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Abstract

Many processes in the human body — including brain function — are regulated over the 24-hour
cycle, and there are strong associations between disrupted circadian rhythms (for example, sleep—
wake cycles) and disorders of the CNS. Brain disorders such as autism, depression and Parkinson
disease typically develop at certain stages of life, and circadian rhythms are important during each
stage of life for the regulation of processes that may influence the development of these disorders.
Here, we describe circadian disruptions observed in various brain disorders throughout the human
lifespan and highlight emerging evidence suggesting these disruptions affect the brain. Currently,
much of the evidence linking brain disorders and circadian dysfunction is correlational, and so
whether and what kind of causal relationships might exist are unclear. We therefore identify
remaining questions that may direct future research towards a better understanding of the links
between circadian disruption and CNS disorders.

Circadian rhythms are near-24-hour oscillations found in essentially every physiological
process in the human brain and body?. The suprachiasmatic nucleus (SCN) in the
hypothalamus serves as the master pacemaker that sets the timing of rhythms by regulating
neuronal activity, body temperature and hormonal signals? (FIG. 1).

In individual cells, molecular rhythms are generated by a transcriptional-translational
feedback loop involving core transcriptional activators — circadian locomotor output cycles
kaput (CLOCK), the closely related neuronal PAS domain protein 2 (NPAS2) and brain and
muscle ARNT-like protein 1 (BMALZ1) — that regulate the expression of many genes,
including those encoding period (PER) and cryptochrome (CRY)?!, which, once translated,
inhibit their own transcription. Many other proteins, including various kinases, phosphatases
and other transcriptional cofactors, regulate this core molecular clock (FIG. 1).
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Circadian rhythms are set by both genetic and environmental factors. Most people have
sleep—wake and activity rhythms that, in the absence of environmental cues, are slightly
longer than 24 hours34, but the length of this period can be affected by circadian gene
variants®. Environmental factors such as light exposure, social cues, meal times and work
schedules also influence the period, phase and amplitude of these rhythms®:7.

Circadian rhythms emerge during early infancy but undergo various changes through the
lifespan and with ageing (FIG. 2). In general, the timing of sleep onset and waking and other
biological rhythms (for example, fluctuations in melatonin levels) is earlier relative to adults
during early childhood8 and shifts later during adolescence, and this shift in timing may be
conserved among rodents and non-human primates (NHPs)19. In older adults, rhythms often
return to being substantially earlier, and this shift may be accompanied by a weakening of
circadian rhythms11.12.

Circadian dysfunction is observed in several brain disorders, typically emerging at different
stages of life. Disruption of circadian rhythms is associated with higher risk of brain
disorders. For example, chronic shift-workers (workers with rotating schedules or consistent
night shifts) are vulnerable to various diseases314, including psychiatric disorders such as
depression’>-19, Much of the currently available evidence linking brain disorders to
circadian dysfunction is correlational and may not be surprising, given the importance of
circadian rhythms for brain function?C. Identifying causal relationships between rhythm
dysfunction and psychiatric disorders may have important implications for the treatment of
disorders.

In psychiatry, neurology and behavioural medicine, novel circadian-based interventions are
rare and often overlooked. Even in cases in which circadian disruption is not a primary cause
of a disorder, stabilizing sleep—wake patterns using behavioural, environmental or
pharmacological tools might, for example, ease symptoms. Understanding the extent to
which circadian rhythms are involved in normal functioning and pathological processes
requires systems-biology approaches. Such approaches have proved valuable for
investigating the complex relationships between rhythms and metabolic disorders2! and
continue to provide strong translational potential for treating metabolic disorders and
premature ageing through molecular and behavioural therapeutics targeting the circadian
system?2, In this Review, we describe the changes in circadian rhythms that occur with
human development into adulthood and with ageing and highlight evidence suggesting that
circadian disruptions at different life stages may be associated with certain brain disorders
that typically emerge during these life periods, such as neurodevelopmental, psychiatric or
neurodegenerative disorders. As most of the research linking circadian disruption and brain
disorders is correlational, we emphasize key findings with a particular focus on mechanism
and causality. In addition, we discuss implications for treatments and interventions.

Prenatal period and early childhood

Many of our insights into the development of the circadian system are from laboratory
investigations of rodents and NHPs. By mid-to-late gestation, rhythms of metabolic activity
and gene expression are evident in the SCN of rodents and NHPs23-25; however, the
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functional importance of early prenatal development of the SCN for fetal rhythms and
physiology is less well understood. In humans, melatonin and dopamine receptors appear as
early as gestational week 18 in the fetal SCN26-28, suggesting melatonin and dopamine may
serve as the primary communicators of circadian information for the fetus29-30, Melatonin
from the mother readily passes through the placenta and the fetal blood-brain barrier and
may thus be the predominant relay of time-of-day information to the fetus, particularly
during the transition from dusk to night, as circulating melatonin rises31-34, Circadian
rhythms of melatonin along with corticosteroid are detectable in the umbilical artery and
vein, along with fetal circulation3:36, Fetal rhythms are also entrained by maternal core
body temperature, feeding and hormone release?” (FIG. 3).

Prenatal and maternal rhythms.

Epidemiological studies report increased risks of preterm delivery, low birthweights and
miscarriage in pregnant women who are chronic shift-workers3/-40, Abnormal sleep,
feeding and work schedules might disrupt maternal rhythms, such as melatonin fluctuations,
and thus desynchronize the maternal SCN from peripheral oscillators and lead to deleterious
effects of shift-work on the fetus. Pregnant rats exposed to simulated shift-work (that is,
complete reversal of the light—dark cycle every 3—4 days for several weeks) showed
substantially reduced weight gain during early pregnancy and reduced fat-pad and liver
weights, and also exhibited lower-amplitude rhythms of corticosterone, glucose, insulin and
leptin levels*. The same manipulation also affected metabolic and circadian gene
expression rhythms in the fetal liver, but did not affect placental or fetal growth*!. Exposing
pregnant NHPs to constant light suppresses the emergence of melatonin and body
temperature rhythms in their offspring following birth*2-44, suggesting that maternal
rhythms are important for the early brain development of fetal circadian systems*®.
Moreover, the rhythms of the expression of circadian genes (specifically, Bmal/1 (also known
as Arntl) and Per2) and genes encoding NMDA receptor subunits (including Grin1b, Grin3a
and Grin3b) are suppressed in the hippocampus of adult offspring of rats exposed to constant
light during pregnancy“6. Alterations in the rhythms of circadian gene expression are also
associated with impaired spatial memory in these offspring#6-47, and these memory deficits
can be prevented by regularly scheduled supplementation of melatonin to the mother4®.
Gestational circadian disruption also promotes social avoidance and hyperactivity
behaviours in pups, even when they are cross-fostered by non-disrupted mothers*8, further
highlighting the importance of circadian stability during pregnancy on the mother and
offspring.

Other studies have shown that even dim light at night has physiological and behavioural
consequences on parents and offspring. For example, chronically exposing mice to dim light
at night impairs adaptive immune function?® and increases depression-like behaviours®0 in
their offspring. Notably, these effects are evident in offspring from parents exposed to dim
light at night before breeding, suggesting that repeated exposure to dim light at night leads
to epigenetic modifications that can be passed between generations. Such studies are
particularly important because rates of shift-work and extended work schedules have
increased over the past decade, as have exposures to prolonged periods of light at night from
work and social demands, and the use of electronic devices®L.
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Rhythms in early childhood.

Circadian rhythms gradually emerge between birth and the first several months of life.
Temperature rhythms appear almost immediately after birth in full-term infants, whereas
other rhythms, including rest—activity, sleep—wake and hormonal cycles, typically develop
between 3 and 6 months of age23:52, During the first year of life, sleep—wake rhythms
continue to consolidate, coinciding with increased melatonin secretion at sunset?3. Notably,
nocturnal sleep onset is coupled with sunset for the first few months after birth and then to
family bedtime thereafter, suggesting that the circadian system is initially entrained by light
but is subsequently entrained by social and environmental factors. Most infants, toddlers (2—
3-year-olds) and young children (4-11-year-olds) display earlier sleep—wake patterns and a
stronger morning preference than do adults, according to the Children’s Chronotype
Questionnaire — even when considering the high intra-individual and interindividual
variability of sleep onset, mid-points and wake times measured by parental report
questionnaires and actigraphy®-°. However, on non-scheduled days, children tend to wake up
later, substantially delaying their sleep—wake times, indicating that social and environmental
factors, such as schedules imposed by school and parents, have a major influence on survey-
based measures of chronotype®. Importantly, children who consistently display earlier sleep
onsets on scheduled days tend to delay less than do children who have later sleep onsets and
wake times®.

Social environment and scheduling demands by the parents can interact with endogenous
circadian and sleep rhythms, creating a state of misalignment between social schedule,
endogenous circadian physiology and sleep homeostasis. Sleep loss and consistently shorter
sleep durations have been linked to inattentiveness, frustration and hyperactivity in 2-5-year-
old children34, Interestingly, before the age of 3 years, poor sleep quality and shorter sleep
durations, which could be the result of inconsistent sleep—wake cycles and less-robust
circadian rhythms, are predictive of hyperactivity, cognitive deficits and impulsivity at 6
years of age®®56, even in children showing normative sleep in the interim period®’.
Inconsistent sleep—wake cycles during early development might be contributing to the
steadily rising rates of emotional and behavioural problems in young children38-61,
Additional — ideally longitudinal — studies from infancy and through early childhood are
needed to better understand the interplay between environment and biology in the
development of the circadian system and the rest of the brain and their potential involvement
in cognitive, mood and behavioural issues. In support of this, a large twin study suggested
that shared environments (rather than genetics) are the primary influencer of sleep
abnormalities and behavioural problems®2, although these findings do not preclude the
involvement of genetic or other biological factors that shape early parenting practices.

At birth, light is the most important stimulus for entraining circadian rhythms. Rodent
studies demonstrate that melanopsin photoreceptors are present prenatally, are light-
responsive after gestation and undergo functional reorganization and maturation during the
first few weeks of 1ife83-69_ In rats, photic inputs to the SCN are mature after postnatal day
10 (reF.54), whereas in mice, these pathways reach maturity by postnatal day 14, when the
eyes fully open®7:69, A few studies have shown that the eyes of infants who were born
prematurely can respond to light as early as gestational week 30, suggesting that photic input
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pathways may be functional during the third trimester of development’®.71, Studies in
baboons reveal that metabolic activity and gene expression in the SCN are highly responsive
to light inputs in full-term infants and can be entrained by low-intensity light, similar to
human infants’2-74,

Regular light—dark schedules and/or low-intensity lighting, as well as particular wave
lengths of light that affect the circadian clock, may be beneficial for the over-all health of
premature infants’>~’7_ In neonatal intensive care units (NICUs) worldwide, constant
lighting conditions are often used to aid the care and nursing staff to readily respond to
potential emergencies and frequent health monitoring”®. However, rearing premature infants
(32 weeks gestational age or older) under regular light—dark schedules in the NICU leads to
greater and more rapid weight gain than rearing infants under constant bright light or dim
light, effectively shortening their hospital stays’677. Premature infants kept in regular light—
dark conditions also fed orally sooner and spent fewer days on ventilator assistance, but had
similar motor coordination compared with infants under continuous near darkness in the
NICU (28-32 weeks of gestation)”%-85. Moreover, compared with infants in constant dim
light, these infants cry less and are more active in the daytime82. Regular light-dark
schedules also support the maturation of rest—activity, sleep—wake and melatonin rhythms
earlier in premature infants’185, Although more controlled comparative studies are
necessary, these findings strongly suggest that regular light—-dark and feeding schedules may
substitute, in part, for the early loss of the influence of maternal rhythms and loss of the
constant darkness environment in utero in premature infants. Larger multisite randomized
trials will be necessary to determine the extent to which different light—dark schedules might
improve long-term health outcomes in infants in the NICU.

Neurodevelopmental disorders

Sleep disturbances and circadian disruptions are associated with several neurodevelopmental
disorders, including attention-deficit hyperactivity disorder (ADHD), autism spectrum
disorders (ASDs), Prader—Willi syndrome (PWS) and Smith—Magenis syndrome (SMS).
One of the most common neurodevelopmental disorders of childhood, ADHD, is
characterized by inattentiveness, impulsivity and hyperactivity and is associated with high
rates of co-occurring sleep problems and circadian alterations8®. Reductions in sleep quality,
delays in circadian phase and evening preference are consistently reported in children and
adults with ADHD87 and may be correlated with the severity of ADHD symptoms88. In
adults with ADHD, a loss of circadian gene expression rhythms in the oral mucosa
accompanies delays in cortisol rhythm and reduced-amplitude melatonin rhythms®.
Advancing melatonin rhythms using bright light therapy improves ADHD symptoms of
hyperactivity and impulsivity in adults independent of changes in sleep time, sleep
efficiency, wake time or waking during sleeping87:%0.

Abnormal melatonin rhythms (for example, with phase delays and reduced amplitude) are
also reported in children with ADHD8’. Studies of sleep-wake cycles in children with
ADHD are often complicated by the effects of stimulants used to treat the disorder92.
Interestingly, modafinil, a stimulant used to treat narcolepsy and shift work disorders, may
be effective for treating ADHD?2 and, along with targeting dopaminergic signalling, may
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also target therapeutic mechanisms distinct from those targeted by amphetamine and
methylphenidate, including central histamine and orexin signalling pathways, to improve
sleep efficiency and quality®3.

Studies have also tenuously associated dysfunction in circadian rhythms with ASD, a
neurodevelopmental disorder characterized by impairments in social communication,
restricted interests and repetitive behaviours. Sleep problems are very common in children
with ASD94-9  although revealing any underlying circadian abnormalities has proved
difficult®”:98, The most consistent related finding in prepubertal children, pubertal
adolescents and young adults with ASD is reduced melatonin levels in the evening%9-102. A
genetic basis for impaired melatonin synthesis in ASD was proposed following the finding
that unaffected parents of children with ASD have lower evening melatonin levels and lower
activity of the acetylserotonin methyltransferase (ASMT) enzymel02 which converts A-
acetylserotonin to melatonin103, Variants identified in the promoter of the ASMT gene were
specific to individuals with ASD compared with controls and were associated with reduced
ASMT activity and melatonin levels192. In addition to its role in sleep and circadian
rhythms, melatonin is also a potent antioxidant. Reductions in melatonin during early
development have been hypothesized to lead to a build-up of oxidative stress, which is
harmful to the developing nervous system and increases the risk of neurodevelopmental
disorders such as ASD1%4. A double-blind placebo-controlled study of 125 children and
adolescents (2-17.5 years of age) supports the use of melatonin supplementation to treat
sleep disturbances associated with ASD05 and may lead to other therapeutic approaches
targeting circadian rhythms and sleep issues, as well as other symptoms of ASD106,

Other neurodevelopmental disorders, such as PWS and SMS, are linked more directly to
dysfunctional circadian rhythm pathways!07-108, PWS is characterized by hypotonia and
failure to thrive in infancy and early toddlerhood followed by hyperphagia and childhood
obesity, intellectual impairment, hypogonadism and obsessive—compulsive-related
behaviours19, and it is due to a paternal deficiency of the 15q11-13 locus!19. PWS is also
accompanied by shorter sleep duration and excessive daytime sleepiness’}:111.112 The
15911-13 locus contains several clusters of genes encoding small nucleolar RNAs
(snoRNAS), including SNORD116, which is expressed in the brain of mice and
humans13-115_ |n mice, paternal deletion of Snord16increases the expression of several
genes specifically during the light phase, including Ube3a, which encodes ubiquitin ligase
E3A (UBE3A)!6, UBE3A targets the circadian transcription factor BMAL1 for
proteasomal degradation and thus is crucial for maintaining the pace of molecular clock
timing!7. UBE3A belongs to a cluster of imprinted genes also within the 15q11-13 locus.
Specifically, genomic imprinting, a rare epigenetic mechanism of gene regulation and
developmental imprinting18, leads to parent-of-origin-specific effects of deletion of the
15911-13 locus. For example, SNORD116 is expressed exclusively from the paternally
inherited allele13, whereas maternally inherited alleles of UBE3A are linked to PWS119.120,
Maternal duplications of the 15q11-13 locus lead to increased expression of UBE3A and
epigenetic silencing of the paternal antisense transcript, UBE3A-ATS21-124 The maternal
allele of UBE3A is imprinted only in neurons and is expressed by alleles in other cell
typest20125126 |n mice with maternal loss of Ube3a, period lengthening of locomotor
rhythms and molecular rhythms in the brain are dependent on core clock factors, including
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CLOCK and BMALL1 (reF.127). Intriguingly, activation of the epigenetically silenced
paternal Ube3a allele restores neuronal circadian functionl?”, suggesting that targeting the
locus may be useful for treatment and involve molecular-clock-dependent mechanisms.
Thus, duplication of the 15q11-13 locus and developmental imprinting of SNORD116and
UBE3A may provide a molecular explanation for the circadian rhythm disruptions common
to patients with PWS.

SMS is a rare neurodevelopmental disorder characterized by craniofacial and skeletal
anomalies, metabolic problems and obesity, along with intellectual disability and
stereotypical behaviours, and is a result of a heterozygous deletion of chromosomal region
17p11.2. The deleted region contains several genes, including the gene encoding retinoic
acid induced one (RAIL), the loss of which is thought to be responsible for many of the
disease characteristics. Symptoms of SMS also include sleep and circadian abnormalities,
with the most extreme being a complete reversal of sleep—wake patterns (that is, daytime
sleep and night-time wake)128-131 RAI1 is implicated in melatonin secretion, and inverted
melatonin rhythms may be responsible for these sleep disturbances!32. Mice with a
heterozygous deletion of Rail display a shortened locomotor activity period33:134 although
these mice are of mixed genetic background containing C57BL/6, which do not produce
pineal melatonin. Introducing the mutation into another mouse background capable of
generating endogenous melatonin may yield more pronounced effects on sleep and circadian
rhythm phenotypes relevant for SMS. In human cells from patients with SMS and the mouse
brain, RAI1 activates the transcription of CLOCK via direct binding to enhancer elements
within intron 1 of the CLOCK genel35, demonstrating a possible mechanism by which loss
of RAIL may result in circadian dysfunction at the molecular and cellular level. Further
study is required to definitively link molecular clock disruption observed in animal models
of SMS and patients with the disorder to the reversal in melatonin secretion. Circadian, sleep
and behavioural disturbances are the most severe and difficult to treat for individuals with
SMS. Attenuating the rise of melatonin during the morning via pharmacological antagonism
of pl-adrenergic receptors by acebutolol (as pineal melatonin production is stimulated by
sympathetic nervous system activation of p1- and a.1-receptors) has been effective for
reducing daytime naps, improving concentration and reducing the frequency of tantrums in a
sample of ten patients, aged 4-18 years36. Combining B1-adrenergic receptor antagonism
with timed administration of exogenous melatonin greatly improves sleep (that is, leading to
fewer sleep awakenings and better organized sleep stages) and also reduces disruptive
behaviours during the daytime in children and adolescents with SMS137, Thus, therapies
targeting the reversal of melatonin rhythms in patients with SMS may improve sleep, as well
as behaviour, attention and learning?37-139,

Adolescence

Humans, rodents and some NHPs undergo changes in circadian rhythms during
adolescencel40, At the onset of puberty, sleep—wake cycles and melatonin rhythms start to
phase delay4! — a shift that is dependent on the presence of gonadal hormones, and that
coincides with sexual maturity142.143, Environmental factors, such as social pressure from
peers and/or decreasing parental involvement in bedtime routines, can also contribute to
changes in adolescent sleep timing and duration40. Sensitivity to the phase-shifting effects
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of light may also play a role, which is especially important when considering the
increasingly pervasive use of electronic devices at night and their influence on sleep timing,
duration and qualityl44. Adolescents may be more sensitive to the ability of light exposure to
shift rhythms at specific times of day. For example, light exposure during the night (23:00 h
to 24:00 h) suppresses melatonin levels in adolescents, with greater suppression occurring in
early adolescents (prepubertal to mid-pubertal adolescents aged 9-14 years) than in late
adolescents (aged 11-15 years, in late pubertal to post-pubertal stages)14°. Early-morning
light exposure (between 03:00 h and 04:00 h) also reduced melatonin, although no
differences were found between early and late adolescents4®. Thus, the sensitivity of the
circadian system to light exposure depends on the developmental stage and time of day, and
early adolescents may be particularly vulnerable to the phase-delaying effects of light at
night145, Although the amount of sleep needed per night is variable, the vast majority of US
adolescents sleep less than the suggested 8-10 hours of sleep per night, according to the
American Academy of Pediatrics146:147_ Early school start times, which are typically more
than an hour earlier in US high schools (ages 15-18 years) than in elementary schools (ages
9-10 years) or middle schools (ages 11-13 years), may contribute to these problems of
shorter sleep®.148, On weekends, adolescents in the US tend to sleep later, both reverting to
their natural sleep—wake cycle and possibly to recover from cumulative sleep loss during the
school week149. Transitions from weekday to weekend compound the phase delay in the
endogenous clock!99:151 that is often referred to as ‘social jet-lag’148:152,

Substance use disorders.

Emerging evidence from studies in humans and animal models suggests that disruptions to
sleep and circadian rhythms during adolescence have consequences on brain development
and might contribute to the vulnerability to mood and substance use disorders (FIG. 4).
Experimentation with substances often begins during mid-adolescence to late adolescence
(ages ~14-18 years), and the frequency of use peaks during early to mid-20s13. Circadian
disruptions (such as social jet-lag) during adolescence increase vulnerability to substance
use, and conversely, chronic exposure to these substances can lead to long-lasting changes in
the circadian and sleep networks'54. Weekday-weekend differences in sleep timing and
duration are associated with increased risk-taking behaviours, substance use and depressed
mood155:156 Moreover, adolescents with shorter sleep duration are more likely to use
substances, including caffeine, nicotine, alcohol and marijuanal®’-1%9, and to engage in
other risky behaviours57:160.161 | ongitudinal follow-up studies have found that weekend
delay and sleep-timing variability during adolescence and young adulthood positively
correlate with alcohol use 2 years later'62 and the incidence of alcohol use disorder
symptoms 3 and 5 years later'63 and are associated with an earlier onset of alcohol use
disorder64, Greater eveningness and later sleep timing in adolescents and young adults are
associated with increased substance abuse and may not merely be a consequence of
increased opportunity to engage in substance use later at night165-167 However, the roles of
biological factors versus social influences remain unclear: social context is also important,
and social networks may affect sleep duration and substance use in adolescents!68,

During adolescence, many developmental changes occur in the frontostriatal reward
circuitry, which includes the ventral striatum (VS; including the nucleus accumbens), dorsal
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striatum (DS) and medial prefrontal cortex (mPFC)169.170 These changes include increases
in synaptic pruning and myelinationl97:171 as well as increases in the availability of
dopamine in the limbic circuitry1’2173, The combination of heightened activity in reward-
related circuits and underdeveloped cognitive control centres contributes to greater
emotionality, impulsivity and reward-seeking behaviour’4175, Circadian and sleep
disruptions may amplify these responses by further reducing cortical control and increasing
the activity of reward circuitry in human adolescents. Chronic exposure to drugs of abuse
can lead to epigenetic changes affecting the molecular clock that may then alter function of
the reward circuitry for long periods of time, creating more vulnerability for future drug
abusel’8.

Functional MRI studies reveal that the activation (that is, glucose uptake) of striatal and
prefrontal brain regions during monetary reward tasks is greater in the afternoon or evening
than in the morning in late adolescents and young adults (aged 19-24 years)}’7, and is
related to morningness and eveningness chronotypes in adults'’8. In an age-matched cohort
of late adolescents, greater VS responses to reward outcome and reduced mPFC responses to
reward anticipation are associated with eveningness’® and may predict alcohol
dependence®7, further suggesting that certain circadian phenotypes emerging during early
to late adolescence could contribute to vulnerability to substance use. In fact, larger
weekday—weekend advances of sleep onset (for example, similar to the transition from early
school start times to weekend schedules) are associated with lower mPFC reactivity to the
anticipation and receipt of monetary reward in early adolescents (aged 11-13 years), even
after adjusting for puberty, sex and total sleep timel49. Lower responsivity of the PFC could
lead to impaired inhibition of striatal circuits and related behaviours, including impulsivity
and risk-taking. Whether these relationships between neural responses to reward and alcohol
use are attributable to circadian misalignment or other factors, some of which may affect
chronotype, remains unclear. For example, sleep deprivation can also alter neural reward
circuitry: a single night of total sleep deprivation leads to decreases in mPFC activity and
increases in VS activity in response to rewarding stimuli in young adults (aged 18-25
years)180, Further investigations in humans and animals are necessary to determine how
circadian misalignment and/or disruption, along with sleep deprivation, independently and
together, may affect the development of reward and cognitive neural systems and whether
interventions that target these systems are clinically beneficial. A recent meta-analysis
performed on nine studies investigated the impact of insomnia treatment on alcohol use
disorder18, Behavioural (but not pharmacological) interventions for insomnia improved
sleep quality and reduced symptoms of depression; however, there was no evidence that
these interventions improved rates of alcohol abstinence, suggesting that improving sleep
quality alone is not sufficient to prevent relapse. Determining whether chronobiological
interventions can reduce the risk of developing substance use disorders or treat individuals
with these disorders is an important and translationally relevant avenue of future research.

Mood disorders.

Adolescence is a time during which serious psychiatric disorders, including major
depression, bipolar disorder and schizophrenia, tend to emerge. The overall prevalence of
disorders with severe impairment and/or distress during this developmental period is
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22.2%182 and the median age of onset for mood disorders is 13 years of agel82. A major
component of many mood, anxiety and psychotic disorders is a disrupted sleep—wake
cyclel83-188 n addition, circadian disruptions can precipitate mood and psychotic episodes
in individuals who already have psychiatric disorders183-191, Mood symptoms can also
occur in a seasonal pattern, as in seasonal affective disorder and in many cases of bipolar
disorder192.193; symptoms may be related to the amount, duration and intensity of light
varying across the seasons (that is, short versus long days)!94. However, these disorders are
very heterogeneous, and any association with disruptions in the sleep—wake cycle can be
highly variable from individual to individual. Thus, similar to genetic studies, identifying a
common circadian or sleep-related mechanism that is causal for all bipolar disorder or major
depression is unlikely.

Similar to substance use disorders, delayed rhythms during adolescence and early adulthood
are strongly associated with depression and the severity of mood symptoms195:196_More
recent work has shown that circadian disruptions in adolescents who are at high risk of
psychasis (that is, subthreshold symptoms of psychosis, social impairment and higher
suspicion—paranoia)1®” and individuals with mood disorders predict worse prognosis and
symptoms in longitudinal studies!98199, Together, these findings suggest that circadian and
sleep disruptions may have a role in the vulnerability to mood disorders and the precipitation
of disorder symptoms.

Although the mechanisms underlying these associations remain to be elucidated, one
possibility is that disrupted sleep and circadian rhythms affect the synaptic pruning and
maturation of neural circuits during adolescence3:4:107.108,200 Many of these selective
synaptic pruning and refinement processes occur during sleep, and sleep is crucial for proper
circuit maturation and long-term memory formation in humans and animals201-204, |n
addition, slow-wave activity during sleep dramatically decreases specifically during
adolescence; this reduction is suggested to result directly from synaptic refinement, further
demonstrating important links between sleep and synaptic changes107:198, Excessive pruning
or too little pruning during adolescence may be linked to the development of psychiatric
disorders205:206; for example, 5 days of 50% sleep restriction in rats during early
adolescence led to alterations in the fractions of projections from the motor cortex to other
regions of the brain207. Therefore, insults during adolescence that affect sleep and circadian
stability may contribute to the pathophysiology underlying the vulnerability and progression
of these diseases later in lifel97:108 As an estimated 7% of adolescents meet clinical criteria
for delayed sleep phase syndrome, and the majority of adolescents are reported to be sleep
deprived208-210 delaying school start times should be universally considered as a potential
intervention for curbing the effect of these conditions?11,

Treatments to amplify, phase advance or delay circadian rhythms have been developed for
potential use in psychiatric disorders in adults. These treatments include bright light therapy,
acute sleep deprivation, interpersonal and social rhythm therapy and therapeutic melatonin
agonists (such as agomelatine)189.212-214 ‘Moreover, antidepressant and mood-stabilizing
medications, such as lithium, valproic acid and selective serotonin reuptake inhibitors
(SSRIs), all have dramatic effects on gene expression rhythms that may, at least in part,
underlie their therapeutic efficacy?15-217, Additionally, the rapid and lasting antidepressant
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effects of low-dose ketamine can be predicted based on measures of locomotor activity
rhythms before treatment and on how well the treatment strengthens low-amplitude activity
rhythms, suggesting that the therapeutic effects are directly related to the strengthening of
the circadian system218, Thus, rhythm alignment and amplification are important therapeutic
approaches to helping prevent or treat psychiatric disorders. Such chronotherapy for these
disorders, however, is in its infancy and needs to be evidence-based. Chronotherapies may
also need to be personalized based on the particular needs of the individual; for example,
subjects with depression are more responsive to light therapy combined with wake therapy
and sleep-time stabilization if they are evening chronotypes and have a positive diurnal
variation in mood, with the best mood occurring in the evening?19.

For most people, there is a gradual shift towards an earlier chronotype from adolescence into
adulthood!41, Between 20 and 50 years of age, men continue to have greater evening
preference on average than women141.220.221 ‘and these sex differences disappear after the
age of 50 years, coinciding with menopause in women141.220.222 However, these measures
of chronotype are also affected by social and work schedules, and some individuals may
never shift back to a morning preference after adolescence?23. Mutations in clock genes such
as CRY1, NFIL3and RORC have been linked to extreme phase delay (that is, delayed
sleep—wake phase disorder) in genetic studies of families?24225, The risk of depression is
increased in people with this disorder and particularly in those with a biological circadian
misalignment (as measured by the dim light melatonin onset (DLMO) phase). Moreover,
most people who are diagnosed with bipolar disorder have an evening chronotype that
persists after adolescencel91.226.

Shift-work disorder and chronic jet-lag.

Our 24-hour society depends on both shift-work and frequent travel across time zones. Shift-
work has been associated with increased risk of cancer, obesity, heart disease,
gastrointestinal dysfunction, sleep disorders, diabetes and depression?2’. A large study of
11,450 Canadian nurses found that the strongest relationship between work schedule and
depression was in those who work rapidly rotating schedules and undefined rotating
schedules (as opposed to slowly rotating schedules)228. This study suggests more severe
circadian disruptions are associated with a greater likelihood of developing depression.
Another study of ~14,000 workers in electronics manufacturing in South Korea revealed
that, compared with daytime workers, shift-workers showed higher rates of insomnia,
depression and suicidal ideation (with the strongest association with insomnia)22°.

A survey of ~4,000 flight attendants as part of the US National Health and Nutrition Survey
(NHANES) found that, compared with the general population, flight attendants are 2-5.7-
fold more likely to have sleep disorders, depression, anxiety and/or fatigue23. Female flight
attendants also have a higher prevalence of reproductive cancers, skin cancers and other
conditions such as chronic bronchitis and heart disease?39:231 probably as a consequence of
carcinogens in cabin environments, including cosmic radiation and poor aircraft ventilation,
but perhaps also exacerbated by night shift-work, irregular schedules and frequent crossing
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of time zones?32:233, Taken together, many health problems during adulthood, including
sleep problems, depression and anxiety, are linked to circadian disruptions that are caused by
shift work or other environmental or genetic disruptions to the sleep—wake cycle.

Older people (ages ~65 years and older) generally sleep less and have poorer sleep
efficiency, increased night-time awakening, increased sleep latency and greater levels of
daytime sleepiness234-236, Several studies have reported declines in melatonin levels with
ageing, although others find no difference compared with younger people in a healthy
population237:238 When other circadian outputs are measured, older individuals show lower-
amplitude body temperature rhythms, with the minimum of the endogenous phase occurring
nearly 2 hours earlier than in younger individuals?3.

Importantly, measures of activity and physiological rhythms in older people can be
confounded by health problems, medications and eye problems such as cataracts that can
reduce light input to the central clock. In humans and rodent models, the amplitude of
peripheral oscillatory rhythms dampens with age, but whether this effect is due to a loss of
intrinsic core clock function, to dysfunction of SCN signalling and connections?40-241 or to a
deficit in entrainment to the environment is unclear2*2, The number of vasopressin-
expressing cells in the SCN in humans243:244 and rodents245:246 reduces with age, possibly
altering SCN output. Moreover, some SCN cells become silent in older animals (as
measured in vitro), and SCN neurons lose phase coherence with age?47248, These SCN
network changes result in desynchronization and a reduction in the amplitude of neuronal
activity rhythms248.249 and, ultimately, physiological and behavioural rhythms241.

In addition to SCN changes, gene expression rhythms in the human mPFC also decline with
age; however, surprisingly, a separate set of genes becomes newly rhythmic in older people
(aged 65 years and older)!L. These rhythmic genes might be protective, as the individuals in
this post-mortem study did not experience psychiatric or neurodegenerative disorders before
death. There is also accumulating evidence linking disrupted sleep and circadian rhythms to
neurodegenerative disorders in humans and animal models235:236,

Neurodegenerative disorders.

In older adults, less-robust circadian rhythms and more fragmented patterns of activity are
risk factors for the development of dementia2>9. Moreover, the incidence of single-
nucleotide polymorphisms (SNPs) in CLOCK and BMAL1, and in BMAL1 and PERI, are
associated with increased risk of Alzheimer disease (AD) and Parkinson disease (PD),
respectively?°1-253 Compared with healthy aged people, individuals with AD or PD show
considerably lower melatonin rhythm amplitudes and excessive sleepiness, as well as other
sleep—wake cycle disturbances, such as later sleep onsets254-258, |n individuals with PD,
these sleep—wake symptoms often precede the development of motor or cognitive symptoms
and may even be useful as a diagnostic biomarker259.260 whereas in patients with AD, sleep
disruptions tend to begin after diagnosis261. AD brains show marked loss of neurons in the
SCN243.244.262 and SCN neuronal loss correlates with reductions in the amplitude of motor
activity rhythms in the same individuals before death?4°, In addition, although individuals
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with AD still show cycling clock gene expression in multiple brain regions, they lose typical
phase coherence within and across regions263,

In mice, SCN levels of sirtuin 1 (SIRT1), a metabolic sensing protein and mediator of
CLOCK and BMAL1 function (FIG. 1), decline with age, potentially explaining the increase
in circadian rhythm disruptions in older people?41. Indeed, brain-specific knockout of Sirt1
in rodents is sufficient to phenocopy the effects of ageing on the SCN and circadian
behaviour, whereas overexpression of Sirt1 is protective?4l, Recent studies revealed that
SIRT1 binds to CLOCK at the promoter of the gene encoding tyrosine hydroxylase (TH) in
dopaminergic neurons to control rhythms in TH expression and, ultimately, dopamine
synthesis?%4 (FIG. 5). When iron is present in the cytosol (as may occur more frequently
with ageing)265:266 dopamine can be oxidized into dopamine quinone (DAQ), which is
highly reactive and toxic267.268, DAQ has been found in human induced pluripotent stem
cell-derived dopaminergic neurons that carry mutations associated with PD269, Thus, deficits
in SIRT1 may contribute to toxic levels of DAQ and neurodegeneration.

PD, in particular, is strongly associated with rapid eye moment (reM) sleep behaviour
disorder (RBD), as well as excessive daytime sleepiness, insomnia and restless legs
syndrome279-273_|n fact, more than 80% of people with RBD are later diagnosed with PD
or dementia’4275, Transgenic mice overexpressing a-synuclein (a model of PD) show
greater fragmentation and amplitude reduction in locomotor activity rhythms during the
active phase, and these effects progress with age2’6. SCN neuronal firing is also reduced in
these mice from young adulthood and progressively worsens with age, suggesting a
weakened circadian pacemaker?78 and a potential loss of dopaminergic modulation of
circadian rhythms via midbrain, striatal and SCN circuits?’7:278, MitoPark transgenic mice
also show a profound disruption of locomotor rhythms in constant conditions and are more
vulnerable to changes in the light-dark cycle2?®.

Sundowning syndrome is prevalent in people with dementia and is characterized by
increases in aggression, restlessness, delirium and agitation specifically in the late afternoon
or early evening28%:281_ Clinical and preclinical data suggest that a lack of appropriate light—
dark cues, disturbances in sleep (particularly, reductions in reM sleep) and a deterioration of
the SCN pacemaker and its outputs all contribute to sundowning syndrome282, Phase delays
and reductions in the amplitude of body temperature rhythms correlate with the severity of
sundowning symptoms, suggesting that a breakdown of the circadian system may be
responsible?82, Aggression, for example, may be modulated by the circadian system. A
recent study in mice revealed that rhythms in the propensity of aggressive behaviours are
modulated via a polysynaptic circuit from VIP neurons in the SCN to GABAergic neurons
of the subparaventricular zone, which in turn innervate the ventromedial hypothalamus, an
area known to regulate aggression283, Further studies are needed to fully elucidate the
biological mechanisms that underlie this syndrome, which affects many elderly people and
their families.

Several processes regulated by the circadian clock could contribute to neurodegeneration,
including the regulation of oxidative stress, inflammation, dopamine synthesis and cellular
metabolism. One simple hypothesis is that disruptions in circadian rhythms disrupt sleep, in
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turn resulting in reduced clearance of misfolded and aggregated proteins that contribute to
neurodegenerative disorders from the brain. A recent study found that even one night of
sleep deprivation led to accumulation of amyloid-p (Ap; one of the proteins that is
pathologically accumulated in the brain in AD) in the right hippocampus and thalamus in the
human brain284. These increases were negatively correlated with mood but were not
associated with a particular AD-linked genotype (that is, the APOE genotype). In line with
the clearance hypothesis, during sleep, the glymphatic system?285 exchanges cerebrospinal
fluid with interstitial fluid and clears Ap286. Sleep deprivation increases interstitial fluid
levels of A and increases plaque formation in mice and flies287:288 whereas in Drosophila,
genetically increasing sleep reduces AP deposition288. However, based on estimates of
anatomical and fluid dynamic parameters, the plausibility of periarterial flow and
glymphatic circulation is controversial; thus, further characterization of this system is
needed?89,

The build-up and expulsion of reactive oxygen species (ROS) also follow a circadian pattern.
In diurnal species (including humans), ROS accumulate during the day owing to neuronal
activity while awake; at night, antioxidants safely remove excess ROS during the day owing
to neuronal activity while awake; at night, antioxidants safely remove excess ROS during
sleep?36.290, Bma/1~~ mice, which lack a functional molecular clock, show premature
ageing, neurodegeneration and a reduced lifespan2®1, ROS accumulation is considerably
higher in Bmal1~~ mice and correlates with increases in astrocytosis and levels of oxidative
damage markers in the brain. Treating BmalZ~/~ mice with the antioxidant A-acetyl-I-
cysteine partially rescues their lifespan and prevents age-dependent pathology?292.
Interestingly, mice with a brain-specific Bmall deletion also exhibit increased astrocytosis,
despite having mostly normal locomotor circadian rhythms and sleep—wake cycling (that is,
relatively normal clock function in the SCN); thus, these neurodegenerative effects are
probably due to loss of the local control of cellular metabolism in specific regions of the
brain that is normally mediated by BMAL1, independently or as part of the molecular clock,
in these cells2°1,

Whether circadian rhythm and sleep disruptions are primarily causal to neurodegenerative
disorders remains unclear, but environmental and biological disruptions to these systems do
seem to worsen progression of these diseases?93-29, Thus, therapies that stabilize circadian
and sleep rhythms may at least slow the progression of these disorders. Indeed, some studies
indicate that morning light therapy may improve circadian rhythms and Mini-Mental State
examination (MMSE), Cohen-Mansfield Agitation Inventory (CMAI) and Behaviour
Pathology in AD Rating Scale (BEHAVEAD) scores, particularly in the early stages of
dementia, and that, even in severe cases of dementia, it improves circadian and behavioural
symptoms, most notably agitation and overall cognitive function296.297_ Care centres for
patients with dementia are often dimly 1it2%8-390 and a randomized control trial of 189
participants found that increasing illumination levels in elderly care centres during daytime
hours leads to a slower decline in MMSE scores, reduced depression scores and reduced
functional impairment in individuals with dementia over a 1.5-year period31, Moreover, a
double-blind, multicentre study in 157 individuals with AD showed that evening melatonin
treatment improved cognition, decreased nocturnal activity and increased sleep3%2,
Importantly, melatonin treatment must be carefully timed to that of normal endogenous
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melatonin synthesis, as other studies that provided melatonin later in the evening did not find
beneficial effects302:303,

Conclusions

Throughout the lifespan, sleep and circadian rhythm disruptions are strongly linked to the
pathophysiology of specific psychiatric and neurodegenerative disorders. Though most
clinical studies are still correlational, animal model studies are beginning to examine
potential causal relationships between disrupted circadian rhythms and multiple brain
disorders and are starting to identify molecular mechanisms. Although the central clock in
the SCN seems to be key, circadian genes in other brain regions outside of this central pace-
maker also contribute locally to the control of neuronal metabolism, neurotransmitter
synthesis and activity, and the disruption of these functions might contribute to brain
disorders264:304-315 e are only beginning to understand the role of peripheral oscillators in
multiple regions of the brain, how they are entrained and what other functions circadian
transcription factors have that might be independent of the control of daily rhythms. These
points should certainly be the focus of future study.

We need to better understand the bidirectional relationships between circadian rhythms and
environmental perturbations, such as stress or drugs of abuse, and how circadian rhythms are
intimately connected to neurotransmission, metabolism, immunity and other processes.
Circadian disruptions may promote vulnerability to or the progression of certain disorders,
within a developmental context. With development, changes occur in the sensitivity of the
brain to light input, in the inputs and outputs of the SCN, and in the functions of the
molecular clock in specific cell types in the brain and in other tissues. In later life, certain
disorders exhibit a defined trajectory, with sleep and circadian problems often preceding the
development of other symptoms. These findings provide an opening for future, in-depth
investigation of the causal relationships between sleep and/or circadian disruption and
neurodegeneration.

Recent studies have demonstrated that elements of the molecular circadian clock directly
regulate cellular metabolism and mitochondrial function in the liver and other tissues316-318,
Further studies should determine the molecular mechanisms by which circadian genes may
control the metabolism, mitochondrial function, redox state, antioxidant response and
activity of neurons and glia, as dysfunction of each of these processes and states can
contribute to neurodegeneration. In addition, future studies should determine the circadian
rhythm of the expression of drug targets. For example, drugs that target certain
neurotransmitters and their receptors may have higher therapeutic efficacy or more adverse
effects depending on the time of day the medication is administered and on the endogenous
rhythm of neurotransmission and receptor expression.

The evidence for associations between circadian disruptions and brain disorders in humans
is mostly epidemiological and correlational. Studies in preclinical models have supported
these findings while also offering insights into the bidirectionality, in which circadian
disruption leads to certain disease-related phenotypes, and the environmental factors that can
alter rhythms, such as stress or exposure to drugs of abuse, can lead to the exacerbation or
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progression of certain symptoms. Future research will require the continuation of
experimental investigation of causality using translational approaches. For example,
investigators are beginning to implement laboratory manipulations in humans to misalign the
environmental schedule with an individual’s endogenous sleep—wake and melatonin rhythms
to assess the impact of circadian alignment on cognitive, reward and memory functions, as
well as their related neural circuits. Considering these hypotheses within a developmental
context will be necessary, as certain developmental periods (for example, adolescence) may
be vulnerable to these disruptions. Larger-scale, more in-depth assessments of chronotype
utilizing novel biological assays®19, combined with longitudinal follow-ups, could further
clarify the predictive associations between eveningness or delayed chronotypes andbrain
disorders such as depression, bipolar disorder and addiction. Recent genome-wide
association studies with more than 100,000 subjects have identified novel loci associated
with sleep duration, chronotype and metabolic phenotypes (for example, body mass
index)320:321 The role of these environmental and genetic factors underlying circadian
rhythms and brain disorders can be further experimentally interrogated using cell-based
assays and preclinical models. Manipulation of specific circadian genes within neural cell
types and regions will begin to dissect the involvement of molecular and cellular clocks in
neural circuits and relevant physiological and behavioural end points. Optogenetic and
chemogenetic tools can be used to tease apart the function of light-input pathways to the
brain that are dependent on, or independent from, SCN connections in regulating neural
activity, as has recently been demonstrated for mood-related behaviours322-324, With the
advent of new tools and resources in neuroscience, and building on a greater understanding
of the relationships between circadian rhythms, physiology and behaviour, research in
humans and animals is equipped to investigate causal relationships between circadian
disruption and various brain disorders. These findings may lead to effective therapeutics and
interventions with improved clinical outcomes.

Chronotherapeutic strategies of specifically timing the delivery of certain drugs are now
being used in the treatment of certain cancers32> and may be therapeutically beneficial
across various diseases326. Time-restricted feeding is also now being used to help treat
and/or prevent obesity, as well as metabolic, cardiac and liver disorders327:328. Several first-
line pharmacological treatments for psychiatric disorders, such as lithium for bipolar
disorder and SSRIs for major depressive disorders, modulate the circadian
clock?16:217,:329-331_ Although these effects were identified later, they suggest that targeting
rhythms or components of the clock using pharmacological agents might be therapeutically
beneficial?15:216.331 Many of the most effective treatments for brain disorders and other
diseases modulate clock function216.326,330,332.333 |mportantly, treatments and interventions
that target the circadian system may have therapeutic efficacy and improve clinical
symptoms and daily functioning for the individual. Such approaches, if considered, could
even be added as adjunct therapies to first-line medications or treatments to further improve
therapeutic outcomes. There is much interest in the implementation of regular social, sleep
and activity schedules in children and adolescents with developmental disorders, as stable
environmental schedules seem to ameliorate daytime sleepiness and daytime behavioural
problems in individuals with ASD or ADHD. The increased use of wearable activity and
sleep-tracking devices has also brought about new possibilities in terms of diagnostic
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analysis and personalized treatment plans334. The field is poised to align multiple
approaches, including tracking of brain function, receptor levels and internal rhythms, that
could be valuable for treating psychiatric and neurological disorders in the future.
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Peripheral oscillators

Circadian “clocks’ in other parts of the brain and in peripheral organs that are driven by
the suprachiasmatic nucleus and various other nonphotic cues and stimuli.
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Actigraphy

The monitoring of physical activity patterns (that is, rest—activity cycles) over many days,
weeks or months, typically using non-invasive devices, such as wrist actometers.
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Chronotype

The preference for early or late activities (translating to morning or evening chronotypes,
respectively) during the 24-hour cycle.
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A type of homeostasis by which prolonged periods of wakefulness lead to increases in
the intensity and duration of subsequent sleep, in compensation for a sleep deficit or

deprivation.

Sleep homeostasis
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Melanopsin photoreceptors

Opsin class g protein-coupled receptors expressed in a small percentage (~2%) of
photosensitive mammalian retinal ganglion cells.
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Bright light therapy

A therapy for mood and sleep disorders that involves the use of bright light, typically in
the morning, to shift and stabilize endogenous circadian timing.
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Sleep efficiency

A measure of the integrity of sleep architecture and quality of sleep, consisting of the
ratio of total sleep time to the amount of time spent in bed.
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Narcolepsy

A chronic neurological disorder characterized by excessive daytime sleepiness, with
many individuals experiencing intermittent, uncontrollable episodes of cataplexy (a
sudden loss of muscle tone during wakefulness).
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A potent stimulant drug that can be used in the treatment of attention-deficit hyperactivity

disorder.

Amphetamine
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A stimulant drug primarily used in the treatment of attention-deficit hyperactivity

disorder.

Methylphenidate
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Eveningness

The preference for activity in the evening and later bed times, related to endogenous
circadian phase, and akin to evening chronotype.
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Neural pathways that connect frontal regions with basal ganglia and mediate reward

value and motivation.

Frontostriatal reward circuitry
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Slow-wave activity

An electrophysiological measure of slow (0.5-4 Hz), synchronized oscillatory activity
primarily expressed during non-rapid eye movement sleep.
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Delayed sleep phase syndrome

A circadian rhythm disorder in which sleep timing is shifted later by 2 or more hours
relative to normative sleep—wake cycles and often accompanied by similar shifts in body-
temperature and hormone rhythms.
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A partial night or full night of sleep restriction. This approach can produce a short-term

antidepressant effect.

Acute sleep deprivation
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Interpersonal and social rhythm therapy

A cognitive behavioural therapy often used for bipolar disorder that acts to stabilize
sleep—wake and social schedules.
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Dim light melatonin onset (DLMO).

A marker of endogenous circadian phase that can be used for research or to determine the
appropriate timing of treatments.
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Fatigue

The feeling of exhaustion and lack of energy.
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REM sleep behaviour disorder

(RBD). A disorder in which there is a loss of the paralysis that normally occurs during
rapid eye movement sleep, allowing the person to physically ‘act out’ their dreams.
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A condition marked by uncomfortable sensations in the legs accompanied by the urge to

move them.

Restless legs syndrome
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MitoPark transgenic mice

A mouse model of Parkinson disease in which dopamine neurons are deficient in
mitochondrial function through inactivation of mitochondrial transcription factor A.
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A phase of sleep characterized by rapid movement of the eyes, low muscle tone and

dreams that can later be recollected.

REM sleep
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Glymphatic system

A functional waste clearance system in the brain that is active during sleep.
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An abnormal increase in the number of astrocytes, attributable to the death of nearby

neurons.

Astrocytosis
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Mini-Mental State Examination (MMSe).

A standardized set of 11 questions with a maximal score of 30 (<23 indicating cognitive
impairment) used to assess five cognitive functional areas: orientation, registration,
attention and calculation, recall and language.
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Clock-regulated
pathways:

* Neurogenesis

* Cortical development
* Neurotransmission
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a| The circadian timing system synchronizes clocks across the entire body to adapt and
optimize physiology to changes in our environment. Light is received by specialized
melanopsin-producing photoreceptive retinal ganglion cells (ipRGCs) in the eye. These
ipRGCs project through the retinohypothalamic tract to the suprachiasmatic nucleus (SCN),
among other brain regions. The SCN relays timing information to other areas of the brain
via direct projections (dark green boxes) and indirect projections (light green boxes).
Humoral signals and the peripheral nervous system (that is, the sympathetic nervous system
(SNS) and parasympathetic nervous system (PNS)) convey information from the SCN to
orchestrate peripheral clocks. Feeding schedules and exercise can also entrain central and
peripheral clocks. Circadian rhythms are key regulators of thermogenesis, immune function,
metabolism, reproduction and stem cell development. b | The mammalian molecular clock is
composed of transcriptional and translational feedback loops that oscillate with a near-24-
hour cycle. The positive loop is driven by the heterodimerization of either circadian
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locomotor output cycles protein kaput (CLOCK) or neuronal PAS domain-containing
protein 2 (NPAS2) with brain and muscle ARNT-like 1 (BMALL1) in the nucleus. The
resulting heterodimers bind to enhancer boxes (E-boxes) in gene promoters to regulate the
transcription of clock-controlled genes (CCGs), including those encoding period (PER)
proteins and cryptochrome (CRY) proteins. PER and CRY proteins accumulate in the
cytoplasm during the circadian cycle, eventually dimerizing and shuttling to the nucleus to
inhibit their own transcription, thus closing the negative-feedback loop. The auxiliary loop
includes the nuclear retinoic acid receptor-related orphan receptors (RORa and RORp) and
REV-ERBs (REV-ERBa and REV-ERB), which are also transcriptionally regulated by
CLOCK-BMAL1 heterodimers. REV-ERBa (REV in the figure) and RORa repress and
activate the transcription of Bmall, respectively, by inhibiting and activating the ROR or
REV-ERB response elements (RREs). CLOCK-BMAL1 complexes also control the
expression of nicotinamide phosphori-bosyltransferase (NAMPT), which is the rate-limiting
enzyme of NAD™ biosynthesis from nicotinamide (NAM). NAM is modified by NAMPT to
produce nicotinamide mononucleotide (NMN), which in turn is converted to NAD* by
several adenyltransferases. Thus, NAMPT oscillations control circadian fluctuations in NAD
* levels, which in turn modulate sirtuin 1 (SIRT1) activity and signalling. High levels of
NAD™* promote SIRT1 activation. SIRT1 interacts directly with CLOCK-BMAL1 to
deacetylate BMAL1 and inhibit CLOCK-driven transcription. Between tissues and cell
types, CCGs and other molecular and cellular rhythms may be expressed with different
acrophases (phase of peak expression), amplitudes and even periodicities. ArcN, arcuate
nucleus; DmH, dorsomedial hypothalamus; DR, dorsal raphe; IGL, intergeniculate leaflet;
LC, locus coeruleus; LH, lateral hypothalamus; LHb, lateral habenula; MA, medial
amygdala; mPOA, medial preoptic area; NAc, nucleus accumbens; PVN, paraventricular
nucleus of the hypothalamus; PVT, paraventricular nucleus of the thalamus; RMTyg,
rostromedial tegmental nucleus; Sptm, septum; SPZ, subparaventricular zone; VLPO,
ventrolateral preoptic nucleus; VTA, ventral tegmental area.
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Fig. 2 |. rhythms across the lifespan.
Schematic of circadian rhythm changes from infancy, adolescence, adulthood and older age.

During infancy, sleep—wake rhythms are ultradian and consolidate during the first year of
development. From childhood to adolescence, there is a marked shift from an early to a late
chronotype, which subsequently becomes earlier during adulthood, with shorter sleep
durations through adulthood. Rhythms undergo a gradual loss of amplitude with ageing.
Temperature rhythms peak during childhood, and amplitudes steadily reduce during ageing.
Melatonin rhythms are delayed during adolescence, with overall levels peaking during
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childhood and considerably decreasing during ageing. Similarly, rodent studies have
demonstrated that suprachiasmatic nucleus (SCN) activity rhythms gradually decline with
ageing (not shown). Cortisol rhythms peak earlier in the morning during childhood and, with
age, gradually widen and reduce in overall amplitude. The amplitude of rhythmic gene
expression in the brain and other tissues is reduced during ageing, affecting tissue
homeostasis and function (not shown).
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Fig. 3|. Maternal and fetal rhythms.
Fetal tissues such as adrenal glands and the suprachiasmatic nucleus (SCN) may be

entrained by rhythms of maternal feeding schedules, core body temperature and melatonin.
Entraining signals, including melatonin and glucocorticoids, may cross the placental barrier
to entrain, modulate or aid the development of fetal circadian rhythms among brain and
peripheral tissues. ANS, autonomic nervous system; RHT, retinohypothalamic tract.
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* Social pressures
(e.g. peers, schedule and family)
* Brain development
(e.g. cognition, emotionality and impulsivity)

1

(

@ Cognitive control, mood regulation and
@l reward function w

» Dopaminergic activity?

* Inhibitory control? Psychiatric disorders

Circadian genes * Substance use disorders

* Variants

= Depression

= Polymorphisms * Anxiety

® Expression

s Bipolar disorder
» Schizophrenia

Circadian rhythms and sleep Ai

* Environmental light E
» °Melatoninrhythms ~ .oeieoooooo..- ;

» Sleep-wake cycles
* Sleep timing
® Sleep duration

Interventions

* Timed melatonin
e Timed light exposure
¢ Routine schedules

Fig. 4 |. Effects of social constraints, sleep and circadian disruptions on adolescent brain
function.

A proposed model for the associations between sleep, circadian rhythms and psychiatric
disorders during adolescence. Neural circuits responsible for controlling cognition, mood
and reward mature rapidly during adolescence and may be negatively affected by sleep
deprivation and circadian misalignment, potentially leading to poor decision making,
impulsivity and risky behaviours. Basic and clinical studies have linked circadian genes and
their variants to corticostriatal dopamine and glutamatergic signalling that are important for
cognition, mood and reward. These changes contribute to the vulnerability of developing
psychiatric disorders. Several psychiatric disorders, including mood disorders, substance use
disorders and schizophrenia, are associated with alterations in rhythms and/or sleep that
affect cognition, motivation and impulsivity. Sleep and/or circadian rhythm disruptions (for
example, genetic and/or environmental perturbations) are also associated with vulnerability
to and the progression of psychiatric disorders. Interventions for targeting sleep and/or
circadian rhythms may be therapeutically effective for treating disorders that emerge during
vulnerable periods of adolescence.
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Fig. 5|. circadian regulation of dopamine.
The ventral tegmental area (VTA)-nucleus accumbens (NAC) circuitry is regulated by a

local molecular clock, which controls the transcription of genes involved in the dopamine
(DA) signalling pathway, including those encoding: tyrosine hydroxylase (TH), the major
rate-limiting enzyme converting tyrosine to the DA precursor I-dihydroxyphenylalanine (I-
DOPA); cholecystokinin (CCK), a neuropeptide released from presynaptic DA terminals to
suppress further DA release; and monoamine oxidase A (MAOA), a mitochondrial enzyme
used to metabolize monoamine neurotransmitters, including DA. For example, the circadian
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transcription factors of circadian locomotor output cycles protein kaput (CLOCK) and brain
and muscle ARNT-like 1 (BMAL1) form heterodimers and recruit the metabolic sensor and
histone acetylase sirtuin 1 (SIRT1) to the enhancer box (E-box) within the 7+ promoter to
repress transcription by cAMP response element-binding protein (CREB). CREB activates
TH transcription via the CRE site, located proximal to the transcription start site and the
circadian E-box. In addition, CLOCK is capable of binding the E-box within the Cck
promoter to promote the transcription of Cckin the VTA. Mixed lineage leukaemia protein 1
(MLLY1Y) is also recruited to CLOCK-BMAL1 heterodimers to promote the transcription of
target genes via histone acetylation. REV-ERBa (REV) also represses transcription by
binding the REV-ERB response element (RRE) promoter site in antiphase with the
transcription factor NURR1 at the NURR1 binding motif, NBRE. Presynaptic dopamine 2
receptors (D2Rs) may also be regulated by the molecular clock. Diurnal rhythms of
dopamine, glutamate and GABA levels, as well as of the expression and activity of their
receptors, are present in the NAc, potentially temporally gating and promoting neuronal
responses during certain times of day. DAT, DA transporter; DOPAC, 3—-4-
dihydroxyphenylacetic acid; GABAR, GABA receptor; Glu, glutamate; GIUuR, glutamate
receptor (ionotropic).
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