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Abbreviationd

5-HIAA; 5-hydroxyindole acetic acid

5-HT; 5-hydroxytryptamine, serotonin

ANOVA; analysis of variance

AUC; area under the blood glucose concentration time curve
Bmall; brain and muscle arnt-like protein 1

Clock; circadian locomoter output cycles kaput
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CYP7AT; cholesterol 7a-hydroxylase

EDTA; ethylenediaminetetraacetic acid

FF; free feeding

FST; forced swimming test

GLUT2; glucose transporter 2

HFD; high-fat diet

HPLC-ECD; High performance liquid chromatography-electrochemical detection
IVIS; in vivo imaging system

LD; light-dark

Mao; monoamine oxidase

MHPG; 3-methoxy-4-hydroxyphenylglycol

mRNA; messenger ribonucleic acid



NE; norepinephrine

NES; night eating syndrome

ND; normal-fat diet

Per; period

PER2::LUC; PERIOD2::LUCIFERASE
PEPCK; phosphoenolpyruvate carboxykinase
Rev-erb; reverse erythroblastosis virus

RF; restricted feeding

ROI; region of interest

ROR; retinoic acid receptor-related orphan receptor
RORE: ROR responsive element

SCN; suprachiasmatic nucleus

SEM; standard error of the mean

SSRIs; selective serotonin reuptake inhibitors

ZT; zeitgeber time



Chapter 1. Introduction

Almost all plants and animals on earth live under an environmental light-dark (LD)
cycle, which is controlled by sunrise and sunset. Moreover, under constant dark conditions,
organisms live in approximately 24 hours period, which is called circadian rhythm. Many
physiological functions, such as the sleep-wake cycle, metabolism, control of body temperature
and appetite, and other functions of various organs show circadian variation, and the mechanism
that provides circadian fluctuation of physiological functions is called the circadian clock
system (Gachon et al., 2004; Golombek & Rosenstein, 2010). The mammalian circadian clock
system is composed of various clock genes. In particular, Cryptochromel/2 (Cryl/2), Periodl/2
(Perl/2), Brain and muscle arnt-like protein 1 (Bmall), and Circadian locomoter output cycles
kaput (Clock) are the core clock genes that form the transcriptional-translational feedback loop,
which produces an approximately 24-hour cycle (Bass & Takahashi, 2010; Asher & Schibler,
2011; Buhr & Takahashi, 2013). Heterodimers of CLOCK and BMAL1 (CLOCK/BMALI1),
which act as transcriptional activators, activate the transcription of Per and Cry through binding
to a specific promoter domain, which is called the E-box. Per and Cry mRNA move to the
cytoplasm and are translated into proteins. Subsequently, they form heterodimers and move
back to the nucleus. Thereafter, they decrease the transcription of Per and Cry by binding to
CLOCK/BMALI1. Consequently, mRNA and protein levels of PER and CRY maintain
rhythmicity throughout an approximately 24-hour period. Moreover, Retinoic acid
receptor-related orphan receptor (Ror) and Reverse erythroblastosis virus (Rev-erb), which are

other clock genes, generate a transcription-activating rhythm through binding to ROR



responsive element (RORE), which is another specific promoter domain (Albrecht, 2012;
Mohawk et al., 2012). These feedback loops enable approximately 10% of all genes to show
rhythmicity (Ueda et al., 2002; Oishi et al., 2003; Miller et al., 2007; Hughes et al., 2009), and
these genes are named clock-controlled genes. These genes regulate many physiological
functions, including metabolism, the maintenance of muscle, as well as monoamine synthesis
and metabolism (Bailey et al., 2014; Gooley, 2016; Aoyama & Shibata, 2017; Hampp et al.,
2008; Sudrez-Trujillo & Casey, 2016) (Figure 1.1). For example, cholesterol 7a-hydroxylase
(CYP7A1), which is a rate-limiting enzyme for bile acid synthesis, shows circadian fluctuation
under the control of clock genes (Gooley, 2016). In addition, liver-specific Bmall knock-out
mice showed a lack of circadian rhythmicity and showed decreased expression levels of
phosphoenolpyruvate carboxykinase (PEPCK) and glucose transporter 2 (GLUT2), which are
an enzyme in gluconeogenesis and a transporter of glucose, respectively (Lamia et al., 2008).
Moreover, Atroginl, which is a muscle-specific gene that regulates muscle atrophy, is directly
controlled by clock genes (Andrews et al., 2010; Zhang et al., 2012). Furthermore, the E-box
controls the expression rhythm of monoamine oxidase (MAO), which is an enzyme for the
degradation of monoamine (Albrecht, 2017). Taken together, maintaining accurate expression

rhythms of clock genes is important for maintaining physiological functions (Figure 1.1).
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Figure 1.1 Schematic of negative transcriptional-translational feedback loops of clock
genes

Transcription of Per and Cry are activated by heterodimers of CLOCK and BMALI in the
nucleus, and Per and Cry mRNA are translated in the cytoplasm. Subsequently, the translated
proteins reduce the transcription of their own mRNA by binding to heterodimers of CLOCK
and BMALI1. As a result, this loop produces an approximately 24-hour cycle. Clock genes
regulate the activity of specific promoter domains, such as the E-box and RORE, and circadian
fluctuation, which lead to the regulation of the expression levels of clock-controlled genes.
Representative genes controlled by clock genes are shown (Bass & Takahashi, 2010; Albrecht,

2017).



Mammals, including humans, have a central clock and peripheral clocks (Hastings,

1997; Weaver, 1998; Buijs et al., 2003). The central clock is located in the suprachiasmatic

nucleus (SCN) of the hypothalamus, and the peripheral clocks are located in brain regions other

than the SCN as well as in almost all peripheral organs. The central clock is entrained by the

environmental LD signal through the retinal-hypothalamic tract, and the central clock

orchestrates the peripheral clocks using neural signals, hormonal signals, locomotor activity,

and other pathways (Nelson & Zucker, 1981; Albrecht, 2012). Accordingly, SCN-lesioned mice

showed arrhythmic behavior, and their peripheral clocks were reduced in amplitude and

rhythmicity (Mouret et al., 1978; Szafarczyk et al., 1981; Tahara et al., 2012). Whereas the

central clock is entrained only by light, the peripheral clocks are not only synchronized with the

central clock but are also reset by other types of stimulation, including food intake, exercise,

and stress (Hara et al., 2001; Sasaki et al., 2016; Tahara et al., 2015) (Figure 1.2).
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Figure 1.2 Association among light, other stimulations, the central clock, and peripheral
clocks

The central clock (SCN; red clock) is entrained by the environmental LD signal through the
retinal-hypothalamic tract (orange arrow and orange dashed arrow). The central clock
orchestrates the peripheral clocks (blue clocks) by neural signals, hormonal signals, locomotor
activity, and other pathways (blue arrows). The peripheral clocks are synchronized also with

other stimulations, including food intake and exercise (green arrows).
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Some reports showed that among the various types of stimulations, food intake is the

strongest entrainment factor next to light (Garaulet & Madrid, 2010; Shibata et al., 2010;

Delezie & Challet, 2011; Mistlberger, 2011). Especially, the timing of food intake and the

composition of the consumed food are important synchronizers of peripheral clocks (Tahara &

Shibata, 2016). Therefore, we would determine the optimal meal timing for maintaining and

improving health, by clarifying the association among the circadian clock system, food intake,

and metabolic system (Tahara & Shibata, 2013). Based on these previous studies, research on

the association between the circadian clock system and food intake has been named

chrono-nutrition (Tahara & Shibata, 2013). Research on chrono-nutrition has recently been

increasing. A previous study in mice showed that l-ornithine, which is a type of non-protein

amino acid, had an effect on the time-dependent phase shift of peripheral clocks in vivo (Fukuda

et al.,, 2016). Another study showed that blood glucose levels in the glucose tolerance test

depended on the time of day (Mi et al., 2017). Furthermore, a recent study in humans indicated

that late meals delayed plasma glucose rhythm and clock gene expression rhythm in adipose

tissue (Wehrens et al.,, 2017). In addition, blood glucose levels were increased after a late

evening meal and subsequent breakfast. In the same study, the average blood glucose levels

during a 24-hour period were also increased by a late meal (Sato et al., 2011). The Overview of

Dietary Reference Intakes for Japanese (2015) has a chapter on the importance of breakfast and

the timing of meals for the first time. This means that the study on meal patterns based on

circadian rhythm has started to be recognized to play an important role in human health.

In this thesis, I aimed to analyze the association among circadian feeding patterns,

obesity, and depressive-like behavior in mice based on the above previous research. Previous
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studies indicated that high-fat diet (HFD)-induced obese mice show circadian arrhythmic
locomotor activity and feeding rhythm (Kohsaka et al., 2007; Froy, 2012). Moreover, other
previous studies suggested that depression is associated with phase shifts and decreases in
melatonin rhythm, and disruptions of endogenous biological rhythms (Lewy, 2010; Nechita et
al., 2015). Accordingly, I presumed that obesity and depression might closely interact with
disturbance of the circadian clock system. Previous studies showed that circadian meal patterns
affect the circadian clock system, particularly peripheral clocks; however, few studies have
analyzed the association among circadian meal patterns, obesity, and depression. Therefore, I
investigated the effects of circadian feeding patterns on obesity and depressive-like behavior in

mice (Figure 1.3).
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Figure 1.3 Working hypotheses of my thesis

An appropriate circadian meal pattern would maintain a precise circadian clock system (green
arrow). On the contrary, a disrupted circadian meal pattern may decrease the amplitude and/or
shift phase of peripheral clocks (red arrow) (Wehrens et al., 2017). Moreover, obese mice
showed arrhythmic circadian locomotor activity and feeding rhythm (Froy, 2012), and
depression was found to be associated with disruptions of endogenous biological rhythm (Lewy,
2010; Nechita et al., 2015) (purple two-way arrow). However, few studies have analyzed the
association among circadian meal patterns, obesity, and depression (pink two-way arrow and
question mark). Therefore, I investigated the effects of circadian feeding patterns on obesity and

depressive-like behavior in mice.
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Chapter 2. Effects of the timing and duration of HFD administration

on the obesity of mice

2.1 Introduction

Adult obesity is now observed in about 13% of the general population (World Health
Organization, 2016), and one of the major factors of obesity is excessive calorie intake.
Excessive calorie intake has the potential to cause hyperleptinemia, insulin resistance, glucose
intolerance, and increased adiposity. A previous study suggested that energy homeostasis
interacts with the circadian clock system at the molecular, behavioral, and physiological levels
(Bass & Takahashi, 2010). Free feeding (FF) with a HFD affected energy metabolism,
decreased the amplitude and/or shifted the phase of clock gene expression rhythms in the liver,
and increased calorie intake during the resting phase (the light period), compared with FF with a
normal-fat diet (ND) (Kohsaka et al., 2007; Froy, 2012). Moreover, body weights of mice were
more increased by restricted feeding (RF) with a HFD during the resting phase than that under
RF with a HFD during the active phase (the dark period) (Arble et al., 2009; Salgado-Delgado
et al., 2010). With regard to mice, the light and dark periods are called the resting and active
phases, respectively, because mice are nocturnal animals. Under 4-hour RF with a HFD during
the resting phase or 8-hour RF during the active phase, RF suppressed the HFD-induced
decrease in amplitude and phase shift of clock gene expression rhythms in the liver, as well as
body weight gain (Sherman et al., 2012; Hatori et al., 2012). Taken together, these results
indicate that RF is an important feeding treatment for preventing HFD-induced obesity and

disruption of the circadian clock system. However, there have been no studies on the effects of
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differences in RF with a HFD between during the resting and active phases, or differences in RF

duration on obesity and the circadian clock system.

To investigate the effects of these differences, I fed mice with a HFD during the

resting phase and a ND during the active phase ((HFD-ND]), or a ND during the resting phase

and a HFD during the active phase ((ND-HFD]). Mice had access to a ND or a HFD for a given

duration (2, 4, 8, or 12 hours per phase). I have 2 hypotheses in this chapter. First, I

hypothesized that body weight gain might depend on feeding patterns. Accordingly, I expected

that body weights in the [HFD-ND] group might increase more rapidly than those in the

[ND-HFD] group. Second, I hypothesized that body weight gain might also depend on RF

duration. Therefore, I anticipated that body weights in the 2-hour RF groups, in which each RF

duration was 2 hours, might be less increased than those in the other groups. Furthermore,

conversely, I anticipated that body weights in the §-8[HFD-ND] group, in which mice were

subjected to 8-hour RF with a HFD during the resting phase and 8-hour RF with a ND during

the active phase, would be greater than those in the other groups. Therefore, I analyzed the

combination effect of RF duration and feeding pattern on body weight and visceral fat.

The other aims in this chapter were to investigate whether the timing and duration of

intake of a HFD affects energy homeostasis and clock gene expression rhythms in the liver. A

recent study has demonstrated that FF with a HFD for 1 week advanced the phase of the liver

clock by 5 hours (Pendergast et al., 2013). Moreover, obesity was found to be closely associated

with disturbance of the circadian clock system (Froy, 2012). Therefore, in this cahpter, I also

analyzed the phases of peripheral clocks under RF treatment fed two meals a day. /n vivo

imaging system (IVIS) and PERIOD2::LUCIFERASE (PER2::LUC) knock-in mice enable us

16



to measure the circadian rhythms of peripheral organs noninvasively in individual mice in vivo

(Yoo et al., 2003; Tahara et al., 2012).

This chapter is based on a manuscript by myself and others that was published by

Taylor & Francis in Chronobiology International on Oct 2014, which is available online at

http://www.tandfonline.com/10.3109/07420528.2014.931413. Consent from all authors has

been obtained.

17



2.2 Materials and methods
2.2.1 Animals

Two types of mice were used, as follows: wild-type ICR mice and heterozygous
PER2::LUC knock-in mice (a mixed background of C57/BL6J and ICR). Eight-week-old male
ICR mice and male heterozygous PER2::LUC knock-in mice were housed in an animal room
maintained at 22 °C £ 2 °C and 60% = 5% humidity under a 12-hour light/12-hour dark cycle
(lights on from 8:00 to 20:00). Zeitgeber time 0 (ZT 0) was defined as the lights-on time and ZT
12 was defined as the lights-off time. Heterozygous PER2::LUC knock-in mice were bred in
our laboratory and housed in the animal room as previously described (Tahara et al., 2012). The
mice had free access to a ND (EF; Oriental Yeast Co. Ltd., Tokyo, Japan) and water all day
before the experiments started. The procedures conformed to the “Fundamental Guidelines for
Proper Conduct of Animal Experiments and Related Activities in Academic Research
Institutions™ (published by the Ministry of Education, Culture, Sports, Science and Technology,
Japan) and were approved by the Committee for Animal Experimentation at Waseda University

(Permission no. 2013-A070).

2.2.2 Diets
Mice were fed with a ND and/or a HFD. Calories from fat were 10% in the ND and

44.9% in the HFD (D12451M; RESEARCH DIETS Inc., Tokyo, Japan).

2.2.3 Experimental procedures

Mice were fed with a ND and/or a HFD twice a day, during the active and resting

18



phases for 4 weeks. RF duration was controlled (2, 4, 8, or 12 hours per phase). Calorie intake
was estimated by food intake, which was measured twice a week by monitoring the weight of

the eaten food.

2.2.4 Effects of 4-hour RF with a ND or a HFD during the active and resting phases on
obesity (Experiment 2.1)

Six groups were prepared, as follows: FF with a ND or a HFD (FF[ND] or FF[HFD]),
4-hour RF with a ND or a HFD during the resting and active phases (4-4[ND-ND] or
4-4[HFD-HFD]), 4-hour RF with a ND during the resting phase and a HFD during the active
phase or vice versa (4-4[ND-HFD] or 4-4[HFD-ND]) (Figure 2.1A). Each feeding treatment
group had one or two units. In each unit, four mice were housed in the home cage. Calorie

intake was measured per group and expressed as kcal/mouse/day.

2.2.5 Effects of 2-, 4-, or 8-hour RF with a ND or a HFD during the active and resting
phases on obesity (Experiment 2.2)

Six groups of mice were prepared, as follows: 2-hour RF with a ND during the
resting phase and a HFD during the active phase or vice versa (2-2[ND-HFD] or 2-2[HFD-ND)),
4-hour RF with a ND during the resting phase and a HFD during the active phase or vice versa
(4-4[ND-HFD] or 4-4[HFD-ND]), and 8-hour RF with a ND during the resting phase and a
HFD during the active phase or vice versa (8-8[ND-HFD] or 8-8§[HFD-ND]) (Figure 2.1B).
Each feeding treatment group had two units. In each unit, three or four mice were housed in the

home cage. Calorie intake was measured per group and expressed as kcal/mouse/day.
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2.2.6 Effects of 2- or 4-hour RF with a ND or a HFD during the active and resting phases
on obesity and postprandial blood glucose levels (Experiment 2.3)

Four groups were prepared as described for the 2- and 4-hour RF groups in
experiment 2.2. Each mouse was housed individually in the home cage. The amount of food
intake per mouse was monitored. After 4 weeks under each feeding treatment, postprandial
blood glucose levels were measured (Figure 2.1C). Each group comprised four or five mice, and
each mouse was housed in an individual cage. Calorie intake was measured per mouse and

expressed as kcal/mouse/day.

2.2.7 Effects of 2-hour RF with a HFD during the resting phase and 2-, 6-, or 12-hour RF
with a ND during the active phase on obesity (Experiment 2.4)

Three groups of mice were prepared, as follows: 2-hour RF with a HFD during the
resting phase and a ND during the active phase (2-2[HFD-ND]), 2-hour RF with a HFD during
the resting phase and 6-hour RF with a ND during the active phase (2-6|[HFD-ND]), and 2-hour
RF with a HFD during the resting phase and 12-hour RF with a ND during the active phase
(2-12[HFD-ND]) (Figure 2.1D). Each feeding treatment group had one or two units. In each
unit, four mice were housed in the home cage. Calorie intake was measured per group and

expressed as kcal/mouse/day.

2.2.8 Effects of each feeding treatment on phase of the liver clock (Experiment 2.5)

Nine groups of mice were chosen from experiments 2.1, 2.2, and 2.4, as follows:

20



FFIND], FF[HFD], 4-4[ND-ND], 4-4[HFD-HFD], 4-4[ND-HFD], 4-4[HFD-ND],

2-2[HFD-ND], 8-8[HFD-ND], and 2-12[HFD-ND]. Heterozygous PER2::LUC knock-in mice

were maintained under each feeding treatment for 3 or 4 weeks, and then the peak phase of

PER2 rhythm in the liver was measured by in vivo monitoring of bioluminescence.
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A: Experiment 2.1 B: Experiment 2.2
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Figure 2.1 Experimental feeding treatments

ICR mice were fed with a ND and/or a HFD for 4 weeks according to the feeding treatments

shown. Open and closed bars indicate the resting and active phases, respectively. (A)

Experiment 2.1: FF groups and 4-hour RF groups. Mice were housed with mice in the same

groups and sacrificed on day 29. (B) Experiment 2.2: 2-, 4-, and 8-hour RF groups. Mice were

housed with mice in the same group and sacrificed on day 29. (C) Experiment 2.3: 2- or 4-hour

RF groups. Mice were housed individually. Food intake was measured during the initial hour of

feeding on days 15 and 16. Postprandial blood glucose levels were measured during the resting

phase on day 29. Four days later, on day 33, postprandial blood glucose levels were measured
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during the active phase. Black triangles represent the time points when the weight of the food

was measured, and white triangles represent the time points when blood was collected for

measuring postprandial blood glucose levels. (D) Experiment 2.4: 2-hour RF with a HFD during

the resting phase and 2-, 6-, or 12-hour RF with a ND during the active phase. Mice were

housed with mice in the same group and sacrificed on day 29. These figures have been modified

and reprinted from Figure 1 of Haraguchi et al. (2014).
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2.2.9 Time course measurements of postprandial blood glucose levels

In experiment 2.3, postprandial blood glucose levels were measured in each group.

At the start of the feeding period of each group at ZT 4 (4-hour RF groups) or ZT 5 (2-hour RF

groups), mice were fed with a ND (0.2 g) or a HFD (1.0 g). In the preliminary experiments, to

determine the appropriate amount of food that can be eaten within 30 minutes by the mice, the

amount of food intake during the initial 30 minutes in the active and resting phases were

measured. Postprandial blood glucose levels were measured before (0 minutes) and 30, 75, and

150 minutes after feeding. After four days, the same protocol was performed at each group’s

feeding time at ZT 16 (4-hour RF groups) or ZT 17 (2-hour RF groups). The area under the

blood glucose concentration time curve (AUC) was estimated for all groups. One drop of blood

was collected from the tail vein, and the glucose concentrations were measured using a Glucose

PILOT kit (Aventir Biotech, CA, USA).

2.2.10 In vivo monitoring protocol and data analysis

In vivo monitoring system was performed as previously described (Tahara et al.,

2012). In brief, in vivo monitoring system was performed using a IVIS kinetics system (Caliper

Life Sciences, MA, USA). Mice were anesthetized in the IVIS kinetics system with isoflurane

(Mylan Inc., Tokyo, Japan) and concentrated oxygen (SO-005B; Sanyo Electronic Industries Co.

Ltd., Okayama, Japan) using a gas anesthesia system (XGI-8; Caliper Life Sciences). After mice

were anesthestized, they were injected subcutaneously on the back and near the neck with

D-luciferin potassium salt (Promega, WI, USA), at a dose of 15 mg/kg of body weight (30

mg/10 mL, 0.05 mL/10 g body weight). Images were taken at 10 minutes after injection in the
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ventral-up position for pictures of the liver. Each image was taken using a 1-minute exposure
time. For each time point, the bioluminescence images were merged with the grey-scale image.
Images were obtained six times per day (ZT 11, 15, 19, 23, 3, and 7). Mice were returned to
their home cages after each imaging procedure and recovered quickly from isoflurane
anesthesia. The duration under isoflurane anesthesia was approximately 20 minutes per session.
A previous study confirmed that anesthesia and bioluminescence analysis every 4 hours did not
affect luciferase activity in the peripheral tissues or the behavior of the mice (Tahara et al.,
2012).

Bioluminescence emitted from the liver was estimated using Living Image 3.2
software (Caliper Life Sciences). The region of interest (ROI) was set to the same shape and
size for all experiments. The average photon/minute values of the data from the six time points
for each day was designated as 100%, and the bioluminescence rhythm for the entire day was
expressed as a percentage of each set of six time points for the liver. The peak phase and
amplitude of the normalized percentage data were estimated using the single cosinor procedure

program (Acro.exe, version 3.5) (Refinetti et al., 2007).

2.2.11 Measurement of visceral fat weight

In experiments 2.1, 2.2, and 2.4, mice were maintained under specific feeding
treatments for 4 weeks before sacrifice. All mice were fasted from ZT 19 and then sacrificed at
ZT 2. Visceral fat was dissected from each mouse and the weights of visceral adipose tissue

were measured.
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2.2.12 Statistical analysis

Data are expressed as the mean + standard error of the mean (SEM). For statistical
analysis, a one-way or two-way analysis of variance (ANOVA) was applied using StatView
software, and post-hoc analysis was conducted using the Tukey-Kramer test (SAS Institute, NC,
USA). A p-value of less than 0.05 was considered to indicate a statistically significant

difference between 2 groups.
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2.3 Results
2.3.1 Effects of 4-hour RF with a ND or a HFD during the active and resting phases on
obesity (Experiment 2.1)

In experiment 2.1, the effects of 4-hour RF with a ND or a HFD on body weight gain
and visceral fat were analyzed. Each feeding treatment is explained in Experimental procedures
(Figures 2.1A and 2.2A). The total calorie intake in the FF[HFD] group was more than that in
the FF[ND] group (Figure 2.2B). Although mice were fed with a HFD in the 4-4[HFD-HFD],
4-4[ND-HFD], and 4-4[HFD-ND] groups, the total calorie intake in the three groups was
similar to that in the FF[ND] group (Figure 2.2B). In the RF groups, calorie intake was
measured during the active phase (ZT 16-20) and resting phase (ZT 4-8). Mice in the
4-4[HFD-ND] group had a higher calorie intake during the resting phase than during the active
phase (Figure 2.2B), whereas mice in the other RF groups had a higher calorie intake during the
active phase (Figure 2.2B). Body weights in the FF[HFD] group were higher than those in the
FF[ND] group. There were significant differences in body weight increases among the six
groups (one-way ANOVA; F(5,38) = 6.0, p < 0.001) (Figure 2.2C). The 4-4[ND-ND],
4-4[ND-HFD], and 4-4[HFD-ND] groups showed significantly less body weight gain than the
FF[HFD] group, but the 4-4[HFD-HFD] group showed no significantly less body weight gain
than the FF[HFD] group (Figure 2.2C). When the ratio of body weight increase to total calorie
intake was estimated (Figure 2.2D), the change was similar to the change in body weight
increase. A ratio of the amount of visceral fat to body weight in the FF[ND] group was similar
to that in the 4-4[ND-ND] and 4-4[ND-HFD] groups, but the ratios in the FF[HFD] and

4-4[HFD-HFD] groups were higher than those in the other groups. Furthermore, there were
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significant differences among the six groups. There was no significant difference between the
4-4[ND-HFD] and 4-4[HFD-ND] groups (Figure 2.2E). These results suggest that the 4-hour
RF with a ND during the resting phase suppresses the increase in body weights and the

accumulation of visceral fat by the 4-hour RF with a HFD during the active and resting phases.
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Figure 2.2 Effects of FF or 4-hour RF on calorie intake, body weight, and visceral fat
(Experiment 2.1)

(A) Feeding treatments. Open and closed bars indicate the resting and active phases,
respectively. (B) Average calorie intake per group for 4 weeks. Each feeding treatment group
had one or two units. In each unit, four mice were housed in the same cage. For all groups, the
gray columns on the right indicate total calorie intake, the left columns indicate calorie intake
during the resting phase, and the center columns indicate calorie intake during the active phase.
(C) Relative body weight increases after 4 weeks under each feeding treatment. Body weights at
the start of feeding treatments were set to 1. (D) Ratios of body weight increase to calorie intake.

Vertical-axis: (body weight increase — 1)/average total calorie intake per group for 4 weeks. (E)
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Visceral fat percentages. Vertical-axis: (adipose tissue weight/body weight) x 100 (%).
(FF[ND], n = 8; FF[HFD], n = 8; 4-4[ND-ND], n = 4; 4-4[HFD-HFD], n = §; 4-4[ND-HFD], n
= 8; 4-4[HFD-ND], n = 8). * p <0.05, ** p <0.01 vs. FF[HFD] (Tukey-Kramer test). # p < 0.05,
## p < 0.01 for 4-4[HFD-HFD] vs. the other 4-hour RF groups (Tukey-Kramer test). These

figures have been modified and reprinted from Figure 2 of Haraguchi et al. (2014).
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2.3.2 Effects of 2-, 4-, or 8-hour RF with a ND or a HFD during the active and resting
phases on obesity (Experiment 2.2)

In experiment 2.2, the effects of RF duration on body weight gain and visceral fat
were measured. Each feeding treatment is explained in Experimental procedures (Figures 2.1B
and 2.3A). The total calorie intake was positively associated with RF duration (Figure 2.3B).
Two-way ANOVA demonstrated the interaction of feeding pattern x RF duration with only
visceral fat (F(2,41) = 3.27, p = 0.048). In the 2- and 4-hour RF groups, body weight increase,
ratio of body weight increase to total calorie intake, and ratio of the amount of visceral fat to
body weight in the ND-HFD groups were similar to those in the HFD-ND group (Figures
2.3C-2.3E). On the contrary, body weight increase, ratio of body weight increase to total calorie
intake, and ratio of the amount of visceral fat to body weight in the 8-8[HFD-ND] group were
higher than those in the 8-8§[ND-HFD] group (Figures 2.3C-2.3E). Body weight increase and
visceral fat in the 2-hour RF groups and the 8-8[HFD-ND] group were significantly heavier
than their counterparts of the 4-hour RF groups (Figures 2.3C-2.3E). Taken together, these
results indicate that a short RF duration, such as in the 2-hour RF groups, enhances the effect of

a HFD on body weight increase and the accumulation of visceral fat, contrary to my hypothesis.
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Figure 2.3 Effects of 2-, 4-, or 8-hour RF on calorie intake, body weight, and visceral fat
(Experiment 2.2)

(A) Feeding treatments. Open and closed bars indicate the resting and active phases,
respectively. (B) Calorie intake per group for 4 weeks. Each feeding treatment group had two
units. In each unit, three or four mice were housed in the same cage. The left columns indicate
calorie intake during the resting phase, the center columns indicate calorie intake during the
active phase, and the gray columns on the right indicate total calorie intake. (C) Relative body

weight increases after 4 weeks. For each group, body weights at the start of the feeding
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treatments were set to 1. (D) Ratios of body weight increase to total calorie intake.

Vertical-axis: (body weight increase — 1)/average total calorie intake per group over 4 weeks.

(E) Visceral fat percentages. Vertical-axis: (adipose tissue weight/body weight) x 100 (%). Data

are presented as the mean + SEM (2-2[ND-HFD], n = 8; 2-2[HFD-ND], n = §; 4-4[ND-HFD], n

= 8; 4-4[HFD-ND], n = 8; 8-8[ND-HFD], n = 8; 8-8[HFD-ND], n = 7). * p <0.05, ** p <0.01

(Tukey-Kramer test). These figures have been modified and reprinted from Figure 3 of

Haraguchi et al. (2014).
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2.3.3 Effects of 2- or 4-hour RF with a ND or a HFD during the active and resting phases
on obesity and postprandial blood glucose levels (Experiment 2.3)

In experiment 2.2, I observed that a 2-hour RF treatment did not appear to suppress
HFD-induced obesity. Therefore, in experiment 2.3, to clarify the reason of these results, I
compared body weight increase, eating speed, and postprandial blood glucose level in the 2- and
4-hour RF groups. Each feeding treatment is described in detail in Experimental procedures
(Figures 2.1C and 2.4A). I measured the amount of food intake in individual mice. There were
no significant differences in the total calorie intake when the data were analyzed by one-way
ANOVA (F(1,15) = 0.09, p = 0.76) (Figure 2.4B). However, when calorie intake was measured
during the initial hour of each RF, there were significant differences in total calorie intake
(one-way ANOVA, F(1,15) = 29.7, p = 0.001) (Figure 2.4C). Although there were no
significant differences in body weight increase among the four groups, a significant difference
in the ratio of body weight increase to total calorie intake was found between the 2-2[ND-HFD]
and 4-4[ND-HFD] groups (Figures 2.4D and 2.4E). I measured the postprandial blood glucose
levels in the four groups. During the resting phase, mice were fed with a ND (Figure 2.4F) or a
HFD (Figure 2.4G), and their blood glucose levels were measured before (0 minutes) and 30, 75,
and 150 minutes after feeding. In the 2-2[HFD-ND] group, the postprandial blood glucose
levels were higher than those in the 4-4[HFD-ND] group. The AUC in the 2-2[HFD-ND] group
was significantly higher than that in the 4-4[HFD-ND] group (Figure 2.4G). During the active
phase, mice were fed with a ND (Figure 2.4H) or a HFD (Figure 2.4I). Postprandial blood
glucose levels in the 2-2[HFD-ND] group were higher than those in the 4-4[HFD-ND] group

(Figure 2.4H). These results suggest that short-term calorie intake impairs glucose tolerance,
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leading to obesity.
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Figure 2.4 Effects of 2- or 4-hour RF on body weights, eating speeds, and postprandial
blood glucose levels (Experiment 2.3)

(A) Feeding treatments. Open and closed bars indicate the resting and active phases,
respectively. Food intake was measured during the initial hour of feeding on days 15 and 16.
Postprandial blood glucose levels during the resting phase on day 29. Four days later,
postprandial blood glucose levels were measured during the active phase on day 33. The black
triangles represent the time points when the weight of the food was measured, and the white
triangles represent the time points when blood was collected for measuring the postprandial
blood glucose levels. (B) Calorie intake in each group throughout the experiment. The left
columns indicate calorie intake during the resting phase, the center columns indicate calorie
intake during the active phase, and the gray columns on the right indicate total calorie intake.
(C) Calorie intake in each group during the first hour after feeding on days 15 and 16. (D)
Relative body weight increases after 4 weeks. For each group, body weights at the start of the
feeding treatments were set to 1. (E) Ratios of body weight increase to total calorie intake.
Vertical-axis: (body weight increase — 1)/average total calorie intake for 4 weeks. (F and G)
Time course of postprandial blood glucose levels in mice fed with 0.2 g of a ND (F) or 1.0 g of
a HFD (G) during the resting phase on day 29 (starting at ZT 4 or 5), and the area under the
blood glucose concentration time curve (AUC) values. (H and I) Time course of postprandial
blood glucose levels in mice fed with 0.2 g of a ND (H) or 1.0 g of a HFD (I) during the active
phase on day 33 (starting at ZT 16 or 17), and the AUC values. Data are presented as the mean
+ SEM (2-2[ND-HFD], n = 5; 2-2[HFD-ND], n = 4; 4-4[ND-HFD], n = 5; 4-4[HFD-ND], n =

5). * p<0.05, ** p <0.01 (Student ¢-test). These figures have been modified and reprinted from
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Figure 4 of Haraguchi et al. (2014).
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2.3.4 Effects of 2-hour RF with a HFD during the resting phase and 2-, 6-, or 12-hour RF

with a ND during the active phase on obesity (Experiment 2.4)

In experiment 2.2, the 8-§[HFD-ND] group had a higher calorie intake during the

resting phase than during the active phase, and their body weight and visceral fat were higher

than those in the 8-8[ND-HFD] group. Therefore, in experiment 2.4, to understand whether the

ratio of calorie intake during the active phase to that during the resting phase is an important

factor for obesity, I compared body weight increases and visceral fat volumes in the

2-2[HFD-ND], 2-6[HFD-ND], and 2-12[HFD-ND] groups. Each feeding treatment is described

in detail in Experimental procedures (Figures 2.1D and 2.5A). The duration of RF with a ND

was positively associated with calorie intake from a ND (Figure 2.5B). Although mice were fed

with a HFD during the resting phase, the 2-6[HFD-ND] and 2-12[HFD-ND] groups had a

higher calorie intake during the active phase than during the resting phase, whereas the

2-2[HFD-ND] group did not (Figure 2.5B). Body weight increases, ratios of body weight

increase to total calorie intake, and ratios of the amount of visceral fat to body weight were

more increased in the 2-2[HFD-ND] group than in the 2-6[HFD-ND] and 2-12[HFD-ND]

groups (Figures 2.5C-2.5E). These results indicate that to maintain the calorie intake during the

active phase higher than that during the resting phase would be an important factor in

preventing obesity induced by RF with a HFD during the resting phase.
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Figure 2.5 Effects of 2-hour RF with a HFD during the resting phase and 2-, 6-, or 12-hour

RF with a ND during the active phase on calorie intake, body weight, and visceral fat

(Experiment 2.4)

(A) Feeding treatments. Open and closed bars indicate the resting and active phases,

respectively. (B) Calorie intake per group over 4 weeks. Each feeding treatment group had one

or two units. In each unit, four mice were housed in the same cage. The left columns indicate

calorie intake during the rest phase, the center columns indicate calorie intake during the active

phase, and the right gray columns indicate total calorie intake. (C) Relative body weight

increases after 4 weeks. For each group, body weights at the start of each feeding treatment

were set to 1. (D) Ratios of body weight increase to total calorie intake. Vertical-axis: (body
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weight increase — 1)/average total calorie intake over 4 weeks. (E) Visceral fat percentages.
Vertical-axis: (adipose tissue weight/body weight) x 100 (%). Data are presented as the mean =
SEM (2-2[HFD-ND], n = §8; 2-6[HFD-ND], n = 4; 2-12[HFD-ND], n = 4). * p < 0.05, ** p <
0.01 (Tukey-Kramer test). These figures have been modified and reprinted from Figure 5 of

Haraguchi et al. (2014).
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2.3.5 Effects of each feeding treatment on the phase of the liver clock (Experiment 2.5)
Previous studies suggested that FF with a HFD decreased the amplitude and/or
shifted the phase of clock gene expression rhythms in the liver (Kohsaka et al., 2007; Froy,
2012), and that a HFD induced obesity. In brief, one of the causes of HFD-induced obesity
might be an alteration of peripheral clocks (decreased amplitude and/or phase shift). Therefore,
in experiment 2.5, I analyzed the effects of different feeding treatments on the peripheral clock
in the liver. A previous study indicated that the phase of the peripheral clock can be entrained
not only by the timing and composition of food but also by the amount of calorie intake (Hirao
et al., 2010). From experiment 2.1-2.4, in the HFD-ND groups, the amount of calorie intake
from a HFD during the resting phase was more than that of a ND during the active phase. On
the other hand, in the other groups, the amount of calorie intake during the active phase was
more than that during the resting phase. I analyzed the phase of the liver clock using an in vivo
monitoring system under RF with a HFD and/or a ND. Figure 2.6A shows an example of the
daily rhythm of bioluminescence expressed as relative activity (%) in the 4-4[ND-ND],
4-4[ND-HFD], and 4-4[HFD-ND] groups. I estimated the peak phase from the daily rhythm of
bioluminescence expressed using the single cosinor procedure program. The peak phase of the
liver rhythm in the 4-4[HFD-ND] group was advanced compared with that in the 4-4[ND-ND]
and 4-4[ND-HFD] groups (Figure 2.6B). The phases of the liver clock in the 2-2[HFD-ND],
4-4[HFD-ND], and 8-8[HFD-ND] groups were advanced compared with that in the
4-4[ND-HFD] group (Figure 2.6C). The phase of the liver clock in the 2-12[HFD-ND] group
was similar to that in the 4-4[ND-HFD] group (Figure 2.6D). These results suggest that to

maintain the calorie intake during the active phase higher than that during the resting phase
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would not shift the phase of the liver clock.
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Figure 2.6 In vivo monitoring system for measuring PER2 expression rhythms in the
mouse liver under each feeding treatment (Experiment 2.5)

(A) Analyzed data of PER2::LUC bioluminescence rhythms of individual livers in the
4-4IND-ND], 4-4[ND-HFD], and 4-4[HFD-ND] groups. (B) Average peak phase of
PER2::LUC rhythms in the liver under the same experimental treatments as experiment 2.1. (C)
Average peak phases of PER2::LUC rhythms in the liver under the same experimental
treatments as experiment 2.2. Data in the 4-4[ND-HFD] and 4-4[HFD-ND] groups are the same
as those in the 4-4[ND-HFD] and 4-4[HFD-ND] groups in Figure 2.6B. (D) Average peak
phase of PER2::LUC rhythms in the liver under the same experimental treatments as
experiment 2.4. Data in the 4-4[ND-HFD] and 2-2[HFD-ND] groups are the same as the data in
the 4-4[ND-HFD] group in Figure 2.6B and in the 2-2[HFD-ND] group in Figure 2.6C. Data are
presented as the mean = SEM, n = 3 for each feeding treatment. * p < 0.05, ** p < 0.01 vs.

4-4[ND-HFD] (Tukey-Kramer test). # p < 0.05 vs. 4-4[ND-ND] (Tukey-Kramer test).
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2.4 Discussion

In this chapter, I clarified that the effects of RF duration on obesity are stronger than
the effects of feeding pattern. Contrary to my hypothesis, I found that a short RF duration had a
stronger effect on obesity than a longer RF duration.

I initially hypothesized that body weight gain might depend on feeding pattern.
Accordingly, I expected that body weights of mice in the [HFD-ND] group would be more
increased than those of mice in the [ND-HFD] group, because the consumption of lipid is
difficult but the accumulation of lipid is easy during the resting phase. In experiment 2.1, body
weights and visceral fat volumes in the 4-4[HFD-ND] group were similar to those in the
4-4[ND-HFD] group. In experiment 2.2, I observed that body weights and visceral fat volumes
in the 8-8[HFD-ND] group were significantly higher than those in the 8-8[ND-HFD] group. On
the other hand, body weights and visceral fat volumes in the 2-2[HFD-ND] and 4-4[HFD-ND]
groups were similar to those in the 2-2[ND-HFD] and 4-4[ND-HFD] groups, respectively.
Hatori et al. (2012) indicated that 8-hour RF with a HFD during the active phase caused normal
body weight gain, and Sherman et al. (2012) reported that 4-hour RF with a HFD during the
resting phase suppressed body weight gain more strongly than FF with a HFD. However,
12-hour RF with a HFD during the resting phase increased body weight gain (Arble et al., 2009),
and eating a HFD during the latter portion of the active phase (ZT 20-24) was associated with
multiple cardiometabolic syndromes (Bray et al., 2010). Wang et al. (2013) reported that
consuming a HFD in the latter portion of the resting phase (ZT 10.5-11.5) affected the circadian
clock in the liver and increased triglyceride content in mice. Body weights of rats fed in the

middle and end of active phase increased more rapidly than those of rats fed in the beginning
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and middle of active phase (Wu et al., 2011). Taken together, these results suggest that 4 hours

is the optimal duration to suppress the effect of HFD on obesity. In other words, HFD does not

always increase body weight and visceral fat volume, even if the HFD is consumed during the

resting phase, when an adequate calorie intake is eaten within an adequate duration.

In my second hypothesis, I hypothesized that body weight gain might depend also on

RF duration. Therefore, I anticipated that body weights in the 2-hour RF groups might be less

increased than that in the other groups. As noted above, 4-hour RF duration was the optimal

duration, and I added 2- and 8-hour RF treated mice as models of eating disorders. Increases in

body weights and visceral fat volumes were higher in the 2-hour RF groups than in the 4-hour

RF groups (Figures 2.3C and 2.3D), suggesting that a too short RF duration caused obesity.

Therefore, I assumed that the 2-hour RF groups might be models of speed-eating habits.

Previous studies in humans suggested an association between eating speed and the tendency to

be overweight or obese (He et al., 2000; Sugimori et al., 2004; Otsuka et al., 2006). However,

Ochiai et al. (2013) indicated that the eating speeds of individuals are difficult to assess

objectively, because the information is obtained from self-reports. In experiment 2.3, calorie

intake in the 2-hour RF groups was similar to that in the 4-hour RF groups, although the RF

duration in the 2-hour RF groups was half of that in the 4-hour RF groups (Figure 2.4B). Mice

in the 2-hour RF groups got more calories during the initial hour of RF than mice in the 4-hour

RF groups (Figure 2.4C). Taking these results into consideration, I measured postprandial blood

glucose levels in the 2- and 4-hour RF groups after each RF. Postprandial blood glucose levels

in the 2-hour RF groups were more increased than those in the 4-hour RF groups. Taken

together, these results suggested that speed-eating habits might impair glucose tolerance and
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might cause obesity. My results in chapter 2 confirmed the findings from studies in humans,

which indicated that speed-eating habits have a negative effect with regard to body weight gain,

accumulation of visceral fat, and obesity.

Many studies in mice have shown that RF entrained the circadian rhythm in the liver

but not in the SCN (Hara et al., 2001; Schibler et al., 2003). Therefore, the present results

indicated that RF with a HFD during the resting phase, similar to night eating syndrome (NES)

in humans, shifts the phase of the expression rhythms of clock genes in the liver, subsequently

resulting in phase mismatches of clock gene expression rthythms between the SCN and the liver.

Accordingly, I hypothesized that this situation is similar to jet lag. Shifting of the LD cycle,

which is a model of jet lag, was found to cause a desynchronization of the body and SCN clocks,

subsequently leading to obesity (Karatsoreos et al., 2011; Filipski et al., 2006). I observed that

in the 2-12[HFD-ND] group, visceral fat volumes were low and the clock phase in the liver was

not advanced compared with those in the 2-2[HFD-ND] group (Figures 2.5E and 2.6D). Taken

together, these results suggest that this phase mismatch of clock gene expression may enhance

the effects of RF with a HFD during the resting phase on body weight gain. Moreover, |

demonstrated that the effects of eating habits on obesity would be stronger than those of the

mismatch between central and peripheral clocks, because body weight and visceral fat in the

2-hour RF groups were increased regardless of feeding patterns.

In conclusion, I demonstrated that unhealthy eating habits, such as speed-eating

habits, might be important factors in contributing to increase in body weight and the

accumulation of visceral fat. Moreover, HFD meals during the resting phase increased the risks

of body weight increase, accumulation of visceral fat, and shift of the circadian rhythm in the
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liver. However, my results also indicated that these risks are decreased when calorie intake
during the resting phase is lower than that during the active phase. Taken together, the
mismatch between the central and peripheral clocks may contribute to the development of
obesity; however, eating habits are a more important factor in causing obesity than the

mismatch between the central and peripheral clocks.
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Chapter 3. Effects of disrupted feeding rhythm on depressive-like

behavior

3.1 Introduction

The central clock regulates the secretion rhythms of hormones, including leptin,
orexin, and ghrelin, and also modulates appetite (Kalsbeek et al., 2001; Zhang et al., 2004;
Kirsz & Zieba, 2012). On the other hand, the timing of food intake as well as the composition of
the food are important entrainment factors for peripheral clocks (Hirao et al., 2010; Kuroda et
al., 2012; Tahara & Shibata, 2016). Taken together, previous studies suggested that the
circadian clock system closely interacts with the appetite rhythm. However, the circadian clock
system in eating rhythm disorders, including NES, has not been yet analyzed. Patients with NES
have episodes of midnight eating with consciousness (Inoue, 2015). NES is diagnosed by
specific criteria (Allison et al., 2010), and is listed in the Diagnostic and Statistical Manual of
Mental Disorders 5™ edition. One of the characteristics of patients with NES is a decline in their
mood during the evening and night, which is defined as time-specific depression symptoms.
The time-specific depression symptoms are in contrast to depression symptoms in patients with
depression, which usually occur in the morning (Birketvedt et al., 1999). Taken together,
midnight eating, which is defined as a disrupted eating rhythm, might be associated with
time-specific depression symptoms.

In this chapter, I focused on the time-specific depression symptoms observed in
patients with NES and hypothesized that the disrupted eating rhythm, similar to the eating

rhythm of patients with NES, might lead to time-specific depression symptoms. Previous
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studies have applied homozygous Clock mutant mice, prostanoid receptor EP3R knock-out mice,
and histamine H1 receptor knock-out mice as models of changed/delayed feeding rhythm
(Turek et al., 2005; Sanchez-Alavez et al., 2007; Masaki et al., 2004). I did not analyze the
effects of a disrupted feeding rhythm on time-specific depressive-like behavior using such
mutant and/or knock-out mice. The reason was because the gene mutations and knock-out
themselves might affect depressive-like behavior (Li et al., 2015). Furthermore, a previous
study used RF during the resting phase in rhesus monkeys (Sullivan et al., 2005). However, I
did not analyze the effects of a disrupted feeding rhythm on time-specific depressive-like
behavior using this feeding treatment. The reason was that RF and acute forced fasting
themselves might affect the depressive-like behavior (Li et al., 2014). Taken together, I first
needed to establish a new NES model using wild-type mice without a forced-fasting period. In
chapter 2, I observed that mice ate a HFD at ZT 5 in the 2-2[HFD-ND], 2-6[HFD-ND], and
2-12[HFD-ND] groups (Haraguchi et al., 2014). Accordingly, I applied RF with a HFD for a
short duration at ZT 5 and FF with a ND, as a new NES model (Figure 3.1A). I assumed that
this feeding treatment would imitate the characteristics of patients with NES, i.e., a delayed
phase of the circadian eating pattern (Allison & Stunkard, 2005).

Dysfunction in the monoamine systems of serotonin (5-hydroxytryptamine; 5-HT)
and norepinephrine (NE) are expected to lead to depression symptoms, because selective
serotonin reuptake inhibitors (SSRIs), serotonin norepinephrine reuptake inhibitors, and other
methods of monoamine reuptake work as antidepressants (Kennedy et al., 2001; Anderson et al.,
2000; Mulrow et al., 1999). Previous studies in mice showed that the 5-hydroxyindole acetic

acid (5-HIAA)/5-HT ratio (indicates the 5-HT metabolic rate; 5-HIAA is one of the 5-HT
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metabolites) was increased in a mouse model of depression (Kageyama et al., 2010), and

antidepressants decrease the 5S-HIAA/5-HT ratio in the hippocampus (Li et al., 2007). Another

study showed an association between hypofunction of the noradrenergic system and depression

symptoms, and suggested that the effect of some antidepressants on NE and one of the NE

metabolites (3-methoxy-4-hydroxyphenylglycol; MHPG) (Brunello, 2003). Clinical studies in

humans indicated that SSRIs and tricyclics, such as escitalopram, sertraline, and topiramate,

improved depression symptoms in about half of the participants with NES (O’Reardon et al.,

2004; Allison et al., 2013). A study in mice suggested that depressive-like behavior were caused

by long-term FF with a HFD, which was considered as an unhealthy food (Aslani et al., 2015),

and a study in humans indicated that healthy food, including fruit, vegetables, and olive oil,

would reduce the risk of depression symptoms (Martinez-Gonzélez & Sanchez-Villegas, 2016).

However, the effects of disrupted eating rhythms on depression symptoms and monoamine

systems has not yet been investigated.

In this chapter, I had four main aims. First, I aimed to establish a new NES model

using wild-type mice without a forced fasting period. I made a mouse model of disrupted

feeding rhythm similar to the eating pattern of patients with NES (NES model). Second, I aimed

to analyze the association between disrupted eating rhythms and time-specific depression. I

analyzed the effect of a disrupted feeding rhythm on time-specific depressive-like behavior

using the forced swimming test (FST), which was established for the analysis of depressive-like

behavior (Porsolt et al., 1977). Third, I aimed to elucidate the cause of time-specific

depressive-like behavior from the perspectives of the monoamine system and circadian clock

system. Moreover, I measured monoamine levels in the hippocampus before and after the FST,
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and analyzed stress reactivities of the monoamine system. Last, I analyzed the effects of

desipramine on the time-specific depressive-like behavior caused by NES feeding patterns.

Consent from all authors has been obtained.
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3.2 Materials and Methods

3.2.1 Animals

Eight-week-old ICR mice and PER2::LUC knock-in mice were housed in the animal

room under the same room and feeding conditions as described in chapter 2, until the time of

the experiments. Female mice were used in most of the experiments, because the criteria for

NES were established by analyzing eating patterns in a group of obese women (Stunkard et al.,

1955). The procedures conformed to the “Fundamental Guidelines for Proper Conduct of

Animal Experiments and Related Activities in Academic Research Institutions” (published by

the Ministry of Education, Culture, Sports, Science and Technology, Japan) and were approved

by the Committee for Animal Experimentation at Waseda University (permission no.

2016-A0065).

3.2.2 Diets

Mice were fed with a ND and/or a HFD during the experiments. HFD consisted of

the AIN-93M formula diet (Oriental Yeast Co. Ltd., Tokyo, Japan) combined with lard oil

(Sigma-Aldrich, MO, USA) at a ratio of 4:1 (w/w). In HFD, approximately 45% of the calories

were from fat.

3.2.3 Feeding treatments

Mice were divided into 2 groups, namely, the control and NES model groups. All

mice were individually housed in cages under FF with a ND and water. In addition, in the NES

model group, RF with a HFD for a short duration was started at ZT 5. The feeding pattern in the
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NES model group emulated the eating patterns of patients with NES. Body weights and food

intake were measured every week. Food intake was expressed as kcal/mouse/day.

3.2.4 Locomotor activity analysis

Each mouse was housed in individual cages during the experiments. Locomotor
activity was monitored using an infrared radiation sensor (SE-10; Akizuki Denshi Tsusho Co.
Ltd., Tokyo, Japan) and analyzed by CLOCKLAB software (Actimetrics, IL, USA). The
relative locomotor activity every hour was estimated using the following formula: (counts per

hour/counts per day) x 100 (%).

3.2.5 In vivo monitoring protocol and data analysis

The protocol and analysis method for the in vivo monitoring system are as described
in chapter 2, except for the timing of the measurements. Images were taken at 8 and 10 minutes
after D-luciferin injection in the dorsal-up position for the kidney and in the ventral-up position

for the liver, respectively. Images were obtained six times a day (ZT 7, 11, 15, 19, 23, and 3).

3.2.6 Forced swimming test (FST)

The method of the FST was first established by Porsolt et al. (1977), and then
improved in other studies (Porsolt et al., 1979; Borsini et al., 1989; Matsuno et al., 1996; Lin et
al., 2014). Mice were set in a polymethylpentene cylinder (diameter 137 mm; height 200 mm)
filled with water at about 25 °C to a depth of approximately 150 mm for 15 minutes as a pre-test.

After 24 hours, mice were placed in the same field for 6 minutes, and their activities were
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recorded for 6 minutes by video camera. Immobility time was measured for the last 4 minutes

of the 6 minutes by observers who had no information about the feeding treatments and the

order of the mice. Immobility was defined as when mice stopped swimming and remained

floating in the water.

3.2.7 High performance liquid chromatography-electrochemical detection (HPLC-ECD)

Levels of 5-HT, 5-HIAA, NE, and MHPG in the hippocampus were measured by

HPLC-ECD (HTEC 500; Eicom, Kyoto, Japan), following the protocol used in previous studies

(Tahara et al., 2015; Sasaki et al., 2016). In experiment 3.7, mice were maintained under each

feeding treatment for 4 weeks before sacrifice. At ZT 1 and 13, mice were sacrificed with

isoflurane without or after the FST, and the hippocampus was removed for the measurements.

Perchloric acid (0.2 M, including 100 uM ethylenediaminetetraacetic acid (EDTA)*2Na)

containing 20 ng of isoproterenol was added to all samples. Samples were homogenized using a

micro-homogenizer before being centrifuged at 15,000 rpm at 4 °C for 15 minutes. The

supernatants of all samples were collected and filtered using a 0.45-um filter (low

protein-binding durapore [Poly Vinylidene Di-Fluoride] membrane; Merck KGaA, Darmstadt,

Germany). Subsequently, monoamines in each 20 pL sample were quantified simultaneously

using HPLC-ECD with the following conditions: 85% of the transfer phase was composed of

0.1 M acetate-citric acid buffer (pH 3.5), including 5 mg/L EDTA - 2Na, 190 mg/L

l-octanesulfonic acid sodium salt, and 15% methanol. The velocity of the flow was 500

pL/minute. The column temperature was 25 °C and the applied voltage was +750 mV versus

Ag/AgCl. The data were analyzed using EPC-300 software (Eicom).
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3.2.8 Drug treatments
Desipramine (10 mg/kg, Sigma-Aldrich, dissolved in saline) was administered 30
minutes prior to the FST and was injected intraperitoneally. Mice in the saline group were

injected with saline.

3.2.9 Statistical analysis

All values are expressed as the mean + SEM. Statistical analysis was conducted
using GraphPad Prism version 6.03 (GraphPad software, CA, USA). Estimation of whether the
data distribution was normal or not was performed using the D’ Agostino-Pearson normality test,
Kolmogorov-Smirnov test, or one-sample #-test. Subsequently, whether the data variation was
equal or biased was estimated using the F-value test or Bartlett test. Parametric analysis was
performed by the Student #-test or one-way ANOVA with the Tukey multiple comparison test,
and non-parametric analysis was estimated by the Mann-Whitney test or Kruskal-Wallis test
with Dunn multiple comparison test. Two-way ANOVA with the Tukey multiple comparison
test was performed only when the data distribution was normal and the variation was equal. In
other cases, the Student #-test, one-way ANOVA with the Tukey multiple comparison test,
Mann-Whitney test, or Kruskal-Wallis test with Dunn multiple comparison test was performed

at each time point and within the same group.
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3.3 Results

3.3.1 Five-minute RF with a HFD is the optimal feeding treatment for imitating the eating

patterns of patients with NES (Experiment 3.1)

To establish a NES model, mice in the NES model group were maintained under RF

with a HFD from ZT 5 and FF with a ND (Figure 3.1A). This feeding treatment was considered

to mimic eating patterns of patients with NES, which is characterized by a delayed circadian

eating pattern (Allison & Stunkard, 2005). In chapter 2, I showed that mice ate more than 30%

of their total calorie intake from a HFD in the 2-2[HFD-ND], 2-6[HFD-ND], and

2-12[HFD-ND] groups (Haraguchi et al., 2014). To decide on the RF duration, I measured the

effects of some RF durations on calorie intake and on relative locomotor activity rhythm, and

sought a feeding treatment that maintained calorie intake from a HFD at approximately 25% of

the total calorie intake, and which also affected relative locomotor activity rhythm. Compared

with the control group, mice in the NES model group had increased relative locomotor activity

levels during the middle of the resting phase, when RF with a HFD was stopped after mice were

maintained under each feeding treatment for more than 2 weeks. Relative locomotor activity

levels during the middle of the resting phase in the NES model group were higher than those in

the control group (Figures 3.1B and 3.1C). Body weights in the NES model group were greater

than in the control group (Figure 3.1D). In the NES model group, calorie intake from a ND was

decreased compared with that in the control group, because mice in the NES model group

received a HFD during RF. Total calorie intake in the NES model group was higher than that in

the control group when the RF duration was 30 and 60 minutes. Total calorie intake in both

groups was similar to each other when the RF duration was less than 15 minutes (Figures 3.1E
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and 3.1F). Under RF with a HFD for 15-60 minutes, mice in the NES model group received
more than 25% of their total calorie intake from a HFD. Moreover, their calorie intake from a
HFD was approximately 25% of their total calorie intake when RF duration was 5 minutes
(Figure 3.1G). These results suggested that 5-minute RF duration would be sufficient to

establish a new NES model mouse.
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Figure 3.1 Effects of different durations of RF with a HFD at ZT 5 and FF with a ND on
relative locomotor activity rhythm, body weight, and calorie intake (Experiment 3.1)
(A) Feeding treatments. Mice in the control group were housed under FF with a ND, and mice

in the NES group were maintained under FF with a ND and RF with a HFD at ZT 5. (B)
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Relative locomotor activity rhythms at each RF duration (60, 30, 15, 5, and 1 minute). Red
triangles represent the start of RF. Open and closed bars indicate the resting and active phases,
respectively. (C) Total relative locomotor activities between ZT 5 and 9. (D) Body weights.
(E-G) Average calorie intake of total (E), ND (F), and HFD (G) under each feeding treatment.
Green dashed line indicates the approximately 25% level of total calorie intake by mice in the
NES model group. Data are presented as the mean + SEM (control group, n = 6; NES model
group, n = 8). * p <0.05, ** p < 0.01, *** p <0.001 vs. the control group (Student #-test). # p <

0.05, ## p < 0.01, ### p < 0.001 vs. the control group (Mann-Whitney test).
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3.3.2 Five-minute RF with a HFD and FF with a ND increased relative locomotor activity
and calorie intake during the resting phase up to week 12 (Experiment 3.2)

To analyze the long-term effects of 5-minute RF with a HFD and FF with a ND on
feeding pattern, body weight, and relative locomotor activity rhythm, two groups of mice were
maintained for three months (Figure 3.2A). In the NES model group, mice with a HFD were fed
for 1 hour in the initial week to be accustomed to the RF feeding treatment. Both groups had
similar amounts of total calorie intake, and mice in the NES model group consistently received
about 25% of their total calorie intake during RF with a HFD from week 4 (Figures 3.2B-3.2D).
The NES model group had lower calorie intake during the active phase and higher calorie intake
during the resting phase than the control group at week 5 (Figure 3.2H). Relative locomotor
activity levels during the middle of the resting phase in the NES model group were higher than
those in the control group. Moreover, the periods of low relative locomotor activity in the NES
model group were short and intermittent (Figures 3.2E and 3.2G). Body weights in the NES
model group tended to be higher than those in the control group, but there was no statistically
significant difference (Figure 3.2F). These results indicate that the effect of 5-minute RF with a
HFD and FF with a ND on feeding patterns and relative locomotor activity thythms are stable

from week 4.
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Figure 3.2 Effects of 5S-minute RF with a HFD at ZT 5 and FF with a ND on relative
locomotor activity rhythm, body weight, and calorie intake (Experiment 3.2)

(A) Experimental treatment. (B-D) Average calorie intake of total (B), ND (C), and HFD (D)
under each feeding treatment. Green dashed line indicates the approximately 25% level of total
calorie intake of mice in the NES model group. (E) Relative locomotor activity rhythms of each
group. Red triangle represents the start of RF. Open and closed bars indicate the resting and
active phases, respectively. (F) Body weights. Gray lines indicate mice under habituation. (G)

Total relative locomotor activity between ZT 5 and 9. (H) Calorie intake during each phase
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from a ND and a HFD. The diets of each group (ND or HFD) are indicated in every bar. Data

are presented as the mean + SEM (n = 8). * p < 0.05, ** p <0.01, *** p <0.001 vs. the control

group (Student t-test). # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the control group

(Mann-Whitney test).
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3.3.3 FF with a ND is an optimal control treatment for the NES model group (Experiment

3.3)

To confirm whether the FF treatment was an optimal control feeding treatment for

the NES model group, I performed further experiments. I added the NES-ZT5-ND group, which

was maintained under 5-minute RF with a ND at ZT 5 and FF with a ND, and the

NES-ZT17-HFD group, which was maintained under 5-minute RF with a HFD at ZT 17 and FF

with a ND, to the control and NES model (NES-ZT5-HFD) groups (Figure 3.3A). Total calorie

intake in the four groups was similar, whereas ND calorie intake in the NES-ZT17-HFD group

was significantly lower than that in the other groups (Figure 3.3B). Body weights in the

NES-ZT5-ND group were higher than those in the control and NES-ZT17-HFD groups, and

lower than those in the NES-ZT5-HFD group; however, there were no significant differences in

body weights at week 5 (Figure 3.3C). Relative locomotor activity rhythms in the control and

NES-ZT5-ND groups were similar. In the NES-ZT5-HFD group, relative locomotor activity

levels at ZT 5 were higher than in the other groups (Figure 3.3D). These results indicate that FF

with a ND might be an optimal control feeding treatment for the NES model group.
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Figure 3.3 Effects of 5-minute RF with a HFD at ZT 17 or a ND at ZT 5 on relative
locomotor activity rhythms, body weights, and calorie intake (Experiment 3.3)

(A) Feeding treatments. (B) Average calorie intake of total, FF with a ND, and RF with a HFD
or a ND under each feeding treatment. Green dashed line indicates the approximately 25% level
of total calorie intake of mice in the NES-ZT5-HFD and NES-ZT17-HFD groups. (C) Body
weights. Gray lines indicate mice during habituation. (D) Relative locomotor activity rhythms
under each feeding treatment. Red and purple triangles represent the start of RF with a HFD and
brown triangle represents the start of RF with a ND. Open and closed bars at the top indicate the
resting and active phases, respectively. Data are presented as the mean + SEM (n = 7). t p <
0.05 vs. the NES-ZT5-ND group (one-way ANOVA with Tukey multiple comparison test). # p

<0.05, ## p <0.01 (Kruskal-Wallis test with Dunn multiple comparison test).
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3.3.4 Five-minute RF with a HFD and FF with a ND increased immobility times only at

ZT 1, an early time point in the resting phase (Experiment 3.4)

To analyze the effects of 5-minute RF with a HFD and FF with a ND on

depressive-like behavior, I analyzed immobility times in the FST of mice fed under each

feeding treatment for several weeks. Experiment 3.2 demonstrated that feeding patterns and

relative locomotor activity rhythms in the NES model group were stable from week 4.

Accordingly, I first analyzed immobility times at ZT 1 and 13 using different mice after each

feeding treatment for 4 weeks. As a result, immobility times at ZT 1 in the NES model group

were increased to a greater degree than those in the control group (Figure 3.4A). Subsequently, I

observed immobility times at six different ZTs, with 2-week intervals of the FST. This interval

was necessary for the removal of the effects of the previous FST on immobility time. I divided

the control and NES groups into 2 groups. In one group, I performed the FST at ZT 5 in week 4,

at ZT 17 in week 7, and at ZT 1 in week 10. In another group, I performed the FST at ZT 9 in

week 4, at ZT 21 in week 7, and at ZT 13 in week 10. The results showed that immobility times

in the NES model group were increased only at ZT 1 (Figure 3.4B), suggesting that 5-minute

RF with a HFD and FF with a ND prolong immobility times at a specific time, namely, ZT 1. |

made another NES model group to verify reproducibility of the results. I confirmed that

5-minute RF with a HFD and FF with a ND prolongs immobility time at ZT 1 when mice were

treated with 5-minute RF for a long time (12 weeks) (Figure 3.4C). These results suggest that

5-minute RF with a HFD and FF with a ND would prolong immobility time only at ZT 1, which

was referred to as time-specific depressive-like behavior.

Furthermore, I analyzed immobility times in the NES-ZT5-ND and NES-ZT17-HFD
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groups, and found that they were similar to those in the control group (Figures 4.4D and 4.4E).

These results indicated that FF with a ND is an optimal control feeding treatment for the NES

model group.
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Figure 3.4 Effects of 5-minute RF with a HFD at ZT 5 and FF with a ND on immobility
time (Experiment 3.4)

(A) Immobility times at ZT 1 and 13, after each feeding treatment for 4 weeks (n = 8). The
results of two-way ANOVA are presented on the right side of the graph. (B) Immobility times
at ZT 1, 5,9, 13, 17, and 21. FSTs were performed after each feeding treatment for 4 weeks,
and the interval between each FST was 2 weeks (control group, n = 6; NES model group, n = 7).
The FST at ZT 5 and 9 were performed in week 4, the FST at ZT 17 and 21 were performed in
week 7, and the FST at ZT 1 and 13 were performed in week 10. Open and closed bars indicate
the resting and active phases, respectively. (C) Immobility times at ZT 1, after each feeding
treatment for 12 weeks (n = 8). (D) Feeding treatments. (E) Immobility times at ZT 1 after
maintaining mice on each feeding condition for 4 weeks (n = 7). Data are presented as the mean
+ SEM. * p < (.05 vs. the control group (Student ¢-test). # p < 0.05 (Mann-Whitney test). T p <
0.05 (one-way ANOVA with Tukey multiple comparison test). $ p < 0.05, $$ p < 0.01

(two-way ANOVA with Tukey multiple comparison test).
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3.3.5 Five-minute RF with a HFD and FF with a ND affected relative locomotor activity

rhythm, calorie intake, and immobility time regardless of sex, but not two-minute RF

(Experiment 3.5)

In experiment 3.4, I clarified that immobility times in the NES-5min group were

longer than in the control group. Therefore, to determine whether the act of taking a meal during

the resting phase or taking a large amount of calories during the resting phase is a more

important factor for causing time-specific depressive-like behavior, I prepared three groups.

Mice in the control group were maintained under FF with a ND, mice in the NES-5min group

were fed 5-minute RF with a HFD and FF with a ND, and mice in the NES-2min group were

fed 2-minute RF with a HFD and FF with a ND. The NES-5min group was considered to be the

optimal feeding treatment for the NES model group, and the NES-2min group was considered

to be a group receiving low calorie intake from a HFD. ND calorie intake in the control and

NES-2min groups was similar, and that in the NES-5min group was lower. HFD calorie intake

in the NES-5min group was significantly increased compared with that in the NES-2min group

(Figure 3.5A). Similar to previous results (Figure 3.4), immobility times at ZT 1 in the

NES-5min group were significantly prolonged compared with those in the other groups (Figure

3.5B). I observed relative locomotor activity rhythms in each group (Figure 3.5C), and

confirmed that relative locomotor activity levels during the middle of the resting phase in the

NES-5min group were higher than those in the other groups (Figure 3.5D). Furthermore, I

confirmed whether NES feeding patterns would cause male mice to show time-specific

depressive-like behavior. I observed that the results of calorie intake, body weight, and relative

locomotor activity rhythm were similar to those in female mice (Figures 3.6A-3.6D).
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Immobility times at ZT 1 in the NES model group were significantly longer than those in the

control group (Figure 3.6E). Taken together, these results suggest that the NES feeding patterns

would prolong the immobility time at ZT 1 regardless of sex, and that time-specific

depressive-like behavior are caused by the taking of a large amount of calories during the

resting phase, and not by the action of taking a meal during the resting phase.
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Figure 3.5 Effects of 5-minute and 2-minute RF with a HFD at ZT 5 and FF with a ND on
calorie intake, relative locomotor activity rhythm, and immobility time at ZT 1
(Experiment 3.5)

(A) Average calorie intake of total, ND, and HFD under each feeding treatment. Green dashed
line indicates the approximately 25% level of total calorie intake in mice in the NES-5min and
NES-2min groups. (B) Immobility time at ZT 1. Data are presented as the mean + SEM (control
group, n = 6; NES-5min and NES-2min groups, n = 7). (C) Relative locomotor activity rhythms
under each feeding treatment. Red and orange triangles represent the start timing of RF. Open
and closed bars indicate the resting and active phases, respectively. (D) Total relative locomotor
activity levels between ZT 5 and 9. Data are presented as the mean + SEM (control group, n =
6; NES-5min and NES-2min groups, n = 4). * p < 0.05, *** p < 0.001 (one-way ANOVA with

Tukey multiple comparison test). # p < 0.05, ## p < 0.01, NES-5min group vs. control group.
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$ p < 0.05, NES-2min group vs. control group (Kruskal-Wallis test with Dunn multiple

comparison test).
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Figure 3.6. Effects of S-minute RF with a HFD at ZT 5 on locomotor activity rhythm, body

weight, calorie intake, and immobility time in male mice (Experiment 3.5)

(A) Average calorie intake of total, ND, and HFD under each feeding treatment. Green dashed

line indicates the approximately 25% level of total calorie intake in mice in the NES model

group. (B) Body weight. Gray lines indicate the weights of mice during habituation. (C)

Relative locomotor activity rhythms under each feeding treatment. Red triangle indicates the

start of RF with a HFD. Open and closed bars indicate the resting and active phases,

respectively. (D) Total relative locomotor activities between ZT 5 and 9. (E) Immobility times

at ZT 1 after maintaining mice under each feeding treatment for 4 weeks. Data are presented as

the mean = SEM (n = 8). * p < 0.05, *** p < 0.001 (Student z-test). # p < 0.05, ## p < 0.01

(Mann-Whitney test).
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3.3.6 Five-minute RF with a HFD and FF with a ND affected the phase of peripheral
clocks, but not two-minute RF (Experiment 3.6)

In experiment 3.5, I demonstrated that the taking of a large amount of calories during
the resting phase might be an important factor for time-specific depressive-like behavior. A
previous study indicated that the phases of peripheral clocks can be entrained also by the
amount of calorie intake (Hirao et al., 2010). Therefore, to analyze the effects of the NES-5min
and NES-2min feeding treatments on peripheral clocks, I observed bioluminescence rhythms in
the kidney and liver using PER2::LUC knock-in mice and IVIS (Yoo et al., 2004; Tahara et al.,
2012). I observed the peripheral clocks in the kidney and the liver using an in vivo monitoring
system after each feeding treatment for 4 weeks. PER2 expression rhythms in the kidney and
liver of the NES-5min group were advanced compared with those in the control and NES-2min
groups (Figure 3.7). 1 demonstrated that immobility time in the NES-5min group was
significantly longer than that in the NES-2min group (Figure 3.5B). Taken together, these
results suggest that the amount of calorie intake during 5-minute RF, which would affect

peripheral clocks, is an important factor in causing time-specific depressive-like behavior.
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Figure 3.7 Effects of S-minute and 2-minute RF with a HFD at ZT 5 and FF with a ND on

peripheral clocks (Experiment 3.6)

(A-F) Representative images (A and D), analyzed wave forms (B and E), and peak phases (C

and F) of in vivo PER2::LUC bioluminescence in the kidney (A-C) and the liver (D-F). Open

and closed bars indicate the resting and active phases, respectively. Data are presented as the

mean = SEM (control group, n = 6; NES-5min group, n = 5; NES-2min group, n = 3). * p <

0.05 (one-way ANOVA with Tukey multiple comparison test). # p < 0.05, ## p < 0.01

(Kruskal-Wallis test with Dunn multiple comparison test).
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3.3.7 Five-minute RF with a HFD and FF with a ND affected 5-HT levels and 5-HT
metabolism in the hippocampus (Experiment 3.7)

To clarify the cause of the time-specific depressive-like behavior in the NES model
group, I measured the 5-HT levels and 5-HIAA/5-HT ratios (metabolic rates) in the
hippocampus by HPLC-ECD. Under no FST treatment (Figure 3.8A), the 5-HT and 5-HIAA
levels showed similar levels in both the control and NES model groups (Figures 3.8B and 3.8C).
The 5-HT levels and 5-HIAA/5-HT ratios in the NES model group showed significant
differences between ZT 1 and 13, whereas those in the control group showed no significant
differences (Figures 3.8C and 3.8D). Moreover, the 5-HIAA/5-HT ratios at ZT 1 in the NES
model group were higher than in the control group (Figure 3.8D). A previous study suggested
that the metabolic rates of monoamine in depression model mice were increased (Kageyama et
al., 2010). Subsequently, I measured the 5-HT, 5-HIAA, and 5-HIAA/5-HT levels under acute
stress. I used the FST as an acute stressor, and collected samples just after the FST (Figure
3.8E). I observed that, in the NES model group, the 5-HIAA levels at ZT 13 and 5-HIAA/5-HT
levels at ZT 1 were decreased (Figures 3.8F and 3.8H). To analyze the net effect of the acute
stress on the 5-HT system, ratios of these parameters after FST treatment to those without FST
treatment (after FST/no FST) were estimated. The NES model group showed that, compared
with the control group, the 5-HIAA after FST/no FST at ZT 13, and 5-HT after FST/no FST at
ZT 1 were decreased and increased, respectively. The 5-HIAA/5-HT after FST/no FST was
lower than 1. These results might indicate that acute stress causes a decrease in the 5-HT
metabolic rates. Moreover, the 5-HIAA/5-HT after FST/no FST in the NES model group at ZT

1 was significantly lower than that in the control group, suggesting that the FST would have a
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stronger stress effect on the NES model group than on the control group (Figure 3.61-3.6K).
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Figure 3.8 Effects of 5-minute RF with a HFD at ZT 5 and FF with a ND on 5-HT
secretion and metabolism at ZT 1 and 13 with and without FST (Experiment 3.7)

(A) Sampling schedules. Mice were sacrificed at ZT 1 or 13 without FST after each feeding
treatment for 4 weeks (no FST). Open and closed bars indicate the resting and active phases,
respectively. (B-D) Levels of 5-HIAA (B) and 5-HT (C), and metabolic rates (5-HIAA/5-HT;
D) in the hippocampus at ZT 1 or 13. (E) Sampling schedules. Mice were sacrificed at ZT 1 or
13 just after the FST after each feeding treatment for 4 weeks (after FST). (F-H) Levels of
5-HIAA (F) and 5-HT (G), and metabolic rates (H) in the hippocampus at ZT 1 and 13 just after
the FST. (I-K) Stress reactivities of 5-HIAA (I), 5-HT (J), and metabolic rates (K) in the
hippocampus. Levels were estimated by dividing each level after FST treatment by the average
of the no FST treatment. Data are presented as the mean = SEM (n = 6-8). * p < 0.05, ** p <
0.01 (Student r-test). # p < 0.05, ## p < 0.01 (Mann-Whitney test). $ p < 0.05 (two-way
ANOVA with Tukey multiple comparison test). Results of two-way ANOVA of the data in

3.5B are shown.
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3.3.8 Five-minute RF with a HFD and FF with a ND affected NE levels and NE
metabolism in the hippocampus (Experiment 3.7)

To clarify the cause of time-specific depressive-like behavior in the NES model
group, | measured the NE levels and ratio of MHPG/NE (metabolic rate) in the hippocampus. 1
observed that the NE, MHPG, and MHPG/NE levels in both groups under no FST treatment
were similar at both measurement points (Figures 3.9A-3.9D). In after FST treatment, the NE
and MHPG levels in the NES model group were increased and decreased, respectively,
compared with those in the control group only at ZT 1 (Figures 3.9E-3.9G), and the MHPG/NE
levels were also decreased in the NES model group at ZT 1 (Figure 3.9H). To analyze the net
effect of acute stress on the NE system, I estimated ratios of NE and NE metabolite levels after
FST treatment to those with no FST treatment (after FST/no FST). Interestingly, these ratios
were greater than 1, indicating that acute stress causes the NE system activity. Changes in the
NE, MHPG, and MHPG/NE (Figures 3.91-3.9K) were similar to those occurring in groups after
exposure to the FST (Figures 3.9F-3.9H).

In the NES model group, the FST as a stressor at ZT 1 caused an increase in 5-HT
and NE secretion, but the FST decreased the utilization of monoamines and their metabolism
compared with the control group. Taken together, these results suggest that a disrupted feeding
rhythms leads to malfunction of stress reactivities of the 5-HT and NE systems at ZT 1, which

may lead to time-specific depressive-like behavior.

79



MHPG NE MHPG/NE

A B ZT1 i ZT13 C ZT 1 3 ZT13 D ZT1 i ZT 13
=0.10 1 0.05 3 |
no FST ] z
[zT] 01 12 20.08 20.04
- ] 2 m
Fsacrificed é 0.06 20.03 Z 2
or EDO 04 E 0.02 (QI-?
X 200!
[ZT] 0 1213 ? £ =1
0.02 £0.01
{ sacrificed ; o
S o Z 0 :
control NE control control NES control NE control NES control NES
E F ; ZT13 G ZT 13 H ZT 1 | ZT 13
: I
= ! isid
after FST 500 La EO‘IO 12 ey
e ‘
[z1] 01 12 £05 : -:‘;“0.08 10 !
[— | o |
|# sacrificed just after FST z 0.4 : 5 0.06 E 8 3
FST or é" 03 | Z S :
£ | £00.04- =
111 0 1213 0.2 % : £ s, #it ‘
[— | = |
— ; £.0.02 2 |
11 sacrificed just & 0.1 o |
FST after FST I H Z 0 0 - .
control ' NES ' control ' NES control ' NES comml NE! control ' NES ' control | NES
I ZT 1 ZT 13 ] ZT 13 ZT 1 ZT 13
9 L # 3 5 #
H i [
3 4 3
6 2 ,
ratio of ' '
after FST/no FST : 2 #it :
3 m : 1 ﬂ :
: . :
T . T 0 T t T 0 T i T
control N control NES control conlrol control NES control NES

Figure 3.9 Effects of 5-minute RF with a HFD at ZT S and FF with a ND on NE secretion
and metabolism at ZT 1 and 13 with and without FST (Experiment 3.7)

(A) Sampling schedules. Mice were sacrificed at ZT 1 or 13 without FST after each feeding
treatment for 4 weeks (no FST). Open and closed bars indicate the resting and active phases,
respectively. (B-D) Levels of MHPG (B), NE (C), and metabolic rates (MHPG/NE; D) in the
hippocampus at ZT 1 and 13 after each feeding treatment for 4 weeks. (E) Sampling schedules.
Mice were sacrificed at ZT 1 or 13 just after the FST after each feeding treatment for 4 weeks
(after FST). (F-H) Levels of MHPG (F), NE (G), and metabolic rates (H) in the hippocampus at
ZT 1 and 13 just after the FST. (I-K) Stress reactivities of MHPG (I), NE (J), and metabolic
rates (K) in the hippocampus. Levels were estimated by dividing each level after FST treatment
by the average of no FST treatment. Data are presented as the mean + SEM (n = 6-8). # p < 0.05,

## p <0.01, ### p < 0.001 (Mann-Whitney test).
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3.3.9 Desipramine might decrease immobility time at ZT 1 induced by NES feeding

patterns (Experiment 3.8)

To analyze whether the prolonged immobility time induced by the NES feeding

treatment could be suppressed by desipramine (10 mg/kg), I conducted the FST 30 minutes after

injection of mice with desipramine or saline. Desipramine is a tricyclic antidepressant that has

been reported to show antidepressant-like effects on mice subjected to the FST (Yamada &

Sugimoto, 2002; Shimazu et al., 2005). I found that immobility times in the NES-desipramine

group tended to be shorter than in the NES-saline group, but there was no statistically

significant difference (Figure 3.10). These results indicate that the time-specific depressive-like

behavior induced by the NES feeding patterns may be improved by antidepressants, such as the

tricyclic.
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Figure 3.10 Effects of desipramine on immobility time in NES model mice induced by the
NES feeding treatment (Experiment 3.8)

Immobility times at ZT 1 after maintaining mice under each feeding treatment for 4 weeks.
Each symbol represents individual data. Mice under each feeding treatment were injected with
saline or desipramine 30 minutes before the FST. Data are presented as the mean + SEM (n =

6-7).
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3.4 Discussion

In this chapter, I clarified the association between disrupted feeding rhythm and

time-specific depressive-like behavior for the first time using a new NES model. First, I made a

new NES mouse model, which imitated the eating patterns of patients with NES. Second, I

demonstrated that the time-specific depressive-like behavior is caused by a disrupted feeding

rhythm. Third, I suggested that the amount of calorie intake during the RF is an important factor

of the time-specific depressive-like behavior. Fourth, I demonstrated that alteration in stress

reactivity of the 5-HT and NE system (after FST/no FST), which is induced by a disrupted

feeding rhythm, might be a cause of the time-specific depressive-like behavior. Last, I

demonstrated that desipramine improves the time-specific depressive-like behavior of some

mice in the NES model group. Taken together, the results of this chapter indicate that the

development of time-specific depression is induced by a disrupted eating rhythm, and suggests

that this NES model is a good model for elucidating the characteristics of patients with NES.

I established a NES model and demonstrated its reproducibility and validity. Under

5-minute RF with a HFD and FF with a ND, the NES model group received approximately 25%

of its total calorie intake during RF, and total calorie intake was similar to that in the control

group. Previous studies indicated that patients with NES got more calories during the night

(resting phase) than during the day (active phase), and that their calorie intake per day was

actually similar to that of healthy participants (Gluck et al., 2001). Moreover, one of the main

criteria for NES is the consumption of at least 25% of the total daily calories after dinner

(Allison et al., 2010). Relative locomotor activity levels in the NES model group were higher

during the middle of the resting phase than in the control group. Moreover, their low relative
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locomotor activity period was short and intermittent. Patients with NES experience frequent

nocturnal awakening and have difficulty in maintaining sleep (Winkelman, 1998). The NES

model group showed depressive-like behavior only at ZT 1. The mood of patients with NES

were found to decline during the evening and night, contrary to the typical pattern of depression

(Birketvedt et al., 1999). In previous studies, Clock mutant mice, EP3R or H1 receptor knockout

mice, and RF of monkeys during the resting phase were defined as NES model animals (Masaki

et al., 2004; Sullivan et al., 2005; Turek et al., 2005; Sanchez-Alavez et al., 2007). However, I

judged that these mice or the feeding treatment would not be appropriate for analyzing the

effects of disrupted feeding rhythms on time-specific depressive-like behavior. The reasons

were that gene mutations, gene knock-out, and forced fasting themselves might have the

potential to enhance or inhibit the depressive-like behavior (Li et al., 2015; Li et al., 2014).

Recently, one study demonstrated that circulating ovarian hormones prevented a dysregulation

of circadian rhythm and body weight gain induced by FF with a HFD treatment (Palmisano et

al., 2017). In brief, body weights and circadian clock systems in the NES model group were

likely to be affected by the disrupted feeding rhythm, and not by feeding with a HFD itself.

Taken together, these results suggest that the new NES model, which was established based on

the eating patterns of patients with NES, has high validity as a model.

I observed that immobility time was prolonged only at ZT 1 after 5-minute RF with a

HFD and FF with a ND for 4 weeks, and I defined prolonged immobility time only at ZT 1 as

time-specific depressive-like behavior. Previous studies showed that FF with a HFD for more

than 20 weeks prolonged immobility time in the FST (Aslani et al., 2015), and that the Flinders

Sensitive Line rat, a genetic model of depression, prolonged immobility time in the FST after
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FF with a HFD for 8 weeks (Abildgaard, 2011). These results suggested that feeding rhythm is a
more important factor in leading to depressive-like behavior than dietary components.

I furthermore demonstrated that the amount of calorie intake during 5-minute RF,
which may have an effect in shifting peripheral clocks, might be an important factor in causing
time-specific depressive-like behavior. Previous studies in mice indicated that RF during the
resting phase shifts the peripheral clock, but not the central clock (Hara et al., 2001; Hirao et al.,
2010; Kuroda et al., 2012), and a study in humans showed that delayed meals affected the
adipose peripheral clock (Wehrens et al., 2017). Similar to these results, the results in this
chapter showed that the NES feeding patterns advanced the phase of peripheral clocks only in
the NES-5min (NES model) group (Figure 3.7). Stress factors, which had the potential to cause
the depressive-like behavior, disrupted the association between the central and peripheral clocks
(Cagampang et al., 2011). Accordingly, disruption of the association between the central and
peripheral clocks may lead to depressive-like behavior. Moreover, a study in humans suggested
that misalignment of social and biological clocks would increase the risk of developing of
depression (Levandovski et al., 2011). Other studies in humans showed that abnormal circadian
rhythms are observed in seasonal affective disorder, bipolar disorder, and other mood disorders
(Goodwin & Jamison, 2007; Levitan, 2007; Lewy, 2007). A study in mice demonstrated that an
abnormal LD cycle caused mice arrhythmicity, damped clock gene expression rhythms in the
hippocampus, and prolonged immobility times (Moriya et al., 2015). I measured clock gene
expression rhythms in peripheral clocks in vivo, and observed an advanced phase of peripheral
clocks in only the NES-5min (NES model) group. Previous studies suggested that decreased

sleep quality would cause depression symptoms (Ford & Kamerow, 1989; Perlis et al., 1997). In
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the NES-2min group, relative locomotor activity levels during the middle of the resting phase

were higher than those in the control group, but their immobility times at ZT 1 were similar to

those in the control group. Moreover, immobility times in the NES-ZT5-ND group were similar

to those in the control group, although sleep in the NES-ZT5-ND group was disrupted by RF

with a ND. Furthermore, immobility times in the NES-ZT17-HFD group were similar to that in

the control group, although they ate a HFD. Accordingly, the time-specific depressive-like

behavior in the NES model group is thought to be caused by a disrupted feeding rhythm, and

not by repeated sleep disturbance and feeding with a HFD. Taken together, these results indicate

that the disrupted feeding rhythm would shift the phase of peripheral clocks, and then these

shifts may cause time-specific depressive-like behavior.

I demonstrated that disrupted feeding rhythms caused depressive-like behavior only

at ZT 1, which would correspond to the evening and early night for humans. Our previous study

indicated that subacute physical stress around ZT 1 caused internal desynchronization in the

circadian clocks of peripheral tissues (Tahara et al., 2015). In brief, physical stress around ZT 1

might induce abnormal reactions at least in the circadian clock system. Previous studies

indicated that the FST increased and/or decreased the levels of 5-HT, 5-HIAA, NE, and MHPG,

as well as their metabolic rates. However, results differed among the studies (Miura et al., 1993;

Jordan et al., 1994; Abercrombie et al., 1988; Nakazawa et al., 2003). In this chapter, the ratios

of after FST/no FST in the metabolic rates of both monoamines (5-HT and NE) in the NES

model group were lower than those in the control group at ZT 1, although the ratios of after

FST/no FST in both monoamines in the NES model group were higher. In brief, compared with

the control group, the synthesis of 5-HT and NE in the NES model group was activated by acute
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stress (FST) at ZT 1, but the utilization and metabolism of these monoamines might not be
adequately activated. These results imply that a disrupted feeding rhythm would cause
time-specific depressive-like behavior, and from a monoamine metabolism perspective, would
induce and/or disuse of the 5-HT and NE under acute stress rather than the synthesis of these
monoamines.

In this chapter, I suggest that phase shifts of peripheral clocks and malfunction
and/or disuse of the 5-HT and NE in the hippocampus is the cause of the time-specific
depressive-like behavior. I was unable to measure the PER2::LUC bioluminescence rhythm in
the hippocampus because of technical reasons. However, I hypothesized that the PER2::LUC
bioluminescence rhythm in the hippocampus may be shifted by the NES feeding patterns,
because a previous study showed that RF during the resting phase shifted the phase of the
PER2::LUC bioluminescence rhythm in the hippocampus (Loh et al., 2015). Moreover, Tahara
et al. (2011) indicated that RF caused a phase shift of not only Per2 expression rhythm but also
the expression rhythms of other clock genes in the liver. A recent study suggested that changes
in the expression of clock genes would cause depression symptoms (Calabrese et al., 2016). The
expression rhythms of Maoa and catechol-O-methyltransferase (Comt), which are genes
encoding degradation enzymes of monoamine, are controlled by clock genes and glucocorticoid
(Albrecht, 2017). Taken together, these reports suggest that the NES feeding patterns would
shift the phase of clock gene expression rhythms in the hippocampus, which would
subsequently change Maoa and Comt expression rhythms, leading to malfunction and/or disuse
of the 5-HT and NE in the hippocampus.

I also found that desipramine prevented prolonged immobility time of some mice in
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the NES-desipramine group compared with mice in the NES-saline group. In fact, previous
studies showed that the administration of some drugs, such as topiramate and escitalopram,
resulted in the recovery from depression symptoms of half the patients with NES (O’Reardon et
al., 2004; Allison et al., 2013). However, It is unclear as to why the effects of desipramine on
time-specific depressive-like behavior have individual differences.

In this chapter, I made a new NES model based on the eating patterns of patients
with NES, and demonstrated the association between a disrupted feeding rhythm and
time-specific depressive-like behavior for the first time. Furthermore, my results suggested that
the disrupted feeding rhythm would cause malfunction of the 5-HT and NE under acute stress,
leading to time-specific depressive-like behavior. Moreover, the amount of calorie intake during
5-minute RF is an important factor associated with time-specific depressive-like behavior
(Figure 3.11). I expect that these results will be of wide interest to the public, because many
people nowadays play or work during the night, such as shift workers and nurses, and some
people eat food during the night. Furthermore, I believe that using this NES mouse model may
help to establish a new therapy for patients with NES, and also clarify the characteristics of
patients with NES. These reasons are that almost all of research on NES had only been
performed using human subjects, and that studies of NES have been still preliminary

(Kucukgoncu et al., 2015).
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Figure 3.11 Working model of the effects of the disrupted feeding rhythm on peripheral
clocks and 5-HT and NE systems in the hippocampus

A disrupted feeding rhythm would advance the shift of peripheral clocks and would cause
malfunction of the 5-HT and NE systems under stress, leading to time-specific depressive-like

behavior.
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Chapter 4. Conclusion and future prospects

In modern society, many healthy adults change their eating patterns every day and
consume foods during a period of 15 hours or longer of each day, meaning from the first meal
after waking up to the last meal before going to bed (Gill & Panda, 2015). In chapter 2, I
demonstrated that meals during the resting phase would increase the risks of an increase in body
weight, accumulation of visceral fat, and shift of the circadian rhythm in the liver. In chapter 3, I
demonstrated the association between disrupted feeding rhythm and time-specific
depressive-like behavior. Taken together, the results in this thesis suggest that not only food
composition, but meal pattern based on circadian rhythm is an important factor for maintaining
human health in modern society.

In the future, I would like to conduct a study on chrono-nutrition. For example,
caffeine and nobiletin prolong the circadian period and increase the amplitude of circadian
oscillation, respectively, and both were found to have anti-obesity effects (Oike et al., 2011;
Burke et al., 2015; Narishige et al., 2014; He et al., 2016; Lopez-Garcia et al., 2006). However,
the chrono-nutritional effects of both of these reagents have not yet been investigated. RF itself
has anti-obesity effects (Hatori et al., 2012; Sherman et al., 2012), and RF with too short a
duration might cause obesity, as shown in chapter 2. In chapter 2, I also demonstrated that body
weights and amount of visceral fat in the §-§[HFD-ND] group were increased compared with
those in the 8-8[ND-HFD] group. Accordingly, I would like to analyze the time-dependent
effects of nutrition, such as foods with function claims, caffeine, nobiletin, and other nutrition
on obesity using 8-hour RF treatment. For example, it will be interesting to investigate which

RF with a HFD containing caffeine during the resting phase or during the active phase,
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mimicking human dinner and breakfast, respectively, has anti-obesity effects, using 8-hour RF
treatment.

Depression is known to affect about 3%-10% of the general population (World
Health Organization, 2013). In chapter 3, I identified a new cause of depression symptoms. In
brief, my results suggested the importance for people to maintain an adequate eating rhythm,
particularly shift workers and nurses. I also demonstrated the mechanism of how disrupted
feeding rhythms induce time-specific depressive-like behavior using this NES model for
research on therapeutics for NES. Previous studies have developed a new and noninvasive
method to measure human circadian clock gene rhythms using hair follicle cells (Akashi et al.,
2010; Watanabe et al., 2012), and this method is available in our laboratory (Takahashi et al.,
2017). Therefore, in the future I would like to monitor human circadian clock gene expression
rhythms in patients with NES before and after treatment. Moreover, | would like to clarify the
association among time-specific depression symptoms, amount of calories consumed between

dinner and bedtime, and the expression rhythms of human circadian clock genes.
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