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Abstract
Sleep is a behavioral phenomenon conserved among mammals and some invertebrates, yet the biological functions of sleep are
still being elucidated. In humans, sleep time becomes shorter, more fragmented, and of poorer quality with advancing age.
Epidemiologically, the development of age-related neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease is
associatedwith pronounced sleep disruption, whereas emergingmechanistic studies suggest that sleep disruptionmay be causally
linked to neurodegenerative pathology, suggesting that sleep may represent a key therapeutic target in the prevention of these
conditions. In this review, we discuss the physiology of sleep, the pathophysiology of neurodegenerative disease, and the current
literature supporting the relationship between sleep, aging, and neurodegenerative disease.
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Introduction

Sleep changes dramatically throughout the developmental and
aging process, and sleep disruption is a common feature of many
neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s. Interestingly, emerging epidemiological data report
that sleep disruption during mid-life may influence risk of de-
mentia in the decades that follow, suggesting that sleep may be
causally linked to the development of pathology underlying neu-
rodegenerative conditions. In parallel, recent studies carried out
in animal models and human subjects suggest novel mechanistic
links between sleep, sleep disruption, and the age-related neuro-
pathology. These studies raise the intriguing possibility that sleep

may represent a pivotal therapeutic target for the prevention of
age-related neurodegeneration. In this review, we discuss the
normal physiology of sleep, the pathophysiology of sleep disrup-
tion, and evidence supporting a bidirectional relationship be-
tween neurodegeneration and sleep disruption. We also review
the evidence for pharmacological and nonpharmacological ther-
apies for modulating sleep that are either in development or
currently available for subjects experiencing sleep disturbances.

Overview of Physiological Functions of Sleep

Sleeping and waking reflect 2 distinct behavioral states ob-
served in nearly all living organisms, including humans, birds,
fish, and reptiles; sleep-like states are similarly observed in
invertebrate organisms such as flies and bees [1]. Although
differences between waking and sleep appear obvious to the
observer, less obvious are the distinct neurophysiological
states that occur cyclically through the course of a single
nights’ sleep. Several specific anatomically and chemically
defined forebrain and brainstem structures trigger and main-
tain episodes of sleep and wakefulness [2]. Sleep is assessed
most directly via polysomnography, a technique including
electroencephalography (EEG), electromyography (EMG),
and electrooculography (EOG), routinely used in human and
animals to define different sleep stages. In the following par-
agraphs, we will briefly discuss the sleep/wake cycles which
alternate in nearly all living organisms.
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Overview of Sleep/Wake Stages

WakefulnessWakefulness is a behavioral state defined by vol-
untary motor activation and responsiveness to internal and
external stimuli [3]. During wakefulness, the EEG is charac-
terized by low-amplitude high-frequency beta (14-30 Hz) ac-
tivity, whereas the EMG shows variable amounts of muscle
activity [3, 4]. Wakefulness in maintained through the activity
of wake-promoting brain regions, including the cholinergic
nuclei of the pontine tegmentum, the adrenergic locus
coeruleus, and the serotonergic raphe nuclei. Other regions,
including the brainstem, the posterior hypothalamus, and the
basal telencephalon, also play a role in the generation of wake-
fulness. The wake-promoting pathways ascend through the
paramedian region of the midbrain, splitting into a dorsal path-
way into the thalamus and a large ventral pathway that inner-
vates the hypothalamus, basal forebrain, and cortex [3].

Sleep Based on EEG recordings, sleep is readily distinguish-
able from other states of altered consciousness, such as coma
and anesthesia, in that it is easily reversible and self-regulating
[4]. The American Academy of Sleep Medicine categorizes
sleep/wake states into wakefulness (stage W, defined above),
3 nonrapid eyemovement (NREM) sleep stages (N1, N2, N3),
and REM sleep (R stage).

Stage N1 sleep, termed transitional or light sleep, occurs
following wakefulness and is characterized by low-voltage
and fast EEG activity, including theta (4-8 Hz) activity and
low-amplitude beta (> 13 Hz) activity, coupled with slow eye
movements and variable EMG amplitude. Stage N1 is very
short and lasts about 1 to 7 min [5, 6]. Stage N2 sleep, also
termed intermediate sleep, typically follows stage N1 and is
characterized predominantly by theta (4-8 Hz) activity and
occasional bursts of faster activity, coupled with no eye move-
ment and a tonically low EMG activity. In addition, stage N1
may show minimal alpha (8-13 Hz) and delta (0-4 Hz) activ-
ity, as well as the presence of K complexes (large amplitude
waveforms) and sleep spindles (11-16 Hz bursts). N2 sleep is
accompanied by progressive diminution of peripheral physio-
logical and metabolic function, including blood pressure, gas-
trointestinal secretions, and cardiac activity. Stage N2 lasts
about 20min [5, 6]. Stage N3 sleep, termed deep or slowwave
sleep, is characterized by high-amplitude slow waves domi-
nated by delta (0-4 Hz) activity as well as further reductions in
muscle activity. N3 has the highest threshold for arousal, far
greater than the threshold during N1 and N2 sleep [5, 6].

Stage REM (R) sleep, known as paradoxical or active
sleep, is characterized by low-amplitude, mixed-frequency
EEG theta (4-8 Hz) intermixed with alpha (8-13 Hz) waves,
coupled with pronounced rapid eye movements and muscle
atonia. Compared with the suppression of physiological and
metabolic activity observed in NREM sleep, activity during
stage R sleep is greater. For example, blood pressure and heart

rate increase and show intermittent fluctuations; respiration
becomes irregular, and brain oxygen consumption increases.
Stage R is associated with dreaming, penile erections in men,
and clitoral engorgement in women [5, 6].

Sleep Cycles In healthy adults, sleep progresses sequentially
from N1, N2, to N3 sleep, then back to REM sleep to com-
plete a sleep cycle over the course of 60 to 120 min, with
several sleep cycles occurring throughout the night. Early in
the night, the proportion of N3 to REM sleep is greater, while
later in the night, the contribution of REM sleep to the cycle
increases. N3 sleep accounts for between 10 and 25% of total
sleep time, whereas REM sleep typically comprises 20 to 25%
of the sleep period [7].

Sleep–Wake Regulation

Wakefulness and sleep are regulated by 2 overlaid processes
which interact to determine the time of sleep onset and cessa-
tion, as well as the stability of waking neurocognitive function
[8–10]. The homeostatic sleep drive (termed process S) is
cued by the duration of prior wakefulness, whereas the circa-
dian sleep drive (termed process C) is cued by the light/dark
cycle. The homeostatic process reflects the drive for sleep that
increases during wakefulness and dissipates during sleep, a
process that is proposed to correspond to the accumulation
and dissipation of a putative “sleep substance” [9, 10]. The
circadian process reflects daily rhythms in physiological func-
tion and behavior which are entrained by the environmental
light–dark cycle. Just as discrete brain regions promote wake-
fulness, sleep-promoting brain regions, including the anterior
hypothalamus and the ventrolateral preoptic nucleus, regulate
sleep onset [11–13]. When homeostatic sleep drive increases
above a certain threshold, sleep is triggered; when it decreases
below another threshold, wakefulness is invoked. The circa-
dian process represents daily oscillatory modulation of these
thresholds. The rapid switching of the brain between 2 gener-
ally stable arousal states is thought to be accomplished
through the opposing inhibitory actions of sleep-promoting
and wake-promoting regions on one another, termed the
“Flip-Flop Switch” model of sleep regulation [14] (for more
details on this model, see Saper et al. [15]).

Anesthesia and Sedation

Like sleep, general anesthesia and sedation are associated with
altered levels of arousal. Although sleep differs from these
states in its reversibility and self-regulation [16], sleep and
anesthesia can share electroencephalographic features and in
the brain regions activated or inhibited in either state [17].
Slow delta (0.5-4 Hz) activity is a feature both of deep N3
sleep as well as general anesthesia [18]. However, different
anesthetics can produce distinct EEG signatures. For example,
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slow delta and alpha activities are the predominant EEG sig-
natures of the general anesthetic propofol, as well as intrave-
nous GABAA receptor-targeting anesthetics such as benzodi-
azepines and etomidate. Delta, theta, and alpha activities also
characterize EEGs during sevoflurane, desflurane, and
isoflurane anesthesia. Dexmedetomidine, an α2 adrenergic
agonist sedative, is associated with delta and spindle activity
on EEG, which closely resembles that of N2 sleep.
Isoelectricity (suppression) is observed when high doses of
anesthetics such as sevoflurane and propofol are administered
[18].

Physiological Functions of Sleep

The physiological function of sleep has remained the subject
of avid scientific interest for centuries, yet, until recently, these
functions remained speculative and have historically been best
appreciated when the physiological, cognitive, and behavioral
consequences of sleep disruption or deprivation were ob-
served. A central role for sleep in the process of memory
consolidation has been established through studies carried
out both in animals and human subjects. More recently, a role
for sleep in the clearance of interstitial metabolic wastes
through the activity of the glymphatic system has been de-
scribed primarily in rodent studies. For the purpose of this
review, in addition to the well-known physiological functions
of sleep including modulation of pain and immune, metabolic,
and cardiovascular function, we will focus primarily on its
roles in memory consolidation and on the clearance of inter-
stitial metabolic waste products, including amyloid-β and tau,
that accumulate during wakefulness.

Learning and Memory Consolidation Sleep plays a critical
role in memory consolidation, whereas sleep disruption be-
fore or after a learning task significantly impairs learning and
memory. Chronic sleep deprivation involving complete loss
of sleep and chronic sleep restriction involving partial sleep
loss over several days to years have been used to define the
effects of sleep loss on cognitive function. A consistent find-
ing in these studies is impairment of attention evidenced by
slow reaction time and increased lapses during simple vigi-
lance tests. Meta-analysis demonstrates that acute sleep dep-
rivation impairs a wide array of cognitive functions, includ-
ing substantial impacts on sustained attention and working
memory tasks [19]. In one representative study, a single
night of total sleep deprivation impaired objective, but not
self-estimated working memory performance in young adult
women compared with 8 h of sleep opportunity [20].
Ongoing sleep restriction can have similar effects to acute
sleep deprivation: restricting sleep to 6 h per night can lead to
significant impairment in psychomotor vigilance perfor-
mance. If prolonged for up 2 weeks, it can reach impairment
levels that are comparable to about 2 nights of total sleep

deprivation [21]. Sleep restriction to 5 h per night causes
increasing impairment in psychomotor vigilance perfor-
mance, whereas sleep restriction to less than 4 h per night
can lead to continued degradation in vigilance performance
[21, 22]. Following 5 nights of sleep restricted to 4 h in
healthy adults between 22 and 45 years of age, behavioral
alertness and subjective sleepiness did not fully recover even
with an extended night of sleep recovery [23]. In addition to
effects on cognitive function, chronic sleep disruption, par-
ticularly when associated with obstructive sleep apnea
(OSA) and insomnia, is also associated with several chronic
disease states, which will be discussed later in this review.

The role of sleep in the process of memory consolidation is
perhaps the most well-established physiological role of sleep,
with memory encoding occurring during wakefulness and
memory consolidation taking place during subsequent epi-
sodes of sleep, enabling memory retrieval during following
periods of wakefulness [24]. However, the ability to consoli-
date memories during sleep depends on several factors, in-
cluding the type of memory being integrated and the duration
and architecture of ensuing sleep [25]. A number of studies
have best established roles for both slow wave sleep [26–30]
and REM sleep [31–35] in these processes. In animals, in
sleep periods following learning tasks, REM sleep is consis-
tently increased [36–40]. Among students, similar changes in
REM sleep patterns were observed during intensive study
periods [41]. When REM sleep is pharmacologically in-
creased by carbachol injection into the pontine reticular for-
mation or by sleep deprivation [42], memory is improved.
Although REM sleep is historically associated with the pro-
cesses of memory consolidation, recent findings suggest the
importance of NREM sleep in these processes [43–45]. For
example, following periods of motor task learning, both the
duration of NREM sleep [43] and the number of sleep spin-
dles [46] increase. Improved performance in a finger-tapping
task correlates with the amount of NREM sleep [45], spindle
density [47], and delta power [48]. In human subjects, enhanc-
ing slow wave sleep by transcranial electrical stimulation en-
hances memory consolidation [49], whereas selective depri-
vation of stage N2 sleep reduced memory improvement for a
rotor pursuit task [50].

The cellular substrate of sleep’s role in memory consolida-
tion is reflected in the process of scaling synaptic strength and
weakness throughout the processes of waking and sleep,
which involve processes of long-term potentiation and long-
term depression [51–53]. During waking, synaptic strength is
enhanced (termed synaptic upscaling), whereas sleep counter-
balances this process by weakening synaptic connections
(synaptic downscaling) [54–57]. At the molecular level, gene
transcripts and proteins implicated in long-term potentiation
are upregulated following extended periods of wakefulness,
whereas those implicated in long-term depression are in-
creased following periods of sleep [58, 59].
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Glymphatic Pathway Function and Interstitial Waste
Clearance More recently, a role for sleep in the regulation
of metabolic waste clearance from the brain has been de-
scribed by Nedergaard, Iliff, and colleagues. Although the
brain reflects only about 2% of the body’s mass, it accounts
for about 20% of the body’s overall metabolic output [60].
Compared with wakefulness, metabolic demand during sleep
tends to be reduced [61, 62], although this reduction is not
uniformly distributed across different sleep stages. This re-
duction is attributable in part to quiescent “down states” dur-
ing slow wave activity; brain metabolic activity during REM
sleep is not substantively different from that observed during
waking. Sleep–wake differences in metabolic activity are
believed to underlie diurnal fluctuations in levels of metabol-
ic by-products within the brain interstitium (measured in an-
imals by in vivo microdialysis) or in the cerebrospinal fluid
compartment (measured in human subjects by serial CSF
sampling). These include lactate and amyloid beta (Aβ)
and the microtubule-associated protein tau, which are re-
leased in response to synaptic activity [63–66]. Thus, one
proposed role for sleep may be the provision of periods of
relative metabolic suppression when metabolic by-products,
including pathogenic peptides such as Aβ, may be removed
from the brain.

Recent studies conducted in rodents suggest that the clear-
ance of metabolic waste from the brain interstitium during
sleep may be more rapid and anatomically organized than
previously recognized. These studies demonstrate that during
sleep, and under specific anesthetic conditions, CSF moves
rapidly into and through the brain parenchyma along
perivascular spaces surrounding penetrating arteries to ex-
change with brain interstitial fluid [67–69]. Interstitial solutes,
in turn, are cleared along white matter tracts and the deep
venous drainage to the subarachnoid CSF compartment where
they can then be cleared along CSF reabsorption pathways,
including arachnoid villi, the cribriform plate, meningeal lym-
phatic vessels, or cranial and spinal nerve sheathes [70].
Because it was dependent upon the perivascular astroglial
water channel aquaporin-4 (AQP4), this perivascular network
that supports CSF–interstitial fluid exchange was termed the
“glymphatic” system [67, 71].

Interestingly, both glymphatic exchange and lymphatic
drainage appear to be regulated by the sleep–wake cycle.
Movement of CSF tracers through brain tissue is more rapid
in the sleeping and anesthetized compared with the waking
mouse brain; similarly, the clearance of interstitial solutes
including Aβ is more rapid from the sleeping and anesthe-
tized compared with the waking mouse brain [72]. Increased
CSF–interstitial fluid exchange coincided with a significant
expansion of the extracellular space, suggesting that during
sleep the physical properties of brain tissue change to sup-
port rapid clearance of interstitial solutes and waste. Reduced
solute clearance was sensitive to noradrenergic receptor

blockade, demonstrating that central noradrenergic tone is
one key regulator of glymphatic function. In a second study
conducted in mice, lymphatic drainage was more rapid in
waking compared with anesthetized animals [73]. These
findings suggest that during sleep, glymphatic exchange sup-
ports the clearance of solutes and wastes from the brain in-
terstitium to the CSF compartment, while during waking,
lymphatic drainage supports the clearance of solutes from
the CSF compartment via the deep cervical lymphatic
vasculature.

Age-Related Changes in Sleep

Continuous changes in sleep macro- and microarchitecture
occur throughout normal human aging. Among these changes
are reductions in total sleep time and other measures of sleep
quality, including increased sleep latency (the time it takes to
fall asleep), reduced sleep efficiency (the amount of time spent
asleep vs the amount of time spent in bed), and greater sleep
fragmentation [7, 74–76]. Interestingly, when good health is
maintained throughout the aging process, the trend for declin-
ing total sleep time with age tends to cease after age 60, at
which point total sleep time plateaus [7]. However, in the
presence of comorbidities, age-related sleep changes may be
exacerbated. The composition of sleep also changes through-
out the aging process, with the proportion of sleep time spent
in N1 and N2 sleep increasing and the time spent in N3 (slow
wave sleep) declining between early adulthood and old age. A
corresponding decline in EEG spectral delta power, sleep
spindles and K-complexes, and increasing high-frequency be-
ta power, an indicator of cortical arousal, is commonly ob-
served in older individuals [76–79]. REM sleep increases be-
tween childhood and adolescence, then declines between
young adulthood and middle age [7]. Changes in circadian
rhythms have also been reported with advancing age, with a
decline in the cortisol and melatonin rhythms that entrain day/
night activity patterns [80].

Older adults are more likely than other age groups to expe-
rience sleep disruption [81], which is attributable to both age-
dependent changes in sleep architecture and circadian rhythm,
and also to higher rates of sleep disorders such as insomnia
and OSA [81]. Although sleep disruption among the elderly is
strongly associated with poorer cognitive performance and an
increased risk of cognitive decline [82], more recently, results
from the Framingham Heart Study and the Atherosclerosis
Risk in Communities studies have demonstrated that mid-
life sleep disruption predicted the development of dementia
in later life [83, 84]. These studies suggest that sleep disrup-
tion may not simply be a feature of the aging brain, but that
sleep disruption may be a factor rendering the aging brain
vulnerable to neurodegenerative processes underlying dis-
eases such as Alzheimer’s disease (AD).
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Sleep Disruption in Age-Related Comorbidities

Acute and chronic sleep disruption is a pervasive feature of
modern societies due to factors including work demands, fam-
ily responsibilities, social pressure, and lifestyle choices [85],
and more recently, electronic devices such as television, video
games, computers, and smartphones. The consequences of
sleep disruption span temporal scales between immediate im-
pairments in cognitive function to the long-term changes in
the pathogenic processes that may underlie vulnerability to
neurodegenerative diseases like AD and Parkinson’s disease
(PD).

Insomnia Insomnia, the most common primary sleep disor-
der in the general population, is defined as difficulty falling
asleep (sleep onset), staying asleep (sleep maintenance), or
nonrestorative sleep despite adequate opportunity to sleep;
it is associated with impairment in daytime functioning that
can be a symptom or cause of several different medical
conditions [86–88]. Risk factors for insomnia include a
large number of genetic predispositions, social (lower so-
cioeconomic status, divorce/separation) and environmental
factors, gender (female sex), race (greater risk in African
Americans compared with white race), older age, and co-
morbid medical or mental disorders such as depression,
post-traumatic stress disorder (PTSD), and heart disease
[89]. Persistent insomnia is associated with an increased
risk of development of a psychiatric disorder [90].
Although insomnia and depression are frequently comorbid
[91], insomnia confers a greater risk for the development of
depression [92–97].

Obstructive Sleep Apnea Sleep apnea is a common sleep dis-
order in which respiration transiently ceases or decreases con-
siderably in volume during sleep. It can be due to either ob-
struction of the upper airway (OSA), dysfunction in the neu-
rological drive to breathe (central sleep apnea, Cheyne–Stokes
breathing, or secondary to medication or drug use), or their
combination (mixed apnea, complex apnea, or obesity-
hypoventilation syndrome) [98]. OSA is highly prevalent in
the middle-aged population and worsens with age. It is char-
acterized by repetitive transient upper airway obstructions dur-
ing sleep that result in either complete (apnea) or partial
(hypopnea) pauses in breathing [99–102]. Periods of apnea
are accompanied by periods of hypoxemia and by brief elec-
troencephalographic and autonomic arousals that lead to a
disruption of normal sleep architecture [101]. OSA is associ-
ated with several chronic conditions, including depression,
hypertension, risk of stroke and myocardial infarction, and
cardiac arrhythmia [103–107]. OSA is also associated with
vascular dementia and with an earlier onset of mild cognitive
impairment and dementia compared with subjects without
OSA [108].

Cardiovascular Effects Epidemiological evidence indicates
that habitually short sleep duration is a risk factor for cardio-
vascular diseases [109–111]. Acute total sleep deprivation
causes impaired cardiovascular functions with increased sym-
pathetic activity; for example, restriction of sleep in healthy
young adults to 5 h for 1 night is associated with an increase in
heart rate of 5 beats/min and in systolic/diastolic blood pres-
sure of 10 mmHg compared with nonsleep-deprived condi-
tions [112]. In a study in which total sleep disruption lasted for
88 h, similar changes in heart rate and systolic/diastolic blood
pressure exhibited virtually no signs of recovery on the first
day of recovery after sleep deprivation [113]. Consistent with
these results, late night sleep deprivation from 4 to 8 a.m.
resulted in an increased plasma norepinephrine and epineph-
rine levels in healthy male participants [114]. Similar to acute
total sleep deprivation, continuous sleep restriction over
prolonged periods result in changes in heart rate, blood pres-
sure, and measures of cardiac function measures [115, 116].
For example, restriction of sleep 3.6 to 4.5 h per night for
10 days in healthy subjects was associated with increases in
heart rate and blood pressure; on the last (10th) day, heart rate
was elevated, compared with prerestriction baseline levels by
5 beats/min during sleep periods and by 22 beats/min during
sleep deprivation periods, with similar results for blood pres-
sure [113]. Restriction of sleep to < 80% of the habitual dura-
tion for 4 weeks in young men resulted in decreased heart rate
variability and elevated plasma catecholamine levels [115].

Intensive Care Unit Delirium Although not considered strictly
a cause or consequence of sleep disruption, a frequent and
relevant condition encountered in the aging population is post-
operative and intensive care unit (ICU) delirium. Delirium, a
disturbance of consciousness that develops acutely, tends to
fluctuate and is associated with inattention, impaired cogni-
tion, and perceptual disturbances which is a prevalent occur-
rence among patients in the ICU environment [117], an envi-
ronment that is notable for promoting sleep fragmentation due
in part to isolation from natural light/dark cycles, noisy envi-
ronment, and staff interventions that lead to frequent arousals
and awakening [118–120]. Among subjects in the ICU, sleep
architecture is altered with increased in light sleep and reduc-
tions in slow wave and REM sleep. Total sleep time averages
between 2.1 and 8.8 h per night and is typically neither con-
tinuous nor strictly restricted to night times [118–122]. Most
importantly, delirium is frequent among aged populations; a
study of 614 patients monitored for delirium over 1 year
showed that a majority of patients older than 65 years of age
exhibited hypoactive delirium (characterized by decreased
psychomotor activity and inattention) at some point during
their ICU stay [123]. ICU delirium is associated with func-
tional and cognitive decline [124, 125]; however, whether
these outcomes are the result of sleep and circadian disruption
in the ICU environment remains unknown and an important
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avenue for future research. The potential role that age-related
changes in sleep play in the development of neurodegenera-
tive diseases and chronic diseases such as insomnia, obstruc-
tive sleep apnea, and cardiovascular diseases will be discussed
at length in sections to follow.

Sleep–Wake Disruption in the Pathogenesis
of Neurodegenerative Disease

In addition to the changes in sleep architecture and circadian
rhythm that occur across the lifespan of nondemented individ-
uals [126], pathological changes in sleep often occur in the
setting of dementia. Indeed, sleep–wake disturbances are fre-
quently reported as symptomatic features of many neurode-
generative diseases, including AD [127, 128], PD [129–131],
and chronic traumatic encephalopathy. Sleep disruption is also
commonly reported in atypical parkinsonian disorders like
progressive supranuclear palsy (PSP), Lewy body dementia,
multiple system atrophy (MSA), and corticobasal degenera-
tion [132]. The mechanisms and brain regions involved in
these neurodegenerative diseases are diverse, yet the appear-
ance of sleep disturbances across dementias suggests an im-
portant relationship between cognitive impairment and sleep.

Alzheimer’s Disease

Clinical AD is characterized by progressive memory loss, dif-
ficulty completing familiar tasks, trouble understanding spa-
tial relationships, and mood changes. The diagnosis of AD
requires the presence of neuritic plaques and neurofibrillary
tangles in the brain, composed mostly of Aβ and tau proteins,
respectively [133]. Although the severity of cognitive impair-
ment correlates with the burden of neurofibrillary tangles and
neuritic plaques [133], these hallmarks of AD can be found in
the aging human brain without clinical detection of cognitive
impairment, suggesting that individual responses to Aβ and
tau aggregation may vary substantially [134, 135]. In patients
with AD, complaints of sleep and circadian disruption are
common and include insomnia and fragmentation of sleep
architecture [136]. These changes result in a reduction in sleep
quantity and quality that, along with polypharmacy, can also
result in excessive daytime sleepiness. The relationship be-
tween the pathophysiology of AD and sleep disruption is com-
plicated by the association of AD with aging and brain atro-
phy, both of which have also been linked to sleep disruption
[137–139]. However, recent research has begun to define a
relationship between Aβ trafficking in the CNS, aging, and
sleep disturbance.

In cognitively intact human subjects, Aβ40 and Aβ42 turn-
over rates were slowed in the CSF of aged subjects (73.3 ±
6.6 years) in comparison with younger controls (48.0 ±
14.6 years) [140]. A striking 2.5-fold reduction in Aβ half-

life was reported between 30- and 80-year-old participants,
suggesting that Aβ may have a markedly increased residence
time in the aged human CSF. Several studies also report an
association between parenchymal Aβ burden and metrics of
sleep disruption, including longer sleep latency [141, 142],
lower sleep efficiency [143], and worsening sleep quality
[144, 145] in subjects without clinical AD.

In a series of studies utilizing serial CSF sampling in human
subjects, diurnal fluctuations in CSF Aβ, tau, and alpha-
synuclein concentrations have been reported [63]. For example,
CSFAβ levels increase during waking and decline during sleep,
a pattern that parallels sleep–wake fluctuation in interstitial Aβ
levels measured by microdialysis in rodents [65]. Interestingly,
these diurnal fluctuations are blunted in subjects with AD or in
rodents in the presence of Aβ pathology [146, 147]. The over-
night decline in Aβ levels can be inhibited by sleep deprivation
or through specific ablation of slow wave sleep [65, 148, 149].
More recently, an imaging study using an Aβ-binding PET
ligand demonstrated that 1 night of sleep deprivation increases
parenchymal Aβ burden by 5% in 20 healthy control subjects
[150]. These results suggest a clear causal relationship between
sleep–wake regulation and CNS Aβ, tau, and alpha-synuclein
dynamics independent of the effects of aging. Conversely, other
studies report that cortical Aβ disrupts slow wave activity in
human subjects, suggesting that sleep disruption and Aβ burden
may have bidirectional effects [151].

Parkinson’s Disease

PD is a neurodegenerative disease characterized by a symp-
tom constellation that includes tremor, muscular rigidity, shuf-
fling gait, bradykinesia, and postural instability [152].
Pathological examination of the PD brain typically reveals
atrophy of multiple brain regions [153], particularly in the
substantia nigra [154]. Histological features of PD include
cytoplasmic inclusions called Lewy bodies, which are com-
posed of the protein alpha-synuclein [155, 156] and
hyperphosphorylated tau species, both of which are thought
to propagate through the CNS in a stereotyped anatomical
pattern as the disease progresses [157]. Sleep disruption is also
common in PD, with 40 to 60% of patients reporting sleep
disturbance [130, 131]. Similar to patients with AD, PD pa-
tients report insomnia and psychiatric symptoms that interfere
with the quality and quantity of sleep. Furthermore, PD pa-
tients often experience disorders related to motor function,
such as rapid eye movement behavior disorder (RBD), restless
leg syndrome, akinesia, and sleep-disordered breathing, all of
which cause significant disruption to normal sleep behavior
[158]. Interestingly, patients diagnosed with RBD are at sig-
nificantly increased risk of developing dementia [159].
Whether RBD is simply a symptom of prodromal PD or the
disruption of sleep accelerates the progression of dementia
remains unclear.
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Although these motor dysfunctions result from the primary
pathophysiology of PD, they likely play a secondary role in
sleep disruption by either fragmenting sleep or increasing
sleep latency. Interestingly, evidence of disrupted circadian
rhythms has also been reported in patients with PD, suggest-
ing that the pathophysiology of PD may directly impair sleep
rhythms in patients. This includes progressive worsening of
motor functions throughout the daytime [160], nighttime dys-
function of cardiovascular regulation [161], and reversal of the
circadian blood pressure rhythm [162]. The pattern and mag-
nitude of melatonin secretion is also disrupted in PD patients
which may contribute to circadian disturbances [163–165].
These findings are further supported by evidence of Lewy
bodies and phosphorylated tau deposition in the suprachias-
matic nucleus, suggesting that the central circadian rhythm
may be altered in PD [166]. To date, studies focused on the
relationship between the pathophysiology of PD and sleep
disruption in humans have remained largely associative, but
a multivariate relationship between the severity of motor dys-
function, iatrogenic dysregulation of the circadian rhythm
through dopaminergic therapy, and possible direct pathophys-
iological effects on the circadian rhythm is beginning to
emerge.

Atypical Parkinsonism

Atypical parkinsonism describes a group of neurodegenera-
tive diseases featuring a wide phenotypic spectrum within and
among subgroups. Broadly, this includes DLB, MSA, PSP,
and corticobasal degeneration. DLB and MSA are character-
ized histopathologically by aggregation of alpha-synuclein
[167, 168], whereas PSP and corticobasal degeneration fea-
ture aggregation of hyperphosphorylated tau species [169,
170]. Unlike AD and PD, the relationship between the patho-
physiology of the neurodegenerative disease and sleep distur-
bances reported by patients with atypical parkinsonism has
received relatively little attention, likely owing to the rarity
of these diseases. Still, there exists a high incidence of sleep
disorders in these diseases, including insomnia, excessive
daytime sleepiness, RBD, sleep-disordered breathing, and
nighttime stridor [132]. Although there is an overlap between
symptoms in disease subtypes, some sleep disturbances ap-
pear to be more specific to subtypes than others. For instance,
a strong link to RBD has been demonstrated in dementia with
Lewy bodies and multiple system atrophy [171].

Glymphatic Dysfunction in the Aging Brain
and Neurodegenerative Diseases

Neurodegenerative diseases are characterized by the
misaggregation of extracellular and intracellular proteins,
now widely believed to propagate in a prion-like manner be-
tween neighboring or synaptically connected cells via the

extracellular space [172]. Thus, the role of glymphatic path-
way function, which supports the clearance of interstitial pro-
teins during sleep in the pathogenesis of neurodegenerative
disease, is a subject of substantial ongoing research interest
[69, 72, 173].

Age-Related Impairment of Glymphatic Function Glymphatic
function supports the perivascular clearance of interstitial sol-
utes including Aβ, tau, and alpha-synuclein. Aβ clearance is
dependent upon the perivascular astroglial water channel AQP4
[173] and is more rapid in the sleeping compared with the
waking brain [72]. Aqp4 gene disruption in a mouse model of
amyloidosis accelerates Aβ plaque deposition and the develop-
ment of neurocognitive decline [174]. Since the initial charac-
terization of the glymphatic system, several studies have dem-
onstrated impairment in CSF–interstitial fluid exchange in ag-
ing, or in the presence of injury. In aging mice [175],
glymphatic function was slowed, including a reduction in the
clearance of Aβ. In a mouse model of traumatic brain injury,
glymphatic function was slowed a month after injury, while
impairment of glymphatic function through Aqp4 gene deletion
exacerbated phosphorylated tau accumulation [176]. In a
mouse model of microinfarcts, diffuse ischemic lesions im-
paired glymphatic function [177]. In each case, age- or injury-
related impairment of glymphatic pathway function was asso-
ciated with the loss of perivascular AQP4 localization in reac-
tive astrocytes. Importantly, in human frontal cortical tissue,
such a loss in perivascular AQP4 localization is observed in
AD subjects and is associated with increasing amyloid and
tau pathology [178]. These findings suggest that impairment
of glymphatic function may be one feature of the aging or
injured brain that render it vulnerable to neurodegeneration.

In considering the relationship between sleep disruption,
glymphatic function, and neurodegenerative processes, it is
important to distinguish between glymphatic capacity and
glymphatic activity. In the preclinical studies outlined above,
glymphatic function was evaluated in anesthetized animals
[175–177], in which sleep–wake differences in glymphatic
function are masked. However, both aging and brain injury
are also associated with sleep disruption, as detailed above.
Thus, overlapping contributions of reduced glymphatic
capacity (glymphatic function when sleep can be achieved)
and opportunity (due to sleep disruption) likely result in de-
clines in overall glymphatic activity (the composite of capac-
ity and opportunity).

Detecting Vulnerability to Neurodegenerative Processes by
Evaluating Glymphatic Function Although the glymphatic
system remains an active subject of research and debate, with
our understanding of its underlying mechanisms still being
refined [179–181], there is much interest in developing
methods for noninvasive imaging of glymphatic function in
rodents and humans. Because glympahtic function contributes
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to the clearance of interstitial solutes such as A[beta] and tau,
age- and injury-associated impairment of glymphatic
function may lay mechanistically upstream of pathological
changes such as Aβ or tau deposition. If so, then detection
of glymphatic pathway dysfunction might provide a measure
of vulnerability to protein misaggregation or widespread ag-
gregate propagation. Thus, the development of biomarkers
that reflect glymphatic function may have substantial clinical
utility.

After the initial characterization of the glymphatic system
using fluorescent tracers and multiphoton microscopy, steps
were quickly taken to develop clinically relevant MRI-based
approaches to assess glymphatic pathway function in the ro-
dent by dynamic contrast-enhanced-MRI following intrathe-
cal gadolinium-based contrast agent injection [68, 182].
Shortly thereafter, an elegant case study was published by
Eide and Ringstad [183] recapitulating these preclinical stud-
ies in a human subject with suspected CSF leakage. Through
serial imaging of the brain after intrathecal infusion of gado-
butrol in this subject, the authors concluded that glymphatic
ISF–CSF exchange exists in the human as well as
the rodent brain. Further work by Eide and Ringstad has be-
gun to define CSF–ISF exchange in human subjects
[183–185]. Interestingly, these studies have identified reduced
contrast clearance in subjects with normal pressure hydro-
cephalus, which provides proof of principle for measuring
glymphatic function in human disease [184]. Because this
technique relies on intrathecal contrast, however, it may face
barriers to widespread clinical adoption in detecting vulnera-
bility to neurodegenerative processes.

To date, several noninvasive MRI-based approaches
have been developed to measure CSF flow dynamics non-
invasively. Real-time phase contrast MRI has been de-
ployed to investigate major effectors of CSF flow and
may provide additional insight into abnormalities in CSF
flow that precede neurodegenerative disease [184, 186].
More recently, 2 studies in rodent have used diffusion ten-
sor MRI and arterial spin labeling with multiple echo times
to measure physiological parameters that are directly rele-
vant to the glymphatic system, including water exchange at
the blood–brain interface [187] and CSF flow in the
perivascular space [188]. MRI can also be used to measure
the diffusivity of water in the human brain to compare
apparent diffusion coefficients between waking and
sleeping states to assess the magnitude of ISF–CSF ex-
change in human subjects [189]. This study provides an
important noninvasive tool for measuring glymphatic func-
tion in cognitively normal and impaired subjects. Once
these studies have been recapitulated in human subjects
and validated against gold-standard contrast-based mea-
sures of CSF–ISF exchange, these MRI techniques may
aid investigators in identifying changes in the glymphatic
system that reflect vulnerability to neurodegeneration.

To date, AD has received the most attention in the devel-
opment of diagnostic biomarkers that are detectable in the
CSF. Through multiple multicenter and prospective studies
in AD patients over the last 2 decades, a highly sensitive and
specific signature of elevated total and phospho-tau protein
and lowered Aβ42 in the CSF has been identified [190–193].
The reduction in CSFAβ42 has been widely interpreted as an
increase in Aβ42 deposition in the brain and reduced clearance
into the CSF compartment. Several other similar trends also
exist in the literature that may provide biomarkers upstream of
widespread parenchymal protein aggregation. This includes
the study by Roh et al. [147] that described a reduction in
diurnal ISF [Aβ] and [lactate] fluctuation with advancing
stages in a mouse model of AD. In light of this observation,
it is possible that diurnal fluctuation of CNS-derived solutes
such as Aβ, tau, or alpha-synuclein within the CSF, or perhaps
within the plasma, may serve as a biomarker for the dynamics
of ISF–CSF exchange that reflects vulnerability to aggrega-
tion of solutes in the brain parenchyma that drive neurodegen-
eration. Indeed, this hypothesis is corroborated by a study that
found reduced CSF levels of Aβ40, Aβ42, and neurogranin in
subjects with OSA [148], suggesting that changes in sleep-
related exchange kinetics may be detectible in peripheral com-
partments. Clearly, more studies are needed to determine if
changes in the magnitude of diurnal fluctuation of
parenchymally derived solutes in the CSF predict cognitive
decline across multiple neurodegenerative diseases.

Addressing Sleep–Wake Disruption in the Prevention
of Neurodegenerative Disease

Sleep disruption is prevalent within the general population
and is linked to a myriad of chronic health problems [194].
Although their impact is spread across all age groups, ethnic-
ities, and degrees of health status, they are more prevalent in
elderly populations in which emerging evidence suggests they
may contribute to pathogenic processes underlying neurode-
generative conditions such as AD and PD. Age-related sleep
disturbances are often independent of any medical condition
or primary sleep disorder but are part of the aging process
itself. This includes the decline in sleep quantity and quality
generally, and particularly in slow wave activity among the
elderly [195]. The epidemiological association of mid-life
sleep parameters with the development of dementia in the
decades that follow [83, 84] suggests that sleep may be a
modifiable risk factor in the primary prevention of neurode-
generative disease. Thus, approaches to improve or maintain
sleep, and in particular to maintain slow wave sleep in
throughout the aging process, may be of substantial future
clinical interest.

Pharmacological Approaches to Enhance Slow Wave Sleep
Sedative-hypnotic agents, particularly benzodiazepines
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(i.e., triazolam and temazepam) and nonbenzodiazapines
(such as zolpidem, zaleplon, and eszopiclone), are the most
widely used medications for the short-term treatment of
sleep disturbances. However, they are associated with in-
creased incidence of sedation, confusion, anterograde am-
nesia, daytime sleepiness, and rebound insomnia and, thus,
may not be appropriate for use in elderly populations [196].
However, several pharmacological agents that enhance
slow wave sleep and slow wave activity in both healthy
individuals and patients are already in clinical use. For ex-
ample, GAT-1 inhibitors, such as tiagabine [197]; GABAA

agonists which bind to the extrasynaptic GABAA receptor
[198] such as gaboxadol; GABAB modulators such as GHB
[199]; and 5HT2A antagonists such as seganserin and
eplivanserin [200, 201] increase slow wave sleep.
Moreover, seganserin, a 5HT2A antagonist, increased slow
wave sleep during NREM sleep and significantly enhanced
low frequency and theta activity [200]. Another selective
5HT2A antagonist, eplivanserin, was shown to enhance
slow wave sleep and reduce stage 2 sleep, without affecting
subjective sleep quality in healthy volunteers [201, 202].
Several of these drugs have been demonstrated to be effec-
tive in treating insomnia [203–206].

As previously mentioned, melatonin rhythms that entrain
the sleep–wake cycle decline with age [80]. In the USA, ex-
ogenous melatonin can be purchased without a prescription
for promoting sleep quality; however, many studies on the
efficacy of melatonin have reported conflicting findings
[207, 208]. These conflicting reports likely reflect the variabil-
ity in the dosing of melatonin, the severity of insomnia, and
age of study subjects. In aging subjects, the use of sustained-
release exogenous melatonin increases sleep efficiency and
fast-acting melatonin improves sleep initiation [209–211].
Importantly, the beneficial effects of melatonin on these sleep
parameters do not appear to translate to patients with AD and
PD [212, 213]. In all cases, avoidance of supraphysiological
melatonin dosing is imperative to avoid further disruption of
the circadian rhythm [214].

Modulation of central adrenergic tone to enhancing sleep
quality has been studied in populations with PTSD [215, 216]
and traumatic brain injury [217]. Although most clinical trials
have focused on the effect of prazosin (an alpha 1 adrenergic
receptor antagonist) in reducing PTSD-related nightmares, it is
possible that prazosin may help reduce sleep fractionation in the
general population, thereby increasing opportunity for ISF–
CSF exchange, in aging patients without PTSD. Given the
widespread use of prazosin to treat hypertension in aging pop-
ulations, a prospective study considering sleep parameters and
nocturnal use of prazosin would provide valuable data in eval-
uating this possibility. Furthermore, adrenergic inhibition has
been shown to increase the magnitude of ISF–CSF exchange
in rodents, which may provide further rationale for targeting
adrenergic inhibition in aging humans [72] (unpublished data).

Nonpharmacological Approaches to Improving Sleep
Because of the risk for sedating medication side effects, be-
havioral strategies are employed clinically as the first-line
treatment for sleep disturbances in elderly population. This
approach includes maintaining regular bedtimes and rising
times, limiting daytime napping, and restricting time in bed.
In addition, dietary recommendations which include establish-
ing consistent meal times; avoiding alcohol, nicotine, and caf-
feine; and emptying the bladder before bedtime are strongly
recommended. Maintenance of a sleep-promoting sleep envi-
ronment, avoiding overly hot or cold, bright or noisy environ-
ments, also promotes healthy sleep [218]. Cognitive behavior-
al therapy is as effective as prescription medications for the
treatment of chronic insomnia [219]. In OSA patients, positive
airway pressure treatment is associated with increased slow
wave activity, whereas greater improvement in OSA was as-
sociated with greater decreases in CSF Aβ and tau levels
[220]. A recent study [221] showed rocking stimulation
shortens sleep latency to N2 stage sleep, whereas sleep laten-
cies to N1, N3, and REM sleep were not affected compared
with the stationary position. They also found that the rocking
stimulation decreases the proportion of sleep time spent in N1
and N2 sleep due to a significant increase in N3 sleep. Most
importantly, when the authors investigated the effects of
rocking stimulation on waking behavior and memory, they
found participants in the rocking stimulation had better mem-
ory performance after the rocking night evidenced by the sig-
nificant decrease in the number of errors and an increase of
correct responses. Interestingly, another new study applied
rocking stimulation for the first time in a transgenic mouse
model lacking functional otoliths making them unable to en-
code linear acceleration to investigate the involvement of the
vestibular system in mediating the effects of rocking stimula-
tion. This study replicated findings in humans and showed
that rocking stimulation at a frequency of 1.0 Hz in mice
reduced sleep-onset latency, increases NREM sleep time,
and reduces active wakefulness when compared with the sta-
tionary condition [222].

In conclusion, a combination of nonpharmacologic and
pharmacologic interventions should also be considered when
treating older adults with sleep disorders in order to help them
sleep better at night and function better in their daily activities.
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