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Abstract

Background: Circadian rhythms are endogenous manifestations of the external 24-hour
light-dark cycle that allow the organism to adapt and to anticipate daily temporal changes
in the environment. These ~24-hour rhythms, also called circadian clocks, are driven by
clock genes in almost every cell throughout our body and are set to 24 hours each day
by the external light and dark cycle. Because circadian clocks regulate virtually all of our
physiology and behavior, organisms may be susceptible to various types of disorders
when circadian rhythms are disrupted. Thus, there is, for example, a bidirectional
relationship between the disturbance of circadian clocks and the development of

psychiatric disorders, such as anxiety disorders, and alcohol use disorder (AUD).

Results: We show that Cryptochrome 1 and 2 double knockout mice (Cry1/27), which
do not express endogenous circadian rhythms, exhibit a pronounced anxiety-like
phenotype and are more sensitive to stressful situations. These behavioral effects are
confirmed by increased neuronal activity (c-Fos) in the basolateral amygdala.
Furthermore, we show that the Cry1/2” mice exhibit distinct traits that predispose
humans to an increased risk of problematic alcohol consumption. Cry1/2” mice show
lower alcohol consumption behavior (liking) concomitant with higher motivation to
acquire the substance (wanting), a finding that is consistent with the incentive
sensitization theory of addiction. These phenotypes are also supported by molecular
analyses: In the absence of the Cry genes, the stress hormone corticosterone is
continuously elevated, and the level of the orexin precursor prepro-orexin is persistently
low, which together represent explanatory factors for an overall altered alcohol
preference. In terms of gene-environment interaction, the phenotype of altered alcohol
drinking behavior of Cry1/2" mice, was enhanced by additional environmental circadian

perturbations (shift work model).

Outlook: Our results underline the importance of stable endogenous and environmental
circadian rhythms as well as their interaction for mental health. From our findings, we
assume that patients suffering from anxiety disorders, AUD, or both, regardless of
whether underlying circadian rhythm disturbances are genetically or environmentally
induced, may benefit from chronotherapies. This is why, based on our results, we

developed a new adjunctive chronotherapeutic treatment for AUD patients.



Zusammenfassung

Hintergrund: Zirkadiane Rhythmen sind endogene Manifestationen des &ul3eren
24-Stunden-Hell-Dunkel-Zyklus, die es dem Organismus ermdglichen, sich an taglich
wiederkehrende Veranderungen in der Umwelt anzupassen und diese zu antizipieren.
Diese ~24-Stunden-Rhythmen, auch zirkadiane Uhren genannt, werden durch
Uhrengene in unserem gesamten Korper gesteuert und durch Licht- und Dunkelheit auf
die aul3ere Zeit der Umwelt eingestellt. Da zirkadiane Uhren praktisch unsere gesamte
Physiologie und unser Verhalten regulieren, kénnen Organismen, bei mdglichen
Stérungen der circadianen Rhythmen, anféllig flr verschiedene Arten von Krankheiten
sein. So besteht beispielsweise ein bidirektionaler Zusammenhang zwischen der
Stoérung der zirkadianen Uhren und der Entwicklung psychiatrischer Erkrankungen wie

Angststérungen und Alkoholabhéngigkeit (AUD).

Ergebnisse: Bei Cryptochrome 1 und 2 Doppelknockout-Mausen (Cry1/27), die keine
endogenen zirkadianen Rhythmen exprimieren kénnen, zeigen wir, dass diese einen
ausgepragten angstahnlichen und unruhigen Phénotyp aufweisen und empfindlicher auf
Stresssituationen reagieren. Diese Verhaltenseffekte werden durch eine erhdhte
neuronale Aktivitat (c-Fos) in der basolateralen Amygdala bestétigt. Dartiber hinaus
zeigen wir, dass dieselben Mause bestimmte Merkmale aufweisen, die beim Menschen
zu einem erhohten Risiko fiir problematischen Alkoholkonsum fiihren. Cry1/2”" M&use
zeigen ein geringeres Alkoholkonsumverhalten (liking) bei gleichzeitig hoherer
Motivation, die Substanz zu erwerben (wanting), ein Befund, der mit der
Anreizsensibilisierungstheorie der Sucht in Einklang steht. Diese Phanotypen werden
auch durch molekulare Analysen gestitzt: In Abwesenheit der Cry-Gene ist das
Stresshormon Kortikosteron kontinuierlich erhéht und der Spiegel des Orexin-Vorlaufers
Prepro-Orexin ist konstant niedrig, was zusammen Erklarungsfaktoren fir eine
insgesamt veranderte Alkoholpraferenz darstellt. Im Sinne einer Gen-Umwelt-
Interaktion, wurde der Phanotyp des veranderten Alkoholtrinkverhaltens der Cry1/2™"
Mause, durch zusatzliche umweltbedingte zirkadiane Stérungen (Schichtarbeitsmodell),

verstarkt.

Ausblick: Unsere Ergebnisse unterstreichen die Bedeutung von stabilen endogenen
und umweltbedingten zirkadianen Rhythmen sowie deren Interaktion fir psychische
Gesundheit. Aufgrund unserer Ergebnisse gehen wir davon aus, dass Patienten, die an
Angst, AUD oder beidem leiden, unabhangig davon, ob die zugrundeliegenden

zirkadianen  Rhythmusstérungen genetisch oder umweltbedingt sind, von

\"



Chronotherapien profitieren kdnnen. Aus diesem Grund haben wir auf der Grundlage
unserer Ergebnisse eine neue chronotherapeutische Zusatzbehandlung fir

AUD-Patienten entwickelt.

Vi
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Aims of the thesis

A Translational Approach of Mouse and Human Studies to Integrate
Chronobiology into Therapies for Psychiatric Disorders: From Bedside to
Bench... and Back.

During my PhD, | wanted to mechanistically study observations | made in psychiatric
patients in the clinic in mouse models in order to use these results to develop new

therapeutic approaches.

a. We know from clinical studies that psychiatric disorders such as affective
disorders, anxiety disorders as well as AUD are often associated with circadian

dysregulations.

b. In mouse models that have either genetically or environmentally disturbed
circadian clocks or both, | investigated mechanisms linking circadian clock disturbances
with the development of abnormal anxiety-like and alcohol drinking behavior.

C. Utilizing the knowledge that | obtained from these animal studies, | was able to
develop a novel, complementary therapy for AUD patients with comorbid depression and

anxiety disorders.



1. Introductory summary

1.1 The circadian system

Most organisms generate endogenous daily oscillations of gene expression which
ultimately drive rhythms of their behavior and physiology [1]. They enable organisms to
anticipate daily recurring environmental changes such as light, temperature, and food
availability to ensure optimal fithess [2-5]. These rhythms are termed circadian, which is
derived from the Latin words “circa diem” and means “approximately a day”, thus ~24
hours [6]. The circadian clock is based on an endogenous, cell-autonomous, and self-
sustaining timekeeping system consisting of interlocking transcriptional-translational
feedback loops (TTL) [7]. In the TTL, the positive elements that drive molecular rhythms
are heterodimers of the transcription factors BRAIN AND MUSCLE ARNT-LIKE
PROTEIN 1 (BMAL1) and CIRCADIAN LOCOMOTOR OUTPUT CYCLES KAPUT
(CLOCK). The complex of BMAL1 and CLOCK bind to so-called E-box elements in the
promoter regions of the other core clock genes Period1/2/3 (Perl/2/3) and
Cryptochromes1/2 (Cryl1/2). About 12 hours later, the PER1/2/3 and CRY1/2 proteins
also build complexes which represent the negative limb of the TTL as they bind to and
inhibit BMAL1 and CLOCK and thus their own transcription. Another 12 hours later, PER
and CRY proteins are degraded and the BMAL1/CLOCK-mediated transcription can
resume its activity. The rhythms of these clock genes are transferred to a large part of
the genome as E-boxes and other circadian regulatory elements are present in
promotors of the majority of all genes [8]. This leads to the fact that more than 80% of
protein-coding genes show a 24-hour rhythm [9].

On the anatomical level of mammals, the circadian system is organized as a hierarchical
network consisting of peripheral oscillators and one master pacemaker, the
suprachiasmatic nuclei (SCN), which reside in the hypothalamus dorsal of the optic
chiasm [10, 11]. Thus, the SCN receives information about environmental light and
darkness from the retinohypothalamic tract and synchronizes central as well as
peripheral clocks throughout the body accordingly [12]. As light adjusts the clock, it is
called a Zeitgeber (German: time giver). Zeitgebers are environmental stimuli that
determine the phase of the endogenous circadian clock in a process called entrainment,
i.e., they adjust the internal timing to the environmental time. Other prominent Zeitgebers
are food, physical activity, and temperature. The responsiveness of the circadian system
to Zeitgebers is dependent on how strong they are and at what time of day they occur.
Together, they ensure synchronization with environmental day/night rhythms and
optimization of the synchrony among cellular, physiological, and behavioral processes

1



of the body [13, 14]. Peripheral clocks are entrained and synchronized by time
information from the SCN, which is transmitted humorally (including melatonin and
cortisol) and neuronally [12]. In addition, since most peripheral clocks do not receive
direct light/dark information, they are sensitive to other Zeitgebers such as physical
activity and especially food intake. Food intake as a Zeitgeber is important for clocks in
peripheral organs such as liver, pancreas, muscle, and adipose tissue as well as non-
SCN brain regions, such as the amygdala or the hippocampus, which use metabolic
signals from food intake to achieve entrainment with the environment [15-17].

In summary, with a majority of genes showing a 24-hour rhythm in their expression
patterns, circadian rhythms control virtually all physiological and behavioral processes,
including the activity of the central nervous system as well as peripheral processes,
which in turn influence basic daily routines such as sleep and feeding patterns [9].
Importantly, these rhythms are driven by endogenous networks of clock genes but can
be entrained by environmental stimuli, such as sunlight and food to the external time.

1.2 Etiology of circadian disruptions

Like with all biological processes, it can occur that the circadian system gets disturbed.
Many common and current chronic disorders, such as type 2 diabetes, major depression,
or sleep disorders, are facilitated by chronodisruption, i.e., the disturbance of internal
clock functions and their interplay as well as the perturbation of these clocks with the
external time [15]. Circadian rhythm abnormalities can be caused by both environmental
as well as genetic factors [18]. Polymorphisms in circadian clock genes have been, for
example, associated with morningness—eveningness preference, familial advanced
sleep phase, and delayed sleep phase type [19]. A prominent example of how the
circadian system can be disrupted by environmental factors is irregular lighting
conditions such as during shift work, which is known to cause severe circadian disruption
[20]. Individuals working in shifts, e.g., night shifts, rotating shifts, and afternoon and
early morning shifts, often report insomnia, daytime sleepiness, and problems falling
asleep [18, 21]. Moreover, many of them suffer affective symptoms including irritability
and depression [22]. Trans-meridian travelling is another well-known example of how
circadian disruption can arise. It shifts the sleep-wake cycle rapidly and causes the so-
called jet lag. During jet lag, synchrony of endogenous clocks with the time of the
environment gets lost and clocks throughout the body become desynchronized among
each other [23, 24].

However, even more relevant than jet lag caused by air travelling might be the

phenomenon of the so-called social jet lag since most people experience this form of
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circadian disruption in everyday life [25]. It refers to the discrepancy between the social
and one's own biological time, such as the conflict between school/work schedules and
individual preferences for when to be awake and to sleep [26]. Most people have clear
differences in timing and duration of sleep during work and work-free days, which can
lead to temporary circadian desynchronization, which is often characterized by impaired
sleep at night, daytime sleepiness, and considerable sleep debt during workdays [25,
27]. Lastly, irregular exposure to Zeitgeber often leads to circadian rhythm disruption.
Ideally, the strongest Zeitgebers, such as light and food, should occur every day at
approximately the same time in order to keep the organism permanently synchronized
with the environment and to coordinate physiological processes in the best possible way
[28]. For example, exposure to light at night is strongly perturbing the circadian system
as light signals to the SCN that daytime has dawned, and it mistakenly adjusts the body,
all physiological processes, and behavior accordingly [29]. Taken together, these studies
show that circadian disturbances can be both genetic, environmental, or a combination
of both factors.

1.3 Physiological consequences and pathogenesis of

circadian rhythm disruptions

As described above, there are various ways in which the circadian system can become
disturbed, either by genetic factors or by environmental changes. Such circadian
disturbances can contribute to the development of a variety of disorders. In this chapter,
it will first be described which underlying consequences on the physiological level can
be caused by circadian disturbances, which can then ultimately lead to pathological
conditions. In a review paper, we elaborated on the four basic mechanisms of how

circadian disruption can ultimately contribute to organism dysfunction and iliness [30]:

External desynchronization between the organism and the environment,
Internal desynchronization among cellular and tissue clocks within the organism,

Low amplitude of circadian oscillations, and

A w0 DD PE

Alterations in sleep architecture.

First, external desynchronization is characterized by a mismatch of endogenous
circadian time and the external light-dark cycle [8]. This is often a result of frequently
changing light-dark conditions or light deprivation, which in turn, for example, can lead
to humoral or neurotransmitter changes [31-34]. After exposure to light at night, humans

show a differently pronounced melatonin and cortisol secretion. While the change in
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melatonin levels is very rapid and persistent, the changes in cortisol depend on the
duration of light exposure [35]. In rats, it could be shown that neurotransmitters switch
between dopamine and somatostatin depending on short- and long-day photoperiods
[31]. Furthermore, it was found that keeping rats in constant darkness for several weeks
resulted in neuronal damage in monoaminergic brain circuits, which in turn was
associated with depression-like phenotypes [36]. To apply this result to humans,
continuous darkness conditions in animal experiments can serve as an extreme model
for light deprivation, which concerns late chronotypes, whose sleep phase often extends
until well after sunrise and thus their exposure time to daylight is shortened.

Second, internal desynchronization refers to differing periods and changes in the phase
relationship between the central pacemaker and peripheral clocks as well as among
themselves [37]. This may provoke inadequate coordination of neural, hormonal, and
behavioral processes, which can make the organism more susceptible to adverse health
effects. For example, many hormones that control food intake, including insulin,
corticosterone, leptin, and ghrelin, are secreted in a tissue-specific circadian manner,
requiring coordinated sequential processes. In the event of loss of internal synchrony,
this may then put the individual at risk of metabolic dysfunction [38, 39]. In the brain, the
release of neurotransmitters and the expression of receptors are also under circadian
control and therefore occur only at certain periods of the day [40]. Importantly, synchrony
occurs when neurons have the same circadian period, but not necessarily the same
phase [41]. For example, after a shifted light pulse, the dorsal SCN resynchronizes much
more slowly than the ventral SCN, resulting in a state of internal desynchrony [42, 43].
The third type of circadian perturbations is a reduced differentiation between diurnal and
nocturnal processes, i.e., reduced amplitude of circadian rhythms. A strong amplitude is
important for sufficient activity and also inactivity of various biological functions, which
are necessary to adequately initiate, execute, and complete cellular, molecular, and
behavioral processes at the right time of the day. Consequently, if this is not the case,
the separation of opposing biological processes cannot occur properly [44]. For example,
high cortisol levels are associated with activity and wakefulness and elevated melatonin
levels are associated with sleep, so expression of both should occur separately and at
different times [45, 46]. Reduced amplitudes of melatonin and cortisol are found in
patients with psychiatric disorders, such as depression, which then can lead to nocturnal
wakefulness due to lack of high melatonin levels and daytime sleepiness due to lowered
cortisol levels [47, 48]. A post-mortem study in humans has confirmed reduced amplitude
of circadian rhythmicity in brains of MDD patients, as rhythms of core clock genes and
clock-controlled genes in various mood-controlling brain regions are drastically blunted

in affected subjects [49].



The final physiological characteristic that is almost always associated with circadian
disruption are altered sleep patterns. Current evidence is insufficient to determine
conclusively whether disrupted circadian processes affect the integrity of sleep or
whether sleep is affected first and then disrupts circadian processes or both.
Nevertheless, it should be noted that disturbed circadian rhythms are most often
associated with altered sleep, which in turn increases the risk of developing various
disorders, including breast cancer, metabolic syndrome, or mental illnesses such as
affective, anxiety, or substance use disorders [50-52].

These four basic mechanisms show that disruption of circadian clocks can have multiple
negative effects on the functionality of physiological systems resulting from disrupted
coordination of different processes, incorrect regulation of expression, and disturbed
sleep. When these processes are disrupted, various physiological functions can become
dysregulated. Pathologies that are particularly closely associated with disturbed
circadian rhythms include cancer [53, 54], metabolic [55, 56] and endocrine disorders
[57], neurological diseases such as dementia or Parkinson's disease [58], as well as

stress-related [59] and psychiatric disorders [18].

1.4 Circadian disruptions in psychiatric disorders

1.4.1 Affective disorders: major depressive disorder
14.1.1 Definition and etiology

Major Depressive Disorder (MDD) is characterized by symptoms in the affective state
with increased sadness, lack of motivation, and inability to experience positive emotions
such as pleasure [60]. In addition, patients often suffer from psychophysiological
changes, such as sleep and appetite disturbances, and all symptoms together can lead
to suicidal thoughts [61]. Disturbed circadian rhythms are a hallmark of MDD [18];
patients usually suffer from fragmented sleep (e.g. increased rapid eye movement (REM)

and reduced deep sleep phases) and live unstructured daily life routines [62, 63].

1412 Circadian patterns of MDD

Interestingly, the severeness of MDD symptoms shows diurnal variations itself. Patients
often report worse symptomatology either in the morning or in the evening while a more
serious form of MDD is often associated with symptoms that are more pronounced in the

morning [64].



1413 Effects of MDD on circadian clocks

As mentioned above, MDD patients often display weakened rhythmic melatonin and
cortisol expression as well as reduced amplitudes in body temperature [65] and in a post-
mortem study of brains from MDD patients, reduced amplitudes and altered phase-
relationship in circadian core clock genes were described [49]. Despite many studies in
humans and animals, it cannot be disentangled whether, for instance, the dampened
physiological rhythms are a consequence of MDD or represent a predisposing risk factor.
However, in the last years evidence has emerged that circadian rhythm disruptions are
sufficient to induce depression [66].

1414 Effects of disrupted clocks on mood

Causality between circadian disruption and depression symptoms was first
demonstrated in a mouse study showing that disruption of circadian rhythms exclusively
in the SCN in adulthood without affecting development, brain anatomy or environmental
conditions induced depression-like behavior in mice [67]. Furthermore, compared to
dayworkers, night-shift-workers have a 40% higher risk of developing MDD [68]. Data
from human studies revealed that the extent of circadian misalignment is associated with
symptom severity in MDD [69, 70]. Conversely, therapies that directly influence and
stabilize circadian rhythms, such as bright light therapy, social rhythm therapy and
antidepressants such as Selective Serotonin Reuptake Inhibitors (SSRIs), Selective
Serotonin-Noradrenalin-Reuptake-Inhibitors (SNRIs) and agomelatine, help MDD
patients with great success [30, 70], indicating that circadian clock disturbances are a
significant dysfunctional process in MDD.

1.4.2 Affective disorders: bipolar disorder

In the spectrum of affective disorders, circadian rhythm disruptions are also prevalent in
bipolar disorder (BD), which is characterized by extreme alterations in mood states that
range from depression to mania. So far, it is known that circadian clock dysregulations
can induce or predispose an individual to BD although it is still unclear if states of
circadian desynchrony represent cause or consequence of BD [71, 72]. Furthermore,
ClockA19 mutant mice, which are not able to express circadian rhythms show mania-like
behaviors which could be improved by the functional restoration of rhythms in their
ventral tegmental area (VTA) [73]. In addition, data from human studies provides
evidence that depressive and manic episodes can be both successfully treated by the
targeted use of Zeitgebers, in particular light. For example, one therapeutic approach

used for depressive episodes is morning or midday light therapy, which has been shown



to be successful for bipolar depression in clinical randomized controlled trials [74-76]. In
manic episodes, the opposite of light therapy is attempted, i.e., reduction of daily light
exposure, for which prolonged stays in darkness or bed rest or wearing blue light

blocking glasses are prescribed [77-79].

1.4.3 Anxiety and anxiety-related disorders

1.43.1 Definition and etiology

Anxiety and anxiety-related disorders such as post-traumatic stress disorder (PTSD) and
obsessive-compulsive disorder are characterized by intense, excessive, and persistent
feelings of fear and anxiety in relation to everyday situations. Such episodes of perceived
fear often lead to avoidance of subjectively threatening situations, which, in turn, can
easily interfere with usual daily activities.

In addition to the intense feelings of fear or anxiety, common symptoms of anxiety
disorders include restlessness, tension, physiological changes such as increased heart
rate, hyperventilation, and sweating, as well as disturbances in sleep and circadian

rhythms, which are considered core symptoms of anxiety [80].

1.4.3.2 Circadian patterns of anxiety disorders
Similar to MDD, anxiety symptoms also seem to follow a 24h circadian pattern [81]. While
depression symptoms are often worst in the morning, anxiety symptoms usually peak in

the late afternoon or early evening [82].

1.4.3.3 Effects of anxiety on circadian clocks

Rodent studies could display the effects of anxiety on the circadian clock system and
sleep. For example, mice selectively bred for high anxiety-related traits show longer free-
running periods, have fragmented ultradian rhythms, and a blunted phase shift response
[83]. Further, they have an increased demand for sleep with more REM sleep proportions
[84]. Moreover, mice that were subjected to anxiety-inducing experiments showed lower
expression of the clock genes Perl and Per2 in the nucleus accumbens [85].

In humans, main characteristics of anxiety or fear are hypervigilance and permanent
rumination, which often result in increased heart rate and blood pressure. This, in turn,
often leads to sleep problems, such as fragmented sleep [86, 87], and to disturbed
circadian rhythms of, for example, the secretion of glucocorticoids [88]. Further on,
severe symptoms of generalized anxiety disorder and obsessive-compulsive disorder
are associated with delayed sleep phase disorder [89]. Also, PTSD, a mental iliness

triggered by trauma, often leads to sleep disturbances and the loss of a stable sleep-
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wake rhythm as the disorder progresses. Since circadian symptoms are very common in

PTSD patients, the term post-traumatic chronodisruption has been coined [90-92].

1.43.4 Effects of disrupted clocks on anxiety disorders

Mice lacking the Perl and Per2 genes show increased anxiety-like behavior [85].
Furthermore, our own 'data (Paper 1) show that mice lacking the Cryl and Cry2 genes
have a distinct anxiety phenotype, which was particularly manifested by restlessness
and compulsive-like behavior as well as amygdala hypersensitivity towards threatening
and stressful environmental events [93].

In humans, anxiety and circadian disturbances build a vicious cycle, as affected persons
who suffer from insomnia at the same time show more pronounced anxiety symptoms
than persons without sleep and circadian rhythm disturbances [94]. Also, for jet lag and
shift work conditions, it has been shown that anxiety levels increase with the extent of
circadian dysregulation [95-97]. The circadian profile of patients with panic disorder
shows phase shifts or delays in various behaviors such as falling asleep, waking, hunger,
and even cognitive functions compared to healthy controls. This is true not only at the
time of acute episodes, but also in the years preceding onset [98]. Interestingly, children
who suffer from sleep disturbances, which is often associated with disrupted circadian
rhythms, are at higher risk for anxiety disorders during adolescence as well as adulthood

[99-101] and sleep disturbances in early adulthood predict anxiety in middle age [102].

1.4.4 Addiction disorders

1.4.4.1 Definition and etiology

Addiction or substance use disorders (SUD) are disorders leading to an inability to
control consumption of legal or illegal drugs [103]. Factors that contribute to the
development of SUDs, including AUD, are multifactorial due to an interaction of genes,
environment, and the properties of the drug itself [104]. Often, impulsive behaviors trigger
initial drug use that then becomes associated with both environmental, contextual factors
(conditioned stimuli) and the rewarding effects of the drug (reinforcing stimuli). This
process primarily involves brain areas such as the amygdala and the hippocampus [105,
106]. With dysfunctional inhibitory processes originating mainly in prefrontal cortex
areas, drug users may more easily lose control over their drug use [107, 108].
Drug-seeking behavior is often driven by a combination of decreased reward functions
and increased brain stress responses [109]. The so-called incentive sensitization theory
claims that two different underlying processes control the motivation to use the drug

namely "wanting" and "liking". These two psychological and neural processes and their
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associated brain structures typically work together, but often disconnect in the course of
addictive disorders [106]. Repeated use of addictive drugs sensitizes the mesolimbic
dopamine system (incentive sensitization), the major component of the wanting system,
leading to excessive wanting for drugs and their stimuli [107]. This process is
independent of the liking of the drug, which either remains unaltered or even decreases
during the course of addictive disorders [106]. Thus, finally, the consumption of the drug
in progressed addiction disorders is characterized by excessive use despite minimal
enjoyment [110].

Besides the above-mentioned processes contributing to the development of addiction
disorders, circadian rhythms play an important role in in drug addiction, such as for
substances as morphine, methamphetamine, cocaine, and alcohol [73, 111-114].
Particularly AUD patients often display circadian disturbances as described in more
detail below, which, in turn, increases the vulnerability to develop or worsen AUD
symptomatology [115-117]. Interestingly, although SUD is characterized by circadian
disruptions, drug addiction and consumption often follow a very specific and reliably

precise diurnal rhythm.

1.4.4.2 Circadian patterns of drug taking behavior

The dopaminergic mesolimbic brain circuit is under control of the circadian system [118]
and it is postulated that the development and chronification of drug addiction is mainly
driven by glutamatergic and dopaminergic neurocircuitries. Importantly, these are known
to be regulated by clock genes [104]. Thus, reward-related, or motivated behaviors, such
as drug taking, can vary widely over the course of 24 hours [119]. Interestingly, this leads
to the fact that although patients suffer from circadian misalignment, the time at which
they are seeking for alcohol drinking is very precise and the first drink of the day often
occurs at a specific hour each day [120, 121]. Similarly, abstinent smokers show a diurnal
rhythm in nicotine craving and a daily rhythm in cue-induced craving has even been

found in abstinent heroin users [122, 123].

1.4.4.3 Effects of alcohol on the circadian clock

Human and animal research have shown that increase in alcohol drinking are correlated
with disruptions in sleep patterns and that drugs and alcohol can affect endogenous
circadian rhythms [124-128]. Acute and chronic alcohol consumption as well as
withdrawals from alcohol can lead to alterations and disruptions in the circadian system
with effects on biological parameters such as clock gene expression, hormone secretion
or body temperature as well as on sleep and affective states [129-134]. For example,

studies in AUD patients assessing sleep abnormalities describe disrupted sleep cycles



including problems in particular with falling asleep and sleeping through, with 36—72% of
AUD patients suffering from sleep abnormalities [129, 135]. Furthermore, changes in
biological rhythms, e.g. cortisol and body temperature rhythms, can be already observed
after a single acute alcohol intake [133]. Interestingly, opposite patterns of melatonin
ratio between day and night secretion have been observed in AUD, in particular in
patients with chronic daily alcohol abuse [133, 136, 137]. Interestingly,
desynchronization of circadian rhythms increases with the severity and chronification of
alcohol drinking and is associated with the intensity of withdrawal symptoms [133]. Vice
versa, circadian rhythms of, for example, cortisol secretion, and core body temperature
resynchronize within two to three weeks of alcohol abstinence [133] suggesting that

circadian disturbances are a consequence of increased alcohol consumption.

1444 Effects of disrupted circadian rhythms on the development of AUD
However, abstinent AUD patients display markedly lower baseline mRNA levels of
circadian clock genes even after prolonged periods of abstinence suggesting that
genetically reduced circadian rhythms are not just a consequence of increased alcohol
consumption but also constitute a risk factor for AUD [134]. In line with this, circadian
rhythm disturbances increase the risk of developing AUD and can modulate alcohol
seeking behavior. For example, shift work or jet lag were shown to elevate alcohol
consumption [125, 138, 139]. In humans, variations in the PER2 gene are associated
with an increased risk of developing pathological alcohol drinking patterns. Furthermore,
genome wide association study (GWAS) results indicate that single nucleotide
polymorphisms (SNPs) in the human PER2 gene moderate alcohol consumption in
individuals with severe life stress [140], and that variations in the PER1 and PER3 genes
are associated with stress-induced alcohol consumption [124, 141]. Similarly, mice
lacking the Per2 gene (Per2BdmVBrdml mice) also show increased alcohol consumption
associated with a strong increase in glutamate levels [113, 142]. In line with this, it is
known that individuals suffering from AUD often display particularly high levels of
glutamate. For this reason, the drug Acamprosate, a glutamate antagonist, is used in
AUD therapy to reduce craving for alcohol.

Beyond the PER genes, another important component of the circadian molecular
clockwork, casein kinase 1¢/d (CK1¢/d), is thought to be involved in the etiology of AUD.
In a study in rats, inhibition of CK1¢e/® was shown to attenuate the high daytime alcohol
intake typically observed after withdrawal and upon re-exposure to alcohol. Thus,
relapse-like drinking was prevented in animals in which CK1e/d was inhibited,
highlighting CK1 as another candidate for the treatment of AUD [143].

10



Together, these studies show that, on the one hand, both endogenous circadian rhythm
disturbances such as sleep irregularities, and reduced amplitudes of hormone
oscillations as well as environmental disturbances of circadian rhythms caused by, for
example, shift work and jet lag, constitute a risk factor for alcohol abuse and alcohol
addiction [144]. On the other hand, particularly chronic alcohol abuse disrupts circadian
rhythms as it impacts on a variety of physiological and behavioral rhythms, such as sleep
cycles, body temperature or eating habits [145, 146]. Hence, it appears that alcohol
abuse and circadian disorders are mutually beneficial and that it is important to break
this cycle. Because of this bidirectional relationship, abstinent AUD patients, AUD
patients under acute withdrawal as well as subjects who are at risk of developing an
alcohol dependence might benefit from therapies aiming specifically at stabilizing
circadian rhythms. However, chronotherapies are not available for any kind of SUD
patients by now.

1.5 Chronotherapies in psychiatric disorders

1.5.1 Light manipulation therapies

As described above, psychiatric disorders in the spectrum of mood and addiction are
often characterized by irregular circadian behavior patterns. So-called chronotherapies
are therapy approaches, that specifically aim at stabilizing the circadian clock. The most
common chronotherapy for psychiatric disorders is the bright light therapy as light
efficiently entrains the SCN. Interestingly, bright light has been shown to be as effective
or even more effective than antidepressants in treating depression [147-149]. Standard
treatment uses light sources of about 10,000 lux for 30 minutes with an application that
usually lasts for a few weeks [150]. The therapeutic success of light therapy for MDD or
seasonal affective disorder (SAD) can be explained by several underlying mechanisms.
First, it was shown that the expression of neurotransmitters can vary depending on
whether an organism receives high or low levels of light. In adult rats, interneurons in the
hypothalamus were found to switch between dopamine and somatostatin expression
depending on whether the animals were exposed to a long or short photoperiod [31].
Interestingly, in humans an association was found between the photoperiod, i.e., whether
it was summer or winter, and the number of dopamine neurons in the midbrain, again
suggesting neurotransmitter switching as an underlying mechanism [151].

Second, exposure to light in the morning shifts the melatonin rhythm in a way that causes
a phase shift with earlier waking and sleeping times [152], which is particularly helpful

for MDD patients since these patients are most often late chronotypes and the severity
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of depression correlates with their eveningness [153]. Not only does phase shifting
improve synchronization of endogenous and environmental time, but also results in
patients getting more natural daylight by waking up earlier in the day [20]. Third, it is
assumed that daily recurrent light exposure, which is a powerful Zeitgeber, increases the
amplitude of signals from SCN neurons, which in turn relay their strong signals to other
brain regions [70]. This in turn could lead to improved internal synchronization of
communication between neurons and between brain regions [14, 154]. Fourth, it
increases the proportion of slow-wave sleep and reduces REM sleep [155]. Along these
lines, a recent study in a diurnal mammal has shown that higher light intensity during the
day leads to greater robustness of behavioral (waking and sleeping) and physiological
(temperature) rhythms [156]. Furthermore, this study shows that light intensity increases
the amplitude of circadian rhythms of electrical activity in the SCN, which not only
supports the therapeutic efficacy of light therapy, but overall underscores the importance
of daily light exposure for circadian health [156, 157].

1.5.2 Agomelatine and melatonin therapies

In addition to therapies acting on the circadian system by manipulating light conditions,
there are several other chronotherapeutic possibilities to realign and stabilize the
circadian clock. For example, the pharmacological agent agomelatine, which is mainly
used as an antidepressant, acts as an agonist at the melatonin receptors MT1 and MT2
and as an antagonist at the serotonin 5-HT2C receptor. In addition to treating depression,
it has been shown to be a successful agent in various psychiatric disorders due to its
ability to adjust a variety of circadian rhythms including melatonin, cortisol, temperature,
and activity rhythms [158-161].

Melatonin is one of the two most prominent humoral manifestations of circadian rhythms.
It is secreted at night by the pineal gland, which receives time-of-day information from
the SCN [162]. As it circulates in the body and reaches both central and peripheral
tissues, it has the ability to synchronize the endogenous timekeeping system among
itself and with the external time [163]. Pharmacologically administered melatonin has
similar chronobiological effects and is able to improve the stabilization of 24-hour
rhythms, reduces latency to slow-wave sleep and increases sleep duration [164, 165]. It
is suggested to be useful in psychiatric disorders with comorbid sleep disorders; both in
patients with stabilized mood disorders to prevent relapses, and as an adjunct treatment
in acute phases of mood disorders, but also in attention deficit hyperactivity disorder,

and schizophrenia [166].
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1.5.3 Cognitive  behavioral therapies with  chronotherapeutical

components

1531 Cognitive behavioral therapy for insomnia

In addition to light therapy and pharmacological approaches described above, there are
behavioral therapy approaches that either directly aim to stabilize the circadian clock or
at least indirectly influence it positively through interventions that stabilize everyday
rhythms.

The focus of cognitive behavioral therapy for insomnia (CBT-I) is on identifying and
replacing thoughts and behaviors that lead to sleep problems [167]. CBT-l uses
interventions such as establishing a regular sleep schedule, sleep restriction, and
relaxation techniques, and integrates psychoeducation about improved sleep hygiene.
However, CBT-l does not primarily aim to improve circadian rhythms since, besides
sleep, it does not address regularity of daily routines, which include mealtimes and other
activities. In the long term, however, by creating more stable daily rhythms of sleep and

wakefulness, CBT-I has the potential to strengthen the circadian clock system [168, 169]

1.53.2 Social rhythm therapy

In the 1990s, the so-called Interpersonal and Social Rhythm Therapy (IPSRT) was
developed for patients with bipolar disorder. It aims at the implementation of regular,
daily recurring patterns of activity in order to stabilize circadian biological processes. The
focus of the therapeutic interventions is on strengthening social rhythms, such as shared
meals, social activities, interactions, and relationships [170]. Its effectiveness in bipolar
patients has been proven several times [171, 172]. In recent years, the therapy has again
gained more attention [173-175] and was expanded in 2016 as Cognitive Behavioral
Social Rhythm Therapy (CBSRT) for patients with PTSD. It was also proven successful
in improving depressive symptoms as well as the quality of sleep in this patient group
[176]. Finally, the effectiveness of the so-called Circadian Reinforcement Therapy (CRT)
is currently being studied in MDD [177]. This therapy concept is similar to IPSRT but
focuses less on reinforcing social rhythms and more on reinforcing all kind of Zeitgebers,
such as daylight exposure, exercise, eating and other social activities. Data from this
randomized-controlled trial are still pending, but if the therapy proves to be successful, it
would be a further step towards bringing chronotherapeutic interventions into everyday
clinical psychiatric practice.

In summary, all the interventions described - from light therapy to pharmacological
agents to cognitive behavioral therapies - directly or indirectly target the stabilization and

realignment of circadian rhythms to improve symptoms of various psychiatric disorders.

13



This is achieved by targeting underlying physiological mechanisms (described in more
detail in section 1.3), such as by increasing the amplitude and stabilizing the period of
biological processes close to 24 hours as well as by establishing a stable phase
relationship between internal and external time with a minimal phase variability from day
to day. Moreover, the successful treatment of psychiatric disorders with chronotherapies

is further evidence that circadian disturbances play a crucial factor in these disorders.
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2. Summary of scope and methodological approach of
my Ph.D.

| started my Ph.D. by writing a review paper (Paper IV), the content of which was
intended to cover the overall goal and scope of my Ph.D. project. It defined and described
mechanisms by which disturbed circadian clocks can lead to mental illness, especially
mood disorders [14]. This review further attempted to demonstrate ways in which this
knowledge could be used to easily apply chronotherapies in the clinic that precisely
target and achieve improvement in these dysfunctional mechanisms.

| then began working with a mouse model deficient in the two central clock genes, Cryl
and Cry2, to investigate the effects of a disrupted circadian clock on psychiatric
phenotypes. Cry genes are directly related to and influence functional stress regulation
and mechanisms of action of the hypothalamic-pituitary-adrenal (HPA) axis [178].
Conversely, a dysfunctional HPA axis plays a crucial role in the etiology and course in
almost all mental ilinesses, and in turn can profoundly exacerbate their progression [179-
181]. In Paper I, | was able to demonstrate through extensive behavioral phenotyping
that the Cry1/2” mice consistently exhibit anxiety-like behavior across various tests. This
was particularly evident by decreased mobility in unfamiliar environments, reduced ability
to habituate to new environments, and most importantly, restless behavior, which was
exhibited independently of various tests. The anxiety-like phenotype was additionally
confirmed at the molecular level by increased neuronal activity in one of the brain's major
anxiety centers, the amygdala. In contrast to the anxiety-like behavior, the animals do
not show depression-like behavior, and at the level of cognitive and social behavior, they
demonstrate only minor abnormalities compared with WT [182].

Furthermore, in Paper Il, | showed that animals of the same mouse line exhibit
significantly altered alcohol drinking behavior which in many ways resemble properties
of AUD. For example, Cry1/2”- mice exert significantly more effort to obtain alcohol even
though their alcohol preference is reduced, consistent with the incentive sensitization
theory of addiction [107, 183, 184]. In addition, | exposed the same mice to an
environmental disruption of circadian rhythms similar to shift work conditions, which
represents a significant risk factor for increased alcohol consumption in humans [130] .
Interestingly, the alcohol preference of Cry1/2” mice was particularly low under these
shift work-like lighting conditions. However, the direction of alcohol consumption, i.e.,
whether it is particularly low or high, depends on the species. For example, rats drink
more alcohol under changing light conditions [185, 186], whereas mice tend to drink less

[187] , which is also consistent with our study. Interestingly, however, Cry1/2” mice reject
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already low alcohol concentrations under shift-work-like conditions, whereas WT mice
under these conditions only drink less under high ethanol concentrations. This illustrates
that the interaction, i.e., when genetic and environmental disturbances of the circadian
rhythm coincide, has a patrticularly strong influence on alcohol drinking behavior.
Furthermore, by determining the stress hormone corticosterone, | was able to show in
this study that these mice exhibited continuously elevated stress levels over 24 h
compared to wild-type mice. Both elevated anxiety and stress levels are significant risk
factors for the development of AUD in humans [188]. Overall, this study provides
evidence that both endogenous and environmental perturbations of circadian rhythms,
as well as resulting hormonal and neuronal changes that are known risk factors for the
development of AUD in humans, significantly alter alcohol drinking behavior in mice.

To make these findings relevant and translational for clinical psychiatric work, |
developed a new personalized circadian adjunctive therapy for AUD patients, called
DAILY, which stands for Depression Alcohol lliness Therapy (Paper Ill). DAILY attempts
to expose patients to recurring and very regular daily Zeitgeber such as sleep, activity,
and meals. The hypothesis is that this will stabilize behavioral and physiological circadian
rhythms by improving synchronization between them and with the environment which is
expected to reduce the risk of potential relapse and facilitate physical recovery during
the first weeks of withdrawal therapy. Whereas the study protocol has already been
published [62], the associated randomized controlled trial in AUD patients to test
treatment efficacy is still ongoing and not yet completed (see section 4).

According to the title of this thesis "A Translational Approach of Mouse and Human
Studies to Integrate Chronobiology into Alcohol Use Disorder Therapy: From Bedside to
Bench... and Back.", | have attempted during my Ph.D. to use observations from my own
clinical work as well as existing knowledge from the literature to systematically gain new
insights through animal research and translate them into clinical psychiatric practice

through the development of a new adjunctive therapy for AUD patients.

3. Own contribution to the original research papers

3.1 Contribution to Paper |

Huhne, A., Volkmann, P., Stephan, M., Rossner, M., & Landgraf, D. (2020). An in-depth
neurobehavioral characterization shows anxiety-like traits, impaired habituation
behavior, and restlessness in male Cryptochrome-deficient mice. Genes, brain, and
behavior, 19(8), €12661.
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For this study, | performed all behavioral experiments and data analysis. Paul Volkmann
assisted me in conducting those behavioral experiments which required two
experimenters. While Dominic Landgraf had the principal project idea, namely the
extensive behavioral characterization of Cry1/2” mice, | planned the concrete
experimental procedure of the study. It was also my idea to measure c-fos in the
amygdala of our experimental mice using qPCR method. Thereby, Dominic Landgraf
and Paul Volkmann helped me with the tissue sampling. The processing of the raw
behavioral data from the IntelliCages using FlowR software was performed by Marius
Stephan, Paul Volkmann, and myself. | decided which data should be evaluated and
Marius Stephan generated raw data accordingly which | have used for further analyses.
After | had finished the data analysis, Dominic Landgraf, Paul Volkmann, and I
contributed to the interpretation of the data. | wrote the initial draft of the manuscript. This
draft was revised and finalized by Dominic Landgraf, Paul Volkmann, and me. Dominic
Landgraf guided the study and provided the funding.

3.2 Contribution to Paper I

Huhne, A., Echtler, L., Kling, C., Stephan, M., Schmidt, V. M., Rossner, M. & Landgraf,
D. (2021). Circadian gene x environment perturbations influence alcohol drinking

in Cryptochrome-deficient mice. Addiction Biology, €13105.

Since | had the original idea for this study, | also did the planning and design of this
project. | also trained Lisa Echtler in the behavioral experiments, with whom | share first
authorship. Under my supervision, Lisa Echtler performed the majority of the behavioral
experiments. | performed the in vitro experiment (measuring PER2::LUC rhythms in the
SCN in the LumiCycle). Processing of the raw behavioral data from the IntelliCages using
FlowR software was performed by me with the help of Marius Stephan. | decided which
data should be evaluated and Marius Stephan generated raw data accordingly. Charlotte
Kling carried out the sampling of the lateral hypothalamus for the gqPCR experiment for
prepro-orexin quantification. Blood for corticosterone measurements was collected by
Lisa Echtler and Mathias Schmidt from the Max Planck Institute in Munich performed the
measurement of corticosterone by radioimmunoassay. Data analysis was performed by
me. Dominic Landgraf and | performed the data interpretation. | wrote the first draft of
the manuscript. This draft was revised and finalized by Dominic Landgraf and Lisa
Echtler. With support from Dominic Landgraf, | directed the study to a large extent myself.
Dominic Landgraf provided the funding.
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Abstract

Many psychiatric disorders, for example, anxiety, are accompanied by disturbances
of circadian rhythms, including disturbed sleep/wake cycles, changes in locomotor
activity, and abnormal endocrine function. Conversely, alternations of circadian
rhythms are a risk factor for the development of psychiatric disorders. This assump-
tion is supported by animals with clock gene mutations which often display behav-
iors that resemble human psychiatric disorders. In this study, we performed an in-
depth behavioral analysis with male mice lacking the central clock genes
Cryptochrome 1 and 2 (Cry1/27/~), which are thus unable to express endogenous cir-
cadian rhythms. With wild-type and Cry1/2~~ mice, we performed an extensive
behavioral analysis to study their cognitive abilities, social behavior, and their
expression of depression-like and anxiety-like behavior. While Cry1/2~/~ mice
showed only mild abnormalities at cognitive and social behavioral levels, they were
consistently more anxious than wildtype mice. Anxiety-like behavior was particularly
evident in reduced mobility in new environments, altered ability to habituate, com-
pensatory behavior, and consistent restless behavior across many behavioral tests.
In line with their anxiety-like behavioral phenotype, Cry1/2~/~ mice have higher c-
Fos activity in the amygdala after exposure to an anxiogenic stressor than wild-type
mice. In our study, we identified Cry1/2~/~ mice as animals that qualify as a transla-
tional mouse model for anxiety disorder in humans because of its consistent behav-
ior of restlessness, increased immobility, and dysfunctional habituation in new

environments.
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amygdala, anxiety, c-Fos, circadian clock, cryptochrome, habituation, neurobehavioral

characterization, restlessness
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1 | INTRODUCTION

1.1 | The burden of anxiety and other psychiatric
disorders

Psychiatric disorders are a profound societal burden making up
nearly a quarter of worldwide disability.! Focusing on the charac-
terization of genotypes and phenotypes as well as on molecular
mechanisms of these disorders becomes extremely important in
order to be able to make diagnoses more precisely and develop
new therapies. Thus, the treatment of psychiatric disorders is a
considerable challenge not only for clinical practice but also for
research. Anxiety disorders are one of the most common psychiat-
ric disorders, with a 12-month prevalence of 18.1% in the U.S.
adult population and 31.1% of U.S. adults experiencing anxiety dis-
orders at least once in their lifetime.2® In addition to the core
symptom of feeling uncontrollable and inordinate fear, sleep dis-
turbances are highly prevalent in anxiety disorders.* Neu-
robiologically, a core element of the anxiety network in the brain
is the amygdala, which serves as a relay station for information
from cortical and thalamic areas to generate behavioral states of

fear and anxiety.

1.2 | Circadian clocks

The sleep-wake cycle and other daily oscillations in physiologic
and behavioral processes are controlled by the mammalian circa-
dian system, which evolved to anticipate daily recurring events
resulting from the 24-hours rotation of the earth. The master
pacemaker of the mammalian circadian system is located in the
suprachiasmatic nucleus (SCN) in the anterior hypothalamus. The
SCN is entrained to environmental rhythms by direct light and
dark signals through the retinohypothalamic tract and distributes
this time information to other clocks throughout the rest of the
brain and peripheral tissues. The expression of circadian clock
genes determines cellular circadian rhythms approximating
24 hours by generating transcriptional-translational feedback
loops (TTL) with positive and negative components. The positive
arm of the mammalian core TTL consists of the transcription fac-
tors CIRCADIAN LOCOMOTOR OUTPUT CYCLES KAPUT (CLOCK)
and BRAIN AND MUSCLE ARNT-LIKE PROTEIN 1 (BMAL1 or
ARNTL). These proteins dimerize and bind to E-box cis-elements
on target promoters. The CLOCK:BMAL1 protein complex drives
the expression of PERIOD 1-3 (PER1-3) and CRYPTOCHROME 1
and 2 (CRY1 and 2) proteins, which in turn represent the negative
limb of the TTL, inhibiting CLOCK and BMAL1, and thus their
own transcription.> Components of the TTL serve as transcription
factors for so-called clock-controlled genes and by that induce
rhythmic expression of about half of all genes in one tissue or
another. Thereby, the circadian clock sets the timing and synchro-
nizes virtually all molecular and physiological processes of

the body.

1.3 |
disorders

Disturbed circadian clocks and psychiatric

The role of disturbed circadian rhythms in psychiatric disorders has been
object of manifold studies.® Although concrete molecular mechanisms
are not well understood, lost synchronization between the organism
and the environment and between different physiological processes,
reduced increase and decrease of endocrine signals and processes, and
altered sleep architecture provide hypothetical explanations of how dis-
turbances of the circadian system and altered regulation of emotions
and behavior may be related.” It is known from human and animal
research that disturbances of circadian clocks are particularly associated
with the development of mood and anxiety disorders.8** For instance,
disruption of the sleep-wake cycle is a hallmark of affective as well as
of anxiety disorders.}? Shifted or disrupted behavioral and endocrino-
logical rhythms have been found in patients with depression® and anxi-
ety.* Importantly, this relationship can be regarded as bidirectional.
Environmental disruptions of circadian rhythms, such as shift work,
increases the risk of mental disorders.'> Furthermore, subjects with
extreme chronotypes are at higher risk to develop psychiatric disor-
ders.X® Interestingly, patients suffering from mood or anxiety disorders
profit from chronotherapeutic interventions,”*® demonstrating that
therapy approaches normalizing or strengthening circadian rhythms
improve symptoms of mental disorders. In addition to human data, ani-
mal models were used to support the link between circadian rhythms
and psychiatric endophenotypes. For instance, the Clock*!® mutant
mouse has a long endogenous circadian period of ~27 hours with
arrhythmic behavioral patterns when kept in constant darkness.*” These
mice mimic mania symptoms being hyperactive, showing reduced anxi-
ety and increased seeking for drugs of abuse.1®2%2! Contrarily, Per2-
Bram1 mice have short free-running periods before they turn arrhythmic
in constant darkness, but display mania-like behavior as well.?%?% Other
clock gene mutations cause depression- or anxiety-like behaviors. For
instance, Per1/2'% mice display anxiety-like behavior.2* Importantly,
behavioral consequences may depend on the background strain and the
type of circadian gene mutation.?> Also, Cry1/2~/~ mice, which are not
able to express circadian rhythms, were shown to have cognitive dys-
functions and anxiety-like behavior, which was attributed to dys-
regulation of striatal extracellular signal-regulated kinase (ERK).2%
However, the previous behavioral characterization of Cry1/2~/~
mice only covered a few behavioral aspects. Therefore, in the present
study, we intended to conduct an in-depth neurobehavioral analysis
in Cry1/2~/~ mice and further mechanistic explanations for altered
behavior to gain more insights into the relationship of dysfunctional

circadian clock mechanisms and psychiatric phenotypes.

2 | MATERIAL AND METHODS

21 | Animals

Cry1/27/~; Per2'“c mice?”-?® with C57BL/6J background were kindly
provided by Michael Hastings, MRC Laboratory of Molecular Biology,



HUHNE ET AL

Genes, Brain 30f 15

Cambridge, UK and backcrossed to same C57BL/6J background mice
from our stock. To maintain congenic strains, the mutant and the WT
strains are backcrossed every 5 to 10 generations to refresh the back-
ground. Littermates were paired with each other in order to eventu-
ally receive two separate Cry1/2~/~; Per2"“c (henceforth referred to as
Cry1/27/7) and Cry1/2**; Per2'“c (henceforth referred to as WT) lines.

~/~ mice at

All experiments were carried out in male WT and Cry1/2
the age of 8 to 15 weeks. Mice were group housed and maintained in
12:12 light/dark (LD) cycles with lights turned on at 7 am If not other-
wise stated, water and food were provided ad libitum. Mouse studies
were conducted in accordance with regulation of German Animal Pro-
tection Law. In all behavioral experiments, animals were brought to
the experimental room 10 minutes in advance to the start of the
actual test for habituation. An attempt was made to keep the number
of animals low by using animal cohorts for several tests, starting with
the least stressful tests and finishing with the most stressful tests. In
total, there were four different cohorts with which tests were per-
formed in the following order: (a) cohort: open field test, Y-maze test,
social interaction, tail suspension test, and learned helplessness. (b)
cohort: IntelliCage: place preference, reverse learning, serial reverse
learning, sucrose preference, progressive ratio, followed by light-dark
box. (c) cohort: IntelliCage: impulsivity, followed by prepulse inhibition

test, and (d) cohort: learned helplessness only.

2.2 | Open field test
Open Field Test I: Novelty-induced and spontaneous exploratory behavior
was monitored at ZT3 in an open field area (50 cm x 50 cm x 50 cm) for
10 minutes. Mice were video-recorded and distance, speed, time spent
in predefined areas, number of im/mobile episodes, and time im/mobile
were assessed with the behavioral tracking software ANY-maze,
Stoelting, IL. lllumination during the test was set to 1600 Ix.

Open Field Test II: For assessment of the same parameters in a
familiar environment, a second identical open field test (OFT Il) was

performed 60 minutes after the first open field test.

2.3 | Y-maze test

Working memory capacity was assessed by quantification of sponta-
neous alternations in the Y-maze at ZT6. The Y-maze consists of three
identical arms (A, B, C) in the shape of a “Y” and was conducted at 50
to 70 Ix for 10 minutes. Spontaneous alternations describe the num-
ber of full sequences of visits to each arm of the arena without repeti-
tion (eg, A-B-C, B-A-C or B-C-A, but not A-B-A, C-B-C, or B-A-B).
Mice were tracked and analyses were conducted using ANY-maze.

24 | Light-dark box

The light-dark boxes consist of two compartments connected by a

small open gate. One compartment is open, illuminated (1600 Ix)

and Behavior

and has clear walls, while the other compartment consists of non-
transparent, black walls and a black lid keeping the inside dark
(<10 Ix). At ZT8, anxiety-like behavior was measured as time spent
in the illuminated compartment and the number of entries to that

compartment.

2.5 | Social interaction test

Social interaction was assessed at ZT2 by the social interaction test
as previously described.?’ The time of active social interaction with
a so-called stimulus mouse (ovariectomized 129S1/SvimJ female
mice) was measured. Stimulus mice were transferred to individual
cages 1 hour before starting the test session for habituation. lllumi-
nation during that time and the following testing was set to 50 to
70 Ix. After 1 hour, the test mouse was placed into the cage and
the frequency and duration the test mouse spent in active social
interaction (interest and mounting) was measured manually for
4 minutes.

2.6 | IntelliCage system

The IntelliCage system and software (TSE-Systems GmbH, Bad Hom-
burg, Germany) has been described in detail previously.2%3! The sys-
tem consists of cages with four corners, in which the mice can open
gates for access to drinking bottles by doing nosepokes. Visits in cor-
ners, number of nosepokes, successful opening of gates, and number
of licks on the bottles are measured automatically.

At least 5 days before the start of experiments, transponders for
radiofrequency identification (PlanetID GmbH, Essen, Germany) were
implanted subcutaneously in the dorsocervical region under isoflurane
inhalation anesthesia. Then, mice were transferred and adapted in
groups to the IntelliCages. Days 1 to 2, free adaptation: all gates were
open to provide unlimited access to drinking bottles. Day 3, corner visit
adaptation: gates remained closed until a mouse visited the corner.
Days 4 to 5, nosepoke adaptation: gates remained closed until mice
performed a nosepoke. After the adaptation phase, either learning
ability and flexibility, sucrose preference and the willingness to work
for it (progressive ratio), waiting impulsivity, or circadian rest/activity
behavior were assessed.

Place Learning and Cognitive Flexibility: For the assessment of
place learning abilities, mice were given two days to learn that water
could only be accessed in one specific corner of the cage. Corner
assignment was randomized. Learning success was measured with a
preference score in an (A — B)/A + B) design. Positive values signify
preference for the assigned corner, while negative values show avoid-
ance. Afterwards, cognitive flexibility was tested using a reversal
learning protocol for seven consecutive days, during which the mice
had to learn that water was now available at a different corner every
24 hours. The sequence of corners was again randomized. Flexibility
was measured as area under the preference score-derived learning

curve.
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Sucrose Preference and Operant Conditioning: One of the two
water bottles in each corner was filled with 1% sucrose solution,
whereas the other bottle contained autoclaved tap water. Prefer-
ence of mice to drink sucrose solution was recorded for a period of
24 hours. Subsequently, mice were trained in a progressive ratio
paradigm. For the following 6 days, the sucrose solution was only
accessible after executing an increasing number of nosepokes
inconsecutive stages. The increase of required nosepokes per trial
to obtain access to the sucrose solution and to obtain the next

stage was calculated according to the formula:

5e[0.2 * reward number]) _

Response
ratio = ( 5, resulting in a rise of nosepokes as
follows: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, and so
forth. The next stage was reached when the mouse completed the
required number of nosepokes within one trial. A trial is defined as
a visit of a corner with a minimum of one nosepoke. Leaving the
corner before reaching the required number of nosepokes termi-
nates and restarts the trial and the mouse must repeat it until the
next stage is reached. During the test, mice had free access to tap
water bottles.

Wiaiting Impulsivity: Assessment of waiting impulsivity has been
described previously.*2 Mice had to perform a first nosepoke and then
wait either 0.5, 1.5, or 2.5 seconds (assigned randomly) to obtain
access to water bottles. A trial in this paradigm follows the same defi-
nition as described for Sucrose Preference and Operant Conditioning. If
a mouse would make a second nosepoke within the waiting time (pre-
mature response), the trial was counted as a failure and the mouse
was punished with no-access to water during this visit. Based on the
number of failures and successful trials a premature response rate
(PRR) was calculated, where a high PRR indicates more impulsive
behavior.

Circadian Rest/Activity Behavior: Rest/activity cycles were mea-
sured based on corner visit frequency throughout the day as an indi-
rect measure of general locomotor activity. First, mice were entrained
to an LD 12:12 cycle and corner visits were recorded for 5 days. Then,
the IntelliCages were transferred to ventilated, light- and soundproof

boxes with DD conditions for 14 days.

2.7 | Prepulse inhibition (PPI)

Startle response was automatically measured via movement-induced
vibration of the base plate of startle-response-enclosures (SR-LAB,
San Diego Instruments, San Diego) at ZT2. The background noise in
the boxes was set to a constant level of 65 dBA. For short term habit-
uation the main 40 ms 115 dBA pulse was presented 10 times before
the actual test sequence (baseline startle response). To test the base-
line startle response, a 40 ms 115 dBA pulse was presented 10 times
before the actual test sequence. Then, a non-startling 20 ms prepulse
of an intensity of 70, 75, or 80 dBA was presented, which was
followed by a pulse of 115 dBA occurring 100 ms after the start of
the prepulse. Each condition was repeated in 10 trials. All trials were
presented in pseudorandomized order with inter-trial intervals ranging

from 8 to 22 seconds.

2.8 | Tail suspension test

Lack of active avoidance of an aversive situation was measured in the
tail suspension test at ZT4 as described previously.3® Briefly, adhesive
tape was used to attach mice to a bar located 30 cm above a flat surface
for 6 minutes. Plastic tubes were put over the tail to prevent mice from
climbing up the tail. Immobility was quantified by measuring the amount
of time when no whole-body movement was observed. Whole-body
movement was defined as movement of the center of the body. Flailing
with the front limbs was not counted as movement. Mice were video-

recorded and whole-body movements were quantified (ANY-maze).

2.9 | Learned helplessness

The learned helplessness study paradigm consisted of two training
days (ZT3) and one testing day (ZT8) as described previously.®33%
On both training days mice were restrained and received 120 electric
tail shocks, lasting 5 seconds each, within 60 minutes. Shock intensity
was gradually increased in 0.05 mA steps from 0.25 to 0.60 mA: every
15 shocks. On the testing day, mice were placed into shuttle boxes
(Panlab Harvard Apparatus, Spain) and received 30 electric shocks
(0.10 mA) to their feet through the grid floor. During each test shock
(maximum duration 30 seconds), the gate remained open, and mice
could escape the shock by crossing the gate to the adjacent compart-
ment. The schedule in trials #1-5 was fixed ratio (FR) 1 (crossing the
gate once to escape the shock). In the remaining trials #6-30, the
schedule was changed to FR-2 (crossing the gate twice to escape the
shock). Escape latency and number of escape failures were recorded

automatically.

210 | Quantitative real-time PCR

c-Fos levels in the prefrontal cortex and the amygdala were quantified
in stressed and non-stressed WT and Cry1/2~/~ mice at ZT4 and
ZT16. To induce stress, an open field experiment was performed in
animals that never had encountered this setup before for 10 minutes
as described above. After the test, the stressed mice were returned to
their home cages for 30 to 60 minutes to allow sufficient time for c-
Fos to increase. Then, brain areas were prepared, harvested and snap
frozen on dry ice instantly. During the 30 to 60 minutes waiting
period, non-stressed mice were transferred to the procedure room
and brain areas were prepared, harvested, and snap frozen immedi-
ately. lllumination during the habituation, the stress procedure, and the
brain harvest was set to 1600 Ix. Quantitative real-time PCR (qPCR)
was performed with a StepOnePlus Real-Time PCR System (Applied
Biosystems, CA) with GoTaqg SYBR Master Mix (Promega, WI). Relative
quantification of expression levels by a modified AACT calculation was
performed as described.® Primer sequences were: p-act: for. 5'-
CCCTGAAGTACCCCATTGAA-3, rev. 5-AGGTGTGGTGCCAGATCTTC-
3’; c-Fos: for. 5-TCGACCTAGGGAGGACCTTACC-3/, rev. 5'-
TCGACCTAGGGAGGACCTTACC-3'.
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211 | Statistical analysis

Data analyses were performed, statistical tests were calculated, and
graphs plotted using GraphPad Prism (GraphPad Software, CA) and
RStudio (RStudio, MA). The automated user interface FlowR
(XBehavior, Dagerlen, Switzerland) was used for behavioral data that
has been assessed in the IntelliCage Setup. Details about statistical
tests used for specific experiments are indicated in the corresponding

figure legends.

3 | RESULTS
3.1 | Endogenous circadian rhythms are lost in
Cryptochrome-deficient mice

To assess circadian activity patterns, corner visits were measured
over time in IntelliCages. In LD conditions, both, WT and Cry1/27/~
mice show rhythmic patterns in their visits in the corners of the
cages. Under DD conditions, however, the behavior of Cry1/2’/’
mice is not rhythmic. This shows that their rhythmic behavior in LD
is because of so-called masking effects, but that they are not capa-
ble of producing endogenous circadian rhythms (Figure 1A). Impor-
tantly, their average total activity level under constant conditions is
similar to that of WT mice, indicating that they are not restricted in
their ability to move because of the loss of Cryptochrome genes.
(Figure 1B). In line with these results, Cry1/2~/~ mice only reach sig-
nificant circadian periods of ~24 hours under LD conditions,
whereas under DD they do not display any significant rhythm in cor-

ner visits.

3.2 | Cryptochrome-deficient mice show mild
cognitive abnormalities

Learning abilities and cognitive flexibility, measured in the IntelliCages
by tasks of place preference as well as reversal and serial reversal
learning, are at the same level in Cry1/2~~ mice compared with WT
mice (Figure 2A; Place Pref.: tzo = 1.037, P = .3061; Rev. Learning:
tag = 0.074, P = .9413; Serial Rev. Learning: tzg = 1.342, P = .1873 [Stu-
dent t test]). However, in the Y-maze test, in comparison to WT mice,
Cry1/2~/~ mice show increased spontaneous alternations, which
means that they examined the arms of the Y-maze more often in a
regular sequence (Figure 2B; tzg = 2.919, P = .0059 [Student t test]).
To test whether Cry1/2~~ mice suffer neurodevelopmental deficits
that contribute to impairments of sensomotoric gating, a prepulse
inhibition experiment was conducted. In unaffected animals, a
prepulse stimulus reduces startle responses to a second, more intense
stimulus. Interestingly, in Cry1/2~~ mice, this effect is reduced as the
prepulse inhibition is lower at all tested prepulse intensities (Figure 2C;
Interaction, F534 = .7584, P = .4762; Prepulse Intensity, F5 34 = 48.93,
P < .0001; Genotype, F1 34 = 5.074, P = .0378 [two-way repeated mea-

sures analysis of variance]).

and Behavior

3.3 | Cryptochrome-deficient mice exhibit
hypoactivity in unfamiliar environments and other
signs of elevated anxiety

Next, to test whether Cry1/2~’~ mice display anxiety-like behavior,
social interaction, open field, and light/dark box tests were conducted.
In the social interaction test, WT mice and Cry1/2~/~ mice show the
same interest in female ovariectomized stimulus mice. This is reflected
in the same number of approaches and the same time that the two
genotypes show interest in the stimulus mouse. Furthermore, WT and
Cry1/2~/~ mice mount the stimulus mice equally often. However, the
duration of mounting approaches is significantly shorter in Cry1/27/~
mice (Figure 3A; Interest Approaches: ts, = .251, P = .8032; Time Inter-
est: tso = 1.035, P = .3065; Mounting Approaches: ts, = 1.219,
P = .2295; Time Mounting: ts,, = 2.323, P = .0254 [Student t test]).
Next, place preference and mobility were measured in the open field
test and the light/dark box test. WT mice and Cry1/2~/~ mice have a
similar preference for staying in the center and in the corners of the
open field arena as well as in the light compartment of the light/dark
boxes (Figure 3B; OFT Center: tsg = 0.1037, P = .9179; OFT Corner:
tag = 0.1659, P = .8692; LDB Time in Light: t4, = 0.2382, P = .8129
[Student t test]). However, in both tests, Cry1/2~/~ mice travel less
distance, irrespective of center or corner and spend more time immo-
bile (Figure 3C), which becomes also evident from the low number of
entries into the center and the corner of the open field and into the
light compartment of the light-dark box (Figure 3C; OFT Total Dis-
tance: tzg = 5.375, P <.0001; OFT Time Immobile: tzg = 4.227,
P = .0001; OFT Center Entries: tzg = 3.061, P = .004; OFT Corner
Entries: tzg = 5.610, P <.0001; OFT Center Distance: tzg = 2.228,
P =.0319; OFT Corner Distance: tzg = 4.363, P < .0001; LDB Distance:
tso = 1.705, P = .0959; LDB Time Immobile: t4o = 2.521, P = .0158; LDB
Entries Light: tso = 2.750, P = .0088; YM Distance: tzg = 4.637,
P <.0001; YM Time Immobile: tzg = 3.305, P = .0021 (Student t test)).
Similar observations were also made in the Y-maze test, where Cry1/
27/~ mice also cover less distance and spend more time immobile (Fig-
ure 3C). Notably, based on the results of maximum speed in the open
field arena as well as in the Y-maze and total corner visits in
IntelliCages (see also Figure 1B), Cry1/2‘/’ mice do not suffer from
limitations in locomotion or their general ability to move (Figure 3D;
OFT: t3g = 1.748, P = .0885; YM: tzg = 1.326, P = .1927; Total Corner
Visits: tg» = 0.5867, P = .5595 (Student t test)).

3.4 | Cryptochrome-deficient mice have a limited
ability to habituate to new environments

To test further whether Cry1/2~/~ mice show more parallelism to anx-
iety, habituation behavior was measured in two consecutive open
field tests. In the second open field test, WT mice show habituation to
the familiar environment as they increase exploratory behavior by vis-
iting the center and disregarding the supposedly safe corner for a lon-
ger period. Moreover, they increase their locomotion speed.

Contrarily, Cry1/2~/~ mice prefer corner as much as in the first open
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FIGURE 1 Endogenous circadian rhythms are lost in Cryptochrome-deficient mice. Day-night activity patterns were determined based on

corner visits in IntelliCages. A, Average activity patterns under LD and DD conditions show that Cry1/2~/~ mice do not express endogenous
circadian rhythms in constant conditions but show masking in a rhythmic environment. Data are shown as double plots. Darker tones of gray
represent higher numbers of corner visits within 60 minutes; n = 4. B, Accumulated activity profiles of WT and Cry1/2~/~ mice under LD and DD
conditions; n = 4. C, Lomb-Scargle Periodograms of WT and Cry1/2~/~ mice under LD and DD conditions; n = 4. Light gray dashed lines show
thresholds for significantly rhythmic periods. Dark dashed lines show range of significant periods
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FIGURE 2 Cryptochrome-deficient mice show mild cognitive abnormalities. A, Reversal learning is not affected in Cry1/2~~ mice. Place
preference for water bottles, single and reversal learning of water bottle position changes were tested in IntelliCages. Data are shown as dot plot
with mean + SEM; (Student t test); n = 17/24. B, Cry1/2’/’ mice show more spontaneous alternations in the Y-maze test. Data are shown as dot
plot with mean + SEM; **P < .01 (Student t test); n = 25/15. C, Cry1/2~’~ mice display reduced prepulse inhibition. Prepulse inhibition was tested
at baseline with a pulse of 115 dB and with prepulses set at 70, 75, and 80 dB. Data are shown as dot plot with mean + SEM; post hoc test: not
significant (two-way repeated measures analysis of variance with Bonferroni posttest); n = 11/8

field test and avoid center even more than during the first test. In
both genotypes, walking distance decreases and immobility time
increases, although the decrease of walking distance is more pro-
nounced in WT mice (Figure 4A; CORNER: Interaction, F13g = 4.906,
P = .0328; Time, Fy35 = 1.676, P = .2033; Genotype, Fy 35 = 2.215,
P = .1449; CENTER: Interaction, F13g = 5.075, P = .0301; Time,
F138 < 0.001, P = .9975; Genotype, F135 = 3.209, P = .0812; MAX.
SPEED: Interaction, Fy13g = 6.731, P = .0134; Time, F135 = 2.286,
P = .1388; Genotype, F; 35 = 13.38, P = .0008; DISTANCE: Interaction,
F13s = 4463, P = .0413; Time, F13g = 153.0, P <.0001; Genotype,
F138 = 25.42, p = <.0001; IMMOBILITY TIME: Interaction, F4 35 = 0.35,
P = .5576; Time, F135 = 131.0, p = <.0001; Genotype, F; 35 = 13.58,
P = .0007 (two-way repeated measures analysis of variance)). Similar
observations can be made in the Y-maze test. In the first half of the
test, WT and Cry1/2~/~ mice make a comparable number of spontane-
ous alternations. However, in the second half of the test, WT mice

/-

make fewer spontaneous alternations, while Cry1/27"~ mice slightly

increase the number. Like in the open field test, walking distance and
immobility time decrease or increase, respectively, but the decrease
of walking distance is more pronounced in WT mice also in the Y-
maze test (Figure 4B; SPONTANEOUS ALTERNATIONS: Interaction,
F138 = 0.7018, P = .4074; Time, F1 35 = 0.0109, P = .9174; Genotype,
Fiss = 8522, P = .0059; DISTANCE: Interaction, F;3s 9.302,
P = .0042; Time, F13g = 279.5, P <.0001; Genotype, F13s = 18.46,
P = .0001; IMMOBILITY TIME: Interaction, F13g = 1.226, P = .2754;
Time, F13g = 135.3, P <.0001; Genotype, F; 35 = 15.65, P = .0003

(two-way repeated measures analysis of variance)).

3.5 | Depression-like behavior is not induced by
loss of Cryptochromes

In order to assess whether Cry1/2~/~ mice additionally show depres-

sion-like characteristics, their behavior was measured in the tail
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FIGURE 3 Cryptochrome-deficient mice exhibit hypoactivity in unfamiliar environments and other signs of elevated anxiety. A, In the social

interaction test, Cry1/2~/~ mice spend less time mounting an ovariectomized female mouse but show no differences in the number of mounting
approaches and in interest time and approaches. Data are shown as dot plot with mean + SEM; *P < .05 (Student t test); n = 24/18. B, In the open
field test and the light/dark box test, WT and Cry1/2~/~ mice display similar place preferences. Data are shown as dot plot with mean + SEM;
(Student t test); OFT: n = 25/15; LDB: n = 20/24. C, Cry1/2~’~ mice are hypoactive over various tests when exposed to unknown environments.
In the open field test, the light/dark box test, and the Y-maze test, they cover less distance, enter specific areas less frequently, and are immobile
longer. Data are shown as dot plot with mean + SEM; *P < .05, **P < .01, ***P < .001, ****P < .0001 (Student t test); OFT: n = 25/15; LDB: n = 20/
24; YM: n = 25/15. D, Based on the maximum speed in the open field and the Y-maze test as well as the total corner visits in the IntelliCage, the

mobility of Cry1/2~/~ mice is not restricted. Data are shown as dot plot with mean + SEM; (Student t test); OFT: n = 25/15; YM: n = 25/15; IC:

n=33/31

suspension test and their susceptibility to the development of learned
helplessness and their preference for sucrose was determined. In the
tail suspension test, their immobility time does not differ from WT
mice (Figure 5A; t3¢ = 0.5905, P = .5586 (Student t test)). Moreover,
Cry1/27/~ mice are no more susceptible to helplessness than WT mice
after being exposed to uncontrollable stress in the learned helpless-
ness paradigm, as they have similar escape latencies and a similar
number of escape failures (Figure 5B; LATENCY: t,, = 0.4179,
P = .6797, FAILURES: ty4 = 0.3624, P = .7202 (Student t test)). Addi-
tionally, in the sucrose preference test, Cry1/2~/~ mice do not prefer

sucrose solution more than WT mice do (Figure 5C: tso = 0.1555,

P = .8771 (Student t test). Interestingly, however, their willingness to
work for the sucrose solution is higher on a progressive ratio sched-
ule. Cry1/2~’~ mice reach higher stages than WT mice, which means
that they are willing to do more nosepokes in order to access the
sucrose. Compared with WT mice, Cry1/2~/~ mice also need fewer tri-
als to reach the next stage of the paradigm, indicating that they abort
the attempts to reach the sucrose less often (Figure 5D; MAX. STAGE:
t4s = 4.481, P < .0001, MAX. NOSEPOKES: t4s = 3.551, P = .0009, TRI-
ALS PER STAGE: t45 = 4.931, P <.0001, TOTAL TRIALS: t45 = 1.108,
P = .274 (Student t test)). Because the general preference for sucrose

was not increased, but the determination to reach the sugar solution
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FIGURE 4 Cryptochrome-deficient mice have a limited habituation to adapt to new environments. A, In a second open field test, Cry1/2~/~
mice spend more time in the corner and less time in the center than in first test and as WT mice. Also, WT mice increase movement speed while
Cry1/2~"~ mice do not. Distance decreases and time immobile increases in both genotypes, although distance decrease is more pronounced in
WT mice. Data are shown as dot plot with mean + SEM; *P < .05, **P < .01, ****P < .,0001 (two-way repeated measures analysis of variance with
Bonferroni posttest); n = 25/15. B, In the second half of the Y-maze test, Cry1/2~/~ mice show a similar number of spontaneous alternations as in
the first half, while WT mice reduce spontaneous alternations. Distance decreases and time immobile increases in both genotypes, although
distance decrease is more pronounced in WT mice. Data are shown as dot plot with mean + SEM; *P < .05, **P < .01, ***P < .001, ****P < .0001
(two-way repeated measures analysis of variance with Bonferroni posttest); n = 25/15

seemed higher in Cry1/2™/~ mice, their impulsive behavior was exam-
ined. This result should provide information about the capability for
operant learning of the mice. In contrast to WT mice, Cry1/2~/~ mice
are more successful in waiting an appropriate time to obtain access to
the reward, thus being less impulsive (Figure 5E; Interaction,
F234 = 16.44, P < .0001; Delay Time, F34 = 455.8, P < .0001; Geno-
type, F134 = 3.212, P = .0909 (two-way repeated measures analysis of
variance with Bonferroni posttest)).

3.6 | Cryptochrome-deficient mice display restless
behavior across various tests

In all behavioral experiments in which the overall activity of the mice
was measured, it was found that Cry1/2’/’ mice were restless in
these situations. Their restlessness is expressed by significantly
increased transitions between mobile and immobile episodes in the

open field test, Y-maze test, tail suspension test, and, with a statistical
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FIGURE 5 Depression-like behavior is not induced by loss of Cryptochromes. A, In the tail suspension test, Cry1/2~'~ mice do not show

significant differences in immobility time. Data are shown as dot plot with mean + SEM; (Student t test); n = 24/14. B, Escape latency and number
of failures in the learned helplessness paradigm are not different in WT and Cry1/2~/~ mice. Data are shown as dot plot with mean * SEM;
(Student t test); n = 14/12. C, The preference for sucrose is not different in Cry1/2~/~ and WT mice. Data are shown as dot plot with

mean = SEM; (Student t test); n = 29/23. D, Although their preference for sucrose is unchanged, the progressive ratio breakpoint when no higher
stage is reached is increased in Cry1/2~/~ mice. They make more nosepokes overall and need less trials per stage to reach the next one. The
number of overall trials is not different in Cry1/2’/’ and WT mice. Data are shown as dot plot with mean + SEM; ***P < .001, ****P < .0001
(Student t test); n = 23/24. E, Impulsivity is decreased in Cry1/2~’~ mice. If it is required to endure 1.5 or 2.5 seconds with the second nosepoke
to obtain a reward in the form of water, Cry1/2~/~ mice make less premature nosepokes. Data are shown as dot plot with mean + SEM; *P < .05,
**P <01 (two-way repeated measures analysis of variance with Bonferroni posttest); n = 11/8

trend, in the light dark box (Figure 6A; MOBILITY: OFT: tag = 2.251,
P = .0306; YM: tzg = 2.659, P = .0114; LDB: t40 = 1.773, P = .0839;
TST: tzg = 2.680, P = .0108; IMMOBILITY: OFT: tzg = 2.219, P = .0325;
YM: tsg = 2.682, P = .0108; LDB: t4 = 1.773, P = .0839; TST:
tag = 2.680, P = .0108 (Student t test)). Higher numbers of mobile and
immobile episodes are equivalent to more frequent switching

between one episode and the other (Figure 6B).

3.7 | The amygdala responsiveness to an
anxiogenic stressor is increased in Cryptochrome-
deficient mice

To confirm that the behavioral phenotype of Cry1/2~/~ mice is related
to increased anxiety, c-Fos levels in the amygdala were measured at
ZT4 and ZT16 after the animals were exposed to an open field arena,
a new and potentially unsecure environment. While c-Fos in the
amygdala of WT animals increased only moderately, the increase was
more pronounced in the amygdala of Cry1/2~/~ mice at both times,
ZT4 and ZT16 (Figure 7A). Overall, the amygdala of Cry1/2~/~ mice is
significantly more responsive to an anxiogenic stressor than the

amygdala of WT mice (Figure 7B; Interaction, Fy 50 = 4.589, P = 447,
Genotype, F1 20 = 8.819, P = .0076; Anxiogenic Stressor, Fq 0 = 45.12,
P < .0001 (two-way repeated measures analysis of variance)).

4 | DISCUSSION
In this study, we performed an in-depth characterization of Cry1/2~/~
mice, which lack the central clock genes Cryl and 2, and are thus
unable to express endogenous circadian rhythms. Our results show
that while Cry1/2~~ mice show only mild abnormalities at cognitive
and social behavioral levels, they are more anxious than wildtype
mice. Anxiety-like behavior is consistently evident in increased immo-
bility in new environments, altered ability to habituate, compensatory
behavior, and restless behavior across different behavioral tests. The
relation between the behavior of Cry1/2~/~ mice and anxiety was
confirmed by an increased responsiveness of c-Fos in the amygdala
after exposure to an anxiogenic stressor.

The experiments shown here were performed under LD condi-
tions and in the inactive phase of the animals. Both can be limitations,

because Cry1/2~~ mice show masking under LD conditions and are
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FIGURE 6 Cryptochrome-deficient mice display restless behavior across various tests. A, In the open field test, Y-maze test, light/dark box
test, and tail suspension test, Cry1/2~/~ mice switch significantly more frequently between mobile and immobile states, which is indicated by
similarly increased numbers of both episodes. Data are shown as dot plot with mean + SEM; (Student t test); OFT: n = 24/14, YM: n = 25/15, LDB:
n =20/22, TST: n = 25/15; *P < .05, **P < .01 (Student t test). B, Increased switches between mobile and immobile episodes over the course of
the full 600 seconds of the open field and the Y-maze tests are illustrated by the use of representative time bins

therefore not completely arrhythmic, and behavioral changes may
have a different expression in their active phase. Thus, our results only
allow the conclusion that the animals show significant behavioral dif-
ferences at least at this time of day. Generalized anxiety is a trait
rather than a state, and there is only little indication that the time of
day plays a role in the expression of symptoms in humans®® and in
mice.*”*® However, whether the observed differences between
knockout and control animals are more or less pronounced in the inac-
tive phase may be the goal of future experiments. In LD, Cry1/27/~
mice show rhythmic behavior, which raises the question to what
extent their circadian core deficit, namely arrhythmicity, ultimately
contributes to their behavioral phenotype. Importantly, masking is not

equivalent to entrainment. Entrainment represents synchronization of

an organism's endogenous clock with the external environment, which
is not possible when the TTL is not functional. In other words, despite
an underlying defect in the TTL, masking may occur, but not true
entrainment. Our model therefore represents a situation in the real
world in which an individual's clock could be disrupted while living in
a rhythmic environment.

In our experiments, we confirmed previous results showing that
Cry1/2~~ mice exhibit rhythmic masking behavior under LD condi-
tions, but display an instantaneous loss of rhythms when trans-
ferred to constant darkness.?” We found that under DD, the total
activity levels of Cry1/2~~ mice are not different to those of WT
mice, but that activity is equally distributed throughout the 24-
hours period.
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FIGURE 7 The amygdala responsiveness to an anxiogenic stressor is increased in Cryptochrome-deficient mice. A, To induce anxiety, WT and
Cry1/2~'~ mice were transferred to an open field arena at ZT4 and ZT16. Subsequently, c-Fos induction in the amygdala was measured. As
controls, baseline c-Fos levels were measured of undisturbed animals at the same time-points. Data are shown as dot plot with mean + SEM;

n = 3/3. B, Overall, the response of c-Fos after triggering anxiety in the open field test is more pronounced in Cry1/2~/~ mice than in WT mice.
Data are shown as dot plot with mean + SEM; **P < .01 (two-way repeated measures analysis of variance with Bonferroni posttest); n = 6/6

In our study, we aimed to investigate to what extent the loss of
Cryptochromes affects different levels of psychiatric and cognitive
endophenotypes of mice. Cry1/2~/~ mice were previously shown to
have deficits in 24-hours object memory.2¢ To complement this find-
ing, we also tested whether the mice also had limitations in working,
spatial and regulatory memory. In line with a former study which
tested spatial learning in Cry1/2~/~ mice,*® we found that place pref-
erence and reversal learning are not altered in Cry-deficient mice
when tested in IntelliCages. In addition, their working memory in the
Y-maze test appears slightly improved. Together, these results show
that although long-term memory is impaired, the working memory of
Cry1/2~"~ mice is fully functional. Furthermore, in our experiments we
could not find abnormalities in affective states of Cry1/2~/~ mice. Nei-
ther in the tail-suspension test and the sucrose preference test, which
measures anhedonia-like behavior, nor in the learned helplessness
paradigm, which tests for the susceptibility to develop helplessness,
Cry1/2~’~ mice display depression-like behavior. Similar results have
been shown for the forced swim test.2

However, our data strongly suggest that the lack of Cryl and 2
increases the risk to develop anxiety-related behavior in mice. Across

several tests, Cry1/27/~

mice exhibit higher levels of anxiety. For
instance, Cry1/2~/~ mice displayed hypoactivity in the open field test,
the light/dark box test, and the Y-maze test, and lack of appropriate
habituation to new environments in the open field and the Y-maze
test. Both, reduced activity levels and failure to habituate are common
signs of anxiety in rodents and patients.*°*? Importantly, Cry1/2~/~
mice did not show any locomotion disabilities because they are able
to reach the same maximum running speed in several tests and are
similarly active in familiar environments, for example, in the
IntelliCage, as WT mice. Thus, decreased activity in new environments
is most likely not a sign of physical disability, but rather reflects a state

of behavioral inhibition.

Interestingly, although their total levels of immobility are
increased in new environments, Cry1/2~/~ mice consistently show
restless behavior in the same tests, that is, they switch significantly
more frequently between mobile and immobile states than WT mice.
Interestingly, Clock®'? mice also show restlessness, but in the form of
increased overall activity, which is interpreted as mania-like
behavior.mCryl/Z’/’ mice, on the other hand, show restlessness in
the form of increased changes between active and inactive phases
without being hyperactive overall. Together with the other results,
this suggests anxiety-like behavior rather than mania-like behavior.
This assumption is also supported by the fact that they do not show
mania-like behavior in any of the other tests performed. Restlessness
is a direct consequence of fight or flight responses in anxiety-provok-
ing situations.*® Restlessness is strongly linked to anxiety disorders
and is therefore included in the diagnostic criteria of the DSM-V as
one of the core symptoms of generalized anxiety disorders.**
Thereby, psychomotor agitation is seen as the physical expression of
anxious restlessness and mental tension often implying repetitive and
purposeless movements.*® In line with this, we observed significantly
increased numbers of repetitive nosepokes of Cry1/2~/~ mice in the
progressive ratio task without the purpose of drinking more sucrose
solution. As the increased number of nosepokes seems not to be the
result of preference for sucrose, it might be taken into account that
the progressive ratio test is not only a test for reward motivation, but
also for compulsive-like behavior,*® which is also associated with anxi-
ety disorders. Compulsions are excessively repeated behaviors that
are engaged without obvious reasons, and are believed to be per-
formed to reduce anxiety.*”#®

Consequently, the high number of nosepokes in Cry1/2~/~ mice
might not be related to anhedonia, but in view of their other behav-
ioral abnormalities might rather be a strategy to cope with a con-

stantly elevated feeling of anxiety and threat.
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Impulsivity is a core symptom of numerous psychiatric disorders,
including anxiety.*#? Therefore, we tested whether Cry1/2~/~ mice
are more impulsive. However, our results indicate that impulsivity is
less pronounced in Cry1/2~/~ mice compared with WT mice. The rela-
tionship between anxiety and impulsivity is still controversial.>® On
the one hand, impulsive behavior may be inconsistent with character-
istic features of anxiety disorder such as safety-seeking and reduction
of risky behaviors.>1>2 On the other hand, impulsive reactions in a
novel and potentially anxiety-inducing environment can result from
hyperarousal caused by fear.”® In that respect, impulsivity can present
a form of behavioral disinhibition with an anxiolytic function.>* Nota-
bly, Cry1/2‘/‘ mice are restless in unfamiliar environments, whereas
on the other hand, impulsivity in home cages is significantly reduced.
In a translational aspect, this would be consistent with human studies
reporting a strong association of anxiety and impulsivity.** For
instance, patients with high levels of anxiety often react impulsively
and irritable in stressful situations, whereas in known and safe envi-
ronments they behave more carefully and thoughtfully.

In order to confirm our assumption that Cry1/2~~ mice display
an anxiety-like phenotype, we investigated whether their basolateral
amygdala is hypersensitive to an anxiogenic stressor. The basolateral
amygdala is a core structure in the brain network processing anxiety-
related information in rodents and humans.>>>” For instance, anxiety
patients often show a hyperexcitability in the basolateral amygdala as
a response to negative stimuli.’®>° The exposure to an open field
arena can trigger the expression of the neuronal activity marker gene
in the anterior part of the BLA in mice.®®? Our experiments confirm
that c-Fos is increased after the open field test, and that this reaction
is significantly more pronounced in Cry1/2~~ mice than in WT mice.
Interestingly, the increase of c-Fos was independent of the time of
the day (ZT4 and ZT16) in both genotypes. This data is consistent
with the assumption that anxiogenic stimuli are more strongly per-
ceived and possibly less downregulated in Cry1/2~'~ mice and support
our hypothesis of anxiety-like behavior in Cry1/2~/~ mice.

Interestingly, Cryptochromes may play crucial mechanistic roles in
the control of systems regulating mood and behavior, such as the
hypothalamic-pituitary-adrenal (HPA) axis or the monoaminergic sys-
tem.®? For instance, Cryptochromes counteract the activation of gluco-
corticoid receptors, as it was shown that the reaction to
glucocorticoids is significantly enhanced when Cryptochromes are not
present. Moreover, the loss of Cry1 and 2 results in constitutively high
levels of corticosterone in rodents, suggesting a decreased suppres-
sion of the HPA axis,®® which in turn is highly associated with anxiety
and mood disorders.®4%> Moreover, lack of Cry2 leads to lowered
dopamine levels in the striatum of mice.®® Furthermore, higher traits
of anxiety- and depression-like behavior correlate with lower levels of
Cry2 in the hippocampus of mice.®”°® Besides, rhythmic expression of
Cry2 in the amygdala is disrupted in animals showing anhedonic
behavior.? Cry1/27/~ mice are also sensitive to metabolic challenges
and develop signs of the metabolic syndrome more frequently than
WT mice.”® Psychiatric, metabolic, and circadian disorders are often
comorbid.”* Therefore, Cry1/2~/~ mice may constitute a valuable ani-

mal model for psychiatric and metabolic comorbidity.

and Behavior

In summary, our behavioral and physiological data indicate that
Cryptochrome-deficient mice have a pronounced anxiety-like pheno-
type, which is manifested by highly increased restlessness and lack of
habituation in anxiogenic environments, an increase of repetitive and
purposeless movements, reduced impulsivity, and hypersensitivity of
their amygdala. These findings also confirm the manifold functions the
circadian system unfolds within the brain and call for further research
into the mechanistic correlates. Our results further support the
assumption that disturbances of circadian rhythms play a causal role
in the development of psychiatric disorders. Thus, it stands to reason
that anxiety disorder patients might benefit from chronotherapeutic
interventions, which help aligning their circadian system and increase
amplitude of circadian rhythms.
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Abstract

Alcohol use disorder (AUD) is a widespread addiction disorder with severe conse-
quences for health. AUD patients often suffer from sleep disturbances and irregular
daily patterns. Conversely, disruptions of circadian rhythms are considered a risk fac-
tor for AUD and alcohol relapses. In this study, we investigated the extent to which
circadian genetic and environmental disruptions and their interaction alter alcohol
drinking behaviour in mice. As a model of genetic circadian disruption, we used
Cryptochrome1/2-deficient (Cry1/27/~) mice with strongly suppressed circadian
rhythms and found that they exhibit significantly reduced preference for alcohol but
increased incentive motivation to obtain it. Similarly, we found that low circadian
SCN amplitude correlates with reduced alcohol preference in WT mice. Moreover,
we show that the low alcohol preference of Cry1/2~/~ mice concurs with high corti-
costerone and low levels of the orexin precursor prepro-orexin and that WT and
Cry1/2~/~ mice respond differently to alcohol withdrawal. As a model of environ-
mentally induced disruption of circadian rhythms, we exposed mice to a “shift work”
light/dark regimen, which also leads to a reduction in their alcohol preference. Inter-
estingly, this effect is even more pronounced when genetic and environmental circa-
dian perturbations interact in Cry1/2~/~ mice under “shift work” conditions. In
conclusion, our study demonstrates that in mice, disturbances in circadian rhythms
have pronounced effects on alcohol consumption as well as on physiological factors
and other behaviours associated with AUD and that the interaction between circa-
dian genetic and environmental disturbances further alters alcohol consumption

behaviour.
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1 | INTRODUCTION

Harmful use of alcohol and alcohol use disorder (AUD) lead to
increased mortality with 5.3% of all deaths worldwide being attribut-
able to alcohol consumption.! In recent years, evidence emerged that
there is a bidirectional relationship between circadian disruptions and
AUD.2® AUD patients often suffer from circadian dysregulation,
which, in turn, increases the risk for developing AUD and alcohol
relapses during withdrawal.2=¢

Circadian rhythms arise from the rhythmic interplay of so-called
clock genes and can be found in almost each cell of the body. In the
course of 24 h, the transcription factors Circadian Locomotor Output
Cycles Kaput (CLOCK) and Brain And Muscle ARNT-like 1 (BMAL1)
heterodimerize and activate transcription of Period (Perl, Per2, and
Per3) and Cryptochrome (Cryl and Cry2) genes, which later inhibit
CLOCK and BMAL1, and thus their own transcription.” As clock genes
also serve as transcription factors for other genes, more than half of
the genome and thus virtually all physiological and behavioural
processes are under circadian control.®? Therefore, disruptions of
circadian rhythms can have significant negative effects on health in
general, but also on alcohol consumption behaviour.

Circadian disruption is a perturbation in the biological timing of or
between rhythmic molecular, physiological, or behavioural cycles that
occur on a daily basis. It can be caused by both genetic and environ-
mental factors, and both factors have been associated with altered
alcohol drinking behaviour in humans and in animals. For example, in
humans, late chronotypes are known to have an increased prevalence

of harmful use of alcohol or AUD,°1?

and circadian gene expression
is reduced in AUD patients compared with healthy controls.*? In mice,
mutations of Perl, Per2, and Clock result in enhanced alcohol
consumption behaviour and increased sensitizations to reward.*®>-”
Additionally, environmental rhythm disruptions also have significant
influence on alcohol consumption in humans and rodents. In humans,
air travel increases alcohol consumption, and shift work, especially
working on night and rotating shifts, is associated with binge-drinking
disorder.*®*’ In mice, however, repeated LD phase shifts and constant
darkness (DD) or constant light (LL) often decrease alcohol consump-
tion.2820-22 Fyrthermore, many physiological and neurophysiological
systems that influence alcohol consumption are under circadian
control, such as the stress system and parts of the reward system
including orexin. A dysregulation of the stress system with increased
cortisol levels is related to altered alcohol consumption.?® Similarly,
the neuropeptide orexin has been associated with increased alcohol
consumption.?#25 Hence, circadian disruption may have an impact on
physiological systems that ultimately lead to altered alcohol drinking
behaviour. Together, these results indicate that, taken separately,
both genetic as well as environmental disruptions of circadian rhythms
can increase the susceptibility to alter alcohol drinking behaviour,
which is a risk factor for the development of addiction disorders in
humans. However, there is now a large body of scientific
evidence demonstrating a dynamic interplay between genetic and
environmental variations in the development of individual differences

h.26

in behaviour and healtl Hence, we believe that the investigation of
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alcohol drinking behaviour in an animal model exposed to genetic and
environmental circadian disruptions simultaneously is of high transla-
tional relevance, as it is very likely that subjects with genetic circadian
burdens are at particularly high risk for developing a substance abuse
disorder if they are also exposed to exogenous irregularities such as
unstructured daily schedules.?”

Based on these considerations, we tested the hypotheses that
alcohol drinking behaviour of mice is related to their constitution of
endogenous circadian clocks and that an interplay between genetic
and environmental circadian disruptions produces abnormal alcohol
drinking behaviour. To test this, we compared alcohol drinking
behaviour between mice with either intact circadian clocks or with
significantly inhibited circadian rhythms due to knockout of Cry1 and
Cry2282% ynder either standard 12:12 light/dark (LD) conditions or LD
conditions mimicking rotating shift work.

Factors that predispose humans to increased alcohol consump-

1830 ften

tion, like increased stress levels and shift work conditions,
result in reduced alcohol intake in mice.?*%%%2 Accordingly, our results
show that loss of reduction of endogenous circadian rhythms and shift
work LD conditions reduce alcohol preference in mice and that this
effect becomes even stronger when both factors are combined.
Despite reduced preference for EtOH, the knockout of Cry genes
leads to a significant increase in operant responses in the progressive
ratio reinforcement paradigm, which is consistent with the so-called
the incentive sensitization theory of addiction. According to this
theory, a common attribute of addiction is that, despite possibly
diminished pleasure from a drug (liking), incentive motivation to obtain
it (wanting) increases.>3"%> Furthermore, our data show that in the
absence of CRYS, CORT levels are increased, and levels of the orexin
precursor prepro-orexin (PPO) are decreased, which may together
contribute to reduced alcohol preference. Because circadian
perturbations may affect the success of withdrawal, we also examined
whether the expression of withdrawal symptoms is different in mice
with and without endogenous clocks. Interestingly, WT mice
develop behaviours under withdrawal that Cry-deficient mice already
exhibit at baseline and that do not significantly worsen under
withdrawal.

2 | MATERIALS AND METHODS

21 | Animals

Cry1/2~/=;Per2"° (henceforth referred to as Cry1/2~/~) and
Cry1/2+/%;Per2t“° mice (henceforth referred to as wild-type; WT)?83¢
on C57BL/6J background were obtained as described previously.3”
Mice were housed in groups and maintained on a 12:12 light/dark
(LD) cycle, with lights turned on at 7 AM unless otherwise stated.
Water and food were provided ad libitum. Mouse studies were con-
ducted in accordance with regulation of German Animal Protection
Law. An attempt was made to keep the number of animals low by
using animal cohorts for several tests, starting with the least stressful

tests, and finishing with the most stressful tests.
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2.2 | Experimental design

Behavioural experiments were divided between three different
cohorts of animals. While the first cohort was tested for the genetic
influence of missing Cry genes on alcohol preference, the second
cohort was used to examine gene x environment interaction (missing
Cry genes and “shift work” conditions) on alcohol drinking behaviour
(Figure 1A,B). For analyses of possible underlying molecular mecha-
nisms, blood and brain samples were collected in the third cohort to
determine both corticosterone (CORT) and PPO. Cohort 1 (Figure 1A)
consisted of male and female WT (n = 16 male/15 female) and Cry1/

A
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27/~ (n = 8 male/16 female) mice aged of 7 to 10 weeks at the start
of the experiments. Cohort 2 (Figure 1B) was composed only of
female WT (n = 32) and Cry1/2~’~ (n = 25) mice between 10 and
18 weeks of age at the beginning of the experiment. Cohort 2 con-
sisted of female mice only, because some aggressive behaviour
occurred in the large IntelliCage groups of male mice in cohort
1, which was intended to be avoided in the longer shift work experi-
ment of the second cohort. The temporal order of the experiments of
the two cohorts corresponds to the described order in the text below.
Cohort 3 (Figure 1C) consisted of a total of 40 animals, of which
16 mice (WT: n = 8 male and Cry1/2~/~: n = 8 male) between 11 and

Cohort 1

Withdrawal Symptoms

Open Field Test
Elevated Plus-Maze Test
Video-based ratings

\ EtOH —— EtOH Preference —— Withdrawal Symptoms —— Progressive Ratio — Alcohol

2,4,8,12,16%EtOH - Open Field Test 8% EtOH ad libitum Metabolization
Elevated Plus-Maze Test
Video-based ratings

LD 12:12 —— EtOH Preference —— Reward Preference —— Ex vivo Per2!“c SCN rhythms
// EtOH ad libitum 2,4,8,12,16% EtOH EtOH 8% vs. Sucrose 1% Low vs. high drinking mice
WT (f) Cry1/27 (f)
\ Shift work —— EtOH Preference —— Reward Preference
EtOH ad libitum 2,4, 8,12,16% EtOH EtOH 8% vs. Sucrose 1% Cohort 2
C D LD 12:12 Shift work
Day 1
Prepro-Orexin qPCR 2
/ 711,7,13,19 3
4
WT (m/f) Cry1/27/- (m/f) 5
6
x 7
cofficosterone RIA Local Time 0700h 1900h 0700h  0700h 1900h 0700h
717,13,19,1,7 1 | [ | I
Cohort 3 T 0 12 24
FIGURE 1  Timelines of experimental procedures of Cohort 1 and Cohort 2. (A) Cohort 1: Female and male WT and Cry1/2~/~ mice were

assigned to either the H,O control group or the EtOH group. The preference for different EEOH concentrations was assessed in mice of the
EtOH group. Thereupon, 16% EtOH was provided for 9 days and different withdrawal symptoms were evaluated when the mice were deprived
of alcohol for 6 h. After completion of all withdrawal tests, the animals' motivation to obtain 8% EtOH was tested under a progressive ratio
paradigm. Finally, the capability to metabolize alcohol was measured. (B) Cohort 2: Female WT and Cry1/2~/~ mice were assigned to either the
shift work paradigm or regular 12:12 LD condition. Under these two conditions, their preference for different EtOH concentrations was assessed.
Thereafter, their preference for 8% EtOH was measured under the additional option of choosing a 1% sucrose solution. After behavioural
experiments were finished, the SCN of mice with different preferences for 12% EtOH was cultured ex vivo and used for bioluminescence
measurements. (C) Cohort 3: The lateral hypothalamus of female and male WT and Cry1/2~/~ mice was collected every 6 h at a total of four time
points for prepro-orexin quantitative PCR (qPCR) measurements. Blood was repeatedly collected from the tail of additional male WT and
Cry1/2~’~ mice every 6 h at a total of five time points for plasma corticosterone measurements by radioimmune assay (RIA). (D) The LD 12:12
and shift work light conditions for animals in Cohort 2. Dark blocks represent dark phase, white blocks represent light phase. Light cycles
repeated every 7 days during the experiments
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18 weeks of age were used for repeated CORT measurements. The
remaining 24 mice (WT: n = 6 male/6 female Cry1/2~/~: n = 6 male/
6 female; 3 mice per time point) were 8-15 weeks old and were used

for PPO measurements.

221 | Cohort1l

EtOH preference

Preference for alcohol was assessed in the IntelliCage system (TSE-
Systems GmbH, Bad Homburg, Germany).2%? This system consists of
four-cornered cages with two drinking bottles per corner located
behind a gate. According to the experimental paradigm, gates can
open and close. In case they are open, mice can access the bottles
directly. If gates are closed, they must perform nosepokes at the gate,
thereby disrupting a light-barrier which opens the gate. For each
mouse, Visits in corners, number of nosepokes, and number of licks on
each bottle are measured automatically by implanted RFID transpon-
ders. Transponders are implanted subcutaneously in the neck region
1 week before mice are transferred into the IntelliCages. Each
IntelliCage housed 12-16 mice and provide ad libitum access to water
and food. For the alcohol preference assessments, one of the two bot-
tles in each corner was replaced by alcohol solutions with increasing
EtOH concentrations (v/v) for different number of days: 2% for 3 days,
4% for 3 days, 8% for 9 days, 12% for 9 days, and 16% for
10 days.t”*° The preference was quantified by using a preference
score (A — B)/(A + B), where A equals the number of correct trials,
that is, the number of licks at a bottle of alcohol solution, and B equals
the incorrect trials, that is, the licks at a bottle with water. Since alco-
hol preferences were measured over several days for differing con-
centrations, at the end, the preference scores of each EtOH
concentration were averaged over the number of days that concen-

tration was provided.

Withdrawal symptoms
Animals had free access to water and 16% EtOH for 10 days.
Thereafter, they were withdrawn from alcohol and assessment of
anxiety- and ataxia-like behaviours began after 6 h. Anxiety-
like behaviours were measured in an open field

(50 cm x 50 cm x 50 cm) and in an Elevated Plus-Maze test®”*!

arena

Movement profiles of both tests were assessed with the behavioural
tracking software ANY-maze (Stoelting, IL). Additionally, ataxia-like
behaviours in the open field test were obtained by manual video
analysis and included wall rearing, rotations, climbing attempts, and

slipping.

Progressive ratio self-administration paradigm

To evaluate alcohol craving after withdrawal, mice were subjected to
a progressive ratio paradigm for 6 days during which an 8% EtOH
solution was only accessible after executing an increasing number of
nosepokes in consecutive stages. The increase of required nosepokes
per trial to obtain access to the EtOH was calculated according to

(5 * e[0.2 * stage number])

the formula: Response ratio = — 5, resulting in
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a rise of nosepokes as follows: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,
40, 50, 62, 77, 95, and so forth. During this paradigm, mice had
free access to water bottles. The experiment was carried out as
described in more detail previously, but with EtOH instead of sugar

solution.®”

Alcohol metabolism

Finally, 8 weeks after completion of the progressive ratio experiment,
the ability of the animals to metabolize EtOH was investigated. The
mice were injected i.p. with EtOH (3.0 g/kg) at Zeitgeber time 7 (ZT7,
7 h after lights on); 50-pl blood were taken from the tail vein shortly
before the EtOH injection (time O) and 60, 160, and 240 min
afterwards.*? Blood was immediately processed, and alcohol content
was evaluated in plasma with an ethanol assay kit (Megazyme,

Ireland).

222 | Cohort2

Shift work conditions

The second cohort (Figure 1B) was used to investigate the influence
of the interaction between genetic and environmental circadian
disruptions on alcohol drinking behaviour in mice. Mice were divided
into four parallel groups, WT and Cry1/2~/~ were each divided into a
“shift work™ group and a control group with regular 12:12 LD
conditions with lights on from 7:00 AM to 7:00 PM. To simulate a
three-shift work schedule for the mice, IntelliCages were placed in
light-tight, ventilated boxes with adjusted light/dark cycles to simulate
7-day “work weeks” (Figure 1D):

e Days 1 + 2 “Early shift™: Light phase 1:00 AM-1:00 PM.

o Day 3 “Day shift”: Light phase 7:00 AM-7:00 PM.

e Days 4 + 5 “Night shift”: Light phase 01:00 PM-1:00 AM.
o Days 6 + 7 “Weekend”: Light phase 7:00 AM-7:00 PM.

EtOH preference and reward preference

After 5 days of adaption, under the two different lighting conditions,
alcohol preference was tested as described above. As a measure
for reward preference, this was followed by an exclusive-choice
experiment in which the mice could choose between 8% EtOH and

43,44

1% sucrose for 2 days, as previously described for cocaine and for

EtOH self-administration.*®

Brain slice culture and PER2::LUC luminometry

After the behavioural tests were completed, WT mice of the control
lighting condition were divided into low, neutral, and high drinking
mice depending on their alcohol drinking behaviour under 12%
alcohol. At ZT8, brains of two mice of each group were taken for the
preparation of organotypic SCN cultures to assess amplitudes of their
PER2" expression patterns with a luminometer.*® Amplitude was
normalized to the brightness of each cultured brain explants to
calculate the average single-cell amplitude of those cells that emitted

2Luc

Per. signal.
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223 | Cohort3
Corticosterone radioimmunoassay
Blood was collected from the tail at five time points every 6 h (ZT7,
13, 19, 1, and 7) according to previously the described procedure in
Landgraf et al.*? except that the animals remained in the normal LD
12:12 cycle.

Plasma CORT levels were subsequently determined using a com-
mercially available radioimmunoassay kit with *2°I-labeled anti-CORT
antibody (MP Biomedicals, USA).

Prepro-orexin quantitative PCR

Animals were sacrificed at four time points (ZT1, 7, 13, and 19), and
the lateral hypothalamus was dissected between Bregma at —1.24
and —1.82.#7 Tissue was stored overnight in RNAlater™ solution from
ThermoFisher Scientific and then transferred to —80°C. RNA was iso-
lated from frozen tissue using QIAzol Lysis Reagent and RNeasy Mini
Kit (Qiagen) according to the manufacturer's protocol including
DNAse treatment. For cDNA synthesis, the high-capacity RNA-to-
cDNA™ kit (Thermo Fisher Scientific) was used. gPCRs were per-
formed using primers for B-act (Fw-CCCTGAAGTACCCCATTGAA,
Rev-AGGTGTGGTGCCAGATCTTC) and PPO (Fw-TTGGACCAC
TGCACTGAAGA,  Rev-CCCAGGGAACCTTTGTAGAAG).*®  Fold
changes were calculated as described previously.*’

2.3 | Statistical analyses

Statistical analyses were carried out with SPSS Statistics 27 (IBM, NY)
and GraphPad Prism 9.0 (GraphPad Software, CA). The automated
user interface FlowR (XBehavior, Dagerlen, Switzerland) was used for
IntelliCage-obtained behavioural data. Results are presented as mean

+ SEM. Details about statistical tests used are indicated in the figure

legends.
3 | RESULTS
3.1 | Genetic disruption of circadian rhythms is

related to reduced alcohol preference

A central question of our study was whether a genetic disruption of
the circadian system in mice affects their alcohol drinking behaviour.
To test this, we compared the preferences for alcohol solutions of dif-
ferent concentrations (2-16%) of male and female WT mice with a
functional circadian system and of Cry1/2~/~ mice with a dysfunc-
tional circadian clock. Towards all EtOH concentrations of 2-12%,
WT mice show a significant preference, with the highest preference
for 8% EtOH. In contrast, Cry1/2~/~ mice show significantly lower
preferences for EtOH and drink EtOH solutions and water almost
equally. At the highest tested concentration of 16% EtOH, both geno-
types switch predominantly to water, indicating that such a high EtOH
concentration is generally not preferred by mice (Figures 2A and S1,
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Table S2-1). In a further analysis, we found a significant interaction
between EtOH concentration and sex (significant EtOH x sex interac-
tion), presumably due to an increase in EtOH preference of female
WT and Cry1/2~/~ mice at lower EtOH concentrations (Figure 2B,
Table S2-1). Together, these results indicate that an extreme suppres-
sion of endogenous circadian rhythms due to the loss of CRYs signifi-
cantly reduces the preference for in EtOH in mice.

However, despite generally increased EtOH preference, some
WT mice also have decreased EtOH preference. This variance is par-
ticularly pronounced at an EtOH concentration of 12%, which is
strongly preferred by some WT mice and almost entirely rejected by
others. To preliminary investigate whether reduced EtOH preference
is also related to low endogenous circadian rhythms in WT mice, we
examined the ex vivo SCN Per2'“ amplitude of six WT mice from the
second cohort that had either high, low, or intermediate preference
for 12% EtOH. Interestingly, we found that EtOH preference also
decreased in WT mice with decreasing circadian amplitude
(Figures 2C and S2, Table S2-2).

3.2 | Possible mechanisms for decreased alcohol
preference in Cry1/2~/~ mice

Our results show that Cry1/2~/~ mice have a decreased preference
for EtOH. However, other clock gene mutations with similar circadian
phenotypes, such as Clock?!? and Per2Brdm/Brdm cause increased EtOH
preference. Various reasons are conceivable why Cry1/2~/~ mice,
unlike other clock gene mutant mice, drink less EtOH compared with
water.

Consistent with their lower preference for 2-12% EtOH,
Cry1/2~’~ mice also consume about 20% less of these EtOH solutions
in absolute amounts per day and per gram of body weight than WT
(Figure 3A, Table S3-1). Processes to metabolize EtOH have been
shown to be under circadian control.”®>* These may be disrupted in
the Cry1/2*/* mice, requiring them to drink less EtOH to achieve sim-
ilar blood alcohol levels as WT mice. However, blood alcohol clear-
ance is similar in both genotypes (Figure 3B, Table S3-2), suggesting
that the reduced alcohol intake in Cry1/2~/~ mice is not related to
retention of blood alcohol levels.

Cry1/2~/~ mice are known for their elevated CORT levels and
CRY proteins interact with glucocorticoid receptors.®? In humans,
chronic stress is a risk factor for AUD,3® whereas in mice, chronic
stress usually reduces EtOH preference.®%*? Our results confirm that
Cry1/2~/~ mice show increased baseline CORT over 24 h (average
over all measured time points: WT: 66.89 + 8.02 ng/ml vs. Cry1/2~/~:
102.2 + 8.86 ng/ml, mean £ SEM), which may contribute to low EtOH
preference (Figure 3C, Table S3-2).

The reward system, including orexin which represents a central
factor in reward and motivation, is also under circadian control.2* It
has been shown that blocking orexin signalling leads to decreased
craving and intake of alcohol.2>>2 Interestingly, Cry1/2~/~ mice show
decreased expression of PPO, the precursor molecule of orexin, over

the course of 24 h (average relative expression over all measured time
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FIGURE 2 Influence of endogenous circadian rhythms on alcohol drinking behaviour in mice. (A) Cry1/2~'~mice do not discriminate between

EtOH and water when drinking, whereas WT mice prefer EtOH. Results presented as mean + SEM; two-way repeated measures ANOVA with
Bonferroni post hoc test; n = 31/24 (WT/Cryl/Z*/’). (B) Drinking behaviour of male and female WT and Cry1/2*/* mice is similar. Female mice
of both genotypes prefer lower EtOH concentrations slightly more than males, leading to a significant interaction between EtOH concentration
and sex. Results presented as mean + SEM; three-way repeated measures ANOVA with Bonferroni post hoc test restricted to comparisons of
genotypes and light conditions at only the respective EtOH concentration; WT: n = 16/15, Cry1/2~/~ n = 8/16 (male/female). (C) The
endogenous circadian amplitude of organotypic cultured WT SCN explants correlates with the alcohol preference of the donor animal the higher
the amplitude, the higher the preference for alcohol. Linear regression, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s. or no

symbol = not significant

points: WT: 1.702+ 0.172 vs. Cry1/2~/~: 1.173 + 0.059, mean
+ SEM). This, in addition to increased CORT may lead to decreased
alcohol intake and preference in Cry1/27/~

Table S3-2).

mice (Figure 3D,

3.3 | Increased reinforcing effects of alcohol in
Cry1/2~/~ mice

In the next step, we investigated whether Cry1/2~'~ mice show other
characteristics of AUD, such as increased wanting of alcohol despite

reduced alcohol preference according to the incentive sensitization

theory of addiction. To measure the incentive value of alcohol, a pro-
gressive ratio paradigm was performed with 8% EtOH, which WT
mice prefer most. Intriguingly, despite significantly lower preference
for alcohol, Cry1/2~/~ mice make significantly more effort to access
the EtOH solution than WT mice, i.e., they are disposed to perform a
higher number of nosepokes to open the access to the alcohol bottles.
Cry1/2~/~ mice reach up to 18 stages and thus perform up to
178 nosepokes. In contrast, WT reach a maximum of only 10 stages,
showing that they are not even willing to perform 40 nosepokes in a
row to obtain alcohol. In addition, Cry1/2~/~ mice require an average
of only 46 attempts to reach the next stage, whereas WT mice need

an average of 88 trials. However, once the access to the alcohol
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bottles is free, Cry1/2*/* mice lick less often and are about five times
more likely than WT to access to the bottles without subsequently
licking at it at all (Figure 4, Table S4-1).

3.4 | Withdrawal symptoms

Because it is known from AUD patients that chronobiological disrup-
tions could induce relapses to alcohol drinking,® we investigated
whether Cry1/2~/~ mice with disrupted endogenous clocks respond

differently to the removal of alcohol than WT mice with functional
clocks. For this purpose, we removed alcohol after 10 days of
preference measurement of the 16% EtOH solution, which is equally
preferred by both genotypes, and then measured different
withdrawal-related behaviours, such as anxiety-related behaviour and
ataxia.>*>° In the open field test, mice of both genotypes spend about
50% more time in the centre of the open-field arena under with-
drawal. However, WT mice under alcohol withdrawal cover less
distance and become more restless, as reflected by increased

alternations between mobile and immobile episodes (Figure S3A,
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FIGURE 4 Increased reinforcing effects of alcohol in Cry1/2~/~

mice. The motivation of Cry1/2~/~ mice to access alcohol in a
progressive ratio self-administration paradigm is increased (higher
maximum stages and fewer trials per stage); however, they drink less
of it once they have achieved access (fewer licks and more nosepokes
without licks). Data are shown as dot plots with mean + SEM,
Student's t test; n = 31/24 (WT/Cry1/27/7). ***p < 0.001,

****p < 0.0001

Table S5-1). Consistent with previous results, the latter two behav-
iours are severely abnormal in Cry1/2~/~ mice at baseline.3” However,
they do not worsen under withdrawal. In the elevated plus maze, the
time spent in the open arm is not affected by genotype or withdrawal,
but distance covered is also greatly reduced in this test under with-
drawal in WT animals and moderately reduced in Cry1/2~/~ mice
(Figure S3B, Table S5-1). Other typical alcohol withdrawal symptoms
of mice in the open field arena are altered wall rearing, rotations,
climbing attempts, and slipping.>*>° Interestingly, Cry1/2~/~ mice
show very few of these behaviours overall, regardless of whether they
were previously given water or alcohol. However, withdrawal signifi-
cantly reduces wall rearing and climbing attempts in WT mice but cau-
ses no further changes in Cry1/2~/~ mice (Figure S3C, Table S5-1).
The number of rotations was similarly increased under withdrawal in
both genotypes and only slipping was more pronounced in Cry1/2~/~

mice than in WT mice under withdrawal. Taken together, it appears
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that alcohol withdrawal triggers behaviours in WT mice that
Cry1/27/~ mice already exhibit at baseline and that are barely

enhanced in them during withdrawal.

3.5 | Influence of the interaction between genetic
and environmental circadian disruptions on alcohol
drinking

Both genetic and environmental circadian disruptions are known to be
risk factors for impaired health. Therefore, in a second cohort of mice,
we examined the consequences of a light cycle mimicking shift work
and an interaction between this environmental and a genetic disrup-
tion of circadian rhythms on alcohol preference. Detailed analyses of
behavioural rhythms of mice of the same strains were carried out ear-
lier in our laboratory using similar methods.3” Additional experiments
of the present study demonstrate that WT and Cry1/2~/~ mice react
differently to shift work conditions. Under normal 12:12 LD condi-
tions, both genotypes show regular activity rhythms with a period of
24 h (Figure 5A,B), which in Cry1/2~/~ mice is due to so-called mas-
king, in which phases of activity and inactivity are independent of
endogenous circadian rhythms and are induced by light and darkness
alone.?® Under alternating “shift work” lighting conditions, WT mice
still show significant 24-h rhythms, albeit with lower power than
under 12:12 LD conditions (Figure 5B), as they attempt to entrain to
the constantly changing light rhythm, resulting in shifting activity
onsets and offsets (Figure 5A). In contrast, Cry1/2~’~ mice lose all
rhythmic behaviour and do not even show masking anymore
(Figure 5AB).
between EtOH concentration, genotype, and light cycle: In WT mice,

Interestingly, we found a significant interaction

shift work light conditions reduce the preference for alcohol only at
high EtOH concentrations (12% and 16%), whereas in Cry1/2~/~ mice,
shift work conditions reduce preference for alcohol already at low
concentrations of 4% and 8% (Figure 5C, Table S6-1). To further test
the influence of genetic and environmental circadian disruptions on
alcohol drinking in mice, we performed an exclusive choice paradigm
in which WT and Cry1/2~~ mice under normal LD and shift work
conditions in which the mice had the choice between an 8% EtOH
and an 1% sucrose solution. Cry1/2~/~ mice prefer sugar over alcohol
significantly more than WT mice, however the shift work light sched-
ule has no additional significant effect neither in WT nor in Cry1/2~/~
mice (Figure 5D, Table S6-1).

4 | DISCUSSION

Many AUD patients suffer from irregular diurnal patterns and low cir-
cadian amplitudes and circadian disruptions are considered a risk fac-
tor for the development of AUD.'??7 In this study, we provide
evidence that disruption of endogenous circadian rhythms, environ-
mental rhythms, and their interplay significantly reduce EtOH prefer-
ence in mice. Furthermore, our data show that genetic disruption of
circadian rhythms due to the absence of CRYs cause CORT and PPO
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Results presented as mean + SEM; three-way repeated measures ANOVA with Bonferroni post hoc test restricted to comparisons of genotypes
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alterations that may contribute to lower EtOH preference in these
mice. Despite lower EtOH preference, Cry1/2~/~ mice display
increased motivation to obtain EtOH, which is a hallmark of AUD in
humans. Furthermore, our results show that WT mice develop behav-
jours upon alcohol withdrawal that Cry1/2~/~ mice exhibit already at
baseline and therefore do not substantially increase.

As a model for genetic disruption circadian rhythms, we used
Cry1/2~'~ mice, which show roughly normal sleep-wake rhythms due
to masking in LD but cannot express intrinsic circadian rhythms.2837
In contrast to increased alcohol consumption in AUD, these mice
show substantially lower EtOH preference and intake than WT mice
with functional circadian clocks. However, our preliminary data show
that also in WT mice the amplitude of endogenous Per2-“c rhythms of
the SCN might predict whether an animal will prefer or reject a rather
high alcohol concentration: the lower the amplitude of endogenous
SCN rhythms, the lower the alcohol preference. Hence, together with

—/—

the reduced EtOH preference of arrhythmic Cry1/2 mice it may

seem that diminishing endogenous circadian rhythms leads to a reduc-
tion in alcohol preference. Interestingly, however, other arrhythmic

mouse mutants, Clock?'? and Per2Brdm/Brdm

mice, show increased
preference for alcohol.1617 per2Brdm/Brdm \mice show increased con-
sumption and preference for EtOH as well as elevated motivation to
receive EtOH in a progressive ratio paradigm. Similarly, Clock**? mice
display increased consumption and preference for EtOH, however,
this concerns mainly higher EtOH concentration of 18-21%. To
explore the reasons why Cry1/2~/~ mice, in contrast to these mice,
show decreased alcohol preference, we first measured whether alco-
hol metabolism, which is under circadian control,>%°! is impaired.
However, the ability to metabolize alcohol is the same in both geno-
types. Thus, both genotypes must ingest the same amount of EtOH to
achieve comparable blood alcohol levels. Additionally, we measured
the expression of the orexin precursor PPO as part of the reward sys-
tem. Our results show significantly decreased orexin levels in

Cry1/2~’~ mice, which has previously been associated with decreased
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intake of drugs and alcohol in rodents.2>>3 However, orexin levels are
decreased in both Cry1/2~~ and Clock*?® mice,>® suggesting that
altered alcohol preferences cannot be explained by orexin changes
alone. Yet, Cry1/2~~ mice also display significantly increased CORT
levels and CRY proteins are known to interact with glucocorticoid
receptors.’? Although stress is often a trigger for increased alcohol

0 in rodents, increased stress and CORT

consumption in humans,?
levels often lead to decreased alcohol consumption and reward seek-
ing.3132 Interestingly, in contrast to those of Cry1/2~/~ mice, CORT
of Clock*?® and Per2Brdm/Brdm

suppressed,®®°>” which is consistent with their opposite alcohol pref-

levels mice are permanently
erence. Accordingly, the stress system could be a central contributor
to whether a mouse drinks much or little alcohol, and depending on
the clock gene mutation, CORT levels are persistently high or low.

Interestingly, both the Clock?!® and Per2Br@m/Brdm eyhibit an
increased glutamatergic tone, which could contribute to increased
alcohol consumption and a hyperglutamatergic state in humans is
associated with the aetiology of alcohol dependence.’®>? While the
Per2Brdm/Brdm mice have a deficit in the removal of glutamate from the
synaptic cleft, the Clock*?? mice have a reduced glutamate uptake,
both leading to a hyperglutamatergic state. Whether Cry1/2~/~ mice,
which prefer EtOH less, are hypoglutamatergic in contrast will be an
interesting part of future studies.

Despite lower alcohol preference, our data also show that
Cry1/2~’~ mice exhibit other characteristics of AUD such as higher
motivation to obtain alcohol. Cry1/2~/~ mice exhibit the same behav-
jour when sucrose is used instead of alcohol®” showing that it is not
specific to the substance used. The increased willingness to perform
operant responses in the progressive ratio paradigm despite lower lik-
ing of the final EtOH solution resembles compulsive behaviour in
humans which has been associated with AUD, anxiety disorders, and
increased stress levels,®© %2 the latter two being hallmarks of
Cry1/2~'~ mice.®”>2 This behaviour is also consistent with the incen-
tive sensitization theory, which postulates the existence of two sepa-
rate neurobiological systems for wanting and liking a drug.33=3° The
wanting system is responsible for compulsive drug use (here: higher
number of nosepokes) and can act independently of the system that
regulates whether the substance is liked at all (here: lower intake of
alcohol). Interestingly, hyperdopaminergic mice show similar wanting
and liking characteristics to Cry1/2~/~ mice®® and the presence of
CRYs suppresses dopamine signaling.?* These findings suggest that
dopamine signalling may be a mechanism for altered drinking behav-
jour in Cry1/2~/~ mice which will be subject of future investigation.

In addition, Cry1/2~/~
27,65

mice show a strong anxiety-like
phenotype, which is also associated with AUD.®® Interestingly,
Cry1/2~/~ mice exhibit a priori many behaviours that WT mice exhibit
only under withdrawal. Since these behaviours are already strongly
expressed in Cry1/2~/~ mice under normal circumstances, they hardly
become more pronounced under withdrawal, and it is difficult to
conclude whether their circadian disruption makes withdrawal from
alcohol more distressful for them than for rhythmic WT mice. With-
drawal is associated with increased stress, anxiety,‘”'68 which

Cry1/2~/~ mice already show under normal conditions.?”-°2 Thus, we
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conclude that WT mice under stressful withdrawal conditions
approximate anxiety-like behaviours, which Cry1/2~/~ mice show
independently of withdrawal already at baseline.

Together, since Cry1/2~’~ mice display anxiety-like behaviour
and increased wanting along with elevated CORT levels, which repre-
sent major risk factors for the development of AUD in humans, we
consider these mice a suitable model to study the impact of genetic
circadian disruption on alcohol drinking behaviour, regardless of the
direction of alcohol preference.

To test the effect of environmentally induced disruption of circa-
dian rhythms, we exposed mice to “shift work” lighting conditions
which constitutes a risk factor for increased alcohol consumption in
humans.® In rodents, the effect of shift work conditions on alcohol
consumption depends on the species. For example, rats often drink

6970 while mice are

71,72

more alcohol under shift work lighting conditions,
more likely to drink less alcohol under alternating light conditions.
The interaction between genes and environment often has consider-
able influence on the response to environmental factors that contrib-
ute to psychiatric disorders. Therefore, we also examined alcohol
preference of endogenously arrhythmic Cry1/2~'~ mice “shift work”
lighting conditions. Interestingly, the differences in alcohol preference
between WT and Cry1/2~/~ mice in the second cohort under 12:12
LD conditions were less pronounced under LD conditions than in the
first cohort. This may be since only females were used in the second
cohort as the results of the first cohort indicate that Cry1/2~/~ female
mice have an increased preference for some alcohol concentrations.
Nevertheless, in both WT and Cry1/2*/* mice, we were able to show
that with increasing alcohol concentrations, mice drank less alcohol
under “shift work” lighting regimen. However, this effect only
occurred at higher ethanol concentrations in WT mice, whereas
Cry1/2~’~ mice already reject low alcohol concentrations, indicating
that the interaction between genetic and environmental circadian dis-
ruption has particularly strong influence on alcohol drinking
behaviour.

In conclusion, this study shows that both endogenous and envi-
ronmental rhythms and their interplay have a substantial effect on
alcohol drinking behaviour in mice. Cry1/2~/~ mice show that loss of
endogenous circadian rhythmicity can elicit anxiety-like behaviour,
stress, and increased wanting, while their alcohol preference and
intake is reduced. Environmental disruptions of circadian rhythms
alter drinking behaviour in a similar manner, and the combination of
genetic and environmental disruptions amplifies this effect. Increased
stress, elevated anxiety, increased wanting, and exposure to irregular
daily patterns are known risk factors for AUD in humans. Although
the animals in this study drank less alcohol, the same predispositions
would be expected to lead to increased alcohol consumption in
humans. However, whether these risk factors indeed have opposite
effects on alcohol drinking behaviour depending on the species—
mouse or human—remains speculation, especially because some other
mouse lines with genetically altered circadian rhythms drink more
alcohol. A systematic study of physiological factors that influence
alcohol consumption in these and in Cry1/2~/~ mice would provide a

better understanding of mechanisms that ultimately link circadian
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rhythms to alcohol consumption. A characterization of these mecha-
nisms may provide future insight into the feasibility of using chrono-
therapies in AUD and which type of chronotherapy may be most
appropriate for AUD patients.
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Table S2-1: Statistical data on alcohol preference of different EtOH concentrations in WT and Cry1/27- mice of both genders together or separately for males
and females. The data in the table refers to the data shown in Fig. 2A and 2B.

Fig. | n-value Statistical test Source of variation d.f. F-value | % of total J Significance
WT Cry1/2” variation [ p-value | Summary
m ‘ f m ‘ f
2-way repeated [ EtOH conc. x Genotype 4,212 5.048 2.690 .0007 *okk
2A 31 24 measure ANOVA [ EtOH conc. 4,212 44.59 23.77 <.0001 *okk ok
Genotype 1,53 10.99 7.369 .0017 **
EtOH conc. 4,204 | 41.48 21.52 <.0001 lalols
Genotype 1,51 11.01 7.598 .0017 ok
Gender 1,51 .4990 .3443 4831 n.s.
2B J16 | 15| 8 | 16 3-way ANOVA EtOH conc. x Genotype 4,204 5.010 2.598 .0007 Rk
EtOH conc. x Gender 4,204 2.922 1.516 .0222 *
Gender x Genotype 1,51 .04329 .02987 .8360 n.s.
EtOH conc. x Genotype x Gender 4,204 | .09098 4591 4591 n.s.
m = male
f = female

d.f. = degree of freedom

Table S2-2: Statistical data from the correlation between preference for 12% EtOH and Per2'“c amplitude of the SCN of WT mice. The data in the table refers to
the data shown in Fig. 2C.

Fig. | Variables n-value | Statistical test Slope R? I Is the slope significantly non-zero?
I F d.f. p-value | Summary
2C | EtOH preference vs. Per2!“c SCN amplitude 6 | Linear Regression | 6.432+1.380 8444 | 2771 | 1,4 | .0096 *ox

d.f. = degree of freedom



Table $3-1: Statistical data from the comparison between WT and Cry1/27 mice in regard to total alcohol intake. The data in the table refers to the data shown

in Fig. 3A.
Fig. | Variables Values (mean + SD) n-value I Statistical test I d.f. I t-value | Significance
WT Cry1/2” wt | cry1/2” | | | p-value | Summary
3A | Total alcohol intake 94.77 +3.827 79.44+3.768 | 124 95 | pairedt-test | 217 | 2.800 | .0056 *

SD = Standard deviation
d.f. = degree of freedom

Table $3-2: Statistical data on EtOH metabolism and CORT and PPO time courses in WT and Cry1/27-mice. The data in the table refers to the data shown in Fig.

3B-D.
Fig. | Variables n-value Statistical test Source of variation d.f. F-value | % of total J Significance
WT Cry1/2” variation | p-value | Summary
>-wav repeated Time x Genotype 3,83 .2307 17 8747 n.s.
3B | EtOH Metabolism 16 13 yrep Genotype 1, 27 .3590 .09 .5507 n.s.
measure ANOVA -
Time 3,83 108.3 79.20 <.0001 *kkk
>-wav repeated Time x Genotype 4,56 2.787 10.18 .0350 *
3c | cort 16 8 yrep Genotype 1,14 | 6811 | 1004 | .0206 *
measure ANOVA -
Time 4,56 2.194 8.01 .0813 n.s.
Time x Genotype 3,18 1.445 10.15 .2629 n.s.
3D | PPO 3-5 3 2-way ANOVA Genotype 1,18 7.474 17.50 .0136 *
Time 3,18 3.031 21.29 .0562 n.s.

CORT = corticosterone

PPO = prepro-orexin expression
d.f. = degree of freedom




Table S4-1: Statistical data from the comparison between WT and Cry1/27 mice in regard to total alcohol intake and progressive ratio. The data in the table
refers to the data shown in Fig. 4.

Fig. | Variables Values (mean £ SD) n-value Statistical test § d.f. | t-value | Significance
WT Cry1/2” WT | Cry1/2” p-value | Summary
Max. Stage 6.194 £ 0.3389 11.76 £ 0.6959 7.633 <.0001 HkkE
Progressive | Trials per Stage 88.27 +3.959 46.06 + 2.573 . 8.474 <.0001 *kkk
4 31 25 d t-test 54
Ratio Average Licks 30.35+1.161 24.38+0.8071 paired t-tes 4029 | .0002 *ax
Nosepokes w/o licks | 25.97 + 3.450 121.2+17.93 5.762 <.0001 *kok ok

SD = Standard deviation
d.f. = degree of freedom




Table S5-1: Statistical data on behaviors typical for alcohol withdrawal in WT and Cry1/27- mice. The data in the table refers to the data shown in Fig. S3.

Fig. § Variables n-value Statistical J Source of variation | d.f. F-value | % of total J Significance
WT Cry1/27- | test variation | p-value | Summary
H,O | EtOH | H,O | EtOH
EtOH x Genotype 1, 86 4.329 3.47 .0404 *
Centre Time Genotype 1, 86 33.61 26.97 <.0001 *kkk
EtOH 1, 86 .0016 .00 .9679 n.s.
EtOH x Genotype 1, 86 12.31 5.96 .0007 *okk
s3A | Distance 15 | 31 | 19 | 25 2-way - F e otype 1,8 | 2172 | 1052 | <0001 | **++
ANOVA
EtOH 1, 86 107.2 51.94 <.0001 llolel
EtOH x Genotype 1, 86 4,784 3.17 .0314 *
Im/mobile episodes Genotype 1, 86 4946 33 .4838 n.s.
EtOH 1, 86 65.01 43.03 <.0001 ol
EtOH x Genotype 1, 86 3.482 3.90 .0655 n.s.
Open arm time Genotype 1, 86 .1292 14 .7202 n.s.
2-way EtOH 1,86 1.216 1.36 .2733 n.s.
S3B 15 31 19 25
ANOVA EtOH x Genotype 1, 86 2.390 1.50 .1259 n.s.
Distance Genotype 1, 86 35.16 22.11 <.0001 *okk ok
EtOH 1,86 47.73 30.01 <.0001 Hokkk
EtOH x Genotype 1,84 5.388 3.33 .0227 *
Wall rearing Genotype 1,84 6.794 4.19 .0108 *
EtOH 1,84 74.86 46.21 <.0001 llolel
EtOH x Genotype 1, 84 4.542 4.55 .0361 *
Climbing attempts Genotype 1,84 3.440 3.45 .0672 n.s.
2-way EtOH 1,84 13.82 13.84 .0004 *kk
S3C 15 29 19 25
ANOVA | EtOH x Genotype 1,84 2431 .19 .6232 n.s.
Rotations Genotype 1,84 5.146 4.11 .0259 *
EtOH 1,84 32.55 25.97 <.0001 *kkk
EtOH x Genotype 1,84 2.013 2.20 0.1596 n.s.
Slipping Genotype 1,84 4.122 4.50 0.0454 *
EtOH 1,84 | 0.2354 0.26 0.6288 n.s.

d.f. = degree of freedom



Table $6-1: Statistical data on alcohol preference of different EtOH concentrations in WT and Cry1/27 mice under regular and irregular lighting conditions. The
data in the table refers to the data shown in Fig. 5C and 5D.

Fig. | n-value Statistical test Source of variation d.f. F-value | % of total J Significance
WT Cry1/27 variation j p-value | Summary
reg. | shift | reg. | shift

EtOH conc. 4,212 265.6 59.28 <.0001 *okk ok
Genotype 1,53 5.754 1.377 .0200 *
Light cycle 1,53 | 17.74 4.245 <.0001 *kkk

5C 16 15 8 16 3-way ANOVA EtOH conc. x Genotype 4,212 11.38 2.540 <.0001 *dxk
EtOH conc. x Light cycle 4,212 11.44 2.554 <.0001 *okkk
Genotype x Light cycle 1,53 3.519 .8420 .0662 n.s.
EtOH conc. x Genotype x Light cycle | 4, 212 4.438 .9905 .0018 *k
Genotype x Light cycle 1,53 3.509 5.578 .0666 n.s.

5D 14 16 10 13 2-way ANOVA | Genotype 1,53 6.589 10.47 .0131 *
Light cycle 1,53 .0172 .02734 .8962 n.s.

reg. = regular lighting conditions
shift = shift work
d.f. = degree of freedom
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Table S2-1: Statistical data on alcohol preference of different EtOH concentrations in WT
and Cryl/2~~ mice of both genders together or separately for males and females. The data in
the table refers to the data shown in Figure 2A and B.

Table S2-2: Statistical data from the correlation between preference for 12% EtOH and
Per2t< amplitude of the SCN of WT mice. The data in the table refers to the data shown in
Figure 2C.

Table S3—1: Statistical data from the comparison between WT and Cryl/2”~ mice in regard
to total alcohol intake. The data in the table refers to the data shown in Figure 3A.

Table S3-2: Statistical data on EtOH metabolism and CORT and PPO time courses in WT
and Cryl/2~~ mice. The data in the table refers to the data shown in Figure 3B-D.

Table S4-1: Statistical data from the comparison between WT and Cryl/2~/~ mice in regard
to total alcohol intake and progressive ratio. The data in the table refers to the data shown in
Figure 4.

Table S5-1: Statistical data on behaviors typical for alcohol withdrawal in WT and Cryl/27/~
mice. The data in the table refers to the data shown in Figure S3.

Table S6-1: Statistical data on alcohol preference of different EtOH concentrations in WT
and Cryl/2~~ mice under regular and irregular lighting conditions. The data in the table refers
to the data shown in Figure 5C and D.

Fig. S1: Number of licks of EtOH and water bottles on which the preference calculations of
Figure 2A are based. Licks per day per gram of body weight of mice are shown.

Fig. S2: Bioluminescence data of SCN explant cultures. Shown are baseline subtracted raw
data normalized to brightness (gray) and the curve fit (red) used to determine the amplitude.
The data are sorted from top to bottom by descending amplitude. In each graph, the EtOH
preference of the corresponding mouse is inserted to assign the SCN amplitudes to the
preferences.

Fig. S3: Determination of alcohol withdrawal symptoms. (A, B) Anxiety-related behavior of
WT and Cryl/2~~ mice under control and acute alcohol withdrawal conditions measured in
the open field test (A) and in the elevated plus maze (B). (C) During the open field test, mice
were video recorded and additional typical withdrawal symptoms were assessed. Data are
shown as dot plots with mean + SEM, two-way ANOVA with Bonferroni post hoc test; WT:
n=16/16, Cry1/27~ n=12/13 (LD12:12/shift work), n-numbers may differ by one due to
possible exclusion of outliers according to Grubb's test. *p < 0.05, **p < 0.01, ***p < 0.001,
*HE*p <0.0001.



4. Discussion and perspective

At the beginning of my Ph.D., | developed theoretical constructs within the framework of
a review paper (Paper 1V) about possible mechanisms by which disrupted clocks may
contribute to the development of, in this review, specifically psychiatric disorders.
However, these mechanisms may also be considered as underlying factors in other
disorders, such as metabolic or endocrinological disorders, whose etiology is at least in

part due to the disturbance of circadian clocks.
These theoretical mechanisms are:
External desynchronization between the organism and the environment,

Internal desynchronization within the organism,

Low amplitude of circadian oscillations, and

w0 NP

Alterations in sleep architecture.

These mechanisms served as the basis for each of my Ph.D. projects. They formed the
starting point for our experiments, either by experimentally confirming their actual
occurrence or by showing consequences of their existence for mental health. In Paper I,
| was able to show that Cry1/2” double knockout mice with no ability to express
endogenous circadian rhythms show a pronounced anxiety-like phenotype with high
levels of restlessness and increased sensitivity to stress. These effects have also been
confirmed by increased neuronal activity in the amygdala [189]. Moreover, in Paper Il, |
have shown that the same mice display marked characteristics that, importantly,
predispose humans to increased alcohol consumption and risk of addiction [190].
Cry1/2"- mice show a reduced alcohol drinking behavior with a simultaneously increased
willingness to obtain the substance. A result that we place within the framework of the
incentive sensitization theory of addictive disorders, which states that liking and wanting
a drug in addiction disorders are two separate processes. The actual liking of the drug
itself is often very weak, whereas wanting is very strong [106, 183, 191]. We were also
able to support these phenotypes by molecular biological analyses: In the absence of
CRYs, CORT levels are persistently elevated, and levels of the orexin precursor PPO
are decreased, which together represent explanatory factors for reduced alcohol
preference [188, 192-194]. Interestingly, the alcohol drinking-related phenotype of
Cry1/2”- mice was amplified by additional external circadian disturbances caused by a
shift work model. This finding illustrates a gene x environment interaction of circadian

rhythm disorders on alcohol consumption. This is of great importance for the clinic, as
57



patients with problematic alcohol consumption patterns with both types of circadian
rhythm disturbances, i.e., genetic and environmental in origin, are likely to benefit from
chronotherapy.

Beyond the studies that form the basis of this Ph.D., | am simultaneously working on
additional related projects that are ongoing and are expected to be completed over the
next year. As described above, we found an anxiety-like phenotype with high levels of
restlessness and increased stress levels in the Cryl1/27- animals. Since it is relevant to
investigate the direction of causality between disturbed clock and the development of
anxiety-like behavior, | started to restore functional circadian rhythmicity in the SCN in
these animals by stereotactic injection of adeno-associated viruses (AAV) carrying a
vector encoding the Cryl and Cry2 gene. This is to investigate the extent to which
restoring rhythmicity in the SCN alone is sufficient to attenuate the anxiety phenotype in
these mice. After successful cloning, virus production and stereotactic injection, | was
already able to collect behavioral and metabolic data from these animals, which
impressively shows that after the rescue of central circadian rhythms in the SCN, the
animals lose large parts of their anxiety phenotype (Huhne et al., under preparation).
This result is of high relevance for the general understanding of how important functional
circadian clocks are for psychiatric integrity, and on the other hand represent a milestone
in circadian research on the eminent role of stable rhythms in the SCN for mental health.
Further on, the last project | started during my Ph.D., is a study in which | attempt to
measure the theoretical construct of internal desynchronization (Paper 1V) in living
animals. Using deep brain electroencephalography (EEG) in two different brain regions,
| am recording neuronal activity in Cry1/2”- and WT mice under different light conditions
over several days. This will hopefully reveal how endogenous and exogenous rhythms
contribute to internal synchronization processes of two different brain regions. This study
could be particularly important in a translational sense, as it may shed light on the extent
to which external therapeutic interventions, such as light therapy, could be used to
interfere with and improve the process of internal synchronization. Our preliminary data
show that stable environmental conditions (12 h light and 12 h darkness) have only little
effect on the strength of circadian neuronal activity. This is unexpected for us, since light
therapy is one of the most frequently used tools for stabilizing sleep-wake rhythms in the
setting of chronotherapeutic interventions. The mechanisms underlying the success of
light therapy might then need to be re-examined if our preliminary results are further
confirmed.

Based on our basic research findings and clinical observations, we have developed a
new adjunctive therapy for AUD patients. This is based on strengthening the patients'

endogenous circadian system through so-called circadian Zeitgeber such as sleep,
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meal, and activity times. We hope that this will lead to a strengthening of both the internal
synchronization of physiological processes and the synchronization with the
environment, which in the long run should lead to an improvement in mental health and
in this particular case to a lower risk of relapse in AUD patients. While | developed and
published the therapy protocol during my Ph.D., | started in parallel a randomized
controlled pilot trial at the addiction ward of our clinic to test its effectiveness. Final
conclusions about its efficacy cannot be made at this point, but preliminary data already
shows that the more regular the patients' wake-up, get-up, and have breakfast, the
weaker the craving for alcohol is on those days. This suggests that a high regularity
especially of morning activities has a positive effect on craving during the day.
Furthermore, patients of the experimental group have significantly lower alcohol drinking
relapses than patients of the control group, further indicating the positive impact of the
DAILY therapy on harmful alcohol drinking.

On the one hand, due to the indispensable importance of circadian rhythms for a holistic
functional physiology, and on the other hand, due to the lack of new therapeutic
interventions in recent years that directly target the circadian system, | think that our
newly developed personalized circadian therapy is an extraordinary opportunity to bring
cutting-edge research from clinically oriented neuroscience directly into medical practice.
If the study proves successful in AUD patients, it should not be limited to them, but could
be extended to other patient groups, which could bring the circadian clock a bit further

(back) into everyday psychiatric and clinical psychotherapeutic practice.

In summary, during my PhD, | completed two studies in mice that underpinned the
importance of circadian rhythms in anxiety disorders, stress, and alcohol consumption
behavior. | further used this knowledge to develop a complementary therapy for patients
with AUD. In addition, | have started and nearly finished projects that seek to provide
causal explanations for the role of circadian rhythms in anxiety disorders in a mouse
model, while in parallel | am testing the previously developed adjunctive therapy for AUD
patients in a randomized controlled trial with, so far, promising results. When completed
all together, these projects will reach from the bedside to the bench and back,
representing a translational approach of mouse and human studies to the integration of

chronobiology into therapy options, especially for patients with alcohol use disorder.
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Background: Hallmarks of alcohol use disorder (AUD) are disturbances of circadian
rhythms and everyday structures. While circadian rhythms dictate the timing of daily
recurring activities such as sleep, activity, and meals, conversely, these activities
represent time cues, so called Zeitgebers, that the circadian system uses to synchronize
with the environment. Here we present a study protocol for our newly developed therapy
approach for AUD patients, in which we take advantage of this mutual influence and
stabilize and strengthen their circadian system by creating strict daily schedules for
daily Zeitgeber activities. Since every person has a circadian system with its own
characteristics and is subject to social obligations, the daily plans are personalized for
each test person. Our hypothesis is that a regular exposure to Zeitgebers stabilizes
behavioral and physiological circadian rhythms and thereby reduces the risk of alcohol
relapses and depressive symptoms and facilitates physical recovery in AUD patients
during the 1st weeks of their addiction therapy.

Methods/design: The study is a 6-weeks single site trial with a controlled, randomized,
single-blinded, parallel-group design including patients with a diagnosis of AUD. The
study runs parallel to the standard addiction therapy of the clinic. Patients are randomly
assigned to either an intervention group (DAILY) or a sham control group (placebo
treatment). Questionnaires and physiological assessments of both groups are conducted
before and immediately after the intervention or control treatment. According to
our hypothesis, the primary outcomes of this study are improvements of regularity,
alcohol consumption, and relapse rate in AUD patients compared to AUD patients
receiving control treatment. Secondary outcomes are reduced depressive symptoms and
increased physical recovery.

Discussion: This study is a randomized controlled trial to investigate the efficacy of
a personalized circadian Zeitgeber therapy as an adjunctive treatment for alcohol use
disorder patients. The overall goal of this and more extended future studies is the
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development of an adjunctive therapy for AUD patients that is uncomplicated in its use
and easy to implement in the clinical and everyday routine.

Trial registration: This study is registered at the German Clinical Trial Register with the
trial number DRKS00019093 on November 28, 2019.

Keywords: circadian, alcohol use disorder (AUD), Zeitgeber, daily structure, addiction, chronotherapy, depression,

personalized therapeutic approach

BACKGROUND

Harmful Use of Alcohol and Alcohol Use

Disorder

Harmful use of alcohol and alcohol use disorder (AUD) lead
to increased morbidity and mortality. According to the World
Health Organization (WHO), 5.1% of all disorders, diseases,
injuries, and 5.3% of all deaths are attributable to alcohol
consumption (1). Typical disorders and diseases associated with
harmful alcohol consumption and AUD include cardiovascular,
infectious, neurological diseases, cancer, and psychological
disorders such as depression and anxiety (2, 3). Impressively, as
a result, mortality due to alcohol consumption is higher than for
other serious diseases such as HIV or tuberculosis (1). In addition
to the adverse health effects of those concerned, this also means
that, at the societal level, harmful alcohol consumption behavior
creates a significant burden on the economy and health systems
(4,5).

The Circadian System

Endogenous circadian clocks (from Latin circa diem, about
a day) have evolved to prepare organisms to daily recurring
environmental changes caused by the rotation of the earth
around its axis. Circadian clocks are found in almost all cells
of the body and since they regulate the expression of about
50% of our genes (6), there is almost no process in the
body that is not under their influence. In humans, the master
circadian clock is located in the suprachiasmatic nucleus (SCN)
in the anterior part of the hypothalamus (7-9). The SCN acts
like a conductor of an orchestra and sets all other cellular
clocks in the rest of the body to an appropriate period and
phase (10). Synchronization of endogenous circadian rhythms
with environmental 24-h cycles is achieved through so called
Zeitgebers (German: time givers) (11). The strongest stimuli that
serve as Zeitgebers are light and food, whereby light acts directly
on the SCN. In a simplified model, the SCN, in turn, determines
sleep and wake times and when hunger arises. The ingested
food then entrains peripheral clocks. Physical activity (exercise)
and social contact are also regarded as Zeitgebers, but weaker
ones (12). In an optimal situation, molecular, physiological, and
behavioral rhythms are synchronized among each other and
with the environment (13). Since the circadian clock is involved
in virtually all bodily processes, their perturbation is strongly
associated with a high number of disorders, including mental
illnesses such as AUD or major depressive disorder (MDD)
(13, 14).

Association of Circadian Clocks and

Alcoholism

In recent years evidence emerged that there is a
bidirectional  relationship  between circadian  rhythms
and alcohol consumption (15). AUD patients often
suffer ~ from  circadian  misalignment, = which, in
turn, is known to increase the risk of developing
AUD (15-17).

On the one hand, individuals with AUD almost always
suffer from disorders of the circadian system, such as disturbed
sleep times, impaired sleep quality, altered molecular rhythms,
and altered daily rhythms of neuroendocrinological functions
in different regions of the brain (18). Even acute alcohol
drinking can cause spontaneous alterations in circadian rhythms
(19), and circadian rhythms are also affected during alcohol
withdrawal (20, 21). Importantly, alcohol-dependent patients
have a higher risk of relapse during withdrawal if their
internal clock is disturbed (18). On the other hand, disrupted
circadian rhythms are considered a strong risk factor for
the development of AUD, as disturbances of circadian sleep-
wake cycles are frequently observed in subjects with a late
chronotype and shift workers show an increased prevalence
of harmful use of alcohol and AUD (19). Moreover, single
nucleotide polymorphisms in the clock genes Clock, Per2, and
Per3 genes have been associated with alcohol consumption
behavior (22, 23).

Curiously, although AUD patients generally suffer
disturbances of molecular and behavioral rhythms, their
need for alcohol often follows circadian patterns with
around 80% of alcohol addicts having their first drink at a
specific hour with low variability (17, 24-27). Accordingly,
in rodents, the regular administration of drugs can trigger
anticipatory locomotor activity before the drug is actually
provided, which suggests the existence of a drug-entrainable
oscillator (24).

In summary, AUD patients have disturbed circadian rhythms
in daily sleep and neuroendocrinological rhythms on the one
hand, but on the other hand are strongly entrained by alcohol.
Together, these data highly suggest an imbalance of Zeitgeber
signals in AUD patients. While light, food, and physical
activity are usually the strongest Zeitgebers, in AUD patients
these may lose influence and be replaced by alcohol. Thus,
a targeted amplification of the other Zeitgebers can possibly
reduce the influence of the Zeitgeber alcohol and thereby reduce
symptoms of AUD patients during withdrawal and help to
reduce relapses.
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Biological Mechanisms Targeted With a
Circadian Zeitgeber Therapy in AUD

Patients

In recent years, there has been growing evidence that circadian
rhythms modulate reward circuits and behavior (28-31). For
instance, the activation of reward processing is subject to
circadian control (32), the release of neurotransmitters, such
as dopamine and serotonin, varies over the course of the day,
and dopamine signaling in the SCN has strong impact on its
rhythms and processing responses to hedonic stimuli (33, 34).
Thus, in animals and humans, depending on the time of day,
rewards are valued differently (35) with the consequence that
sensitization and motivation toward rewarding stimuli change
over the course of 24 h (32, 36-38). Moreover, in humans, under
constant conditions, it was shown that rhythms of the diurnal
positive affect parallels rhythms of core body temperature,
further suggesting endogenous circadian control of reward
motivation (39).

Because of the close connection to the reward system, it is not
surprising that circadian clocks have also been associated with
addiction and alcohol use (16, 40, 41). Circadian misalignment in
humans can be proven and quantified by the discrepancy between
the phase angles of the dim light melatonin onset (DLMO) and
the sleep offset. Interestingly, the more pronounced the circadian
misalignment is, the greater the severity of substance abuse and
dependence (42). It is also remarkable that melatonin levels,
which are usually high at night, are inverted in AUD patients
under the influence of alcohol and during acute withdrawal,
which further indicates severe circadian disturbances in AUD
patients (43). Moreover, circadian misalignment due to a late
chronotype is also associated with increased impulsivity, which is
a risk factor for the development of AUD (44, 45). Furthermore,
it was shown that at certain times of the day, craving is
particularly pronounced, since our reward system follows a
circadian pattern (27).

In rodents, drug reward displays daily rhythms (46). These
rhythms are associated with oscillating expression of the
dopamine transporter and are directly related to clock gene
expression in the medial prefrontal cortex and mesolimbic
dopaminergic system (47). Mice exposed to chronic circadian
disruption display reduced neuronal complexity in prelimbic
prefrontal brain areas and reduced behavioral inhibition, which
again is associated with increased alcohol consumption (48).

The above described studies indicate the existence of a
neurobiological circadian-reward system, which in case of
disruption can contribute to the development and maintenance
of addiction disorders (40). Therefore, our therapeutic approach
aims to synchronize circadian rhythms of the entire body among
themselves and with the environment by a very regular exposure
to Zeitgebers (light, dark, food, and if applicable activity). In
a stable light-dark cycle, the SCN entrains robustly to it, and
can reliably transmit these time signals to the rest of the
body. Additionally, food is a very potent Zeitgeber, and regular
mealtimes can entrain clocks of most peripheral organs as well
as many brain oscillators (49, 50). Among those are brain areas
that are involved in motivational responses to food and the

SCN (51, 52). Consequently, strictly timed food has already been
suggested as chronotherapeutic approach to improve circadian
disruptions in populations such as shift workers (53, 54).

Circadian Zeitgeber Therapy for AUD
Patients in the Transition From Inpatient to

Outpatient Care

For AUD patients, the transition phase between the inpatient
stay and discharge from the clinic to outpatient care or home
often represents a stressful and thus susceptible time for alcohol
relapses and a worsening of the general psychiatric health
situation (55). For patients the sudden change from the clinical
environment back to autonomous self-organized daily routines
is often very difficult (56). During this transition phase, daily
rhythms such as sleep-wake cycles and mealtimes become
irregular and often drift into a later phase, which has been
associated with a worsening of psychiatric symptoms, including
alcohol relapses and depression (57, 58).

Within the framework of psychotherapy the suggestion of
structuring the everyday life in an orderly manner to psychiatric
patients, especially AUD patients is not new (59). This therapy
component of self-management has positive psychological effects
such as reducing stressful situations and enhancing the feeling
of self-efficacy. However, we have designed a study that, in
addition to previous therapy programs, has a special focus on the
transition time between inpatient and outpatient care or home,
and which focuses on the targeted use of strong Zeitgebers to
restore and stabilize physiological circadian rhythms in AUD
patients. Similar circadian reinforcement therapies have been
proven for bipolar disorder (60, 61) and are currently tested in
a study for MDD (62). However, the development and systematic
investigation of a circadian structure therapy for AUD patients
has not yet been published and was recently highlighted as a
necessity (63). Thus, with DAILY we develop a new treatment
approach for AUD patients, partly based on established concepts
of chronotherapies for other mental disorders and implement it
alongside standard AUD therapies.

We assume that subjects in our study benefit from the
reduction of physical conditions that promote and maintain
alcohol consumption behavior. We further believe that the
strengthening of circadian rhythms has not only positive effects
on alcohol craving, but also on often accompanying symptoms
of AUD, such as depressive mood. Therefore, we have called this
newly proposed intervention for AUD patients DAILY, which
stands for Depression Alcohol Illness Therapy.

STUDY HYPOTHESES AND OBJECTIVES

Our primary hypothesis is that a regular exposure to Zeitgebers
stabilizes circadian behavioral rhythms and thereby reduces
alcohol consumption and the risk of alcohol relapses in
AUD patients. Accordingly, the primary objectives of the
study are to determine whether the intervention program
DAILY decreases day-to-day variations in behavior and reduces
alcohol consumption and the relapse rate in AUD patients
compared to those receiving control treatment. Furthermore, we
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hypothesize that the regular exposure to Zeitgebers contributes
to the reduction of depressive symptoms and a subjective
and physiological well-being in AUD patients, which in turn
positively affects the primary objectives of the study. Accordingly,
the secondary objective of the study is to ascertain whether
the DAILY program supports the surrogate criterions of
increased sleep quality, reduced depressive symptoms, increased
self-efficacy expectations, and improved blood-values that
are associated with harmful alcohol consumption. We also
hypothesize, that additional psychoeducation about biological
mechanisms in the development of AUD helps participants
to complete their current therapy and maintain compliance.
Therefore, as exploratory outcomes, we will investigate whether
more participants of the intervention group accomplish the
DAILY therapy than participants of the control group. Finally,
we will assess whether the DAILY intervention has impact on the
chronotype of the participants, although it is not a specific aim of
our treatment to change it.

STUDY DESIGN

Design

The study is a 6-weeks trial with a controlled, randomized, single-
blinded, parallel-group design including patients with a diagnosis
of AUD. Patients are randomly assigned to either an intervention
group (DAILY) or a sham control group (placebo treatment).
As this study represents a pilot randomized trial, which does
not primarily focus on proving treatment successes but more on
ascertaining the best options for the future main trial, we will
include each eligible patient within this year instead of using
formal power calculations (64).

Setting

DAILY is a single site study conducted at the specialist ward
for addiction disorders and the outpatient clinic for substance
use disorder of the Clinic for Psychiatry and Psychotherapy
at the University Hospital of Munich. There are 24 patients
with a minimum age of 18 years on the ward, with men and
women admitted equally. The day clinic treats 15 patients with a
minimum age of 18 years simultaneously. On the ward and in the
day clinic there are fixed, individually determined schedules for
therapy sessions from which patients are not allowed to deviate.
Meals are offered by the clinic at fixed times of the day, but do
not have to be taken. Patients are free to leave the ward and
the day clinic between therapy sessions in order to take meals
outside or to pursue other activities such as walks or sports.
The ward is open in principle, but care is taken to ensure that
patients do not leave it between 10 pm and 8 am. There are no
fixed sleeping hours on the ward, except that patients must arrive
on time for their therapy sessions, which usually start between
08:30 and 11:00 am. On the weekend, patients of the ward have
no regular appointments. Patients of the Day Clinic leave the
clinic in the afternoon and arrange the rest of the day and their
weekends independently. In addition, food can be brought to
the ward and the day clinic and snacks can be eaten at any
time. Both clinics are interdisciplinary staffed by medical doctors,
psychologists, nurses, and social workers, all of whom have broad

experience in the treatment of substance use disorders, including
AUD. About half of the patients on both sites are diagnosed with
AUD, the other half suffers from multidrug dependency. On the
ward a qualitative detoxification program with psychotherapeutic
services is offered to AUD patients and patients with multidrug
use. In the day clinic the same psychotherapeutic services are
offered as on the ward, but the patients are already detoxified,
and the therapy takes place on a day-care basis.

Standard Therapeutic Services on the
Ward and the Day Clinic

In parallel to the DAILY or the sham treatment, all patients
receive the standard clinical treatment consisting of medical
and psychological consultation, individual and group therapy
(combining Motivational Enhancement Therapy and Cognitive
Behavioral Therapy), and medication if necessary. The
psychotherapeutic treatment of AUD and multiple substance use
patients is the same but is conducted separately. The standard
psychotherapy concept of the ward and the day clinic includes
motivation work in which the incentive to abstinence and
the decision to change consumption behavior is increased. In
addition, situation analyses, the identification of risk factors,
and the development of alternative actions are used to work
with patients on relapse prevention. In addition, all patients
receive psychoeducational therapy sessions to provide theoretical
knowledge about the definition of addiction and its development
on a neurobiological level. The treatment of AUD patients on the
ward is scheduled for 14 days. In the day clinic, the treatment
time ranges from 2 to 4 weeks and the concepts described above
are elaborated in more detail and sociotherapy is also offered.
In none of these standard therapies the advantages of daytime
structures and regular sleep times are discussed.

Study Population

Men and women, unemployed and employed subjects are equally
included in the study. Depending on whether the subjects are
patients of the ward or day clinic, they are in detoxification
or post-detoxification treatment. Study enrollment of subjects
who are newly admitted to the detoxification program of the
ward will take place at the earliest after 5 days of detoxification,
to exclude cognitive and physical limitations caused by acute
intoxication and its after-effects. Study participants who are
discharged from the ward either go home, receive further
treatment in the day clinic, or go to other institutions for long-
term therapy. Study participants who are discharged from the day
clinic either go home after discharge or go to other institutions for
further treatment. The health conditions of all test persons allow
them to perform their daily tasks without external assistance.
Approximately half of the study subjects have a regular job, while
the others are unemployed or retired. Usually 3-5 subjects are
involved in the study simultaneously.

Eligibility Criteria

All persons are considered eligible on whom the below exclusion
criteria do not apply. Subjects are only included in the study
if they can assess the nature and scope of the investigations.
Written consent is required for inclusion. The study is conducted
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FIGURE 1 | Procedure of the DAILY study. Patients are screened and recruited by a member of the study staff. After 1 day at the earliest the participants sign the
consent form. On this day, they are informed about the contents of the study; the contents discussed differ between intervention and control group. In addition,
questionnaires are filled out and blood is drawn. During the week, a psychoeducation session takes place in which the contents and the aims of the study are
deepened, further questionnaires (Table 1) are filled in, and a test diary is handed out to record times of daily actions which act as Zeitgebers. After at least 1 week,
the diary is evaluated and a daily structure plan for regular exposure to Zeitgebers is worked out together with the test persons, to which they should adhere for the
next 4 weeks. Subjects in the control group are not given instructions on how to structure their daily routine but are still asked to complete the diary. At least one
telephone appointment is made for the time the subjects fill out the diaries to maintain compliance. After 4 weeks, there will be a final personal appointment where the
diaries will be collected, all questionnaires will be repeated, and blood will be drawn again.

Outpatient Clinic / Home

in accordance with the principles of the Declaration of Helsinki
with its amendments of Tokyo, 1975, Hong Kong, 1989, Somerset
West, 1996, Seoul, 2008, and Fortaleza, 2013. The subjects must
fulfill diagnostic criteria for AUD according to ICD-10 F10.2
and be of age 18-75 years. Smokers are eligible for this study.
In case of dependency on other substances, the subjects must
have been abstinent from these substances for at least 12 months
at the time of study enrollment. One outcome of this study
is the change in depressive symptoms in the subjects. For this
reason, AUD patients with concomitant diagnosed MDD as
well as substance-induced depression are included. However,
a diagnosed depression is not a prerequisite for inclusion in
the study.

Exclusion Criteria

Excluded are subjects who are unable to give their consent,
are pregnant, or are currently working in shifts. In addition,
intellectual, neurological, or physical impairment that lead to
the inability to independently perform tasks of daily life lead to
exclusion of the study. In general, dependence on help with eating
or going to bed (e.g., bedridden patients) precludes participation
in the study. However, patients with disorders like liver damage,
tremors, digestive problems, and blood abnormalities, which are
common in AUD patients but do not lead to constant dependence
on support from others, are not excluded. Blind subjects and
patients with diagnosed mental illnesses other than AUD and
MDD are generally excluded from the study. Patients with a
dependence on other substances (except alcohol and nicotine)
which they have consumed within the last 12 months are also not
ineligible. The use of benzodiazepines, agomelatine, or medically
prescribed cannabinoids will result in exclusion from the study,
the use of other medications will not affect eligibility. Although

patients with depressive symptoms are generally eligible for the
study, no psychotic symptoms or acute suicidal ideation should
be present. Subjects must not participate in other studies that may
interfere therapeutically with the DAILY study.

STUDY PROCEDURE

The study procedure for the study participants is shown in
Figure 1. The basic procedure is the same for participants of the
intervention and control group.

Recruitment

In order to facilitate recruitment, a logo was designed for
the DAILY study, which has a high recognition value for
the test persons and underlines the official character of the
study (Figure 2). After screening for eligibility, participants are
recruited during their clinical stay at either the specialist ward
or the outpatient clinic for addiction disorders. A member of
the study staff addresses the candidates personally and finds
out whether there is in principle interest in participating in a
concomitant therapy study for AUD patients. Candidates are
given at least 1 day to consider. In the event of positive feedback,
they are allocated to either the intervention or control group.

Allocation

Participants are allocated to either the intervention or control
group by a computer-generated randomization list. Each test
person is assigned an individual study code, which contains
information about the current ward and gender, and otherwise
consists of a sequential number. Personal data that could reveal
identity and participation in the intervention or control group
are not part of the code. The decoding of the code is only allowed
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FIGURE 2 | Logo of the DAILY therapy study. The logo represents a clock in
which the letters act as hands. The clock is set at a full hour, which should
underline the desired regularity in everyday life. The color green is synonymous
with life and health.

for study staff. Until the end of the study, the participants will
not be informed about their assignment to the intervention or
control group. However, after the end of the study, participants
will be informed about their group affiliation and participants
of the control group will be given the opportunity to learn
about the circadian system and the importance of a structured
daily routine.

Informed Consent and Baseline

Assessments
To participate in the study, all participants need to sign
an informed consent in the 1st week (Figure1). Afterwards,
irrespective of the group allocation, a semi-structured interview
is conducted to assess demographical data: age, gender,
employment status, occupation, and marital status. Medical
data are evaluated as well: size, bodyweight, blood pressure,
current medications, and information about previous alcohol
problems and possible depressive episodes. In addition, the
questionnaires described below (Table 1) are filled out together
with the participants. Lastly, blood samples are collected. This
appointment is also used to prepare the test persons for the topics
and contents of their respective groups.

The further course of the study and the contents of
the following appointments are described separately for the
intervention group and the control group.

Intervention Group

Week 1: Psychoeducation and Test Diary

After baseline assessments, a few days later in the same week,
the test persons participate in individual 1-h psychoeducation
sessions about circadian clocks and their effects on health and
psychiatric disorders, such as addiction and depression. The

scientific content is communicated in simple language. Firstly,
the participants get explained that circadian rhythms can be
found virtually everywhere in nature and that they have impact
on essentially all physiological processes, including sleep-wake
cycles, hunger, digestion, wound healing, cellular functions,
and molecular processes. A focus is on their involvement in
neurobiological systems, such as reward, addiction networks,
and behaviors. During the session, the test subjects are led to
understand how important regular daily routines are for mental
and physical health. Therefore, the study assistant emphasizes
the importance of certain environmental cues that can serve as
Zeitgebers, such as light and food. Together with the participants,
the impact of light on sleep is discussed and how light can
be avoided at late hours (e.g., by stopping the use of mobile
phones, watching TV, or playing computer games after sunset
or by using blue-light filters). Furthermore, the importance
of regular mealtimes is discussed as food is an important
Zeitgeber for many organs, including brain areas involved in the
development of addiction. At the end of this session, the study
assistant hands out a circadian diary (Supplementary Table 1),
which the participant is asked to fill out for 1 week. With
the help of the diary, data on times of meals, snacks, activity
times, sleep duration, sleep quality, mood, and alcohol craving
are collected on a daily basis. At this point in time, the test
persons do not yet receive any concrete instructions as to when
they should execute activities. Rather, they are instructed to
use the following days to see if they can recognize certain
temporal patterns in their own behavior and to consciously
follow these patterns. Filling out the test diary serves on the
one hand to create an awareness of their own daily rhythms.
Besides, it gives the test persons the opportunity to familiarize
themselves with the filling out of the diary. On the other
hand, the data obtained on eating and sleeping times can
be used in the next session as a basis for drafting a daily
structure plan.

Week 2: Establishment of a Daily Structure Plan

After 1 week, participants are invited for another individual
session. During this session, the entries of the test diary are
discussed and a personalized daily structure plan for eating
and sleeping times and, if desired by the test subjects, times
for leisure activities such as sports is created together with the
participants. For each subject, a balance is attempted between
endogenous circadian preferences and time constraints imposed
by the environment, which the subjects may not be able to
influence. Thus, it is sought to adapt all possible freely selectable
times to the personal preferences given by individual circadian
characteristics. However, some test persons are embedded in
certain rigid daily structures on some days (e.g., due to working
hours). These restrictive environmental factors are also taken
into account when creating the daily structure plan in order
to ensure their realistic implementation in everyday life and
to avoid possible sleep deprivation due to late bed and early
work hours. If this is the case, it is recommended to the test
persons to strictly adhere to the daily schedule of working
days even on non-working days in order to avoid repeated
shifts in the circadian system and to maintain a maximum of
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TABLE 1 | Overview of questionnaires, physiological assessments, and time points.

Assessment category Assessment instruments

First session Last session Between sessions

Baseline Demographics

Circadian Sleep-Food-Diary
Munich ChronoType Questionnaire (MCTQ)
Pittsburgh Sleep Quality Index (PSQl)

Alcohol use Alcohol use disorders identification test (AUDIT)
European Addiction Severity Index (EuropASI)
Timeline Followback 30 (TLFB)

Depression Hamilton Depression Scale (HAMD)
Inventory of Depressive Symptomatology (IDS-SR)

Self-efficacy Self-Efficacy Questionnaire (SWE)

Blood values Blood draws

X X X X X X X X X
X X X X X X X X X

regularity, and therefore endogenous synchronization. However,
for each individual subject, it must be checked whether the
daily schedule created for them deviates significantly from their
endogenous circadian preferences and thus leads to a permanent
misalignment between endogenous and exogenous rhythms or
sleep deprivation. If the discrepancy is larger than 2 h, a specific
adjustment of the lighting conditions is recommended, e.g.,
for late chronotypes with early work hours, increasing the
light in the morning (bright light therapy) to advance the
circadian system and to promote wakefulness, and decreasing
it in the evening to further support the phase advance and
promote tiredness.

Furthermore, at this meeting the test persons are again made
aware of the importance of very regular eating and sleeping
times. If the test diary shows that the test person has lived
rather irregularly, solutions are developed for maintaining more
daily regularity. This session also serves as an opportunity to
answer potential questions from the study participants and to
remind them of the importance of adhering to the daily structure
plan that has been drawn up. Participants receive new blank
diaries which they are asked to fill in for the next 4 weeks. The
times of the designed daily structure plan are handwritten in the
empty diary pages as a visual support for precise adherence to
the times.

Weeks 3-6: Self-Employed Application of the Daily
Structure Plans, Telephone Appointment, and Final
Assessment

Starting from this point in the study, the test persons are asked
to independently implement the previously developed daily plan
for the next 4 weeks and to continue filling out their diaries.
The implementation of the daily structure plan can already start
at times when the patients are still on the ward or in the day
clinic, as patients are allowed to choose the times of all activities
(going to bed, eating, leisure activities) freely, with the exception
of the fixed therapy sessions on weekdays (see above). However,
many patients are discharged or transferred to another institution
at different times during this phase of the study. Patients who
are discharged home will be asked to follow up the daily
schedule outside the clinical setting. Patients who continue their
treatment in other institutions will be asked to maintain their

daily schedule as much as possible in their new environment.
During this time, they can contact the study staff for further
assistance (i.e., to adjust the daily structure plan). After 2 weeks,
participants are contacted by the study staff by telephone. The
telephone call follows the rules of motivational interviewing (65)
in order to motivate and remind the participants to further
keep to the agreed daily structure and to continue to fill in
the diaries thoroughly. If desired, patients are asked to send
already completed diaries by fax, mail, or email. The continuous
completion of the diary during the application phase of the study
serves not only for continuous data collection but also for self-
monitoring and increasing compliance. Another 2 weeks later,
a last individual appointment is arranged. During this session,
diaries will be collected, the questionnaires from the first session
are repeated and another blood sample is taken (Table 1).

Control Group

The control group follows the same conceptual procedure and
sequence as the intervention group (Figure 1). Thus, they have
the same number of individual sessions and accordingly receive
same attention from the study staff. They also fill out all
the questionnaires, give blood, and fill out the diary for the
same amount of time. However, there are differences in the
content of the sessions, in that the control group will not
receive information about the circadian clock, its connection
to addiction, and the importance of having a structured daily
life. Instead, participants of the control group are given the
opportunity to discuss, for example, the role of legal drugs, such
as alcohol, in society and the effects of alcohol advertising and
its impact on both individual and societal consumption behavior.
Since the test persons of the control group do not receive any
further instructions for the diary and are only asked to fill it in
carefully, the evaluation of the study data provides the possibility
to compare Routine Variability Scores of test persons of the
intervention group and the control group.

MEASURED OUTCOMES

Our primary hypothesis is that a regular exposure to Zeitgebers
stabilizes circadian behavioral rhythms and thereby reduces
the risk of alcohol relapses in AUD patients. Therefore, the
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TABLE 2 | Overview of blood parameters that will be assessed at baseline and at 6-weeks follow-up.

Liver values

Abbreviation Full name

Blood cells and other AUD related values

Abbreviation Full name

GOT Glutamic Oxaloacetic Transaminase
GPT Glutamate-Pyruvate-Transaminase
GGT Gamma GT

aP Alkaline Phosphatase

MCV Mean Corpuscular Volume

Hb Hemoglobin

Vit B12 Vitamin B12

CDT Carbohydrate-Deficient Transferrin

first primary outcomes of the study are the Routine Variability
Score and drinking behavior of each individual test person.
For generation of the Routine Variability Scores, first, day-to-
day variability will be calculated from the following parameters:
bedtime, wake-up time, sleep quality, time of getting-up in the
morning, time to go to bed in the evening, lights-off time,
breakfast time, lunch time and dinner time. The individual
Routine Variability Score is comparable to the validated social
rhythm metric scale (SRMS) (66) and will be calculated as follows
(example for bedtime): For the period of 1 week, the average
bedtime will be calculated. Then the deviation from this average
bedtime is calculated in minutes for each day. These deviations
are summed up and the mean value is calculated. This mean
value will be coded according to the magnitude of time variability:
1: 0-15min, 2: 16-30 min, 3: 31-45min, 4: 46-60 min, 5: 61-
75min, 6: 76-90 min, 7: 91-105 min, 8: 106-120 min, 9: 2-3 h,
10: 3-4h, 11: over 4h (67). This way a separate score can be
created for each parameter collected in the diary. These scores
can be calculated on a weekly basis to examine whether relapses
or deterioration in well-being are related to irregularities in
the daily routine during that week, or over the duration of
the entire survey phase to check how regularity over a longer
period is related to drinking behavior and well-being. In addition,
the scores for sleep and meals, for example, can be calculated
individually to examine their influence on drinking behavior and
well-being separately.

Additionally, a questionnaire specially designed for this study
with a total of 30 questions and a 4-step ordinal scale for
the answers to assess the rating of the participants’ subjective
structuredness in their everyday life will be filled out. This
questionnaire includes, for example, questions on the subjective
assessment of whether activities such as eating, sleeping and
sport are carried out regularly, whether relapses are associated
with irregular daily routines, and whether the craving for alcohol
usually occurs at the same time of day. To give the subjects of the
control group no indication of the actual aim of the study, the
questions that aim at the circadian daily structure are mixed with
neutral questions.

Drinking behavior and daily craving will be assessed with
questionnaires and the diary, respectively (Table1). General
drinking habits of the last few weeks are surveyed using the
AUDIT questionnaire. In addition, the European Addiction
Severity Index (EuropASI) is used, which covers not only alcohol
and drug consumption but also physical, psychological, financial,
and social problem areas of addicted patients. The number of

alcoholic drinks and the number of alcohol-free days within the
past 30 days is assessed by means of the Timeline Followback
30 (TLFB-30). The diary, which the subjects fill out to collect
the Routine Variability Scores, additionally records the highest
craving for alcohol on a scale of 0-10 of each day.

According to our secondary hypothesis that the stabilization
of circadian rhythms contributes to the reduction of depressive
symptoms and increased well-being, changes in the affective
state, with a focus on depressive symptoms, are measured with
the external assessment questionnaire Hamilton Depression Scale
(HAMD) and with the self-reporting questionnaire Inventory
of Depressive Symptomatology (IDS-SR). Sleep quantity and
quality will be assessed by Pittsburgh Sleep Quality Index (PSQI).
Furthermore, for measuring if the DAILY structure program
will influence the feeling of self-efficacy, we will employ the
Generalized Self-Efficacy Scale (GSES).

As exploratory outcomes, it will be documented how many
subjects in the DAILY intervention group and the control groups
discontinue the therapy. Furthermore, possible changes of the
chronotypes in the course of the study will be defined by the
Munich ChronoType Questionnaire (MCTQ).

As alcohol has various negative effects on different blood cells
and their functions, we will also take blood samples and assess
liver and blood parameters (see Table 2).

DATA MANAGEMENT

During the study, all data assessed will be electronically saved.
The saved data will be securely stored by password and
pseudo-randomization. All data will be subjected to medical
confidentiality and general data protection regulations.

DATA ANALYSIS

All statistical analyses will be performed using SPSS software
version 25 (SPSS INC., Chicago, IL, USA). Sociodemographic
data, chronotype, diary data and blood parameters will be
reported in form of descriptive statistics. Continuous variables
will be presented as mean = SD and normality of continuous
data will be measured by using the Kolmogorov-Smirnov-
Test. Accordingly, we will use parametric and non-parametric
analyses. For all calculations, the significance level will be
determined at o < 0.05.

Data analysis will be performed according to intention-to-
treat analysis (ITT) rules. In particular, this means that all
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subjects who completed the questionnaires of the first session and
the 1st week of the diaries are included in the analysis, regardless
of whether their subsequent data sets are complete or whether
they have dropped out of the study. This is done by imputing
missing data with the help of all available data that was assessed
until then. Participants who withdraw their consent and were not
assessed with baseline measurements will be treated as dropouts.
All other subjects regardless from the study condition will be
analyzed according to ITT.

The data will be evaluated in three different ways: First,
outcomes of the endpoint of the study will be compared
between the intervention and control groups using unpaired
group analyses (e.g., Students t-test, Mann-Whitney U-test,
Kruskal-Wallis test, one-way ANOVA). Secondly, within-subject
analyses of the intervention and control groups are performed,
comparing the changes between the start and end of the study
of the two groups (e.g., two-way ANOVA). Thirdly, the data
are calculated independently of group membership in two-
dimensional linear regression using the Routine Variability
Scores as an independent variant.

Additionally, statistical differences in the frequency of
dropouts between the two groups are calculated using chi-square
tests and survival analyses. Multiple regression analyses will be
applied to investigate the degree to which predictor variables
(i.e., Routine Variability Scores, depression level, severity of
alcohol consumption behavior, and self-efficacy score) contribute
to outcomes of primary and secondary measures.

DISCUSSION

The DAILY intervention is a new concomitant treatment
approach for patients suffering from AUD, which is based on
the strengthening of the patients’ circadian system with the
targeted use of Zeitgebers such as sleep, meal, and activity
times. The timing for the regular use of the Zeitgebers is
personalized and tailored to the individual patients including
both their genetically imprinted circadian characteristics as
well as individual social obligations, such as working hours.
Hence, the personalized design should therefore make the
strengthening of physiological rhythms as effective as possible
by taking individual characteristics into account on the one
hand, and on the other hand as easy to implement as possible
by including environmental constraints. Each individual is
determined by a genetic constellation that defines optimal times
for sleeping, eating and physical exertion (e.g., sports). In turn,
these specific actions serve as Zeitgebers for the circadian system.
Consequently, the circadian clock and the Zeitgebers form a
positive feedback system, which leads to mutual reinforcement.
Thus, this bidirectional influence can be used to strengthen and
stabilize circadian clocks. Our therapy makes sure that actions
serving as Zeitgebers are performed at the same time on all
days. This preserves the circadian system from repeated shifts
and ensures that a fixed phase relationship among physiological
processes, and thereby endogenous synchronization, can be
established. However, there are many individuals who are subject
to social times that they cannot completely elude in everyday life

and which may change between work and work-free days. The
primary focus of our study is to test whether AUD patients benefit
from increased regularity of Zeitgeber exposure which requires
adherence to the same schedule on workdays and workfree days.
Thus, our therapy bears the risk of a permanent misalignment
or sleep deprivation for some participants. Therefore, if the
endogenous rhythms of the test subjects, who are not in the
position to choose their sleeping times on most days of the week,
deviate more than 2h from constrained social times, they are
advised to adjust their biological time using light therapy to avoid
chronic misalignment with the environment. Thus, our therapy
ensures endogenous alignment of rhythms and additionally
counteracts the so-called social jetlag, which is also associated
with increased alcohol consumption (68, 69). However, if internal
and external rhythms are found to be extremely different, subjects
may not be suitable for this study.

As described above, the brain’s reward system and the
development and maintenance of substance use disorders
are particularly closely related to the circadian clock. These
mechanistic explanations will also be discussed with the
participants of DAILY. We believe that psychoeducation offers
the patients the opportunity to learn about tangible reasons
for the importance of regular daily structures, increases their
awareness of the timing of their daily activities and enhances
the general compliance during therapy. Therefore, DAILY
consists of a unique and balanced concept that builds on three
main components:

1. psychoeducation about sleep hygiene and the circadian
system, its connection to AUD, and the physiological
mechanisms through which a regular daily structure may
improve therapeutic success,

2. strengthening of the circadian system and thereby optimizing
physiological processes and neuronal communication,

3. additional positive psychological effects through the feeling of
stability, control, and self-management in the often-difficult
transition period between inpatient and outpatient care.

In the past, different chronotherapeutic treatments with different
therapy aims have been described and clinically tested in mood
disorders, but, to our knowledge, never in addiction disorders.
Furthermore, in our opinion, personalization, which aims at
balancing genetically and socially determined rhythms, has not
been sufficiently incorporated in previous chronotherapeutic
approaches. For example, the most common chrono-treatment is
light therapy, which has two goals, increasing the daily light dose
and shifting the chronotype from late to early. Light therapy is
widely applied and highly effective as it can reach similar positive
effects on mood as antidepressant drugs (70). Light therapy is
known to be effective for the treatment of seasonal affective
disorder, MDD and was shown to be effective in bipolar disorder
patients (71, 72). Similarly, sleep advance therapies are used to
shift late chronotypes to earlier hours, which has been shown to
have positive effects on mood. The effect, however, is primarily
related to the patient’s mood and is not of long duration. The
therapeutic effects of total or partial sleep deprivation on mood
are even shorter and a connection with the circadian system
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is not proven (73). These approaches have the only aim of
adapting the chronotype to environmental rhythms and often
follow uniform protocols. However, trying to adapt patients to
the same early chronotype can be very difficult for those subjects
whose endogenous chronotype differs widely.

Contrarily, already in the late 90, an approach that
considered individual circadian traits, the so-called interpersonal
social rhythm therapy (IPSRT), has been tested successfully in
bipolar patients (60, 74), but, to our knowledge, never for AUD
patients. IPSRT focuses primarily on stabilizing social rhythms
such as eating regularly with other people and thus improving
social interactions and relationships (75). Its efficacy has been
proven multiple times (61, 76). Interestingly, there is a renewing
increase in awareness and clinical interest for therapy approaches
taking the effects of regular daily structures and sleep hygiene into
account (19, 63, 77). In accordance with IPSRT, we believe that a
more ideal form of chronotherapy is not necessarily the attempt
to change endogenous circadian rhythms (e.g., chronotypes), but
to exploit and strengthen them as much as possible in order to
achieve greater robustness of the individual circadian clock.

Cognitive behavioral therapy for insomnia (CBT-I) focuses,
like parts of DAILY, on a regular sleep schedule, stimulus control,
and improved sleep hygiene. Other core components of CBT-
I are sleep restriction and relaxation techniques, which are not
used in DAILY. CBT-I treatment in AUD patients effectively
reduces insomnia, associated negative cognitions, and improves
sleep hygiene, but, however, is not successful in changing
drinking behavior (78, 79). Apart from sleep problems, AUD
patients often suffer from irregular routines throughout the day,
including the timing of meals. Thus, in contrast to the focus
of CBT-I on sleep improvement, DAILY aims to stabilize the
circadian system of the entire body, including clocks in peripheral
organs and reward-regulating brain areas, which in our opinion
is more likely to improve alcohol outcomes.

In summary, in DAILY we aim to increase stability and
regularity of circadian rhythms of AUD patients by creating
daily routine schedules which will consider as many endogenous
circadian preferences as possible, but also social obligations.
Actions whose timing is determined by social constraints will be
integrated in the daily routine schedules to make their execution
feasible, and their timing is kept the same on all days to create
endogenous synchronization. In subjects whose daily routine
schedule deviates more than 2 h from endogenous rhythms, light
therapy will be used to adjust their chronotype to avoid social
jetlag. In this way we obtain a high degree of personalization and
can try to create the best possible daily profile for each subject.

Limitations

At this state, however, DAILY has some limitations as it is
designed as a pilot study and so, it aims primarily at proofing
the principle study concept and the overall impact of a daily
structure therapy in AUD patients. A limitation of the current
design is that it does not include objective physiological and
behavioral measures of circadian rhythm improvement such as
(e.g., melatonin rhythms or actigraphy, but only focuses on more
subjective behavioral rhythms based on diary entries). However,
the primary aim of this pilot study is the proof whether a

therapeutic approach to improve sleep hygiene and regularity in
daily routine can generally improve AUD symptoms.

Furthermore, inpatients and semi-inpatients are included into
our study. Inpatients and semi-inpatients usually already have
a more structured daily routine than outpatients since they
are given a regulated daily structure by the clinical routines
and the fixed therapy hours. Therefore, the determination of
individual circadian preferences and characteristics might be
limited. However, in our clinic, where the study is currently
taking place, patients have no mandatory eating or sleeping hours
and can leave the ward and day clinic outside therapy hours.
Thus, the test persons can in principle follow their own rhythms,
which is often taken advantage of, especially for food and snacks
in the surrounding areas. Nevertheless, many test persons report
that they generally have more structured daily routines in the
clinic than at home, as they adapt to the rhythms of their fellow
patients as well as the rhythms of the clinic meals offered.

Furthermore, there are also test persons who, after
detoxification or after their stay in the day clinic, go for
further treatment to other clinics where they are integrated into
a daily structure. Since this daily structure does not necessarily
correspond to the subject’s circadian characteristics, the analysis
of pilot data must consider that these test persons cannot
always independently follow the daily schedule during the study.
Accordingly, it is possible that the implementation of the DAILY
program is more suitable for clinics from which patients are
usually discharged home.

Additionally, inpatients and semi-inpatients often have a
more severe symptomatology than outpatients. Thus, results of
this pilot study may not be completely representative for all
patients suffering from AUD. However, it might be possible,
that the therapeutic effects of the DAILY treatment will be even
more pronounced in outpatients. AUD outpatients often suffer
from less severe symptoms and might particularly benefit from
a daily structure therapy as they are usually at higher risk to
have a more disorganized and unstructured daily life. However,
this is not tested in the current study. Generally, it is expected
that DAILY therapy will be particularly suitable for patients who
have severe irregularities in their everyday life. AUD patients,
however, who have a very regular daily routine of their own
accord, will probably not benefit to the same extent from the
therapy presented here.

Another limitation of the current study design is that no long-
term follow-up is scheduled. However, this limitation will be
addressed in a future study with a more longitudinal perspective.

Outlook

In future studies, the determination of individual circadian traits
will be optimized in two approaches. First, outpatients will
be included because these patients most likely organize their
day following primarily their endogenous clock compared to
inpatients who are integrated into the daily structures of the
clinic. Second, we will also use actigraphy on the one hand to
receive a more objective measure of regularity of rest-activity
rhythms and on the other hand because filling out diaries carries
a high risk of non-compliance and therefore a high risk of
data gaps.
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In recent years, great progress has been made in the
development of machine learning methods for the evaluation
of circadian variables of actimeter data, with which for example
the circadian phase can be determined (80-83). In this regard,
a newly developed DLMO prediction model based on actimetry
data, which can be used to quantify circadian misalignment,
seems particularly useful to quantify irregularities in circadian
rhythms and behavior (84). Therefore, the application of
actimeters and the use of mathematical algorithms for analysis
will be part of future and more comprehensive studies. The
results obtained can in turn be used to adjust and refine daily
structure plans of the individual participants of our second
study cohort.

Beyond that, we will try to identify times of the day when
alcohol cravings are particularly high. Knowing about these
times, we will encourage the patients to use these hours to have
recourse on learned skills (doing sports, contacting close persons
etc.) in order to overcome this period more successfully.

The overall goal of this and more extended future
studies is the development of an accompanying therapy for
AUD patients that is uncomplicated in its use and easy to
implement in the clinical routine. This therapy should enable
AUD patients to bring more regularity and structure into
their everyday life and thus to strengthen their circadian
system. This, in turn, may be a critical component in
overcoming alcohol withdrawals and in preventing relapses
more successfully.
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Diary

Week

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Day 7

Today's date

Time of waking up

Time of getting up

Alarm clock (yes/no)

Sleep quality (min0- max 10)
Working day (yes/no)

Morning

Time of going to bed
Time of lights off
Minutes between lights off and sleep

Evening

Today’s mood (min 0 - max 10)

Time of max. craving
Intensity of max. craving (min 0- max 10)

00:00
To fill in: 00:30
01:00
"X" = Main meal 01:30
02:00
"Sn" = Snack 02:30
03:00
"Dc" = Drink containing caffeine 03:30
04:00
"Ds" = Drink containing sugar 04:30

or fruit juice 05:00
05:30
"Mi* = Milk or dairy product 06:00
06:30
"Sp" = Sports 07:00
07:30
"Na"= Nap 08:00
08:30
09:00
09:30
10:00
10:30
11:00
11:30
12:00
12:30
13:00
13:30
14:00
14:30
15:00
15:30
16:00
16:30
17:00
17:30
18:00
18:30
19:00
19:30
20:00
20:30
21:00
21:30
22:00
22:30
23:00
23:30

Comments:




O 00 N O 1 A W N -

I
w N L O

Table S1: Diary for recording sleeping, eating, and craving times. In the upper part of the diary, data
on sleep times and sleep quality are collected. Sleep times are divided into the times of going to bed
or getting up and the times of actual falling asleep or waking up, as the latter allow more reliable
conclusions to be drawn about endogenous circadian rhythms of the test persons. It also notes whether
the current day is a working day or a non-working day and whether an alarm clock was used to wake
up. Furthermore, the average mood state, the highest intensity of craving for alcohol, and the time of
the strongest craving of each day are recorded. In the lower part of the diary, all meals are entered in
a table with a resolution of 30 min. When entering meals, a rough distinction is made between different
foods and the size of the meal. Times of possible sports activities and naps are also entered in the
table. At the bottom of each day there is space for possible comments, e.g. special events of the day
which might have influenced the daily structure. The diary is a modification of an unpublished
template, which we have been kindly provided by the laboratory of Prof. Till Roenneberg of the Institute

of Medical Psychology at the Ludwig Maximilian University of Munich.
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ABSTRACT

ARTICLE HISTORY

Disruption of circadian clocks is strongly associated with mood disorders. Chronotherapies tar-
geting circadian rhythms have been shown to be very effective treatments of mood disorders,
but still are not widely used in clinical practice. The mechanisms by which circadian disruption
leads to mood disorders are poorly characterized and, therefore, may not convince clinicians to
apply chronotherapies. Hence, in this review, we describe specific potential mechanisms, in
order to make this connection more credible to clinicians. We believe that four major features
of disrupted clocks may contribute to the development of mood disorders: (1) loss of synchron-
ization to environmental 24-h rhythms, (2) internal desynchronization among body clocks, (3)
low rhythm amplitude, and (4) changes in sleep architecture. Discussing these attributes and
giving plausible examples, we will discuss prospects for relatively simple chronotherapies
addressing these features that are easy to implement in clinical practice.

KEY MESSAGES

e In this review, we describe specific potential mechanisms by which disrupted clocks may con-
tribute to the development of mood disorders: (1) loss of synchronization to environmental
24-h rhythms, (2) internal desynchronization among body clocks, (3) low rhythm amplitude,
and (4) changes in sleep architecture.

e We provide prospects for relatively simple chronotherapies addressing these features that are
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easy to implement in clinical practice.

1. Introduction

The potential role of circadian clocks in mood regula-
tion has been extensively discussed. There is strong
evidence from animal and human studies that distur-
bances of circadian clocks are associated with the
development of mood disorders like major depressive
disorder (MDD), bipolar disorder (BD), and seasonal
affective disorder (SAD) [1]. For instance, disruption of
the sleep-wake cycle is such a characteristic feature of
MDD and is one of the core symptoms that define the
disorder [2]. Furthermore, patients with mood disor-
ders strongly benefit from so-called chronotherapies
targeting the circadian system. However, whereas
there is considerable evidence that circadian clocks
play a role in mood control and in the pathophysi-
ology of mood disorders, therapeutic interventions tar-
geting circadian clocks of patients are not yet routine
in clinical practice.

We believe that one reason for the under-represen-
tation of the chronotherapies in medical practice is
the lack of discussion of causal chains plausibly linking
circadian rhythmicity and brain functions. Circadian
intervention may become a more attractive thera-
peutic option for clinicians if they are provided with
concrete explanations how disrupted circadian
rhythms can contribute to mood disorders.

Accordingly, this review presents plausible and tan-
gible mechanistic connections between circadian dis-
turbances and mood disorders, thereby helping
therapists and patients to understand why aligned
and stable circadian clocks might be important.
McClung has recently discussed various molecular con-
nections between circadian clocks and mood regula-
tion [3]. Expanding on this, we will discuss more
general mechanistic links within the framework of fun-
damental circadian principles, forming a sound
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conceptual basis for implementing chronotherapies
and circadian principles into clinical practice.

2. General information about circadian clocks

Life has adapted to recurring daily changes caused by
the Earth’s rotation. To optimally anticipate these daily
changes, most living organisms evolved “circadian”
(ca. 24 h) clocks that control almost all biological proc-
esses. To synchronize internal circadian rhythms to
environmental fluctuations, circadian clocks are per-
manently reset by external cues, the so-called
Zeitgebers (time givers, e.g. light/darkness, meal times,
activity patterns). In response to these Zeitgebers, indi-
viduals can adopt very different timing preferences
(“chronotypes”) for daily routines and sleep, i.e. a ten-
dency to “eveningness” with a delayed sleep time, or
“morningness” with an early sleep time [4]. In mam-
mals, the internal circadian timekeeping system is
organized hierarchically, with the master circadian
clock located in the suprachiasmatic nuclei (SCN) of
the hypothalamus, and subsidiary clocks in almost
every cell of the body [5]. Rhythms in SCN neurons
are mainly synchronized by light signals perceived by
melanopsin-expressing retinal ganglion cells [6,7].

At the molecular level, the circadian clock mechan-
ism is based on a transcriptional-translational feed-
back loop comprising “clock proteins” which regulate
their own biosynthesis in a rhythm approximating
24 h. Central clock genes include Brain Muscle Arnt-like
Protein 1 (Bmall), Circadian Locomotor Output Cycles
Kaput (CLOCK), Neuronal PAS Domain Protein 2
(NPAS2), Period (PER1, PER2, and PER3), and
Cryptochrome (CRY1 and CRY2). BMALT and CLOCK (or
NPAS2) dimerize and bind to E-box elements in the
promoters of target genes, including Per and Cry,
thereby inducing transcription of those genes. In the
cytoplasm, PER and CRY proteins form complexes
which translocate back to the nucleus and repress
BMAL1/CLOCK(NPAS2)-dependent transcriptional activ-
ity, thus inhibiting transcription of their own genes.
Gradual degradation of PER/CRY complexes eventually
diminishes this negative feedback, allowing a new
molecular cycle to start [8]. An additional loop includ-
ing both activating and inhibiting regulatory elements
is formed by retinoic acid-related orphan receptors
ROR (o, B, and y) and nuclear receptors REV-ERB (x
and f). Controlled by the rhythmic activity of these
clock genes, many physiological and behavioural proc-
esses display circadian oscillations, e.g. in body tem-
perature, hormones, and rest/activity, as well as
affective and cognitive functions. In mammals, for

example, the SCN orchestrates rhythmic release of the
hormone melatonin from the pineal gland at night [9].

3. Connections between circadian clocks and
mood regulation

3.1. Humans

Although there is strong evidence that mood disor-
ders are associated with both genetic and environ-
mental disturbances of circadian clocks, causality
remains to be determined. Environmental disruptions
of circadian rhythms, such as shift work, also increase
the risk of mood disorders [10]. In patients with SAD,
seasonal changes in photoperiod provoke relapse into
a depressive episode [11]. SAD may be caused by
SCN-mediated alterations of circadian rhythmicity
which perturb the affective state [12]. Although not
detected by GWAS after strict correction for multiple
comparisons, associations between individual clock
gene polymorphisms and mood disorders have been
found in a number of targeted genotyping studies,
e.g. sequence variations in PER2, ARNTL, and NPAS2
increase the risk of developing SAD [13,14]. Similarly,
BD has been linked to polymorphisms of clock genes
[15], including ARNTL and PER3 [16]. In an alternative
approach providing greater sensitivity than GWAS,
considering all clock genes together as a system has
tended to confirm an association between clock genes
and mood disorders [17]. Additionally, it may be that
only a subgroup of MDD patients develops depression
because of disrupted circadian rhythms; accordingly,
significant associations with clock genes may be pre-
sent only in this subgroup.

Beyond genetic and environmental associations, the
therapeutic efficacy of chronotherapies targeting circa-
dian rhythms in mood disorders patients provides fur-
ther evidence for a strong connection between
circadian clocks and mood regulation. For example,
social rhythm therapy aims to stabilize and regularize
daily rhythms of mood disorder patients and was pro-
ven to have high efficacy [18]. Some components of
this therapy are described below in more detail.
Moreover, even standard pharmacological treatment
of depressive symptoms often improves circadian
function of patients [1,19]. This suggests a bidirec-
tional relationship between circadian rhythm abnor-
malities and mood disturbances, encouraging the
development and implementation of new therapeutic
approaches for mood disorders by normalization of
circadian rhythms.



3.2. Animals

Further support for a relationship between circadian
rhythms and mood dysregulation arises from animal
models in which circadian rhythms can be manipu-
lated more freely, and mood-related behaviour and its
brain mechanisms studied more intensively [20].

3.2.1. Abolishing rhythms changes mood

The Clock*' mutant mouse has a long endogenous
circadian period (~27h) with eventual arrhythmia if
kept in constant darkness [21]. These mice display a
behavioural phenotype closely resembling bipolar
mania in humans, with hyperactivity, reduced anxiety-
and depression-related behaviour, and an enhanced
preference for the consumption of drugs of abuse
[22-24]. However, other symptoms comprising the
rapid alternation between mania and depressive-like
behaviour, sleep abnormalities, or grandiosity are not
covered by this mouse model. In contrast, per2Brdm1—/-
mice have short period free-running rhythms that
ultimately become arrhythmic in a constant environ-
ment [25] but also display mania-like behaviour.

3.2.2. Genetic manipulations of rhythmicity influ-
ence mood

Various other clock gene mutant mice also show
altered affective behaviour. For instance, Per15@m!—/~
mice have a short circadian period and show an
enhanced preference for alcohol consumption after
stressful events [26,27]. Mice deficient in D-box bind-
ing protein (DBP), which also have a shorter period,
show depressive-like behaviour at baseline but mania-
like behaviour under stress conditions, which might
make this mouse a promising model for BD [28]. The
after hours (Afh) mutant mouse, carrying a mutation of
FbxI3, exhibits a long free-running period (~26.5h)
[29] and mania-like behaviour [30]. Knockout of CK18/
¢ induces a long circadian period whereas a mutation
of CKle (tau) causes a short period [31,32]. Whereas
forebrain overexpression of CK1d leads to a decrease
in reward-seeking behaviour [33], genetic deletion of
CK1e leads to enhanced reward-seeking behaviour
[34]. Finally, mutations in the GSK3aSK genes, which
phosphorylate multiple clock genes and regulate circa-
dian rhythms, are also associated with changes in
mood-related behaviour [35-37].

3.2.3. SCN-specific reduction of rhythms induces
depression-like behaviour

Although studies of circadian mutant mice suggest a
causal role for circadian clocks in mood regulation,
clock genes have pleiotropic effects, so behavioural

ANNALS OF MEDICINE . 3

changes in these mice may not necessarily be due to
changes in clock function. Circumventing this issue,
we showed that a reduction of circadian rhythm amp-
litude specifically in the SCN is sufficient to evoke
depression-like behaviour in mice [38]. This mouse
provides a model with intact clock genes in all non-
SCN brain regions and peripheral organs, as well as
normal brain development and anatomy. Therefore,
abnormalities in affective state can be attributed solely
to changes of circadian oscillation output signals from
the SCN central pacemaker.

3.2.4. Changes in light-dark cycles influence mood

Manipulations of external light/dark conditions are
widely used to modify circadian rhythms in animals.
Such an experimental approach is especially useful to
mimic seasonal changes in day length, providing ani-
mal models for SAD. In particular, diurnal rodents
often exhibit depression-like behaviour in short days
[39]. Exposure to constant light (LL) both disturbs cir-
cadian clocks and induces depression-like behaviour,
implying a connection between circadian rhythms and
mood regulation [40]. However, rodents exposed to
constant darkness (DD) also show depression-like
behaviour [41,42]. As circadian rhythms are not dis-
rupted in DD, it is possible that mood-related abnor-
malities in response to altered lighting may (at least in
part) depend on non-circadian factors.

4. How disturbed clocks may result in
mood disorders

As outlined above, data from animal and human stud-
ies provide ample evidence that disturbed circadian
clocks play a role in the development of mood disor-
ders. However, mechanistic explanations of exactly
how disorganized circadian rhythms can lead to mood
disorders have not been widely discussed. Here, we
extract common elements that are shared by different
animal models and human patients that might serve
as tangible links between circadian rhythm abnormal-
ities and mood disorders. Identifying concrete and
fundamental physiological changes resulting from dis-
rupted circadian rhythms may help clinicians to appre-
ciate the importance of stable and aligned circadian
clocks in their patients.

The consequences of clock manipulations in all of
the various animal models and human studies can be
ascribed to four main possible mechanisms: “external
desynchronization” between the animal and the envir-
onment, “internal desynchronization” within an animal,
low amplitude of circadian oscillations, and alterations
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in sleep architecture. Although each of these hypo-
thetical mechanisms is based on experimental data,
direct evidence favouring one mechanism over
another is lacking. This is largely due to the difficulty
of investigating one such circadian mechanism iso-
lated from the others. For example, while many stud-
ies indicate a relationship between external
desynchronization and mood regulation based on
investigations of chronotypes and shift work, desyn-
chronization with the environment in such studies is
invariably accompanied by internal desynchronization,
amplitude effects, and altered sleep patterns. Whereas
some studies have begun to use clever experimental
paradigms to manipulate external synchronization,
amplitude, and sleep architecture independently, so
far only few studies have examined the role of internal
desynchronization. This may be at least partly due to
the difficulty of creating animal models or identifying
human markers to monitor misalignment of tissue
oscillators within one subject. In this chapter, we will
evaluate the presence of these individual mechanisms
in different animal models and human studies and
explain why they constitute health risks and might
contribute to mood disorders.

4.1. External desynchronization

A desynchronization of the individual's endogenous
circadian rhythms (e.g. sleepiness) with the external
environment (e.g. sunrise) can produce adverse or
pathological states. Animals with clock gene mutations
often show changes in period and phase of rhythms,
and some lose the ability to synchronize to external
oscillations. Other studies use repeated light phase
shifts so that animals never fully entrain to daily envir-
onmental rhythms. Humans with extreme chronotypes
or subject to shift work also experience external
desynchronization. And many patients with mood dis-
orders show circadian phase abnormalities, e.g.
advanced sleep-wake cycles in mania and delays in
bipolar depression [43].

How could external desynchronization and altered
light exposure result in depression? In humans, a late
chronotype often leads to a lack of morning light
exposure due to waking up late in the morning. Light
deprivation leads to depression-like behaviour and a
reduction of monoamine neurons in the brains of the
animals [42]. Apoptosis of neurons is particularly pro-
nounced in the nucleus accumbens and also occurs in
the raphe nucleus and the ventral tegmental area,
brain areas associated with mood regulation. In add-
ition, Dulcis et al. demonstrated that neurons in the

hypothalamus of rats switch between dopamine and
somatostatin expression in response to exposure to
short- and long-day photoperiods, respectively [44].
Furthermore, the reduction of dopamine in the hypo-
thalamus in long days is accompanied by depression-
like behaviour of these nocturnal animals.
Interestingly, long days seem to have effects in noctur-
nal animals (e.g. mice) that are similar to those of
short days in diurnal (day-active) animals (e.g. humans;
see above). These rodent studies impressively demon-
strate a negative impact of altered light exposure on
brain structures, which ultimately leads to depression-
like behaviour.

Lack of morning light due to a late chronotype
may also result in other physiological changes associ-
ated with mood disorders. For instance, reduced sun-
light exposure can lead to low levels of vitamin D,
which is synthesized in the skin upon UV radiation.
Some studies have demonstrated a correlation
between low levels of vitamin D and MDD (or the
severity of depression symptoms). However, no
improvement of symptoms could be demonstrated
with vitamin D supplementation, so the causality of
the proposed relationship is uncertain [45-47].

Desynchronization with the environment may also
lead to lack of social interaction in patients with mood
disorders. Being desynchronized with the environment
implies, for example, sleep-wake cycles and meal
times that strongly differ from patterns of family and
friends. Similarly, extreme chronotypes lead to difficul-
ties in adapting to a common work schedule and
impair participation in free-time activities. Although
mood disorders patients can experience either phase
advances or delays, phase delays are most concerning,
as sleeping during the early day greatly reduces both
light exposure and social contact.

In our view, changes in brain structures caused by
lack of light constitute the most plausible mechanism
for how a late chronotype can contribute to depres-
sion. As described, short winter days (Figure 1(A)) rep-
resent a risk factor for the development of SAD [48],
and in rodents alterations in the light/dark cycle are
associated with depression-like behaviour [44]. Of
note, humans with very late chronotypes may be
exposed to short photoperiods throughout the entire
year (Figure 1(B)). Thus, depressive states in SAD or in
MDD with delayed circadian rhythms might be largely
attributable to insufficient light exposure during the
day and the consequent lack of photic inputs relayed
by the SCN to other brain regions that are involved in
mood and motivational processes.
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Figure 1. Light exposure during summer and winter months as well as in late and early chronotypes and associations with mood
disorders. (A) Natural light exposure of summer and winter is compared to sleep-wake behaviour of a human with an average
chronotype. In summer, long photoperiods ensure relatively long exposure to natural light during the activity phase. Contrarily,
short photoperiods in winter have the effect that humans are exposed to only short periods of natural light during their activity
phase. This condition facilitates the development of SAD during winter. (B) Humans with very late chronotypes are so delayed
(arrow) that they miss a lot of daylight and may only receive as much natural light in summer like a person with a normal chro-
notype receives in winter (the orange dashed line demonstrates similar lengths of light exposure in winter of a normal chronotype
and in summer of a late chronotype). In contrast, humans with an extreme early chronotype get a lot of daylight during their
activity phase. The chronic lack of light may explain why usually late chronotype strongly correlates with MDD, and not early
chronotypes. The lighting conditions approximate seasonal conditions in central Europe. Icons were taken from https://www flati-

con.com/.

Conversely, as mania is more typically associated
with early chronotype, excessive daylight exposure in
early morning may trigger manic switches in bipolar
patients (Figure 1(B)). Increasing morning light expos-
ure does not always induce manic switches [49], but
dark therapy or use of blue-blocking glasses (which
reduce activation of the blue-sensitive retinal photo-
receptor responsible for light input to the SCN and
other non-visual brain areas), have been found to
reduce manic symptoms [50,51]. Interestingly, expos-
ure to long photoperiod reduces synchrony of SCN
neurons and leads to reduced rhythm amplitude in
non-SCN brain regions of mice [52], which may con-
tribute to the behavioural changes in mood disorders.

Together, these studies suggest that exposure to
extreme photoperiods alters brain circuits and cause

amplitude changes and/or disruption of circadian
rhythms, including “internal desynchronization” of cir-
cadian oscillators. In the next sections, we will explore
how internal desynchronization or reduced amplitude
might facilitate mood disorders.

4.2. Internal desynchronization

Prominent human circadian rhythms include
sleep-wake behaviour, hunger and satiety states, and
body temperature rhythms, as well as many molecular
oscillations, e.g. in neurotransmitter release and
hormone levels. Naturally, these fluctuations peak at
different times of day and night. Maintenance of opti-
mal temporal relationships among these many
rhythms in various organs, tissues, cells, and even
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within one cell can be characterized as a state of
internal synchronization. Internal synchrony helps the
organism to coordinate compatible physiological
processes and avoid coincidence of incompatible
processes. However, animal and human studies show
that temporal synchrony among different tissues and
cells is rather fragile and can be manipulated easily by
environmental factors [53-55].

Both animal and human studies have substantiated
an association between inner circadian misalignment
and mood disorders (and other major health prob-
lems) and suggest that internal temporal desynchrony
might be part of the aetiology of MDD [56-58]. For
instance, mutations of clock genes in animals disrupt
phase relationships among molecules, cells, and tis-
sues [59-61], and often lead to metabolic dysfunctions
and pronounced changes in behaviour [20,62]. After
light/dark shifts simulating jet lag, different organs
and tissues adjust their phase at different rates, lead-
ing to transient internal desynchrony [63]. Such dis-
ruption of circadian rhythms has severe consequences
on health and survival of rodents [64]. Similar consid-
erations apply to human shift workers, who are at ele-
vated risk of mood disorders and other diseases. Due
to rapidly changing shift schedules, the clocks of shift
workers can presumably never adjust to a stable
phase relationship and are in a state of perpetual cir-
cadian misalignment. Also, because food is a strong
Zeitgeber for non-SCN circadian clocks [53,65], as
many people eat irregularly, their clocks may also be
perpetually misaligned. Importantly, restricting meals
to certain hours per day improves body weight and
subjective well-being of subjects previously eating
irregularly [66]. Interestingly, subjecting rodents to
chronic stress also induces circadian misalignment
among tissues [67], which may contribute to depres-
sion. Indeed, patients with MDD exhibit an altered
phase relationship between sleep and body tempera-
ture rhythms [68].

Genetically determined properties of the circadian
clock may increase vulnerability to internal desyn-
chronization in certain people. Humans only entrain to
a relatively small range of Zeitgeber periods [69-71]
and entrainment to cycles very different from the
endogenous period require stronger Zeitgebers [72].
Consequently, individuals with a very long or short
endogenous period have more difficulty entraining to
environmental rhythms, and may also be more vulner-
able to internal desynchronization, as some tissues
may be more sensitive to Zeitgebers than others. In
particular, it is possible that some tissues may be well
entrained to the 24-h environment while others

mainly follow their own internal clocks, leading to a
situation where different oscillators drift apart
in phase.

There are different possible mechanisms by which
temporal desynchronization among molecules, cells,
and tissues may induce diseases and mood disorders.
Desynchronization of processes on the neural, hormo-
nal, and behavioural level can lead to insufficient
coordination of recurring events of daily life, a cardinal
function of the circadian system. Loss of normal daily
synchronization might demand instead a more ener-
getically costly and less effective ad hoc regulation of
physiology and behaviour. In patients suffering from
mood disorders, their daily routines are often dis-
rupted, probably making unexpected situations even
more stressful and demanding, which may then
reinforce fatigue and loss of motivation [73].

Temporal desynchronization may also impair com-
munication among different tissues drastically. Under
normal circumstances, phases of distinct tissues are
aligned such that one tissue is prepared to receive
and process signals from other tissues at a particular
time of day. If, however, two tissues are out of phase,
it is possible that the receptor for a crucial signal is
not present at a time when the signal arises, or vice
versa. In the context of mood disorders, this may
apply to insufficient communication among different
brain areas implicated in affective functions (Figure
2(A)). Only proper synchronization of daily signals
allows a smooth flow of multi-step processes in the
body. For example, if the timing of multiple signals
leading to the secretion of a neurotransmitter pro-
ceeds in the wrong order, the processes that depend
on this neurotransmitter secretion may be impaired
(Figure 2(B)).

4.3. Reduced amplitude

Altered circadian rhythm  amplitudes  (mostly
decreases) have frequently been observed in mood
disorders. A landmark study of postmortem brains
from MDD patients and healthy controls showed that
clock genes such as BMALT, PER1-3, DEC1/2, REV-ERBu,
and DBP are expressed with clear circadian rhythms in
mood-related brain regions, but that these rhythms
are much less prominent in brains from MDD patients
[74]. Importantly, this study demonstrated dysregula-
tion of circadian rhythmicity at a molecular level in
brains of MDD patients. However, as only one time
point could be measured for each brain, the weaker
circadian rhythms observed in the depressed popula-
tion might be due to either poor synchronization of
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Figure 2. Possible complications induced by internal desynchronization. (A) Internal desynchronization may promote insufficient
communication among different tissues. As an example, two neurons of different brain areas are shown. The release of most neu-
rotransmitters is under control of circadian clocks. Similarly, the expression of their receptors is often adjusted accordingly.
Consequently, under synchronized conditions, at times of high neurotransmitter release the receptor is most prevalent ensuring
optimal communication among the brain areas. In contrast, when brain areas are not synchronized, the release of a neurotrans-
mitter may be ineffective as the receptor is not yet fully expressed or the peak of expression is already over. (B) Internal desyn-
chronization might affect the flow of various physiological processes in the body. Shown is a hypothetical sequence of processes
a—e leading to product E. The processes may occur within one cell type/tissue or in different tissues. The circadian clock deter-
mines the timing of processes a—e and ensures the fluent synthesis of product E. In case circadian clocks are not synchronized
and, therefore, the sequence of processes a—e is disturbed, the production of intermediate products B-D may be affected. In the

worst case, when the timing of subsequent processes is extremely misaligned, the synthesis of product E is strongly impaired.

the depressed individuals with external Zeitgebers or
lower rhythm amplitude in individual subjects. The
interpretation of lower rhythm amplitude within one
subject is consistent with our mouse study of the rela-
tionship of depression-like behaviour and circadian
oscillations in mood-regulating brain areas observed
over the course of several days within the same ani-
mal. Mice susceptible to induction of depression-like
behaviour by a learned helplessness training proced-
ure were more likely to have weaker rhythms in the
nucleus accumbens and the periaqueductal grey, two
brain regions crucially involved in mood regulation
[75]. Furthermore, chronically elevated stress in mice
alters circadian amplitude in the SCN and mood regu-
lating brain areas, including the nucleus accumbens
[76]. Conversely, experimentally reducing amplitude of
SCN circadian rhythms by SCN-specific knockdown of
Bmal1 elicited depression-like behaviour in mice [38].
Circadian rhythm amplitude in a tissue is influenced
by the strength of the individual cellular circadian
oscillators within the tissue as well as by coupling

among those cellular oscillators [77]. In either case,
low circadian rhythm amplitude at the tissue level can
contribute to an unstable circadian system and
adversely affect mood regulation. Under normal cir-
cumstances, circadian clocks are responsible for ensur-
ing proper timing of physiological processes in the
body, particularly separating opposing processes in
time, e.g. anabolic versus catabolic pathways or wake-
fulness versus sleep. With reduced circadian ampli-
tude, the separation of such opposing processes
cannot take place efficiently, resulting in simultaneous
occurrence of conflicting processes or conditions
(Figure 3(A)). For instance, more than 80% of mood
disorders patients suffer from sleep problems during
the night and fatigue during the day [78]. High corti-
sol levels are associated with wakefulness and ele-
vated melatonin with sleep, so their rise and fall need
to be separated to avoid inappropriately timed wake-
fulness during the night or sleepiness during the day.
Consistent with this idea, in depressed patients, the
rhythm amplitude of these hormones is decreased in
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Figure 3. Consequences of decreased circadian rhythm amplitude. (A) Circadian clocks ensure the proper timing and separation
of opposing processes in the body, e.g. anabolic versus catabolic pathways, such that the aggregate output of the two processes
shows strong circadian rhythms. With low amplitude rhythms, the separation of opposing processes is not very pronounced, and
their output shows much weaker rhythmicity. (B) Many physiological processes require a threshold level of activators/inhibitors in
order to be induced or interrupted. When circadian rhythm amplitude is low, these levels may never be reached, and the process

cannot take place.

depression [79-82], resulting in a less pronounced
contrast between nocturnal sleepiness and diurnal
wakefulness.

Second, precisely timed initiation or termination of
many physiologically relevant processes is dependent
on high amplitude circadian rhythms. Such physio-
logical transitions often require certain threshold levels
of activators/inhibitors (e.g. neurotransmitters). Thus,
in the event of low rhythm amplitude, threshold levels
might not be reached, and the physiological process
cannot properly start or stop (Figure 3(B)). As men-
tioned above, cortisol and melatonin rhythms show
reductions of amplitude in depression, with relatively
constant high levels of cortisol and low levels of mela-
tonin [79,80]. Thus, due to reduced circadian ampli-
tude, cortisol levels never drop low enough and
melatonin levels never get high enough to permit effi-
cient sleep.

Lastly, altered amplitudes may also encourage
internal desynchronization among tissue clocks due to
differential sensitivity to Zeitgebers. Decreased ampli-
tude of a circadian pacemaker increases its sensitivity
to resetting [83-85]. Thus, the phase relationships
among oscillators of different tissues are changed
more easily in response to Zeitgeber modulations
when rhythm amplitude is low. Conversely, increasing
the amplitude of circadian rhythms in patients
lowers the risk of both internal and external
desynchronization.

In summary, both hypothetical assumptions and
empirical data suggest strongly that altered circadian
rhythm amplitudes, especially decreased amplitudes,
can lead to profound circadian disruption in mamma-
lian tissues. Conversely, increasing the amplitude of
circadian oscillators in patients suffering from mood

disorders might reduce internal and external desyn-
chronization processes, leading to a stabilization of
the circadian system.

4.4. Changes in sleep architecture

Sleep architecture refers to the temporal organization
of sleep such as number, duration, and timing of rapid
eye movement (REM) and non-REM (NREM) sleep epi-
sodes. Reduced sleep quality as attributed to abnor-
mal sleep architecture is strongly associated with
mood disorders [86]. Current evidence is insufficient to
determine conclusively whether the disruption of
sleep-wake cycles in MDD patients is a circadian or
sleep related phenomenon. Because sleep and circa-
dian clocks influence each other strongly, it may be
impossible to separate them definitively. However, it is
known that circadian clocks influence sleep architec-
ture [87]. Thus, changes in circadian rhythmicity could
lead indirectly to abnormal mood regulation in
patients, through their impact on sleep. For instance,
human polymorphisms of the clock gene PER3 have
been associated with altered sleep timing and struc-
ture [88,89]. Interestingly, Per3™’~ mice and mice car-
rying a human variant of the PER3 gene exhibit both
altered sleep architecture and depression-like behav-
iour [90]. Thus, PER3 may represent a connecting link
between circadian clocks, sleep, and mood regulation.
Clock®™ mice exhibit severe mania-like behaviour [22]
and also reduced sleep [91]. Cry1/2 double-deficient
mice show anxiety-like behaviour [92] as well as
increased sleep [93]. Interestingly, however, mice lack-
ing Per1/2 also exhibit anxiety-like behaviour, similar
to Cry1/2 double-deficient mice, but their sleep is
reduced rather than elevated [93].



A vast clinical literature shows that mood disor-
ders are commonly accompanied by sleep disturban-
ces. For example, 50-90% of depressed patients
suffer sleep abnormalities [94]. The nature of sleep
problems in patients with mood disorders is mani-
fold [95]. Many depressed patients as well as manic
patients suffer from insomnia, whereas a decreased
need for sleep is a trademark of manic patients.
Also common in depression are longer sleep onset
latency and early morning awakenings. Changes in
REM and NREM sleep architecture are frequently
observed, with REM sleep typically peaking earlier in
the night in depressed patients. Such disruptions of
sleep timing suggest that some of the sleep prob-
lems seen in mood disorders may in part be attrib-
utable to abnormalities in circadian rhythms.
Although an association between sleep disturbances
and abnormal mood regulation is well established,
the direction of causality remains unclear. While the
above-mentioned impairments of sleep quality can
be regarded as symptoms of depression, there is
also considerable evidence that sleep directly
impacts affective functions. For instance, sleep posi-
tively influences the function of many mood-regulat-
ing brain areas, including prefrontal cortex,
amygdala, and locus coeruleus [96]. Furthermore, it
is believed that the improvement of sleep by antide-
pressants contributes to their therapeutic effi-
cacy [97].

Thus, it is likely that sleep is one direct mechanistic
link between circadian clocks and mood regulation:
disturbing circadian rhythms leads to sleep abnormal-
ities, which in turn adversely impact mood regulation.
Depending on the disposition and resilience of the
individual, these clock-induced alterations of sleep
may contribute greatly to development of a
mood disorder.

5. Clinical implementation

As mentioned above, episodes of depression and
mania in MDD and BD are often characterized by
irregular circadian patterns of behaviour. Critically,
patients are at increased risk for mood episodes after
drastic life events that lead to severe changes of daily
routines (e.g. sudden loss of partner, giving birth) [18].
Furthermore, rotating work shifts frequently precipi-
tate episodes or exacerbate mood symptoms.
Physicians have several therapeutic options to help
patients achieve stable circadian rhythms. Essentially,
these strategies aim for structuring the daily routines
of patients as much as possible.
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5.1. Regular sleep

The timing of sleep and wakefulness is largely con-
trolled by circadian clocks, but sleep and wakefulness
also directly or indirectly alter circadian rhythms.
Indeed, sleep can act as a Zeitgeber for circadian
rhythms. Depending on the time of day, naps can
cause phase advances or phase delays of melatonin
and other hormone rhythms [98-100]. Whether these
effects are mediated directly by sleep or indirectly by
reduction of light, activity, social contacts, or changes
of posture during naps is not clear [100]. Insufficient
sleep also alters the temporal organization of the
human blood transcriptome, reducing circadian
rhythm amplitude [101].

Many mood disorder patients have poor quality
sleep and highly irregular sleep times [102,103], so
clinicians should help patients to regularize their sleep
as much as possible. Importantly, schedules for sleep
and wake-up times should to be tailored to the indi-
vidual chronotype of each patient, as far as possible.
Unfortunately, most people have to get up early on
work days, interrupting their natural sleep, and then
make up for this disruption by sleeping late on week-
ends, resulting in repeated back-and-forth phase shifts
every week, a phenomenon commonly known as
“social jet lag” [104]. But while the longer and delayed
sleep on work-free days might feel refreshing for
healthy people, the frequent switch between early
and late days may become problematic for patients
with mood disorders. For these patients, to promote
internal synchrony, it is crucial to reduce the schedule
shifts between work and work-free days as much as
possible. Regular sleep times are also likely to improve
sleep quality. Recording baseline sleep/wake routines
of patients by wristband actimetres or sleep diaries
can help therapists and patients to develop an individ-
ualized ideal sleep schedules. On the basis of these
measures, irregularities and anomalies can be identi-
fied and improved. Notably, cognitive behavioural
therapy for insomnia (CBT-I) also improves depressive
symptoms [105].

5.2. Regular meals

The circadian clocks of many tissues outside the SCN
are very sensitive to meal times [53,65]. To anticipate
meal times and to optimize nutrient utilization, organs
involved in digestion uncouple from the SCN and
gradually adjust their phase to a new meal time over
the course of several days [106]. Importantly, the
adjustment of tissue clocks takes multiple days, and
this process is only beneficial for the organism when
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the timing of meals settles stably at the new time.
Many people, however, eat at remarkably variable
times [66]. If meal times vary greatly from day to day,
the clocks in digestive organs never have enough
time to adjust completely. Consequently, the clocks of
their digestive organs are probably in a perpetual
state of disequilibrium, constantly adjusting to new
meal times. This phenomenon may lead to significant
health problems. Moreover, peripheral and brain
clocks are closely linked to each other through hor-
mones [107], and food intake promotes changes in
glucocorticoids, body temperature, neuronal activity,
and other factors that have impact on brain clocks.
Thus, food-induced desynchronization of peripheral
organs may also affect synchronization among clocks
of various brain regions, thereby contributing to devel-
opment of mood disorders.

Since the impact of meals on peripheral clocks is so
strong, clinicians should encourage their patients to
maintain a fixed meal time schedule. Patients should
be encouraged to avoid snacks and caloric drinks
between scheduled principal meals, as any food intake
has an immediate impact on peripheral clocks. Obesity
is associated with late meal times [108], so breakfast
should be encouraged, and late evening meals or
snacks discouraged. But it must be acknowledged
that, as for sleep timing, ideal meal schedules may
vary from person to person, depending on chrono-
type, personal preference, and constraints imposed by
social or work demands. Nevertheless, it still may be
very valuable for patients to minimize day-to-day vari-
ability in whatever meal schedule they are willing
to adopt.

5.3. Increase of daytime physical activity

Physical activity alleviates depression, and depressed
patients are often encouraged to exercise [109].
Possible mechanisms for this therapeutic effect of
exercise on mood include augmentation of endogen-
ous opioids [110], normalization of brain structure
abnormalities [111], and improving sleep quality [112].

But another possible mechanism is through positive
effects of exercise on the circadian system. In mice,
exercise enhances the amplitude of circadian rhythms
of body temperature, food uptake, and corticosterone
secretion [113], three factors involved in synchronizing
body clocks. Indeed, physical exercise can alter the
phase of clock gene rhythms in peripheral tissues of
mice [114]. Importantly, providing mice with access to
running wheels significantly decreases age-related
desynchrony in SCN and peripheral tissues [115].

In addition, physical activity increases amplitude of
SCN and behavioural rhythms, and accelerates phase
adjustment after experimental jet lag [115].
Furthermore, access to running wheels enhances amp-
litude of activity rhythms and reduces depression- and
anxiety-like behaviour in rats [116], and protects
against the development of depression-like behaviour
in mice [117].

In humans, physical activity also has an impact on
the circadian system. Depending on the time of day,
exercise alters temperature, heart rate, and melatonin
rhythms and changes sleep architecture [118]. As in
mice, exercise facilitates re-entrainment after phase
shifts [119], arguing for positive synchronizing effects
of exercise in humans. Additionally, in young men
multivariate regression analysis reveals that physical
activity has by far the strongest influence on the amp-
litude and stability of body temperature oscillations of
any parameter studied [120]. However, clinicians
should make their patients aware that the timing of
physical exercise is critical, e.g. nocturnal exercise can
phase shift behavioural and hormonal rhythms in a
manner that might be unfavourable for the patient
[121,122]. Together, these results suggest that regular
exercise during the day supports the stabilization of
circadian oscillations in patients with weak or irregular
daily rhythms.

5.4. Light therapies

In the face of overwhelming competitive advertising
by the pharmaceutical industry, light therapy for
depression has been slow to achieve widespread
adoption in clinical practice, but it is now clear that it
can be as effective as antidepressant medicines [123],
and is finally becoming more popular [124]. Twenty
years ago, a series of studies established that bright
light (especially in the morning) is an effective treat-
ment for SAD [125-127]. More recently, a number of
studies and meta-analyses have suggested that light is
also effective for MDD [128-130]. In particular, a
recent randomized, controlled 8 week trial of daily
10,000 lux bright light for 30 min “as early as possible”
after awakening, showed that light can be more
effective than fluoxetine (Prozac) for non-seasonal
MDD [131]. A few studies indicate that bright light
may even be therapeutic for the depression of BD,
which is often unresponsive to common antidepres-
sant medicines. For example, a recent randomized,
controlled 6 week trial of 7000 lux bright light in mid-
day improved sleep and mood in BD, with no manic
switches [132]. Conversely, darkness can be



therapeutic for mania [51], and a recent study showed
promising antimanic effects of blue-blocking glasses
[50]. Thus, light/dark therapies for mood disorders
show great clinical promise.

It is not known precisely how light/dark therapies
work in mood disorders patients, but animal studies
suggest some likely neurobiological mechanisms. First
of all, it seems probable that the therapeutic effects of
light are mediated not by the conventional image-
forming visual system, but rather by the more recently
described non-image-forming visual system, involving
melanopsin-containing, intrinsically photosensitive ret-
inal ganglion cells (ipRGCs) [133-135]. The ipRGCs pro-
ject to the SCN and are responsible for circadian
photoentrainment, so the effects of light/dark on
mood could involve adjustment of brain circadian
clocks. The finding that early morning timing of light
makes it more effective in SAD suggests that the
mechanism may involve circadian phase-dependent
shifting of clock phase and improved alignment of
brain clocks. It is known, for example, that seasonal
changes in day length produce substantial changes in
relative phasing of individual SCN neurons in rodents
[136]. On the other hand, the fact that some clinical
studies (e.g. [132]) find light effective at mid-day,
when no phase shifting of circadian clocks would be
expected, suggests that enhancement of brain clock
amplitude may be a more important mechanism. This
is consistent with the findings of a postmortem
human brain study that brain clocks of MDD patients
have reduced amplitude [74], and with our work in a
mouse model [38].

5.5. Wake therapy

It is well documented that sleep deprivation has
strong and immediate antidepressant effects, alleviat-
ing symptoms of MDD in 40-60% of patients.
Improvements in mood are often already apparent
even during the night of sleep deprivation and are
sustained on the following day. After recovery sleep,
most patients (50-80%) suffer from a relapse of
depression [137]. Interestingly, keeping patients awake
in the second half of the night appears to be sufficient
to improve depressive symptoms [124]. Since sleep
and circadian clocks are tightly intertwined, the effects
of wakefulness at night on mood are often attributed
to changes of circadian rhythms. However, even short
daytime naps which have only little impact on circa-
dian rhythms cause a relapse of symptoms, raising
doubt about how much circadian changes contribute
to the antidepressant effects of sleep deprivation. On
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the other hand, some have hypothesized that MDD
patients have abnormal clock gene machinery which
is reset by sleep deprivation, thereby improving their
affective state [138]. However, a combination of chro-
notherapeutic treatments such as bright light, sleep
phase advance and pharmacotherapy (lithium or anti-
depressants) has been proven to sustain the anti-
depressant responses and prevent relapse [139]. Also,
the rapid-acting antidepressant ketamine and sleep
deprivation produce similar changes in expression pat-
terns of some clock genes [140]. Thus, a combination
of neurotransmitter changes during sleep deprivation
and adjustment of circadian rhythms during phase
advance therapy may underlie the efficacy of
this treatment.

Even though the exact mechanisms are not known,
wake therapy is a first line of treatment for depression
in many European countries, although rarely used in
the United States [141].

5.6. Pharmaceuticals to manipulate rhythms
5.6.1. Agomelatine

Agomelatine is a recently developed antidepressant
drug available for use in Europe. It acts as an agonist
at melatonin receptors MT; and MT, and an antagon-
ist at the serotonin 5-HT,c receptor. Antidepressant
actions of agomelatine have been attributed to vari-
ous mechanisms including adjustment of circadian
rhythms. In diurnal and nocturnal rodents, agomela-
tine expedites resynchronization of behaviour after
shifts in the light-dark cycle [142,143]. Furthermore, it
is able to adjust the phase of sleep-wake cycles in
rodents under entrained conditions [144], increases
the amplitude of melatonin and body temperature
rhythms [145], and can synchronize rats to a 24h
schedule when administered in daily doses under con-
stant environmental conditions [146]. Thus, agomela-
tine has a strong impact on the circadian system.
Importantly, agomelatine normalizes behavioural
rhythms, sleep architecture, and neuronal activity in a
rat model of depression, which suggests the potential
for positive effects on clocks in depressed patients
[147]. In humans, early evening administration of ago-
melatine (like melatonin) phase advances two central
synchronizers of peripheral rhythms, core body tem-
perature [148], and cortisol rhythms [149], which
might benefit depressed patients with delayed phases.
Because of these effects, administration of agomela-
tine has been suggested as a therapy for several psy-
chiatric disorders that are associated with circadian
disturbances [150]. Besides adjustment of circadian
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rhythms, agomelatine promotes neurogenesis, cell sur-
vival, and expression of brain-derived neurotrophic
factor (BDNF), which are other possible mechanisms of
antidepressant action. Of note, however, a recent
study showed that stress-induced changes of circadian
rhythms in mood-regulating brain areas of rats were
not normalized by agomelatine administration.
Moreover, melatonin itself was not found to have an
antidepressant effect [151], raising questions about
whether agomelatine’s circadian effects underlie its
antidepressant action [152]. On the other hand, mela-
tonin could still be therapeutic if its administration is
properly timed and dosed to adjust the misaligned cir-
cadian phases of certain patients with mood disor-
ders [153].

5.6.2. Lithium

Lithium is a mood stabilizer widely used in the treat-
ment of BD, and some have speculated that its thera-
peutic efficacy could be related to its prominent
effects on circadian rhythms [154]. Lithium lengthens
circadian period and potently increases amplitude of
circadian rhythms [155]. These circadian effects of lith-
ium may be related to its inhibition of glycogen syn-
thase kinase 3 (GSK3), a protein kinase that regulates
the clock by phosphorylating multiple clock proteins:
PER2, REV-ERBa, and CRY2. Lithium also affects the
inositol signalling pathway, which is also involved in
amplitude and period regulation of circadian rhythms
[156]. It is likely that lithium contributes to the stabil-
ization of circadian clocks in BD patients. However,
since lithium has many side effects and regulates a
large number of processes in the body, better options
are needed for primary targeting of circadian rhythms.

5.6.3. Nobiletin

It has been discovered recently that the flavonoid
nobiletin is capable of regulating circadian rhythms.
Flavonoids are plant pigments that are ubiquitous nat-
ural components of human foods. In mice, nobiletin
substantially increases the amplitude of clock gene
rhythms in cells and behavioural wheel-running activ-
ity rhythms [157,158]. Interestingly, mice exposed to a
high fat diet are protected from metabolic phenotypes
when treated with nobiletin [157]. Furthermore, nobi-
letin resets the liver clock and defends against meta-
bolic abnormalities in cultured cells [159]. Thus,
stabilizing body clocks using nobiletin or similar com-
pounds could potentially be useful in mood dis-
order treatment.

5.6.4. Rev-Erb agonists

The experimental compounds SR9009 (Stenabolic) and
SR9011 are agonists of the circadian clock proteins
REV-ERBa and REV-ERB; they alter amplitude of clock
gene expression rhythms and change circadian behav-
iour in mice [160]. Interestingly, in rodents, these
drugs also reduce anxiety-like behaviour, change sleep
architecture [161,162], and prevent the development
of obesity, which is often related to mood disorders
[160]. As the effects of these REV-ERB agonists on cir-
cadian rhythms are pronounced but short-term, more
research is required to investigate the potential useful-
ness of such drugs in mood disorder therapy.

6. Conclusion

Many mood disorder patients suffer irregularities in
their daily rhythms. These irregularities (e.g. insomnia)
may in themselves be unpleasant and uncomfortable
for patients. But the disruptions may also trigger or
worsen mood episodes. For both these reasons, thera-
pies aiming to improve circadian organization and sta-
bility may be beneficial. The circadian clock evolved to
help organisms anticipate daily recurring events. If this
ability is lost, the body is no longer capable of prepar-
ing physiological processes in advance of an event,
but rather must react spontaneously to incidents,
which may be less efficient and more stressful. Thus,
therapies that reduce the day-to-day variability of cir-
cadian rhythms are likely to be helpful. However,
more evidence is required to establish a direct causal
connection between the disruption of circadian
rhythms and mood disorders, especially in humans. To
prove such causality, more knowledge about underly-
ing mechanisms is needed. In particular, more
research is needed to show specific mechanisms by
which existing chronotherapies could improve mood
by modulating circadian rhythms.

In this review paper, we suggested several concrete
mechanisms by which circadian disruptions may con-
tribute to mood disorders: external desynchronization,
internal desynchronization, reduced amplitude, and
impaired sleep. Importantly, the separation of these
mechanisms remains hypothetical since they inevitably
influence each other. Therapies to stabilize and
strengthen circadian clocks would be expected to nor-
malize all these pathological mechanisms at once.
Therapeutic manipulations may variously affect clock
phase, period, or amplitude, but in practice these
clock parameters are usually intimately related. Thus,
the aim is usually to reach a high amplitude, a stable
period close to 24h, a phase compatible with



environmental conditions, and a small phase variability
from day to day. Because of the ubiquitous role
of «circadian clocks in physiology, adjusting
circadian properties to such desired values can solve
many medical problems at once, including
mood disorders.

Fortunately, clinicians and patients have relatively
simple therapeutic options available to improve cir-
cadian health. The list of options includes regular
sleep, meals, and exercise, light therapy, and a few
pharmaceuticals such as melatonin. Even though the
strategies were discussed separately in this paper, it
is advisable to administer several strategies simultan-
eously. Patients who suffer severe circadian disrup-
tions will gain the greatest benefit if they structure
sleep, light, and meal times, and increase amounts
of physical activity in parallel. Conveniently, these
treatments can target several circadian conditions
concurrently. For example, patients committed to
(daytime outdoor) physical exercise automatically
increase the amount of sunlight. In turn, the
increase of sunlight helps to improve rhythm ampli-
tude and, if applied at the right time, shifts the
clock to a desired phase. Furthermore, eating and
sleeping at regular times helps structuring other
daily routines and promotes social synchronization,
and will likely also have beneficial effects for meta-
bolic disorders, which are quite frequently comorbid
with mood disorders.
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