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Circadian rhythms as
modulators of brain health
during development and
throughout aging

Rachel Van Drunen and Kristin Eckel-Mahan*

Institute of Molecular Medicine, The University of Texas Health Science Center at Houston,
Houston, TX, United States

The circadian clock plays a prominent role in neurons during development
and throughout aging. This review covers topics pertinent to the role of
24-h rhythms in neuronal development and function, and their tendency to
decline with aging. Pharmacological or behavioral modification that augment
the function of our internal clock may be central to decline of cognitive
disease and to future chronotherapy for aging-related diseases of the central
nervous system.

circadian, suprachiasmatic nucleus, memory, aging, chronotherapy, synaptic
plasticity

Introduction

Before humans are even born, signals, and hormones in the womb prime the fetus
for the diurnally changing environment of the outside world. Early within the first year
of birth, activity and sleep cycles synchronize to the 24-h rotation of the Earth on its
axis. Research within the past few decades reveals these internal, ubiquitous, biological
cellular clocks can shape some of the most important aspects of central nervous system
development in humans. Neuronal connectivity, characterized by synaptic connections,
dendritic spines, and axonal projections to name a few, is integral to our cognitive
functions and daily behaviors. When these attributes of neuronal connectivity are
disrupted, dysregulated, or simply deteriorate over time, a variety of cognitive defects
can arise, including defects in learning and memory and behavioral abnormalities like
anxiety and depression. Aging, which is associated with a decline in the robustness of the
internal circadian clock, also leads to several neurological disorders such as Alzheimer’s
disease (AD). This review will discuss some of the research linking the circadian clock
system and neural plasticity from birth to death.

A transcriptional-translational feedback loop (TTFL) serves as the core circadian
mechanism from which diurnal cellular rhythms arise. Known as the core loop, this
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negative feedback mechanism consists of the transcription
factors, circadian locomotor output cycles kaput (CLOCK)
and brain and muscle ARNT-like protein (BMALIL), which
heterodimerize in the nucleus to promote the expression of
numerous E-box containing genes. Among these target genes,
are the period (PER) and cryptochrome (CRY) repressors,
which upon translation in the cytoplasm, will translocate
back into the nucleus to function as direct repressors
of the CLOCK:BMALI transcriptional heterodimer (Partch
et al, 2014). CLOCK:BMALL activity resumes only when the
PER/CRY complex is primed for degradation by additional
regulators, such as the serine/threonine kinase casein kinases
(CK13 and CKle), which phosphorylate PER, initiating
its ubiquitination (Reppert and Weaver, 2002). CRY is
phosphorylated by the metabolic sensor AMP activated protein
kinase (AMPK), which marks it for proteasomal degradation
(Lamia et al., 2009). This negative feedback loop, present in
nearly all mammalian cells, mediates rhythmic expression of
hundreds of clock-controlled genes (Figure 1).

At a grander scale, the tissue clocks of the body are
synchronized by external cues from the environment, otherwise
known as Zeitgebers (or “time-givers”). Light, a potent zeitgeber,
is a particularly strong entrainer of the brain, and activates
the suprachiasmatic nucleus (SCN) via light sensitive retinal
ganglion cells in the eye. Thus, the SCN entrains to the day/night
cycle, and helps synchronize peripheral clocks (Hastings et al.,
2003). Organization of peripheral rhythms is carried out by
both direct neuronal projections as well as the release of
neuroendocrine hormones, which can be circulated in an
endocrine fashion. Melatonin is produced by the pineal gland
and at nighttime, reaches its diurnal zenith, stimulating the
onset of sleep. On the other hand, cortisol surges in the
morning, transitioning the body into wakefulness before steadily
decreasing to reach its trough at bedtime. While light acting
through the SCN entrains these hormones to rise and fall at
certain times, the absence of light does not exterminate these
rhythms based on the feedback mechanism of the cellular clock.
This intrinsic aspect of our internal clock means that even
in constant darkness, internal clocks maintain time, which is
referred to as “free-running” of the endogenous clock. Thus,
circadian rhythms are endogenous and self-perpetuating.

Studies over the last two decades have revealed that
decoupling of the central clocks in the brain from the peripheral
tissue clocks leads to desynchrony between clocks and an
increased risk for developing certain diseases including obesity,
diabetes, and even Alzheimer’s disease (AD) (Parsons et al,
2015; Bokenberger et al., 2018; van der Vinne et al., 2020).
Chronic exposure to environmental stressors such as jet lag, high
fat diet, and shift work leads to chronodisruption, increasing an
individual’s risk for long term health problems (Cho et al., 20005
Drake et al., 2004; Parsons et al., 2015; Bokenberger et al., 2018;
van der Vinne et al., 2020). Here, we focus on how the circadian
system shapes our internal neural pathways throughout lifespan,
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highlighting reasons why circadian disruption might increase
disorders of the central nervous system associated with aging.

Circadian rhythms and neural
plasticity in development

The evolution of circadian rhythms during development is
important for the long-term health of the organism. Failure
of circadian rhythms to arise or perturbation of the clock
during development can negatively impact specific biological
functions and behaviors. The importance of circadian rhythms
during development has been demonstrated in both humans
and pre-clinical models. For example, one study analyzing data
from almost 200000 women engaged in shift work during
pregnancy revealed that chronodisruption during pregnancy
is associated with preeclampsia, gestational hypertension,
pre-term delivery, and small infants for the corresponding
gestational age (Cai et al., 2019). Studies of pregnant rats reveal
that disruption of circadian rhythms during fetal development is
associated with increased risk for several physiological problems
including hypertension (Tain et al., 2017). Moreover, studies in
preclinical rodent models suggest neurological problems, such
as mood disorders, may be related to circadian perturbation
of the fetus during pregnancy (Zhang et al, 2017). It is
not yet clear the extent to which the circadian system
affects neurological development in humans, though studies
in preclinical mammalian models provide evidence of cause
and effect relationships. This section will discuss the current
knowledge pertaining to the role of the circadian system in
neural plasticity during development.

Circadian system development pre-
and postnatally

Known as the “Developmental Origin of Health and
(DOHaD)
the idea that lifestyle-related diseases are actually formed

Disease” theory, growing evidence supports
during the developmental stages of an organism, including
fertilization, and embryonic through neonatal stages (Heindel
and Vandenberg, 2015). Though commonly recognized
causes of disease predisposition include nutrition, stress,
or environmental chemicals, data suggests that circadian
disruption should be added to this list. Research over the
past decade indicates the circadian system begins developing
prenatally via entrainment from the mother. SCN receptors
for melatonin are reportedly expressed as early as 18 weeks
of age in humans followed by dopamine receptor expression
at 22 weeks of age (Reppert et al., 1988). Maternal hormones
including melatonin and dopamine pass the placenta and the
fetal blood brain barrier to stimulate the fetus (Okatani et al.,

1998). Data suggests that maternal rhythms are important to

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

Van Drunen and Eckel-Mahan 10.3389/fncir.2022.1059229

<

DADWMDAV]

>

6AM Noon 6PM Midnight 6AM

CCGs
>

DADWDAV]

FIGURE 1

Circadian rhythms across the body are entrained by the 24-h environment. Diurnal light exposure entrains the “master clock”, known as the
suprachiasmatic nucleus (SCN). The SCN coordinates daily rhythms in the brain as well as the periphery via a combination of neuronal signals
and hormones, including cortisol and melatonin, which fluctuate opposite to each other and promote sleep/wake cycles. At the cellular level,
the core transcription translational feedback loop in the nucleus is characterized by BMALL and CLOCK binding to E-box containing genes to
regulate transcription of numerous clock controlled genes (CCGs) including their own repressors, PERIOD (PER) and CRYPTOCHROME (CRY).
Heterodimers PER and CRY translocate back into the nucleus to inhibit the CLOCK:BMAL1 complex, thereby inhibiting their own production.

brain development and circadian rhythms in the offspring. key hormones: cortisol and melatonin. While cortisol is involved
For example, progeny of pregnant primates housed under in wakefulness and arousal, melatonin is involved in sleep onset.
constant light exposure have suppressed postnatal melatonin Prenatal infants receive these hormones from the mother,
and body temperature rhythms (Serén-Ferr et al., 2013). Similar and begin producing cortisol as early as 8 weeks of gestation;
light disruption experiments in pregnant rats showed that however, they do not produce the melatonin until after birth
progeny ultimately showed reduced rhythms in circadian gene (Kennaway et al,, 1992; Johnston et al,, 2018). Interestingly,
expression as well as NMDA receptor gene expression in the depending on the season the amount of melatonin produced
hippocampus at adulthood (Voiculescu et al,, 2016). Strikingly, by infants may vary (Sivan et al, 2001). Newborns receive
affected rat pups showed permanent cognitive defects into melatonin and cortisol via the breast milk of the mother where
adulthood, performing more poorly on spatial memory tests the level of hormones in the breast milk varies throughout the
than pups whose mothers were not subjected to constant light. day. It is not exactly clear the extent to which these fluctuations

Other factors, including maternal body temperature, in the breastmilk affect the circadian timing of infants, but
breastfeeding and hormone release also contribute to some studies suggest that these rhythms may be important
entrainment of the fetus (Reppert, 1995). The emergence for consolidated sleep after birth (Cubero et al.,, 2005; Engler
of the sleep-wake cycle is closely tied to the production of two et al,, 2012; Doan et al,, 2014). For example, infants breastfed
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at nighttime reportedly have higher sleep efficiency with less
fragmentation and longer sleep duration compared to infants
fed formula at nighttime (Engler et al., 2012; Doan et al., 2014).
Moreover, as early as 2 weeks of age, infants have been found to
produce rhythmic cortisol, which may correspond to the shift
from sleeping intermittently throughout the day to sleeping
at approximately 4 h intervals (Anders and Keener, 1985;
Santiago et al,, 1996). At 5 weeks of age, an infradian rhythm
of sleep arises and at approximately 9 weeks of age, rhythmic
melatonin production begins (Kleitman and Engelmann,
1953; Rivkees, 2003). By 11 weeks of age in human infants, a
diurnally oscillating body temperature along with rhythmic
circadian gene expression emerges. At 15 weeks, the sleep-wake
cycle of infants follows a more apparent trend (Kleitman and
Engelmann, 1953), and by 6-9 months of age, infant generally
sleep through the night (Jenni and Carskadon, 2004). One study
looking at infants of approximately 6.3 months of age revealed
that by this time individual functional connectivity based on
prolonged EEG recordings was relatively stable during the sleep
and wake cycles (Smith et al,, 2021). The researchers found
the infants’ network connectivity appeared to be entrained to
a 24-h cycle and modulated by their state of consciousness.
This reveals that even at an infantile stage, neural connectivity
follows a circadian pattern. Figure 2 summarizes what is known
regarding the timeline for circadian rhythm development in

humans.

Sleep disruption in infants

Studies suggest that sleep issues arising from the disruption
of the circadian system can lead to improper formation of
neural connections from which behavioral phenotypes arise. For
example, several studies carried out in children have revealed
a relationship between sleep impairments and behavioral/mood
problems including aggressive behavior, attention, anxiety, and
hyperactivity (Gregory and O’Connor, 2002; Hoedlmoser et al.,
2010; Kamphuis et al., 2014). In a study carried out on school
aged children with sleep deficits, researchers found significant
correlations between sleep quality and a child’s ability to carry
out cognitive tasks (Sadeh et al., 2002). Preclinical rodent studies
also support the association between sleep disruption in early
life and impaired cognition that is manifest sometimes much
later in life. For example, mouse pups placed under rapidly
changing light/dark cycles until weaning (21 days), display
impaired spatial and problem-solving tasks as well as increased
anxiety-like behavior and decreased neuronal complexity in
the prefrontal cortex (Ameen et al, 2022). In another study,
researchers exposed mice to ambient light via an 8:8-h light/dark
cycle from embryonic day one to postnatal day 42. This
abnormal light paradigm resulted in mice that expressed an
autistic-like phenotype in adulthood (Fang et al.,, 2021). This
tie to autism or autism spectrum disorder (ASD) is present in
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humans as well. ASD is often comorbid with sleep disorders
(Kotagal and Broomall, 2012) where sleep problems are reported
in 43-88% of children with ASD (Richdale, 1999). Moreover,
approximately 65% of the ASD individuals surveyed in one
study had reduced levels of melatonin (Melke et al., 2008). While
most studies linking ASD to sleep and circadian disruption
are association based, genetic studies have begun to uncover
mutations or polymorphisms in clock genes of individuals
screened for ASD. One such genetic study screening of 110 ASD
individuals and their parents suggested an association between
single-nucleotide polymorphisms in Perl and Npas2 and ASD
(Nicholas et al., 2007). While the mechanistic basis for this
connection is still an enigma, these studies point to a connection
between circadian rhythms in development, sleep and ASD that
needs to be further studied.

SCN development

The function of the circadian clock in the developing brain
has been studied extensively, though certain aspects still remain
enigmatic. Rodent models provide evidence that although clock
genes are expressed early in development, rhythmic expression
of clock genes and metabolic rhythms occurs much later
[reviewed in Landgraf et al. (2014a)]. In humans, the SCN of
the fetus is identifiable between the end of the second trimester
and the beginning of the third trimester. Additional studies in a
variety of organisms support the SCN-dependent entrainment
of the fetus during gestation (Reppert and Schwartz, 1983,
1984; Schwartz et al., 1983; Weaver and Reppert, 1987). Though
the SCN synchronizing neuropeptides vasopressin (AVP) and
vasoactive intestinal polypeptide (VIP) are expressed at varying
stages of embryonic development in rodent models, in humans
they are detected at the 27th (AVP) and 31st (VIP) days of
pregnancy, both increasingly expressed in early life after birth.

The SCN originates with part of the neurepithelium
and throughout development specific genes characterize SCN
development. These include six homeobox 3 (six 3), Lim
homeodomain transcription factor 1 (Lim 1) and RAR-related
orphan receptor alpha (Rora) (VanDunk et al,, 2011). Though
the SCN structure emerges relatively early in development,
even before birth, its capacity to function as a synchronized
pacemaker, capable of controlling circadian physiology occurs
at later stages of development. This is probably due in part to
the relatively late emergence of synchronizing neuropeptides
such as AVP, which while detectable as early as the 27th
week of pregnancy in human embryonic hypothalamic tissue,
continues to increase in expression throughout the first year
after birth (Swaab et al., 1990). A similar increase in VIP neurons
during the first few years after birth has also been documented
(Swaab et al, 1994). A recent “omics” study addressing the
emergence of fetal SCN rhythms prior to the induction of the
canonical clock showed that early rhythms in genes involved
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Melatonin and Dopamine receptors detected in SCN area
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The development of the circadian system is initiated prior to birth. Between 18 and 24 weeks of age, melatonin and dopamine receptors are
detectable in the SCN. Soon after birth, many entrainment cues are passed to the baby through breast milk. At 8 weeks of age, cortisol rhythms
have emerged in the infant, and by 14 weeks of age, most babies show a diurnal sleep pattern. Finally, at 9 months of age, the baby is thought to

have a fully functional SCN.

in neurodevelopment and cell-cell communication could be
observed prior to consolidated clock gene rhythms (Greiner
2022). Fetal rhythms were highly dependent on the
rhythmicity of the pregnant rat, indicating that rhythmic

et al,

maternal cues are important for the development of fetal
SCN rhythmicity. Though limited studies have addressed the
temporal development of SCN efferent projections, one study
suggests that efferent growth may begin around P1 in hamster
pups, with a large increase in the density of SCN efferents to
known target sites occurring several days after birth (Muller and
Torrealba, 1998).

In humans, preterm infants demonstrate rhythmicity in
body temperature between 29 and 35 weeks or age (Mirmiran
and Kok, 1991), suggesting that body-wide rhythms may emerge
during pregnancy in advance of this time period. Though
temperature rhythms usually appear first in an infant, some
studies indicate that circadian rhythms in the sleep/wake cycle

Frontiers in Neural Circuits

05

appear shortly thereafter, at around 45 days of age, concomitant
with the time at which melatonin begins to sync with sunset
(McGraw et al.,, 1999). This relatively early onset of rhythms
in infants is probably attributable to both normal exposure to
natural light, as well as regular social cues.

Rhythms in plasticity

The circadian system is an important factor in neural
plasticity in the adult brain, which includes the cellular
and molecular changes in the nervous system that result in
regeneration and adaptation to the environment, which are
ultimately manifest at the level of memory and learning and
behavior. By modulating changes in hormone production, the
sleep-wake cycle, and neurotransmitters, the circadian system
is able to influence neural connections. When the circadian
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clock is ablated, neurological and behavioral abnormalities arise,
revealing the widespread role of the circadian system in the
brain. For example, Macaques lacking Bmall show reduced
sleep and increased activity during the sleep phase, as well
as symptoms of anxiety and depression (Qiu et al,, 2019). As
numerous synaptic molecules have oscillatory expression or
activity, it is not surprising that diurnal rhythms in plasticity
can affect cognitive functions like learning, memory, and mood.
For example, SCN P/Q- and T-type voltage-dependent calcium
channels are circadian in expression (Nahm et al., 2005), and
SCN neurons show circadian rhythms in intracellular calcium
concentrations (Colwell, 2000). Interestingly, while over 1,200
daily oscillations have been observed in the mammalian
hippocampal transcriptome under normal conditions, a rodent
model of epilepsy reveals even more daily transcriptomal
variation in the hippocampus, with little overlap in oscillating
events compared to control hippocampus (Debski et al,
2020). In this particular study, diurnal oscillation of the
oxidative phosphorylation pathway was present in the normal
hippocampus, but was absent in the mouse model of epilepsy.
Adenylyl cyclase activation and downstream MAPK activity,
two processes heavily involved in hippocampus-dependent
memory consolidation in the hippocampus are highly rhythmic
(Eckel-Mahan et al.,, 2008). In neurons, MAPK activity leads to
activation of the transcription factor CREB (Impey et al., 1998),
a transcription factor that is both light-inducible and highly
rhythmic in both the hippocampus and the SCN (Obrietan et al.,
1998, 1999). These studies serve as only a few of many examples
that pathways involved in neuronal activity and plasticity are
highly rhythmic in the brain, and might be exploited from
the context of disease diagnosis and drug treatment. Figure 3
depicts several of the molecular events known to be under
control in neurons, and which may eventually serve as targets
for the purposes of chronotherapy.

Circadian rhythms and plasticity in flies

Much information regarding the role of our 24-h
oscillations in neural plasticity has been accomplished by
research conducted using non-vertebrate models. Insects
have a considerably simplified nervous system and thus have
been key to unlocking the changes in neural growth. As
plasticity is often measured by changes in neuron morphology,
neural connectivity, and neuron generation, Drosophila
melanogaster have been a useful model in which to study and
measure plasticity.

The D. melanogaster nervous system is composed of
approximately 150 clock neurons, which are organized to both
synchronize and maintain circadian rhythms in the organism.
The fruit fly brain is divided into seven major groups based
on the anatomical locations. There are three groups of dorsal
neurons (DN, DN1-3) and four groups of lateral neurons (LNds,
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LPNs, 1-LNvs, and s-LNvs). The clock neuron clusters produce
and diurnally release the hormone pigment dispersing factor
(PDF), which is key for internal synchronization and clock
output pathways (Renn et al,, 1999). Altogether, the pacemaker
neurons regulate circadian rhythms in the brain and body of
the fly via hormonal and neural circuit connections. Pacemaker
neurons use leucokinin neuropeptide (LK) and its receptor (LK-
R) circuit to entrain locomotor rhythms and sleep in flies (Cavey
et al,, 2016). The dorsal terminals of the s-LNvs alter their
complexity throughout the day, having the highest arborization
in the morning (Fernandez et al,, 2008). At nighttime, axon
terminals of the s-LNv retract in an actin and myosin-mediated
mechanism, which is mediated by the circadian-regulated Rhol
protein (Petsakou et al.,, 2015). Using the GFP reconstitution
across synaptic partners (GRASP) technique to monitor synapse
connectivity in the s-LNvs revealed that these neurons can
engage in different synaptic connections throughout the day
(Gorostiza et al,, 2014). These diurnal changes in complexity
include a change in the number of synapses across 24-h. For
example, the number of motor neuron synapses in fruit flies
changes in both LD and DD conditions (Ruiz et al, 2013).
Moreover, optogenetic silencing experiments have revealed that
the LNv-DNIa circuit is responsible for time of day dependent
light responsiveness whereby DN1a neurons are remodeled at
an antiphase time to the remodeling of LNv neurons (Song
et al, 2021). Although the s-LNvs are important to circadian
timekeeping, recent work has shown that abrogating the s-LNvs
does not lead to significant circadian changes in the insect,
nor the functional output of s-LNv neurons. Instead, there is
a reduction in glutamate sensory neurotransmission, which in
turn disrupts the integration of environmental time cues (Song
et al, 2021). This suggests the neural plasticity in this clock
mediated LNV-DN1a network is critical for integrating sensory
inputs from light to gate circadian entrainment.

Circadian rhythms affect cognition in
mice

Though studying synaptic plasticity of the clock is more
difficult in mouse models than Drosophila, due to the relatively
defined number of clock neurons in Drosophila, there is
substantial evidence that the circadian clock plays a strong
role in learning and memory in rodent models. This section
will focus on the mechanisms by which short and long term
memory as well as long term potentiation (LTP) are thought
to be under control of the circadian clock system. It is well-
known that learning and memory are modulated throughout
the day. For example, rats trained to avoid a foot shock by
staying in one area of their chamber (known as a passive
avoidance task) display better learning and recall when trained
during the active phase versus the rest phase (Davies et al,
1973). This time of day (TOD) effect on learning and memory
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is present in many model organisms (Gerstner et al.,, 2009).
Within mouse models, global knockout of the circadian clock
via deletion of Bmall elicits substantial body wide changes
including deficits in learning, memory and mood (Price and
Obrietan, 2018). Because body wide loss of BMALI results
in poor health and severely accelerated aging (Kondratov
et al,, 2006), multiple tissue-specific knockout models have
been created. For example, nestin-driven brain-specific Bmall
knockout mice show hyperactivity, synaptic degeneration and
astrogliosis (Musiek et al, 2013). Conditional knockout of
Bmall only in the prefrontal neurons (leaving the SCN clock
fully functional) results in poor performance in TOD-dependent
learning and memory tests like novel object recognition and
the Barnes Maze tests. This particular mouse model indicates

that forebrain excitatory neurons are critical for the circadian
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effects on learning and memory. (Snider et al., 2016; Price and
Obrietan, 2018).

While circadian clock genes are known to be important
for normal learning and memory, some intracellular signaling
pathways important for neuronal function are thought to be
important in learning and memory based on their rhythmic
activation. For example, the mitogen activated protein kinase
interacting kinase (MNK)-eukaryotic translation initiation
factor-4E eIF4E pathway has previously been shown to regulate
mRNA translation and modulates SCN function (Liu et al,
2022). Phosphorylation of eIF4E occurs in a diurnal fashion
throughout neurons. Mice in which eIF4E phosphorylation is
prevented by mutation of MNKs (which phosphorylate eIF4E),
show impaired diurnal variation of cognitive functions like

memory and learning (Liu et al., 2022).
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While the ERK/MAPK pathway is light-driven in the SCN,
SCN rhythmicity is necessary for rhythmic ERK/MAPK activity
in the hippocampus. Both global Bmall KO mice and mice with
lesioned SCNs lack diurnal hippocampal ERK phosphorylation
(Phan et al, 2011). It is has been demonstrated that the
SCN-derived ERK/MAPK inhibitor, suprachiasmatic nucleus
circadian oscillatory protein (SCOP), regulate in part these
hippocampal rhythms in ERK activity. Nucleotide-free Ras
protein binds to GTP to activate the ERK/MAPK cascade;
however, when SCOP is present, it sequesters Ras. Typically
SCOP is degraded when neural firing leads to Ca2 + influx
activating calpain, a calcium dependent protease which degrades
SCOP (Shimizu et al, 2007). During the nighttime, SCOP
localized to the membrane raft, is at its zenith. Interestingly,
TOD-dependent hippocampal ERK activation is absent in SCOP
knockout mice (Shimizu et al., 2016). Thus, the production
of SCOP by the SCN is likely important for ERK-mediated
activation leading to circadian effects on learning and memory.

An essential cue for the brain’s clock is the production and
secretion of the stress hormone cortisol, either in response to
or in anticipation of internal or external cues. Under prolonged
stress, CRH neurons increase production of cortisol. Long-
term elevations in cortisol are linked to synaptic loss and
branch atrophy in cortical and subcortical areas, ultimately
leading to problems in cognition (Popoli et al., 2011; Csabai
et al, 2018). In mice exposed to aberrant light cycles,
depressive-like behaviors have been demonstrated, as well as
a rise in serum corticosterone levels (LeGates et al.,, 2012).
Moreover, hippocampal learning and memory, as assessed by
the Morris Water Maze and novel object recognition tasks
are also impaired by altered exposure to the light/dark cycle.
Glucocorticoid rhythms promote rapid post-synaptic dendritic
spine growth after motor skill learning, with decreased amounts
of glucocorticoids needed to stabilize newly formed spines and
thus enable long-term memory formation (Liston et al., 2013).
In contrast, the mineralocorticoid receptor activation pathway
can suppress spine formation.

Circadian rhythms, plasticity, and sleep

While homeostatic mechanisms are partly responsible for
regulation of sleep, circadian rhythms in the brain also
play an integral role. Recently, the “State Clock” model has
been proposed, which suggests that many of the synaptic
changes driven by the sleep-wake cycle are in fact driven
by the circadian clock (Frank and Cantera, 2014). The role
of sleep in plasticity is multifaceted. For example, the fruit
fly has increased motor neuron synapses during sleep, while
also having decreased axonal processes of mushroom body
gamma neurons following sleep (Weiss and Donlea, 2021).
In mice, sleep deprivation results in robust transcriptional
and translational changes, revealing that multiple biological
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pathways are ultimately affected. One such manifestation can
be seen in the somatosensory cortex, which has more excitatory
synapses during the daytime and increased inhibitory synapses
during the nighttime (Jasinska et al., 2014, 2015). Thus, similar
to flies, the timing of sensory inputs may regulate the mouse’s
synaptic density in the somatosensory cortex.

Melatonin, which is integral to the sleep-wake cycle, is also
thought to have a role in the timing of hippocampus-mediated
learning. Melatonin receptors are present in the hippocampus
and when the melatonin 2 receptors are knocked out in mice,
there is impairment of long-term potentiation, a plasticity
thought to serve as the foundation for long term memory
formation (Larson et al., 2006). Furthermore, C57/BL6 mice,
which are deficient in melatonin, treated with melatonin in the
evening display better working memory performance in the
daytime (Jilg et al, 2019). Mice lacking melatonin receptors
or mice with surgically removed pineal glands, were shown
to score lower in spatial learning tests, regardless of daytime
or nighttime. This suggests melatonin receptor signaling is
responsible for the improved learning seen during the daytime
in mice.

Other ways to study the relationship of sleep and circadian
rhythms in plasticity is by disrupting rhythms. For example,
to model the effects of shift work schedules, rodents can be
placed in a simulated shift work schedule using forced activity
during their rest phases to simulate the night shift (Marti et al,,
2020). Interestingly, rats subjected to shift work followed by
cognitive testing showed substantially impaired spatial memory.
Subsequent analysis of the brain tissue from these rats reflected
altered clock-driven protein expression in the prefrontal cortex
along with altered corticosterone levels. These preclinical
studies may highlight some of the underlying mechanisms
leading to reduced cognitive performance of humans under
shift work (Rouch et al, 2005; Devore et al, 2013). In
developing adolescents, consistent long-term disruption of
circadian rhythms, often via disruption of the sleep/wake cycle
is associated with an increased predisposition for addiction
and substance abuse in adolescents (Logan et al.,, 2018). It is
thought that changes in the sleep/wake cycle may impact the
risk/reward balance in adolescents. This is further supported by
recent findings wherein researchers compared transcriptional
rhythms in the brains of patients with and without opioid
use disorder. Using time of death as a marker of time of
day, this study revealed fewer rhythmic transcripts in the
dorsolateral prefrontal cortex of deceased individuals with
opioid use disorder compared to control individuals, while
in the nucleus accumbens (NAc) the number of rhythmic
transcripts was nearly double compared to controls (Xue
et al., 2022). Furthermore, analysis of the NAc revealed that
transcripts heavily involved in dopamine (DA), GABAergic,
and glutamatergic synaptic functions were altered between
control and opioid use disorder individuals. Lastly, the rhythmic
transcripts found in the NAc and the dorsolateral prefrontal
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cortex of patients with opioid use disorder were enriched for
genomic loci associated with sleep-related issues (Xue et al,
2022). In summary, studies in humans are beginning to more
fully reveal potential mechanisms involved in the relationships
between sleep, circadian rhythms, and neural plasticity.

Circadian rhythms and mood

Psychiatric disorders are linked to the circadian clock. In
the late 1980s, the “Social Zeitgeber Theory” postulated that
in some individuals with predisposed risk for mood-related
disorders, stressful life events lead to changes in the sleep-wake
cycle, which alters molecular and cellular rhythms resulting
in an increased risk for mood-related disorders (Ehlers et al.,
1988). Growing support for this theory has been generated in
several clinical and preclinical studies, which have underscored a
connection between chronodisruption and mood or behavioral
changes (Germain and Kupfer, 2008; Howland, 2009; McClung,
2013; Landgraf et al., 2014b). Genetic screening of individuals
with psychiatric illness reveal a common occurrence of
polymorphisms in 21 circadian clock genes (Etain et al.,, 2014).
Furthermore, preclinical evidence of a clock regulated aspect to
psychiatric illnesses is the clock delta 19 mutant mouse model,
an arrhythmic mouse, which displays mania-like behavior
(Roybal et al, 2007). One human study addressing circadian
rhythms in depressed individuals monitored body temperature,
cortisol, norepinephrine, thyroid stimulating hormone, and
melatonin, comparing depressed individuals to “recovered”
individuals treated with anti-depressants or normal subjects.
Compared to recovered and normal subjects, rhythms of
depressed individuals showed reduced amplitude; however,
following recovery their rhythms return to normal amplitude
(Souétre et al, 1989). Many current treatments for mood
disorders aid in shifting or stabilizing circadian rhythms of
the individual (Kripke et al., 1978; Gottlieb et al., 2021; Silva
etal, 2021). However, it is often difficult to distinguish whether
the disruption of the circadian clock is a result of the changes
in mood or rather the initiator of the mood disorder (Silva
et al, 2021). The evidence presented here further supports
the circadian system as an active participant in crucial brain
functions to regulate mood and behavior via plasticity.

Aberrant synaptic plasticity often characterizes psychiatric
illnesses. One hypothesis is that neurotransmission is impaired
in psychiatric illness leading to synaptic remodeling. Decreased
DA levels are associated with depression, while increased levels
appear to contribute to mania (Berk et al,, 2007). DA has 24-
h oscillations in the striatum and NAc that are reduced by
light (Castafieda et al., 2004). In vivo recording of dopaminergic
neurons in clock delta 19 mutant mice, which display mania
like behavior, have revealed increased firing and bursting of
the dopaminergic neurons in the ventral tegmental area (VTA)
(McClung et al, 2005). When CLOCK is expressed only
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in the VTA of clock mutant mice, the mania-like behavior
is substantially diminished, indicating that CLOCK protein
may mediate mania-like behavior, potentially by affecting
neurotransmitters like DA (Roybal et al., 2007). Interestingly,
hypothalamic expression of DA in rats can actually be switched
to the somatostatin neurotransmitter by mimicking a summer
versus winter day length (Dulcis et al, 2013). Following the
switch to somatostatin, rats also display parallel changes in
the post-synaptic expression and increased anxiety behaviors
(Dulcis et al., 2013). Altogether it is likely through a mixture
of changes in synaptic plasticity and neurotransmission that
our internal clocks can mediate our mood (McClung, 2013;
Bechtel, 2015).

Circadian rhythms in the central
nervous system during aging

It is well known that our normally robust circadian cycle
loses robustness during aging. A good example of this is
the fragmentation of the sleep/wake cycle commonly seen in
elderly adults. Dampened rhythms in physiology and behavior
are supported by molecular observations at the cell and
tissue levels. Multiple metabolic pathways supporting neuronal
activity are dampened with age, and may precipitate aging-
related cognitive decline.

One such pathway which decays over time is the SIRT1
pathway in the SCN. One study by Chang et al. (Chang and
Guarente, 2013) showed that SIRT1, the NAD+-dependent
protein deacetylase, participates in a circadian amplifying loop
with PGC-1lalpha and Nampt to regulate Bmall transcription.
In aged mice, SIRT1 expression is highly reduced along with
other circadian molecules, leading to disruptive activity and a
reduced capacity to adapt to changes in the light cycle. Young
mice lacking SIRT1 expression display similar circadian issues
as the aged mice. Moreover, when SIRT1 was overexpressed in
the brains of aged mice, the aged mice were protected from
the age associated circadian issues (Chang and Guarente, 2013).
Thus, SIRT1 likely contributes to SCN mediated rhythms which
decline over time.

Multiple studies have validated the diurnal variation in
the onset of cerebrovascular disease [reviewed in Fodor et al.
(2021)]. Interestingly, there is a significantly higher onset of
ischemic stroke (IS) onset in the morning compared to other
times of the day. The reasons for this are complex, but due to
the fact that normotensive and hypertensive individuals have
similar circadian rhythms in IS onset, the diurnal incidence is
thought to be attributable at least in part to circadian variations
in blood pressure. The diurnal variance is also thought to be
potentially dependent on hypercoagulability in the morning
compared to other circadian times (Kapiotis et al., 1997). While
blood viscosity is highest in the morning, tissue plasminogen
activator (tPA) activity as at its circadian nadir (Kurnik, 1995).
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Aging associated diseases of the
central nervous system

In aging-associated diseases of the brain, such as
the highly
Interestingly, new evidence suggests that the circadian

Alzheimer’s, sleep/wake cycle is impaired.
clock may be heavily involved in this effect of AD on sleep
(Chauhan et al., 2017; Musiek et al., 2018; Hablitz et al., 2020;
Clark et al, 2022; Hoyt and Obrietan, 2022). For example,
a recent study suggests that turnover of the cerebrospinal
fluid occurs in a circadian fashion (Hablitz et al, 2020).
Furthermore, phagocytosis of amyloid beta precursors is
time-of-day dependent (Clark et al., 2022). Thus the processes
that may prevent the onset or progression of AD may be under
circadian control. Modeling sleep-dependent clearance of waste
in the brain predicts timescales of tau accumulation that are
consistent with the development of Alzheimer’s disease (Tekieh
et al, 2022). The circadian regulation of glymphatics in AD
progression is an exciting area that will undoubtedly assist in our
understanding of the links between aging and cognitive decline.
Changes in memory vary drastically as between individuals
during aging. Some of this variation in memory loss as we age
has a circadian component. Multiple studies have shown that
fear conditioning memory is more efficient if carried out during
the daytime than the nighttime (Chaudhury and Colwell, 2002;
Eckel-Mahan et al., 2008). Long term potentiation (LTP) is key
to memory formation and is regulated in a circadian fashion
in the hippocampus (Chaudhury et al, 2005). Research has
begun to make headway in understanding the circadian role in
the synaptic plasticity of long term potentiation (LTP). Using
electrophysiological hippocampal slice recording, disinhibition
of hippocampal neurons by recurrent inhibitory GABAergic
input has been shown to modulate LTP (Nakatsuka and
Natsume, 2014). The molecular pathway of LTP is regulated
by activation of the cyclic adenosine monophosphate response
element (CREB) though MAPK and cAMP pathways. In mice,
the hippocampus undergoes oscillatory changes in cAMP
and CREB phosphorylation throughout the day. Interestingly,
in the absence of PERI1 protein, memory-induced CREB
phosphorylation, which normally occurs during the daytime,
is completely absent (Rawashdeh et al., 2016). Furthermore,
in WT mice, the CREB kinase pP90RSK interacts with PER1
to mediate its translocation into the nucleus. When PERI
expression is abolished, pP90RSK does not undergo nuclear
translocation, preventing CREB phosphorylation and activation
of gene transcription. Thus PERI interacts with the CREB
kinase pP90RSK to gate CREB activation in learning and
memory (Rawashdeh et al,, 2016). In aged mice, these rhythms
are often dampened and the mice display reduced memory
performance suggesting a circadian mediated role in memory
formation that is reduced in the aging brain.

An important protein linking circadian rhythms and
neuronal function is glycogen synthase kinase beta 3 (GSK3),
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whose diurnal activity regulates hippocampal clock gene
expression and plasticity and is correlated with enhanced
nighttime LTP (Besing et al.,, 2017). It is not fully understood
how GSK3p may mediate LTP, however, one can posit that it
may be impart via its ability to promote membrane localization
of NMDA receptors (Chen et al., 2007). When consistently
activated in a GSK3B knock in mouse, diurnal LTP is still
observed suggesting the GSK3p pathway is not the only one
involved in temporally gating LTP. ERK, which is another
kinase under circadian control in the hippocampus, is also
involved in LTP. ERK can regulate potassium channels to
increase neuronal excitability in the hippocampus (Impey et al,,
1998). Both GSK3p and ERK are circadian regulated kinases
capable of altering the hippocampal landscape and implicated
in age-related memory loss.

In fruit flies, aging is also associated with a decline in
circadian rhythms of activity and the PDF hormone. Specifically,
one study compared 1—, 30—, 40—, and 50-day old flies
and revealed that there was an age-associated decline in PDF
(Umezaki et al,, 2012). Additionally, the anticipatory activity
to the light dark cycle is reduced throughout aging, based on
monitoring fly locomotion (Curran et al.,, 2019). s-LNv PDF
terminal remodeling is reduced in 30 day old flies. In addition,
while whole cell patch clamp electrophysiology recording from
young and aged I-LNv neurons revealed no major difference
between spontaneous activities, input resistance was reduced
as an effect of age. Interestingly, in mice, the input resistance
is not majorly affected across age; however, in vivo electrical
activity of mouse neurons, and in organotypic slices the day-
night firing rates vary diurnally (Nakamura et al., 2011; Farajnia
etal, 2012). It is important to note that melatonin, the rhythms
of which decrease in amplitude in aged individuals, is tied
to time of day dependent LTP (Jilg et al.,, 2019). Comparing
WT mice to melatonin knockout mice, reveals that day/night
synaptic weight differences are missing in melatonin-deficient
mice along with altered CREB rhythms. Thus, melatonin may
mediate synaptic weights in a diurnal fashion, which entrains
memory formation (Jilg et al., 2019).

Some studies suggest that there may be roles for circadian
clock genes in memory that extend beyond their participation in
the 24-h transcriptional/translational feedback loop of the core
clock (Kwapis et al., 2018). For example, Kwapis et al. (2018)
demonstrate that the repressive histone deacetylase (HDAC3),
which alters gene expression via epigenetic mechanisms,
contributes to age-related memory impairment by inhibiting
Perl expression and acetylation, while not affecting rhythmicity
of the SCN or the organism. Interestingly, Perl overexpression
in the dorsal hippocampus was sufficient to restore aging-
associated deficits in object location memory. Though not
directly shown in this study, since PER1 is upstream of CREB
phosphorylation (Rawashdeh et al., 2016), it may be that age-
associated decline in PER1 abundance limits CREB-driven gene
expression in the hippocampus.
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Exercise and the plasticity in the aging
brain

Increasing evidence points to a protective effect of exercise
on neuronal activity throughout aging. Like light and energy
intake, physical activity affects both sleep and circadian rhythms.
Timed daily exercise has been shown to act as a zeitgeber,
which can reset and remodel circadian rhythms in mice (Choi
et al,, 2020; Hughes et al., 2021). Evidence points to exercise-
induced alterations in peripheral rhythms as important for
sleep modulation. For example, tissue specific rescue of Bmall
expression in skeletal muscle of whole body Bmall-knockout
can alter the sleep-wake cycle, and overexpression of BMAL1
in skeletal muscle can reduce the recovery response to sleep
loss in mice (Ehlen et al., 2017). In mice, even the introduction
of a running wheel in aged mice not previously exposed to
wheel running, can lead to changes toward a younger brain
phenotype (Panagiotou et al., 2018). Even moderate amounts of
exercise have been demonstrated to improve cognitive functions
in elderly individuals (Carta et al., 2021). Sleep studies looking
at sleeping patterns in older men before and after chronic
exercise, shows that sleep quality improves following exercise
(Melancon et al., 2015). The benefits of exercise on the brain are
not fully understood; however, some studies link the hormone
BDNF and to changes in plasticity in areas like the hippocampus
(Aguiar et al,, 2011). The circadian regulated hormone Brain-
derived neurotrophic factor (BDNF) is critical in synaptic
formation for shaping learning and memory (Schaaf et al,
2000; Messaoudi et al., 2002; Kowianski et al., 2018). Exercise
induces BDNF production in the brain, which corresponds with
improved cognitive performance and mood (Vaynman et al.,
2004a,b). While BDNF has numerous mechanisms of action,
it promotes TrkB-mediated induction of glutamate receptor
subunit expression and synaptic delivery of AMPA receptors
in the hippocampus (Caldeira et al., 2007; Fortin et al., 2012).
This indicates BDNF has an ability to modulate local plasticity at
synapses. In addition, via interaction with a truncated TrkB.T1,
BDNF stimulates Nrf2 transcription in astrocytes during the
rest phase. Production of Nrf2, a redox sensitive transcription
factor, aids in protecting astrocytes from the buildup of
reactive oxygen species during the rest phase (Ishii et al,
2019). The BDNF-TRKB pathway also activates clock-regulated
mammalian target of rapamycin complex (mTORI1), which acts
as a neuronal response regulator by modulating production
of proteins necessary for spines and synapses (Henry et al,
2012; McCabe et al, 2020). Interestingly, N-acetyl serotonin
can also activate the TrkB receptor, increasing its activity at
night compared to the day (Jang et al, 2010). Even short
bouts of exercise in rats is sufficient to stimulate an increased
production of BDNE, which is accompanied by elevated cAMP
and CREB in the hippocampus of aged rats (Aguiar et al., 2011).
Thus, BDNF and its signaling cascade contribute to rhythmic
activity in vivo. Collectively, these studies support the idea that
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exercise is a way to slow cognitive decline throughout aging.
Whether the entrainment effects of exercise shape plasticity
in the brain preventing age-associated cognitive decline, or
whether exercise works via other more important non-timing
dependent pathways to ward off the physiological wear of time
is not fully clear. However, it is clear that diurnal exercise
offers a solution to improving circadian rhythms and slowing
age-related cognitive decline.

Conclusions and future directions

In conclusion, regulation of the nervous system by the
circadian system occurs early in development and extends
throughout life. While early disruption of rhythms can lead to
cognitive and behavioral defects later in development, aging
appears to also promote cognitive decline by dampening clock
function. Thus, preserving a robust internal clock may one of the
most important mechanisms by which to delay age-associated
cognitive decline.

Recently, numerous pharmacological and behavioral
manipulations have been tested, largely using preclinical
models, to determine whether augmenting clock function can
increase circadian robustness throughout aging and prevent
cognitive decline (He et al., 2016; Kim et al., 2021; Wirianto et al.,
2022). For example, studies using a natural flavonoid Nobiletin
(NOB), which is also a modulator of the circadian clock, reveal
that augmenting clock function may be a mechanism by which
to delay cognitive decline throughout aging and particularly,
in the context of AD. NOB is a natural polymethoxylated
flavone, which functions as a clock amplitude-enhancing small
molecule. In the context of diet-induced obesity, it can mitigate
metabolic effects associated with diet-induced obesity in a
Clock-dependent manner (He et al,, 2016). Interestingly, NOB
has been shown to affect astrogliosis in a mouse model of AD,
and NOB was also shown to reduce the expression of several
AD-driving genes in female AD mice, in particular (Kim et al.,
2021; Wirianto et al,, 2022). NOB works predominantly as a
retinoic acid receptor-related orphan receptor (ROR) agonist,
and has been shown to have anti-tumor effects in the context of
triple negative breast cancer, where it alters NF-kB activity in a
ROR-dependent manner (Kim et al., 2022). More studies will be
needed to determine the extent to which the preclinical studies
showing NOB effects on AD-related genes may be extended to
the human brain throughout aging and disease.

Light, which plays an important role in the relationship
between circadian rhythms in the brain and mood, offers a
potential therapeutic opportunity for individuals with circadian
related disruption. Most notably, seasonal affective disorder
(SAD), characterized by seasonal depression during the onset
of winter when environmental light is limited compared to
other seasons, is a prime example of how light entrainment
can alter mood. The treatment for SAD was first tested on
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seasonally manic depressive patients who were given 3 h of
artificial bright light exposure upon awakening (Rosenthal
et al,, 1984). The light treatment greatly ameliorated their
depressive symptoms. However, when the treatment was
stopped the patients depressive symptoms returned, indicating
the immediate and temporary affect light entrainment played
in subjects’ mood. While light has ameliorating effects when
applied during the daytime in humans, chronic light at night
can induce depressive symptoms (Bedrosian and Nelson, 2013;
Obayashi et al., 2013, 2014). Viral tracing studies have revealed a
pathway from the light-sensitive retinal ganglion cells (IpRGCs)
to the dorsal habenular nucleus (dpHb) to the NAc that mediates
light at night-induced depression (An et al, 2020). These
findings highlight light therapy as a powerful non-invasive
therapeutic for individuals suffering from circadian related
mental health problems.

In conjunction with light therapy the use of melatonin
supplements can be an effective mechanism to phase shift
the circadian clock. In elderly individuals who are more
prone to circadian misalignment, melatonin production is
greatly reduced. Controlled release of melatonin offers a
method to improve sleep quality in the elderly with low side
effects (Garfinkel et al, 1995). Additionally, in some blind
individuals not entrained to the light/dark cycle, melatonin
supplementation can assist with entrainment (Lockley et al,
2000). In the context of travel across time zones or even social jet
lag, melatonin can function as both a preventative treatment or a
ameliorative treatment for circadian misliagnment (Herxheimer
and Petrie, 2001). Although melatonin can be used as
chronotherapy, more research is needed to fully understand why
some individuals are more responsive to others in behavioral
response. While light and melatonin are commonly used to
treat circadian misalignment, another behavioral method used
to reinforce the internal biological clock is time-restricted
feeding, which can dramatically increase robustness of the
peripheral clocks, delay diet-induced metabolic disease, and

References

Acosta-Rodriguez, V., Rijo-Ferreira, F., Izumo, M., Xu, P., Wight-Carter, M.,
Green, C. B,, et al. (2022). Circadian alignment of early onset caloric restriction
promotes longevity in male C57BL/6] mice. Science 376, 1192-1202. doi: 10.1126/
science.abk0297

Aguiar, A. S. Jr,, Castro, A. A., Moreira, E. L., Glaser, V., Santos, A. R,, Tasca,
C. I, et al. (2011). Short bouts of mild-intensity physical exercise improve spatial
learning and memory in aging rats: Involvement of hippocampal plasticity via
AKT, CRE'B and BDNF signaling. Mech. Ageing Dev. 132, 560-567. doi: 10.1016/
j.mad.2011.09.005

Ameen, R. W., Warshawski, A., Fu, L., and Antle, M. C. (2022). Early life
circadian rhythm disruption in mice alters brain and behavior in adulthood. Sci.
Rep. 12:7366. doi: 10.1038/s41598-022-11335-0

An, K., Zhao, H., Miao, Y., Xu, Q., Li, Y., Ma, Y., et al. (2020). A circadian
rhythm-gated subcortical pathway for nighttime-light-induced depressive-like
behaviors in mice. Nat. Neurosci. 23, 869-880. doi: 10.1038/s41593-020-0640-8

Frontiers in Neural Circuits

12

10.3389/fncir.2022.1059229

promote healthy aging (Hatori et al, 2012; Chaix et al,
2014, 2019; Acosta-Rodriguez et al.,, 2022). It remains to be
determined whether implementing such approaches earlier
during development would improve cognition throughout
aging.

In summary, preservation of our internal biological clock
at all stages of life appears to be critical for optimal brain
development, sleep, and cognition. A deeper understanding
of the dynamic 24-h function within the central nervous
system at all stages of development promises to be important
for promoting maximal central nervous system function
throughout aging and potentially, chronotherapy for a variety
of mental illnesses.

Author contributions

RVD and KE-M both contributed to the writing of the
manuscript and jointly approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Anders, T. F., and Keener, M. (1985). Developmental course of nighttime sleep-
wake patterns in full-term and premature infants during the first year of life. I.
Sleep 8,173-192. doi: 10.1093/sleep/8.3.173

Bechtel, W. (2015). Circadian rhythms and mood disorders: Are the phenomena
and mechanisms causally related? Front. Psychiatry 6:118. doi: 10.3389/fpsyt.2015.
00118

Bedrosian, T. A., and Nelson, R. J. (2013). Influence of the modern light
environment on mood. Mol. Psychiatry 18, 751-757. doi: 10.1038/mp.2013.70

Berk, M., Dodd, S., Kauer-Sant’anna, M., Malhi, G., Bourin, M., Kapczinski, F.,
et al. (2007). Dopamine dysregulation syndrome: Implications for a dopamine
hypothesis of bipolar disorder. Acta Psychiatr. Scand. Suppl. 116, 41-49. doi:
10.1111/j.1600-0447.2007.01058.x

Besing, R. C., Rogers, C. O., Paul, J. R., Hablitz, L. M., Johnson, R. L., McMahon,
L. L, et al. (2017). GSK3 activity regulates rhythms in hippocampal clock gene

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://doi.org/10.1126/science.abk0297
https://doi.org/10.1126/science.abk0297
https://doi.org/10.1016/j.mad.2011.09.005
https://doi.org/10.1016/j.mad.2011.09.005
https://doi.org/10.1038/s41598-022-11335-0
https://doi.org/10.1038/s41593-020-0640-8
https://doi.org/10.1093/sleep/8.3.173
https://doi.org/10.3389/fpsyt.2015.00118
https://doi.org/10.3389/fpsyt.2015.00118
https://doi.org/10.1038/mp.2013.70
https://doi.org/10.1111/j.1600-0447.2007.01058.x
https://doi.org/10.1111/j.1600-0447.2007.01058.x
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

Van Drunen and Eckel-Mahan

expression and synaptic plasticity. Hippocampus 27, 890-898. doi: 10.1002/hipo.
22739

Bokenberger, K., Sjolander, A., Aslan, A. K., Karlsson, I. K., Akerstedt, T., and
Pedersen, N. L. (2018). Shift work and risk of incident dementia: A study of two
population-based cohorts. Eur. J. Epidemiol. 33, 977-987. doi: 10.1007/s10654-
018-0430-8

Cai, C., Vandermeer, B., Khurana, R, Nerenberg, K. Featherstone, R,
Sebastianski, M., et al. (2019). The impact of occupational shift work and working
hours during pregnancy on health outcomes: A systematic review and meta-
analysis. Am. J. Obstet. Gynecol. 221, 563-576. doi: 10.1016/j.aj0g.2019.06.051

Caldeira, M. V., Melo, C. V., Pereira, D. B., Carvalho, R., Correia, S. S., Backos,
D. S., et al. (2007). Brain-derived neurotrophic factor regulates the expression
and synaptic delivery of alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptor subunits in hippocampal neurons. J. Biol. Chem. 282, 12619-12628.
doi: 10.1074/jbc.M700607200

Carta, M. G., Cossu, G., Pintus, E., Zaccheddu, R,, Callia, O., Conti, G, et al.
(2021). Moderate exercise improves cognitive function in healthy elderly people:
Results of a randomized controlled trial. Clin. Pract. Epidemiol. Ment. Health 17,
75-80. doi: 10.2174/1745017902117010075

Castafieda, T. R., Prado, B. M., Prieto, D., and Mora, F. (2004). Circadian
rhythms of dopamine, glutamate and GABA in the striatum and nucleus
accumbens of the awake rat: Modulation by light. J. Pineal. Res. 36, 177-185.
doi: 10.1046/j.1600-079X.2003.00114.x

Cavey, M., Collins, B., Bertet, C., and Blau, J. (2016). Circadian rhythms in
neuronal activity propagate through output circuits. Nat. Neurosci. 19, 587-595.
doi: 10.1038/nn.4263

Chaix, A, Lin, T., Le, H., Chang, M., and Panda, S. (2019). Time-restricted
feeding prevents obesity and metabolic syndrome in mice lacking a circadian
clock. Cell Metab. 29, 303-319.e4. doi: 10.1016/j.cmet.2018.08.004

Chaix, A., Zarrinpar, A., Miu, P., and Panda, S. (2014). Time-restricted feeding is
a preventative and therapeutic intervention against diverse nutritional challenges.
Cell Metab. 20, 991-1005. doi: 10.1016/j.cmet.2014.11.001

Chang, H. C,, and Guarente, L. (2013). SIRT1 mediates central circadian control
in the SCN by a mechanism that decays with aging. Cell 153, 1448-1460. doi:
10.1016/j.cell.2013.05.027

Chaudhury, D., and Colwell, C. S. (2002). Circadian modulation of learning and
memory in fear-conditioned mice. Behav. Brain Res. 133, 95-108. doi: 10.1016/
S0166-4328(01)00471-5

Chaudhury, D., Wang, L. M., and Colwell, C. S. (2005). Circadian regulation of
hippocampal long-term potentiation. J. Biol. Rhythms 20, 225-236. doi: 10.1177/
0748730405276352

Chauhan, R., Chen, K., Kent, B. A., and Crowther, D. C. (2017). Central and
peripheral circadian clocks and their role in Alzheimer’s disease. Dis. Model Mech.
10, 1187-1199. doi: 10.1242/dmm.030627

Chen, P.,, Gu, Z, Liu, W, and Yan, Z. (2007). Glycogen synthase kinase
3 regulates N-methyl-D-aspartate receptor channel trafficking and function in
cortical neurons. Mol. Pharmacol. 72, 40-51. doi: 10.1124/mol.107.034942

Cho, K., Ennaceur, A., Cole, J. C., and Suh, C. K. (2000). Chronic jet lag produces
cognitive deficits. J. Neurosci. 20:RC66. doi: 10.1523/J]NEUROSCI.20-06-j0005.
2000

Choi, Y., Cho, J., No, M., Heo, J., Cho, E., Chang, E., et al. (2020). Re-setting
the circadian clock using exercise against sarcopenia. Int. J. Mol. Sci. 21:3106.
doi: 10.3390/ijms21093106

Clark, G. T,, Yu, Y., Urban, C. A, Fu, G., Wang, C.,, Zhang, F,, et al. (2022).
Circadian control of heparan sulfate levels times phagocytosis of amyloid beta
aggregates. PLoS Genet. 18:¢1009994. doi: 10.1371/journal.pgen.1009994

Colwell, C. S. (2000). Circadian modulation of calcium levels in cells in the
suprachiasmatic nucleus. Eur. J. Neurosci. 12, 571-576. doi: 10.1046/j.1460-9568.
2000.00939.x

Csabai, D., Wiborg, O., and Czeh, B. (2018). Reduced synapse and axon numbers
in the prefrontal cortex of rats subjected to a chronic stress model for depression.
Front. Cell. Neurosci. 12:24. doi: 10.3389/fncel.2018.00024

Cubero, J., Valero, V., Sanchez, J., Rivero, M., Parvez, H., Rodriguez, A. B., et al.
(2005). The circadian rhythm of tryptophan in breast milk affects the rhythms of
6-sulfatoxymelatonin and sleep in newborn. Neuro Endocrinol. Lett. 26, 657-661.

Curran, J. A., Buhl, E,, Tsaneva-Atanasova, K., and Hodge, J. J. (2019). Age-
dependent changes in clock neuron structural plasticity and excitability are
associated with a decrease in circadian output behavior and sleep. Neurobiol. Aging
77,158-168. doi: 10.1016/j.neurobiolaging.2019.01.025

Davies, J. A., Navaratnam, V., and Redfern, P. H. (1973). A 24-hour rhythm
in passive-avoidance behaviour in rats. Psychopharmacologia 32, 211-214. doi:
10.1007/BF00428692

Frontiers in Neural Circuits

13

10.3389/fncir.2022.1059229

Debski, K. J., Ceglia, N., Ghestem, A., Ivanov, A. I, Brancati, G. E., Brder,
S., et al. (2020). The circadian dynamics of the hippocampal transcriptome and
proteome is altered in experimental temporal lobe epilepsy. Sci. Adv. 6:eaat5979.
doi: 10.1126/sciadv.aat5979

Devore, E. E., Grodstein, F., and Schernhammer, E. S. (2013). Shift work and
cognition in the nurses’ health study. Am. J. Epidemiol. 178, 1296-1300. doi:
10.1093/aje/kwt214

Doan, T., Gay, C. L., Kennedy, H. P, Newman, J., and Lee, K. A. (2014).
Nighttime breastfeeding behavior is associated with more nocturnal sleep among
first-time mothers at one month postpartum. J. Clin. Sleep Med. 10, 313-319.
doi: 10.5664/jcsm.3538

Drake, C. L., Roehrs, T., Richardson, G., Walsh, J. K., and Roth, T. (2004). Shift
work sleep disorder: Prevalence and consequences beyond that of symptomatic
day workers. Sleep 27, 1453-1462. doi: 10.1093/sleep/27.8.1453

Dulcis, D., Jamshidi, P., Leutgeb, S., and Spitzer, N. C. (2013). Neurotransmitter
switching in the adult brain regulates behavior. Science 340, 449-453. doi: 10.1126/
science.1234152

Eckel-Mahan, K. L., Phan, T., Han, S., Wang, H., Chan, G. C,, Scheiner, Z. S.,
et al. (2008). Circadian oscillation of hippocampal MAPK activity and cAMP:
Implications for memory persistence. Nat. Neurosci. 11, 1074-1082. doi: 10.1038/
nn.2174

Ehlen, J. C., Brager, A., Baggs, J., Pinckney, L., Gray, C., DeBruyne, J., et al.
(2017). Bmall function in skeletal muscle regulates sleep. Elife 6:¢26557. doi:
10.7554/eLife.26557

Ehlers, C. L., Frank, E., and Kupfer, D. J. (1988). Social zeitgebers and biological
rhythms. A unified approach to understanding the etiology of depression.
Arch. Gen. Psychiatry 45, 948-952. doi: 10.1001/archpsyc.1988.0180034007
6012

Engler, A. C., Hadash, A., Shehadeh, N., and Pillar, G. (2012). Breastfeeding may
improve nocturnal sleep and reduce infantile colic: Potential role of breast milk
melatonin. Eur. J. Pediatr. 171, 729-732. doi: 10.1007/s00431-011-1659-3

Etain, B., Jamain, S., Milhiet, V., Lajnef, M., Boudebesse, C., Dumaine, A., et al.
(2014). Association between circadian genes, bipolar disorders and chronotypes.
Chronobiol. Int. 31, 807-814. doi: 10.3109/07420528.2014.906445

Fang, K., Liu, D., Pathak, S. S., Yang, B., Li, J., Karthikeyan, R., et al. (2021).
Disruption of circadian rhythms by ambient light during neurodevelopment leads
to autistic-like molecular and behavioral alterations in adult mice. Cells 10:3314.
doi: 10.3390/cells10123314

Farajnia, S., Michel, S., Deboer, T., vanderLeest, H. T., Houben, T., Rohling,
J. H,, et al. (2012). Evidence for neuronal desynchrony in the aged suprachiasmatic
nucleus clock. J. Neurosci. 32, 5891-5899. doi: 10.1523/J]NEUROSCI.0469-12.
2012

Fernandez, M. P., Berni, J., and Ceriani, M. F. (2008). Circadian remodeling of
neuronal circuits involved in rhythmic behavior. PLoS Biol. 6:69. doi: 10.1371/
journal.pbio.0060069

Fodor, D. M., Marta, M. M., and Perju-Dumbrava, L. (2021). Implications of
circadian rhythm in stroke occurrence: Certainties and possibilities. Brain Sci.
11:865. doi: 10.3390/brainsci11070865

Fortin, D. A,, Srivastava, T., Dwarakanath, D., Pierre, P., Nygaard, S., Derkach,
V. A, et al. (2012). Brain-derived neurotrophic factor activation of CaM-
kinase kinase via transient receptor potential canonical channels induces the
translation and synaptic incorporation of GluAl-containing calcium-permeable
AMPA receptors. J. Neurosci. 32, 8127-8137. doi: 10.1523/J]NEUROSCI.6034-11.
2012

Frank, M. G., and Cantera, R. (2014). Sleep, clocks, and synaptic plasticity.
Trends Neurosci. 37, 491-501. doi: 10.1016/j.tins.2014.06.005

Garfinkel, D., Laudon, M., Nof, D., and Zisapel, N. (1995). Improvement of sleep
quality in elderly people by controlled-release melatonin. Lancet 346, 541-544.
doi: 10.1016/S0140-6736(95)91382-3

Germain, A., and Kupfer, D. J. (2008). Circadian rhythm disturbances in
depression. Hum. Psychopharmacol. 23, 571-585. doi: 10.1002/hup.964

Gerstner, J. R,, Lyons, L. C., Wright, K. P. Jr., Loh, D. H., Rawashdeh, O., Eckel-
Mabhan, K. L., et al. (2009). Cycling behavior and memory formation. J. Neurosci.
29, 12824-12830. doi: 10.1523/J]NEUROSCI.3353-09.2009

Gorostiza, E. A., Depetris-Chauvin, A., Frenkel, L., Pirez, N., and Ceriani, M. F.
(2014). Circadian pacemaker neurons change synaptic contacts across the day.
Curr. Biol. 24, 2161-2167. doi: 10.1016/j.cub.2014.07.063

Gottlieb, J. F., Goel, N., Chen, S., and Young, M. A. (2021). Meta-analysis of
sleep deprivation in the acute treatment of bipolar depression. Acta Psychiatr.
Scand. 143, 319-327. doi: 10.1111/acps.13255

Gregory, A. M., and O’Connor, T. G. (2002). Sleep problems in childhood:
A longitudinal study of developmental change and association with behavioral

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://doi.org/10.1002/hipo.22739
https://doi.org/10.1002/hipo.22739
https://doi.org/10.1007/s10654-018-0430-8
https://doi.org/10.1007/s10654-018-0430-8
https://doi.org/10.1016/j.ajog.2019.06.051
https://doi.org/10.1074/jbc.M700607200
https://doi.org/10.2174/1745017902117010075
https://doi.org/10.1046/j.1600-079X.2003.00114.x
https://doi.org/10.1038/nn.4263
https://doi.org/10.1016/j.cmet.2018.08.004
https://doi.org/10.1016/j.cmet.2014.11.001
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/j.cell.2013.05.027
https://doi.org/10.1016/S0166-4328(01)00471-5
https://doi.org/10.1016/S0166-4328(01)00471-5
https://doi.org/10.1177/0748730405276352
https://doi.org/10.1177/0748730405276352
https://doi.org/10.1242/dmm.030627
https://doi.org/10.1124/mol.107.034942
https://doi.org/10.1523/JNEUROSCI.20-06-j0005.2000
https://doi.org/10.1523/JNEUROSCI.20-06-j0005.2000
https://doi.org/10.3390/ijms21093106
https://doi.org/10.1371/journal.pgen.1009994
https://doi.org/10.1046/j.1460-9568.2000.00939.x
https://doi.org/10.1046/j.1460-9568.2000.00939.x
https://doi.org/10.3389/fncel.2018.00024
https://doi.org/10.1016/j.neurobiolaging.2019.01.025
https://doi.org/10.1007/BF00428692
https://doi.org/10.1007/BF00428692
https://doi.org/10.1126/sciadv.aat5979
https://doi.org/10.1093/aje/kwt214
https://doi.org/10.1093/aje/kwt214
https://doi.org/10.5664/jcsm.3538
https://doi.org/10.1093/sleep/27.8.1453
https://doi.org/10.1126/science.1234152
https://doi.org/10.1126/science.1234152
https://doi.org/10.1038/nn.2174
https://doi.org/10.1038/nn.2174
https://doi.org/10.7554/eLife.26557
https://doi.org/10.7554/eLife.26557
https://doi.org/10.1001/archpsyc.1988.01800340076012
https://doi.org/10.1001/archpsyc.1988.01800340076012
https://doi.org/10.1007/s00431-011-1659-3
https://doi.org/10.3109/07420528.2014.906445
https://doi.org/10.3390/cells10123314
https://doi.org/10.1523/JNEUROSCI.0469-12.2012
https://doi.org/10.1523/JNEUROSCI.0469-12.2012
https://doi.org/10.1371/journal.pbio.0060069
https://doi.org/10.1371/journal.pbio.0060069
https://doi.org/10.3390/brainsci11070865
https://doi.org/10.1523/JNEUROSCI.6034-11.2012
https://doi.org/10.1523/JNEUROSCI.6034-11.2012
https://doi.org/10.1016/j.tins.2014.06.005
https://doi.org/10.1016/S0140-6736(95)91382-3
https://doi.org/10.1002/hup.964
https://doi.org/10.1523/JNEUROSCI.3353-09.2009
https://doi.org/10.1016/j.cub.2014.07.063
https://doi.org/10.1111/acps.13255
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

Van Drunen and Eckel-Mahan

problems. J. Am. Acad. Child Adolesc. Psychiatry 41, 964-971. doi: 10.1097/
00004583-200208000-00015

Greiner, P., Houdek, P., Sladek, M., and Sumov, A. (2022). Early rhythmicity in
the fetal suprachiasmatic nuclei in response to maternal signals detected by omics
approach. PLoS Biol. 20:¢3001637. doi: 10.1371/journal.pbio.3001637

Hablitz, L. M., P, V., Giannetto, M., Vinitsky, H. S., Staeger, F. F., Metcalfe, T,
et al. (2020). Circadian control of brain glymphatic and lymphatic fluid flow. Nat.
Commun. 11:4411. doi: 10.1038/s41467-020-18115-2

Hastings, M. H., Reddy, A. B., and Maywood, E. S. (2003). A clockwork web:
Circadian timing in brain and periphery, in health and disease. Nat. Rev. Neurosci.
4,649-661. doi: 10.1038/nrn1177

Hatori, M., Vollmers, C., Zarrinpar, A., DiTacchio, L., Bushong, E. A,, Gill, S.,
et al. (2012). Time-restricted feeding without reducing caloric intake prevents
metabolic diseases in mice fed a high-fat diet. Cell Metab. 15, 848-860. doi: 10.
1016/j.cmet.2012.04.019

He, B., Nohara, K., Park, N., Park, Y., Guillory, B., Zhao, Z., et al. (2016). The
small molecule nobiletin targets the molecular oscillator to enhance circadian
rhythms and protect against metabolic syndrome. Cell Metab. 23, 610-621. doi:
10.1016/j.cmet.2016.03.007

Heindel, J. J., and Vandenberg, L. N. (2015). Developmental origins of health
and disease: A paradigm for understanding disease cause and prevention. Curr.
Opin. Pediatr. 27, 248-253. doi: 10.1097/MOP.0000000000000191

Henry, F. E., McCartney, A.J., Neely, R,, Perez, A. S, Carruthers, C.J., Stuenkel,
E. L, etal. (2012). Retrograde changes in presynaptic function driven by dendritic
mTORCI. J. Neurosci. 32, 17128-17142. doi: 10.1523/JNEUROSCI.2149-12.2012

Herxheimer, A., and Petrie, K. J. (2001). Melatonin for preventing and
treating jet lag. Cochrane Database Syst. Rev. 1:CD001520. doi: 10.1002/14651858.
CD001520

Hoedlmoser, K., Kloesch, G., Wiater, A., and Schabus, M. (2010). Self-reported
sleep patterns, sleep problems, and behavioral problems among school children
aged 8-11 years. Somnologie (Berl) 14, 23-31. doi: 10.1007/s11818-010-0450-4

Howland, R. H. (2009). An overview of seasonal affective disorder and its
treatment options. Phys. Sportsmed. 37, 104-115. doi: 10.3810/psm.2009.12.1748

Hoyt, K. R, and Obrietan, K. (2022). Circadian clocks, cognition,
and Alzheimer’s disease: Synaptic mechanisms, signaling effectors, and
chronotherapeutics. Mol. Neurodegener. 17:35. doi: 10.1186/s13024-022-00537-9

Hughes, A. T., Samuels, R. E., Bano-Otdlora, B., Belle, M. D., Wegner, S.,
Guilding, C., et al. (2021). Timed daily exercise remodels circadian rhythms in
mice. Commun. Biol. 4:761. doi: 10.1038/s42003-021-02239-2

Impey, S., Obrietan, K., Wong, S. T., Poser, S., Yano, S., Wayman, G., et al.
(1998). Cross talk between ERK and PKA is required for Ca2+ stimulation
of CREB-dependent transcription and ERK nuclear translocation. Neuron 21,
869-883. doi: 10.1016/S0896-6273(00)80602-9

Ishii, T., Warabi, E., and Mann, G. E. (2019). Circadian control of BDNF-
mediated Nrf2 activation in astrocytes protects dopaminergic neurons from
ferroptosis. Free Radic. Biol. Med. 133, 169-178. doi: 10.1016/j.freeradbiomed.
2018.09.002

Jang, S., Liu, X, Pradoldej, S., Tosini, G., Chang, Q., [uvone, P. M, et al. (2010).
N-acetylserotonin activates TrkB receptor in a circadian rhythm. Proc. Natl. Acad.
Sci. U.S.A. 107, 3876-3881. doi: 10.1073/pnas.0912531107

Jasinska, M., Grzegorczyk, A., Jasek, E., Litwin, J. A., Kossut, M., Barbacka-
Surowiak, G., et al. (2014). Daily rhythm of synapse turnover in mouse
somatosensory cortex. Acta Neurobiol. Exp. (Wars) 74, 104-110.

Jasinska, M., Grzegorczyk, A., Woznicka, O., Jasek, E., Kossut, M., Barbacka-
Surowiak, G., et al. (2015). Circadian rhythmicity of synapses in mouse
somatosensory cortex. Eur. J. Neurosci. 42, 2585-2594. doi: 10.1111/ejn.1
3045

Jenni, O. G., and Carskadon, M. A. (2004). Spectral analysis of the sleep
electroencephalogram during adolescence. Sleep 27, 774-783.

Jilg, A., Bechstein, P., Saade, A., Dick, M., Li, T. X,, Tosini, G., et al
(2019). Melatonin modulates daytime-dependent synaptic plasticity and learning
efficiency. J. Pineal. Res. 66:¢12553. doi: 10.1111/jpi.12553

Johnston, Z. C., Bellingham, M., Filis, P., Soffientini, U., Hough, D,
Bhattacharya, S., et al. (2018). The human fetal adrenal produces cortisol but
no detectable aldosterone throughout the second trimester. BMC Med. 16:23.
doi: 10.1186/s12916-018-1009-7

Kamphuis, J., Dijk, D., Spreen, M., and Lancel, M. (2014). The relation between
poor sleep, impulsivity and aggression in forensic psychiatric patients. Physiol.
Behav. 123, 168-173. doi: 10.1016/j.physbeh.2013.10.015

Kapiotis, S., Jilma, B., Quehenberger, P., Ruzicka, K., Handler, S., and Speiser,
W. (1997). Morning hypercoagulability and hypofibrinolysis. Diurnal variations

Frontiers in Neural Circuits

14

10.3389/fncir.2022.1059229

in circulating activated factor VII, prothrombin fragment F1+2, and plasmin-
plasmin inhibitor complex. Circulation 96, 19-21. doi: 10.1161/01.CIR.96.1.19

Kennaway, D. J., Stamp, G. E., and Goble, F. C. (1992). Development of
melatonin production in infants and the impact of prematurity. J. Clin. Endocrinol.
Metab. 75, 367-369. doi: 10.1210/jcem.75.2.1639937

Kim, E., Kim, Y., Ji, Z,, Kang, J. M., Wirianto, M., Paudel, K. R,, et al. (2022).
ROR activation by Nobiletin enhances antitumor efficacy via suppression of
TkappaB/NF-kappaB signaling in triple-negative breast cancer. Cell Death Dis.
13:374. doi: 10.1038/s41419-022-04826-5

Kim, E., Nohara, K., Wirianto, M., Escobedo, G. E. Jr., Lim, J. Y., Morales, R.,
et al. (2021). Effects of the Clock modulator nobiletin on circadian rhythms and
pathophysiology in female mice of an Alzheimer’s disease model. Biomolecules
11:1004. doi: 10.3390/biom11071004

Kleitman, N., and Engelmann, T. G. (1953). Sleep characteristics of infants.
J. Appl. Physiol. 6, 269-282. doi: 10.1152/jappl.1953.6.5.269

Kondratov, R. V., Kondratova, A. A., Gorbacheva, V. Y., Vykhovanets, O. V.,
and Antoch, M. P. (2006). Early aging and age-related pathologies in mice deficient
in BMALL, the core componentof the circadian clock. Genes Dev. 20, 1868-1873.
doi: 10.1101/gad.1432206

Kotagal, S., and Broomall, E. (2012). Sleep in children with autism spectrum
disorder. Pediatr. Neurol. 47, 242-251. doi: 10.1016/j.pediatrneurol.2012.05.007

Kowianski, P., Lietzau, G., Czuba, E., Waskow, M., Steliga, A., and Morys,
J. (2018). BDNF: A key factor with multipotent impact on brain signaling and
synaptic plasticity. Cell. Mol. Neurobiol. 38, 579-593. doi: 10.1007/s10571-017-
0510-4

Kripke, D. F., Mullaney, D. J., Atkinson, M., and Wolf, S. (1978). Circadian
rhythm disorders in manic-depressives. Biol. Psychiatry 13, 335-351.

Kurnik, P. B. (1995). Circadian variation in the efficacy of tissue-type
plasminogen activator. Circulation 91, 1341-1346. doi: 10.1161/01.CIR.91.5.1341

Kwapis, J. L., Alaghband, Y., Kramar, E. A, Lopez, A. J., Ciernia, A. V., White,
A. O, et al. (2018). Epigenetic regulation of the circadian gene Perl contributes
to age-related changes in hippocampal memory. Nat. Commun. 9:3323. doi:
10.1038/541467-018-05868-0

Lamia, K. A., Sachdeva, U. M., DiTacchio, L., Williams, E. C., Alvarez, J. G.,
Egan, D. F., et al. (2009). AMPK regulates the circadian clock by cryptochrome
phosphorylation and degradation. Science 326, 437-440. doi: 10.1126/science.
1172156

Landgraf, D., Koch, C. E., and Oster, H. (2014a). Embryonic development of
circadian clocks in the mammalian suprachiasmatic nuclei. Front. Neuroanat.
8:143. doi: 10.3389/fnana.2014.00143

Landgraf, D., McCarthy, M. J., and Welsh, D. K. (2014b). Circadian clock
and stress interactions in the molecular biology of psychiatric disorders. Curr.
Psychiatry Rep. 16:483. doi: 10.1007/s11920-014-0483-7

Larson, J., Jessen, R. E., Uz, T., Arslan, A. D., Kurtuncu, M., Imbesi, M.,
et al. (2006). Impaired hippocampal long-term potentiation in melatonin MT2
receptor-deficient mice. Neurosci. Lett. 393, 23-26. doi: 10.1016/j.neulet.2005.09.
040

LeGates, T. A., Altimus, C. M., Wang, H., Lee, H., Yang, S., Zhao, H., et al. (2012).
Aberrant light directly impairs mood and learning through melanopsin-expressing
neurons. Nature 491, 594-598. doi: 10.1038/nature11673

Liston, C., Cichon, J. M., Jeanneteau, F., Jia, Z., Chao, M. V., and Gan, W.
(2013). Circadian glucocorticoid oscillations promote learning-dependent synapse
formation and maintenance. Nat. Neurosci. 16, 698-705. doi: 10.1038/nn.3387

Liu, D,, Li, J., Lin, H., Lorsung, E., Le, N., Singla, R,, et al. (2022). Circadian
activities of the brain MNK-eIF4E signalling axis contribute to diurnal rhythms of
some cognitive functions. Eur. J. Neurosci. 56, 3553-3569. doi: 10.1111/ejn.15678

Lockley, S. W., Skene, D. J., James, K., Thapan, K., Wright, J., and Arendt, J.
(2000). Melatonin administration can entrain the free-running circadian system
of blind subjects. J. Endocrinol. 164, R1-Ré6. doi: 10.1677/joe.0.164r001

Logan, R. W., Hasler, B. P., Forbes, E. E., Franzen, P. L., Torregrossa, M. M.,
Huang, Y. H., et al. (2018). Impact of sleep and circadian rhythms on addiction
vulnerability in adolescents. Biol. Psychiatry 83, 987-996. doi: 10.1016/j.biopsych.
2017.11.035

Marti, A. R,, Pedersen, T. T., Wisor, J. P., Mrdalj, ., Holmelid, @, Patil, S., et al.
(2020). Cognitive function and brain plasticity in a rat model of shift work: Role of
daily rhythms, sleep and glucocorticoids. Sci. Rep. 10:13141. doi: 10.1038/s41598-
020-69969-x

McCabe, M. P., Cullen, E., Barrows, C., Shore, A., Tooke, K., Laprade, K., et al.
(2020). Genetic inactivation of mMTORC1 or mTORC2 in neurons reveals distinct
functions in glutamatergic synaptic transmission. Elife 9:e51440. doi: 10.7554/
eLife.51440

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://doi.org/10.1097/00004583-200208000-00015
https://doi.org/10.1097/00004583-200208000-00015
https://doi.org/10.1371/journal.pbio.3001637
https://doi.org/10.1038/s41467-020-18115-2
https://doi.org/10.1038/nrn1177
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1016/j.cmet.2016.03.007
https://doi.org/10.1016/j.cmet.2016.03.007
https://doi.org/10.1097/MOP.0000000000000191
https://doi.org/10.1523/JNEUROSCI.2149-12.2012
https://doi.org/10.1002/14651858.CD001520
https://doi.org/10.1002/14651858.CD001520
https://doi.org/10.1007/s11818-010-0450-4
https://doi.org/10.3810/psm.2009.12.1748
https://doi.org/10.1186/s13024-022-00537-9
https://doi.org/10.1038/s42003-021-02239-2
https://doi.org/10.1016/S0896-6273(00)80602-9
https://doi.org/10.1016/j.freeradbiomed.2018.09.002
https://doi.org/10.1016/j.freeradbiomed.2018.09.002
https://doi.org/10.1073/pnas.0912531107
https://doi.org/10.1111/ejn.13045
https://doi.org/10.1111/ejn.13045
https://doi.org/10.1111/jpi.12553
https://doi.org/10.1186/s12916-018-1009-7
https://doi.org/10.1016/j.physbeh.2013.10.015
https://doi.org/10.1161/01.CIR.96.1.19
https://doi.org/10.1210/jcem.75.2.1639937
https://doi.org/10.1038/s41419-022-04826-5
https://doi.org/10.3390/biom11071004
https://doi.org/10.1152/jappl.1953.6.5.269
https://doi.org/10.1101/gad.1432206
https://doi.org/10.1016/j.pediatrneurol.2012.05.007
https://doi.org/10.1007/s10571-017-0510-4
https://doi.org/10.1007/s10571-017-0510-4
https://doi.org/10.1161/01.CIR.91.5.1341
https://doi.org/10.1038/s41467-018-05868-0
https://doi.org/10.1038/s41467-018-05868-0
https://doi.org/10.1126/science.1172156
https://doi.org/10.1126/science.1172156
https://doi.org/10.3389/fnana.2014.00143
https://doi.org/10.1007/s11920-014-0483-7
https://doi.org/10.1016/j.neulet.2005.09.040
https://doi.org/10.1016/j.neulet.2005.09.040
https://doi.org/10.1038/nature11673
https://doi.org/10.1038/nn.3387
https://doi.org/10.1111/ejn.15678
https://doi.org/10.1677/joe.0.164r001
https://doi.org/10.1016/j.biopsych.2017.11.035
https://doi.org/10.1016/j.biopsych.2017.11.035
https://doi.org/10.1038/s41598-020-69969-x
https://doi.org/10.1038/s41598-020-69969-x
https://doi.org/10.7554/eLife.51440
https://doi.org/10.7554/eLife.51440
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

Van Drunen and Eckel-Mahan

McClung, C. A. (2013). How might circadian rhythms control mood? Let me
count the ways. Biol. Psychiatry 74, 242-249. doi: 10.1016/j.biopsych.2013.02.019

McClung, C. A., Nestler, E. J., and Zachariou, V. (2005). Regulation of gene
expression by chronic morphine and morphine withdrawal in the locus ceruleus
and ventral tegmental area. . Neurosci. 25, 6005-6015. doi: 10.1523/JNEUROSCI.
0062-05.2005

McGraw, K., Hoffmann, R., Harker, C., and Herman, J. H. (1999). The
development of circadian rhythms in a human infant. Sleep 22, 303-310. doi:
10.1093/sleep/22.3.303

Melancon, M. O., Lorrain, D., and Dionne, I. J. (2015). Sleep depth and
continuity before and after chronic exercise in older men: Electrophysiological
evidence. Physiol. Behav. 140, 203-208. doi: 10.1016/j.physbeh.2014.12.031

Melke, J., Botros, H. G., Chaste, P., Betancur, C., Nygren, G., Anckarsiter, H.,
et al. (2008). Abnormal melatonin synthesis in autism spectrum disorders. Mol.
Psychiatry 13, 90-98. doi: 10.1038/sj.mp.4002016

Messaoudi, E., Ying, S., Kanhema, T., Croll, S. D., and Bramham, C. R.
(2002). Brain-derived neurotrophic factor triggers transcription-dependent, late
phase long-term potentiation in vivo. J. Neurosci. 22, 7453-7461. doi: 10.1523/
JNEUROSCI.22-17-07453.2002

Mirmiran, M., and Kok, J. H. (1991). Circadian rhythms in early human
development. Early Hum. Dev. 26, 121-128. doi: 10.1016/0378-3782(91)90016-V

Muller, C., and Torrealba, F. (1998). Postnatal development of neuron number
and connections in the suprachiasmatic nucleus of the hamster. Brain Res. Dev.
Brain Res. 110, 203-213. doi: 10.1016/50165-3806(98)00108-4

Musiek, E. S., Bhimasani, M., Zangrilli, M. A., Morris, J. C., Holtzman, D. M.,
and Ju, Y. S. (2018). Circadian rest-activity pattern changes in aging and preclinical
Alzheimer disease. JAMA Neurol. 75, 582-590. doi: 10.1001/jamaneurol.2017.
4719

Musiek, E. S, Lim, M. M., Yang, G., Bauer, A. Q., Qi, L., Lee, Y,, et al.
(2013). Circadian clock proteins regulate neuronal redox homeostasis and
neurodegeneration. J. Clin. Invest. 123, 5389-5400. doi: 10.1172/JCI70317

Nahm, S., Farnell, Y. Z., Griffith, W., and Earnest, D. J. (2005). Circadian
regulation and function of voltage-dependent calcium channels in the
suprachiasmatic nucleus. J. Neurosci. 25, 9304-9308. doi: 10.1523/JNEUROSCI.
2733-05.2005

Nakamura, T. J., Nakamura, W., Yamazaki, S., Kudo, T., Cutler, T., Colwell, C. S.,
etal. (2011). Age-related decline in circadian output. J. Neurosci. 31, 10201-10205.
doi: 10.1523/J]NEUROSCI.0451-11.2011

Nakatsuka, H., and Natsume, K. (2014). Circadian rhythm modulates long-term
potentiation induced at CA1 in rat hippocampal slices. Neurosci. Res. 80, 1-9.
doi: 10.1016/j.neures.2013.12.007

Nicholas, B., Rudrasingham, V., Nash, S., Kirov, G., Owen, M. J., and Wimpory,
D. C. (2007). Association of Perl and Npas2 with autistic disorder: Support for the
clock genes/social timing hypothesis. Mol. Psychiatry 12, 581-592. doi: 10.1038/sj.
mp.4001953

Obayashi, K., Saeki, K., Iwamoto, J., Ikada, Y., and Kurumatani, N. (2013).
Exposure to light at night and risk of depression in the elderly. J. Affect. Disord.
151, 331-336. doi: 10.1016/j.jad.2013.06.018

Obayashi, K., Saeki, K., Iwamoto, J., Okamoto, N., Tomioka, K., Nezu, S., et al.
(2014). Effect of exposure to evening light on sleep initiation in the elderly: A
longitudinal analysis for repeated measurements in home settings. Chronobiol. Int.
31, 461-467. doi: 10.3109/07420528.2013.840647

Obrietan, K., Impey, S., and Storm, D. R. (1998). Light and circadian rhythmicity
regulate MAP kinase activation in the suprachiasmatic nuclei. Nat. Neurosci. 1,
693-700. doi: 10.1038/3695

Obrietan, K., Impey, S., Smith, D., Athos, J., and Storm, D. R. (1999).
Circadian regulation of cAMP response element-mediated gene expression in the
suprachiasmatic nuclei. J. Biol. Chem. 274, 17748-17756. doi: 10.1074/jbc.274.25.
17748

Okatani, Y., Okamoto, K., Hayashi, K., Wakatsuki, A., Tamura, S., and
Sagara, Y. (1998). Maternal-fetal transfer of melatonin in pregnant women
near term. J. Pineal. Res. 25, 129-134. doi: 10.1111/j.1600-079X.1998.tb00
550.x

Panagiotou, M., Papagiannopoulos, K., Rohling, J. H., Meijer, J. H., and
Deboer, T. (2018). How old is your brain? Slow-wave activity in non-
rapid-eye-movement sleep as a marker of brain rejuvenation after long-
term exercise in mice. Front. Aging Neurosci. 10:233. doi: 10.3389/fnagi.2018.
00233

Parsons, M. J., Moffitt, T. E., Gregory, A. M., Goldman-Mellor, S., Nolan,
P. M., Poulton, R, et al. (2015). Social jetlag, obesity and metabolic disorder:
Investigation in a cohort study. Int. J. Obes. (Lond) 39, 842-848. doi: 10.1038/
ijo.2014.201

Frontiers in Neural Circuits

15

10.3389/fncir.2022.1059229

Partch, C. L., Green, C. B, and Takahashi, J. S. (2014). Molecular architecture
of the mammalian circadian clock. Trends Cell Biol. 24, 90-99. doi: 10.1016/j.tcb.
2013.07.002

Petsakou, A., Sapsis, T. P., and Blau, J. (2015). Circadian rhythms in rhol
activity regulate neuronal plasticity and network hierarchy. Cell 162, 823-835.
doi: 10.1016/j.cell.2015.07.010

Phan, T. X., Chan, G. C,, Sindreu, C. B., Eckel-Mahan, K. L., and Storm, D. R.
(2011). The diurnal oscillation of MAP (mitogen-activated protein) kinase and
adenylyl cyclase activities in the hippocampus depends on the suprachiasmatic
nucleus. J. Neurosci. 31, 10640-10647. doi: 10.1523/]NEUROSCI.6535-10.2011

Popoli, M., Yan, Z., McEwen, B. S., and Sanacora, G. (2011). The stressed
synapse: The impact of stress and glucocorticoids on glutamate transmission. Nat.
Rev. Neurosci. 13, 22-37. doi: 10.1038/nrn3138

Price, K., and Obrietan, K. (2018). Modulation of learning and memory by
the genetic disruption of circadian oscillator populations. Physiol. Behav. 194,
387-393. doi: 10.1016/j.physbeh.2018.06.035

Qiu, P, Jiang, J., Liu, Z., Cai, Y., Huang, T., Wang, Y., et al. (2019). BMALIL
knockout macaque monkeys display reduced sleep and psychiatric disorders. Natl.
Sci. Rev. 6, 87-100. doi: 10.1093/nsr/nwz002

Rawashdeh, O., Jilg, A., Maronde, E., Fahrenkrug, J., and Stehle, J. H. (2016).
Periodl gates the circadian modulation of memory-relevant signaling in mouse
hippocampus by regulating the nuclear shuttling of the CREB kinase pP90RSK.
J. Neurochem. 138, 731-745. doi: 10.1111/jnc.13689

Renn, S. C,, Park, J. H,, Rosbash, M., Hall, J. C., and Taghert, P. H. (1999). A
pdf neuropeptide gene mutation and ablation of PDF neurons each cause severe
abnormalities of behavioral circadian rhythms in Drosophila. Cell 99, 791-802.
doi: 10.1016/S0092-8674(00)81676- 1

Reppert, S. M., (1995). Interaction between the circadian clocks of mother
and fetus. Ciba Found. Symp. 183: 198-207; discussion 207-211. doi: 10.1002/
9780470514597.ch11

Reppert, S. M., and Schwartz, W. J. (1983). Maternal coordination of the fetal
biological clock in utero. Science 220, 969-971. doi: 10.1126/science.6844923

Reppert, S. M., and Schwartz, W. J. (1984). Functional activity of the
suprachiasmatic nuclei in the fetal primate. Neurosci. Lett. 46, 145-149. doi: 10.
1016/0304-3940(84)90432-4

Reppert, S. M., and Weaver, D. R. (2002). Coordination of circadian timing in
mammals. Nature 418, 935-941. doi: 10.1038/nature00965

Reppert, S. M., Weaver, D. R, Rivkees, S. A., and Stopa, E. G. (1988). Putative
melatonin receptors in a human biological clock. Science 242, 78-81. doi: 10.1126/
science.2845576

Richdale, A. L. (1999). Sleep problems in autism: Prevalence, cause, and
intervention. Dev. Med. Child Neurol. 41, 60-66. doi: 10.1017/S0012162299000122

Rivkees, S. A. (2003). Developing circadian rhythmicity in infants. Pediatr.
Endocrinol. Rev. 1, 38-45. doi: 10.1542/peds.112.2.373

Rosenthal, N. E., Sack, D. A., Gillin, J. C., Lewy, A. ., Goodwin, F. K., Davenport,
Y., et al. (1984). Seasonal affective disorder. A description of the syndrome and
preliminary findings with light therapy. Arch. Gen. Psychiatry 41, 72-80. doi:
10.1001/archpsyc.1984.01790120076010

Rouch, I, Wild, P., Ansiau, D., and Marqui, J. (2005). Shiftwork experience,
age and cognitive performance. Ergonomics 48, 1282-1293. doi: 10.1080/
00140130500241670

Roybal, K., Theobold, D., Graham, A., DiNieri, J. A., Russo, S. J., Krishnan, V.,
et al. (2007). Mania-like behavior induced by disruption of CLOCK. Proc. Natl.
Acad. Sci. U.S.A. 104, 6406-6411. doi: 10.1073/pnas.0609625104

Ruiz, S., Ferreiro, M. J., Menhert, K. I., Casanova, G., Olivera, A., and Cantera, R.
(2013). Rhythmic changes in synapse numbers in Drosophila melanogaster motor
terminals. PLoS One 8:e67161. doi: 10.1371/journal.pone.0067161

Sadeh, A., Gruber, R., and Raviv, A. (2002). Sleep, neurobehavioral functioning,
and behavior problems in school-age children. Child Dev. 73, 405-417. doi: 10.
1111/1467-8624.00414

Santiago, L. B., Jorge, S. M., and Moreira, A. C. (1996). Longitudinal evaluation
of the development of salivary cortisol circadian rhythm in infancy. Clin.
Endocrinol. (Oxf) 44, 157-161. doi: 10.1046/j.1365-2265.1996.645466.x

Schaaf, M. J., De Kloet, E. R., and Vreugdenhil, E. (2000). Corticosterone effects
on BDNF expression in the hippocampus. Implications for memory formation.
Stress 3,201-208. doi: 10.3109/10253890009001124

Schwartz, W. J., Reppert, S. M., Eagan, S. M., and Moore-Ede, M. C. (1983).
In vivo metabolic activity of the suprachiasmatic nuclei: A comparative study.
Brain Res. 274, 184-187. doi: 10.1016/0006-8993(83)90538-3

Serén-Ferr, M., Forcelledo, M. L., Torres-Farfan, C., Valenzuela, F. J., Rojas, A.,
Vergara, M., et al. (2013). Impact of chronodisruption during primate pregnancy

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://doi.org/10.1016/j.biopsych.2013.02.019
https://doi.org/10.1523/JNEUROSCI.0062-05.2005
https://doi.org/10.1523/JNEUROSCI.0062-05.2005
https://doi.org/10.1093/sleep/22.3.303
https://doi.org/10.1093/sleep/22.3.303
https://doi.org/10.1016/j.physbeh.2014.12.031
https://doi.org/10.1038/sj.mp.4002016
https://doi.org/10.1523/JNEUROSCI.22-17-07453.2002
https://doi.org/10.1523/JNEUROSCI.22-17-07453.2002
https://doi.org/10.1016/0378-3782(91)90016-V
https://doi.org/10.1016/S0165-3806(98)00108-4
https://doi.org/10.1001/jamaneurol.2017.4719
https://doi.org/10.1001/jamaneurol.2017.4719
https://doi.org/10.1172/JCI70317
https://doi.org/10.1523/JNEUROSCI.2733-05.2005
https://doi.org/10.1523/JNEUROSCI.2733-05.2005
https://doi.org/10.1523/JNEUROSCI.0451-11.2011
https://doi.org/10.1016/j.neures.2013.12.007
https://doi.org/10.1038/sj.mp.4001953
https://doi.org/10.1038/sj.mp.4001953
https://doi.org/10.1016/j.jad.2013.06.018
https://doi.org/10.3109/07420528.2013.840647
https://doi.org/10.1038/3695
https://doi.org/10.1074/jbc.274.25.17748
https://doi.org/10.1074/jbc.274.25.17748
https://doi.org/10.1111/j.1600-079X.1998.tb00550.x
https://doi.org/10.1111/j.1600-079X.1998.tb00550.x
https://doi.org/10.3389/fnagi.2018.00233
https://doi.org/10.3389/fnagi.2018.00233
https://doi.org/10.1038/ijo.2014.201
https://doi.org/10.1038/ijo.2014.201
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/j.cell.2015.07.010
https://doi.org/10.1523/JNEUROSCI.6535-10.2011
https://doi.org/10.1038/nrn3138
https://doi.org/10.1016/j.physbeh.2018.06.035
https://doi.org/10.1093/nsr/nwz002
https://doi.org/10.1111/jnc.13689
https://doi.org/10.1016/S0092-8674(00)81676-1
https://doi.org/10.1002/9780470514597.ch11
https://doi.org/10.1002/9780470514597.ch11
https://doi.org/10.1126/science.6844923
https://doi.org/10.1016/0304-3940(84)90432-4
https://doi.org/10.1016/0304-3940(84)90432-4
https://doi.org/10.1038/nature00965
https://doi.org/10.1126/science.2845576
https://doi.org/10.1126/science.2845576
https://doi.org/10.1017/S0012162299000122
https://doi.org/10.1542/peds.112.2.373
https://doi.org/10.1001/archpsyc.1984.01790120076010
https://doi.org/10.1001/archpsyc.1984.01790120076010
https://doi.org/10.1080/00140130500241670
https://doi.org/10.1080/00140130500241670
https://doi.org/10.1073/pnas.0609625104
https://doi.org/10.1371/journal.pone.0067161
https://doi.org/10.1111/1467-8624.00414
https://doi.org/10.1111/1467-8624.00414
https://doi.org/10.1046/j.1365-2265.1996.645466.x
https://doi.org/10.3109/10253890009001124
https://doi.org/10.1016/0006-8993(83)90538-3
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

Van Drunen and Eckel-Mahan

on the maternal and newborn temperature rhythms. PLoS One 8:57710. doi:
10.1371/journal.pone.0057710

Shimizu, K., Kobayashi, Y., Nakatsuji, E., Yamazaki, M., Shimba, S., Sakimura,
K., et al. (2016). SCOP/PHLPPlbeta mediates circadian regulation of long-
term recognition memory. Nat. Commun. 7:12926. doi: 10.1038/ncommsl
2926

Shimizu, K., Phan, T., Mansuy, I. M., and Storm, D. R. (2007). Proteolytic
degradation of SCOP in the hippocampus contributes to activation of MAP kinase
and memory. Cell 128, 1219-1229. doi: 10.1016/j.cell.2006.12.047

Silva, S., Bicker, J., Falcdo, A., and Fortuna, A. (2021). Antidepressants
and circadian rhythm: Exploring their bidirectional interaction for the
treatment of depression. Pharmaceutics 13:1975. doi: 10.3390/pharmaceutics1311
1975

Sivan, Y., Laudon, M., Tauman, R., and Zisapel, N. (2001). Melatonin
production in healthy infants: Evidence for seasonal variations. Pediatr. Res. 49,
63-68. doi: 10.1203/00006450-200101000-00015

Smith, R.J., Alipourjeddi, E., Garner, C., Maser, A. L., Shrey, D. W., and Lopour,
B. A. (2021). Infant functional networks are modulated by state of consciousness
and circadian rhythm. Netw. Neurosci. 5, 614-630. doi: 10.1162/netn_a_0
0194

Snider, K. H., Dziema, H., Aten, S., Loeser, J., Norona, F. E., Hoyt, K., et al.
(2016). Modulation of learning and memory by the targeted deletion of the
circadian clock gene Bmall in forebrain circuits. Behav. Brain Res. 308, 222-235.
doi: 10.1016/j.bbr.2016.04.027

Song, B. J., Sharp, S. J.,, and Rogulja, D. (2021). Daily rewiring of a neural
circuit generates a predictive model of environmental light. Sci. Adv. 7:eabe4284.
doi: 10.1126/sciadv.abe4284

Souétre, E., Salvati, E., Belugou, J. L., Pringuey, D., Candito, M., Krebs, B.,
et al. (1989). Circadian rhythms in depression and recovery: Evidence for blunted
amplitude as the main chronobiological abnormality. Psychiatry Res. 28, 263-278.
doi: 10.1016/0165-1781(89)90207-2

Swaab, D. F., Hofman, M. A., and Honnebier, M. B. (1990). Development of
vasopressin neurons in the human suprachiasmatic nucleus in relation to birth.
Brain Res. Dev. Brain Res. 52, 289-293. doi: 10.1016/0165-3806(90)90247-V

Swaab, D. F., Zhou, J. N., Ehlhart, T., and Hofman, M. A. (1994). Development
of vasoactive intestinal polypeptide neurons in the human suprachiasmatic
nucleus in relation to birth and sex. Brain Res. Dev. Brain Res. 79, 249-259.
doi: 10.1016/0165-3806(94)90129-5

Tain, Y. L., Lin, Y. J., Chan, J. Y. H, Lee, C. T., and Hsu, C. N. (2017). Maternal
melatonin or agomelatine therapy prevents programmed hypertension in male
offspring of mother exposed to continuous light. Biol. Reprod. 97, 636-643. doi:
10.1093/biolre/iox115

Frontiers in Neural Circuits

16

10.3389/fncir.2022.1059229

Tekieh, T., Robinson, P. A., and Postnova, S. (2022). Cortical waste clearance
in normal and restricted sleep with potential runaway tau buildup in Alzheimer’s
disease. Sci. Rep. 12:13740. doi: 10.1038/s41598-022-15109-6

Umezaki, Y., Yoshii, T., Kawaguchi, T., Helfrich-Forster, C., and Tomioka,
K. (2012). Pigment-dispersing factor is involved in age-dependent rhythm
changes in Drosophila melanogaster. J. Biol. Rhythms 27, 423-432. doi: 10.1177/
0748730412462206

van der Vinne, V., Burgos, B. M., Harrington, M. E., and Weaver, D. R. (2020).
Deconstructing circadian disruption: Assessing the contribution of reduced
peripheral oscillator amplitude on obesity and glucose intolerance in mice.
J. Pineal. Res. 69:12654. doi: 10.1111/jpi.12654

VanDunk, C., Hunter, L. A., and Gray, P. A. (2011). Development, maturation,
and necessity of transcription factors in the mouse suprachiasmatic nucleus.
J. Neurosci. 31, 6457-6467. doi: 10.1523/JNEUROSCI.5385-10.2011

Vaynman, S., Ying, Z., and Gomez-Pinilla, F. (2004a). Exercise induces BDNF
and synapsin I to specific hippocampal subfields. J. Neurosci. Res. 76, 356-362.
doi: 10.1002/jnr.20077

Vaynman, S., Ying, Z., and Gomez-Pinilla, F. (2004b). Hippocampal BDNF
mediates the efficacy of exercise on synaptic plasticity and cognition. Eur. J.
Neurosci. 20, 2580-2590. doi: 10.1111/j.1460-9568.2004.03720.x

Voiculescu, S. E,, Dug, D. L., Rosca, A. E., Zeca, V., Chitimus, D. M., Arsene,
A. L, et al. (2016). Behavioral and molecular effects of prenatal continuous light
exposure in the adult rat. Brain Res. 1650:51-59. doi: 10.1016/j.brainres.2016.08.
031

Weaver, D. R, and Reppert, S. M. (1987). Maternal-fetal communication of
circadian phase in a precocious rodent, the spiny mouse. Am. J. Physiol. 253(Pt.
1), E401-E409. doi: 10.1152/ajpendo.1987.253.4.E401

Weiss, J. T., and Donlea, J. M. (2021). Sleep deprivation results in diverse
patterns of synaptic scaling across the Drosophila mushroom bodies. Curr. Biol.
31, 3248-3261.e3. doi: 10.1016/j.cub.2021.05.018

Wirianto, M., Wang, C., Kim, E., Koike, N., Gomez-Gutierrez, R., Nohara,
K., et al. (2022). The clock modulator Nobiletin mitigates astrogliosis-associated
neuroinflammation and disease hallmarks in an Alzheimer’s disease model. FASEB
J. 36:€22186. doi: 10.1096/1j.202101633R

Xue, X., Zong, W., Glausier, J. R,, Kim, S., Shelton, M. A., Phan, B. N,, et al.
(2022). Molecular rhythm alterations in prefrontal cortex and nucleus accumbens
associated with opioid use disorder. Transl. Psychiatry 12:123. doi: 10.1038/
541398-022-01894-1

Zhang, P., Li, G., Li, H., Tan, X,, and Cheng, H. M. (2017). Environmental
perturbation of the circadian clock during pregnancy leads to transgenerational
mood disorder-like behaviors in mice. Sci. Rep. 7:12641. doi: 10.1038/s41598-017-
13067-y

frontiersin.org


https://doi.org/10.3389/fncir.2022.1059229
https://doi.org/10.1371/journal.pone.0057710
https://doi.org/10.1371/journal.pone.0057710
https://doi.org/10.1038/ncomms12926
https://doi.org/10.1038/ncomms12926
https://doi.org/10.1016/j.cell.2006.12.047
https://doi.org/10.3390/pharmaceutics13111975
https://doi.org/10.3390/pharmaceutics13111975
https://doi.org/10.1203/00006450-200101000-00015
https://doi.org/10.1162/netn_a_00194
https://doi.org/10.1162/netn_a_00194
https://doi.org/10.1016/j.bbr.2016.04.027
https://doi.org/10.1126/sciadv.abe4284
https://doi.org/10.1016/0165-1781(89)90207-2
https://doi.org/10.1016/0165-3806(90)90247-V
https://doi.org/10.1016/0165-3806(94)90129-5
https://doi.org/10.1093/biolre/iox115
https://doi.org/10.1093/biolre/iox115
https://doi.org/10.1038/s41598-022-15109-6
https://doi.org/10.1177/0748730412462206
https://doi.org/10.1177/0748730412462206
https://doi.org/10.1111/jpi.12654
https://doi.org/10.1523/JNEUROSCI.5385-10.2011
https://doi.org/10.1002/jnr.20077
https://doi.org/10.1111/j.1460-9568.2004.03720.x
https://doi.org/10.1016/j.brainres.2016.08.031
https://doi.org/10.1016/j.brainres.2016.08.031
https://doi.org/10.1152/ajpendo.1987.253.4.E401
https://doi.org/10.1016/j.cub.2021.05.018
https://doi.org/10.1096/fj.202101633R
https://doi.org/10.1038/s41398-022-01894-1
https://doi.org/10.1038/s41398-022-01894-1
https://doi.org/10.1038/s41598-017-13067-y
https://doi.org/10.1038/s41598-017-13067-y
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/

	Circadian rhythms as modulators of brain health during development and throughout aging
	Introduction
	Circadian rhythms and neural plasticity in development
	Circadian system development pre- and postnatally
	Sleep disruption in infants

	SCN development
	Rhythms in plasticity
	Circadian rhythms and plasticity in flies
	Circadian rhythms affect cognition in mice
	Circadian rhythms, plasticity, and sleep
	Circadian rhythms and mood

	Circadian rhythms in the central nervous system during aging
	Aging associated diseases of the central nervous system
	Exercise and the plasticity in the aging brain

	Conclusions and future directions
	Author contributions
	Conflict of interest
	Publisher's note
	References


