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Bidirectional relationship between sleep and Alzheimer’s
disease: role of amyloid, tau, and other factors
Chanung Wang1 and David M. Holtzman1

As we age, we experience changes in our nighttime sleep and daytime wakefulness. Individuals afflicted with Alzheimer’s disease
(AD) can develop sleep problems even before memory and other cognitive deficits are reported. As the disease progresses and
cognitive changes ensue, sleep disturbances become even more debilitating. Thus, it is imperative to gain a better understanding
of the relationship between sleep and AD pathogenesis. We postulate a bidirectional relationship between sleep and the
neuropathological hallmarks of AD; in particular, the accumulation of amyloid-β (Aβ) and tau. Our research group has shown that
extracellular levels of both Aβ and tau fluctuate during the normal sleep−wake cycle. Disturbed sleep and increased wakefulness
acutely lead to increased Aβ production and decreased Aβ clearance, whereas Aβ aggregation and deposition is enhanced by
chronic increased wakefulness in animal models. Once Aβ accumulates, there is evidence in both mice and humans that this results
in disturbed sleep. New findings from our group reveal that acute sleep deprivation increases levels of tau in mouse brain interstitial
fluid (ISF) and human cerebrospinal fluid (CSF) and chronic sleep deprivation accelerates the spread of tau protein aggregates in
neural networks. Finally, recent evidence also suggests that accumulation of tau aggregates in the brain correlates with decreased
nonrapid eye movement (NREM) sleep slow wave activity. In this review, we first provide a brief overview of the AD and sleep
literature and then highlight recent advances in the understanding of the relationship between sleep and AD pathogenesis.
Importantly, the effects of the bidirectional relationship between the sleep−wake cycle and tau have not been previously discussed
in other reviews on this topic. Lastly, we provide possible directions for future studies on the role of sleep in AD.
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INTRODUCTION
The purpose of sleep is one of the fundamental unsolved
mysteries of biology, although we do know that the quantity,
quality, and timing of sleep influence a vast array of biological
functions [1–5]. During normal healthy aging, changes in sleep
architecture and increases in sleep disturbances are a physiolo-
gical hallmark. From early adulthood (ages 16–25) to midlife (ages
36–50), the percentage of nonrapid eye movement (NREM) slow
wave sleep (SWS) (i.e. “deep sleep”, discussed below) decreases
significantly. This is compensated for by an increased percentage
of lighter sleep but not significant increases in time spent awake
(sleep fragmentation), or decreases in time spent in rapid eye
movement (REM) sleep [6]. Many elderly people who are 65 years
or older have increased sleep fragmentation, increased early-
morning awakening, increased sleep latency, decreased sleep
quality, and difficulty with sleep maintenance [7–9]. The age-
related decline of quantity and quality of NREM SWS is related to
increased sleep fragmentation and difficulty with sleep main-
tenance during sleeping time [10]. According to several studies,
sleep impacts various aspects of memory processing and
cognitive performance [11, 12]. Therefore, sleep disruption has
been postulated as a potential risk factor for cognitive decline [13].
Currently, around 47 million people worldwide are living with

dementia. Moreover, the number of individuals with dementia is
expected to increase to about 90 million by 2030 [14]. Of all

dementias, AD is the most common contributor and accounts for
up to 75% of all dementia cases [15]. In the United States, deaths
due to AD have increased by 71% between 2000 and 2013,
ranking this disease as the sixth leading cause of death [16]. AD is
a progressive neurodegenerative disorder affecting wide areas of
the cerebral cortex and hippocampus [17]. Even though symp-
toms of AD patients can differ greatly from one person to another,
AD generally results in a progressive decline in memory and
cognition. The two histopathological markers of AD are extra-
cellular amyloid-β (Aβ) plaques composed predominantly of the
Aβ peptide and neurofibrillary tangles (NFTs) as well as neuropil
threads in neurons comprised of abnormally aggregated, hyper-
phosphorylated tau [18]. These pathological hallmarks are
accompanied by progressive impairment of memory, language,
and cognition, as well as a prominent innate immune response,
synaptic loss, and brain atrophy [19–23]. Importantly, sleep
disturbances are also prevalent, and are a highly disruptive
behavioral manifestation of AD [24, 25].
Recent studies report that sleep disturbances negatively affect

cognitive function and functional impairment in patients with AD
[26–29]. Approximately 25–66% of AD patients exhibit sleep
disturbances [28, 29]. Aβ pathology begins to accumulate during
the preclinical stage of AD, about 15–20 years before cognitive
symptoms manifest. Changes in sleep also occur during the
preclinical stage of AD [25]. In one study, cognitively normal
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individuals identified as having amyloid pathology had decreased
sleep efficiency compared to those that were amyloid negative
[30]. Changes in sleep efficiency and quality seem to precede the
onset of cognitive decline in AD patients and progress in parallel
with both cognitive dysfunction and the progression of AD
pathology [25].
Several studies have shown a role for the sleep−wake cycle in

the progression of AD. Extracellular Aβ in brain ISF as well as CSF
fluctuates diurnally: soluble Aβ levels are higher during wakeful-
ness and lower during sleep [31, 32]. Acute sleep deprivation in
humans increases soluble Aβ in CSF by 25–30% via increased
overnight Aβ production relative to sleeping controls [33]. In APP
transgenic mice, chronic sleep deprivation accelerates Aβ deposi-
tion, whereas in orexin knockout mice, which sleep 10% more
than control littermates, there is decreased Aβ deposition [31, 34].
One of the primary functions of orexin, a hypothalamic
neurotransmitter, is to promote and stabilize wakefulness and
reduce REM sleep via orexinergic neurons in the hypothalamus.
The fibers of these neurons project to many different nuclei that
regulate the sleep−wake cycle, such as the locus coeruleus (LC)
and septal nuclei [35, 36]. Several studies have shown that there is
a strong association between orexinergic neurotransmission
dysfunction, sleep impairment, and decline in memory function
and cognition in moderate–severe AD patients [37–39]. In
addition, Aβ deposition disrupts the sleep−wake cycle in APP
transgenic mice resulting in increased wakefulness [40]. A new
study from our group has found that ISF tau also fluctuates
diurnally. Furthermore, sleep deprivation increases levels of tau in
mouse brain ISF and human CSF, and chronic sleep deprivation
accelerates the spreading of tau protein aggregates in specific
brain networks in a tau seeding/spreading model [41].
To date, there is mounting evidence that there is a bidirectional

relationship between sleep disturbance and AD pathology. This
review will highlight recent studies on the bi-directional relation-
ship between sleep and AD from the molecular level to the clinical
level. Importantly, the effects of the bi-directional relationship
between the sleep−wake cycle and tau have not been previously
discussed in other reviews on this topic. We now cite and discuss
papers on this topic and discuss findings that are not yet present
in our other reviews on this topic. Furthermore, we will briefly
discuss the potential role of apolipoprotein E (apoE) and microglia
as well as other factors relevant to AD and sleep. These include Aβ
accumulation and tau-mediated neurodegeneration, and how
APOE, especially the APOE ε4 allele, impacts Aβ and tau [42–45]. A
recent study showed that disrupted sleep was more frequent in
males than in females and in carriers of the APOE ε4 allele as
compared to noncarriers [46]. Based on a few studies, acute and
chronic sleep deprivation in humans results in the induction of
both cellular and humoral immunological responses [47]. Chronic
sleep deprivation in rodents has been associated with microglial
activation and astrocytic phagocytosis in the brain [48]. This low-
grade systemic inflammation induced by sleep loss could facilitate
neuroinflammation, which could aggravate AD-related brain
pathology [49]. We will also highlight questions to address in
future studies to test ideas implicated by a bi-directional relation-
ship between sleep and AD.

BASIC CONCEPTS OF SLEEP
Sleep architecture in humans
Sleep is composed of two very different physiological states: REM
sleep and NREM sleep. NREM sleep is further divided into three
stages, with stage N1 being the lightest and stages N2 and N3
progressively getting into deeper sleep. In the normal young
adult, polysomnographic recordings including electroencephalo-
gram (EEG) show five cyclical sleep stages [50]. During wakeful-
ness with eyes open, the EEG signals show mainly beta activity
(frequencies higher than 13 hertz (Hz)), but during wakefulness

with eyes closed, alpha activity dominates (8–13 Hz). During stage
NREM N1, a transition period from wakefulness to sleep that
occupies about 5% of total sleep time, the alpha activity slows to a
theta rhythm (4–8 Hz). Two identifiable characteristic phasic
features develop during NREM stage N2; sleep spindles (bursts
of rhythmic sigma (12–14 Hz) waves) and K-complexes (waves of
distinct negative high-voltage peak followed by a distinct positive
high-voltage deflection) on a theta wave background. Sleep
spindles may be linked to sleep-dependent memory consolidation
and cognition [51]. K-complexes have been suggested to react to
external stimuli during sleep and to protect sleep as an essential
part of the synchronization of NREM sleep [52]. N2 is a period of
“light” sleep that occupies about 50% of the sleep period. During
stage N3, which occupies about 20% of sleeping time, high-
amplitude, low frequency delta waves (0.5–4 Hz) dominate leading
to its description as slow-wave sleep (SWS) or “deep” sleep. Lastly,
REM sleep, which accounts for about 25% of total sleep time, is
characterized as desynchronized sleep due to the physiological
similarities to waking states including rapid and low-voltage
desynchronized brain waves [50, 53]. EEG desynchrony in REM
sleep is largely controlled by acetylcholine (ACh) tone, which is
radically different from EEG desynchrony during wake periods
[54]. REM sleep is also characterized by muscle atonia (REM sleep
atonia). During REM sleep, skeletal muscles are essentially
paralyzed to minimize the movements [53]. Sleep is typically
organized into 90-min cycles of NREM/REM in humans. However,
most stage N3 sleep occurs during the first half of the night, and
most REM sleep in the last half of the night [55]. Sleep/wake cycles
are tightly regulated in the brain by many brain regions,
neurotransmitters, and flip-flop switches [56]. Sleep regulating
areas are found throughout the brain, including the brainstem,
midbrain, thalamus, hypothalamus, and basal forebrain [56].

Sleep changes during normal aging
As discussed in the introduction, with aging, sleep architecture
changes with a reduction of NREM SWS, an increase in lighter
sleep, changes in REM sleep stage appearance, and increased
sleep fragmentation [50]. The decrease in SWS is accompanied by
a decrease in both the number and amplitude of delta waves.
According to Van Cauter et al., from early adulthood to midlife
(age 16–25 to 36–50 years), the percentage of NREM SWS
decreases significantly, which is replaced by an increased
percentage of lighter sleep without significant increases in sleep
fragmentation or decreases in REM sleep [6]. Ohayon et al. also
reported that in children and adolescents, the percentage of
NREM SWS was significantly negatively correlated with age, and
percentages of stage N2 and REM sleep significantly changed with
age [10]. Based on their sleep data from a large meta-analysis of
PSG-verified sleep, in adulthood (from young to middle (ages
40–60 years) to older (ages >60 years)), as age increases, there are
several significant decreases in total sleep time, sleep efficiency,
percentage of NREM SWS, percentage of REM sleep, and REM
latency, whereas there are significant increases in sleep latency,
percentage of stage N1, percentage of stage N2, and wake after
sleep onset (WASO) [10]. However, stage N2 and REM sleep remain
unchanged until very old age [57, 58], although the two
identifiable EEG features of stage N2 (sleep spindles and K-
complexes) are less well formed with age [59]. While the duration
of stage N2 does not dramatically change until old age, measures
of sleep spindles during N2 sleep do dramatically change at the
same time as NREM SWS changes begin to occur during early
adulthood [60]. These significant changes in sleep with aging have
been documented in almost all people older than 60 years and are
worse in elderly people with the APOE ε4 allele [61]. As sleep in
elderly individuals becomes “lighter and more fragmented”, many
factors can induce sleep changes, such as medication, nocturia,
bodily pain, and other physical or mental health conditions [50].
Mander et al. reported that decreased frontal brain SWA during
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sleep predicts memory decline in older adults [62]. They also
reported that brain volume loss in medial prefrontal cortex (mPFC)
gray matter, an area known to be important for NREM regulation,
predicted the loss of SWA in the elderly. The loss of sleep spindles
and SWA are a predictive risk factor in age-related decline of
memory retention and cognition.

Sleep changes in Alzheimer’s disease (AD)
Sleep architecture changes are exaggerated in patients with mild
cognitive impairment (MCI), which is often a prodromal phase of
AD, and in dementia due to AD [63, 64]. The occurrence rate of
sleep disturbances in MCI patients has been reported to range
from 8.8 to 45.5% [65, 66]. Furthermore, sleep disordered
breathing (SDB) and sleep behavior disorders occur more
frequently in MCI patients than in normal subjects [13]. Excessive
daytime sleepiness (EDS), sundowning, and insomnia are among
the most common sleep disturbances in dementia due to AD and
originate from changes in sleep architecture and the circadian
rhythm [67]. EDS, defined as sleepiness that interferes with daily
activities, is common in patients with dementia and may have a
significant impact on quality of life of AD patients. Sundowning is
defined as agitated behavior occurring primarily after the sun
goes down; for example, pacing, yelling out, getting violent, or
wandering around at night. Insomnia is defined as complaints of
difficulty falling asleep, difficulty staying asleep, or early-morning
awakenings that have a significant impact on daytime function
[68]. Insomnia as a disorder affects 30−50% of older adults [69].
AD patients have been reported to have decreased sleep
efficiency, NREM SWS, and total sleep time, as well as decreased
REM sleep and increased latency to REM sleep [67, 70, 71]. The
occurrence rate of sleep disturbances in AD patients has been
documented to range from 25 to 60% [29, 72], and AD patients
have more frequent sleep problems than cognitively normal old
adults (18.3−27.6%) [73]. Sleep disturbances are associated with
AD pathology during the preclinical phase of AD. A study in
cognitively normal, late middle-aged adults has shown a decrease
in sleep efficiency, measured by actigraphy, and an increase in
napping in subjects that are amyloid positive compared to those
that are amyloid negative. It suggests a role for Aβ accumulation
prior to cognitive decline during preclinical AD (Fig. 1) [30]. A
study performed by Spira et al. supported the idea that the
deposition of Aβ is linked with shorter sleep [74]. They
hypothesized that individuals having more fragmented sleep,
shorter sleep duration, and lower sleep quality would have greater
amyloid burden than individuals having otherwise uninterrupted
sleep. They reported that there is a significant relationship
between sleep disturbances (shorter sleep duration and poor
sleep quality) and Aβ aggregation, as measured by 11C-PIB

positron emission tomography (PET) scanning. They showed that
participants reporting >7 h sleep have the least amyloid burden,
those reporting >6 to ≤7 h have an intermediate level of burden,
and participants reporting ≤6 h sleep duration have the greatest
burden. They also found that disturbed sleep, characterized by
shorter sleep duration and poor sleep quality, in community-
dwelling older adults could be detectable by a sleep questionnaire
without a direct measure of sleep using either actigraphy or sleep
studies [74]. In addition, several clinical follow-up studies have
reported that cognitively normal elderly people with high sleep
fragmentation had a 1.5-fold increased risk of AD development,
and self-reported sleep decline was associated with a twofold
increased risk of developing AD [75, 76]. Recently, Lucey et al. in
our group reported that tau accumulation is linked with decreased
NREM SWA in low frequencies and it is associated with a greater
effect on this activity than Aβ deposition [77]. This finding was
noted in cognitively normal and very mildly cognitively impaired
individuals.
The exact reason for changes in sleep architecture in AD is still

unknown, but possibly originates from AD pathology-induced
neuronal and synaptic damage in crucial sleep regulating areas
and pathways in the brain [78]. Sleep regulating centers are
located throughout the basal forebrain (BF), hypothalamus,
thalamus, midbrain, pons, and brainstem in the brain, each of
which are also areas that can be affected by AD pathology [78].
For example, loss of cholinergic neurons in the BF or noradrener-
gic neurons in the locus coeruleus (LC) in AD could not only
negatively affect cognition, but also sleep−wake regulation
[79–81]. As discussed above, brain volume loss in mPFC gray
matter (an area known to be important for NREM regulation)
predicted the loss of SWA. Also, decreased REM sleep duration in
people with MCI was strongly associated with gray matter loss in
regions which degenerate early in AD, such as the cholinergic BF,
the precuneus, the posterior cingulate, and the postcentral gyrus
[82, 83]. REM sleep EEG desynchrony is largely controlled by ACh
tone, which is radically different from wake EEG desynchrony. This
is particularly important for AD, as AD is associated with
cholinergic degeneration and loss of REM sleep EEG desynchrony,
possibly due to tau accumulation [63, 78]. As we discussed in the
section on the basics of sleep, REM sleep is largely controlled by
ACh tone following stimulation of cholinergic neurons in precise
regions of the brainstem [84]. Using a mouse model of tauopathy,
decreased REM and NREM sleep correlated with increased tau
pathology in the sublaterodorsal area and parafacial zone in the
brainstem [85]. Montplaisir and colleagues have reported that
subjects with amnestic MCI (a-MCI) have a significantly slower REM
sleep EEG measured from frontal lateral regions than both
nonamnestic MCI (na-MCI) and cognitively healthy control
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Fig. 1 Prevalence of amyloid deposition by sleep efficiency group. a Prevalence of Cognitively- normal, Clinical Dementia Rating (CDR) 0
participants who have preclinical amyloid pathology exhibit diminished sleep efficiency. Less than 75% and more than 89% represent poor
and good sleep efficiency, respectively. The proportion in each group with abnormal Aβ 42 level (≤500 pg/mL) decreases with better sleep
efficiency. b Nap days per week was skewed toward zero. Vertical axes represent absolute frequency. Participants who have preclinical
amyloid pathology exhibit increased napping. Adapted by permission from JAMA: Neurol [30]
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subjects [86]. They also reported that the EEG slowing is a good
marker of neurodegeneration in REM sleep behavior disorder
(RBD) patients, a condition characterized by loss of muscle atonia
during REM sleep [87]. RBD is strongly associated with synuclei-
nopathies, such as Parkinson’s disease and Lewy body dementia
(LBD) [88, 89]. More than 80% of RBD patients eventually develop
a neurodegenerative disease, usually a synucleinopathy [89].
Montplaisir and colleagues also reported that MCI is commonly
observed in RBD patients [90]. They suggested that RBD may be
caused by neurodegeneration in the brainstem areas controlling
REM sleep paralysis [89]. Additionally, as we discussed in the
introduction briefly, there is a strong association between
orexinergic system dysfunction, sleep impairment, and decline in
memory function and cognition in moderate–severe AD patients
[37–39]. Several studies observed a significant increase in CSF
orexin concentration in moderate–severe AD patients [37, 38, 91].
The increased orexin level caused by orexinergic system dysfunc-
tion may cause further sleep impairment and secondarily lead to
further exacerbation of AD pathology [91].
Even though this review does not cover the relationship

between circadian rhythm dysfunction and AD, many studies have
reported a decline of behavioral circadian rhythms in aged mice
and humans [92, 93]. Furthermore, a common symptom seen in
AD patients includes dysfunction of circadian rhythms, such as
increased nocturnal activity, decreased diurnal activity, and core
body temperature phase delay and amplitude decrease [93–96].
Sleep–wake cycle and circadian rhythms are often considered to
be interchangeable [63]. Neuronal and synaptic damage by AD
pathology in circadian regulating areas (e.g. hypothalamic
suprachiasmatic nucleus (SCN)) increase the dysfunction of cellular
circadian rhythms, which lies at the root of parts of the sleep
disturbances seen in AD [97–99].

BASIC CONCEPTS OF ALZHEIMER’S DISEASE (AD)
Brief history regarding clinical, pathological, and genetic features
of Aβ and Tau
Amyloid-β (Aβ). In 1906, Alois Alzheimer, a German psychiatrist,
first reported the presence of a “peculiar substance” in the brain of
a patient. However, the identity of the substance remained a
mystery until the early 1980s [100]. In 1984, Glenner and Wong
identified fragments of the Aβ peptide from meningeal vessels of
patients with Down syndrome with amyloid pathology and
successfully sequenced the N-terminal 24 amino acids of Aβ
[101]. In 1985, Masters et al. isolated amyloid plaque cores from
post-mortem AD brains, as well as characterized and sequenced
Aβ using a variety of different techniques [102]. In 1987, the first
genetic link to AD was identified by two research groups who
discovered that the gene from which Aβ is derived, known as the
amyloid β precursor protein (APP), is located on human
chromosome 21 [103, 104]. All individuals with trisomy 21 or
partial trisomy 21 who have three copies of APP develop Aβ
deposition by their fourth decade of life [105]. In 1991, Goate and
colleagues first identified a disease-causing mutation of dom-
inantly inherited AD in the APP gene (V717I) in families with early-
onset AD. Aβ is produced by the sequential proteolytic cleavage of
APP by β‑secretase and γ‑secretase, leading to Aβ peptide
formation with peptides of various length (between 38 and 43
amino acids) [106, 107]. Mutations in γ-secretase component
genes Presenilin-1 (PSEN1), Presenilin-2 (PSEN2), as well as the APP
gene lead to dominantly inherited AD [108–111]. Many of the
mutations in these genes (APP, PSEN1 and PSEN2) lead to an
increase in longer forms of Aβ (42 and 43) and decrease in shorter
forms (Aβ38 and 40) resulting in early-onset Aβ aggregation
[112, 113]. Most mutations in the APP gene modify APP processing
and increase the ratio of Aβ42 to Aβ40 in the plasma of patients
[114, 115]. Moreover, mutations in PSEN1 and PSEN2 also result in
an increased Aβ42/Aβ40 ratio [111]. Two major isoforms of Aβ are

40 amino acids (Aβ40) and the less soluble 42 amino-acid form
(Aβ42). Aβ42 differs from Aβ40 in that it has two extra
hydrophobic amino acids at the C-terminus and is more
aggregation prone than shorter Aβ isoforms [106, 116]. Due to
the hydrophobic nature of the peptides, soluble monomeric Aβ
can self-aggregate to form extracellular oligomers, protofibrils,
fibrils, and plaques, the first hallmarks of AD pathology [106].
Based on studies of proteolytic processing, Aβ is a normal

product of APP metabolism and is produced at high levels in
neurons, as well as in other cell types [17]. The physiological
function of APP is still unknown, but studies have indicated that it
may be involved in cell health, growth, and synaptic plasticity
[22, 117]. A recent paper demonstrates that a secreted form of
APP can serve as a ligand for a specific type of GABA receptor
[118]. AD is associated with the accumulation of insoluble Aβ
plaques in the extracellular space of the brain, as well as in the
walls of cerebral blood vessels [17]. Multiple studies suggest that
Aβ accumulation and the conformational change it undergoes
results in aggregates with high β-sheet structure that is critical in
AD pathogenesis [119, 120]. Aβ deposition in the human brain
generally begins in areas of the neocortex that overlap with a
brain network known as the “default mode network” prior to its
progression through multiple other areas of the neocortex
[17, 121]. Knowledge of the specific genetic mutation and
associated Aβ42/Aβ40 ratio can help predict the average age of
onset of AD, as confirmed in the Dominantly Inherited Alzheimer
Network (DIAN) studies [122] and a meta-analysis [123].
In late-onset sporadic AD, Aβ accumulation is believed to be

due to defective brain clearance of Aβ or increased Aβ seeding
propensity [124]. It may also be possible that some individuals
have increased Aβ production [124]. Aβ accumulation is influ-
enced by the strongest genetic risk factor for late-onset sporadic
AD pathology, apolipoprotein E (APOE), specifically the APOE ε4
allele. APOE ε4 is consistently linked to earlier and more abundant
Aβ aggregation and is a predictor of Aβ accumulation in normal
older people. APOE ε4 increases the risk of developing AD by ~4-
fold with one allele and by ~12 fold with two alleles relative to the
APOE ε3/ε3 genotype. One allele of ε2 decreases risk by ~0.6
relative to the APOE ε3/ε3 genotype [42–44]. However, these apoE
isoforms also have Aβ-independent functions that may affect AD
risk and rate of progression [43, 44]. For example, our group
reported that APOE ε4 also strongly exacerbates tau-mediated
neurodegeneration in a mouse model of tauopathy (P301S) via
modulation of the brain’s innate immune response [45]. This
suggests that apoE could significantly affect tau-mediated
neurodegeneration independent of Aβ pathology. As Aβ is
considered a key trigger in the AD pathological cascade, we will
discuss how Aβ pathology appears to affect AD pathology
progression as well as sleep disturbances and vice versa.

Tau. In 1906, Alois Alzheimer also first reported and described
NFTs [125]. The primary component of NFTs was not identified as
tau protein until 1985 [126]. Historically, tau protein was isolated
from porcine brain extracts as a heat-stable and highly soluble
protein that is a key component for microtubule (MT) assembly in
axons [127]. Tau is a microtubule-associated protein that interacts
with tubulin to stabilize microtubules [128, 129]. The function of
tau is regulated by the degree of phosphorylation. The hyperpho-
sphorylation and intracellular aggregation of tau protein is
considered the second hallmark of AD, and develops in the
neocortex subsequent to Aβ aggregation and deposition [23].
Mutations in the microtubule-associated protein tau (MAPT) gene
cause frontotemporal dementia with Parkinsonism linked to
chromosome 17 (FTLD-17) and these mutations provide genetic
evidence that dysfunction in tau can trigger neurodegeneration
without Aβ [130–132]. Tauopathies, characterized by abnormal tau
aggregation in the brain, consist of several different neurodegen-
erative diseases. The distinction between primary and secondary
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tauopathies can be characterized by abnormal tau aggregates in
different brain regions involving different networks and cell types,
as well as specific tau isoforms and conformations [133–135].
Primary tauopathies include frontotemporal lobar degeneration
(FTLD) associated with tau mutations, aging-related tau astroglio-
pathy (ARTAG), argyrophilic grain disease (AgD), corticobasal
degeneration (CBD), primary age-related tauopathy (PART),
progressive supranuclear palsy (PSP), chronic traumatic encepha-
lopathy (CTE), and Pick’s disease (PiD). Secondary tauopathies
occur when tau coexists and is likely antecedent to another brain
pathology (i.e. Aβ). AD is a secondary tauopathy [135–137].
Tau can form insoluble filaments that aggregate as NFTs in AD

and other tauopathies [138]. Many studies have shown that NFTs
and regions of tau accumulation correlate with the clinical
symptoms of dementia in AD [139–141]. Unlike Aβ, tau pathology
in the brain strongly correlates with cognitive impairment and
neurodegeneration in AD. NFTs target selective populations of
neurons and specific layers of the cortex as well as specific nuclei
in the brainstem [139–141]. During the second decade of life
during normal aging, hyperphosphorylated, aggregated tau
accumulates in the brainstem LC and other subcortical nuclei
known to be key sites in sleep−wake regulation [142–144].
However, this does not correlate with or predict neurodegenera-
tion or later neurodegenerative disease as it occurs in everyone.
By the age of ~50–60, NFTs start to occur in the medial temporal
lobe during normal aging; however, these NFTs are also not
correlated with neurodegeneration or neurodegenerative disease,
provided they do not extend beyond this area, which usually
only occurs if Aβ deposition also develops. During the late
preclinical stages of AD, tau pathology, such as NFTs and neuritic
plaque-associated tau spreads from the medial temporal lobes
including the hippocampus and entorhinal cortex to neocortical
regions [17].
Many research teams have generated cellular and animal

models, using both vertebrate and invertebrate species, to
understand the role of tau in AD and other tauopathies and to
develop diagnostic and therapeutic approaches [133, 145, 146]. In
the adult human brain, six isoforms of tau are expressed and
generated due to alternative splicing of the MAPT gene located on
chromosome 17q21 [147]. Alternative splicing of exons 2 and 3
produce tau containing zero (0N), one (1N), or two (2N) inserts at
the N-terminus. In addition, the absence or presence of exon 10
leads to tau isoforms that contain either three (3R) or four (4R) C-
terminal microtubule-binding domains, with 3R tau isoforms
binding microtubules less strongly than 4R tau [148]. From all
possible alternative splicing, six tau isoforms can be produced:
3R0N, 3R1N, 3R2N, 4R0N, 4R1N, and 4R2N. In the normal human
brain, the expression levels of 3R and 4R tau occur at a 1:1 ratio.
However, several tauopathies are characterized by the changes in
the ratio of 3R:4R tau isoforms that accumulate [130–132]. For
example, patients with argyrophilic grain disease (AgD), progres-
sive supranuclear palsy (PSP), and corticobasal degeneration (CBD)
have higher 4R tau than 3R tau. However, patients with Pick’s
disease (PiD) have higher 3R than 4R tau and patients with AD and
chronic traumatic encephalopathy (CTE) have both high 3R and 4R
tau [136].
In contrast to the human brain, the adult mouse brain only

expresses 4R tau [149]. There are many studies that assess the
pathological effects and functional consequences of human tau
mutations that lead to forms of FTD, with the most commonly
studied mutations being glycine residue 272 to valine (G272V),
asparagine residue 279 to lysine (N279K), proline residue 301 to
leucine or serine (P301L or P301S), valine residue 337 to
methionine (V337M), and arginine residue 406 to tryptophan
(R406W) [23, 146, 150]. All of these mutations promote aggrega-
tion and hyperphosphorylation of tau, which leads to accumula-
tion and neurodegeneration in almost all of these mutant mouse
models. The identification of pathogenic mutations in the APP and

MAPT genes in AD and FTDP-17, respectively, has provided the
opportunity to also study the interaction between Aβ and tau. It is
clear that Aβ aggregation and accumulation somehow promotes
the spreading or development of tau aggregation in the brain
during the process of AD [151, 152]. However, how this occurs is
not clear and is a major unsolved area in AD research.

Aβ and Tau. In 1992, Hardy and Higgins proposed the amyloid
cascade hypothesis. They postulated, “the deposition of amyloid β
protein (AβP), the main component of the plaques, is the
causative agent of Alzheimer’s pathology and that neurofibrillary
tangles, cell loss, vascular damage, and dementia follow as a direct
result of this deposition” [153]. The amyloid cascade hypothesis
has been a predominant hypothesis for the pathogenesis of AD
for over 25 years and is supported by a multitude of genetic
studies that directly implicate Aβ accumulation as the trigger that
initiates the AD process [151]. Additional support has come from
the generation of a variety of APP or APP/PS1 transgenic mouse
models that exhibit some of the main pathological and behavioral
features of AD, such as formation of Aβ plaques, synaptic loss,
synaptic plasticity alterations, and memory impairment [154].
There is also experimental evidence that tau accumulation and
spreading, as well as neurodegeneration secondary to tau, is
downstream of Aβ. For example, Roberson et al. showed that a
reduction in endogenous tau levels in APP transgenic mice
prevents memory impairment, reduces susceptibility to experi-
mentally induced excitotoxic seizures, and decreases early
mortality, without altering Aβ levels or plaques [155]. Recently,
He et al. reported that Aβ plaques enhance human AD tau seeding
and spreading in the mouse brain [156]. They recapitulated the
formation of three major types of AD-relevant tau pathologies: (1)
tau aggregates in dystrophic neurites surrounding Aβ plaques (NP
tau), (2) AD-like NFTs, and (3) neuropil threads (NTs) in Aβ plaque-
bearing mouse models without overexpressing tau via injecting
human AD-brain-derived pathological tau (AD-tau). However, the
“amyloid cascade hypothesis” of AD pathology has recently been
challenged (see Ricciarelli and Fedele [157] and Kametani and
Hasegawa [158] for in-depth reviews). Although accumulation of
Aβ amyloid fibrils are observed in a number of genetically
modified AD model mice, NFT formation and nerve cell death are
not generally observed [159]. However, this can likely be explained
in these mouse models by the fact that mouse tau is less
susceptible to aggregation due to differences in genetic
sequences. However, as just mentioned, less formation of NFT
can be better modeled if human AD-tau fibrils are injected into
the mouse brain [156]. Recently, several immunotherapies
targeting Aβ in AD model mice were effective in attenuating Aβ
deposition in the brain, but to date, the antibodies utilized have
not been effective at slowing cognitive decline in humans
[158, 160–162]. This is perhaps not surprising, as Aβ has been
accumulating for ~20 years by the time cognitive decline of AD
begins, and cognitive decline correlates more with tau accumula-
tion and not Aβ [151]. Until Aβ accumulation is prevented from
occurring in humans and its consequences assessed, it will not be
known whether the amyloid hypothesis is valid.

BIDIRECTIONAL RELATIONSHIP BETWEEN SLEEP AND AD
PATHOLOGY
Sleep and Aβ
Aβ aggregation begins ~15–20 years before cognitive symptoms
in AD [18]. Similarly, sleep changes can begin in the preclinical
stage of AD and are a predictive risk factor for neurodegeneration
and development of cognitive decline. Several studies have
reported that sleep disturbances and increased wakefulness
increase the accumulation of Aβ. In imaging studies of cognitively
normal adults, poor sleep quality, such as shorter sleep time,
decreased sleep efficiency, and increased latency to sleep strongly
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correlate with the accumulation of Aβ measured by PET scanning
[30, 74, 163]. Furthermore, subjects with more sleep problems
have a greater Aβ burden measured by PET in the prefrontal and
insular regions of the brain [164]. Sleep duration has also been
documented to have a strong relationship with Aβ burden.
Shorter sleep duration was associated with greater accumulation
of Aβ, measured by PET, in the precuneus, angular gyrus, and
frontal medial orbital cortex in the brain [165]. In addition, SWS
arousals correlate with higher CSF levels of Aβ42 in humans with
MCI symptoms, but not in controls [82].
The role of sleep in amyloid pathogenesis has been further

assessed with sleep deprivation studies in humans and animal
models. Even one night of sleep deprivation in healthy young
adults significantly increased morning Aβ42 levels in the CSF
[166]. Similarly, a recent study found that sleep deprivation
increased overnight CSF levels of Aβ38, Aβ40, and Aβ42 levels by
25−30% due to increased overnight CSF Aβ production compared
to controls who had a night of normal sleep [33]. Aβ is generated
by neurons and secreted into the brain interstitial fluid (ISF). To
investigate ISF Aβ metabolism, our group monitored hippocampal
Aβ levels using in vivo microdialysis in both wild-type control mice
and human APP transgenic (Tg2576) mice, which overexpress a
mutated form of human APP [31]. Aβ levels were significantly
increased during the dark period (active time for mice) compared
to the light period (greater sleep time) in both control C57BL6 and
Tg2576 mice. ISF Aβ levels were positively correlated with the
amount of wake time. Conversely, ISF Aβ levels were negatively
correlated with the amount of sleep time. In humans, CSF Aβ has a
24 h diurnal fluctuation, similar to the fluctuation seen in mouse
ISF Aβ [25]. Because increased Aβ levels significantly correlated
with wake time, Kang et al. in our group performed acute sleep
deprivation (SD) for 6 h at the beginning of the light phase in
Tg2576 mice. SD significantly increased ISF Aβ in Tg2576 mice
(Fig. 2) [31]. With chronic SD for 20 h daily over a period of 21 days,
both Tg2576 and APP/PS1 amyloid-developing model mice had a
significant increase in amyloid plaque pathology compared to
mice without chronic SD. Conversely, treatment with an orexin
receptor antagonist once daily for 8 weeks to increase sleep time
in APP/PS1 mice significantly decreased amyloid pathology. While
the data from the Kang et al. study [31] suggest that wakefulness
is associated with increased Aβ production/release from synapses
compared to during sleep, Xie et al. reported that sleep also
facilitates clearance of Aβ from the ISF via the glymphatic system
[167]. The glymphatic system includes convective fluxes from the
para-arterial CSF through ISF and toward the para-venous space
that clears neuronal by-products through the systemic circulation
[168]. Using two-photon imaging of the brain of living, adult mice,
they found that the CSF influx was significantly higher in the brain
of sleeping or anesthetized compared to awake mice. They also
found that the volume of the interstitial space was >60% greater
when mice were sleeping or anesthetized. Therefore, the decrease
of Aβ clearance under SD may also contribute to an increase in Aβ
levels [167]. As we discussed previously, orexin promotes and
stabilizes wakefulness and reduces REM sleep via orexinergic
neurons in the hypothalamus. To further understand the role of
orexin in AD pathology [31], Roh et al. in our group tested whether
orexin release or secondary changes in the sleep-and-wake-cycle
via orexin modulation affected Aβ pathology [34]. It was shown
that APP/PS1 mice lacking orexin (APP/PS1/OR−/−) had a marked
decrease in the amount of Aβ pathology in the brain and an
increase in sleep time compared with APP/PS1 mice expressing
orexin. Stereotaxic injection of orexin into the hippocampus of
APP/PS1 mice did not alter the total amount of sleep/wakefulness
or the amount of Aβ pathology. However, sleep deprivation or
increasing wakefulness by rescue of orexin expression in
orexinergic neurons in APP/PS1/ OR−/− mice increased the
amount of Aβ pathology in the brain. Based on these results, it
was concluded that wakefulness and sleep deprivation

concurrently affect Aβ production and deposition, rather than
local orexinergic signaling in the hippocampus [34]. All of the
above studies suggest that sleep is a potent modulator of Aβ both
in the short term for monomeric Aβ, and in the long term for Aβ
deposition and amyloid pathology progression [31].
In addition to the sleep/wake cycle regulating Aβ levels,

amyloid-precursor protein (APP)/Aβ-depositing mice demonstrate
sleep changes. Changes in sleep−wake have been reported in Aβ
depositing mice such as APP/PS1, 5xFAD, PDAPP, TgCRND8, and
Tg2576 mice [40, 169–173]. These studies have reported that APP/
Aβ overproduction model mice show increases in time awake and
decreases in both NREM and REM sleep, resembling in some ways
sleep changes seen in AD patients. Specifically, APP transgenic
mice have increased sleep fragmentation, increased latency to
REM sleep, and decreased occurrence of REM sleep bouts. Our
group reported that the sleep−wake cycle significantly deterio-
rated and diurnal fluctuation of ISF Aβ disappeared after amyloid
accumulation in the brain of the APPswe/PS1dE9 mouse [40]. To
investigate whether Aβ plaque formation is a cause for changes in
sleep amount and quality, and diurnal fluctuation of ISF Aβ, Roh
et al. vaccinated APP/PS1 mice with subcutaneous injections of
synthetic Aβ1–42 starting at 1.5 months. They found that
elimination of Aβ deposits in the mouse brain normalized the
sleep−wake cycle and diurnal fluctuation of ISF Aβ (Fig. 3) [40].
These studies show the important effects of APP/Aβ on sleep in
AD, but do not address the presence of other pathological
characteristics of AD such as tau aggregation. How Aβ induces
sleep-changes requires further study, but is likely the result of
multiple mechanisms. The sleep changes in AD could be due to
the effects of Aβ pathology on neuronal populations in multiple
cortical regions or in specific nuclei that regulate sleep and wake.
For example, in the brain of mouse models of AD or humans,
amyloid plaques are found throughout the hypothalamus, which
has many sleep regulating regions such as the ventrolateral
preoptic area (VLPO), an important sleep-promoting region of the
brain. Amyloid pathology in this region is one possible explana-
tion for decreased sleep in AD [78, 174]. Amyloid pathology is also
observed in the periaqueductal gray matter (PAG), a dopaminergic
wake-active area, in 81% of AD cases [175]. Sleep changes in AD
could also be the result of neuronal circuit dysfunction due to
amyloid pathology, such as impairment of slow oscillations and
coherence in the neocortex, thalamus, and hippocampus [176].
As shown above, the relationship between sleep−wake

disruption and Aβ deposition is most likely bidirectional. Changes
in sleep−wake regulation can accelerate Aβ accumulation, and Aβ
deposits conversely lead to sleep disturbance in humans.
Consistent with this, a murine model of Aβ amyloidosis showed
that significant deterioration of sleep amount and quality closely
followed the emergence of Aβ aggregates, and strongly correlated
with the progression of Aβ pathology, while the prevention of Aβ
accumulation blocked these changes in sleep.

Sleep and Tau
The hyperphosphorylation and intracellular aggregation of tau
protein is the second pathological hallmark of AD. Total and
phosphorylated tau in human CSF strongly correlates with
cognitive decline in preclinical and clinical AD [177, 178]. Also,
increases of tau in CSF in preclinical AD is a strong predictor of
cognitive decline in AD [179]. Tau phosphorylation and aggrega-
tion have been observed in the brainstem, specifically the locus
coeruleus (LC), in young adults (70% of 20–30 years old) [142–
144]. Tau then spreads to other connected regions such as the
medial parabrachial nucleus (mPB), the dorsal raphe (DR), and the
periaqueductal gray matter (PAG), regions that promote wake
arousal, before amyloid is detected [78, 142, 143, 180]. Pre-tangle
tau pathology is also found in the hypothalamic tuberomammilary
nucleus (TMN), lateral hypothalamus (LH), and the basal forebrain
(BF). All of these regions are part of the ascending arousal system
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and have tau hyperphosphorylation prior to tau or amyloid
pathology in the cortex [78]. However, the VLPO in the
hypothalamus, which links to and inhibits the ascending arousal
system during sleep, does not appear to contain significant NFT
pathology, even in AD patients [174]. Subsequently, Lim et al.
suggested that neuronal loss due to minor NFT pathology in the
VLPO and intermediate nucleus in the hypothalamus might
explain sleep fragmentation in normal older adults and AD
patients [181]. Sleep dysregulation during normal aging may be
affected by abnormal tau phosphorylation in the above brain
regions of the ascending arousal system in the absence of Aβ

pathology [142, 143, 180]. In AD, the above arousal brain regions,
as well as the pedunculopontine tegmental nucleus (PPT) and
laterodorsal tegmental nucleus (LDT), have been shown to have
robust NFT pathology [182].
Mice with tau pathology have been shown to have sleep

disruptions as well. A human tau and APP knock-in mouse (PLB1,
carrying a single copy each of mutant human APP and tau
transgenes and overexpressing PS1) exhibits increased wake bout
duration and decreased REM and NREM sleep bout duration
[183, 184]. However, the PLB1 mouse model has the APP knock-in
mutation, so the effect of tau pathology alone on sleep is
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unknown. Holth et al. in our group have reported that a mouse
model of tauopathy, the P301S mouse, has decreased REM sleep
at 9 months of age and decreased REM and NREM sleep and
increased wakefulness at 11 months. The decreased REM and
NREM sleep correlated with increased tau pathology in the

sublaterodorsal area and parafacial zone in the brainstem [85].
This work suggests that tau pathology alone is sufficient to induce
sleep changes in animal models.
To better understand the effects of neuronal activity on tau

release, levels of ISF tau have been studied following modulation
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by excitatory neuronal activity. Yamada et al. in our group
reported that increasing excitatory neuronal activity significantly
increased ISF tau levels within hours, as measured by in vivo
microdialysis in wild-type mice [185]. Similar findings were noted
by Pooler et al. in vitro [186]. These studies suggest the possibility
that if there is an increase in neuronal/synaptic activity during
wakefulness vs. during sleep, the sleep−wake cycle may regulate
extracellular tau levels. Ju et al. in our group found that worse in-
home sleep quality in the six nights preceding in-lab sleep
disruption was significantly associated with higher CSF tau levels
in humans [187]. Recently, Lucey et al. in our group reported that
tau pathology is associated with reduced NREM slow wave activity
(SWA) in cognitively normal and very mildly cognitively impaired
individuals [77]. They found that older people (60 years of age or
older) with higher tau accumulation as measured by tau PET, or
estimated by the tau/Aβ42 ratio in CSF, have decreased SWS
power in the 1–4 Hz range. The participants were given a portable
EEG monitor to measure their brain waves during sleep and
actigraphy that tracked their body movements all day, at home
over a normal week. The 38 participants were measured for Aβ
and tau pathology through PET brain scans and 104 people
underwent lumbar punctures to provide CSF for the further
analysis. Twenty-seven participants did both. The study found that
increased tau pathology was associated with decreased delta
power in the 1–4 Hz range during SWS. It was previously known
that tau pathology was significantly associated with sleep amount
and quality in mouse models, and human studies have shown that
decreased NREM sleep slow-wave activity (SWA) is associated with
Aβ deposition [62, 188]. Importantly, this study suggests that
decreased slow-wave sleep also occurs with tau accumulation in
people who were either cognitively normal or very mildly
impaired, meaning that reduced NREM SWA may be a biomarker
for the transition between normal individuals and those soon to
become cognitively impaired. Winer et al. have recently reported
that poor sleep history in middle age (40–50 years) is a potential
early biomarker of tau and Aβ burden developing later in life
[189]. They found that participants who had sleep problems in
their 40 and 50s had a greater Aβ burden in their brains later in life
as measured by amyloid PET scans. Interestingly, participants who
experienced sleep disruption in their 50 and 60s had more tau
tangles. Impaired NREM sleep spindles-slow oscillations (SOs)
coupling (synchronization of slow brain waves throughout the
cortex of the sleeping brain) was associated with greater tau
accumulation in the medial temporal lobe (MTL). However, NREM
sleep spindles-SOs coupling was not associated with Aβ burden
[189]. Recently, Kam et al. also evaluated potential relationships
between levels of CSF Aβ42, P-tau, and total tau with sleep spindle
density during N2 sleep and other biophysical properties of sleep
spindles in cognitively normal elderly individuals [190]. They
showed that sleep spindle density during N2 sleep was negatively
correlated with the level of three AD biomarkers. CSF total tau
levels were most significantly associated with the reduction of
spindle density and duration [190]. According to this paper, a
decrease in sleep spindle activity could be associated with tau
pathology. For example, they propose that a decrease in sleep
spindles during N2 sleep may represent early dysfunction related
to the spread of tau pathology to certain sleep/wake regulating
centers suggesting that changes in sleep architecture might be an
early measurable indicator of tau pathology [142, 190]. As
discussed before, sleep spindles are strongly associated with
sleep-dependent memory consolidation and cognition. Therefore,
the decline in memory function and cognition in the elderly may
be related to the reduction of sleep spindles and NREM sleep
spindle-SOs coupling following brain volume loss linked with
progression of tau pathology [190]. Crucially, in terms of the sleep/
wake cycle influencing tau pathogenesis, Holth et al. in our group
recently reported that the sleep−wake cycle regulates brain ISF
tau in mice and CSF tau in humans [41]. They tested whether ISF/

CSF tau and tau seeding and spreading are affected by the sleep-
wake cycle and SD. Mouse ISF tau levels fluctuated with sleep and
wake, with increased tau during the night (when mice are more
awake) compared to the day (when they sleep more). Sleep
deprivation also increased ISF tau levels and the spread of
pathological forms of tau in the brain. Mouse ISF tau was
increased ~ 90% during dark (wake period) compared to light and
~100% during SD compared to normal sleep control. Specifically,
the results showed ~40% increase in ISF tau and ~ 90% increase in
lactate in mice in which there was chemogenetically driven
wakefulness by clozapine-N-oxide (CNO). To understand the effect
of sleep on tau seeding and spreading, they injected recombinant
P301S human tau fibrils unilaterally into the hippocampus of 8–9-
week-old P301S male mice before the onset of tau pathology.
Under chronic SD, 20 h daily for 28 days, tau pathology spread
from the hippocampus to the LC and the entorhinal cortex, which
was significantly increased with SD. Although Aβ deposition is
important in initiating AD, the actual damage in the brain is linked
to tau accumulation. The findings from this study suggest that
real-life factors such as sleep might affect the rate at which tau
pathology spreads through the brain (Fig. 4). As the authors
suggested in their paper, “the acute increases in monomeric ISF
tau through wakefulness and sleep deprivation may play a normal
role in cell signaling, whereas increased release of pathological
species may play a role in seeding, spreading, and neurodegen-
eration” [41]. For future studies, it will be important to identify the
different effects of acute and chronic tau increases in ISF, CSF, and
in different brain regions on AD progression.
As shown above, many associations between tau pathology and

sleep−wake regulation have been reported. The recent studies
suggest that there may be a bidirectional relationship between
sleep−wake disruption and tau pathology, similar to the
bidirectional relationship between sleep−wake disruption and
Aβ. Having a well-optimized sleep−wake cycle should be an
important treatment target to test in the prevention of AD.
Whether improving sleep quality would reduce tau pathology or
slow tau pathogenesis and cognition impairment remains to be
determined.

Obstructive sleep apnea (OSA) and AD
Obstructive sleep apnea (OSA) is a respiratory disorder character-
ized by partial or complete cessation or closure of the upper
airway during sleep [191]. It causes intermittent hypoxia and sleep
disturbance and is estimated to affect 1–4% of middle-aged adults
[192] and 24–30% of elderly people [193]. OSA is intrinsically
associated with metabolic disorders like diabetes and obesity,
intermittent hypoxia and oxidative stress, and cardiovascular
comorbidities [194–198]. With these factors, OSA is also con-
sidered to be one of the risk factors for dementia and cognitive
decline [199–201], suggesting that OSA may increase the risk for
AD [202]. Osorio et al. reported that individuals with OSA might
show signs of MCI and AD at a younger age [201]. Conversely,
treating OSA has been shown to delay the age of onset of MCI
[201] and to improve cognitive function in AD [203, 204].
Upregulation of oxidative stress during OSA plays an important
pathogenic role in hypoxia-induced cerebral dysfunction [205].
Hypoxia is a crucial environmental factor that can trigger neuronal
degeneration and axonal dysfunction in both cortex and
brainstem. Several studies have shown that cerebral amyloido-
genesis and tau phosphorylation are triggered by hypoxia that
occurs during OSA [206, 207]. Mice subjected to hypoxic
conditions demonstrated upregulation in cerebral amyloid plaque
formation and tau phosphorylation, as well as memory impair-
ment [207]. As discussed above, sleep deprivation increases Aβ
levels in ISF and CSF through increased release by active neurons;
this could also be affected by OSA [33, 166]. Ju et al. in our group
have reported that OSA acutely decreases extracellular central
nervous system-derived proteins in the CSF of middle-aged
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people without AD pathology. This suggests that OSA acutely
induces slower clearance of soluble proteins from ISF to CSF [208].
Recently, Liguori et al. have reported that subjective cognitive
impairment (SCI) patients affected by OSA showed lower CSF
Aβ42 concentrations and higher total tau/Aβ42 ratio compared to
SCI controls without OSA or OSA patients treated with continuous
positive airway pressure (CPAP) (OSA-CPAP) [209]. They also
reported that OSA patients showed reduced sleep quality and
duration and lower performance on memory, intelligence, and

executive tests than SCI controls or OSA-CPAP patients. Further-
more, there was a significant relationship between higher CSF tau
protein levels and sleep impairment in the OSA patients [132].
These findings may be due to the fact that a greater percentage of
the individual subjects being studied with OSA had concurrent AD
pathology. A recent paper published by Ju et al. reported that
treated-OSA patients without AD pathology showed increased
SWA, and the increased SWA was significantly associated with
lower Aβ levels in CSF after treatment [210]. Greater alleviation of
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OSA was significantly associated with greater decreases in Aβ,
suggesting that OSA treatment may affect both Aβ production
and clearance.

OTHER FACTORS RELEVANT TO AD AND SLEEP
Apolipoprotein E (APOE)
Apolipoprotein E (APOE) is mainly produced in the brain by
astrocytes and is a major cholesterol carrier that transports lipids
between cells [44, 211]. In late-onset AD, which accounts for >99%
of cases, the most important genetic risk factor is APOE genotype.
APOE appears to influence AD pathogenesis at least in part by
affecting Aβ clearance and aggregation [42, 44]. In humans, the
APOE gene on chromosome 19 exists as three different
polymorphic alleles (ε2, ε3 and ε4). APOE ε3 is the most common
(77%) and ε2 the least (8%) common allele in the general
population [212]. Roses and colleagues reported that the APOE ε4
allele is the strongest genetic risk factor for late-onset AD. The
frequency of the APOE ε4 allele is about 15% in the general
population, but is disproportionally represented in up to 50% of
the APOE alleles in AD patients [212]. Individuals with one APOE ε4
allele have 3−4 times greater AD risk with an earlier age- of-
disease-onset than those without APOE ε4 [44, 213, 214]. Aβ
deposition is more abundant in individuals with APOE ε4 than in
noncarriers, suggesting that APOE ε4 promotes Aβ aggregation
[215–217]. Conversely, APOE ɛ2 is associated with decreased risk,
suggesting a protective role. The effect of APOE genotype on risk
of AD appears to be in part mediated by differential effects of
apoE on Aβ accumulation in the brain and its vasculature [217].
Recently, our group reported that APOE ε4 also strongly
exacerbates tau-dependent neurodegeneration in a mouse model
of tauopathy (P301S) [45]. This suggests that apoE significantly
affects tau-mediated neurodegeneration independently of Aβ
pathology.
Kadotani et al. reported that APOE ε4 is associated with sleep

apnea. A significant portion of individuals with APOE ε4 show SDB
[218]. Gottlieb et al. suggested that individuals carrying the
APOE ε4 have an increased risk of developing OSA [219].
Moreover, OSA patients carrying the APOE ε4 allele have
demonstrated an increased risk of impaired spatial working
memory [220]. However, this relationship between APOE ε4 and
OSA is controversial. Using a meta-analysis, several studies
showed that there was not a strong association between
APOE alleles and OSA susceptibility [221, 222]. Interestingly,
Drogos et al. reported that sleep quality measured by polysomno-
graphy (PSG) and actigraphy in individuals with APOE ε4 alleles
was significantly worse than sleep quality of those without APOE
ε4 [223]. They suggest that the influence of the APOE ε4 allele on
sleep quality may lead to sleep disturbances in individuals at
increased risk for dementia. Lim et al. have reported that better
sleep consolidation in nearly 700 older persons without dementia
substantially attenuated the negative impact of the APOE ε4 allele
on incident AD risk [224]. A recent study showed that disrupted
sleep was more frequent in males than in females and in carriers
of the APOE ε4 allele than in noncarriers [46]. More detailed
studies are needed to understand how APOE alleles affect sleep
disturbance in AD patients as well as in AD model mice.

Microglia
Microglia are resident immune cells in the central nervous system
(CNS) that stem from myeloid progenitor cells [225]. In the healthy
state, microglia are highly dynamic, scanning the parenchyma of
the brain continuously and responding immediately by rapidly
extending and retracting their highly branched processes
[226, 227]. Many studies have reported that microglia are
activated around amyloid plaques both in humans and in
transgenic mouse models that develop amyloid deposition
[228–232]. Recent genetic studies have reported that genetic

variants in the triggering receptor expressed on myeloid cells 2
(TREM2) gene strongly increase the risk of developing AD,
confirming the role of microglia in AD pathogenesis [233].
Previous studies have suggested that loss of TREM2 function
exacerbates Aβ plaque-related toxicity, including accumulation of
p-tau and neuritic dystrophy around Aβ plaques [234, 235].
Recently, however, our group has reported that TREM2 deficiency
attenuates neuroinflammation and protects against neurodegen-
eration in a mouse model of tauopathy (P301S) [236]. This
suggests that TREM2 function may protect against amyloid-
dependent toxicity early in AD, but subsequent TREM2-dependent
microgliosis may lead to exacerbation of injury following the onset
of tau pathology [236].
Recent studies have reported that sleep loss affects microglial

morphology, phagocytosis, and Aβ clearance [48, 237]. It was
found that impairment in the sleep−wake cycle reduces microglial
Aβ clearance [237]. In addition, chronic but not acute SD increases
microglial phagocytosis of synaptic structures in the mouse frontal
cortex without neuroinflammation [48]. Enhanced microglial
phagocytosis of synaptic structures linked to chronic sleep
disturbance might be exacerbated in AD. Recently, Sprecher
et al. reported that poor sleep is associated with CSF biomarkers
of amyloid pathology, such as Aβ42, Aβ40, t-tau, p-tau, and
chitinase-3-like protein 1 (YKL-40), a biomarker for neuroinflamma-
tion/astroglial activation in neurological disease [238]. They
showed that poor sleep is associated with lower CSF Aβ42/Aβ40
and higher t-tau/Aβ42, p-tau/Aβ42, and YKL-40/Aβ42. More
detailed studies are needed to identify how sleep affects microglial
function in AD.

CONCLUSION
Recent studies in mouse models that develop AD-like pathology
and in humans with AD pathology provide evidence for a
bidirectional relationship between sleep and AD. Increased
wakefulness and decreased NREM sleep acutely increase extra-
cellular Aβ and tau and chronically appear to accelerate Aβ and
tau pathology in animal models. Also, sleep disturbance affects
the acute, dynamic changes in both Aβ and tau, which may lead
to exacerbation of AD pathology. Chronic sleep disturbances can
facilitate Aβ plaque formation and tau spreading in animal
models, while acute sleep disturbance is more closely linked with
transient changes in Aβ and tau levels in the ISF or CSF in animals
and humans. Conversely, AD pathology is associated with
decreased sleep quality and NREM SWS power (Fig. 5). Currently,
the relationships between the sleep−wake cycle and the
development of Aβ and tau pathology, as well as other aspects
of neurodegeneration, are just beginning to be understood.
Further studies are needed to determine whether the dynamics of
Aβ and tau are regulated by similar mechanisms of production
and clearance and by similar components of sleep.

FUTURE RESEARCH DIRECTIONS
The relationship between sleep and AD has important implica-
tions for the optimal clinical management and potential treatment
strategies in patients with AD. As we discussed herein, AD
pathology accumulates for 15−20 years before individuals begin
to have cognitive dysfunction and functional impairment. Several
studies suggest that delaying onset of AD by just 5 years may
reduce the treatment costs for AD by 40% [239]. There is currently
no proven disease modifying therapy for AD; only symptomatic
treatments are available. Several recent clinical trials have failed in
the development of possible new treatments against AD
[240, 241]. One potential cause for the lack of disease modifying
treatments to date is that treatments were started too late in the
progression of AD for the targets, such as Aβ. Early changes in
sleep, along with biomarkers, may be useful in identifying
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individuals that are at risk for developing dementia due to AD and
enrolling them in preventative clinical trials. Moreover, large-scale
longitudinal studies evaluating the efficacy of sleep interventions
to influence AD biomarkers and AD risk and progression are
needed. As the animal model data show, increased wakefulness
and decreased sleep leads to enhanced buildup of AD pathology.
Large-scale studies are needed to determine if improving and/or
increasing NREM sleep, as well as treating sleep disorders,
decreases the accumulation of AD pathology and ultimately
cognitive decline due to AD. Other important things to address
include the blood brain barrier (BBB), disruption of which may be a
possible mechanism by which sleep disruption promotes AD
progression [242]. According to several studies, chronic sleep
restriction induces the breakdown of the BBB in rodents [243, 244]
and selective REM sleep deprivation also leads to impairment of
BBB integrity [243]. Impairment of BBB integrity has been
observed in AD [245] and can be detected before onset of
cognitive decline during aging [242] and even before significant
changes in CSF Aβ and tau levels [246]. Further studies are needed
to clarify the interaction between BBB integrity and AD and the
effect of sleep disruption on the BBB integrity in the preclinical
stage, as a candidate biomarker for AD.
We have just reported that tau fluctuates with the sleep/wake

cycle and SD increases levels of tau in mouse brain ISF and human
CSF and accelerates the spread of tau protein through the brain
[41]. It would be of interest to determine if increasing SWS can
decrease tau seeding and spreading. More detailed studies are
needed to identify the effects of increasing SWS acutely and
chronically on tau and other neurodegenerative disease pathways
including assessing effects on the innate immune response. Lastly,
given the data that tau pathology and CSF tau/Aβ42 are
significantly related to quantitative changes in SWA during NREM
sleep, follow-up studies are needed to identify whether these
quantitative changes in SWA can be utilized as biomarkers that
predict prognosis of AD and respond to treatments. Finally, several

studies suggest that treatments can improve sleep quality, such as
bright light therapy and exercise training in middle-aged and
older adults, and OSA therapy with continuous positive airway
pressure (CPAP) in patients with OSA [247–251]. Therefore, more
detailed clinical studies are needed to identify the effects of
increasing the amplitude of the rest-activity cycle with bright light
therapy [247, 248] and/or physical activity therapy [249] in
individuals with preclinical AD and OSA treatments in patients
with OSA and AD [250]. Recently, Perrault et al. [252] and
Kompotis et al. [253] reported neuronal mechanisms underlying
the beneficial effect of rocking for sleep in humans and mice.
Originally, Bayer et al. in the same group reported sleeping on a
rocking bed not only accelerated sleep onset, but also enhanced
the prevalence of two cardinal sleep signatures (slow oscillations
and sleep spindles) measured by scalp EEG [254]. In accordance
with previous findings, Perrault et al. also confirmed that a rocking
bed with 0.25 Hz entrained a boost in spindle activity resulting in
improved memory consolidation in human participants [252].
Similar to humans, Kompotis et al. reported that the rocking with
1 Hz had a remarkable impact on sleep architecture in mice. To
improve sleep quality in preclinical AD or in patients with
symptomatic AD, more detailed clinical and animal studies
utilizing a rocking strategy will be needed. Examination of
treatment strategies that aim to increase sleep quality, especially
SWS, may be important in determining whether they will be
valuable in managing AD symptoms and signs as well as in
slowing disease progression.
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