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SUMMARY

Neurological disorders encompass an extremely broad range of conditions, including those

that present early in development and those that progress slowly or manifest with advanced

age. Although these disorders have distinct underlying etiologies, the activation of shared
pathways, e.g., integrated stress response (ISR) and the development of shared phenotypes

(sleep deficits) may offer clues toward understanding some of the mechanistic underpinnings of
neurologic dysfunction. While it is incontrovertibly complex, the relationship between sleep and
persistent stress in the brain has broad implications in understanding neurological disorders from
development to degeneration. The convergent nature of the ISR could be a common thread linking
genetically distinct neurological disorders through the dysregulation of a core cellular homeostasis
pathway.
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Introduction

The brain is subject to unique stresses. Post-mitotic neurons are constrained in their ability
to undergo cell death and replenish their population. The central neuronal network is an
extremely metabolically demanding system, requiring approximately 20% of total basal
oxygen consumption in adult humans, and as much as 50% in children [1-3]. This demand
is dependent on mitochondrial oxidative phosphorylation, which supplies much of the
energy and maintains calcium and redox homeostasis to support key processes including
neurogenesis, cytoskeleton assembly, signal transmission, and plasticity [4-9]. Thus, the
brain has a highly developed mitochondrial network, which may function to support the
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intricate synaptic networks and signal transmission necessary to sustain brain function [10].
This high metabolic load also produces high levels of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) as a biproduct of ATP synthesis. While the brain produces
significant levels of antioxidants, stress and genetics can perturb the balance of oxidation
and reduction, which along with other susceptibility features in the brain, increases the

risk of persistent oxidative damage [11]. Together, these factors contribute to a brain
environment that is rife with free radicals, which can lead to the accumulation of misfolded
proteins and persistent DNA damage [12-15].

In post-mitotic cells such as neurons, constant repair is required since cell replacement is
not an option for maintaining cellular function in the brain. Sleep likely plays a critical

role during development and aging in reducing the metabolic demand of the brain [15,16]
and repair of wake-induced cellular damage [17,18]. Sleep alters the translational profile

of the brain to facilitate synaptic normalization and homeostasis [19-21]. Furthermore,

sleep increases the clearing of metabolites accumulated during wake including misfolded
proteins and proteolytic byproducts such as amyloid beta (AB) [22]. Wake-mediated free
radicals also induce DNA lesions, which comprise a major class of DNA damage in neurons,
leading to base pair modification and double-stranded DNA breakage (DSB) [13,18]. Sleep
plays a direct role in repairing this DNA damage. The repair of enriched wake DSBs

and gamma-irradiation induced DSBs is delayed or inhibited by sleep deprivation, with
repair resuming upon the restoration of sleep [18]. In a study of overnight on-call doctors,
expression of several key DNA repair genes was decreased after acute sleep deprivation [23].
Those genes include 8-oxoguanine glycosylase (OGG1I), X-ray repair cross complementing
1 (XRCCI), and excision repair cross-complementing group 1 (ERCCI) in the base excision
repair (BER) pathway, the primary mechanism for repairing oxidative base pair modification
in neurons [24—26]. Furthermore, the study demonstrated that DNA breaks and oxidized
purines were increased, and blood plasma antioxidant capacity was reduced, reflecting the
role of sleep in DNA damage and repair [23].

Sleep deficiency and persistent oxidative stress leads to the accumulation of damage to
proteins and DNA, which can further induce cellular stress [12-15]. Cells respond to stress
through a versatile mechanism called the integrated stress response (ISR). The ISR is a
signaling network found in all eukaryotic cells and is critical for cellular adaptation and
homeostasis in response to external and internal stressors. Through the ISR, cells activate
response programs to alleviate stress induced by misfolded proteins, DNA damage and
metabolic pressure [27-30]. This includes the preferential activation of gene networks

that repair and promote cell survival in the brain [31], as neurons must favor prosurvival
solutions to stress. Wake is energy intensive and stressful [14,15,32,33]. Sleep provides a
respite from wake and a time to activate homeostatic and repair mechanisms [18,19,22].

In fact, brain oxidation and the accumulation of DNA damage during wake play a role

in triggering the induction of sleep to promote DNA repair [34-37]. Whether the ISR

is functionally involved in the restorative function of sleep remains to be fully studied,
however PERK signaling, a core feature of ISR activation, promotes sleep [38]. Parpl, a key
factor in the initiation of DNA repair, also promotes sleep and the repair of DNA damage by
inducing repair protein activity and chromosome mobility [36].
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Metabolic stress and biomolecule damage is increased under conditions of sleep
fragmentation [15,17,39], and inefficient and insufficient sleep are common underlying
features of many neurological disorders [40-50]. Neurological disorders are highly
comorbid with sleep abnormalities, suggesting that functions at the intersection of the

ISR and sleep could contribute to the synaptic and behavioral deficits observed in these
disorders. Despite the widely shared dysregulation of the ISR and sleep among neurological
disorders, there is still little clarity on the mechanistic relationship between cellular

stress and sleep dysregulation in neurological diseases. Evidence of persistent stress and
stress-related damage to biomolecules along with the manifestation of sleep phenotypes

is observed in neurological conditions arising by both genetic mutation and injury to the
nervous system, underscoring the central nature of this relationship (Table 1). The goal

of this review is to discuss our current understanding of the ISR and sleep, focusing on
three neurological diseases (Alzheimer’s disease, autism spectrum disorder, and Fragile X
syndrome) and propose future avenues of research to examine how these processes interact
to contribute to the progression of neurological dysfunction (Fig. 1).

Alzheimer’s disease

Aging may be associated with a mild decline in mental acuity, however significant cognitive
decline or memory loss is not a typical feature of healthy aging. Alzheimer’s disease (AD)
is a progressive disorder, which often initially presents in older adults and worsens with age.
AD is the most common cause of dementia, and the fifth leading cause of death in adults
over 65 [51]. Great strides have been made in understanding the etiology and progression of
AD, however our knowledge is still incomplete and our efforts to slow AD progression have
yielded little success. The involvement of the ISR in neurodegeneration is widely supported
and activation of the ISR has been described in both animal models [52-55] of AD as

well as in brain tissue from individuals with AD [52,54-57]. An abundance of oxidative
stress, ER stress, and mitochondrial dysfunction are well documented in AD. This cellular
oxidative stress in AD likely contributes to accumulation of protein and DNA damage that
feeds back into ISR activation leading to persistent ISR activation in AD. Among the genes
that are translationally upregulated by the ISR is beta-secretase 1 (BACEL), which has
important implications in a variety of neurological and neurodegenerative diseases [52,54].
BACEL1 is involved in the initiation of the amyloidogenic pathway and the buildup of Ap,
which is relevant to the pathogenesis of AD.

The awake brain operates at an elevated baseline of oxidative stress [3,11,58]. Elevated
oxidative damage is highly implicated as a major contributor to cell death and the
progression of AD potentially due to the pro-oxidative effect of Ap accumulation [59],
protein misfolding [60], and/or activation of the inflammatory response [61]. Concurrent
with elevated levels of oxidative stress, increased oxidative damage, including nuclear
and mitochondrial DNA oxidation is observed in the brain of individuals with AD [62—
64]. Reduced activity of OGG1, Uracil-DNA glycosylase (UDG), and DNA polymerase
beta (POLB), key factors in the BER pathway, is observed in the brains of AD patients,
leading to a BER deficiency [65,66]. Additionally, BER function is impaired in individuals
with amnestic mild cognitive impairment, which represents a transitional phase between
normal aging and the development of AD [65]. Both nuclear and mitochondrial DNA
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oxidative damage is apparent in this early stage of cognitive impairment, reflecting this
BER deficiency [67,68], and suggesting that BER deficiency may be an early indicator in
the development of AD. This impairment is observed in both the cerebellum and inferior
parietal lobule, which correspond to the least and most highly affected regions of the brain,
respectively [65], indicating that BER deficiency may be a susceptibility feature of the AD
brain, rather than directly contributing to neuronal cell death, which is not observed in the
cerebellum.

Even in normal aging, sleep quantity and quality progressively decline with age and

the association between sleep disturbances, cognitive decline, and the risk of developing
dementia is widely documented. In a meta-analysis, a random effect model predicted that
individuals experiencing sleep disturbances had a 1.49-fold increased risk of developing AD
[69]. Common sleep problems experienced with age include insomnia, sleep fragmentation,
sleep disordered breathing, disrupted circadian rhythms, and excessive daytime sleepiness,
which are exacerbated with the development and progression of AD [43,70,71]. The role

of sleep in the underlying etiology of AD is not understood, however it is likely that the
progressive development of sleep abnormalities contributes to, or at least aggravates the
cognitive and behavioral characteristics of AD and neurodegeneration in general.

Autism spectrum disorder

Autism spectrum disorder (ASD) is a behaviorally defined group of neurodevelopmental
disorders (NDD) characterized by social and cognitive deficits, and is increasingly prevalent,
with an estimated one in 59 children diagnosed with ASD worldwide [72]. Because ASD

is currently diagnosed based only on behavioral criteria, there is no single underlying
etiology, and many genetically distinct disorders are grouped together based on shared or
similar cellular dysfunctions and phenotypic presentations. Studies in children with ASD
increasingly implicate oxidative stress, and its deleterious effects on brain and metabolic
processes, as an important feature of ASD pathophysiology. ER stress is a major contributor
to ISR activation in ASD. Several genetic models of ASD have been shown to induce

ER stress [73-76], however because ASD is an extremely heterogeneous disorder, any
single copy number variant or genetic mutation is found in only a small fraction of ASD
cases. Using a multivariate model, a recent study showed that ASD status was able to
predict mRNA levels of ER stress genes including PKR-like ER kinase (PERK), activating
transcription factor 4 (ATF4), activating transcription factor 6 (A7F6), X-box binding
protein 1 (XBPI), C/EBP homologous protein (CHOP), and inositol-requiring enzyme 1
(/REI). Expression of these genes were significantly upregulated in the middle frontal gyrus
in individuals with ASD. Additionally, ER stress genes were positively associated with
stereotyped behavior classified by the Autism Diagnostic Interview-Revised (ADI-R) [77].
Not only does protein oxidation lead to the accumulation of damaged and unfolded proteins,
but mistranslated or mutated proteins are also more susceptible to oxidation, thus eliciting a
cycle of damage and stress [60].

The effects of oxidative stress are potentially more damaging during early development due
to low glutathione levels and an immature antioxidant system [78-80]. Thus, children are
more susceptible to damage from oxidative stress at typical levels, even before considering
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the elevated levels observed in children with NDD. Elevated oxidative stress has more
recently become an area of interest in neurodevelopment and the development of intellectual
disability disorders such as ASD. Accumulation of ROS, decreased antioxidant capacity,
and damage to biomolecules have been demonstrated in the blood or postmortem brain
tissue of children with ASD [81-85]. Children with ASD have an elevated concentration of
8-0x0-dG in the cerebellum and temporal cortex compared to typically developing children
[81]. BTBR T /tor3"J (BTBR) mice, which exhibit autism-like behavioral phenotypes,
also exhibit elevated 8-0xo-dG levels in the cerebellum, which is inversely correlated with
a 70-73% decrease in Ogg/expression. Male BTBR mice also exhibit significantly more
mitochondrial DNA damage [86]. It is important to note that BTBR mice differ genetically
from their C57BL/6J controls, including single nucleotide polymorphisms between the
strains in the coding and noncoding regions of Ogg/. Genomic 8-0x0-dG enrichment is also
observed in human post-mortem cerebellar samples, providing confidence in the translation
of these results.

Abnormal sleep is a common feature of NDDs including ASD and related intellectual
disability disorders [40,41,44-49]. In fact, sleep difficulties are included as a diagnostic
criterion of many NDDs, and have been reported in 80% of children with intellectual
disability in general [87] and 44-83% of children with ASD [44,88]. The types of sleep
disturbances experienced by children with ASD are quite abundant and variable, potentially
reflecting the underlying variability in etiology, however in one study, 86% of children were
found to experience at least one sleep problem every day, with insomnia being the most
commonly reported at 56% [89]. In addition to their prevalence, sleep problems in children
with ASD also increase over time [46]. Children with ASD who are considered “poor
sleepers” are more likely to have more affective problems and poorer social interactions than
“good sleepers” or typically developing children [40]. These persistent sleep deficits and
their correlation with behavior and social interactions suggest that sleep intervention has the
potential to improve developmental outcomes of children with ASD.

Fragile X syndrome

Fragile X syndrome (FXS) is a neurodevelopmental disorder characterized by anxiety, social
behavioral deficits, cognitive impairment, and sleep abnormalities. Individuals with FXS
have an increased risk of developing attention deficit disorder (ADD) and ASD. In fact,
FXS is the most common monogenic cause of inherited intellectual disability and ASD [90].
FXS is caused by the loss of fragile x mental retardation 1 (FMRZI) gene expression. Its
encoded protein, fragile x mental retardation protein (FMRP), has well-studied functions as
a translational regulator [91], however its roles within the nucleus are much less understood.
FMRP has recently been identified to have roles in gene expression and genome function,
including the DNA damage response [92,93]. Individuals with FXS express important DNA
repair genes at lower levels than their typically developing counterparts, including key BER
factors OGGI and XRCCL1 [94]. Some of these genes, and oxidative stress itself, are also
implicated in trinucleotide expansion, the most common cause of FXS in humans [95-98].

The role of the ISR in the brain in FXS is an active area of investigation. Ap levels
are elevated in the brains of FXS patients and £mr1 KO mice, which also exhibit
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elevated amyloid precursor protein (APP), thus BACEL inhibitors have been proposed as

a potential therapeutic strategy for FXS [99,100]. FmrI-deficient mice exhibit elevated
NADPH-oxidase activity, altered antioxidant activity, and increased oxidation of lipids and
proteins. Interestingly, elevated ROS levels are developmentally dependent, detected at 4
months of age but not early (newborn and 1 mo old) or late (8 and 12 months old) in
development [101,102]. FXS phenotypes and deficits at the molecular, cellular, and synaptic
levels are also highly developmentally regulated [103-106]. Whether the interaction of
sleep, the DNA damage response, and cellular stress plays a role in orchestrating the
developmental trajectory of FXS poses an exciting question that remains to be addressed.

Sleep difficulties are a prevalent phenotype of children with FXS, and are detected very
early in development, suggesting that sleep has the potential to contribute significantly to
the manifestation or aggravation of other FXS phenotypes. According to a large caregiver
survey, 32% of children with FXS suffer from sleep difficulties, with sleep latency and
fragmented sleep being the most common difficulties [49]. Additionally, sleep problems
in children with FXS were most highly reported to occur in early development, before

the age of three (71% of males and 64% of females who experience sleep problems),

with progressively diminishing reports of sleep problems with age (10% of males and
21% of females after the age of eleven) [49]. If sleep plays a role in the precipitation

or aggravation of damage accumulation and persistent cellular stress response, these
phenotypes may also exhibit a variable or developmentally dependent pattern in FXS.
Consequently, this relationship presents the possibility that the alleviation of sleep deficits
may have a significant impact on FXS developmental outcomes. Insufficient or poor sleep
has far-reaching impacts on both physical and mental health including the development of
metabolic disorders, cancer, cognition and learning deficits, and depression, which can in
turn, negatively impact sleep [107-110].

Discussion

The relationship between sleep and activation of the ISR involves an interconnected web

of bidirectional effects, which can escalate through feedback loops to drive neurological
impairment. The ISR is an elaborate signaling network that integrates intrinsic and extrinsic
stimuli to moderate the normal cellular stress of a functional organism. Thus, disruptions

in a wide variety of pathways, which contribute to many different disorders, converge upon
this central pathway. In this review, we have focused on ISR activation in the brain, which
is particularly susceptible to oxidative stress. Persistent activation of the ISR in the brain
has been demonstrated in neurodegenerative and neurodevelopmental disorders of diverse
etiologies. We present sleep deficiency as another shared feature among these disorders,
which can activate the ISR through the accumulation of unrepaired damage to biomolecules
such as DNA and proteins.

Sleep deprivation induces ER stress through the unfolded protein response in the cortex
[12,111,112]. Due to high metabolic demand during wake, extended wake likely leads to
the depletion of ATP, inhibiting protein folding and leading the accumulation of misfolded
proteins [12]. In addition to damage by ROS in the highly oxidative environment of the
brain during sleep deprivation [23,113], the accumulation of aberrant proteins causes further
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protein oxidation, promoting a positive feedback loop of stress and damage, which may

be exacerbated by sleep deficits [12,60]. The connection between sleep and the repair of
DNA damage has only been demonstrated in recent years and there is still much that
remains to be understood about how sleep promotes the maintenance of a healthy genome.
Current evidence supports a role for sleep in mediating the levels and activity of key repair
enzymes [18,23,36] and regulating chromosome dynamics [36,37] in the repair of DNA
damage. Deficiencies in sleep-mediated repair or clearance of damaged biomolecules can
potentially lead to elevated levels of cellular stress, persistently activating the ISR. While
the effect of sleep deprivation on oxidative stress in the brain is not uniform [113-116],
dysregulation of the ISR and the accumulation of biomolecular damage may shed light

on the mechanisms underlying the development of cognitive impairment observed in many
neurological disorders.

Although neurological disorders are heterogenous in genetic etiology, environmental
interactions, and phenotypic presentation, sleep disruption is a pervasive feature central

to disorders across the spectrum [41,69,117,118]. Sleep abnormalities were once considered
a side effect rather than a central phenotype in these patients, however studies of disorders
with known genetic etiologies, including FXS, have offered insight into the molecular basis
of sleep physiology and homeostasis in maintaining a healthy and balanced synaptic network
[118-121]. Impaired sleep manifests as a variety of deleterious stresses and dysfunction at
the molecular, cellular, and synaptic levels.

Pharmacological modulation of the ISR has become an area of great interest in the
treatment of a variety of neurological disorders given its central role in cellular homeostasis.
Beneficial effects of both inhibitors and enhancers targeting different levels of the ISR
pathway have been observed, especially in neurodegenerative disorders including AD [16].
However, unexpected and undesirable side-effects are of concern when targeting the ISR

in heterogeneous cell populations. Additionally, modulation of the ISR must be carefully
regulated, as cells must maintain the ability to respond efficiently to other sources of
normal stress stimuli. Given the relationship between sleep deficiency and cellular stress,

a combinatorial approach leveraging both pharmacological and sleep intervention therapies
presents a potentially more moderate and adaptable mechanism for modulating the ISR in
a wide variety of neurological disorders, while also providing the many benefits of healthy
sleep. While we have focused on the brain in this review, sleep deficiency, biomolecule
damage, and conditions of high cellular stress pose threats to the health of all systems in
the body and gaining a deeper knowledge of these processes and their relationship will be
invaluable to our understanding of human health.
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Practice points

. Sleep deficits are a prevalent phenotype among neurodevelopmental and
neurodegenerative disorders, and in some cases sleep phenotypes are included
as a diagnostic criterion.

. The brain is a highly oxidative environment due to the high metabolic load,
especially during waking activity.

. Sleep deprivation may activate the ISR through the accumulation of
biomolecular damage and prolonged cellular stress.

. The expression and activity of DNA repair genes is downregulated under
conditions of sleep deprivation.

Research agenda

. Further elucidate the mechanisms underlying sleep-dependent regulation of
biomolecule repair.

. Examine how persistent activation of the integrated stress response in the
brain may contribute to synaptic dysfunction in neurological disorders.

. Assess combinatorial approaches leveraging pharmacological and sleep
intervention as an adaptable therapeutic strategy for neurological disorders.
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Neurological disorders
* Alzheimer’s disease
* Autism spectrum disorder
* Fragile X syndrome

Fig. 1.

High energy demand

N

[ Metabolic stress ’

Oxidative stress
ER stress

Neurological functions
* Neurogenesis

Page 19

* Cytoskeleton assembly

/ * Signal transduction

>N
@,
&

naling

N

Learning and memory

/ \ PERK sig.
| I

Damage/free radical accumulation

Increased susceptibility

\ ¥

Biomolecule damage

~

/DNA — double and single
strand breaks

Proteins — misfolding,
carbonyl formation
\Lipids - peroxidation ”,

Melatonin I

Repair or replacement

ISR

A proposed model of the relationship between sleep and the integrated stress response
(ISR), drawn from observations described in the literature. Sleep deficiency, a common
phenotype among neurological disorders, may lead to persistent activation of the stress

response through these pathways, driving a positive feedback loop of stress and damage in

the brain.

Sleep Med Rev. Author manuscript; available in PMC 2022 June 09.

Q Cell death

Homeostasis



Page 20

Coulson et al.

[t51] anbiey ‘uonejosi [e1o0s
‘SanNaIYIp [euonowsa ‘Buneads pue
‘Arowaw pue uoubos ‘Ajigow
pairedwi ‘A1aixue ‘uoissaida@

[erT'geT]

aseasip aAleIauabapo.Inau Jo st
paseaJoul ‘Juawredwi Alowaw
‘A1a1xue ‘uoissaldap ‘syoedwil
[euonowsa pue poow aAlrebau
‘sayoepeay ‘ured pazifesjua)

[¥€1] uonounysAp o1wouoine
‘safueyo [eloineyaq ‘sabueyo
anubod ‘uonounysAp Alosuas
‘uoissaidap ‘eruawiap ‘(Aujigeisul
Jednisod ‘eisaurApelq ‘Apibi
‘JOWaJ}) JUBWAAOW YNM SWa|qold

[es]

Burjrem pue ‘Buiyeads ‘Buimoljems
Aynaiyip ‘sabueyd [eloineyaq
‘uawabpnl Jood ‘uoisnyuod
JUOITRIUBLIOSIP ‘UOIBIIUNWILIOD
pairedwi ‘ssoj Alowaw ‘eruswiap
‘(snp punoue Buruuibaq
uoisnjuog;/uonende) Buiumopuns

[geT] asv
10 XS11 pasealoul ‘suolyep uonuane

‘SUOITRIILIPOW 8SB( dAITRPIXO ‘salls dluIpiwLIAde
o1uninde) abewep wYNQ ‘uonewwelyul ‘ABisua
Je[ny1a2 jo uonajdap ‘(suoiyrein|b pue

Xd9 ‘s1vD ‘sQOS pasealoap) Buibusaeds

SOY paseasdap ‘uonanpoid SOY BAISSaIXT

[1v1-6€T] ddV pue 'T30VE

‘dv pasealoul ‘siseisoswioy ABIsus pasredwi
‘uonrepixouad pidi] ‘wsijoqelsw ABiaus urelq
paidnusip ‘uonewweRuI0INaU ‘sa1dads usbAxo
9AI110ea) PAJEAS|d ‘SSBNIS YT ‘SSaUIS SAIIBPIXO

[e€T-TET] SIons] HSO paseasdsp ‘shkemyred
Iredal [RLIPUOYD0MIW 8AID3J8P pUE SUONEINW
[eLpuoyo0lIW pasealaul ‘uononpoid SOY
pasealaul ‘sISayIuAS 41 paonpai ‘| xajdwod
JeLpuoyo0lIW pairedul ‘saus o1seqe WYNQIW
uasisiad ‘syeaiq puens VNG Jesjonu pue
‘SIS D1Seqe ‘5)-0X0-8 PAJeAd|d ‘SSalls SAIBPIXO

[29-29'09'85—€5] suteroid uredal

UOISIOX 9seq J0 AIIAIIOR Paonpal ‘UoIepIXo
WVNQ [elpuoyd0W pue Jesjonu ‘T30vd
10 uone|nBaidn ‘uonounysAp JelpuoyI0HW
'SS8A1S Y3 ‘SSa.1S SAIIBPIXO JB|n|3D)

[T01-86'¢6] UOIEPIXO UIBIOA pUE pIdi|

paonpal ‘INJYN pasealdsp ‘Aousie|
N3y pabuojoid ‘|NTY pasealosp
'SI9pJOSIp JusWsAOW pajejal-das)s
‘suoouUNISAp WiLIAYJ UeIpRIIID
‘Bulyrealq palapJosip das|s ‘eluwosu|

[8eT-5¢€T]

J19pJosIp JoiAeyaq INIY ‘eluwosiadAy
‘eluwosul ‘anbiyey} ‘saoueqINISIp
aem-das|s quawubijesiw wyiAys
uelpedsld ‘ssauldaals awinAep
aNISSaOXa ‘eaude das|s

[oeT] eoude

daajs ‘Aousie| INTY paseatoul 1asuo
daa|s Ja)e awil ayem paseasoul ‘|INIY
pue INIYN pasesldsp ‘Aousiolya
daajs paseasoap ‘awn das|s [e10}
pasealdap ‘awolpuAs Ba| ssa)isal
‘eluwosul ‘ssauldas|s awnAep ‘(agy)
JapJiosip Joineyaq dass INTY

[szT'22T'0L'VY]

INTHN pue NIy paonpai ‘ssauldaa)s
awnAep aAISSaIXd ‘SWYIAYJ UBIPRIIID
paldnusip ‘Bulyrealq paiap.osip

das|s ‘uoneiuawbely daajs ‘eluwosu|

[vzT'05] W3UN

[yv1]
(eruwosur)

%69-0¢

[seT] %0208

[0eT] %06

[9zT] %Sy

[ev1] swoono
pue 1030B) YSIy

[6¢T] (sieak
WEINAY)

Qad sepadalid
UsYo 18suo gy

[02] (proy
-61'T) 10308} XsiI
‘sapagald uslo

- aons

(191) Anfur
- Ureiq onewnesg

Aanfui feaibojoanaN

sieak (ad) aseasip
0/-G9~ S.uosunjred
(Qw) ssessip

sIeak Go~ S JaWwIdyz|y

uoressusBapoinaN

‘IINwns o3 [esnoJeladAy ‘aoueplone pasealaul ‘ANAIJE JUBPIXONUE paJa)je ‘AuAnde  paidnisip ‘sinog INTY Jamay ‘uoneinp (sx4)
le100s ‘A1aixue ‘AlanoesadAy 3SepIX0-HdAWN PaleAd)s ‘sjans] gy patens|a N3 paonpai ‘uolyejuswbesy syuow aWoIpuAs
“quawiredwi aAniubo) ‘sauab Jredal WYNQ JO uoIssaIdxa pasealdaq das|s ‘Aouare] das|s pasealou| [os] %ze [og] sieak €5 9121 X 9]1beiq
[88] W3uN
abejs-are| pasealoul ‘|NJY pasealosp
[ezT] snoyap [¥8-08'9L ‘Aousioyys daa|s paseslosp ‘Aousre|
UOII9RJBIUI [BII0S ‘[eQJaA-UOU  —g/] HP-0X0-8 JO S|aA3] pasealoul ‘uoirepixolad daajs paseasoul ‘ssauidas)s swiAep
S3WIIBLUOS ‘S}ID1JaP UOIBIIUNWWOD pidi] ‘Anoeded Juepixonue pasealoap ‘sa1dads ‘swiajqoad asu Bulusow ‘Buiyresiq (asv) Japiosip
Jo.1U09 [eaIsAyd Buipione uabAxo aA11oRa. JO UOIRINWNIJR ‘sauab paJapiosip daa|s ‘seluwoseled [zeT] syjuowl wnJoads
‘sI01neyaq aAlNadal pue aA1IIISEY $S8.13S {3 JO UoISsaldxa paJalfe ‘ssalls ¥ ‘90UEISISaI BWIIPaA] ‘BlUWOSU] [88] %98 syuow 9—0 8121 wsnny
juswdojanspoanan
sadAjouayd s1101yap das|s S31NJHIP Kelap
[edolAeYaq pue aAIuboD ureaq ay ui sbewep pue ssauls Jejnjjad sadfjousyd des|s  Jo aousjenald daals J0 19sUO 10195UQ

Author Manuscript

Author Manuscript

'$2160]01N3 SNOLIBA UJIM SIpJ0SIp [22160]0INaU Ul SS811S Je|njjad pue s)onap das|s

T alqeL

Author Manuscript

Author Manuscript

PMC 2022 June 09.

in

available

Sleep Med Rev. Author manuscript;



Page 21

Coulson et al.

"asepixoJad auolyren|b ‘Xdo ‘asefered ‘1D ‘aseinwsip apixoiadns ‘oS ‘uteloid 10sindaid e18g pIojAWY ‘ddV ‘T ase1sidss-eleg ‘T30vd
‘auolyren|b ‘HSO ‘e1eq plojAwy ‘gy ‘wnjnanal olwsejdopus ‘Y3 ‘JepIosip Joineyaq dasls INTH ‘agy (NTH-Uou ‘INTHN ‘uswanow aks pides ‘NI ‘sa10ads uabAXo sAnIeal ‘SOY :SUONRINIGY

[ogT-8yT] [2v1-6vT]
(s)eaiq pueais ajgnop pue ‘syealq puensajbuls  Aduaiolys das|s Jamoj ‘awi daajs |10}
sadAjousyd syouap das|s SaNNILIP Kejap
|eJoineyaq pue aaniubod ureuq ayj ui abewep pue ssalis Jejnjed sadAjouayd das|s  Jo aousjenald daajs Jo 18sUO 10185UQ
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Sleep Med Rev. Author manuscript; available in PMC 2022 June 09.



	SUMMARY
	Introduction
	Alzheimer’s disease
	Autism spectrum disorder
	Fragile X syndrome

	Discussion
	References
	Fig. 1.
	Table 1

