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Editorial on the Research Topic

Development of Circadian Clock Functions

The temporal organization of physiological functions such as sleep/wakefulness or body
temperature are regulated by the circadian clock. This intrinsic clock starts ticking in the embryo,
matures during development, and is attenuated in the elderly. This is illustrated by weakening
synchrony, entrainment, and outputs of cellular circadian rhythms in the central circadian clock,
located in the suprachiasmatic nucleus (SCN) of the hypothalamus. The age-related diminution
can contribute to susceptibility to diseases, such as sleep disorders, infertility, diabetes, and mental
disorders. Over the course of our lives, a variety of internal and external factors come into play,
under the influence of the circadian clock. The inherent developmental plasticity of the circadian
system, the focus of the present issue, is critical for the establishment of normal bodily functions
and their adaptation to the changing environment on earth.

At the single-cell level, the circadian clock is a transcriptional-transcriptional feedback loop
(TTFL) that underlies the 24-h rhythmicity in gene expression, which is maintained even under
challenges on some of the feedback components of the loop (Chiou et al. in this collection).
Chiou et al. created sextuple knockout (Cry1/2−/−; Per1/2−/−; Nr1d1/2−/−) cell lines using the
CRISPR/Cas9 system and found that serum-shock inhibited CLOCK-BMAL1 in the absence
of CRY, PER, and NR1D proteins. The finding lets us speculate on the TTFL during early
development, where the stoichiometry of clock components is different from adults (Li and
Davis, 2005). During development, the molecular components required for the emergence of the
molecular circadian clock are produced de novo in embryonic stem cells (Yagita et al., 2010),
causing time-delayed ontogenesis of tissue-level circadian clocks (Sládek et al., 2007) including
the networks of the central circadian clock in the SCN (Cheng and Cheng in this collection).
The network-level development confers both robustness and coding complexity to circadian
clocks. Coupling among circadian clocks not only synchronizes component cellular oscillators
but also provides robustness against genetic perturbations (Liu et al., 2007). The characteristics
of the coupled cells [such as the peptidergic expression profile (Romero and Silver, 1990)]
and the nature of coupling itself, changes through development, and can allow for unexpected
circadian oscillations in the perinatal network (Ono et al., 2013; Tokuda et al., 2015). Such early
developmental processesmay be comparable to excessive positive coupling and subsequent pruning
found in other brain regions. In the SCN, network fine-tuning occurs developmentally from single-
polarity to dual-polarity coupling to facilitate the complex encoding of seasonal time in the system
(Obrietan and Van den Pol, 1995; Myung et al., 2015).
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FIGURE 1 | Development of cellular and network circadian clocks characterized by clock synchronization and complexity. Single-cell molecular clocks and their

inter-cellular network evolve together through the course of development, which results in divergent parallel development of synchronization (red) and complexity

(blue). The circadian clock emerges in single cells after embryonic stem cell (ESC) stage and connections are made in single positive polarity (round ending) in the

perinatal stage pushed by homogeneously excitatory GABA and high expression of GR, resulting in strong synchronization among the clock cells. Diversity in

neuropeptidergic expression and mixture of excitatory and inhibitory GABA (T-shaped ending) develop toward maturation, which slightly lowers the degree of

synchronization but allows for complexity by a wider distribution of clock phases as found during seasonal time encoding. The schematics in the upper panel illustrate

oscillatory properties of single cells and network coupling for each developmental stage, with thicker connection line indicating stronger coupling.

The unique conditions in early development have clinical
implications for preterm infant development in the neonatal
intensive care unit (NICU) (Hazelhoff et al. in this collection).
Light as the primary zeitgeber can impact perinatal development,
and impairment in light entrainment has been implicated in
an autism model mouse (Alamilla et al. in this collection).
In this study, the authors found that Shank3+/− mice (an
animal model linked to autism, with a deletion in the
ankyrin repeat domain) showed larger light pulse-induced
phase shifts and increased VIP immunoreactivity in SCN
neurons. One convincing explanation for preterm mortality
in the NICU comes from the absence of the placenta-fetus
platform where rich circadian endocrine exchanges occur
(Astiz and Oster in this collection). As a demonstration
of this principle, LuŽná et al. (in this collection) reported
direct alterations to the molecular clock of the fetal SCN
after maternal chrono-disruption. The LuŽná et al. study and
that of Caba et al. (in this collection) hint at the role of
feeding entrainment in early development. At the other end
of the developmental spectrum, aging is associated with a
decline in circadian timekeeping (Nakamura et al., 2011). This
can be caused in part by age-related changes in single cell
properties of the SCN (Ashimori et al.; Rezwana et al., both
in this collection). Relevant to this point, circadian feeding
entrainment appears to play a role in normalizing physiological
outputs despite an aging circadian clock (Aoyama et al., in
this collection).

The systematic changes in circadian clocks across the lifetime
may be summarized by a schematic, which tracks the co-
evolution of the single-cell molecular clock and the network
(Figure 1). Intracellular events such as the TTFL and the brain
network develop with different timing. The TTFL develops
during the embryonic stage, but the network matures after
birth. Although the transcriptional circuits of the circadian
clock in individual cells are initially incomplete, they oscillate
and synchronize through intercellular coupling in the perinatal
phase. The high degree of synchronization in this stage is
supported by the rhythmic availability of glucocorticoids, an
exceptionally strong circadian clock resetting hormone. This
signal is communicated embryonically via the placenta and
postnatally via maternal milk, combined with a high expression
of glucocorticoid receptors in these stages (Astiz and Oster).
Each clock cell is a weak oscillator at these developmental time
points, so they can be influenced by non-photic cues such as
those derived from feeding. At maturation, the coupled circadian
clock network is organized into a heterogeneous system through
a diverse expression of peptides (Varadarajan et al., 2018). The
robustness of the both cellular and network of clocks declines
toward the end of life, and the clocks may again become more
susceptible to feeding entrainment.

In summary, the work in this issue highlights the finding
that the gradual modifications that occur in cells and networks
among cells shape internal circadian homeostasis and hence
the temporal boundaries of events in the brain and the rest
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of the body. Developmental changes throughout the life span
direct the emergence and organization of circadian clocks,
the clocks themselves have profound effects on development
throughout life.
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A Sextuple Knockout Cell Line
System to Study the Differential
Roles of CRY, PER, and NR1D in the
Transcription-Translation Feedback
Loop of the Circadian Clock
Yi-Ying Chiou1* , Tzu-Ying Li1, Yanyan Yang2 and Aziz Sancar2

1 Graduate Institute of Biochemistry, National Chung Hsing University, Taichung City, Taiwan, 2 Department of Biochemistry
and Biophysics, University of North Carolina School of Medicine, Chapel Hill, NC, United States

The transcription-translation feedback loop (TTFL) is the core mechanism of
the circadian rhythm. In mammalian cells, CLOCK-BMAL1 proteins activate the
downstream genes by binding on the E-box sequence of the clock-controlled
genes. Among these gene products, CRY1, CRY2, PER1, PER2, NR1D1, and
NR1D2 can regulate the CLOCK-BMAL1-mediated transcription to form the feedback
loop. However, the detailed mechanism of the TTFL is unclear because of the
complicated inter-regulation of these proteins. Here, we generated a cell line lacking
CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 (Cry/Per/Nr1d_KO) to study TTFL.
We compared the Dbp transcription after serum-shock and dexamethasone-shock
between Cry/Per/Nr1d_KO cells and cells expressing endogenous CRY (Per/Nr1d_KO)
or NR1D (Cry/Per_KO). Furthermore, we found that CRY1-mediated repression of Dbp
could persist more than 24 h in the absence of other proteins in the negative limb of
the TTFL. Our Cry/Per/Nr1d_KO cells is a suitable system for the studying of differential
roles of CRY, PER, and NR1D in the TTFL.

Keywords: circadian clock, TTFL, Cryptochrome, knockout, serum shock

INTRODUCTION

Circadian rhythm is a crucial mechanism that provides a way to adapt to daily environmental
changes. Many physiological functions show rhythmic oscillation with the period around 24
h (Bass, 2012; Gumz, 2016). Transcription-translation feedback loop (TTFL) is the core clock
required to maintain the circadian rhythm (Reppert and Weaver, 2002; Levi and Schibler, 2007;
Hardin and Panda, 2013; Partch et al., 2014). In the mammalian model of TTFL, Circadian
Locomotor Output Cycles Kaput protein (CLOCK) and Brain and Muscle ARNT-Like 1 protein
(BMAL1) form a heterodimer (CLOCK-BMAL1). CLOCK-BMAL1 binds to the E-box sequence
in the promoters of clock-controlled genes and activates their transcription. Among these gene
products, Cryptochromes (CRY1/CRY2), Periods (PER1, PER2), and Nuclear Receptor Superfamily
1 Group D (NR1D1/NR1D2) could negatively regulate the activity of CLOCK-BMAL1. CRY
binds to CLOCK-BMAL1 on DNA to induce CLOCK-BMAL1-mediated transcriptional repression
(Ye et al., 2011, 2014). PER removes CLOCK-BMAL1 from DNA in a CRY-dependent manner to
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erase the effect of CLOCK-BMAL1 (Ye et al., 2014; Chiou et al.,
2016). NR1D binds to the retinoic acid response element (RRE) of
the Bmal1 and Cry1 gene to repress their transcription and thus
to decrease the CLOCK-BMAL1 and CRY1 levels (Preitner et al.,
2002; Ueda et al., 2005).

Studying the biochemical mechanisms of TTFL at the
organismal level is challenging. Genetic disruption of these
core clock genes may have other developmental problems
other than the circadian-related phenotypes. For example,
Bmal1 knockout mice show growth retardation, aging, and
infertility phenotype (Kondratov et al., 2006). Knockout Nr1d1
also causes postnatal lethality or infertility in C57BL/6 mice
(Cho et al., 2012). In another way, too many factors from
physiological communications between organs contribute to
the rhythmic expression of behavior in mice complicating the
data interpretations for mechanism studies. For example, the
circadian clock of peripheral tissue could be affected by the
neural system and the hormone, which are dynamic and highly
regulated (Mohawk et al., 2012). In vitro experiments using
purified proteins have provided information about the protein-
protein interaction (Ye et al., 2011; Xu et al., 2015), DNA
binding (Ye et al., 2011), and structures (Huang et al., 2012;
Czarna et al., 2013) of the proteins involved in TTFL. However,
observations from in vitro experiments could not directly link
to the transcriptional readouts. Cell lines have been used for the
study TTFL because the rhythmic expression of circadian genes
could be detected after synchronization (Balsalobre et al., 1998,
2000a). Mouse embryonic fibroblast (MEF) cells from the mice
lacking specific TTFL components are suitable tools to study
TTFL of the circadian clock. For example, the difference between
CRY1 and CRY2 in the maintenance of TTFL has been elucidated
using cells from cry1−/− cry2−/− double knockout mice (Khan
et al., 2012). However, the puzzle from the crosstalk between
these core clock proteins still could not be excluded. In the case
of CRY, changed expression of CLOCK-BMAL1-regulated genes
could be interpreted as the change of CRY activity, PER activity,
or CLOCK-BMAL1 quantity (through NR1D).

Genome editing approaches provide new strategies to study
TTFL of the circadian clock. Cellular studies of TTFL could be
performed in the cell lines lacking multiple core clock proteins.
Using the MEF cell line lacking CRY and PER (Cry/Per_KO),
distinct mechanisms between CRY-mediated CLOCK-BMAL1
inhibition and PER-mediated CLOCK-BMAL1 regulation have
been demonstrated (Ye et al., 2014). In another research, the MEF
cell line lacking PER and NR1D (Per/Nr1d_KO) was established
to study PER-mediated transcriptional activation of CLOCK-
BMAL1 regulated genes without the change of CLOCK-BMAL1
level due to the inhibition of Nr1d1 and Nr1d2 by PER (Chiou
et al., 2016). These successful cases prompt us to make a cell line
model lacking CRY, PER, and NR1D to study TTFL. This cell line
would be useful in the study of CLOCK-BMAL1 activity and the
study of individual clock proteins in the negative limb of TTFL in
a simplified system.

Here, we established a MEF cell line lacking endogenous
CRY1, CRY2, NR1D1, NR1D2, PER1, and PER2 proteins
(Cry/Per/Nr1d_KO). We performed the RNA-sequencing of
Cry/Per/Nr1d_KO cells with Cry/Per_KO and Per/Nr1d_KO

cells to compare the effects of endogenous NR1D and CRY on
the transcriptome. We also analyzed the transcription of two
representative CLOCK-BMAL1-regulated genes, Dbp, and Ciart,
after serum or dexamethasone treatment of Cry/Per/Nr1d_KO,
Cry/Per_KO, and Per/Nr1d_KO. The data suggested different
mechanisms of serum and dexamethasone on the regulation
of TTFL. Furthermore, using tamoxifen-controlled CRY1
nuclear localization in Cry/Per/Nr1d_KO cells, we found
that CRY-mediated transcriptional repression of Dbp is PER-
independent. However, PER is required for the reactivation of
Dbp transcription.

MATERIALS AND METHODS

Generation of Mouse Embryonic
Fibroblast Cell Line Lacking CRY1,
CRY2, PER1, PER2, NR1D1, NR1D2
(Cry/Per/Nr1d_KO)
The Cry1/2−/−; Per1/2−/−; Nr1d1/2−/− (Cry/Per/Nr1d_KO)
MEF was made by CRISPR technology using LentiCRISPRv2
(Sanjana et al., 2014) obtained from Addgene (#52961) to mutate
the Nr1d1/2 alleles in Cry1/2−/−; Per1/2−/− (Cry/Per_KO) MEF
(Ye et al., 2014). The guide RNA sequences for Nr1d1 and Nr1d2
were identical to the sequence making Per1/2−/−; Nr1d1/2−/−

(Per/Nr1d_KO) MEF (Chiou et al., 2016). Lentivirus for targeting
Nr1d1 and Nr1d2 were packaged in HEK293T cells separately
and then were mixed for the infection of Cry/Per_KO cells.
After puromycin selection, individual colonies were isolated, and
the expression of NR1D1 and NR1D2 proteins were analyzed
by Western blot. The genomic DNA around the targeting sites
were PCR-amplified (primer information was provided in the
Supplementary Table) and cloned into a plasmid for sequencing.
After successfully isolating the Cry/Per/Nr1d_KO cells, cells were
maintained in the DMEM medium supplement with 10% fetal
bovine serum (FBS) without puromycin.

RNA-Sequencing Analysis of
Cry/Per/Nr1d_KO, Per/Nr1d_KO, and
Cry/Per_KO Cells
Cells were grown in the DMEM medium supplemented with
10% fetal bovine serum at 37

◦

C and 5% CO2. Total RNA was
prepared when the cells were around 80% confluent using Trizol
RNA reagent (Thermo Fisher Scientific) and the PureLink RNA
Mini Kit (Thermo Fisher Scientific). In brief, Trizol RNA reagents
were added to the cells after medium removal to lyse the cells.
After phase separation steps, the fraction containing RNA was
applied to the column provided in the RNA Mini Kit to purify
the total RNA according to the manual of the kit. Libraries
were generated using TruSeq stranded RNA preparation kit
(Illumina) and sequenced using Illumina HiSeq 2000 (single-end,
50 bp) in the High Throughput Genomic Sequencing Facility at
UNC_Chapel Hill. Two independent RNA preparations for each
cell line were sequenced.

Sequences were mapped to the mouse genome (mm10) using
RNA STAR (Galaxy 2.6.0b-1). The numbers of mapped reads
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of each gene were counts using FeatureCounts (Galaxy 1.6.0.6).
Data from FeatureCounts were further analyzed using Deseq2
(1.22.2) in the R program. Log2FoldChange (LFC) comparing to
the CRY/PER/NR1D_KO cells was used for further analysis. The
correlation analysis was performed using the “cor.test” function
in the R program with the parameter “method = ‘Pearson’.”
For visualization of the sequencing results, mapped reads were
separated into two strands using Filter SAM or BAM, output
SAM or BAM (Galaxy 1.8), converted to the bedgraph files
using the Genome Coverage (Galaxy 2.27.0.0), and to the bigwig
files using the Wig/BedGraph-to-bigWig (Galaxy 1.1.1). The raw
sequencing data and the processed data were uploaded to the
Gene Expression Omnibus (GSE157946).

Dbp Expression Analysis of Serum- or
Dexamethasone-Synchronized Cells
For serum synchronization, cells were seeded into 60 mm dishes
the day before the experiment. Serum shock was performed by
replacing the medium with the DMEM medium with 50% horse
serum. After 2 h, the high serum medium was replaced with
the DMEM medium with 10% FBS. Cells were collected every 2
h using TriReagent (Zymo Research) and were kept at −80◦C.
For dexamethasone treatment, cells were treated with 100 nM
dexamethasone for 2 h. Then, the medium was changed to the
DMEM medium with 10% FBS, and the cells were collected as
serum shock experiments.

Total RNA was purified using the DirectZol RNA Miniprep kit
(Zymo Research) following the manual. RNA concentration was
determined by Qubit RNA HS kit (Thermo Fisher Scientific). The
same amount of RNA was reverse-transcribed into cDNA using
PrimeScript RT Reagent kit (Takara Bio). Real-time PCR analysis
was performed using iQ SYBR Green Supermix and CFX96 Real-
Time PCR Detection System (Biorad). The relative level of RNA
to the untreated sample was calculated using the 2∧(−11Cq)
method using primary Gapdh RNA as the internal control. The
primer sequences were provided in Supplementary Table.

Dbp Expression Analysis of in
Cry/Per/Nr1d_KO Cells Expressing
CRY1-ER
The DNA fragment of the ligand-binding domain of the estrogen
receptor (ER) was PCR-amplified from the pWZL-blast-PER2-
ER (Ye et al., 2014). This fragment was inserted to the 3′-
end of mouse Cry1 cDNA in a vector by restriction enzyme
digestion and ligation. The CRY1-ER was PCR-amplified and was
subcloned into the pWZL-blast by restriction enzyme digestion
and ligation to make pWZL-blast-CRY1-ER. Cry/Per/Nr1d_KO
cells were infected by the retrovirus carrying CRY1-ER fragment.
After blasticidin selection (5 µg/ml), individual colonies were
isolated, and the expression of CRY1-ER protein was checked
by Western blot.

The Cry/Per/Nr1d_KO-CRY1-ER cells were maintained in
the DMEM medium containing 10% FBS and 2.5 µg/ml
blasticidin. The cells were seeded in the DMEM medium without
blasticidin when performing experiments. The addition of 4-
hydroxytamoxyfen (4-OHT) into the medium to 10 nM was

used to induce CRY1-ER nuclear entry. RNAs were prepared at
different time courses after 4-OHT treatment and were analyzed
as mentioned above.

Nuclear Fractionation and Western Blot
Antibody for detecting mouse CRY1 was provided by the
laboratory of Aziz Sancar and was described previously (Ye et al.,
2011). Antibodies for detection CLOCK (Bethyl Laboratories),
BMAL1 (Bethyl Laboratories), CRY2 (Bethyl Laboratories),
NR1D1 (Cell Signaling Technology), and NR1D2 (Santa Cruz
Biotechnology) were from commercial sources.

For nuclear fractionation, cells were detached from the plate
by trypsinization. After PBS wash, cells were lysed with hypotonic
buffer (10 mM HEPES pH7.9, 1.5 mM MgCl2, 10 mM KCl,
0.3% Igepal-CA630). After centrifugation (400 g for 5 min), the
supernatants were collected as cytosol fractions. The nuclear
pellets were washed with hypotonic buffer and were lysed with
NUN buffer (20 mM HEPES pH7.4, 300 mM NaCl, 1 M urea,
and 10% glycerol). After centrifugation (15,000 g for 15 min), the
supernatants were collected as the enriched nuclear fractions.

The protein concentrations of lysates were estimated by the
QuantiChromTM Total Protein Assay Kit (BioAssay System).
Equal amounts of total proteins were applied to the Western
blot experiments.

The Western blot results were quantified by the Image Lab
software (Bio-Rad Laboratories). For estimating the relative levels
of CRY1-CLOCK-BMAL1 in the nucleus, CRY1 levels in the
nuclear fractions were first normalized to the BMAL1 levels and
then compared to the group without 4-OHT treatment.

RESULTS

Generation of Mouse Embryonic
Fibroblast Cell Line Lacking CRY1,
CRY2, PER1, PER2, NR1D1, and NR1D2
(CPN_KO Cells)
To study the mechanism of TTFL without complicated
interference between CRY, PER, and NR1D proteins, we
attempted to generate a cell line lacking CRY1, CRY2, PER1,
PER2, NR1D1, and NR1D2 (Cry/Per/Nr1d_KO). This cell line
would be an advanced “in cellulo” biochemical system to study
the function of proteins in the TTFL. We selected the MEF cell
line lacking CRY1, CRY2, PER1, and PER2 (Cry/Per_KO) (Ye
et al., 2014) as the parental cells. The Nr1d1 and Nr1d2 genes of
the parental cells were mutated using the CRISPR/Cas9 system.
Lentivirus expressing Cas9 protein and the guide RNA sequences
targeting Nr1d1 and Nr1d2 was prepared as the previously
published method for the generation of MEF cells lacking PER1,
PER2, NR1D1, and NR1D2 (Per/Nr1d_KO) (Chiou et al., 2016).
Figure 1A showed the relations of Cry/Per_KO, Per/Nr1d_KO,
and Cry/Per/Nr1d_KO cells. We successfully isolated one clone
lacking detectable NR1D1 and NR1D2 proteins from 12 clones
in the first screening. We further compared the protein levels
of CRY1, CRY2, NR1D1, NR1D2, CLOCK, and BMAL1 in the
Cry/Per/Nr1d_KO cells with Cry/Per_KO and Per/Nr1d_KO
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FIGURE 1 | Characterization of Cry/Per/Nr1d_KO cells. (A) The relations of
Cry/Per_KO, Cry/Per/Nr1d_KO, and Per/Nr1d_KO cells were shown. (B)
Western blot analysis of CLOCK, BMAL1, NR1D1, NR1D2, CRY1, and CRY2
protein in these three cell lines were shown. The GAPDH was detected as the
loading control. (C) The wild-type (WT) sequences (mouse genome: mm10) of
Nr1d1 and Nr1d2 around the CRISPR/Cas9 targeting sites and the genome
sequences from Cry/Per/Nr1d_KO cells were aligned. The guide RNA
targeting sequences were underlined. The mutated sequences in
Cry/Per/Nr1d_KO cells were shaded.

cells (Figure 1B). Comparing to Cry/Per_KO cells, NR1D1 and
NR1D2 proteins in Cry/Per/Nr1d_KO cells were undetectable
as published Per/Nr1d_KO cells. Associated with the lack of
NR1D proteins, CLOCK and BMAL1 proteins were higher in the
Cry/Per/Nr1d_KO cells. Transcription of Bmal1 was repressed by
NR1D proteins (Preitner et al., 2002), and thus, more BMAL1
proteins in Cry/Per/Nr1d_KO cells than in Cry/Per_KO cells
was due to the increase of Bmal1 transcription in the absence
of NR1D proteins. Cry/Per/Nr1d_KO cells did not express CRY1
and CRY2 proteins as the parental Cry/Per_KO cells. It has been
shown that BMAL1 protein was hyperphosphorylated in Cry-
deficient cells (Tamaru et al., 2003). We also observed more
hyperphosphorylated BMAL1 in the Cry/Per/Nr1d_KO and the
Cry/Per_KO cells than in the Per/Nr1d_KO cells expressing
endogenous CRY1 and CRY2 proteins.

We also analyzed the genomic DNA sequences around the
CRISPR/Cas9-targeting sites of Nr1d1 and Nr1d2 genes of the
Cry/Per/Nr1d_KO cells. We got two types of Nr1d1 sequences

from Cry/Per/Nr1d_KO cells with 4 bp deletion and 1 bp
insertion comparing to the wild type. For Nr1d2 genes, we
also got two types of sequences with 1 bp insertion and 7 bp
deletion (Figure 1C). These data suggested that both alleles
of Nr1d1 and Nr1d2 genes were frameshift-mutated in the
Cry/Per/Nr1d_KO cells.

Transcriptome Analysis of Cry/Per_KO,
Per/Nr1d_KO, and Cry/Per/Nr1d_KO
Cells
In the TTFL model, CRY could inhibit CLOCK-BMAL1
through direct interaction on DNA, and NR1D could inhibit
CLOCK-BMAL1 by decreasing the Bmal1 level. In another
way, CRY could increase the BMAL1 level through inhibiting
Nr1d transcription, and NR1D could activate CLOCK-BMAL1
through decreasing CRY level. However, the rhythmic Bmal1
transcription is dispensable for the intracellular circadian rhythm
(Liu et al., 2008; Xu et al., 2015). To distinguish the effect of
BMAL1 level change by NR1D and the effect of BMAL1 activity
by CRY on the transcriptome, we analyzed the transcriptomes
of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO cells by
RNA-sequencing (RNA-seq). The difference of transcriptome
between Cry/Per/Nr1d_KO and Cry/Per_KO cells could be
explained by the expression of endogenous NR1D1 and NR1D2
proteins regardless of the expression of CRY and PER protein.
Also, CRY-mediated regulation could be analyzed by comparing
the transcriptome of Per/Nr1d_KO and Cry/Per/Nr1d_KO cells.

The association between RNA-seq data from two independent
experiments of each cell line was analyzed by the principal
component analysis (Figure 2A). We filtered out the genes with
lower expression levels (baseMean < 100) according to the
distributions of baseMean of all genes (Figure 2B), and compared
the expression 11,912 genes in these three cell lines. The criteria
we used for selecting the changed genes were described as
follows: (1) the level of change was more than 75% [the absolute
value of log2FoldChange > log2(1.75)], and (2) the adjusted
p-value was less than 1e-22. Comparing with Cry/Per/Nr1d_KO
cells, 1,090 genes expressed differently in Cry/Per_KO cells,
and 2,527 genes expressed differently in Per/Nr1d_KO cells
(Figure 2C). From RNA-seq data, we selected circadian genes,
including Clock, Arntl (Bmal1), Cry1, Cry2, Per1, Per2, Per3,
Nr1d1, Nr1d2, Dbp, Hlf, Tef, Bhlh40, Bhlh41, and Ciart to
compare the effect of CRY and NR1D on CLOCK-BMAL1 and
its target genes (Figure 2D). Comparing to Cry/Per/Nr1d_KO
cells, Per/Nr1d_KO cells (with CRY1 and CRY2 proteins)
showed decreased RNA levels of Cry1, Cry2, Per1, Per2, Per3,
Nr1d1, Nr1d2, Dbp, Hlf, Tef, Bhlh40, and Bhlh41. These genes
were known CLOCK-BMAL1-regulated genes, and thus the
data suggested that CRY proteins repressed CLOCK-BMAL1-
mediated transcription in the absence of PER and NR1D proteins.
In Per/Nr1d_KO cells, Clock mRNA was slightly lower than, and
Arntl mRNA was similar to the level in Cry/Per/Nr1d_KO cells.
These data indicated that CRY could not affect Clock and Bmal1
mRNA levels in the absence of NR1D proteins. In Cry/Per_KO
cells (with NR1D1 and NR1D2 proteins), Arntl and Cry1 mRNAs
were lower than those in the Cry/Per/Nr1d_KO cells as expected,
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FIGURE 2 | RNA-Seq Analysis of Cry/Per_KO, Per/Nr1d_KO, and Cry/Per/Nr1d_KO Cells. (A) The principal component analysis was performed using Deseq2, and
the data were shown and was plotted using R software. (B) The histogram showed the distribution of baseMean calculated by Deseq2. The dashed line indicated
the position that baseMean was equal to 100. (C) Volcano blots of Cry/Per_KO cells vs. Cry/Per/Nr1d_KO cells and Per/Nr1d_KO cells vs. Cry/Per/Nr1d_KO cells
were shown. Genes with significant differences were colored in red. (D) The read counts of different genes calculated by Deseq2 were extracted and were

(Continued)
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FIGURE 2 | Continued
plotted. Each spot represented the value of each experiment. (E) The figure was the screenshot of RNA-seq data visualized by the IGV genome browser. RNA-seq
datamapped to different strands of the genome were displayed in different colors, and then were overlayed to display. For better visualization quality, sample names,
gene names, and the locations of the genome were added manually.

because known RRE element was identified on these two genes.
However, the influences of NR1D proteins to other CLOCK-
BMAL1-regulated genes were gene-specific. The mRNA levels
of Nr1d1, Nr1d2, Per1, and Per3 in Cry/Per_KO cells were
lower than Cry/Per/Nr1d_KO cells as the levels in Per/Nr1d_KO
cells. However, the mRNA levels of Per2, Bhlh40, and Dbp in
Cry/Per_KO cells were lower than Cry/Per/Nr1d_KO but were
higher than Per/Nr1d_KO cells. Furthermore, the mRNA levels
of Cry2, Hlf, and Tef in Cry/Per_KO cells were similar to the
levels in Cry/Per/Nr1d_KO cells. RNA-seq data visualized by
genome browser also presented the different expression levels
of Arntl genes between Cry/Per/Nr1d_KO and Cry/Per_KO
cells, but not between Cry/Per/Nr1d_KO_and Per/Nr1d_KO
cells (Figure 2E).

To compare genes affected by the loss of CRY proteins
(Per/Nr1d_KO v.s. Cry/Per/Nr1d_KO) or NR1D proteins
(Cry/Per_KO v.s. Cry/Per/Nr1d_KO), we focused on the 2,918
genes that expressing differently between Cry/Per_KO and
Cry/Per/Nr1d_KO (n = 1,090) or between Per/Nr1d_KO and
Cry/Per/Nr1d_KO (n = 2,527) cells. Among these genes, 628
genes were affected by both CRY and NR1D in the same
trend (higher or lower in both Cry/Per_KO and Per/Nr1d_KO
comparing to Cry/Per/Nr1d_KO cells). This number was 57.6%
of the number of NR1D affected genes and 24.1% of the number
of CRY affected genes). The number of genes contrarily affected
by CRY and NR1D was 71 (6.5% of NR1D affected genes, 2.8%
of CRY affected genes). Others were uniquely affected by NR1D
or CRY (35.9% of NR1D affected genes, 73.1% of CRY affected
genes) (Figure 3A). We did a random sampling test (n = 100)
to check whether these numbers were closed to random events.
We randomly selected 1,195 (low group) and 1,332 (high group)
genes as the number of genes expressing lower or higher in
Per/Nr1d_KO cells and selected 444 (low group) and 646 (high
group) genes as the number of genes expressing lower or higher in
Cry/Per_KO cells. The mean values of the number of overlapping
genes in the same group and the opposite group were 477 and
466. These data suggested that the overlapping of CRY and NR1D
affected genes was not just a random event.

Because both NR1D and CRY could affect CLOCK-BMAL1-
regulated genes, we selected putative CLOCK-BMAL1-regulated
genes based on previously published BMAL1-chromatin
immunoprecipitation sequencing data from the same
Per/Nr1d_KO background (Chiou et al., 2016). Total 626
CLOCK-BMAL1-regulated genes expressing differently between
Cry/Per_KO and Cry/Per/Nr1d_KO (n = 251, 40.1%) or between
Per/Nr1d_KO and Cry/Per/Nr1d_KO (n = 536, 85.6%) cells.
Among these genes, 157 genes were affected by both CRY and
NR1D knockout in the same trend (62.5% of NR1D affected
CLOCK-BMAL1-regulated genes, 29.3% of CRY affected
CLOCK-BMAL1regulated genes). This number was higher
than the mean value (120) from the random sampling test.

Only four genes (the mean value from random sampling test
was 92) were oppositely affected by CRY and NR1D (1.6% of
NR1D affected CLOCK-BMAL1-regulated genes, 0.7% of CRY
affected CLOCK-BMAL1-regulated genes). The numbers of
CLOCK-BMAL1-regulated genes uniquely affected by NR1D
or CRY were 90 (35.8% of NR1D-regulated) and 375 (59.9% of
CRY-regulated) (Figure 3B).

We further analyzed the correlation of the CRY or NR1D-
affected genes (Figure 3C). The expression of these genes showed
a positive correlation (Pearson’s correlation coefficient = 0.5108,
p-value < 2.2e-16) between Cry/Per_KO and Per/Nr1d_KO cells.
The correlation was increased when putative BMAL1-regulated
genes were selected (Pearson’s correlation coefficient = 0.6426,
p-value < 2.2e-16). Reversely, the correlation was decreased
when putative BMAL1-regulated genes were excluded (Pearson’s
correlation coefficient = 0.4940, p-value < 2.2e-16). Our RNA-seq
data suggested that CRY and NR1D could regulate CLOCK-
BMAL1-regulated genes independently. In another way, many
genes might be regulated by CRY or NR1D in a CLOCK-BMAL1-
independent manner.

Responses of Dbp and Ciart
Transcription in Cry/Per_KO,
Per/Nr1d_KO, and Cry/Per/Nr1d_KO
Cells After Serum Shock and
Dexamethasone Shock
Synchronization of cells by serum shock or dexamethasone
has been used for the study of the circadian clock in the
cellular model (Balsalobre et al., 1998, 2000a). However, how
these treatments affected core TTFL was unclear. We have
three cell lines expressing different proteins in the TTFL
from the same source. Thus, we analyzed the activity of
CLOCK-BMAL1 in these three different cell lines after serum
shock or dexamethasone shock to find out which protein in
the TTFL responded to the synchronization signals. Neither
Per/Nr1d_KO, Cry/Per_KO, nor Cry/Per/Nr1d_KO cells could
generate a stable oscillation of clock-controlled genes after
synchronization because of the loss of complete TTFL. We
focused on a shorter time course (<8 h) after the release of
synchronization to analyze the direct effects of treatment on
TTFL. We analyzed the primary transcript levels of two CLOCK-
BMAL1 target genes, Dbp and Ciart, by RT-qPCR to represent
the transcription of these genes. The primary transcript of Gapdh
was selected as the internal control for possible global effect on
global transcription.

Transcription of Ciart and Dbp were lower in the
Per/Nr1d_KO cells expressing endogenous CRY proteins than
the other two cells without treatment. However, the expression
of NR1D proteins in Cry/Per_KO cells did not affect the
transcription of Ciart and Dbp comparing to Cry/Per/Nr1d_KO
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FIGURE 3 | Correlation analysis of NR1D and CRY affected genes. (A) Genes expressing differently to Cry/Per/Nr1d_KO cells were subgrouped based on their
changes in Per/Nr1d_KO cells and Cry/Per_KO cells. The numbers indicated the numbers of genes in each group. The numbers in the parentheses were the mean
values from random sampling for 100 times. Genes within the list of putative CLOCK-BMAL1-regulated genes were selected and were shown in (B). (C) The
expressional changes of individual genes in Per/Nr1d_KO (y-axis) and Cry/Per_KO (x-axis) cells were plotted. The correlation was analyzed using the linear
regression model (“lm”). The R-squared values and the regression lines were shown in the figures. Data from total selected genes were plotted in the left panel or
were subgrouped into BMAL1-regulated (the middle panel) or not BMAL1-regulated (the right panel).

cells (Figure 4A). In Cry/Per/Nr1d_KO cells, serum shock
decreased the primary mRNA of Dbp and then gradually
recovered. The primary RNA levels of Ciart gradually decreased
after serum shock. These suggested that serum shock inhibited
the activity of CLOCK-BMAL1 in the absence of CRY, PER, or
NR1D proteins (Figure 4B, middle). In the presence of NR1D
proteins (Cry/Per_KO cells), serum shock did not inhibit the
transcription of Dbp or Ciart. Instead, transcription of these
genes was induced by serum shock with a time delay (Figure 4B,
left). In Per/Nr1d_KO cells, we did not observe apparent effects
on the transcription of these two genes after serum shock
(Figure 4B, right). Based on these data, we proposed that
serum shock directly inhibits the activity of CLCOK-BMAL1 to
decrease the transcription of target genes. For cells with high
NR1D levels, decreased NR1D by decreasing CLOCK-BMAL1

activity induced the transcription of Bmal1. Increased CLOCK-
BMAL1 compensated the decreased activity and caused the
increase of Dbp and Ciart transcription at later time points. For
cells with high CRY levels, the transcriptions of Dbp and Ciart
were maintained at the lower levels (Figure 4A). Thus, serum
shock did not cause apparent effects on Per/Nr1d_KO cells.

Horse serum contains many substances, including
glucocorticoids. Dexamethasone is an agonist of glucocorticoids
to activate the glucocorticoid receptor. Thus, we wanted to
compare the response of dexamethasone shock to the serum
shock in these three cell lines. Dexamethasone did not repress
the transcription of Dbp or Ciart. Instead, we could detect the
increase of Dbp transcription four hours after the release of
dexamethasone in Cry/Per_KO and Cry/Per/Nr1d_KO cells
(Figure 4B, left and middle) but not in Per/Nr1d_KO cells
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FIGURE 4 | RT-qPCR analysis of the Dbp and Ciart primary mRNA after
serum or dexamethasone shock. (A) RT-qPCR analyzed primary mRNA levels
of Ciart and Dbp in Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO
cellswere shown. Data were first normalized to the primary mRNA of Gapdh,
then were normalized to the average in Cry/Per/Nr1d_KO cells (y-axis). Data
were shown as mean with standard error. Data from independent experiments
(point, n = 3) were also shown in the plot. Statistical analysis was performed
using Student’s t-test comparing to the Cry/Per/Nr1d_KO cells.
P-values < 0.05 were considered significant. Asterisk denoted the significant
difference. Data without significant difference were labeled with “ns.” (B)
RT-qPCR analyzed primary mRNA levels of Ciart and Dbp in
Cry/Per/Nr1d_KO, Cry/Per_KO, and Per/Nr1d_KO cells after serum shock

(Continued)

FIGURE 4 | Continued
were shown. Data were first normalized to the primary mRNA of Gapdh, then
were normalized to the values from the same cells without treatment (y-axis).
Cells without treatment, 2, 4, 6, 8 h after treatments were analyzed (x-axis).
Statistical analysis was performed using Student’s t-test comparing to the
untreated control of the same cells. P-values < 0.05 were considered
significant. Asterisk (*) denoted the significant difference. Data without
significant difference were labeled with “ns.” (C) RT-qPCR analyzed primary
mRNA levels of Ciart and Dbp in Cry/Per/Nr1d_KO, Cry/Per_KO, and
Per/Nr1d_KO cells after dexamethasone shock were shown. Statistical
analysis was performed as in (B).

(Figure 4B, right). The effects of dexamethasone on Ciart could
be observed in Cry/Per_KO cells and was weaker than the effects
on Dbp. Based on our data, we concluded that the mechanisms
of how serum and dexamethasone affect TTFL are different.

Study CRY1-Mediated Transcriptional
Inhibition of Dbp and Ciart in
Cry/Per/Nr1d_KO Cells
Lack of CRY1, CRY2, PER1, PER2, NR1D1, and NR1D2 proteins
in Cry/Per/Nr1d_KO cells benefited the study of each of them
individually. We combined a previously published tamoxifen-
controlled nuclear entry system (Ye et al., 2014) and this
unique cell line to study the transcriptional repression of Dbp
by CRY1. Theoretically, if we could control the nuclear CRY1
level rhythmically, Dbp transcription would be rhythmic, too.
We established Cry/Per/Nr1d_KO-CRY1-ER cells expressing
CRY1 fused with an estrogen receptor ligand-binding domain.
The addition of 4-hydroxytamoxifen (4-OHT) released CRY1-
ER from the cytosol to the nucleus through binding to the
estrogen receptor ligand-binding domain. The nuclear levels of
CRY1-ER increased within 15 min after the addition of 4-OHT
(Figures 5A,C). We could not observe the correlation between
nuclear CRY1-ER and the treatment time (Figures 5A,B).
Thus, we thought the nuclear level of CRY1-ER reached a
saturated status within 15 min after adding 4-OHT. However,
the effects of CRY1 on transcriptional inhibition of Dbp
and Ciart showed a time-dependent manner (Figures 5B,D).
The decrease of Dbp and Ciart primary mRNA could be
observed within an hour (Figure 5B, right panel), and the
decrease of Dbp and Ciart mature mRNA needed several
hours (Figure 5D, left panel). We observed that the primary
mRNA levels of Ciart, but not Dbp, were gradually recovered
after 3 h of treatment (Figure 5D, right panel), representing
that another regulatory mechanism independently activated the
transcription of Ciart.

Next, we analyzed the nuclear distribution of CRY1-ER after
the removal of 4-OHT. The cells were treated with 4-OHT
for 15 min, and then the medium was changed after PBS
wash. Unexpectedly, nuclear CRY1-ER was unchanged after the
removal of 4-OHT for 4 h (Figure 6A). We extended the release
time to 24 h and found that nuclear CRY1-ER after removing
4-OHT for 24 h was similar to the level just after 15 min 4-
OHT treatment (Figure 6B). In the analysis of Dbp and Ciart
mRNA, Dbp primary and mature mRNA after 24 h of the release
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FIGURE 5 | Analysis of the Dbp and Ciart primary and mature mRNA in Cry/Per/Nr1d_KO-CRY1-ER cells after 4-OHT treatment. (A) Cry/Per/Nr1d_KO-CRY1-ER
cells were treated with 4-OHT for 15–60 min. After the fractionation, CRY1-ER proteins were analyzed by Western blots. BMAL1 was used as the control for the
nuclear fractionation and represented the total levels of CLOCK-BMAL1 (with and without CRY) in the nucleus. The lower panel was the relative levels of CRY1-ER in
the nucleus to the cells treated with the vehicle (EtOH, 60 min). Data were first normalized to the BMAL1 levels, then were normalized to the average of vehicle
control. The diamonds were the mean of three independent experiments. Error bars were the standard errors, and the points were the individual data. Statistical
analysis was performed using Student’s t-test comparing to the vehicle control (EtOH). P < 0.05 were considered significant. Asterisk (*) denoted the significant
difference. (B) Cells were treated with 4-OHT as in (A). RT-qPCR analyzed primary and mature mRNA levels were shown. Data were first normalized to the primary
or mature mRNA of Gapdh, then were normalized to the average of vehicle control (y-axis). Data were shown as mean with standard error. Data from independent
experiments (point, n = 3) were also shown in the plot. Statistical analysis was performed using Student’s t-test comparing to the vehicle control (EtOH).
P-values < 0.05 were considered significant. Asterisk (*) denoted the significant difference. Data without significant difference were labeled with “ns.” (C)
Cry/Per/Nr1d_KO-CRY1-ER cells were treated with 4-OHT for 1–4 h. Cells treated with EtOH for 4 h were the controls. Experiments and data analysis were the
same as (A). (D) The treatments of cells were identical to (C), and the experiments and data analysis were the same as (B).

of 4-OHT were as low as the levels without release (Figure 6C,
lower panel). The results were consistent with the nuclear levels
of CRY1-ER and suggested that CRY1-mediated transcriptional
repression of Dbp persisted for 24 h after 4-OHT removal.
The primary mRNA of Ciart was partially recovered, and the
mature mRNA was fully recovered after 24 h release of 4-OHT
(Figure 6C, upper panel). However, this may be through a TTFL-
independent mechanism as the observation in Figure 5D.

In our previous studies, PER2 could remove CLOCK-
BMAL1 from the promoter of Dbp genes and repress the
transcription of Dbp (Ye et al., 2014). In another way,
PER2 could also remove CLOCK-BMAL1-CRY to derepress

the transcription of downstream genes, like Cry1 (Chiou
et al., 2016). To understand whether PER is required for
the reactivation of Dbp transcription repressed by CRY, we
transiently transfected the plasmid expressing PER2 protein
24 h before 4-OHT treatment. Without 4-OHT treatment,
Dbp primary mRNA in the cells expressing PER2 was lower
than the cells without PER2. These data could be explained
by the removal of CLOCK-BMAL1 from the promoter. The
expression of PER2 did not affect the repression of Dbp
by 4-OHT-induced CRY1 nuclear entry. Nevertheless, the
transcriptional recovery of Dbp after 4-OHT removal could only
be observed in the cells expressing PER2 (Figure 6D). Our data
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FIGURE 6 | Analysis of the Dbp primary mRNA in
Cry/Per/Nr1d_KO-CRY1-ER cells after 4-OHT treatment and release. Nuclear
levels of CRY1-ER in Cry/Per/Nr1d_KO-CRY1-ER cells treated with 4-OHT for
15 min and released for 1–4 h (A) or 24 h (B) were analyzed by Western blot
after fractionation. BMAL1 was used as the loading control. (C) RT-qPCR
analysis of primary and mature mRNA levels of Ciart and Dbp from cells
treated with vehicle for 24 h (EtOH), 4-OHT for 24 h (24 h), and 4-OHT for
15 min and released for 24 h (pulse 15’, 24 h) were shown. Statistical analysis
was performed using Student’s t-test. P-values < 0.05 were considered
significant. Asterisk denoted the significant difference to the vehicle control.
Hashtag denoted the significant difference between the 24 h treatment of
4-OHT and the 24 h release after 15 min 4-OHT treatment. Data without
significant difference were labeled with “ns.” (D) Cells were transfected with
the control plasmid (pcDNA4-Myc-His) or with the plasmid expressing

(Continued)

FIGURE 6 | Continued
PER2 (pcDNA3-PER2-V5-His) 24 h before 4-OHT treatment. The 4-OHT
treatment, RT-qPCR, and data analysis were the same as (C). Statistical
analysis was performed using Student’s t-test. P < 0.05 were considered
significant. Asterisk (*) denoted the significant difference to the vehicle control
without PER2 expression. Hashtag (#) denoted the significant difference
between the 24 h treatment of 4-OHT and the 24 h release after 15 min
4-OHT treatment. Data without significant difference were labeled with “ns.”

suggested that PER is required for the release of CRY-mediated
transcriptional repression.

DISCUSSION

The transcription-translation feedback loop was the core model
of the circadian clock. However, studying the detailed mechanism
was complicated. Experiments using purified proteins could not
link to the transcription in the absence of an in vitro transcription
system using endogenous promoter. Animals were suitable for
the study of circadian regulation of physiological functions,
but the detailed mechanism was hard to elucidate due to the
communications between organs and tissues. Cells had a self-
sustained circadian clock in the cultured condition that played a
suitable model to study the mechanism. Genetic deficient mouse
embryonic fibroblast cells had been used for many circadian
studies. We generated a new cell line, called Cry/Per/Nr1d_KO
cells, lacking CRY, PER, and NR1D proteins by CRISPR/Cas9
approach and analyzed the transcriptome of Cry/Per/Nr1d_KO,
Per/Nr1d_KO, and Cry/Per_KO cells by RNA-sequencing. Using
Dbp and Ciart as the readout of CLOCK-BMAL1 activity, we
found that serum and dexamethasone treatment affected TTFL
through different mechanisms. We found that serum, but not
dexamethasone, inhibited CLOCK-BMAL1 in the absence of
CRY, PER, and NR1D proteins. We studied CRY1-mediated
transcriptional repression of Dbp in Cry/Per/Nr1d_KO cells and
found that PER is required for the release of CRY-mediated
transcriptional repression.

Cry/Per/Nr1d_KO cells provided a new tool to study the TTFL
of the circadian clock biochemically. Researchers could study
the regulation of CLOCK-BMAL1 and the functions of CRY,
PER, and NR1D separately without the influence of feedback
in Cry/Per/Nr1d_KO cells. For example, analysis of wild-type
and mutant CRY1 in Cry/Per/Nr1d_KO cells helps elucidate
the difference in the repression of CLOCK-BMAL1. Changes of
PER activity or the CLOCK-BMAL1 quantity would not be the
issue in Cry/Per/Nr1d_KO cells. However, from the biological
view, Cry/Per/Nr1d_KO cells was a very extreme condition which
may not exist in the physiological situation. We thought that
Cry/Per/Nr1d_KO cells might mimic a situation that CLOCK-
BMAL1 activity was reached the peak before the accumulation
of CRY, PER, and NR1D proteins. Different situations could be
mimicked by expressing different combinations of CRY, PER
and NR1D proteins.

From the transcriptome analysis, we found 2,517 genes
expressed differently between Cry/Per/Nr1d_KO and
Per/Nr1d_KO cells. This number was around threefold
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of the number of genes expressed differently between
Cry/Per/Nr1d_KO and Cry/Per_KO cells (790 genes). From the
data of selected CLOCK-BMAL1-regulated genes, CRY proteins
showed more robust represser activities than NR1D proteins.
A more potent transcriptional repressor might cause more
dramatic effects on the transcriptome. We also found that the
overlapping of putative CLOCK-BMAL1-regulated genes and
differential expressed genes was low. Only 626 genes (21% of
affected genes) closed to the BMAL1 binding site identified from
a similar condition (Chiou et al., 2016). Besides CLOCK-BMAL1,
CRY proteins could regulate other transcription factors. In mouse
liver, CRY1 or CRY2 could bind to many positions of the genome
without CLOCK-BMAL1 binding (Koike et al., 2012). Although
NR1D proteins regulate the levels of CLOCK-BMAL1, genes
with the RRE element would be the targets of NR1D proteins.
Besides directly affected by CRY or NR1D, genes might be
affected by the transcription factors or other proteins controlled
by CRY or NR1D. From another viewpoint, many putative
CLOCK-BMAL1 regulated genes were not affected by either CRY
or NR1D. Among 3,261 putative genes, 536 genes were affected
by CRY, and 251 genes were affected by NR1D. In our previous
study, PER2 removed CLOCK-BMAL1 globally, but only small
proportions of genes were affected by the increase of PER2 in
the nucleus (Chiou et al., 2016). Thus, CLOCK-BMAL1 activity
was not required for the transcription of many regulated genes.
Their transcriptional levels depended more on other factors than
on CLOCK-BMAL1. CLOCK-BMAL1 played another layer of
regulation for the oscillation. The effect of CLOCK-BMAL1 was
masked in the absence of synchronization.

Synchronization was the essential step to observe the
oscillation of circadian genes. Different treatments, including
serum shock (Balsalobre et al., 1998), dexamethasone (Balsalobre
et al., 2000a), and forskolin (Balsalobre et al., 2000b), had been
reported and been used for this purpose. We tested the response
of Dbp and Ciart transcription after serum or dexamethasone
treatment in cells with different circadian proteins to elucidate the
mechanism of synchronization. Glucocorticoid response element
(GRE) had been identified in the promoter of Per2 genes (Cheon
et al., 2013). Dexamethasone might synchronize the cells by
inducing the expression of Per2. The induction of Per2 by
dexamethasone would inhibit the transcription of Dbp. In our
system lacking PER2 protein, we could not detect the decrease
of Dbp transcription after dexamethasone treatment. Instead,
increased Dbp transcription could be observed 4 h after treatment
in Cry/Per_KO or Cry/Per/Nr1d_KO cells (Figure 4C). Delayed
activation of Dbp might be the secondary effect through other
genes regulated by glucocorticoid signals. Serum shock inhibited
the transcription of Dbp in the cells lacking CRY, PER, and
NR1D proteins (Cry/Per/Nr1d_KO cells). These data suggested
that CLOCK-BMAL1 activity could be directly inhibited by
serum. However, in cells expressing NR1D proteins (Cry/Per_KO
cells), the inhibition of Dbp transcription was compensated
(Figure 4B). Through literature searching, we proposed the
following hypothesis to explain the observation in our system.
Recently, Tip60 protein was identified as the acetyltransferase
of Bmal1. Tip60 protein catalyzed the K538 acetylation of
BMAL1 and activated BMAL1 (Petkau et al., 2019). Tip60

protein could be phosphorylated on S86 by GSK3b to activate
its acetyltransferase activity (Lin et al., 2012). Besides, serum
shock induced the phosphorylation of GSK3b on S9 to inhibit
the kinase activity (Yin et al., 2006). Thus, serum shock inhibited
the CLOCK-BMAL1 activity probably through decreasing the
activity of GSK3b and Tip60. However, NR1D1 was also the
target of GSK3b. Decreased GSK3b activity by serum shock
caused the decrease of NR1D1 protein and thus increased Bmal1
transcription (Yin et al., 2006), explaining why Dbp transcription
in the Cry/Per_KO cells after serum shock was not decreased but
was increased at later time points.

In the canonical TTFL model, transcription of CLOCK-
BMAL1-regulated genes could be downregulated by CRY, PER,
or NR1D proteins. Dbp transcription in the Per/Nr1d_KO cells
was lower than in the Cry/Per/Nr1d_KO cells suggesting that
the repressor activity of CRY is PER-independent as previously
published (Ye et al., 2014). Neither serum-induced Dbp
repression nor dexamethasone-induced Dbp activation in the
Cry/Per/Nr1d_KO cells was observed in the Per/Nr1d_KO cells.
Although CRY proteins negatively regulated their transcription,
endogenous CRY1 and CRY2 in the Per/Nr1d_KO cells were
sufficient to repress the Dbp transcription. CRY represses
transcription through forming CLOCK-BMAL1-CRY-DNA
complex. PER can remove CLOCK-BMAL1-CRY from DNA. In
the absence of PER, the CLOCK-BMAL1-CRY-DNA complex
might be very stable in the nucleus and persistently repress the
transcription of downstream genes. CRY1-mediated inhibition
of Dbp transcription persisted for 24 h in Cry/Per/Nr1d_KO
cells after inducing CRY1 nuclear entry (Figures 6B,C). This
phenomenon should not be the technical artifact from the fusion
of ER to the CRY1 or the addition of 4-OHT. CRY1-mediated
Dbp repression could be recovered when exogenous PER2 was
expressed in the same cells (Figure 6D). These data also hinted
that CLOCK-BMAL1 and CRY could not form a stable feedback
loop. PER was required for the displacement of CLOCK-BMAL1
and CLOCK-BMAL1-CRY from DNA to reset the transcription
to its basal level.

The mechanism to sustain the circadian rhythm is an exciting
topic. Many mathematical models have been proposed from
different viewpoints (Kim and Forger, 2012; Pett et al., 2016;
Narasimamurthy et al., 2018). In different models, CRY and PER,
as the central repressors in TTFL, were included but contributed
differently. In the model proposed by Kim and Forger (2012),
all PER and CRY forms in the nucleus were considered as the
repressors. In this model, the CLOCK-BMAL1 activator became
inactive when binding with the CRY-PER repressor. Thus, the
stoichiometric balance between the CLOCK-BMAL1 activator
and CRY-PER repressor was necessary for circadian timekeeping.
Based on recent findings (Ye et al., 2014; Chiou et al., 2016) and
the data in this paper, CRY and PER played different roles in the
regulation of TTFL. We thought that this model could be refined
by adding another repressor complex (CRY-CLOCK-BMAL1).
So, the model would include three complexes, including CLOCK-
BMAL1 activator, CRY-CLCOK-BMAL1 repressor and PER-
CRY-CLOCK-BMAL1 inactive complex). In the model proposed
by Pett et al. (2016), two activators (Dbp and Bmal1) and
three repressors (Rev-erb-α (Nr1d1), Cry1 and Per2) were
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included to build the model based on their mutual regulations.
Cry1 and Per2 were separated because Cry1, but not Per2,
was repressed by NR1D1. In this model, Cry1, Per2 and
Nr1d1-mediated repressions of each other were the dominant
sources in the oscillation. However, protein interactions between
BMAL1, CRY1, or PER2 were not considered in this model.
CRY-mediated repression also depends on the levels of PER
(removing complex) and CLOCK-BMAL1 (forming complex).
PER-mediated regulation also depends on the level of CRY (CRY-
dependent activity).

In this paper, we found that PER is required for the
reactivation of CRY-mediated transcriptional repression. Thus,
PER might regulate circadian rhythm through CRY. In the
phosphoswitch model (Narasimamurthy et al., 2018), PER2 was
either phosphorylated at the β-TrCP site (S478) or FASP site
(S659). PER2 phosphorylated at S478 was rapidly degraded.
PER2 phosphorylated at S659 was further phosphorylated at
neighboring sites to stabilize. In PER2 S478A mice (Masuda
et al., 2020), the period of behavioral rhythm was increased.
CRY1 and CRY2 protein levels were also increased in the
mutant mice. Although the authors proposed that increased CRY
proteins extended the repression of CLOCK-BMAL1-regulated,
the promoter binding of CRY or CLOCK-BMAL1 was not
analyzed. In another study (Patke et al., 2017), the exon11-
deletion mutant of Cry1 identified from Delayed Sleep Phase
Disorder patient showed stronger CLOCK-BMAL1 binding
affinity but weaker binding on the promoter region. Besides,
the CLOCK-BMAL1 displacement activity of PER required its
casein kinase binding domain (Ye et al., 2014). Thus, we proposed
that the ratio of PER and CRY plays critical roles in the
circadian rhythm. The stoichiometric balance between CRY and
PER is controlled in multiple layers, including transcription,
phosphorylation and protein degradation.
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Challenging the Integrity of Rhythmic
Maternal Signals Revealed
Gene-Specific Responses in the
Fetal Suprachiasmatic Nuclei
Vendula Lužná, Pavel Houdek, Karolína Liška and Alena Sumová*

Laboratory of Biological Rhythms, Institute of Physiology, Czech Academy of Sciences, Prague, Czechia

During fetal stage, maternal circadian system sets the phase of the developing clock
in the suprachiasmatic nuclei (SCN) via complex pathways. We addressed the issue of
how impaired maternal signaling due to a disturbed environmental light/dark (LD) cycle
affects the fetal SCN. We exposed pregnant Wistar rats to two different challenges –
a 6-h phase shift in the LD cycle on gestational day 14, or exposure to constant light
(LL) throughout pregnancy – and detected the impact on gene expression profiles in 19-
day-old fetuses. The LD phase shift, which changed the maternal SCN into a transient
state, caused robust downregulation of expression profiles of clock genes (Per1, Per2,
and Nr1d1), clock-controlled (Dbp) genes, as well as genes involved in sensing various
signals, such as c-fos and Nr3c1. Removal of the rhythmic maternal signals via exposure
of pregnant rats to LL abolished the rhythms in expression of c-fos and Nr3c1 in the fetal
SCN. We identified c-fos as the gene primarily responsible for sensing rhythmic maternal
signals because its expression profile tracked the shifted or arrhythmic maternal SCN
clock. Pathways related to the maternal rhythmic behavioral state were likely not involved
in driving the c-fos expression rhythm. Instead, introduction of a behavioral rhythm to LL-
exposed mothers via restricted feeding regime strengthened rhythm in Vip expression in
the fetal SCN. Our results revealed for the first time that the fetal SCN is highly sensitive
in a gene-specific manner to various changes in maternal signaling due to disturbances
of environmental cycles related to the modern lifestyle in humans.

Keywords: circadian clock, development, fetus, maternal entrainment, suprachiasmatic nucleus

INTRODUCTION

In mammalian brain, the paired suprachiasmatic nuclei of the hypothalamus (SCN) harbor
principal pacemaker (central clock) (Moore and Eichler, 1972; Ralph et al., 1990) that generates
rhythmic signals with a circadian (“approximately a day”) period and orchestrates the phases of
oscillators located throughout the body. The prominent role of the SCN among the clocks in
the body is determined by 1) its unique structure, comprising a web of mutually interconnected
subpopulations of cellular oscillators that ensures the production of a coherent and robust rhythmic
signal (Welsh et al., 1995; Herzog et al., 2004; Liu et al., 2007; Webb et al., 2009) and 2) its
ability to adjust (entrain) according to the external light/dark cycle, which is achieved via its direct
connection with the retina (Zordan et al., 2001; Morin and Allen, 2006). These functions make
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the SCN a key structure of predictive homeostasis that allows
adaptation of physiological and behavioral processes according
to expected daily and seasonal changes in external environment.

Previous research has investigated the not yet fully resolved
question of when during early life the SCN begin to fulfil
their role of the central clock in the body (reviewed in
Sumová et al., 2012; Sumová and Čečmanová, 2020). Answering
this question is important for understanding the impact of
maternal chronodisruption, which may occur in pregnant
women exposed to modern lifestyles, on offspring. It has been
found that chronodisruption in utero leads to pathological
phenotypes later in adulthood (Mendez et al., 2016; Richter
et al., 2018; Salazar et al., 2018; Varcoe et al., 2018) that may
not be rescued by quality of maternal care during postnatal
period (Smarr et al., 2017). Therefore, temporal organization
during fetal development seems to be important for good
health in adulthood.

For experimental purposes, the development of the
SCN has been mostly studied in nocturnal rodent species.
Morphologically, the rodent SCN develops during the perinatal
period in a gradual process, duration of which differs according
to the animal species (reviewed in Bedont and Blackshaw,
2015). In rats (a rodent species used in this study), gestation
lasts approximately 21–22 days and SCN neurogenesis occurs
between the embryonic days 14 (E14) and E17 (Altman and
Bayer, 1978). However, synapses start to be formed around
E19 and the process is fully completed postnatally (Moore and
Bernstein, 1989). At the level of the daily profiles of clock gene
expression, which are genes whose protein products are involved
in the generation of the circadian signal (reviewed in Lowrey
and Takahashi, 2011), the rhythmicity also develops in the SCN
gradually. This was demonstrated in the rat SCN examined
in situ via progressively increasing amplitudes of the rhythmic
profiles from the late fetal to the early postnatal stages (Sládek
et al., 2004; Kováčiková et al., 2006; Houdek and Sumová, 2014).
The developmental process tightly matched the progression
of synaptogenesis (reviewed in Bedont and Blackshaw, 2015),
which clearly suggests that the robustness of the SCN clock
is dependent on its morphological maturation (reviewed in
Sumová et al., 2012). Experiments using an in vitro approach
based on detection of bioluminescence for tracking PER2 protein
activity in explanted fetal SCN from mPer2Luc mice confirmed
the gradual prenatal development of the SCN clock (Wreschnig
et al., 2014; Landgraf et al., 2015; Carmona-Alcocer et al., 2018).
The gestational period in mice lasts approximately 19 days and
if mouse SCN explants are harvested at E15, synchrony among
the oscillators develops spontaneously after several days in
culture at the time roughly corresponding to the developmental
time in vivo (Čečmanová et al., 2019), although other studies
were not able to detect this process (Landgraf et al., 2015;
Carmona-Alcocer et al., 2018). Intriguingly, in contrast to the
adult SCN, the immature SCN is extremely sensitive to culturing
procedure itself as well as to nonspecific manipulations of the
explants, which can induce robust responses of the fetal SCN
clock (Nishide et al., 2008; Čečmanová et al., 2019). Therefore,
the in vitro model does not seem to fully reflect the in vivo
situation (Sumová and Čečmanová, 2020), and for studies

targeted at investigating the impact of external environment on
the fetal SCN, an in vivo approach, in which the state of the fetal
SCN is assessed in situ, is more meaningful. This approach has
been used to show that despite the SCN immaturity during the
fetal stage, the SCN clock of newborn pups is fully entrained
to that of their mother immediately after birth (Davis and
Gorski, 1985a,b; Duncan et al., 1986; Reppert and Schwartz,
1986; Weaver and Reppert, 1989; Viswanathan et al., 1994;
Bellavía et al., 2006). Additionally, the immature SCN was
able to follow changes in the phase of the maternal SCN clock
because after exposing pregnant rats to a shift in light/dark
(LD) cycle during the late pregnancy, their pups were born
with shifted SCN clocks (El-Hennamy et al., 2008). However,
applying the shift in the LD cycle closer to delivery term was not
effective because the maternal SCN did not have time to fully
re-entrain (El-Hennamy et al., 2008). This clearly demonstrates
that fetal SCN clock recognizes whether the maternal SCN is
fully entrained or whether it is in a state of transition between
the original and new LD cycle.

For adaptation to changes in the external LD cycle, the
fetal SCN clock, which obviously does not receive information
directly from the retina, fully depends on the rhythmic signals
sent by the maternal SCN clock. The nature of these signals
has previously been extensively studied, and multiple associated
pathways have been identified (reviewed in Sumová et al.,
2012; Bates and Herzog, 2020; Carmona-Alcocer et al., 2020;
Sumová and Čečmanová, 2020). Importantly, the signals are
complex and of various origins. They include the rhythmic
hormonal pathways (Davis and Mannion, 1988; Viswanathan
et al., 1994; Viswanathan and Davis, 1997; Houdek et al.,
2015; Čečmanová et al., 2019) as well as pathways related
to activity/feeding cycles (Nováková et al., 2010). Apart
from their role in setting the proper phase of the fetal
clock, the same maternal signals may also be significant for
facilitation of fetal clock development. This is supported by
our recent finding that glucocorticoid hormones (GCs), which
are under control of the maternal SCN and respond to
actual arousal state, are important not only for entrainment
of the fetal SCN clock but may also facilitate its development
(Čečmanová et al., 2019).

Altogether, the results suggest that challenging the integrity
and functioning of the maternal circadian system in vivo
may significantly impact development of the fetal SCN clock.
However, knowledge on how this affects the fetal SCN clock
at the level of clock and clock-related genes is lacking. To
address this issue, we subjected pregnant rats to situations in
which production of maternal SCN-driven rhythmic signals
to their fetuses was challenged. Specifically, we aimed to
manipulate maternal signaling via two different protocols, in
which the SCN clock of the pregnant mother was a) in
a transient state due to a phase shift in LD cycle or b)
arrhythmic due to exposure to constant light (LL). Additionally,
to dissect the participation of the behavioral/feeding rhythm
as one of the maternal signals, we reimposed the rhythm in
the LL-exposed mothers by temporally restricting access to
food. Both experimental protocols used in this study were
previously employed to demonstrate that in rats, maternal SCN
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signaling determines the phase of the SCN clock in newborn
pups (El-Hennamy et al., 2008) and that rhythmic maternal
behavior resets the neonatal SCN (Nováková et al., 2010). In
both studies, gene expression profiles were detected in the
SCN of newborn pups just after delivery; however, the acute
responses within the fetal SCN were not analyzed. Our results
revealed that these challenges significantly impacted the fetal
SCN in a gene-specific manner, and revealed the high and
selective sensitivity of the developing SCN clock to various
environmental interventions during pregnancy. The outcome
of this study is important because both protocols resemble
lifestyle-related challenges to the circadian system that women
might be exposed to during pregnancy, such as, jet lag,
shift work, an irregular daily regime, or exposure to light
pollution at night.

MATERIALS AND METHODS

Animals
Adult male and female Wistar rats (Institute of Physiology,
the Czech Academy of Sciences) were housed individually in
a temperature-controlled facility at 23 ± 2◦C with free access
to food and water. All animals were originally maintained
under a light/dark cycle with 12 h of light and 12 h of
darkness (LD12:12). The time is expressed as Zeitgeber time
(ZT); ZT0 corresponds to lights on at 06:00 h and ZT12
corresponds to lights off at 18:00 h. Vaginal smears from
females were inspected to determine the estrous cycle phase.
On the night of pro-estrus, females were mated with males
and on the next morning, they were checked for the presence
of sperm in their vaginal smears. In case of sperm positivity,
the day was defined as day 0 of embryonic development (E0).
Pregnant rats exposed to the experimental protocols described
below were monitored for locomotor activity throughout the
whole experiment.

All experiments were approved by the Animal Care and
Use Committee of the Institute of Physiology and were
performed in accordance with the Animal Protection Law of the
Czech Republic as well as the European Community Council
directives 86/609/EEC. All efforts were made to reduce the
suffering of the animals.

Experimental Protocols
Experiment 1 – Effect of the Delay in the LD Cycle on
Maternal and Fetal SCN Clocks
The effect of the phase-shift of the maternal signals on the
fetal SCN was assessed using pregnant rats (total n = 22)
that were maintained under the LD12:12 and had unlimited
access to food and drinking water during the whole experiment.
The pregnant rats were divided into two groups; The control
group (“CTRL”) (n = 11) remained under the initial LD12:12
regime throughout the whole pregnancy. Body weight (BW)
and the amount of food intake were monitored in five females
at the times corresponding to E0, E12 and E19. The group
assigned as the “Delay” group (n = 11) was maintained
under the initial LD12:12, but on E14, the LD12:12 cycle

was shifted by 6 h in the direction of the phase delay so
that the lights were switched off and on 6 h later in the
evening and in the next morning, respectively. After the 6-h
phase shift, the rats were maintained under this new light/dark
regime until E19.

Nonpregnant female rats of the same age were kept under
LD12:12 (n = 3) for 19 days similar to the experimental
pregnant rats. They were weighed and their food consumption
was monitored at E0, E12, and E19 for comparison with
the pregnant rats.

Experiment 2 – Effect of Exposing Pregnant Rats to
Constant Light and Restricted Feeding on
the Fetuses
To ascertain the effect of maternal feeding regime on the
embryonic SCN, two groups of pregnant rats (total n = 23) were
exposed to constant light (LL) regime from E0 until E19. The
LL regime was introduced so that the light was not switched
off in the evening on E0. One group of rats was fed ad libitum
(group “LL-ad lib”) (n = 10). In this group, BW and the amount
of food were monitored on E0, E14, and E19. The other group
was subjected to the restricted feeding (RF) regime (group “LL-
RF”) from E0 until E19 (n = 13). During the RF regime, food
availability was limited to only a 6-h interval from 9:00 to 15:00
(corresponding to ZT3–ZT9 based on the original LD regime).
Rats in the LL-RF group were also weighed during the experiment
on E0, E14, and E19. Moreover, the food in this group was
weighed every day at the beginning and end of the feeding period.
Both groups had unlimited access to drinking water during the
whole experiment.

Nonpregnant female rats of the same age were kept under LL
(n = 3) for 19 days, similar to the experimental pregnant rats.
They were weighed and their food consumption was monitored
on E0, E14, and E19 for comparison with that of the pregnant rats.

Locomotor Activity Monitoring
For monitoring locomotor activity, the rats were maintained
individually in cages equipped with infrared movement detectors
attached centrally above the top of each cage. The activity
was detected using a circadian activity monitoring system (Dr.
Cooper, INSERM, France). The activity was recorded every
minute and double-plotted activity records were generated for
visualization of the data. The resulting data were analyzed using
the ClockLab toolbox (Actimetrics, Illinois, United States).

Collection of Fetal Samples
For detection of the daily gene expression profiles in the fetal
SCN, the pregnant rats in all groups described above were
sacrificed at gestational age E19 by decapitation under deep
anesthesia by intramuscular injection of a mixture of 150 mg/kg
ketamine (Vétoquinol, s.r.o., Czech Republic) and 15 mg/kg
xylazine (Bioveta a.s., Czech Republic) at 3 h intervals over a
24 h period (one pregnant rat per time point). Fetuses were
sacrificed by rapid decapitation, and at each time point, five
fetal heads from each pregnant mother were immediately frozen
on dry ice and stored at –80◦C for further detection of gene
expression using RT-qPCR.

Frontiers in Neuroscience | www.frontiersin.org 3 January 2021 | Volume 14 | Article 61353122

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-613531 December 23, 2020 Time: 12:38 # 4

Lužná et al. Fetal SCN Senses Maternal Signals

Additionally, for the CTRL, LL-ad lib and LL-RF groups the
whole uteruses containing embryos and placentas were extracted
and weighed. The bodies without uterus as well as three dyads of
embryos and the corresponding placentas from every mother in
these three groups were also weighed.

Detection of mRNA Levels in the Fetal
SCN Using RT-qPCR
The fetal heads from all groups in both experiments were
sectioned on a cryostat into 20 µm-thick coronal sections
containing the medial part of the rostro-caudal extent of the fetal
SCN, which was visualized with cresyl violet staining (Sigma-
Aldrich, St. Louis, United States). The SCNs were precisely
separated bilaterally using a laser microdissector (LMD6000,
Leica), as we previously described elsewhere (Houdek and
Sumová, 2014). Dissected fetal SCN tissues were collected in a
microfuge tube containing RLT buffer from the RNeasy Micro
kit (Qiagen, Valencia, United States) and stored until RNA
isolation was performed. Total RNA was isolated using the
RNeasy Micro kit (Qiagen) according to the manufacturer’s
instructions. Isolated RNA samples were immediately reverse-
transcribed into cDNA using the HiCapacity cDNA Synthesis
Kit (Thermo Fisher, Waltham, MA, United States). The
diluted cDNA was then amplified using a LightCycler 480
Real-Time PCR System (Roche, Basel, Switzerland) in 14 µl
reactions using 5× HOT FIREPol Probe qPCR Mix Plus (Solis
Biodyne, Tartu, Estonia) and TaqMan Gene Expression Assays
(Life Technologies, California, United States) for all genes
of interest (see Table 1). The 11Ct method was used for
the quantification of the relative cDNA concentration using
mean of three reference genes, namely Beta-2-Microglobulin
(B2M, Rn00560865_m1, VIC-labeled), Peptidylprolyl Isomerase A
(Ppia, Rn00690933_m1, VIC), and Hydroxymethylbilane Synthase
(Hmbs, Rn01421873_g1, VIC).

Statistical Analyses
The t-test was used to compare the behavioral rhythm periods
between the experimental groups (CTRL versus Delay groups).
One-way ANOVA was used for comparisons of the behavioral
rhythm periods between the LL-ad lib and LL-RF groups
at two time intervals, and for comparison of maternal BW
gain without the uterus and the weights of placentas and

TABLE 1 | TaqMan probes used to detect the mRNA of genes of interest.

Gene TaqMan probe

c-fos Rn02396759_m1

Per1 Rn01325256_m1

Per2 Rn01427704_m1

Nr1d1 Rn01460662_m1

Rorα Rn01173769_m1

Dbp Rn01498425_m1

Vip Rn00566449_m1

Avp Rn00566449_m1

Nr3c1 Rn00561369_m1

embryos among the CTRL, LL-ad lib and LL-RF groups. Two-
way ANOVA was used for comparison of the profiles of
BW gain and food consumption among the 5 experimental
groups (CTRL, LL-ad lib, LL-RF groups, and nonpregnant
CTRL and LL groups).

The daily profiles of gene expression were analyzed using
1-way ANOVA (for the detection of the significance of the
effect of time) and cosinor analysis (for the detection of
significance of the cosinor fit). The cosinor analysis was
performed by fitting the data to one of two alternative regression
models: either a horizontal straight line (null hypothesis) or
a single cosine curve (alternative hypothesis) defined by the
equation Y = mesor + [amplitude × cos(2 × π × (X-
acrophase)/wavelength)] with a constant wavelength of 24 h.
The P values, coefficient of determination R2 (goodness of fit),
amplitude, acrophase and mesor were determined (see Table 2).
The profiles were considered rhythmic when a significant effect
of time (confirmed by 1-way ANOVA) and significant cosine
fit (assessed by cosinor analysis) were confirmed. Differences
between two profiles processed simultaneously in the same plate
during RT-qPCR were tested by 2-way ANOVA (see Table 3).
All statistics were generated using Prism 7 software (GraphPad,
CA, United States).

RESULTS

Experiment 1 – Effect of the Delay in the
LD Cycle on the Maternal and Fetal SCN
Clocks
The Maternal SCN-Driven Locomotor Activity Rhythm
Adjusts Gradually to the 6-h Phase Delay of the
LD Regime
To expose the fetuses to a shift in maternal rhythmic signals,
we delayed the LD cycle by 6 h starting on E14 and the
pregnant rats were maintained in the new LD regime for the
next 5 days (Delay group; n = 11). The actual state of the
maternal SCN clock was assessed based on the adaptation
of their locomotor activity rhythm to the new LD regime.
The pregnant rats were fully entrained to the original LD
cycle (period tau = 24 h) and after the phase shift, the
activity onset and offset started to gradually become delayed
via transient cycles (as shown in the representative double-
plotted actogram in Figure 1A) with a period tau > 24 h
(Figure 1B). The mean period was 25.17 ± 0.2 (mean ± SD),
which means that the SCN clock was delayed by approximately
1 h a day. The effectiveness of the achievement of the steady-
state aligned with the new LD cycle was variable among the
pregnant rats, as assessed by calculating the activity/rest ratios
for each rat (n = 7) before the shift (the amount of activity
during the dark versus the light phase of the actual LD cycle
was set as 100%) and then on each of the 4 days following
the shift (Figure 1C). The 5th day was not included in the
calculation because on that day (E19), the sampling of fetuses
started; thus, for some pregnant rats, the full day record
was missing. By the 4th day after the shift, out of the total
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TABLE 2 | Results of cosinor analyses.

CTRL Delay LL-ad lib LL-RF

c-fos acro ± SEM 3.26 ± 1.12 10.66 ± 0.717 – –

amp ± SEM 0.592 ± 0.175 0.361 ± 0.064 – –

mesor ± SEM 1.564 ± 0.123 0.902 ± 0.047 1.309 ± 0.08 1.078 ± 0.054

R2 0.219 0.437 0.070 0.082

P 0.0063 <0.0001 0.0563 0.1745

Per1 acro ± SEM – – 21.69 ± 1.78 4.86 ± 1.32

amp ± SEM – – 0.119 ± 0.044 0.164 ± 0.062

mesor ± SEM 0.994 ± 0.078 0.511 ± 0.029 0.923 ± 0.031 1.288 ± 0.042

R2 0.029 0.042 0.174 0.149

P 0.5598 0.4125 0.0321 0.0399

Per2 acro ± SEM 5.13 ± 1.18 10.11 ± 1.00 – –

amp ± SEM 0.383 ± 0.136 0.207 ± 0.053 – –

mesor ± SEM 1.709 ± 0.09 0.828 ± 0.038 0.718 ± 0.0186 0.72 ± 0.021

R2 0.166 0.280 0.131 0.052

P 0.0268 0.0014 0.0021 0.3379

Nr1d1 acro ± SEM – 12.16 ± 1.30 18.35 ± 0.99 1.34 ± 1.04

amp ± SEM – 0.12 ± 0.039 0.444 ± 0.092 0.333 ± 0.084

mesor ± SEM 1.22 ± 0.065 0.67 ± 0.028 1.588 ± 0.055 1.666 ± 0.062

R2 0.012 0.196 0.195 0.285

P 0.7907 0.0129 <0.0001 0.0012

Rorα acro ± SEM 11.94 ± 1.36 13.35 ± 1.45 – 2.89 ± 0.96

amp ± SEM 0.163 ± 0.055 0.137 ± 0.049 – 0.16 ± 0.041

mesor ± SEM 0.905 ± 0.04 0.769 ± 0.039 1.005 ± 0.043 1.037 ± 0.029

R2 0.199 0.160 0.089 0.277

P 0.0184 0.0281 0.0435 0.0015

Dbp acro ± SEM 22.95 ± 1.45 – – 0.84 ± 1.43

amp ± SEM 0.315 ± 0.117 – – 0.152 ± 0.053

mesor ± SEM 1.054 ± 0.084 0.537 ± 0.023 1.22 ± 0.041 1.125 ± 0.039

R2 0.162 0.078 0.142 0.170

P 0.0352 0.1886 0.0012 0.0221

Vip acro ± SEM 16.18 ± 1.30 16.07 ± 1.16 14.87 ± 1.29 16.34 ± 0.67

amp ± SEM 0.301 ± 0.109 0.271 ± 0.089 0.371 ± 0.093 0.658 ± 0.125

mesor ± SEM 1.128 ± 0.075 0.968 ± 0.061 1.078 ± 0.072 1.724 ± 0.085

R2 0.155 0.186 0.226 0.405

P 0.0293 0.0147 0.001 <0.0001

Avp acro ± SEM 15.41 ± 0.81 16.36 ± 0.99 17.78 ± 0.71 20.57 ± 1.21

amp ± SEM 0.323 ± 0.071 0.386 ± 0.105 0.452 ± 0.096 0.367 ± 0.114

mesor ± SEM 0.731 ± 0.05 0.769 ± 0.072 1.147 ± 0.071 1.166 ± 0.081

R2 0.342 0.255 0.325 0.214

P 0.0002 0.0028 0.0001 0.0091

Nr3c1 acro ± SEM 21.39 ± 1.01 – 20.45 ± 1.30 20.66 ± 1.33

amp ± SEM 0.235 ± 0.063 0.244 ± 0.087 0.203 ± 0.07

mesor ± SEM 1.026 ± 0.044 0.676 ± 0.034 1.44 ± 0.059 1.377 ± 0.05

R2 0.264 0.030 0.186 0.172

P 0.0022 0.524 0.022 0.0211

The data show mean and SEM for acrophases (acro), amplitudes (amp), mesors (mesor), goodness of fit R2 and significance levels (P; gray) of the daily gene expression
profiles detected in the SCN of fetuses from mothers in the control group (CTRL) and the groups exposed to 6 h phase delay in LD12:12 (Delay), constant light with
ad libitum feeding (LL-ad lib) and constant light with restricted feeding regime (LL-RF). The profiles are shown in the Figures 2, 5.

of seven monitored pregnant rats, two fully adapted (ratio
of approx. 100%; black lines) and two almost fully adapted
(ratio of approx. 85%; orange lines) to the new LD regime;
however, the activity of three of the rats was not entrained
according to the new LD cycle (ratios approx. 25–60%; red

lines). These results show that before E19, the SCN clock
appeared to be in a transient state in all of the pregnant
rats and full adaptation to the new LD cycle was achieved in
some of them only shortly before sampling. Therefore, during
the last 5 days of embryogenesis, the fetal SCN clocks of the
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Delay group developed under nonstable rhythmic signals from
the maternal SCN.

The Delay in the LD Cycle Dampens the Amplitudes
of the Gene Expression Profiles and Shifts the c-fos
Expression Profile in the Fetal SCN
We assessed the impact of the transient state of the maternal SCN
clock on the fetal clock by comparing the gene expression profiles
within the fetal SCN between the CTRL group (no shift) and the
Delay group (shift in the LD cycle as described above) (Figure 2).
We selected genes that we believed might potentially respond
to altered maternal cues based on our studies and previous
studies by others, namely, the immediate early gene c-fos, clock
genes (Per1, Per2, Nr1d1, and Rorα), the clock-controlled gene
Dbp, genes coding neurotransmitters (Vip and Avp) and the GC
receptor (Nr3c1).

The gene expression rhythms in the fetal SCN on E19 are
typically shallow, and therefore, we considered the presence
of circadian rhythms based on the combination of criteria as
described in the section “Materials and Methods,” for which

a significant cosinor fit and a significant effect of time by 1-
way ANOVA were required (for the results of the cosinor
analysis, see Table 2; for the results of 1-way ANOVA, see the
significance in the graph inserts in Figure 2). Based on these
criteria, in the CTRL group, the expression profiles of the clock
genes Per1, Per2, Nr1d1, and Rorα, and the clock-controlled
gene Dbp were arrhythmic because they did not meet both
requirements for significance. In contrast, expression of c-fos,
Vip, Avp, and Nr3c1 exhibited shallow but significant circadian
rhythms. The difference between the CTRL and Delay groups
was further assessed by 2-way ANOVA (Table 3; the significant
differences revealed by the post hoc analyses are depicted as
stars at the corresponding time points in the individual graphs
of Figure 2). Most of the expression profiles of the Delay group
were significantly dampened (for all genes with the exception of
Vip, Avp, and Rorα) as shown by the decrease in their mesors
(Table 2), which was independent of whether these profiles were
rhythmic in the CTRL group or not. The expression of Per2 was
one of the most robustly suppressed. Therefore, disrupting the
rhythmic signaling due to transient state of the maternal SCN

TABLE 3 | Results of 2-way ANOVA analyses.

CTRL vs delay LL-ad lib vs LL-RF

Gene Two-way ANOVA P value P value summary P value P value summary

c-fos Interaction <0.0001 **** 0.0022 **

Time <0.0001 **** 0.0012 **

Group <0.0001 **** <0.0001 ****

Per1 Interaction 0.0692 ns 0.0572 ns

Time 0.4003 ns 0.1254 ns

Group <0.0001 **** <0.0001 ****

Per2 Interaction 0.3168 ns <0.0001 ****

Time 0.0205 * <0.0001 ****

Group <0.0001 **** 0.0609 ns

Nr1d1 Interaction 0.1673 ns <0.0001 ****

Time 0.8828 ns 0.0008 ***

Group <0.0001 **** 0.7785 ns

Rorα Interaction 0.8877 ns <0.0001 ****

Time 0.0072 ** 0.0003 ***

Group 0.0226 * 0.4578 ns

Dbp Interaction 0.4036 ns 0.0004 ***

Time 0.0666 ns 0.0002 ***

Group <0.0001 **** 0.0205 *

VIP Interaction 0.0024 ** 0.1359 ns

Time 0.0006 *** <0.0001 ****

Group 0.0489 * <0.0001 ****

AVP Interaction 0.0509 ns 0.0043 **

Time <0.0001 **** <0.0001 ****

Group 0.5173 ns 0.3543 ns

Nr3c1 Interaction 0.0488 * 0.6803 ns

Time 0.2163 ns 0.0104 *

Group <0.0001 **** 0.3721 ns

Comparison between the gene expression profiles in the fetal SCN of the control group (CTRL) and the group exposed to 6-h phase delay in LD12:12 (Delay), and
between the group exposed to constant light with ad libitum feeding (LL-ad lib) and constant light with restricted feeding regime (LL-RF). The gene expression profiles are
shown in Figures 2, 5. The results of significance levels (P) for the interaction between groups, the effect of time and the effect of group (gray) are shown.
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FIGURE 1 | Effect of a 6-h delay in the light/dark cycle on the maternal locomotor activity rhythm. (A) Representative double-plotted actogram of a pregnant Wistar
rat demonstrating its locomotor activity from embryonic day (E) 7 until E19. The rats were maintained in the original light/dark cycle LD12:12 (as shown in the upper
x-axis; the gray area corresponds to darkness), and they were exposed to a 6-h delay in the LD cycle (arrow) by delaying the switch to lights off on E14 (darkness in
the new LD cycle is shown as the red area). The fetuses were sampled on E19. (B) Circadian periods of the locomotor activity rhythms of pregnant rats determined
for the interval between E14 and E19. The rats maintained in the original LD12:12 cycle were assigned as the control group (CTRL; in black; n = 11), and those
exposed to the 6-h delay in the LD cycle were assigned as the Delay group (Delay; in red; n = 11). Data are expressed as the mean ± SD; t-test ****P < 0.0001.
(C) Percent changes in activity/rest ratios of individual pregnant rats calculated as the amount of activity during the actual dark and light phases of each day. The 1st
day after the shift corresponds to E15 and the 4th day corresponds to E18. The pregnant rats were sacrificed at specific times on E19. For each pregnant rat, the
activity/rest ratio before the LD shift was determined as 100%.

significantly suppressed expression of clock genes and clock-
related genes in the fetal SCN but, interestingly, had no effect
on the expression of genes encoding SCN neurotransmitters.
Furthermore, the results reveal the recognizable role of c-fos in
sensing the maternal signals within the fetal SCN because it
was the only rhythmically expressed gene that shifted according
to the maternal SCN (effect on the group by 2-way ANOVA:
P < 0.0001). Additionally, the plausible role of GCs in maternal
signaling is supported by the fact that the rhythm in expression
of the GC receptor (Nr3c1) was abolished in the Delay group.

Altogether, the results of Experiment 1 clearly demonstrate
that rhythmic maternal signals facilitate gene expression in the
fetal SCN because their disruption due to the transitional state of
the maternal SCN attenuates the expression levels. Additionally,
the data suggest that maternal entrainment of the fetal clock is
achieved by signaling pathways employing c-fos and GCs.

Experiment 2 – Effect of Exposing
Pregnant Rats to Constant Light and
Restricted Feeding on Fetuses
LL and RF Differently Affect the Body Weight, Food
Consumption, and Weight of the Placentas and
Fetuses of Pregnant Wistar Rat, but Not the Size of
the Litter
We tested the effect of the attenuation of rhythmic signals derived
from the maternal SCN on fetuses by exposing the pregnant rats
to LL (LL-ad lib group). Additionally, another group of pregnant
rats maintained under LL was exposed to RF (LL-RF group),
which provided the fetuses with rhythmic signals derived from
the maternal feeding/activity rhythm. Because the experimental

protocol involved the manipulation of food access, we first tested
whether it impacted BW gain and the weight of the placentas
and embryos of the pregnant rats. The pregnant rats from CTRL
(n = 5), LL-ad lib (n = 10), and LL-RF (n = 13) groups were
weighed on E0, E12–14, and E19 together with a group of age-
matched nonpregnant rats maintained under LD12:12 and LL
(n = 3 in both groups). The BW gain at the time corresponding to
E19 was compared between the groups (Figure 3A). As expected,
the pregnant rats in LL-RF group gained less weight than those
in the CTRL and LL-ad lib groups (P < 0.0001). Interestingly,
exposure to the LL regime without restricting food access had no
effect on BW gain because there were no significant differences
between CTRL and LL-ad lib groups (P = 0.9973) or between the
nonpregnant rats maintained on LD cycle versus LL (P > 0.9999)
(Figure 3A). To assess whether the effect of RF on BW was due
to a change in the amount of consumed food, we monitored the
food consumption of pregnant rats from the LL-RF group by
weighting the pellets every day of the RF protocol. In all other
groups (CTRL, LL-ad lib and both nonpregnant groups), food
consumption was determined on E0, E12–14, and E19, or at
the corresponding times for the nonpregnant rats (Figure 3B).
In accordance with the BW gain, there were no significant
differences in amount of food consumed between the CTRL and
LL-ad lib groups (P > 0.9999) or between both nonpregnant
groups (P = 0.9939) at the end of the experiment. The pregnant
rats from the LL-RF group ate less food than those from the
LL-ad lib and CTRL groups (for both groups: P < 0.0001),
but the amount of food was comparable to that consumed by
both nonpregnant groups (PLL−RFvsCTRLnonpregnant > 0.9999 and
PLL−RFvsLLnonpregnant = 0.6142) (Figure 3B). The lower BW gain
in the LL-RF group compared to that in the LL-ad lib and
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FIGURE 2 | Effect of a 6-h delay in the light/dark cycle on gene expression profiles in the fetal SCN. Pregnant Wistar rats that were maintained under the original
LD12:12 cycle (CTRL group; n = 11) or exposed to a 6-h delay in the LD cycle (Delay group; n = 11) were sacrificed on E19 in 3-h intervals over 24 h period. The
fetal SCN of the CTRL group (black lines and black triangles) and the Delay group (red lines and red triangles) were dissected and processed by RT-qPCR to detect
the daily profiles of the relative expression of selected genes (c-fos, Per1, Per2, Nr1d1, Rorα, Dbp, Vip, Avp, and Nr3c1). Time is expressed as Zeitgeber time (ZT);
ZT0 corresponds to lights on and ZT12 corresponds to lights off based on the original LD cycle. Data are expressed as the mean ± SEM; each time point
corresponds to 4–5 embryos from one mother. The data were fitted with cosine curves (for the results, see Table 2) and analyzed by 1-way ANOVA (P values shown
in color corresponding to each group are depicted in the upper parts of each graph); solid cosine curve means significant result of both cosinor analysis and 1-way
ANOVA, dashed cosine curve means significant result of cosinor analysis but not of 1-way ANOVA, and straight line means nonsignificant result of cosinor analysis.
Finally, the differences between the profiles were tested by 2-way ANOVA (results are shown in Table 3; the stars above the time points depict the time when the
values significantly differed).

CTRL groups was due to the lower BW gain of the maternal
body itself after uterus and embryo removal (Figure 3C). The
litter sizes were comparable between the CTRL, LL-RF, and LL-
ad lib groups (PLL−RFvsLL−adlib = 0.6657; PLL−RFvsCTRL = 0.9592;
PCTRLvsLL−adlib = 0.5796) (Figure 3D).

Although RF decreased the BW gain due to reduced
food intake in the pregnant rats of the LL-RF group, they
were apparently able to compensate for it to maintain the
same placenta and embryo weights as the LL-ad lib group
(PLL−adlibvsLL−RFgroups = 0.9978 and 0.2231 for placentas and
embryos, respectively) (Figure 3E). Importantly, LL exposure
on its own significantly reduced the weights of the placentas,
which were lower in both LL-exposed groups compared with
those in the CTRL group (PCTRLvsLL−adlib = 0.0001 and PCTRL

vsLL−RF = 0.0002). However, the weights of the embryos were
slightly higher in both LL-exposed groups, although a significant
difference was confirmed only between CTRL and LL-ad lib

groups (P = 0.0247). Therefore, although the LL-ad lib group
gained the same amount of BW as the CTRL group during
pregnancy, their embryos were slightly heavier and the placentas
were less well developed.

The Locomotor Activity Rhythm of Pregnant Rats
Progressively Attenuates Due to Exposure to LL and
Is Re-established by Concurrent Exposure to RF
The locomotor activity was monitored in pregnant rats of the
LL-ad lib (n = 10) and LL-RF (n = 13) groups from E0 until
E19 (representative actograms are shown in Figures 4A,B).
Exposure to LL with ad libitum feeding caused immediate
lengthening of the circadian periods of the locomotor activity
rhythms in all mothers (Figure 4A); the mean period between
E0 and E14 was 25.30 ± 0.38 h (Figure 4C). Thereafter,
during the last 5 days of pregnancy, the long period-rhythms
gradually weakened (see the higher variability of the estimated
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FIGURE 3 | Effect of the exposure of pregnant rats to constant light and a restricted feeding regime on the body weight, food intake, litter size and weight of
placenta and fetuses. (A) Comparison of the body weight (BW) gain of five groups of Wistar rats over 19 days. Control pregnant (CTRL; n = 5) and nonpregnant
(CTRL-nonpregnant; n = 3) rats were fed ad libitum and maintained under LD12:12. Additionally, pregnant (LL-ad lib; n = 8) and nonpregnant (LL-nonpregnant;
n = 3) rats were exposed to constant light and fed ad libitum. Finally, one group of pregnant rats maintained under LL was exposed to restricted access to food
(LL-RF; n = 10). The rats were weighed at the beginning of pregnancy (E0), on E12–E14 and at the end of the experiment on E19 or at the corresponding time
intervals for the nonpregnant rats. Data are the mean ± SD. The values of BW gain after 19 days were compared between the groups by 2-way ANOVA
****P < 0.0001). (B) Comparison of food consumption (weight of the pellets in grams) between the five groups of rats described in (A). Data are mean ± SD. The
weights of consumed food after 19 days were compared by 2-way ANOVA (****P < 0.0001). (C) The pregnant rats in the three experimental groups described in (A)
(CTRL, LL-ad lib, and LL-RF) were sacrificed at E19 and their bodies were weighed after the whole uterus containing embryos and placentas was removed. The
weights of the separated fetuses and placentas are shown in (E). For each rat, the value of BW gain was calculated relative to BW at E0. Data are the mean ± SEM.
The values were compared between the groups by 1-way ANOVA (****P < 0.0001; ***P = 0.0004). (D) Number of fetuses (mean ± SEM) from each mother of the
three groups described in (A) (CTRL, LL-ad lib, and LL-RF). The data were compared by 1-way ANOVA. (E) Weights of individual fetuses and placentas
(mean ± SEM) of three groups of mothers as described in (A) (CTRL, LL-ad lib, and LL-RF). Three fetuses and placentas from each pregnant rat were measured.
The data were compared by 1-way ANOVA (***PCTRLvsLL−adlib = 0.001; PCTRLvsLL−RF = 0.002; *P = 0.025).

periods in the interval between E14 and E19 in Figure 4C).
Although the dynamics of the rhythm weakening were variable
among the pregnant rats, all of the mothers but one became
completely arrhythmic by E19, which is when the fetuses
were collected. The data obtained from the single mother that
remained rhythmic throughout pregnancy (shown in Figure 4A;
actogram on the right side assigned as “rhythmic”) were
excluded from the study. In the pregnant rats of the LL-RF
group, the activity rhythm also started to exhibit a long period
up to the 5th day after exposure to LL, but then the rats
reorganized their activity patterns and synchronized themselves
with the time of food availability (the mean period was 24.02
and 24.14 for the E0–E14 and E14–E19 intervals, respectively;
Figure 4C). This indicates that the pregnant rats started to be
active in the expectation of food (food anticipatory activity)
and ceased their activity immediately after food was removed
from their cages (Figure 4B). Therefore, whereas in the LL-
ad lib group, the SCN-driven locomotor activity rhythm was
attenuated/absent during the last 5 days before the sampling of

the fetuses, in the LL-RF group, the rhythm was reinforced by
food availability.

Exposure of Pregnant Rats to LL and LL + RF
Selectively Influences Expression of Genes in the
Fetal SCN
We examined whether the LL-induced attenuation of maternal
SCN-derived signals without (LL-ad lib group) and with (LL-
RF group) imposed activity/feeding rhythms affected gene
expression in the SCN of 19-day-old fetuses. The daily expression
profiles of the same genes as those examined in Experiment 1
were analyzed (Figure 5). In the LL-ad lib group, the expression
profiles of most genes did not meet the criteria for rhythmicity
(significant cosinor fit and effect of time by 1-way ANOVA),
namely the profiles of c-fos, Per1, Per2, Rorα, Dbp, and Nr3c1,
although expression profile of Nr1d1 exhibited a shallow rhythm
(for the cosinor analysis data, see Table 2; the 1-way ANOVA
results are depicted in the graph inserts of the Figure 5). Based
on the comparison with the profiles that were rhythmic in
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FIGURE 4 | Effect of constant light and the restricted feeding protocol on the locomotor activity of pregnant rats. (A) Representative double-plotted actograms of
two pregnant Wistar rats kept under constant light (LL) and fed ad libitum during entire experiment (E0–E19) (LL-ad lib). The actogram on the left side shows an
example of the activity observed in most of the pregnant rats, which became completely nonrhythmic starting before E19. The actogram on the right side is an
example from one pregnant rat, which was the exception and remained rhythmic throughout the measurement (the fetal SCNs of this rat were excluded from the
experiment). The lines drawn in the actograms are eye-fits of the activity offsets. (B) Representative double-plotted actogram of a rat exposed to LL along with the
restriction of access to food for only 6 h (LL-RF group). The blue area represents the feeding time (local time 9:00–15:00). The activity of all pregnant rats in the group
was adjusted according to the food availability. (C) Circadian periods of the locomotor activity rhythms in the LL-ad lib (n = 10) and LL-RF (n = 13) groups during the
intervals E0–E14 and E14–E19. Data are expressed as individual values and means ± SD. Data were compared between both groups by 2-way ANOVA
(**p = 0.0035; *p = 0.0211).

the CTRL group in Experiment 1 (Figure 2) it was obvious
that LL exposure abolished the rhythms in c-fos and Nr3c1
expression. These results were in accordance with the conclusion
we had drawn based on the data from Experiment 1 that
these two genes were involved in responses to maternal SCN-
derived signals. Interestingly, again in accordance with the
Experiment 1 data, exposure of animals fed ad libitum to LL
had no effect on the rhythmicity of the expression of genes
encoding neurotransmitters (Vip and Avp) (for the cosinor data,
see Table 2).

Exposure of pregnant rats in which SCN signaling to fetuses
was attenuated due to LL to restricted food availability (LL-
RF group) had gene-specific effects within the fetal SCN (see
Table 3 for the comparison between the LL-ad lib and LL-RF
profiles based on the 2-way ANOVA results). Exposure to RF
did not affect the LL-induced suppression of the rhythmicity of
c-fos and Nr3c1 expression because their profiles in the LL-RF

group were also nonrhythmic. For c-fos, 2-way ANOVA detected
differences between the LL-ad lib and LL-RF groups only at
CT0/24. Interestingly, Per1 expression, which was nonrhythmic
in the CTRL group (Figure 2) as well as in both LL groups
(Figure 5), was upregulated in the LL-RF group compared to
the LL-ad lib group, whereas the Per2 expression profile did not
differ. We speculate that RF restored the LL-suppressed Per1
expression. RF exposure had a similar prominent effect on the
rhythm in Vip expression because amplitude and mesor were
increased in the LL-RF group compared to the LL-ad lib group
(for the comparison of the amplitudes among the groups, see
the cosinor analyses data in Table 2). In contrast, RF exposure
had no effect on the rhythmic Avp expression, similar to other
disruptive stimuli tested in the study. Interestingly, exposure
to RF significantly shifted the rhythm of Nr1d1 expression and
induced very shallow rhythms in Rorα and Dbp expression which
were all in synchrony (Figure 5).
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FIGURE 5 | Effect of constant light and the restricted feeding protocol on gene expression profiles in the fetal SCN. Daily profiles of the relative mRNA expression of
selected genes (c-fos, Per1, Per2, Nr1d1, Rorα, Dbp, Vip, Avp, and Nr3c1) in the SCN of 19-day-old fetuses collected from pregnant rats maintained under constant
light and either fed ad libitum (LL-ad lib group; gray lines and gray circles) or exposed to a restricted feeding regime (LL-RF group; blue lines and blue circles). The
pregnant rats were sacrificed in 3 h intervals over 24 h. Time is expressed as Zeitgeber time (ZT); ZT0 corresponds to lights on and ZT12 corresponds to lights off
based on the original LD cycle. Data are expressed as the mean ± SEM; each time point corresponds to 4–5 embryos from one mother. The data were fitted with
cosine curves (for the results, see Table 2) and analyzed by 1-way ANOVA (P values shown in color corresponding to each group are depicted in the upper parts of
each graph); solid cosine curve means significant result of both cosinor analysis and 1-way ANOVA, dashed cosine curve means significant result of cosinor analysis
but not of 1-way ANOVA, and straight line means nonsignificant result of cosinor analysis. Finally, the differences between the profiles were tested by 2-way ANOVA
(the results are shown in Table 3; the stars above the time points depict the time when the values significantly differed).

Altogether, the results of Experiment 2 demonstrated that
exposure of pregnant rats fed ad libitum to LL impaired their
circadian behavior and the development of their placentas and
thus possibly influenced the maternal/fetal barrier. The SCNs
of their fetuses responded to the LL-induced attenuation of
the maternal rhythmic signals by abolishment of the c-fos
and Nr3c1 expression rhythms. Subjecting LL-exposed pregnant
rats to feeding/fasting and related activity/rest rhythms had
significant gene-specific effects on the fetal SCN; it restored the
LL-suppressed expression levels of Vip and Per1 and affected
expression of genes related to sensing changes in the cellular
metabolic state (Nr1d1, Rorα, and Dbp).

DISCUSSION

The results of our study provide the first insights into whether
and how the fetal SCN clock responds to situations in which

the maternal circadian system is challenged via disruption of
the environmental LD regime. We demonstrate that exposure of
pregnant rats to disruptions resembling situations that humans
may experience in their everyday life significantly and selectively
impacts gene expression in the fetal SCN. So far, the issue has not
been addressed because the impact of maternal chronodisruption
on the fetal SCN clock was assessed only after birth, either in
newborn pups (El-Hennamy et al., 2008; Nováková et al., 2010)
or during later postnatal stages (Mendez et al., 2016).

The SCN of 19-day-old fetuses of the control group, whose
mothers were entrained to LD12:12, rhythmically expressed c-
fos, Vip, Avp and Nr3c1, but the profiles of all other studied
genes (Per1, Per2, Nr1d1, Rorα, and Dbp) failed to meet the
requirement for a significant circadian rhythm (for more details,
see section “Materials and Methods”). The presence/absence of
rhythmicity in expression of these genes as well as acrophases
of their rhythmic profiles were in accordance with our previous
results (Sládek et al., 2004; Houdek and Sumová, 2014), with
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the only exception that in the current study, the Nr1d1 profile
did not meet the significance requirements for the circadian
rhythm. The abrupt 6 h-phase shift in the LD cycle induced
in mothers on gestational day 14 transposed the maternal SCN
clock into a transient state during which it gradually became
phase-delayed by approximately 1 h a day. Over the course
of the next 5 days, the activity/rest ratios calculated for each
individual pregnant rat were not aligned with the new LD cycle
and in some of the mothers full entrainment was not achieved
even on E19, when the fetal SCN were sampled. This transient
state affected the gene expression profiles in the SCN of 19-day-
old fetuses. Irrespective of whether the genes were expressed
rhythmically in controls or not, the expression of most of these
genes was robustly suppressed, which included clock (Per1, Per2,
and Nr1d1) and clock-controlled (Dbp) genes as well as genes
involved in sensing various signals, such as c-fos and Nr3c1.
Importantly, c-fos was identified as the gene primarily responsible
for sensing the phase of the maternal clock because it was
expressed rhythmically at E19, and its rhythm was phase-delayed
according to the new phase of the maternal SCN clock. In
contrast, the transient state of the maternal SCN did not change
the rhythmic expression of genes encoding the neurotransmitters
Vip and Avp. The result demonstrates that the rhythm of Avp
expression, which in the adult SCN is under control of the clock
as a clock-controlled gene (Jin et al., 1999), does not follow
the phase of c-fos after the phase shift, and thus the rhythmic
expression profiles of these two genes in the fetal SCN is driven
by divergent signals.

To ascertain whether the effects we observed in the fetal
SCN due to the transient state were caused by the abolishment
or reduction in the rhythmic maternal signals, we exposed
the pregnant rats to LL. Exposure to LL affects the ability
of maternal SCN to transmit rhythmic signals to the fetuses
because previous studies found that under LL, the SCN neuronal
activity rhythm was dampened (Lucassen et al., 2016), and the
cellular oscillators became mutually desynchronized (Ohta et al.,
2005), which had an impact on the production of coherent
rhythmic signals driving rhythms at the systemic level. Exposure
of pregnant rats to LL starting on E0 caused an initial lengthening
of the circadian period of locomotor activity rhythms, which
was gradually followed by a complete loss of rhythmicity, as
we previously showed for this rat strain (Houdek and Sumová,
2014). The timing of the beginning of arrhythmicity slightly
varied among the dams and occurred after approximately 2 weeks
under LL, which indicates that between E14 and E19, all but
one of the pregnant rats (which was excluded from the study)
completely lost behavioral rhythmicity. Therefore, the maternal
signals were modulated during the same interval from E14 to
E19 as in the previous experiment, in which the pregnant rats
were exposed to a phase shift in the LD cycle. Exposure of rats to
LL may have a more general impact on the course of pregnancy
because it has previously been assigned to be a stressor (Honma
and Hiroshige, 1978) and was found to potentially affect sex
hormone levels (Takeo et al., 1975). Indeed, we revealed that in
the LL-ad lib group, the weights of placentas were significantly
reduced compared to those in the CTRL group, which was not
caused by a decrease in the dams’ food intake or a reduction

in BW gain during pregnancy. Additionally, in our conditions
the litter sizes were not affected by LL but the embryo weights
were slightly higher than those in the control group. However,
another study found that the weights of fetuses or newborn
pups were lower in LL-exposed dams (Mendez et al., 2012;
Amano et al., 2020).

In line with the results of our phase-shift experiment
(as described above), we found that LL completely abolished
rhythmic expression of c-fos in the fetal SCN but did not
affect the rhythms in Avp and Vip expression. This supports
the above proposed scenario of the divergence of the signals
driving rhythmicity of c-fos and Avp expression in the fetal
SCN. Additionally, the persistence of the Vip and Avp rhythms
under LL conditions excluded the possibility that the absence
of rhythmicity in the expression of genes, which were rhythmic
during the LD cycle, was due to a lack of mutual synchrony
among otherwise rhythmic SCN clocks in individual fetuses.
Therefore, the data are in favor of the explanation that the
rhythmic expression of these genes was dependent on presence
of maternal signals. This conclusion is in accordance with the
hypothesis we formulated earlier about the maternal origin of
the rhythmicity detected at this early fetal stage in the rat SCN
(Sumová et al., 2012).

Comparisons between the responses of the gene expression
profiles in the fetal SCN in both experiments (Figures 2, 5)
revealed that they greatly differed. It appeared that the
dampening of gene expression we detected under the transition
state was not caused simply by the reduction/absence of signals
sent from the maternal to the fetal SCN, as occurred under LL.
The fetal SCN is thus responding to various maternal pathways
that were plausibly specifically modulated due to exposure to
these two challenges. However, identifying these mechanisms
is problematic because maternal signals to the fetal SCN are
complex, interconnected and convergent. They may involve
hormonal levels, body temperature as well as activity/sleep
and feeding/fasting rhythms (reviewed in Sumová et al., 2012).
Regarding the humoral pathways, we may speculate about
the involvement of at least two candidate hormones that are
controlled by the maternal SCN and might thus play a role in
these effects; melatonin, as a messenger of darkness (Davis and
Mannion, 1988; Houdek et al., 2015), and recently discovered
GCs, as messengers of the active state (Čečmanová et al., 2019).
The maternal SCN provides the fetal SCN with combinatory
hormonal signaling, i.e., in nocturnal rats, the simultaneously
elevated levels of melatonin and GCs are signaling the time when
the mother is awake and active. Importantly, these two hormones
likely responded to the chronodisruptions tested in our study
differently. Under the transient state due to the phase delay in
the LD cycle, the maternal SCN gradually delays the timing of
the elevation in melatonin levels (Humlová and Illnerová, 1992),
which could theoretically drive the delay in the c-fos expression
profile because the gene expression profile was entrained by
melatonin (Houdek et al., 2015). However, the situation is not
clear in case of GCs. Expression of their receptor (Nr3c1) exhibits
circadian variation in the fetal SCN on E19, as we have shown in
this study as well as our previous study (Čečmanová et al., 2019).
Here, we found that the transient state abolished the circadian
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rhythm in Nr3c1 expression, suggesting impaired rhythmicity
of the hormonal profile. If this is correct, the impairment of
the GC rhythm due to the transient state might play a role
in the downregulation of the clock gene expression profiles we
detected in the fetal SCN because we have previously shown
that GCs may facilitate fetal SCN development (Čečmanová
et al., 2019). Therefore, we can speculate that the transient
state of the SCN in pregnant rats likely affected the mutual
alignment of melatonin and GC signaling to the fetal SCN,
which might lead to the deregulation of convergent signaling
with functional relevance for the maintenance of gene expression
levels. Similar mechanism may be employed in the effect of LL
on fetal SCN because it was previously found that LL exposure
affects both melatonin and GC levels in pregnant rats (Mendez
et al., 2012). The plasma melatonin levels in pregnant rats
(Mendez et al., 2012; Houdek et al., 2015) were suppressed
to the same extent as in adult males (Wideman and Murphy,
2009; Dauchy et al., 2010). Additionally, we previously confirmed
that in the LL-exposed pregnant rats, melatonin injections
during E17–E21 (last 5 days of pregnancy) served as a potent
synchronizer of the fetal SCN clock as detected in newborn pups
(Houdek et al., 2015). Under LL conditions, the amplitude of
the corticosterone rhythm was significantly dampened in adult
male rats (Claustrat et al., 2008; Park et al., 2013; Tapia-Osorio
et al., 2013), but it was rather delayed in pregnant Sprague-
Dawley rats at E18 (Mendez et al., 2012). In our Wistar rats, we
found significant reduction in the amplitude of the oscillation
of Nr3c1 expression in the fetal SCN in the LL-ad lib group
compared with that in the CTRL group, which suggests a
significant effect of LL on the maternal GC rhythm. Theoretically,
the effect might play a role in abolishment of the c-fos rhythm
in the LL-ad lib group because we previously demonstrated
that dexamethasone application to pregnant rats induced acute
responses of c-fos expression in the fetal SCN (Čečmanová et al.,
2019). Additionally, the fetal adrenal glands were suggested to
play a role of a melatonin-sensitive peripheral clock in the
mother (Torres-Farfan et al., 2011), providing further potential
mechanism of how LL impacts the fetal SCN. Altogether, the
LL-induced suppression of melatonin levels supported by a
concurrent modulation of the GC rhythm seems to be a plausible
mechanism for the effect we observed in the fetal SCN, although
the direct connection with the regulation of the studied genes
remains unclear.

The exposure of pregnant rats to LL disrupts not only
hormonal levels but also other entraining signals, namely, the
behavioral activity/sleep and feeding/fasting rhythms as well
as the tightly related body temperature rhythm (Eastman and
Rechtschaffen, 1983). Re-inducing those rhythms in pregnant
rats maintained in LL via temporary restriction of access
to food allowed us to ascertain their participation in the
effects of LL on the fetal SCN. Previously, we showed that
the same protocol was efficient in entraining the clock in
newborn rats (Nováková et al., 2010). Here we found that in
the fetal SCN the lack of a maternal behavioral rhythm was
not involved in abolishment of c-fos rhythmicity due to LL
exposure, further supporting the abovementioned speculations
on the role of hormonal signals in the regulation of genes

in the fetal SCN. Unexpectedly, we revealed participation of
the maternal behavioral rhythm in maintenance of the Vip
expression level and the amplitude of its rhythm, suggesting
its role in neuronal maturation of the fetal SCN. Apart from
this, less pronounced but significant effects on the expression
profiles of Per1 (slight upregulation) and Nr1d1, Rorα, and
Dbp (by inducing shallow rhythmicity) were also detected.
Interestingly, we previously observed the same effect of RF
on Nr1d1 expression in the adult SCN of rats exposed to LL
(Nováková et al., 2011).

Altogether, our study revealed that the fetal SCN responds to
complex maternal signals in a gene-specific manner. Importantly,
disruption these maternal signals impacts the fetal SCN and
affects regulation of genes that are involved in general cellular
signaling as well as clock-related mechanisms. It is tempting to
speculate that such effects may mediate the noxious impact of
prenatal chronodisruption on the development of the SCN.
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The circadian (24 h) clock system adapts physiology and behavior to daily recurring
changes in the environment. Compared to the extensive knowledge assembled over
the last decades on the circadian system in adults, its regulation and function during
development is still largely obscure. It has been shown that environmental factors, such
as stress or alterations in photoperiod, disrupt maternal neuroendocrine homeostasis
and program the offspring’s circadian function. However, the process of circadian
differentiation cannot be fully dependent on maternal rhythms alone, since circadian
rhythms in offspring from mothers lacking a functional clock (due to SCN lesioning or
genetic clock deletion) develop normally. This mini-review focuses on recent findings
suggesting that the embryo/fetal molecular clock machinery is present and functional
in several tissues early during gestation. It is entrained by maternal rhythmic signals
crossing the placenta while itself controlling responsiveness to such external factors to
certain times of the day. The elucidation of the molecular mechanisms through which
maternal, placental and embryo/fetal clocks interact with each other, sense, integrate
and coordinate signals from the early life environment is improving our understanding of
how the circadian system emerges during development and how it affects physiological
resilience against external perturbations during this critical time period.

Keywords: pregnancy, fetus, circadian clock, placenta, gating

INTRODUCTION

The circadian system is required to anticipate and adapt physiology to daily recurring changes in the
environment over 24 h (Dibner et al., 2010). It coordinates complex behaviors such as sleep (Collins
et al., 2020), activity (Moore and Eichler, 1972; Stephan and Zucker, 1972), food intake (Hatori et al.,
2012; Koch et al., 2020), and stress responses (Oster et al., 2006). In mammals, a master circadian
pacemaker is located in the hypothalamic suprachiasmatic nucleus (SCN) and subordinated clocks
are present throughout the brain and the periphery (Ralph et al., 1990). The SCN perceives time of
day via direct photic input from the retina and subsequently relays temporal information through
coordination of the neuroendocrine system. Therefore, several SCN efferent connections are found
within the medial hypothalamus where key cell groups are involved in organizing hormone release
and autonomic nervous system tone (Kalsbeek et al., 2006, 2011). A plethora of humoral and
neuronal signals convey time-of-day information to the periphery to elicit rhythmic regulation of
the local clock gene machinery and, in turn, of a set of tissue-specific downstream clock-controlled
genes (Buhr and Takahashi, 2013).
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During pregnancy, the maternal neuroendocrine system
adapts to support fetal development and growth (Tal et al., 2000;
Russell and Brunton, 2019). Circadian coordination likely plays
a fundamental role in this adaptation during the whole period
of pregnancy, parturition, and lactation (Wharfe et al., 2016a).
However, compared to the extensive knowledge gained over
the last decades on the adult circadian system, its regulation
and function during pregnancy remains largely obscure (Wharfe
et al., 2011, 2016a,b; Papacleovoulou et al., 2017). The placenta is
the only organ that is formed by the interaction of, both, maternal
and fetal/embryonic tissues. It forms the interface between
the two circulatory systems. The circadian clock is strongly
involved in regulating functions such as hormone synthesis and
immunity in the adult, then it might be involved in the diurnal
regulation of these functions also during embryogenesis and in
the placenta. And, last but not least, the fetal/embryo circadian
system develops and gains autonomy toward term (Wharfe et al.,
2011; Landgraf et al., 2015) under the influence of endogenous
and exogenous entrainment signals crossing the placenta (Serón-
Ferré et al., 2012; Čečmanová et al., 2019). However, little is
known about fetal/neonate clock functions that might be relevant
during this period of development.

Understanding circadian coordination during pregnancy
requires an assessment of the interaction of three clocks—
maternal, placental and fetal—plus taking into account that
this interaction undergoes dynamic changes over the course
of pregnancy (Mark et al., 2017). After birth, maternal
behavior, body temperature and signals from breast milk further
affect neonate circadian system development until weaning
(Nozhenko et al., 2015) (Figure 1).

The Maternal Circadian System During
Pregnancy and Early Postnatal Life
The role of the maternal clock during perinatal life has been
studied by SCN lesion experiments in rodents, using clock
deficient models and by exposing the pregnant mother to
environmental conditions such as constant light (LL), chronic
phase shifts or mistimed food availability, at different phases
of gestation (Varcoe et al., 2011, 2013, 2018; Vilches et al.,
2014; Houdek et al., 2015; Mendez et al., 2016; Smarr et al.,
2017; Carmona et al., 2019). In the short term, the impact of
maternal chonodisruption has been assessed using within-litter
synchrony of the fetal/neonate central and peripheral clocks,
metabolic rhythms, and activity as readouts. Interestingly, all
different manipulations seems to have similar effects depending
on the time of gestation when the chonodisruption was induced
(Reppert and Schwartz, 1984; Davis and Gorski, 1988; Jud and
Albrecht, 2006; Mendez et al., 2012, 2016; Varcoe et al., 2016;
Salazar et al., 2018). Maternal chronodisruption also induces
long term effects in the offspring such as memory and learning
deficits (Vilches et al., 2014), increased anxiety, anhedonia, and
depressive-like behavior (Voiculescu et al., 2016; Zhang et al.,
2017) and metabolic effects such as adiposity and impaired
glucose tolerance (Mendez et al., 2016).

Several maternal signals have been proposed as candidates
to cross the placenta and reach the fetal clock. Melatonin

is secreted by the pineal gland at night controlled through
neuronal connections from the SCN (Lehman et al., 1987).
Melatonin levels increase gradually toward the end of pregnancy
returning to non-pregnant levels shortly after birth (Tamura
et al., 2008). Melatonin is also found at considerable amounts
in breast milk (Illnerová et al., 1993; Rowe and Kennaway,
2002). Experiments in rats have demonstrated that some of the
short- and long-term effects of maternal LL exposure (Mendez
et al., 2012; Houdek et al., 2015; Voiculescu et al., 2015, 2016),
pinealectomy (Bellavía et al., 2006; Motta-Teixeira et al., 2018)
or SCN lesions (Davis and Mannion, 1988) can be rescued
by the administration of melatonin (recently reviewed by Hsu
and Tain, 2020). Interestingly, the central and peripheral clocks
of the fetus/newborn seem to respond differently to melatonin
replacement in arrhythmic mothers (Mendez et al., 2012; Houdek
et al., 2015). Despite that melatonin receptors have been found
in several fetal tissues and in different species (Torres-Farfan
et al., 2006) as previously reviewed by Voiculescu et al. (2014),
the melatonin secretion pathway is suppressed in most inbred
mouse strains. Considering that the offspring of these mice shows
robust rhythms, melatonin might be a synchronizing signal for
the fetal/neonate clock, but it is likely not essential for the normal
development of the circadian system.

Dopamine has been proposed as a “light-phase” entrainment
signal—i.e., antiphasic and functionally antagonistic to
melatonin—during the development of the circadian system
(Iuvone and Gan, 1995). Dopamine is able to cross placental
barrier freely and is also found in breast milk (Watanabe et al.,
1990). Moreover, dopamine receptors are widely expressed in the
fetal/neonate brain (Weaver et al., 1992; Rivkees and Lachowicz,
1997). The exposure of neonates to the dopamine receptor 1
(D1R) agonist SKF38393 increases c-fos expression in the SCN
(Weaver and Reppert, 1995). However, there is no substantial
evidence of a direct role of dopamine programing the long-term
function of the circadian system.

Glucocorticoids (GCs) have strong circadian entrainment
functions (Oster et al., 2017). In humans and rodents, maternal
GCs are released rhythmically anticipating the active phase
during whole pregnancy with a gradual increase of baseline levels
toward the end (Wharfe et al., 2016a). GCs are essential for fetal
tissue maturation, especially in the lung, and GR (glucocorticoid
receptor), or CRH (corticotrophin releasing hormone) deficiency
is lethal for the fetus (Goldfeld et al., 1983; Muglia et al.,
1995). Therefore, while low GC concentrations seem to be
necessary for pregnancy success, epidemiological studies and
animal experiments suggest that high GC levels during pregnancy
increase the risk of developing behavioral and metabolic
disorders later in life (Moisiadis and Matthews, 2014a; Coleman
et al., 2016; Marín, 2016; Busada and Cidlowski, 2017; Van den
Bergh et al., 2017; Logan and McClung, 2019). Interestingly,
most rodent prenatal stress paradigms entail some degree of
circadian disruption because the animals are manipulated during
their normal rest phase. We have recently demonstrated that the
offspring from mothers exposed to GCs during the rest phase
show worse circadian and stress-related behavioral phenotypes
than those from mothers exposed to the same GC concentration,
but during the active phase (Astiz et al., 2020).
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FIGURE 1 | View on mechanisms through which maternal, placental and embryo/fetal clocks interact with each other, sense, integrate, and coordinate signals from
the early life environment.

Much less is known about other signals that are also rhythmic
in the mother and are known to cross the placenta or to impact
on fetus development such as leptin. Transplacental transport of
leptin increases during the last week of gestation in rats, together
with an increase in expression of leptin receptor in the placenta,
likely due to increasing energy requirements (Herrid et al., 2014;
Vlahos et al., 2020). Interestingly, transplacental leptin passage
is reduced after maternal GCs exposure, whereas treatment with
metyrapone (an inhibitor of GCs synthesis) has the opposite
effect (Smith and Waddell, 2002, 2003). Other signals such
as placental lactogen, prolactin, progesterone, estradiol, and
insulin are less likely candidates for fetal circadian entrainment.
Serum levels of human chorionic gonadotropin (hCG) and
placental lactogen (hPL) were measured over 24 h, but no clear
rhythms were detected (Houghton et al., 1982). Progesterone,
estradiol, and insulin show rhythmic oscillations in non-pregnant
rodents but there is not enough evidence for such rhythms
during pregnancy.

Circadian rhythms in maternal core body temperature were
also investigated as a possible entrainment signal, however, the
reduced amplitude of these rhythms argues against a significant
role as time-giver (Wharfe et al., 2016b).

Taking together these data suggest that the effect of
maternal signals on the developing circadian system depend on
concentration, circadian phase, the interaction with other signals,
and gestational/postnatal age.

Placental Clocks and the Circadian
Regulation of Feto-Maternal Crosstalk
In order to reach the developing embryonic/fetal clock,
entrainment signals will have to pass through the placenta—as
process, which could be by itself gated by the circadian clock. The
placenta provides the interface between both circulatory systems.
It controls the exchange of nutrients, hormones, xenobiotics,

metabolites, and waste between mother and fetus (Han et al.,
2018; Staud and Karahoda, 2018). Some maternal signals such
as melatonin or dopamine freely cross the placenta and convey
external time to the fetus (Naitoh et al., 1998; Okatani et al., 1998).
Others, such as glucocorticoids, are metabolized by enzymes
expressed in the labyrinth zone (LZ) of the placenta (Okatani
et al., 1998; Krozowski et al., 1999; Mark et al., 2009, 2017;
Christ et al., 2012; Waddell et al., 2012; Houdek et al., 2015).
The LZ of rodents consists of maternal blood spaces separated
from the fetal vasculature by trophoblasts and fetal connective
tissue. It is of fetal origin and analog to the chorionic villi in
humans (Han et al., 2018; Staud and Karahoda, 2018). Enzymes
such as 11-βHSD2 (11-β-hydroxysteroid dehydrogenase 2) and
ABCB1 (ATP-Binding Cassette Subfamily B Member 1) are
highly abundant in the LZ and protect the fetus from excessive
levels of GCs. The expression of these enzymes is rhythmic
in the circadian range in the LZ and other tissues (Waddell
et al., 2012). For instance, ABCB1 has drug-efflux functions in
placenta with a broad substrate specificity, a diurnal regulation
might have implications when considering the optimal treatment
time of pregnant mothers aiming at either maximal or minimal
availability to the fetus. Therefore, it would be interesting to assess
whether the local clock is responsible for the rhythmic regulation
of these or other transporters.

In mice, the junctional zone (JZ) of the placenta secretes
monoamines and steroids with endocrine, paracrine, and
autocrine functions modulating maternal and fetal physiology
throughout pregnancy (Longhi and Kulay, 1974; Napso et al.,
2018). Placental hormones such as hCG (human chorionic
gonadotropin), hPL (placental lactogen) show no significant
diurnal variation in maternal serum (Houghton et al., 1982)
which is probably explained by the absence of a robust rhythmic
expression of the clock gene machinery in the JZ (Wharfe et al.,
2011). The placental decidua mediates the maternal immune
tolerance to the embryo (Arck and Hecher, 2013). Since, several
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immune processes are strongly regulated by the circadian system,
it would be interesting to assess whether either the maternal or
the placental clock influence this aspect of immune adaptation.

Fetal and Neonate Clock Development
and Their Function as Gatekeepers of
Circadian Entrainment Signals
Besides maternal signals and their passage through the placenta,
the entrainment of the fetal circadian system will depend on
a third factor, the reception of those signals at embryonic
target tissues. The expression of receptors for dopamine and
glucocorticoids shows dynamic changes in the developing
SCN with high levels during the prenatal phase followed by
downregulation during postnatal stages (Rosenfeld et al., 1988;
Weaver and Reppert, 1995). The exposure of neonates to the
dopamine receptor 1 (D1R) agonist SKF38393 increases c-fos
expression in the SCN during the first 3 days of postnatal
life, but receptor expression is downregulated by post-natal day
4—and so is the response of the SCN to the D1R agonist
(Weaver and Reppert, 1995). GCs influence the development
of many hypothalamic nuclei including the SCN (Moisiadis
and Matthews, 2014b; Čečmanová et al., 2019) but the GR
is not expressed in the adult nuclei (Rosenfeld et al., 1988).
Consequently, the adult master clock becomes insensitive to
dopamine, GCs and, potentially, other peripheral signals, which
may be an essential condition for the SCN to keep the time under
conditions of conflicting environmental signals.

When exactly and how the circadian clock starts ticking is still
an open question. In mice, neuronal division in the developing
SCN takes place between gestational day (GD) 10–15 peaking at
GD12 (Kabrita and Davis, 2008). Intra-SCN circuits differentiate
during the following days and retinal projections reach the SCN
mediating photic entrainment shortly after birth (Sekaran et al.,
2005). In contrast, the molecular clock machinery in the SCN
and peripheral tissues is already expressed earlier (Landgraf et al.,
2015; Čečmanová et al., 2019) and daily changes in metabolic
activity are detectable in the SCN during late gestation (Reppert
and Schwartz, 1984). Recent data from our lab show that the
circadian phase of GCs that reach fetal tissues determines their
effectiveness in programing the offspring’s circadian behavior.
This temporal gating originates from the embryonic clock
system and may involve rhythmic expression of the negative GR
modulator Reverse erythroblastoma (REV-ERBα/β aka Nr1d1/2)
(Astiz et al., 2020).

Taken together, these results indicate that an intrinsic genetic
programs, at the level of fetal tissues, interact with maternal

signals. The outcome of this interaction not only affects acute
responses of the embryo to external stimuli, but may also
determine the physiological programing of circadian behavior
and energy metabolism.

DISCUSSION

Circadian clocks have a pervasive influence on all aspects of
physiology and behavior and, not surprisingly, they also influence
embryonic development and the interaction between the embryo
and its prenatal environment. Potent players in this context
are timing signals perceived by the mother and transmitted
to the unborn. On the other hand, the fetal circadian system
is gradually evolving toward the end of gestation, thus more
and more impinging on how maternal signals are interpreted
and translated. Placental rhythmic programs have an important
function in this crosstalk by gating which signals actually reach
the embryo and how much of them at a given time.

The downregulation of receptors (such as GR) in the fetal
SCN and the partial loss of rhythmicity of some of the maternal
signals toward term indicate an emancipatory step of the prenatal
pacemaker from maternal zeitgebers. It also highlights dynamics
in the interaction between maternal signals and developmental
programs during pregnancy in general. Metabolomic approaches
may help to further decipher these kinetics allowing more
straightforward strategies to manipulate genes and pathways
during different stages of fetal development. From a clinical
perspective, a better comprehension of these interactions will
allow to improve existing therapeutic paradigms targeting
disorders of the pregnant mother or the developing child with
regard to efficiency or unwanted side effects.
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Senescent cells, which show the permanent growth arrest in response to various forms
of stress, accumulate in the body with the progression of age, and are associated with
aging and age-associated diseases. Although the senescent cells are growth arrested,
they still demonstrate high metabolic rate and altered gene expressions, indicating that
senescent cells are still active. We recently showed that the circadian clock properties,
namely phase and period of the cells, are altered with the establishment of replicative
senescence. However, whether cellular senescence triggers the alteration of circadian
clock properties in the cells is still unknown. In this study we show that the oxidative
stress-induced premature senescence induces the alterations of the circadian clock,
similar to the phenotypes of the replicative senescent cells. We found that the oxidative
stress-induced premature senescent cells display the prolonged period and delayed
phases. In addition, the magnitude of these changes intensified over time, indicating
that cellular senescence changes the circadian clock properties. Our current results
corroborate with our previous findings and further confirm that cellular senescence
induces altered circadian clock properties, irrespective of the replicative senescence
or the stress-induced premature senescence.

Keywords: circadian, clock, senescence, aging, oxidative stress

INTRODUCTION

Cellular senescence is the state of permanent growth arrest of cells. The senescent cells have been
found to be accumulated in the body with aging, and have been associated with various age-related
diseases, for example, atherosclerosis (Wang and Bennett, 2012; Childs et al., 2018; Cho et al.,
2020), osteoarthritis (Jeon et al., 2017, 2019; Xu et al., 2017), alveolar lung diseases (Hashimoto
et al., 2016; Schafer et al., 2017; Houssaini et al., 2018), and cancer (Parrinello et al., 2005; Bavik
et al., 2006; Liu and Hornsby, 2007; Bhatia et al., 2008; Campisi et al., 2011; Castro-Vega et al.,
2015; Ortiz-Montero et al., 2017). Removal of the senescent cells from the body, either using the
pharmacologic interventions (Chang et al., 2016; Yosef et al., 2016; Baar et al., 2017; Lehmann
et al., 2017; Schafer et al., 2017; Bussian et al., 2018; Zhang et al., 2019) or genetic ablations (Baker
et al., 2011, 2016; Childs et al., 2016; Hashimoto et al., 2016; Bussian et al., 2018), have recently
been reported to lead to the extended healthspan of prematurely and naturally aged mice and
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also attenuated the already existing diseases in mouse models
of disease. Various forms of stress such as excessive cell
proliferation, oncogenic stress and extreme DNA damage induce
cellular senescence. These different forms of stress lead to the
cells having the different types of the cellular senescence, such
as the replicative senescence, oncogene-induced senescence and
the stress-induced premature senescence. Despite the fact that
the various types of the senescent cells are permanently growth
arrested, they still have their individual differential transcriptome
signatures, and secretory phenotype (Maciel-Baron et al., 2016;
Hernandez-Segura et al., 2017; Nakao et al., 2020). Hence it can
be postulated that the presence of the replicative senescent cells,
oncogene-induced senescent cells, and stress-induced premature
senescent cells may affect the physiological systems differentially.
In vivo it is currently impossible to distinguish between the
different types of the senescent cells and the effects they
exert (Hernandez-Segura et al., 2017). Recently, we found that
circadian clock properties are altered with replicative senescence.
However, whether the alteration of the circadian clock is specific
for the replicative senescent cells or is also observed in the other
types of senescence programs is still largely known.

The circadian clock, which is an intrinsic time-keeping system
of almost all living systems on earth, possesses robust and flexible
mechanisms against environmental light/dark condition (Partch
et al., 2014; Bass and Lazar, 2016; Takahashi, 2017; Honma, 2018).
However, it has been found that the circadian clock becomes
less robust and flexible with aging, both at the animal level
(Valentinuzzi et al., 1997) and also at the tissue levels (Nakamura
et al., 2015). Also, at the cellular level, we recently found that
the circadian clock is altered with the establishment of replicative
senescence; the circadian period becomes longer, and the peak
phases are delayed compared with the proliferative cells (Ahmed
et al., 2019). We assume that cellular senescence affects the
circadian clock mechanism, but not vice versa, since we have
reported that the fibroblast cells derived from Bmal1 knockout
mice embryo in which circadian clock is completely disrupted,
show the normal senescence process (Nakahata et al., 2018).
Although in our previous paper, we showed that the circadian
clock is altered with the establishment of replicative senescence,
till date, no evidence has directly demonstrated that cellular
senescence per se affects the circadian clock mechanism. Hence,
in this study, we induce oxidative stress-induced premature
senescence of human primary fibroblasts, to investigate whether
other types of senescence affect the circadian clock and therefore,
confirm that cellular senescence affects the circadian clock,
irrespective of the type of senescence.

MATERIALS AND METHODS

Cell Culture and H2O2 Treatment
Primary human lung fetal fibroblasts (TIG-3) of Japanese origin
were kindly provided by Drs. T. Takumi and T. Akagi. The
cells were cultured in DMEM-4.5 g/L glucose (Nacalai Tesque,
Japan) supplemented with 10% FBS (Sigma) and antibiotics (100
units/mL penicillin, 100 µg/mL streptomycin, Nacalai Tesque,
Japan) at 37◦C and 5% CO2 in a humidified incubator. The

proliferative cells used in this study were established in our
previous report (Ahmed et al., 2019) which consisted of cells in
the passage range of P25-29.

For the induction of oxidative stress-induced premature
senescence H2O2 was used as the stressor. The proliferative
cells were plated on 6-well plates at the seeding density of
8.5 × 104 cells/well on Day-0 (Figure 1A). On Day-1, (i.e., 24 h
after plating) cells were incubated with various concentrations
of H2O2 (Wako, Japan) as indicated, for 2 h, then rinsed
with DMEM twice and incubated for 22 h. Cells treated with
equivalent volumes of dH2O as H2O2 were considered as
controls. This process was repeated on Day-2 and Day-3. Then
cells were cultured until Day-9, splitting on Day-4 and Day-7,
each time with the seeding density at 8.5× 104 cells/well.

Lentivirus Production and TIG-3 Cells
Infection
Lentivirus production was performed as described previously
(Ahmed et al., 2019). For infection of the target TIG-3 cells, cells
in the Passage range of 25–29 in the previous study (Ahmed
et al., 2019) were used. The culture medium was replaced with
the lentivirus suspension supplemented with 8 µg/ml protamine
sulfate (Nacalai Tesque, Japan). 24 h later the cells were washed
with PBS once and cultured 2 more days with fresh medium.
Infected cells were kept in liquid nitrogen until cells were
subjected to experiments.

Senescence-Associated β-Galactosidase
Assay (SA-β-Gal Assay), RNA Extraction,
qPCR, Real-Time Luciferase Monitoring
Assay, and Cosinor Analysis
These methods were described preciously (Ahmed et al., 2019).

Statistics
Values are reported as mean ± SEM. Statistical differences were
determined by a Student’s two-tailed t test. Statistical significance
is displayed as ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001.

RESULTS

Oxidative Stress-Induced Premature
Senescence in TIG-3 Cells
In our previous study, we obtained the proliferative and
replicative senescent TIG-3 cells by serial passaging and
found that senescent TIG-3 cells possess altered circadian
clock properties with prolonged period and delayed phase
(Ahmed et al., 2019). To address whether the senescence
process triggers the alteration of circadian clock properties,
we induced the oxidative stress-induced premature senescence
using the proliferative cells, which consisted of cells in the
Passage range of 25–29 in the previous study (Ahmed et al.,
2019). In order to induce oxidative stress-induced premature
senescence, we chose H2O2, as it is one of the most
widely used stressors and also because it is thought of as
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a natural inducer of oxidative stress (Toussaint et al., 2000).
To optimize the concentration of H2O2, we first exposed the
cells to varying concentrations of H2O2 for 2 h, performing 3
consecutive H2O2 treatments every 24 h (Figure 1A). Senescent
cells are known to exhibit a plethora of features such as
enlarged, flattened morphology, increased senescence-associated
β-galactosidase (SA-β-Gal) activity (Debacq-Chainiaux et al.,
2009; Khaidizar et al., 2017), and increased expressions of cell
cycle inhibitors (p16INK 4a, p19ARF , and p21CIP1) (Stein et al.,
1999; Krishnamurthy et al., 2004; Khaidizar et al., 2017). Hence
on Day-8, the cells were checked for some of the aforementioned

features. Starting at 300 µM, the cells appeared to be larger in
size and flattened and showed significantly higher percentage
of the SA-β-Gal-positive cells compared to the control cells
(Figures 1B,C). Higher concentrations also gave correspondingly
higher percentage of SA-β-Gal-positive cells, however, increasing
number of cell deaths also occurred. As such, we determined
that the optimum concentration that could induce significant SA-
β-Gal activity was 300 µM (49.3% ± 2.9), and this percentage
of SA-β-Gal-positive cells was in the same range to that
found in the replicative senescent cells, as reported previously
(Ahmed et al., 2019).

FIGURE 1 | Confirmation of H2O2-induced premature senescence. (A) Scheme of this study. RNA, SA-β-Gal and rhythm mean RNA extraction, SA-β-Gal assay and
real-time luciferase monitoring assay, respectively (B) Representative pictures of SA-β-Gal positive cells (blue) at Day-9 under control (upper) and 300 µM
H2O2-treated conditions. Scale bars represent 100 µm (micrometer). (C) The percentage of SA-β-Gal positive cells were quantified at different concentrations.
(D) p21CIP1 gene expressions under control or 300 µM H2O2-treated conditions at indicated days were analyzed by qPCR. The expression level of control condition
at Day-5 was set to 1. (E) The percentage of SA-β-Gal positive cells under control or 300 µM H2O2-treated conditions at indicated days were quantified. n.s., not
significant, ∗p < 0.05, ∗∗∗p < 0.001, by Student’s two-tailed t test.
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Next, we sought to characterize the process of the oxidative
stress-induced premature senescence after the exposure of TIG-
3 cells to H2O2. To this end, we checked the two senescence
features, the cell cycle inhibitor p21 mRNA expression level and
SA-β-Gal activity, at two time points i.e., on Day-5 and Day-
8 at 300 µM of H2O2. On Day-5, both p21 mRNA expression
(p = 0.02) and SA-β-Gal positive cells (p = 4.8 × 10−8) in
the H2O2-treated cells were increased compared to the control
cells (Figures 1D,E). As expected, on Day-8 both senescence
features were significantly higher in H2O2-treated cells (p = 0.01
and 5.5 × 10−5 for p21 mRNA expression and SA-β-Gal
positive cells, respectively). Intriguingly, p21 expression levels
were comparable in H2O2-treated cells between Day-5 and Day-8
(p = 0.77, Figure 1D), whereas SA-β-Gal positive cells on Day-
8 was significantly higher than that on Day-5 (p = 1.6 × 10−12,
Figure 1E). These results indicate that the cells start ceasing
proliferation almost immediately after exposure to the stressor
H2O2, however, the development of the oxidative stress-induced
premature senescence process is gradual, the intensity of which
increases with time.

Alteration of Circadian Clock
Characteristics in the Oxidative
Stress-Induced Premature Senescent
TIG-3 Cells
Next we assessed the changes in the circadian clock properties of
the cells, both at Day-5 and Day-9, compared to the control cells.
For this purpose, we used the TIG-3 cells lentivirally infected
with the bmal1 promoter-driven luciferase gene (Brown et al.,
2005). The infected cells were synchronized with dexamethasone
and were subjected to real-time luciferase assay. As shown in
Figure 2A, the circadian oscillation patterns of the control cells
both on Day-5 and Day-9 were very close to each other (see
Supplementary Figure 1 for raw data of oscillation patterns).
Intriguingly, the oscillation pattern of H2O2-treated cells on Day-
5, which have already shown senescent features (Figures 1D,E),
was similar to those of control cells, suggesting that circadian
clock is intact in Day-5 senescent cells. On the contrary, the
oscillation pattern of the H2O2-treated cells on Day-9 was shifted
to the right (Figure 2A), suggesting the alteration of the circadian
clock i.e., a delay in their clock timings. In order to more precisely
check the timings of the cells, the trough times of the cells on Day-
5 and Day-9 were extracted. For the cells on Day-5, the 1st trough
times were 28.87 ± 0.35 h and 29.57 ± 0.39 h for the control
cells and H2O2-treated cells, respectively, with no statistically
significant difference (p = 0.19, Figure 2B). For the cells on Day-
9, the 1st trough times were 29.65 ± 0.17 h and 32.34 ± 0.11 h
for the control cells and H2O2-treated cells, respectively, with
statistically significant difference (p = 1.5 × 10−11). For the 2nd
trough times, the control cells at Day-5 showed 53.15 ± 0.37 h
while the H2O2-treated cells showed 54.78 ± 0.48 h, with
statistically significant difference (p = 0.01). For the Day-9 cells,
the 2nd trough times were 53.94 ± 0.23 h and 59.09 ± 0.60 h,
for the control cells and H2O2-treated cells, respectively, with
statistically significant difference (p = 4.4 × 10−8). We then

compared intra-group trough times of the cells between Day-
5 and Day-9. As expected, there were no differences of 1st and
2nd trough times in the control cells. On the other hand, for 1st
trough times in H2O2-treated cells, the cells at Day-5 showed
29.57 ± 0.39 h while the cells at Day-9 showed 32.34 ± 0.11 h,
with statistically significant difference (p = 1.9 × 10−6). Also, for
2nd trough times in H2O2-treated cells, the cells at Day-5 showed
54.78 ± 0.48 h and the cells at Day-9 showed 59.09 ± 0.60 h,
with statistically significant difference (p = 1.0 × 10−5). These
results indicate that the H2O2-treated cells on Day-9, with the
higher level of the senescent features, consistently displayed
the delayed trough timings, which is in accordance with the
replicative senescent cells reported in our previous study (Ahmed
et al., 2019). Meanwhile, the trough timings of H2O2-treated
cells on Day-5, with the milder level of the senescent features,
were similar to those of control cells, which suggests that the
alteration of circadian clock by H2O2 on Day-5 is much milder
than that on Day-9.

We further checked the period and damping rate of the cells
on Day-5 and Day-9 (Figures 2C,D). Period was calculated as
time difference between 1st and 2nd trough times. For the cells on
Day-5, the period length of the control cells was 24.25 ± 0.17 h
and that of the H2O2-treated cells was 25.21 ± 0.21 h, p = 0.002,
with a period extension of 0.96 h in the H2O2-treated cells.
For the cells at Day-9, the period of the control cells was
24.29 ± 0.19 h while that of the H2O2-treated cells was
26.74± 0.55 h, p = 2.8× 10−4, with a period extension of 2.45 h.
Furthermore, the period of the H2O2-treated cells on Day-9 was
1.53 h longer than that on Day-5, with statistically significant
different (p = 0.011). In case of the damping rate of the circadian
oscillation patterns of the cells, Day-5 cells did not show any
significant difference in their damping rates, for both the control
and H2O2-treated cells (Figure 2D). For the cells of Day-9, the
oscillation pattern of the H2O2-treated cells damped down more
than the control cells, p = 0.015. Also, the damping of the H2O2-
treated cells on Day-9 damped down more than that on Day-5,
p = 0.044. Collectively, the period changes and damping rates
suggest that the H2O2-treated cells on Day-9 display the higher
intensity alterations of the circadian clock properties, although
period changes start with the initiation of the process of oxidative
stress-induced premature senescence.

To confirm the above results, we also analyzed the data
of Figure 2 mathematically using the Cosinor software
(Supplementary Figure 2). For the period, control cells on Day-
5 had the period of 23.70 ± 0.21 h while the H2O2-treated cells
had period of 25.99 ± 0.14 h, p = 2.6 × 10−9; for Day-9 cells,
the period of the control cells was 25.03 ± 0.16 h while that
of the H2O2-treated cells was 26.85 ± 0.19 h, p = 2.5 × 10−7

(Supplementary Figure 2A), both of which are consistent with
the manual extraction of the period data (Figure 2). Again, the
period of H2O2-treated cells on Day-9 was significantly longer
than that on Day-5, p = 0.001. In case of the acrophase, on Day-5,
the control cells had an acrophase of −320.00 ± 5.76 while the
H2O2-treated cells had an acrophase of −317.69 ± 5.00, with
no statistically significant difference (p = 0.77, Supplementary
Figure 2B), indicating that there is no phase delay between the
cells at the beginning of the oxidative senescence development.
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FIGURE 2 | Alteration of circadian clock in H2O2-induced premature senescent cells at Day-9 was observed. (A) Relative oscillation patterns of luciferase of control
and 300 µM H2O2-treated cells at Day-5 and -9 were monitored by using a real-time luciferase monitoring system. Lowest intensity of each sample was set to –1.
(B) Box-whisker plots of trough-times are displayed. Values are mean ± SEM. (C,D) Box-whisker plots of period lengths (C) and damping ratio (D) in cells with
control and H2O2-treated cells at Day-5 and -9 are displayed. Values are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, by Student’s two-tailed t test.
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On Day-9, the control cells had an acrophase of −322.25 ± 2.36,
which was comparable to those of Day-5, while the H2O2-treated
cells had an acrophase of −356.64 ± 1.06, p = 2.0 × 10−11

(Supplementary Figure 2B), indicating phase delay on Day-9 in
accordance with Figure 2B. Also, the acrophase of H2O2-treated
cells on Day-9 was significantly different from that on Day-5,
p = 0.001.

3xH2O2 treatment induced the initiation of cellular
senescence easily, however, it altered all the circadian clock
properties gradually. Therefore, we conclude that the circadian
changes observed in the H2O2-treated cells are a result of the
oxidative stress-induced premature senescence of the cells, not
simply an effect of the H2O2 on the cells per se.

Finally, endogenous circadian gene expressions in H2O2-
induced senescent cells on Day-9 were analyzed. Similar to our
previous results in replicative senescent cells (Ahmed et al.,
2019), PER1, PER2, and CRY1 mRNAs were downregulated in
senescent cells, however, CRY2, REV-ERBa, and BMAL1 mRNAs
were comparable to control non-senescent cells (Figure 3). These
results suggest that not only circadian phenotypes, but also
molecular regulations for circadian clock are similar, irrespective
of the type of cellular senescence.

DISCUSSION

In this study, we revealed that the oxidative stress-induced
premature senescence triggers the alteration of circadian clock
properties, that is, the delayed phase and period extension. Also,
we have recently reported that the period and phase of circadian
clock in the replicative senescent cells was prolonged and delayed
compared to the proliferative cells, respectively (Ahmed et al.,
2019). Based on our findings, we propose that cellular senescence
induces the period extension and delayed phase of circadian
clock properties by similar molecular mechanisms, irrespective

FIGURE 3 | The endogenous circadian clock genes expression level was
downregulated in the senescent cells. PER1, PER2, CRY1, CRY2, REV-ERBa,
and BMAL1 mRNAs in unsynchronized cells were analyzed by qPCR. Each
sample was normalized by 18S rRNA. Expression levels of each gene in
control cells were set to 1. ∗p < 0.05, ∗∗∗p < 0.01, by Student’s two-tailed t
test.

of the replicative senescence or the oxidative stress-induced
premature senescence.

In aged organisms, in addition to the replicative senescent
cells, the stress-induced premature senescent cells occupy a
major portion of the senescent cells (Campisi, 2005; Khapre
et al., 2011). Oxidative stress is one of the strongest contributors
of stress-induced premature senescence and is likely one of
the major mediators of stress-induced premature senescence
in vivo (Chen et al., 1995; Campisi, 2005; Khapre et al., 2011).
Interestingly, several studies from model animals and humans
have demonstrated that aging can also lead to alteration of the
circadian clock (Pittendrigh and Daan, 1974; Witting et al., 1994;
Valentinuzzi et al., 1997; Van Someren, 2000; Davidson et al.,
2008; Sellix et al., 2012; Mattis and Sehgal, 2016). These evidence
suggest that the attenuation of circadian clock functions with
aging is in accordance with the accumulation of the senescent
cells in vivo. Senolytic drugs (Chang et al., 2016; Yosef et al., 2016;
Lehmann et al., 2017) which selectively eliminate senescent cells,
or transgenic mice, such as INK-ATTAC (Baker et al., 2011) and
p16-3MR mice (Demaria et al., 2014), in which senescent cells
can be selectively eliminated in an inducible fashion, will be good
strategies to address this hypothesis.

As already discussed in our previous study (Ahmed et al.,
2019), the altered circadian clock properties have also been
reported by Nakamura et al. (2015) using ex vivo SCN tissue of old
mice. Compared to the consistent results from cellular and tissue
levels, results at the organismal level have been controversial,
some reports demonstrate prolonged period (Valentinuzzi et al.,
1997), but others show shortened period (Pittendrigh and Daan,
1974; Witting et al., 1994). Aging phenotype is the result of
complex intra- and inter-organ communications and individual
contributions of different factors to total aging phenotype are
still unknown. This is probably the reason for the controversial
reports at the organismal level. Further investigations to unravel
individual factors affecting total aging phenotype will be required.

We concluded in this study that 3×H2O2-treated cells on
Day-5 have already entered the senescent phase, because of the
high expression and level of p21 mRNA and SA-b-Gal activity,
respectively (Figures 1D,E), and H2O2-treated cells on Day-
9 were more maturated. Meanwhile the alteration of circadian
clock properties in H2O2-treated cells on Day-5 occurred only
in terms of the period prolongation, and on Day-9 the period
was much longer than that on Day-5. Intriguingly, phase and
damping rate were altered only on Day-9, suggesting that
molecular mechanisms of the period prolongation and delayed-
phase/damping are independent. These results also suggest
that the molecular mechanisms in circadian period regulations
are vulnerable to cellular senescence, while the molecular
mechanisms in circadian phase regulations are more robust than
those in period regulations. Compared to our 3xH2O2 treatment,
acute single H2O2 treatment with high dose has been reported to
alter circadian clock properties; H2O2 treatment resets circadian
clock mediated by the dimerization of BMAL1 and HSF1
(Tamaru et al., 2013), induces phase changes of circadian clock
in mouse embryonic fibroblast (MEF) cells and mouse peripheral
tissues (Tahara et al., 2016), increases the amplitude of circadian
clock by activating NRF2 following Cry1 expression in stable
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Per2:Luc reporter MEF cells (Wible et al., 2018), elicits phase-
dependent PER2 degradation and circadian phase shifts in mouse
fibroblasts (Putker et al., 2018), and shortens the circadian
period by downregulating Rev-erva/b mRNAs via the activation
of PRX2/STAT3 pathway in stable Bmal1:dLuc reporter NIH3T3
cells (Ji et al., 2019). These circadian phenotypes triggered by
acute H2O2 are different from our current results, thereby
indicating that the circadian phenotypes observed in our study
are a result of the oxidative stress-induced premature senescence
of the cells, not simply an effect of the H2O2 on circadian clock
per se.

Li et al. (2020) have recently reported that increased non-
genetic variation in gene expression predominantly drives
circadian period prolongation in clonal cell lines (Li et al.,
2020). Our studies demonstrated that variations in trough times
and periods are larger in replicative/stress-induced premature
senescent cells, compared to those in proliferative/control cells.
Meanwhile, senescent cells are not homogeneous, they are
heterogenous mixture of cells, for example, the percentage of
SA-b-Gal positive cells was not 100% (Figure 1D). These data
support that variation in circadian gene expression among
senescent cells is greater. Furthermore, aging has been associated
with increased stochastic transcriptional noise (Bahar et al., 2006;
Enge et al., 2017; Martinez-Jimenez et al., 2017; Tang et al.,
2019), therefore, increased transcriptional noise in senescent
cells might be one of the causes to induce prolonged circadian
period. Analyses of circadian period in single cells and single-cell
RNA-sequence will provide an answer for this possibility.

Senescent cells are metabolically active, and increase in the
AMP/ATP ratio and decrease in NAD+ amount have been
reported during senescence (James et al., 2015; Khaidizar et al.,
2017). Increase in the AMP/ATP ratio promotes AMP-activated
protein kinase (AMPK), which acts as a sensor of the reduced
energetic state and further activates catabolic pathways while
inhibiting anabolic ones (Hardie, 2003; Garcia and Shaw, 2017).
Meanwhile it has been reported that mTOR, which is an
intracellular nutrient sensor for high cellular energy state and
associated with autophagy, is also upregulated during senescence
(Herranz et al., 2015; Laberge et al., 2015; Nacarelli and
Sell, 2017). Decrease in NAD+ amount attenuates enzymatic
activities of NAD+-dependent enzymes, such as sirtuin family
deacetylase (SIRT1-7) and poly (ADP-ribose) polymerases
(PARPs) (Imai and Guarente, 2014, 2016; Schultz and Sinclair,
2016). Many of aforementioned signaling molecules are reported
to regulate circadian clock properties. AMPK is a rhythmically
expressed kinase and phosphorylates CK1ε, resulting in enhanced
phosphorylation and degradation of PER2 (Um et al., 2007; Sahar
and Sassone-Corsi, 2012) and CRY1 (Lamia et al., 2009; Sahar and
Sassone-Corsi, 2012; Jordan and Lamia, 2013). AMPK activation
by AMPK agonist, AICAR, or glucose deprivation, increased
the circadian period and decreased the amplitude (Lamia et al.,
2009), which are consistent with our finding in senescent cells,
although another AMPK agonist metformin shortened circadian
period (Um et al., 2007). mTOR perturbation, such as RNAi
knockdown or mTOR inhibitors, lengthened circadian period
in fibroblast, SCN, and animal behaviors (Zhang et al., 2009;
Ramanathan et al., 2018), these reports show opposite effects to

our findings. NAD+ shows rhythmic 24 h oscillation and post-
translationally modifies histone H3, BMAL1, PER2 and CLOCK
by SIRT1 and PARP1 (Nakahata et al., 2008; Ramsey et al.,
2009; Asher et al., 2010). Decrease in NAD+ by FK866 treatment
amplified E-box-regulated circadian genes, such as per2 and dbp
mRNAs (Nakahata et al., 2009). Current study demonstrated that
the amplitude of circadian oscillation driven by bmal1-promoter
was damped more in senescent cells (Figure 2D), which is
probably due to the increase in E-box-regulated circadian gene,
rev-erb, the repressor for bmal1 gene regulation. Intriguingly,
it has been demonstrated that H2O2 decreases intracellular
NAD+ in some primary cells, suggesting that senescent cells
in our study also possesses low NAD+ (Furukawa et al., 2007;
Han et al., 2016). Evidences mentioned here imply that altered
signaling pathways during senescence affects circadian clock
properties, however, as far as we know, molecular connections
between cellular senescence and circadian clock remain largely
uncovered. Therefore, further investigations addressing this will
be required to understand, maintain and cure the circadian clock
mechanisms in the elderly.

In summary, our results indicate that cellular senescence alters
the circadian clock, irrespective of the type of cellular senescence.
In aged individuals, disruption of the circadian clock functions
has been associated with many age-related diseases, however, the
underlying cause of this disruption of the circadian clock was
largely unknown. Our novel findings, therefore, open up new
avenues to investigate the underlying mechanisms that lead to the
disruption of the circadian clock function in aged organisms.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized
by impairment in communication and social interaction, repetitive or stereotypical
behaviors, altered sensory perception, and sleep disorders. In general, the causes
of ASD remain unknown, but in Phelan–McDermid syndrome, it is known that the
disorder is related to the haploinsufficiency of the Shank3 gene. We used an autism
model with compromised glutamatergic signaling, the Shank3+/− mouse, to study
the circadian rhythm architecture of locomotion behavior and its entrainment to light.
We also analyzed the synapse between the retinohypothalamic tract (RHT) and the
suprachiasmatic nucleus (SCN), employing tract tracing and immunohistochemical
techniques. We found that Shank3+/− mice were not impaired in the SCN circadian
clock, as indicated by a lack of differences between groups in the circadian architecture
in entrained animals to either long or short photoperiods. Circadian rhythm periodicity
(tau) was unaltered between genotypes in constant darkness (DD, dim red light).
Similar results were obtained in the re-entrainment to shifts in the light–dark cycle
and in the entrainment to a skeleton photoperiod from DD. However, Shank3+/−

mice showed larger phase responses to light pulses, both delays and advances, and
rhythm disorganization induced by constant bright light. Immunohistochemical analyses
indicated no differences in the RHT projection to the SCN or the number of SCN
neurons expressing the N-methyl-D-aspartate (NMDA) receptor subunit NR2A, whereas
the Shank3+/− animals showed decreased c-Fos induction by brief light pulses at
CT14, but increased number of vasoactive intestinal polypeptide (VIP)-positive neurons.
These results indicate alterations in light sensitivity in Shank3+/− mice. Further studies
are necessary to understand the mechanisms involved in such increased light sensitivity,
probably involving VIP neurons.

Keywords: phase response curve (PRC), ASD, autism, SCN, RHT, NMDA receptor GluN2A, receptor GluN2A,
constant light

INTRODUCTION

Circadian rhythms are behavioral and physiological processes with a periodicity close to 24h
generated by the suprachiasmatic nuclei (SCN), the circadian clock of the hypothalamus (Marcheva
et al., 2013). The SCN synchronizes to environmental light via a subpopulation of ganglia cells
in the retina expressing the photopigment melanopsin (Hattar et al., 2003; Hankins et al., 2008),
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whose unmyelinated axons form the retinohypothalamic tract
(RHT) (Moore and Lenn, 1972). The RHT terminals release
glutamate and pituitary adenylate cyclase-activating peptide to
SCN ventral neurons (Abrahamson and Moore, 2001; Hannibal,
2002, 2006). Glutamate activates N-methyl-D-aspartate (NMDA)
and α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AM
PA)–kainate postsynaptic receptors (Kim and Dudek, 1991),
which increase intracellular calcium in SCN neurons and activate
signaling cascades necessary for the synchronization of the
circadian clock to light (Ding et al., 1994, 1997).

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder characterized by core symptoms of impaired
communication and social interaction, repetitive or stereotyped
behaviors, and altered sensory perception (Klintwall et al.,
2011; Carbonetto, 2014; Baum et al., 2015; Bourgeron, 2015;
Robertson and Baron-Cohen, 2017; Schroeder et al., 2017).
It is estimated that, worldwide, one in 160 children has ASD
(World Health Organization, 2013). The core symptoms are
associated with secondary comorbid conditions including
intellectual disability, anxiety, gastrointestinal problems, and
sleep troubles (Bourgeron, 2015). The causes of ASD remain
unknown; however, there are indications of a genetic basis
linked to genes of proteins related to synaptic structure and
function (Zoghbi and Bear, 2012). One of the best characterized
examples is Phelan–McDermid syndrome (PMS), which is
caused by a deletion of the Shank3 gene in a single allele in the
chromosome 22q13. The main features of PMS are neonatal
hypotonia, absent or severely delayed speech, intellectual
disability, and autism spectrum disorder (Phelan and McDermid,
2012). The Shank3 gene encodes for the protein SHANK3, a
scaffolding protein localized at the postsynaptic of excitatory
synapses. SHANK3 scaffold ionotropic and metabotropic
glutamate receptors are considered to be key regulators, either
directly or indirectly, of synaptic transmission and plasticity
(Monteiro and Feng, 2017).

A remarkable feature of ASD is that children manifest a
high incidence of sleep problems, of around 53% (Wiggs and
Stores, 2004). Interestingly, children with PMS also present an
elevated incidence of sleep disturbances, ∼90% of the cases (Bro
et al., 2017). Sleep problems and ASD suggest an unexplored link
between autism and circadian rhythms. For instance, a circadian
oscillation of the SHANK3 in the hippocampus and striatum,
which correlates with melatonin serum levels (Sarowar et al.,
2016), was recently discovered. Furthermore, it has been reported
that knockout mice lacking exon 21 of Shank3 exhibit differences
in non-REM sleep and slight differences in free-running circadian
rhythms in constant darkness (DD) in comparison to wild-type
controls (Ingiosi et al., 2019).

Despite this evidence, the role of the circadian system in
autism is unknown. Since SHANK proteins are necessary via
the PSD-95/GKAP complex, for the organization of NMDA
receptors in the postsynaptic density (Lim et al., 1999), and
NMDA receptors are crucial for light-induced phase shifts
(Colwell and Menaker, 1992; Ding et al., 1994, 1997), we tested
whether a compromised glutamatergic signaling in Shank3+/−

mice (an animal model linked to autism, with a deletion in
the ankyrin repeat domain which encodes for one of the major

Shank3 isoforms, Shank3α) affects the circadian rhythm in
locomotion, its entrainment to light, the fiber density from
the RHT to the SCN, and the number of neurons expressing
vasoactive intestinal polypeptide (VIP), NMDA2A subunit, and
c-Fos photoinduction in the SCN.

MATERIALS AND METHODS

Animals and Housing
B6(Cg)-Shank3tm1.1Bux/J heterozygous mice (Jax, no. 017889)
were bred with C57BL/6J wild-type mice. For aims of housing
and breeding but not experimental, the animals were housed
under a cycle of 12-h light/dark in a conventional temperature
and humidity vivarium, with ad libitum access to food and
water. Shank3+/+ (wild type, WT) and Shank3+/− (HET)
littermates including male and female mice were 16weeks old
at the beginning of the behavioral experiments. The animals
were genotyped at the beginning and again at the end of the
experimental procedures to confirm the subject genotype. Data
collection and analysis were performed blind with regard to
the genotype of the animals until the end of the experiments.
All experimental protocols were conducted according to current
Mexican legislation NOM-062-ZOO-1999 (SAGARPA), the
internal ethical institutional committee guidelines (authorization
CICUAL RA-58-15), and the guidelines on the use of animals
from the Society for Neuroscience.

We defined DD as the constant exposition to dim red light
(5lx) and LD as the exposition to bright light (300 lx, LL) followed
by constant dim red light (5 lx).

Before the experiments, the mice were housed for habituation
at least for 10 days in groups of four, in the vivarium of the
Chronobiology Laboratory, with water and food ad libitum. The
habituation room was kept at a temperature of 24◦C (± 1) under
a 14:10-h photoperiod (LD 14:10, lights on at 07:00 hours).

Behavioral Recordings
At the beginning of the experiment, mice were transferred to
individual acrylic boxes in cabinets with controlled light–dark
daily cycles. Dim red light (5 lx) was constantly present as
background throughout the experiment. The circadian rhythm
of locomotion was continuously monitored by a computerized
system described by Mercado et al. (2009). Briefly, each time
the animal moved, electric pulses were generated through
pressure sensors placed beneath the floor; these events were
computed at 1-min intervals and stored in magnetic media
for later analysis. Pairs of animals from both groups (WT and
Shank3+/−) were monitored simultaneously under the same
lighting conditions.

In the first experiment, 22 animals (11 WT and 11 HET)
were recorded in different lighting conditions to describe the
circadian architecture under long (LD 14:10) and short (LD
10:14) photoperiods. In this experiment, re-entrainment to a
6-h LD advance phase shift was performed. In the second
experiment, we analyzed the circadian rhythms under the
skeleton photoperiod (SKP) that consisted of two light pulses
(1 h, 300 lx) separated by a long (13 h) and a short (9 h) interval
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of DD (Pittendrigh and Daan, 1976). In SKP, animals are kept in
DD for 2 weeks and then two short light pulses per circadian
cycle were applied to the DD for at least 21 days. This condition
resembles closely the natural conditions of nocturnal animals
living in a burrow in the wild. We also analyzed the response
to a brief light pulse (15 min, 400 lx) in three characteristic
zones (CT06 dead, CT14 delays, and CT22 advances) of the phase
response curve (PRC), as previously described for C57BL/6 mice
(Schwartz and Zimmerman, 1990).

Data Analysis
Graphic display of double plots and χ2 periodogram analysis
of the data were made by the Digital Analysis System Applied
to Chronobiology (Omnialva/SPAD9) developed and validated
in our laboratory (Instituto de Fisiologı ìa Celular, Universidad
Nacional Autónoma de México). To analyze the architecture of
the circadian rhythm, the durations in minutes of activity (α),
rest (ρ), and period (τ) were calculated for the different lighting
conditions to which the individuals were exposed. For each of
the last 10 cycles in each lighting condition, the times of activity
onset and offset were recorded. Activity onset was considered
as the first point of upward inflection of activity counts in at
least five consecutive bins. Activity offset was marked as the
first point of downward inflection of activity counts in at least
five consecutive bins. The durations of α, ρ, and τ were then
calculated for each of the 10 days, with the mean values of these
measures being used as individual values for further statistical
analysis. For constant lighting conditions, either DD or LL, the
period of rhythmicity was estimated from the χ2 periodogram
obtained from the last 10 days of each segment of the experiment.
The period of rhythmicity was read from the peak in the range
from 15 to 30 h that reached an α level of 0.0001; loss of
rhythmicity was considered to occur when the amplitude of the
peaks did not reach an α level of 0.01. Period stability was defined
as the inverse of the variance (1/s2) from several tau estimates,
computed from 10-day intervals, as described in Aschoff (1984).
We also computed the days it took to synchronize the animals to
6-h advances in the LD cycle. We considered that the subject was
entrained when the duration of α was similar to the mean value
before the LD shift.

To analyze the circadian rhythms under the SKP and the PRC,
the recordings were conducted in dim red light (5 lx) for at least
10 basal days. In nocturnal rodents, circadian time 12 (CT12) is
designated as the beginning of the subjective night indicated by
the onset of the active phase. CT12 was estimated by adjusting
a line to the onset of activity of at least 10 cycles; τ was then
calculated from the slope of this line. To analyze the characteristic
zones of the PRC, on day 11, a 15-min light pulse was applied
either at CT06, CT14, or CT22, each one projected from CT12 on
day 10, and the recordings continued in DD for at least 14 days.
The phase shifts in the activity onset were estimated on the day
of the light pulse by comparing the line adjusted to CT12 from
the last 10 days of recording projected to the day the light pulse
was applied with the corresponding line adjusted before the light
pulse. To analyze the circadian rhythms under SKP, on day 11, the
recordings continue for at least 21 days under a DD background

on which two 1-h light pulses are separated by long (13 h) and
short (9 h) DD intervals.

RHT Tracing
After the behavioral recordings were finished, subsets of animals
from both groups were anesthetized with fluothane vapors.
Cholera toxin β-subunit (CTB, List Biological) was injected into
the vitreous of one eye (1.5 µl of 0.2% CTB in 2% dimethyl
sulfoxide/0.9% saline solution at a rate of about 0.3 µl/min).
Forty-eight hours later, the animals were further processed for
immunohistochemical staining, as described below.

c-Fos Photoinduction
In order to establish the SCN response to brief light pulses,
different subsets of animals (from both groups) were recorded in
DD for at least 7 days and CT12 was determined as previously
described. A 15-min light pulse was applied the next day at CT14
projected from CT12. Another set of WT animals received a 15-
min light pulse at CT06 and were used as baseline to compare
the c-Fos photoinduction at CT14. Both sets of animals were
contrasted with animals manipulated at the same circadian times
(CTs) but did not receive light pulses. All animals were further
processed for immunohistochemistry, as described next.

Histological Procedures
At the conclusion of the previous experiments, the animals
received a lethal dose of pentobarbital sodium (60 mg/kg
body weight) and were transcardially perfused with 50 ml of
0.9% saline solution followed by 100 ml of paraformaldehyde–
lysine–periodate fixative, consisting of a solution of 4%
paraformaldehyde in phosphate-buffered saline (PBS; 0.1 M, pH
7.2) added with lysine (75 mM) and m-periodate (10 mM).
Brains were dissected and post-fixed for 1 h at 4◦C with
paraformaldehyde–lysine–periodate and then cryoprotected by
successively immersing the brain in 10%, 20%, and 30% sucrose
solutions. Coronal sections 30 µm thick were obtained using a
cryostat at −23◦C. All sections obtained throughout the SCN
were collected in three sets in ice-cold PBS (0.1 M, 0.15 M NaCl,
pH 7.2), then processed for immunohistochemistry according
to the avidin–biotin method. All the primary antibodies used
in this research have been previously used and tested. Primary
antibodies were diluted as indicated in 0.1 M PBS containing
1.0% normal serum in 0.3% Triton X-100 [anti-VIP raised in
rabbit, CAT 20077, Incstar, 1:2,000 (Patton et al., 2020); anti-
CTB subunit raised in goat, CAT 703, List Biological Laboratories,
1:2,000 (Zhao et al., 2015); anti-NMDAR2A (GluN2A) raised
in rabbit, CAT ACG 002, Alomone Labs, 1:400 (Atkin et al.,
2015); and anti c-FOS raised in rabbit, CAT SC-52, Santa Cruz,
1:1,000 (Li and Spitzer, 2020)]. Sections from each bin were
incubated with one of the primary antibodies for 72 h at 4◦C,
then rinsed in PBS and incubated for 2 h at room temperature
in biotinylated secondary antibodies (goat anti-rabbit, rabbit
anti-goat, and goat anti-rabbit immunoglobulin G), respectively,
rinsed in PBS, and incubated for 2 h at room temperature in
avidin–biotin–peroxidase complex, rinsed again in PBS, and pre-
incubated for 5 min in 0.05% diaminobenzidine (DAB) in Tris
buffer (pH 7.2). Of 30% hydrogen peroxide, 35 µl was then
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added to each set of sections and left to react for an additional
5 min. These procedures were done simultaneously in control
and experimental tissues. Secondary antibodies (Alexa Fluor
488: donkey anti-goat and goat anti-rabbit, both from Abcam,
Cambridge, UK) were used at a 1:200 dilution. Sections were
then mounted with PBS (pH 7.2), air dehydrated, and covered
with Permount (Fisher Scientific, Hampton, NH) and stored
until inspected by microscopy. In an additional set of sections,
the primary antibody was omitted as a control for nonspecific
binding of the secondary antibody (Supplementary Figure 1).

Image Acquisition
SCN slices stained with DAB were visualized in an Olympus
BX51 microscope (Shinjuku City, Tokyo, Japan), whereas
immunofluorescence staining was imaged in two different
confocal microscopes: a TCS-SP5 II (Leica, Heidelberg,
Germany) and a LSM710 (Carl Zeiss, Oberkochen, Germany).
Only complete and undamaged sets of sections were used
for imaging analysis. The software used for image acquisition
were Image-Pro Plus v.4.1 (Media Cybernetics, Silver Spring,
United States) and Zen 12 (Carl Zeiss). A panoramic view was
obtained with a ×10 objective. Subsequently, ×20 and ×40 were
used to analyze SCN neuronal populations by stereology.

For light microscopy, steps of 10 µm were employed to
capture at least three micrographs from each section, with at least
three sections used from each brain. For confocal microscopy,
steps of 1 µm were employed to capture optical slices (around
20 optical slices were gathered per image). A minimum of three
SCN sections were acquired for each brain. Parameters such as
laser intensity, resolution, gain, and digital offset were adjusted
with the WT group, taking care to ensure there was no saturation
and the parameter adjustments were maintained constant for
subsequent images across both genotypes.

Image Analysis
SCN neurons immunolabeled for c-Fos, VIP, NMDAR2A, and
CTB-labeled RHT fibers were counted by stereology using
the optical fractionator method of Gundersen (Mouton, 2011)
according to:

Total N = 6Q∗(F1)∗(F2)∗(F3)

where Total N is the total neuronal number, 6Q is the
number of objects actually counted, F1 = 1/(number of sections
analyzed/total number of sections), F2 = 1/(area of the dissector
frame/area of the x–y step), and F3 = 1/(dissector height/section

FIGURE 1 | Representative examples of double-plot actograms from wild-type (WT) and Shank3+/− mice. The different lighting conditions are indicated as vertical
bars beside each actogram. The LD condition is represented by black and white bars; DD, double black bars; and LL, double white bars. In these actograms,
animals were submitted to a long photoperiod (14:10). The shift to the right in the bars, approx. recording days 20–40, indicates a 6-h delay in lights-on time. The
6-h advance is shown as a shift back in the lights-off time. The days of recording are on the left and the time of recording (in hours) at the bottom.
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thickness). The SCN on one side of the brain was photographed
by light or confocal microscopy, as described above. Using ImageJ
software (1.53c), the numbers of neuronal somata within an
unbiased optical dissector (volume = 105 µm3) were counted
from photographs of three out of 11–12 SCN sections (which
comprise its rostrocaudal extent). The dissectors were distributed
at an x–y step of 120 µm with the aid of a Grid tool from ImageJ.
For the CTB-labeled RHT fibers, a cycloid grid from ImageJ was
used as the unbiased dissector.

Statistical Analysis
The data from the circadian architecture are given as the
mean ± standard error of the mean (SEM). Latency to entrain
to phase shifts, SKP, and the labeled RHT fibers are shown as
box and whisker (5–95 percentiles) bars. Characteristic PRC

regions are shown as the mean and SEM. Normal distribution
(Shapiro–Wilk) and the homogeneity of variances (Levene test)
were evaluated before the use of parametric statistics. To analyze
differences between the experimental groups, Students t test for
independent samples was used. Statistical analyses for c-Fos were
performed with a three-way ANOVA with Tukey’s post hoc.
All statistical analyses were done using GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, United States). The α level
was set at 0.05.

RESULTS

Behavior
Examples of double-plot actograms under different lighting
conditions from the first experiment are shown in Figure 1;

FIGURE 2 | Architecture of circadian rhythms for wild type (WT) and Shank+/− under different lighting schedules. Bar graphs (mean ± SEM) and individual dots of
the circadian rhythm architecture from WT (black) and Shank3+/− (red). The columns indicate (from left to right) the durations (in minutes) of activity (α), rest (ρ), and
period (τ) estimated from 10 days of recording. The rows indicate the lighting schedules (from top to bottom): long photoperiod, short photoperiod, and DD
(constant dim red light).

TABLE 1 | Phase angle of activity (α) and rest (ρ) for animals maintained in two different photoperiods.

Photoperiod ψα ψρ

WT Shank3+/− WT Shank3+/−

14:10 5.5 ± 3.2 0.3 ± 6.1 t=0.75, df=14, p=0.5 81.6 ± 22.0 23.8 ± 38.0 t=1.3, df=14, p=0.2

10:14 12 ± 2.1 7.6 ± 5.4 t=0.75, df=14, p=0.5 93.0 ± 20.0 59.0 ± 48.8 t=0.63, df=14, p=0.5

No significant differences between groups were found. Positive values indicate that α or ρ, begin before light was off or on, respectively.
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the left and right panels are representative examples for WT
and Shank3+/−. No significant differences were found in the
circadian architecture of WT and Shank3+/− mice under
different lighting conditions (Figure 2).

Under the long photoperiod (LD 14:10), the durations of
activity (α), rest (ρ), and period under entrained conditions
(τ∗) for WT were (mean ± SEM in minutes, for this and
subsequent photoperiods): 631 ± 9, 806 ± 9, and 1,436 ± 1,
respectively, and for Shank3+/− were 619 ± 28, 818 ± 28,
and 1,436 ± 1, respectively (Figure 2, top). The inter-individual
period stability was lower in WT with respect to Shank3+/− (0.07
and 0.1, respectively).

As expected, under the short photoperiod (LD 10:14), the
α, ρ, and τ for WT were (in minutes) 842 ± 19, 595 ± 19,
and 1,437 ± 1, respectively; in Shank3+/−, α, ρ, and τ were

806± 42, 632± 42, and 1,438± 1, respectively (Figure 2, center,
and Supplementary Figure 2). Period stability under the short
photoperiod decreased from 0.36 in WT to 0.13 in Shank3+/−.

As α, ρ, and τ were not significantly different between
WT and Shank3+/− animals, in the long (14:10) and short
(10:14) photoperiods, therefore, we did not further evaluate such
parameters in a regular 12:12 photoperiod.

Additional phase angles of activity (ψα) and rest (ψρ) were
evaluated for the long and short photoperiods in WT and
Shank3+/− animals. No significant differences were found in ψα

and ψρ between the different groups of animals at the different
photoperiods analyzed (Table 1).

In DD, the α, ρ, and τ for WT were, respectively 719.7± 36.7;
698.5 ± 37.9, and 1424 ± 3.7, while those for Shank3+/− were
715.6± 32.9, 716.9± 33.1, and 1421± 7.9, respectively (Figure 2,

FIGURE 3 | Representative examples of the χ2 periodograms from wild-type (WT) and Shank3+/− mice in DD. There were no differences between groups in the
endogenous period. The actograms at the bottom show the data segments used to calculate the χ2 periodogram. QP is normalized as a percentage of the maximal
peak value. For Figures 3, 4: different color diagonal lines indicate statistical significance (p < 0.05, 0.01, 0.001).
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bottom). The period stability in DD was higher in WT with
respect to Shank3+/− (0.005 and 0.001, respectively). The χ2

periodogram for all days in DD showed one peak, 1,428.0 ± 6.1
and 1,438.2± 1.2 for each group, respectively. Representative χ2

periodograms under DD from each group are shown in Figure 3.
Under LL, both groups of animals showed an initial increase in

τ to 1,482.1± 12.0 h for WT and 1,506.2± 18.1 h for Shank3+/−;
after ∼6 days, an additional increase to 1,536 ± 2.4 for WT and
1,590.2 ± 48.3 for Shank3+/− was observed. After ∼13 days in
LL, one WT (1/12, 8.3%) and all Shank3+/− mice (11/11, 100%)
were behaviorally arrhythmic (p < 0.0001, Fisher’s exact test)
(Supplementary Figure 3). Overall, the χ2 periodogram for all
days recorded under LL showed that both groups showed two
main peaks (τ), 1,471.8 ± 6.1 and 1,531.8 ± 7.2 for WT and
1,471.2 ± 6.6 and 1,578.1 ± 5.4 for Shank3+/−. A statistical
difference was found when we only compared the longer τ

between groups (t = 5.2, p = 0.0002, unpaired t test). Additional
minor peaks were found in some animals from both groups.
In WT animals, a third peak was found in 50% of the cases,
whereas in Shank3+/− mice a similar phenomenon was detected
in 30% (Figure 4).

Under the long photoperiod, the latency (in days) to
entrain to LD advances were, for WT and Shank3+/−

(median ± minimum–maximum), 6 ± 4–8 and 8 ± 4–9,
respectively (Figure 5 and Supplementary Figure 4).

Remarkably, significant differences between WT and
Shank3+/− animals were found in the PRC (Figure 6). Light
pulses applied at CT6 either in WT (−0.1 ± 5.2 min) or
Shank3+/− (−2.4 ± 7 min) had no effect on the phase of the
rhythm [t(12) = 0.27, p = 0.79, unpaired t test with Welch’s
correction]. At CT14, phase delays were −66 ± 14 min in
WT and −109 ± 14 min in Shank3+/− [t(29) = 2.2, p = 0.035,

FIGURE 4 | Representative examples of the χ2 periodograms from wild-type (WT) and Shank3+/− mice in LL. Constant light induces a clear disruption of the
architecture of circadian rhythms in both groups characterized for showing at least two peaks in the QP values. The actograms at the bottom show the data
segments used to calculate the χ2 periodogram. The QP amplitude is normalized as a percentage of the maximal peak value.
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FIGURE 5 | Latency to re-entrain to LD 6-h shifts. There were no differences
between groups in the number of days to re-entrain to a 6-h advance in the
lights-on time. Box and whiskers (5–95 percentiles) from wild type (WT, open
box) and Shank3+/− (hatched box). Individual data are also plotted.

unpaired t test with Welch’s correction]. At CT22, phase advances
were 23.8 ± 16 min for WT and 69 ± 11 min for Shank3+/−

[t(16) = 2.72, p = 0.037, unpaired t test with Welch’s correction].

Histology
Figure 7 shows representative examples of immunostaining to
CTB and the NMDAR2A. Our results indicated no important
differences in the number of retinal axons impinging on SCN
neurons using DAB (Figure 7, left panels) and the fluorescence
expression coming from such terminals [96.8 ± 38.4 and
130.5 ± 42.7 AU × mm2 for WT and Shank3+/−, respectively,
six animals in each group (data not shown)]. Similarly, no
differences were found in the amount of SCN neurons expressing
the NMDAR2A subunit (Figure 7, bottom left panel).

On the other hand, the expressions of c-Fos and VIP were
analyzed in WT and Shank3+/− animals. Immunopositive SCN
neurons to c-Fos were counted in WT and Shank3+/− animals, at
two times of assessment (CT6 and CT14) and in the presence or
absence of the light pulse (Figure 8A). Analyses performed with
three-way ANOVA on the data (Table 2) indicated a significant
interaction as a result of the CT of experimentation [F(1,26) = 13.2,
p = 0.001]. Also, the CT of experimentation and the genotypes of
the animals showed a relevant interaction [F(1,26) = 5.8, p = 0.02].
Finally, the CT of experimentation and the presence or absence
of the light pulse had a significant interaction [F(1,26) = 9.8,
p = 0.004]. It is worth noticing that at CT6, the numbers of
SCN neurons with c-Fos immunostaining were not different
in both genotypes of animals with and without the light pulse
(Figure 8B). However, at CT14, WT animals showed higher
numbers of c-Fos-immunopositive neurons induced by the light
pulse in comparison to the Shank3+/− mice that received

the light pulse. The animals that did not receive the light
pulse showed significantly lower numbers of ventrolateral SCN
neurons in comparison to their counterparts that received the
light pulse (Figure 8C).

Regarding VIP expression, we found higher numbers of VIP-
immunopositive neurons in Shank3+/− animals (1,423± 129) in
relation to WT mice [996 ± 120; t(8) = 2.4, p = 0.04, unpaired t
test] (Figure 9).

DISCUSSION

At the behavioral level, here, we report that Shank3+/− mice
did not show modifications in the circadian rhythm functioning,
implying no alteration in the SCN physiology, as indicated by the
lack of differences between groups in the circadian architecture:
the tau was unaltered in DD, the durations of alpha and rho
were similar between genotypes in entrained animals to either
the long or short photoperiod, the re-entrainment to shifts in the
L/D cycle, and in the SKP. However, we did find differences in
the response to light between groups, as indicated by the larger
phase responses induced by 15-min bright light pulses, both
delays and advances, and the differences in rhythm dynamics
(progress to overt arrhythmic pattern) induced by constant bright
light. Moreover, our histological analysis indicated changes in
WT and Shank3+/− in c-Fos expression and in the amount of
VIP-immunoreactive SCN neurons. These differences indicate
alterations in light sensitivity in Shank3+/− mice with respect to
their WT siblings.

It is worth noting that Shank3+/− mice did not show changes
in the duration of the activity/resting phase and the period
of the circadian rhythm of locomotion, in the short and long
photoperiods, as well as the time taken to reach synchronization
to a 6-h shift. Moreover, Shank3+/− mice did not present
any disturbance in the above-mentioned parameters when they
were under DD, which is consistent with the data reported
for SHANK31C mice, which do not show a disruption in the
circadian rhythms specifically in alpha or period length during
the DD period (Ingiosi et al., 2019). Nevertheless, in that study,
the authors described reduced wheel-running activity as well as
differences in the architecture of sleep in SHANK31C animals.
We think that these contrasting results in relation to our study
may be due to our use of heterozygous mice instead of knockout
mice. In addition, the differences can be related to the fact that the
wheel-running activity is considered a self-motivated rewarding
behavior (Janik and Mrosovsky, 1993; Marchant and Mistlberger,
1996; Pendergast et al., 2014) that can differ from the parameters
of the circadian rhythm and its synchronization to light analyzed
in the present research.

We found no evident differences between Shank3+/− and
WT mice in the immunohistochemical staining of the RHT
projections and the NMDA receptor subunit 2A in SCN
neurons. However, Shank3+/− animals showed a decreased
c-Fos photoinduction at CT14 in SCN neurons, whereas VIP-
positive neurons were augmented. c-Fos expression is used to
detect neuronal trans-synaptic activation (Morgan and Curran,
1991). Therefore, it is tempting to consider that a lower c-Fos
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FIGURE 6 | Differences in the phase shifts at two characteristic times of the phase response curve (PRC) between wild-type (WT) and Shank3+/− mice.
Fifteen-minute light pulses of white light (400 lx) given to mice kept in DD induce either a delay or an advance in the onset of activity depending on the time of
presentation (CT14 or CT22, respectively), except at CT6 when no phase response was induced. In all cases, Shank3+/− (red bars) show larger responses than WT
(black bars) mice. Positive values correspond to phase advances and negative values correspond to delays. Mean ± SEM in minutes are plotted. ∗p < 0.05, t test
with Welch’s correction.
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FIGURE 7 | Immunostaining for cholera toxin β-subunit (CTB) and NMDAR2A in the suprachiasmatic nucleus (SCN) from wild-type (WT) and Shank3+/− mice. CTB
(diaminobenzidine, DAB, left column) and NMDAR2A (right column) did not show obvious differences in the immunoreactivity between groups (WT, top micrographs;
Shank3+/−, bottom micrographs). For this and subsequent figures (Figures 8, 9), scale bar = 50 µm.

immunoreactivity in Shank3+/− animals after a light pulse
may indicate reduced glutamatergic signaling in some point of
the RHT–SCN pathway. Moreover, an increase in SCN VIP
neurons, which are essential for the light-mediated resetting
(Jones et al., 2018; Mazuski et al., 2018), may be the result of a
compensatory mechanism.

Since SHANK3 is a scaffold protein for AMPA, NMDA,
and the metabotropic glutamate receptors in the postsynaptic
density (Sheng and Kim, 2000), the reduced c-Fos expression
in Shank3+/− SCN neurons may be an expected outcome.
Nevertheless, it is likely that corrective mechanisms take place in
the Shank3+/− circadian system to maintain constant synaptic

functions, such as the increase in VIP neurons in Shank3+/−

animals. Some studies manipulating the Shank3 gene show an
increase in the frequency of miniature glutamatergic events in the
Schaffer collateral-CA1 in the hippocampus (Bozdagi et al., 2010).
Other studies show that spine length is increased at 4 weeks of
age but decreased at 10 weeks in dendrites of hippocampal CA1
neurons, but no differences in miniature inhibitory postsynaptic
potentials were found (Wang et al., 2011). Still other studies
show a decrease in the amplitude of miniature glutamatergic
events in cortico-striatal connections (Peça et al., 2011; Zhou
et al., 2016). A plausible explanation for our results is that the
higher behavioral response of the Shank3+/− mice to brief light
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FIGURE 8 | c-Fos immunoreactivity of suprachiasmatic nucleus (SCN) neurons in wild-type (WT) and Shank3+/− mice. (A) Micrographs of c-Fos immunostaining in
WT and Shank3+/− animals, with and without light pulse, and analyzed in two circadian times (6 and 14). Graphs depict the number of SCN neurons
immunopositive to c-Fos at CT6 (B) and CT 14 (C). For (C): ∗p < 0.05, ∗∗p < 0.01, Tukey’s multiple comparisons test.

TABLE 2 | SCN neurons expressing C-Fos immunoreactivity in WT and Shank3+/− animals (n), at two CT of experimentation (CT6, CT14).

WT-No light pulse n WT-Light pulse n Shank3+/− No light pulse n Shank3+/− Light pulse n

CT6 3333 ± 827 7 3428 ± 549 4 4293 ± 557 3 4720 ± 525 3

CT14 2260 ± 278 4 6653 ± 891# 4 1801 ± 389* 4 4378 ± 593* 5

Tukey’s multiple comparisons test: WT (#) p < 0.01 presence vs. absence of light pulse; Shank3+/- (*) p < 0.05 presence vs. absence of light pulse.

pulses in DD at CT14 and CT22 is the result of an augmented
sensibility to light related to the augmented expression of VIP-
positive neurons in the SCN that might have resulted from
a compensatory mechanism of an impairment in the retinal
communication to the SCN.

The period stability index found in WT and Shank3+/−

mice in different photoperiods is interesting. Our results suggest
that Shank3+/− animals had more stable periods in long
photoperiods (14:10), whereas this situation was reversed in
short photoperiods (10:14). However, it is worth noting that
the stability found in Shank3+/− mice is quite similar in both

photoperiods (0.1 and 0.13, long and short, respectively), but in
WT animals, the short photoperiod shows higher variability (0.07
and 0.36, long and short photoperiods, respectively). Perhaps the
higher stability found in the periods of Shank3+/− mice, along
different photoperiods, is a result of a greater responsivity to light,
which may be related to the result that Shank3+/− mice showed
an increased response to light in the PRC.

It should be mentioned that even though the constant dim
red light (CDRL) exposition is a broadly used experimental
approach to solve maintenance and experimental procedures, it
is not a perfect equivalent alternative to complete darkness; given
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FIGURE 9 | Vasoactive intestinal polypeptide (VIP) immunostaining in
suprachiasmatic nucleus (SCN) neurons of wild-type (WT) and Shank3+/−

mice. Shank3+/− animals (right column) showed higher numbers of
VIP-immunopositive SCN neurons than WT mice (left column, five animals in
each group). Asterisks indicate SCN neurons immunopositive to VIP.
∗p < 0.05, unpaired t test.

that, CDRL has physiological effects on the circadian rhythms
in comparison to DD (Gonzalez, 2018). However, we consider
unlikely that the exposure of Shank3+/− mice to CDRL instead
of DD can hide modifications in circadian rhythms because both

groups of animals were exposed to similar light environmental
conditions in concurrent times.

The increased light sensitivity in Shank3+/− could also be
related to the increased latency of the pupillary light reflex
reported in children with ASD and in the Shank3 macaque
(Daluwatte et al., 2013; Zhou et al., 2019). Furthermore, several
lines of evidence indicate high levels of glutamate in serum and
brain structures (using proton magnetic resonance spectroscopy)
in children diagnosed with autism (Rojas, 2014). The decreased
c-Fos photoinduction at CT14 found in Shank3+/− SCN neurons
is contradictory to the overreaction of Shank3+/− mice to
the light pulse in the PRC, which may indicate that c-Fos
photoinduction is not directly related to the direction (either
advance or delay) of the behavioral phase shifts. This could be
related also to the common sleep problems shown by children
with this developmental pathology (Wiggs and Stores, 2004; Bro
et al., 2017; Veatch et al., 2017), which consist of long sleep
latencies and delayed or advanced sleep onset or offset. It is likely
that a small amount of light is sufficient to synchronize children
with autism to a new schedule, whereas a similar amount of light
is impotent to synchronize a regular person.

A caveat of the present research is that we did not explore
sex differences in this research. Autism spectrum disorder has a
higher prevalence in males than females in a magnitude of 2:1–3:1
(Halladay et al., 2015). Moreover, it is likely that the existence of
a sexual dimorphism in the circadian rhythms of autism models,
such as the Shank3+/− mice, awaits being addressed.

CONCLUSION

In conclusion, Shank3+/− mice showed a higher response
in the PRC than their wild-type littermates. However, no
changes were evident in the general architecture of the circadian
rhythms. Histological analyses indicated a decrease in c-Fos
photoinduction in Shank3+/− SCN neurons at CT14, whereas
augmented VIP-positive neurons were found in such animals.
In this regard, we hypothesize that the circadian system of
Shank3+/− mice compensates the impairment of the RHT–SCN
communication with an overexpression of VIP SCN neurons,
which may result in larger phase shifts induced by light. More
research is necessary to understand the cellular processes that
affect synchronization in Shank3+/− animals, which may shed
light on the problems related to circadian rhythm in patients
diagnosed with this developmental pathology.
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In the newborn rabbit, the light entrainable circadian system is immature and once a
day nursing provides the primary timing cue for entrainment. In advance of the mother’s
arrival, pups display food anticipatory activity (FAA), and metabolic and physiological
parameters are synchronized to this daily event. Central structures in the brain are also
entrained as indicated by expression of Fos and Per1 proteins, GFAP, a glial marker,
and cytochrome oxidase activity. Under fasting conditions, several of these rhythmic
parameters persist in the periphery and brain, including rhythms in the olfactory bulb
(OB). Here we provide an overview of these physiological and neurobiological changes
and focus on three issues, just beginning to be examined in the rabbit. First, we review
evidence supporting roles for the organum vasculosum of lamina terminalis (OVLT) and
median preoptic nucleus (MnPO) in homeostasis of fluid ingestion and the neural basis
of arousal, the latter which also includes the role of the orexigenic system. Second, since
FAA in association with the daily visit of the mother is an example of conditioned learning,
we review evidence for changes in the corticolimbic system and identified nuclei in
the amygdala and extended amygdala as part of the neural substrate responsible for
FAA. Third, we review recent evidence supporting the role of oxytocinergic cells of
the paraventricular hypothalamic nucleus (PVN) as a link to the autonomic system that
underlies physiological events, which occur in preparation for the upcoming next daily
meal. We conclude that the rabbit model has contributed to an overall understanding of
food entrainment.

Keywords: food entrainment, paraventricular nucleus, oxytocin, corticosterone, sympathetic system,
parasympathetic system, reward, median preoptic nucleus

INTRODUCTION

Mammals usually forage and consume food during their period of activity, which is controlled by
the biological clock in the brain, the suprachiasmatic nucleus (SCN), with light serving as their main
entraining signal (Finger et al., 2020). Thus, nocturnal rodents rest during the day but at evening
increase their locomotor activity. However, when food is withheld and provided for a short period
at a fixed time during the day, the normal activity pattern of animals shift from that controlled
by the SCN and animals show now intense locomotor behavior, termed food anticipatory activity
(FAA; Mistlberger, 1994) before food availability. In addition, a number of other physiological and
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neural parameters also are entrained. Early studies proposed
that this phenomenon was controlled by an oscillatory system
entrained by food, named the food-entrainable oscillator
(Stephan, 2002). Now there is general agreement that FAA
is controlled by a diffuse system of central and peripheral
structures (Mistlberger, 2020) but the precise mechanism of
their action it is not well understood. In contrast, rabbit pups
in nature eat once a day for a few minutes. They have been
recognized as a model of FAA, and offer an opportunity to
study food entrainment with little manipulation. Here we first
review what is known about the SCN in rabbit pups, including
its responsiveness to light, as well as review evidence about
peripheral parameters and central structures that are entrained
by periodic food ingestion. Then we focus on three aspects of
food entrainment that have been relatively unexplored in the
rabbit. First, we focus on forebrain areas activated during arousal
at the time of FAA, considering evidence supporting a role
of the median preoptic nucleus (MnPO) in neural control of
FAA and related peripheral events. Second, since periodic food
ingestion implicates a conditioning process we also propose a
neural substrate of motivational conditioning underlying FAA.
Third, finally we address recent evidence in the rabbit pup
regarding a population of oxytocinergic cells in the brain that may
play a central role in coordinating mechanisms between central
and peripheral structures in FAA. Finally, we compare results
in the rabbit with those seen in other species and consider the
usefulness of the rabbit pup for the study of food entrainment in
an evolutionary context.

IMMATURE LIGHT ENTRAINABLE
OSCILLATOR

Altricial mammals, such as the hamster and the rat, at postnatal
day 1 (PD1) possess few or no retinal projections from the
retinohypothalamic tract to the SCN (Speh and Moore, 1993).
The rabbit pup is also altricial and spends all its time in a dark
nest without receiving light. Tract tracing studies using Cholera
toxin B subunit, revealed that, contrary to rodents, the SCN of the
rabbit at PD1 receives a dense innervation of retinal projections
with a predominantly contralateral pattern throughout the entire
SCN (Juárez et al., 2013). A light pulse induces robust expression
of the protein FOS, a marker of neural activity, in the SCN of the
rabbit pup at PD1 although the adult pattern is not reached until
PD19, after opening of the eyelids (Juárez et al., 2013). However,
in this period before reaching the adult capacity to be entrained
by light the neonatal rabbit exhibits a remarkable characteristic,
it presents robust entrainment periodic to food.

FOOD, A STRONG SYNCHRONIZER OF
LOCOMOTOR BEHAVIOR

Rabbit pups are alone in the nest in darkness and spend
most part of the time huddled with little movement (Jilge,
1993), which helps to maintain their core body temperature
(Bautista et al., 2008). In nature (Lloyd and McCowan, 1968)

and in laboratory conditions, the mother nurses her pups
with circadian periodicity and pups show a sharp increase in
locomotor behavior at around 3 h before daily suckling of
milk (Caba and González-Mariscal, 2009; González-Mariscal
et al., 2016). Nursing lasts around 5 min and immediately
after locomotor behavior sharply decreases and thereafter pups
exhibit low activity until expectancy of next nursing bout (Jilge,
1993, 1995; González-Mariscal et al., 2016). This behavioral
pattern persists when pups remain un-nursed for 48 h and
is evident starting around postnatal day 2 (Caba et al., 2008;
Trejo-Muñoz et al., 2012).

PHYSIOLOGICAL, METABOLIC, AND
HORMONAL PARAMETERS
ASSOCIATED WITH FAA

Core body temperature increases 2–3 h prior to nursing which
persists in un-nursed pups (Jilge et al., 2000; Trejo-Muñoz
et al., 2012). Upon nursing stomach weight sharply increases
and induces a sequential use of fuels, first glucose, then liver
glycogen and finally free fatty acids in fasted subjects (Escobar
et al., 2000; Morgado et al., 2008, 2010). We explored the
patterns of the secretion of corticosterone (CORT) and ghrelin
under these conditions. In contrast to rat pups (Levine, 2002),
rabbit pups show a CORT rhythm entrained by nursing, which
persist in un-nursed pups (Rovirosa et al., 2005; Morgado
et al., 2008, 2010). With respect to ghrelin, 12 h after milk
ingestion there is a sharp increase, which coincides with the
emptying of most parts of the stomach (Morgado et al., 2008,
2010). This is interesting as ghrelin increases before meal
ingestion in several species when subjects start to be hungry
(Williams and Cummings, 2005); in addition, there is a premeal
activation of ghrelin in oxyntic cells (LeSauter et al., 2009).
However, ghrelin by itself it is not necessary for FAA in mice
(Gunapala et al., 2011).

RHYTHMS IN OLFACTORY BULB AND
OTHER BRAIN STRUCTURES
ASSOCIATED WITH FAA

The behavioral response of rabbit pups to the nipple’s mammary
pheromone (2-methyl-but-2-enal; 2MB2) is highest during FAA
(Schaal et al., 2003; Coureaud et al., 2004; Montigny et al.,
2006), which suggests that changes also occur in the olfactory
bulb (OB). Indeed, expression of FOS, by immunocytochemistry,
used as neural marker of activity, shows rhythms entrained by
the time of suckling of milk (Nolasco et al., 2012). At this
time both Fos and cytochrome oxidase activity, a marker of
metabolic activity (Wong-Riley, 1989), are highest and persist
in fasted subjects (Nolasco et al., 2012; Olivo et al., 2014).
Also Per1, an indicator of circadian oscillation, shows robust
rhythms in the OB, entrained by nursing (Nolasco et al., 2012;
Montúfar-Chaveznava et al., 2013). In addition, astrocytes in the
OB also show daily changes in the length of radial processes
and in expression of glial fibrillary acidic protein, which are
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associated to nursing time (Vázquez et al., 2020). It is necessary
to explore the role of glia in the circadian rhythmicity in the
OB. In contrast the SCN at this age is immature (Montúfar-
Chaveznava et al., 2013). This suggests that the OB may be of
major importance for the entrainment to daily nursing, and is
also supported by evidence that the OB in adult rodents displays
daily changes in sensitivity to odors (Amir et al., 1999; Granados-
Fuentes et al., 2006), can be entrained by daily meals (Caba
et al., 2014), and contains a circadian clock independent of the
SCN (Granados-Fuentes et al., 2006). However, while bilateral
destruction of the OB in the rabbit disrupts FAA (Navarrete
et al., 2016) it has no or little effect on FAA in adult rats
(Davidson et al., 2001).

Other brain areas have also been implicated in FAA in the
rabbit pup. Similar to the OB, the dorsomedial hypothalamic
nucleus (Caba et al., 2008) and the parabrachial nucleus (Juárez
et al., 2012) are entrained, as indicated by PER1, reaching a peak
4–8 h after nursing, and their oscillations persist during fasting.
In contrast the dorsal vagal complex (Juárez et al., 2012) only
express FOS after nursing. Taken together, these results suggest
that rabbit pups depend on multiple brain structures to entrain
to daily food intake.

ROLE OF THE ORGANUM
VASCULOSUM OF LAMINA
TERMINALIS, THIRST AND AROUSAL

Rabbit pups ingest a large volume of milk at the time of suckling
and do not drink additional fluids for the remaining 24 h. To
better understand this continuous cycle of fluid balance in the
brain we explored the role of the organum vasculosum of lamina
terminalis (OVLT). This organ contains osmoreceptors and
their destruction together with the adjacent MNPO significantly
disrupts thirst and fluid balance (Johnson and Buggy, 1978;
McKinley et al., 1999). In the rabbit pup, we saw a marked
increase of FOS protein expression in the OVLT at 4 h before
nursing (Figure 1) likely reflecting a signal of thirst. In support
of this, pharmacological induction of thirst in rats produces a
large increase of Fos in the OVLT (Thunhorst et al., 1998).
Additionally, we also observed a large postprandial increase of
Fos protein, which is consistent with the large volume of milk
ingested (Figure 1), and 8 h. After nursing Fos reaches its lowest
levels (Figure 1; Moreno et al., 2013) and stomach weight steadily
decreases. At the time of next FAA, the stomach is almost empty
(Morgado et al., 2008, 2010) and Fos increases again in the OVLT.
In contrast, under fasting conditions, Fos levels remain high at all
times (Moreno et al., 2013). In a further study we examined Per1
protein and found a clear rhythm with a peak 8 h after nursing
indicating that this rhythm was entrained by this event; as in the
case of Fos, no rhythm was observed in fasted pups (Figure 1).
Overall, we conclude that the OVLT actively participates in
the osmoregulatory control of milk ingestion and perhaps its
activation before nursing contributes to the expression of FAA
though connections with other brain areas, particularly the
MnPO where thirst signals are integrated and in the cerebral
cortex induce drinking behavior (McKinley et al., 2015).

MEDIAL PREOPTIC AREA AND CORE
BODY TEMPERATURE

At the time of FAA, the core body temperature of rabbit pups
also increases. Neurons in the preoptic area (POA) receive
ascending peripheral thermosensory signals that are integrated in
this nucleus and via projections then regulate the dorsomedial
hypothalamic nucleus to promote thermogenesis (Morrison,
2016). In the rabbit we found an increase of Fos protein in the
POA at the time of nursing coinciding with the increase in core
body temperature at the same time. Lower values were found at
other time points of the cycle (Moreno et al., 2013). However,
no rhythm of Fos was observed in un-nursed pups, and also no
rhythm in Per1 protein was observed in nursed and fasted pups
(Moreno et al., 2014). In contrast the rhythm of body temperature
persists in un-nursed pups (Jilge et al., 2000; Trejo-Muñoz et al.,
2012). Thus the observed effect on Fos at the time of nursing in
the POA seems not to be related to the rhythm of temperature.

ROLE OF THE MEDIAN PREOPTIC
NUCLEUS AND THE OREXINERGIC
SYSTEM IN FAA

Immediately after FAA and milk ingestion, the rabbit pup’s
activity sharply decreases and pups remain huddled with very
little movement for around next 20 h. In considering this change
from a heightened state of alertness to an almost quiescent state
suggestive of sleep, we decided to explore regions in the POA
that integrate information related to the control of the sleep/wake
cycle. We centered our attention in the MnPO, which is an
integrative center in the rostral wall of the third ventricle in the
forebrain that plays a key role in the sleep/wake cycle (Suntsova
et al., 2007; Sakai, 2011; McKinley et al., 2015). In nursed pups
we found an anticipatory increase of Fos at the time of nursing
and low levels before and after that event (Figure 1). A similar
pattern, with a delayed increase 1.5 after nursing, was found in
fasted pups (Moreno et al., 2013). In addition, we explored Per1
protein and found a clear rhythm in both nursed and fasted
pups with higher values at the time and thereafter nursing and
lowest levels 16 h after (Figure 1). Notably, in the same study
we determined possible rhythms of Per1 in the OVLT, MPOA,
and the MnPO and only in this latter structure did the rhythm
persist in un-nursed pups (Moreno et al., 2014). MnPO activation
seen as increases in Fos protein had previously been associated
with sleep or sleep pressure (McKinley et al., 2015). As pups
remains quiescent, perhaps sleeping, after FAA it is possible that
this increase in Fos indicates sleep pressure. However, activation
of this nucleus at the time of nursing could be related also to
FAA. Electrophysiological studies revealed that MnPO contained
similar proportion of neurons that showed increased discharge
during either sleep or waking state (Sakai, 2011). The author of
that study suggested that in contrast to the classical view that the
MnPO plays a role only in sleep, this nucleus might modulate
a differential role between sleep and wake states. This proposal
is consistent with the observed persistence of Per1 rhythms. In
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FIGURE 1 | Activation of Fos- (A,B) and Per1(C)-ir cells in the median preoptic nucleus (MnPO) and in the organum vasculosum of lamina terminalis (OVLT) in
relation to nursing (yellow vertical line). Panel (A) shows the location of the MnPO and OVLT. (B) At the time of nursing Fos increases in both OVLT (red line) and
MnPO (blue) with a further increase 1.5 h after in the MnPO. (C) Per1 increases in both OVLT and MnPO 4–8 after nursing, but this rhythm persists in un-nursed
pups only in the MnPO (dashed blue line). Modified from Moreno et al., 2013, 2014. ac, anterior commissure; OC, optic chiasma.

support of this the MnPO send projections to the orexinergic cells
in the perifornical area of the lateral hypothalamus to modulate
sleep/awake states (Uschakov et al., 2007; Sakai, 2011; McKinley
et al., 2015). These orexinergic cells are active at the time of FAA
in mice (Mieda et al., 2004) in adult rats (Jiménez et al., 2013), and
in the rabbit (Moreno et al., 2013). To our knowledge the MnPO
has not been analyzed in relation to food entrainment in other
species and this is an area worthy of further study.

MOTIVATION AND THE EXTENDED
AMYGDALA IN FAA

In the adult rat, FAA shows features that implicate a process
of conditioned learning (Silver et al., 2011). In order to explore
brain mechanisms associated with conditioned learning of FAA,
we analyzed several nuclei of the amygdala and the extended
amygdala related to alertness and emotional arousal by using
CO histochemistry (Olivo et al., 2017). During the period of
FAA, we found activation in the basolateral, medial and central
nuclei of the amygdala, bed nucleus of the terminalis, lateral
septum, and nucleus accumbens core. This is interesting as
the basolateral amygdala mediates the acquisition of associative
learning and together with other nuclei of the extended amygdala
participates in the emotional processing of stimuli (Davis and
Whalen, 2001; Namburi et al., 2015). Also, in food-restricted
rats, the basolateral amygdala, as well as other regions of the
corticolimbic system, is entrained as indicated by Fos and Per1
proteins (Angeles-Castellanos et al., 2007). After food ingestion
in the rabbit there was an increase in metabolic activity in
the nucleus accumbens shell, caudate, putamen and cortical
amygdala (Olivo et al., 2017), which further support a functional
role in FAA for the circuit of food reward (Morales and Berridge,
2020). Overall, these results indicate a neural substrate for the
conditioned learning in subjects that is induced by the nursing

event and suggests that rabbit pups are motivationally aroused in
expectation of receiving food.

OXYTOCIN AND A CENTRAL AND
PERIPHERAL NETWORK IN FOOD
ENTRAINMENT

After food ingestion there is an oxytocin (OT) release to the
periphery and in several brain regions (Swanson and Kuypers,
1980; Olson et al., 1991; Verbalis et al., 1996; Spetter and
Hallschmid, 2017), and OT projections to the brainstem are
thought to be critical in a circuit underlying feeding and satiety
(rev Swanson and Kuypers, 1980; McCormack et al., 2020). In the
rabbit pup, milk ingestion induces an activation of OT neurons in
both the SON and paraventricular hypothalamic nucleus (PVN)
(Caba et al., 2003; Morgado et al., 2011). Peripheral OT plays
a role in energy intake and expenditure processes including
gastric emptying and distention, carbohydrate and lipid intake,
fat oxidation, insulin secretion and glucose homeostasis (revs.
Spetter and Hallschmid, 2017; McCormack et al., 2020). However,
in the main body of the PVN, specifically in its dorsal and
ventral portion and in its caudal region, we found an activation
of OT cells before milk ingestion in the rabbit (Caba et al.,
2020). In Figure 2, we show this effect in the two subregions
of the main body of the PVN. This result suggests a differential
activation of OT neurons in this nucleus related to preparatory
actions for the upcoming meal. In the rat under food restriction,
and in the rabbit pup before their daily period of milk intake,
there is an increase in corticosterone, free fatty acids and
glucagon indicating a catabolic state, and in parallel there is
a decrease in glycogen and insulin (Díaz-Muñoz et al., 2000;
Escobar et al., 2000; Morgado et al., 2008, 2010). We proposed
(Caba et al., 2020) that the subpopulation of activated neurons
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FIGURE 2 | Activation of oxytocinergic cells in the paraventricular hypothalamic nucleus (PVN) that coincides with food anticipatory activity in rabbit pups. 1, 2:
Photomicrographs showing the location of the dorsal (PVNmd) and ventral (PVNmv) portions of the main body of the PVN (A) and their caudal portion (PVNc) (B).
A-F: Expression of oxytocin (white arrows) and double-labeled oxytocin and Fos (black arrows)-ir cells in the PVNmd (A,C,E) and PVNmv (B,D,F) just before nursing
at 10:00 am (N10:00), 1.5 h after (N11:30) and in fasted subjects at the time of the previous scheduled nursing (F10:00). Note the increase in Fos/OT-ir cells before
nursing (A) that persist in fasted subjects (E) only in the PVNmd. In contrast, the PVNmv only shows an increase in FOS/OT-ir cells after suckling of milk (D). OT,
optic tract. Modified from Caba et al. (2020). Bottom panel. Schematic of non-OT cells (yellow) and interaction of PVN OT (green) pre-autonomic sympathetic (red)
and parasympathetic (blue) neurons that project to the preganglionic sympathetic system (red) in the intermediolateral (IML) column of the spinal cord, or to the
preganglionic parasympathetic system (blue) of the dorsal motor nucleus of the vagus (DMV) in the medulla, that control the neural outflow to peripheral organs.
Adapted from Buijs et al. (2001, 2003).

in the PVN are related to these peripheral effects through
identified preganglionic OT cells from the sympathetic and
parasympathetic system that project from the PVN to the liver,
pancreas, and adrenals (Figure 1, bottom panel; Buijs et al.,
2001, 2003). It seems likely that this activation is associated with
both central and peripheral roles of these cells in the context of
food entrainment. Future studies need to explore the differential
activation of these OT cells and their receptors to projected areas
in order to determine their physiological importance for FAA.

CONCLUSION

Although animals usually forage and eat during their period of
activity, food is usually only available at a specific time either
during the active or rest phase. In this respect, FAA represents
an adaptive strategy in response to a limited, ecological resource.
Although this phenomenon had been studied mainly in a few
species of mammals, it had also been described in bees (rev.
in Antle and Silver, 2009), and under laboratory conditions in
zebrafish Danio rerio and in cavefish Phreatichthys andruzzii
(Cavallari et al., 2011). Cavefish have evolved to live in darkness
and although they express rhythmic clock genes they do not

respond to light/dark cycles. On the other hand, under conditions
of food restriction, cavefish show an increase in locomotor
behavior before food availability indicative of FAA, as well as
robust circadian rhythms of clock genes (Cavallari et al., 2011).
This suggests that the ability for food entrainment is preserved
across diverse taxa. Finally, it is evident that food is more
important for survival than light. The rabbit pup presents an
extraordinary opportunity to study FAA with little manipulation
because this species shows this important evolutionary strategy
only during the first 2 weeks of life before they open their eyes
and start to be entrained by light.
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The circadian timing system optimizes health by temporally coordinating behavior and
physiology. During mammalian gestation, fetal circadian rhythms are synchronized by
the daily fluctuations in maternal body temperature, hormones and nutrients. Circadian
disruption during pregnancy is associated with negative effects on developmental
outcomes in the offspring, highlighting the importance of regular and robust 24-h
rhythms over gestation. In the case of preterm birth (before 37 weeks of gestation),
maternal cues no longer synchronize the neonate’s circadian system, which may
adversely affect the neonate. There is increasing evidence that introducing robust
light-dark cycles in the Neonatal Intensive Care Unit has beneficial effects on clinical
outcomes in preterm infants, such as weight gain and hospitalization time, compared to
infants exposed to constant light or constant near-darkness. However, the biological
basis for these effects and the relationship with the functional and anatomical
development of the circadian system is not fully understood. In this review, we provide
a concise overview of the effects of light-dark cycles on clinical outcomes of preterm
neonates in the NICU and its alignment with the development of the circadian system.

Keywords: cycled light, development, preterm infants, circadian system, Neonatal Intensive Care Unit,
chronobiology, eye development and function

INTRODUCTION

During pregnancy, a highly controlled uterine environment provides the best possible conditions
for optimal fetal development in preparation for a successful transition to postnatal life. The
mother supplies oxygen, hormones, and nutrients via the placenta. In addition to these substrates,
the mother conveys circadian timing cues to the fetus through her own daily rhythms in
body temperature, physical activity, feeding behavior, and hormonal levels (Serón-Ferré et al.,
2001, 2012; Bates and Herzog, 2020). Several lines of evidence show that maternal circadian
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rhythms are important for the offspring. For example, pregnant
women on shift work, which may lead to circadian disruption,
have an increased risk of adverse reproductive outcomes
(Kervezee et al., 2018). A recent meta-analysis reported an
increased odds of preterm birth (odds ratio [OR]: 1.13; 95%
confidence interval [CI]: 1.00–1.28) and of having a small-
for-gestational-age neonate (OR: 1.18; 95% CI: 1.01–1.38) in
rotating night shift work compared to fixed day shift work (Cai
et al., 2019). Research in animal models supports these findings,
showing that environmental disruption of circadian rhythms
during pregnancy leads to adverse pregnancy outcomes (Summa
et al., 2012) as well as to negative effects in the offspring later in
life, such as altered adrenal function, impaired adaptive immune
system, social avoidance and depressive like behavior (Borniger
et al., 2014; Cissé et al., 2017a,b; Man et al., 2017; Smarr et al.,
2017; Salazar et al., 2018).

In case of preterm birth (i.e., babies born before 37 weeks
of gestation), the period that the fetus spends in the controlled
intrauterine environment comes to an end prematurely. The
preterm baby is typically admitted to a Neonatal Intensive Care
Unit (NICU), where clear environmental 24-h rhythms are
usually absent, exposing the infant to a constant temperature
and irregular or continuous illumination (Fielder and Moseley,
2000; White et al., 2013; Bueno and Menna-Barreto, 2016; Hay,
2017). There is a growing concern that the absence of temporal
cues in the NICU may not be optimal for the development
of premature infants (Symington and Pinelli, 2006; van den
Hoogen et al., 2017). The postnatal environment is especially
important given the critical period of development that occurs
ex utero following extreme preterm birth (i.e., born before
28 weeks of gestation). For example, between 18 and 39 weeks
of gestation, fetal brain volume usually increases 10 to 34-
fold, depending on the brain region (Andescavage et al., 2017;
Matthews et al., 2018). In addition, during the stay in the
NICU, the immature and rapidly developing brain is particularly
vulnerable to environmental stressors, which might compromise
neurobehavioral development (Aucott et al., 2002; Ward and
Beachy, 2003; Symington and Pinelli, 2006; Santos et al., 2016;
Matthews et al., 2018; Twilhaar et al., 2018). Indeed, as the
survival rate of premature infants has improved (Zeitlin et al.,
2010; World Health Organization, 2012; Platt, 2014), we have
to acknowledge that the potential complications of prematurity,
both experienced in the NICU and in later life, become
increasingly important (Ward and Beachy, 2003). Designing a
NICU environment from a chronobiological perspective might
be desirable for improving preterm outcomes.

There is accumulating evidence that introducing a robust
light-dark cycle in the NICU environment is beneficial for
postnatal development (as reviewed below). However, to better
understand the biological basis for these effects, it is important
to take into consideration the different critical periods of fetal
development. For the light-dark cycle to be beneficial for
postnatal development, a premature infant should be able to
perceive light and confer this light information to the biological
clock. In this review we aim to provide an overview of the
potential effects of a light-dark cycle in a NICU in the context
of the development of the visual and circadian systems.

THE CIRCADIAN TIMING SYSTEM

Over the course of evolution organisms have adapted to
alternating light-dark cycles due to the rotation of the earth on
its axis by developing a circadian clock, which controls the daily
timing of biological processes ranging from gene expression to
behavior (Dibner et al., 2010). In mammals, circadian rhythms
are orchestrated by a central clock located in the suprachiasmatic
nuclei (SCN) of the hypothalamus (Sollars and Pickard, 2015).
The SCN network autonomously generates a circadian rhythm
and transmits this temporal information to peripheral oscillators
that are present in virtually all other cell types in the body. The
SCN is synchronized to the external environment by light input
that is transmitted from the retina directly to the SCN through
a neural pathway called the retinal hypothalamic tract (RHT)
(Hughes et al., 2015).

Within the retina, light is perceived by a subgroup of
retinal ganglion cells that express the photopigment melanopsin,
which renders them intrinsically photosensitive. Modulated
by input from rods and cones (Van Diepen et al., 2013;
Barrionuevo et al., 2014; Spitschan et al., 2014), these intrinsically
photosensitive retinal ganglion cells (ipRGCs) transmit non-
visual light information not only to the SCN, but also to other
brain areas involved in non-image forming functions such as the
olivary pretectal nucleus, which is involved in the regulation of
the pupillary light reflex (Chen et al., 2011; La Morgia et al., 2018).

CIRCADIAN ENTRAINMENT BY
LIGHT-DARK CYCLES IN THE
NEONATAL INTENSIVE CARE UNIT

Introducing a robust light-dark cycle in the NICU has been
suggested as a strategy to entrain the circadian system in preterm
infants, which may support growth and development as well
as help prevent complications frequently experienced by the
preterm infant such as disturbances in body temperature, sleep
or feeding patterns (Morag and Ohlsson, 2016). Currently,
lighting conditions in NICUs across the world are highly
variable, owing to flexible guidelines (e.g., see Best et al., 2018).
For example, the Consensus Committee for NICU Design,
recommends illuminance levels to be between 10 and 600 lux
in the NICU (White et al., 2013). NICUs can be distinguished
by observing either constant light or constant near-darkness,
with light levels below 20 lux throughout the 24-h period
(Morag and Ohlsson, 2016).

Several studies have evaluated the effect of introducing
a robust light-dark cycle (‘cycled light’) compared to either
constant light or near-darkness on clinical outcomes in preterm
infants in NICUs, such as weight gain. A systematic review by
the Cochrane library concluded that cycled light seems to shorten
the length of hospital stay, although the evidence is hampered by
the small sample size and the inability to blind the intervention
(Morag and Ohlsson, 2016). Cycled light may also improve other
outcomes, such as weight gain and the incidence or retinopathy
of prematurity (Morag and Ohlsson, 2016). Specifically, the
clearest benefits were found in studies that compared exposure
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to cycled light to exposure to constant light conditions in NICUs.
Several studies reported that cycled light compared to continuous
light was associated with improved weight gain (Mann et al.,
1986; Miller et al., 1995; Vásquez-Ruiz et al., 2014; Farahani
et al., 2018), although the magnitude of the effect is difficult to
compare between the studies. For example, Farahani et al. (2018)
found that infants in cycled light conditions gained significantly
more weight between day 9 after birth and discharge from the
NICU than infants in constant conditions (29 ± 7 g per day
vs 15 ± 6 g, per day; mean ± SD), while Mann et al. (1986)
found no difference in weight at discharge, but 3 months after
discharge, infants that had been exposed to cycled light in the
NICU were on average 500 g heavier than those exposed to
continuous light. Furthermore, one study found that the length
of the hospitalization period was significantly shorter in infants
exposed to cycled light condition compared to those exposed to
continuous light (34 ± 3 days vs 51 ± 5 days; mean ± SEM)
(Vásquez-Ruiz et al., 2014). Another study found an effect of
similar magnitude on hospitalization period (59 ± 28 days in
the cycled light group vs 75 ± 25 days in the continuous light
group), although this difference was not statistically significant
(Miller et al., 1995). However, it should be noted that other studies
did not find an effect of cycled light on hospitalization duration
(Mann et al., 1986; Farahani et al., 2018; Moselhi Mater et al.,
2019). Cycled light interventions in the NICU have also been
reported to increase nighttime sleep duration (Guyer et al., 2015)
and the ratio of daytime to nighttime activity (Blackburn and
Patteson, 1991; Watanabe et al., 2013), to reduce or stabilize heart
rate patterns (Blackburn and Patteson, 1991; Vásquez-Ruiz et al.,
2014), and lower distress levels compared to continuous light
(Moselhi Mater et al., 2019). Interestingly, one study reported a
difference in morning and evening melatonin levels in infants
exposed to cycled light but not in infants exposed to continuous
light (Vásquez-Ruiz et al., 2014), suggesting that implementing
a light-dark cycle promotes circadian entrainment. Although
the long-term benefits of improved circadian entrainment in
infants early in life remain to be investigated, improved circadian
entrainment, provided that it leads to more robust sleep-wake
cycles, would be of immediate benefit to the parents after the
infant’s release from the NICU.

Other studies compared outcomes in preterm infants exposed
to cycled light compared to constant near-darkness. One study
found that preterm infants receiving cycled light at birth or from
gestational week 32 onward gained significantly more weight
than those exposed to constant near-darkness until gestational
week 36 (Brandon et al., 2002). However, most studies reported
no significant effects on body weight at discharge or body
weight gain (Boo et al., 2002; Rivkees et al., 2004; Guyer et al.,
2012) and length of hospital stay (Brandon et al., 2002, 2017;
Rivkees et al., 2004; Guyer et al., 2012). One underpowered
study reported a clinically relevant, but not statistically significant
effect of initiating a cycled light intervention at a gestational age
of 28 weeks compared to cycled light started at 36 weeks on
weight gain (mean weight gain of 193.8 g vs 176.3 g between
gestational week 36 and 44) (Brandon et al., 2017). In addition,
while a cycled light intervention did not affect the emergence of
day/night differences in body temperature compared to constant

near-darkness in preterm infants (Mirmiran et al., 2003), the
development of distinct rest-activity cycles was accelerated in
preterm infants exposed to cycled light compared to those
exposed to constant near-darkness (Rivkees et al., 2004), although
this effect was not observed in another study (Lebel et al., 2017).
Finally, exposure to cycled light in the NICU reduced fussing and
crying per 24 h after discharge to home compared to exposure
to constant near-darkness (Guyer et al., 2012). Of note, the
observation that some effects of cycled light interventions are
only observed after discharge from the hospital highlight that
long-term follow-up is essential to better understand the effects of
cycled light in the NICU (Mann et al., 1986; Rivkees et al., 2004).

Altogether, the available literature provides a strong rationale
to further evaluate strategies to improve circadian entrainment
in NICUs. However, a more systematic approach is needed that
considers the underlying physiological mechanisms by which
cycled light may exert its beneficial effects. An important point of
consideration is that light levels varied from study to study, and
are often not precisely reported – if at all (Figure 1). This makes
it hard to compare different studies and make recommendations
regarding the optimal light levels. Therefore, future research
is warranted to determine what lighting regimes, in terms of
intensity and spectral composition, and at what developmental
time point, lead to optimal clinical outcomes.

DEVELOPMENT OF THE CIRCADIAN
SYSTEM, FROM LIGHT INPUT TO
FUNCTIONAL OUTPUT

The use of cycled light as a strategy to promote circadian
entrainment and improve clinical outcome should be considered
in context of the marked developmental changes of the visual
and circadian system that occur in preterm infants during
their stay in the NICU. At different stages of gestation, the
different anatomical structures of the visual and circadian
systems develop (Figure 2). This starts on gestational day 17,
when the first structures of the eye are formed (Van Cruchten
et al., 2017). In infants born at term (between gestational
week 37–41), the structural development of the eye takes place
nearly completely in utero, although the further functional
maturation is not completed until at least 4 years after birth
(Hendrickson and Yuodelis, 1984).

The pupil can be viewed as the anatomical gateway that
modulates the transmission of light from the environment to
the circadian system. Its development starts around gestational
week 17. However, its function in regulating the amount of light
that reaches the retina develops only later in gestation. From
30 weeks onward preterm infants start to show slow alterations
in pupil diameter, and from 34 weeks gestation they have a clear
and fast pupil reflex to changes in illumination (Robinson and
Fielder, 1990). However, as the babies are still developing, there
might be some differences in thickness of the eyelids, which may
affect the amount of light entering the eye. Robinson et al. (1991)
showed that a higher percentage of red light penetrates the eyelid
in prematurely born babies compared to adults, but how this
changes over the course of development is unknown.
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FIGURE 1 | Overview of light levels used in cycled light studies that have been conducted in Neonatal Intensive Care Units. Light levels reported in studies that
investigated the effect of cycled light versus (A) constant light and (B) constant near-darkness. Values are depicted as ranges (shaded rectangles), means (dots),
and/or standard deviations (error bars), depending on the values reported in the publication. Yellow/Orange colors indicate “light”, Black/Gray colors indicate
“darkness”. *Standard errors reported in Rivkees et al. (2004) are converted to standard deviations by multiplying with the square root of the n per group. **Light
intensities measured in the horizontal plane are reported here. ***Unclear whether standard deviations or standard errors are reported; using published values for
error bars.

Secondly, the effect of light on circadian entrainment is
influenced by the function of the different retinal cells. The retinal
ganglion cells are formed from gestational week 7 onward, well-
before the emergence of rods and cones between week 10 and 12
(Van Cruchten et al., 2017). Expression of melanopsin is present
in human eye tissue at least by gestational week 8.6 (Tarttelin
et al., 2003). Melanopsin may even be present earlier, since this
was the earliest developmental timepoint that was included in the
study by Tarttelin et al. (2003). For instance, in mice, melanopsin
is expressed by embryonic day 10.5–11.5 in mice (equivalent
to gestational week 4 in humans) (Tarttelin et al., 2003). This

coincides with the emergence of retinal ganglion cells in mice,
which occurs at an earlier developmental stage compared to
humans (Tarttelin et al., 2003). Of note, while rod and cone
photoreceptors only become functional two weeks after birth
in mice, melanopsin-expressing retinal ganglion cells are light
responsive immediately at birth (Sekaran et al., 2005), and
possibly even earlier during gestation (Rao et al., 2013). This
light response is mediated by melanopsin and, strikingly, was
found to have a functional role for vascular patterning in utero:
a higher degree of retinal vascular overgrowth was observed in
pups reared in constant darkness during late gestation compared
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FIGURE 2 | Developmental timeline of the human circadian system, based on reviewed human and animal studies. Bold text: developmental time points that are
obtained from human studies. Italic text: developmental time points that are inferred from animal studies, using the gestational age equivalent to humans.

to those reared in a light-dark cycle (Rao et al., 2013). This effect
seems to be mediated by melanopsin, because a null-mutation in
the melanopsin gene Opn4 caused the same phenotype (Rao et al.,
2013). These results suggest that light exposure in utero is already
important for fetal eye development in mice. To what extent this
applies to human fetal development remains to be investigated.
However, these findings support the need to develop a clear
mechanistic understanding of the effect of light-dark cycles on the
development of the visual system in preterm infants at different
developmental stages.

The ability of a neonate’s circadian system to entrain to the
environmental light-dark cycle also depends on the functionality
of the RHT. To the best of our knowledge no studies are available
on the development of the human RHT. However, it is known
that the SCN is light responsive in baboons born at term and
can be entrained to a light-dark cycle with a light intensity of
200 lux (Rivkees et al., 1997). Furthermore, the SCN in preterm
baboons responds to light from a stage equivalent to 24 weeks
of gestation in humans onward (Hao and Rivkees, 1999). As the
fetal development of primates and human is similar (Stouffer and
Woodruff, 2017), these results suggest the projections from the
retina to the SCN via the RHT may be functional from 24 weeks
of gestation onward in human development.

For entrainment of the neonate to be possible, the
environmental light input must be processed by a functional
SCN. At what stage the SCN develops during gestation in humans
is largely unknown. However, it has been shown that the SCN is
present at 18 weeks of gestation, using melatonin receptor- and
D1 dopamine receptor labeling (Reppert et al., 1988; Rivkees and
Lachowicz, 1997; Rivkees, 2007). In addition, studies in squirrel
monkeys support these findings, with SCN neurogenesis during
early gestation (Reppert and Schwartz, 1984). At the end of
gestation, a clear day-night difference in SCN glucose utilization

can be observed in these monkeys (Reppert and Schwartz, 1984).
Since only 20% of the total cell number found in adulthood is
present at term (Swaab, 1995), further maturation of the human
SCN takes place after birth.

Once the individual components of the circadian system are
formed, they generate an output in the form an approximately
24-h rhythm that is projected to other brain areas and peripheral
organs, which regulate circadian rhythms both in behavior and
hormone production. In term babies, 24 h sleep-wake rhythms
are not yet apparent directly after birth, but these typically
emerge between 7 and 16 weeks of age (Jenni et al., 2006).
Around the same time, day-night differences can also be observed
in hormone production, such as melatonin from 12 weeks
of age (Kennaway et al., 1992). In addition to rhythms in
hormone production, heart rate shows a clear difference between
day and night from 7 weeks onward (Hoppenbrouwers et al.,
2012), whereas day/night differences in body temperature only
become apparent from 2 months of age (Petersen and Wailoo,
1994). Whether the developmental timeline of these rhythms is
influenced by the postnatal environmental light-dark cycle in
preterm infants is unclear, as reviewed above.

Together, these studies show that the initial structures of
the eye and central clock are present at 24 weeks of gestation,
and that further maturation of both the eye and the SCN takes
place largely in the third trimester of pregnancy and in the first
few years after birth. With most of the structures formed by
24 weeks of gestation, it is conceivable that in the case of preterm
birth, environmental light input is conveyed by the eyes to an
SCN that is – at least partly – functional. The physiological
mechanisms underlying the seemingly beneficial effects of cycled
light in the NICU, such as weight gain and length of hospital
stay, remain to be elucidated, although it has been suggested that
reduced (nighttime) activity and lower, more stable heart rate
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rhythms, leading to reduced energy expenditure, may play a role
(Miller et al., 1995).

DISCUSSION

As exposure to a bright day and dark night seems to positively
influence weight gain, duration of hospital stay, and other
clinically relevant measures, cycled light appears to be beneficial
for the development of preterm babies. As the structures of
the circadian system appear to be formed at 24 weeks, it is
conceivable that the positive effects of cycled light are mediated
through these structures. This fits with the striking observation
that environmental light not only reaches the uterus in both sheep
and mice (Parraguez et al., 1998; Rao et al., 2013) but also plays a
role in retinal vascularization in the mouse fetus (Rao et al., 2013).
To what extent light reaches the uterus in pregnant women, and
whether light plays a functional role in developmental processes
in utero in humans as well, are important questions that warrant
further investigation.

In addition to the beneficial effects of cycled light, another
topic that requires attention in future studies is the potential
functional role of other environmental timing cues on circadian
entrainment and clinical outcomes in the NICU, such as
temperature and feeding cues. For example, the unborn fetus
is exposed to fluctuations in maternal core body temperature
in utero, which – in non-pregnant women – shows a circadian
rhythm with an amplitude of around 0.4–0.5◦C (Baker et al.,
2001). Whether this rhythm persists during human pregnancy
is unknown (Mark et al., 2017). Likewise, 24-h variations in the
levels of circulating hormones, such as melatonin, may promote
circadian entrainment of the unborn fetus (McCarthy et al.,
2019). Furthermore, as a result of alternating periods of eating
and fasting of the mother during pregnancy, the unborn fetus
will be exposed to 24-h variations in nutrients, metabolites, and
metabolic hormones, which may also function as timing cues for
the circadian system (Wehrens et al., 2017; Lewis et al., 2020).
In the NICU, where neonates typically receive intermittent or
continuous feeding, this rhythmicity is largely lost. Therefore,
optimizing 24 h rhythms in the environment – in the broadest
sense – may be an opportunity to further improve a preterm
infant’s health and development.

Much remains unknown regarding the mechanisms
underlying the effect of environmental light/dark cycles on
clinical outcomes in preterm infants. Based on the developmental
timeline of the visual and circadian system, it seems that

prematurely born infants, even those born extremely preterm,
are functionally capable to sense light to some degree, since
most of the photoreceptors and opsins are present during early
gestation. With the formation of both the RHT and the SCN
during the second trimester, the circadian system is at least
partially functional from gestational week 24 onward.

Taken together, as the survival rate of preterm infants
continues to rise, it becomes increasingly important to focus on
optimizing the NICU environment and thereby help improve
preterm infants’ health and wellbeing later in life. Several
studies show beneficial effects of cycled light over constant light
conditions, and a systematic review on the topic is cautiously
positive (Morag and Ohlsson, 2016). For these findings to be
implemented, larger studies are necessary, preferably with a
long term follow-up and more precise reporting of experimental
light conditions, such as the spectral composition of light.
In this context, the minimal reporting guidelines for studies
involving lighting interventions recently developed by Spitschan
et al. (2019) may be helpful. In parallel, fundamental research
should focus on providing a mechanistic understanding of these
findings. Furthermore, the effect of other rhythmic timing cues
such as temperature and feeding on clinical outcomes in preterm
infants are a promising avenue to investigate in future studies.
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The suprachiasmatic nucleus (SCN) of the hypothalamus is the central circadian clock
of mammals. It is responsible for communicating temporal information to peripheral
oscillators via humoral and endocrine signaling, ultimately controlling overt rhythms
such as sleep-wake cycles, body temperature, and locomotor activity. Given the
heterogeneity and complexity of the SCN, its genesis is tightly regulated by countless
intrinsic and extrinsic factors. Here, we provide a brief overview of the development of
the SCN, with special emphasis on the murine system.

Keywords: suprachiasmatic nucleus, neurogenesis, development, neuronal differentiation, transcription factors,
neuropeptides

INTRODUCTION

On this rhythmic planet, we are surrounded by countless environmental oscillations of varying
frequencies. The most notable of all rhythms is the 24 h day-night cycle, which results in predictable
changes in the availability of light, warmth, and sustenance. In order to thrive, organisms must be
able to anticipate and prepare for daily rhythmic events in the environment, rather than simply
reacting to them upon their detection. From bacteria to humans, organisms evolved circadian
clocks to keep track of time, enabling them to prepare for external challenges and opportunities
through temporal coordination of behavior and physiology.

In mammals, circadian rhythms are driven by a hierarchy of tissue-specific oscillators
throughout the body, orchestrated by a central circadian pacemaker, the hypothalamic
suprachiasmatic nuclei (SCN). Individual SCN neurons synthesize neuropeptides and
neurotransmitters to coordinate endogenous oscillations and entrainment at the tissue level
(Aton et al., 2005; Maywood et al., 2011; Mieda et al., 2015). The SCN is unique within the clock
hierarchy, as it is the only clock to respond to light directly (Morin and Allen, 2006). The SCN
(oscillator) receives and integrates time cues (input) from the environment, and communicates
temporal information to peripheral oscillators via humoral and endocrine signaling. Ultimately,
the SCN coordinates and controls overt rhythms (outputs) such as sleep-wake cycles, body
temperature, osmoregulation, hormone secretion, and gastrointestinal, hepatic, and cardiac
functions (Roenneberg and Merrow, 2016). As the biological clock coordinates nearly all
physiological processes, perturbation of the circadian system constitutes a risk factor for a myriad
of disorders, including obesity, diabetes, cardiovascular disease, cancer, and neurodegeneration
(Kurose et al., 2011; Uth and Sleigh, 2014; Broussard and Van Cauter, 2016; Melo et al.,
2016; Khaper et al., 2018; Musiek et al., 2018). Conversely, many pathological conditions (e.g.,
Alzheimer’s disease, cancer) contribute to circadian disruption, which further exacerbates them
(Lim et al., 2014). By expanding our knowledge and mechanistic understanding of the circadian
clock, we position ourselves to develop new strategies that leverage the circadian system to promote
better physical and mental health.
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TRANSCRIPTION-TRANSLATION
FEEDBACK LOOP/THE MOLECULAR
CLOCK

The molecular clock machinery relies on a series of transcription-
translation feedback loops (TTFLs) that generate rhythmic
expression of “clock genes” through a negative feedback
mechanism. In mammals, the positive limb of the core feedback
loop consists of the basic helix-loop-helix PAS transcription
factors, Circadian locomotor output cycles kaput (CLOCK) and
Brain and muscle ARNT-like protein 1 (BMAL1) (Figure 1).
During the subjective day, CLOCK and BMAL1 dimerize
and bind to the E-box elements in Period (Per1, Per2)
and Cryptochrome (Cry1, Cry2) promoters, inducing their
transcription (Shearman et al., 1997; Gekakis et al., 1998; Kume
et al., 1999; Bunger et al., 2000; Vitaterna et al., 2006). During the
subjective night, PER and CRY protein heterodimers translocate
from the cytoplasm to the nucleus, where they repress their
own gene transcription through inhibition of CLOCK:BMAL1
(Kume et al., 1999; Vitaterna et al., 1999; Zheng et al., 1999,
2001; Shearman et al., 2000). PER proteins are degraded during
the late subjective night, but CRY continues to accumulate in
the nucleus and maintains the repressive phase of the cycle (Ye
et al., 2014). In the early subjective day, the degradation of
CRY results in the derepression of CLOCK:BMAL1-mediated
transcription and thus a new round of E-box-dependent gene
expression (Gekakis et al., 1998; Kume et al., 1999). This core
clock circuitry is regulated by secondary feedback loops. For
example, the transcription of Bmal1 is positively and negatively
regulated by the nuclear orphan receptors, ROR (α, β, and γ) and
REV-ERB (α and β), respectively, which are themselves E-box-
containing genes and are therefore controlled by the primary
feedback loop (Preitner et al., 2002; Sato et al., 2004; Guillaumond
et al., 2005). Together, the primary and secondary TTFLs drive
the ∼24 h oscillation of the molecular clock, while additional
layers of regulation (described in the following sections) ensure
its stability and robustness.

SCN STRUCTURE AND CONNECTIVITY

As it is currently understood, the SCN is responsible for
interpreting photic and non-photic signals that it receives
from afferent projections, and ultimately produces a coherent
temporal output to peripheral oscillators through humoral
and neuroendocrine mechanisms. Each individual SCN neuron
harbors the clock machinery and is able to maintain robust
molecular rhythms on a single-cell level. Through neuropeptide,
neurotransmitter, and synaptic signaling, SCN neurons form
an intricately connected oscillatory network with astounding
precision and resilience.

The SCN is a pair of nuclei located in the anterior
hypothalamus, situated directly dorsal to the optic chiasm
and lateral to the third ventricle. It is comprised of
approximately 20,000 heterogenous neurons that secrete
dozens of neuropeptides, neurotransmitters, and cytokines,
many of which can be at least partially co-expressed by certain

populations of SCN neurons (Figure 2; Abrahamson and Moore,
2001; Cheng et al., 2002; Antle and Silver, 2005; Todd et al.,
2020; Wen et al., 2020). The SCN is classically divided into
two subregions, a light-responsive ventrolateral “core” and
a rhythmic dorsomedial “shell,” based on the neurochemical
nature of cells in each area and its physiological function (Aton
et al., 2005). SCN core neurons are characterized by expression
of vasoactive intestinal peptide (VIP), gastrin releasing peptide
(GRP), calbindin, calretinin, neuromedin S (NMS), and
neurotensin (Abrahamson and Moore, 2001; Lee et al., 2015).
In contrast, SCN shell neurons express arginine vasopressin
(AVP), calbindin, NMS, angiotensin II, and met-enkephalin
(Abrahamson and Moore, 2001; Lee et al., 2015). All SCN
neurons synthesize γ-aminobutyric acid (GABA) as the main
neurotransmitter in addition to the neuropeptidergic signals
(Moore and Speh, 1993; Abrahamson and Moore, 2001).

In addition to neurons, astrocytes in the murine SCN
also contribute to circadian timekeeping. Astrocytes have been
shown to display daily rhythms in structural protein expression,
morphology, metabolic function, and clock gene expression
(Prolo et al., 2005; Becquet et al., 2008; Cheng et al., 2009;
Burkeen et al., 2011). Astrocyte-specific ablation of Bmal1
lengthens the period of clock gene oscillations and locomotor
behavior (Barca-Mayo et al., 2017; Tso et al., 2017). Furthermore,
excision of the short-period CK1ε tau mutation specifically from
SCN astrocytes lengthens molecular and behavioral rhythms
(Brancaccio et al., 2017; Tso et al., 2017). It has been shown
that SCN astrocytes control circadian period by regulating GABA
uptake and glutamatergic signaling (Barca-Mayo et al., 2017;
Brancaccio et al., 2017, 2019). Recently, Sominsky et al. (2021)
reported that microglia are another important component for
maintaining clock gene expression and behavioral rhythms.
By expressing the diphtheria toxin (DT) receptor specifically
in fractalkine receptor-positive cells (Cx3cr1+), 94% of SCN
microglia was acutely ablated in transgenic Wistar rats (Sominsky
et al., 2021). This resulted in pronounced disruption of behavioral
rhythms, circadian temperature profiles, and Per1 and BMAL1
expression (Sominsky et al., 2021).

As the master circadian clock, the SCN is intricately connected
with many regions of the brain to regulate the phase and
period of circadian rhythms. The SCN has three major afferent
connections: retinohypothalamic tract (RHT) projections from
the retina, geniculohypothalamic tract (GHT) projections from
the intergeniculate leaflet (IGL), and serotonergic projections
from the median raphe nucleus (MnR) in the brainstem (Meyer-
Bernstein and Morin, 1996; Mintz et al., 1997; Abrahamson
and Moore, 2001). Photic information received by intrinsically
photosensitive retinal ganglion cells (ipRGCs) is delivered to
the SCN through the RHT (Do and Yau, 2010). Although the
terminal fields of the RHT can be found in all parts of the
murine SCN, the core region has denser retinal innervation
compare to the SCN shell (Morin et al., 2006). IpRGC input is
essential for SCN light entrainment, which occurs through the
release of glutamate, aspartate, and the neuropeptide pituitary
adenylate cyclase-activating polypeptide (PACAP) (Chen et al.,
1999; Guido et al., 1999; Kawaguchi et al., 2003; Hannibal et al.,
2008). In contrast, the IGL innervates the SCN with neuropeptide
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FIGURE 1 | A simplified view of the mammalian molecular clock. In the positive limb of the primary feedback loop, CLOCK (yellow) and BMAL1 (green) form a
heterodimer and bind to the E-box elements in the promoter regions of Per and Cry, triggering their transcription. Following their translation, PER (purple) and CRY
(blue) proteins are phosphorylated (red, P) by various kinases including CK1δ/ε, GSK3β, and DYRK1A, which can regulate their turnover or nuclear entry. In the
negative limb, PER:CRY heterodimers translocate to the nucleus, where they inhibit CLOCK:BMAL1-mediated transcription, thereby repressing their own gene
expression. The transcription of Bmal1 is further regulated by a second feedback loop involving two E-box-regulated genes, Rev-Erb and Ror. REV-ERB (magenta)
inhibits the transcription of Bmal1 by competing with the transcriptional activator, ROR (orange), for binding of the ROR-element within the Bmal1 promoter.
Extracellular signals (e.g., neurotransmitters, neuropeptides) can activate signaling cascades resulting in the phosphorylation of CREB (turquoise), which mediates
Per transcription and resetting of the clock.

Y (NPY) and GABA terminals (Moore et al., 2002). As with
RHT terminals, NPY terminals are concentrated in the ventro-
central region of the SCN and are sparser in the dorsomedial
region (Morin et al., 2006). The IGL plays a significant role
in relaying photic and non-photic information to the SCN, as
either IGL lesions or NPY infusion into the SCN can alter
circadian rhythms (Albers and Ferris, 1984; Pickard et al., 1987).
The SCN also receives serotonergic projections from the MnR,
where the plexus appears to be densest along the medial and
ventral SCN border, grading to sparse innervation centrally and
dorsolaterally (Morin et al., 2006). Notably, all three major

SCN inputs significantly overlap in the core SCN, reflecting its
key role in integrating luminance information from the retina
and non-photic input from the midbrain arousal center during
entrainment. In addition to these three major afferents, ∼35
brain regions have been shown to project to the SCN: these
include other hypothalamic nuclei, the amygdalohippocampal
zone, and brainstem nuclei (Krout et al., 2002). However,
relatively few SCN afferent systems have been explored in terms
of their rhythm-related functions. On the other hand, SCN
efferents innervate ∼15 brain regions, likely carrying circadian
rhythm phase information to distal targets. Notably, the SCN
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FIGURE 2 | Schematic of the structure and organization of the SCN. The dorsomedial SCN (shell) expresses AVP and GABA, whereas the ventrolateral SCN (core)
synthesizes VIP, GRP, and GABA. The retinohypothalamic tract (RHT), intergeniculate leaflet (IGL), and median raphe nucleus (MnR) directly innervate the core. On the
other hand, inputs from the thalamus, various hypothalamic nuclei, and the forebrain are mainly received in the shell. Core and shell SCN neurons are synchronized
through various means of intercellular communication, and are thus capable of producing coherent outputs to peripheral clocks. 3V, third ventricle; OC, optic chiasm.

projects to many hypothalamic nuclei including the preoptic
area, the paraventricular nucleus, the subparaventricular zone,
the retrochiasmatic area, the dorsomedial and ventromedial
nuclei, and the premammillary area (Watts and Swanson,
1987; Abrahamson and Moore, 2001). These efferent projections
from the SCN have been implicated in circadian regulation of
body temperature, locomotor activity, sleep-wake cycles, and
feeding (Lu et al., 2001; Chou et al., 2003; Abrahamson and
Moore, 2006). Neuropeptides such as prokineticin 2 (PROK2)
have been shown to serve as functional outputs of the SCN,
communicating phase information to other brain regions (Cheng
et al., 2002). Mice deficient in either PROK2 or its cognate
receptor, prokineticin receptor 2 (PROKR2), have a pronounced
redistribution of locomotor activity from early night to late
night with significantly dampened amplitude (Li et al., 2006;
Prosser et al., 2007).

INTRA-SCN COMMUNICATION AND
SIGNALING

In vivo or in organotypic cultures, oscillations of SCN neurons
are synchronized and coherent, yet follow a consistent pattern
of distinct phases and amplitudes. Bioluminescence imaging of
SCN explants in vitro using Per1-LUC or PER2:LUC reporters
have shown that the shell region has much more pronounced
PER oscillations than the core (Yamaguchi et al., 2003).
Circadian cycling of PER expression begins in the dorsomedial
periventricular region of the shell, propagates ventrally and
laterally to the center of the shell after 4–8 h, and ends

in the ventral SCN after 12–15 h (Yamaguchi et al., 2003).
However, a minority of cells have been shown to remain ∼12 h
out-of-phase with the population mean, potentially allowing
multiple, variously phased output signals to be generated (Herzog
et al., 1997; Nakamura et al., 2001). This oscillation pattern is
preserved from cycle-to-cycle, as well as after pharmacological
manipulations that delay or stop the clock, suggesting that
SCN coupling is mediated by specific neural circuits instead
of a homogeneous coupling scheme (Liu et al., 1997). When
challenged by an abrupt phase shift (jet lag), the shell and core
SCN exhibit desynchronization and appear to be out-of-phase
initially (Nagano et al., 2003; Albus et al., 2005; Nakamura et al.,
2005). The phase of the ventral region, measured by either
clock gene expression or impulse activity of SCN neurons, shifts
rapidly, whereas the dorsal region requires more days to shift and
to align with the ventral SCN (Nagano et al., 2003). This finding is
consistent with the notion that the core SCN is the compartment
that receives photic cues and directs resynchronization of the
shell. When cultured at low density, individual SCN neurons can
still express robust rhythms autonomously for weeks, showing
that they do not require rhythmic input from other cells to
oscillate (Welsh et al., 1995). However, dispersed clock cells
in the same culture dish display rhythms with varying periods
and progressively distinct phase relationships. Dissociating SCN
cells thus removes the coupling forces that normally maintain
intercellular synchrony at the tissue level.

Three modes of intercellular communication have been
established to maintain network stability and coupling of the
SCN: chemical synapses, electrical synapses (gap junctions),
and paracrine signaling. The most common neurotransmitter
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in the SCN is GABA, which is present in all SCN neurons
(Moore and Speh, 1993). Although GABA usually elicits
spontaneous inhibitory post-synaptic potentials, it may be
excitatory in some instances (De Jeu and Pennartz, 2002; Albus
et al., 2005; Hee et al., 2008). GABA-mediated excitation is
most common at night in the dorsal region of the SCN, a
process mediated by Na+-K+-Cl− cotransporter 1 (NKCC1) and
K+-Cl− cotransporters (KCCs) (De Jeu and Pennartz, 2002; Hee
et al., 2008). In Syrian hamsters, blocking excitatory responses
of GABA by inhibiting NKCC1 has been shown to attenuate
light-induced phase delays during the early subjective night
(McNeill et al., 2018). In the SCN, many cellular responses of
GABA are driven by ionotropic GABAA and Gαi/o−coupled
GABAB receptors (Jiang et al., 1997b; Strecker et al., 1997; Liu
and Reppert, 2000; Gribkoff et al., 2003; Belenky et al., 2008).
GABAA receptor-mediated signaling causes phase shifts when
applied to dissociated SCN neurons, and daily pulses of GABA
synchronizes them (Liu and Reppert, 2000). In addition, GABA
signaling is essential for shell and core re-synchronization after
a jet lag treatment, as well as for modulating phase shifting
responses after a light pulse (Ralph and Menaker, 1985, 1986,
1989; Gillespie et al., 1997, 1999; Albus et al., 2005; Albers et al.,
2017). On the other hand, blocking both GABAA and GABAB
receptors does not affect oscillatory amplitude and synchrony of
neurons in SCN slices (Aton et al., 2006). Recently, Barca-Mayo
et al. (2017) showed that astrocyte-mediated GABA signaling
modulates clock gene expression of cortical neurons in vitro
(Barca-Mayo et al., 2017).

It is widely accepted that communication between neurons
is mediated primarily by Ca2+-dependent synaptic transmission.
However, when chemical synaptic transmission is blocked using
Ca2+-free medium, periodic and synchronized bursts of action
potentials in a large population of SCN neurons can still
be detected, indicating that mechanisms other than chemical
synaptic transmission may modulate SCN synchrony (Bouskila
and Dudek, 1993). It was also noted that metabolic rhythms
in the embryonic SCN precede chemical synaptogenesis in rats,
indicating that non-synaptic mechanisms may be important
in coordinating circadian rhythms (Reppert and Schwartz,
1984). Subsequently, gap junctions (electrical synapses) have
been identified in the SCN and found to mediate neuronal
coupling (Jiang et al., 1997a; Colwell, 2000; Long et al., 2005;
Rash et al., 2007; Wang et al., 2014). Gap junction channels
allow the passage of ions and other small molecules between
coupled cells and function to connect cells electrically and
metabolically. They are formed by two hemichannels, each
composed of 6 connexin proteins (Cheung et al., 2014). The
majority of neuronal gap junctions in the SCN are miniature
gap junctions that are composed of less than 50 connexons
comprised primarily of connexin-36 (Cx36) subunits (Rash
et al., 2007). Possibly due to the small number of large gap
junctions and the predominance of mini-gap junctions, there
is limited electrotonic coupling and coupling-mediated spike-
for-spike synchronization between SCN neurons (Rash et al.,
2007). Cx36 knockout mice have deficits in circadian behavior
and electrical coupling between SCN neurons; however, the
results are complicated by the global nature of the Cx36 ablation

(Long et al., 2005). Blocking gap junctions in SCN slices with
carbonoxolone also weakens synchrony of the SCN network
(Wang et al., 2014).

The SCN expresses a plethora of neuropeptides, many of
which are strongly implicated in SCN coupling. The core SCN
and the most prevalent neuropeptide intrinsic to this region—
VIP—are vital for maintaining coupling within the SCN. In
mice, VIP is released rhythmically from the core and acts
through the G-protein coupled, vasoactive intestinal peptide
receptor 2 (VPAC2, also known as VIPR2), which is expressed
in both the core and the shell SCN (Shinohara et al., 2000;
Dardente et al., 2004). Vip or Vpac2 knockout mice display weak
behavioral rhythms and often become arrhythmic after a few
days in constant darkness (Harmar et al., 2002; Colwell et al.,
2003; Aton et al., 2005). Organotypic SCN slices from these
mice show suppressed neuronal firing, low amplitude clock gene
rhythms, and desynchrony among cells (Cutler et al., 2003; Aton
et al., 2005; Brown et al., 2007; Hughes et al., 2008; Maywood
et al., 2011). VIP evokes phase shifts in locomotor activity, AVP
release, multiunit firing rate, and PER2:LUC rhythms in a phase-
and dose-dependent manner (Piggins et al., 1995; Watanabe
et al., 2000; Reed et al., 2001; An et al., 2011). Molecularly,
VIP-mediated phase shifting requires PKA, PLC, and MAPK
signaling pathways, which ultimately converge on the activation
of CRE-mediated transcription of clock genes (Nielsen et al.,
2002; Meyer-Spasche and Piggins, 2004). Furthermore, VIP has
been shown to modulate the strength of electrical synapses,
which in turn regulate intercellular coupling (Wang et al., 2014).
Intriguingly, studies have demonstrated that VIP can promote
network plasticity by destabilizing intercellular synchrony in
addition to its role as a synchronizing factor. For instance,
application of exogenous VIP at concentrations greater than
100 nM desynchronizes and broadens the phase distribution of
cells within the SCN, in particular during the nadir of PER2
expression (An et al., 2013). When microinjected into the SCN
during the early subjective day, a phase when VIP does not
induce phase shifts, VIP accelerates entrainment of locomotor
rhythms to an advanced LD cycle in a jet lag paradigm (An
et al., 2013). Although Vip−/− and Vpac2−/− mice have weak
behavioral rhythms in DD, their behavioral rhythmicity can be
restored by long-term exposure to constant light (An et al.,
2013; Hughes et al., 2015). Detailed analyses of Vpac2−/− mice
revealed that exposure to LL diminishes the intercellular signaling
deficit in these animals, resulting in both improved behavioral
rhythms and increased cellular synchrony (Hughes et al., 2015).
This is in stark contrast with the disruptive effect of LL on
neuronal function and physiological rhythms in animals with a
fully functional SCN, where the elevated level of VIP induced by
LL might destabilize the circadian pacemaker (Ohta et al., 2005;
An et al., 2011).

The core SCN also produces another type of neuropeptide
that participates in maintaining cellular synchrony, behavioral
rhythmicity, and entrainment—namely, GRP. In mice, GRP is
expressed rhythmically under a light-dark cycle and act through
the G-protein coupled receptor bombesin receptor 2 (BB2, also
known as GRPR) (McArthur et al., 2000; Karatsoreos et al.,
2006). Similar to VIP, application of exogenous GRP to the
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SCN produces phase shifts in a phase-dependent manner both
in vitro and in vivo (Piggins et al., 1995; McArthur et al., 2000;
Aida et al., 2002). This light-like response to GRP stimulation is
accompanied by the upregulation of Per1 and c-Fos expression
in the dorsal SCN (Aida et al., 2002). GRP can also act
as a secondary synchronizing neuropeptide when VIP-VPAC2
signaling is defective, since addition of GRP to Vpac2−/− SCN
explants can transiently restore network synchrony (Brown et al.,
2005; Maywood et al., 2011). Recent single cell RNAseq studies
have found that GRP-expressing neurons are a subpopulation
of VIP neurons: approximately one-quarter of VIP+ cells in the
SCN co-express GRP (Todd et al., 2020; Wen et al., 2020).

Neuropeptides expressed by the shell SCN have also
been shown to modulate circadian timekeeping. The most
prevalent neuropeptide expressed by the shell is AVP.
Avp is rhythmically expressed in mice, as its promoter
contains E-box motifs for CLOCK:BMAL1 transactivation
(Jin et al., 1999). When the AVP receptors V1a and V1b
are genetically ablated, mutant mice become resistant to
jetlag, re-entraining abruptly to shifts in the light-dark
cycles (Yamaguchi et al., 2013). Examination of clock gene
expression coupled with bioluminescence imaging of SCN
explants revealed that V1a−/−V1b−/− SCN neurons show
severely permutated phase order, and loss of intercellular
synchrony following phase resetting (Yamaguchi et al., 2013).
These results suggest that AVP-mediated interneuronal
communication provides buffering toward abrupt external
perturbations, and disruption of AVP-V1a/b signaling leads
to a weakened oscillator. A mouse model with Bmal1
deletion specifically in AVPergic neurons shows enhanced
re-entrainment and lengthened behavioral period, possibly
due to the combined attenuation of Avp, Prok2, and Rgs16
expression in the SCN shell of these conditional knockout
mice (Mieda et al., 2015). Deletion of CK1δ in AVP neurons
also results in lengthened behavioral period and altered
spatiotemporal pattern of PER2:LUC oscillations in SCN slices,
indicating that AVP neurons can regulate SCN pacemaking
(Mieda et al., 2016).

The majority of VIP+ and AVP+ neurons co-express the
neuropeptide neuromedin S (NMS) (Todd et al., 2020; Wen
et al., 2020). Although mice lacking NMS retain normal circadian
rhythms in vivo, blocking vesicular transmission from NMS+
neurons disrupted the network synchrony of the SCN (Lee
et al., 2015). Manipulating the expression of core clock genes,
such as Bmal1 and Per2, within NMS-expressing neurons
is sufficient to disrupt molecular oscillations and behavioral
rhythms (Lee et al., 2015). Conversely, overexpression of the
Clock119 transgene in NMS-expressing neurons can lengthen
circadian period in vivo, indicating that periodicity is dictated
by this subset of SCN neurons (Lee et al., 2015). Similar pace-
setting effects have been reported for DRD1a+ cells in the SCN,
which represent ∼60% of all SCN cells (Smyllie et al., 2016).
When floxed Ck1εTau alleles are excised from DRD1a+ neurons,
∼60% of the Drd1acre/+:Ck1εTau/Tau temporally chimeric mice
exhibited a free-running period that resembles wildtype animals
(Ck1εWT/WT), whereas ∼30% of the chimeric mice displayed a
short period similar to Ck1εTau/Tau animals (Smyllie et al., 2016).

The majority of chimeric SCN slices also displayed significantly
lengthened PER2:LUC period, suggesting that DRD1a+ cells
play a dominant role in period determination within the SCN
(Smyllie et al., 2016).

EMBRYONIC DEVELOPMENT OF THE
HYPOTHALAMUS

Hypothalamic histogenesis follows the same general pattern
as that observed in other neural tube-derived brain regions,
with dividing progenitors residing in the ventricular zone and
producing neuronal and glial precursors that migrate laterally
into the parenchyma (Bedont and Blackshaw, 2015; Xie and
Dorsky, 2017). It was originally thought that hypothalamic
development follows an outside−in pattern, where lateral
hypothalamic nuclei are generated first and displaced outward
by medial nuclei that are born later (Shimada and Nakamura,
1973; Altman and Bayer, 1978). However, more recent research
has found that in some hypothalamic regions, including the
arcuate nucleus and dorsolateral anterior hypothalamus, cells
occupying different medial-lateral locations are born during the
same interval (Markakis and Swanson, 1997; Padilla et al., 2010).

After neural plate formation following gastrulation, diffusible
morphogens generated by the mesodermal domains such as
the notochord and prechordal plate (PCP) begin patterning
the developing nervous system, including the presumptive
hypothalamus. These morphogenic cues modulate important
processes during hypothalamic induction and the establishment
of regional identity (Bedont and Blackshaw, 2015). Sonic
hedgehog (SHH) is a lipid−linked polypeptide signal that
is first released from the prechordal plate, is necessary for
induction of the hypothalamus, and drives Shh expression
in the ventral diencephalon (Shimamura and Rubenstein,
1997). Through a Glioma associated oncogene(GLI)-mediated
signaling cascade, PCP-derived SHH activates markers of
hypothalamic identity along the overlying ventral diencephalic
midline (Dale et al., 1997; Motoyama et al., 2003; Manning
et al., 2006). Studies have shown that SOX2 and SOX3 can
activate and maintain Shh transcription in the hypothalamic
neuroepithelium through direct binding to the long-range
Shh forebrain enhancer-2 (SBE2), whereas T-box transcription
factors 2 (TBX2) and TBX3 repress Shh in the caudal
hypothalamus by sequestering SOX2 away from the SBE2
(Zhao et al., 2012; Trowe et al., 2013). Sineoculis homeobox
homolog 3 (SIX3) likewise targets the SBE2 to directly
activate Shh transcription (Geng et al., 2008; Jeong et al.,
2008). Using the Nkx2.1-cre mouse line, selective deletion
of Shh from the basal plate domain of the developing
hypothalamus results in ablation of markers of tuberal and
anterior hypothalamic nuclei, along with thinning of the
telencephalic and hypothalamic neuroepithelium (Shimogori
et al., 2010). Shh deletion in the zona limitans interthalamica
(ZLI) leads to a complete loss of prethalamic markers such
as LIM homeobox 1 (Lhx1) and Gastrulation brain homeobox
2 (Gbx2) (Szabó et al., 2009a,b). Shh expression is also
dependent on Retina and anterior neural fold homeobox (Rax),
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as Rax−/− mouse embryos show a downregulation of Shh
expression in the dorsomedial portion of the hypothalamus along
with underdevelopment of the hypothalamic neuroepithelium
(Orquera et al., 2016).

In addition to SHH, modulators of Wingless/Int-1 (WNT)
signaling also regulate the patterning of the diencephalon
and hypothalamus (Bedont and Blackshaw, 2015). The
WNTs are a diverse family of secreted, palmitoleoylated
signaling glycoproteins well known for their role in regulating
anteroposterior patterning (Mikels and Nusse, 2006). WNTs
released by the posterior neurectoderm and somites promote
hindbrain fate, whereas the PCP and anterior neurectoderm
produce WNT inhibitors to antagonize WNT signaling. Wnt8b
is expressed in the mouse posterior hypothalamus beginning at
∼ E8.5, consistent with a role in patterning (Braun et al., 2003;
Shimogori et al., 2010; Martinez-Ferre et al., 2013). Wnt7a and
Wnt7b are expressed selectively in prethalamic and hypothalamic
GABAergic neuronal progenitors around E12.5, suggesting a
role in interneuron development; however, their function has
not been well characterized (Shimogori et al., 2010). When the
transcriptional repressor of WNT targets, Transcription factor
7-like 1 (Tcf7l1), is conditionally knocked out in the mouse
hypothalamus and pituitary, the developing hypothalamus
is posteriorized (Gaston-Massuet et al., 2016). In contrast,
loss-of-function of β-catenin (encoded by Ctnnb1) results in
the anteriorization of the hypothalamus as seen in Foxd1-Cre;
Ctnnb1lox/lox and Nkx2.1-Cre; Ctnnb1lox/lox mice (Newman
et al., 2018b). Loss of SIX3, a direct Wnt1 repressor, results
in rostral expansion of caudal diencephalic markers as well as
prosencephalon truncation (Lagutin et al., 2003). Lastly, Lhx2, a
potential upstream inhibitor of WNT signaling (Peukert et al.,
2011), has also been shown to play a role in the patterning of
the telencephalic-optic-hypothalamic field and to specify SCN
neurons at the expense of neuroendocrine fates (Roy et al., 2013).

EMBRYONIC DEVELOPMENT OF THE
SCN

SCN neurogenesis begins at ∼60% of gestation in rodents
(E12 for mice) (Figure 3A; Shimada and Nakamura, 1973;
Antle et al., 2005; Kabrita and Davis, 2008). By ∼70% of
gestation (E13.5), most ventrolateral neurons have already been
produced, while dorsomedial neurogenesis is still underway. The
final major burst of SCN neurogenesis (including a number
of ventrolateral neurons) occurs at ∼80% of gestation (E15).
Neurogenesis in the SCN along its rostral/caudal axis also shows
heterochronicity, with neurogenesis in the medial SCN peaking
at E12, in the caudal SCN peaking at E13.5, and in the rostral
SCN peaking at E14. After immature SCN neurons are generated,
they will continue to develop and ultimately express signature
neuropeptides such as VIP, GRP, and AVP. Consistent with the
regional differences in the peak timing of neurogenesis, cell
types that are concentrated in the core SCN (e.g., VIP, GRP, and
calbindin expressing cells) are mostly born early. In comparison,
AVP neurons of the shell SCN are generated consistently during
the period of neurogenesis that extends into later embryonic

ages, with those in the middle-posterior regions generated prior
to those situated in the anterior pole (Antle et al., 2005). It
has been suggested that SCN core and shell neurons derive
from distinct progenitor pools in the neuroepithelium (Altman
and Bayer, 1986), but the precise mechanisms that regulate
cell−type differences in the timing of SCN neurogenesis are not
well understood.

SCN development is modulated by morphogen signaling.
For instance, the WNT receptor frizzled 5 (Fzd5) is detected
at E10.5–13.5 in mitotic cells (VanDunk et al., 2011). Fzd5 is
later downregulated, coinciding with the induction of distal-
less homeobox 2 (Dlx2), which is a selector gene important for
GABAergic neuron development (Pla et al., 2018). In addition,
members of the fibroblast growth factor (Fgf ) family are known
to control the development of the hypothalamus and the SCN
(Tsai et al., 2011). Fgf8, one of the 22 Fgf ligands, is expressed
in the developing hypothalamus by E9.5 in developing mouse
embryos, with robust expression in regions surrounding the
optic chiasm (Fon Tacer et al., 2010). In homozygous Fgf8
hypomorphic mice (∼54% reduction of Fgf8 mRNA) at postnatal
day (P)0, SCN volume as well as the expression of AVP and VIP
are severely reduced, indicating that normal SCN development
relies heavily on Fgf8 signaling (Brooks et al., 2010; Tsai et al.,
2011; Miller et al., 2016). Furthermore, hypomorphism in the
cognate tyrosine kinase receptor of FGF8, Fgfr1, also causes
reduction in VIP expression but does not affect SCN volume.
The lesser dependence of SCN development on Fgfr1 suggests
possible compensation by other FGF receptors, as Fgfr1, 2,
and 3 are all expressed along the proliferative ventricular zone,
but Fgf8 is the only ligand expressed robustly in the ventral
diencephalon near the presumptive SCN (Wanaka et al., 1990;
Crossley and Martin, 1995; Belluardo et al., 1997; Bansal et al.,
2003). Hence, the consequence of Fgf8 expression deficit is more
severe, as other compensatory factors may not be available during
SCN development.

NEURONAL DIFFERENTIATION IN THE
DEVELOPING SCN

Many transcription factors such as Rax, forkhead box D1
(Foxd1), Nkx2.2, Lhx2, Six3, Six6, and ventral anterior homeobox
1 (Vax1) are expressed in the ventral anterior hypothalamic
neuroepithelium prior to the onset of SCN neurogenesis,
although expression of many of these factors become restricted to
specific anatomical regions or is lost entirely as the SCN develops
(Shimogori et al., 2010; VanDunk et al., 2011).

A subset of these genetic markers such as Lhx2, Rax, Foxd1,
and Nkx2.2 are expressed transiently in the ventral anterior
hypothalamus and are gradually lost as the SCN develops.
Foxd1 is broadly expressed in the developing hypothalamus
from E11.5 to E13.5 and has been shown to be necessary
for SCN development (Newman et al., 2018a). At the early
stages of SCN neurogenesis, Foxd1-deficient mice display mild
developmental deficits, with reduced expression of Vax1 and Six3
and a decrease in cellular proliferation (Newman et al., 2018a).
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FIGURE 3 | Embryonic development of the murine SCN. (A) Developmental timeline of the murine SCN. In mice, SCN neurogenesis begins around E12 and is
considered complete by E15 (green bar). Avp, Vip, and Grp transcripts are first detected in the developing SCN at E18, E18.5, and P0, respectively (arrows). Many
SCN cells are lost during P0–P8 by apoptotic cell death (red bar). Expression timeline of selected hypothalamus- and SCN-enriched transcription factors are shown;
those with known developmental functions are depicted in turquoise and the others are depicted in gray. (B–D) Schematic illustrations of the murine brain/SCN
showing the spatiotemporal expression patterns of Six3 (gray), Six6 (turquoise), and Lhx1 (green) at (B) E13.5, (C) E15.5, and (D) P0. Cells expressing Avp (red), Grp
(yellow), and Vip (blue) at P0 are depicted as colored circles. Dashed lines in (A) indicate the boundaries of the anterior hypothalamus (aH) and the hypothalamus
(Hyp). Dashed lines in (C,D) indicate the margins of the SCN. Expression data are from Shimogori et al. (2010), VanDunk et al. (2011), Bedont et al. (2014), Newman
et al. (2018a); unpublished observation (AH Cheng and HYM Cheng). 3V, third ventricle; OC, optic chiasm.

By P0.5, more severe defects are observed in the SCN of Foxd1-
deficient mice, including reduced expression of genetic markers
and agenesis (Newman et al., 2018a). Rax is expressed in the
murine ventral hypothalamus between E10.5 and E12.5 (Pak
et al., 2014). Deletion of Rax prior to E8.5 disrupts Shh expression
and is accompanied by a patterning defect of the mediobasal
hypothalamus as described in the previous section, whereas later
deletion causes misspecification of ventral medial hypothalamic
nucleus (VMH) neurons (Lu et al., 2013; Orquera et al., 2016).
Lhx2 is required for specification of the SCN, as Lhx2−/− mice
lack expression of multiple central anterior markers at E12.5,
including Lhx1 and Vax1 (Roy et al., 2013). In contrast to many
early anterior hypothalamic markers that are down-regulated
in the SCN later in development, Six3 and Six6 expression
in the SCN persists throughout the lifespan (Shimogori et al.,
2010; VanDunk et al., 2011; Clark et al., 2013). Both Six3 and
Six6 are required for initial SCN specification, as both Nestin-
cre; Six3f l/fl and Six6−/− mice fail to form a morphologically
recognizable SCN or to express SCN-specific markers (VanDunk
et al., 2011; Clark et al., 2013). Collectively, these observations
suggest that early genetic markers have a long-lasting impact
on SCN development by regulating the activation of other
transcription factors. Moreover, they may be able to prime the

activation of cis-regulatory elements that control the expression
of cell type-specific genes during differentiation.

Downstream of Six3 and Six6, Lhx1 is a crucial regulator
of SCN terminal differentiation (Figure 3; Bedont et al., 2014).
Lhx1 is considered to be the only known transcription factor
involved in SCN differentiation and the earliest selective marker
expressed throughout the developing SCN (VanDunk et al., 2011;
Bedont et al., 2014). Six3-cre; Lhx1f l/fl SCN retains expression
and proper compartmentalization of most markers initially
expressed prior to E16.5, but neuropeptides with important roles
in circadian function, including VIP, GRP, and AVP, are absent
in the adult SCN (Bedont et al., 2014). By P4, significantly
fewer SCN neurons are present in Lhx1-deficient SCN due to
increased cell death from P0 to P4 (Bedont et al., 2014). Through
bioinformatic and luciferase analyses, LHX1 has been shown to
directly regulate the expression of Vip and potentially Nms, Prok2,
and proenkephalin (Bedont et al., 2014; Hatori et al., 2014).
Given that Lhx1 is first detectable at E11.5, the relatively normal
development of Lhx1-deficient SCN from E11.5 to E16.5 suggests
that Lhx1 is not necessary for early cell fate decisions or regional
patterning of the SCN. Instead, Lhx1 is likely regulating terminal
differentiation of SCN neurons. It is also possible that the loss
of Lhx1 is compensated by one or more factors during this
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period; one potential candidate is Lhx8, an Lhx1 homolog that
is co-expressed with LHX1 in the SCN from E11.5 to E16.5
(Shimogori et al., 2010). Alternatively, Creb3l1, an Lhx1-regulated
gene, is a regulator of AVP expression in the SCN, although its
role in SCN development has yet to be explored (Greenwood
et al., 2014; Hatori et al., 2014).

Zfhx3 is another genetic marker with known roles in certain
aspects of SCN function. Zfhx3 is highly and almost exclusively
expressed in the adult SCN (Lein et al., 2007). While the
constitutive knockout of Zfhx3 results in preweaning sublethality
in heterozygous mice and the dominant missense mutation of
Zfhx3, Short circuit (Sci), is homozygous perinatal lethal, adult
mice with a single allele of Sci show downregulated neuropeptide
expression and shortened period of wheel-running activity
(Parsons et al., 2015). Furthermore, ablating Zfhx3 in adult
mice using a tamoxifen-inducible transgenic line recapitulated
the circadian behavioral deficit in Zfhx3Sci/+ mice, indicating
that Zfhx3 acts to regulate SCN function in adulthood by
activating transcription at AT motifs (Parsons et al., 2015; Wilcox
et al., 2017). Its function in the developing SCN remains unclear.

The clock gene Rora is expressed in the ventral SCN starting
at E14.5, throughout the SCN at E17.5, and in a pattern more
restricted to the SCN shell by P21 (VanDunk et al., 2011;
Newman et al., 2018a). Staggerer mice (Rorasg/sg) containing
a deletion of the fifth exon of Rora have a morphologically
normal SCN with nominal VIP and AVP expression; however,
more characterization is necessary to conclude the function (or
the lack thereof) of Rora during SCN development, as only the
expression of VIP and AVP were examined in Rorasg/sg mice
(VanDunk et al., 2011).

NEURONAL LOSS, GLIAL
DEVELOPMENT, AND
SYNAPTOGENESIS

A large number of SCN neurons are lost during the perinatal
period through the activation of caspases and pro-apoptotic
proteins of the Bcl-2 family. However, the mechanisms that
initiate apoptosis in SCN neurons are largely unclear. SCN cell
death begins as synapse formation increases, with substantial
death between P1–P7 in mice (Ahern et al., 2013; Mosley
et al., 2017). SCN neuronal survival might be dependent on
intercellular communication, as apoptotic neurons are isolated
from the neuronal clusters (Moore and Bernstein, 1989).
Although peak cell death occurs in the murine SCN by P7, an
additional 20% of cells are lost by adulthood (Bedont et al., 2014).

It has been estimated that the adult rat SCN contains at
least 108 synapses with the majority of these being intra-SCN
connections (Güldner, 1976; van den Pol, 1980; Moore and
Bernstein, 1989). Anatomical studies investigating synaptology
in the rat or hamster SCN have revealed important insights
on the timing of synapse formation within the SCN (Lenn
et al., 1977; Moore and Bernstein, 1989; Laemle et al., 1991;
Speh and Moore, 1993). Extensive studies in rats demonstrated
that synaptic development is largely a postnatal event with a
spike of synaptogenesis occurring between P4 and P10 (Moore
and Bernstein, 1989). At E19, 2 days after the end of rat

SCN neurogenesis, the neuropil surrounding SCN neurons is
sparse and contains large and medium-sized dendritic profiles
(Moore and Bernstein, 1989). Immature synapses with very few
synaptic vesicles are also present at this time (Lenn et al., 1977;
Moore and Bernstein, 1989). Synaptic number and diversity
gradually increase from E21 to P2, and then expand rapidly
from P2 to P10 (Moore and Bernstein, 1989). Another 30% of
the synapses are formed after P10 (Moore and Bernstein, 1989).
The window of SCN synaptogenesis overlaps with the arrival of
prominent afferent projections. For both mice and rats, terminals
from the RHT begin to sparsely innervate the ventrolateral
SCN ipsilaterally at birth, followed by the first appearance of
contralateral projections in the ventromedial SCN at P4 (McNeill
et al., 2011). By P10, the morphology of the axon terminals
and the density of the RHT projections are considered to be
adult-like (McNeill et al., 2011). Other SCN afferents such as the
raphe nuclei and the IGL also innervate the nuclei postnatally
and slowly mature in the following weeks (Takatsuji et al., 1995;
Migliarini et al., 2013).

Similar to other brain regions, astrogliogenesis follows
neurogenesis in the SCN, with the astrocyte marker glial fibrillary
acidic protein (GFAP) first detectable shortly before birth, at
E15 in hamsters and E20 in rats (Botchkina and Morin, 1995;
Munekawa et al., 2000). In both species, there is a postnatal
increase in GFAP+ processes that complements the decreasing
expression of vimentin (a marker of radial glia) (Botchkina and
Morin, 1995; Munekawa et al., 2000). The first major increase
in GFAP expression within the SCN, indicative of astrocytic
maturation, occurs around P3-P4 in rats (Munekawa et al., 2000).

EXPRESSION OF CLOCK GENES AND
NEUROPEPTIDES

During late gestation, circadian rhythms of clock gene expression
gradually emerge in a staggered fashion. PER proteins are
generally considered to be the earliest core clock components
to exhibit rhythmicity. PER2:LUC rhythms are detected as early
as E13.5 in SCN slice cultures, but histological data collected
from in vivo studies have placed the onset of Per2 and PER2
rhythm at a later stage, around E17 (Shimomura et al., 2001;
Ansari et al., 2009; Wreschnig et al., 2014; Landgraf et al.,
2015; Carmona-Alcocer et al., 2018). Per1 gene and protein
expression begin to show daily oscillations at around the same
developmental age as Per2, or ∼E18 (Shimomura et al., 2001;
Ansari et al., 2009). In comparison, Cry1 and Cry2 show
robust rhythmicity after birth, with Cry1, CRY1, and CRY2
beginning to oscillate at P1, P10, and P2, respectively (Ansari
et al., 2009; Huang et al., 2010). In contrast to the highly
dynamic expression of PER and CRY, CLOCK and BMAL1
are constitutively expressed in the adult or developing murine
SCN, respectively (Von Gall et al., 2003; Ansari et al., 2009).
CLOCK is detectable at low levels at E18 and gradually rises
to reach adult-level expression by P10 (Ansari et al., 2009).
On the other hand, BMAL1 is robustly expressed in a large
proportion of SCN cells at E18 and remains at a constantly
high level during later developmental stages (Ansari et al., 2009).
However, rhythmic Bmal1 expression in the SCN can be detected
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at ∼P3 (Huang et al., 2010). The transcriptional activator of
Bmal1, Rora, is first expressed at E13.5 and is found throughout
the murine SCN by E17.5; therefore, Rora might contribute
to the expression of BMAL1 at E18 (Ansari et al., 2009;
VanDunk et al., 2011).

In mice, Vip expression is first detected∼3.5 days after the end
of neurogenesis in the SCN core, at E18.5 (Kabrita and Davis,
2008; VanDunk et al., 2011). VPAC2 and VIP reach detectable
levels shortly after birth (P0 to P2) (Carmona-Alcocer et al.,
2018). Further increases in the level of VIP expression as well
as VIP-containing projections have been reported as the SCN
matures (Herzog et al., 2000). Similarly, Avp is first detected in
the murine SCN at E18 and robust expression of AVP is evident
by P0 (Hyodo et al., 1992; VanDunk et al., 2011; Bedont et al.,
2014). AVP expression continues to rise as the animal matures
to ∼P30, at which point an adult level of expression is achieved
(Herzog et al., 2000).

Intriguingly, mature SCN neurons continue to express genes
that are commonly associated with maintenance of the stem
cell states, even though the SCN does not undergo adult
neurogenesis. These genes include doublecortin-like (DCL),
transportin 1, Six3, Lhx1, and Sox2 (Sato et al., 2011; VanDunk
et al., 2011; Saaltink et al., 2012; Hoefflin and Carter, 2014;
Brown et al., 2017; Beligala et al., 2018; Cheng et al., 2019).

SCN neurons also conspicuously exhibit low levels of NeuN,
a marker for mature neurons (Morin et al., 2011). This raises
the possibility that SCN neurons are not fully committed to
a differentiated state, thus retaining a degree of plasticity that
presumably allows it to rearrange neuronal circuitry in order
to entrain and adapt to a dynamic environment. It is also
possible that SCN neurons have “re-purposed” these stem cell or
developmental genes for circadian rhythm regulation once their
canonical role has been fulfilled.
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The mammalian circadian clock systems regulate the day–night variation of several
physiological functions such as the sleep/wake cycle and core body temperature.
Disturbance in the circadian clock due to shiftwork and chronic jetlag is related to the
risk of several disorders such as metabolic syndrome and cancer. Recently, it has been
thought that shiftwork increases the risk of sarcopenia which is characterized by age-
related decline of muscle mass and its dysfunctions including muscle strength and/or
physical performance. First, we summarize the association between circadian rhythm
and the occurrence of sarcopenia and discuss its mechanistic insight by focusing on
the muscle function and molecular clock gene in knockout or mutant mice. The clock
gene knockout or mutant mice showed early aging phenotypes, including low survival
rate and muscle loss. It suggests that improvement in the disturbance of the circadian
clock plays an important role in the aging process of healthy muscles. Nutritional intake
has the potential to augment muscle growth and entrain the peripheral clock. Second,
we discuss the potential of chrono-nutrition in preventing aging-related muscle loss
and dysfunction. We also focus on the effects of time-restricted feeding (TRF) and the
distribution of protein intake across three meals.

Keywords: circadian rhythm, sarcopenia, nutrition, aging, muscle, chrono-nutrition

INTRODUCTION

Several physiological functions such as sleep/wake cycle exhibit day–night variation. Most of the
physiological events based on day–night variations are regulated by the circadian clock systems
consisting of transcriptional and translational negative feedback loop of core clock genes. The
heterodimer of brain and muscle ARNT-like 1 (BMAL1) and circadian locomotor output cycle
kaput (CLOCK) induces the transcription of Period1/2 (Per1/2) and Cryptochrome1/2 (Cry1/2)
by binding to E-box-binding site within promoter regions of Per1/2 and Cry1/2 (Gekakis et al.,
1998). After their transcription and translation, PER1/2 and CRY1/2 inhibits its own transcription
mediated by the BMAL1 and CLOCK complex. PER1/2 and CRY1/2 are also degraded by post-
translational modifications such as phosphorylation and ubiquitination (Busino et al., 2007).
However, the transcriptions of Bmal1 and Clock are suppressed and activated by nuclear receptor
subfamily 1, group D (Rev-erbα), and RAR-related orphan receptor (Rors), respectively, by binding
to the ROR-responsive element (Preitner et al., 2002; Sato et al., 2004). The transcriptions of Rev-
erbα and Rors are regulated by binding to the E-box-binding elements of the BMAL1 and CLOCK
complex (Preitner et al., 2002; Sato et al., 2004). The clock genes are expressed in the whole
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body, and the negative feedback loop in several tissues regulates
the tissue-dependent day–night variations of physiological
functions (Zhang et al., 2014). The mammalian circadian clock
system is divided into two layers, namely, the central clock
in the suprachiasmatic nucleus (SCN) of the hypothalamus
and peripheral clock in the peripheral tissue, including brain
areas other than the SCN, liver, skeletal muscle, and so on.
Light stimulates SCN neuronal activity, which acts as the
main entrainer of the central clock in the SCN. The central
clock synchronizes the peripheral clocks through the neural
and endocrine signaling pathways such as the sympathetic
nervous system and glucocorticoid signaling (Schibler et al., 2003;
Shibata, 2004). The peripheral clocks are entrained not only by
stimulus from the central clock but also by other factors such
as a meal, exercise, and stress in a central clock-independent
manner (Tahara and Shibata, 2013). Although exercise, insulin,
glucocorticoid and hypoxia entrain the muscle clock, the muscle
clock is less susceptible to feeding-dependent entrainment than
the liver clock (Harfmann et al., 2015; Oishi et al., 2017; Peek et al.,
2017). Such rhythmic regulation changes with life stages. In the
older adults, the amplitude of many physiological rhythms such
as waking activity dampens and some of them exhibit phase shifts
(Hood and Amir, 2017). The analysis of clock gene knockout
mice suggests that aging is accelerated due to the circadian clock
disturbance (Kondratov et al., 2006). Sarcopenia, which is one of
the common diseases among older adults, is muscle dysfunctions
due to aging. In recently, some studies show the disturbance
of sleep and circadian rhythms relates to the risk of sarcopenia
(Piovezan et al., 2015; Choi et al., 2020). Herein, we discuss
the following two topics: (1) the association between circadian
rhythm and age-related muscle loss and dysfunction in human
which are diurnal (day active) and discuss mechanistic insights
focusing on the molecular clock gene using knockout or mutant
mice models which are nocturnal animal (night active), and
(2) the potential of chrono-nutrition in preventing age-related
muscle loss and dysfunction.

CIRCADIAN RHYTHM AND
SARCOPENIA

Human Study
Sarcopenia is characterized by age-related muscle loss and its
dysfunctions such as strength and/or physical performance
(Chen et al., 2014). Its pathogenesis is complex and includes
multiple factors such as age-related decline of hormonal and
metabolic system, malnutrition and so on (Chen et al., 2014).
Recently, it is reported that sleep is also play a partial role in the
aging of healthy skeletal muscle, such as sarcopenia and metabolic
dysfunction. Longer sleep duration (>9 h) leads to a higher
risk of sarcopenia than optimal sleep duration (approximately
7 h) (Kwon et al., 2017). A similar association was observed
in postmenopausal women (Fex et al., 2012). Another study
showed that the prevalence of sarcopenia in older adults is
higher with shorter sleep duration (<6 h) and longer (>8 h)
sleep duration (Hu et al., 2017; Rubio-Arias et al., 2019). A U-
shaped relationship between sleep duration and the prevalence

of sarcopenia was observed. These associations between sleep
duration and the prevalence of sarcopenia remained after
adjusting for confounding factors including age, BMI, physical
activity, smoking, energy intake and so on (Hu et al., 2017;
Kwon et al., 2017). Although mechanistic insight of association
between sleep duration and sarcopenia remains unclear, insulin
resistance, chronic inflammation and anabolic hormone could
be possible link between sleep duration and sarcopenia (Patel
et al., 2009; Piovezan et al., 2015; Smiley et al., 2019). In addition
to sleep duration, sleep quality, assessed using the Pittsburgh
Sleep Quality Index (PSQI), was also associated with sarcopenia
(Buchmann et al., 2016; Lucassen et al., 2017). As with the
relationship between sleep duration and sarcopenia, the PSQI
score was still associated with muscle mass after adjusting for
age, physical activity, HOMA-IR and testosterone (Buchmann
et al., 2016). Frailty is an age-related clinical state that indicates
a decline in physiological function and enhanced vulnerability to
stressors. Physical functions such as grip strength and gait speed
are also included in the sarcopenia diagnostic criteria. Similar to
the relationship between sleep duration and sarcopenia, shorter
(<6 h) and longer (>8 h) sleep duration significantly increased
the risk of frailty (Pourmotabbed et al., 2020). Additionally, the
risk of frailty is increased by other sleep parameters such as
daytime sleepiness, sleep-disordered breathing, and prolonged
sleep latency (Endeshaw et al., 2009; Ensrud et al., 2009, 2012;
Vaz Fragoso et al., 2009; Nakakubo et al., 2019). These data
suggest that adequate sleep might have preventive effects on the
development of sarcopenia. Chronotype is also related to the
prevalence of sarcopenia. Yu et al. reported that the evening
chronotype was associated with an increased risk of sarcopenia
in older men, independent of sleep duration (Yu et al., 2015).
Recently, an analysis of the data of 9105 Korean people including
non-shift workers and shift workers reported that shift workers
had a higher risk of sarcopenia (Choi et al., 2019). Further analysis
showed that a shift worker with an irregular schedule had the
highest risk of sarcopenia (Choi et al., 2019). These data suggest
that inadequate sleep and disturbance of circadian clocks were
related with the risk of sarcopenia.

Animal Study
Although human studies have suggested that low sleep quality
and shiftwork, which cause disturbance of the circadian rhythm,
are risk factors for sarcopenia, the underlying mechanism is not
yet fully understood. Evidence from animal studies may support
the mechanistic insight connecting the relationship between
disturbance of the circadian clock and occurrence of sarcopenia
(Chatterjee and Ma, 2016; Aoyama and Shibata, 2017). Whole-
body Bmal1-knockout mice exhibited early age-related muscle
loss (Kondratov et al., 2006). Similar findings were observed in
Clock mutant mice and Rev-erbα knockout mice (Andrews et al.,
2010; Mayeuf-Louchart et al., 2017). It was expected that the
muscle clock was contributed to muscle volume from the results
of the restored body weight loss in muscle-specific Bmal1 rescue
in whole-body Bmal1 knockout mice (muscle mass was not
evaluated) (McDearmon et al., 2006). However now it is thought
that its contribution to age-related muscle loss is small because
muscle loss was not observed in muscle-specific Bmal1-knockout
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mice in contrast to whole-body Bmal1-knockout mice (Dyar
et al., 2014; Schroder et al., 2015). In the discrepancy of
phenotype between muscle-specific Bmal1 rescued mice and
muscle-specific Bmal1 knockout mice, prevention of body weight
loss by muscle-specific Bmal1 rescue may be explained by
restoration of locomotor activity (McDearmon et al., 2006).
Although the muscle-specific Bmal1 knockout mice showed the
normal locomotor activity (Hodge et al., 2015), they also had
gait issues similar to that observed in aging humans (Schroder
et al., 2015). The broader impacts of intrinsic muscle clock on
musculoskeletal system might contribute to in turn locomotor
activity through improvement of gait. In addition to muscle-
specific effects, it is suggested that the timing of Bmal1 expression
is key to development aging. In tamoxifen-inducible whole-
body Bmal1-knockout mice, the deletion of Bmal1 after muscle
development (>3 months old) did not affect body weight loss and
some early aging phenotypes such as glucose intolerance (Yang
et al., 2016). These data suggest that Bmal1 expression during
development is important for maintaining muscle volume. On
the other hand, the muscle-specific Bmal1-knockout mice also
exhibited lower muscle strength, a shift to oxidative fiber type
and muscle fibrosis (Dyar et al., 2014; Schroder et al., 2015). It
suggests that the intrinsic muscle molecular clock affects muscle
quality rather than muscle mass. Skeletal muscle has a key role
of whole-body energy metabolism (Zurlo et al., 1990). Intrinsic
muscle clock controls the day-night variations of glucose, amino
acids and lipid metabolism, and muscle-specific Bmal1 knockout
mice show the glucose intolerance and insulin resistance (Dyar
et al., 2014, 2018; Harfmann et al., 2016). Considering that insulin
resistance and diabetes are one of the risk factors of sarcopenia,
the metabolic dysfunctions due to disturbance of muscle clock
may encourage the development of sarcopenic phenotypes such
as a decline of muscle strength. Taken together, the muscle
clock affects the quality of skeletal muscle such as a shift of
muscle fiber type and muscle strength while the molecular clock
in non-muscle fiber cell such as myogenic progenitors may
contribute to age-related muscle decline shown in whole-body
Bmal1 knockout mice.

THE ROLE OF MOLECULAR CLOCK ON
MUSCLE GROWTH AND MYOGENESIS

Muscle Protein Synthesis and
Degradation
The balance between muscular protein synthesis and degradation
is important for the regulation of skeletal muscle mass and
strength. Atrogin1 (F-box protein 32) and Muscle RING-finger
protein-1 (Murf1) are rhythmic genes found in the circadian
transcriptome (McCarthy et al., 2007; Miller et al., 2007; Dyar
et al., 2015). These genes are E3 ubiquitin ligase and the
key genes in the progression of muscle atrophy, and each
knockout mouse shows resistance to denervated muscle atrophy
(Bodine et al., 2001). The day–night variation of Atrogin1
was also observed in the hindlimb unloading-induced muscle
atrophy model but not in hindlimb unloaded Clock mutant

mice (Aoyama et al., 2018). Dyar et al. reported that Murf1
transcription was downregulated by Rev-erbα and its expression
was found to be reduced due to the rescue of Rev-erbα in muscle-
specific Bmal1-knockout mice (Dyar et al., 2018). These data
suggest that a circadian clock is associated with muscle atrophy.
Muscle protein synthesis is important for muscle growth and
repair after exercise-induced muscle hypertrophy. The mTOR
pathway is the key signaling pathway in protein synthesis, and
this pathway is activated by resistance exercise training and
nutrition such as amino acids (Stokes et al., 2018). Lipton et al.
reported that phosphorylation of BMAL1 by S6K (ribosomal S6
protein kinase), which is a substrate of mTOR, regulates the
day–night variation of translation in the liver (Lipton et al.,
2015). The results of circadian transcriptomics and metabolomics
of muscle-specific Bmal1-knockout mice revealed that amino
acid metabolism was dramatically reprogrammed by the loss
of muscle Bmal1 (Dyar et al., 2018). Indeed, the translation
level, which was assessed with puromycin-labeled peptides, was
found to be altered in the muscle-specific Bmal1-knockout mice
(Dyar et al., 2018). These results indicate that the circadian clock
controls the day–night variation in muscle protein synthesis.
It is possible that the day–night variation in muscle protein
synthesis depends on the fasting/feeding cycle and locomotor
activity rhythm rather than the direct regulation of the muscle
clock because muscle protein synthesis shows a higher response
to feeding and physical activity. In recent years, Kelu et al. (2020)
reported that muscle exhibited day–night differences in growth
independent of physical activity and feeding in zebrafish which
was diurnal. Muscle anabolism is activated during the day, while
the muscle catabolism is high during the night. Such day–night
variation remained in the inactive muscle and under the no-
feeding condition. However, the day–night variation in muscle
growth disappeared due to clock disruption. Taken together,
the circadian clock regulates the day–night variation in muscle
growth, and this is augmented by locomotor activity rhythm and
the feeding/fasting cycle.

Myogenesis
Myofilament architecture was disrupted in the skeletal muscle of
Bmal1-knockout mice and Clock mutant mice (Andrews et al.,
2010). Myod is one of the key genes participating in muscle
myogenesis, the process of myotube formation from satellite
cells and myoblast cells. The day–night variation in Myod was
observed in the skeletal muscle of wild-type mice but not in Clock
mutant mice (Andrews et al., 2010). Its rhythmic expression is
regulated by the BMAL1 and CLOCK complex (Andrews et al.,
2010). Chatterjee et al. (2013, 2015) reported the role of Bmal1
in myogenesis. Suppressed expression of myogenic genes such
as Myod, Myog, and Myf5 and impairment of myogenesis were
observed in the myoblasts of Bmal1-knockout mice (Chatterjee
et al., 2013). In addition, the authors reported the in vivo
function of Bmal1 in skeletal muscle regeneration (Chatterjee
et al., 2015). Freeze- or cardiotoxin-induced muscle regeneration
was suppressed by the depletion of Bmal1 (Chatterjee et al.,
2015). Recently, there has been evidence for the potential of Rev-
erbα in preventing myogenesis through augmented satellite cell
expansion and myogenic progression (Chatterjee et al., 2019).
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In addition, CRY1 and CRY2 regulate the proliferation and
differentiation of muscle satellite cells negatively and positively,
respectively. The CRY2-dependent acceleration of muscle cell
differentiation was controlled by the rhythmic expression of
CyclinD1 and Tmem176b due to binding to BCLAF1 (Lowe
et al., 2018). These results indicate that the myogenic process
is regulated by the circadian clock (Figure 1). In recent study,
MYOD1 regulates not only the myogenesis but also the amplitude
of Bmal1 and clock-controlled genes such as Tcap (Hodge et al.,
2019). Considering the role of intrinsic muscle clock in muscle
strength and metabolism, Myod1 is one of therapeutic target
as a daily maintenance of skeletal muscle functions. Recently,
in satellite cells, aging reprogrammed the expression profile of
rhythmic genes without any change in clock gene expression
(Solanas et al., 2017). Although the physiological effects caused
by aging-related reprogramming are fully unclear, these data may
help to understand the mechanism underlying the relationship
between the occurrence of sarcopenia and disturbance in the
circadian rhythm.

THERAPEUTIC POTENTIAL OF
CHRONO-NUTRITION AGAINST
ARE-RELATED MUSCLE
DYSFUNCTIONS

Time-restricted feeding (TRF), which is restricted only to the
eating time window but not calorie restriction, has strong
preventive or therapeutic potential for metabolic dysfunction
such as obesity and insulin resistance (Longo and Panda,
2016; Manoogian and Panda, 2017; Chaix et al., 2019). In
Drosophila, TRF improves obesity-induced muscle dysfunction,
including sarcomere disorganization, mitochondrial function,
and insulin resistance (Villanueva et al., 2019) (Figure 1).
In that study, TRF was also effective in the constant light-
induced muscle dysfunction (Villanueva et al., 2019). TRF also
attenuated age-related decline of cardiac muscle function in
Drosophila (Manoogian and Panda, 2017). Martinez-Lopez et al.
reported the beneficial effects of an isocaloric twice-a-day (ITAD)
feeding model, which has two eating windows (Martinez-Lopez
et al., 2017). ITAD feeding increased type IIB fibers, which are
glycolytic muscle fibers (Martinez-Lopez et al., 2017). Moreover,
an increase in myogenic genes was observed in the ITAD-fed
mice, suggesting that ITAD feeding enhanced myogenesis of
glycolytic muscle fibers. In addition, ITAD feeding prevented
age-related metabolic defects such as glucose intolerance and
mitochondrial dysfunction (Martinez-Lopez et al., 2017). These
beneficial effects of ITAD feeding were not observed in myogenic
progenitor-specific Atg7-knockout mice (Martinez-Lopez et al.,
2017). Autophagy of myogenic progenitor cells is required
for glycolytic muscle fiber expansion due to ITAD feeding
(Figure 1). These data suggest that intermittent fasting-induced
autophagy within a day is one of the key beneficial effects
of time-controlled feeding such as TRF and ITAD feeding.
Other animal studies have shown a difference between the
TRF conducted during the active phase (night time) and that

FIGURE 1 | Association between circadian clock and age-related muscle loss
and targets of chrono-nutrition. Age-related muscle loss is accelerated by a
disturbance of a circadian clock in the animal and human studies. Its
disturbance may be involved in early onset of sarcopenia via several
non-muscular rhythmic functions such as a locomotor activity and insulin
resistance. The muscle fiber clock has a impact on the age-related weakness
of muscle strength. The circadian clock in myogenic progenitors controls
muscle differentiation however its involvement in sarcopenia is unclear yet.
The isocaloric twice-a-day (ITAD) feeding promotes the myogenesis via the
activation of autophagy in myogenic progenitor cells. The time-restricted
feeding (TRF) may have a potential for prevention of age-related muscle
dysfunctions via entrainment of the peripheral clock including muscle fiber and
progenitor cells. In addition to the role of TRF as an entrainer, TRF also
maintains the daily homeostasis of metabolism such as prevention of insulin
resistance.

conducted during the rest phase (day time) (Abe et al., 2019;
Aoyama et al., 2019). The TRF conducted during the active
phase has beneficial effects on muscle growth and muscular
protein synthesis compared with that conducted during the rest
phase (Abe et al., 2019; Aoyama et al., 2019). Taken together,
considering that muscle loss is particularly observed in glycolytic
muscle fibers of patients with sarcopenia, ITAD feeding during
the active phase may be an effective nutritional intervention for
the prevention of sarcopenia.

A few human studies have shown the effects of TRF on skeletal
muscle function in young and older adults. The TRF induced
between 0800 and 1400 improved the 24-h glucose levels and
increased the expression of the anti-aging gene SIRT1 and the
autophagy gene LC3A in the blood compared with the TRF
induced between 0800 and 2000 (Jamshed et al., 2019). In terms
of skeletal muscle function, 2 weeks of TRF induced between 0800
and 1600 improves insulin and anabolic responses in the skeletal
muscle of healthy young men (Jones et al., 2020). Indeed, TRF
increased the skeletal muscle uptake of glucose and branched-
chain amino acids (BCAAs) (Jones et al., 2020). The effects of
TRF in men who are overweight/obese have been elucidated
using the circadian transcriptome of skeletal muscle (Lundell
et al., 2020). TRF conducted for 8 h stimulated rhythmicity of
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amino acid metabolites and its transporter expression without
perturbing the expression of molecular clock genes (Lundell
et al., 2020). Additionally, considering that the transcriptomics
and metabolomics data from human skeletal muscle after acute
sleep loss suggest the muscle degradation according to the
change of circadian clock expression (Cedernaes et al., 2018),
synchronization of the muscle clock by TRF may suppress muscle
degradation due to sleep loss. In older overweight adults, a 4-
week TRF intervention resulted in body weight loss, although
improvements in cognitive and physical function were not
observed in this pilot study (Anton et al., 2019). Although few
studies have reported about the effects of TRF on muscle function
in older adults, evidence of the TRF effects focusing on skeletal
muscle function in human studies is increasing.

Protein intake is important for maintaining balance between
muscle protein synthesis and protein degradation. Dietary
protein and amino acids act not only as a source of body protein
but also as activators of mTOR signaling. Compared with young
adults, a higher amount of dietary protein was required in older
adults for a greater response to muscle protein synthesis (Fujita
and Volpi, 2006), suggesting that the sensitivity of amino acids
in the skeletal muscle decreased with aging. Considering the
reduction in meal size in elderly people, we need ingenuity to
take enough amount of protein across the three meals. A diet
survey conducted in several countries showed that protein intake
at breakfast was at a low level, and the daily distribution
of protein was skewed (National Center for Health Statistics
About the National Health and Nutrition Exmaination Survey
(NHANES), 2012; Tieland et al., 2015; Ishikawa-Takata and
Takimoto, 2018). Some human and animal studies have shown
that even distribution of dietary protein across the three meals
increased muscle protein synthesis and muscle mass compared
with the skewed distribution, which indicates a low protein meal
at breakfast (Mamerow et al., 2014; Norton L.E. et al., 2016).
Another report showed that protein supplementation at breakfast
and lunch for 24 weeks increased whole-body lean tissue mass
in healthy older adults (Norton C. et al., 2016). The distribution
of dietary protein is associated with muscle strength and frailty
(Bollwein et al., 2013; Farsijani et al., 2017). In addition to
muscle function, dietary protein has the potential to entrain
peripheral clocks through the regulation of insulin growth factor-
1 and glucagon signaling in an animal study (Ikeda et al., 2018).
Tahara et al. (2017) reported age-related changes in peripheral
clock entrainment according to feeding, and aged mice were
susceptible to the feeding-induced phase shift of peripheral clocks
such as the kidney and submandibular gland. In other words,
a high protein meal at breakfast may have two effects on the
prevention of sarcopenia: (1) augmentation of muscle growth
and (2) improvement of the disrupted circadian clock through
entrainment of peripheral clocks.

SUMMARY AND PERSPECTIVES

In this review, we confirmed that inadequate sleep and shiftwork,
which disturbs the circadian clock, were risk factors for
sarcopenia and frailty. Considering that age-related muscle loss
is observed in the whole body but not muscle-specific disruption
of the molecular clock, it is suggested that the risk of sarcopenia
may be increased due to the disturbance of the circadian clock
in non-muscle tissues such as the SCN or myogenic progenitor
cells. On the other hand, the broader impact of muscle clock
on the musculoskeletal system such as muscle strength and
gait might also have a role in preventing a sarcopenia as these
changes of musculoskeletal system might precede the loss of
muscle mass. Further studies are warranted to gain a clearer
understanding of the mechanism underlying the interaction
between circadian clock disturbance and age-related muscle
dysfunction. We also discussed the potential of chrono-nutrition
in preventing muscle aging in terms of two aspects: (1) to
consider adequate timing or distribution of protein intake in
a day and (2) to reset the peripheral clock. Although there
is evidence for the beneficial effect of scheduled controlled
feeding such as TRF in human and animal studies, the role of
a circadian clock in the effects of chrono-nutrition on muscle
health is not fully understood. Further research is needed to
reveal the mechanism and elucidate the anti-aging effects of
chrono-nutrition in older subjects who experience disturbance in
the circadian rhythm, such as shift workers.
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The circadian clock possesses robust systems to maintain the rhythm approximately
24 h, from cellular to organismal levels, whereas aging is known to be one of
the risk factors linked to the alternation of circadian physiology and behavior. The
amount of many metabolites in the cells/body is altered with the aging process, and
the most prominent metabolite among them is the oxidized form of nicotinamide
adenine dinucleotide (NAD+), which is associated with posttranslational modifications of
acetylation and poly-ADP-ribosylation status of circadian clock proteins and decreases
with aging. However, how low NAD+ condition in cells, which mimics aged or
pathophysiological conditions, affects the circadian clock is largely unknown. Here, we
show that low NAD+ in cultured cells promotes PER2 to be retained in the cytoplasm
through the NAD+/SIRT1 axis, which leads to the attenuated amplitude of Bmal1
promoter-driven luciferase oscillation. We found that, among the core clock proteins,
PER2 is mainly affected in its subcellular localization by NAD+ amount, and a higher
cytoplasmic PER2 localization was observed under low NAD+ condition. We further
found that NAD+-dependent deacetylase SIRT1 is the regulator of PER2 subcellular
localization. Thus, we anticipate that the altered PER2 subcellular localization by low
NAD+ is one of the complex changes that occurs in the aged circadian clock.

Keywords: circadian clock, PER2, NAD+, SIRT1, subcelluar localization

INTRODUCTION

The oxidized form of nicotinamide adenine dinucleotide (NAD+) found in all living cells plays
critical roles in a wide range of physiological processes. NAD+ acts as a coenzyme for enzymes
which are involved in energy metabolism and homeostasis pathways such as glycolysis, TCA cycle,
and oxidative phosphorylation (Campbell, 1995). NAD+ also acts as a co-substrate for enzymes
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such as sirtuins (SIRTs) and poly(ADP-ribose) polymerases
(PARPs) to regulate a wide array of cellular processes such
as survival/cell death, circadian clock, and aging (Imai and
Guarente, 2014; Verdin, 2015). In mammals, cellular NAD+ is
primarily biosynthesized by the NAD+ salvage pathway, in which
nicotinamide phosphoribosyltransferase (NAMPT) is the rate-
limiting enzyme and converts nicotinamide into nicotinamide
mononucleotide (NMN), the NAD+ precursor (Revollo et al.,
2007; Imai and Guarente, 2014; Nakahata and Bessho, 2016).

NAD+ amount declines during the aging process, causing
defects in nuclear and mitochondrial functions and resulting in
many age-associated diseases (Gomes et al., 2013; Mouchiroud
et al., 2013). Intriguingly, administration of NAD+ precursors
such as NMN and nicotinamide riboside (NR) can ameliorate
many age-associated pathologies, thereby leading to healthy
longevity (Yoshino et al., 2018; Custodero et al., 2020; Hong
et al., 2020). Similar to organismal aging, NAD+ amount is also
reported to decline with cellular aging, i.e., cellular senescence
(Khaidizar et al., 2017). Overexpression of NAMPT in primary
fibroblast cells delays the onset of replicative senescence (van der
Veer et al., 2007; Khaidizar et al., 2017) and confers a protective
effect against stress-induced premature senescence (Nuriliani
et al., 2020). These reports demonstrate that a decline in NAD+
is one of the causes to induce cellular senescence as well as
organismal aging.

NAD+ in cells and organs demonstrates circadian oscillation
due to the circadian clock regulation of Nampt gene expression
(Nakahata et al., 2009; Ramsey et al., 2009). Moreover, NAD+
is associated with the transcriptional regulation of circadian
clock genes through the regulation of SIRT1, SIRT6, and PARP1
activities (Asher et al., 2008, 2010; Nakahata et al., 2008; Masri
et al., 2014). These findings demonstrate that circadian clock
and NAD+ metabolism are mutually regulated (Imai, 2010;
Nakahata and Bessho, 2016). Since NAD+ amount declines with
senescence/aging, circadian clock properties are expected to be
altered by senescence/aging. Indeed, circadian clocks in primary
cells, tissues, and animals show altered circadian properties by
senescence/aging. The circadian amplitude at the transcriptional
(Kunieda et al., 2006; Nakamura et al., 2015; Ahmed et al.,
2019), neural activity (Nakamura et al., 2011), and locomotor
activity levels (Pittendrigh and Daan, 1974; Witting et al., 1994;
Valentinuzzi et al., 1997; Sellix et al., 2012) declines with aging.
The period of circadian genes alters with senescence/aging
in primary human fibroblasts and ex vivo mouse SCN slices
(Nakamura et al., 2015; Ahmed et al., 2019), although it is still
controversial at the organismal level (Valentinuzzi et al., 1997;
Aujard et al., 2001; Kolker et al., 2004). However, only a few
researches have looked into the molecular mechanisms of how
the circadian clock is affected by senescence/aging (Chang and
Guarente, 2014; Zwighaft et al., 2015; Levine et al., 2020).

We have reported that a decline in NAD+ keeps activating
the transcription of E-box-regulated circadian clock genes via
hyperacetylation of lysine 9/14 residues on histone H3, due to the
inactivation of NAD+-dependent deacetylase, SIRT1 (Nakahata
et al., 2008). In addition to that report, some investigators
have also demonstrated that NAD+ regulates other circadian
clock components: SIRT1 deacetylates PER2, resulting in its

stabilization (Asher et al., 2008); SIRT1 deacetylates PGC1α to
activate Bmal1 transcription (Chang and Guarente, 2014); PARP-
1, an NAD+-dependent ADP-ribosyltransferase, poly(ADP-
ribosyl)ates CLOCK (Asher et al., 2010); and the inhibitor
of SIRT1 changes the ratio of PER2 subcellular localization
(Miki et al., 2012).

The aforementioned findings prompted us to reveal the
molecular mechanisms of how NAD+ amount, especially low
NAD+, affects the circadian clock system, which might give
some hints to unravel molecular links between aging and
circadian clock. In this study, we reduced intracellular NAD+
amount by inhibiting NAMPT enzymatic activity and found
that it attenuates the amplitude of Bmal1 promoter-driven
luciferase oscillation and promotes cytoplasmic localization of
PER2, leading to attenuated CRY/PER-dependent repression,
thereby enhancing E-box-regulated circadian gene expressions.
At the molecular level, we revealed that the translocation of
PER2 with low NAD+ is dependent upon SIRT1 activity, but
not PARP1 activity.

MATERIALS AND METHODS

Reagents, Antibodies, and Plasmids
FK866, GMX1778, nicotinamide, EX-527, and PJ34 were
purchased from the Axon Medchem, AdipoGen Life
Sciences, Sigma, Cayman Chemical, and Abcam, respectively.
Nicotinamide mononucleotide (NMN) was provided by the
Mitsubishi Corporation Life Sciences Limited, Japan. Anti-Per2
(PM083), anti-Lamin B1 (PM064), anti-Myc-tag (M047-
3), and anti-DDDDK-tag (M185-3) were purchased from
the MBL, Japan. Anti-α-tubulin (T6074) and the secondary
anti-mouse antibody Alexa Fluor Plus 488 (A32723) were
purchased from the Sigma-Aldrich and Thermo Fisher Scientific,
respectively. PAR/pADPr antibody was purchased from
the R&D Systems. Anti-Bmal1 (ab93806) and anti-acetyl
Bmal1 (Lys538) were purchased from the Abcam and Merck,
respectively. Secondary anti-mouse (NA931V) or rabbit (NA934)
antibodies conjugated with HRP were purchased from the
GE Healthcare. Myc-mClock/pcDNA3 was subcloned from
Myc-mClock/pSG5 as described (Doi et al., 2006). 5xMyc-
mCry1-Flag/pCS2 and Myc-mBmal1/pcDNA3 were described
as previously (Hirayama et al., 2007). Flag-hRORα1/pcDNA3,
Flag-hRORγ/pcDNA3, Flag-mRev-erbα/pcDNA3, and Flag-
mRev-erbβ/pcDNA3 were inserted a single Flag epitope into
hRORα1/pcDNA3, hRORγ/pcDNA3, mRev-erbα/pcDNA3,
and mRev-erbβ/pcDNA3, respectively, provided by Akashi
and Takumi (2005). Flag-mCry1/pcDNA3, 2xMyc-Per2-
NLS/pcDNA3, and 2xMyc-Per2-NES/pcDNA3 were kind gifts of
Akashi et al. (2014). pLLX-shRNA and pLLX-scrambled shRNA
were kindly provided by ME Greenberg (Zhou et al., 2006).

Cell Culture
NIH3T3 cells were cultured in DMEM–4.5 g/L glucose (Nacalai
Tesque, Japan) supplemented with 10% FBS (Sigma) and
antibiotics (100 units/ml penicillin, 100 µg/ml streptomycin,
Nacalai Tesque, Japan) at 37◦C and 5% CO2 in a humidified
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incubator. Cells were treated with FK866/GMX1778 with or
without 1 mM nicotinamide mononucleotide for 24 h and
harvested for measuring NAD+ amount, performing qPCR,
immunofluorescence, and western blotting. For experiments
analyzing circadian oscillations of clock genes, luciferase, and
PER2 protein, cells were pretreated with FK866 for 24 h
before Dex synchronization and also treated with FK866 after
synchronization.

Quantification of Intracellular NAD+ by
HPLC
NAD+ was measured by an HPLC system, an Agilent
1260 Infinity Binary LC System with guard (Polaris C18-A,
MetaGuard, 5 µm, 4.6 mm; A2000MG, Agilent) and analytical
(Polaris 5 C18-A 4.6 × 150 mm; A2000150 × 046, Agilent)
columns, following the protocol reported previously (Yoshino
and Imai, 2013; Khaidizar et al., 2017).

SDS-PAGE, Western Blotting Analysis,
RNA Extraction, and qPCR
Protocols for SDS-PAGE, western blotting analysis, RNA
extraction, and qPCR were followed as described previously
(Khaidizar et al., 2017). Protein measurement was performed
using 660 Protein Assay Reagent (Thermo Fisher Scientific)
according to the manufacturer’s instruction. The sequences for
qPCR primers are shown in Supplementary Table 1.

Real-Time Luciferase Monitoring Assay
The method was described previously (Ahmed et al., 2019).

Immunofluorescence
NIH3T3 cells were seeded on a sterilized cover glass (Matsunami;
24 × 24 mm; thickness no. 1) placed on a six-well plate so as
to have 4 × 105 cells/well as a single experiment. Cells were
co-transfected with indicated expression vectors using FuGENE
HD (Promega) and cultured for 48 h. The cells after washing
twice with phosphate buffered saline (PBS) were fixed with
1 ml of 4% paraformaldehyde for 15 min with shaking at
room temperature. Then, cells were washed three times with
PBS and permeabilized with 1 ml of 0.5% Triton X-100 for
10 min with shaking at room temperature. After blocking the
cells with 1% bovine serum albumin (BSA) for 30 min at room
temperature, the cells were washed three times with PBS and
incubated with Myc antibody diluted with 1% BSA/PBS for 1 h
at room temperature. Then, cells were incubated with secondary
antibody conjugated with Alexa Fluor Plus 488 diluted with
1% BSA/PBS for 1 h at room temperature. Nuclei were also
stained with 1 µg/ml Hoechst 33342 (Nacalai Tesque, Japan)
to justify subcellular localizations of clock proteins. Fluorescent
images were acquired with a confocal laser scanning microscope
(ZEISS; LSM 700), and subcellular localizations of clock proteins
were counted at least 100 cells. We interpreted the result
for nuclear localization of PER2/CRY1 (N) as positive when
fluorescence intensity of PER2/CRY1 signal that overlapped with
Hoechst 33342 signal was higher than the fluorescence intensity
of PER2/CRY1 in the cytoplasm (Supplementary Figure 1).

Meanwhile, we interpreted the result for cytoplasmic localization
of PER2/CRY1 (C) as positive when PER2/CRY1 signal that
did not overlap with Hoechst 33342 signal exhibited higher
fluorescence intensity than PER2/CRY1 signal intensity that
overlapped with Hoechst 33342 signal. Finally, we interpreted
the result for nuclear and cytoplasm localization of PER2/CRY1
(N+ C) as positive when PER2/CRY1 fluorescence signal at both
nucleus and cytoplasm had the same intensities. We performed
the experiments independently for at least three times and
showed the data as mean± SEM.

Nuclear Extract From NIH3T3 Cells
NIH3T3 cells treated with or without 7.5 nM FK866 for 24 h in a
10-cm dish were synchronized with 100 µM dexamethasone for
1 h. Synchronized cells after 24–44 h were collected every 4 h.
Cells were washed twice with PBS and harvested by cell scrapers,
centrifuged at 300× g for 5 min at 4◦C, and resuspended in 50 µl
lysis buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM
KCl]. Cells were vortexed for 10 s and allowed to stand on ice
for 10 min, and the same step was repeated again to extract cell
components other than the nuclear fraction. The nuclear fraction
was washed three times with lysis buffer, added with 50 µl RIPA
buffer [50 mM Tris–HCl (pH 7.4), 150 mM NaCl2, 1 mM EDTA,
0.2% SDS, 1% NP-40], vortexed for 30 s, and then allowed to
stand on ice for 20 min. The nuclear fraction was centrifuged at
15,000 × g for 5 min at 4◦C, and the supernatant was collected
as a nuclear extract. Total cell extract was obtained by extracting
cells with RIPA buffer.

Dual-Luciferase Promoter Assay
NIH3T3 cells seeded in a 24-well plate were co-transfected
with 500 ng of Per1 firefly reporter, 50 ng of EF1a Renilla
reporter, and indicated expression vectors using FuGENE
HD (Roche). Samples were prepared using a Dual-Luciferase
promoter assay kit (Promega) according to their instructions and
analyzed by a multiwell luminescence measurement plate reader
(Mithras, LB940). Firefly luciferase activity of the reporter was
normalized by the activity of Renilla luciferase under control of
EF1α promoter.

Establishment of Sirt1 Knockdown Cell
To establish Sirt1 knockdown cells, lentivirus vector pLLX-
shRNA (Zhou et al., 2006), which expresses GFP and a
puromycin resistant gene, was used. After virus infection to
Bmal1-luc/NIH3T3 (Yoshitane et al., 2012), cells were selected
by puromycin for 1 week and confirmed by GFP fluorescence
(all cells were ∼100% GFP positive). Three different target
sequences for mouse Sirt1 and scramble sequence are shown in
Supplementary Table 2.

Statistics
Values are reported as mean ± SEM. Statistical differences were
determined by a Student’s two-tailed t-test. Statistical significance
is displayed as ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001.
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RESULTS

To investigate how the circadian clock system is affected by
low NAD+ in cells, we first evaluated how much NAD+
was decreased by the inhibition of the rate-limiting enzyme,
NAMPT, in the NAD+ salvage pathway (Figure 1A). We used
FK866 (Hasmann and Schemainda, 2003) to inhibit the NAMPT
activity and found that 2.0, 5.0, and 7.5 nM FK866 treatment
decreased NAD+ to approximately 50, 33, and 25%, respectively
(Figure 1B). In addition, the acetylated form of BMAL1, which
has been reported to be increased by FK866 treatment (Nakahata
et al., 2009), was increased by FK866 treatment in a dose-
dependent manner (Supplementary Figure 2A). We further
confirmed that the effect of FK866 treatment at 7.5 nM on
NAD+ amount was abrogated by the co-treatment with the
NAD+ precursor, NMN (Figure 1C). A similar tendency was
observed by another NAMPT inhibitor, GMX1778 (Watson et al.,
2009) (Supplementary Figures 3A,B). We then performed a
real-time luciferase assay to address whether circadian clock
properties are affected by low NAD+. To address that, we
used NIH3T3 cells stably expressing Bmal1 promoter-driven
luciferase (Yoshitane et al., 2012). The amplitude, which was
defined in this study as the height from the first peak to the
first trough, of Bmal1 promoter-driven luciferase oscillation
was attenuated in FK866-treated cells, compared with that
in control cells (Figures 1D,E). A delayed phase was also
observed in FK866-treated Bmal1-luc oscillation. Intriguingly,
the attenuated amplitude and delayed phase were abrogated in
FK866 and NMN co-treated cells, indicating that the amplitude
and phase are regulated by NAD+ amount. The reason why
these alterations were abrogated after 60 h Dex treatment is
presumably due to the recovery of intracellular NAD+ amount
(Supplementary Figure 4). We further checked endogenous
circadian gene expressions in unsynchronized cells with low
NAD+. Among core circadian genes, E-box-regulated genes,
such as Rev-erbα, Rev-erbβ, Per1, and Per2, were upregulated;
however, the RORE-regulated gene, Bmal1, was downregulated
(Figure 1F). Moreover, these alterations were abrogated in FK866
and NMN co-treated cells, indicating that the alterations of
these genes are regulated by NAD+ amount. Furthermore, we
demonstrated that circadian profiles of endogenous Bmal1 and
Rev-erbα transcripts were also affected, lower Bmal1 and higher
Rev-erbα, in synchronized cells with low NAD+ (Figure 1G).
These results demonstrate that low NAD+ alters transcript levels
of not only E-box-regulated genes as we have reported previously
(Nakahata et al., 2008), but also RORE-regulated genes, which
presumably regulate the amplitude of circadian clocks.

As our previous studies have demonstrated that the circadian
gene expressions are epigenetically regulated by NAD+-
dependent deacetylases, SIRT1 and SIRT6 (Nakahata et al.,
2008; Masri et al., 2014), in this study, we sought to find out
whether the properties of circadian clock proteins, such as protein
stability and subcellular localization, are regulated by NAD+
amount. First, whether low NAD+ affects protein stability of
clock proteins was investigated using cycloheximide, which is
an inhibitor of protein biosynthesis due to its prevention in
translational elongation. However, the stabilities of CLOCK,

A

D

F

G

E

B C

FIGURE 1 | FK866 changes the expression levels of circadian genes, which is
abrogated by co-treatment with NMN. (A) Scheme of the NAD+ salvage
pathway. NAM, nicotinamide; NMN, nicotinamide mononucleotide; NAMPT,
nicotinamide phosphoribosyltransferase; NMNAT1-3, nicotinamide
mononucleotide adenylyltransferase 1-3. (B) NAD+ amount after 24 h
treatment of FK866 at indicated concentrations was measured by HPLC.
NAD+ amount was normalized by protein amount. (C) NAD+ amount after
24 h treatment of 7.5 nM FK866 with or without 1 mM NMN was measured
by HPLC. NAD+ amount was normalized by protein amount. (D) Bmal1-luc
oscillation patterns in NIH3T3 cells treated with FK866 with or without NMN
were monitored by using a real-time luciferase monitoring system. One
representative result is shown for each condition. (E) Relative amplitudes were
analyzed. In this study, the amplitude was defined as the height from the first
peak to the first trough. The value of control (ctrl) was set to 1. (F) Circadian
gene expression levels after treatment with 7.5 nM FK866 alone or 7.5 nM
FK866 and 1 mM NMN were quantified by qPCR. Each sample was
normalized by the amount of 18S rRNA. Each gene expression level in
untreated cells (ctrl) was set to 1. (G) Circadian profiles of Bmal1 and
Rev-erbα synchronized by DEX were quantified. Each sample was normalized
by 18S rRNA. Time 12 of control cells was set to 1 for each gene. All data
represented here, except (E) (n = 4), are the mean ± SEM of three
independent samples. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, compared to
each of the untreated control by Student’s two-tailed t-test.

BMAL1, PER2, and CRY1 were not significantly affected by low
NAD+ (Supplementary Figure 5). Next, whether low NAD+
affects subcellular localization of clock proteins was investigated

Frontiers in Neuroscience | www.frontiersin.org 4 May 2021 | Volume 15 | Article 647589106

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-647589 May 18, 2021 Time: 17:17 # 5

Ashimori et al. PER2 Localizations by NAD+/SIRT1

PE
R2

/L
AM

IN
 B

1

0

1

2

24 28 32 36 40 44

PER2

LAMIN B1

TUBULIN

150

Nuclear extract

24 28 32 36 40 44

ctrl
24 28 32 36 40 44

FK
Time (h)

75

50

(kDa)

Total cell lysate

24 28 32 36 40 44

ctrl
24 28 32 36 40 44

FK
Time (h)

150

75

50

(kDa)
WB;

Time (h) a�er entrainment

0

1

2

3

4

24 28 32 36 40 44

ctrl
FK

PE
R2

/L
AM

IN
 B

1

Fl
ag

-C
RY

1

ctrl FK

CR
Y1

 lo
ca

liz
a�

on
 (%

)

0

20

40

60

80

100

ctrl FK

C

N+C

N
**

**

M
yc

-P
ER

2

ctrl FK FK+NMN

PE
R2

 lo
ca

liz
a�

on
 (%

)

0

20

40

60

80

100

ctrl FK FK+NMN

**

**

M
yc

-C
RY

1-
Fl

ag ctrl FK FK+NMN

CR
Y1

 lo
ca

liz
a�

on
 (%

)

0

20

40

60

80

100

ctrl FK FK+NMN

*

NES

CR
Y1

 lo
ca

liz
a�

on
 (%

)

0

20

40

60

80

100

WT NLS

**

*

**
Fl

ag
-C

RY
1

WT NLS NES

A B

C D

E

FIGURE 2 | FK866 changes PER2 subcellular localization, which is abrogated by co-treatment with NMN. [(A–D), top] NIH3T3 cells expressing Myc-PER2 (A),
Myc-CRY1-Flag (B), or Myc-PER2/Flag-CRY1 (C) were immunostained with antibody to Myc or Flag (top). Cells were either untreated (ctrl) or treated with 7.5 nM
FK866 (FK) or 7.5 nM FK866 and 1 mM NMN (FK + NMN). NIH3T3 cells expressing Flag-CRY1 and either Myc-PER2-WT, Myc-PER2-NLS, or Myc-PER2-NES were
immunostained with antibody to Flag (D). The representative images were captured by a confocal laser scanning microscope. White scale bars represent 100 µm.
[(A–D), bottom] Subcellular localizations were counted and quantified; N, nucleus; C, cytoplasm; N + C, both nucleus and cytoplasm. The data represented are the
mean ± SEM of at least three independent samples. ∗p < 0.05, ∗∗p < 0.01, compared to each subcellular localization in control cells by Student’s two-tailed t-test.
(E) PER2 protein levels in nuclear extract and total cell lysate were detected under the 7.5 nM FK866-treated condition (top). PER2 protein levels were quantified
using ImageJ software (bottom). Each sample was normalized by LAMIN B1 protein level. TUBULIN was used to confirm fractionation. The data represented as filled
circle and triangle are individual data of two independent samples and bars are the average of two samples.

(Figures 2A,B and Supplementary Figure 6). Among clock
proteins tested in this study, subcellular localization of PER2 was
clearly affected by FK866 treatment (Figure 2A). Cytoplasmic

and nuclear PER2 under control condition were 18.8 ± 3.4 and
49.3± 4.2%, respectively, whereas cytoplasmic and nuclear PER2
under FK866-treated condition were 32.0± 7.9% (p = 5.1× 10−3,
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compared with cytoplasmic PER2 under control condition)
and 34.5 ± 9.2% (p = 3.8 × 10−3, compared with nuclear
PER2 under control condition), respectively. Furthermore,
GMX1778 treatment also changed the ratio of PER2 subcellular
localization from 22.2 ± 0.5 to 26.3 ± 0.1% in the cytoplasm
(p = 1.0 × 10−4) and from 62.0 ± 1.9 to 50.0 ± 0.6%
in the nucleus (p = 2.0 × 10−4) (Supplementary Figure 7).
Importantly, the effect of FK866 or GMX1778 on PER2
subcellular localization was abrogated when cells were treated
with both FK866 and NMN or GMX1778 and NMN (Figure 2A
and Supplementary Figure 7). These results indicate that PER2
subcellular localizations are controlled by intracellular NAD+
amount; lower NAD+ promotes the translocation of PER2 from
the nucleus to the cytoplasm. Similarly, cytoplasmic and nuclear
CRY1 under control condition were 6.3 ± 0.9 and 75.6 ± 3.9%,
respectively, while cytoplasmic and nuclear CRY1 under FK866-
treated condition were 10.6 ± 2.8% (p = 0.026, compared with
cytoplasmic CRY1 under control condition) and 67.1 ± 8.5%
(p = 0.12, compared with nuclear CRY1 under control condition),
respectively (Figure 2B), indicating the similarity to the change
in PER2 by FK866 treatment. These results prompted us to
investigate whether the increase in PER2 cytoplasmic localization
triggered by FK866 induces the increase in CRY1 cytoplasmic
localization, because it is well known that PER2 determines CRY1
localization (Albrecht et al., 2007). Cytoplasmic localizations of
CRY1 co-expressing PER2 with or without FK866 were 15.4± 0.7
and 10.8 ± 0.8% (p = 4.8 × 10−3) and nuclear localizations
were 71.8 ± 2.2 and 81.7 ± 1.3% (p = 8.6 × 10−3), respectively
(Figure 2C). The alteration of CRY1 subcellular localization
by FK866 treatment was more when PER2 was co-expressed,
suggesting that the alteration of PER2 subcellular localization
leads to that of CRY1.

To confirm whether the changes in PER2 subcellular
localization alter CRY1 subcellular localizations, PER2 wild type
(WT), C-terminal-tagged nuclear localization signal (-NLS), or
C-terminal-tagged nuclear export signal (-NES) (Akashi et al.,
2014) was co-expressed with CRY1. Similar to a previous report
(Akashi et al., 2014), nuclear localizations of PER2-WT, PER2-
NLS, and PER2-NES without CRY1 were 59.1 ± 2.1, 73.6 ± 1.3,
and 37.0 ± 4.7%, respectively (Supplementary Figure 8A). As
expected, subcellular localizations of CRY1 were followed by
those of PER2. Compared with the ratio of nuclear CRY1 co-
expressing with PER2-WT (73.1 ± 1.6%), the ratio of nuclear
CRY1 was increased (81.1 ± 0.7%, p = 0.011) when PER2-
NLS was co-expressed, whereas the ratio of nuclear CRY1 was
decreased (59.8 ± 2.2%, p = 0.008) when PER2-NES was co-
expressed (Figure 2D). These results are consistent with previous
reports that PER2 determines CRY1 localization (Albrecht et al.,
2007). Even when CRY1 was co-expressed with these PER2s,
PER2 subcellular localizations were not affected (Supplementary
Figure 8B). The results of Figures 2A–D suggest that localization
of PER2 is directly affected by intracellular NAD+ amount and
the intracellular localization of CRY1 follows that of PER2.

Since PER2 protein amount and subcellular localization show
time-of-day variations, whether circadian subcellular localization
of PER2 is affected by NAD+ amount was next investigated
(Figure 2E). Although nuclear localization of PER2 clearly

showed the time-of-day variation under the control condition
as reported previously (Lee et al., 2001; Yagita et al., 2001),
the nuclear accumulation of PER2 was reduced, but still
showed circadian oscillation, under the FK866-treated condition
(Figure 2E, left panel). Intriguingly, PER2 in total cell lysate
under the FK866-treated condition was comparable with that
under the control condition (Figure 2E, right panels), suggesting
that the reduction of PER2 nuclear localization under the FK866-
treated condition is not due to the reduction of PER2, but
the decrease in PER2 nuclear entry and/or the increase in
PER2 nuclear export.

CRY acts as a transcriptional repressor with PER against
CLOCK/BMAL1-dependent, namely E-box-regulated,
transcriptions. As the decrease in nuclear localization of PER2
by FK866 suggested the attenuation of PER/CRY-dependent
repression against E-box-regulated genes, we next addressed
that possibility. To address that, luciferase reporter assay using
Per1 promoter that possesses several E-boxes was assessed
using PER2-NES, which mimics PER2 subcellular localizations
under the FK866-treated condition. As reported previously,
Per1 promoter activity was activated by CLOCK/BMAL1
and this activation was repressed by CRY1 (Figure 3). When
PER2-NES was co-expressed, the repression by CRY1 against
CLOCK/BMAL1-dependent Per1 expression was attenuated;
namely, the luciferase intensities were increased in a PER2-NES
dose-dependent manner (Figure 3). On the other hand, when
PER2-WT or PER2-NLS was co-expressed, the repression
by CRY1 was not affected. The results from Figures 2E, 3
indicate that PER2 subcellular localization determines PER/CRY-
dependent repression potential, and support that the mechanism
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FIGURE 3 | PER2 subcellular localization affects Per1 gene expression. The
effects of PER2-WT, PER2-NLS, and PER2-NES on per1 luciferase activity are
shown; 100 ng of CLOCK, 100 ng of BMAL1, 10 ng of CRY1, 500 ng of Per1
firefly reporter, and 50 ng of EF1a Renilla reporter were co-transfected in
NIH3T3 cells. Indicated amounts of PER2-WT, PER2-NLS, or PER2-NES
were also co-transfected in NIH3T3 cells. Firefly luciferase intensity was
normalized by Renilla luciferase intensity. Basal per1 promoter activity (far left
bar) was set to 100. The data represented are the mean ± SEM of three
independent samples. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, compared
with the sample with CLOCK/BMAL1 and CRY1, the third bar from left, by
Student’s two-tailed t-test.
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of upregulation of E-box-regulated genes under the FK866-
treated condition (Figure 1C) is due to the preferential
cytoplasmic localization of PER2 with CRY1.

Finally, to investigate the molecular mechanisms of how
PER2 subcellular localization is regulated, we pharmacologically
inhibited NAD+-dependent enzymes, SIRT1 and PARP1. The
SIRT1 inhibitors, 10 mM nicotinamide (NAM) or 5 µM EX-
527 (Bitterman et al., 2002; Napper et al., 2005), significantly
increased cytoplasmic PER2 from 24.1 ± 1.3 to 39.5 ± 0.5%
(p = 4.0 × 10−4) and 33.5 ± 2.1% (p = 1.9 × 10−4), respectively,
and decreased nuclear PER2 from 42.7 ± 5.5 to 28.7 ± 3.8%
(p = 3.0 × 10−4) and 30.5 ± 4.2% (p = 1.8 × 10−4), respectively
(Figure 4A), showing the same tendency when treated by
FK866 (Figure 2A). Both 10 mM NAM and 5 µM EX-527
were confirmed to be effective to inhibit SIRT1 deacetylate
activity against BMAL1 (Nakahata et al., 2008; Supplementary
Figures 2A,B). However, the PARP1 inhibitor, PJ34 (Abdelkarim
et al., 2001), did not change both cytoplasmic and nuclear
PER2 populations [17.3 ± 3.8% (p = 0.56) and 54.6 ± 3.3%
(p = 0.10), respectively] (Figure 4), and even 10 µM PJ34
was confirmed to be effective to reduce poly-ADP-ribosylation
(Supplementary Figure 2C). As FK866 treatment attenuated
the amplitude of Bmal1-luc circadian oscillation (Figures 1D,E),
we further investigated whether SIRT1 deacetylation activity
is involved in the regulation of amplitude of Bmal1-luc
circadian oscillation. NAM or EX-527 treatment attenuated the
amplitude of Bmal1-luc circadian oscillation (Figures 4B,C,E).
Intriguingly, a delayed phase was observed only in cells
treated with 10 mM NAM, the concentration at which the
enzymatic activity of SIRT1 and also others such as SIRT2
and PARP1 is inhibited (Virág and Szabó, 2002; Peck et al.,
2010). However, a delayed phase was not observed in cells
treated with 5 µM EX-527, the concentration at which the
enzymatic activity of SIRT1 is specifically inhibited (Peck et al.,
2010), suggesting that SIRT1 deacetylation activity is involved
in the amplitude regulation and other enzymes inhibited by
NAM are involved in the phase regulation. Sirt1-knockdown
cells also demonstrated the attenuated Bmal1-luc amplitude,
but not a delayed phase (Figure 4D). Knockdown efficiencies
against Sirt1 and circadian oscillation patterns of other Sirt1
knockdown cell lines are shown in Supplementary Figure 9.
These results demonstrate that the NAD+/SIRT1 axis regulates
PER2 subcellular localization, which further affects the amplitude
of the circadian clock.

To further investigate whether the acetylation status of lysine
680 residue of PER2, where PER2 is acetylated and deacetylated
by SIRT1 (Levine et al., 2020), affects its subcellular localization,
we analyzed subcellular localizations of lysine 680 residue
mutants of PER2 (Figure 5). Non-acetyl mimetic PER2K680R

mutant only slightly increased in the cytoplasmic population of
PER2, compared with the cytoplasmic population of PER2WT

(p = 0.010). Moreover, acetyl mimetic PER2K680Q had no effect on
PER2 subcellular localization. These mutant PER2 experiments
suggest that K680 of PER2 is not the responsible lysine to regulate
subcellular localization by SIRT1, although we cannot deny the
possibility that acetyl mimetic mutant of PER2K680Q does not
completely substitute the functions of acetyl-K680 of PER2.
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FIGURE 4 | SIRT1 inhibitors, but not PARP1 inhibitor, regulate PER2
localization and attenuate the amplitude. (A) NIH3T3 cells expressing
Myc-PER2 were immunostained with antibody to Myc. Cells were either
untreated (ctrl), treated with 10 mM nicotinamide (NAM), 5 µM EX-527 or
10 µM PJ34 (top). The representative images were captured by a confocal
laser scanning microscope. White scale bars represent 100 µm. (Bottom)
Subcellular localizations were quantified; N, nucleus; C, cytoplasm; N + C,
both nucleus and cytoplasm. The data represented are the mean ± SEM of
independent three samples. ∗∗∗p < 0.001, compared to each subcellular
localization in control (ctrl) cells by Student’s two-tailed t test. (B,C) Bmal1-luc
oscillation patterns in NIH3T3 cells treated with either NAM or EX-527 were
monitored by using a real-time luciferase monitoring system. One
representative result is shown for each condition. (D) Bmal1-luc oscillation
patterns in WT (ctrl) or Sirt1 knockdown (shSirt1 #3) NIH3T3 cells were
monitored by using a real-time luciferase monitoring system. One
representative result is shown for each condition. (E) Relative amplitudes were
analyzed. The value of control (ctrl) was set to 1. The data represented are the
mean ± SEM of independent 8, 5, 3 or 3 samples for the control, NAM,
EX-627, or shSirt1 #3, respectively. ∗p < 0.05, ∗∗p < 0.01, compared to the
control (ctrl) by Student’s two-tailed t-test.

DISCUSSION

In this study, we found that low intracellular NAD+, which
was induced by the pharmacological inhibition of NAMPT,
promoted PER2 subcellular localization from the nucleus to the
cytoplasm and increased and decreased the expressions of E-box-
and RORE-regulated circadian genes, respectively, leading to
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FIGURE 5 | PER2K 680 mutants have no effects on PER2 subcellular
localizations. NIH3T3 cells expressing either Myc-PER2-WT (WT),
Myc-PER2K 680R (KR) or Myc-PER2K 680Q (KQ) were immunostained with
antibody to Myc (top). The representative images were captured by a confocal
laser scanning microscope. White scale bars represent 100 µm. (bottom)
Subcellular localizations were quantified; N, nucleus; C, cytoplasm; N + C,
both nucleus and cytoplasm. The data represented are the mean ± SEM of
three independent samples. ∗p < 0.05, compared to each subcellular
localization in WT cells by Student’s two-tailed t-test.

the attenuated Bmal1-luc circadian oscillation. Furthermore, we
demonstrated that SIRT1 was responsible for NAD+-dependent
PER2 subcellular regulation, and suggested that lysine 680
residue on PER2 is not responsible for SIRT1-regulated PER2
subcellular localization.

Since several lines of evidence indicate that a decline in NAD+
is a hallmark of senescence/aging (Braidy et al., 2011; Yoshino
et al., 2011; Canto et al., 2012; Massudi et al., 2012; Camacho-
Pereira et al., 2016; Zhang et al., 2016; Khaidizar et al., 2017),
in this study, we used NAMPT inhibitors, FK866 and GMX1778,
to reduce intracellular NAD+, which, we expect, mimics cellular
senescence. However, many other physiological events and
metabolites such as AMP/ATP ratio and polyamines are known
to be changed with senescence/aging (James et al., 2015; Zwighaft
et al., 2015). An increase in the AMP/ATP ratio promotes
AMP-activated protein kinase (AMPK), which acts as a sensor
of the reduced energetic state and further activates catabolic
pathways while inhibiting anabolic ones (Hardie, 2003; Garcia
and Shaw, 2017). Meanwhile, it has been reported that mTOR,
which is an intracellular nutrient sensor for high cellular energy
state and associated with autophagy, is also upregulated during
senescence (Herranz et al., 2015; Laberge et al., 2015; Nacarelli
and Sell, 2017). These signaling molecules have been reported
to be involved in the circadian clock. AMPK is a rhythmically
expressed kinase and phosphorylates CK1ε, resulting in enhanced
phosphorylation and degradation of PER2 (Um et al., 2007;
Sahar and Sassone-Corsi, 2012) and CRY1 (Lamia et al., 2011;
Sahar and Sassone-Corsi, 2012; Jordan and Lamia, 2013). mTOR

perturbation, such as RNAi knockdown or mTOR inhibitors,
alters circadian rhythms in fibroblast, SCN, and animal behaviors
(Zhang et al., 2009; Ramanathan et al., 2018). Several lines of
evidence mentioned here imply that the altered aforementioned
signaling pathways during senescence may affect circadian
clock properties, although it is largely unknown whether these
pathways alter circadian clock properties in senescent cells. We
recently demonstrated that altered circadian properties such as
period extension and phase delay occur in senescent human cells
(Ahmed et al., 2019, 2021). Therefore, we assume that these
circadian alterations in senescent cells will be useful indexes to
evaluate whether low NAD+ or other conditions are sufficient for
the circadian clock to mimic senescent condition.

Real-time luciferase monitoring assay revealed that the
attenuated amplitude of Bmal1-luc oscillations was observed by
either NAMPT inhibitors, FK866 and GMX1778; Sirtuins and
PARPs broad inhibitor, NAM; SIRT1-specific inhibitor, EX-527;
or Sirt1 knockdown. However, the delayed phase of Bmal1-
luc oscillations was not observed by SIRT1-specific inhibitor,
EX-527, or Sirt1 knockdown. These results indicate that SIRT1
deacetylation activity is involved in amplitude regulation, but
not in phase regulation. This is supported by the report that
circadian profiles of Dbp and Per2 in Sirt1−/− cells showed
higher amplitude and no delayed phase (Nakahata et al., 2008). In
contrast, delayed phases were observed with FK866, GMX1778,
or NAM treatment, suggesting that NAD+-dependent enzymes
other than SIRT1 are involved in the phase regulation. The
investigation to address which enzyme is associated with phase
regulation will be needed to understand the mechanisms
of how circadian clocks work in senescent cells. Actually,
we have recently shown that senescent cells possess altered
circadian clocks with a prolonged period and delayed phase
(Ahmed et al., 2019, 2021).

In this study, we investigated whether acetylation of lysine 680
residue on PER2 is responsible for PER2 subcellular localization;
however, neither acetyl mimetic mutant (K680Q) nor non-
acetyl mimetic mutant (K680R) of PER2 changed subcellular
localization such as low NAD+ or SIRT1 inhibitor-treated
conditions. Levine and coworkers recently reported that PER2 is
acetylated on K680, which is deacetylated by SRIT1; furthermore,
FK866 treatment increases PER2 phosphorylation at numerous
sites (Levine et al., 2020). This suggests that acetylation of K680
or other lysine residues of PER2 might be a trigger for subsequent
phosphorylation(s), which might determine PER2 subcellular
localization. Our current results cannot deny the possibility that
acetyl mimetic mutant PER2K680Q may not trigger subsequent
phosphorylation(s) because of differences of three-dimensional
structures triggered by the acetylated form of lysine residue and
substituted glutamine residue. Further experiments including
structural biological experiments will be needed to elucidate
which lysine residue is responsible for subcellular localization of
PER2 regulated by SIRT1.

Our current results suggest that PER/CRY-dependent
repression against E-box-regulated genes might be dependent
on the NAD+/SIRT1 axis. Intriguingly, we have reported
that SIRT1 deacetylates lysine 9/14 residues of histone H3
on the promoters of E-box-regulated genes to repress their
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expressions epigenetically (Nakahata et al., 2008). These results
imply that the NAD+/SIRT1 axis coordinates the transcriptional
repression of E-box-regulated genes by different ways. In
addition to the coordinated mechanisms for E-box-regulated
genes, RORE-regulated genes might also be coordinated by the
NAD+/SIRT1 axis. It has been reported that NAD+ activates
Bmal1 transcription by SIRT1 through the deacetylation of
PGC1α (Chang and Guarente, 2014), while we demonstrated
in this study that the low NAD+ condition increased Reb-
erbα/β which in turn might repress Bmal1 gene expression.
These coordinated Bmal1 gene regulations by the NAD+/SIRT1
axis presumably regulate the amplitude of Bmal1 circadian
oscillation, namely the low NAD+ condition or decreased SIRT1
activity attenuates the amplitude of Bmal1 circadian oscillation.
Therefore, these coordinated transcriptional regulations of
E-box- and RORE-regulated circadian genes by the NAD+/SIRT1
axis might interlock circadian negative feedback loops.

In addition to our finding that low NAD+ retains PER2
in the cytoplasm, some studies have demonstrated that
the NAD+/SIRT1 axis regulates PER2 properties; PER2 in
Sirt1−/− cells is more stable (Asher et al., 2008) and localizes
predominantly in the nucleus (Levine et al., 2020), while PER2
in nicotinamide-treated cells localizes predominantly in the
cytoplasm (Miki et al., 2012). Our pharmacologically conducted
results were consistent with the results pharmacologically
performed by Miki and colleagues, but not with the
results performed genetically. These conflicting results by
pharmacological (acute) and genetical (chronic) approaches
suggest the possibility that responses of molecular clock are
different at early and chronic senescence/aging phases. This
possibility is worth verifying so further experiments using
different stages of senescent cells/aging animals will be needed
to reveal this possibility.
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Supplementary Figure 1 | Representative Immunofluorescence images. N,
nucleus; C, cytoplasm; N + C, nuclear and cytoplasm. We interpreted a result for
nuclear localization of PER2/CRY1 (N) as positive when fluorescence intensity
(Alexa Fluor Plus 488) of PER2/CRY1 signal that overlapped with Hoechst 33342
signal was higher than the fluorescence intensity of PER2/CRY1 in the cytoplasm
Meanwhile, we interpreted a result for cytoplasmic localization of PER2/CRY1 (C)
as positive when PER2/CRY1 signal that did not overlap with Hoechst 33342
signal exhibited higher fluorescence intensity than PER2/CRY1 signal intensity that
overlapped with Hoechst 33342 signal. Finally, we interpreted a result for nuclear
and cytoplasm localization of PER2/CRY1 (N + C) as positive when PER2/CRY1
fluorescence signal at both nucleus and cytoplasm had the same intensities.

Supplementary Figure 2 | Confirmations of inhibitors by western blotting. (A)
NIH3T3 cells were treated with FK866 or EX-527 at indicated concentrations for
24 h. Total cell extracts were immunoblotted with antibodies against acetylated
form of BMAL1 (Ac-BMAL1) or BMAL1. (B) NIH3T3 cells were treated with 10 mM
NAM for 24 h. Total cell extracts from NIH3T3 (left and middle lanes) and mouse
embryonic fibroblast derived from Sirt1−/− without any treatment (right lane) were
immunoblotted with antibodies against acetylated form of BMAL1 (Ac-BMAL1) or
BMAL1. (C) NIH3T3 cells were treated with 10 µM PJ34 for 24 h. Total cell
extracts were immunoblotted with antibodies against poly ADP-ribosylation
(PAR/pADPr), PARP1 or TUBLIN.

Supplementary Figure 3 | GMX1778 decreases in NAD+ in cells. (A) NAD+

amount after 24 h treatment of GMX1778 at indicated concentrations were
measured by HPLC. NAD+ amount was normalized by protein amount. (B) NAD+

amount after 24 h treatment of 75 nM GMX1778 with or without 1mM NMN were
measured by HPLC. NAD+ amount was normalized by protein amount. (C)
Bmal1-luc oscillation patterns treated with GMX1778 with or without NMN were
monitored by using a real-time luciferase monitoring system. (D) Relative
amplitudes were analyzed. The value of control (ctrl) was set to 1. All data
represented in Supplementary Figure 3 are the mean ± SEM of independent
three samples. ∗∗p < 0.01 and ∗∗∗p < 0.001, compared to each of the untreated
control by Student’s two-tailed t-test, n.s., means not significant.

Supplementary Figure 4 | Effects of FK866 or GMX1778 on intracellular NAD+

amount. NIH3T3 were treated with NAMPT inhibitors, FK866 or GMX1778,
throughout this experiment.

Supplementary Figure 5 | FK866 has no effect on stabilities of clock proteins.
NIH3T3 cells expressing Myc-CLOCK (A), Myc-BMAL1 (B), Myc-PER2 (C), or
Myc-CRY1 (D) were treated with cycloheximide (CHX) at 100 µg/ml. At indicated
times, cells were lysed and protein extracts were immunoblotted with antibody to
Myc (top) and antibody to Tubulin (middle) as loading control. Cells were either
untreated (ctrl) or treated with 7.5 nM FK866. The results are representative of
three independent experiments. (Bottom) The immunoblots were quantified by
densitometric analysis. The graph shows the percentage of protein amount relative
to time 0 (100%). Myc-tagged proteins were normalized by each Tubulin amount.

Supplementary Figure 6 | FK866 has no effect on subcellular localizations of
CLOCK, BMAL1, RORα/γ and REV-ERVα/β. NIH3T3 cells expressing
Myc-CLOCK (A), Myc-BMAL1 (B), Flag-RORα (C), Flag-RORγ (D),
Flag-REV-ERBα (E), or Flag-REV-ERBβ (F) were immunostained with antibody to
Myc or DDDDK (top). Cells were untreated (ctrl), treated with 7.5 nM FK866 (FK) or
7.5 nM FK866 & 1 mM NMN (FK + NMN). The representative images were
captured by a confocal laser scanning microscope. (bottom) Subcellular
localizations were quantified; N, nucleus; C, cytoplasm; N + C, both nucleus and
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cytoplasm. White scale bars represent 100 µm. The data represented are the
mean ± SEM of three independent samples.

Supplementary Figure 7 | GMX1778 changes PER2 subcellular localization,
which is abrogated by co-treatment with NMN. (top) NIH3T3 cells expressing
indicated Myc-PER2 were immunostained with antibody to Myc. Cells were
untreated (ctrl), treated with 75 nM GMX1778 (GMX) or 75 nM GMX1778 & 1 mM
NMN (GMX + NMN). The representative images were captured by a confocal laser
scanning microscope. White scale bars represent 100 µm. (bottom) Subcellular
localizations were quantified; N, nucleus; C, cytoplasm; N + C, both nucleus and
cytoplasm. The data represented are the mean ± SEM of three independent
samples. ∗∗∗p < 0.001, compared to each subcellular localization in control cells
by Student’s two-tailed t-test.

Supplementary Figure 8 | CRY1 did not alter PER2 subcellular localization. (A)
Subcellular localizations of either PER2-WT, PER2-NLS, or PER2-NES were
quantified; N, nucleus; C, cytoplasm; N + C, both nucleus and cytoplasm. (B)
Subcellular localizations of either PER2-WT, PER2-NLS, or PER2-NES were
quantified when CRY1 was co-expressed. The data represented are the

mean ± SEM of three independent samples. ∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001, compared to each subcellular localization in cells expressing
PER2-WT by Student’s two-tailed t-test.

Supplementary Figure 9 | Sirt1 knockdown attenuates the amplitude of
Bmal1-luc oscillation. (A) Knockdown efficiencies against Sirt1 were analyzed by
qPCR. Sirt1 amount in control (scramble) was set to 1. The data represented are
the mean ± SEM of independent three samples. (B) Bmal1-luc oscillation patterns
in Sirt1 knockdown (shSirt1 #1 or #2) NIH3T3 cells were monitored by using a
real-time luciferase monitoring system. (C) Relative amplitudes were analyzed. The
value of control (ctrl) was set to 1. The data represented are the mean ± SEM of
independent 8, 3, or 3 samples for control, shSirt1 #1 or #2, respectively.
∗∗p < 0.01, compared to control cells by Student’s two-tailed t-test, n.s., means
not significant.

Supplementary Table 1 | Primer sequences for qPCR.

Supplementary Table 2 | Oligonucleotide sequences for knockdown
against Sirt1.
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