruption in
triggering pathology, since they already exhibit many drastic adverse health effects without a
circadian environmental disruption. Additionally, total Bmall KO mice are not a translational
model, since subtle genetic changes (e.g., polymorphisms) are the most likely scenario in the
human population. Given this, a milder circadian genetic manipulation in mice e.g., ablation of
a single copy of the Bmall gene (Bmall*-) might be a more appropriate and translational model

to investigate a potential interaction between a genetic circadian disruption (i.e., Bmal1*/") and
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an environmental circadian disruption (e.g., shift work) in triggering behavioral and metabolic

pathology. Therefore, this approach was implemented in this thesis.

1.8 Summary - Circadian clocks as modulators of comorbidity

The frequent comorbidity of metabolic and mood disorders has led to the term ‘metabolic-mood
syndrome’ [21]. Since circadian clocks control affective and metabolic processes and both, mood
and metabolic disorders are often associated with circadian rhythm dysregulation, disruptions
in the circadian system have been proposed to be at the root of this comorbidity [22]. The
circadian system can be disrupted genetically, by changes in core clock genes, or

environmentally, by exposure to altered Zeitgebers (e.g., light).

Human and animal studies evidence a contribution of genetically disrupted circadian clocks to
comorbid mood and metabolic disorders. Specifically, molecular circadian rhythms in the master
pacemaker of the circadian system, the SCN, have been implicated in metabolic-mood
comorbidity. Landgraf and colleagues showed that knocking down Bmall expression in the SCN
results in helplessness, behavioral despair, and anxiety-like behavior together with an increased
weight gain in the same mouse [85]. Nevertheless, a more detailed characterization of the
metabolic phenotype is necessary to better define metabolic-mood comorbidity following
genetic SCN rhythm disruption. Additionally, it is important to investigate which subordinate
body clocks are responsible for these comorbid deficits, and whether the manifestation of
behavioral and metabolic phenotypes observed after acute downregulation of SCN rhythms

changes during a more chronic downregulation.

In addition to genetic circadian disruptions, environmental perturbations of the circadian system
have also been involved in comorbid metabolic and mood disorders. Nevertheless,
investigations of the simultaneous occurrence of metabolic and behavioral alterations following
shift work conditions remain scarce. Further, shift work studies have mainly focused on male
rodents. Since sexual dimorphism is present in a plethora of physiological functions including
brain functions, metabolism, and properties of the circadian system [189, 202, 203], the National
Institutes of Health (NIH) supports including both sexes in preclinical and clinical investigations
[204]. Crucially, research suggests sexually dimorphic shift work-associated mental and

metabolic implications — however, the results remain controversial. Given this, a systematic
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characterization of sex differences in circadian, behavioral, and metabolic changes following a

shift work paradigm is of utmost importance.

As highlighted above, genetic and environmental circadian disruptions can independently lead
to comorbid metabolic and mood disorders. However, according to the diathesis-stress model,
pathological states are often a product of the interplay between individual genetic vulnerability
and environmental factors (GxE). In the field of circadian biology, the interplay between a
genetic circadian disruption and an environmental circadian disruption (i.e., circadian GxE)
requires further assessment. In particular, the question if an interaction between a genetic and
environmental circadian disruption contributes to comorbid behavioral and metabolic

phenotypes remains unexplored.
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2. Hypotheses

Because of the influence of circadian clocks on almost all bodily functions, including brain and
metabolic functions, and the known links between disturbed circadian clocks and mental and
metabolic illness, the overarching hypothesis of this thesis was that disruptions of circadian
rhythms, either of genetic or environmental origin or due to a combination of both, can lead to
deficits of several bodily functions simultaneously. Accordingly, the same affected individual can

develop both, metabolic and mental disorders comorbidly (Figure 2).
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Figure 2. Overarching hypothesis of this thesis. Genetic disruptions of the circadian system (e.g., genetic change in a
core clock gene), environmental disruptions of the circadian system (e.g., shift work) or their interaction (x) can
perturb circadian clocks throughout the body. Disrupted circadian rhythms bring about the simultaneous

development of mental and metabolic disorders. Created with BioRender.com.
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To investigate separate aspects of this overarching hypothesis in mice, experiments were

conducted in three independent projects.

Project 1 assessed the comorbid behavioral and metabolic outcomes following a genetic

disruption of SCN rhythms in male mice.

Project 2 analyzed comorbid behavioral and metabolic outcomes in male and female mice
following an environmental circadian disruption, and determined if these outcomes were sex-

specific.

Project 3 investigated comorbid behavioral and metabolic outcomes following a combination of

both, a genetic and an environmental circadian disruption in female mice.

Each project comprised defined working hypotheses.

Working hypotheses of project 1

(1) In addition to causing behavioral deficits, downregulation of molecular SCN rhythms in
male mice also results in several metabolic deficits beyond weight gain in the same
animal (Figure 3).

(2) Behavioral and metabolic deficits following downregulation of SCN rhythms in male
mice are brought about by changes in subordinate body clocks involved in mood- and
anxiety regulation and metabolic functions.

(3) Comorbid behavioral and metabolic outcomes following chronic SCN rhythm
downregulation in male mice differ from the outcomes following acute SCN rhythm

downregulation.
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Figure 3. Working hypothesis of project 1. Left column: in WT animals, functional molecular circadian rhythms in the

SCN and other body clocks (green clocks) result in a healthy behavioral and metabolic output. Middle column: mice

lacking a functional clock in every cell of the body (red clocks), display behavioral and metabolic deficits. Right column:

Mice with downregulated SCN rhythms (orange clock) display behavioral deficits and weight gain [85]. Project 1 will

further characterize the metabolic phenotype of SCN-Bmall-KD mice to better define the metabolic-mood

comorbidity following downregulation of SCN rhythms. It is further hypothesized that downregulated SCN rhythms

influence these behavioral and metabolic outcomes by affecting body oscillators involved in mood- and anxiety

regulation and metabolic functions (yellow clock). Created with BioRender.com.

Working hypotheses of project 2

(4) Environmental disruptions of the circadian system lead to comorbid behavioral and

metabolic deficits in mice (Figure 4).

(5) These deficits are sex-specific.
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(6) Environmental disruptions of the circadian system affect molecular TTL rhythms in the
SCN, in brain areas crucial for mood- and anxiety regulation, and in peripheral organs
governing metabolism.

(7) These changes in molecular TTL rhythms are sex-specific.

Environmental disruption of the
circadian system

o}

l

Sex-specific behavioral and
metabolic deficits

Figure 4. Working hypothesis of project 2. Environmental disruptions of the circadian system bring about comorbid

behavioral and metabolic deficits in mice. These deficits are sex-specific. Created with BioRender.com.

Working hypothesis of project 3

(8) Female mice exposed to a combination of both a genetic and environmental circadian
disruption, exhibit aggravated comorbid behavioral and metabolic outcomes compared

to mice exposed to a single kind of circadian disruption (Figure 5).
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Figure 5. Working hypothesis of project 3. Upper left panel: a functional molecular clock combined with a favorable
circadian environment brings about a healthy physiological state (green, ‘Healthy’). Upper right panel: Genetic
disruption of the molecular circadian clock alone represents a risk factor for comorbid metabolic and behavioral
deficits (yellow, ‘Risk’). Lower left panel: equally, an environmental circadian disruption as for example during shift
work represents a risk factor for comorbid behavioral and metabolic phenotypes (yellow, ‘Risk’). Lower right panel:
project 3 hypothesizes that genetic and environmental disruptions of the circadian system interact resulting in

aggravated comorbid behavioral and metabolic deficits in mice (red, ‘DANGER’). Created with BioRender.com.
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3. Aims and Objectives

Project 1

To assess if in addition to causing behavioral deficits, downregulation of molecular SCN rhythms
in male mice also results in several metabolic deficits beyond weight gain in the same animal

(working hypothesis 1), the following aims and objectives were defined:

I Downregulation of molecular SCN rhythms in male mice.

e Stereotactic injection of Bmall shRNAs and control shRNAs into 8-week-old male
Per2“c mice generating SCN-Bmal1-KD and control mice, respectively.
e Confirmation of injection success by assessment of PER2::LUC bioluminescence

rhythms of SCN explants from SCN-Bmal1-KD and control animals.

1. Characterization of comorbid behavioral and metabolic dysfunctions in mice following

genetic downregulation of molecular SCN rhythms.

e Testing of SCN-Bmal1-KD and control animals in several paradigms for mood-,
anxiety-, and cognition-related behaviors.

e Monitoring of body weight and food consumption over time of SCN-Bmal/1-KD and
control mice.

e Analysis of circadian rhythmicity and overall levels of locomotor activity and
metabolic parameters (i.e., food intake, water intake, respiratory exchange rate
(RER), energy expenditure (EE)) of SCN-Bmall-KD and control animals in the
metabolic cages.

e Testing glucose and insulin tolerance of SCN-Bmall-KD and control mice.

To assess if behavioral and metabolic deficits following downregulation of SCN rhythms in male
mice are brought about by changes in subordinate body clocks involved in mood- and anxiety
regulation and metabolic functions (working hypothesis 2), the following aims and objectives

were defined:
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Il Investigation of subordinate circadian oscillators involved in mood- and anxiety

regulation and metabolic functions.

e Assessment of PER2::LUC bioluminescence rhythms of PAG and liver explants of
SCN-Bmal1-KD and control animals.
e Assessment of Prepro-orexin (Ppox) expression in the lateral hypothalamus of SCN-

Bmal1-KD and control animals.

To assess if comorbid behavioral and metabolic outcomes following chronic SCN rhythm
downregulation in male mice differ from the outcomes following acute SCN rhythm

downregulation (working hypothesis 3), the following aims and objectives were defined:

V. Investigation of the consequences of a chronic genetic disruption of molecular SCN

rhythms on behavioral and metabolic outcomes.

e Re-assessment of a subset of SCN-Bmal1-KD and control animals in the behavioral
and metabolic tests at a second time point after stereotactic injection.
e Comparison of the results of the behavioral and metabolic tests conducted at the

first and second time point after stereotactic injection.

Project 2

To assess if environmental disruptions of the circadian system lead to comorbid behavioral and
metabolic deficits in mice (working hypothesis 4) and if those deficits are sex-specific (working

hypothesis 5), the following aims and objectives were defined.

l. Establishment of a shift work light paradigm and investigation of the adaptation of the

circadian system to this paradigm.

e Subjecting one group of mice to alternating light cycles mimicking shift work
conditions (shift work). The other group of mice is subjected to standard 12:12 LD
conditions (control).

e Using both, male and female mice to investigate sex differences in the behavioral
adaptation to the shift work light paradigm by monitoring locomotor activity in the

IntelliCage system.
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1. Characterization of comorbid behavioral and metabolic outcomes in mice following the

shift work light paradigm.

o Assessment of mood- and anxiety-related features in several behavioral paradigms.

e Monitoring of body weight and food intake over time.

e Analysis of circadian rhythmicity and overall levels of metabolic cage readouts (i.e.,
locomotor activity, food and water consumption, RER, EE).

e Conduction of a glucose and insulin tolerance test.

e Using both, male and female mice to investigate sex differences in the behavioral

and metabolic outcomes following the shift work light paradigm.

To address if environmental disruptions of the circadian system affect molecular TTL rhythms in
the SCN, in brain areas crucial for mood- and anxiety regulation, and in peripheral organs
governing metabolism (working hypothesis 6) and if these changes in molecular TTL rhythms

are sex-specific (working hypothesis 7), the following aims and objectives were defined.

Il. Characterization of molecular TTL rhythms of the SCN and subordinate clocks involved
in mood- and anxiety regulation and metabolic functions following the shift work light

paradigm.

e Assessment of SCN, PAG and liver PER2::LUC bioluminescence rhythms.
e Using both, male and female mice to investigate sex differences in the changes in

molecular TTL rhythms following the shift work light paradigm.

Project 3

To address if female mice exposed to a combination of both, a genetic and environmental
circadian disruption, exhibit aggravated comorbid behavioral and metabolic outcomes
compared to mice exposed to a single kind of circadian disruption (working hypothesis 8), the

following aims and objectives were defined:

l. Characterization of the circadian system adaptation of female mice with a circadian

genetic disruption (Bmal1*/) to a shift work light paradigm.
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e Subjecting WT and Bmal1*- female mice to alternating light cycles mimicking shift
work conditions (WT shift work and Bmal1*~ shift work). The other groups of female
mice were housed in standard 12:12 LD conditions (WT control and Bmall*
control).

e Exploring differences in the behavioral adaptation of WT and Bmal1* shift work
mice to alternating light cycles by measuring locomotor activity in the IntelliCage

system.

Characterization of a circadian GxE in the development of comorbid behavioral and

metabolic deficits.

e Assessment of all experimental animals in several behavioral tests for mood- and
anxiety-related behaviors.

e Body weight and food consumption monitoring over time.

e Investigation of circadian rhythmicity and overall levels of parameters in the
metabolic cages (i.e., locomotor activity, food and water consumption, RER, EE).

e Performance of a glucose and insulin tolerance test.

e Analysis of the interaction effect of a genetic circadian disruption (Bmal1*) and an
environmental circadian disruption (shift work) (i.e., circadian GxE) in generating

behavioral and metabolic deficits.
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4. Materials and Methods

4.1 Animals and Husbandry

4.1.1 Husbandry

Unless otherwise stated, mice were kept in a standard 12:12 LD cycle with lights switched on at
7 a.m. and off at 7 p.m., defined as ZTO and ZT12, respectively. Food and water were provided
ad libitum. Mice were group-housed in either type Il cages (Tecniplast, 365 x 207 x 140 mm,
ground surface: 530 cm?) or type IV cages (Tecniplast 2000, 612 x 435 x 216 mm, ground surface:
2,065 cm?). For indirect calorimetry measurements, mice were single-housed. Animal studies
were conducted in accordance with the German Animal Protection Law. All efforts were made

to reduce animal suffering and minimize animal numbers.

4.1.2 Mouse lines

Per2tuc

In Per2"c mice, the Luciferase gene (Luc) has been fused in-frame to the 3’ end of the
endogenous mouse Per2 gene. This results in the expression of a PER2::LUC fusion protein
allowing the monitoring of circadian oscillations ex vivo [205]. Per2'“ mice on a C57BL/6)
background were kindly provided by Michael Hastings, MRC Laboratory of Molecular Biology,
Cambridge, UK and backcrossed as previously described [151]. Per2"“c mice were genotyped
using the following primers: Forward- CTGTGTTTACTGCGAGAGT (Oligo ID: 02064), Reverse-
GGGTCCATGTGATTAGAAAC (Oligo ID: 02065) and Reverse- TAAAACCGGGAGGTAGATGAG
(Oligo ID: 02065).

Bmall*"

In Bmall-fl mice, loxP sequences flank the endogenous Bmall gene, enabling conditional
deletion of Bmall in Cre-expressing cells [206]. In Ella-Cre mice, Cre recombinase is expressed
in the early mouse embryo [207]. Bmall-fl mice were kindly provided by Prof. Henrik Oster,
University of Libeck, Libeck, Germany and Ella-Cre mice were obtained from The Jackson

Laboratory. By crossing Bmall-fl mice with Ella-Cre mice, Bmal1*" mice were generated. These
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mice lack one copy on the Bmall gene in the whole body. They were backcrossed for 5
generations from a C57BL/6) background to C57BL/6N by crossing them with BI/6N mice
obtained from Janvier-Labs. Bmal1*-animals and their WT control littermates (Bmal1*/*) were
genotyped using the following primers: Forward- ACTGGAAGTAACTTTATCAAACTG Oligo ID:
03462), Forward —  TTTACTGTGCTGCCTGTAG (Oligo ID: 03463), Reverse-
CTGACCAACTTGCTAACAATTA (Oligo ID: 03464).

4.2 Experimental timelines

4.2.1 Projectl

All experiments were performed using male Per2"“ mice. Only male mice were used as this
project was based on and an extension of previous findings obtained in male mice [85]. At the
age of 8 weeks, animals were injected either with control shRNAs or with Bmall shRNAs into
the SCN. This gave rise to two experimental groups: control and SCN-Bmal1-KD mice. To allow
for full expression of the virus, all animal experiments started 3 weeks after stereotactic
injection. Animals were tested in several behavioral and metabolic tests to assess comorbidity
following downregulation of SCN rhythms. To assess whether behavioral and metabolic
phenotypes change during a more chronic SCN rhythm downregulation, a subset of animals was
re-assessed in several behavioral and metabolic tests at a later time point after stereotactic
injection. Animals that underwent the learned helplessness (LH) paradigm were sacrificed and
did not undergo further experiments due to the potential long-lasting behavioral and metabolic

changes induced by the LH paradigm. Experiments were conducted in two cohorts (Figure 6).

Cohort 1: 12 mice were successfully injected with scrambled shRNAs and 9 animals with Bmal1
shRNAs (control: n = 12; SCN-Bmal1-KD: n = 9). All animals were sacrificed at the end of the

experimental timeline, following the LH paradigm.

Cohort 2: 17 mice were successfully injected with scrambled shRNAs and 12 mice with Bmall
shRNAs (control: n = 17; SCN-Bmal1-KD = 12). 8 control animals and 3 SCN-Bmal1-KD were
sacrificed in week 8/9, following the LH paradigm. Thereafter, 9 control and 9 SCN-Bmal1-KD

animals underwent the remaining behavioral and metabolic tests.
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Figure 6. Timelines for the two animal cohorts of project 1. 8-week-old male Per2tuc were injected at week 0 (WO0).
Thereafter, a set of behavioral and metabolic experiments were carried out. Body and food weight were recorded
weekly. DalLi box = dark-light box; EPM = elevated plus maze; GTT = glucose tolerance test; ITT = insulin tolerance test;
LH = learned helplessness; MC = metabolic cages; OFT = open field test; TST = tail suspension test. Created with

BioRender.com.



Materials and Methods 49

4.2.2 Project2

At the age of 8-10 weeks, male and female Per2' mice were assigned to two different
experimental conditions per sex. One group was kept under a standard 12:12 LD cycle (control)
whilst the other group of mice was maintained under a shift work light paradigm (shift work).

Two different animal cohorts were used for the experiments (Figure 7).

Cohort A: Locomotor activity and sucrose preference in response to control 12:12 LD conditions
vs. the light-induced shift work conditions was assessed in a cohort of male and female Per2“
mice (male control: n = 15; male shift work: n = 15; female control: n = 15; female shift work:
n = 15). The animal’s locomotor activity was tracked during the first 2-3 weeks of the shift work
light paradigm using the IntelliCage system (TSESystems GmbH, Bad Homburg, Germany).
Following a sucrose preference test in week 3, animals of this cohort were sacrificed without

further tissue collection.

Cohort B: Behavioral and metabolic assessments were conducted in male and female Per2"*
mice (male control: n = 18; male shift work: n = 18; female control: n = 12; female shift work:
n =12). Animals were exposed to the shift work light paradigm for a total of 7-9 weeks and all
metabolic and behavioral experiments started after 3 weeks of alternating light cycles. All
experiments were conducted from Monday-Thursday to ensure same Zeitgeber conditions in

both, control and shift work animals.
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Figure 7. Visualization of the shift work light paradigm and the experimental timeline. Male and female Per2tuc
animals were subjected to control conditions (left) or a shift work light paradigm (right). All animals underwent the
tests indicated on the right, in the respective week indicated on the left. In cohort A (green) locomotor activity and
sucrose preference were tracked in the IntelliCage system and animals were sacrificed thereafter. In cohort B (blue)
body and food weight were recorded weekly. Further, all other behavioral and metabolic tests were conducted in
cohort B. Luminometry data was only collected and analyzed in cohort B upon sacrifice. Dali box = dark-light box;
EPM = elevated plus maze; GTT = glucose tolerance test; ITT = insulin tolerance test; LH= learned helplessness; MC =

metabolic cages; OFT = open field test; TST = tail suspension test. Created with BioRender.com.
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4.2.3 Project3

More pronounced shift work-induced behavioral deficits were observed in females compared
to males in project 2. Following these results, only female mice were used in project 3. Bmall*"
mice and their Bmal1** WT littermates were housed according to genotype. At 10 weeks, mice
were randomized according to body weight and assigned to either the control or the light-
induced shift work conditions. From this, four experimental groups resulted: WT control (n =
11), WT shift work (n =11), Bmal1*- control (n = 11) and Bmal1*" shift work (n = 12). The
experimental timeline as well as the shift work light paradigm were equal to project 2 (Figure 7).
The only exception was that in contrast to project 2, in project 3 all experiments were performed

in a single cohort.

4.3 Genetic and environmental disruption of circadian clocks

4.3.1 Virus production

Two plasmids containing Bmall shRNAs (pAAV-U6-BmallshRNA1-CMV-GFP, pAAV-U6-
BmallshRNA2-CMV-GFP) and two plasmids containing control scrambled shRNA (pAAV-U6-
SCRshRNA1-CMV-GFP, pAAV-U6-SCRshRNA2-CMV-GFP) were kindly provided by Dr. David K.
Welsh, University of California San Diego, La Jolla, CA, United States. The shRNA-passenger
sequences were as follows: BmallshRNA1 = 5'- GTCGATGGTTCAGTTTCAT, BmallshRNA2 = 5’-
GCATCGATATGATAGATAA, SCRshRNA1l = 5- GCGCTTAGCTGTAGGATTC, SCRshRNA2= 5’-
GCAACAAGATGAAGAGCAC. Details on the generation of the plasmids were described elsewhere
and the plasmid maps are visualized (Figure 8) [85]. The plasmids were transfected into
HEK293FT cells using the polyethylenimin (Polyscience) transfection method along with
pFdelta6 helper plasmid as well as an equimolar mix of the capsid plasmids pH21 (serotype 1)
and pRV1 (serotype 2). 72 hours after transfection, HEK293FT cells were collected and lysed
using three freeze/thaw cycles to release adeno-associated virus (AAV) particles. Genomic DNA
was digested using Benzonase (Sigma) treatment. The lysate was cleared by centrifugation and
recombinant AAVs collected from the supernatant. Purification was achieved using an iodixanol
gradient. Finally, AAVs were enriched using an Amicon Ultra-15 centrifugal filter 100K device

(Millipore) and performing a phosphate-buffered saline (PBS) wash.



Materials and Methods 52

shRNA-passenger

shRNA-guide

Figure 8. Visualization of a representative vector map. Vector maps of pAAV-U6-Bmal1shRNA1-CMV-GFP and pAAV-
U6-BmallshRNA2-CMV-GFP as well as pAAV-U6-SCRshRNA1-CMV-GFP and pAAV-U6-SCRshRNA2-CMV-GFP were
identical except for the shRNA-passenger and their respective shRNA-guide sequences (blue). In addition to the
shRNA located after the U6 promoter (red), another relevant aspect of the vector map is the enhanced green

fluorescent protein (EGFP) indicated by the green arrow. Vector map created with SnapGene.

4.3.2 Stereotactic virus injection

Animals were anesthetized by intraperitoneal (IP) injection of an antagonizable anesthetic
consisting of midazolam/medetomidine/fentanyl (5.0/0.5/0.05 mg/kg). Prior to surgery,
metamizole (400 mg/kg; oral administration) and carprofen (10 mg/kg; subcutaneous) were
given as pain prophylaxis. Animals received bilateral virus injection into the SCN. Per injection
site, 400 nL were injected at 100 nL per minute. The injection coordinates were the following:
AP: - 0.3; ML:+/- 0.3; DV: - 5.5 & - 5.6. Stereotactic injections were performed using a
Microinjector (kd Scientific KDS-310-PLUS (78-9311N)) and a 2.5 pL Hamilton Syringe (Hamilton:
Microliter Syringe 600 Series 7632-01; Small Hub Removable Needles 7762-06). All mice
received a 1:1 mixture of two shRNAs: either both Bmall shRNAs (SCN-Bmal1-KD) or both

control scrambled shRNAs (control).
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Confirmation of stereotactic injection success

Bmal1l knockdown was confirmed by (i) reduced amplitudes in the bioluminescence recordings
of organotypic SCN explants (ii) by assessing behavioral activity rhythms in a subset of mice and
(iii) by assessing GFP reporter expression in the SCN. For (iii), microscopic images of the 300 um
SCN slices were taken after one week of bioluminescence recordings. Unilateral hits in SCN-
Bmall-KD animals were considered as a successful injection when SCN rhythms were
significantly downregulated. Animals that did not meet the above-mentioned criteria were

categorized as unsuccessful stereotactic injection and were thus excluded from all analyses.

4.3.3 Shift work light paradigm

Mice were group-housed under a 12:12 LD cycle. Lights turned on at 7 a.m., which represented
ZT0. At the age of 8-10 weeks, animals were divided over the experimental conditions by
randomizing according to the body weight and age. Thereafter, one group of mice was
maintained on the standard 12:12 LD cycle (referred to as ‘control’). The other group of mice
was subsequently housed under alternating light cycles (referred to as ‘shift work’).
Manipulation of the LD cycle was achieved via an environmental isolation cabinet allowing
complete control over the light cycles at ~180 Lux. The alternating light cycles aimed to mimic

shift work conditions, and were as follows:

e Monday-Thursday: standard 12:12 LD cycle with lights turned on at 7 a.m. and off at 7

p.m.
e Friday-Sunday: Lights on at 1 p.m. and off at 1 a.m.

This represents a 6-hour phase delay from Thursday to Friday and a 6-hour phase advance from

Sunday to Monday every week.

4.4 Behavioral assessment

For all behavioral experiments, mice were allowed to habituate to the testing room for at least
10 minutes before starting the experiment. Between animal testing, the apparatuses were
cleaned with 5 % sodium dodecyl sulfate dissolved in water, then water and lastly ethanol to

reduce the impact of residual odor on test results.
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4.4.1 Open field test

To measure general locomotion and anxiety-related behavior, all animals were tested in the
open field test (OFT) similar to previously described [151]. Animals were placed in an open field
apparatus (50 cm x 50 cm x 50 cm) facing the wall and video-recorded. Testing started at ZT2 — 3
and illumination was set to 1,600 lux. In project 1, testing time was 10 minutes. In project 2 and
3, the behavior of the mice was tracked for 5 minutes due to high animal numbers. During the
testing time, the following parameters were automatically analyzed by the ANY-maze software:

total distance traveled (m), center entries and center time (s).

4.4.2 Dark-light box

The dark-light (Dali) box test is used to assess anxiety-like behavior in mice and was conducted
as described before [151]. The DalLi box comprises two compartments joined by an open gate.
One compartment contains transparent walls and is illuminated at 1,000 lux. The other
compartment has a black lid and black, non-transparent walls that keep the compartment dark
(<10 1ux). In project 1, testing started at ZT3 and lasted for 10 minutes. In project 2 and 3, testing
started at ZT7 and lasted only 5 min due to high animal numbers. At the beginning of the
experiment, animals were placed in the dark compartment facing the wall away from the light
compartment. Animals were video-recorded and the relevant parameters automatically
analyzed by the ANY-maze software. These parameters included the light compartment entries,

time (s), latency to first entry (s) and distance traveled (m).

4.4.3 Elevated plus maze

The elevated plus maze (EPM) is used to assess anxiety-like characteristics in rodents. The EPM
is a plus-shaped apparatus, consisting of two opposing open arms (30 cm x 5 cm x 1 cm), two
opposing closed arms (30 cm x 5 cm x 16 cm) and a center area (5 cm x 5 cm x 1 cm). The maze
was elevated 30 cm above the floor and testing started at ZT2 — 3. Lighting conditions were ~25
lux in the open arms and ~5 lux in the closed arms. At the start of the test, animals were placed
in the center, facing an open arm. For project 1, the testing time was 10 minutes. For projects 2
and 3, testing time was shortened to 5 minutes due to high animal numbers. Animals were

video-tracked and the relevant parameters recorded by the ANY-maze software. These
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parameters included open arm entries, time (s) and distance traveled (m) as well as the overall
distance traveled (m). For project 1, heat maps were generated by the ANY-maze software.
These represented an occupancy plot of the position of the body center of a representative

control and SCN-Bmal1-KD animal in the EPM.

4.4.4 Tail suspension test

The tail suspension test (TST) is used to characterize behavioral despair and was performed at
ZT3 at a light intensity of 1,600 lux as described previously [208]. Mice were suspended 30 cm
above a flat surface for a duration of 6 minutes by using adhesive tape on the tails. To keep the
mice from climbing up the tail during the experiment, plastic covers were placed around the tail.
Mice were video-recorded and parameters were quantified using the ANY-maze software.
Parameters included time immobile (s), latency to first immobile episode (s) and transitions

between mobile and immobile episodes.

4.4.5 Learned helplessness

The learned helplessness (LH) paradigm is employed to assess helpless behavior in mice. It was
performed as previously described [85, 120, 208]. The paradigm consists of 2 consecutive
training days starting at ZT5, followed by one testing day at ZT3. On the training days, mice were
placed in restraint tubes and receive 120 shocks to their tails (5 s, every 20-30 s). The shock
intensity was gradually increased by 0.05 mA every 15 shocks, starting at 0.25 mA, and going up
to 0.60 mA. On the testing day, animals were placed into shuttle boxes (Panlab Harvard
Apparatus, Spain) and received 30 electric shocks to their paws through the grid floor (shock
intensity: 0.10 mA; shock duration: max. 30 s). During each test shock, the gate between the two
compartments of the box remained open and the animals could escape by crossing over to the
adjacent compartment. During the trails #1-5 the schedule was fixed ratio (FR) 1, meaning the
animals had to cross the gate once to terminate the shock. In the remaining trials #6-30, the
schedule was replaced by FR-2 meaning the shock was only terminated once the mice crossed
the gate twice. Number of escape failures and escape latency (s) were automatically recorded
and only the FR-2 trials were included into data analysis. For project 2, pain sensitivity was later

assessed by transferring the mice to shuttle boxes and gradually increasing the shock intensity.
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The shock intensity at which animals displayed avoidance behavior (i.e., jumping or climbing the

wall) was recorded as pain threshold.

4.4.6 Y-maze

The Y-maze test is used to assess spatial working memory by quantifying spontaneous
alternations and has been described before [151]. The Y-maze is a Y-shaped apparatus,
consisting of three identical arms (A, B, C). Starting at ZT3, the test was conducted at ~15 lux for
10 minutes. At the start of the test, mice were placed in the center, facing arm A. Spontaneous
alternations represent the rate of full sequences of visits (choices) to each arm of the maze
without repetition (e.g., A-B-C, B-A-C or B-C-A, but not A-B-A, C-B-C, or B-A-B). Mice were video-

tracked and spontaneous alternations were automatically recorded by the ANY-maze software.

4.5 IntelliCage system

The IntelliCage system (TSE Systems, Bad Homburg, Germany) is a fully automated system that
can be used for behavioral and cognitive phenotyping. It is composed of a frame that is placed
within type IV cages. The frame is made of four corners each containing two doors (one left and
one right door). When doors are open, mice can freely access a water bottle located behind
them. When doors are closed, mice can open them and access the water bottles by poking the
doors. Depending on the experimental paradigm (e.g., reversal learning task), mice can only
open a given door. Throughout all IntelliCage experiments, visits to a corner, nosepokes, and
licks at water bottles are continuously recorded. To allow corners of the IntelliCage system to

identify individual animals, mice are tagged by RFID transponders.

Transponder implantation

To guarantee full recovery from surgery, the transponders were inserted at least 3 days prior to
beginning the IntelliCage tests. Following isoflurane anesthesia, mice were shaved in a small
section of their dorsocervical region. Dexpanthenol eye ointment was applied to the eyes, 70 %
ethanol was used to sterilize the skin and an RFID-transponder was implanted subcutaneously
in the neck region. Lastly, one to two sutures were used to close the incision and carprofen (10

mg/kg; subcutaneous) was given as pain prophylaxis. The experimental phases in the IntelliCage
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system differed between the projects and will thus be described for each project separately in

the following sections.

4.5.1 Projectl

In project 1, the aim was to assess cognitive performance and sucrose preference in SCN-Bmall-
KD vs. control animals using the IntelliCage system. To this end, the following order of
experiments was performed. Note that 1 day is referring to a timespan of 24 hours and

experiments were changed during the light phase:

- Free adaptation (2 days): doors remained open and granted free access to all water
bottles.

- Free adaptation, doors open on visit (1 day): doors opened upon entrance of a mouse
in a corner (no nosepoke required). Mice had free access to all water bottles.

- Nosepoke adaptation (2 days): doors remained closed until a mouse entered a corner
and performed a nosepoke.

- Nosepoke adaptation at 50 % (1 day): similar to ‘nosepoke adaptation’, however,
doors only opened with a 50 % probability following a mouse’s nosepoke to prevent a
bias for a particular corner by rendering it unreliable.

- Nosepoke adaptation at 30 % (1 day): similar to ‘nosepoke adaptation’, however,
doors only opened with a 30 % probability.

- Place learning (2 days): every mouse was randomly assigned to one of the four
corners. Bottles were only accessible following a nosepoke in their assigned corner.

- Serial reversal learning (3 days): similar to ‘place learning’, however, assignments of
the drinking corner for each mouse changed every 24 hours with the new corner being
unpredictable for the mouse.

- Sucrose preference (1 day): doors remained open, granting free access to all bottles.
However, one of the two bottles in each corner was replaced with a 1 % sucrose
solution. The other bottle remained with autoclaved tap water. Preference of mice to
drink sucrose solution was recorded for 24 hours and assessed to determine
anhedonia in mice.

Place learning and sucrose preference were measured using the preference score

(A-B)
(A+B) ’

where A and B represent the number of correct and incorrect trials, respectively.

Reversal learning and serial reversal learning phases were calculated using Sequential
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Probability Ratio Testing (SPRT). Details on the preference score and the SPRT were described
elsewhere [209]. All experiments in the IntelliCage system were only performed in cohort 1. The
raw data from each experiment conducted in the IntellliCage system was analyzed using the R

based, automated user interface FlowR (XBehavior, Dagerlen, Switzerland).

4.5.2 Project2and3

In project 2 and 3, sucrose preference and behavioral activity in response to control vs. light-
induced shift work conditions were assessed. To this end, mice were placed into the IntelliCage
system and given 3 days to acclimatize. The animals were exposed to their respective light
conditions (i.e., control or shift work). Data recording for analysis started when mice of the shift
work group were exposed to their first light cycle shift. Thereafter, data was collected using the

following experimental design:

- Free adaptation (17 days for project 2, 14 days for project 3): open doors allowing
free access to all bottles. The aim was to measure corner visits as a proxy for
behavioral activity of control vs. shift work animals.

- Sucrose preference (2 days): sucrose preference was performed and calculated as
described for project 1 with the exception that testing occurred over 2 rather than
only 1 day.

Sucrose preference was analyzed using FlowR by calculating the preference score explained
above. Behavioral activity in response to the light conditions was analyzed using the R package
rethomics [210]. Corner visits were used as a proxy of locomotor activity. Only the start of a
mouse corner visit was recorded as one activity event because mice have the tendency to
remain in corners for longer periods. Double-plotted actograms were generated, and total
locomotor activity was calculated for each mouse. Furthermore, the nocturnality score of
locomotor activity was calculated for every mouse by assessing the preference of activity during

the dark phase (lights off) over during the light phase (lights on).
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4.6 Metabolic assessment

4.6.1 Body and food weight

Body weight and food weight per cage were recorded weekly between ZT3 and ZT5 for project

1, project 2 (cohort B only) and project 3.

4.6.2 Glucose and insulin tolerance test

For the glucose tolerance test (GTT) and the insulin tolerance test (ITT), mice were starved for 6
hours (GTT) or 4 hours (ITT) at ZT0. Glucose (1.5 g/kg body weight) and insulin (1 1U/kg body
weight) were injected intraperitoneally for the GTT and ITT, respectively. Blood glucose levels
were determined from blood collected by pricking the tail vein and using an Accu-Check
Performa glucose meter (Roche, Basel, Switzerland). Measurements were taken prior to
injection (0 min) and 15, 30, 60, 90, and 120 min following glucose or insulin injection. Absolute
glucose measurements were visualized. By measuring the area under the curve (AUC) and
subtracting the area under the baseline, an area of the curve (AOC) was calculated and

statistically analyzed for the GTT and ITT.

4.6.3 24-hour blood glucose profile

Mice were transferred to a separate room 48 hours before measurements began. Mice were
kept under the standard 12:12 LD cycle with food and water ad libitum. Blood was sampled by
pricking the tail vein and glucose levels were determined using an Accu-Check Performa glucose
meter (Roche, Basel, Switzerland). Blood glucose measurements were taken at ZT1, ZT5, ZT9,
ZT13,7ZT17 and ZT21. During the time points in the dark phase (i.e., ZT13, ZT17 and ZT21), blood
was sampled under dim red light. During sampling, mice were not restrained and were allowed
to explore freely. Overall glucose levels during the day vs. during the night were assessed by
comparing total glucose levels during the light phase (i.e., ZT1 + ZT5 + ZT9) vs. during the dark
phase (i.e., ZT13 + ZT17 + ZT21).
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4.6.4 Indirect calorimetry

Locomotor activity, food consumption, water consumption, respiratory exchange rate (RER) and
energy expenditure (EE) were assessed using indirect calorimetry in metabolic cages (TSE
Systems, Bad Homburg, Germany). The RER represents the ratio of VCO2 produced (ml/h) to
VO2 consumed (ml/h). The EE was determined using the formula (3.941 + 1.106 RER) x 0.001 x
VO2 and normalized to the body weight [152]. Mice were single-housed and allowed to
acclimatize for at least 24 hours. Subsequently data was collected for 48 hours (project 3), 72
hours (project 2) or 96 hours (project 1) in 15-minute intervals. Food and water consumption as
well as locomotor activity were summed across the 15 minutes. The RER and EE were
determined once every 15 minutes. For all parameters, a mean across two measurements (i.e.,
30 minutes) was plotted over time. For locomotor activity, food, and water intake the total sums
were calculated for every mouse. For the RER and EE, the mean for each animal across the
recorded period was calculated. For analysis of the data, the R package rethomics was used
[210]. The function periodogram was used to create Lomb-Scargle periodograms. The function
ggetho was used to visualize periodograms and group averages over a period of 24 hours

(project 1), 48 hours (project 3) or 72 hours (project 2).

4.7 Animal sacrifice

For project 1, mice were sacrificed 8 or 9 days following the LH testing. For project 2 (cohort B
only) and project 3, animals were sacrificed 1 - 2 days after completing LH testing, representing
4 -5 days after the last light cycle shift. Animals in project 2 and 3 that did not undergo the LH
paradigm were sacrificed after 8 weeks of alternating light cycles. All animals were weighed and
sacrificed around ZT4 by brief anesthesia with isoflurane followed by decapitation. For all
animals, gonadal white adipose tissue (gWAT), inguinal white adipose tissue (iWAT) and
interscapular brown adipose tissue (BAT) were dissected and weighed. In project 1, brains were
isolated and prepared for bioluminescence recordings and Ppox determination as described
below. Furthermore, in cohort 1, livers were collected and prepared for recordings. In project 2,
for animals that underwent the LH paradigm, livers and brains were collected and prepared for
bioluminescence recordings, as described below. In project 3, apart from the fat pad isolation,

no further tissues were collected.
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4.8 Brain slice cultivation and PER2::LUC luminometry

Brains and livers were collected in half-frozen PBS and further processed for the preparation of
organotypic tissue explants (SCN, PAG and liver) as previously described [120, 205, 211]. Livers
had to be embedded in in low-melting agarose (Sigma-Aldrich, CAS no. 39346-81-1) before
fixation to a Leica vibratome whereas brains were directly fixed to the vibratome. The tissues
were kept in cold PBS and 300 um thin tissue slices were cut. Using a pair of thin scissors, a small
piece of liver tissue was cut out. For the brain tissue, the SCN (Bregma: -0.22) and PAG (Bregma:
-2.70) were isolated from the appropriate slices. All organotypic tissues were transferred to a
tissue culture insert (Millicell Cell Culture Inserts, 30 mm, Millipore, catalog no. PICMORG50)
placed in a 35 mm petri dish filled with explant media. The media was adjusted to pH 7.4 and
consisted of DMEM powder with 4.5 g/L glucose (Corning, catalog no. 90-013-PB), 4 mM sodium
bicarbonate (7.5 % solution, ThermoFisher Scientific, catalog no. 25080094), 10 mM HEPES
buffer (PAN-Biotech, catalog no. P05-01100), 52 U/mL penicillin, 52 pg/mL streptomycin, 4mM
GlutaMAX™ Supplement (ThermoFisher Scientific, catalog no. 35050061), 4mM B-27
Supplement (ThermoFisher Scientific, catalog no. 17504044) and 1 mM D-luciferin (p.a. free
acid, PJK GmbH). The dishes were sealed using silicon grease and a glass cover slip before being
placed into a LumiCycle luminometer (Actimetrics, Wilmette, IL) for measurements. PER2::LUC
expression patterns were recorded every 10 minutes at 37 °C (without CO,) and analyzed with
the LumiCycle Analysis software (Actimetrics, Wilmette, IL). The raw and baseline subtracted
PER2::LUC expression plots were generated. The first day of recordings was excluded from the
analysis and the subsequent 3 days of measurements were used to analyze the amplitude,
phase, and period of the organotypic slices. To normalize the amplitude to the size of the
cultured explant, the sin wave amplitude was divided by the average brightness of the cultured
explant. Tissue explants were defined as rhythmic when they displayed at least two PER2::LUC
rhythm peaks, a goodness of fit > 1 and clear rhythmicity in the periodogram analysis. When
rhythmicity criteria were not met, the normalized amplitude for this issue explant was set to 0
counts/s for analysis. For the analysis of the period and phase, the non-rhythmic tissue explants

were excluded.
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4.9 Prepro-orexin quantificative PCR

From the collected brains, the lateral hypothalamus was dissected between Bregma -1.24 and -
1.82 [212]. Tissue was stored overnight in RNAlater™ solution (ThermoFisher Scientific) and
subsequently transferred to -80°C. For RNA isolation from frozen tissue, QlAzol Lysis Reagent
and RNeasy Mini Kit (Qiagen) were used according to the manufacturer's protocol. The DNAse
treatment was included. Complementary DNA (cDNA) was synthesized using the high-capacity
RNA-to-cDNA™ kit (Thermo Fisher Scientific). For quantitative PCR (qPCR), primers for B-act (Fw-
CCCTGAAGTACCCCATTGAA, Rev-AGGTGTGGTGCCAGATCTTC) and PPO (Fw-
TTGGACCACTGCACTGAAGA, Rev-CCCAGGGAACCTTTGTAGAAG) were used [213]. Fold changes

were calculated as previously described [214].

4.10 Statistical analysis

The nocturnality score was determined for several parameters as an estimate of the circadian
amplitude for the given parameter. The nocturnality score was calculated and normalized to

baseline differences using the following formula:

(Parameter during the dark phase — Parameter during the light phase)

N rnality of parameter =
octurnality of p (Parameter during the dark phase + Parameter during the light phase)

Statistical analyses and data plotting were conducted using GraphPad Prism 9.3.1 (GraphPad
Software, La Jolla, CA, USA) and RStudio (RStudio, Boston, MA, USA). Figures were generated
using Adobe Illustrator, InkScape or Biorender. Biological and technical outliers (e.g., animal not

detected by camera) were excluded from all analyses.

For all cohorts, results were visualized as mean + standard error of the mean (SEM) together
with the individual data points. Significance threshold was set to p = 0.05. Details on the
descriptive statistics including n-numbers, the statistical tests that were conducted and their

outcomes are indicated in the supplementary tables of this thesis.
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4.10.1 Project 1

Animals of cohort 1 and 2 were pooled for analyses to increase statistical power and highlight
the reproducibility of the results across two independent cohorts. Pooling occurred for the
behavioral and metabolic tests that were performed at the same time point after stereotactic
injection (+/- 2 weeks). However, since not all behavioral and metabolic experiments were done
with animals of both cohorts, n-numbers differed between the experiments. All analyses aimed
to statically test for differences between control and SCN-Bmall-KD mice to assess the
metabolic and behavioral impact of dampened SCN rhythms. Following normality testing using
D’Agostino and Pearson normality test, a parametric unpaired t-test was used for normally
distributed data. The Mann-Whitney U test was used when normality was not met. For
correlation analysis, a Pearson correlation coefficient was calculated. For quantification of the
distribution of rhythmic vs. arrhythmic PAG slices, a Fisher’s exact test was conducted. For
repeated measures, a two-way repeated measures analysis of variance (ANOVA) was used.
When a data point from an animal was missing, a mixed-effects analysis was employed instead.
Thereafter, pairwise comparisons were conducted using the Fisher’s least significant difference
(LSD) post-hoc test (uncorrected p-value) with Bonferroni correction (corrected p-value). For the
day vs. night comparison between the two experimental groups, two-way ANOVAs were
conducted and equally followed by pairwise comparisons. The effect of a more chronic SCN
rhythm downregulation on behavioral and metabolic parameters was assessed, by statistically
comparing the measurements of the subset of re-tested animals using two-way repeated-

measures ANOVAs.

4.10.2 Project 2

Male control, male shift work, female control and female shift work mice were statistically
compared to detect sex effects (male vs. female), shift work effects (control vs. shift work) and
interaction effects (sex x shift work). Statistical outliers in each experimental group were
assessed using the two-sided Grubb’s test (significance threshold, p = 0.05) and excluded from
analyses. Two-way ANOVAs were used for comparison of the four experimental groups. For
repeated measures, three-way ANOVAs were used. When a data point from an animal was
missing, mixed-effects analyses were used instead. Following two- and three-way ANOVA as well

as mixed effects analyses, Fisher’s LSD post-hoc test with Bonferroni correction was used for the
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following pairwise comparisons: male control vs. male shift work and female control vs. female

shift work.

4.10.3 Project 3

WT control, WT shift work, Bmal1*/ control and Bmal1*/ shift work mice were characterized to
assess the impact of genotype (WT vs. Bmal1*), shift work (control vs. shift work) or their
interaction (genotype x shift work). Outlier detection was performed as outlined for project 2.
Two-way ANOVAs were used for comparison of the four experimental groups. For repeated
measures, three-way ANOVAs were used. When a data point from an animal was missing, mixed-
effects analyses were used instead. When an interaction effect was detected during statistical
testing, the following pairwise post-hoc comparisons were performed using a Fisher’s LSD post-

hoc test with Bonferroni correction:

- WT control vs. WT shift work (to identify the effect of shift work in WT animals)
- WT control vs. Bmal1*/- control (to identify baseline genotype differences)
- Bmal1* control vs. Bmal1* shift work (to identify the effect of shift work in Bmal1*"

animals).
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5. Results

5.1 Comorbid behavioral and metabolic deficits in male mice following

Bmall downregulation in the suprachiasmatic nucleus

5.1.1 SCN rhythms are dampened in SCN-Bmal1-KD animals

The primary aim of project 1 was to downregulate the molecular SCN rhythms in Per2'“animals.
As expected, downregulation of Bmall by shRNAs leads to a significant reduction in amplitude
of PER2::LUC expression, in some cases to such an extent that significant rhythms are no longer
detectable (Figure 9 A — C, S1, Table S1). Moreover, the KD of Bmall in the SCN causes its
circadian period to lengthen significantly and a phase delay occurs (Figure 9 D, E). The site of
injection was identified using the GFP reporter that was present in all AAV vectors. GFP
expression in the organotypic explants confirms for all samples included in the analysis, precise

injections of shRNAs into the SCN (Figure 9 F, S2, S3).
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Figure 9. Successful stereotactic injection results in SCN rhythm downregulation in SCN-Bmal1-KD animals. SCN
slices from SCN-Bmal1-KD and control animals were collected upon sacrifice and PER2::LUC rhythmicity and GFP
expression of AAV vectors assessed. (A) Normalized amplitude of PER2::LUC rhythm of SCN explants (control: n = 29,
SCN-Bmall-KD: n = 21, unpaired t-test). (B) Representative SCN explant PER2::LUC expression plots from a control
and (C) an SCN-Bmal1-KD animal. Black and red lines represent the baseline subtracted raw data and smoothed
curves, respectively. (D) Period and (E) phase of SCN explant PER2::LUC rhythms (control: n = 28, SCN-Bmal1-KD: n =
12, Mann-Whitney U test). (F) Representative SCN image from an injected animal (left to right: bright field image, GFP
image, and merged image). Scale bar represents 500 um. **** indicates p < 0.0001. Details on the statistical tests
and n-values can be found in Table S1. PER2::LUC expression plots and SCN images of all injected animals can be found
in Figure S1 —S3. Data points in panels A, D and E represent SCN explants from individual experimental animals. Error

bars indicate mean + SEM.

5.1.2 SCN-Bmal1-KD animals display reduced anxiety-like behavior

Downregulation of SCN rhythms was previously shown to lead to anxiety-like behavior in mice
[85]. To reconfirm the comorbidity of anxiety-related and metabolic phenotypes following SCN
rhythm downregulation within the same mouse, anxiety-related features of SCN-Bmal1-KD mice
were re-tested in this project using the EPM, DalLi box and OFT. In contrast to the previous
findings, SCN-Bmal1-KD animals in this project display reduced anxiety-related traits in the EPM.
Notably, they evidence increased locomotion in the EPM, as well as increased open arm entries,
time and distance traveled (Figure 10 A — F, Table S2). In accordance, SCN-Bmal1-KD animals
display reduced anxiety-like behavior in the DaLi box test. SCN-Bmall-KD animals exhibit
increased light compartment entries and a trend for a decreased latency to the first light
compartment entry (Figure 10 G, H). The time in the light compartment is unaltered by KD of
Bmall in the SCN (Figure 10 I). Of note, in the OFT, SCN-Bmal1-KD animals do not show changes

in anxiety-related parameters (Figure 10 J — L).
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Figure 10. SCN-Bmal1-KD animals display reduced anxiety-related behavior. Anxiety-related behavior was assessed

in SCN-Bmal1-KD and control animals using the EPM, Dali box and OFT. EPM: (A) total distance traveled, (B) open

arm entries, (C) open arm time and (D) open arm distance as a percentage of total distance traveled. (E) Heat map of

the animal’s center point of a representative control animal and (F) a representative SCN-Bmal1-KD animal in the

EPM task over the total test duration of 10 min. The scale bar is indicated on the right (0 — 20 s). DaLi box: (G) entries

into the light compartment, (1) latency to the first entry into the light compartment and (l) time spent in the light

compartment. OFT: (J) total distance traveled, (K) center entries and (L) center time. For the OFT and EPM: n = 17

(control) and n = 12 (SCN-Bmal1-KD). For the DaLi box: n = 29 (control) and n = 21 (SCN-Bmal1-KD). The control and
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SCN-Bmal1-KD group were statistically compared using an unpaired t-test or a Mann-Whitney U test when normality
was not met. # indicates p < 0.1; * indicates p < 0.05; *** indicates p < 0.001; **** indicates p < 0.0001. Details on
the statistical tests and n-values can be found in Table S2. Dali box = dark-light box; EPM = elevated plus maze; OFT

= open field test. Data points represent individual experimental animals. Error bars indicate mean + SEM.

One hypothesis of this project was that comorbid behavioral and metabolic outcomes resulting
from a chronic downregulation of SCN rhythms differ from those resulting from acute
downregulation. To investigate this hypothesis, a subset of animals was re-tested in the EPM,
Dali box and OFT at a later time point after downregulation of SCN rhythms (i.e., 16 weeks after
stereotactic injection). Importantly, the reduced anxiety-related phenotype following KD of
Bmal1 in the SCN persists over time after SCN rhythm downregulation (Figure 11 A — F). Time
after stereotactic injection does not significantly affect the anxiety-related parameters that are
altered by downregulated SCN rhythms (EPM: distance traveled, open arm entries, open arm
time, open arm distance; Dali: entries into light, latency to light entry) (Table S3). For the
anxiety-related parameters that are unaltered by downregulated SCN rhythms (Dali: time in
light; OFT: distance traveled, center entries, center time), an effect of time is observed (Figure
11 G — J, Table S4). However, this effect is independent of the experimental group as indicated
by a lack of a significant group x time interaction. Thus, the effect of time likely results from re-
testing rather than reflecting a change in the behavioral phenotype after a more chronic Bmall
KD in the SCN. Overall, the results indicate that the reduced anxiety-like behavior in SCN-Bmal1-
KD animals is quickly established after downregulation of SCN rhythms (i.e., 3 weeks after
injection) and does not change during a more chronic SCN rhythm downregulation (i.e., 16

weeks after injection).
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Figure 11. Reduced anxiety-related behavior of SCN-Bmal1-KD animals persists over time after downregulation of

molecular SCN rhythms. Anxiety-related behaviors were measured at 3 weeks after stereotactic injection and re-

assessed at 16 weeks after stereotactic injection in a subset of SCN-Bmal1-KD and control animals. EPM: (A) total

distance traveled, (B) open arm entries, (C) open arm time and (D) open arm distance as a percentage of total distance

traveled. DaLi box: (E) entries into the light compartment, (F) latency to the first entry into the light compartment and

(G) time spent in the light compartment. OFT: (H) total distance traveled, (I) center entries and (J) center time. For all

tests: n= 8 — 9 per experimental group. Two-way repeated measures ANOVA was performed with the time and

interaction effects indicated for each parameter. The group effect (control vs. SCN-Bmal1-KD) is indicated above the

comparison bar between the experimental groups. Details on the statistical tests and n-values can be found in Table

S3 and S4. n.s. = not significant; # indicates p < 0.1; * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001;
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**** indicates p < 0.0001. Dali box = dark-light box; EPM = elevated plus maze; OFT = open field test. Data points

represent individual experimental animals. Error bars indicate mean + SEM.

5.1.3 SCN-Bmal1-KD animals do not display behavioral despair or helpless behavior

The SCN has been involved in the regulation of mood. SCN rhythm downregulation in SCN-
Bmal1-KD animals was previously shown to result in behavioral despair and helplessness [85].
To reaffirm the coexistence of mood-related and metabolic phenotypes in the same mouse,
affect-related phenotypes were re-assessed in SCN-Bmal1-KD animals in this project. SCN-
Bmal1-KD animals in this project evidence no signs of behavioral despair in the TST. The time
immobile, transitions between mobile and immobile episodes as well as the latency to the first
immobile episode is not significantly altered by Bmal1 KD in the SCN (Figure 12 A - C, Table S5).
Further, the lack of a behavioral despair phenotype in SCN-Bmall-KD persists during a more
chronic downregulation of SCN rhythms in the same animals (Figure 12 D — F, Table S6). In the
LH test, SCN rhythm downregulation does not appear to alter escape latencies or failures;
however, statistical assessment was not feasible due to low n-numbers (Figure 12 G, H, Table
S6). Since animals were sacrificed after LH testing, helpless behavior could not be re-tested
following a more prolonged SCN rhythm downregulation in the same animals. Nevertheless, LH
testing during a later time point after stereotactic injections using other experimental animals
yields comparable results. Indeed, 16 — 19 weeks after stereotactic injection, there is no
statistically significant effect of Bmal1 KD in the SCN on escape latencies or failures (Figure 12 1,
J, Table S5). Thus, likewise to the reduced anxiety-related phenotype of SCN-Bmal1-KD animals,
the absence of behavioral despair and helplessness persists during a more chronic SCN rhythm

downregulation.
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Figure 12. SCN-Bmal1-KD animals do not exhibit behavioral despair or helpless behavior. To assess mood-related
phenotypes, SCN-Bmal1-KD and control animals were tested in the TST and the LH test. Results of the first TST (3 -5
weeks after stereotactic injection): (A) time immobile, (B) transitions between mobile and immobile episodes and (C)
immobility latency (control: n = 29, SCN-Bmal1-KD: n = 21). In a subset of animals (n = 9 per experimental group)
behavioral despair was re-assessed 16 weeks after stereotactic injection. Comparison of the first and second TST: (D)
time immobile, (E) transitions between mobile and immobile episodes and (F) immobility latency. Two-way repeated
measures ANOVAs were performed with the time and interaction effect indicated for each parameter. The group
effect (control vs. SCN-Bmal1-KD) is indicated above the comparison bar between the experimental groups. First LH
test (7 — 8 weeks after stereotactic injection): (G) escape latency and (H) escape failure (control: n = 8, SCN-Bmal1-
KD: n = 3). The n - value for the SCN-Bmal1-KD group was too small for statistical analyses. Second LH test (16 — 19
weeks after stereotactic injection): (I) escape latency and (J) escape failure (control: n = 20, SCN-Bmal1-KD: n = 16).
In panels A, B, C, | and J, the control and SCN-Bmal1-KD group were statistically compared using unpaired t-tests.
Details on the statistical tests and n-values can be found in Table S5 and S6. LH = learned helplessness; TST = tail

suspension test. Data points represent individual experimental animals. Error bars indicate mean + SEM.
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5.1.4 Reward-related behavior is enhanced in SCN-Bmal1-KD animals

Affective disorders are linked to changes in the reward system and clock mutants display
reward-related phenotypes [148, 215-217]. Thus, we next assessed reward-related behavior
following SCN rhythm downregulation by measuring different aspects of positive valence using
the IntelliCage system. The positive valence system is involved in the responses to positive
events, including the sustained responsiveness to reward and reward learning [209, 218]. These
two parameters can be assessed in the IntelliCage system by measuring sucrose preference and
place preference, respectively. In the sucrose preference test, SCN-Bmal1-KD display increased
total licks, with enhanced sucrose but decreased water licks, resulting in an overall higher
sucrose preference than control animals (Figure 13 A — D, Table S7). Indeed, when given the
choice, SCN-Bmal1-KD nearly only consume sucrose solution and close to no water, indicative
of a hyperhedonic state. The sustained responsiveness to a reward — in this case sugar — of
SCN-Bmal1-KD animals reflects an alteration in the positive valence system. Equally, reward
learning, assessed by measuring place learning in the IntelliCage system, is increased in SCN-
Bmal1-KD animals (Figure 13 E). Thus, SCN-Bmal1-KD animals evidence changes in the positive

valence system as evidenced by their hyperhedonic state and their increased reward learning.
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5.1.5 SCN-Bmal1-KD animals do not display cognitive changes

Mental disorders are often associated with cognitive impairments and a role of the SCN in
regulating cognitive functions has been discussed [219, 220]. Thus, cognitive performance of
SCN-Bmal1-KD animals was tested for the first time using the Y-maze and the IntelliCage system.
In the Y-maze task, SCN-Bmal1-KD and control animals perform similar amounts of spontaneous
alternations, a measure for short-term spatial working memory (Figure 14 A, Table S7). Further,
SCN-Bmal1-KD animals show no changes in reversal learning or serial reversal learning in the
IntelliCage system (Figure 14 B, C), arguing for unaltered cognition following SCN rhythm

downregulation.
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Figure 14. SCN-Bmal1-KD animals exhibit unaltered cognition. SCN-Bmal1-KD and control animals were tested in
the Y-maze and IntelliCage system to assess parameters of cognition. (A) Spontaneous alternations in the Y-maze. (B)
Reversal learning and (C) serial reversal learning in the IntelliCage system. For all tests n = 12 (control) and n = 8 (SCN-
Bmal1-KD). The control and SCN-Bmal1-KD group were statistically compared using an unpaired t-test. Details on the
statistical tests and n-values can be found in Table S7. AU = arbitrary unit; AUC = area under the curve. Data points

represent individual experimental animals. Error bars indicate mean + SEM.

5.1.6 SCN-Bmal1-KD animals display increased weight gain during the first weeks

after stereotactic injection

The main hypothesis of project 1 was that downregulation of molecular SCN rhythms negatively
affects behavior and metabolism concomitantly. Thus, the same animals that were
characterized behaviorally also underwent metabolic characterization. Disruption of SCN
rhythms causes animals to gain weight rapidly following Bmal1 KD in the SCN (Figure 15 A, B,
Table S8 —S10). For instance, 3 weeks after stereotactic injection, SCN-Bmal1-KD animals display
an increased percent body weight gain, with 26.80 + 16.48 % (mean * SD) compared to
13.48 £9.309 % (mean * SD) in control animals. However, whilst control animals continue to
steadily increase body weight, the weight gain curve of SCN-Bmal/1-KD animals plateaus. At
around 6 weeks after stereotactic injection, the weight of SCN-Bmal1-KD and control animals
reach a similar level (Figure 15 A, B). Analyzing two time windows separately (i.e., 0 — 6 weeks
and 7 —17 weeks after stereotactic injection) confirms this observation statistically. During the
first 6 weeks after stereotactic injection, a significant group effect underpins the increased
weight gain of SCN-Bmal1-KD animals compared to their control littermates (Figure 15 C, Table
$10). When analyzing the time frame of 7 — 17 weeks after stereotactic injection, a group effect
is lacking, highlighting that SCN-Bmal1-KD and control animals reach a similar final weight after
6 weeks (Figure 15 D, Table S10). Importantly, the initial increased weight gain in SCN-Bmal1-KD
is not related to altered food consumption over time following Bmal1 KD (Figure 15 E, Table S8

— 510). At the time point of sacrifice, SCN-Bmal1-KD animals display similar percent gWAT and
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iWAT compared to control animals (Figure 15 F, G, Table S11). However, there is a trend for a

decrease in the percent BAT in SCN-Bmal1-KD animals (Figure 15 H).
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Figure 15. SCN-Bmal1-KD display altered weight gain without changes in overall food consumption. Body weight

and food consumption of SCN-Bmal1-KD and control animals were measured weekly. Upon sacrifice, fat pads were

isolated and weighed. (A) Curve of absolute weight over time. (B) Curve of percent weight gain over time. (C) Percent

weight gain over the first 6 weeks after stereotactic injection. (D) Percent weight gain from week 7 — 17 after

stereotactic injection. (E) Curve of food consumption per animal over time. (F) Percent gWAT, (G) percent iWAT and

(H) percent BAT of total body weight at sacrifice. For panels A— D and F — H, n =21 — 29 (control) and n = 18 — 21

(SCN-Bmal1-KD). For panel E, n=1—2 (per time point per group). For panels A — E, the groups were compared using

a two-way repeated measures ANOVA or a mixed-effects analysis when single values were missing. A significant effect

of the experimental group is indicated by ‘group’, a significant interaction effect of the experimental group and time

is indicated by ‘time x group’. Fisher’s LSD post-hoc test followed by Bonferroni correction (control vs. SCN-Bmal1-

KD) was performed for every week in panels A — E but yielded only significant effects for weeks 2, 3, 4 and 5 in panel
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C, indicated by (*) or (**). For panels F — H, the control and SCN-Bmal1-KD group were statistically compared using
an unpaired t-test or a Mann-Whitney U test when normality was not met. Data points represent individual
experimental animals. n.s. = not significant; # indicates p < 0.1; * indicates p < 0.05; **** indicates p < 0.0001. Details
on the statistical tests and n-values can be found in Table S8 — S11. BAT = brown adipose tissue; gWAT = gonadal

white adipose tissue; iWAT = inguinal white adipose tissue. Error bars indicate mean + SEM.

5.1.7 Bmall KD in the SCN results in strongly dampened locomotor activity and

metabolic rhythms in 12:12 LD conditions

SCN-Bmall-KD animals display altered body weight gain over time despite similar food
consumption. To further explore metabolic changes in SCN-Bmal1-KD animals, mice were placed
into metabolic cages during 12:12 LD conditions. In both, control and SCN-Bmal1-KD animals, a
pattern of circadian locomotor activity rhythm is observed, with a peak of activity at the start of
the dark phase. However, these locomotor rhythms are strongly attenuated in SCN-Bmal1-KD
animals (Figure 16 A, B, Table S12, S13). A roughly 24-hour period can be detected following
Bmall KD in the SCN. Nevertheless, the robustness of the locomotor activity period is reduced
in SCN-Bmal1-KD animals as evidenced by their reduced periodogram peak compared to control
(Figure 16 C). Further, SCN-Bmall-KD animals exhibit decreased overall locomotor activity
(Figure 16 D, Table S14); most likely resulting from decreased activity during the dark phase
(Figure 16 A). Similar results are observed for food and water consumption rhythms, which are
strongly dampened following Bmall KD in the SCN. For food consumption, to such an extent
that significant rhythms are no longer detectable in SCN-Bmal1-KD animals (Figure 16 E—G, | —
K). Although a water intake rhythm is still present in SCN-Bmal1-KD, the period of the rhythm is
less robust compared to the control (Figure 16 K). Importantly, overall food and water intake do
not differ between control and SCN-Bmal1-KD animals (Figure 16 H, L). Beyond rhythmicity of
feeding and drinking behavior, RER and EE rhythms were also measured to assess differences in
fuel utilization between SCN-Bmal1-KD and control animals. Whilst in control animals circadian
RER and EE rhythms are detected, significant rhythms are no longer detectable in SCN-Bmall-
KD animals (Figure 16 M — O, Q — S). Interestingly, the 24-hour mean levels of RER and EE are
not significantly different between control and SCN-Bmal1-KD animals (Figure 16 P, T). Thus,
whilst overall levels of metabolic parameters are unchanged in SCN-Bmal1-KD animals,
locomotor activity and metabolic rhythms are dampened, in some cases to such an extent that

significant rhythms are no longer detectable in SCN-Bmal1-KD animals.
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Figure 16. SCN-Bmal1-KD animals exhibit dampened locomotor activity and metabolic rhythms. SCN-Bmal1-KD
animals were placed into metabolic cages to measure their locomotor activity, food and water consumption, RER,
and EE. After 2 days of acclimatization, all parameters were recorded for 4 days. Animals were kept in 12:12 LD
conditions. (A, E, I, M, Q) Recordings from the metabolic cages for locomotor activity (A), food consumption (E), water
consumption (1), RER (M) and EE (Q). Averages from 4 days of recording across each experimental group are plotted
over a 24-hour day. The shaded area represents + SEM. The black arrow in (A) points towards the bout of locomotor
activity of control and SCN-Bmal1-KD animals at the start of the dark phase. (B) Overall locomotor activity during the
light phase (day) versus overall locomotor activity during the dark phase (night) is summed across the 4 days of
recording and plotted for each experimental group. (F, J) Overall food consumption (F) and overall water consumption
(J) during the day versus during the night were added across the recoding time and are plotted for each experimental
group. (N, R) For each experimental group, the mean RER (N) and the mean EE (R) during the day versus during the
night are plotted. For B, F, J, N, R the results for the interaction effect of experimental group and phase of a two-way
repeated measures ANOVA are indicated by ‘group x phase’. The results from a Fisher’s LSD post-hoc test followed
by Bonferroni correction comparing control day vs. control night and SCN-Bmal1-KD day vs. SCN-Bmal1-KD night are
indicated by the comparison bars. (C, G, K, O, S) Periodograms for each experimental group for locomotor activity (C),
food consumption (G), water consumption (K), RER (O) and EE (S). (D) Total locomotor activity, (H) total food
consumption and (L) total water consumption over the 4 days of recording. (P) Mean RER and (T) mean EE across the
4 days of recording. For panels D, H, L, P and T, the control and SCN-Bmal1-KD group were statistically compared
using an unpaired t-test or a Mann-Whitney U test when normality was not met. Control: n = 19 or 12, SCN-Bmal1-
KD: n =15 or 8. Due to technical issues the n-values for RER and EE are lower. n.s. = not significant; # indicates p < 0.1;
* indicates p < 0.05; *** indicates p < 0.001; **** indicates p < 0.0001. Details on the n-values can be found in Tables
S12 — S14. EE = energy expenditure; RER = respiratory exchange rate. The data points in panelsB, D, F, H,J, L, N, P, R,

and T represent individual experimental animals. Error bars indicate mean + SEM.

5.1.8 Glucose homeostasis is altered in SCN-Bmal1-KD mice

To assess the impact of SCN rhythm downregulation on glucose homeostasis, SCN-Bmal1-KD
animals were subjected to a GTT and ITT. During the GTT, SCN-Bmal1-KD animals exhibit a
reduced response to the glucose injection (Figure 17 A, Table S15). This increased glucose
tolerance of SCN-Bmal1-KD animals is further supported by their lowered AOC (Figure 17 B,
Table S16). Strikingly, during the GTT, SCN-Bmal1-KD animals exhibit significantly reduced
baseline starvation glucose levels (Figure 17 C). During the ITT, SCN-Bmal1-KD mice appear to
have an increased glucose response to the insulin injection, suggesting a greater insulin
sensitivity (Figure 17 D, Table S15). Nonetheless, similar to the observations during the GTT,
SCN-Bmal1-KD mice exhibit significantly reduced baseline glucose levels during the ITT (Figure
17 E). This can influence the result of two-way repeated measures ANOVA testing. The AOC
corrects for such baseline glucose differences and is thus deemed a more reliable measure for
characterizing differing insulin sensitivities [221]. The AOC for the ITT is not significantly changed
in SCN-Bmal1-KD animals, arguing for an overall unaltered insulin sensitivity following SCN

rhythm downregulation (Figure 17 F, Table S16). Similar to the behavioral tests characterizing
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anxiety- and mood-related behavior, glucose and insulin tolerance were re-assessed in a subset
of animals at a later time point after stereotactic injection to investigate the impact of a chronic
SCN rhythm downregulation. There is no effect of time after injection on the results of the GTT
and ITT (Figure 17 G — J, Table S17). Thus, the increased glucose tolerance, unaltered insulin
sensitivity and hypoglycemia of SCN-Bmal1-KD animals during starvation does not change during
a more chronic KD of Bmall in the SCN. Thus, the alterations in glucose homeostasis of SCN-
Bmall-KD animals are established within 4 — 8 weeks after stereotactic injection and persist over

time after SCN rhythm downregulation.

Since SCN-Bmal1-KD animals display hypoglycemia following starvation, the question arose
whether glucose levels under ad libitum feeding and over the course of 24 hours are also altered.
Interestingly, as during starvation, SCN-Bmal1-KD animals display lower glucose levels over the
course of the day during ad libitum feeding. This hypoglycemia in SCN-Bmal1-KD is even more
apparent during the dark phase, since control animals display an increase in glucose levels
compared to the light phase — an effect, which is not detected in SCN-Bmal1-KD animals (Figure
17 K, Table S18, S19). Indeed, in SCN-Bmal1-KD animals there is no significant difference in the
glucose levels during the dark vs. light phase suggesting that Bmal1 KD in the SCN might result

in a loss of blood glucose rhythms during ad libitum feeding (Figure 17 L).

Overall, SCN-Bmal1-KD animals display altered glucose tolerance and consistently exhibit a
hypoglycemia phenotype — under fasted and ad libitum feeding conditions — together with a

potential loss of an endogenous glucose rhythm under non-fasted conditions.
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Figure 17. SCN-Bmal1-KD animals display altered glucose homeostasis. SCN-Bmal1-KD animals were subjected to

two GTTs and ITTs. Furthermore, endogenous glucose levels were measured over the 24-hour day during ad libitum
feeding conditions. First GTT at 4 — 6 weeks after stereotactic injection (control: n = 29; SCN-Bmal1-KD: n = 21): (A)
glucose curve during the GTT, (B) area of the glucose curve and (C) glucose levels after 6 hours of fasting (i.e., time
point ‘0 min’ of GTT). First ITT at 5 — 7 weeks after stereotactic injection (control: n = 29; SCN-Bmal1-KD: n = 20): (D)
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glucose curve during the ITT, (E) glucose levels after 4 hours of fasting (i.e., time point ‘O min’ of ITT) and (F) area of
the glucose curve. For panels A and D, the groups were compared using a two-way repeated measures ANOVA where
a significant effect of the experimental group is indicated by ‘group’. The result of Fisher’s LSD post-hoc test followed
by Bonferroni correction, comparing control vs. SCN-Bmal1-KD, is indicated above every time point assessed. For
panels B, C, E and F, the control and SCN-Bmal1-KD group were statistically compared using an unpaired t-test or a
Mann-Whitney U test when normality was not met. In a subset of animals, the GTT and ITT were performed again at
17 weeks after stereotactic injection (n = 8 —9 per experimental group). Comparison of first and second GTT and ITT:
(G) AOC of the glucose curve during the GTT, (H) fasting glucose during the GTT, (I) AOC of the glucose curve during
the ITT and (J) fasting glucose during the ITT. Two-way repeated measures ANOVAs were performed with the time
and interaction effect indicated. The group effect (control vs. SCN-Bmal1-KD) is indicated above the comparison bar
between the experimental groups. (K) Glucose levels under ad libitum feeding over the 24-hour cycle and (L)
Cumulative day glucose vs. cumulative night glucose levels (n = 9 per experimental group). For panel K, statistical
analyses were performed like in A and D. For panel L, a two-way repeated measures ANOVA was conducted, and the
significant interaction effect of the experimental group and phase is indicated by ‘group x phase’. Comparison bars
indicate the results of the Fisher’s LSD post-hoc test followed by Bonferroni correction for control animals and SCN-
Bmal1-KD animals. Data points represent individual experimental animals. n.s. = not significant; ** indicates p < 0.01;
*** indicates p < 0.001; **** indicates p < 0.0001. Details on the statistical tests and n-values can be found in Table

S15—S19. AOC = area of the curve. Error bars indicate mean + SEM.

5.1.9 Downregulation of SCN rhythms affects downstream circadian oscillators

involved in mood- and anxiety regulation and metabolic functions

The SCN, as the master pacemaker of the circadian system, largely affects physiology through
its impact on subordinate clocks. Thus, the observed comorbid deficits in behavioral and
metabolic processes in SCN-Bmall-KD animals were likely mediated through alterations in
downstream oscillators governing these processes. Given this, the impact of SCN rhythm
downregulation on circadian oscillators involved in mood- and anxiety regulation (PAG and

lateral hypothalamus) and metabolism (liver and lateral hypothalamus) was determined.

The PAG has been linked to anxiety-related responses and reward-seeking behavior, receives
direct projections from the SCN and expresses stable circadian rhythms in vitro [120, 222, 223].
Thus, we wondered how downregulated SCN rhythms may affect PAG explant rhythms. The
amplitude of PER2::LUC rhythms of PAG slices is significantly reduced following Bmal1 KD in the
SCN (Figure 18 A, Table S1). Further, SCN-Bmal1-KD animals display a significantly increased
proportion of non-rhythmic PAG slices compared to control (Figure 18 B). To ensure the absence
of ectopic Bmall shRNA expression in the PAG, GFP expression was examined. No GFP
expression was observed in PAG slices, indicating the absence of shRNA expression in the PAG

(data not shown). Due to the low number of rhythmic PAG slices of SCN-Bmal1-KD animals
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(n =1), the period and phase of PER2::LUC rhythms could not be statistically assessed (Figure 18
C, D).

The lateral hypothalamus is a brain region that contains the orexin (ORX) neuronal system, which
is involved in mood and metabolic regulation [22]. Expression of Ppox, which encodes the
common precursor peptide of ORX-A and -B [224], is under circadian control [225]. Moreover,
ORX rhythms are abolished in SCN-lesioned animals and evidence suggests a direct projection
from the SCN to ORX neurons [226-228]. Thus, we next examined the impact of downregulated
SCN rhythms on Ppox expression in the lateral hypothalamus. Bmall KD in the SCN does not
alter overall levels of Ppox at ZT3 — 4 (Figure 18 E). Interestingly, control animals evidence a
significant positive correlation between the SCN amplitude and Ppox levels (Figure 18 F). This

correlation is not detectable in SCN-Bmal1-KD animals (Figure 18 G).

Lastly, the rhythmicity of the liver, a metabolically active organ, was assessed. Visual
examination of liver PER2::LUC rhythms does not suggest any marked differences in rhythmicity
(i.e., amplitude, period and phase) between liver slices of SCN-Bmal1-KD and control animals
(Figure 18 H—1). However, it should be noted that low n-numbers following exclusion of animals

with unsuccessful stereotactic injection, did not allow statistical assessment.
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Figure 18. Downregulation of SCN rhythms affects downstream circadian oscillators. Upon sacrifice at ZT3 — 4, PAG
and liver slices from experimental animals were collected and their rhythmicity assessed. Lateral hypothalamus slices
were also collected and Ppox expression determined. Comparison of PER2::LUC rhythms of PAG slices of SCN-Bmal1-
KD and control animals: (A) normalized amplitude of PER2::LUC rhythms (unpaired t-test, control: n = 29 and SCN-
Bmal1-KD: n = 21), (B) number of rhythmic and arrhythmic PAG slices (Fisher’s exact test, control: 21 rhythmic slices
and 8 non-rhythmic slices, SCN-Bmal1-KD: 1 rhythmic slice and 20 non-rhythmic slices), (C) period and (D) phase of
PAG PER2::LUC rhythms. Comparison of Ppox expression in the lateral hypothalamus of SCN-Bmal1-KD and control
animals: (E) Ppox expression (unpaired t-test, control: n = 14 and SCN-Bmal1-KD: n = 10). (F) Correlation of normalized
SCN amplitude and Ppox expression in control animals (n = 14) and (G) SCN-Bmal1-KD animals (n = 10) (Pearson
correlation coefficient). Ppox quantification was kindly performed by Dr. Charlotte Kling. Comparison of PER2::LUC
rhythms of liver slices of SCN-Bmal1-KD and control animals: (H) normalized amplitude, () period and (J) phase of
liver PER2::LUC rhythms. For panels C, D, H, |, and J, n-values were too small for statistical comparisons. Data points
represent explants from individual experimental animals. * indicates p < 0.05; ** indicates p < 0.01; **** indicates
p < 0.0001. Details on the statistical tests and n-values can be found in Table S1. PAG = periaqueductal gray. Error

bars indicate mean + SEM.
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5.2 Sex-specific behavioral and metabolic phenotypes following light-

induced shift work conditions in mice

5.2.1 The shift work light paradigm leads to constant re-entrainment with sex-

specific adaptation of locomotor activity to alternating light cycles

The primary aim of project 2 was to implement a shift work light paradigm to evaluate the
behavioral and metabolic consequences of an environmental circadian disruption. To ensure
that the chosen shift work light paradigm achieves the desired circadian disruption, locomotor
adaptation to alternating light cycles in the shift work light paradigm was assessed in a first
cohort. As expected, control animals of both sexes entrain to the rhythmic 12:12 LD cycle (Figure
19 A, B, S4, S5). Upon exposure to the shift work-mimicking alternating light cycles, both, male
and female mice constantly try to re-entrain to the given light cycle (Figure 19 C, D, S6, S7). Two-
way ANOVA testing reveals an effect of sex on the overall locomotor activity with female mice
displaying increased activity compared to males. Moreover, shift work conditions reduce the
overall locomotor activity with male and female shift work animals displaying decreased activity
compared to their respective sex-matched controls (Figure 19 E, Table S20). Interestingly, there
is a significant interaction effect of shift work and sex on the locomotor activity nocturnality
score. Female shift work animals display a significantly decreased activity nocturnality score
compared to their sex-matched controls — an effect, which is also present but not as pronounced

in male animals (Figure 19 F, Table S20).
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Figure 19. Sex-specific re-entrainment of locomotor activity to alternating light cycles. Male and female animals

were placed into the IntelliCage system and subjected to either a standard 12:12 LD cycle (control) or to alternating

light cycles (shift work). Corner visits were tracked as a proxy for the animal’s locomotor activity. (A — D)

Representative double-plotted actograms for (A) male control, (B) female control, (C) male shift work and (D) female

shift work. The shading of the double-plotted actograms represents the LD cycle that the animal was subjected to.

The black bars of the actograms indicate the locomotor activity of the respective animal. Double-plotted actograms

of all experimental animals can be found in Figure S4 —S7. (E) Overall corner visits. (F) Locomotor activity nocturnality

score. In panels E and F, two-way ANOVAs were conducted where a significant sex effect is indicated by ‘sex’, a

significant shift work effect is indicated by ‘sw’ and a significant interaction effect between sex and shift work is

indicated by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used to compare the following

groups: male control vs. male shift work and female control vs. female shift work. The results of these post-hoc

comparisons are indicated by the black comparison bars. Data points in panels E and F represent individual

experimental animals (male control: n = 15; male shift work: n = 15; female control: n = 14 — 15; female shift work: n

= 15). * indicates p < 0.05; ** indicates p < 0.01; **** indicates p < 0.0001. Details on statistical tests and n-values

can be found in Table S20. Error bars indicate mean + SEM.
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5.2.2 Light-induced shift work conditions lead to an anxiety-like phenotype in

female but not male mice

A separate cohort of male and female animals was used for the characterization of comorbid
behavioral and metabolic phenotypes following light-induced shift work conditions. To
investigate anxiety-related behavior, all experimental animals were subjected to several
behavioral tests. In the OFT, shift work conditions have no impact on the distance traveled,
center entries or center time in neither of both sexes (Figure 20 A — C, Table S21, S22). There is
a trend for an effect of sex on center time, with male mice spending more time in the center of
the open field (Figure 20 C, Table S21, S22). In the EPM, a statistically significant interaction
between the effects of shift work and sex is observed for open arm entries and time. Males
exhibit a trend towards increased open arm entries during shift work conditions. On the
contrary, in females, shift work conditions decrease open arm entries (Figure 20 D, Table 523,
S24). Similarly, shift work conditions significantly decrease open arm time in female mice — an
effect that is not observed in male mice (Figure 20 E, Table S23, S24). Further, a trend for an
interaction between shift work and sex on the open arm distance is observed. Nonetheless,
post-hoc testing does not reveal a significant difference between male or female shift work
animals and their respective sex-matched controls (Figure 20 F, Table S23, S24). During the Dali
box test, female shift work animals exhibit a trend towards decreased entries into the light
compartment — an effect, which is not detected in male animals (Figure 20 G, Table S23, S24).
Although not robust to Bonferroni correction, female shift work animals display a trend for a
reduced time in the light compartment compared to their sex-matched controls. In male
animals, no difference between shift work and control animals is observed (Figure 20 H, Table
S23, S24). Further supporting the sex-specific anxiety phenotype of female shift work animals in
the EPM, shift work conditions cause females to travel less distance in the light compartment —
an effect, which is not detected in males (Figure 20 I, S23, S24). To further characterize effects
of shift work conditions on anxiety-like behavior, the transitions between mobile and immobile
episodes were quantified in the OFT and TST. This parameter was assessed as a proxy for
restlessness, which is often characterized as anxiety-like behavior. In the OFT and the TST, a
significant interaction and a trend for an interaction between sex and shift work on restless
behavior is observed, respectively (Figure 20 J, K, Table S21, S22). Female shift work animals
exhibit increased restlessness compared to their sex-matched controls, although not reaching
statistical significance in the OFT after Bonferroni correction. This effect of shift work conditions
on restless behavior is not detected in male mice. Overall, behavioral testing reveals that light-

induced shift work conditions lead to an anxiety-like phenotype in female but not male mice.
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Figure 20. Light-induced shift work conditions result in anxiety-like behavior in female but not male mice. Animals
were tested in the OFT, EPM, Dali box test and TST to assess anxiety-like behavior. OFT: (A) distance traveled, (B)
center entries and (C) center time. EPM: (D) open arm entries, (E) open arm time and (F) open arm distance. Dali: (G)
entries into the light compartment, (H) time in the light compartment and (l) distance traveled in the light. (J, K)
Transitions between mobile and immobile episodes in the OFT (J) and the TST (K). For all parameters, two-way
ANOVAs were conducted where a significant sex effect is indicated by ‘sex’ and a significant interaction effect
between sex and shift work is indicated by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used
to compare the following groups: male control vs. male shift work and female control vs. female shift work. The results
of these post-hoc comparisons are indicated by the black comparison bars. Data points represent individual
experimental animals (male control: n = 17 — 18; male shift work: n = 17 — 18; female control: n = 10 — 12; female shift
work: n =10 —12). n.s. = not significant; # indicates p < 0.1; * indicates p < 0.05; ** indicates p < 0.01; *** indicates
p < 0.001. Details on statistical tests and n-values can be found in Table S21 — S24. Dali box = dark-light box; EPM =

elevated plus maze; OFT = open field test; TST = tail suspension test. Error bars indicate mean + SEM.
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5.2.3 Sex-specific effects of light-induced shift work conditions on helpless behavior

but not on features of behavioral despair or anhedonia

Next, the effect of the shift work light paradigm on the development of depression-like behavior
was investigated using the TST, sucrose preference test and LH paradigm. Neither in male nor
female mice, shift work conditions affect behavioral despair quantified by the time immobile
and immobility latency in the TST (Figure 21 A, B, Table S25, S26). Equally, the shift work light
paradigm has no effect on anhedonia-like behavior assessed with the sucrose preference score
(Figure 21 C). Of note, sex alone has an impact on the immobility time in the TST and sucrose
preference with females displaying decreased immobility time and sucrose preference. In the
LH paradigm the motivation to avoid an escapable electric shock is quantified. During LH testing,
a statistically significant interaction between sex and shift work is observed for the escape
latencies and failures (Figure 21 D, E, Table S25, S26). Male shift work animals exhibit
significantly reduced escape latencies and failures compared to male controls (i.e., more
motivation to escape the electric shock and thus less helpless behavior). In contrast, females
display increased escape latencies and failures following shift work conditions, although this
effect does not reach statistical significance during post-hoc testing. Thus, shift work conditions
have a sex-specific effect on helpless behavior with male and female shift work animals
displaying decreased and increased helplessness compared to their sex-matched controls,
respectively. To test if the differences of LH results between the two sexes were the result of
varying pain sensitivities, the animals’ pain thresholds were determined. Females exhibit an

increased pain threshold compared to males (Figure 21 F, Table S25, S26).
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Figure 21. Sex-specific effects of light-induced shift work conditions on helpless behavior but not on behavioral
despair or anhedonia. Animals were subjected to the TST, sucrose preference test, and LH paradigm to investigate
effects on behavioral despair, anhedonia-like behavior, and helplessness. TST: (A) time immobile and (B) immobility
latency. (C) Sucrose preference score. LH test: (D) Latency to escape the electrical shock and (E) failures to escape the
electrical shock. (F) Electric shock intensity of pain threshold. For all parameters, two-way ANOVAs were conducted
where a significant sex effect is indicated by ‘sex’ and a significant interaction effect between sex and shift work is
indicated by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used to compare the following
groups: male control vs. male shift work and female control vs. female shift work. The results of these post-hoc
comparisons are indicated by the black comparison bars. Data points represent individual experimental animals (male
control: n = 15 — 18; male shift work; n = 15 — 16; female control: n = 10 — 15; female shift work: n =9 —15). n.s. = not
significant; # indicates p < 0.1; ** indicates p < 0.01; *** indicates p < 0.001; **** indicates p < 0.0001. Details on

statistical tests and n-values can be found in Table S25 and S26. Error bars indicate mean + SEM.

5.2.4 Light-induced shift work conditions cause mild sex-specific metabolic

alterations in mice

Shift work does not only affect mood and anxiety but has also been associated with metabolic
disturbances [229]. Accordingly, the hypothesis of project 2 was that light-induced shift work
conditions lead to comorbid behavioral and metabolic phenotypes in the same mouse.
Therefore, the animals that were characterized behaviorally also underwent metabolic
assessment. As expected, males displayed an increased body weight compared to females at the

start of the shift work light paradigm. Importantly, there were no baseline weight differences
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between male control and male shift work animals or between female control and female shift
work animals (Figure 22 A, Table S27, S28). Upon exposure to the shift work light paradigm, shift
work animals display overall a similar absolute weight gain compared to their sex-matched
controls (Figure 22 B, Table S29, S30). Nonetheless, male shift work animals appear to have a
steeper absolute weight gain compared to male controls. This effect is further highlighted by an
interaction between the effects of sex and shift work on the percent weight gain over the weeks.
Male shift work animals display an increased percent body weight gain compared to male
controls — a shift work-induced effect, which is not detected in female mice (Figure 22 C, Table
S30). Accordingly, only in males, shift work conditions result in a significantly increased percent
body weight gain at sacrifice (Figure 22 D, Table S28). Interestingly, food consumption over the
weeks is unchanged in shift work animals (Figure 22 E), suggesting that the increased weight
gain in males following shift work conditions does not result from altered food consumption. As
expected, there is an effect of sex on food consumption, with males ingesting more food, in line
with their heavier body weights (Figure 22 E, Table S30). To assess if the shift work-induced
weight gain in males results from increased fat depositions, the percentages of gWAT, iWAT and
BAT at sacrifice were quantified. Surprisingly, the percentages of gWAT, iWAT and BAT are
unchanged in shift work animals (Figure 22 F — H, Table $28). Of note, female mice display an

increased percent iWAT compared to male mice (Figure 22 G).
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Figure 22. Mild sex-specific metabolic alterations following light-induced shift work conditions in mice. The body
weight of all experimental animals and their food intake were recorded weekly. During sacrifice, fat pads were
isolated and weighed. (A) Absolute body weight of the experimental animals before initiation of the shift work light
paradigm i.e., baseline body weight. (B) Curve of absolute body weight over time. (C) Curve of percent weight gain
over time. (D) Percent weight gain at sacrifice. (E) Curve of food consumption per animal over time. Percent gWAT
(F), IWAT (G) and BAT (H) of total body weight at sacrifice. For the parameters in panels A, D, F, G and H, two-way
ANOVAs were conducted where a significant sex effect is indicated by ‘sex’ and an interaction effect between sex and
shift work is indicated by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used to compare the
following groups: male control vs. male shift work and female control vs. female shift work. The relevant results of
these post-hoc comparisons are indicated by the black comparison bars. In panels B, C and E, groups were compared
using mixed-effects analysis where ‘sex’ indicates a significant effect of sex and ‘sex x sw’ indicates a significant
interaction effect of sex and shift work. In panel C, the results of Fisher’s LSD post-hoc tests followed by Bonferroni
correction, comparing male control vs. male shift work is indicated above every time point assessed. For all panels
except panel E: n =17 — 18 (male control); n = 18 (male shift work); n = 12 (female control); n = 12 (female shift work).
For panel E: n= 1 — 3 (per time point per group). Data points in panels A, D, F, G and H represent individual
experimental animals. n.s. = not significant; # indicates p <0.1; * indicates p < 0.05; ** indicates p < 0.01; ****
indicates p < 0.0001. Details on statistical tests and n-values can be found in Table S27 — S30. BAT = brown adipose

tissue; gWAT = gonadal white adipose tissue; iWAT = inguinal white adipose tissue. Error bars indicate mean + SEM.



Results 92

Male shift work animals display an increased percent body weight gain compared to their sex-
matched controls despite similar overall food consumption. To further explore the effects of
light-induced shift work conditions on metabolism, mice from all experimental groups were
placed into metabolic cages. Experiments started on a Monday to ensure the same Zeitgeber
conditions (lights on: 7 a.m.; lights off: 7 p.m.) for all mice. Thus, the shift work animals
underwent a light cycle shift before the start of the experiment. Whereas male control and male
shift work animals display similar locomotor activity profiles, female shift work animals exhibit
a delayed locomotor activity onset on day 1 compared to their sex-matched controls (Figure 23
A, B). This delayed locomotor activity of female shift work animals is no longer present on day
2, indicating a gradual adaptation of female shift work animals to the given light cycle (Figure 23
B). Locomotor activity periodograms reveal a roughly 24-hour rhythm for all experimental
animals (Figure 23 C, D). Overall locomotor activity in the metabolic cages is unaltered in shift
work animals (Figure 23 E). Interestingly, two-way ANOVA testing reveals a significant
interaction between sex and shift work on locomotor activity nocturnality. Female shift work
animals have a significantly decreased locomotor activity nocturnality compared to female
controls —a shift work-induced effect, which is not present in males (Figure 23 F, Table S31, S32).
Thus, in accordance with the IntelliCage locomotor activity data (Figure 19 F), there is a sex-
specific behavioral adaptation to the given light cycle with female animals exhibiting a greater
loss of locomotor activity nocturnality following shift work conditions. Regarding food
consumption, no major differences between control and shift work animals in neither sex are
observed over the days (Figure 23 G, H). However, periodogram analyses of food consumption
evidence a decreased power peak for shift work animals compared to their sex-matched
controls (Figure 23 1, J). This suggests a more variable period in shift work animals, likely resulting
from the gradual shifting of food consumption rhythms to the given light cycle. In accordance
with the previously discussed data, shift work conditions do not affect overall food consumption
(Figure 23 K). Further, food intake nocturnality is unchanged by the shift work light paradigm
(Figure 23 L). Similar to food consumption, no major differences between control and shift work
animals are observed when plotting the water intake over the days (Figure 23 M, N). However,
periodogram analyses evidence a less robust period of the water intake rhythms in shift work
animals, likely originating from the gradual adaptation of the water intake rhythm to the given
light cycle (Figure 23 O, P). Further, a sex-specific effect of shift work conditions on overall water
intake is observed with female shift work animals ingesting more water than their sex-matched
controls (Figure 23 Q). Regarding the water intake nocturnality, a trend for an effect of shift
work was observed with shift work animals displaying decreased nocturnality, indicating an

attenuated water intake rhythm (Figure 23 R).
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Figure 23. Effects of sex, shift work and their interaction on locomotor activity, food, and water intake.

Experimental animals were placed into metabolic cages to measure their locomotion, food intake and water

consumption. After 1 day of acclimatization, parameters were recorded for 3 days. During the experiment, animals
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were housed in 12:12 LD conditions (lights on: 7 a.m.; lights off: 7 p.m.). (A, B, G, H, M, N) Plots from recordings of
the metabolic cages for locomotor activity (A, B), food consumption (G, H) and water consumption (M, N). Averages
across each experimental group are plotted over time with the shaded area indicating + SEM. In panel B, the black
and gray arrows indicate the parameter onset on day 1 and day 2 of the recording, respectively. (C, D, I, J, O, P)
Corresponding periodograms for each experimental group for locomotor activity (C, D), food consumption (1, J) and
water consumption (O, P). (E, K, Q) Total locomotor activity (E), food consumption (K) and water consumption (Q)
summed across the 3 days of recording. (F, L, R) Nocturnality score for the locomotor activity (F), food consumption
(L) and water consumption (R). For panels E, F, K, L, Q and R, two-way ANOVAs were conducted where a significant
sex effect is indicated by ‘sex’, an effect of shift work is indicated by ‘sw’ and a significant interaction effect between
sex and shift work is indicated by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used to
compare the following groups: male control vs. male shift work and female control vs. female shift work. The relevant
results of these post-hoc comparisons are indicated by the black comparison bars. Data points represent individual
experimental animals. Male control: n = 4 — 6; male shift work: n =5 — 6; female control: n = 4 — 5; female shift work:
n=4-5. n.s = not significant; # indicates p < 0.1; * indicates p < 0.05; ** indicates p < 0.01. Details on statistical tests

and n-values can be found in Table S31 and S32. Error bars indicate mean + SEM.

Beyond feeding and drinking behavior, RER and EE were also recorded to assess the effect of the
shift work light paradigm on fuel utilization. Visual examination of RER and EE rhythmicity over
the days reveals no major differences between shift work animals and their sex-matched
controls (Figure 24 A — D). Nevertheless, the power of the periodogram peaks is decreased in
shift work animals, suggesting a more variable RER and EE rhythm period in shift work animals
likely resulting from the gradual shifting (Figure 24 E — H). Light-induced shift work conditions
do not affect mean RER. However, there is an effect of sex with female mice displaying an
increased RER compared to males (Figure 24 |, Table S33, S34). Further, RER nocturnality is not
significantly affected by shift work conditions. Of note, there is a trend for a reduced RER
nocturnality in females compared to males (Figure 24 J). Further, a significant interaction
between sex and shift work on the mean EE is observed. Female shift work animals display an
increased overall EE compared to female controls — a shift work-induced effect that is not
detected in males (Figure 24 K). Regarding the EE nocturnality, an effect of sex and shift work
alone is observed. Females display a higher EE nocturnality than males and shift work animals
exhibit a lower EE nocturnality than controls. Post-hoc testing reveals that female shift work
animals evidence a significantly reduced EE nocturnality compared to female controls — a shift

work-induced effect that does not reach statistical significance in males (Figure 24 L).
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Figure 24. Effects of sex, shift work and their interaction on respiratory exchange rate and energy expenditure.
Experimental animals were placed into metabolic cages to measure their RER and EE. Parameters were recorded for
3 days following 1 day of acclimatization. Mice were maintained in 12:12 LD conditions (lights on: 7 a.m.; lights off: 7
p.m.). (A, B, C, D) Recordings from 3 days of metabolic cage experiments for RER (A, B) and EE (C, D). The mean + SEM
for each experimental group is plotted over time. (E, F, G, H) Corresponding periodograms for each experimental
group for RER (E, F) and EE (G, H). (I, K) Mean RER () and mean EE (K) across the 3 days of recording. (J, L) Nocturnality
score for RER (J) and EE (L). For panels |, J, K and L, two-way ANOVAs were conducted where a sex effect is indicated
by ‘sex’, an effect of shift work is indicated by ‘sw’ and an interaction effect between sex and shift work is indicated
by ‘sex x sw’. A Fisher’s LSD post-hoc test with Bonferroni correction was used to compare the following groups: male
control vs. male shift work and female control vs. female shift work. The relevant results of these post-hoc
comparisons are indicated by the black comparison bars. Data points represent individual experimental animals. Male
control: n = 6; male shift work: n =5 —6; female control: n = 5; female shift work: n =5. n.s. = not significant; # indicates
p <0.1; * indicates p < 0.05; ** indicates p < 0.01. Details on statistical tests and n-values can be found in Table S33

and S34. EE = energy expenditure; RER = respiratory exchange rate. Error bars indicate mean + SEM.
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To assess the impact of light-induced shift work conditions on glucose homeostasis, all
experimental animals were subjected to a GTT and ITT. Shift work conditions do not significantly
alter glucose tolerance in male or female mice (Figure 25 A, B, Table S35, S36). Of note, sex alone
has a significant effect with male mice displaying higher plasma glucose levels following the
glucose injection (Figure 25 A, B). During the ITT, shift work animals of both sexes appear to
display a greater glucose drop following the insulin injection. In females, this shift work-induced
effect appears to be stronger than in males (Figure 25 C, Table S37). However, this shift work-
induced effect on insulin sensitivity is not detected when correcting for differing baseline
glucose values by generating the AOC (Figure 25 D). Of note, sex alone affects the AOC with male

mice exhibiting an increased AOC i.e., enhanced glucose response to the insulin injection.
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Figure 25. Light-induced shift work conditions do not alter glucose and insulin tolerance in a sex-specific manner.
All animals were subjected to a GTT and ITT. (A) Glucose curve during the GTT. (B) Area of the glucose curve from the
GTT. (C) Glucose curve during the ITT. (D) Area of the glucose curve from the ITT. For panels A and C, three-way
ANOVAs were conducted where a sex effect is indicated by ‘sex’, an effect of shift work is indicated by ‘sw’ and an

interaction effect between sex and shift work is indicated by ‘sex x sw’. Significant results of Fisher’s LSD post-hoc
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tests followed by Bonferroni correction are indicated above the time point assessed (Meaning of the symbols: * =
male control vs. male shift work; ° = female control vs. female shift work. Number of symbols: *p < 0.05). For the
panels B and D, two-way ANOVAs were conducted where a sex effect is indicated by ‘sex’. Data points represent
individual experimental animals. Male control: n = 18; male shift work: n = 17 — 18; female control: n = 12; female
shift work: n =10—11. # indicates p <0.1; ** indicates p < 0.01, *** indicates p < 0.001. Details on the statistical tests

and n-values can be found in Table S35 — S37. AOC = area of the curve. Error bars indicate mean + SEM.

5.2.5 Light-induced shift work conditions lead to slight changes in molecular

rhythms, some of which are sex-specific

Next, the effect of the shift work light paradigm on molecular rhythms in tissue explants was
examined. Since molecular SCN rhythms are directly impacted by light and the shift work
paradigm was based on alternating light cycles, SCN rhythms were assessed. As expected, the
phase of the SCN explant PER2::LUC rhythm is altered by shift work conditions (Figure 26 A,
Table S38, S39). A delayed phase is observed in shift work animals because of their maintenance
in a delayed light cycle 4-5 days prior to sacrifice. Additionally, sex affects the phase of the SCN
rhythm with females displaying a delayed phase compared to males (Figure 26 A). Regarding the
amplitude and period of the SCN rhythm, no effect of the shift work light paradigm is detected
(Figure 26 B, C). To investigate the impact of shift work conditions on the rhythmicity of a brain
region involved in anxious responses, the rhythmicity of PAG explants was assessed based on
PER2::LUC expression. The phase and amplitude of the PAG rhythm is unchanged by shift work
conditions (Figure 26 D, E). However, there is a significant effect of sex, with females displaying
a delayed phase and increased amplitude of the PAG rhythm compared to males. Interestingly,
a statistically significant interaction between sex and shift work is observed for the period of the
PAG PER2::LUC rhythm (Figure 26 F, Table S38, S39). Although not robust to Bonferroni
correction, females display a trend for a prolonged period of the PAG rhythm following shift
work conditions. In contrast, no difference between the period of the PAG rhythm is observed
between male control and male shift work animals (Figure 26 F). This highlights a sex-specific
effect of shift work conditions on the period of the PAG rhythm. Additionally, the effect of shift
work conditions of the rhythmicity of a metabolically active organ, namely the liver, was
investigated. Shift work conditions do not alter the phase, amplitude or period of the liver
explant PER2::LUC rhythm in either sex (Figure 26 G — I, Table S40, S41). Next, to measure
internal desynchrony, the phase relationship between the SCN (master pacemaker) and
subordinate clocks was quantified. Shift work conditions decrease the phase difference between
the SCN and PAG tissue explant rhythms but do not affect the phase difference between the
SCN and liver explant rhythms (Figure 26 J, K, Table S40, S41).
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Figure 26. Subtle changes in molecular rhythms following light-induced shift work conditions. Experimental animals
were sacrificed 7-9 weeks after initiation of the shift work light paradigm and 4-5 days after the last light cycle shift.
SCN, PAG and liver tissue explants were collected and their rhythmicity was determined based on PER2:LUC
oscillations. SCN slices: (A) phase, (B) amplitude and (C) period. PAG slices: (D) phase, (E) amplitude and (F) period.
Liver slices: (G) phase, (H) amplitude, (I) period. (J) Phase relationship between SCN and PAG rhythms. (K) Phase
relationship between SCN and liver rhythms. For all parameters, two-way ANOVAs were conducted where a sex effect
is indicated by ‘sex’, an effect of shift work is indicated by ‘sw’ and an interaction effect between sex and shift work
is indicated by ‘sex x sw’. Data points represent tissue explants from individual experimental animals (male control: n
=12 - 15; male shift work; n = 11 — 15; female control: n = 6 — 7; female shift work: n = 6 — 8). n.s. = not significant; *
indicates p < 0.05; *** indicates p < 0.001; **** indicates p < 0.0001. Details on the statistical tests and n-values can
be found in Table S38 — S41. PAG = periaqueductal gray; SCN = suprachiasmatic nucleus. Error bars indicate

mean + SEM.
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5.3 Absence of an interaction between a genetic and environmental
circadian disruption in comorbid behavioral and metabolic

phenotypes in female mice

In project 3, the interaction between a genetic circadian disruption (Bmal1*?) and an
environmental circadian disruption (shift work) was investigated to assess whether a circadian

GxE affects behavioral and metabolic outcomes in female mice concomitantly.

5.3.1 Bmal1*/-mice display altered adaptation of locomotor activity to alternating

light cycles

In a first step, differences in the behavioral adaptation of WT and Bmal1*~ mice to alternating
light cycles mimicking shift work were assessed. To this end, locomotor activity of WT and
Bmal1*" mice housed in 12:12 LD conditions (control) or light-induced shift work conditions
(shift work) was tracked in the IntelliCage system. Both WT and Bmal1*- animals entrain to 12:12
LD control conditions and display rhythmic behavior (Figure 27 A, B, S8, S9). When subjected to
light-induced shift work conditions, WT and Bmal1*- animals constantly re-entrain to the given
light cycle (Figure 27 C, D, S10, S11). The shift work conditions do not alter overall locomotor
activity. However, Bmal1* animals exhibit an increased overall locomotor activity compared to
WT animals (Figure 27 E, Table S42). Next, activity nocturnality was determined to quantify the
preference of locomotor activity during the dark vs. light phase and to assess differences in the
behavioral adaptation to alternating light cycles. There is a significant interaction between
genotype and shift work for locomotor activity nocturnality (Figure 27 F, Table S42). Bmal1*"
control animals display a higher locomotor activity nocturnality compared to WT control
animals, suggesting that under standard 12:12 LD conditions, lacking one copy of the essential
clock gene Bmall results in an increased amplitude of the locomotor activity rhythm.
Furthermore, Bmal1*- animals react differently to light-induced shift work conditions compared
to WT animals. In Bmal1*" animals, light-induced shift work conditions significantly reduce
locomotor activity nocturnality — a shift work-induced effect, which is not detected in WT

animals (Figure 27 F).
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Figure 27. Bmal1+/- display altered re-entrainment to alternating light cycles. WT and Bmal1*/- animals were placed

into the IntelliCage system and subjected to standard 12:12 LD conditions (control) or to alternating light cycles (shift

work). Corner visits were tracked as a measure for the animal’s locomotor activity. (A — D) Representative double-

plotted actogram for (A) WT control, (B) Bmal1*/- control, (C) WT shift work and (D) Bmal1*/- shift work. Corner visits

are indicated by the black bars on the actograms. Due to technical reasons, some data measurements on day 5 were

missing, resulting in a recording gap. The shading of the double-plotted actograms represents the LD cycle that the

animal was subjected to. Double-plotted actograms of all experimental animals can be found in Figure S8 — S11. (E)

Overall corner visits for each experimental group. (F) Nocturnality score for locomotor activity. In panels E and F, all

groups were compared using a two-way ANOVA where a significant genotype effect is indicated by ‘g’ and a significant

interaction effect between genotype and shift work is indicated by ‘g x sw’. When an interaction effect was observed,

the following comparisons were tested using a Fisher’s LSD post-hoc test with Bonferroni correction: WT control vs.

Bmal1*/-control, WT control vs. WT shift work and Bmal1*/- control vs. Bmal1+*- shift work. Data points in panels E and

F represent individual experimental animals (WT control: n = 10 — 11; WT shift work: n = 11; Bmal1*- control:

n =10 — 11; Bmal1*- shift work: n = 12). n.s. = not significant; * indicates p < 0.05; **** indicates p < 0.0001. Details

on the statistical tests and n-values can be found in Table S42. Error bars indicate mean + SEM.
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5.3.2 No evidence for a circadian GxE in the generation of anxiety- or depression-

related behaviors

To determine if there is an interaction between a genetic and environmental circadian
disruption in the generation of anxiety-related behaviors, all experimental animals were tested
in the OFT, EPM and Dali box test. For the OFT, no statistically significant interaction between
genotype and shift work on the distance traveled, center entries or center time is detected
(Figure 28 A — C, Table S43). Independent of genotype, animals subjected to shift work
conditions display increased overall distance traveled and center entries in the OFT (Figure 28
A, B). However, shift work animals do not display increased center time, arguing that shift
conditions increase locomotion in the OFT rather than reducing anxiety-related behavior (Figure
28 C). Further, Bmal1* animals travel a larger distance and enter the center more often than
WT animals independent of shift work conditions (Figure 28 A, B). Nevertheless, despite
increased entries into the center of the open field, Bmal1*/- animals spent significantly less time
in it, arguing for an increased anxiety-like behavior in Bmall* compared to WT animals
independent of shift work conditions (Figure 28 C). In accordance with the result in the OFT,
genotype and shift work conditions increase the distance traveled in the EPM (Figure 28 D).
Interestingly, a significant interaction between genotype and shift work is detected for the
entries into the open arm (Figure 28 E, Table S44). There is no baseline difference in open arm
entries between WT and Bmal1*" control animals. However, shift work conditions significantly
increase open arm entries in WT animals — a shift work-induced effect that is not observed in
Bmal1*- animals (Figure 28 E). Regarding the open arm time, merely a trend for an effect of shift
work conditions is detected, with shift work animals displaying slightly increased open arm time
(Figure 28 F). In the Dali box test, two-way ANOVA testing reveals no statistically significant
interaction between genotype and shift work for any of the assessed parameters (i.e., entries
into light, time in light, distance in light, latency to first entry into the light) (Figure 28 G-, Table
S45). In line with the increased locomotion of shift work animals in the OFT and EPM, shift work
conditions increase and decrease light entries and latency to first light entry, respectively (Figure

28 G, J).
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Figure 28. No evidence for a circadian GxE in the generation of anxiety-like behavior. Following 3 weeks of
experimental light paradigm, anxiety-like behavior was tested in the OFT, EPM and Dali box test. OFT: (A) distance
traveled, (B) center entries and (C) center time. EPM: (D) distance traveled, (E) open arm entries and (F) time spent
in the open arm. DaLi: (G) entries into the light compartment, (H) time spent in the light compartment, (1) distance
traveled in the light compartment and (J) latency to the first entry into the light compartment. For all parameters, all
groups were compared using a two-way ANOVA where a genotype effect is indicated by ‘g’, a shift work effect is
indicated by ‘sw’ and an interaction effect between genotype and shift work is indicated by ‘g x sw’. When an
interaction effect was observed, the following comparisons were tested using a Fisher’s LSD post-hoc test with
Bonferroni correction: WT control vs. Bmal1*- control, WT control vs. WT shift work and Bmal1*- control vs. Bmal1*-
shift work. Data points represent individual experimental animals (WT control: n = 10 — 11; WT shift work: n =10 —
11; Bmal1*/- control: n = 10 — 11; Bmal1*/- shift work: n = 11 —12). # indicates p < 0.1; * indicates p < 0.05; ** indicates
p < 0.01; *** indicates p < 0.001: **** indicates p < 0.0001. Details on statistical tests and n-values can be found in
Table S43 — S45. Dali box = dark-light box; EPM = elevated plus maze; OFT = open field test. Error bars indicate

mean + SEM.

Next, the effect of a genetic circadian disruption (Bmal1*"), an environmental circadian
disruption (shift work) and their interaction on depression-like behavior was assessed. To this
end, all animals were subjected to the TST, sucrose preference test and LH paradigm. Genotype,
shift work or their interaction do not significantly affect behavior in the TST, sucrose preference
test or LH test (Figure 29, Table S46). Thus, there is no evidence for a circadian GxE in the

generation of anxiety- or depression-like phenotypes.
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Figure 29. No evidence for a circadian GxE in the generation of depression-like behavior. All experimental animals
were tested in the TST, sucrose preference test, and LH test to assess the effects of genotype, shift work and their
interaction on depression-like phenotypes. TST: (A) time immobile and (B) immobility latency. (C) Sucrose preference
score. LH test: (D) latency to escape the electrical shock and (E) failures to escape the electrical shock. For every
parameter, all groups were compared using two-way ANOVAs, which yielded no effect of genotype, shift work or
their interaction. Data points represent individual experimental animals (WT control: n = 8 or 11; WT shift work: n =
8 or 11; Bmal1*/- control: n = 9 — 11; Bmal1*/- shift work: n = 10 or 12). Details on statistical tests and n-values can be

found in Table S46. Error bars indicate mean + SEM.

5.3.3 No evidence for a circadian GxE in the generation of metabolic phenotypes

The hypothesis of project 3 was that genetic and environmental circadian disruptions interact
and result in adverse comorbid behavioral and metabolic outcomes the same mouse. To explore
this, all experimental animals that were profiled behaviorally were also assessed for metabolic
comorbidities. The initial body weight of the mice, prior to initiation of the shift work light
paradigm, was similar in all experimental groups (Figure 30 A, Table S47). Mixed-effects analyses
reveal no significant interaction between genotype and shift work for the absolute or percent
weight gain over time (Figure 30 B, C, Table S48, S49). However, shift work conditions increase
the percent weight gain (Figure 30 C). Further, despite this shift work-induced effect on weight,

food consumption does not appear profoundly different between the experimental groups
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(Figure 30 D). To investigate if the increased percent weight gain in shift work animals was
accompanied by enhanced fat deposition, gWAT, iWAT and BAT were isolated and weighed at
sacrifice. The percentages of gWAT, iWAT and BAT are similar in all experimental groups (Figure

30 E-G, Table S47).

A B

(@]

sw: ¥*

26 26 20
5 244 N =
£ A — X 151
o0
2 24 4 < £
L EN £ "
-
= 20 (G <
o0 s 2
(] ; 54
3 184 4
A
A
0~

[
)

0 1 2 3 4 5 6 7

Week

= 301 A WT control
£ WT shift work
= 289 +/-
& A Bmall” control
S 264 s
2 Bmall " shift work
£ 2l \74

24 7
2 _
S 224
3
o 20 r r T T T
w

1 2 3 4 s 6 7
Week
2.0 1.01 0.607
0.84 0.554

159 a A AA .
= AL Al 0.504
S : s TR F g 1L L L g

1.0 . Aua o0 0.45+ _E_
) - = AA %
R I N ol X 0.4 a S i vy

Addaa s 0.40+ 4
0.54 i aAd
02 0.351
0.0 0.0 0.30

Figure 30. No evidence for a circadian GxE on body weight or food consumption. Body weights and cage food were
measured weekly. Upon sacrifice, fat pads were isolated and weighed. (A) Absolute body weight of the experimental
animals before the start of the shift work light paradigm i.e., baseline body weight. (B) Curve of absolute body weight
over time. (C) Curve of the percent weight gain over time. (D) Curve of food consumption per animal over time. (E-G)
Percent gWAT (E), iIWAT (F), BAT (G) of total body weight at sacrifice. For the parameters in A, E, F and G, all groups
were compared using a two-way ANOVA that yielded no effect of genotype, shift work or their interaction. Data points
represent individual experimental animals. In panels B and C, the groups were compared using mixed-effects analysis
where ‘sw’ indicates a shift work effect. For all panels except panel D: n =9 —11 (WT control); n = 11 (WT shift work);
n =11 (Bmal1*- control); n = 11 — 12 (Bmal1+*- shift work). For panel D: n = 1 (per time point per group). ** indicates
p < 0.01. Details on statistical tests and n-values can be found in Table S47 — S49. BAT = brown adipose tissue;

gWAT = gonadal white adipose tissue; iWAT = inguinal white adipose tissue. Error bars indicate mean + SEM.

To further explore the interaction of a genetic and environmental circadian disruption in

generating metabolic phenotypes, animals from all four experimental groups were placed into
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metabolic cages. To ensure the same Zeitgeber conditions (lights on: 7 a.m.; lights off: 7 p.m.)
for all mice, experiments started on a Monday. Thus, shift work animals were subjected to a
light cycle shift 1 day prior to recordings. On the first day of recording, the locomotor activity
onset of shift work animals is delayed compared to their genotype-matched controls (Figure 31
A, B, black arrows). This effect is no longer present on the second day of recording due to
behavioral adaptation of the shift work animals to the given light cycle (Figure 31 A, B, gray
arrows). The gradual forward activity shifting of shift work animals is also highlighted by their
shortened locomotor activity period (Figure 31 C, D). Of note, in both genotypes shift work
animals display an increased locomotor activity bout on the first day of recording compared to
control (Figure 31 A, B). Overall locomotor activity and activity nocturnality are not significantly
different between the experimental groups (Figure 31 E, F, Table S50). Similar to the locomotor
activity rhythm, shift work animals display a slightly delayed feeding onset on the first but no
longer on the second day of recording (Figure 31 G, H, black and gray arrows). This gradual
forward shifting of the feeding rhythm in shift work animals is also supported by their less robust
feeding rhythm period (Figure 31 I, J). Overall food intake and feeding nocturnality is similar
between the experimental groups (Figure 31 K, L). In terms of water intake, a gradual shifting of
the drinking rhythm is observed in shift work animals (Figure 31 M, N, black and gray arrows).
This is also supported by the more variable period of the water intake rhythm in shift work
animals (Figure 30 O, P). For the overall water intake and drinking nocturnality, no interaction
between a genetic and environmental circadian disruption is observed (Figure 31 Q, R, Table
S50). However, there is an effect of genotype with Bmal1*- animals displaying a higher overall
water consumption than WT animals (Figure 31 Q). Further, shift work conditions significantly

decrease drinking nocturnality (Figure 31 R).
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Figure 31. No evidence for a circadian GxE on locomotor activity, food, and water consumption. Locomotion, food,

and water intake were recorded in the metabolic cages. After 1 day of acclimatization, parameters were recorded for

2 days. Animals were maintained in 12:12 LD conditions (lights on: 7 a.m.; lights off: 7 p.m.). (A, B) Average locomotor
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activity plots across each experimental group over the recording time. The shaded area represents + SEM. (C, D)
Corresponding locomotor activity periodograms. (E) Sum of locomotor activity over the 2 days of recording. (F)
Nocturnality score for the locomotor activity. (G, H) Average food consumption plots across each experimental group
over the recording time. Shaded areas represent + SEM. (I, J) Corresponding food consumption periodograms. (K)
Overall food consumption across the 2 days of recording. (L) Nocturnality score for food consumption. (M, N) Water
intake over the recording time. Averages + SEM are plotted for each experimental group. (O, P) Corresponding water
consumption periodograms. (Q) Total water intake over the 2 days of recording. (R) Nocturnality score for the water
consumption. For panels E, F, K, L, Q and R, all groups were compared using a two-way ANOVA where ‘g’ represents
a significant genotype effect and ‘sw’ represents a significant shift work effect. In panels A, B, G, H, M and N, the black
and gray arrows indicate the parameter onset on day 1 and day 2 of the recording, respectively. In panels E, F, K, L, Q
and R, data points represent individual experimental animals. WT control: n = 3 — 4; WT shift work: n = 3 —4; Bmal1*
control: n = 4; Bmal1*- shift work: n = 3 — 4. * indicates p < 0.05; ** indicates p < 0.01. Details on statistical tests and

n-values can be found in Table S50. Error bars indicate mean + SEM.

Besides feeding and drinking behavior, RER and EE were measured to examine energy utilization.
As for the food and water intake rhythms, shift work animals exhibit a gradual shifting for both
the RER and EE rhythms (Figure 32 A — D, black and gray arrows). The RER and EE periodograms
suggest a less stable period of the RER and EE rhythm in shift work animals, further highlighting
the shifting of those rhythms (Figure 32 E — H). The mean RER, RER nocturnality and mean EE is
similar in all experimental groups (Figure 32 | — L). For the EE nocturnality, no interaction
between the effect of genotype and shift work is observed. However, shift work animals exhibit
a decreased EE nocturnality score and a trend for Bmal1*- animals displaying an increased EE
nocturnality score is observed (Figure 32 L, Table S51). Overall, metabolic cage experiments
evidence no significant interaction between a genetic and environmental circadian disruption

for the metabolic parameters assessed.
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Figure 32. No evidence for a circadian GxE on respiratory exchange rate and energy expenditure. Following 1 day
of acclimatization, the RER and EE were measured for 2 days in the metabolic cages. Animals were housed in 12:12
LD conditions (lights on: 7 a.m.; lights off: 7 p.m.). (A, B) Average RER plots across each experimental group over the
recording time. The shaded area represents + SEM. The black arrows indicate the delay of RER rhythm of shift work
animals on day 1 of recording. The gray arrows indicate that shift work animals aligned their RER rhythm by day 2 of
recording. (C, D) EE over the recording time. Averages + SEM are plotted for each experimental group. The black
arrows indicate the delay of EE rhythm of shift work animals on day 1 of recording. On day 2 of recording, this delay
is absent (gray arrows). (E, F) RER periodograms. (G, H) EE periodograms. (I) Mean RER across the 2 days of recording.
(J) Nocturnality score for the RER. (K) Mean EE across the 2 days of recording. (L) Nocturnality score for the EE. For
panels |, J, K and L, all groups were compared using a two-way ANOVA where ‘g’ represents a genotype effect and
‘sw’ represents a significant shift work effect. Data points in panels |, J, K and L represent individual experimental
animals. WT control: n = 4; WT shift work: n = 4; Bmal1+*- control: n = 4; Bmall1*/- shift work: n = 4. # indicates p <0.1;
* indicates p < 0.05. Details on statistical tests and n-values can be found in Table S51. EE = energy expenditure;

RER = respiratory exchange rate. Error bars indicate mean + SEM.
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Next, glucose homeostasis was examined by subjecting all experimental animals to a GTT and
ITT. For the glucose and insulin tolerance, no interaction between a genetic circadian disruption
(Bmal1*7) and an environmental circadian disruption (shift work) is detected (Figure 33). Shift
work conditions appear to enhance glucose tolerance and insulin sensitivity compared to control
light conditions (Figure 33 A, B, Table S52, S53). However, this apparent shift work-induced
effect on glucose and insulin tolerance is not detected when correcting for baseline glucose
values by generating the AOCs (Figure 32 C, D, Table S54). Therefore, genotype, shift work or

their interaction have no significant impact on the response to a glucose or insulin injection in

this project.
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Figure 33. No evidence for a circadian GxE on glucose homeostasis. All animals underwent a GTT and ITT. (A, B)
Plasma glucose curve during the GTT (A) and ITT (B). (C, D) Area of the glucose curve during the GTT (C) and ITT (D).
For panels A and B, all groups were compared using three-way ANOVA testing where ‘sw’ indicates a shift work effect.
For the panels C and D, all groups were compared using two-way ANOVAs, which yielded no effects for genotype,
shift work or their interaction. Data points represent individual experimental animals. WT control: n =9 —11; WT shift
work: n = 11; Bmal1*- control: n = 10 — 11; Bmal1*/- shift work: n = 11 — 12. ** indicates p < 0.01. Details on the

statistical tests and n-values can be found in Table S52 — S54. AOC = area of the curve. Error bars indicate mean + SEM.
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6. Discussion

6.1 Comorbid behavioral and metabolic deficits in male mice following

Bmall downregulation in the suprachiasmatic nucleus

Psychiatric and metabolic diseases often coexist in the same individuals [6, 7, 230], putting a
tremendous burden on patients while also challenging therapists to treat numerous illnesses
concurrently. The frequent co-occurrence of psychiatric and metabolic disorders has led to the
concept of ‘metabolic-mood syndrome’, proposing the existence of common biological
mechanisms at the root of this comorbidity [15, 21]. The knowledge about these biological
components remains however, scarce. Because circadian clocks influence brain and metabolic
functions and both, mental and metabolic disorders are frequently associated with circadian
rhythm disturbance, circadian system disruptions may play a role in the etiology of such
comorbidities. Numerous prior genetic rodent studies have verified the influence of circadian
clock disruption in the generation of behavioral and metabolic phenotypes. For instance,
ClockA19 mice exhibit mania-like traits and were shown to develop obesity, hyperlipidemia, and
hyperglycemia [148, 149]. Cry1/2” mice suffer from anxiety-related traits and metabolic deficits
when subjected to HFD [151, 152, 231]. Further, Landgraf and colleagues demonstrated that
SCN rhythm disruption by Bmall knockdown in the SCN (SCN-Bmal1-KD) results in anxiety-
related behavior, helplessness, and behavioral despair together with an increased weight gain
[85]. However, a detailed metabolic profiling of SCN-Bmal1-KD animals is yet to be performed.
Further, it is also unclear which subordinate body clocks might mediate the behavioral and
metabolic deficits and whether comorbid outcomes following a chronic SCN rhythm
downregulation differ from the outcomes following acute downregulation. The SCN-Bmal1-KD
model has several advantages as it enables studying the importance of SCN rhythms in a mouse
model with an anatomically intact brain, where molecular TTL rhythms in all non-SCN brain areas
and peripheral tissues remain functional. Since Bmall KD occurs during adulthood, this model

also excludes confounds of complete Bmall KO during development.

In project 1 of this thesis, the animal model of Landgraf and colleagues was used, and the
metabolic phenotype of SCN-Bmal1-KD mice was further characterized. In order to examine
comorbidity, several mood-, anxiety- and cognitive- related parameters were determined in the
same animals that underwent metabolic profiling. Changes in subordinate body clocks were
assessed by examining rhythmicity of the PAG and liver and Ppox expression in the lateral

hypothalamus in SCN-Bmal1-KD animals. Additionally, most parameters were assessed at two



Discussion 111

discrete time points after stereotactic injection, to investigate whether the comorbid behavioral
and metabolic outcomes following a more chronic SCN rhythm downregulation differ from the

outcomes following acute downregulation.

6.1.1 SCN rhythms are dampened in SCN-Bmal1-KD animals

The amplitude of PER2::LUC rhythms of SCN explants generated after all phenotyping tests was
used to estimate the knockdown efficiency for each experimental animal. SCN explant rhythms
of SCN-Bmal1-KD animals display a significantly downregulated PER2::LUC amplitude, together
with a prolonged period and a delayed phase. In line with the prominent dampening of SCN
rhythms, SCN-Bmal1-KD animals display a downregulated locomotor activity rhythm during LD
conditions. This is in contrast with findings from Landgraf and colleagues where Bmall
downregulation in the SCN did not affect locomotor activity rhythms in LD [85]. It equally
contrasts findings from Kolbe and colleagues where KO of Bmall in the SCN did not affect
behavioral rhythms under LD conditions and only resulted in a loss of locomotor activity rhythms
during constant darkness (DD) [146]. Downregulated LD locomotor activity rhythms of SCN-
Bmal1-KD animals in this project suggest that Bmall KD in the SCN might have affected light
masking (i.e. the direct effect of light on locomotor activity independent of the circadian clock),
similarly to the reported abnormal light masking in mice lacking Bmall in the forebrain/SCN
[232]. Deficits in light masking were also observed in SCN-lesioned animals, where LD locomotor
activity rhythms are completely lost and masking no longer works [233]. Importantly, in
microscopic images of SCN explants from SCN-Bmal/1-KD animals, no visible lesions were
observed, arguing for an anatomically intact SCN. Further supporting this, PER2::LUC expression
was detected in all SCN explants of SCN-Bmal1-KD animals, arguing for a viable SCN. Therefore,
stereotactic injections were successful and resulted in a strong downregulation of SCN and
locomotor activity rhythms in SCN-Bmall-KD animals, highlighting once more the non-

redundant role of Bmall [84].
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6.1.2 Downregulation of SCN rhythms leads to comorbid behavioral and metabolic

deficits

6.1.2.1 Behavioral features of SCN-Bmal1-KD animals are reminiscent of the manic

state in bipolar disorder

Downregulation of SCN rhythms in SCN-Bmall-KD animals results in slightly lower overall
locomotor activity in the metabolic cages due to decreased locomotion during the dark phase.
Nonetheless, SCN-Bmall-KD mice display enhanced locomotion in the EPM. These results
demonstrate that SCN-Bmal1-KD animals exhibit hyperactivity in response to novelty but not
over the entire LD cycle. Importantly, hyperactivity is one of the defining symptoms of a manic
episode of patients suffering from BP [1]. Further, SCN-Bmal1-KD animals display decreased
anxiety-related behavior in the EPM and Dali box test. This contrasts the findings from Landgraf
and colleagues where downregulated SCN rhythms resulted in enhanced anxiety-like behavior
[85]. However, the here presented project differs from the study from Landgraf and colleagues
in terms of methodological approaches (e.g., different stereotactic injection methods), Bmall
knockdown efficiency as well as genetic background and housing conditions of the mice. Further,
potentially reconciling these contrasting results, Otsuka and colleagues recently evidenced that
Rev-erba’- mice exhibit both, anxiety-related and mania-like features when exposed to stressful
environments [116], suggesting that genetic disruption of a clock gene can principally result in
both phenotypes concomitantly. In line with the observed mania-like behavior of SCN-Bmall-
KD animals, some other clock mutants, for instance ClockA19 and Per28™/- mice, also display
mania-like features [148, 217]. Similarly, SCN-lesioned animals evidence reduced immobility
time in the forced swim test, a response associated with mania-like characteristics [86]. Another
clinical aspect of mania is the enhanced response to rewarding stimuli [215]. To explore the
sustained responsiveness to reward and reward learning, sucrose preference and place learning
were determined, respectively. SCN-Bmall-KD animals display enhanced sucrose preference
(hyperhedonia) and place learning, suggesting changes in the positive valence system [218]. This
indicates aberrations in reward behaviors, reminiscent of mania symptomes. In line with altered
responses to rewarding stimuli of clock mutants, ClockA19 animals show enhanced behavioral
responses to a psychostimulant (cocaine) and a natural reward (sucrose) [148, 216]. Similarly,
mutations in Per1 and Per2 affect cocaine reward in mice [217]. Of note, given the previously
observed mood-associated changes in SCN-Bmal1-KD animals [85], and the here presented
findings for mania-related behavior in SCN-Bmal1-KD animals, it is surprising that we observe no

effects in the TST and LH testing.
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Since the SCN does not only play a role in mood and anxiety but has also been implicated in
cognitive processes and mental-related disorders are often linked with cognitive deficits [219,
220], SCN-Bmal1-KD animals underwent cognitive assessments. SCN-Bmal1-KD animals do not
display any marked alterations in the Y-maze task or in reversal and serial reversal learning. This
is in line with findings in Cry1/27- mice, which display only mild cognitive abnormalities [151].
Interestingly, in Siberian hamster, a one-time photic treatment inducing SCN arrhythmicity leads
to recognition and spatial memory deficits, which can be reversed by SCN lesion [234]. This
argues that for perturbed SCN signals to cause cognitive deficits, the SCN circuitry must be
genetically and anatomically intact. In line with this, in SCN-Bmal/1-KD animals where SCN
circuitries are genetically perturbed, cognition is unaltered. Nevertheless, in future studies the
impact of genetic SCN rhythm downregulation on other cognitive domains such as trace memory

learning should be assessed.

Overall, behavioral phenotyping of SCN-Bmal1-KD animals reveals disturbed circadian rhythms,
hyperactivity in certain novel environments (EPM), reduced anxiety-like behavior, hyperhedonia
and an enhanced propensity towards reward. Thus, behavioral features of SCN-Bmal1-KD mice

strikingly resemble the manic state of a patient suffering from BP disorder [1].

6.1.2.2 SCN-Bmal1-KD animals display metabolic abnormalities despite unchanged

overall food consumption

The comorbidity of behavioral and metabolic changes following downregulation of SCN rhythms
was the primary focus of this project. For this reason, the same animals that underwent
behavioral assessment were also characterized metabolically. Importantly, in addition to the
observed behavioral deficits, the downregulation of SCN rhythms also caused several comorbid
metabolic deficits. In the first weeks following stereotactic injection, SCN-Bmall-KD animals
display a significantly increased weight gain, despite similar overall food intake. This phenotype
replicates the previous findings from Landgraf and colleagues, who observed a significantly
increased weight gain of SCN-Bmal1-KD animals 5 weeks after AAV injection, despite unaltered
overall food consumption [85]. This increased body weight was also observed in several clock
mutants, including ClockA19 animals, as well as SCN-lesioned mice [87, 149]. Similar to our
findings, a study reported that complete KO of Bmall in the SCN of mice equally results in
increased weight gain despite unchanged overall food intake [146]. However, it is worth noting
that excessive weight gain of SCN-Bmal1-KO mice was only observed in DD and not under LD

conditions — directly contrasting our findings obtained in LD conditions [146]. Interestingly, a
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recently published study further characterized the above-mentioned SCN-Bmal/1-KO mice and
observed changes in the microbiome, proposing that microbial changes might represent an early
step in the progression of metabolic phenotypes following a complete loss of Bmall in the SCN
[235]. The steep weight gain of SCN-Bmal1-KD animals in the first weeks following SCN rhythm
downregulation plateaus approximately 6 weeks after AAV injection. This weight curve of SCN-
Bmal1-KD animals is consistent with previous findings in constitutive Bmal1”- animals and in
mice with astrocytic Bmall deletion [92, 133, 143]. In these clock mutants, the increased weight
gain was followed by a steady weight decline, a phenotype that was interpreted as a sign of
premature aging [92]. Further, we were wondering whether body composition (fat vs. lean
mass) was altered following SCN rhythm downregulation. Although the percent gWAT and iWAT
are not altered by Bmall KD in the SCN, SCN-Bmal1-KD animals exhibit a decreased percent BAT,
a tissue involved in body heat production [236]. This finding is surprising, since constitutive
Bmal1”" and adipocyte-specific Bmall deletion in mice results in increased BAT formation [237].
However, in our model Bmall was exclusively downregulated in the SCN, potentially explaining
the contrasting result. Regardless of the direction of change of the percent BAT, the balance of
white and brown adipose tissue is impaired in SCN-Bmal1-KD animals; a phenomenon that is
known to contribute to the development of obesity [238]. Overall, we show an increased body
weight gain in the first weeks following SCN rhythm downregulation, which does not result from

altered overall food consumption.

6.1.2.3 SCN-Bmal1-KD animals display a dampening of metabolic rhythms

SCN-Bmal1l-KD animals display altered weight gain curves despite unchanged overall food
consumption. However, SCN-Bmal1-KD animals lose their feeding rhythms, giving a potential
explanation for the aberrant weight gain. Indeed, food timing is known to play a crucial role for
metabolic homeostasis. ClockA19, Cry1/2”7, and SCN-lesioned mice, all exhibit arrhythmic
feeding and increased weight gain [87, 149, 152]. Further supporting our findings, SCN-specific
KO of Bmal1 (SCN-Bmal1-KO) causes a loss of feeding rhythms and excessive weight gain despite
unchanged overall food intake in mice [146]. Interestingly, by reintroducing rhythmic food
intake behavior through time-restricted feeding, metabolic regulation in SCN-Bmal1-KO mice
was restored. The importance of rhythmic feeding for metabolic health was shown by several
rodent and human studies. For instance, restricting the food access to the active phase in mice
rescues the metabolic deficits caused by HFD [70], even in the absence of a functional circadian
clock [71]. In humans, restricting the eating window to 10 — 11 hour daily to the active phase

reduces body weight in overweight individuals [72]. In addition to unaltered total food
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consumption, overall levels of other metabolic parameters (i.e., RER, EE, and water intake) are
also unchanged in SCN-Bmal1-KD animals. However, like feeding rhythms, rhythms of RER, EE
and water intake are dampened or lost in SCN-Bmal1-KD animals in this project. In line with
these findings, Bmall KO in the SCN also causes blunted RER and oxygen consumption rhythms
during LD conditions [146]. Further supporting a role of the central pacemaker in controlling
rhythmic metabolic signals, limiting Bmall expression to the SCN is sufficient to drive the
rhythms of the majority of circulating metabolites [147]. Overall, we show that SCN rhythms are
important for the rhythmic expression of metabolic parameters but do not affect their overall
levels. Our findings further support the notion that rhythmicity rather than overall levels of

metabolic parameters is essential for metabolic homeostasis.

6.1.2.4 SCN-Bmal1-KD animals display altered glucose homeostasis

Given that several clock mutants display altered glucose homeostasis, we wondered whether
downregulated SCN rhythms affect sugar metabolism. During the GTT, SCN-Bmal1-KD animals
display a decreased response to the glucose injection, commonly interpreted as an increased
glucose tolerance. This is in contrast with findings in SCN-Bmal1-KO mice, which display
unaltered glucose tolerance in LD and decreased glucose tolerance in DD [146]. It equally
contrasts findings from several clock mutants, including ClockA19 and Cry1/27-, which display
reduced glucose tolerance [135, 152]. However, the here observed increased glucose tolerance
in SCN-Bmal1-KD animals likely represents an artefact from their significantly decreased fasting
glucose levels. Glucose transport occurs primarily through diffusion along its concentration
gradient. This phenomenon, referred to as ‘glucose efficacy’ occurs even in the absence of
insulin action [221]. During a hypoglycemic state, this passive glucose transport results in a large
uptake of glucose by the muscle and thus immediate clearance from the blood. Therefore, in
SCN-Bmal1-KD mice, the large glucose uptake during the GTT is a direct consequence of their
hypoglycemia phenotype. An alternative explanation for the enhanced glucose tolerance of
SCN-Bmal1-KD animals is given by a study of SCN-lesioned rats [239]. SCN lesions resulted in an
enhancement of glucose tolerance (i.e., high glucose uptake) during the rat’s inactive (light)
phase — an effect that was not observed when the GTT was performed during the active (dark)
phase. Therefore, the authors concluded that SCN lesions result in a loss of the daily rhythm in
glucose tolerance and increased glucose uptake during the inactive phase [239]. Given this, SCN-
Bmall-KD animals should be subjected to a GTT during their active phase, since the strong

downregulation of SCN rhythms likely affected glucose tolerance/uptake rhythm similarly to
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what has been observed in SCN-lesioned rats. Additionally, SCN-Bmal/1-KD animals in this project
do not display any changes in insulin sensitivity during the light phase. This is in line with the
unaltered insulin sensitivity in SCN-lesioned rats during the light phase [239]. Similarly, insulin
sensitivity is unaltered in SCN-Bmal1-KO mice in both, LD and DD conditions [146]. We observe
that SCN-Bmal1-KD animals display a hypoglycemic state after 6 hours of fasting (i.e., GTT) and
after 4 hours of fasting (i.e., ITT). To further investigate this hypoglycemia phenotype, we
measured glucose levels over the 24-hour circadian cycle under ad libitum feeding conditions.
Strikingly, also during ad libitum food access, SCN-Bmal1-KD animals display hypoglycemia
throughout the 24-hour cycle, despite unchanged overall food intake. In line with those findings,
hypoglycemia has been observed in mice with Bmall deletion in the liver or in astrocytes [133,
240]. Furthermore, in SCN-lesioned rats, the plasma glucose concentration throughout the 24-
hour cycle remains at the sham-operated rats’ lowest level, resulting in a hypoglycemic state
during the dark phase [241]. In addition to the observed hypoglycemia in SCN-Bmal1l-KD
animals, we also provide evidence that blood glucose rhythms may be lost in LD conditions
under ad libitum feeding. Glucose rhythms are dictated by the SCN rather than local peripheral
clocks and hence SCN-lesioned animals display a blunted glucose rhythm [242]. Thus, it is not
surprising that downregulation of SCN rhythms as in SCN-Bmal1-KD animals, impacted glucose
rhythms. Overall, SCN-Bmal1-KD animals display altered glucose tolerance and a hypoglycemia
phenotype — under fasted and ad libitum feeding conditions — together with a potential loss of

an endogenous glucose rhythm under non-fasted conditions.

6.1.3 Downregulation of SCN rhythms affects downstream circadian oscillators

involved in mood- and anxiety regulation and metabolic functions

Metabolic and mood disorders are frequently linked to disrupted circadian rhythms. Due to its
tight oscillator network, the SCN is extremely resistant to perturbations, whilst other tissues
display less stable circadian rhythms, making them more prone to disturbances [243]. Thus,
downstream circadian oscillators involved in mood- and anxiety regulation and metabolic
functions have been proposed as a potential root cause for the simultaneous development of
psychiatric and metabolic diseases [22]. For this reason, we assessed whether downregulated
SCN rhythms affect downstream circadian oscillators involved in mood- and anxiety regulation
(PAG), metabolism (liver) or both (lateral hypothalamus), further potentially contributing the

observed comorbid behavioral and metabolic deficits in SCN-Bmal1-KD animals.
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The PAG has been implicated in anxious responses and reward-seeking behavior and receives
direct projections from the SCN [222, 223]. It was also reported that the PAG exhibits stable
circadian rhythms in vitro [120]. Thus, alterations in PAG rhythmicity in SCN-Bmal1-KD animals
could have been at the root of the observed mania-like and reward-related phenotype. Indeed,
SCN-Bmal1-KD animals display a decreased amplitude in ex vivo PAG explant rhythms. Further,
we show a lower percentage of rhythmic PAG slices in SCN-Bmal1-KD animals compared to
controls, contrasting previous findings using the same animal model [85]. Results of this project
suggest that the downstream PAG clock is affected by SCN rhythm downregulation. Crucially, no
GFP expression was observed in PAG slices of SCN-Bmal1-KD animals (data not shown),
suggesting that changes in PAG rhythmicity were not the result of ectopic Bmall shRNA
expression in the PAG but rather an indirect effect of downregulated SCN rhythmes. It is worth
noting that the loss of PAG tissue rhythmicity in SCN-Bmal1-KD animals could be resulting from
two different scenarios. Firstly, the individual PAG cells could be arrhythmic resulting in tissue
arrythmicity. Since the molecular TTL is likely intact in PAG cells of SCN-Bmal1-KD animals, this
scenario is unexpected. It is rather likely that the individual PAG cells are no longer synchronized

among each other (i.e., out of phase), resulting in an overall arrhythmic output of the PAG tissue.

The lateral hypothalamus contains the ORX neuronal system, which regulates a variety of body
functions, including sleep/wake states, feeding behavior, energy homeostasis, reward, anxiety,
and mood [244]. Accordingly, altered ORX signaling has been associated with various conditions
including obesity, diabetes, depression, and BP [245-248]. To explore changes in the ORX
system, we quantified the expression levels of Ppox, which encodes the common precursor
peptide of ORX-A and -B [224], in the lateral hypothalamus at ZT3 — 4. We find that overall levels
of Ppox are similar in SCN-Bmal1-KD and control animals. Interestingly, in control animals we
observe a positive correlation between the amplitude of PER2::LUC oscillations in the SCN and
Ppox expression at ZT3 — 4. In line with this, a regulation of ORX neurons by the SCN is supported
by studies in diurnal and nocturnal organisms evidencing a direct projection of the SCN to ORX
neurons [227, 228]. In SCN-Bmall-KD animals, the correlation between the SCN PER2::LUC
rhythm amplitude and Ppox expression is not detected. This argues for a dysregulation of the
relationship between SCN amplitude and Ppox levels, suggesting a disturbed communication
between the SCN and lateral hypothalamus. In SCN-lesioned animals and in ClockA19, ORX
oscillations are lost [149, 226], advocating an involvement of the SCN in the generation of these
rhythms. Thus, the strong downregulation of SCN rhythms in SCN-Bmal1-KD animals could have
affected ORX rhythms. Importantly, similar to SCN-Bmal1-KD animals, SCN-lesioned rodents and

ClockA19 mice display metabolic and mania-like phenotypes. However, a time-course



Discussion 118

experiment needs to be conducted to draw a definitive conclusion about the ORX rhythm in

SCN-Bmal1-KD animals.

The SCN regulates metabolism and mood, by directly projecting to brain regions involved in
metabolic and mood regulation, including as discussed, the PAG and lateral hypothalamus.
However, the SCN can also influence peripheral circadian oscillators involved in metabolism via
endocrine factors [145]. We thus investigated the effect of downregulated SCN rhythms on
PER2::LUC oscillations of the liver, a peripheral organ that governs metabolism. SCN-Bmal1-KD
animals do not exhibit apparent changes in ex vivo liver explant rhythms. This is in line with
findings from lzumo and colleagues, who found that in mice with Bmall deletion in the
forebrain/SCN, rhythmic clock gene expression is unchanged in peripheral tissues, including the
liver [232]. However, the loss of feeding rhythms in SCN-Bmal1-KD animals could have affected
rhythmic liver gene expression without affecting hepatic core clock gene expression. Indeed,
under arrhythmic feeding, 70 % of the rhythmic mouse liver transcriptome loses rhythmicity

without the rhythmic expression of core clock genes being affected [249].

Overall, our findings propose that downregulated SCN rhythms directly affect oscillators in brain
areas (lateral hypothalamus and PAG) but not in peripheral tissues (liver). Changes in these
oscillators can potentially mediate the observed comorbid behavioral and metabolic deficits in

SCN-Bmal1-KD animals.

6.1.4 Strengths and weaknesses of this project

A strength of this project is that it provides a detailed behavioral and metabolic profiling of the
same animals meaning that comorbidity is precisely characterized. Further, most behavioral and
metabolic tests were performed at two differing time points after stereotactic injection. This
approach enabled to show that comorbid behavioral and metabolic outcomes resulting from
chronic downregulation of SCN rhythms do not differ from the outcomes following acute
downregulation. Hence, all observed phenotypes are quickly established after SCN rhythm
downregulation (~ 3 weeks) and persist over time. This indicates that SCN rhythm disruption
perturbs body homeostasis — an effect, which is not compensated over time. A limitation of this
project is that testing was performed only at a single time point during the inactive phase.
Diurnal variations in behavior and metabolism (e.g., glucose and insulin tolerance) could have
been lost in SCN-Bmall-KD animals due to their heavily suppressed rhythmicity. Therefore, it

would be essential to assess the phenotypes over circadian time scales to exclude the potential
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confound of rhythmicity dampening on behavioral and metabolic parameters. Lastly, all

experiments were only conducted in male mice, leaving any sex-specific effects unexplored.

6.1.5 Conclusion

In this project, we assessed the impact of a genetic disruption of the circadian system on
comorbid behavioral and metabolic outcomes in mice. Genetic downregulation of molecular
SCN rhythms results in a mania-like phenotype, without affecting features of behavioral despair
or helplessness. Equally, cognitive parameters are unaltered following SCN rhythm dampening.
However, SCN-Bmal1-KD animals display alterations in the positive valence system, suggesting
changes in reward-related behavior following downregulation of SCN rhythms. Importantly,
SCN-Bmal1-KD animals do not only exhibit behavioral changes, but also evidence concomitant
metabolic deficits. SCN-Bmall-KD mice show aberrant weight gain, with enhanced weight
accumulation in the first weeks following SCN rhythm dampening, which thereafter plateaus.
Interestingly, overall levels of metabolic parameters, including food consumption, are
unchanged. However, SCN-Bmal1-KD animals display dampened metabolic rhythms in LD
conditions, which might be at the root of the weight phenotype. Further, SCN-Bmal1-KD animals
exhibit altered glucose tolerance and hypoglycemia — under fasted and non-fasted conditions —
as well as a potential loss of the endogenous glucose rhythm under ad libitum feeding. This
suggests alterations in glucose homeostasis following SCN rhythm dampening. Strikingly, the
behavioral phenotypes of SCN-Bmal1-KD animals resemble clinical symptoms of the manic state
of a patient suffering from BP disorder. Similarly, the metabolic deficits of SCN-Bmal1-KD

animals resemble metabolic alterations observed in BP patients (Table 1).
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Table 1. A comparison of clinical symptoms of the manic state in BP/metabolic alterations in BP and the phenotypes
of SCN-Bmal1-KD animals.

Behavior

Metabolism

Clinical symptoms of the manic state in BP /

Metabolic alterations in BP

Disturbed circadian rhythms [148]
Hyperactivity [148]

Enhanced risk-taking [148]

Extreme euphoria [148]

Propensity towards reward [148]

Weight gain following the first manic episode [250]

Impaired glucose metabolism [251]

SCN-Bmal1-KD mice

Disturbed circadian rhythms
Hyperlocomotion in certain novel
environments (EPM)

Decreased anxiety-like behavior
Hyperhedonia

Enhanced sucrose preference and reward
learning

Excessive initial weight gain

Altered glucose tolerance, hypoglycemia,

and potential loss of glucose rhythms

Interestingly, SCN-Bmal1-KD animals display changes in PAG rhythmicity and the ORX system.

Thus, the observed comorbid behavioral and metabolic deficits following SCN rhythm

downregulation might result from disturbances in subordinate oscillators influencing anxiety-,

reward- and metabolic-related functions.

This project was one of the first to directly address the role of the master pacemaker in the

comorbidity of behavioral and metabolic outcomes by downregulating molecular rhythms in the

SCN (Figure 34). Interestingly, in another study, we used the reverse approach and restored SCN

rhythms in an arrhythmic Cry1/27" double KO animal [153]. We found that restoration of

molecular SCN rhythms rescued several of the comorbid anxiety-related and metabolic

phenotypes. Combined, both studies highlight an important role of SCN rhythms for behavioral

and metabolic health.
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Figure 34. Summary figure for project 1. Downregulation of SCN rhythms (orange clock) leads to comorbid behavioral
and metabolic deficits in mice. Following SCN rhythm downregulation, PAG rhythmicity is reduced (orange circle with
dampened amplitude rhythm) and the communication between the SCN and the lateral hypothalamic area (LHA) is
disturbed (dotted red arrow). Whether the rhythmicity of the LHA is altered remains to be assessed (indicated by
“?"). Thus, comorbid deficits may result from the observed disturbances in subordinate circadian oscillators involved

in behavioral and metabolic functions (i.e., PAG and LHA). Created with BioRender.com.
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6.2 Sex-specific behavioral and metabolic phenotypes following light-

induced shift work conditions in mice

In project 1, we investigated the impact of a genetic disruption of the circadian system —namely
the genetic downregulation of molecular SCN rhythms—on the development of metabolic-mood
comorbidity in mice. Nonetheless, the circadian system cannot only be perturbed genetically
but also environmentally. A well-known environmental disruption of the circadian system is shift
work. Because of our 24/7 society, an increasing proportion of individuals work outside the
standard working hours with around 30 % of the working population involved in shift work [95].
Working schedules of shift workers promote a loss of synchronization between the environment
(external time) and the endogenous circadian rhythms (internal time) ultimately favoring the
development of many health issues, including mental and metabolic disorders [157, 229, 252].
Thus, an environmental disruption of the circadian system might represent a potential

mechanism underlying mental and metabolic comorbidities.

Supporting this notion, in a large population-based study of 277,168 workers in the UK biobank,
shift work was associated with concomitant adverse metabolic and mental health outcomes
[182]. Despite few investigations, not many studies have explored metabolic-mood
comorbidities within the same organism. Importantly, epidemiological studies have found sex
differences in the shift work-associated risk of mental and metabolic disorders [99, 183].
However, the results on sex-dependent vulnerability to adverse health are often conflicting. For
instance, some studies display a stronger and others a weaker association of shift work and
adverse metabolic health in females compared to males [184-187]. Further, sex differences in
the anatomy of the circadian system and its response to light have been reported [188, 189],
potentially explaining sexual dimorphisms in shift work-associated adverse health outcomes.
Despite these apparent sex differences, most studies still solely examine the impact of shift work

on a single sex, leaving any potential sex-specific effects unexplored.

In project 2, we subjected mice to alternating light cycles mimicking shift work, as light is the
dominant Zeitgeber. We assessed the direct effects of this environmental circadian disruption
on comorbid behavioral and metabolic outcomes in the same animal and systematically

characterized sex differences in those outcomes.
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6.2.1 The shift work light paradigm leads to constant re-entrainment with sex-

specific adaptation of locomotor activity to alternating light cycles

Understanding how the circadian system adapts to alternating light cycles is critical to
understanding the health repercussions of shift work. Thus, we explored the behavioral
response of mice to alternating light cycles, resembling schedules experienced by shift workers.
We wondered whether mice entrain to alternating light cycles or start to free-run — a
phenomenon that occurs when light cycle switches are performed too frequently. During free-
running conditions an organism no longer responds to external Zeitgebers (e.g., light) and
merely follows its internal rhythm. We find that following the shift work light paradigm both,
male and female mice, constantly re-entrain to the given light cycle rather than entering free-
running conditions. This has health implications since physiologically, free-running conditions
might allow the maintenance of body homeostasis whilst constant re-entrainment is often
associated with a state of internal desynchrony, further resulting in health issues [74, 170].
Accordingly, it was hypothesized that fast rotating schedules may be more tolerable for shift
workers than slow rotating schedules, as lack of entrainment to faster rotating schedules might
prevent the adverse health consequences of rhythms having to continuously re-entrain [253,
254]. Endorsing the notion of health benefits under missing entrainment, in rats subjected to LD
rotation patterns those that free-run rather than re-entrain have favorable outcomes after being
injected with a lung tumor-inducing substance [255]. Further supporting a constant re-
entrainment of shift work animals, we observe a decreased locomotor activity nocturnality score
in shift work animals in the IntelliCage system and the metabolic cages. The nocturnality score
for the locomotor activity of shift work animals is an indirect measure for the adaptation phase
to the new light cycle (i.e., behavioral shifting to the new light cycle). A high nocturnality score
indicates that the animal’s locomotor activity rapidly aligns with the new light cycle. In contrast,
a low nocturnality score evidences a slower adaptation of the animal’s locomotor activity to the
given light cycle. Interestingly, female shift work animals display a greater loss of locomotor
activity nocturnality compared to female controls than male shift work animals to male controls.
Thus, the behavioral adaptation to light cycle alternations is sex-specific with alternating light
cycles affecting female mice more than male mice. This finding is in line with observed sex
differences in the phase shift responses to photic inputs [256]. Additionally, we observe a
greater locomotor activity nocturnality of female compared to male mice, in line with the
previously observed stronger daily wheel running rhythm in female mice [257]. Interestingly,

low amplitude oscillators have been reported to be more easily shifted (i.e., greater resetting
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sensitivity) [258]. Thus, the lower locomotor activity nocturnality in male mice in this project
could explain why male mice are more readily shifted during the shift work light paradigm.

At the tissue level, we also report phase shifting following the shift work light paradigm. As
expected, the phase of the ex vivo SCN explant rhythm is delayed in shift work animals. The SCN
receives direct light input from the retina and hence a delayed phase of the SCN rhythm in shift
work animal is a direct consequence of the light cycle shifts [259]. Of note, the amplitude and
period of the SCN rhythm is unaffected by shift work conditions, suggesting that our shift work
light paradigm does not affect the functioning of the molecular TTL within the SCN. As discussed
above, the shift work light paradigm results in re-entrainment rather than free-running in both
sexes. This leads to a temporary loss of synchronicity between the organism and the
environment, further resulting in internal desynchronization. The first layer of internal
desynchronization is defined by alterations in the phase relationship between the master
pacemaker and other tissue clocks [74]. Interestingly, we show that the phase relationship
between the SCN and the PAG rhythm is altered by shift work conditions, arguing for
desynchronization between these two tissues. Contrarily, we do not detect such a
desynchronization between the SCN and the liver. Nonetheless, future studies should focus on
better quantifying the state of internal desynchrony and its potential sexual dimorphism

following shift work conditions by for instance using EEG or time course experiments.

6.2.2 Light-induced shift work conditions lead to sex-specific behavioral and

metabolic deficits

6.2.2.1 Light-induced shift work conditions lead to an anxiety-like phenotype in

female but not male mice

Since sex-specific differences in the adaptation of locomotor activity to alternating light cycles
were observed, we next addressed the question whether shift work conditions affect anxiety-
related outcomes differently in male and female mice. Interestingly, shift work conditions result
in enhanced anxiety-related behavior in the EPM and Dali box test in female but not male mice.
Furthermore, we find a sex-specific effect of shift work on restless behavior, with female shift
work animals displaying increased transitions between mobile and immobile episodes in the OFT
and TST compared to their sex-matched controls. Since restlessness and anxiety disorders are
closely associated, the DSM-V includes restlessness as a defining symptom of generalized

anxiety disorders [260]. Thus, the increased restlessness in female shift work animals further
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supports the notion that shift work conditions lead to an anxiety-related phenotype in female
mice. We do not find increased anxiety-related features in male mice following shift work. This
finding contrasts the study of McGowan and Coogan, who reported signs of elevated anxiety-
like behavior in males following light-induced shift work conditions [105]. However, whilst
McGowan and Coogan assessed anxiety-related behaviors only in the OFT, we used several tests
and consistently found unaltered anxiety-like behavior in male shift work animals. These
contrasting results might stem from differences in the light paradigms used, the different
housing conditions (single housing vs. group housing) or the different strains employed (CD-1
vs. C57BL/6J). Further, whilst we focused on the acute effects of light-induced shift work
conditions, McGowan and Coogan investigated long-term effects of their shift work light
paradigm [105]. The increased anxiety-related behavior in female but not male shift work
animals in our project is in line with the increased prevalence of anxiety disorders in women
compared to men [261]. Interestingly, we also observe a sex-specific effect of shift work on the
period of the ex vivo PAG rhythm. Female shift work animals display a longer PAG rhythm period
compared to their sex-matched controls — an effect, which is not found in male mice. Given that
the PAG has been involved in anxious responses [223], a prolonged PAG circadian period might
represent a potential mechanism for the observed sex-specific anxiety-related traits of female

shift work animals.

6.2.2.2 Light-induced shift work conditions have sex-specific effects on helpless

behavior but not on features of behavioral despair or anhedonia

Beyond anxiety-related features, helpless behavior and aspects related to behavioral despair
and anhedonia were examined. We report no effects of shift work or its interaction with sex on
parameters of the TST or the sucrose preference test. Thus, light-induced shift work conditions
do not seem to affect despair- or anhedonia-related behavioral features in male or female mice.
Studies using different light exposure manipulation paradigms found contrasting results to the
ones obtained in this project. For instance, subjecting female Siberian hamsters to 4 weeks of
dim light at night, results in decreased sucrose preference (i.e., increased anhedonia features)
and enhanced floating behavior in the forced swim test (i.e., increased behavioral despair) [163].
Equally, LeGates and colleagues found reduced sucrose preference (i.e., enhanced anhedonia
features) and increased floating time in the forced swim test (i.e., increased behavioral despair)
in male mice exposed to an aberrant light cycle (i.e., cycles of 3.5 hours of light followed by 3.5

hours of dark) [160]. Despite the absence of despair- or anhedonia-related phenotypes following
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our paradigm, we observe a sex-specific effect of shift work on helpless behavior. Male mice
show decreased latencies and failures to escape electrical shocks during the LH test under shift
work conditions, while the opposite effect is observed in female mice. This implies that shift
work conditions reduce helpless behavior in males but enhance it in females. The results suggest
that exposure to a primary stressor, such as shift work light conditions, may build resistance to
a secondary stressor, the LH paradigm, in males, but enhance susceptibility in females. The sex-
specific increase of helpless behavior in female shift work animals is in line with the observed
increased prevalence of depression among female shift workers compared to male shift workers
[99]. Of note, the sex-specific differences in helpless behavior following shift work conditions
could also reflect sex differences in coping strategies following the electrical stressor (i.e., active
coping by escaping the stressor vs. passive coping by enduring the stressor). Further, in our
project, female mice display higher pain sensitivity to an electrical stimulus compared to male

mice, potentially also affecting the results of the LH paradigm.

6.2.2.3 Light-induced shift work conditions cause mild sex-specific metabolic

alterations in mice

Shift work has not only been linked to depression and anxiety, but also to metabolic
abnormalities [229]. Therefore, we assessed behavioral and metabolic comorbidities by
performing a concomitant metabolic characterization of the same animals that we also profiled
behaviorally. We find that when subjected to light-induced shift work conditions, male animals
display an increased percent body weight gain compared to their sex-matched controls — an
effect that is not observed in female animals. Importantly, the body weight at the start of the
shift work light paradigm was not different between the shift work animals and their sex-
matched controls. Thus, the increased percent weight gain in male shift work animals compared
to male controls did not result from differing initial body weights. In line with our findings of sex-
specific body weight gain in males following shift work, previous studies reported a higher
susceptibility of men to shift work-associated metabolic deficits [186, 262]. Increased body
weight gain can primarily result from increased food consumption and/or decreased locomotor
activity — resulting in an imbalance between energy intake and energy expenditure [263]. We
observe no differences in the total locomotor activity of shift work animals compared to controls
in the metabolic cage recordings. In contrast, we find that shift work conditions decrease overall
locomotor activity in the IntelliCages in both sexes — a finding which was previously reported
[257]. However, this effect is not sex-specific and thus cannot explain the observed sexual

dimorphism in body weight increase following shift work conditions. Further, the observed
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increased percent body weight gain in male shift work animals also does not result from
increased overall food consumption. Indeed, shift work conditions do not increase food
consumption in either sex. Accordingly, previous studies consistently found little or no
difference in the overall food intake in shift workers compared to non-shift workers [264, 265].
Overall, we report a sex-specific enhanced weight gain in male shift work animals, despite

unchanged overall food consumption.

6.2.2.4 Light-induced shift work conditions cause gradual shifting of metabolic

parameters independent of sex

Although we do not observe a difference in overall food intake during shift work, the period of
the feeding rhythm appears less robust in both, male and female shift work animals likely due
to their gradual shifting to the given light cycle. In accordance, previous studies suggested that
meal frequency and timing is severely disturbed amongst shift workers [264], with the likelihood
of shift workers developing metabolic syndrome being linked to meal timing rather than total
energy consumption [265]. Further, numerous human and rodent studies demonstrate the
importance of rhythmic feeding for metabolic health [70-72]. In addition to the more variable
period of the food consumption rhythm, we equally observe a less robust period of the rhythms
of other metabolic parameters (i.e., water intake, EE, RER). This is in line with human and rodent
shift work studies evidencing a disruption of metabolic rhythms including a loss of metabolic
gene rhythmicity in the liver during shift work conditions [266]. Furthermore, we do not
evidence a clear sexual dimorphism in the effect of shift work on metabolic parameter
rhythmicity. Thus, whilst metabolic rhythms are similarly (un)affected by shift work conditions
in male and female mice, only male mice display a significantly increased percent body weight
gain following light-induced shift work conditions. This suggests the presence of other sexually

dimorphic metabolic responses following shift work, which remain to be explored.

6.2.2.5 Light-induced shift work conditions do not alter glucose or insulin tolerance

Numerous human and rodent studies evidence an association between shift work and type 2
diabetes [178, 267-269]. Thus, in contrast to our expectations, we do not show an effect of shift
work or its interaction with sex on glucose tolerance or insulin sensitivity. It should be noted

that we observe a greater glucose response of males compared to females to both, a glucose
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and insulin injection during the GTT and ITT, respectively. These results, however, likely
represent an experimental artefact rather than a meaningful biological finding. Glucose and
insulin injection volumes were based on body weight and since males were heavier than

females, they received larger injection volumes likely explaining the observed sex effect.

6.2.2.6 Lack of metabolic deficits following shift work paradigms

Overall, we observe only minor effects of our shift work light paradigm on metabolic
parameters. Total food consumption, body weight as well as glucose and insulin tolerance are
only mildly — if at all — affected by our shift work light paradigm. Equally liver rhythms and the
SCN-liver rhythm phase relationship are unaffected by light-induced shift work conditions. Given
that shift work has repeatedly been associated with major adverse metabolic outcomes [270],
our results seem surprising at first. Nonetheless, others equally observe only minor metabolic
alterations following shift work conditions. For instance, exposure of female FVB mice to
alternating light cycles affected metabolic parameters only moderately [181]. We propose that
multiple factors might affect the results of rodent shift work studies. These include the paradigm
used to mimic shift work, the duration of the paradigm, the housing conditions as well as the
sex and the genetic background of the mice. Moreover, an additional metabolic trigger e.g., HFD
might be needed to trigger a strong metabolic phenotype during our shift work light paradigm.
In fact, HFD triggers hedonic feeding, and a preliminary study proposes that hedonic pathways

contribute to weight gain in shift workers [271].

6.2.3 Strengths and weaknesses of this project

This project is the first to systematically assess sex differences in the behavioral and metabolic
outcomes following a shift work light paradigm in mice. It assesses the impact of merely
modulating the LD cycle on behavioral and metabolic outcomes. This allows uncoupling the
effect of disturbed circadian rhythms from other lifestyle factors associated with shift work (e.g.,
poor diet, smoking), which also represent a major risk for disease and are frequently
confounding factors in human shift work studies. However, a weakness of this project is that our
shift work light paradigm does not mimic natural shift work conditions. Our protocol to
investigate shift work in mice involves alternating light cycles with a distinct light and dark phase,

which are unlikely to occur during a shift worker’s life. Shift work represent a particular challenge
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for humans, as the external light cycle is not aligned to their work schedule — an aspect that is
not fully reproduced in our shift work light paradigm. Additionally social aspects of shift work
are not mimicked in our paradigm. The fact that shift workers are out of sync with family, friends,
and society has a major impact on their well-being [272]. Lastly, we only assessed acute
consequences of our shift work light paradigm. Long-lasting effects should be investigated,
especially given that persistent behavioral changes following an environmental circadian

disruption have been reported [105].

6.2.4 Conclusion

In this project, we assessed the impact of an environmental disruption of the circadian system
on behavioral and metabolic outcomes in the same animal. Given the conflicting data on sexual
dimorphism in shift work-associated health implications, we also assessed whether health
deficits following the shift work light paradigm were sex-specific. We report the successful
establishment of a shift work paradigm based on alternating light cycles. During this paradigm,
mice constantly re-entrain to the given light cycle and do not enter free-running conditions. In
line with constant re-entrainment, we provide preliminary evidence for internal
desynchronization, namely a change in the SCN-PAG rhythm phase relationship, following shift
work conditions. Importantly, we show sex-specific behavioral adaptation to alternating light
cycles with male mice appearing to be more readily shifted than females. In addition, we observe
sex-specific effects of the shift work light paradigm on mood- and anxiety-related behaviors.
Male mice display reduced helplessness during shift work conditions, while females exhibit
increased helplessness under such conditions. Moreover, female but not male mice show
enhanced anxiety-like behavior following shift work conditions. In accordance, the period of the
PAG rhythm, a brain region involved in anxious responses, was lengthened in female shift work
animals in a sex-dependent manner. In addition to the behavioral deficits, we also observe mild
shift work-induced metabolic deficits. Importantly, these metabolic changes are also sex-specific
with male shift work animals displaying an enhanced percent weight gain despite unaltered total
food intake. Overall, the findings from our project reveal a sex-dependent effect of shift work
conditions on behavioral and metabolic outcomes in mice. Specifically, while females show
increased susceptibility to anxiety-related behavior and helplessness during shift work
conditions, male mice exhibit reduced helplessness and subtle comorbid metabolic deficits

under the same conditions (Figure 35).
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Figure 35. Summary figure for project 2. Male and female mice were exposed to control 12:12 LD conditions (intact
clock) or to shift work-mimicking light conditions (broken red clock). Following shift work conditions, animals develop
sex-specific behavioral and metabolic phenotypes. Whereas male mice display unaltered anxiety-related behavior
and reduced helplessness during shift work conditions, females display increased anxiety-related features and
helplessness under the same conditions. Additionally, male shift work animals simultaneously exhibit enhanced
weight gain compared to their sex-matched controls —a phenomenon that is not observed in females. Created with

BioRender.com.



Discussion 131

6.3 Absence of an interaction between a genetic and environmental
circadian disruption in comorbid behavioral and metabolic

phenotypes in female mice

Shift work is associated with adverse mental and metabolic health [182]. Nonetheless, not all
shift workers develop psychiatric and metabolic disturbances. This suggests the presence of
predisposing genetic susceptibility factors in some shift workers, favoring the development of
poor mental and metabolic outcomes following the environmental circadian disruption that
their work schedule represents. Indeed, it has been acknowledged that pathology is frequently
the result of a combination of both, genetic and environmental factors [193]. GXE have been
predominantly discussed in relation to psychiatric disorders [197], however, there is growing
evidence to suggest that GxE equally influence the risk for metabolic disorders [198].
Nevertheless, in the field of circadian biology, studies investigating the interplay between a
predisposing genetic circadian disruption and an environmental circadian disruption (i.e.,
circadian GxE) in mediating pathology are scarce. A recent study aimed to look for such an
interaction by subjecting complete Bmal1”-KO mice to a chronic circadian disruption paradigm.
The authors report that metabolic aberrations following light cycle disruption might be
dependent on the molecular clock [201]. However, complete Bmal17- KO mice at the age of 5-7
months used in that study display drastic health consequences and are therefore an inadequate
model to investigate potential additional impacts of an environmental circadian disruption [92].
Further, complete Bmall7- KO mice are not a translational model, because modest genetic
alterations (e.g., polymorphisms) are more likely to occur in the human population. Therefore,
we used Bmall* mice, lacking a single copy of the Bmall gene, as a circadian genetic

susceptibility model.

In project 1 and 2 of this thesis the impact of a genetic and environmental circadian disruption
on comorbid behavioral and metabolic outcomes in mice was investigated. Given the concept
of GxE in triggering pathology, the aim of project 3 was to investigate the interaction of a genetic
and an environmental circadian rhythm disruption in triggering comorbid behavioral and
metabolic deficits. To this end, Bmal1*" mice (i.e., genetic circadian disruption) were subjected
to alternating light cycles (i.e., environmental circadian disruption) and profiled behaviorally and

metabolically.
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6.3.1 Bmal1*/- mice display altered adaptation of locomotor activity to alternating

light cycles

We show that WT and Bmal1*" mice both entrain to control 12:12 LD conditions. Indeed, in
contrast to complete Bmal17- KO mice, which are arrhythmic even in LD conditions, it has been
previously reported that Bmal1*/- mice are rhythmic in LD and DD conditions [273]. Interestingly,
in the IntelliCage experiment we observe an increased locomotor activity amplitude in Bmal1*
control animals compared to WT control animals. BMAL1 transactivation is negatively regulated
by SHARP1 and SHARP2 directly or indirectly binding to DNA [33, 274]. Thus, our observation of
an enhanced locomotor activity amplitude in Bmal1* animals is in line with the finding of a
reduced locomotor activity nocturnality of mice lacking SHARP1 and SHARP2 [275]. Before
investigating the health-associated implications of our shift work light paradigm, it is crucial to
understand the adaptation of WT and Bmal1* animals to the shift work light paradigm. When
exposed to alternating light cycles, WT and Bmal1*~ mice constantly re-entrain to the given light
cycle rather than entering free-running conditions. Nonetheless, Bmal1*- animals display a
significantly reduced locomotor activity nocturnality following shift work conditions — an effect
which is not detected in WT animals. This could indicate a more gradual adaptation of Bmal1*"
animals to alternating light cycles compared to WT animals. Contrarily, in mice lacking Npas2, a
heterodimer partner of Bmall, an accelerated adaptation to rapidly shifting LD cycles was
reported [276]. Equally contrasting our result, inducible Bmall deletion in mice facilitates
adaptation to disrupted LD conditions [277]. Nonetheless, since Bmal1*/- animals in our project
display an increased locomotor activity amplitude, the interpretation of a more gradual
adaptation of Bmal1*- animals to alternating light cycles is in line with the theory that high

amplitude oscillators are less readily shifted [258].

6.3.2 No evidence for a circadian GxE in the generation of comorbid behavioral and

metabolic deficits

6.3.2.1 No evidence for a circadian GxE in the generation of anxiety-like behavior

In the behavioral tests measuring anxiety-related features, we observe a genotype effect on
locomotor activity, with Bmal1*-animals displaying increased activity. This finding is in line with

a previous study that reported increased distance traveled in the open field by Bmal1*-animals
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[278, 279]. We equally observe an effect of shift work on locomotion, with shift work animals
displaying increased activity independent of genotype. However, we do not find an effect of shift
work on the total activity throughout the 24-hour cycle. Thus, the increased locomotion of shift
work animals in the behavioral tests is likely related to the gradual locomotor activity adaptation
during the light cycle shifts rather than a general hyperactivity phenotype. Interestingly, Bmal1*"
animals spent less time in the center of the open field. This finding has been previously reported
[279], and is equally in line with findings of anxiety-related behavior in BMAL1-deficient
monkeys [280]. Nonetheless, we do not observe this increased anxiety-like phenotype of
Bmal1*" mice in any other parameter measuring anxiety-related behavior. Given that Bmal1*"
animals adapt differently to alternating light cycles and that transient re-entrainment is
associated with internal desynchronization [74, 170], we expected different health repercussion
in Bmal1* animals compared to WT when subjected to shift work conditions. We observe an
interaction effect of genotype (Bmal1*°) and shift work on EPM open arm entries. Shift work
conditions significantly increase open arm entries in WT animals — an effect, which is absent in
Bmall1*- animals. However, this apparent genotype-specific decrease in anxiety-related
behavior could not be replicated in any other anxiety-measuring parameter. Indeed, it might
represent an artefact from the observed hyperlocomotion discussed above. Thus, we conclude
that in our project there is no clear interaction between a genetic circadian disruption (Bmal1*"
) and an environmental circadian disruption (shift work) in the generation of anxiety-related

behavior in female mice.

6.3.2.2 No evidence for a circadian GxE in the generation of depression-like

phenotypes

Depression-like phenotypes were characterized by assessing behavioral despair in the TST,
anhedonia-like features using the sucrose preference test and helplessness in the LH paradigm.
For all three behavioral tests, we do not observe an effect of the Bmall*/ genotype. This
demonstrates that a single copy of the Bmall gene is enough to prevent a depression-like
phenotype and directly contrasts results in animals where both Bmall copies were targeted. For
instance, BMAL1-deficient monkeys display depression-like behavior and Bmall deficiency in
mice results in depression-like features in the TST [280] [281]. Furthermore, ablating Bmal1 in
the cerebral cortex results in a depression-like behavioral state [85, 122]. For all three behavioral
tests examining depression-like features, we do not observe an effect of shift work. This

contrasts numerous human and rodent studies evidencing increased depressive symptoms
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following shift work conditions [157, 160, 163]. Notably, it differs from our result in project 2,
which indicates enhanced helplessness in females following shift work conditions. Potential
reasons for these contrasting results are explored below. Most importantly, we do not observe
a circadian GxE in the TST, sucrose preference test or LH paradigm. Therefore, we cannot
provide evidence for a circadian GxE in the generation of behavioral despair, anhedonia-related

behavior, or helplessness traits in female mice.

6.3.2.3 No evidence for a circadian GxE in the generation of metabolic phenotypes

Metabolic profiling was performed in the same animals that were characterized behaviorally.
We find no interaction effect of a genetic circadian disruption (Bmal1*-) and an environmental
circadian disruption (shift work) on the major metabolic parameters assessed. Notably, for the
percent weight gain, fat deposition and food consumption, no circadian GxE is detected. We
equally do not observe an effect of the Bmall1*~ genotype on major metabolic outcomes. For
instance, the initial weight or the fat deposition is not different in Bmal1*- animals compared to
WT animals. These findings highlight that a single copy of the Bmall gene is enough to maintain
metabolic homeostasis. In contrast, mice lacking both copies of Bmall display lower body
weights and altered fat deposition together with an early-aging phenotype [92, 282]. Regarding
the overall food consumption, we find no pronounced difference between Bmal1*” and WT
animals. This is in line with previous reports of unaltered daily food intake in Bmal1”-mice [283].
Additionally, in this project we observe that shift work conditions increase the percent body
weight gain in female mice independent of genotype. This is in line with the increased
prevalence of obesity among shift workers and with animal studies reporting increased weight
gain in animals subjected to shift work-mimicking paradigms [165-167, 177, 179, 180, 235].
However, our results of project 2 indicate no differences in weight gain following shift work

conditions in female mice. Potential explanations for the contrasting results are given below.

Since there are no circadian GxE for the major metabolic outcomes, we wondered whether the
rhythmicity of parameters was affected. In the metabolic cages, we observe a genotype-
independent minor delay of locomotor activity and metabolic rhythms in shift work animals on
the first day of recording. This finding once more shows the gradual adaptation of shift work
animals to the given light cycle. Importantly, there are no circadian GxE for the nocturnality
score of the metabolic cage parameters. We merely find a genotype-independent effect of shift
work on EE nocturnality with shift work animals displaying a significantly decreased EE

nocturnality. Since rhythmicity rather than overall levels of physiological parameters might be



Discussion 135

important for metabolic health, the decreased EE nocturnality may explain the observed
increased percent body weight gain in shift work animals. Importantly, we overall conclude that

there is no evidence for a circadian GxE in triggering metabolic deficits in female mice.

6.3.2.4 No evidence for a circadian GxE in glucose or insulin tolerance

Genetic and environmental disruptions of the circadian system have been shown to alter glucose
tolerance and insulin sensitivity [152, 167, 174, 283]. However, whether genetic and
environmental circadian disruptions interact and thereby potentially result in worse glucose
tolerance and insulin sensitivity remained unassessed. Therefore, we performed a GTT and ITT.
In our project, Bmal1*- mice do not display changes in glucose or insulin tolerance. Against our
expectations, the shift work light paradigm equally has no effect on the response to a glucose
or insulin injection when correcting for baseline glucose. Most crucially, we find no interaction
effect of a genetic circadian disruption (Bmal1*) and an environmental circadian disruption
(shift work) on the outcomes of the GTT and ITT. Thus, we cannot provide evidence for a

circadian GxE in glucose homeostasis in female mice.

6.3.3 Strengths and weaknesses of this project

One of the strengths of this project was the use of Bmal1*/- mice, which we believed to be a
more appropriate and translational model for investigating a circadian GxE compared to
complete Bmall KO mice. To model environmental circadian disruption, we utilized the shift
work light paradigm, which we had previously established, and which has both strengths and
weaknesses, as outlined in project 2. Another strength of this project, as for all the projects in
this thesis, was that we examined a wide variety of behavioral and metabolic parameters in the
same animals, allowing for a precise characterization of comorbidity. However, a weakness of
this project was that we only used female mice, which means that any potential sex-specific
effects remain unexplored. Additionally, as in project 2, we merely explored acute effects of the
shift work light paradigm and thus, potential long-term implications remain unexplored.
Furthermore, the sample size utilized in this project may have been insufficient to identify GxE,

which are known to necessitate larger samples for the necessary statistical power.
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6.3.4 Conclusion

To our knowledge, this project was the first to systematically investigate if there is an interaction
between a genetic and environmental circadian disruption in the generation of comorbid
behavioral and metabolic deficits. Against our expectations, the shift work-induced behavioral
and metabolic effects were very mild if present at all. This is in contrast with many human and
rodent studies, demonstrating a significant impact of shift work on mental and metabolic health
[73, 105, 154, 270]. Indeed, in project 2, we equally observe more pronounced health effects
following our shift work light paradigm. The differences in the animals’ health outcomes might
be explained by differences in genetic backgrounds. For instance, C57/Bl6J mice (used in project
2) display significantly lower baseline anxiety-related features compared to C57/BI6N mice (used
in project 3)[284]. This highlights that preclinical studies should take differences between
genetic backgrounds into account. Further, we demonstrate that Bmall* mice exhibit
hyperlocomotion and mild signs of anxiety but no alterations in depression-like behavior or
metabolism. Thus, a single copy of the Bmall gene is enough to prevent most of the drastic
health consequences observed in complete Bmal1”- KO mice [92]. Importantly, we show that
although Bmal1*~ mice display altered adaptation of locomotor activity to the shift work light
paradigm, they do not evidence any clear shift work-induced behavioral or metabolic
phenotypes. Therefore, we provide no evidence for a circadian GxE in the generation of
comorbid behavioral and metabolic pathology in female mice (Figure 36). Given that the
development of shift work-associated pathology likely results from predisposing genetic
susceptibility, we recommend continuing following this line of research, despite the provided
lack of evidence, using alternative approaches. For instance, mice carrying human variants of
clock genes could be used as a circadian genetic susceptibility model (e.g., mice carrying a human
PER3 variant [115]). Further, an alternative shift work-mimicking paradigm could be employed
(e.g., different light paradigm, forced activity, sleep deprivation, restricted feeding) [73]. Equally,
factors such as the duration of the shift work-mimicking paradigm or the genetic background,
sex and housing conditions of the mice should be taken into consideration. Furthermore,
increasing the sample size of the animal cohorts studied might enhance the chances to uncover

such GxE, well known to require larger samples to provide the required statistical power.
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Figure 36. Summary figure for project 3. Following a genetic environmental disruption (i.e., Bmal1+#-), female mice
evidence mild behavioral but no metabolic changes. Following an environmental circadian disruption (i.e., light-
induced shift work conditions), female mice unexpectedly display no major behavioral phenotypes and only minor
metabolic deficits. Importantly, we find no evidence for an interaction between a genetic and environmental circadian
disruption in the generation of comorbid behavioral and metabolic outcomes in female mice (“No circadian GxE”).
However, a potential circadian GxE in the generation of comorbidities cannot be excluded as further investigations

using larger sample sizes are warranted (indicated by “?”). Created with BioRender.com.
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7. Overall conclusion and perspective

This thesis emphasizes the role of circadian clocks in modulating metabolic-mood comorbidities
and highlights the importance of genetic and environmental circadian rhythms for mental and

metabolic health.

We underscore the significance of genetic circadian rhythms by demonstrating that disrupting
molecular SCN rhythms leads to behavioral and metabolic deficits in the same mouse.
Nonetheless, future investigations should assess phenotypes across the circadian cycle to
eliminate the possibility of rhythmicity dampening confounding behavioral and metabolic
outcomes. Additionally, it remains to be examined whether superimposed environmental
rhythms, for instance time-restricted feeding, can prevent comorbid phenotypes following SCN
rhythm downregulation. Since dampening of SCN rhythms in this project affects subordinate
clocks, future studies should differentiate the physiological processes that rely more on local
canonical clocks versus those that depend directly on SCN rhythms. Despite these uncertainties,
our findings suggest that stabilizing SCN rhythms, for instance by light therapy, could be a
promising and easy-to-implement approach for treating or preventing comorbid metabolic and

mood disorders.

This thesis also presents compelling evidence for the significance of environmental circadian
rhythms in maintaining mental and metabolic health. We demonstrate that environmental
circadian disruptions, such as those experienced during shift work, can have sex-specific effects
on behavior and metabolism in mice. Whereas females display enhanced anxiety-related
behavior and helplessness during shift work conditions, male mice exhibit reduced helplessness
and subtle metabolic deficits under the same conditions. These findings underscore the need
for a sex-specific approach to the prevention and treatment of shift work-associated health
implications. Nonetheless, it would be pertinent to evaluate if the hereby reported sexually
dimorphic health implications following shift work can be reproduced using alternative shift
work-mimicking paradigms. Further, our project raises the question whether different light cycle
shifts (i.e., different shift work schedules) may be more tolerable and would thus not induce the
observed health deficits. Indeed, in a broader sense our findings suggest that continuous re-
entrainment is associated with poor health outcomes and thereby support the notion that faster
rotating work schedules may be more tolerable for shift workers due to the lack of entrainment.
In future, long-term effects of our shift work-mimicking paradigm should be explored to
distinguish acute effects from chronic implications, which may represent an even greater health

and economic burden.
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In the third project of this thesis, we were the first to systematically evaluate a potential
circadian GxE in the generation of metabolic-mood comorbidities. While we did not find
evidence for such an interaction in our model, we believe that further research in this area is
warranted, given that shift work-associated health implications are likely influenced by genetic
susceptibility. In view of the increasing numbers of individuals engaged in shift work and the
significant burden of shift work-associated diseases, it would be beneficial to understand the
genetic predisposition to these diseases. This knowledge could be used to identify at-risk
individuals via screening, thereby preventing the development of comorbid mental and
metabolic disorders. It would equally ease the development of targeted therapies for individuals
suffering from health consequences of a circadian GxE by enhancing the mechanistic

understanding of the affected pathways.

Overall, this thesis offers valuable insights into the impact of genetic and environmental
circadian rhythms on mental and metabolic health (Figure 37). The shift work light paradigm
presented in this thesis can be utilized in future studies to enhance the understanding of shift
work-associated diseases and their underlying pathological mechanisms. The ultimate aim is to
apply the knowledge gained from our and future research into clinical practice, thereby
advancing patient care and enhancing their quality of life.

Project 1 Project 2 Project 3
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Figure 37. Summary figure for this thesis. The overarching hypothesis of this thesis was that disruptions of circadian
rhythms, either of genetic or environmental origin or due to a combination of both, can lead to comorbid behavioral
and metabolic deficits in mice. The distinct aspects of this overarching hypothesis were investigated in three
independent projects. In project 1, a genetic circadian disruption in the SCN of male mice leads to comorbid behavioral
and metabolic phenotypes. In project 2, an environmental circadian disruption has sex-specific effects on behavior
and metabolism. In project 3, we find no evidence for an interaction between a genetic and environmental circadian
disruption in generating comorbidities (“No circadian GxE”). However, further investigations are needed (indicated

by “?”). Created with BioRender.com.
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Figure S1. Raw bioluminescence plots of SCN explants from control and SCN-Bmal1-KD animals. Upon sacrifice,
brains of control and SCN-Bmal1-KD animals were collected. A 300 um thick SCN slice was isolated from every
experimental animal and placed into the LumiCycle for recordings of SCN PER2::LUC rhythms. (A) Individual raw
bioluminescence plots for all experimental control animals (n = 29). (B) Individual raw bioluminescence plots for all
experimental SCN-Bmal1-KD animals (n = 21). The dips at the end of the recording plots in A and B represent the
measurements after the samples were taken out of the LumiCycle (i.e., empty recording well). Since the counts
dropped once the tissues were taken out of the LumiCycle (i.e., dips), the dips are an indication that the tissues were
still viable in the LumiCycle. (C) Mean and range for the bioluminescence recordings in A (control: n = 29) and B (SCN-
Bmal1-KD: n = 21). Control: mean = 68.60 counts/s, min = 21.77 counts/s, max = 110.3 counts/s. SCN-Bmal1-KD: mean
=47.41 counts/s, min = 19.27 counts/s, max = 54.09 counts/s. The ranges of the experimental groups are overlapping.

Error bars indicate mean and range.
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Figure S2. Microscopic SCN images of control animals. Upon sacrifice, brains of control animals were harvested and
a 300 um thick SCN slice was isolated for each experimental animal. After a week of LumiCycle measurements to
determine the SCN PER2::LUC rhythms, microscopic SCN images were taken. Images are bright field and GFP-merged

images. Animal ID numbers are indicated at the top left. Scale bar represents 500 um.
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Figure S3.Microscopic SCN images of SCN-Bmal1-KD animals. Upon sacrifice, brains of SCN-Bmal1-KD animals were
harvested and a 300 pum thick SCN slice was isolated for each experimental animal. After a week of LumiCycle
measurements to determine the SCN PER2::LUC rhythms, microscopic SCN images were taken. Images are bright field

and GFP-merged images. Scale bar represents 500 um.
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Figure S4. Double-plotted actograms for male control animals in project 2. Male control animals were placed into
the IntelliCage system and subjected to a standard 12:12 LD cycle. Representative double-plotted actograms for all
male control animals are displayed. Corner visits were tracked as a proxy for the animal’s activity and are indicated
by the black bars in the actograms. The shading of the actograms represents the LD cycle that the animal was

subjected to.
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Figure S5. Double-plotted actograms for female control animals in project 2. Female control animals were placed
into the IntelliCage system and subjected to a standard 12:12 LD cycle. Representative double-plotted actograms for
all female control animals are displayed. Corner visits were tracked as a proxy for the animal’s locomotor activity and
are indicated by the black bars in the actograms. The shading of the actograms represents the LD cycle that the animal

was subjected to.
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Figure S6. Double-plotted actograms for male shift work animals in project 2. Male shift work animals were placed
into the IntelliCage system and subjected to alternating light cycles mimicking shift work. Representative double-
plotted actograms for all male shift work animals are displayed. Corner visits were tracked as a proxy for the animal’s
locomotor activity and are indicated by the black bars in the actograms. The shading of the actograms represents the

LD cycle that the animal was subjected to.
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Figure S7. Double-plotted actograms for female shift work animals in project 2. Female shift work animals were
placed into the IntelliCage system and subjected to alternating light cycles mimicking shift work. Representative
double-plotted actograms for all female shift work animals are displayed. Corner visits were tracked as a proxy for
the animal’s locomotor activity and are indicated by the black bars in the actograms. The shading of the actograms

represents the LD cycle that the animal was subjected to.
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Figure S8. Double-plotted actograms for WT control animals in project 3. WT control animals were placed into the

IntelliCage system and subjected to a standard 12:12 LD cycle. Representative double-plotted actograms for all WT

control animals are displayed. Corner visits were tracked as a proxy for the animal’s locomotor activity and are

indicated by the black bars in the actograms. Due to technical reasons, some data measurements on day 5 were

missing resulting in a recording gap. The shading of the actograms represents the LD cycle that the animal was

subjected to.
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Figure S9. Double-plotted actograms for Bmal1*/- control animals in project 3. Bmal1*- control animals were placed
into the IntelliCage system and subjected to a standard 12:12 LD cycle. Representative double-plotted actograms for
all Bmal1*- control animals are displayed. Corner visits were tracked as a proxy for the animal’s locomotor activity
and are indicated by the black bars in the actograms. Due to technical reasons, some data measurements on day 5
were missing resulting in a recording gap. The shading of the actograms represents the LD cycle that the animal was

subjected to.
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Figure S10. Double-plotted actograms for WT shift work animals in project 3. WT shift work animals were placed
into the IntelliCage system and subjected to alternating light cycles mimicking shift work. Representative double-
plotted actograms for all WT shift work animals are displayed. Corner visits were tracked as a proxy for the animal’s
locomotor activity and are indicated by the black bars in the actograms. Due to technical reasons, some data
measurements on day 5 were missing resulting in a recording gap. The shading of the actograms represents the LD

cycle that the animal was subjected to.
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Figure S11. Double-plotted actograms for Bmal1*/- shift work animals in project 3. Bmal1*/ shift work animals were
placed into the IntelliCage system and subjected to alternating light cycles mimicking shift work. Representative
double-plotted actograms for all Bmal1*/- shift work animals are displayed. Corner visits were tracked as a proxy for
the animal’s locomotor activity and are indicated by the black bars in the actograms. Due to technical reasons, some
data measurements on day 5 were missing resulting in a recording gap. The shading of the actograms represents the

LD cycle that the animal was subjected to.
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Table S1. Bioluminescence rhythm parameters and Ppox expression in project 1. Mean + SD, statistical tests and their outcomes are indicated. n.s. = not significant; PAG = periaqueductal gray;

SD = standard deviation; SCN = suprachiasmatic nucleus.

Tissue Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
Amplitude (counts/s) (mean + SD 0.1065 + 0.0438 0.0190 + 0.01971
2 ( /9) ( ) Unpaired t-test < 0.0001 kA
n - value 29 21
Period (h +SD 23.36+1.150 26.05 + 0.6882
SCN eriod (h) (mean ) 3.3 0.688 Mann-Whitney U test < 0.0001 *Ekx
n-value 28 12
Ph h +SD 18.50 + 1.281 21.08 +1.547
ase (h) (mean + D) 802128 081> Mann-Whitney U test <0.0001 i
n - value 28 12
Amplitude (counts/s) (mean + SD) 0.0357 £ 0.02174 0.01968 + 0.007736 )
Unpaired t-test 0.0023 **
n - value 29 21
Period (h) (mean + SD) 26.04 + 2.054 19.2 + 0.000 L :
n too small for statistical analysis - -
PAG n-value 21 1
Phase (h) (mean # SD) 7.384 + 7.584 21.11 + 0.000 . )
n too small for statistical analysis - -
n - value 21 1
Rhythmic slices (n - value) 21 1 .
Fisher's exact test < 0.0001 HEkx
Non-rhythmic slices (n - value) 8 20
Amplitude (counts/s) (mean + SD) 0.07409 £ 0.03251 0.09984 + 0.06392 e .
n too small for statistical analysis - -
n - value 8 3
) Period (h) (mean + SD) 27.63 +6.831 22.40+1.273 - )
Liver n too small for statistical analysis - -
n-value 6 2
Phase (h) (mean # SD) 9.829 +5.137 8.803 + 10.82 . )
n too small for statistical analysis - -
n - value 6 2
L | Ppox (Fold Change) (mean + SD 1+0.2289 0.9471 + 0.2166
atera pox ge) ( ) Unpaired t-test 0.5738 n.s.
Hypothalamus n - value 14 10
Tissue Group Parameter Ppox (Fold Change) | SCN amplitude (counts/s) Statistical Test p-value R? Summary
i +
Ppox (Fold Change) vs. SCN amplitude (counts/s) (mean + 1+0.2289 0.0858 + 0.03554 ' »
Control SD) Pearson correlation coefficient 0.0268 | 0.3464 *
Lateral n - value 14 14
hypothalamus . i +
yp u SCN- Ppox (Fold Change) vs. SCN amplitude (counts/s) (mean 0.9471 +0.2166 0.02183 + 0.00737 . -
SD) Pearson correlation coefficient 0.9432 0.0007 n.s.
Bmal1-KD
n - value 10 10
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Table S2. First OFT, EPM and Dali box test in project 1. Mean + SD, statistical tests and their outcomes are indicated. Dali box = dark-light box; EPM = elevated plus maze; n.s. = not significant;

OFT = open field test; SD = standard deviation.

Test Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
Di | +SD .95+6.1 4.65+11.21
istance traveled (m) (mean * SD) 30.95 + 6.153 34.65 [ 0.2617 nes.
n - value 17 12
i + + +
OFT Center entries (mean * SD) 73.35+16.34 79.92 £20.71 Unpaired t-test 0.3485 s
n - value 17 12
i +SD 263.1 + 53, 250.8 + 58.
Center time (s) (mean % SD) 63 53.50 50.8 + 58.93 [ 0.5623 nes.
n - value 17 12
Dist t led +SD 10.18 + 2.236 14.42 +5.114
istance traveled (m) (mean ) Unpaired t-test 0.0052 *x
n - value 17 12
Open arm entries (mean + SD 14.71 + 4.195 28.50+5.126
L 55 ) Unpaired t-test <0.0001 R A
EPM n - value 17 12
ti +SD 42.84 +20.2 161.9 +62.81
Open arm time (s) (mean + SD) 0.20 61.9+6 Unpaired t-test <0.0001 .
n - value 17 12
Open arm distance (% of total distance) (mean + SD 8.006 + 5.809 19.04 +9.332
: % ! ) Unpaired t-test 0.0005 *Ek
n - value 17 12
Entries into light +SD 14.69 + 5.868 18.90 + 6.625
ntries into light (mean ) Unpaired t-test 0.0216 *
n - value 29 21
Time in light (s) (mean £ SD 143.0 + 78.20 162.5 + 60.87
Dali box ime in light (s) ( ) Unpaired t-test 0.3469 n.s.
n - value 29 21
Lat to light ent +SD 2.47 £103.7 1.39+20.46
atency to light entry (s) (mean + SD) > = 3 Mann-Whitney U test 0.0636 #
n - value 29 21
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Table S3. EPM and Dali box test over time in project 1. Mean + SD, statistical tests and their outcomes are indicated. DalLi box = dark-light box; DF = degrees of freedom; EPM = elevated plus
maze; n.s. = not significant; SD = standard deviation.

Experimental Time o Source of variation
Test Parameter group Time point 1 Time point 2 Statistical test Experimental Time Experimer)tal Group
Group x Time
Distance traveled (m) (mean + SD) Control 9.053 +1.492 8.496 * 1.655 DF 1 1 1
n - value 9 9 F-value 8.806 1.781 0.4121
Distance traveled (m) (mean % SD) SCN-Bmal1l- 13.92 +5.873 12.33 +3.308 p-value 0.0091 0.2008 0.53
n - value KD 9 9 Summary *x n.s. n.s.
Open arm entries (mean + SD) Control 13.78 + 4.604 13.00 + 4.610 DF 1 1 1
n - value 9 9 F-value 50.7 2.507 1.41
Open arm entries (mean + SD) SCN-Bmal1- 27.67 £ 6.344 22.22 +5.848 p-value <0.0001 0.1329 0.2523
n - value KD 9 9 Summary HEAK n.s. n.s.
Open arm time (s) (mean + SD) 41.43 + 23.05 53.59 +27.19 DF 1 1 1
EPM Control
n - value 9 9 F-value 27.49 0.02978 0.9391
Open arm time (s) (mean + SD) SCN-Bmal1- 157.2 + 66.76 139.8 +71.72 p-value < 0.0001 0.8652 0.3469
n - value KD 9 9 Two-way Summary HEAK n.s. n.s.
i o f repeated
Open arm distance (% ;)If))total distance) (mean t Contral 7547 + 6.413 11.30 + 6.756 easures DF 1 1 1
n - value 9 9 ANOVA F-value 6.489 0.346 1.181
Open arm distance (% ;’;;Otal distance) (mean+ | o\ g gri- 17.64 +9.015 16.52 £9.213 pvalue 0.0215 0.5646 0.2933
n - value KD 9 9 Summary * n.s. n.s.
Entries into light Control 9.750 + 4.652 12.50+2.777 DF 1 1 1
n - value 8 8 F-value 8.149 1.031 1.236
Entries into light SCN-Bmall- 17.88 +7.259 17.75 +5.701 p-value 0.0127 0.3272 0.2849
. n - value KD 8 8 Summary * n.s. n.s.
Dali box -
Latency to light entry (s) (mean % SD) Control 113.2 +113.2 69.80 + 76.57 DF 1 1 1
n - value 8 8 F-value 3.606 0.1962 0.8644
Latency to light entry (s) (mean % SD) SCN-Bmal1- 20.66 + 14.84 36.05 + 26.11 p-value 0.0784 0.6646 0.3683
n - value KD 8 8 Summary # n.s. n.s.
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Table S4. OFT and Dali box test over time in project 1. Mean + SD, statistical tests and their outcomes are indicated. DalLi box = dark-light box; DF = degrees of freedom; n.s. = not significant;

OFT = open field test; SD = standard deviation.

) Time Source of variation Uncor
Experime E i E i t | Statistical rected Correc
Test Parameter ntal , . ' . Statistical test Xperim . Xxperimen Comparison ted p- | Summary
Time point 1 Time point 2 ental Time al Group x Test p-
group X value
Group Time value
Distance traveled
36.05 £ 26.11 21.08 £ 8.932 DF 1 1 1 Control day vs.
(m) (mean # SD) Control Y VS| 0.0019 | 0.0038 *e
control night
n - value 9 9 F-value 2.411 23.67 0.1444
Distance traveled SCN-Bmal1-KD
N- 34.99 +11.75 27.95 + 8.823 -value 0.1401 0.0002 0.7089
(m) (mean £ D) BmSaCIl_KD . dayvs.SCN- | 0.0059 | 0.0118 *
n - value 9 9 Summary n.s. *Ex n.s. Bmal1-KD night
Center entries
76.00 £ 21.42 50.22 £ 20.39 DF 1 1 1 .
(mean + SD) Control Control day vs < 0.0010 *rx
control night 0.0001
OFT n - value 9 9 F-value 1.253 52.45 0.08543
Center entries < SCN-Bmal1-KD
CN- 84.33 £ 20.80 60.56 £ 12.43 -value 0.2795 0.7738 i !
(mean + SD) . msall ‘0 Two-way | 0.0001 L;';':erts dayvs. SCN- | 0.0002 | 0.0003 xx
- + .
n - value 9 9 repeated Summary n.s *oAkk n.s. B feeso Bmal1-KD night
onterron
Center time (s) measures ;
60.56 £ 12.43 222.5+86.74 DF 1 1 1 i .
(mean £ SD) Control ANOVA . Controlday vs. | ) 1757 | 0.1455 n.s.
correction control night
n - value 9 9 F-value 0.2929 4.826 0.2701
Center time (s) SCN- 259.2+51.91 | 221.4+80.70 pvalue | 05958 | 0.0431 | 0.6104 SR
(mean + SD) day vs. SCN- 0.253 0.506 n.s.
Bmal1-KD .
n - value 9 9 Summary n.s. * n.s. Bmal1-KD night
Time in light (s)
90.81 +53.48 182.0 £ 116.6 DF 1 1 1 .
(mean + SD) Control Control day vs. | ) 1576 | 0.0139 *
control night
DaLi bo n - value 8 8 F-value 0.8766 10.54 1.488
1 X
Time in light (s) SCN-Bmal1-KD
- 148.4 + 65.56 189.8 +73.78 -value 0.365 0.0058 0.2427
(mean + D) SCN pvalu dayvs.SCN- | 0.1737 | 0.3473 n.s.
Bmal1-KD .
n - value 8 8 Summary n.s o n.s Bmal1-KD night
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Table S5. First TST, first LH and second LH test in project 1. Mean + SD, statistical tests and their outcomes are indicated.

TST = tail suspension test.

LH = learned helplessness; n.s. = not significant; SD = standard deviation;

Test Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
i i il +SD 183.9 + 54. 183.6 + 76.2
Time immobile (s) (mean + SD) 83.9 £ 54.89 83.6 + 76.28 [ P 0.9879 ns.
n - value 29 21
Transitions between mobile and
23+10.69 20.14 £9.074
First TST immobile episodes (mean + SD) 3+10.6 Unpaired t-test 0.326 n.s
n - value 29 21
Immobility latency (s) (mean + SD 77.27 £52.89 74.33 +38.94
ey v (5) ( ) Unpaired t-test 0.8304 n.s.
n - value 29 21
Latency (s) (mean + SD) 18.72 + 8.162 19.70 + 6.873 . .
n too small for statistical analysis - -
First LH n - value 8 3
i
Number of failures (mean + SD) 9.625 + 7.558 10.33 + 8.505 . .
n too small for statistical analysis - -
n - value 8 3
Latency (s) (mean + SD) 15.35 + 8.302 14.03 + 6.062 )
Unpaired t-test 0.5975 n.s
n - value 20 16
Second LH ;
Number of failures (mean * SD) 7.950 + 8.817 5.250 £ 4.107 )
Unpaired t-test 0.267 n.s.
n - value 20 16

Table S6. TST over time in project 1. Mean + SD, statistical tests and their outcomes are indicated.

DF = degrees of freedom; n.s. = not significant; SD = standard deviation; TST = tail suspension test.

. Time Source of variation
Experimental e " .
Test Parameter . . . . Statistical test Experimental , Experimental Group
group Time point 1 Time point 2 Time .
Group x Time
Time immobile (s) (mean + SD) Control 167.3 £ 54.01 205.0 £ 73.43 DF 1 1 1
n - value 9 9 F-value 0.5129 2.785 0.00224
Ti i il +SD 150.7 +48.1 186.3 + 94.97 -val 0.4842 0.1146 0.9628
ime immobile (s) (mean + SD) SCN-Bmal1-KD 50 8.16 86.3+94.9 p-value
n - value 9 9 Summary n.s. n.s. n.s.
Transitions bfatween mobile and immobile 24.89 +10.83 21.78 + 10.65 DF 1 1 1
episodes (mean + SD) Control Two-way
ST n -value 9 9 repeated F-value 0.1361 2.977 0.1191
Transitions between mobile and immobile measures
24.33 +7.632 19.67 £ 6.124 -val 0.717 0.1037 0.7345
episodes (mean + SD) SCN-Bmall-KD 3 3 ? 6 ANOVA p-value
n - value 9 9 Summary n.s. n.s. n.s.
Immobility latency (s) (mean + SD) Control 19.67 + 6.124 98.93 + 27.62 DF 1 1 1
n - value 9 9 F-value 1.567 0.7266 0.2452
Immobility latency (s) (mean + SD) 56.03 + 30.98 91.43 +£97.91 p-value 0.2287 0.4066 0.6272
SCN-Bmal1-KD
n - value 9 9 Summary n.s. n.s. n.s.
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Table S7. Cognitive and reward-related parameters assessed in the IntelliCage system in project 1.

under the curve; n.s. = not significant; SD = standard deviation.

Mean + SD, statistical tests and their outcomes are indicated

. AU = arbitrary unit; AUC = area

Test Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
Spontaneous alternations (mean + SD 41.25+9.421 46.13 £7.220
Y-maze L d I ( ) Unpaired t-test 0.2319 n.s.
n - value 12 8
Pref AU +SD 0.4856 £ 0.1160 0.5555 +0.2475
Reversal learning reference Score (AU) (mean + SD) 85610 Unpaired t-test 0.4038 n.s
n - value 12 8
AUC of Learning Curve (AU) (mean + SD 1.119 + 0.09087 1.078 +0.2148
Serial reversal learning ing Curve (AU) { ) Unpaired t-test 0.5654 n.s
n - value 12 8
Pref S AU +SD 0.8207 £ 0.2197 0.9669 £ 0.04839
reference Score (AU) (mean ) Mann-Whitney U test 0.0246 *
n - value 12 8
i + + +
Sucrose licks (mean + SD) 6415 * 2656 10638 + 4614 e e 0.0178 *
n - value 12 8
Sucrose preference test Water lick: +SD 507.3 +556.8 125.4 +190.2
ater licks (mean + SD) 22200 abtills Mann-Whitney U test 0.0306 *
n - value 12 8
Total lick: +SD 22 £ 244 10764 + 451
otal licks (mean * SD) 69 3 076 518 e e 0.0236 *
n - value 12 8
Pref AU +SD 0.5324 £ 0.1946 0.7781 £ 0.08022
Place learning reference Score (AU) (mean * SD) 32440 Mann-Whitney U test 0.0030 *x
n - value 12 8
Table S8. Absolute weight, percent weight gain and food consumption from Week 0 — 6 in project 1. Mean + SD is indicated. SD = standard deviation.
Experimental ero parameter Weeks after stereotactic injection
X 1
P group 0 1 2 3 4 5 6
Control Weight (g) (mean + SD) 22.35+1.509 22.58 +1.371 24.09 + 1.745 25.32 £+ 2.159 26.29 £ 2.627 27.54 £ 3.242 28.87 + 3.845
n - value 29 29 29 29 29 29 29
SCN-Bmali-KD Weight (g) (mean * SD) 22.06 + 0.8669 23.28 +1.098 26.01 +2.519 27.97 £3.747 29.04 £ 4.625 29.45 +4.694 29.29 +4.367
ma n - value 21 21 21 21 21 21 21
Control Weight gain (%) (mean % SD) 0+0 1.148 +3.749 7.916 £ 6.605 13.48 +9.309 17.84 +11.34 23.44 +14.17 29.46 £ 17.03
ontro n - value 29 29 29 29 29 29 29
SCN-Bmali-KD Weight gain (%) (mean % SD) 00 5.654 + 6.049 17.99+11.34 26.80+16.48 31.68 +20.64 33.56+21.24 32.90+20.14
-Bmall-
n - value 21 21 21 21 21 21 21
Food consumption/ animal/week (g) ; 25.71£0 28.66+0 29.47 £3.120 26.09 £ 2.038 30.75 + 5.544 28.28+4.630
Control (mean + SD)
n - value - 1 1 2 2 2 2
Food consumption/ animal/week (g) - 25490 31.16 0 33.01+6.341 26.44 £5.970 26.86 £2.720 23.59 + 1.339
SCN-Bmal1-KD (mean + SD)
n - value - 1 1 2 2 2 2
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Table S9. Absolute weight, percent weight gain and food consumption from Week 7 — 17 in project 1. Mean + SD is indicated. SD = standard deviation.

Weeks after stereotactic injection

Experimental group Parameter
7 8 9 10 11 12 13 14 15 16 17
X 32.03 ¢ 33.01 £ 3334+ 33.76 £ 34.14 + 34.09 £ 33.84 £
+ + + + +
Control Weight (g) (mean £ SD) 29.80 £ 4.344 30.26 +£4.938 29.97 £ 4.946 30.67+ 5.533 6.062 6.565 7.084 7453 7615 7,665 3278
n - value 29 29 25 21 21 21 21 21 21 21 21
. 30.07 £ 30.47 £ 30.29 ¢ 30.03 £ 30.77 £ 30.88 £ 31.12 +
+ + + + +
SCN-Bmal1-KD Weight (g) (mean £ SD) 29.14 £ 4.550 30.07 £4.757 29.62 +4.740 28.76 £ 4.824 5 471 716 5913 £ 653 6.251 6.227 6.427
n - value 21 21 19 18 18 18 18 18 18 18 18
44.20 + 48.75 50.12 + 52.00 £ 53.79 £ 53.74 £ 52.55 £
Weigh in (% + .62 +19. .61 +21. .76 £ 23. .01 £ 25.
Control eight gain (%) (mean % SD) 33.62£19.21 35.61 +21.69 34.76 + 23.00 38.01 £+ 25.54 28.22 31.19 33.14 34.62 35.78 36.96 39.24
n - value 29 29 25 21 21 21 21 21 21 21 21
36.52 38.36 3757 £ 36.38 £ 39.72 ¢ 40.25 + 41.27 +
i in (% + + + + +
SCN-Bmal1-KD Weight gain (%) (mean + SD) | 32.18 +20.78 36.42 £21.69 34.81+£21.79 30.57 £21.58 2454 25.90 26.67 25.60 28.14 28.16 28.85
n - value 21 21 19 18 18 18 18 18 18 18 18
Food consumption/ 31.65+ 30.36 28.97 + 28.86 + 31.64 + 28.30 +
130+ 1.18 + 27.28 £ 5.527 29.10 + 8.557 4.21 +
Control animal/week (g) (mean + SD) 31300 31180 8£55 910 £8.55 1.887 3 0 4.547 1.928 2.134 2.872 4.319
n - value 1 1 2 2 2 1 2 2 2 2 2
Food consumption/ 2410+ 26.24 + 23.99+ 2594 + 27.46 + 26.38 +
+ + + + +
SCN-Bmal1-KD animal/week (g) (mean + SD) 22.17£0 26.75£0 2588+ 1.085 22.34£6.598 2.391 28.83+0 0.7607 4.523 0.4101 4.099 0.2022
n - value 1 1 2 2 2 1 2 2 2 2 2
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Table S10. Statistics for absolute weight, percent weight gain and food consumption in project 1. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant.

+ L Source of variation
Time frame Parameter Statistical test - " " "
Experimental Group Time Experimental Group x Time
DF 1 17 17
sl et Mixed-effects analysis F-value 0.6237 62.13 7.472
ghtie (Repeated-Measured) p-value 0.4335 <0.0001 <0.0001
Summary n.s. xEAK hottoh
Week 0 - 17 oF 1 ) )
. . Mixed-effects analysis F-value 0.2572 60.93 7.241
Weight 9
eight gain (%) (Repeated-Measured) p-value 0.6144 <0.0001 <0.0001
Summary n.s. il ol
DF 1 6 6
. . Two-way repeated F-value 6.930 110.4 5.192
Week 0 - Weigh %
eek0-6 eight gain (%) measures ANOVA p-value 0.0114 <0.0001 0.004
Summary * * kK PP
DF 1 10 10
. . Mixed-effects analysis F-value 1.502 19.74 5.251
Week 7 - 17 Weight 9
ee eight gain (%) (Repeated-Measured) p-value 0.2264 <0.0001 <0.0001
Summary n.s. il ol
DF 1 16 16
. ) Mixed-effects analysis F-value 1.115 0.9491 0.8486
Week 0-17 Food consumption / animal / week (g) (Repeated-Measured) p-value 0.4016 0.5341 0.6264
Summary n.s. n.s. n.s.

Table S11. Fat pads in project 1. Mean * SD, statistical tests and their outcomes are indicated. BAT = brown adipose tissue; gWAT = gonadal white adipose tissue; iWAT = inguinal white adipose

tissue; n.s. = not significant; SD = standard deviation.

Measurement Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
% gWAT (mean + SD) 5.443 + 3.691 6.127 £+ 4.797 :
Mann-Whitney U test 0.8916 n.s.
n - value 29 21
% iIWAT +SD 2.216 +1.837 2.106 + 1.549
Fat Pad weight at sacrifice °! (mean ) Unpaired t-test 0.8239 n.s
n - value 29 21
% BAT (mean + SD) 0.4345 +0.1637 0.3605 + 0.1040 Unpaired t-test 0.0754 o
n - value 29 21 P '
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Table S$12. Day vs. night metabolic cage parameters in project 1. Mean + SD is indicated. SD = standard deviation.

Phase
M t Parameter Experimental gro
easuremen xperi group Day Night
Activity (counts) (mean + SD) Control 398321 + 166779 575838 + 124789
Day vs. night locomotor activit n-value 19 19
R g Activity (counts) (mean * SD) 380019 * 185351 466379 + 208107
SCN-Bmal1-KD
n - value 15 15
Food intake (g) (mean + SD) 7.906 + 2.455 13.94+7.184
Control
Day vs. night food consumption n-value 19 19
y Vs. ni u i X
F + 10.77 £ 5.63 11.29 £ 5.44
ood intake (g) (mean * SD) SCN-Bmal1-KD 636 6
n - value 15 15
Water intake (ml) (mean + SD) 17.02+8.721 24.34 £ 13.22
|
, ) n - value Contro 19 19
Day vs. night water consumption
Water intake (ml) (mean + SD) 17.54 +11.37 21.80 + 15.05
SCN-Bmal1-KD
n - value 15 15
Respiratory exchange rate (mean + SD) Control 0.9044 + 0.03460 0.9250 + 0.04235
Day vs. night respiratory exchange rate n-value 12 12
VS. ni 1 X
v & P v & Respiratory exchange rate (mean + SD) 0.9018 + 0.05680 0.9021 + 0.06900
SCN-Bmal1-KD
n - value 8 8
Energy expenditure (kcal/h/kg) (mean % SD) Control 5.741 + 0.6609 6.304 + 0.8538
D ieht dit n - value 12 12
vs. ni nergy expenditur
Aok L CLE Gl Energy expenditure (kcal/h/kg) (mean + SD) 5.382 £ 0.6673 5.631£0.8917
| SCN-Bmal1-KD 3 3
n - value
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Table S$13. Statistics for day vs. night metabolic cage parameters in project 1. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant.

- Source of variation Statistical . Uncorrected Corrected p-
Measurement Statistical test - - Comparison Summary
Experimental group Phase Experimental group x phase Test p-value value
DF 1 1 1 o
Control da.y vs. control <0.0001 <0.0001 ok
Day vs. night F-value 1.1387 32.24 3.847 night
locomotor activit -value 0.2476 < 0.0001 0.0586 - - .
y p o SCN-Bmal1-KD da.y Vs 0.0183 0.0367 o
Summary n.s. # SCN-Bmal1-KD night
DF 1 1 1 .
Control davy vs. control 0.0003 0.0007 .
Day vs. night food F-value 0.004855 8.406 5.95 night
consumption p-value 0.9449 0.0067 0.0204 SCN-Bmal1-KD day vs.
7 > 0. 9 .
Summary n.s. o * SCN-Bmal1-KD night 0-7603 0.999 n-s
R DF 1 1 1 i ! o
‘ Two-way Fisher's Control da.y vs. control <0.0001 <0.0001 Sk kK
Day vs. night water repeated F-value 0.0615 29.01 2.015 LSD test + night
consumption measures p-value 0.8057 < 0.0001 0.1654 Bonferroni SCN-Bmal1-KD day vs. e S ”
ANOVA | summary n.s. S n.s. correction SCN-Bmal1-KD night : :
DF 1 1 1 Control day vs. control
i . 0.0274 0.0549 #
Day vs. night F-value 0.3472 2.367 2.24 night
respiratory exchange lue 0.563 0.1413 0.1518 SCN-Bmal1-KD d
-va . . . - - .
rate P ma ayvs 0.9788 >0.9999 ns
Summary n.s. n.s. n.s. SCN-Bmal1-KD night
DF 1 1 1 o
' Control da.y vs. control <0.0001 0.0002 .
Day vs. night energy F-value 2.277 21.36 3.206 night
expenditure p-value 0.1486 0.0002 0.0902 SCN-Bmal1-KD day vs.
Summary n.s. xoHE # SCN-Bmal1-KD night 0.0843 0.1685 ns.
Table S14. Overall metabolic cage parameters in project 1. Mean + SD, statistical tests and their outcomes are indicated. n.s. = not significant; SD = standard deviation.
Measurement Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
Activity (counts) (mean + SD 974159 + 246701 853064 + 402868
Total locomotor activity Ivity (counts) ( ) Mann-Whitney U test 0.0138 *
n - value 19 15
Food intak +SD 21.85+7.698 22.06 +9.844
Total food consumption ood intake (g) (mean ) Unpaired t-test 0.9449 n.s
n - value 19 15
X Water intake (ml) (mean % SD) 41.36 +21.28 39.34 + 26.18 X
Total water consumption Mann-Whitney U test 0.5836 n.s.
n - value 19 15
Respirat h t +SD 0.9147 + 0.03579 0.9019 + 0.06132
Mean respiratory exchange rate espiratory exchange rate (mean ) Unpaired t-test 0.563 n.s
n - value 12 8
Energy expenditure (kcal/h/kg) (mean + SD 6.022 +0.7354 5.507 + 0.7688
Mean energy expenditure St N ( al i /ke) ( ) B 3 Unpaired t-test 0.1486 n.s.
-valu
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Table S15. First GTT and ITT in project 1. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; GTT = glucose tolerance test; ITT = insulin tolerance test; SD = standard

deviation.
Experimental group Source of variation
Test Time Parameter Control SCN-Bmal1-KD Statistical test Experimental Time Experimet\tal Group x
Group Time
T Glucose (mg/dL) (mean * SD) 166.3 + 34.77 129.8 +20.28
n - value 29 21 DF 1 5 5
15 min Glucose (mg/dL) (mean + SD) 391.4 +70.69 265.6 £ 51.71
n - value 29 21
30 min Glucose (mg/dL) (mean + SD) 382.0+72.23 265.2 + 65.84 F-value 52.65 198.1 8.574
n - value 29 21
Glucose tolerance
test 60 min Glucose (mg/dL) (mean % SD) 300.6 £ 61.7 218.2£55.7
n - value 29 21 p-value <0.0001 < 0.0001 <0.0001
90 min Glucose (mg/dL) (mean * SD) 245.9 + 44.75 162.1 +33.35
n - value 29 21
120 min Glucose (mg/dL) (mean + SD) 204.5 +46.19 144.7 + 25.81 Two-way Summary ok ok ook
n - value 29 21 repeated
o min Glucose (mg/dL) (mean * SD) 182.8+32.21 127.1 % 33.99 ”E\Té‘:;:s
n - value 29 20 DF 1 5 5
15 min Glucose (mg/dL) (mean + SD) 177.6 +51.96 107.2 + 25.58
n - value 29 20
30 min Glucose (mg/dL) (mean * SD) 123.5 +43.45 79.55 + 21.60 F-value 31.25 46.34 3.065
Insulin tolerance n - value 29 20
test 60 min Glucose (mg/dL) (mean + SD) 118.8 + 40.14 79.95 +20.73
n - value 29 20 p-value <0.0001 <0.0001 0.0106
90 min Glucose (mg/dL) (mean * SD) 128 + 44.63 85.35 +20.84
n - value 29 20
120 min Glucose (mg/dL) (mean + SD) 137.0 +44.03 94.0 +27.15 Summary *Ekx *Erx *
n - value 29 20
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Table S16. AOC and fasting glucose for the first GTT and ITT in project 1. Mean + SD, statistical tests and their outcomes are indicated. AOC = area of the curve; GTT = glucose tolerance test;
ITT = insulin tolerance test; n.s. = not significant; SD = standard deviation.

Test Parameter Control SCN-Bmal1-KD Statistical Test p-value Summary
AOC (mg/dL x min) (mean = SD 15120 + 6035 9241 + 4676
(me/ A ) Unpaired t-test 0.0005 *Ek
Gl Tol Test 1 n - value 29 21
ucose Tolerance Tes
Fasti | 6-h fasti dL +SD 166.3 +34.77 129.8 £ 20.28
asting glucose (6-hour fasting) (mg/dL) (mean ) 66.3 13 0 Unpaired t-test <0.0001 .
n - value 29 21
AOC (mg/dL x min) (mean = SD 5973 + 3229 4568 + 2835
(meg/dL x min) ( ) Mann-Whitney U test 0.1019 n.s.
Insulin Tolerance Test 1 n-value 29 20
uli
Fasti lucose (4-h fasti dL +SD 182.8 +32.21 127.1 +33.99
asting glucose (4-hour fas Img) (mg/dL) (mean ) - 20 Mann-Whitney U test <0.0001 b
n -value

Table S17. GTT and ITT over time in project 1. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; GTT = glucose tolerance test; ITT = insulin tolerance test;
n.s. = not significant; SD = standard deviation.

Experimental Time o Source of variation
Test Parameter group Time point 1 Time point 2 Statistical test Experimental Time Experime|‘1tal Group
Group x Time
AOC (mg/dL x min) (mean + SD) 14002 + 5751 17877 + 6016 DF 1 1 1
n - value Control 9 9 F-value 27.16 1.88 0.744
AOC (mg/dL x min) (mean # SD) SCN-Bmal1- 8055 + 3274 8938 + 3301 p-value <0.0001 0.1893 0.4011
tgll::::cee n - value KD 9 9 Summary rHEA n.s. n.s.
test Fasting glucose (6-hour fasting) (mg/dL) (mean + SD) Control 160.8 + 28.53 164.7 +37.79 DF 1 1 1
n - value 9 9 F-value 13.74 0.1046 0.0009
Fasting glucose (6-hour fasting) (mg/dL) (mean + SD) SCN-Bmall- 127.8+12.33 131.0 £35.19 Two-way p-value 0.0019 0.7506 0.9762
n - value KD 9 9 repeated Summary *x n.s. n.s.
AOC (mg/dL x min) (mean * SD) 5158 + 3149 2650 + 2519 measures DF 1 1 1
n - value Control 8 8 ANOVA F-value 2.843 2.909 1.626
AOC (mg/dL x min) (mean # SD) SCN-Bmal1- 3030 + 1417 2668 + 1108 p-value 0.1124 0.1087 0.2216
Insulin
tolerance n - value KD 9 9 Summary n.s. n.s. n.s.
test Fasting glucose (6-hour fasting) (mg/dL) (mean + SD) Control 198.9 + 11.93 178.4 + 35.98 DF 1 1 1
n - value 8 8 F-value 14.9 0.7334 2.569
Fasting glucose (6-hour fasting) (mg/dL) (mean + SD) SCN-Bmal1- 134.0+42.14 140.2 £ 29.98 p-value 0.0015 0.4052 0.1298
n - value KD 9 9 Summary ** n.s. n.s.
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Table S18. Glucose measurements in project 1. Mean * SD is indicated. Cumulative day glucose = ZT1 + ZT5 + ZT9. Cumulative night glucose = ZT13 + ZT17 + ZT21. SD = standard deviation;

ZT = Zeitgeber time.

Experimental group

Measurement Time point Parameter

Control SCN-Bmal1-KD
o Glucose (mg/dL) (mean * SD) 170.0 + 38.77 134.9 £ 19.89

n - value 9 9
e Glucose (mg/dL) (mean + SD) 165.2 +31.88 146.4 + 24.06

n - value 9 9
e Glucose (mg/dL) (mean * SD) 175.4 + 39.80 137.3 +18.88

n - value 9 9

24-hour glucose

7T13 Glucose (mg/dL) (mean * SD) 172.0 £ 26.28 133.8+18.42

n - value 9 9
T Glucose (mg/dL) (mean * SD) 194.4 + 34.38 150.1 + 35.07

n - value 9 9
711 Glucose (mg/dL) (mean + SD) 186.9 +32.74 142.1 +20.03

n - value 9 9

. Phase
Measurement Experimental group Parameter -
Day Night
Glucose (mg/dL) (mean + SD) 510.7 £ 67.92 553.3+67.58
Control
Cumulative day vs. night Glucose n_value 2 2
umu v VS. ni u
v & Glucose (mg/dL) (mean + SD) 418.7 +47.10 426 + 67.58
SCN-Bmal1-KD
n - value 9 9

Table $19. Statistics for glucose measurements in project 1. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant; ZT = Zeitgeber time.

Source of variation

Measurement Statistical test - N
Experimental group T Experimental group x ZT
Two-way DF 1 5 5
24-hour glucose repeated F-value 15.52 1.918 0.7127
urglu measures p-value 0.0012 0.1005 0.5157
ANOVA Summary ** n.s. n.s.
Source of variation
iegi . " i e . Uncorrected p- Corrected p-
Measurement Statistical test Experimental Experimental group Statistical Test Comparison Summary
Phase value value
group X phase
Two-way DF 1 1 1 . Control day vs. control
' . 0.0005 0.0010 e
Cumulative day vs. night | repeated F-value 15.52 12.94 6.462 F'ShBe;;fi?o;ﬁSt + night
Glucose measures p-value 0.0012 0.002 0.0217 . SCN-Bmal1-KD day vs.
correction 4664 .9328 .
ANOVA Summary ok *k * SCN-Bmal1-KD night 0 0 n-s
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Table S20. IntelliCage data in project 2. Mean = SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; nocturnality score = (parameter during dark phase - parameter during

light phase) / (parameter during dark phase + parameter during light phase); SD = standard deviation.

Paradigm Source of variation o
" . N Statistical . Uncorrected Corrected
Test Parameter Sex Shift Statistical test i Sex x shift Comparison Summary
Control Sex Shift work Test p-value p-value
work work
el o0l 022 ¢ o . ) . Male control
= ale control vs.
Mal 353.5 389.2 .0014 .0027 bk
SD) aie Male shift work 0.00 0.00
n - value 15 15 F-value 96.11 22.15 0.00415
Overall corner
- 4594 + 3739+ Female control
sits (mean * -value <0.0001 <0.0001 0.9488 i !
| visits Female | 902.9 970.8 p-valu Fisher's LSD |\ Female shift 0.0018 0.0036 **
Intelli- SD) Two-way test + work
Cage n - value 15 15 ANOVA [ Summary R kA n.s. Bonferroni
Nocturnality 0.4571+ | 0.3812+ correction
DF 1 1 1
(mean + SD) Male 0.1016 | 0.08336 Male control vs. 0.0089 0.0177 *
Male shift work
n - value 15 15 F-value 15.08 44.31 8.136
Nocturnality 0.5916+ | 0.4017 £ Female control
-value 0.0003 <0.0001 0.0061
(mean + SD) Female 0.04484 0.06280 P vs. Female shift < 0.0001 < 0.0001 HHEE
n - value 14 15 Summary *xx rHEE *x work

Appendix B: Supplementary tables

182



Table S21. OFT and transitions in the TST in project 2. Mean + SD is indicated. OFT = open field test; SD = standard deviation; TST = tail suspension test.

Test Parameter Sex Paradigm
Control Shift work
Distance traveled (m) (mean + SD) Male 17.66 + 4.259 19.74 £ 5.315
n - value 18 18
Distance traveled (m) (mean + SD) Female 19.25 +3.013 20.10 + 4.067
n - value 11 12
Center entries (mean + SD) Male 42.78 +11.70 46.28 +9.510
n - value 18 18
Center entries (mean + SD) 43.42 £ 10.26 48.42 + 10.08
Female
OFT n - value 12 12
Center time (s) (mean + SD) Male 132.5 +30.16 133.5+36.18
n - value 18 18
Center time (s) (mean + SD) 117.0 £ 42.06 113.1 +39.22
Female
n - value 12 12
Transitions mobile / immobile episodes (mean + SD) Male 33.67 £6.553 31.22 +£8.434
n - value 18 18
Transitions mobile / immobile episodes (mean + SD) Female 22.83 £6.520 28.00 + 5.394
n - value 12 12
Transitions mobile / immobile episodes (mean + SD) Male 24.67 £ 6.544 24.71 £9.816
n - value 18 17
TsT Transitions mobile / immobile episodes (mean + SD) Female 15.33 £ 6.499 24.17 £9.989
n - value 12 12
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Table S22. Statistics for OFT and transitions in the TST in project 2. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant; OFT = open field test; TST = tail

suspension test.

Test Parameter Statistical test Source of variation Statistical Comparison Uncorrected Corrected Summar
Sex Shift work Sex x shift work Test p p-value p-value y
DF 1 1 1 Male control vs.
.1607 321 .S.
: F-value 0.6963 1.553 0.2787 Male shift work 0.160 0.3215 n-s
Distance traveled alue 0.4076 0.2179 0.5996 Femal |
-valu 5 b b .
: emale controlvs 0.6476 >0.9999 n.s.
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
. 0.3203 0.6406 .
. F-value 0.2533 2.372 0.07387 Male shift work n-s
Center entries lue 0.6167 0.1292 0.7868 Female control
-va . . .
£ ema’e controrvs. 0.2471 0.4942 n.s
OFT Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 Fisher's LSD Male control vs.
. 0.9309 >0.9999 n.s.
) Two-way F-value 3.522 0.02137 0.06569 test + Male shift work
Center time .
ANOVA p-value 0.0658 0.8843 0.7987 Bonferroni Female control vs. 0.796 >0.9999 n.s
Summary # n.s. n.s. correction Female shift work : ’ "
DF 1 1 1 Male control vs.
. 0.2978 0.5956 .
Transitions mobile / F-value 14.61 0.5479 4.283 Male shift work n-s
immobile episodes p-value 0.0003 0.4623 0.0431 Female control vs.
Summary *xk n.s. * Female shift work 0.0751 0.1502 ns
DF 1 1 1 Male control vs.
. 0.989 >0.9999 n.s.
ST Transitions mobile / F-value 4.978 4.02 3.95 Male shift work
immobile episodes p-value 0.0298 0.0499 0.0519 Female control vs.
. 0.0122 0.0244 -
Summary * - # Female shift work
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Table $23. EPM and Dali box test in project 2. Mean + SD is indicated. DaLi box = dark-light box; EPM = elevated plus maze; SD = standard deviation.

Paradigm
Test Parameter Sex -
Control Shift work
Open arm entries (mean * SD) Male 6.000 + 3.102 9.111 + 3.563
n - value 17 18
Open arm entries (mean * SD) Female 14.33 +7.499 8.000 £ 2.523
n - value 12 12
Open arm time (s) (mean + SD) Male 16.36 +12.93 21.81+14.34
n - value 17 18
EPM Open arm time (s) (mean + SD) Female 33.97 +15.67 16.80 + 8.007
n - value 12 12
Open arm distance (m) (mean + SD) Male 0.1786 £ 0.2722 0.2768 £ 0.3123
n - value 17 18
Open arm distance (m) (mean * SD) Female 0.4286 + 0.3256 0.2488 + 0.1975
n - value 11 12
Entries into light (mean + SD) Mal 6.722 +3.286 7.167 £ 5.090
n - value ale 18 18
Entries into light (mean + SD) Female 9.000 + 3.801 5.100 £ 3.035
n - value 10 10
Time in light (s) (mean % SD) Male 52.64 +32.59 50.33 £ 32.50
n - value 18 18
Dali box — val
Time in light (s) (mean £ SD) Female 58.69 + 29.91 32.12+£19.71
n - value 10 10
Distance in light (m) (mean * SD) Mal 2.937 £1.522 2.992 +2.992
ale
n - value 18 18
Distance in light (m) (mean * SD) Female 4.243 +2.688 2.045 +1.249
n - value 10 10
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Table S24. Statistics for EPM and DalLi box test in project 2. Statistical tests
n.s. = not significant.

and their outcomes are indicated. Dali box = dark-light box; DF = degrees of freedom; EPM = elevated plus maze;

Test Parameter Statistical test Source of variation Statistical Comparison Uncorrected Corrected Summa
Sex Shift work Sex x shift work Test P p-value p-value v
DF 1 1 1 Male control vs.
. .04 .0812 #
: F-value 9.644 1.92 16.49 Male shift work 0.0406 0.08
Open arm entries p-value 0.003 0.1715 0.0002 Female control
E ! ! 3 emale control vs.
*%
Summary > n.s. o Female shift work 0.0008 Doy
DF 1 1 1
Male cor\trol VS. 0.2275 0.455 ns
. F-value 3.24 2.807 10.45 Male shift work
EPM Open arm time | 0.0774 0.0995 0.0021 Femal |
p-value . . . emale control vs. %
Summary # # *x Female shift work 0.0024 0.0047
DF 1 1 1 Male control vs.
.317 . .S.
: F-value 2.099 0.2835 3.292 Male shift work 03178 0.6356 =
Open arm distance value 0.1533 0.5966 0.0753 Female control
- ‘ : ' Fisher's LSD emae controrvs. 0.1345 0.269 n.s.
Two-way Summary n.s. n.s. # test + Female shift work
DF 1 1 1 i
ANOVA Bonferroni Male COptrol Vs. 0.741 >0.9999 ns
L . F-value 0.0089 2.384 3.769 correction Male shift work
Entries into light
p-value 0.9252 0.1286 0.0576 Female control vs.
. 0.0343 0.0686 #
Summary n.s. n.s. # Female shift work
DF 1 1 1
Male control vs.
. 0.8196 > 0.9999 n.s.
. N F-value 0.5193 2.931 2.068 Male shift work
DalLi box Time in light
-value 0.4743 0.0928 0.1564 F | lvs.
- emae controlvs 0.0548 0.1097 n.s.
Summary n.s. # n.s. Female shift work
DF 1 1 1 Male control vs.
0.9304 >0.9999 .
_ o F-value 0.1197 4.282 4.727 Male shift work ns
Distance in light | 0.7307 0.0435 0.0343 Femal |
-valu . . .
praue emae control vs. 0.0107 0.0215 *
Summary n.s. * * Female shift work
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Table S25. TST, sucrose preference test, LH test and pain sensitivity in project 2.

Mean + SD is indicated.

LH = learned helplessness; SD = standard deviation; TST = tail suspension test.

P "
Test Parameter Sex aradigm -
Control Shift work
Time immobile (s) (mean + SD) Male 215.5+34.34 201.8 £41.62
n - value 18 16
Time immobile (s) (mean % SD) Female 160.2 + 75.24 158.9 + 56.52
ST n - value 12 12
Immobility latency (s) (mean + SD) Mal 66.07 £ 24.44 73.03 £26.71
e
n - value @ 18 16
Immobility latency (s) (mean * SD) F | 86.51 +34.84 71.18 £ 44.02
emale
n - value 12 12
Preference Score (AU) (mean + SD) Male 0.3501 + 0.08766 0.3229 £ 0.09317
Sucrose preference n - value 15 15
test Preference Score (AU) (mean + SD) Female 0.2571+£0.1719 0.2292 + 0.08196
n - value 15 15
Latency (s) (mean £ SD) Male 16.27 + 7.840 7.539 + 3.427
n - value 16 16
Latency (s) (mean £ SD) Female 9.866 + 2.453 13.59+7.182
LH n - value 10 9
Number of failures (mean + SD) Male 8.188 +7.111 0.6667 +1.175
n - value 16 15
Number of failures (mean + SD) Female 0.9000 + 1.449 6.000 + 6.442
n - value 10 9
Pain threshold (mA) (mean * SD) Male 0.06250 + 0.02176 0.05750 + 0.02517
a
Pain sensitivit n - value 16 16
i itivi
v Pain threshold (mA) (mean * SD) r | 0.1040 + 0.02271 0.09556 + 0.02603
emale
n - value 10 9

Appendix B: Supplementary tables

187



Table S26. Statistics for TST, sucrose preference test, LH test and pain sensitivity in project 2. Statistical tests and their outcomes are indicated. DF = degrees of freedom; LH = learned helplessness;

n.s. = not significant; TST = tail suspension test.

Test Parameter Statistical test Source of variation Statistical Comparison Uncorrected Corrected Summary
Sex Shift work Sex x shift work Test P p-value p-value
DF 1 1 1 Male control vs.
. 0.4396 0.8792 n.s.
Ti . bil F-value 12.75 0.2997 0.2073 Male shift work
ime immobile
p-value 0.0008 0.5863 0.6507 Female control vs.
e . 0.9522 >0.9999 n.s.
TST Summary n.s. n.s. Female shift work
DF 1 1 1 .
Male control vs 0.5303 >0.9999 n.s
. F-value 1.18 0.2391 1.696 Male shift work
Immobility latency | 0.2821 0.6268 0.1983 F | |
prvoue ' ' ' emale control vs. 0.2469 0.4937 n.s
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
. 0.5187 >0.9999 n.s.
S”fcmse oret S F-value 9.918 0.8648 0.00013 Male shift work
preference reference Score
-val .002 b 4 R i y .
test p-value 0.0026 0.356 0.9909 Fisher's LSD Female cormol Vs 0.5084 >0.9999 26
Two-way Summary *x n.s. n.s. test + Female shift work
ANOVA DF 1 1 1 Bonferroni Male control vs. KEk
Lat F-value 0.01127 2.242 13.86 correction Male shift work <0.0001 0.0002
atency p-value 0.9159 0.141 0.0005 Female control vs.
o . 0.1669 0.3339 n.s
LH Summary n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
. 0.0001 0.0002 okt
. F-value 0.4574 0.7019 19.08 Male shift work
Number of failures
p-value 0.5022 0.4065 <0.0001 Female control vs.
. 0.0299 0.0598 #
Summary n.s. n.s. *k kK Female shift work
DF 1 1 1 .
Male control vs 0.5555 >0.9999 n.s
Pain Pain threshold F-value 33.19 0.948 0.06222 Male shift work
a esho
sensitivity inthres p-value <0.0001 0.3352 0.8041 Female control vs.
. 0.4442 0.8884 n.s
Summary HEAK n.s. n.s. Female shift work
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Table S27. Weight and fat pads in project 2. Mean + SD is indicated. BAT = brown adipose tissue; BW = body weight; gWAT = gonadal white adipose tissue; iWAT = inguinal white adipose tissue;
SD = standard deviation.

Measurement Parameter Se Paradigm
X
" Control Shift work
Weight (g) (mean + SD) VETS 23.43 +1.679 22.55 +2.352
X n - value 18 18
Weight at start Weight (g) (mean £ SD) Fermale 19.31 £ 0.568 19.53 + 1.414
n - value 12 12
Weight gain (%) (mean + SD) Male 15.53 + 3.806 22.03+11.12
n - value 17 18
Weigh ifi
elght at sacrifice Weight gain (%) (mean + SD) 7.626 +3.285 7.320+4.708
lue Female 12 11
n-va
% gWAT of BW (mean * SD) Male 0.9550 + 0.2172 0.9374 + 0.2157
n - value 18 18
WAT
e % gWAT of BW (mean * SD) Female 0.8072 + 0.2074 1.018 + 0.4936
n - value 12 11
% iIWAT of BW (mean * SD) Male 0.4445 £ 0.1269 0.4666 + 0.1082
n - value 18 18
iWAT
I % iIWAT of BW (mean % SD) 0.6332 £0.1694 0.7380 + 0.2684
| Female 12 11
n -value
% BAT of BW (mean + SD) Male 0.2850 £ 0.03356 0.2855 + 0.07098
n - value 18 18
BAT
% BAT of BW (mean + SD) Female 0.2874 £ 0.06618 0.2714 + 0.05100
n - value 12 11
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Table S28. Statistics for weight and fat pads in project 2. Statistical tests and their outcomes are indicated. BAT = brown adipose tissue; BW = body weight; DF = degrees of freedom; gWAT = gonadal
white adipose tissue; iIWAT = inguinal white adipose tissue; n.s. = not significant.

Source of variation
Measurement Parameter Statistical test u, vanat - Statistical Test Comparison Uncorrected | Corrected Summary
Sex Shift work Sex x shift work p-value p-value
DF 1 1 1 Male control vs. Male
5 131 .2627 .S.
) : F-value 61.24 0.5207 1.477 shift work 01313 0.26 n-s
Weight at start Weight
p-value <0.0001 0.4735 0.2294 Female control vs. 0.7512 >0.9999 n
Summary bkt n.s. n.s. Female shift work ’ . s
DF 1 1 1 .
' Male cohtrol 'S 0.0085 0.0171 *
Weight at Weight gain F-value 35.77 2.682 3.239 Male shift work
sacrifice p-value <0.0001 0.1073 0.0775 Female control vs.
Summary el n.s. # Female shift work 0.9173 >0.9999 n.s
DF 1 1 1 Male control vs.
i ! X 0.8539 >0.9999 .S.
Two-way F-value 0.1935 1.59% 2.232 Fisher's LSD test Male shift work n.s
EWAT % BWAT of BW ANOVA value 0.6617 0.2119 0.1409 *+ Bonferroni Femal |
P : ‘ ‘ correction emale control vs. 0.0833 0.1665 n.s.
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 .
F-value 27.04 2.056 0.8731 mlfe Zﬁ?}ttr\?vlovri 0.6905 >0.9999 ns
IWAT % IWAT of BW | < 0.0001 01573 03542 Female control
p-value . . . emale control vs.
Summary el n.s. n.s. Female shift work 0.1354 0.2708 n.s
DF 1 1 1 Male control vs.
0.9792 >0.9999 n.s.
F-val .14 .261 2 Male shift work
BAT % BAT of BW Value g 704513 8 Gflili 00589866 F | |
-value b ! b .
: emale controlvs 05023 >0.9999 n.s.
Summary n.s. n.s. n.s. Female shift work
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Table $29. Weight measurements and food consumption over time in project 2. Mean + SD is indicated. SD = standard deviation.

Experimental

Weeks after initiation of shift work paradigm

Parameter Sex paradigm 0 1 2 3 1 5 6 7
Weight (g) (mean + SD) Vale Control 2343+1.679 | 24.83+1.531 2545+1.407 | 26341350 | 26.53+1308 | 27.27+£1528 | 27.50£1.572 | 28.16+1.095
n - value 18 18 18 18 18 18 18 12
Weight (g) (mean + SD) Male Shift work 2255+2.352 | 24.96+2.086 2591+2.052 | 26.76+2.060 | 27.01£2.007 | 27.58+2.156 | 28.04+2.064 | 28.38+2.522
n - value 18 18 18 18 18 18 18 P
Weight (g) (mean + SD) Fermale Control 19.31£0.568 | 19.87£0.7024 | 20.27+0.676 | 2043+0.5726 | 20.40+0.6715 | 20.81+0.7513 | 21.04+0.7038 | 21.23 +0.3955
n - value 12 12 12 12 12 12 12 8
Weight (g) (mean + SD) female Shift work 1953+ 1.414 | 19.73+1.649 2063+1.705 | 20.82+1.496 | 21.20+1656 | 21.36+1356 | 21.20+1338 | 21.60+1.838
n - value 12 12 12 12 12 12 12 8
Weight gain (%) (mean + SD) Vale Control 0£0 6.055 + 1.978 8.774+2.965 | 11.95£3.399 | 12.70£3.834 | 1571+3.694 | 16.71£3.113 | 17.54+4.287
n - value 18 18 18 17 17 17 17 11
Weight gain (%) (mean + SD) Male Shift work 040 11.13+6.131 15.45+7.584 | 1938+9579 | 2061+10.34 | 23.12+1081 | 25.18+10.88 | 28.84+9.369
n - value 18 18 18 18 18 18 18 P
Weight gain (%) (mean £5D) | Control 020 2.899 £ 2.389 4.969+1.987 | 5.845:1.862 | 5.665£2.272 | 7.799+3.477 | 9.012+3.364 | 10.29+2.314
n - value 12 12 12 12 12 12 12 8
Weight gain (%) (mean+5D) | Shift work 040 0.9891+3.253 | 556443370 | 6.651+4.169 | 8582+4.587 | 9.475+4.032 | 8.641+3.157 | 8.242+4.336
n - value 12 12 12 12 12 12 12 8
o] amREU T BT - - 34.94+7.238 | 2857+1.814 | 27.79+3.236 | 2557+1.227 | 27.38+1.072 | 28.98+2.582
(mean % SD) Male Control
n - value - - 3 3 3 3 3 3
Food consumption/animal (g) _ - - 30.02£2.578 | 27.14+4.165 27.57 + 4.452 26.13 + 6.817 28.19+4.155 | 32.63+0.0106
(mean * SD) Male Shift work
n - value - - 3 3 3 3 3 2
O] el el - - 23.85+0.1956 | 24.21+0.03299 | 23.32+0.7319 | 22.03+0.7896 | 20.40+0.1886 | 22.43+4.745
(mean * SD) Female Control
n - value - - 2 2 2 2 2 2
Food consumption/animal (g) _ - - 27.264+2.269 | 30.32+0.000 | 22.94+1.080 | 2521+1914 | 2435+1811 | 26.16+5.268
(mean + SD) Female Shift work
n - value - - 2 1 2 2 2 2
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Table S30. Statistics for weight measurements and food consumption over time in project 2. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant.

Source of variation

Parameter Statistical test - - - - - - - -
Time Sex Shift work Time x sex Time x shift work Sex x shift work Time x sex x shift work
DF 7 1 1 7 7 1 7
Absolute weight (g) Mixed-effects analysis F-value 227.5 203.3 0.4617 46.75 4.023 0.002224 2.8232
(Repeated-Measured) p-value < 0.0001 < 0.0001 0.4996 < 0.0001 0.0003 0.9626 0.0069
Summary %k k% %k %k k n.s. % %k %k k * % % n.s. * %
DF 7 1 1 7 7 1 7
Weight gain (%) Mixed-effects analysis F-value 194.1 45.55 7.049 28.7 5.349 5.963 3.871
(Repeated-Measured) p-value <0.0001 <0.0001 0.0103 <0.0001 <0.0001 0.0178 0.0004
Summary * %k %k k * %k %k * EEE 3 * %k %k * * %k %k
DF 5 1 1 5 5 1 5
Food consumption/ Mixed-effects analysis F-value 3.405 7.083 0.889 1.6 0.755 1.479 0.8663
animal/week (g) (Repeated-Measured) p-value 0.0158 0.0375 0.3822 0.1925 0.5896 0.2696 0.5159
Summary a o n.s. n.s. n.s. n.s. n.s.
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Table S31. Locomotor activity, food consumption and water consumption in the metabolic cages in project 2. Mean +SD is indicated. Nocturnality score = (parameter during dark phase - parameter
during light phase) / (parameter during dark phase + parameter during light phase); SD = standard deviation.

Paradigm
Measurement Parameter Sex -
Control Shift work
Overall (light beam breaks) (mean + SD) Male 1044717 + 551880 868509 + 155716
n - value 6 5
Overall (light beam breaks) (mean + SD) Female 1057332 + 253551 994258 + 236641
.. n - value 5 5
Locomotor activity -
Nocturnality (mean + SD) Mal 0.2739 £+ 0.1388 0.3793 £ 0.1407
ale
n - value 4 6
Nocturnality (mean + SD) F | 0.5890 + 0.05056 0.3784 + 0.03864
male
n - value € 5 4
Overall (g) (mean % SD) Mal 11.97 + 1.406 11.04+2.172
ale
n - value 6 5
Overall (g) (mean % SD) 8.860 + 0.7033 9.326 + 1.288
Female
. n - value 4 5
Food consumption "
Nocturnality (mean + SD) Mal 0.4840 £ 0.1848 0.4322 +0.2465
ale
n - value 6 6
Nocturnality (mean + SD) 0.5211 +0.2112 0.3658 £ 0.1948
Female
n - value 5 5
Overall (ml) (mean % SD) Mal 13.81+1.381 13.36 + 2.562
ale
n - value 6 5
Overall (ml) (mean £ SD) 12.51 +1.155 16.87 +3.616
Female
A n - value 5 5
Water consumption .
Nocturnality (mean + SD) Mal 0.5359 + 0.1806 0.3991 +0.1739
ale
n - value 6 6
Nocturnality (mean + SD) 0.4617 £ 0.1200 0.3483 +0.1714
Female
n - value 5 5
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Table S32. Statistics for locomotor activity, food consumption and water consumption in the metabolic cages in project 2. Statistical tests and their outcomes are indicated. DF = degrees of
freedom; nocturnality score = (parameter during dark phase - parameter during light phase) / (parameter during dark phase + parameter during light phase); n.s. = not significant.

Source of variation

Statistical

Uncorrected

Corrected

Measurement Parameter Statistical test Comparison Summar'
Sex Shift work Sex x shift work Test pari p-value p-value u ¥
DF 1 1 1
Male control vs. Male shift work 0.4193 0.8386 .S.
F-value 0.2021 0.6043 0.1351 v W s
Overall alue 0.6587 0.4476 0.7178
-valu d J b
- Female control vs. Female shift work 0.7801 >0.9999 n.s.
Locomotor Summary n.s. n.s. n.s.
activit DF 1 1 1
v Male control vs. Male shift work 0.1473 0.2946 n.s
. F-value 9.966 1.116 10.08
Nocturnality | 0.0065 03075 0.0063
-valu . . .
pvalue Female control vs. Female shift work 0.0102 0.0204 *
Summary ** n.s. **
DF 1 1 1
Mal | vs. Male shifi k .3294 b S.
overal Fvalue 12.36 01118 1.028 ale control vs. Male shift wor| 0.329 0.6589 n.s
Vv
-value 0.0029 0.7425 0.3258
. Fisher's Female control vs. Female shift work 0.6534 >0.9999 n.s.
Food Two- Summary i n.s. n.s. LSD test +
consumption way DF 1 1 1 ;
P ANOVA Bonferroni Male control vs. Male shift work 0.6761 >0.9999 n.s
_ F-value 0.02613 1.308 0.3264 correction
Nocturnality lue 0.8734 0.2677 0.5749
-va . . .
- Female control vs. Female shift work 0.2607 0.5215 n.s
Summary n.s. n.s. n.s.
DF 1 1 1
Male control vs. Male shift work 0.754 >0.9999 n.s.
Fvalue 1157 3.632 5.505 v W
Overall
-value 0.2971 0.0737 0.0313
el Female control vs. Female shift work 0.0091 0.0182 e
Water Summary n.s. # &
consumption DF 1 1 1 .
Fvalue 07843 312 0.02747 Male control vs. Male shift work 0.1678 0.3357 n.s
Nocturnality p-value 0.3875 0.0933 0.8702
Female control vs. Female shift work 0.2912 0.5823 n.s
Summary n.s # n.s.
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Table S33. Respiratory exchange rate and energy expenditure in the metabolic cages in project 2. Mean + SD is indicated. Nocturnality score = (parameter during dark phase - parameter during
light phase) / (parameter during dark phase + parameter during light phase); SD = standard deviation.

Measurement Parameter Sex Paradigm
Control Shift work
Mean (mean + SD) e 0.7801 + 0.03732 0.7782 + 0.05946
n - value 6 5
Mean (mean + SD) 0.8352 + 0.01268 0.8379 +0.01255
Female
Respiratory exchange rate n-value 2 >
Nocturnality (mean * SD) Male 0.07373 £+ 0.03603 0.07173 +0.02786
n - value 6 6
Nocturnality (mean + SD) Female 0.05396 + 0.0082 0.04583 + 0.02206
n - value 5 5
Mean (kcal/h/kg) (mean + SD) e 6.206 + 0.3067 6.244 + 0.4425
n - value 6 5
Mean (kcal/h/kg) (mean + SD) Female 5.664 + 0.06553 6.411 + 0.4975
Energy expenditure n-value 2 >
Nocturnality (mean + SD) Male 0.1077 + 0.03114 0.08544 + 0.00866
n - value 6 6
Nocturnality (mean + SD) Female 0.1561 + 0.00641 0.1093 + 0.03687
n - value 5 5
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Table S34. Statistics for respiratory exchange rate and energy expenditure in the metabolic cages in project 2. Statistical tests and their outcomes are indicated. DF = degrees

nocturnality score = (parameter during dark phase - parameter during light phase) / (parameter during dark phase + parameter during light phase); n.s. = not significant.

of freedom;

Source of variation

Corrected p-

Measurement Parameter Statistical test - - Statistical Test Comparison Uncorrected p-value Summary
Sex Shift work | Sex x shift work value
DF 1 1 1 Male control vs
. 0.9351 >0.9999 n.s.
" F-value 13.09 0.0009 0.02079 Male shift work
ean
-value 0.0021 0.9765 0.8871 F | I vs.
_ £ emale controtvs 0.9055 >0.9999 n.s.
Respiratory Summary — n.s. n.s. Female shift work
exchange rate DF 1 1 1 .
& Male control vs 0.8971 >0.9999 n.s
. F-value 4.068 0.1999 0.07306 Male shift work
Nocturnality | 0.0589 0.6601 0.79 F | trol
p-value . . N emale control vs.
. . 0.633 >0.9999 .
Two Summary # n.s. n.s. Fisher's LSD test + Female shift work n.s
way . .
DF 1 1 1 Bonferroni correction Male control vs.
ANOVA X 0.8653 > 0.9999 n.s.
M F-value 1.382 6.047 4.932 Male shift work
ean
-value 0.2559 0.0249 0.0402 .
p-valu Female coptrol Vs 0.0048 0.0096 -
Energy Summary n.s. & - Female shift work
expenditure DF 1 1 1
P Male control vs. 0.1327 0.2653 n.s
. F-value 11.84 10.83 1.363 Male shift work
Nocturnality lue 0.0029 0.0041 0.2582 Female control
p-valu . . . emale control vs. *
Summary *x ** n.s. Female shift work 0.0074 0.0148
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Table $35. GTT in project 2. Mean + SD, statistical tests and their outcomes are indicated

. DF = degrees of freedom; GTT = glucose tolerance test; n.s. = not significant; SD = standard deviation.

Paradigm Source of variation
Test Time Parameter Sex ) Statistical test i Shift Time x Time x Sex x shift Time x sex x
Control Shift work Time Sex . .
work sex shift work work shift work
Glucose (mg/dL) (mean + SD) Male 134.9+24.24 | 127.4+18.36
X n - value 18 17
0 min Glucose (mg/dL) (mean * SD) 124.2 +17.48 | 125.5+22.18
B = Female 222l 2222 DF 5 1 1 5 5 1 5
n - value 12 11
Glucose (mg/dL) (mean + SD) Mal 346.3 +42.93 | 348.5+50.43
. n - value ale 18 17
15 min
Glucose (mg/dL) (mean + SD) r | 316.4 +£69.44 | 334.5+47.56
n - value emae 12 11
L +SD .7 £ 60. 2.9+54.92
Glliceselime/id el e ks Male 309 60.39 | 332.9£54.9 F-value 346.2 14.06 0.3453 2.351 0.8441 0.04932 0.5867
30 min n - value 18 17
I -
Glucose (mg/dL) (mean # SD) Female | 275:8£55.01 | 281.5+47.48 Three
tGI'”°°se n - value 12 11 . "‘;az g
ran r ate
olerance Glucose (mg/dL) (mean + SD) 215.3+26.65 | 217.8+27.64 P
test Male measures
60 min n - value 18 17 ANOVA
Gl dL +SD 184.5+30.08 | 188.0+27.66
ucose (me/dL) (mean £5D) | . .\, pvalue | <0.0001 | 0.0004 | 0.5592 | 0.0412 | 0.5195 0.8251 0.7102
n - value 12 11
Glucose (mg/dL) (mean + SD) Male 186.0 £ 26.94 | 194.2 +23.80
90 min n - value 18 17
I
Glucose (mg/dL) (mean * SD) Female 165.6 + 28.26 | 165.7 £32.31
n - value 12 11
Gl dL +SD 165.6 +23.86 | 166.1 +25.98
ucose (me/dL) (mean + SD) Male 6 Summary HEAK *Ek n.s * n.s n.s n.s.
. n - value 18 17
120 min
Glucose (mg/dL) (mean + SD) Female 164.8 + 20.58 | 149.2 +29.45
n - value 12 11
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Table S36. AOC for the GTT and ITT in project 2. Mean * SD, statistical tests and their outcomes are indicated. AOC = area of the curve; DF = degrees of freedom; GTT = glucose tolerance test;

ITT = insulin tolerance test; n.s. = not significant; SD = standard deviation.

Paradigm Source of variation
Sex x Uncorrected | Corrected
T P t S Statistical test Statistical Test Comparison Summar'
est arameter ex Control Shift work st Sex | Shiftwork | shift st pari p-value pvalue | >Ummary
work
AOC (mg/dl x
. 11522 + 3200 | 13243 +2738 DF 1 1 1 .
| min) (mean +5D) | Male ',\\"AZ'IZ Zﬁ:}ttr\?v'o"ri 0.0941 0.1883 n.s.
Glucose n - value 18 17 Fvalue | 7.947 1.623 0.7588
Tolerance AOC (me/dl E | trol
X emale contro
Test . 9959 + 2972 10282 + 3009 -value 0.0067 0.2081 0.3875
min) (mean £ SD) | Female T P Fisher's LSD vs. Female shift 0.7963 >0.9999 n.s.
n - value 12 11 wo- Summary * n.s. n.s. test + work
AOC (mg/dl x way Bonferroni
4788 + 2091 5248 + 156 ANOVA DF 1 1 1 . .
min) (mean + SD) Male 88 8 0 correction Male cohtrol Vs 0.2424 0.4849 n.s.
Insulin Male shift work
n - value 18 17 F-value 16.21 0.00045 2.171
Tolerance AOC (mg/dl E | trol
mg/dl x emale contro
Test . 43 + 2385 2496 + 1466 -val .0002 0.9831 0.1465
min) (mean + SD) | Female 3343 8 p-value 0 vs. Female shift 0.3478 0.6957 n.s.
n - value 12 10 Summary xoEk n.s. n.s work
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Table $37. ITT in project 2. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; ITT = insulin tolerance test; n.s. = not significant; SD = standard deviation.

Paradigm Source of variation
Test Time Parameter Sex . Statistical test . Shift Time x Time x Sex x shift Time x sex x
Control Shift work Time Sex ) .
work sex shift work work shift work
Glucose (mg/dL) (mean + SD) e 134.2 £19.58 | 134.2+23.04
0 mi n - value 18 18
min
Glucose (mg/dL) (mean * SD) 132.1+21.42 | 109.3 +16.76
Female DF 5 1 1 5 5 1 5
n - value 12 10
Glucose (mg/dL) (mean * SD) Male 94.89 £9.529 | 95.44+15.14
a
15 mi n - value 18 18
min
Glucose (mg/dL) (mean + SD) Femal 111.4+14.91 | 96.80 + 7.099
n - value emae 12 10
Glucose (mg/dL) (mean + SD 89.72 +14.02 | 87.06 + 17.58
4 (me/dL ( ) Male F-value 99.92 2.568 12.25 11.37 0.96 3.553 1.346
30mi n - value 18 18
min -
Glucose (mg/dL) (mean * SD) 9325+1031 | 82.80+82.80 | Ihree
Insulin Female way
tolerance n-value 12 10 repeated
test Glucose (mg/dL) (mean + SD) Male 84.78 +17.63 | 72.56 + 14.26 measures
60 min n - value 18 18 ANOVA
Glucose (mg/dL) (mean + SD) 86.42 +16.63 | 73.90+13.14
Female p-value <0.0001 | 0.1149 | 0.0009 | <0.0001 0.4428 0.0648 0.2452
n - value 12 10
Glucose (mg/dL) (mean * SD) e 91.83 +15.54 | 80.72 +11.59
90 min n - value 18 18
i
Glucose (mg/dL) (mean + SD) Female 111.5+18.50 | 92.60 + 15.68
n - value 12 10
Glucose (mg/dL) (mean + SD) Male 104.7 + 14.28 | 100.1 + 15.51 Summary . s ek . s 4 ns.
. n - value 18 18
120 min
Glucose (mg/dL) (mean + SD) r | 130.3 +£25.90 | 109.4 +18.91
n - value emae 12 10

Appendix B: Supplementary tables

199



Table $38. SCN and PAG bioluminescence parameters in project 2. Mean + SD is indicated. PAG = periaqueductal gray; SD = standard deviation; SCN = suprachiasmatic nucleus.

Tissue Parameter Sex Paradigm
Control Shift work
Phase (h) (mean % SD) Male 21.28 + 0.9302 21.90 + 1.048
n - value 15 15
Phase (h) (mean * SD) 23.64 + 0.4896 24.66 + 1.647
Female
n - value 7 8
Period (h) (mean + SD) Male 25.15 + 0.2264 25.25 + 0.3502
SCN n - value 15 15
Period (h) (mean * SD) 25.14 +0.4117 24.98 +0.3151
Female
n - value 7 8
Amplitude (counts/s) (mean + SD) . 0.2149 + 0.04222 0.2007 + 0.05626
n - value 15 15
Amplitude (counts/s) (mean + SD) Female 0.1738 + 0.06926 0.1978 + 0.05680
n - value 7 8
Phase (h) (mean + SD) Male 2.279 +2.296 1.885 + 1,937
n - value 13 12
Phase (h) (mean + SD) 6.198 + 1.988 5.462 + 1.196
Female
n - value 6 6
Period (h) (mean + SD) Male 25.69 +0.7921 25.41 +0.6571
PAG n - value 13 12
Period (h) (mean + SD) S 25.47 +0.7174 26.28 +0.7679
n - value 6 6
Amplitude (counts/s) (mean + SD) Male 0.05007 +0.01726 0.05083 +0.01962
n - value 13 12
Amplitude (counts/s) (mean + SD) Female 0.07995 +0.02707 0.07278 + 0.01966
n - value 6 6
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Table S39. Statistics for SCN and PAG bioluminescence parameters in project 2. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant; PAG =

periaqueductal gray; SCN = suprachiasmatic nucleus.

Source of variation .
. - - Statistical . Uncorrected Corrected
Tissue Parameter Statistical test . Sex x shift Comparison Summary
Sex Shift work Test p-value p-value
work
DF 1 1 1 Male control vs.
. 11 .2391 .S.
bhase F-value 55.83 5.781 0.3264 Male shift work 0.1195 0.239 n-s
p-value <0.0001 0.0208 0.5709 Female control vs.
.07 .151 .S.
Summary HoAE . n.s. Female shift work B bk B
DF 1 1 1 Male control vs.
. .3942 .7884 .S.
SN beriod F-value 2.056 0.1135 1.768 Male shift work 03 0.788 n-s
erio
-value 0.1592 0.7379 0.191 .
P Female cor\trol Vs 0.3138 0.6276 n.s.
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 .
Male control vs 0.4781 0.9562 n.s.
SCN F-value 1.643 0.08178 1.235 Male shift work
-value 0.207 0.7763 0.2729 i ! .
p-valu Fisher's LSD Female coptrol ' 0.3975 0.7949 n.s.
Two-way Summary n.s. n.s. n.s. test + Female shift work
ANOVA DF 1 1 1 Bonferroni Mal trol vs.
. ae comrotvs 0.6257 >0.9999 n.s.
Ph F-value 28.58 0.6491 0.05979 correction Male shift work
ase
p-value < 0.0001 0.4262 0.8083 Female control vs.
Summary el n.s. n.s. Female shift work 0.5273 >0.9999 n-s.
DF 1 1 1 .
Male control vs 0.3411 0.6823 n.s.
) F-value 1.584 1.066 4.55 Male shift work
PAG Period | 0217 0.3094 0.0404 Femal |
-value b . ! .
— emae controlvs 0.0628 0.1255 n.s.
Summary n.s. n.s. * Female shift work
DF 1 1 1 Male control vs.
. .9255 >0.9 .S.
SCN F-value 13.4 0.2049 0.3137 Male shift work 0 0.9999 n.s
-value 0.0009 0.6537 0.5792 .
p-valu Female cor\trol 'S 0.542 > 0.9999 s
Summary *E* n.s. n.s. Female shift work
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Table $40. Liver bioluminescence parameters and the phase relationship between the SCN and subordinate clocks in project 2. Mean + SD is indicated. PAG = periaqueductal gray; SD = standard
deviation; SCN = suprachiasmatic nucleus.

Paradigm
Measurement Parameter Sex Control Shift work
Phase (h) (mean + SD) . 2.407 +2.421 2.307 +3.622
n - value 13 11
Phase (h) (mean + SD) 3.542 +1.167 4.136 + 0.9497
Female
n - value 6 8
Period (h) (mean + SD) Male 23.64 + 2.008 22.75+1.421
5 n - value 13 11
tiver Period (h) (mean + SD) 23.41+1.733 22.65 + 0.8832
Female
n - value 7 8
Amplitude (counts/s) (mean + SD) Male 0.1240 + 0.05100 0.1551 + 0.04876
n - value 12 11
Amplitude (counts/s) (mean + SD) Female 0.1435 + 0.05116 0.1350 + 0.04614
n - value 7 8
ASCN-PAG (h) (mean + SD) Male 4.876 + 2.863 3.581+2.012
n - value 13 12
ASCN-PAG (h) (mean * SD) 6.455 + 1.881 4.405 + 1.324
Female
Phase relationship n-value 6 6
ASCN-Liver (h) (mean + SD) VETS 5.068 + 2.025 4.244 + 3.687
n - value 13 11
ASCN-Liver (h) (mean % SD) Female 4.684 +2.493 3.588 + 1.556
n - value 7 8
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Table S41. Statistics for liver bioluminescence parameters and the phase relationship between the SCN and subordinate clocks in project 2. Statistical tests and their outcomes are indicated.

DF = degrees of freedom; n.s. = not significant; PAG = periaqueductal gray; SCN = suprachiasmatic nucleus.

Source of variation

Measurement Parameter Statistical test i Sex x shift Statistical Test Comparison Uncorrected Corrected Summary
Sex Shift work p-value p-value
work
DF 1 1 1 Male control vs.
. 0.9231 >0.9999 n.s.
Phase F-value 3.029 0.08423 0.1662 Male shift work
-val g 7734 " 5
prvaLe 0.0908 0.773 0686 Female control vs 0.6642 >0.9999 n.s.
Summary # n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
. 0.192 0.3839 .
. X F-value 0.09431 2.371 0.01249 Male shift work n.s
Liver Period
p-value 0.7606 0.1326 0.9117 Female control vs.
. 0.3687 0.7375 n.s
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
i ' . 0.1409 0.2817 n.s.
, Two-way Fvalue 0.0003711 0.474 1.451 Fisher's LSD test | npaje shift work
Amplitude ANOVA | 0.9847 0.4958 0.2367 + Bonferroni = |
s ot ' ' ' correction emae control vs. 0.7423 >0.9999 n.s.
Summary n.s. n.s. n.s. Female shift work
DF 1 1 1 Male control vs.
. 0.1484 0.2968 .
ASCNLPAG F-value 2.117 4.482 0.1854 Male shift work n-s
p-value 0.1552 0.0419 0.6696 Female control vs.
. 0.1307 0.2613 n.s
. . Summary n.s. * n.s. Female shift work
Phase relationship s 0 q 1 T -
&€ COMIrotvs. 0.4466 0.8931 n.s.
ASCN-Liver F-value 0.3632 1.239 0.02482 Male shift work
-LIv
-val . 2732 .8757 5
p-value 0.5506 0.273 0.875 Female coptrol Vs 0.4232 0.8465 n.s.
Summary n.s. n.s. n.s. Female shift work
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Table S42. IntelliCage data in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; n.a. = not applicable; nocturnality score = (parameter during dark
phase - parameter during light phase) / (parameter during dark phase + parameter during light phase); n.s. = not significant; SD = standard deviation; WT = wild type.

Paradigm Source of variation
- Genotype | Statistical . Uncorrected | Corrected
Test Parameter Genotype Control Shift work Statistical test Genotype | Shift work X shi‘f,tp Test Comparison p-value p-value Summary
work
Overall

corner visits 1078 + 286.4 858.2 + 320.6 DF 1 1 1
(mean + SD) WT n.a. n.a. n.a. n.a.

n - value 11 11 F-value 18.95 0.5079 2.074

Overall
corner visits Bmal1*- 1375 + 396.5 1449 + 353.1 p-value < 0.0001 0.4801 0.1575 na na na na
(mean + SD) < < < <

n - value 11 12 Summary HAAx n.s. n.s. Fisher's

. . Two- LSD test + WT control
Intelli- Nocturnality i
Cage (mean # SD) WT 0.5030 £ 0.1086 | 0.4316 +0.09671 way DF 1 1 1 Bon- ) vs. WT shift 0.0895 0.2686 n.s.
ANOVA ferroni work
n - value 10 11 F-value 3.323 21.11 4.439 correction WT control
. VS.
Nocturnality 0.6157 +0.1051 | 0.4235 +0.06311 p-value 0.076 <0.0001 | 0.0416 Bmal1* 0.0105 0.0316 :
(mean + SD)
control
Bmall*- Bmal1*-
n - value 10 12 Summary # *orkk * B’f:ltlrf/’_' s\lr?{ft <0.0001 <0.0001 Kok
work
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Table S43. OFT in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant; OFT = open field test; SD = standard deviation; WT = wild

type.
Paradigm Source of variation
Test Parameter Genotype Control Shift work Statistical test Genotype Shift work Genotv\\,’;::kx shift
Distance traveled (m) (mean + SD) . 7.129 + 2.109 12.61 +3.163 DF 1 1 1
n - value 11 11 F-value 18.6 28.24 0.01019
Distance traveled (m) (mean + SD) 11.60 + 4.684 16.87 £3.134 p-value < 0.0001 <0.0001 0.9201
Bmal1*-
n - value 11 12 Summary AR HoHAE n.s.
Center entries (mean * SD) WT 23.00 £6.213 31.36 £ 8.164 DF 1 1 1
OFT n - value 11 11 Two-way F-value 14.11 16.94 1.832
Center entries (mean * SD) 30.27 £13.14 46.83 +11.46 ANOVA p-value 0.0005 0.0002 0.1833
Bmall*-
n - value 11 12 Summary xoEk ok n.s.
Center time (s) (mean % SD) . 196.9 + 74.31 195.6 + 43.78 DF 1 1 1
n - value 11 11 F-value 7.258 0.4456 0.5551
Center time (s) (mean % SD) Bmal1* 141.2 +58.39 164.1 + 33.29 p-value 0.0102 0.5082 0.4605
n - value 11 12 Summary * n.s. n.s.
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Table S44. EPM in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; EPM = elevated plus maze; n.a. = not applicable; n.s. = not significant;

SD = standard deviation; WT = wild type.

Paradigm Source of variation
L. Genotype | Statistical . Uncorrected | Corrected
T P t Genot Statistical test Comparison Summar
est arameter €notYPE | Control shift work s Genotype | Shiftwork |  x shift Test part p-value pvalue | >UmmaY
work
Distance traveled 2.273+1.068 | 3.793 +0.9924 DF 1 1 1
(m) (mean + SD) WT n.a. n.a. n.a. n.a.
n - value 11 11 F-value 7.328 9.375 0.3244
Distance traveled
+ + -
(m) (mean £ SD) Bmal 1 3.645 +1.947 4.688 + 1.400 p-value 0.0099 0.0039 0.5721 na. na. na. na.
n - value 11 12 Summary ** ** n.s.
Open arm entries 2.500+1.080 | 5.0001.897 DF 1 1 1 WT control vs. 0.002 0.0061 *x
(mean + SD) WT T ) - WT shift work ) )
n - value 10 11 F-value 0.1697 3.396 8.566 . \
0 tri Fisher's WT control vs. 0.0897 0.2692 ns
oM pen armfs"D”es 3.818+2.316 | 3.250+1357 | Two- | p-value 0.6826 0.0728 0.0056 | LSDtest+ | Bmal1* control ’ ' .
(mean £ SD) " way Bonferroni v
Bmall ANOVA correction Bmal1*-control
n - value 11 12 Summary n.s # ** vs. Bmal1*/-shift 0.4373 >0.9999 n.s
work
Open arm time
(s) 3.555+1.761 7.320 £ 3.602 DF 1 1 1
(mean £ SD) WT n.a. n.a. n.a. n.a.
n - value 11 10 F-value 0.4406 3.137 0.3634
Open arm time
(s) 11+ 5.564 + 4.375 7.417 £ 8.329 p-value 0.5106 0.0842 0.55
(mean + SD) Bmall n.a. n.a. n.a. n.a.
n - value 11 12 Summary n.s. # n.d.
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Table S45. DalLi box test in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; DaLi box = dark-light box; n.s. = not significant; SD = standard deviation;

WT = wild type.
Source of variation
Test Parameter Genotype Control Shift work Statistical test Genotype Shift work Genotype x shift
work
E”(t::z:lnrs:i)g)ht Wi 2.909 +1.921 3.818 + 1.601 DF 1 1 1
n - value 11 11 F-value 1.472 11.93 2517
E”(tr:zz :]"?S'Ii)g)ht — 2.727+1.737 5.182 £ 1.079 p-value 0.2321 0.0013 0.1205
n - value 11 11 Summary n.s. ** n.s.
Ti&ee;”n'f';t[)()s) Wi 28.07 23.52 22.01+8.654 DF 1 1 1
n - value 10 10 F-value 0.01728 0.00042 1.19
Ti&ee;"nllet)()s) — 21.15 £ 20.83 27.44+16.92 p-value 0.8961 0.9838 0.2821
DaLi box n - value 10 12 Two-way Summary n.s. n.s. n.s
Disn(a:qc; irlnliggt) (m) Wi 1.205 + 1.006 1.480 + 0.8463 ANOVA DF 1 1 1
n - value 11 11 F-value 0.0021 1.665 0.09218
Dist?;Zz irlnliggt) (m) " 1.133 +0.9534 1.577 £ 0.9249 p-value 0.9638 0.2042 0.763
n - value 11 11 Summary n.s. n.s. n.s.
Late”%t:a';gftsg;try (s) Wi 32.72 +46.31 76.94 £ 80.29 DF 1 1 1
n - value 10 11 F-value 0.1405 4.562 0.00023
Late”mt:a';gftsgr;try () Bmol1 4022 +26.14 85.07 £91.10 p-value 0.7098 0.039 0.988
n - value 10 12 Summary n.s * n.s.
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Table S46. TST, sucrose preference test and LH test in project 3. Mean * SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; LH = learned helplessness; n.s. = not

significant; SD = standard deviation; TST = tail suspension test; WT = wild type.

Test Paradigm Source of variation
Parameter Genotype Control Shift work Statistical test Genotype Shift work Genoiey;ka shift
Time immobile (s) (mean + SD) o 115.7 £ 53.30 117.8 +47.03 DF 1 1 1
n - value 11 11 F-value 0.08148 2.161 2.564
Time immobile (s) (mean + SD) Bmal1*- 145.3 + 50.98 97.18 £57.51 p-value 0.7767 0.1492 0.117
TST n - value 11 12 Summary n.s. n.s. n.s.
Immobility latency (s) (mean + SD) WT 87.95 + 35.64 73.00 + 27.68 DF 1 1 1
n - value 11 11 F-value 0.9269 0.2671 2.829
Immobility latency (s) (mean + SD) Bmal1+- 78.72 + 27.03 106.9 + 64.07 p-value 0.3414 0.6081 0.1004
n - value 10 12 Summary n.s. n.s. n.s.
Preference Score (AU) (mean + SD) o 0.2878 + 0.1507 0.3327 £ 0.2967 DF 1 1 1
Sucrose n - value 11 11 Two-way F-value 0.4511 2.065 0.4401
preference test Preference Score (AU) (mean #+ SD) Bral1- 0.2103 £+ 0.1279 0.3322 + 0.1602 ANOVA p-value 0.5056 0.1583 0.5108
n - value 11 12 Summary n.s. n.s. n.s.
Latency (s) (mean + SD) WT 9.096 + 5.463 6.909 + 3.362 DF 1 1 1
n - value 8 8 F-value 2.672 0.3311 0.3734
Latency (s) (mean + SD) Bmal1+- 10.98 +5.513 11.05 + 6.522 p-value 0.1122 0.5692 0.5456
LH n - value 9 10 Summary n.s. n.s. n.s.
Number of failures (mean * SD) o 2.500 * 3.625 1.125 + 1.808 DF 1 1 1
n - value 8 8 F-value 2.601 0.1085 0.3594
Number of failures (mean + SD) Bmal1*- 4.000 + 4.664 4.400 + 5.777 p-value 0.1169 0.7441 0.5532
n - value 9 10 Summary n.s. n.s. n.s.
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Table S47. Weight at start and fat pads in project 3. Mean + SD, statistical tests and their outcomes are indicated. BAT = brown adipose tissue; BW = body weight; DF = degrees of freedom;
gWAT = gonadal white adipose tissue; iWAT = inguinal white adipose tissue; n.s. = not significant; SD = standard deviation; WT = wild type.

Paradigm Source of variation
Measurement Parameter Genotype Control Shift work Statistical test Genotype shift work Gelziotype X
shift work
Weight gain (%) (mean + SD) . 19.90 + 1.636 19.65 + 0.9040 DF 1 1 1
. n - value 11 11 F-value 2.325 0.1382 0.05012
Weight at start - -
Weight gain (%) (mean + SD) Bmal1* 20.46 +£1.725 20.40 £ 1.370 p-value 0.1349 0.712 0.824
n - value 11 12 Summary n.s. n.s. n.s.
% gWAT of BW (mean % SD) WT 0.8387 £ 0.2798 0.9237 £ 0.3450 DF 1 1 1
GWAT n - value 10 11 F-value 0.2097 0.6649 0.05514
% gWAT of BW (mean % SD) Bmal1+- 0.8948 +0.2421 0.9418 £0.1613 p-value 0.6495 0.4198 0.8156
n - value 11 11 Two-way Summary n.s. n.s. n.s.
% iWAT of BW (mean + SD) WT 0.5655 + 0.08214 0.6231 £ 0.1821 ANOVA DF 1 1 1
IWAT n - value 9 11 F-value 0.001669 1.105 0.1112
% iWAT of BW (mean + SD) Bmal1* 0.5777 £ 0.1291 0.6075 £ 0.1225 p-value 0.9676 0.2997 0.7406
n - value 11 12 Summary n.s. n.s. n.s.
% BAT of BW (mean + SD) WT 0.4407 + 0.04926 0.4397 + 0.05106 DF 1 1 1
BAT n - value 10 11 F-value 0.05115 0.5023 0.6089
% BAT of BW (mean + SD) Bmal1+- 0.4330 + 0.02933 0.4537 + 0.05018 p-value 0.8222 0.4826 0.4398
n - value 11 12 Summary n.s. n.s. n.s.

Appendix B: Supplementary tables

209



Table $48. Weight measurements and food consumption over time in project 3. Mean + SD is indicated. SD = standard deviation; WT = wild type.

. Weeks after initiation of shift work paradigm
Genotype Paradigm Parameter
0 1 2 3 4 5 6 7
WT Control Weight (g) (mean % SD) 19.90 + 1.636 20.36 + 1.542 20.78 +1.611 21.21+1.425 21.60+1.727 21.84 +1.691 22.35 +2.068 22.55+2.370
n - value 11 11 11 11 11 11 10 8
WT Shift K Weight (g) (mean * SD) 19.65 +0.9040 | 20.52 +1.022 20.96 +1.018 21.55 +0.6647 21.65+1.154 | 21.99+0.9577 | 22.25+1.294 | 23.53 +£0.8425
rwor n - value 11 11 11 10 11 11 11 8
Bmall*- Control Weight (g) (mean % SD) 20.46 £1.725 20.78 + 1.557 21.28 +1.844 21.83 +£1.785 22.12 + 1.606 22.63 £1.690 22.97 +1.628 23.61+1.779
n - value 11 11 11 11 11 11 11 8
) Weight (g) (mean * SD) 20.40+1.370 21.08 +1.459 21.79+1.431 22.34+1.226 22.86+1.523 22.82+1.414 23.23 +1.597 23.95+1.434
Bmall*- Shift work
n - value 12 12 12 12 12 12 12 8
WT Control Weight gain (%) (mean + SD) 0+0 2.365 +2.427 4.471+2.136 5.578 £ 2.424 8.649 + 4.882 9.834 +4.135 12.08 + 4.982 13.54 + 4.437
ontro n - value 11 11 11 10 11 11 10 8
WT Shift work Weight gain (%) (mean + SD) 0+0 4.425 +1.437 6.683 +1.972 8.447 +2.205 10.19+2.701 11.94 +2.479 13.22 + 2.546 17.60 + 3.163
n - value 11 11 11 11 11 11 11 8
Bmal1* Control Weight gain (%) (mean % SD) 0+0 1.618 + 2.406 4.018 £3.213 6.747 £ 3.766 8.247 + 3.500 10.75 +4.313 12.50 + 5.388 13.03 £ 2.162
n - value 11 11 11 11 11 11 11 8
5 Weight gain (%) (mean + SD) 0+0 3.335+2.175 6.877 £+ 3.364 9.607 + 2.654 12.09 +3.380 11.93 +3.400 14.44 +1.563 14.18 +3.981
Bmall*- Shift work
n - value 12 12 12 12 12 12 11 8
WT Control Food consumption/animal (g) (mean + SD) - 23.28182+0 23.09818 + 0 N.A. 23.53273+0 23.5+0 23.194+0 26.94 £+ 0
n - value - 1 1 1 1 1 1 1
WT Shift work Food consumption/animal (g) (mean + SD) - 23.64+0 24.36273+0 21.85546 + 0 22.51636+0 2456+ 0 23.70273+0 24.75412 +0
n - value - 1 1 1 1 1 1 1
Bmall*- Control Food consumption/animal (g) (mean + SD) S 26.05364 £ 0 24.74273 £ 0 23.10455+0 24.32182 +0 24.62818 £ 0 27.14727 £ 0 27.88588 + 0
n - value - 1 1 1 1 1 1 1
) Food consumption/animal (g) (mean + SD) - 25.22167 0 27.6725+0 24.33+0 2493917+ 0 23.66333+0 2442 +0 23.97111+0
Bmall*- Shift work
n - value - 1 1 1 1 1 1 1
Table S49. Statistics for weight measurements and food consumption over time in project 3. Statistical tests and their outcomes are indicated. DF = degrees of freedom; n.s. = not significant;
WT = wild type.
. Source of variation
Parameter Statistical test " - " " - - - -
Time Genotype Shift work Time x genotype Time x shift work Genotype x shift work Time x genotype x shift work
DF 7 1 1 7 7 1 7
Absolute weight Mixed-effects analysis F-value 234.4 2.534 0.2599 1.58 2.058 0.05899 1.23
(g) (Repeated-measures) p-value < 0.0001 0.1191 0.6129 0.1414 0.0483 0.8093 0.2861
Summary hattoh n.s. n.s. n.s. - n.s. n.s.
DF 7 1 1 7 7 1 7
. . Mixed-effects analysis F-value 227.4 0.000002 7.727 1.851 2.023 0.00097 1.151
Weight gain (%)
(Repeated-measures) p-value <0.0001 0.9987 0.0082 0.0779 0.0524 0.9754 0.3314
Summary HEAk n.s. *x n.s. n.s. n.s. n.s.
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Table S50. Locomotor activity, food consumption and water consumption in the metabolic cages in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom;
nocturnality score = (parameter during dark phase - parameter during light phase) / (parameter during dark phase + parameter during light phase); n.s. = not significant; SD = standard deviation;

WT = wild type.
Measurement Parameter Genotype Paradigm Statistical test Source of variation
Control Shift work Genotype Shift work Genotype x shift work
Overall (light beam breaks) (mean + SD) . 809229 + 340290 999820 + 117281 DF 1 1 1
n - value 4 4 F-value 2.177 1.222 0.01524
Overall (light beam breaks) (mean % SD) Bmal1* 1071654 + 250951 1310162 + 640527 p-value 0.1658 0.2907 0.9038
Locomotor n - value 4 4 Summary n.s. n.s. n.s.
activity Nocturnality (mean + SD) WT 0.4020 + 0.06410 0.3996 + 0.1004 DF 1 1 1
n - value 4 4 F-value 0.02804 0.1079 0.1363
Nocturnality (mean + SD) Bmal1+- 0.3902 + 0.1985 0.4308 + 0.02116 p-value 0.8698 0.7482 0.7184
n - value 4 4 Summary n.s. n.s. n.s.
Overall (g) (mean % SD) WT 7.340 £1.226 6.583 + 0.5548 DF 1 1 1
n - value 4 4 F-value 0.01387 1.362 0.2071
Overall (g) (mean % SD) Bmal1* 7.183 £ 0.8690 6.850 + 0.9611 p-value 0.9082 0.2659 0.6572
Food n - value 4 4 Two-way Summary n.s. n.s. n.s.
consumption Nocturnality (mean + SD) WT 0.6492 £ 0.1842 0.5502 +0.1772 ANOVA DF 1 1 1
n - value 4 4 F-value 0.01384 1.212 0.07293
Nocturnality (mean + SD) Bmall" 0.6212 + 0.07040 0.5612 +0.1150 p-value 0.9083 0.2925 0.7917
n - value 4 4 Summary n.s. n.s. n.s.
Overall (ml) (mean * SD) WT 6.627 +0.3553 6.643 + 0.6788 DF 1 1 1
n - value 3 3 F-value 11.71 0.2617 0.3293
Overall (ml) (mean * SD) Bmal1- 7.698 +0.3212 7.407 + 0.5404 p-value 0.0076 0.6212 0.5801
Water n - value 4 3 Summary . n.s. n.s.
consumption Nocturnality (mean + SD) WT 0.6322 £0.1221 0.4628 +0.1817 DF 1 1 1
n - value 3 3 F-value 0.7411 5.623 0.0056
Nocturnality (mean + SD) Bmall" 0.6866 + 0.1140 0.5276 + 0.04039 p-value 0.4117 0.0418 0.942
n - value 4 3 Summary n.s. * n.s.
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Table S51. RER and EE in the metabolic cages in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; EE = energy expenditure; nocturnality
score = (parameter during dark phase - parameter during light phase) / (parameter during dark phase + parameter during light phase); n.s. = not significant; RER = respiratory exchange rate; SD =

standard deviation; WT = wild type.

Measurement Parameter Genotype Paradigm Statistical test Source of variation
Control Shift work Genotype | Shift work | Genotype x shift work
Mean (mean + SD) WT 0.7172 £ 0.06655 0.7031 + 0.06401 DF 1 1 1
n - value 4 4 F-value 0.008628 0.6319 0.0696
Mean (mean + SD) Bmal1* 0.7217 £ 0.02138 0.6936 + 0.04809 p-value 0.9275 0.4421 0.7964
Respiratory n - value 4 4 Summary n.s. n.s. n.s.
exchange rate Nocturnality (mean + SD) WT 0.09233 +0.03089 0.07879 + 0.02730 DF 1 1 1
n - value 4 4 F-value 1.29 1.44 0.01519
Nocturnality (mean £ SD) Bmal1+- 0.1082 £ 0.02516 0.09152 + 0.01407 p-value 0.2783 0.2532 0.904
n - value 4 4 Two-way Summary n.s. n.s. n.s.
Mean (kcal/h/kg) (mean % SD) . 7.835 + 0.6098 7.954 +0.7100 ANOVA DF 1 1 1
n - value 4 4 F-value 1.17 0.4757 0.1067
Mean (kcal/h/kg) (mean + SD) Bmall 8.084 + 0.3337 8.418 + 0.8663 p-value 0.3007 0.5036 0.7496
Energy n - value 4 4 Summary n.s. n.s. n.s.
expenditure Nocturnality (mean £ SD) WT 0.1175 + 0.02055 0.08579 + 0.02179 DF 1 1 1
n - value 4 4 F-value 3.515 4.889 0.1144
Nocturnality (mean £ SD) Bmal1" 0.1366 + 0.02628 0.1133 +0.02983 p-value 0.0854 0.0472 0.7411
n - value 4 4 Summary # * n.s
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Table S52. GTT in project 3. Mean * SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; GTT = glucose tolerance test; n.s. = not significant; SD = standard deviation;

WT = wild type.
Paradigm Source of variation
. . . . Time x | Genotype Time x
Test T P t G t Statistical test
es fme arameter enotype Control Shift work atistical tes Time Genotype :’:‘:( ;r:ln;te xe shift x shift genotype x
g P work work shift work
Glucose (mg/dL) (mean * SD) o 135.6 + 14.19 | 118.8+17.09
0 min n - value 11 11
i
Glucose (mg/dL) (mean * SD) 149.5+35.83 | 114.6 £ 12.77
Bmall*- DF 5 1 1 5 5 1 5
n - value 11 12
Glucose (mg/dL) (mean + SD) WT 270.0 +£38.29 | 255.4+29.11
i n - value 11 11
15 min
Glucose (mg/dL) (mean + SD) 260.8 £ 65.71 | 254.9+38.73
Bmall*-
n - value 11 12
Gl dL, +SD 196.9 +30.25 | 208.9 + 18.38
Ueoselfns/dUiican ) WT F-value 205.8 0.4244 8.199 0.4452 2.339 1.472 0.526
30mi n - value 11 11
min -
Glucose (mg/dL) (mean # SD) .. | 204.0£33.44 | 202.4+33.00 Three
Glucose Bmal1*- way
tol n - value 11 12 ted
olerance repeate
test Glucose (mg/dL) (mean + SD) WT 171.3+17.08 | 164.4 +13.62 measures
60 min n - value 11 11 ANOVA
Glucose (mg/dL) (mean + SD) 183.4 +28.25 | 161.5+21.16
Bmall*- p-value < 0.0001 0.5184 0.0066 0.8165 0.043 0.232 0.7564
n - value 11 12
Glucose (mg/dL) (mean * SD) o 144.3 +13.29 | 128.6 +£13.16
. n - value 11 11
90 min
Glucose (mg/dL) (mean * SD) o 159.5 +28.52 | 131.0+12.23
n - value 11 12
Glucose (mg/dL) (mean + SD) WT 134.1+14.63 | 128.5+15.91 Summary . ns - s « s s
120 mi n - value 11 11
min
Glucose (mg/dL) (mean + SD) 148.8 +20.76 | 123.9+13.94
Bmall*-
n - value 11 12
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Table S53. ITT in project 3. Mean + SD, statistical tests and their outcomes are indicated. DF = degrees of freedom; ITT = insulin tolerance test; n.s. = not significant; SD = standard deviation; WT = wild

type.
Paradigm Source of variation
. . . . Time x | Genotype Time x
Test T P t G t Statistical test
es fme arameter enotype Control Shift work atistical tes Time Genotype ::;::( ;r;n;te xe shift x shift genotype x
g yp work work shift work
Glucose (mg/dL) (mean * SD) o 121.9+23.34 | 108.5 +20.00
X n - value 10 11
0 min
Glucose (mg/dL) (mean + SD) 120.8 £+ 16.23 | 106.6+ 12.98
Bmall*- DF 5 1 1 5 5 1 5
n - value 11 11
Glucose (mg/dL) (mean + SD) WT 87.10+14.96 | 84.82+13.14
i n - value 10 11
15 min
Glucose (mg/dL) (mean + SD) 89.18 +11.81 | 83.36+8.744
Bmall*-
n - value 11 11
Glucose (mg/dL) (mean * SD) 87.20+11.01 | 75.27 +11.19
WT F-value 57.19 0.005438 10.07 0.4288 0.8655 0.758 1.826
30 mi n - value 10 11
min -
Glucose (mg/dL) (mean # SD) .. | 87.82+12.84 | 79.55+21.89 Three
Insulin Bmall*- way
n - value 11 11
tolerance Gl /dL +SD 77.80+8.443 | 69.45 + 13.66 repeated
test ucose (mg/dL) (mean  SD) WT —— — measures
60 min n-value 10 11 ANOVA
Glucose (mg/dL) (mean + SD) 83.09 £9.060 | 72.82 +16.05
Bmall*- p-value < 0.0001 0.8168 0.0029 0.8282 0.5053 0.3893 0.1094
n - value 11 11
Glucose (mg/dL) (mean * SD) o 97.20+12.81 | 80.00 +12.32
. n - value 10 11
N T el e n) 89.27£11.23 | 88.45 £ 16.81
. - — Bmal1* ———— ————
n - value 11 11
Gl dL +SD 105.0+13.87 | 84.27 £ 13.64
ucose (me/dL) (mean ) WT Summary HHAk n.s *x n.s n.s n.s. n.s
. n - value 10 11
120 min
Glucose (mg/dL) (mean + SD) 94.36 +11.75 | 91.64 +18.54
Bmall*-
n - value 11 11
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Table S54. AOC for the GTT and ITT in project 3. Mean + SD, statistical tests and their outcomes are indicated. AOC = area of the curve; DF = degrees of freedom; GTT = glucose tolerance test;
ITT = insulin tolerance test; n.s. = not significant; SD = standard deviation; WT = wild type.

Test Parameter Genotype Paradigm Statistical test Source of variation
Control Shift work Genotype Shift work Genotype x shift work
AOC (mg/dl x min) (mean * SD) WT 4931 + 2084 6039 + 2128 DF 1 1 1
n - value 11 11 F-value 0.8602 0.8614 0.4828
Glucose Tolerance Test I 5 (mg/dl x min) (mean & SD) ol 6038 + 2738 6198 + 2086 p-value 0.3592 0.3589 0.4912
n - value 10 12 Two-way Summary n.s. n.s. n.s.
AOC (mg/dl x min) (mean + SD) WT 2948 + 1638 3797 + 2312 ANOVA DF 1 1 1
) n - value 9 12 F-value 0.007243 0.03412 2.733
Insulin Tolerance Test -
AOC (mg/dl x min) (mean * SD) Bmall*- 3855+ 1764 2792 + 1538 p-value 0.9326 0.8544 0.1066
n - value 10 11 Summary n.s. n.s. n.s.
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