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I. Abstract

The behavior of raising pups by the mother is called maternal behavior, and it’s essential
for the survival of pups. For species whose pups are born immature, maternal behavior is
particularly important for the survival and sustainability of the species. Maternal behavior
is widely observed in invertebrates and vertebrates, but is most developed in mammals
such as mice, rats, and humans. Licking the placenta and other stains immediately after
delivery, retrieving pups moved out of the nest, crouching to lactate and sustain pups’
body temperature, and grooming pups are known as specific behaviors in the maternal
behavior of rodents.

Dams are fully committed to the survival and maturation of their pups, but they require
huge amounts of energy and nutrients for their own survival and milk production, and
must also feed to meet these demands. Moreover, their body temperature increases as a
result of increasing feeding and milk production. This research aims to clarify how the
circadian clock regulates the dam’s body and is compatible with several behaviors in this
physiological state, which changes dramatically.

The circadian clock plays a crucial role for living organisms on the earth, functioning
as a synchronizer of physiological phenomena and behavior to the light-dark cycle of the
environment. In mammals, the suprachiasmatic nucleus (SCN) at the bottom of the brain
works as a central circadian clock, and produces endogenous rhythms of about 24 hours
via a transcriptional/translational feedback loop (TTFL) of clock genes like Period and
Bmall. Mice are nocturnal animals. Therefore, they are active at night and rest during the
day when housed under 12 hours of light and 12 hours of dark (LD) cycles and show clear
spontaneous locomotor activity. Additionally, they can maintain spontaneous locomotor

activity thythms under 24-hour constant dark (DD) conditions because the circadian clock



keeps endogenous rhythms without external time cues.

We observed the crouching behavior of dams, which is the posture covering pups for
lactating and maintaining pups’ body temperature. This behavior was consistent for
several weeks from delivery until weaning. Analysis of its circadian rhythmicity showed
that wildtype dams exhibited diurnal rhythm in crouching behavior under both LD cycles
and constant darkness (DD). This rhythmicity of maternal behavior was disrupted in Per-
null (Perl”, Per2", Per3”). Furthermore, when wild-type dams or Per-null dams were
housed with Per-hetero (Perl, Per2"”, Per3'") pups, the observed maternal behavior
rhythm was determined by the dam’s genotype (wild-type or Per-null), suggesting that
crouching rhythm is regulated by the dam’s circadian clock. In the crouching of wild-type
dams, long-lasting crouching appeared in the late half of the dark phase (crouching-
dominant time), which was characteristic. This crouching-dominant time was consistent
with the timing of decreased body temperature in both virgin mice and dams, suggesting
that this body temperature-decreasing timing is suitable for concentrated crouching.
Moreover, we analyzed feeding behavior of dams. The feeding time increased about five
times during the light phase, but feeding during the early dark phase, usually observed
during the non-lactation period, still remained. When we took away pups from dams
during the lactating period, the feeding behavior rhythm of dams was back to that of virgin
mice (feeding time in the light phase was decreased). This suggests that increasing
feeding behavior in the light phase was not regulated by the circadian clock, but is a
response to increasing demand for energy. And when crouching behavior and feeding
behavior actograms were overlapped, these two behaviors occupied 80-90 % of the dam’s
behavior of a day. Therefore, it was revealed that they use time of day effectively

regulated by the dam’s circadian clock, with concentrating maternal behavior (crouching)



in the late half of the dark phase and feeding behavior in the first half of the dark phase,
and during the light phase, two behaviors alternately appeared.

Clock gene expression rhythm in the SCN of dams maintained strong amplitude, as
well as that of virgin mice, not affected by lactation. On the other hand, downstream genes
related to carbohydrate and lipid metabolism were suppressed, and enzymes related to
fatty acid synthesis were increased in the dam’s liver, where metabolism and feeding
patterns were changed for the production of milk. It is considered that metabolic rhythm
is out of regulation of the circadian clock and altered to match the physiological state of
dams.

These results suggest that while lactating mice show altered behavior and
physiological states, both the central clock of the SCN and the peripheral clock continue
to maintain a strong oscillation rhythm. Under the circadian clock, maternal behavior and
feeding behavior, which are important in this period, appear at the time of day suitable
for each behavior. In addition, it is clarified that there are behavioral components for the

survival of pups and response to increasing energy demand during the lactation period.



I1. Introduction

i. Circadian clock

The circadian clock plays crucial role for living organisms on the earth, as it synchronizes
the circadian rhythms of various physiological phenomena and behaviors with the
external light—dark (LD) cycle of the environment [1-4]. For human, wake-sleep cycle,
hormonal secretion and body temperature show circadian rhythm, these disturbance is
considered to be a cause of life-related disease and mental illness [5]. This circadian clock
oscillates autonomously with a period of about 24 hours, which enables it to maintain
physiological phenomena at a certain rhythm without external LD cycle information. In
the circadian clock, rhythms are produced by transcription factors called clock genes.
Transcription of Period, one of the clock genes, is promoted by BMALI1-CLOCK
complex, other clock gene products. Translated PERIOD makes complex with CRY,
another clock gene product, and suppresses its own transcription through suppressing
BMALI1-CLOCK complex. This system forms a transcriptional/translational feedback
loop (TTFL) composed of clock genes [6]. Furthermore, strong oscillation of the
circadian clock with an approximately 24 hours period is supported by interlocked loops
with other clock-related genes such as Dbp and Rev-erba [2].

Mice are active at night and rest during the day when kept in LD cycles because they
are nocturnal animals. During these cycles they exhibit clear spontaneous locomotor
activity. Additionally, even under 24-hour constant darkness (DD) conditions, they can
maintain spontaneous locomotor rhythms because their circadian clock keeps internal
rthythm without external time cues [7]. Per-null (Perl”, Per2”, Per3”’") mice, which
knock out all period genes, indicate apparent behavioral rhythms due to masking effects

under LD cycles, but it is completely disrupted under DD conditions [8]. Thus, clock



genes play an important role in the temporal control of animal behavior.

In mammals, Suprachiasmatic nucleus (SCN) which is nucleus with a diameter of
about 300 um, carries on the center of this circadian clock mechanism. SCN-removed rats
disrupt spontaneous locomotor rhythm, but when SCN is transplanted from another rat, it
can show locomotor rhythm again [9]. And the circadian clocks also exist as peripheral
clocks in peripheral organs besides the central clock in brain, they set the rhythm for the
organs to work appropriate time. The peripheral clock is considered under regulation of
the central circadian clock, but it is known that they are affected by external cues such as

feeding behavior [10, 11].

ii. Maternal behavior

The maternal behavior is the actions of raising pups by mothers that are essential for
the survival of pups. This plays a crucial role for species whose pups are born immature
for the strategy of survival and sustainability of the species. Therefore, dams begin caring
for their offspring immediately after delivery, continuing until weaning. This activity
increases the survival rate of offspring and enable the transfer of genetic information to
the next generation [12, 13]. Maternal care is observed in both invertebrates and
vertebrates, but it is most developed among mammals[14]. The examples of well-known
maternal behaviors of rodents are licking the placenta and other stains immediately after
delivery, retrieving pups moved out of the nest, crouching to give milk and sustaining
pups’ body temperature, and grooming [15]. The mother-pup relationship through
maternal behavior is the first social interaction for pups, and it affects their social
development after weaning [16-18]. It is known that maternal behavior is quickly

triggered by recognition of the pups’ presence through smell and the pups’ voice after



birth, when the dam’s endocrine status is ready during gestation [19, 20]. The regulation
of maternal behavior is centered in the medial preoptic area (MPOA), which integrates
this information. In MPOA, receptors of hormones which is important for a perinatal
period, such as estrogen and prolactin, are expressed [21-23]. Moreover, neurons in the
MPOA are activated during maternal behavior [24], and the destruction of MPOA disrupts

maternal behavior in multiparous mice [25].

iii. Previous research

As the timing of parturition exhibits a diurnal rhythm, it is considered that behaviors
during the perinatal period are affected by the circadian system [26]. Is the maternal
behavior regulated by the circadian clock? In the past, research has well established the
circadian rhythm of maternal behavior in rats. The experiments with dual-chambered
apparatus were carried out in the 1970s [27, 28]. These results reported that maternal
behavior shows a circadian rhythm, with being more exhibited in the light phase and less
in the dark phase in rats. However, only the duration during which dam and pups were in
the nest at the same time was measured in these experiments; it is uncertain that maternal
behavior was really exhibited.

In mice, there are bimodal rhythms in which maternal behavior was reduced at the
transition from light to dark phase [29]. These studies were conducted only under light—
dark cycles; the observations were not conducted under constant dark (DD) conditions in
which the lights were off all day. Therefore, the possibility that they were influenced by
light-dark cycles cannot be ruled out. Moreover, there is the circadian rhythm of body
temperature, and a lot of research about the relationship between the lactating behavior

of dams and body temperature are carried out. During the lactating behavior, it is



considered that the body temperature of the area in contact with the pups increase, and
when the body temperature reaches the limit of heat dissipation, lactation is suspended
[30]. When the dam’s back was shaved or the tail was cut, which carried on heat
dissipation, the duration of lactation was altered, as evidenced [31, 32]. From these results,
it is believed that the body temperature rhythm of dams plays an important role in the

regulation of maternal behavior.

iv. Aim of this research

During the lactation period, dams must manage not only their own needs, feeding,
drinking, sleeping, and engaging in spontaneous activities around the cage, but also build
nests and care for their pups. Additionally, they need huge energy and nutrients to produce
and secrete breast milk. Food intake is increased to satisfy this higher demand in mother
rats [33]. But mice cannot eat large amounts of solid food at once because their body and
stomachs are smaller than those of rats [34], so it is considered that they need more time
to eat than rats. That is, dams have to achieve both rearing their pups and feeding behavior
to fulfill nutrient demands for their own energy and milk production. And as a subproduct
of these increased feedings, the dam’s body temperature rises [35, 36].

In dams with such dramatic changes of physiological state, how the circadian clock
contributes to it is unclear. In this research, we simultaneously observed maternal and
feeding behaviors both under the light—dark cycles and the constant dark conditions to
clarify the allocation of time for these two behaviors. We made crouching behavior
defined as a nursing posture in which the dam covers her litter and performed for about 3
weeks from birth to weaning as an index of maternal behavior because long-term data

was needed to assess circadian rhythm. Next, we measured the rhythm of body



temperature in dams to explore its relationship with lactating behavior, which is believed
to be influenced by temperature.

Furthermore, we analyzed the presence or absence of change in the peripheral clock in
lactating dams. It is known that the peripheral clocks present in the peripheral organs are
affected by external factors such as feeding, besides regulation of the central clock in the
SCN [10, 11]. There is a possibility that clock gene expression in liver playing a central
role in metabolism is influenced by increased feeding behavior in dams. Therefore, we
investigated the role of clock in gene expression levels in the liver of dams by analyzing
the expression rhythm of clock genes and metabolism-related genes using quantitative

real-time PCR.



I11. Materials and Methods

i. Animals

BALB/c background mice were purchased from Nihon SLC (Shizuoka, Japan) as wild-
type mice. Per-null (Perl”, Per2’, Per3’) mice were generated by crossing single
knockout mice (PerI-knockout [37], Per2®“™ _-mutant [38] and Per3-knockout [39],
all of these mice had C57BL/6 background) that were backcrossed onto a BALB/c
background for at least ten generations. Per-null mice completely disrupt circadian
locomotor activity and eating and drinking rhythms under constant darkness (DD);
however, locomotor rhythms are observed under a 12 h/12 h light/dark (LD) cycle due to
the masking effect of the environmental lighting condition [8]. Per-null mice did not
exhibit significant developmental abnormalities when provided a regular diet during
standard LD cycles.

Mice were housed in an isolated light-controlled box under a 12-h light (-200 lux
fluorescent light)/12-h dark cycle (LD) with access to food (ORIENTAL YEAST CO.,
LTD.) and water ad libitum. Before the experiments, mice were kept under LD cycle for
at least 2 weeks to synchronize their circadian clock to the ambient LD cycle and
subsequently transferred to each experimental condition. We use over 8-weeks old mice
for experiments, particularly mother mice that were over 12 weeks old at parturition, and
they were primiparous.

Time is expressed as zeitgeber time (ZT), with ZT12 as light-off time under LD, or
circadian time (CT), with CT12 as the onset of locomotor activity under DD. All animal
experiments were approved by the Animal Experimentation Committee of Osaka

University (approval No.: FBS-18-002-1 and FBS-23-002).



ii. Circadian behavioral rhythm analyses

Mice were housed and mated in groups under LD. Pregnant female mice were transferred
into an isolated light-controlled box (mentioned above) and reared under LD or DD.
Locomotor activity rhythms were examined in each mouse from day 13 of the pregnancy
until delivery, and the postnatal lactation period for 7 days, totaling 15 days. Some of the
mice were housed under constant dark conditions (DD) throughout the experiment.
Locomotor activity was individually recorded by passive infrared sensors (FA-05F5B;
Omron, Japan) every minute using CLOCKLAB software (Actimetrics; Wilmette, 1L,
USA) and analyzed using CLOCKLAB Analysis software. %> periodogram was analyzed
using the CLOCKLAB Analysis software as previously described [40, 41]. Animal
behaviors in a 7-day interval of the 7 days before and 7 days after the delivery were based
on for y* periodogram calculation. The relative power spectral density (rPSD) was
calculated to quantify rhythmicity in these stages using the function embedded in the
CLOCKLAB Analysis software. The power spectrum was calculated after applying the
Blackman-Harris window. The strength of rhythmicity was expressed as rPSD, which
corresponds to the relative signal strength of the frequency close to the circadian period
(0.035-0.048 cycles/h) divided by the cumulative strength of all frequencies (0-1
cycles/h). The rPSD was calculated for 7 days during pregnancy (gestation days 13~19)

and parenting (from the day after delivery to day 7) in mother mice.

iii. Video analyses of crouching and feeding behavior
Wild-type and Per-null females were mated with males of the same genotype under LD
conditions. In the experiment in which dams reared Per-hetero (Perl" Per2"/Bm! pey3*-)

pups, wild-type females with Per-null males or Per-null females with wild-type males
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were mated, and Per-hetero pups were obtained. When pregnancy was confirmed,
females were transferred into individual cages, and they raised their pups after delivery.
The experimental cages were placed in a stainless-steel box (with ventilation and lighting
control) to block ambient light. An infrared dark-field camera (MK-0323E 270,000 pixel
Sharp CCD with infrared LED, Mintron Enterprise Co., Ltd., Taipei, Taiwan) was
positioned 60 cm above the bottom of the cage to record the behavior of the mice within
the cage. Behavioral data of dams kept under LD (fluorescent light 200 1x, 8:00 on a 20:00
off lighting schedule) or DD (constant darkness) conditions were recorded using a digital
video recorder (RHOS5 and RLCO10R, SREE Co., Ltd., Tokyo, Japan). Video data were
recorded during late gestation, 3-5 days before delivery, and approximately 3 weeks after
delivery. Fourteen wild-type dams, 11 Per-null dams, and 4 non-lactating wild-type mice
(assessed only feeding) were used.

We focused on and analyzed crouching behavior as a maternal behavior. A nursing
posture in which the dam covers her litter was defined crouching behavior. The start time
was when the animal covered the litter and stopped moving, whereas the end time was
when the animal started moving from that posture and ultimately moved away from the
litter. The measurement time was divided into 1-min segments, and a CSV file was created
in which, in the 1-min bin, one was entered for each minute the animal was crouching,
and zero was entered when no crouching occurred. In addition, one for the start time and
zero for the end time of the behavior were entered. The CSV file was visualized as
actograms using the KD graph program (Kyoto Densoku, Kyoto, Japan). In the analysis
of crouching behavior under LD conditions, Zeitgeber Time (ZT) 0 is defined as when
light is on (8:00 a.m.), and ZT12 is when light is off (8:00 p.m.). In the analysis of

crouching time under DD, 8:00 a.m. on the day of delivery was considered the start time
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(Time 0) of the actogram. The feeding behavior time was analyzed in a similar manner
using video data. The measurement time was divided into 1-min segments, and 1 and 0
were entered in a 1-min bin in the CSV file based on the feeding behavior when a mouse
came into contact with the food and moved away from the food, respectively.

The rhythmicity of crouching behavior was analyzed using data for 10 days, from day
4 to day 13 (day 0 was the day of delivery) after delivery, by x> periodogram program
[42] ranging from 1 to 30 h; this was calculated using Excel (Microsoft). The duration of
crouching behavior was summed the crouching time over a 4-hour period divided by the
total daily crouching time for 10 days after the delivery (day 4 to day 13). Similarly, the
bar graph comparing feeding time was calculated by summing the time that mice had
contact with the food every 4 hours for 10 days after parturition (day 4 to day 13) in dams
and for any 5 days in non-lactating mice. For individuals, the hourly percentages of time
spent crouching or feeding were calculated separately, and the 24-h data were divided
into hourly intervals and represented in a stacked graph. The percentages of time spent
crouching and feeding were averaged over the same period per day for 10 days from day
4 after delivery in LD and for 5 days from day 4 after delivery in DD. Crouching-
dominant time was defined as the period in which more than 60% of crouching lasted

more than three consecutive hours.

iv. Body weight of Per-hetero pups
We measured the weight of the Per-hetero pups reared by wild-type or Per-null dams
approximately once a week. Then, we performed a linear regression and calculated the

correlation coefficient.

12



v. Correlation between behavioral time and amount of physiological data

We measured the weight of the pups at 6 points (ZT0.5, 3.5, 8, 12, 21, 24) on the fifth day
after birth (day 5, assuming the day of birth as day 0), and the crouching behavior of the
mother during that time was simultaneously recorded with the method described above.
The duration of crouching and the increase in weight of the pups during that time were
calculated and plotted. Additionally, the amount of food in the cage was measured at 5
points (ZTO0, 4, 8, 12, and 24) on the eighth day after birth, and the behavior was recorded
simultaneously. The duration that the mother mice contact with the food and the amount
of food intake were plotted. Linear regression was performed to calculate the correlation

coefficient.

vi. Body temperature recordings

Virgin female mice (8-week-old) and pregnant mice (day 14-17 pregnant) were
anesthetized (0.45 mg/kg medetomidine, 2.4 mg/kg mitazolam, 3 mg/kg butorphanol) and
subcutaneously implanted nanotags (KISSEI COMTECH Co., Ltd., Nagano, Japan) on
their back side. Body temperature was recorded every 5 minutes, and a moving average
of 65 min (30min before and after any point) was calculated. Crouching and feeding
behaviors were recorded using an infrared camera simultaneously with the method

previously described.

vii. Sampling of SCN and liver
Sampling was performed under LD and DD conditions. Virgin mice were 8~16 weeks
old, while dams were 7 to 12 days post-partum. Mice were kept under LD or DD to

eliminate the influence of ambient light on the SCN and liver. For the DD sampling, mice
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kept under LD were released into DD for thirty-six hours. Mice were killed by cervical
dislocation, and the brain and liver samples were collected every 4 h [43]. In DD,
sampling was conducted under a safe red light. The brain that removed from the skull was
immediately frozen on dry ice. Two coronal brain sections (250 pm thick) containing the
SCN were prepared using a cryostat microtome (CM3050S, Leica). The bilateral SCN
was collected from the frozen sections using a 0.75 mm diameter stainless steel pipe [44].

A piece of liver was taken from the abdominal cavity and quickly frozen in dry ice.

viii. Quantitative real-time PCR

Total cell RNA was extracted from the SCN using the RNeasy Micro Kit (Qiagen). RNA
was then converted into cDNA using the SuperScript VILO c¢cDNA Synthesis Kit
(Invitrogen). Quantitative real-time PCR of the individual cDNAs was performed as
described previously [45, 46], using THUNDERBIRD SYBR qPCR Mix (TOYOBO CO.,
LTD., Osaka, Japan) with StepOnePlus (Applied Biosystems, Tokyo, Japan) and analyzed
by a standard curve method. Data were normalized using the relative expression of the

housekeeping gene, 36b4 (NM_007475). The primer sets used were following.
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Gene Fw Rv
3664 (NM_007475) 5'-CTCACTGAGATTCGGGATATG-3’ 5'-CTCCCACCTTGTCTCCAGTC-3’
Perl (NM_011065) 5'-TGGCTCAAGTGGCAATGAGTC-3’ 5'-GGCTCGAGCTGACTGTTCACT-3
Per2 (NM_011066) 5'-CCATCCACAAGAAGATCCTAC-3’ 5'-GCTCCACGGGTTGATGAAGC-3’
Bmall (NM_007489) 5'-CCTAATTCTCAGGGCAGCAGAT-3 5'-TCCAGTCTTGGCATCAATGAGT-3’
Reverba (NM_145434) |5-ACAGCAGCCGAGTGTCCC-3’ 5'-ACACAGTAGCACCATGCCATTC-3
Dbp (NM_016974) 5'-AATGACCTTTGAACCTGATCCCGCT-3" [5-GCTCCAGTACTTCTCATCCTTCTGT-3'
Tef (NM_017367.3) 5-ATCTTTCAGCCCTCGGAAAC-3’ 5-GGTCTCCCTCTCCTTTTCCA-3
HIf (NM_172563.3) 5'-CGTCTCCGAACTGTATGCAGAG-3’ 5'-GGTCAATGGGACTCGGTGTATT-3’
Ppaaa (NM_011144) |5-CCTCAGGGTACCACTACGGAGT-3’ 5'-GCCGAATAGTTCGCCGAA-3’
Gys2 (NM_145572) 5'-CCAGCTTGACAAGTTCGACA-3’ 5'-ATCAGGCTTCCTCTTCAGCA-3’
Pygl (NM_133198) 5'-CCTATGGCTACGGCATTCGT-3 5'-TCTCCCAAGGGTTTCCATGC-3’
G6Pase (NM_008061) |5'-GGGCATCAATCTCCTCTGGG-3’ 5'-GTCCAGGACCCACCAATACG-3
Fasn (NM_007988) 5'-CCCTTGATGAAGAGGGATCA-3 5'-CAAGGCGTTAGGGTTGACAT-3’
Elovl6 (NM_130450) 5'-CCCGAACTAGGTGACACGAT-3 5'-CCAGCGACCATGTCTTTGTA-3’
Cptla (NM_013495.2) |5-CCAGGCTACAGTGGGACATT-3’ 5'-GAACTTGCCCATGTCCTTGT-3’
Acotl (NM_012006) 5'-GACTGGCGCATGCAGGAT-3 5'-CCAGTTTCCATAGAACGTGCTTT-3’
Acot3 (NM_001346701) |5-GGTGGGTGGTCCTGTCATCT-3’ 5-TGTCTTCTTTTTGCCATCCAAAT-3’
Lp/ (NM_008509) 5-GGGCTCTGCCTGAGTTGTAG-3 5'-AGAAATCTCGAAGGCCTGGT-3

ix. Statistical analysis

A paired t-test was used to compare rPSD (Figure 2C, 3C) and body temperature (Figure
25B), Welch’s t-test for locomotor activity period of Per-hetero, one-way ANOVA as
used to analyze the period length of crouching (Figure 13) and difference in feeding time
between non-lactating female mice and lactation mice removed pups (Figure 24C), and
two-way ANOVA RM was performed to assess crouching duration (Figure 9) and the
change in feeding time (Figure 15C, 15D, 24B). Differences in the cumulative probability
of duration of a crouching event were compared with the pairwise Kolmogorov-Smirnov
test (Figure 19). To evaluate the difference in mRNA expression level (Figure 28, 29, 30),
we conducted two-way ANOVA. Sidak’s multiple comparison test was applied to
compare multiple conditions, following one-way or two-way ANOVA tests. We also
analyzed with compareRhythms (http:// github.com/bharathananth/compareRhythms)

[47] with R studio (version 4.4.1; http://www.rstudio.com/) in Table 1. Program settings

are; method = dodr, amp cutoff = 0.2, rhythm_fdr = 0.01, compare fdr = 0.05. Linear
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regression was performed to correlate between crouching duration and pups weight gain,
as well as food contact time and food intake (Figure 23). Sample numbers and statistical
results are shown in the figure legends. Data are presented as the mean + SE, and p-values
<0.05 were considered to indicate significance. P values are represented as *p < 0.05, **p
<0.01 or Tp <0.05, T'p <0.01. Statistical analyses were performed with GraphPad Prism

software (GraphPad software, LLC, version 7.0).
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IV. Results

i. Locomotor activity rhythms in mice became weakened during lactation

BALB/c strain mice are active at night and rest during the day under LD cycles because
they are nocturnal. During days 12 to 17 of pregnancy, pregnant mice exhibited higher
amounts of activity and robust nocturnal activity rhythms detected by passive infrared
sensors than during late pregnancy and lactation. However, at the end of pregnancy (i.e.,
2 days before delivery), the locomotor activity of the pregnant dams decreased (Figure
2A).

In the actual video, mice tended to stay still in the newly formed nest. Chi-square ()?)
periodograms and the relative power spectral density (rPSD) analysis also quantitatively
revealed the prominent decrease of locomotor activity (Figure 2B, C).

To determine whether the decrease in locomotor activity rhythmicity from the end of
pregnancy and during lactation was affected by the presence or absence of ambient LD
cycles, pregnant mice were placed under constant dark (DD) conditions, which is all day
darkness. We found that under DD conditions, locomotor activity exhibited a prominent
circadian rhythm during pregnancy; however, a sudden loss occurred around the delivery
date and during lactation periods (Figure 3). These findings indicate that locomotor
activity rhythms are generated by the endogenous circadian clock. However, special
events such as delivery and lactation may disturb the expression of the circadian

rhythmicity of locomotor activity.

ii. Wild-type dams showed a clear circadian rhythm of crouching behavior
The amount and circadian rhythms of spontaneous behavioral activity decrease during

the lactation period; however, they should engage in behaviors to rear pups, which are
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essential for the survival of pups. We next examined whether maternal behavior shows
circadian rhythm. Some kinds of maternal behaviors, such as nest building, grooming,
and retrieval, are known. These behaviors occur only at certain times during the post-
delivery period, although they need long-term data to evaluate their rhythmicity.
Therefore, we observed and analyzed the crouching posture, covering over pups with an
arched back (Figure 4A) for maintaining the body temperature and lactation of pups for
approximately 3 weeks after birth until weaning. An infrared dark-field camera was
installed on the ceiling of the box (Figure 4B) to record video data of the cage from above
and analyze the crouching behavior.

Firstly, we assessed the periodicity of crouching behavior under the LD condition. For
several days after giving birth, dams spent most of their time crouching throughout the
day. Thereafter, a periodicity was observed, and intensive crouching appeared in the
second half of the dark phase, whereas short crouching occurred in the light phase.
periodogram analysis showed a clear 24-h periodicity under LD cycles (Figure 5A, 6
left) .

Crouching under LD cycles was periodic, which may reflect the effect of masking on
the light-dark cycle. Therefore, next, we recorded and analyzed the crouching under DD
condition. Crouching under DD was also observed throughout the day for several days
after the delivery. Thereafter, the crouching periodicity began to appear. ¥ periodograms

revealed a periodicity of 23.8 h (Figure 5B, 6 right) .

iii. Per-null dams disrupted circadian rhythm of crouching behavior
It is well known that all circadian clocks oscillate based on the TTFL of clock genes [2].

Therefore, to clarify whether the crouching rhythms observed in wild-type dams were
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controlled by a circadian clock, we observed the rhythm of crouching in Per-null (Peri”
", Per2", Per3”) dams. Their behavioral rhythm is known to be disrupted under DD
conditions due to loss of the main clock genes [8]. Per-null dams exhibited fragmented
crouching throughout the day under both LD and DD cycles, %> periodogram analysis
didn’t show a specific periodicity (Figure 7, 8). In addition, Per-null crouching was not
affected by the masking effect of light (200 Lux, fluorescent light).

We compared the daily rhythms of crouching behavior of wild-type and Per-null mice
over a 4-h period in both LD and DD cycles (Figure 9). The timing of crouching was not
considered significantly shifted because all dams under DD conditions gave birth within
one week of being transferred to DD conditions. Wild-type mice spent more time on
crouching behavior at the late 4 h of the daily cycles, that is, ZT20-24 or CT20-24. On
the other hand, Per-null mice exhibit crouching behavior at the same level throughout the

day, no rhythms were detected.

iv. Dam’s circadian clock regulates crouching behavior

The experiments used the same genetic background: wild-type dams and pups, or Per-
null dams and pups. It is known that tactile stimulation from pups is a critical sensory
input for maternal behaviors [48], there is the possibility that the crouching rhythm was
influenced by the endogenous rhythm of the pups. To elucidate whether crouching rhythm
is driven by dams’ clock or pups’ clock, we observed dams with Per-hetero pups by
mating wild-type females and Per-null males, or Per-null females and wild-type males
(Figure 11A). Per-hetero mice exhibit shorter periodicity of behavioral rhythm than
wild-type mice under DD conditions (Figure 10; wild-type; 23.5+0.07h, n=5, Per-hetero;

22.8+0.04h, n=8, p<0.01, Welch’s t-test). If pups’ clock influences crouching behavior,
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wild-type dams should show a short crouching rhythm, and Per-null dams should show
rhythmicity of crouching behavior. Or, if pups’ circadian clock doesn’t develop enough,
wild-type dams would disrupt crouching periodicity.

In wild-type dams, crouching rhythms were virtually the same both the pups were
wild-type or Per-hetero (Figure 11B, 12, 13; Wild-type dam with wildtype pups in LD;
24.0+0.02, n=5, Wild-type dam with wildtype pups in DD; 23.7+0.07, n=5, wildtype dam
with Per-hetero pups in DD;23.8+0.09 hr, n=4, P>0.05 by Sidak’s multiple t-test after
one-way ANOVA). Per-null dams exhibited no periodicity, regardless of whether the
pups were Per-null or Per-hetero (Figure 11B). These results indicate that the dam’s clock
endogenously drives the crouching rhythm. In this condition, the maternal genotypes

differed, pups’ weight or daily crouching time did not differ (Figure 14).

v. Feeding pattern of dams are altered during lactation period

During the lactation period, dam’s feeding must be increased due to the demand for
nutrition for milk production [49]. Therefore, we concurrently observed the feeding
behavior and crouching behavior of dams. Female mice not in the lactating stage feed
mainly in the dark phase, like the locomotor activity rhythm, particularly in the first half
of the dark phase of the LD cycles (Figure 15A). However, in the lactation period, wild-
type dams markedly increased the feeding time, especially in the whole duration of the
light phase (Figure 15B). When we compared dams and non-lactating female mice
regarding daily changes in feeding behaviors over a 4-h period in LD cycles, we
demonstrated that feeding behavior was enhanced in both the light and dark phases.
Importantly, the feeding behavior of dams maintained the highest level from ZT0 to ZT20,

and it decreased at the last section of the dark phase (Figure 15C). As a result, the total
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amount of the feeding time increased in dams by about three times, especially during the

light phase, resulting in an approximately 5-fold increase (Figure 15D).

vi. There is a crouching-dominant time at the second half of dark phase

Importantly, under our experimental conditions, they could not simultaneously access the
feeding boxes and lactating nests, so mice could not perform crouching and feeding
behaviors at the same time. By overlaying the actogram of crouching with that of feeding
behavior, we confirmed that crouching and feeding were completely separated (Figure
16A; left). Moreover, there is intensive crouching during the latter half of the dark phase
(crouching-dominant time) of the LD cycles, during this time, the dams spent the largely
time crouching. When the time for crouching and feeding behaviors was summed hourly,
dams spent 80%—90% of the day on these behaviors (Figure 16A; right, 17). Importantly,
we could observe the crouching-dominant time also under DD, crouching is a clock-
controlled phenomenon (Figure 16B, 18). When we examined the duration of a crouching
event, the crouching duration in crouching-dominant time (the late half of the dark phase)
is longer than that in the light phase (Figure 19). From these findings, it is clarified that
dams concentratedly perform intensive crouching at late half of the dark phase. On the
other hand, Per-null dams didn’t exhibit crouching-dominant time in both LD condition

and DD condition (Figure20, 21, 22).

vii. There was a correlation between video analysis and behavior
We confirmed strong correlations between the crouching time and the litter’s milk intake,
determined by their weight gain (Figure 23A). Thus, crouching behavior observed in the

video should involve lactating. Furthermore, we also confirmed correlations between the
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feeding time and the food intake of lactating mice. Therefore, the time when mice come
into contact with food pellets is when they actually eat food (Figure 23B). From these
results, we can assume that crouching behavior and feeding behavior we observed in the

video represent actual lactating and eating.

viii. Feeding behavior in light phase was immediately decreased after removing pups
We next analyzed whether the change in the daily pattern of feeding behavior in dams
was because of lactation. We separated the pups from their dams on day 11 of lactation,
when the nutritional intake of pups is still completely dependent on their dams’ milk, and
dams are considered to need the most nutrients for lactation. The feeding behavior of
dams during the light phase decreased from the day the pups were removed from the
dam’s cage (Figure 24A). When we compared before and after removing pups regarding
the every 4-h profile of feeding behavior, the duration of feeding behavior was
significantly reduced during the first 8 hours of the light phase after removing pups
(Figure 24B). And after separating pups, an average of the 4-day feeding time in the
light phase was almost lost without the pup-stimulation, similar to that during the non-
lactating or pregnancy period (Figure 24C). However, the active feeding behavior during

the early stage of the dark phase remained even after the pups were removed.

ix. The timing of body temperature decreasing matched crouching-dominant time

Under LD conditions, the body temperature of wild-type virgin mice showed a diurnal
rhythm, peaking at the beginning of the dark phase and decreasing toward the beginning
of the light phase (Figure 25A). After they transferred to DD, this diurnal rhythm
continued, despite a decrease in the daily maximum and average temperatures (Figure

25B). Thus, body temperature is regulated by the circadian clock.

23



The body temperature of pregnant mice exhibited circadian rhythms similar to those
of virgin mice under DD, although the basal level of body temperature was elevated at
1.0 °C. Under DD conditions, the body temperature of rearing dams began to increase
after delivery, with peak temperature on day 7 of lactation; this temperature remained
high (Figure 26A). By comparing the body temperature at the late stage of pregnancy
(days 1517 of gestation) to that during days 10-12 of lactation in the same mice, a
difference of 2.0 °C in average temperature was observed per daily cycle (Figure 26B).
When daily body temperature changes were overlapped on crouching and feeding
behaviors in the same animal, body temperature tended to increase during the feeding
behavior and fall during the crouching-dominant time (Figure 27; left).

Crouching-dominant time was present at the time of decreasing body temperature at
late half of dark phase. There was a possibility that body temperature was dropping due
to reduced movement, importantly, decreasing body temperature occurred preceding the

onset of crouching-dominant time (Figure 27; right).

X. SCN of dams maintained robust oscillation of clock gene expression
From the results so far, changes in some activities with pregnancy and delivery were
observed in dams. To clarify these changes occur at the level of the central clock in the
SCN, we examined the circadian expression of clock genes in the SCN and compared it
between lactating mice and virgin female mice (Figure 28, Table 1).

Notably, in the SCN of dams and virgin female mice under LD and DD conditions,
robust circadian expression of the main clock genes was observed. Both mice exhibited
peak expression of Perl, Per2, Dbp, and Rev-erba during the subjective day with a trough

during the subjective night and Bmall, in opposite phase, peaked during the subjective
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night with a trough during the subjective day. There were significant main effects of time
for all genes. However, there were no main effects between virgin mice and dams except
for Perl in LD, nor time vs condition (virgin mice or dams) interaction for most genes
(see Table S1). Notably, the robust circadian rhythmicity of clock gene expression was
maintained in the SCN of lactating mice. These results revealed that the circadian central
clock oscillated at almost the same level as that in virgin female mice (Figure 28 and

Table 1).

xi. The expression rhythm of metabolism-related genes was altered in dam’s liver

Dams exhibited profound metabolic changes in many organs of the body with the
initiation of lactation after delivery [50-52]. Particularly liver works as the central organ
of body metabolism on carbohydrate and lipid metabolism. In this metabolic loading
stage, how is the circadian system contributing? The mammalian peripheral organs are
known to be influenced by the circadian central clock in the SCN and clocks located in
peripheral organs [4]. As shown previously, clock gene expression profiles of the SCN of
lactating dams were virtually unaltered (Figure 28). Therefore, next, we examined how

circadian gene expression rhythms operate in the liver of wild-type lactating mice under
LD and DD using qPCR (Figure 29, Table 1). In the liver of lactating mice, the expression
profiles of Perl and Per2 were slightly flattened but oscillated in LD. Perl, Per2, and
Bmall, the core clock genes, exhibited clear circadian rhythms similar to those in wild-
type virgin mice in DD (Figure 29). These results suggest that core clock oscillation was
maintained in liver of lactating dam. Otherwise, the expression amplitude of accessory
loops of core clock genes, Rev-erb oc and Dbp were diminished in lactating mice both in

LD and DD. Tef and HIf also attenuated in LD condition. These findings suggest that
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accessory loops of core clock oscillation in the liver were affected during lactation.

We examined the circadian expression profiles of important for carbohydrate and lipid
metabolism regulated by clock genes in the liver (Figure 30, Tablel). Ppara, the
transcription factor which regulates genes involved in lipid uptake and catabolism, had
diminished its expression rhythm in LD condition, and decreased expression level
throughout the day in DD condition. The gene expression of Gys2, a rate limiting enzyme
for glycogen synthesis regulated by E-box and PPRE [45, 52], and Cptla, a rate limiting
enzyme in FA f3 -oxidation which promotor also have PPRE [53] were markedly damped
in LD, decreased expression level was observed throughout the day in DD condition. In
addition, the nighttime increase in gene expression of G6pase, a rate-limiting enzyme for
glycogenolysis, was also attenuated. Although there were changes in Pyg/ at ZT0 and
ZT4, the rthythm and expression level did not change significantly. The gene expression
of FA metabolism was also impaired. Interestingly, the mean gene expression levels of
Fasn (FA synthase) [54] and Elovi6 (FA elongase) [55] were always increased in lactating
mice under LD and DD for the whole day. The gene expression of acyl-CoA thioesterase
3 (Acot3) was attenuated but not in its homolog, Acotl. And Lpl, an enzyme that

hydrolyzes triglycerides, didn’t change its expression rhythm.
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Figure 2. The spontaneous activity of the wild-type dam decreased after delivery
and during lactation in LD

(A) Representative actogram of the spontaneous activity of a dam during the perinatal
period. Dark periods are depicted by gray backgrounds. The vertical axis shows the days
before and after delivery, with day 0 representing delivery day. The horizontal axis shows
Zeitgeber time. Time 0 corresponds to light-on time (ZT0, 8:00 a.m.), and Time 12 to
light-off time (ZT12, 8:00 p.m.).

(B) Comparison of 42 periodograms for the dam in the pregnancy period (black line) and
lactation period (red line). The calculation was conducted over 7 days of activity rhythms
as indicated by a black and red vertical line in (A). The green line indicates a threshold
depicted by p = 0.001.

(C) rPSD analysis (see text for detail) of dams (n=6) in the pregnancy period (indicated
by black line in (A)) and lactation period (indicated by red line in (A)) housed under LD.
The rhythmicity of dams was weakened (during pregnancy; 0.317 + 0.046, during
lactation; 0.062 £+ 0.016, n=6, **p < 0.01, Paired-samples t-test.)
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Figure 3. The spontaneous activity of the wild-type dam decreased after delivery
and during lactation also in DD

(A) Representative actogram of spontaneous activity of a dam housed under DD. Dark
periods are depicted by gray backgrounds. The vertical axis shows days before and after
delivery, with day 0 representing delivery day. The horizontal axis indicates time (Time
0 corresponds to 8:00 a.m.). The spontaneous activity of the dam decreased after delivery
and during lactation.

(B) Comparison of ¥* periodograms for dam in the pregnancy period (black line) and
lactation period (red line). The calculation was conducted over 7 days of activity thythms
as indicated by the black and red vertical line in (A). The green line indicates a confidence
interval depicted by p = 0.001.

(C) rPSD analysis (see text for detail) on dams (n=3) in the pregnancy period (indicated
by black line in (A)) and lactation period (indicated by red line in (B)) under DD. The
rhythmicity of spontaneous activity of dams was also weakened in DD (during pregnancy;
0.451 + 0.033, during lactation; 0.036 + 0.016, n = 3, **p<0.01, Paired-samples t-test).

28



Figure 4. The Recording system and crouching behavior

(A) Video recording apparatus for dam in the cage using an infrared dark-field camera
set in a light-tight box. Video data were recorded using an HD recorder.

(B) The picture of crouching behavior of a dam. She covers her pups to nurse and maintain

their body temperature.
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Figure 5. Crouching behavior of wild-type dam

(A, B) Representative actograms of crouching behavior (left) and its 42 periodograms
(right) of wild-type (WT) dams under LD (A) and DD (B). The vertical axis of the
actogram of crouching behavior shows the delivery day (0) and subsequent days of the
lactation period (day 1-13). The horizontal axis represents Zeitgeber time (Time 0
corresponds to lights on, 8:00 a.m.) in (A) and time (Time O corresponds to 8:00 a.m.) in
(B). The blue bars show the duration of crouching and the orange diamonds show the
estimated delivery timing. Events longer than 1 minute were considered crouching. y2
periodograms were calculated for 10 days (day 4 to day 13) as indicated by a red vertical
line in the crouching actogram with the orange line representing p = 0.001. For WT mice,
the marked peak in %2 periodograms under LD was exactly 24.0 h while that under DD
was 23.8 h.
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Figure 6. Actograms of crouching behavior of all individual wild-type dams except
those shown in Figure 5.

Actograms of crouching behavior in wild-type (WT) dams under LD (n = 5; WT-LD2,
WT-LD3, WT-LD4, WT-LDS5, and WT-LD1: Figure.5A) and DD (WT-DD2, WT-DD3,
WT-DD4, WT-DDS5, and WT-DD1: Figure.5B). In each graph, crouching actogram (left)
and y° periodogram (right) are shown. The vertical axis of actograms indicates the number
of days from the delivery day (day 0). The horizontal axis of actograms indicates
Zeitgeber time. Time 0 corresponds to ZTO (lights on, 8:00 a.m.) for LD (left), and Time
(Time O corresponds to 8:00 a.m.) for DD (right). In actograms, blue bars show the
crouching time for more than 1 min. ¢? periodograms were calculated for 10 days (day 4
to day 13), with the orange line representing p = 0.001. WT-LD2 missed day 0~1 data

owing to a camera malfunction.
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Figure 7. Crouching behavior of Per-null dam

(A, B) Representative actograms of crouching behavior (left) and its 42 periodograms
(right) of Per-null dams under LD (A) and DD (B). The vertical axis of the actogram of
crouching behavior shows the delivery day (0) and subsequent days of the lactation period
(day 1-13). The horizontal axis represents Zeitgeber time (Time 0 corresponds to lights
on, 8:00 a.m.) in (A) and time (Time 0 corresponds to 8:00 a.m.) in (B). The blue bars
show the duration of crouching and the orange diamonds show the estimated delivery
timing. Events longer than 1 minute were considered crouching. x2 periodograms were
calculated for 10 days (day 4 to day 13) as indicated by a red vertical line in the crouching
actogram with the orange line representing p = 0.001. For Per-null dams, no marked peak

was found under either LD or DD.
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Figure 8. Actograms of crouching behavior of all individual Per-null dams except
those shown in Figure 7.

Actogram of crouching behavior in Per-null dam under LD (n = 4; Per-null-LD2, Per-
null-LD3, and Per-null-LD4, and Per-null-LD1: Figure.7A) and DD (Per-null-DD2, Per-
null-DD3, Per-null-DD4, and Per-null-DD1: Figrue.7B). In each graph, crouching
actogram (left) and ¥ periodogram (right) are shown. The vertical axis of actograms
indicates the number of days from the delivery day (day 0). The horizontal axis of
actograms indicates Zeitgeber time. Time 0 corresponds to ZTO (lights on, 8:00 a.m.) for
LD (left) and time (Time 0 corresponds to 8:00 a.m.) for DD (right). In actograms, blue
bars show the crouching time for more than 1 min. y* periodograms were calculated for

10 days (day 4 to day 13), with the orange line representing p = 0.001.
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Figure 9. Wild-type dams performed increased crouching behavior at the last 4
hours of the daily cycle

(A,B) Time of crouching behavior in LD (upper) and DD (lower). Each point represents
an individual data point. The time spent crouching over 4 hours was normalized by the
total time spent crouching in a day, and the average for the 10 days after delivery (from
day 4 to day 13) was calculated. Time 0 corresponds to ZTO (lights on in LD) and 8:00
a.m. in DD, and the horizontal axis represents a time of the midpoint of 4-hour duration.
WT is represented in black, while Per-null is shown in red (mean = SE, *p<0.05, **p<0.01,

Sidak’s multiple comparison after two-way ANOVA RM).
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Figure 10. Spontaneous activity rhythm of Per-hetero mice

(A) Locomotor activity rhythm of wild-type (left) and Per-hetero (right) under DD. Gray
backgrounds depict dark periods. The vertical axis shows time (days) and the horizontal
axis shows double-plotted time (hours).

(B) The period length of locomotor activity. The free-running period was determined by
eye-fitting regression in ClockLab Analysis. The period length of locomotor rhythms of
Per-hetero mice was significantly shorter than those of WT mice (WT; 23.5 £ 0.07, n =
5, Per-hetero; 22.8 + 0.04, n = 8, **p < 0.01, Welch’s t test).

35



Dam Dam
WT Q@ Per-null @

H O 0 @

T

Per-hetero pups Per-hetero pups

Wild-type dam caring Per-null dam cari_ng
Per-hetero off spring Per-hetero offspring
Time (hours) Time (hours)
12
_ 0 12 0 200 - 0
Delivery 0 : Delivery 0
~ 600 P
= a =
gl G400 g & ]
o : 2001 , ° l
E . - 0 E "
1 erouoni period (ﬁc?ué()) 13° ; % 10 20 30
crouching M crouching Period (hours)

Figure 11. The crouching rhythm is regulated by circadian clock of dams

(A) Wild-type females with Per-null males or Per-null females with wild-type males were
mated and both produced Per-hetero offspring. Both of wild-type and Per-null dams
raised Per-hetero pups.

(B) Representative actograms of crouching behavior and its y> periodograms in Wild-
type or Per-null dams raising Per-hetero pups under DD. The vertical axis of the
crouching actogram shows the delivery day (day 0) and subsequent days of lactation
period (day 1 to day 13). The horizontal axis shows time (Time O corresponds to 8:00
a.m.). The blue bars show the duration of crouching and the orange diamonds show the
estimated birth timing. y*> periodograms were calculated for 10 days (day 4 to day 13)
with the orange line representing p = 0.001. Wild-type mice, but not Per-null mice, had a

marked peak in ¥* periodograms.
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Figure 12. Actogram of crouching behavior of dams rearing Per-hetero pups under
DD

Crouching behavior of all dams, except that presented in Figure 11 for WT dams with her
own Per-hetero pups (WT-hetero-2, WT-hetero-3, WT-hetero-4, and WT-hetero-1:
Figure.11) and Per-null dams with their own Per-hetero pups (Per-null-hetero-2, Per-
null-hetero-3, and Per-null-hetero-1: Figure.11) under DD. In each graph, crouching
actogram (left) and y* periodogram (right) are shown. The vertical axis of the actograms
indicates the number of days from the delivery date, defined as day 0. The horizontal axis
indicates time (hours), with 8:00 a.m. defined as Time 0. In actograms, blue bars show
the crouching time for more than 1 min. y> periodograms were calculated for 10 days,
from day 4 to day 13, with the orange line representing p = 0.001. WT-hetero-3 missed

day 1-2 data owing to a camera malfunction.
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Figure 13. Comparison of period length of crouching behavior

Period length of crouching behavior rhythms in all conditions. The period length of
crouching behavior of wild-type mother mice under DD was a little shorter than 24.0 h,
either cohabitating with Wild-type pups or Per-hetero pups. (Wild-type dam with
wildtype pups in LD; 24.0+0.02, n=5, Wild-type dam with wildtype pups in DD;
23.7£0.07, n=5, wildtype dam with Per-hetero pups in DD;23.8+0.09 hr, n=4, P>0.05
by Sidak’s multiple t-test after one-way ANOVA.)
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Figure 14. The growth of pups and total crouching time were not affected by
differences in dams’ genotype

(A) Increase of body weight of Per-hetero pups raised by wild-type dams or Per-null
dams. We measured the body weight of pups approximately once per week. No difference
was found between them (Wild-type dam; 25 pups from 3 dams, slope = 0.35, intercept
= 2.1, Per-null dams; 8 pups from 2 dams, slope = 0.35, intercept = 2.3, slope; p = 0.97,
intercept; p = 0.38, Linear regression with F test).

(B) Total crouching duration per day when Wild-type and Per-null dams raised their own
Per-hetero pups under DD. The total crouching duration from day 4 to day 13 was
averaged; thus, the birth date (delivery day) was defined as day 0. Crouching time did not
differ between Wild-type and Per-null dams (WT; 810 + 82 min, n = 4, Per-null: 693 +
122 min, n =3, p = 0.47, Welch’s t-test).
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Figure 15. The feeding behavior of dams increased in light phase

(A) The actogram of feeding behavior (orange bars) of a non-lactating female mouse
under LD. The vertical axis of the non-lactating actogram indicates any 14 days. The
horizontal axis shows Zeitgeber time. Time 0 corresponds to light-on time (ZTO0, 8:00
a.m.). Feeding behaviors lasting more than 1 min were recorded, and less than 1 min were
not counted.

(B) The actogram of feeding behavior (orange bars) of a dam under LD. The vertical axis
of the dam actogram shows the lactating period for 14 days after delivery day (day 0).
The horizontal axis shows Zeitgeber time. Time 0 corresponds to light-on time (ZT0, 8:00
a.m.). Feeding behaviors for more than several minutes in one episode were observed in
dam; however, this pattern was not observed in non-lactating female mice.

(C) Duration of feeding behavior per 4-hour in non-lactating female mice and dams. Each
point represents an individual data point. The vertical axis shows the total time spent on
feeding behavior over a 4-hour period. The horizontal axis represents time of midpoint of
4-hour duration. Non-lactating female mice are represented in light brown, while dams
are shown in dark brown (mean + SE, **p<0.01, Sidak’s multiple comparison after two-
way ANOVA RM).

(D) The feeding behavior duration in the light phase and dark phase in non-lactating
female mice and dams. Data were averaged for any 14 days in non-lactating female mice
and for post-delivery 13 days (day 1 to day 13) in dams. In a stacked bar chart, the feeding
behavior time in the light phase was shown by white areas, and that in the dark phase was
shown by gray areas (non-lactating multiparous female mice; light phase: 37.6 = 10.0 min,
dark phase: 100.4 £ 16.4 min, n = 4, mother mouse; light phase: 193.8 + 37.5 min, dark
phase: 158.6 + 14.0 min, n =5, **p <0.01 for non-lactating mice in light phase vs. mother
mice in light phase, Sidak's multiple comparison after two-way ANOVA RM).
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Figure 16. Dams spent over 80% of their day for feeding and crouching behavior
(A, B) Left; actograms merged with the crouching actogram (blue bars) and feeding
behavior actogram (orange bars) of WT dam under LD (A) and DD (B). The vertical axis
shows the post-delivery days, and the horizontal axis shows time (A; Time 0 corresponds
to ZTO (lights on, 8:00 a.m.), B; Time 0 corresponds to 8:00 a.m.). A crouching-dominant
time was indicated by pink rectangle.

Right; Stacked graphs of crouching and feeding behavior at each hour. The horizontal
axis shows time (A; Time O corresponds to ZTO (lights on, 8:00 a.m.), B; Time 0
corresponds to 8:00 a.m.). Values were averaged over 10 days from day 4 to day 13 for
LD (A) and over 5 days from day 4 to day 8 for DD (B, due to crouching being free-run
and shifted). Crouching-dominant time was defined as a period in which more than 60 %
of crouching lasted more than 3 consecutive hours. During the lactation period, dams

spent 80 to 90 % of the 24-h period on either crouching or feeding behaviors every day.
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Figure 17. Actogram of crouching and feeding behavior of wild-type dams under
LD

Actogram of crouching behavior, feeding behavior, and merged in WT dams (WT-LD2,
WT-LD3, WT-LD4, WT-LDS, crouching actogram is same as that in Figure 6, and WT-
LDI: Figure. 16A) under LD cycles. The vertical axis of the actogram indicates the
number of days from the delivery date, defined as day 0. The horizontal axis indicates
Zeitgeber time. Time 0 corresponds to ZTO (lights on, 8:00 a.m.). In crouching actograms,
blue bars show the crouching time, and in feeding actograms, orange bars show the
feeding time for more than 1 min. The pink dashed open square indicates crouching-
dominant time, defined as a period in which more than 60% of crouching lasted more

than 3 consecutive hours. WT-LD2 missed day 0-1 data owing to a camera malfunction.
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Figure 18. Actogram of crouching and feeding behavior of Wild-type dams under
DD

Actogram of crouching behavior, feeding behavior, and merged in WT dams (WT-DD,
WT-DD3, WT-DD4, WT-DD5, crouching actogram is same as that in Figure 6, and WT-
LD2: Figure. 16B) under DD cycles. The vertical axis of the actogram indicates the
number of days from the delivery date, defined as day 0. The horizontal axis indicates
time (hours), with 8:00 a.m. defined as Time 0. In crouching actograms, blue bars show
the crouching time, and in feeding actograms, orange bars show the feeding time for more
than 1 min. The pink dashed open square shows crouching-dominant time, defined as a
period in which more than 60% of crouching lasted more than 3 consecutive hours.
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Figure 19. The crouching time for one event was longer in crouching-dominant time
than in light phase

Cumulative probability of duration of a crouching event in light phase (ZT0~12) and
crouching-dominant time (ZT16~24). The horizontal axis indicates the cumulative ratio
of crouching duration for a single event. The black line indicates the data in the light
phase; the pink line represents that in the crouching-dominant time (light phase; 356
events, crouching-dominant time; 183 events from 5 mother mice, p<0.01, paired

Kolmogorov-Smirnov test).
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Figure 20. Per-null mother didn’t show crouching-dominant time

(A, B) Left; actograms merged with the crouching actogram (blue bars) and feeding
behavior actogram (orange bars) of Per-null dams under LD (A) and DD (B). The vertical
axis shows the post-delivery days, and the horizontal axis shows time (A; Time 0
corresponds to ZTO (lights on, 8:00 a.m.), B; Time 0 corresponds to 8:00 a.m.). A

crouching-dominant time was indicated by pink rectangle.

Right; Stacked graphs of crouching and feeding behavior at each hour. The horizontal
axis shows time (A; Time 0 corresponds to ZTO (lights on, 8:00 a.m.), B; Time 0
corresponds to 8:00 a.m.). Values were averaged over 10 days from day 4 to day 13 for
LD (A) and over 5 days from day 4 to day 8 for DD (B, due to crouching being free-run

and shifted).
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Figure 21. Actogram of crouching and feeding behavior of Per-null dams under LD
Actogram of crouching behavior, feeding behavior, and merged in Per-null dams (Per-
null-LD2, Per-null-LD3, Per-null-LD4, crouching actogram is the same as that in Figure
8, and Per-null-LD1: Figure. 19A) under LD. The vertical axis of the actogram indicates
the number of days from the delivery date, defined as day 0. The horizontal axis indicates
Zeitgeber time. Time 0 corresponds to ZTO (lights on, 8:00 a.m.). In crouching actograms,
blue bars show the crouching time, and in feeding actograms, orange bars show the
feeding time for more than 1 min. The pink dashed open square indicates crouching-

dominant time. There wasn’t crouching-dominant time in Per-null dams.
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Figure 22. Actogram of crouching and feeding behavior of Per-null dams under DD

Actogram of crouching behavior, feeding behavior, and merged in Per-null dams (Per-

null-DD1, Per-null-DD2, Per-null-DD3, crouching actogram is the same as that in Figure
8, and Per-null-DD4: Figure 19B) under DD. The vertical axis of the actogram indicates

the number of days from the delivery date, defined as day 0. The horizontal axis indicates

time (hours), with 8:00 a.m. defined as Time 0. In crouching actograms, blue bars show

the crouching time, and in feeding actograms, orange bars show the feeding time for more

than 1 min. There wasn’t crouching-dominant time in Per-null dams.
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Figure 23. The results of video analysis were correlated with estimated milk intake
of pups or food intake

(A) Correlation between crouching behavior duration and estimated milk intake of pups.
The amount of estimated milk intake was according to litter weight gain. The vertical axis
represents the weight gain of pups (20 pups from 3 dams, 5 points per pup), and the
horizontal axis indicates crouching time determined by video analysis. The straight line
represents linear regression, and R is the correlation coefficient (slope = 0.0007, intercept
=0.0127, R = 0.8584).

(B) Correlation between feeding behavior duration and food intake of lactating dams. The
vertical axis represents the food intake of lactating mother mice (4 sections from 3 dams),
and the horizontal axis indicates time of feeding behavior determined by video analysis.
The straight line represents linear regression, and R is the correlation coefficient (slope =
0.0295, intercept = 0.4426, R = 0.9556).
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Figure 24. Removal of pups reduced feeding behavior in light phase of dams

(A) The actogram of the crouching (blue bars) and feeding (orange bars) behaviors with
pups removal at day 11 post-delivery. The vertical axis shows the number of days from
the delivery (day 0), and the horizontal axis shows Zeitgeber time (ZT 0 corresponds to
lights on, 8:00 a.m.). The blue bars indicate the time of crouching, the orange bars indicate
the time of feeding behavior. Pups were removed at time shown by the red star in the
actogram. A drastic change occurred in the daily pattern of feeding behavior after the
removal of pups.

(B) Duration of feeding behavior before and after the removal of pups. The vertical axis
shows the time spent on feeding behavior over a 4-hour period. The horizontal axis
indicates time of midpoint of 4-hour duration. The duration of feeding behavior for 4-
days of before and after pups removal was calculated. Each point represents an individual
data point (mean + SE, n=4, **p<0.01, Sidak’s multiple comparison after two-way
ANOVA RM).

(C) Feeding behavior in light phase of non-lactating female mice, pregnant mice, and
dams before and after pup removal. After pups were removed, the time of feeding
behavior during the light phase was comparable to that of non-lactating female mice or
during pregnancy (Non-lactating female mice; 37.6 = 10.0 min, Pregnant; 44.1 £ 5.2 min,
Before removing pups; 166.8 + 43.3 min, After removing pups; 58.9 = 15.4 min, n =4,
*p <0.05, One-way ANOVA with Sidak's multiple comparison).
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Figure 25. The body temperature of virgin mice exhibits circadian rhythms
(A)Body temperature of a virgin female mouse when transferred from LD into DD.
Representative real data (upper) and its 65-min moving average data (bottom). Gray
backgrounds depict dark phases.

(B)The comparison of max body temperature (upper) and average body temperature
(bottom) under LD and DD (n = 5). The max and average values of each day were
calculated and averaged over 7 days for the LD cycles and 5 days for the DD. The
calculation was performed with the running average (Max value; LD: 35.5+0.04 °C, DD:
35.1 £ 0.10 °C, average; LD: 34.5 £ 0.15 °C, DD: 34.2 + 0.14 °C, *p < 0.05, **p < 0.01
by paired t-test).
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Figure 26. The body temperature increased during the lactation period

(A) Body temperature from late pregnancy to day 13 after delivery under DD in two dams.
The horizontal axis indicates days before and after delivery. Gray vertical lines are drawn
every 24 h (The period length of these mice was 24 h). P: Pregnancy, L: lactation.

(B) Expanded graph during P15-17 and L10-12 in (A). The horizontal axis represents
time (Time O corresponds to 8:00 a.m.). The dashed lines indicate body temperature
during pregnancy, and the solid lines indicate body temperature during lactation. Body

temperature during lactation was higher than that during late pregnancy.
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Crouching, feeding and body temperature in lactation
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Figure 27. The times for crouching dominance and a decrease in body temperature
corresponded

The actogram of crouching behavior and feeding behavior and graph of body temperature
for L6-L12 were overlaid (left). The blue bars represent crouching, the orange bars
represent feeding, and black lines represent body temperature, pink rectangle represents
crouching-dominant time. The horizontal axis indicates time (Time 0 corresponds to 8:00
a.m.). The onset of crouching-dominant time (CDT) and decline point of body
temperature (right). The decline point of body temperature refers to the highest
temperature observed during the crouching-dominant time. The vertical light gray lines
are drawn every 0.5-hour. The black line represents decline point of body temperature

and the pink line represents the onset of crouching-dominant time.
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Figure 28. Clock genes oscillate in dams’ SCN as well as virgin mice

Relative expression level of clock genes in the central clock SCN under LD and DD
measured by real-time qPCR. Brains, including the SCN, were collected every 4 hours
under LD and DD. The expression profiles in virgin mice were indicated by the black line,
and those in dams were indicated by the red line. The peak of gene expressions in virgin
mice was set to 1 (mean = SEM, n = 3-4 for each time point, *p < 0.05, **p < 0.01,
Sidak’s multiple comparison after Two-way ANOVA).
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Figure 29. The expression of clock genes in the liver of dams

Relative circadian expression of clock genes in the liver of virgin mice (black) versus
dams (red) under LD and DD measured by real-time qPCR. Liver was collected every 4
h under LD and DD, and qPCR was conducted. Each points represent individual data, and
the peak of gene expression in virgin mice was set to 1 (mean = SEM, n =5 for each point
of the LD cycle, n=3-4 for each time point under DD, *p < 0.05, **p < 0.01, Sidak’s
multiple comparison after two-way ANOVA).
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Figure 30. The expression of metabolism-related genes in dams

Relative circadian expression of metabolism-related genes in the liver of virgin mice
(black) versus dams (red) under LD and DD measured by real-time qPCR. Sampling was
performed every 4 h under LD and DD. Each points represent individual data, and the
peak of gene expression in virgin mice was set to 1 (mean £ SEM, n =5 for each point of
LD cycle, n = 3-4 for each time point under DD, *p < 0.05, **p <0.01, Sidak’s multiple
comparison after two-way ANOVA, p <0.05, §p <0.01, virgin mice vs. dam based on
Two-way ANOVA).
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V. Discussion

i. Circadian rhythm of maternal and feeding behavior

During the lactation period, dams have to satisfy the growing energy demand while
raising pups, which is crucial for the species’ survival. In this study, we conducted long-
term video recordings of dams’ behavior to clarify the time distribution of maternal
behavior and feeding behavior during the lactation period.

The amount of locomotor activity of lactating dams was decreased both in LD
condition and DD condition (Figure 2,3). A result that has been reported in rats and other
strains of mice in LD [35, 56, 57], we found that dams remained in the nest to care for
their pups in the dark phase, while virgin mice actively moved around. And they spent
most of their time on maternal and feeding behaviors.

Although the voluntary movement rhythm became unclear, maternal behavior showed
a clear rhythm. It is known that maternal behavior is quickly triggered by the pup’s stimuli
after birth when the dam’s endocrine status is ready during gestation [18, 48]. Also, in
this study, dams performed the crouching posture immediately after delivery and
continuously kept this behavior for several days. Thereafter, a diurnal rhythm in
crouching behavior gradually began to appear (Figure 5A, 6; left). We confirmed diurnal
rhythm in crouching behavior by video analysis, which is consistent with previous reports
[27-29]. Furthermore, we also clarified that there is a diurnal rhythm of crouching
behavior in the DD condition in this study (Figure 5B, 6; right). The period is slightly
shorter than 24 hours under DD conditions, about 23.7 hours, which is consistent with the
characteristics of mouse locomotor activity [7]. Moreover, we also observed in Per-null
dams. As a result, Per-null dams didn’t exhibit rhythmicity of crouching behavior in both

LD and DD condition (Figure7,8). Compared crouching duration every 4 hours, Per-null
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represented crouching at the same level throughout a day, in contrast, wild-type exhibited
intensive crouching in the late half of the dark phase (the expected time for this in DD)
(Figure 9). These results suggest that the oscillation of the circadian clock, regulated by
clock genes, drives the circadian rhythm of maternal behavior.

Then, which circadian clock, dam’s or pups’, contributes to the rhythmicity of
maternal behavior? When both wild-type and Per-null dam reared their own Per-hetero
pups under DD conditions, crouching behavior of wild-type mice represented a 23.7-hour
period, while Per-null mice didn’t show any periodicity (Figure 13). They showed the
same results as when they raised pups of the same genotype, clarifying that the
rhythmicity of crouching behavior is regulated by the dams’ circadian clock.

Next, the feeding behavior of the lactating mice was significantly increased, and it was
revealed that the feeding pattern was changed compared to when they were not raising
their pups (Figure 14). In the first half of the dark phase, they fed a lot, as well as non-
lactating mice (Figure 16, 17), in the late half of the dark phase, they spent a large time
in crouching (crouching-dominant time). Dams need a huge amount of energy to produce
milk. To meet these increased energy demands, it is thought that secretion of leptin is
decreased, as a result feeding time is increased [33, 56]. Because feeding behavior is
decreased soon after removal of pups, it is considered that the existence of pups is cue for
increasing feeding (Figure 24).

In the previous reports, when food is available ad libitum, feeding behavior in lactating
rats is more frequent at night, and maternal behavior is concentrated during the daytime
[28, 57]. Rats can be conducted under restricted feeding only during the daytime, then
maternal behavior is observed at night, and the relationship between feeding time and the

timing of maternal behavior is antiphase [57]. In mice, when we performed restricted
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feeding during the dark phase, cannibalism occurred, and we couldn’t carry out the
experiments. From these results, mice, especially the BALB/c strain, are thought not to
be able to engage in prolonged feeding behavior in the light or dark phase like rats; they
need to eat throughout the day. These differences can be explained the difference in the
amount of food that can be ingested at one time between rats and mice. The size of an
animal’s internal organs and metabolic rate are generally proportional to its body weight
[58, 59]. The weight of rats is 10 times that of mice, rats have stomachs that are about 10
times larger, and metabolic rates about 10 times higher than those of mice [60]. Since rats
can ingest throughout the night, and the contents of their stomachs serve as a reservoir of
nutritional needs during the resting period [61], they can adapt to increased food demand
during lactation by continuous nocturnal feeding. On the other hand, mice are not capable
of prolonged feeding behavior because their stomachs are smaller than rats. Therefore,
the BALB/c mice in this study took food intake during the first half of the night and
immediately gave the digested and absorbed nutrients to the pups during the second half
of the night.

Both maternal and feeding behaviors, which are prominent in lactating dams, are
motivated behaviors for their survival and their pups [48, 62-64]. Maternal behavior is
regulated by hormone such as prolactin and oxytocin [65-67] in brain regions such as the
medial preoptic area (MPOA) [48, 68], the anteroventral periventricular nucleus (AVPV)
[69], the paraventricular thalamus (PVT) [65], and the hypothalamic paraventricular
nucleus (PVH) [69]. The lateral hypothalamic area (LHA) and the arcuate nucleus (ARC)
are essential brain regions in feeding behavior [64, 70, 71]. These brain regions may be
controlled by the central clock in the SCN via direct or indirect neural contacts, and

control maternal and feeding behaviors in conjunction with the reward system [64, 72-
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76]. In other words, the circadian clock may regulate both of physiological and metabolic
phenomena, so that each of the multiple motivated behaviors, which cannot be occur
simultaneously, can be performed in the appropriate time frame.

The body temperature rises after delivery as a byproduct of increased metabolism
accompanied by an increase of food intake and milk production[35]. In this study, we
confirmed the body temperature of lactating mice is increased as well as in previous
reports (Figure 26). In addition, the diurnal rhythm of body temperature, which reaches
peak value at the beginning of the dark period and decreases largely from the end of the
dark period, is not changed compared to virgin mice, there is crouching-dominant time at
the timing of decreasing body temperature (Figure 27). In lactating rats, it is known that
they perform lactating behavior longer under conditions of good heat dissipation and not
too high body temperature, nursing behavior and body temperature are closely related.
Shaving the back hair of lactating rats increases nursing behavior, while cutting their tail,
which supports heat dissipation, reduces it. [31, 32]. Therefore, during the lactation period,
when the basal body temperature is higher than before delivery, the time when the body
temperature decreases is appropriate for continuous crouching behavior to be carried out
during the day. Comparing the onset of crouching-dominant time and the onset of
temperature drop, the onset of temperature drop preceded that of crouching-dominant
time (Figure 28, right). The temperature drop in the second half of the night can be seen
in virgin and pregnant mice as well, suggesting that the crouching-dominant time
appeared late at nighttime because the body temperature dropped preceding and rapidly
at that time, and not vice versa. Since rats have higher body temperatures during the night,
and the temperature drop begins at the onset of daytime and is sustained throughout the

daytime [77-79]. The difference in the time crouching frequently performed between rats
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and BALB/c mice may be reflected in the difference in body temperature rhythm.
Therefore, it is considered that the behavior of dams during the lactation period is
controlled by the circadian clock in accordance with the physiological state of dams. Then
what is the merit for pups of rhythmic maternal behavior? When both of wild-type and
Per-null dams raised their own Per-hetero pups, there is no difference in the increase of
pups’ body weight, suggesting that the presence or absence of rhythmicity of crouching
behavior wouldn’t affect the physical growth of pups (Figure 14). There is a report that
wild-type pups reared by Clock mutant mice increased anxiety behavior [80], to clarify

the influence on pups’ behavior is next challenge.

ii. Metabolic gene change of lactating mice

We observed metabolic changes such as feeding time and increase of body temperature.
Next, we also examined the changes over time of liver which is basis of metabolism. The
peripheral clock in liver is not only regulated by SCN but also feeding behavior [10], so
it is not surprising that clock gene expression rhythm of liver in lactating mice which
changes the pattern of feeding behavior. However, in the liver of lactating mice in DD,
the core clock genes, including Perl, Per2, and Bmall, exhibited the same expression
profiles as those of virgin suggesting that core clock machinery in the liver remained
unaffected (Figure 29). In contrast, the expression amplitudes of Per/ and Per2 were
slightly suppressed under LD. This result is consistent with Casey et al.’s report [81] that
the amplitude of the expression rhythm of Per2 and Cry! in the liver sampled 3 days after
delivery is diminished, and Greenwell et al.’s report [82] that Per2 also flattened slightly
when the mice were force-fed continuously under LD conditions. Therefore, continuous

feeding and the light—dark cycles of LD conditions may interfere with each other.
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Although there are some differences in liver clock oscillations between LD and DD, the
expression rhythm of core clock genes was not largely altered during lactating period.
The central clock in the SCN remained unaffected (see Figure 28). Additionally, the
evidence showing that the corticosterone secretory rhythm, an essential factor in
mediating the coupling between central and peripheral clocks, is maintained during
lactation [81], suggests that the oscillations of both the central and peripheral clocks, as
well as their coupling, are largely unchanged by behavioral modifications that occur
during lactation. Although the effects on core clock genes are small, the amplitude of Rev-
erb a, Dbp, and HIf, genes of the interlock accessory loop, became flattened (Figure 29).
These genes may be affected by physiological state or lactating behavior.

However, various genes of metabolic factors located downstream of the oscillating
machinery of the peripheral clock were significantly altered during lactation (Figure 30).
Nutrient metabolism, including nutrient distribution among organs (gastrointestinal tract,
liver, mammary gland, and adipose tissue), changed during lactation. Additionally,
hormone secretion, such as prolactin, growth hormone, and insulin also altered [83].
Interfering with these multiple signal transduction pathways downstream of the peripheral
clock oscillators may occur. One possible interference pathway is regulation via the D-
box. D-box-mediated regulation is involved in the acceleration of TTFL during circadian
clock oscillations [82]. There are three PAR-domain basic leucine zipper (PAR bZip)
proteins, D-site-binding protein (DBP), thyrotroph embryonic factor (TEF), and hepatic
leukemia factor (HLF), which are examples of D-box mediators [84, 85] . In this study,
these PAR bZip proteins, especially the expression level of HIf, were strongly suppressed
during the lactation period. Since PAR bZip proteins regulate the rhythmic expression

profiles of the nuclear receptor peroxisome proliferator-activated receptor a (PPARa) [85],
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the altered expression profiles of Ppar o in lactating mice may be a result of changed
expression of PAR bZip proteins.

PPAR « functions as a molecular sensor for endogenous fatty acids, and regulates the
transcription of genes involved in lipid uptake and catabolism [86, 87]. Recently, it has
also been reported that PPAR o plays a role in balancing glucose homeostasis [88]. In
non-lactating virgin mice, PPAR @ mRNA expression peaked just before the beginning
of feeding, but in lactating mice, PPAR « expression remained low throughout the day.
It is suggested that the rhythmicity of PPAR-regulated genes such as Gys2 and Cptla was
lost, reflecting these changes.

These changes in metabolism-related genes make sense considering the physiological
state of dams. In rats during lactation, an increase in the uptake of fatty acids by the
mammary gland [49], an elevated expression of glucose transporter in the mammary
gland [89], and a decrease in blood glucose level [90] have been reported. Dams perform
lactation day and night, they need to produce nutrients in the liver for breast milk
throughout the day.

Since dams use glucose for milk production without storage as glycogen, the
expression level of Gys2 may decrease. High expression levels of Fasn (Fatty acid
synthase) and Elovl6 (ELOVL fatty acid elongase 6) throughout the day may contribute
to the demand for long-chain fatty acids in breast milk. Long-chain fatty acids are
essential for the development of the brain and eyes of pups [91, 92]. Since these are
supplied from the liver [50], fatty acids must continue to be synthesized in the liver. Fatty
acids are needed for nutrients of breast milk, so -oxidation, a stage in the decomposition
of fatty acids, may be suppressed. Enzyme activity is regulated not only by transcription

level but also by translation and its metabolites. For example, the expression level of
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Cptla decreased, however, its activity is inhibited by Malonyl CoA [93]. It is needed to
analyze metabolites to reveal changes in enzyme activity at the protein level.

Therefore, gene expression rhythm in peripheral organs is changed according to
physiological state of lactating mice, clock gene oscillation in SCN was not affected
(Figure 28). It may not need to shift oscillation of SCN to adapt physiological state of the
individual [72]. The connections between the oscillations of the peripheral clock and the
various downstream factors are weak, and peripheral organs may be adapted depending
on the individual’s state flexibly. During lactation period, hormone secretion and its
receptors are thought to change. To clarify which signal pathway cause the downstream

factors to dissociate from their control by the peripheral clock is a future challenge.

iii. Conclusion

In this study, clock genes expression rhythm of the central clock in the SCN was
maintained, suggesting that the central clock is not affected by physiological state or
behavioral alteration. Under physiological conditions in which multiple behavioral
demands are altered, this strong oscillatory signal of the SCN may act neuronally or
endocrinologically in various brain regions and contribute to rhythmic behavioral
expression in a suitable time frame. Therefore, observation of behaviors during lactation
is an interesting research subject that is ideal for investigating the mechanisms that allow
multiple behaviors to be compatible under natural physiological conditions. Although we
use primiparous female mice in this research, further research using multiparous mice
will reveal the plasticity of change in physiological state accompanied by parturition and

maternal behavior.
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