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Abstract: Recently, it has become increasingly clear that there is a bidirectional relationship between
sleep/circadian rhythms and neurodegeneration. Knowledge about this topic further improved after
the description of the glymphatic system, which is mainly active during sleep. Changes in sleep and
circadian rhythms are present not only in overt neurodegenerative diseases but also in their early,
prodromal, and preclinical phases, supporting that they precede (and contribute to) the development
of neurodegeneration. This narrative review provides a brief overview of sleep and circadian rhythm
disruption in neurodegeneration, highlights the bidirectional relationship between sleep changes
and neurodegeneration, and addresses future perspectives, in particular, whether sleep changes are
able to predict neurodegeneration and the potential sleep actionability to prevent or modulate the
development of neurodegenerative diseases.
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1. Introduction

Sleep has been long thought to be a passive state of inactivity and rest, not only of the
body but also of the brain. However, it is now clear that sleep is a highly regulated function,
and that several brain areas and circuits are actively interacting to promote and maintain
sleep, as well as to ensure that different sleep stages occur in a cyclic pattern. Circadian
rhythms are also highly regulated and interact with sleep circuits.

Sleep is classified into non-rapid eye movement (NREM) sleep and rapid eye move-
ment (REM) sleep. NREM sleep is divided into stages N1, N2, and N3 (slow-wave sleep).
Each sleep stage in both NREM and REM sleep has unique characteristics of EEG pattern,
eye movements, and muscle tone. NREM and REM sleep alternate cyclically [1].

We provide here a brief and simplified overview of the mechanisms regulating sleep
and circadian rhythms. Waking is promoted by the activity of the serotonergic, nora-
drenergic, cholinergic, and orexin/hypocretin systems, among others. At sleep onset, the
circadian clock localized in the suprachiasmatic nucleus activates sleep-active neurons
through adenosine, a hypnogenic factor progressively accumulating in the brain during
wakefulness. GABAergic neurons, localized not only in the ventrolateral preoptic nucleus,
but also in the parafacial, accumbens, and reticular thalamic nuclei, inhibit the wake circuits,
promoting and maintaining sleep. The switch between NREM and REM sleep is due to
the interaction of multiple populations of glutamatergic and GABAergic neurons localized
in the pontine reticular formation, in the sublaterodorsal nucleus, in the lateral hypotha-
lamic area, in the dorsal part of the deep mesencephalic nucleus, and in the ventrolateral
periaqueductal grey [2].

The regulation of circadian rhythm is modulated by light. Light information is detected
by intrinsically photoreceptive retinal ganglion cells and delivered to the suprachiasmatic
nucleus, which consists of thousands of neurons exhibiting self-sustaining and synchronous

Clin. Transl. Neurosci. 2024, 8, 11. https://doi.org/10.3390/ctn8010011 https://www.mdpi.com/journal/ctn

https://doi.org/10.3390/ctn8010011
https://doi.org/10.3390/ctn8010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ctn
https://www.mdpi.com
https://orcid.org/0000-0003-4259-8824
https://doi.org/10.3390/ctn8010011
https://www.mdpi.com/journal/ctn
https://www.mdpi.com/article/10.3390/ctn8010011?type=check_update&version=1


Clin. Transl. Neurosci. 2024, 8, 11 2 of 10

circadian rhythms. The suprachiasmatic nucleus encodes light information, synchronizes
circadian oscillations, and projects signals to other brain regions [3].

In recent years, it has become increasingly clear that there is a bidirectional relationship
between sleep/circadian rhythms and neurodegeneration. In fact, sleep and circadian
rhythms are disturbed in neurodegenerative diseases. Additionally, it became evident
that changes in sleep and circadian rhythms are also present in the early, prodromal,
and preclinical phases of neurodegenerative diseases, raising the question of whether
they are a consequence of a neurodegenerative process affecting key areas of the central
nervous system, or if sleep and circadian rhythm disorders precede (and contribute to) the
development of neurodegeneration.

This narrative review will provide an overview of sleep and circadian rhythm dis-
ruption in neurodegeneration, highlighting the bidirectional relationship between sleep
changes and neurodegeneration while also focusing on sleep and circadian rhythm changes
in prodromal and preclinical neurodegenerative diseases. Building on that, future perspec-
tives will be addressed, in particular if sleep changes are able to predict neurodegeneration
and the potential for sleep actionability to prevent or modulate the development of neu-
rodegenerative diseases.

2. Sleep and Circadian Rhythms in Neurodegenerative Diseases

As sleep and circadian rhythms are highly regulated functions involving several
central nervous system areas, nuclei, and neurotransmitters, it is not surprising that neu-
rodegenerative processes affect at least some of these pathways, leading to the development
of sleep disorders. For example, in Alzheimer’s disease, a loss of neurons in the suprachi-
asmatic nucleus [4] and altered synchronization of multiple circadian oscillators in the
brain [5] have been reported, together with clinical symptoms such as daytime sleepiness,
sleep apnea, insomnia, and sleep fragmentation [6]. Sleep and circadian rhythms are also
affected in Parkinson’s disease, e.g., the expression of clock genes (i.e., genes serving as
the basis of intracellular timekeeping and circadian rhythms) in peripheral blood cells is
blunted [7,8], and sleep disorders are present in almost all patients with Parkinson’s dis-
ease, including rapid eye movement (REM) sleep behavior disorder, sleep apnea, insomnia,
excessive daytime sleepiness, restless legs syndrome/periodic leg movements, or circadian
rhythm disorders [9]. Sleep disorders are, however, not exclusive to the most common
neurodegenerative diseases. In patients with dementia with Lewy bodies, sleep disorders
such as REM sleep behavior disorder, insomnia, snoring, sleep apnea, hypersomnia, restless
legs syndrome, and nocturnal visual hallucinations have been described [10]. Patients
with multiple system atrophy report REM sleep behavior disorder, sleep fragmentation,
sleep-related breathing disorders, and excessive daytime sleepiness [11,12]. In progressive
supranuclear palsy, REM sleep behavior disorder can be present in 10–20% of patients,
and insomnia is frequent [13]. In patients with Huntington’s’ disease, insomnia, frequent
awakenings during the night, and excessive daytime sleepiness have been reported [14].
Different sleep disorders are present in the spinocerebellar ataxias, e.g., stridor (SCA1 and
SCA3), REM sleep behavior disorder (SCA3), and restless legs syndrome (SCA1, SCA2,
SCA3, and SCA6) [13]. In patients with amyotrophic lateral sclerosis, sleep-related breathing
disorders, insomnia, and muscle cramps are present [15].

3. Bidirectional Relationship between Sleep/Circadian Rhythms and Dementia

The fact that centers regulating sleep and circadian rhythmicity are affected by neu-
rodegeneration is not unexpected. However, several studies have shown a bidirectional
relationship between sleep and neurodegenerative diseases.

The circadian rhythms affect sleep, glial, neuronal, and peripheral clocks, thus having
an impact on amyloid β dynamics, glymphatic clearance, function of the blood–brain
barrier, neuroinflammation, synaptic homeostasis, oxidative stress, and brain metabolism,
among others [16,17]. All these factors may contribute to the development of neurodegen-
eration, and neurodegenerative processes lead to core clock disruptions and epigenetic
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changes on the one hand, and dysfunction/degeneration of the suprachiasmatic nucleus
on the other hand, with subsequent impairment of circadian rhythms [18]. In addition
to that, melatonin levels are known to drop with aging [19], potentially contributing to
neurodegeneration. Few data are available on this topic; however, melatonin controls the
mitotic activity of neural stem cells in the subventricular zone, suggesting its involvement
in neuronal renewal, and in animal models of Alzheimer’s disease, melatonin supplemen-
tation defers amyloid-β accumulation and enhances its clearance from the central nervous
system [20].

Besides circadian rhythms, several sleep changes showed a bidirectional relationship
with neurodegenerative diseases. A clear example is the analysis of longitudinal changes in
daytime napping inferred by actigraphy in 1401 participants of the Rush Memory and Ag-
ing Project, with up to a 14-year follow-up. In this cohort, longer or more frequent daytime
napping correlated with worse cognition a year later. At the same time, worse cognition
was correlated with more excessive naps a year later [21]. Another study investigated
41 older adults (mean age 83 years) with an actigraphy-assessed wake-after-sleep onset.
Cognitive performance was assessed with memory recall (Rey–Osterrieth Complex Figure
task), cognitive flexibility (Trail Making test), and verbal fluency (FAS word generation).
Aβ was assessed with a global measure of the Pittsburgh Compound. This study showed
that wake-after-sleep onset moderated the relationship between Aβ and memory, with
a stronger positive association with Aβ and poorer cognitive performance in those with
poorer sleep [22].

Not only wake-after-sleep onset but also sleep depth seems to influence neurodegen-
erative processes. In 104 individuals with mild–moderate Alzheimer’s disease, levels of
neurofilament light chains (a protein found predominantly in the cytoplasm of neurons,
particularly in large, myelinated axons, which serves as a biomarker for axonal damage)
were higher in light sleepers and lower in deep sleepers [23].

A well-studied example of the bidirectional relationship between disturbed sleep
and neurodegeneration is provided by the relationship between obstructive sleep ap-
nea and Alzheimer’s disease. Obstructive sleep apnea causes fragmented sleep and hy-
poxic/inflammatory stress [24]. Fragmented sleep increases neuronal activity with the
consequent excessive release of amyloid ß and amyloid deposition, which increases suscep-
tibility to Alzheimer’s disease. The hypoxic/inflammatory stress, interacting with APOEε4,
also contributes to increased susceptibility to Alzheimer’s disease [25]. In addition to
that, amyloid deposition causes injury to sleep/wake centers, leading to sleep fragmen-
tation. Moreover, increased susceptibility to Alzheimer’s disease is linked to decreased
cognitive and physical activity, which also contributes to sleep fragmentation. Thus, there
is a loop connecting sleep fragmentation, obstructive sleep apnea, and amyloid deposi-
tion/susceptibility to Alzheimer’s disease [26]. Although the bidirectional relationship
between obstructive sleep apnea and Alzheimer’s disease has been more deeply inves-
tigated, the presence of obstructive sleep apnea seems to also interact with α-synuclein
deposition. When comparing 46 controls with simple snoring and 42 age- and gender-
matched patients with obstructive sleep apnea, plasma phosphorylated α-synuclein levels
were higher in the sleep apnea group and correlated with the apnea-hypopnea index [27].
A recent analysis of data from the Korean National Health Information Database revealed a
reciprocal relationship between obstructive sleep apnea (OSA) and Parkinson’s disease. The
study found that patients with obstructive sleep apnea had a 1.54 times higher likelihood
of developing Parkinson’s disease. Conversely, individuals diagnosed with Parkinson’s
disease exhibited a 1.92 times greater incidence of obstructive sleep apnea, highlighting a
bidirectional association between the two conditions [28].

Another relevant aspect to consider is sleep loss. Chronic sleep loss creates a proinflam-
matory environment at the synapse level, with impaired glial functionality and synapse
loss [29]. As most of these effects are seen in the hippocampus or cortex, they likely impair
learning and memory. In addition, microglia can release cytokines, contributing to the
inflammatory environment. The loss of locus coeruleus neurons leads to the loss of the anti-
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inflammatory effects of noradrenaline and increased microglial activation [30]. At the same
time, in astrocytes, cytokine production increases, and elevated ATP in the extracellular
space amplifies the inflammatory response. The astrocytes’ ability to regulate glutamate
levels in the synapse becomes impaired, with subsequent neuronal excitotoxicity [31]. More-
over, astrocytes release less brain-derived neurotrophic factor, which may also contribute to
synapse loss. Thus, in the extracellular space, cytokines increase, noradrenaline decreases,
likely due to locus coeruleus neuron loss, and ATP increases.

Further evidence comes from animal studies. Chronic short sleep exposure in young
adult mice imparts late-in-life neurodegeneration and persistent derangements in amyloid
and tau homeostasis. Of note, these findings occur in the absence of a genetic predisposition
to neurodegeneration [32]. In humans, a cross-sectional genome-wide analysis of DNA
methylation in relation to self-reported insufficient sleep in a community-based sample
(mean age 39 years), and in relation to shift work disorder in an occupational cohort (mean
age 45 years) revealed DNA methylation patterns associated with sleep loss, suggesting a
possible modification of processes related to neuroplasticity and neurodegeneration [33].

Another study reported that lower intra-individual variability in both sleep duration
and sleep efficiency and longer mean sleep duration are associated with lower levels of
amyloid β pathology and better cognition. Of note, this effect differs by apolipoprotein E4
status, indicating that longer sleep duration and more consistent sleep efficiency may be
protective against β-amyloid burden in apolipoprotein E4 carriers [34].

In summary, chronic sleep loss causes impaired glial functionality and synapse
loss [35]. In line with this, in wild-type, mice the chronic sleep loss phenotype is sim-
ilar to the Alzheimer’s disease phenotype, with hippocampal volume loss, hippocampal
tau phosphorylation and hippocampal-dependent cognitive decline, locus coeruleus neu-
ronal loss, increased microglia, and astrocyte activation [35]. In humans, a cross-over design
study assessed the Aβ and tau concentrations in the cerebrospinal fluid of five cognitively
normal individuals every two hours for 36 h during sleep-deprived and normal sleep
control conditions. Of note, sleep loss altered plasma Alzheimer’s disease biomarkers by
lowering brain clearance mechanisms [36]. The glymphatic system is a waste clearance
system facilitating the removal of metabolic byproducts from the central nervous system
via perivascular channels formed by astrocytes, which operate predominantly during
sleep [37]. In fact, when the sleep–wake cycle is balanced, worn synapses are removed,
activity-dependent amyloid β and tau release can be cleared, and astrocyte–neuron inter-
action is maintained so that amyloid β and tau do not aggregate. However, a disrupted
sleep–wake cycle (e.g., due to sleep loss) leads to chronic glial activation. At the same
time, there is an increased activity-induced release and accumulation of amyloid β and
tau, which leads to an enlargement of the perivascular space. Moreover, due to increased
waking, astrocytes and aquaporins are polarized, further contributing to decreases in
glymphatic clearance [38]. The function of the glymphatic system is not only relevant
in Alzheimer’s disease but also in alpha-synucleinopathies. Alpha-synuclein has been
shown to cause aggressive neuroinflammatory insults and aquaporin 4 deficiency, which
perpetuates glymphatic impairment, causing dopaminergic degeneration in the substantia
nigra and in other brain regions [39].

Another interesting yet still understudied aspect is the role of mitochondria, which
seem to interact with the glymphatic system [40]. In fact, sleep disorders may impair both
the glymphatic system and the activity of mitochondria. At the same time, mitochondrial
disturbances are potentially associated with the accumulation of aggregated proteins
and impairment of glymphatic clearance. Of note, melatonin may link sleep disorders,
mitochondrial function, and the glymphatic system, as it plays a key role in the control of
proper mitochondrial functions and has a very powerful effect as a free radical scavenger
and antioxidant [40]. Figure 1 summarizes the bi-directional relationship linking sleep and
neurodegeneration.
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The figure illustrates the link between altered sleep and neurodegenerative processes.
Changes in sleep architecture and circadian rhythms are both outcomes of and contributors
to neurodegeneration. Sleep changes compromise glymphatic function with subsequent
aggregation of misfolded proteins such as amyloid-beta (Aβ), phosphorylated tau (pTau),
and alpha-synuclein. This leads to synaptic impairment, contributing to the neurodegener-
ative process.

4. Sleep and Circadian Rhythm in Early, Prodromal, and Preclinical Neurodegeneration

In the early stages of Alzheimer’s disease, sleep is already affected: melatonin release
is dysregulated, sleep apnea and naps are frequent, sleep macroarchitecture is affected with
sleep fragmentation, reduced sleep efficiency, and REM sleep dysregulation, and on the
microarchitectural level, K-complexes are altered [41].

In early Parkinson’s disease, a circadian dysfunction is already present with altered
variation in melatonin concentration over the 24 h and reduced melatonin nadir. Peripheral
clock gene expression oscillations are also altered [8]. The prodromal stage of the alpha-
synucleinopathies is represented by the isolated form of REM sleep behavior disorder, and
a preclinical phase can be detected in the presence of isolated REM sleep without atonia
or excessive movements during REM sleep [42,43]. Specific impairment of muscle atonia
during REM sleep is well characterized in this population, whereas NREM sleep seems to
be unaffected and changes in circadian rhythms have been scarcely investigated [44,45].

5. Future Directions

Current knowledge about the bidirectional relationship between sleep/circadian
rhythms and neurodegeneration raises two important questions with potential relevant
implications for the early detection of neurodegeneration and the neuromodulatory man-
agement approaches to neurodegenerative diseases.

The first question is whether sleep changes can predict or allow early detection of
neurodegeneration.

The current literature investigating the link between altered circadian rhythm and
the risk of neurodegeneration shows that habits of dysregulated circadian rhythm [46,47]
and a decreased circadian amplitude [48,49] are associated with a higher risk of cognitive
decline or dementia. Moreover, a lower amplitude of the 24 h activity rhythm and a
higher intra-daily variability for hourly fragmentation of the activity rhythm are associated
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with a higher risk of Alzheimer’s disease [50]. In addition to that, sleep–wake rhythm
fragmentation and medial temporal lobe atrophy are related, and noteworthy rhythm
fragmentation accounts for individual differences in atrophy more than age [51].

Excessive daytime sleepiness seems to be another relevant predictor of neurodegener-
ation. In fact, excessive daytime sleepiness is associated with global cortical thinning in
cognitively normal elderly [52], and the presence of excessive daytime sleepiness at baseline
is longitudinally associated with increased amyloid β accumulation in the cingulate gyrus
and precuneus regions [53].

Further evidence comes from mendelian randomization studies. Two independent
studies showed that daytime sleepiness causes an increase in the risk of amyotrophic lateral
sclerosis [54,55]. One of these mendelian randomization studies investigated the association
also with other neurodegenerative diseases, pointing to a causal effect of both subjectively
and objectively measured morning chronotype and later age at onset of Parkinson’s disease.
A similar effect was present for reduced motor activity in the 10 most active hours of the
day. The same study reported a causal association between increased sleep efficiency and a
reduced risk of Alzheimer’s disease [55].

In line with this, a large cohort study investigating subjects undergoing video-
polysomnography with up to 16.8 years of follow-up showed that each one-percentage
decrease in sleep efficiency, N3 sleep, or REM sleep was associated with a 1.9%, 6.5%, and
5.2% increased risk, respectively, for the future diagnosis of a neurodegenerative disease.
On the other hand, a percentage decrease in nocturnal wakefulness represented a 2.2% de-
creased risk of neurodegeneration [56]. Similarly, a machine-learning-based algorithm
using features based on sleep architecture, frequency band powers, spindles, slow oscil-
lation, and coherence in 10,784 sleep studies from 8044 participants allowed distinction
between participants with dementia, those with mild cognitive impairment, and cognitively
normal participants based on sleep features [57].

A study of 62 cognitively normal older adults combining Pittsburgh compound B
positron emission tomography scanning with sleep electroencephalography to quantify
NREM slow-wave activity and a hippocampal-dependent face–name learning task found
that NREM SWA significantly moderates the effect of Aβ status on memory function. In
particular, NREM slow-wave activity selectively supported superior memory function in
individuals suffering high amyloid β burden, suggesting that NREM slow-wave activity
may be a cognitive reserve factor providing resilience against the memory impairment
otherwise caused by high Alzheimer’s disease pathology burden [58].

Additional evidence comes from studies investigating cognitively unimpaired adults.
A study of 35 cognitively normal healthy controls, 23 participants with mild cognitive
impairment, and 19 patients with Alzheimer’s disease investigated the slow-to-fast-activity
ratio of entropy in REM sleep and found that it differentiated dementia from mild cognitive
impairment and controls. Moreover, a higher slow-to-fast activity ratio entropy during
REM sleep was associated with worse cognitive performance [59]. In 121 cognitively
unimpaired older adults (mean age 69 years), a multimodal neuroimaging was used to
investigate amyloid deposition, gray matter volume, and perfusion in relation to REM sleep
integrity. A positive relationship was present between theta power and grey matter volume
in widespread brain regions, whereas beta power was negatively associated with grey
matter volume in the anterior cingulate cortex. Moreover, higher REM sleep delta power
was associated with greater perfusion in fronto-cingulate areas, and higher REM sleep theta,
alpha, and beta power was associated with lower perfusion in fronto-cingulate and parietal
areas. Of note, theta power was negatively associated with amyloid deposition [60].

Recently, an artificial intelligence model was developed to detect Parkinson’s disease
and track its progression through nocturnal breathing signals. It was evaluated on a large
dataset based on several U.S. hospital recordings and multiple public datasets. The model
achieved an area under the curve (AUC) of 0.90 for internal tests and 0.85 for external tests.
Moreover, it could estimate Parkinson’s disease severity and progression according to the
Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MD-UPDRS) [61].
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Based on this evidence, it seems that sleep can predict neurodegeneration, and, thus,
early neurodegeneration may be identified through sleep changes. Different changes
in sleep and circadian rhythms are observed in different neurodegenerative diseases, in
particular Alzheimer’s disease and Parkinson’s disease. The specific impact of tau-related
or synuclein-related pathology needs to be further disentangled in future studies.

The second question is whether sleep is actionable to reduce the risk or even prevent
neurodegeneration. A clear and definite answer to this question requires long-term longitu-
dinal studies. However, it is clear that sleep loss affects neurodegeneration. A small study
of 20 cognitively normal, amyloid β-negative participants aged 30 to 60 years, randomized
to 36 h sleep deprivation, increased sleep with sodium oxybate (to increase slow-wave
sleep), or normal sleep (control group), showed that sleep loss affected tau phosphoryla-
tion [62]. One study showed that targeted slow-wave sleep disruption increased overnight
cerebrospinal fluid Aβ content [63].

Based on this evidence, an easily actionable sleep feature with an impact on brain
health seems to be sleep duration. According to the American Academy of Sleep Medicine
position statement, most adults need at least 7 h of sleep [64]. Social jet-lag is one of the
factors mostly impacting sleep duration, starting already during childhood and being
present throughout adulthood and working life. Awareness of the importance of sleep
should be increased, and both school times and working times, when possible, should
take into account the individual sleep needs and chronotypes. Besides sleep duration,
the number of specific sleep stages seems to play a role in maintaining brain health [63].
Interventions such as targeted acoustic stimuli are feasible and could increase slow-wave
sleep in Alzheimer’s disease significantly [65]. Thus, interventions to enhance sleep in older
adults and in those at risk for neurodegenerative disease may modulate neurodegenerative
processes [65,66].

Despite limited data, the potential actionability of sleep in modulating neurodegen-
eration is further supported by data showing that adherence to positive airway pressure
therapy may lower the odds of an incident diagnosis of Alzheimer’s disease or multiple
cognitive impairment and slow cognitive impairment or its progression to Alzheimer’s
disease [67,68].

Orexin is a hypothalamic neuropeptide that regulates arousal and wakefulness, in-
fluencing the transition from sleep to wakefulness. Dysfunctions in orexin signaling are
associated with sleep pathologies, in particular narcolepsy [69]. Thus, another actionable
pathway is represented by the orexin system, as agonists and antagonists are available [70].
In Alzheimer’s disease, high orexin levels may increase amyloid β and tau accumulation by
promoting wakefulness (among other mechanisms), which in turn increases orexin levels
in a positive feedback loop [71]. On the other hand, orexin may exert beneficial effects
on Parkinson’s disease symptoms by neuroprotecting dopaminergic neurons within the
substantia nigra and through other brain regions.

6. Conclusions

The bidirectional relationship between sleep/circadian rhythm disorders and neurode-
generative diseases provides the basis for early detection of neurodegeneration through
sleep changes and highlights sleep health as an actionable pillar of brain health potentially
able to modulate the development of neurodegeneration from the early, prodromal, and
preclinical phases. Sleep actionability has potential even earlier, when the neurodegenera-
tive process has not started yet but only risk factors are present. A better understanding
of specific sleep and circadian rhythm changes leading to the development of neurode-
generation is needed in order to develop specific management strategies able to modulate
neurodegeneration and promote brain health.
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