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Abstract

Disruption of normal circadian rhythms and sleep cycles are consequences of aging and can
profoundly impact health. Accumulating evidence indicates that circadian and sleep disturbances,
which have long been considered symptoms of many neurodegenerative conditions, may actually
drive pathogenesis early in the course of these diseases. In this review we explore potential cellular
and molecular mechanisms linking circadian dysfunction and sleep loss to neurodegenerative
diseases, with a focus on Alzheimer’s Disease. We examine the interplay between central and
peripheral circadian rhythms, circadian clock gene function, and sleep in maintaining brain
homeostasis, and discuss therapeutic implications. The circadian clock and sleep can influence a
number of key processes involved in neurodegeneration, suggesting that these systems might be
manipulated to promote healthy brain aging.

Introduction

Although Ben Franklin’s aphorism “early to bed, early to rise, makes a man healthy,
wealthy, and wise” may not be universally true, he implies that less reliable bedtime hours
will earn us poor health, financial poverty, and cognitive impairment. This old adage is
particularly relevant today as it pertains to the relationship between circadian rhythms, sleep,
and neurodegenerative diseases. Circadian and sleep dysfunction have long been
symptomatic hallmarks of a various devastating neurodegenerative conditions, including
Alzheimer Disease (AD), Parkinson Disease (PD), and Huntington Disease (HD) (1, 2).
Accumulating evidence indicates that disorders of sleep and of circadian rhythms may occur
very early in course of several neurodegenerative diseases and serve not only as
manifestations of disease but may potentially contribute directly to pathogenesis(3-5).
Herein, we discuss the existing data linking circadian and sleep disruption to
neurodegeneration, explore several potential molecular mechanisms linking the circadian
clock to neurodegeneration, and address potential therapeutic implications.

The circadian clock in the brain

The circadian system in humans and mice is hierarchical, existing at both the molecular and
circuit-based levels (Fig. 1). At the cellular level, the core circadian clock consists of a set of
conserved clock proteins which form a transcriptional-translational feedback loop that
mediates daily oscillations in gene expression. In humans and mice, the positive
transcriptional limb of the circadian clock consists of the basic helix-loop-helis PER-ARNT
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Sim transcriptional factor BMALL (aka ARNTL), which heterodimerizes with CLOCK (or
NPAS2), binds to Ebox motifs throughout the genome, and drives transcription of a host of
genes (6, 7) (Fig. 3A). Among the transcriptional targets of BMAL1-CLOCK complexes are
several negative feedback regulators, including the PERIOD (PER1-3), CRYPTOCHROME
(CRY1,2), and REVERB (NR1DI1and NR1DZ)genes, which then suppress the positive
limb. The core circadian clock oscillates in a cell-autonomous manner and is tuned to a 24-
hour period by multiple layers of posttranslational regulation. The positive limb of the clock
regulates transcription of hundreds or thousands of transcripts in a tissue-and cell-type
specific manner (8). In mice and humans, cellular oscillators are synchronized across organs
by the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN receives light:dark
input from the retina, synchronizing core clock oscillations in neurons which are then
translated into oscillatory synaptic output to multiple nuclei in the hypothalamus and
elsewhere. Ablation of the SCN leads to a loss of these patterns in neuronal activity, as well
as a loss of coherent circadian rhythms in clock gene oscillations in most tissues, and
ultimately behavioral and physiological arrhythmicity. The SCN clock is also entrained by
changes in the light:dark cycle and mediates shifts in peripheral circadian rhythms in this
setting.

Dissection of the circadian system can be complicated. Ablation of the SCN abrogates
circadian rhythms in nearly all outputs, including sleep (9). However, rodents without a
functioning SCN still have intact peripheral clock gene expression, though the levels may
not oscillate (10) . Arrhythmic mice also still sleep, just with no day-night predilection. Mice
can also be rendered arrhythmic through deletion of specific circadian clock genes, in
particular Bmal1 (11). Global Bmal1 deletion not only renders the SCN arrhythmic, but also
disrupts cellular clock function. Local, tissue-specific deletion of key clock genes, such as
Bmall, in non-SCN regions of the brain can also render that tissue transcriptionally
arrhythmic without altering the animal’s sleep-wake cycle or behavioral rhythms (12). One
caveat is that Bmall can exert developmental effects, and regulates many genes that are non-
rhythmic, suggesting that some effects of Bmall deletion may be non-circadian(13).

More complexity comes when considering the interplay between the circadian clock and
sleep. Mutations in circadian clock genes, both in mice and in humans, manifest
behaviorally as sleep disturbances (14, 15). Conversely, sleep deprivation can alter the
expression (16, 17), and DNA binding activity of core clock genes(18), demonstrating a bi-
directional relationship between sleep and the circadian clock.

Sleep and Neurodegeneration

A wide variety of alterations in sleep have been described in human neurodegenerative
diseases, including AD, PD, and HD, and are reviewed elsewhere(19, 20). In each of these
diseases, sleep disturbances may precede the onset of more typical symptoms, in some cases
by decades (3-5). The most striking example is REM behavior disorder (RBD), a condition
in which normal muscle paralysis is lost during REM sleep. Over 80% of all RBD patients
will eventually develop PD or another synucleinopathy, often decades later (5). Mouse
models of AD, PD, and HD pathology also exhibit sleep abnormalities (21-24). Sleep
deprivation increases cerebrospinal fluid markers of neuronal injury and alters plasma
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markers of inflammation in humans (25, 26), and induces the unfolded protein response in
the brain of mice, indicating endoplasmic reticulum stress and potential neuronal injury (27).
Thus, inadequate sleep could prime the brain for neurodegeneration by promoting processes
such as inflammation and synaptic damage which exert pathogenic effects across diseases.

The relationships between sleep and disease-specific pathways have most clearly been
demonstrated in the case of amyloid-beta (Ap), a pathogenic protein instrumental in AD
(Fig. 2). Amyloid plaques, which form as a result of aggregation of AP species, accumulate
in the brains of AD patients years before the onset of cognitive impairment and serve as an
early biomarker of AD(28). Neurons release A in an activity-dependent manner, and AR
concentrations in the extracellular space in the brain exhibit clear circadian oscillations,
rising during the active period and falling during rest(29). These diurnal fluctuations in A
persist in constant darkness, and are closely correlated to changes in neuronal metabolic
activity tied to sleep and wake. Similar Ap oscillations can be observed in the cerebrospinal
fluid of humans (30). In transgenic mouse models of Ap deposition like that seen in AD,
sleep deprivation greatly accelerates amyloid plaque deposition, whereas promoting sleep
with orexin antagonist drugs significantly inhibits plaque formation (29). Genetic deletion of
orexin, a peptide expressed in the lateral hypothalamus that promotes wakefulness and
regulates feeding and metabolism, modestly increases sleep time but strongly suppresses the
formation of amyloid plaques in AD model mice (31). These basic and translational studies
are concordant with epidemiological studies showing that deficient or fragmented sleep in
cognitively-normal individuals is a risk factor for the future development of symptomatic
AD (3, 4, 32), and that people with amyloid plaque pathology develop detectable declines in
sleep efficiency prior to the onset of cognitive symptoms (33). Human studies have also
shown a correlation between concentrations of orexin in the cerebrospinal fluid and that of
tau protein, another pathologic hallmark of AD and the primary constituent of
neurofibrillary tangles. High concentrations of CSF orexin-A, which promote increased
wakefulness, were associated with increased amounts of phophorylated tau, a well-described
biomarker of neurodegeneration in AD (34), though not with CSF AP concentration (35).
Sleep deprivation also exacerbated tau pathology and synapse loss in a mouse model of AD
which develops both Ap and tau pathology (36, 37), though the effects of sleep on tau are
not yet fully understood.

A rich literature has demonstrated the critical tie between sleep, synaptic function, and
cognition, which is reviewed elsewhere (38). Sleep disturbances in aging and
neurodegenerative diseases, including AD, can directly influence synaptic homeostasis and
cognitive function. As an example, Ap plaque pathology in the medial prefrontal cortex in
humans is associated with disrupted non-REM sleep which appears to cause impaired
learning and memory (39).

Sleep also appears to regulate the bulk removal of proteins and other molecules from the
brain through regulation of “glymphatic” flow, a recently-described phenomenon whereby
astrocytes facilitate extracellular fluid transit though the brain (40). In mice, slow-wave sleep
was associated with increased glymphatic flow, causing a ~60% increase in brain interstitial
fluid volume and facilitating accelerated clearance of exogenously-added A from the brain
(41). Blockade of noradrenergic receptors increased glymphatic flow, suggesting that
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increased noradrenergic output from the autonomic nervous system, as is seen during
waking, suppresses glymphatic clearance. As sleep deprivation in mice can cause
degeneration of neurons in the locus coeruleus, the primary noradrenergic nucleus in the
brainstem (42), the effect of chronic sleep disturbances on glymphatic function remains
uncertain.

In HD, sleep fragmentation is detectable in carriers of the pathogenic CAG- expanded
huntingtin gene before the onset of cognitive symptoms (43). Mouse models of HD exhibit
severe degeneration of sleep rhythms (23, 44), and pharmacologic restoration of sleep by
treatment of mice with the sedative clonazepam at the onset of the light phase normalizes
clock gene oscillation in these mice and significantly improves cognitive performance (45).
In this case, the primary dysfunction appears to be in the circadian system, though
normalizing the sleep pattern also corrects the circadian deficit, emphasizing the complex
interaction between sleep and circadian clocks.

Circadian function and neurodegeneration

Aging is a primary risk factor for many neurodegenerative conditions, and circadian function
clearly wanes with age at the level of the SCN output and brain clock gene expression(46,
47). Alterations in behavioral circadian rhythms are evident in patients with several
neurodegenerative conditions and in mouse models of these diseases, and are reviewed in
detail elsewhere(1). AD patients have loss of critical neurons in the SCN, a finding which
correlates with impaired behavioral circadian function (48, 49). One post-mortem study
demonstrated asynchronous clock gene expression between different brain regions in AD
patients (50). AP can facilitate BMALZ1 degradation in neuronal cells (51), suggesting that
AD-related processes could directly influence cellular clock function. PD patients have
blunted rhythms of clock gene expression in peripheral blood cells (52, 53), and transgenic
mice overexpressing human alpha-synuclein, a neurodegenerative protein implicated in PD,
develop behavioral and transcriptional circadian deficits (22). Mouse models of HD also
exhibit severely disrupted SCN output and loss of peripheral clock gene oscillation early in
the disease course (44, 54). Interestingly, in aged mice, as well as some HD and PD models,
there is intact clock gene oscillation in the SCN but disrupted electrical output, suggesting
neuronal network dysfunction in the SCN as the primary lesion (22, 44, 46). Thus, circadian
dysfunction can result from lesions at multiple levels of the circadian system.

Although it is well established that neurodegeneration impacts the circadian clock, few
studies have addressed the causality of this dysfunction in neurodegeneration. In humans,
less robust circadian rhythms or more fragmented activity patterns appear to be risk factors
for future dementia, suggesting a possible causative influence of circadian dysfunction on
the neurodegenerative process (55). Several small studies have associated single nucleotide
polymorphisms in Clock and Bmall with increased risk of AD or PD (56-58). To address
this question, we have examined the evidence linking SCN disruption and whole-organism
rhythms separately from studies examining clock gene deletion.
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SCN-mediated circadian rhythms and neurodegeneration

Alterations in coordinated whole-organism circadian function caused by SCN disruption or
altered light:dark cycles could have profound impact on the brain, either by disrupting
normal oscillation of cellular clocks in various brain regions, or by disrupting other rhythms,
such as the sleep-wake cycle, or rhythms in peripheral organs (Fig. 1). Notably, the circadian
clock regulates hippocampal-dependent learning and has potent effects on cognition in the
absence of neurodegeneration (59-61). As an example, simply misaligning the sleep and
feeding rhythms in mice causes desynchrony of clock gene oscillation between the SCN and
hippocampus, resulting in significant impairments in learning and memaory (62). Loss of
rhythms in melatonin, a hormone involved in circadian timing, has been observed in several
neurodegenerative diseases (63, 64), and melatonin supplementation has been explored as a
therapeutic for AD, with modest effect(65). Loss of circadian regulation of peripheral
processes such as glucose and lipid metabolism (7), immune system function (66—68),
hormone secretion, or even gut microbiome oscillations (69) could potentially indirectly
predispose the brain to degeneration. Many non-genetic models of circadian disruption, such
as “jetlag” phase advance protocols, which simulate eastward travel by shifting the time of
“lights on” to an earlier time by several hours every few days, induce effects on both the
periphery and the brain. Mice exposed to “jetlag”, which induces circadian desynchrony,
exhibit increased amounts of inflammatory markers in the blood (70), diminished
hippocampal neurogenesis, and impaired learning and memory (71). Altered light:dark
schedules, such as a 10hr:10hr light:dark paradigm, can also disrupt SCN-mediated rhythms
and cause peripheral metabolic alterations, leading to decreased dendritic arborization of
cortical neurons and behavioral impairments (72). As a human corollary, intercontinental
flight attendants subjected to frequent jetlag exhibited hippocampal atrophy, a common
feature of AD, when compared to non-jetlagged colleagues (73). Thus, the mechanisms
linking SCN-mediated circadian rhythms to neurodegeneration are likely multiple and
interrelated, and require more detailed analysis in mouse disease models and in humans.

cellular clocks and neurodegeneration

Circadian clock genes are universally expressed in most cells of the brain, including
neurons, astrocytes, and microglia, each of which exhibit circadian clock gene oscillations in
culture (74, 75). Transcriptomic studies of cerebellar and brain stem samples from mice
demonstrate that several hundred genes exhibit circadian oscillations (8). But what do these
brain clocks do? And are they important to brain health?

Some insight into these questions can be derived from recent studies of mice harboring
deletion of Bmall, which lack detectable circadian rhythms in behavior, sleep-wake cycle,
and gene transcription (11). Bmall deficient mice develop striking neurological phenotypes,
including profound spontaneous astrogliosis, increased oxidative damage, synaptic
degeneration, impaired brain functional connectivity (12), impaired learning and memory
(60), altered hippocampal neurogenesis (76—78), and lowered seizure threshold (79). In
some of these cases, it remains unclear if the phenotype is due to loss of Bmall in the cells
of the brain itself, or secondary to whole-animal changes in metabolism. However, mice
with brain-specific Bmall deletion which spares the SCN (leaving sleep and peripheral
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rhythms intact) still develop severe astrogliosis and neuronal loss (12)(Fig. 3B). Thus, the
positive limb of the circadian clock in the brain appears to be critical for maintaining normal
brain function and health independent of sleep or peripheral rhythms. While the mechanisms
linking the cellular circadian clock to neurodegeneration are not fully known, we propose
below several candidate molecular processes which exhibit regulation by the clock that are
likely contributors to neurodegeneration across diseases (Fig. 3).

Oxidative stress

Neurons are highly sensitive to free radical-mediated injury, and oxidative stress is a
conserved pathogenic mechanism in nearly every neurodegenerative condition. Redox
homeostasis has been closely linked to the circadian clock across multiple cell and tissue
types, and across organisms. Circadian oscillations in peroxiredoxin 6 oxidation occur in
organisms ranging from fungi to fruit flies to mice(80). Cellular concentrations of reactive
oxygen species (ROS), and of the intracellular antioxidant glutathione, exhibit circadian
oscillations in drosophila brain(81) and in cultured fibroblasts(82). Redox oscillations are
detectable in the SCN, and alteration of SCN redox state influences neuronal activity and
circadian output(83). Oxidative stress in flies causes circadian disruption and sleep
fragmentation like that seen in aging(84). Conversely, disruption of the circadian system by
deletion of Bmall causes increased oxidative stress in multiple organs in mice(85), including
the brain(12). Bmall drives transcription of redox-related genes in the brain, including NgoZ
and A/dh212). As ROS are produced as byproducts of increased neuronal activity in the
brain, the circadian clock may serve to temporally coordinate the expression of redox
defense genes with diurnal variations in brain metabolic activity. Thus, disruption of normal
circadian function in the setting of neurologic disease might render the brain more
vulnerable to oxidative injury and thereby promote neurodegeneration. Accordingly,
diminished Bmal1 expression exacerbates neuronal death caused by oxidative stress both in
vitro and in vivo(12).

Inflammation

Neuroinflammation, often propagated by activation of astrocytes and microglia, is a major
contributor to neurodegeneration. Astrocytes exhibit robust circadian clock function(74), and
clock gene deletion leads to pronounced astrocyte activation in vivo(12). Microglia also have
functional circadian clocks, and the inflammatory response of microglia shows clear
circadian variation(75, 86). In the periphery, the circadian clock regulates the responsiveness
of macrophages to inflammatory stimuli(66), as well as monocyte trafficking to areas of
inflammation(87). Rev-Erba, a direct Bmall transcriptional target, regulates pro-
inflammatory cytokine production in macrophages(67). Inflammation also impacts the
clock, as both Bmall and Rev-erba levels are strongly suppressed in macrophages in
response to the inflamogen lipopolysaccharide due to transcriptional repression by the micro
RNA miR-155(68). Thus, local inflammation in the hippocampus or cortex could
conceivably directly suppress Bmall expression in surrounding neurons and glia, leading to
impaired Bmall-mediated expression of oxidative stress response genes and rendering these
cells susceptible to neurodegeneration.
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Proteostasis

Neurodegenerative diseases are defined pathologically by the aggregation of certain
hallmark proteins, including AB and tau in AD, alpha-synuclein in PD, Huntingtin in HD,
and TDP-43 in some forms of ALS or Frontotemporal dementia. Degradation of misfolded
proteins is a critical process in the brain, and one that goes awry in a number of disease
states. DNA binding of heat shock factor 1 (Hsf1), the transcription factor that controls heat
shock protein expression, exhibits robust circadian regulation, and hsfl deletion alters
circadian clock oscillation (88). Proteasomal degradation of proteins also displays circadian
oscillation(89), and proteasome function is required for normal circadian clock timing(90).
The clearance of pathogenic protein aggregates by autophagy has emerged as a crucial
mechanism by which the brain forestalls neurodegeneration. Circadian oscillation of
autophagy markers has been described in the mouse liver(91), and may be regulated by Rev-
erba (92). It is unknown if or how the circadian clock controls rhythmic protein degradation
in the brain, but the implications for protein aggregation and deposition in neurodegenerative
disease are clear.

The core clock regulates many other potentially neurodegenerative processes in the
periphery, including NAD+ production and activation of the neuroprotective deacetylase
Sirt1, both of which also feedback on clock function(93-95). It will be critical to explore
these and other mechanisms in the brain and in models of neurodegeneration, with the hope
of unveiling new therapeutic targets.

Therapeutic considerations

The complex interplay between the SCN, sleep-wake nuclei, and cellular circadian clocks
makes dissecting the effects of this system on neurodegeneration a daunting task, but it also
creates many opportunities for therapeutic intervention. Holistic methods to establish
normalized day-night patterns in AD patients through combinations of morning light
exposure, enforced daytime activity, consistent bed times, and evening melatonin
supplementation have produced some encouraging results, and warrant further study (65,
96). However, an expanding molecular understanding of circadian and sleep systems
provides new potential therapeutic targets. Pharmacologic enhancement of SCN oscillations
might provide improved circadian rhythms throughout the body and brain, and at the same
time normalize sleep-wake timing. Targeting orexin receptors could increase restorative
sleep, decrease Ap deposition, and may indirectly influence circadian clock function, though
a negative effect of increased daytime sleepiness would have to be considered in elderly
patients. Drugs which directly alter clock gene expression, activity, or oscillation at the
tissue level might also be used to enhance clock-mediated transcription of protective genes.
Moreover, considering that neurotransmitters including acetylcholine can influence the
circadian system(97), the effect of currently-used treatments for neurodegenerative diseases
(such cholinesterase inhibitors) on circadian function should be considered.
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Conclusion and Future Directions

In summary, the circadian clock and the sleep wake cycle are multilayered, interconnected
systems that impact brain function and neurodegeneration by multiple mechanisms. Despite
great progress in understanding the basic mechanisms governing the circadian clock, as well
as the neural circuitry of sleep, our knowledge of how these systems are impacted in the
brain in aging and neurodegenerative disease is still rather superficial. A more detailed
understanding of the mechanism by which specific neurodegenerative diseases and
pathogenic proteins impact the circadian and sleep systems, as well as interplay between
sleep and circadian systems in aging and neurodegeneration, is needed. While helpful,
current transgenic rodent models of neurodegeneration may not fully capture the
mechanistic complexity involved, and more translational methods are needed. The exact
function of the core circadian clock in different brain regions and cell types is also lacking,
as is knowledge of specific clock-controlled transcriptional pathways in the brain that might
influence disease. The glymphatic system and its role in neurodegeneration is another area
of research priority. Integrated study of clocks, sleep, and neurodegeneration is still in its
infancy, but great potential exists to harness these powerful systems that govern so many
critical aspects of brain function for therapeutic benefit in the prevention of
neurodegeneration.
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Figure 1. Impact of sleep, central, and peripheral circadian rhythmson brain homeostasis
The SCN synchronizes circadian rhythms in the cellular clocks of cells in the brain, the

sleep wake cycle, and peripheral organs. Cellular clocks within neurons and glia in turn
regulate transcription of genes involved in critical processes such as redox homeostasis,
inflammation, proteostasis, and metabolism. Sleep influences many of the same pathways,
perhaps in some cases through interaction with the clock. Circadian regulation of peripheral
metabolism, inflammation, and hormone secretion also impacts the brain.
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Figure 2. Proposed mechanismslinking sleep loss, AB, and neurodegeneration in AD
Sleep deprivation or fragmentation can result from aging, other diseases, environmental

influences, circadian clock (SCN) dysfunction, or neurodegeneration. Increased
wakefulness, which is promoted by orexin, causes increased neuronal activity, leading to
elevated AP production and aggregation. Wakefulness also increases sympathetic output,
suppressing glymphatic system function. This could result in decreased clearance of
pathogenic proteins (such as Ap, tau, or synuclein). Sleep loss and clock disruption also
promotes oxidative stress, inflammation and a loss of synaptic homeostasis. These insults
combine to promote neurodegeneration, which in turn causes more circadian and sleep

dysfunction.
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Figure 3. Core clock genesin the brain regulate neurodegener ation
A. Schematic depicting the core circadian clock. Bmall drives transcription of a wide array

of clock-controlled genes, which regulate key processes involved in neurodegeneration. The
circadian transcriptome could vary between neurons, astrocytes, and microglia. B.
Disruption of the cellular clock in the brain with sparing of SCN function, achieved in
Nestin-Cre;Bmallflox/flox mice, causes severe reactive astrogliosis in cerebral cortex (as
assessed by GFAP staining), and promotes oxidative stress and neuronal injury.
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