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Abstract

Failed proteostasis is a well-documented feature of Alzheimer’s disease, particularly, reduced protein degradation and
clearance. However, the contribution of failed proteostasis to neuronal circuit dysfunction is an emerging concept

in neurodegenerative research and will prove critical in understanding cognitive decline. Our objective is to convey
Alzheimer’s disease progression with the growing evidence for a bidirectional relationship of sleep disruption and
proteostasis failure. Proteostasis dysfunction and tauopathy in Alzheimer’s disease disrupts neurons that regulate the
sleep—wake cycle, which presents behavior as impaired slow wave and rapid eye movement sleep patterns. Subse-
quent sleep loss further impairs protein clearance. Sleep loss is a defined feature seen early in many neurodegenera-
tive disorders and contributes to memory impairments in Alzheimer’s disease. Canonical pathological hallmarks,
-amyloid, and tau, directly disrupt sleep, and neurodegeneration of locus coeruleus, hippocampal and hypothalamic
neurons from tau proteinopathy causes disruption of the neuronal circuitry of sleep. Acting in a positive-feedback-
loop, sleep loss and circadian rhythm disruption then increase spread of 3-amyloid and tau, through impairments of
proteasome, autophagy, unfolded protein response and glymphatic clearance. This phenomenon extends beyond
-amyloid and tau, with interactions of sleep impairment with the homeostasis of TDP-43, a-synuclein, FUS, and hun-
tingtin proteins, implicating sleep loss as an important consideration in an array of neurodegenerative diseases and in
cases of mixed neuropathology. Critically, the dynamics of this interaction in the neurodegenerative environment are
not fully elucidated and are deserving of further discussion and research. Finally, we propose sleep-enhancing thera-
peutics as potential interventions for promoting healthy proteostasis, including -amyloid and tau clearance, mecha-
nistically linking these processes. With further clinical and preclinical research, we propose this dynamic interaction

as a diagnostic and therapeutic framework, informing precise single- and combinatorial-treatments for Alzheimer’s
disease and other brain disorders.
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Background

Objectives

The objective of this review is to raise attention to
emerging evidence of a bidirectional relationship
between sleep loss and protein homeostasis (proteo-
stasis) disruption in Alzheimer’s disease (AD), high-
lighting how this positive-feedback-loop exacerbates
neurodegeneration, and AD progression. We explore
how sleep impacts the protein life cycle, and vice versa,
focusing on post-translational proteostasis: response to
misfolded protein, its degradation and clearance from
the brain. Clearance of proteinopathy, or lack thereof,
is a high priority to help dissect both etiology, diagno-
sis and treatment of AD and other neurodegenerative
diseases (NDDs). We review current pharmacological
and lifestyle interventions for sleep, their relation to
proteostasis, biomarkers and potential development of
preventative, combinatorial and personalized treatment
paradigms. Sleep and proteostasis disruptions are key
interactive mechanisms underlying rampant proteinop-
athy in prodromal and symptomatic AD and, there-
fore, the sleep-proteostasis interplay presents a unique
opportunity for disease modification.

Rationale for the bidirectional sleep-proteostasis
relationship

NDDs of aging share a common mechanism of pro-
teinopathy, in that toxic, misfolded proteins accu-
mulate, escalating the seeding throughout the brain,
and aggregating in extra- and intra-cellular inclusions
[1, 2]. Treatment of proteinopathy must overcome
three challenges. Firstly, proteinopathy occurs in dec-
ades long prodromal phases, with diagnosis occurring

primarily at advanced stages. Secondly, because of
extensive proteinopathy at advanced stages, neurode-
generation persists despite interventional treatment.
Finally, endogenous processes that normally clear pro-
teins in otherwise healthy individuals are overwhelmed,
limiting the efficacy and lasting effects of removing
aberrant proteins. In this review we focus on these con-
sequences, possible mechanisms of proteostasis that
are overwhelmed in NDDs [1], and reasons why proteo-
stasis fails prodromal to AD.

It is paramount to understand the mechanisms that
potentiate B-amyloid (AP) and tau spread in AD, espe-
cially early events of disease progression. Neurodegen-
eration and cognitive decline strongly correlate with
regional accumulation of tau [2—4], though both A} and
tau contribute distinct effects on neuronal electrophysi-
ology [5], disrupting behavioral phenotypes, including
cognition and sleep. Current models of neuronal network
dysfunction in AD ascertain that neuronal hyperactiv-
ity occurs as a result of AP pathology, while tau is shown
to suppress activity [6, 7]. Hyperactivity was observed in
layer 2/3 neurons in plaque bearing APP/PS1 mice when
compared with wild-type controls; though age-matched
rTgd510 transgenic mice expressing aggregated human
tau (P301L) without AP pathology exhibit significant
reduction of cortical activity levels compared to APP/
PS1 mice [5]. Combination of AP and tau in in vitro
entorhinal cortical (EC) slices and in mice demonstrates
a suppression in neuronal activity from soluble tau (not
dependent on neurofibrillary tangles), and that this effect
dominates over the Ap-induced hyperactivity [5, 8].
These results are supported by evidence in other preclini-
cal models [6, 7, 9, 10]. Tau pathology brings about spa-
tial memory deficits in old but not young EC-Tau mice,
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wherein excitatory, but not inhibitory, neurons in the
medial EC were shown to be vulnerable to tau pathol-
ogy [11], in line with tau-mediated neuronal suppression.
Interestingly, evidence indicates that the presence of A
facilitates the effect of tau on neuronal circuit dysfunc-
tion in mice [5], and vice versa for the reliance on tau for
AB-induced hyperexcitability [12—14]. How these effects
present in AD patients across progression may rely on
differing regional spread of AP and tau [3, 15], and is an
emerging area of NDD research [6, 7, 16]. For our pur-
poses, we focus on how AP and tau impact the neuronal
circuitry of sleep [9, 17, 18], and vice versa.

In AD, loss in the quantity and quality of sleep, par-
ticularly slow wave and rapid eye movement sleep (SWS;
REM), is associated with pathological development [19—
21]. These alterations begin early and pose an increased
risk for developing cognitive impairment and AD pro-
gression [22-25]. Many aspects of proteostasis exhibit
sleep-regulated and rhythmic changes in activity. Protein
degradation, and clearance from the brain are impaired
in AD [1] and intimately linked to sleep [21, 26-30]. In
particular, increased periods of neuronal activity potenti-
ate AP and tau spread [30-32], reduced glymphatic clear-
ance occurs with SWS loss [27, 29], and dysregulation of
the unfolded protein response (UPR), ubiquitin protea-
some system (UPS), and autophagic-lysosomal pathway
(ALP) results from sleep and circadian disruption [1, 21,
26, 28, 33].

Failed proteostasis, including accumulations of
undigested autophagosomes and lysosomes, and pro-
teinopathies like AP or tau, cause neurodegeneration in
AD-affected brain regions, including the EC, hippocam-
pus, hypothalamus and locus coeruleus (LC) [1, 3, 15,
34]. This neurodegeneration, in turn, impairs neuronal
circuitry that regulates memory and sleep. Furthermore,
AP and tau influence the sleep state and regulate circa-
dian rhythms, respectively [17, 35]. Overall, the dynamic
relationship between sleep and proteostasis means
impairment of one mechanism exacerbates the other, and
together accelerate AD progression.

In sum, sleep loss and proteostasis failure are interac-
tive in AD, involving poor sleep and disrupted circadian
rhythmicity which impair biological processes involved
in protein clearance. AP and tau then feedback to exert
direct and indirect effects, via neurodegeneration of
sleep—wake controlling neurons, on the sleep—wake
cycle. This cycle repeats throughout AD progression;
however, we propose that sleep loss and proteostasis dys-
function in the Alzheimer’s prodromal phase exists as a
positive-feedback-loop and is a critical driver of disease
progression. Although we focus our discussion herein
on AP and tau, the growing notion of mixed pathology
in NDDs [36] and the ubiquity of proteostasis disruption
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in these disorders [1] demonstrate that the bidirectional
sleep-proteostasis relationship impact other protein
aggregates involved in NDD.

AD progression is accelerated via a positive-feedback-
loop between proteinopathy and neuronal network dys-
function. Given the empirical evidence in the recent
decade for sleep as a potent regulator of proteostasis,
we postulate the sleep-proteostasis relationship is criti-
cal in the early phase of AD: with AP and tau accumula-
tion the neuronal electrophysiological signature of sleep
becomes impaired, hence contributing to exacerbated
proteinopathy.

Sleep impairment is a risk factor for Alzheimer’s disease
Risk factors associated with increased sleep disorders
and NDDs are critical to identifying vulnerable popu-
lations and addressing sleep loss. Sleep is a potentially
modifiable risk factor for AD [37]. Genetic risk for AD
reduces sleep duration, averaging 1.87 less sleep hours
per night [38]. A recent meta-analysis concluded that
broad sleep impairments (i.e., poor quality, insomnia,
under-/over-sleeping, sleep apnea, excessive daytime
sleepiness (EDS)) imparts a 1.55 X relative risk for AD;
1.65 x higher for cognitive impairment and most nota-
bly for preclinical AD (3.78x) [22]. For example, under-
sleeping (<6 h) for individuals in their 50 s and 60 s and
potentially in a preclinical AD stage, increases demen-
tia risk by 30% [39]. Obstructive sleep apnea (OSA), the
most common cause of sleep disturbance in adults, poses
a significantly high grouped risk for AD (2.37x), and has
synergistic detrimental effects with amyloid, tau and neu-
rodegenerative (A/T/N) biomarkers for AD in which hip-
pocampal degeneration driven by AD proteinopathy may
exacerbate breathing problems and nighttime apneas [22,
23, 40]. Furthermore, mild cognitive impairment (MCI)
associates with significant alterations in sleep across
sleep stages, including awakenings throughout the night
and decreased sleep efficiency [24]. Cumulatively, this
data suggests that sleep disruptions can accelerate AD-
associated neurodegeneration most prominently in the
pre-symptomatic disease stage, and vice versa.

Genetics can contribute to increased risk of sleep
related NDD and AD. Variants of aquaporin-4 (AQP4)
which is related to the glymphatic pathway, have been
associated with AD pathology in mouse models [41] and
in cognitive performance in Parkinson’s disease (PD)
[42]. Further dysregulation of AQP4 may be occurring
in neurodegeneration (AD and frontotemporal demen-
tia (FTD)), given a higher presence of AQP4 in the cer-
ebrospinal fluid (CSF) [43]. Similarly, a steeper decline
in cognitive function was observed in men carrying the
apolipoprotein E4 (ApoE4) allele with sleep apnea than
ApoE3 [44]. Better sleep consolidation reduces AD risk
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associated with ApoE4 genotype in older adults with-
out dementia at baseline (mean age ~82) and decreases
tauopathy/formation of neurofibrillary tangles. This indi-
cates the importance of assessing sleep in ApoE4 + indi-
viduals who are at higher risk for AD, and that
introducing interventions through sleep could potentially
reduce neurofibrillary tangle burden [45].

It is important to recognize that the majority of studies
on sleep in AD, in particular those investigating the role
of genetic variations such as ApoE, have been conducted
in Caucasians, and less is known about other ethnici-
ties with different genetic risk profiles. Recent work has
identified an interaction of ApoE4 genotype with OSA in
older black adults (average age ~ 70), associating with AD
biomarkers including hippocampal volume. This interac-
tion was not observed in white participants [46]. Further-
more, African Americans with at least one ApoE4 allele
are significantly more likely to have a shorter sleep dura-
tion than African Americans with an E3 genotype [47].
Despite higher sleep disruption in non-race-stratified
ApoE4 + participants >50 years old, the race-stratified
effect was not observed in Caucasians [47]. ApoE geno-
type may also correlate with risk for OSA in Chinese
populations [48]. Although the interactive mechanisms
of sleep and proteostasis are likely a global phenomenon,
future studies should identify the role race and ethnicity
play in exacerbating the contributions of sleep loss and
proteostasis failure to AD progression.

Sex differences affect an individual’s risk profile for
NDD and should be considered in understanding how
sleep loss can impact progression to NDDs. AD is seen
more frequently in women [49]. While men are more
likely to experience sleep apnea, and other sleep disorders
are more frequently observed in adult men vs women
[50], apneas increase in post-menopausal women [51].
PD and the related synucleinopathy, Dementia with Lewy
bodies (DLB) are more frequent in men, yet the increase
rates of REM-based disorders may represent an underap-
preciated risk factor in women who tend to develop the
disease later in life [52].

Exact AD-related sleep disruptions vary across indi-
viduals and studies, yet sleep disturbances are common
in AD patients. The discussion herein on the relation-
ship of sleep with mechanisms of proteostasis will mainly
focus on disturbances of night-time sleep, though the
importance of EDS is notable and deserving of atten-
tion, including as a factor in circadian arrhythmicity.
EDS is common in AD patients, and has been shown
to be more severe in patients that have mild DLB, and
behavioral variant FID to a lesser degree [22, 53-55].
This indicates EDS as a common feature among elderly
populations and especially in dementia patients. Recent
evidence has established a link between AP deposition
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and EDS in healthy adults and elderly individuals without
cognitive impairment, making it a potential early predic-
tor of AD [56, 57]. Notably, sleep impairments in aged
individuals are intimately linked to impaired cognitive
processes [58]. Briefly, AD associates with a multitude of
possible night-time sleep disturbances, including longer
time to sleep onset, increased time awake and nighttime
arousals, less non-REM (NREM) stage 2, SWS, and REM
time, and increased NREM stage 1; though many reports
indicate the predominance of reduced NREM stage 3/
SWS and disrupted slow wave oscillations in AD [59-64].
Figure 1 provides a representative schematic for healthy
night-time sleep architecture and staging, its relevance to
memory, and comparisons to the impairments that occur
in AD.

Proteinopathy and neurodegeneration accelerate
sleep loss

Given the prevalence of sleep disturbances in AD and
other NDDs, this section discusses evidence for the
effect of AP and tau on sleep (though these are expanded
upon in subsequent sections in regard to protein clear-
ance, degradation and spread), the relationship of sleep
impairment with mixed proteinopathies common in AD
patients, and, finally, neurodegeneration of the sleep—
wake circuitry in AD.

Role of Alzheimer’s disease proteinopathy in sleep
disruption

Direct effects of AB on sleep

Both major pathological protein species in AD exert del-
eterious effects on sleep function [70], and A oligomers
interfere with sleep/wake patterns in mice in a dose-
dependent manner [71]. Recently, Ozcan and colleagues
described a direct effect of AP on sleep, via injection of
oligomers of differential length into zebrafish [17]. Sleep
regulation is AP oligomer size-dependent, in which short
oligomers increase hypothalamic neuronal activity and
induce wakefulness via adrenergic and progesteroner-
gic receptor signalling, long oligomers reduce neuronal
activity and induce sleep via the prion protein pathway,
and very long oligomers have no effect [17]. Conversely,
ApB oligomer injection in mice induced sleep fragmenta-
tion (reduced NREM and REM time and increased sleep
stage transitions) but this was not observed in prion
protein-deficient mouse strains [72], suggesting a com-
plex mechanism for AP-sleep regulation. These results
may partially explain the broad spectrum of AD-related
sleep disturbances, including reduced total sleep time
and increased daytime sleep. Furthermore, sleep and
circadian rhythm disruptions in AD may trigger this bi-
directional control of sleep, in which impaired clearance
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Healthy sleep stage transitions
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Fig. 1 Schematic of sleep disturbances in Alzheimer’s disease. Sleep is subdivided into stages of rapid eye movement (REM) and non-REM (NREM)
sleep by signatures of neuronal activity. NREM can be further subdivided into 3 stages; NREM stage 3 is often referred to as slow wave sleep (SWS).

a In healthy individuals, sleep begins in NREM stage 1, with waning neuronal activity and frequency, which further slows in restorative NREM
stage 2 and SWS. SWS dominates early in the sleep cycle with synchronous, low frequency delta waves, whereas transitions to REM sleep occur

a few hours after sleep onset, in ~90-min cycles. REM sleep electroencephalogram (EEG) is more akin to wakefulness with higher frequency and
lower amplitude signals than SWS and dominated by theta waves. Memory consolidation is facilitated by bouts of REM, as well as NREM stage 2,
prominent late in the sleep cycle, with characteristic high amplitude K-complexes and high frequency sleep spindles in EEG. In summary, REM
and NREM stage 2 and 3 are important in memory consolidation [65-68]; whereas SWS is also critical for toxic protein clearance and to reduce net
synaptic strength to dampen aberrant plasticity and preserve a healthy signal:noise ratio of neuronal activity [68, 69]. Individuals who experience
sleep disturbances are at a higher risk for Alzheimer’s disease (AD), and, moreover, those with AD exhibit characteristic features of sleep loss. b

In AD, sleep is disrupted throughout the night, in which there is a delayed onset, longer bouts of non-restorative NREM stage 1 sleep, reduced
bouts of SWS, REM and NREM stage 2, as well as increased wakefulness (notable changes compared to healthy sleep are circled). In sum, sleep
disturbance poses a significant risk for AD and other neurodegenerative diseases, most prominently through dysregulation of mechanisms that
facilitate proteinopathy and cognitive deficits (see Fig. 3). Panels A and B are schematic representations of healthy sleep and common disturbances
that occur in AD. Healthy control sleep stages were informed from [68], and the results of the meta-analysis in [22] informed the AD impairments

demonstrated in panel B

and metabolism of A causes alterations in diurnal fluc-
tuations [27, 73].

Associations of tau with sleep

Multiple recent studies document the relationship
of tau with sleep disturbances and electroencephalo-
gram (EEG) abnormalities. In cognitively normal older
adults (mean age ~73-75), low frequency EEG signal
during NREM sleep (1-2 Hz; indicative of delta waves
prominent in SWS) exhibit an inverse relationship with
AD pathology most prominently with AV-1451 tau
positron emission tomography (PET) signal [60, 74],
and in AD patients (mild-moderate) sleep—wake dis-
turbances have been shown to correlate with CSF lev-
els of phosphorylated tau [75]. Through an increased
neuronal tau release, sleep deprivation in mice and in
healthy 30-60-year-old adults compounds this effect
with greater brain (in mice) and CSF (>50% increase
in humans) tau [29, 76], in addition to an increase in
major AD biomarkers. Higher levels of CSF pT181 and
pT217, but not pS202, were observed, with increased

levels of non-phosphorylated tau forms at those
epitopes [76].

Winer and colleagues assessed associations of tau
(*8F-flortaucipir) and Af (*'C-PIB) PET levels with
sleep in older adults (mean age ~78), comparing objec-
tive (wristwatch actigraphy) and subjective (Pittsburgh
sleep quality index: PSQI) measures over 1 week. Objec-
tive sleep impairment correlated with greater tau PET
in early Braak-related stages, in the EC as well as the
medial temporal lobe more broadly, but not with corti-
cal Ap PET. However, both tau and AP are significantly
associated with self-reported sleep disturbances, indicat-
ing that individuals with more AP reported worse sleep
quality than they actually had with significant changes
in PSQI global and efficiency scores, but not sleep dura-
tion. This effect was potentiated by loss of executive
function [25]. Whether a subjective underestimation
of sleep quality can impact progression to future objec-
tive sleep disturbances is an interesting topic for future
research; critically, these results indicate the need for
EEG, polysomnography (PSG), and actigraphic and accel-
erometric devices as biomarkers for NDDs (discussed in
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Sect. "Neurodegenerative disease biomarkers and their
relationship to sleep").

Elevated tau has been observed in young individu-
als with OSA [77], and brain-derived exosomes contain
higher levels of total tau, pT181, and AP in those with
OSA and MCI, compared to OSA alone (age range:
35-65) [78], indicating potentiation of NDD exosome-
mediated spread of proteinopathy with sleep distur-
bances [79—84]. Taken together, these reports indicate an
association of tau with sleep that likely contributes to the
proteinopathy-sleep bidirectional relationship observed
in AD.

Conversely, other studies have demonstrated no
changes in total or phosphorylated tau (or AB) with
5 days of partial sleep disruption in healthy 20—40-year-
olds; total and REM sleep were lost, yet SWS was unim-
paired in this paradigm [85], which may have preserved
clearance mechanisms such as glymphatics. Overnight
interventions in healthy volunteers (aged 35-65), to pre-
vent SWS for one night, also did not show any significant
changes in the levels of CSF tau but had elevated Ap.
Poorer actigraphic measures of sleep at home over 6 days
associated with higher CSF tau levels in these partici-
pants [61]. It is important to note that these two experi-
ments were conducted in young and middle-aged healthy
participants, and with increasing age and in NDD, endog-
enous clearance mechanisms lose efficacy [1], which will
contribute to higher protein accumulation after sleep
loss.

EEG alpha waves (~7—12 Hz) are signatures of rest and
quiet wakefulness [74], and have been shown to relate to
AD-related tau pathology. In subjective cognitive decline,
MCI and AD participants in their 60 s, dampened EEG
alpha power and synchronization correlated with increas-
ing levels of CSF total and phosphorylated tau [86], and
of CSF phosphorylated tau with a lower peak alpha fre-
quency in the power spectrum of older adults (mean
age ~70) [87]. When stratified by Ap (*'C-PIB) and by tau
PET (*®F-MK-6240) positivity, the peak alpha frequency
slowed from~9.5 Hz to~8 Hz in positive groups [87].
In cognitively normal older adults (mean age ~75), CSF
total and phosphorylated tau, and most notably in those
with high p-tau:Ap ratio, was correlated with an increas-
ing proportion of theta (analyzed in 4-8 Hz) waves, but
no changes in delta, alpha or beta frequency bins [88],
which may be due to overall EEG slowing. Proteinopathy
in the rest-active ‘default mode network’ [89, 90] and tau
mediated neuronal suppression [5] may be contributing
factors to EEG slowing and impairments in alpha waves.
Furthermore, alpha wave effects may stratify by sex: alpha
power and total tau negatively correlated in male but not
female participants with MCI (mean age ~75) [91], and
greater resting state alpha EEG activity was reported in
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female vs. male healthy older adults, as well as in MCI
and AD (mean age~69-70) [92]. These results indicate
the potential for EEG alpha as a non-invasive AD bio-
marker, and further research may investigate if impaired
alpha wave activity in AD can attenuate the beneficial
effects of quiet wakefulness.

The connection of tau with sleep loss and EEG altera-
tions are supported by preclinical models. In tau knock-
out mice, there is reduced delta power, NREM and
total sleep time, and increased state transitions [93]. In
P301S (at advanced stages) and rTg4510 tauopathy mice
there is reduced delta and theta EEG power associating
with sleep alterations [94, 95], and in an FTD-tauopathy
mouse model EEG alpha power during the wake-state
is decreased [96] indicative of an overall EEG slowing
related to tau. Electrophysiological slowing has been
shown in rTgd510 cortical neurons, with impairments
in NREM sleep UP and DOWN states: prolonging of
latency and intervals in UP state and of total DOWN
state activity [9]; critically, balance of UP and DOWN
states is related to the memory consolidation benefits of
sleep [65].

In tauopathy and AD models, sleep deprivation
increases tau deposition into paired helical filaments in
3xTg AD mice [97], and tau spread in P301S mice, with
hippocampal injection of human tau fibrils, including
to LC, involved in arousal in the sleep—wake cycle [29,
98]. Finally, Tg4510 tauopathy model mice exhibit tau
inclusions in the suprachiasmatic nucleus (SCN) with
arrhythmic expression of PER2 and BMAL1 clock pro-
teins [99]. Tau-deficient Drosophila also exhibit circa-
dian rhythm disruption with abnormal activity patterns,
impaired neuronal remodeling in pacemaker neurons,
and increased circadian clock proteins [35], and Dros-
ophila expressing 4R tau have circadian arrhythmicity
and disrupted sleep [100]. In sum, tau pathology and loss
of function in AD is exacerbated by sleep disruptions,
and in turn impairs sleep via circadian arrhythmicity and
impairments in sleep-regulating neuronal populations.

Neurodegenerative disease biomarkers and their
relationship to sleep

Plasma biomarkers of NDD and of sleep impairment

Plasma biomarkers are a potential method for early
detection of sleep-related neurodegeneration, but gold
standards for disease diagnosis remain to be established.
Headway has been made in AD, where AB42, AP40,
Tau-181, Tau-217 and Tau-231 are all showing promise,
along with the inflammatory marker glial fibrillary acidic
protein (GFAP) and neurodegenerative marker neuro-
filament light chain (NfL) [101]. The first three track
with sleep disorder changes in CSF levels of Abeta and
Tau-181, indicating a direct relationship between sleep
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disorder and neurodegeneration [102]. Apnea is also
associated with increased plasma Ap42/AB40 ratio and
phosphorylated-tau [102—-104]. Biomarkers of neurode-
generation may represent altered sleep regulation includ-
ing increased plasma orexin A in plasma in AD [105] and
reduced plasma melatonin in Huntington’s disease (HD)
[106]. Taken together with the aforementioned increase
in AQP4 in CSF [43], this suggests dysfunction of sleep-
related pathways in NDDs.

While the majority of biomarkers in relation to sleep
dysfunction focus on Alzheimer’s-related proteinopa-
thies, there are other sleep-related biomarkers of disease,
including plasma metabolomic [107] and lipidomic [108]
profiles. Plasma TNF-a and IL-10 were significantly ele-
vated in REM sleep behavior disorder (RBD) (prodromal
to PD) relative to age-matched controls and to decreased
IL-6/IL-10 and IL-8/IL-10 levels [109]. TAR DNA-
binding protein 43 (TDP-43) and chromosome 9 open
reading frame 72 (C9orf72) aggregates are also seen in
hypothalamic and SCN neurons that regulate the sleep—
wake cycle [110-112]. Development of TDP-43 fluid and
PET biomarkers is an active area of research [113-116],
and may prove beneficial in amyotrophic lateral sclero-
sis (ALS)/FTD, limbic-predominant age-related TDP-43
encephalopathy (LATE), and in AD. It is expected that
the identification of TDP-43 will take prominence along-
side synuclein given that NDDs often have multiple pro-
teinopathies [117-121].

AD-associated mixed neuropathology in the interaction

of sleep and proteostasis

Table 1 expands our discussion of the role of NDD
proteinopathies in sleep disturbances to a-synuclein,
TDP-43, fused in sarcoma (FUS) and Huntingtin (Htt).
TDP-43, along with tau, is the predominant proteinopa-
thy in FTD and ALS, both of which present with sleep
disturbances [122, 123]. Loss of orexinergic neurons
and detection of TDP-43 inclusions has been reported
in the hypothalamus of ALS patients; though these
inclusions likely occur at later stages (III and IV) when
there is widespread pathology [111, 112, 124]. Dipeptide
repeat inclusions from expansion in C9orf72, a common
genetic cause of ALS, have been observed in pinealocytes
and SCN vasoactive intestinal polypeptide (VIP) neu-
rons. These neurons regulate circadian rhythms and did
not contain phosphorylated TDP-43 inclusions [110],
suggesting TDP-43 may not be a significant driver of
ALS-associated sleep deficits; whereas C9orf72, ALS-
associated motor and breathing impairments could
be better indicators of sleep loss in patients [122]. For
behavioral variant FTD, there is evidence for a potential
relationship of orexin dysregulation and the sleep distur-
bances in these patients (reviewed in [123]), yet similar
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to ALS, further work is needed to delineate the roles of
TDP-43, tau and FUS pathology, and their homeostasis
(see Table 1), on hypothalamic function and sleep.

LATE and DLB are common mixed pathologies in peo-
ple with AD and present in 1/3 to 1/2 of patients [117—
119]. Interestingly, Lewy body pathology but not TDP-43
associates with sleep impairments in AD patients [119].
This is not surprising given the prevalence of RBD in
synucleinopathies such as PD and DLB ([126]; Table 1).
The presence of these pathologies may confound group-
ing AD phenotypes as specific AB- and/or tau-driven
pathologies, but present an exciting avenue for elucidat-
ing predictive factors of patient progression or resilience
[151], as biomarkers are developed.

Sleep biomarkers: EEG, polysomnography, and wearables
(actigraphic and accelerometric devices)

Biomarkers of sleep disruption and risk of NDDs like AD
and PD remain underappreciated, despite the potential
benefit for earlier intervention and reduction of sleep
disruption. The most reliable biomarker of sleep disrup-
tion is EEG and identification of sleep stage, resting and
wake cycles during a sleep cycle. Further daytime sleep-
ing, including episodes of quiet wakefulness may indicate
poor sleep quality. Brain regions with highest soluble
and deposited AP levels, such as ‘default mode network;
exhibit high neuronal activity during quiet wakefulness
[89, 90]. Critically, the usage of EEG in NDD and in pre-
clinical research is a promising approach to define pre-
dictive biomarkers of sleep and cognitive dysfunction in
an array of NDDs, including AD, FTD and PD [152-158].

Newer wearables have advanced sleep detection and
may be useful in monitoring RBD, including in indi-
viduals prodromal to PD or DLB [159], with weara-
bles providing reasonable measures of I<O index
(comparing nocturnal and diurnal motor activity) speci-
ficity (89%) and sensitivity (63%), and of wake bouts
(sensitivity =96%), while EEG identified micro-sleep
instability better (sensitivity, specificity >75%) [159]. New
wearables have also been compared to PSG/EEG record-
ings with accuracies of 0.51 to 0.53 in detecting REM
sleep, 0.52 in detecting light sleep, and 0.79 to 0.83 in
detecting deep sleep [160], indicating that while there is
promise, the algorithms on wearables like the Oura ring
still require greater accuracy for use as a diagnostic tool.
Nevertheless, such instruments hold promise in iden-
tification of diseases and health related activity, includ-
ing PD [161]. The use of wearables shows promise as the
algorithm utilizes additional information from the wearer
to determine REM and other sleep stages. For example,
during REM, autonomic changes include surges in heart
rate and blood pressure, irregular breathing and loss
of thermoregulation [162], data that can be measured
from the device. The development of digital health and
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wearables are currently in their early stages but show
promise for AD, DLB and PD [163, 164], especially as
e-biomarkers of sleep quality. The potential is evident,
though a possible limitation in such devices is compli-
ance and use by individuals with cognitive impairment.

Sleep-regulating centers and neurodegeneration

In this section we present an overview of the sleep—wake
circuitry, focusing on neuromodulatory (noradrenergic,
serotonergic, cholinergic), hypothalamic, GABAergic,
and glutamatergic sleep-regulation, and relationships
to sleep impairments and neurodegeneration in AD,
summarized in Fig. 2. Sleep—wake circuitry has been
reviewed comprehensively in previous work, including
pathways we do not fully capture herein, such as dopa-
minergic neurons in the ventral tegmental area, other
brain stem and midbrain GABAergic and glutamatergic
neuronal populations, and the thalamus [165-171]. It is

ACh
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important to note that experiments probing sleep—wake
circuitry have been primarily conducted in rodents,
with lesions or activation by chemogenetic and optoge-
netic approaches determining the sleep-state altera-
tions; though the regions and neuronal connections
discussed herein are conserved in humans or have human
homologues.

Locus coeruleus - noradrenergic (wake-active, arousal,
REM-inhibiting)

One of the earliest regions affected by hyperphosphoryl-
ated tau and neurofibrillary tangles, preceding EC, and
hippocampal accumulation, is the LC. LC accumulates
tau rapidly between Braak stage 0 and I, with almost all
remaining neurons containing tau by Braak stage VI [3,
173-175]. AP is seen in later stages in the LC [15], sug-
gesting tau as a selective driver of impairments in the LC.
A recent report on the localization and morphology of

Additional Circuits
% 5-HTH

*% - - 5 -
SSTH ] and

%%% LH - GABA (to POA, VLPO and thalamus)
TMN - hist (to VLPO)
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(VIR VP) POA - galanin (to hist)
orexin - MCH reciprocal inhibition
GABA, -

galanin
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== NREM, SWS

wake- and REM-active
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== ascending modulation
Brain Regions
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D hypothalamic sub-nuclei
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Fig. 2 Summary of the sleep-wake circuitry and impact on NREM, REM and wake states. Briefly, neuromodulation from cholinergic (REM-active,
wake-active), noradrenergic (wake and arousal) and serotonergic (in general wake-promoting, neuromodulatory sleep-promoting functions)
neurons signals to the hypothalamus and ascending pathways to regulate the sleep-wake balance. Hypothalamic orexinergic and histaminergic
neurons promote wake, and MCH promotes sleep. GABAergic (VLPO, POA, PZ) and glutamatergic (PB, BF, PPT/LDT) neurons facilitate sleep- and
wake-states, respectively; though GABA can be wake-promoting in certain instances. See Sect. "Sleep-regulating centers and neurodegeneration”
for further details [165-172]. Regions are not to scale nor laid out anatomically. Arrows indicate activation signal to the efferent region and flat
ends indicate inhibitory signal. Synaptic connections are colored by behavioral state: black dashed lines (ascending neuromodulatory activity
with broad effects), red (wake and/or arousal), light red (wake- and REM-active), and blue (NREM and/or SWS). Abbreviations: acetylcholine (ACh);
basal forebrain (BF); dorsal raphe nucleus (DRN); glutamate (glut); histamine (hist); lateral hypothalamus (LH); median preoptic nucleus (MnPO);
melanin-concentrating hormone (MCH); noradrenaline (NA); non-rapid eye movement sleep (NREM); parabrachial nucleus (PB); parafacial zone
(PZ); parvalbumin (PVB); pedunculopontine and laterodorsal tegmental nuclei (PPT/LDT); preoptic area (POA); polysomnography (PSG); rapid eye
movement (REM); serotonin (5-HT); slow wave sleep (SWS) somatostatin (SST); suprachiasmatic nucleus (SCN); tuberomammillary nucleus (TMN);
vasoactive intestinal polypeptide (VIP); vasopressin (VP); ventrolateral preoptic area (VLPO). Created with BioRender.com



Morrone et al. Molecular Neurodegeneration (2023) 18:27

hyperphosphorylated tau (AT8+) LC neurons indicates
the potential of dendritic spread of tau to LC-connected
regions from as early as Braak stage 0, especially from the
dorsal LC to neocortex and hippocampus [176]. Through
connections with the thalamus, cerebral cortex, basal
forebrain (BF), hippocampus and hypothalamus, includ-
ing inhibition of sleep-promoting GABAergic neurons,
LC noradrenergic neurons promote arousal and wakeful-
ness and regulate memory [18, 168, 171, 175, 177], con-
comitant with the early onset of AD sleep deficits.

Noradrenergic firing is low during NREM and quies-
cent during REM sleep, which is mediated via GABAergic
inhibition from hypothalamic ventrolateral preoptic area
(VLPO) and median preoptic nucleus, and hypothalamic
galanin- (preoptic area (POA)) and melanin-concentrat-
ing hormone (MCH)-neuronal inhibition [168, 170, 171].
Other hypothalamic inputs include orexin, indirect acti-
vation from wake-promoting histaminergic neurons, and
from the SCN via the dorsomedial hypothalamic nucleus
[168, 170]. Noradrenergic outputs include inhibition
of VLPO neurons, facilitation of orexinergic-mediated
wakefulness, and increased cortical pyramidal neuron
excitability [168, 170, 171] (Fig. 2). In sum, LC noradren-
ergic neurons confer a neuromodulatory tone on sleep-
circuitry, promoting arousal and shifting the balance
towards the wake state. Noradrenergic vulnerability to
tau pathology and autophagic failure [178], as well as its
importance in sleep and circadian impairments in AD, is
an emerging area of NDD research.

Dorsal raphe nucleus - serotonergic (generally
wake-promoting and REM-inhibiting, neuromodulatory
effects can be sleep-promoting)

Serotonergic signalling has long been known to con-
trol sleep—wake circuitry, with broad, neuromodulatory
effects throughout a variety of brain regions and neu-
ronal populations (reviewed in [169, 171, 179]; seroto-
nin circuits are of interest in AD (reviewed in [179, 180].
Serotonin neurons are mainly in the dorsal raphe nucleus
(DRN) and receive inhibitory afferents which regulate
sleep—wake control, including from MCH hypotha-
lamic neurons, and via reciprocal POA(GABA, galanin)-
DRN(serotonin) inhibitory activity [168]. Serotonergic
neuronal efferents include the thalamus, hypothalamus,
cerebral cortex, BF, other brain stem nuclei, and, notably,
inhibit REM generating cholinergic neurons in peduncu-
lopontine and laterodorsal tegmental nuclei (PPT/LDT)
(Fig. 2). This activity shifts the sleep—wake balance pri-
marily towards wake-state with REM inhibition, though
serotonin does exert sleep-promoting effects depend-
ent on the 5-HT receptor subtype [171]. Critically, sero-
tonin activity is reduced through NREM and more so
REM sleep [168, 171], similar to what is observed for
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noradrenaline. In sum, serotonin is a neuromodulator
and sleep regulator with intimate linkage to the hypothal-
amus and cholinergic sleep—wake circuits.

Basal forebrain, PPT/LDT - cholinergic (wake-

and REM-active) & parabrachial nucleus — glutamatergic
(arousal-promoting)

The BF is one of the major hubs of cholinergic neurons
which exert broad, neuromodulatory effects. This popu-
lation of neurons and their efferents are lost in AD form-
ing the core tenet of the cholinergic hypothesis of AD
and the therapeutic usage of acetylcholinesterase inhibi-
tors [181]. Critically, BF cholinergic neurons are sleep—
wake regulators (as well as regulating other behaviors
including memory and attention), with higher activity
linked to wakefulness and to REM sleep, and lower activ-
ity during NREM [168, 169]. Extensive cholinergic inner-
vation of the cortex indirectly excites pyramidal neurons,
with closely linked cortical-BF oscillatory activity espe-
cially during wake and REM sleep [169]. This promotes
high frequency cortical neuronal activity, and suppresses
low frequency, slow delta waves [169]. Notable inputs to
cholinergic BF neurons include orexinergic [170], seroto-
ninergic activity with which depolarization or hyperpo-
larization depends on the 5-HT receptor subtype [171],
as well as innervation from glutamatergic neurons in the
parabrachial nucleus [166, 168] (Fig. 2). Parabrachial glu-
tamatergic neurons are wake-promoting and provide a
major source of arousal from the brain stem [166, 168],
and can mediate interoception-related arousal [169].
Other glutamatergic populations have been implicated
in the sleep—wake cycle (reviewed in [166, 168, 169]. The
parabrachial nucleus-BF-cortex circuit is critical in pro-
moting the wake-state (Fig. 2).

Within the BF, parvalbumin GABAergic and gluta-
matergic neurons are also wake- and REM-active and
interconnected with local cholinergic neurons [168, 182].
Glutamatergic neurons synapse on cholinergic and par-
valbumin neurons, and cholinergic connects directly to
parvalbumin [168]. Those three neuronal populations are
also each inhibited by the neighboring, sleep-promoting
somatostatin (SST) GABAergic neurons [168, 182], indi-
cating the complexity of the BF circuitry as a sleep-regu-
lator (Fig. 2).

PPT/LDT cholinergic neurons function similarly to
those in the BF, with excitatory efferents on thalamocor-
tical neurons yet notably low cortical innervation [168,
169]. PPT glutamatergic neurons also innervate the BF
and have been shown to cause extensive wakefulness
upon chemogenetic activation in mice, and more NREM
sleep when inhibited [183] (Fig. 2). Furthermore, activa-
tion of PPT cholinergic neurons results in reduced EEG
slow waves in NREM with an increased light:deep NREM
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ratio, and activation of GABAergic neurons reduced
REM [183].

Hypothalamus - orexinergic, histaminergic (arousal,
wake-active), and MCH (sleep-promoting, REM-active)

In the hypothalamus, histaminergic (tuberomammillary
nucleus), orexinergic and MCH (lateral hypothalamus)
neurons are impacted in AD and accumulate tau pathol-
ogy [18]. These neuronal networks are critical regulators
of the sleep—wake cycle balancing arousal (histaminer-
gic), wakefulness (including orexinergic-based reduced
REM and SWS), with induction of sleep from REM-
active MCH neurons [18, 184, 185], and receive input
from neuromodulatory brain stem nuclei (noradrenaline,
serotonin and acetylcholine; [168, 169, 171]. Histaminer-
gic and orexinergic wake-promoting neurons are lost in
AD patients, yet MCH neurons seem to be preserved and
resistant to tau accumulation [18, 186], indicating a mis-
balance in hypothalamic sleep—wake control, especially
considering orexin-MCH reciprocal inhibition [168]
(Fig. 2). In AD patients, orexinergic neurons are reduced
while CSF orexin is often reported to be increased, sug-
gesting a complex, perhaps compensatory, mechanism
for dysregulated sleep—wake signals (loss of nighttime
sleep and increased daytime napping) [184, 187]. Nota-
bly, orexinergic neurons decrease with age in rodents
[188, 189], with hippocampal- and LC-projecting orex-
inergic innervation depleted in aged rats and macaques,
respectively [190-192]. Further implications of sleep-
and wake controlling neuronal impairments in AD with
regards to influence of tau are reviewed in [18].

Sleep restriction in rodents leads to robust cell loss: LC,
hypothalamus, medial prefrontal cortex, and CAl and
dentate gyrus hippocampal layers exhibit significant loss
ranging from a~1/4-1/2 the number of neurons [193—
196]. Interestingly, LC noradrenergic, and hypothalamic
orexinergic neurons decreased with chronic intermittent
sleep loss, but not neighboring MCH neurons, and all 3
neuronal populations exhibited reduced density of axonal
projections [196]. These effects were sustained after a
4-week recovery period, with the exception of a resto-
ration of MCH projections to baseline levels, indicating
a long-lasting, chronic effect that can impact balance of
sleep—wake cycles and potentially be further exacerbated
in individuals presenting with AD neuropathology [196].

Suprachiasmatic nucleus of the hypothalamus (circadian
rhythm generator)

The SCN is a structure in the anterior hypothalamus
which generates behavioral rhythms via afferents on
other hypothalamic nuclei, such as the sub-paraven-
tricular zone and dorsomedial hypothalamic nucleus
which then relays to the LC to impact arousal [168, 170]
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(Fig. 2). The majority of SCN neurons are GABAergic
with co-expression of hormones including VIP and vaso-
pressin [168, 169]. The molecular clock and light stimuli
modulate the activity of SCN neurons which are more
active during day and dampened during nighttime [168].
Critically, SCN neuronal loss [197] and prominent tan-
gle formation with minimal plaque pathology [198], has
been documented in AD patients, and the SCN has been
linked to circadian disruptions in NDDs including AD,
PD and HD [199-201]. Given the vulnerability of SCN
VIP neurons to inclusions from C9orf72 expansion [110],
ALS and FTD may be considered on this list as well [202].

GABAergic circuitry (in general sleep-promoting,
NREM-active)
Recent work suggests that beyond the modulatory tone
from monoaminergic, cholinergic and orexinergic neu-
rons, the pivotal framework for the sleep—wake cycle
arises from fast neurotransmitters such as glutamate
and GABA [166, 167]. GABAergic interneurons pro-
mote sleep via inhibition throughout the brain [74] but
are impaired across AD progression [203]. The VLPO
and median preoptic nucleus of POA contain GABAergic
neurons that inhibit wake-promoting neurons, including
those in the hypothalamus (orexinergic and histaminer-
gic), DRN, LC and parabrachial nucleus. Galaninergic
neuronal release from the POA can also inhibit histamin-
ergic and noradrenergic neurons (reviewed in [166, 168]).
Input into the VLPO includes inhibition of sleep-pro-
moting neurons from cholinergic, noradrenergic and, less
so, serotonergic neurons [168], as well as histaminergic
innervation [204] (Fig. 2). Critically, the POA and VLPO
in particular, strongly initiate sleep, with lesions of the
VLPO in rodents contributing to ~40% loss of sleep time
[166]. The intermediate hypothalamic nucleus is the likely
human homologue of the VLPO, in which AD patients
exhibit a loss of galaninergic neurons with the number of
neurons significantly associating with the degree of sleep
impairment [205]. The parafacial zone of the medulla has
also been shown in mice to be a key promotor of SWS
and delta wave EEG via GABAergic-mediated inhibition
of parabrachial glutamatergic neurons [206]. There are
also non-sleep-promoting GABAergic neurons, includ-
ing the aforementioned BF parvalbumin neurons, as well
as lateral hypothalamic GABAergic neurons that can be
wake- and REM-active and inhibit sleep-promoting tha-
lamic and POA/VLPO neurons [166, 207-209] (Fig. 2).
Loss of cortical GABAergic tone has been implicated
in the impairment of sleep-dominant slow wave oscilla-
tory activity (reduced power without alterations in the
oscillatory frequency) in Ap-driven mouse models, and
acute administration of AP induces the same electro-
physiological impairment [64]. Optogenetic activation
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of cortical excitatory neurons rescues slow wave oscilla-
tions, restores GABA receptor levels and, interestingly,
prevents continued accumulation of A plaque [64]. This
data demonstrates the dynamic interaction between neu-
ronal circuitry, sleep and neuropathology in AD. During
sleep deprivation in mice, hippocampal SST inhibitory
interneurons are activated by cholinergic and potentially
orexinergic inputs, and thereby suppress local excitatory
activity and impair memory consolidation [210]. Nev-
ertheless, inhibitory interneurons demonstrate higher
levels of the autophagy activator BAG3, shown to be pro-
tective against tau accumulation [211]. It remains to be
elucidated how SST autophagy resilience, yet vulnerabil-
ity to AP and tau in AD [211-213], connects to enhanced
inhibitory gating which would occur during extended
wakefulness [19, 210].

Overall, these sleep-regulating regions and neurons
are important to consider in the sleep-proteostasis inter-
action as their differential vulnerability or resilience to
proteinopathy can impact regulation of the sleep—wake
balance and may therefore potentiate AD progression
and protein accumulation. Future work can examine the
connection of these brain regions with bulk protein clear-
ance and these neuronal populations with their suscepti-
bility to failure of cellular proteostasis.

Sleep impairment accelerates proteinopathy

Sleep is a broad, multicellular phenomena regulated
by homeostatic processes that have a cellular/molecu-
lar level regulation, wherein a buildup of molecules are
proportionate with the duration of time spent awake.
An undesirable quantity of such molecules and proteins
accumulate in correspondence to an extended duration
of wakefulness and when sleep is fragmented [214—-218],
leading to pathological spread in NDD.

Sleep loss increases AP and tau

One night of sleep loss increases Alzheimer’s-related
proteinopathy in healthy adults

CSF AP and tau are lower in the morning after normal
sleep; however, after even one-night of sleep restriction
clearance is impaired in middle-aged adults (age range:
40-60) without cognitive impairment, noted by increased
morning CSF levels for AB42, but not AB40 or tau [219].
Conversely, morning total tau in plasma increases by
1.8% from evening levels, and, strikingly, by 17.8% after
a night of sleep deprivation in young men (~22 years
old), with no AP plasma changes [220]. Furthermore,
AP '8F-florbetaben PET signal increases after a night of
sleep loss in healthy adults (age range: 22-72), especially
in the hippocampus [221], indicating relevance to driving
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AD progression and memory impairments. PET imaging,
especially with tau tracers, may prove critical to exam-
ining effects of acute sleep loss on proteinopathy. Work
from Holth [29] and Lucey [222] and colleagues, demon-
strated ~ 30% increased CSF AP and >50% increased CSF
tau in healthy adults (30—60 years old) with one-night of
sleep deprivation.

After five consecutive nights of partial sleep depriva-
tion in healthy adults (age range: 20—-40), a 27% increase
in CSF orexin concentrations was observed, without
changes in amyloid, astroglial, or neurodegeneration
biomarkers. Notably, there was reduced time spent in all
sleep stages except for SWS [85], and we speculate that
residual SWS when sleep is only partially deprived pro-
motes protein clearance, protecting against increased
amyloid which has been observed after total acute dep-
rivation [219, 221]; though the healthy young and mid-
dle-aged adults in these studies likely exhibit greater
protein clearance efficiency than aged individuals and
AD patients.

Glymphatic clearance

Brain clearance of a magnetic resonance imaging tracer
was reduced immediately following one-night total
sleep deprivation in adults (average age ~42), and per-
sisted even after sleep was restored [223]. This depriva-
tion likely reduced glymphatic brain clearance which
is regulated by neuronal activity, and enhanced during
SWS [27, 224, 225]. Glymphatic clearance is one of two
mechanisms of interstitial fluid (ISF) clearance from
the brain which likely work in consort, the other being
the periarterial drainage pathway [226, 227]; though the
relationship of glymphatics with sleep is undeniable and
therefore is a critical mechanism to consider in the sleep-
proteostasis axis and for the clearance of AP and tau [27,
29, 225, 228, 229].

Glymphatics is a pathway of bulk fluid exchange in
which CSF is pumped into the brain from the subarach-
noid space, first along the cortical pial arteries. Arterial
vasomotive forces move CSF into deeper brain regions
in the periarterial Virchow-Robin space, and its trans-
port across the blood—brain barrier (BBB) is mediated by
AQP4 channels on the endfeet of astrocytes which encap-
sulate the brain vasculature. Following CSF-ISF exchange,
fluid efflux occurs along the perivenous space to the
dural lymphatic system, facilitating the brain clearance
of extracellular metabolites and solutes [224]. During
SWS, the interstitial space increases by 60% supporting
higher rates of glymphatics-mediated AP clearance [27],
yet during wake or sleep deprivation clearance is reduced
with 90-100% higher ISF tau in mice [29] (Fig. 3a). Glym-
phatic CSF influx significantly correlates with neuronal
signals of SWS: low frequency, high-amplitude delta
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Fig. 3 Proteostasis of AR and tau is disrupted by Alzheimer's-related sleep loss, driving proteinopathy, neuronal network dysfunction and cognitive
impairment. Sleep is intimately linked to homeostatic processes that control protein accumulation, and when disturbed, can exacerbate and
trigger proteinopathy. a Shows decrease in SWS and a concomitant decline in the metabolite clearance which is usually highest during SWS.
Glymphatics involve brain influx of cerebrospinal fluid (CSF), travelling by bulk flow along periarterial spaces, which crosses the blood-brain barrier
(BBB) via an astrocytic AQP4-mediated process, mixes with brain interstitial fluid (ISF), metabolites and solutes, and is cleared along perivenous
spaces, driven by vasomotive forces. Bulk CSF/ISF efflux along veins drives metabolite clearance to dural lymphatic systems. Acutely, loss of SWS
impairs glymphatic-mediated clearance of 3-amyloid (AB) and tau, which chronically can feedback in cerebral amyloid angiopathy (CAA), tortuosity,
enlarged perivascular spaces, and reduced blood flow, furthering glymphatic disruptions and increasing extracellular protein levels [226, 2271. b
Sleep disturbance, circadian arrhythmicity, age and AD pathology all impact cellular proteostasis, contributing to an in general overactivation to
clear protein; however, in cases of disease, proteostasis is overwhelmed and this activation exacerbates an already damaged system. BiP, and active
levels of PERK, IRE1 and ATF6 are increased with sleep loss indicating UPR recruitment, which is insufficient to clear misfolded protein in aged- and
diseased-states (indicated by red dashed line). Autophagy activation via Beclin-1 and atg4a, leads to nucleation and upregulated formation of
autophagosomes (grey vacuoles), yet with a failure of autophagic flux there is reduced lysosomal (red vacuoles) fusion (indicated by red line).
Notably, this can reduce AP and tau degradation, impart neurodegeneration through abundant axonal and dendritic autophagosomes, and
promote proteinopathy through exosomal release of autophagosomes, as is seen in Alzheimer’s disease (AD) progression. Autophagy is regulated
on a circadian cycle, and further impaired when this rhythm is disturbed. UPS failure occurs with disease state contributing to higher levels of
intracellular protein that the ALP is unable to compensate for (indicated by red dashed line to p62). Dysregulated UPS-mediated degradation
(indicated by red dashed line) of PERIOD proteins (including PER1 and PER2) may further circadian alterations. ¢ During periods of prolonged
wakefulness, higher frequency neuronal activity without restorative sleep promotes AB and tau cell-to-cell spread. Because of elevated synaptic
strength, the neuronal signal:noise ratio decreases and synaptic plasticity saturates, leading to non-specific network activity [69]. Without rest,
these potentially aberrant neuronal connections, in consort with accumulation of extra- and intracellular uncleared protein, exacerbate neuronal
dysfunction, and cognitive processes such as memory can become impaired. d Finally, memory consolidation is impaired from loss of REM and
NREM stage 2 and 3 sleep, contributing to transient memory loss. Neuronal activity of NREM UP- (i.e, spindles, sharp-wave ripples) and DOWN- (i.e,,
delta waves, K-complexes) states and REM theta oscillations consolidate memory circuits formed throughout the day [65-68]. Chronically,
impairments in proteostasis can progress to rampant accumulation of AB and tau in plaques and tangles, respectively, increasing disease spread
and neuronal network dysfunction, all of which can further impair sleep and drive cognitive decline. Red text indicates impairments/decreases in
AD and sleep disruption, green text indicates increases with AD and sleep disruption. Created with BioRender.com
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waves and a lower heart rate; whereas a negative corre-
lation was observed with high-frequency beta waves in
mice, common in wake state, and no significant relation-
ships with alpha or theta waves, present in wake-state,
REM and NREM stage 1 sleep [74, 230].

These results demonstrate the intimate relationship of
glymphatic-mediated clearance of AB and tau with sleep,
and the positive-feedback-loop that can occur as sleep
is lost in AD. Mounting vascular impairments occur in
AD, including cerebral amyloid angiopathy, vessel tortu-
osity and rigidity, reduction in cerebral blood flow, and
enlargement of periarterial and perivenous spaces; all
of which impair glymphatic clearance, and are further
impaired by the failure of glymphatic clearance with an
abundance of AP and tau [226, 227] (Fig. 3a).

Interestingly, diurnal fluctuations in glymphatic clear-
ance show regional differences in the rat brain, with large
sleep-associated increases in brain regions involved in
circadian rhythm regulation, including the SCN and lat-
eral hypothalamus [231]. Critically, acute sleep depriva-
tion significantly enhances A and tau which can further
impair sleep, and lead to persistently impaired protein
clearance [219-221, 223].

Sleep loss dysregulates protein degradation

Mechanisms of protein degradation, in particular
autophagic-lysosomal pathway (ALP), ubiquitin proteas-
omal system (UPS) and unfolded protein response (UPR)
are functionally intracellular. However, this does not
preclude the effect of these processes on sleep, and vice
versa, since impaired proteostasis across a neuronal pop-
ulation or brain region can exert network effects [232].
For example, Fu and colleagues demonstrate cell- and
region-specificity of EC excitatory neurons to autophagic
deficits in human brain tissue, facilitating their vulner-
ability to tau [211] and recently, failure of neuronal autol-
ysosome acidification was identified as a precursor to
AP plaque formation in AD patients and mouse models
[233]. These neurons have impaired autophagy, but con-
sidering the specificity of this event across a neuronal
population, the effect can cause a spread of pathologi-
cal proteins at the network level, including during sleep
disruption. Individualistic and synergistic effects of A
and tau on neuronal network dysfunction [5, 6], and
cell-to-cell spread of proteinopathy [234] further com-
pound the effect of proteostasis failure throughout the
brain. We propose the interactions of sleep and circadian
rhythm with autophagy, UPS and UPR are critical mech-
anisms driving A and tau proteinopathy from early AD
stages. Figure 3 brings out the relevance of the interac-
tion of sleep with cellular proteostasis mechanisms in AD
(Fig. 3b), and how mounting pathology impacts neuronal
circuitry (Fig. 3c) and cognitive decline (Fig. 3d).
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Autophagy and sleep impairment

One of the earliest features of disrupted autophagic flux
in AD is an abundance of autophagosomes, which accu-
mulate in neuronal cytoplasm, axons, and most promi-
nently in dystrophic neurites. There is a failure to clear
autophagosomes, preventing degradation of Af, tau
and other proteins within [235]. As autophagic defi-
cits mount, so does neuronal damage, contributing to
AD progression [1, 34, 236]. Furthermore, uncleared
autophagosomes and autolysosomes accelerate the cell-
to-cell spread of AP and tau via exosomal release [79-84].
Interestingly, disrupting sleep recapitulates AD-related
autophagic dysfunction [237-239], and knocking out
autophagic function is sufficient to recapitulate a neuro-
degenerative phenotype [240, 241].

Genetic manipulation of autophagic flux in drosophila
has demonstrated the bidirectional link between sleep
and autophagy. During sleep, autophagosomes drop
compared to wake periods. Blocking autophagosome
formation increases sleep, whereas blocking autolyso-
somal degradation decreases sleep [239]. In mice, acute
sleep deprivation causes autophagosomes to accumu-
late in hippocampal neurons, with increased expression
of LC3B, Beclin-1 and p62, indicative of recruitment of
autophagic processes [1, 237]. Autophagic flux is dis-
rupted in mice with chronic sleep fragmentation, with
increased autophagosomes, endosomes, and number and
size of intracellular lysosomes [238]. This is accompa-
nied by spatial learning and memory impairments after
acute and chronic sleep deprivation [237, 238]. Therefore,
autophagic recruitment without lysosomal fusion and
protein degradation occurs with mounting sleep impair-
ments, furthering proteinopathy and disease progression
(Fig. 3b, ALP).

Interestingly, Xie and colleagues report cortical and
hippocampal A intracellular accumulations in chronic
sleep fragmented wild-type mice, akin to observations
in AD models [29, 238, 242]. The authors attribute this
to a failure of normal amyloid precursor protein (APP)
processing via the endosome-autophagosome-lysosome
(EAL) pathway in which reduced flux through the EAL
pathway decreases APP trafficking and clearance, facili-
tating amyloidogenic processing and A accumulation
[238, 243, 244]. These results are exciting as they demon-
strate a potential mechanistic linkage between sleep loss
and AD proteinopathy.

Circadian rhythm of autophagy

Circadian rhythms and the sleep—wake cycle impact
gene expression [217] and are linked to AD pathology.
AD patients exhibit circadian arrhythmicity, measured
in the clinic by activity/rest cycles, exhibiting delayed
cycle phases and lower-amplitude peaks (reviewed in
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[245]). In aged mice with a knock-out of the biological
clock gene Perl, autophagy is impaired, and AP42 and
presenilin levels are higher [246, 247]. Per genes (includ-
ing Perl and Per2) encode the PER1 and PER2 proteins,
often referred to collectively as PERIOD protein, which
are essential regulators of the timing of circadian oscilla-
tions [248-251]. Critically, the circadian clock regulates
expression of autophagic genes [26, 252—-254], including
transcription factors Nr1d1 and C/EBPB which promote
rhythmic expression of autophagy activators, including
Beclin-1 and atgda [26, 252], triggering autophagosome
formation. In the mouse hippocampus, autophagosome-
related LC3-1I, but not cytoplasmic LC3-I, exhibits a cir-
cadian rhythmicity, indicative of higher autophagosome
formation and autophagic flux in the sleep-associated
light phase as opposed to the dark phase [28]. This differs
from autophagosome over-accumulation in AD, in which
there is a failure of autophagic flux and protein clear-
ance. Notably, the ALP is regulated on a circadian cycle,
and arrhythmicity in AD can further the already present
autophagic deficits, akin to what occurs with sleep distur-
bances (Fig. 3b, ALP).

After chronic sleep fragmentation in mice, overall
light phase peaks and dark phase lows of hippocampal
autophagic flux remain, but the rhythmicity is impaired
with abnormal changes within each phase [28]. Acute
recovery sleep is insufficient to reverse these changes,
and triggers increased Beclin-1 expression during the
sleep-associated light phase [28]. Two conclusions can
be drawn from this work to frame our understanding of
the sleep-proteostasis interaction in AD. Firstly, sleep
loss disrupts circadian rhythmic-regulation of autophagic
flux, leading to increased AP and tau aggregation. Sec-
ondly, these deficits persist after recovery, including the
continued, aberrant activation of an already overwhelmed
autophagic-lysosomal system in AD by Beclin-1, indicat-
ing chronic complications for AD progression.

Unfolded protein response (UPR) is impaired with age,

after sleep loss, and in Alzheimer’s disease

Normally tasked to clear misfolded protein, the UPR is
overwhelmed in NDDs, and further exacerbated when
sleep is disrupted [1, 33]. Protein kinase RNA-like ER
kinase (PERK), inositol-requiring enzyme la (IRE1), and
activating transcription factor-6 (ATF6a and f3) are three
crucial proteins that help initiate UPR and from which
the binding immunoglobulin protein (BiP) is unbound
in response to misfolded proteins. Chronic activation
of UPR, especially on the PERK branch, occurs in the
brains of AD patients and other tauopathies. AD brains
have a heightened expression of UPR activation mark-
ers, including phosphorylated PERK, eukaryotic initia-
tion factor 2a (elF2a), and IREIL, as well as BiP, which
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correlate with Braak stages [255-258], suggesting that
UPR has a bearing on AD pathology at an early stage.
There is an increase in UPR in tauopathies; and UPR
associates with early hippocampal tau pathology in these
disorders [259]. Furthermore, the same neurons and glia
that display abnormal tau phosphorylation levels show a
corresponding increase in markers of UPR activation as
well, corroborating their linkage [259].

UPR chaperones are upregulated during wakefulness,
or when sleep is deprived, to help mitigate endoplasmic
reticulum (ER) stress by clearing misfolded proteins and
reducing protein translation [21, 33]. The ER chaperone
BiP binds to misfolded proteins to prevent aggregation
and promote re-folding. In the mouse cortex, BiP lev-
els increase progressively as sleep is deprived [216], as a
compensation to accumulation of uncleared protein. This
phenomenon has been observed in drosophila as well, in
which BiP levels rise during sleep loss and fall towards
baseline throughout recovery sleep [218]. Increasing
normal BiP expression, or of a dominant negative form
which decreases BiP function, prolonged or reduced
sleep recovery after sleep deprivation, respectively [218].
BiP overexpression slows UPR function [218, 260], which
is suggestive of how chronic sleep disruption in AD
patients can lead to a state in which the UPR is over-
whelmed by abundant misfolded protein (Fig. 3b, UPR).
These genetic manipulations had no effect on baseline
sleep in the flies [218]. These data are indicative of a par-
allel UPR activation to mitigate protein accumulation
during sleep impairment that is intimately linked to sleep
behavior [216, 218].

Interestingly, acute sleep deprivation in young mice
promoted protein clearance and reduced translation
via UPR, but in aged mice led to pro-apoptotic signal-
ling [261]. Sleep and protein quality control are both
impaired with aging [33, 262] resulting in reduced effi-
ciency of refolding aspects in UPR [261, 263-265]. This
is evident from the undersupply in chaperone proteins in
age related diseases and in aged wild-type rodents [261,
266, 267], corroborating the impact that sleep quality
and protein homeostasis have on each other [33]. UPR
is activated in orexinergic and noradrenergic wake active
neurons with increases in phosphorylated-PERK. This
occurs to a greater degree in aged mice correlating with a
decline in orexinergic and noradrenergic neuronal activ-
ity, with nuclear translocation/activation of CCAAT/
enhancer binding protein homologous protein (CHOP)
[268]. CHOP is known to signal apoptosis in response to
ER stress [269, 270] and to mediate sleep apnea/hypoxia-
related cellular stress and injury [271, 272].

The stress response and quality control of the protein
homeostatic system becomes dysfunctional with almost
all tissues of aged candidates [261, 263, 265], reviewed in
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[273], demonstrating a complex interaction in AD and
other neurodegenerative disorders wherein age, impaired
proteostasis and sleep exert individual and synergis-
tic impacts on disease progression. Importantly, UPR
chaperone-mediated treatment restores aging related
sleep and cognitive impairments in mice [274]. Another
UPR therapeutic target for NDDs is elF2a which attenu-
ates global protein synthesis rates critical for memory
and neuronal function, when it is phosphorylated by
phosphorylated-PERK; phosphorylated-elF2a levels are
elevated in Alzheimer’s disease and other NDDs [275,
276]. In vitro screening assays of clinically suitable thera-
pies identified that the anti-depressant trazodone hydro-
chloride, and one other compound (dibenzoylmethane),
reversed the effects of phosphorylated-elF2a on protein
synthesis. In vivo treatment of either compound normal-
ized translation and was neuroprotective in prion and
tauopathy models [276]. Critically, trazodone can be used
to treat insomnia and improve sleep maintenance [277],
further indicating the therapeutic potential of the sleep-
proteostasis interaction (reviewed in [278]).

Persistent upregulation of UPR is detrimental after
extensive proteinopathy and sleep loss, interrupting
protein synthesis, promoting neurodegeneration and
exacerbating defective sleep-proteostasis positive-feed-
back-loop [1, 21]. If proteins cannot be appropriately
folded in the ER lumen, site of protein synthesis and
packaging, proteins are directed to the proteasome to
avoid aggregation [279, 280]. Finally, mild ER stress can
precondition a neuroprotective mechanism for UPR via
recruitment of autophagic processes [1, 281]. However,
with prolonged stress like chronic sleep deprivation,
UPS, and ALP recruitment to compensate for UPR fail-
ure may further overwhelm cellular proteostasis.

Ubiquitin proteasome system (UPS) and sleep impairment
The interaction between UPS and sleep disruptions is not
as well defined as with autophagy and the UPR. There
is evidence that OSA reduces proteasomal activity via
intermittent hypoxia [282], which contributes to protea-
somal dysfunction after neurodegeneration [1, 283]. With
mounting UPS deficits, ubiquitination and degradation
of PER1 and PER2 proteins, biological clock proteins
and circadian length-regulators, become unbalanced,
lengthening circadian rhythms [284] (Fig. 3b, UPS). Tau
accumulation is intimately linked with proteasomal dys-
function [285]; although research is needed to elucidate
if there is a defined tau-UPS-sleep component contribut-
ing to proteinopathy and sleep loss in AD. Importantly,
dysfunction in UPS causes compensatory activation of
autophagic processes, which are already aberrant in AD
[1, 286, 287], leading to chronic deficits in the sleep-pro-
teostasis axis.
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Future directions to restore the sleep-proteostasis
axis

Disease model: Alzheimer’s disease proteinopathy spreads
via neuronal activity

The hypothesis that proteinopathy spread in AD occurs
as a repercussion of neuronal activity is gaining traction
recently [4, 288, 289], with several groups coming to the
same conclusions using different experimental modali-
ties. Mechanistically, tau release into the extracellu-
lar space is enhanced by neuronal activity, where it can
spread and seed pathology via cell-to-cell propagation
[32, 290, 291]. This is observed for AP as well [292—-294].
In humans, higher hippocampal activation positively cor-
relates with AP PET levels, and associates longitudinally
with declining memory performance [295].

Neuronal activity is most suppressed during SWS.
Therefore, sleep loss, increased arousals, and more time
awake in AD is contributing to longer periods of high
neuronal excitability, and AP and tau spread. Disruption
of NREM slow wave activity was proportionate with the
increase in the levels of AP in medial prefrontal cortex
of cognitively-healthy older adults [296]. Similarly, an
increase in tau correlates with diminished delta power
(1-4 Hz) [60]. These studies corroborate the evidence
for linkages between sleep, neuronal circuit disruptions,
and AP and tau (Fig. 3c). The aforementioned observa-
tion of increased morning CSF AP levels when arousal
was induced specifically during SWS in healthy humans
[61] was likely driven by increased ISF AP during periods
of higher neuronal activity (along with extracellular tau
release) [61, 290, 291, 293, 294, 297]. ISF AP concentra-
tion is greater during wakefulness and lesser during sleep
[297], with>20% increased ISF AP and lactate levels, a
marker of neuronal activity, during the dark- as opposed
to the light-period in hippocampi of young Tg2576 mice
[294]. Physiological neuronal activity dynamically regu-
lates ISF AP levels in vivo indicating region-specific vul-
nerability given the proclivities of plaque deposition in
‘default mode network’ [294].

Inhibitory neurons dominate in the dampened, deep
sleep state. Brainstem neurons balance the reciproc-
ity between NREM and REM (mostly GABAergic, with
some evidence for glutamatergic regulators), indicating
the importance of SWS and NREM sleep for switch-
ing to the REM state (reviewed in [168]). Serotonergic
and noradrenergic tone is diminished through NREM
and quiescent in REM sleep. The inhibition of serotonin
and noradrenaline, including from hypothalamic MCH
neurons and POA GABAergic and galanin neurons, are
also implicated in the emergence of and maintenance of
REM sleep [168, 170, 171]. Critically, higher rates of neu-
ronal activity associate with increased APP processing,
which in a neurodegenerative environment with chronic
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stressors (i.e., oxidative stress) can further shift the bal-
ance towards amyloidogenic vs. non-amyloidogenic
processing [298, 299]. This is supported by evidence sug-
gesting increased AP production during sleep impair-
ment drives higher CSF A levels in healthy adults (age
range: 30—-60) [222]. Therefore, we can posit that higher
rates of AP generation with loss of deep and REM sleep is
an additional mechanism linking proteinopathy to sleep
and neuronal activity, especially in noradrenergic and
serotonergic neurons that are usually in a low-activity
state during sleep, especially in REM sleep.

In an AD rodent model overexpressing human APP
pan-neuronally and tau in the EC, the presence of Ap
accelerates tau accumulation and spread to the hip-
pocampus, and causes EC excitatory neuron hyperac-
tivity, with higher firing rates. Blocking higher rates of
neuronal activity subsequently dampened AP and tau
accumulation and spread [30]. This work suggests a
disease model in which AP-induced hyperexcitability
potentiates tau misfolding and aggregation, leading to
tau-induced neurodegeneration and neuronal silenc-
ing [5, 30] (Fig. 3c). High rates of neuronal activity, as
occurs with sleep impairments and in AD, decreases
signal:noise, contributing to non-specific and poten-
tially aberrant synaptic connections and plasticity. This
forms part of the synaptic homeostasis hypothesis of
sleep, which states that the restful quality of sleep derives
from maintaining a balance in synaptic energy usage,
stress, metabolic demand, plasticity and activity, which
promotes healthy neuronal and cognitive functioning
(reviewed in [69]; Fig. 3c).

It was recently demonstrated that neuronal activity
inversely correlates with BBB efflux receptors and core
circadian clock gene expression in endothelial cells,
including PAR bZip and Bmall-dependent signalling
[300]. The authors propose a neuronal activity-dependent
suppression of BBB efflux in the wake-state, and poten-
tiation in the sleep-state [300], which may contribute to
failure of AP clearance through these mechanisms in AD,
when sleep is impaired and hyperexcitability occurs [5,
19, 301, 302].

Given the significance of neuronal activity in impact-
ing proteinopathy, a recent study demonstrates that APP
transgenic mice exhibit reduced neuronal activity in tha-
lamic reticular nucleus (TRN) bringing about increased
sleep fragmentation and reduced SWS in comparison to
non-transgenic littermates. A selective activation of TRN
using excitatory DREADDs rescued the aforementioned
deficits and thereby, the amyloid plaque load in hip-
pocampus and cortex [303].

Overall, these reports demonstrate that neuronal activ-
ity modulates the production, spread, clearance, and
interaction of AP and tau (Fig. 3c), contributing to the
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neuronal network dysfunction and cognitive decline that
occurs across Alzheimer’s progression. Sleep exhibits
distinct neuronal electrophysiological signatures, includ-
ing timed switching between UP-state thalamic spin-
dles (~10-15 Hz) and hippocampal sharp-wave ripples
(~100-250 Hz) and DOWN-state cortical delta waves
(~1-4 Hz) and K-complexes (low frequency, high ampli-
tude) during NREM sleep, and hippocampal theta oscil-
lations (~4-10 Hz) during REM sleep. The coordination
and timing of sleep-related neuronal activity increases
the signal:noise ratio, strengthening memory-related
synaptic connections (typically newly formed), and con-
ferring memory consolidation ([65-68]; Fig. 3d). In sum,
these results suggest modulation of neuronal activity, and
in particular sleep-related electrophysiology, as a potent
therapeutic strategy for AD to improve cognition and
promote proteostasis.

Probing and treating the sleep-proteostasis axis

We sought to assess sleep therapies that have reached
clinical trial stages for AD. A detailed review and meta-
analysis of sleep therapies in dementia has been recently
conducted [304]; whereas our purpose was to col-
late those therapies that demonstrate the potential for
repurposing as modifiers of the sleep-proteostasis axis.
Therapies were found via a search in clinicaltrials.gov
(February 2023): Condition or Disease: Alzheimer’s dis-
ease; Other terms: sleep; Study Type (interventional)
and was manually restricted: removed non-interven-
tional studies, removed behavioral studies not directly
sleep-associated, removed AP-targeted trials (i.e., immu-
notherapies, [-secretase inhibitors, anti-aggregants),
already approved for AD, or were not related to sleep
modulation. This search yielded 108 intervention trials,
44 using pharmacological or nutritional/dietary supple-
ments (Table 2) and 64 non-pharmacological treatments
(Table 3). Their relevance to proteostasis (Tables 2 and 3)
and mechanisms (Fig. 4) are documented.

Trazodone

Trazodone hydrochloride is a unique therapy on this list
due to hitting multiple targets on the sleep-proteostasis
axis. Trazodone is an antidepressant therapy approved
for use in major depressive disorder, and is commonly
used for off-label treatment of patients with sleep dis-
orders, and in AD. Multiple neurotransmitter systems
are affected by trazodone treatment, including selective
agonism and antagonism of serotonin receptors, sero-
tonin transporter inhibition and reuptake inhibition,
antagonism of histaminergic and al and a2 adrenergic
receptors, and, to a lesser degree, trazodone exhibits
anticholinergic activity (reviewed in [346]). In sum, the
neuromodulatory effects of trazodone can shift neuronal
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Fig. 4 Neuronal control of the sleep-wake cycle and therapeutic targets for sleep restoration in Alzheimer’s disease. The sleep-wake cycle is
controlled by neuronal populations vulnerable in Alzheimer’s disease (AD). Circadian rhythmicity is mediated by hypothalamic neuronal activity and
melatonin release from the pineal gland, normally maintaining a healthy sleep-wake cycle. Sleep is promoted by activity of melanin-concentrating
hormone (MCH)-neurons in the hypothalamus and broad (including cortical, hippocampal, hypothalamic) GABAergic inhibitory signals. In the
sleep-state, protein clearance and memory consolidation, mediated by entorhinal-hippocampal circuitry, are enhanced. Conversely, wakefulness
and arousal are promoted by activity of histaminergic and orexinergic neurons of the hypothalamus, and noradrenergic neurons in the locus
coeruleus. In the wake-state, cognitive and memory processes (mediated by entorhinal-hippocampal circuitry) occur with higher rates of neuronal
activity, which potentiates AB and tau spread. Therapeutics to enhance sleep in AD present a unique opportunity to simultaneously improve the
behavioral phenotype and reduce proteinopathy by improved proteostatic clearance. Enhancement of GABA signalling with pharmacological and
non-pharmacological interventions may broadly improve network dysfunction in AD, for memory and sleep circuits. Notably, gamma entrainment
is a novel and non-invasive strategy. Sleep promotion and balancing of circadian arrhythmicity can be accomplished via supplementation of
the biologically active hormone melatonin, or non-pharmacological lifestyle interventions, including behavioral, light, music, and other auditory
therapies. Pharmacological antihistamines and orexin antagonists decrease wake/arousal-signals and promote sleep. Potential exists for targeting of
additional neuronal pathways to promote sleep, including noradrenergic signaling which is affected early in AD; the a2 adrenergic receptor agonist
dexmedetomidine has been tested (see Table 2), but is more suitable as a sedative than therapeutic. Furthermore, the antidepressant trazodone has
potential for improving sleep in AD acting through neuromodulation of serotonergic, adrenergic, histaminergic, and cholinergic pathways, as well

as modifying the UPR. Future work is necessary to characterize and discover new sleep- and proteostasis-targeted therapies in AD. See Tables 2 and
3 for sleep-related AD clinical trials and their relevance to proteostasis. Created with BioRender.com
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control of the sleep—wake balance towards sleep (Figs. 2
and 4).

In a phase 3 clinical trial, AD patients with sleep dis-
turbances were treated with 50 mg of trazodone once
per day before bed over a 2-week period. Treatment sig-
nificantly increased sleep time and trended to reduced
arousals and wake periods throughout the night, with-
out exacerbating daytime napping or EDS. With this
short-term treatment, cognition was unaffected ([335];
Table 2). However, evidence suggests long-term recorded
trazodone use (median dose: 50 mg/day) in AD patients
with sleep disturbances slows cognitive decline on mini-
mental state examination, over a 4-year follow-up [347].
At a higher dose of 200 mg, trazodone is safe and feasi-
ble in AD patients, and is within the predicted range for
regulating UPR (reviewed in [276, 348]). Although the
mechanism of the trazodone-UPR interaction is through
normalizing protein synthesis rates [276], AP and tau
degradation and clearance may be indirectly improved
through mitigating neurodegenerative burden, and
reducing UPR overactivation which will improve cellular
homeostasis (and proteostasis).

Further work is necessary to identify how trazodone
can impact AD progression, and at what dose, includ-
ing potential benefits on protein clearance and neuronal
function. Currently, a phase 2 clinical trial of trazodone
in MCI is recruiting (as of February 2023) to test the
effect of a 4-week, 50 mg treatment on SWS quantity
and quality, sleep onset and fragmentation, cognition, as
well as hippocampal neuronal activity by functional mag-
netic resonance imaging (ClinicalTrials.gov Identifier:
NCT05282550; Table 2).

Adrenergic alpha receptor agonism

Agonists of adrenergic a receptors impact the sleep—
wake cycle via a reduction in locus coeruleus noradren-
ergic activity, decreasing arousal and promoting sleep
[349]. Dexmedetomidine is an a2 adrenergic receptor
agonist that has demonstrated benefit as a therapeu-
tic in preclinical in vitro and in vivo models including
anti-inflammatory, pro-cognitive and pro-neurotrophic
effects [350—-354], despite association with increased tau
phosphorylation (i.e., at pS202, pT205, pT231, pS396) in
cells and rodents lasting up to 6-h post treatment [355,
356]. Dexmedetomidine is used clinically as an analgesic
and sedative, due to an induction of NREM stage 2-to-3
sleep, including increased slow wave delta oscillations
and spindles in EEG [321-323]. One potential benefit to
the sleep-proteostasis interaction is that dexmedetomi-
dine acutely enhances glymphatics [323] (see Table 2),
but its usage as a primary therapeutic for AD remains
limited and the potential for exacerbating tau pathology
is of concern.
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Orexin antagonism - Suvorexant

Currently, the most promising sleep modulating therapy
in AD is the orexin antagonist suvorexant, which is used
in the treatment of insomnia [304] and was approved in
February 2020 for treatment of sleep disorder symptoms
in AD patients. Orexin signaling is also reported to regu-
late cognition, and in AD there is orexinergic dysfunction
that occurs with elevated CSF orexin [184, 187]. Suvo-
rexant competes with orexin for binding to receptors
OXR1 and OXR2, promoting sleep [304, 357, 358]. In a
phase 3 trial to treat insomnia with mild-to-moderate
AD, 4 weeks of daily oral treatment with suvorexant sig-
nificantly improved total sleep time by 73 min more than
baseline, (45 min in the placebo group); and treatment
did not worsen cognition and was well-tolerated [308].
Recently, Lucey and colleagues demonstrated that acute
suvorexant treatment in healthy middle-aged adults
decreased CSF levels of AP by 10-20% and p-tau (T181)
by 10-15%, but not at other p-tau isoforms — S202 or
T217 [359].

Suvorexant may prove beneficial in combination
therapies, potentially with the recently approved aduca-
numab or lecanemab, and to probe the sleep-proteosta-
sis axis. Promoting sleep with suvorexant in preclinical
AD models can be utilized to assess alterations in spe-
cific neuronal vulnerability to tau and A, and potential
improvements in glymphatic clearance and autophagic
flux. Modulation of orexinergic function, although lim-
ited to a small cellular population, may exert beneficial
network effects throughout the brain by promoting sleep,
helping to balance circadian arrhythmicity, and therefore
mitigating deleterious changes in proteostasis. Rebalanc-
ing specific neuronal population function (i.e., orexiner-
gic) can potentially correct a network-wide dysfunction
seen in AD; for example, suvorexant treatment enhances
hippocampal long term potentiation in AD model mice
[360].

Characterizing proteostasis improvement from suvo-
rexant treatment in sleep- and AD-associated neurons
and regions, in hypothalamic orexin neurons, as well
as EC-hippocampal cognitive circuits (Fig. 4), will help
define the sleep and proteostasis interaction across dis-
ease progression, and inform efficacy of treatment based
off disease staging.

Conclusions

As supported by evidence for early disruptions in both
mechanisms, we postulate that experiments probing the
sleep-proteostasis axis will be critical in understanding
AD progression and associations with age. Future work
will elucidate novel markers of prodromal AD, including
PET and plasma biomarkers for neuronal vulnerability to
proteostasis alterations, and EEG disruptions indicative
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of sleep disruption. Furthermore, single, and combinato-
rial therapies can be tested against sleep and proteostasis,
including how their efficacy varies across AD progres-
sion. It is important to note that sleep impairments often
coincide with hypothalamic—pituitary—adrenal axis
activity and behavioral stress, which also exert effects on
cellular proteostasis [361, 362]; reducing stress should be
considered in the design and interpretation of preclinical
sleep deprivation paradigms [363], to mitigate additional
stress-related alterations in proteostasis.

There are major challenges facing this research field;
notably, the technical challenge of collecting and ana-
lyzing molecular-, cellular-, circuit- and behavioral-level
data, for determining neuronal-, regional- and temporal-
vulnerabilities to sleep and proteostasis deficits. Bioinfor-
matic approaches will be necessary to pinpoint critical
interactions of these pathologies, and early predictors of
AD progression and cognitive decline. Once we under-
stand the sleep and proteostasis interaction, the next
challenge is translatability of novel or repurposed sleep-
and proteostasis-targeted therapies. However, with the
recent successes of suvorexant (ClinicalTrials.gov Identi-
fier: NCT02750306; [308]), aducanumab (ClinicalTrials.
gov Identifier: NCT02477800 and NCT02484547) and
lecanemab (ClinicalTrials.gov Identifier: NCT01767311
and NCT03887455), there is high potential for successful
targeted and personalized therapies promoting sleep and
protein clearance in AD.

Future experiments will facilitate creation of a frame-
work for disease-modifying treatments in AD to slow or
halt this proteinopathy and reverse behavioral deficits,
including understanding potential therapeutic efficacy at
different stages of disease progression. Probing neuronal
electrophysiology and sleep patterns will allow identi-
fication and repurposing of therapies targeting these
mechanisms and their interaction with proteostasis, and
thereby facilitate novel drug discovery. Sleep impair-
ments, proteinopathy and proteostasis failure are com-
mon occurrences with aging and in NDD, and therefore
the conclusions raised herein pertain to a broad array of
brain disorders, including cases of mixed pathologies.
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BBB Blood-brain barrier

C9orf72  Chromosome 9 open reading frame 72
CHOP CCAAT/enhancer binding protein homologous protein
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TDP-43 TAR DNA-binding protein 43
TRN Thalamic reticular nucleus

UPS Ubiquitin proteasome system
UPR Unfolded protein response

VIP Vasoactive intestinal polypeptide
VLPO Ventrolateral preoptic area

Acknowledgements
The authors thank Dr. Kristiana Xhima for helpful discussions. The Graphical
Abstract and Figures 2-4 were created with BioRender.com.

Authors’ contributions

CDM Conceptualization; Funding acquisition; Visualization; Roles/Writing—
original draft; Writing—review &editing. RR: Roles/Writing—original draft;
Writing—review & editing. SAH: Conceptualization; Funding acquisition;
Supervision; Roles/Writing—original draft; Writing—review & editing. WHY:
Conceptualization; Funding acquisition; Supervision; Roles/Writing—original
draft; Writing—review & editing. All authors read and approved the final
manuscript.

Funding

This work was supported by CAMH Discovery Fund (W.H.Y, C.D.M.), National
Institutes of Health (RO1AG064066; S.A.H.), and by the donors of Alzheimer’s
Disease Research, a program of BrightFocus Foundation (A2022016F; C.D.M.).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://BioRender.com

Morrone et al. Molecular Neurodegeneration

(2023) 18:27

Author details

'Brain Health Imaging Centre, Centre for Addiction and Mental Health, 250
College St, Toronto, ON M5T 1R8, Canada. 2Taub Institute, Columbia University
Irving Medical Center, 630W 168th Street, New York, NY 10032, USA. *Depart-
ment of Pathology and Cell Biology, Columbia University Irving Medical
Center, 630W 168th Street, New York, NY 10032, USA. *Geriatric Mental Health
Research Services, Centre for Addiction and Mental Health, 250 College St.,
Toronto, ON M5T 1R8, Canada. >Department of Pharmacology and Toxicol-
ogy, University of Toronto, Medical Sciences Building, 1 King's College Circle,
Toronto, ON M5S 1A8, Canada.

Received: 21 November 2022 Accepted: 29 March 2023
Published online: 21 April 2023

References

1.

Boland B, Yu WH, Corti O, Mollereau B, Henriques A, Bezard E, et al.
Promoting the clearance of neurotoxic proteins in neurodegenerative
disorders of ageing. Nat Rev Drug Discov. 2018;17:660-88.

Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25
years. EMBO Mol Med. 2016;8:595-608.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 1991,82:239-59.

Hanseeuw BJ, Betensky RA, Jacobs HIL, Schultz AP, Sepulcre J, Becker
JA, et al. Association of Amyloid and Tau With Cognition in Preclinical
Alzheimer Disease: A Longitudinal Study. JAMA Neurol. 2019;76:915.
Busche MA, Wegmann S, Dujardin S, Commins C, Schiantarelli J, Klick-
stein N, et al. Tau impairs neural circuits, dominating amyloid-f effects,
in Alzheimer models in vivo. Nat Neurosci. 2019;22:57-64.

Busche MA, Hyman BT. Synergy between amyloid-f and tau in Alzhei-
mer's disease. Nat Neurosci. 2020;23:1183-93.

Palop JJ, Mucke L. Network abnormalities and interneuron dysfunction
in Alzheimer disease. Nat Rev Neurosci. 2016;17:777-92.

Angulo SL, Orman R, Neymotin SA, Liu L, Buitrago L, Cepeda-Prado

E, et al. Tau and amyloid-related pathologies in the entorhinal cortex
have divergent effects in the hippocampal circuit. Neurobiol Dis.
2017;108:261-76.

Menkes-Caspi N, Yamin HG, Kellner V, Spires-Jones TL, Cohen D, Stern
EA. Pathological tau disrupts ongoing network activity. Neuron.
2015,85:959-66.

Marinkovi¢ P, Blumenstock S, Goltstein PM, Korzhova V, Peters F, Knebl
A, et al. In vivo imaging reveals reduced activity of neuronal circuits in a
mouse tauopathy model. Brain. 2019;142:1051-62.

Fu H, Rodriguez GA, Herman M, Emrani S, Nahmani E, Barrett G, et al.
Tau Pathology Induces Excitatory Neuron Loss, Grid Cell Dysfunction,
and Spatial Memory Deficits Reminiscent of Early Alzheimer’s Disease.
Neuron. 2017;93:533-541.e5.

Roberson ED, Halabisky B, Yoo JW, Yao J, Chin J, Yan F, et al. Amyloid-3/
Fyn-induced synaptic, network, and cognitive impairments depend on
tau levels in multiple mouse models of Alzheimer’s disease. J Neurosci.
2011;31:700-11.

Roberson ED, Scearce-Levie K, Palop JJ, Yan F, Cheng IH, Wu T, et al.
Reducing endogenous tau ameliorates amyloid beta-induced deficits
in an Alzheimer’s disease mouse model. Science. 2007;316:750-4.
Ittner LM, Ke YD, Delerue F, Bi M, Gladbach A, van Eersel J, et al. Den-
dritic function of tau mediates amyloid-beta toxicity in Alzheimer's
disease mouse models. Cell. 2010;142:387-97.

Thal DR, Riib U, Orantes M, Braak H. Phases of A beta-deposition in the
human brain and its relevance for the development of AD. Neurology.
2002;58:1791-800.

Zott B, Busche MA, Sperling RA, Konnerth A. What Happens with the
Circuit in Alzheimer’s Disease in Mice and Humans? Annu Rev Neurosci.
2018;41:277-97.

Ozcan GG, Lim S, Leighton PL, Allison WT, Rihel J. Sleep is bi-direction-
ally modified by amyloid beta oligomers. Elife. 2020;9:53995.

Lew CH, Petersen C, Neylan TC, Grinberg LT. Tau-driven degeneration of
sleep- and wake-regulating neurons in Alzheimer’s disease. Sleep Med
Rev.2021,60:101541.

JUY-ES, Lucey BP, Holtzman DM. Sleep and Alzheimer disease pathol-
ogy-a bidirectional relationship. Nat Rev Neurol. 2014;10:115-9.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

39.

40.

42.

43.

Page 26 of 34

Brown BM, Rainey-Smith SR, Villemagne VL, Weinborn M, Bucks RS,
Sohrabi HR, et al. The Relationship between Sleep Quality and Brain
Amyloid Burden. Sleep. 2016;39:1063-8.

Minakawa EN, Wada K, Nagai Y. Sleep Disturbance as a Potential Modifi-
able Risk Factor for Alzheimer's Disease. Int J Mol Sci. 2019;20:803.
Bubu OM, Brannick M, Mortimer J, Umasabor-Bubu O, Sebastido YV,
WenY, et al. Sleep, Cognitive impairment, and Alzheimer’s disease: A
Systematic Review and Meta-Analysis. Sleep. 2017;40:zsw032.

Bubu OM, Andrade AG, Umasabor-Bubu OQ, Hogan MM, Turner AD,
de Leon MJ, et al. Obstructive sleep apnea, cognition and Alzheimer’s
disease: A systematic review integrating three decades of multidiscipli-
nary research. Sleep Med Rev. 2020;50:101250.

D'Rozario AL, Chapman JL, Phillips CL, Palmer JR, Hoyos CM,
Mowszowski L, et al. Objective measurement of sleep in mild cognitive
impairment: A systematic review and meta-analysis. Sleep Med Rev.
2020;52:101308.

Winer JR, Deters KD, Kennedy G, Jin M, Goldstein-Piekarski A, Poston
KL, et al. Association of Short and Long Sleep Duration With Amyloid-3
Burden and Cognition in Aging. JAMA Neurol. 2021;78:1187-96.

Ma D, Panda S, Lin JD. Temporal orchestration of circadian autophagy
rhythm by C/EBPR. EMBO J. 2011;30:4642-51.

Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives
metabolite clearance from the adult brain. Science. 2013;342:373-7.
He'Y, Cornelissen-Guillaume GG, He J, Kastin AJ, Harrison LM, Pan W.
Circadian rhythm of autophagy proteins in hippocampus is blunted by
sleep fragmentation. Chronobiol Int. 2016;33:553-60.

Holth JK, Fritschi SK, Wang C, Pedersen NP, Cirrito JR, Mahan TE, et al.
The sleep-wake cycle regulates brain interstitial fluid tau in mice and
CSF tau in humans. Science. 2019;363:880-4.

Rodriguez GA, Barrett GM, Duff KE, Hussaini SA. Chemogenetic attenu-
ation of neuronal activity in the entorhinal cortex reduces A and tau
pathology in the hippocampus. PLoS Biol. 2020;18:e3000851.

Ngo H-VV, Claassen J, Dresler M. Sleep: Slow Wave Activity Predicts
Amyloid-f Accumulation. Curr Biol. 2020;30:R1371-3.

Wu JW, Hussaini SA, Bastille IM, Rodriguez GA, Mrejeru A, Rilett K, et al.
Neuronal activity enhances tau propagation and tau pathology in vivo.
Nat Neurosci. 2016;19:1085-92.

Hafycz JM, Naidoo NN. Sleep, Aging, and Cellular Health: Aged-Related
Changes in Sleep and Protein Homeostasis Converge in Neurodegen-
erative Diseases. Front Aging Neurosci. 2019;11:140.

Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A, et al.
Extensive involvement of autophagy in Alzheimer disease: an immuno-
electron microscopy study. J Neuropathol Exp Neurol. 2005;64:113-22.
Arnes M, Alaniz ME, Karam CS, Cho JD, Lopez G, Javitch JA, et al. Role
of Tau Protein in Remodeling of Circadian Neuronal Circuits and Sleep.
Front Aging Neurosci. 2019;11:320.

Forrest SL, Kovacs GG. Current Concepts of Mixed Pathologies in Neuro-
degenerative Diseases. Can J Neurol Sci. 2022;1-17. https://doi.org/10.
1017/¢jn.2022.34. PMID: 35356856.

Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S,

et al. Dementia prevention, intervention, and care: 2020 report of the
Lancet Commission. Lancet Elsevier. 2020;396:413-46.

Leng Y, Ackley SF, Glymour MM, Yaffe K, Brenowitz WD. Genetic Risk of
Alzheimer's Disease and Sleep Duration in Non-Demented Elders. Ann
Neurol. 2021;89:177-81.

Sabia S, Fayosse A, Dumurgier J, van Hees VT, Paquet C, Sommerlad

A, et al. Association of sleep duration in middle and old age with inci-
dence of dementia. Nat Commun. 2021;12:2289.

Harper RM, Poe GR, Rector DM, Kristensen MP. Relationships between
hippocampal activity and breathing patterns. Neurosci Biobehav Rev.
1998;22:233-6.

Smith AJ, Duan T, Verkman AS. Aquaporin-4 reduces neuropathology
in a mouse model of Alzheimer’s disease by remodeling peri-plaque
astrocyte structure. Acta Neuropathol Commun. 2019;7:74.

Fang, Dai S, Jin C, Si X, Gu L, Song Z, et al. Aquaporin-4 Polymorphisms
Are Associated With Cognitive Performance in Parkinson’s Disease.
Front Aging Neurosci. 2021;13:740491.

Arighi A, Arcaro M, Fumagalli GG, Carandini T, Pietroboni AM, Sacchi

L, et al. Aquaporin-4 cerebrospinal fluid levels are higher in neurode-
generative dementia: looking at glymphatic system dysregulation.
Alzheimers Res Ther. 2022;14:135.


https://doi.org/10.1017/cjn.2022.34
https://doi.org/10.1017/cjn.2022.34

Morrone et al. Molecular Neurodegeneration

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2023) 18:27

Marchi NA, Solelhac G, Berger M, Haba-Rubio J, Gosselin N, Vollenwei-
der P, et al. Obstructive sleep apnoea and 5-year cognitive decline in
the elderly. Eur Respir J. 2023;2201621. https://doi.org/10.1183/13993
003.01621-2022. PMID: 36796834.

Lim ASP, Yu L, Kowgier M, Schneider JA, Buchman AS, Bennett DA.
Modification of the relationship of the apolipoprotein E €4 allele to the
risk of Alzheimer disease and neurofibrillary tangle density by sleep.
JAMA Neurol. 2013;70:1544-51.

Turner AD, Locklear CE, Oruru D, Briggs AQ, Bubu OM, Seixas A. Explor-
ing the combined effects of sleep apnea and APOE-e4 on biomarkers
of Alzheimer’s disease. Front Aging Neurosci. 2023;14:1017521.

Spira AP, An'Y, Peng Y, Wu MN, Simonsick EM, Ferrucci L, et al. APOE
Genotype and Nonrespiratory Sleep Parameters in Cognitively Intact
Older Adults. Sleep. 2017;40:zsx076.

Sun J,Hu J,Tu C, Zhong A, Xu H. Obstructive Sleep Apnea Susceptibil-
ity Genes in Chinese Population: A Field Synopsis and Meta-Analysis of
Genetic Association Studies. PLoS ONE. 2015;10:e0135942.

Nebel RA, Aggarwal NT, Barnes LL, Gallagher A, Goldstein JM, Kantarci
K, et al. Understanding the impact of sex and gender in Alzheimer’s
disease: A call to action. Alzheimers Dement. 2018;14:1171-83.

Bublitz M, Adra N, Hijazi L, Shaib F, Attarian H, Bourjeily G. A Narrative
Review of Sex and Gender Differences in Sleep Disordered Breathing:
Gaps and Opportunities. Life (Basel). 2022;12:2003.

Bixler EQ, Vgontzas AN, Lin HM, Ten Have T, Rein J, Vela-Bueno A, et al.
Prevalence of sleep-disordered breathing in women: effects of gender.
Am J Respir Crit Care Med. 2001;163:608-13.

Chiu SY, Wyman-Chick KA, Ferman TJ, Bayram E, Holden SK, Choudhury
P, et al. Sex differences in dementia with Lewy bodies: Focused review
of available evidence and future directions. Parkinsonism Relat Disord.
2023;107:105285.

Boeve A, Ferman TJ, Aakre J, St Louis E, Silber M, Machulda M, et al.
Excessive Daytime Sleepiness in Major Dementia Syndromes. Am J
Alzheimers Dis Other Demen. 2019;34:261-4.

Guarnieri B, Adorni F, Musicco M, Appollonio I, Bonanni E, Caffarra P,

et al. Prevalence of sleep disturbances in mild cognitive impairment
and dementing disorders: a multicenter Italian clinical cross-sectional
study on 431 patients. Dement Geriatr Cogn Disord. 2012;33:50-8.
Liguori C, Romigi A, Mercuri NB, Nuccetelli M, Izzi F, Albanese M, et al.
Cerebrospinal-fluid orexin levels and daytime somnolence in fronto-
temporal dementia. J Neurol. 2014;261:1832-6.

Carvalho DZ, St Louis EK, Knopman DS, Boeve BF, Lowe VJ, Roberts RO,
et al. Association of Excessive Daytime Sleepiness With Longitudinal
B-Amyloid Accumulation in Elderly Persons Without Dementia. JAMA
Neurol. 2018;75:672-80.

Spira AP, An'Y, Wu MN, Owusu JT, Simonsick EM, Bilgel M, et al. Excessive
daytime sleepiness and napping in cognitively normal adults: associa-
tions with subsequent amyloid deposition measured by PiB PET. Sleep.
2018;41:zsy152.

Yaffe K, Falvey CM, Hoang T. Connections between sleep and cognition
in older adults. Lancet Neurol. 2014;13:1017-28.

Kent BA, Casciola AA, Carlucci SK, Chen M, Stager S, Mirian MS,

et al. Home EEG sleep assessment shows reduced slow-wave sleep

in mild-moderate Alzheimer’s disease. Alzheimers Dement (N'Y).
2022;8:212347.

Lucey BP, McCullough A, Landsness EC, Toedebusch CD, McLeland JS,
Zaza AM, et al. Reduced non-rapid eye movement sleep is associ-
ated with tau pathology in early Alzheimer’s disease. Sci Transl Med.
2019;11:eaau6550.

Ju Y-ES, Ooms SJ, Sutphen C, Macauley SL, Zangrilli MA, Jerome G, et al.
Slow wave sleep disruption increases cerebrospinal fluid amyloid-
levels. Brain. 2017;140:2104-11.

Falgas N, Walsh CM, Yack L, Simon AJ, Allen IE, Kramer JH, et al. Alzhei-
mer’s disease phenotypes show different sleep architecture. Alzheimers
Dementia. 2023. https://doi.org/10.1002/alz.12963.

Lee YF, Gerashchenko D, Timofeev |, Bacskai BJ, Kastanenka KV. Slow
Wave Sleep Is a Promising Intervention Target for Alzheimer’s Disease.
Front Neurosci. 2020;14:705.

Kastanenka KV, Hou SS, Shakerdge N, Logan R, Feng D, Wegmann S,

et al. Optogenetic Restoration of Disrupted Slow Oscillations Halts
Amyloid Deposition and Restores Calcium Homeostasis in an Animal
Model of Alzheimer's Disease. PLoS ONE. 2017;12:e0170275.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

81.

82.

83.

84.

85.

86.

87.

Page 27 of 34

Girardeau G, Lopes-Dos-Santos V. Brain neural patterns and the
memory function of sleep. Science. 2021;374:560-4.

Cash SS, Halgren E, Dehghani N, Rossetti AO, Thesen T, Wang C, et al.
The Human K-Complex Represents an Isolated Cortical Down-State.
Science. 2009;324:1084-7.

Walker MP. The role of slow wave sleep in memory processing. J Clin
Sleep Med. 2009;5:520-26.

Walker MP, Stickgold R. Sleep-dependent learning and memory con-
solidation. Neuron. 2004;44:121-33.

Tononi G, Cirelli C. Sleep and the price of plasticity: from synaptic and
cellular homeostasis to memory consolidation and integration. Neuron.
2014;81:12-34.

Van Egroo M, Narbutas J, Chylinski D, Villar Gonzalez P, Maquet P,
Salmon E, et al. Sleep-wake regulation and the hallmarks of the patho-
genesis of Alzheimer’s disease. Sleep. 2019;42:z5z017.

Kincheski GC, Valentim IS, Clarke JR, Cozachenco D, Castelo-Branco
MTL, Ramos-Lobo AM, et al. Chronic sleep restriction promotes brain
inflammation and synapse loss, and potentiates memory impair-
ment induced by amyloid- oligomers in mice. Brain Behav Immun.
2017,64:140-51.

Del Gallo F, Bianchi S, Bertani I, Messa M, Colombo L, Balducci C, et al.
Sleep inhibition induced by amyloid-3 oligomers is mediated by the
cellular prion protein. J Sleep Res. 2020;30:13187.

Roh JH, Huang Y, Bero AW, Kasten T, Stewart FR, Bateman RJ, et al.
Disruption of the sleep-wake cycle and diurnal fluctuation of
{3-amyloid in mice with Alzheimer’s disease pathology. Sci Transl Med.
2012;4:150ra122.

Brown RE, Basheer R, McKenna JT, Strecker RE, McCarley RW. Control of
sleep and wakefulness. Physiol Rev. 2012;92:1087-187.

Liguori C, Spanetta M, Izzi F, Franchini F, Nuccetelli M, Sancesario GM,
et al. Sleep-Wake Cycle in Alzheimer’s Disease Is Associated with Tau
Pathology and Orexin Dysregulation. J Alzheimers Dis. 2020;74:501-8.
Barthélemy NR, Liu H, Lu W, Kotzbauer PT, Bateman RJ, Lucey BP. Sleep
Deprivation Affects Tau Phosphorylation in Human Cerebrospinal Fluid.
Ann Neurol. 2020;87:700-9.

Motamedi V, Kanefsky R, Matsangas P, Mithani S, Jeromin A, Brock MS,
et al. Elevated tau and interleukin-6 concentrations in adults with
obstructive sleep apnea. Sleep Med. 2018;43:71-6.

Sun H, GaoY, Li M, Zhang S, Shen T, Yuan X, et al. Altered amyloid-3 and
tau proteins in neural-derived plasma exosomes in obstructive sleep
apnea. Sleep Med. 2022,94:76-83.

Baker S, Polanco JC, Gotz J. Extracellular Vesicles Containing P301L
Mutant Tau Accelerate Pathological Tau Phosphorylation and Oligomer
Formation but Do Not Seed Mature Neurofibrillary Tangles in ALZ17
Mice. J Alzheimers Dis. 2016;54:1207-17.

Guo JL, Narasimhan S, Changolkar L, He Z, Stieber A, Zhang B, et al.
Unique pathological tau conformers from Alzheimer’s brains transmit
tau pathology in nontransgenic mice. J Exp Med. 2016;213:2635-54.
He Z, Guo JL, McBride JD, Narasimhan S, Kim H, Changolkar L, et al.
Amyloid-3 plagues enhance Alzheimer’s brain tau-seeded pathologies
by facilitating neuritic plaque tau aggregation. Nat Med. 2018;24:29-38.
Perez-Gonzalez R, Gauthier SA, Kumar A, Levy E. The exosome secre-
tory pathway transports amyloid precursor protein carboxyl-terminal
fragments from the cell into the brain extracellular space. J Biol Chem.
2012,287:43108-15.

Polanco JC, Scicluna BJ, Hill AF, Gotz J. Extracellular Vesicles Isolated
from the Brains of rTg4510 Mice Seed Tau Protein Aggregation in a
Threshold-dependent Manner. J Biol Chem. 2016;291:12445-66.
Polanco JC, Hand GR, Briner A, Li C, Gtz J. Exosomes induce endolyso-
somal permeabilization as a gateway by which exosomal tau seeds
escape into the cytosol. Acta Neuropathol. 2021;141:235-56.

Olsson M, Arlig J, Hedner J, Blennow K, Zetterberg H. Sleep depriva-
tion and cerebrospinal fluid biomarkers for Alzheimer’s disease. Sleep.
2018;41:1-8.

Smailovic U, Koenig T, Kdreholt |, Andersson T, Kramberger MG, Winblad
B, et al. Quantitative EEG power and synchronization correlate with
Alzheimer’s disease CSF biomarkers. Neurobiol Aging. 2018;63:88-95.
Tanabe S, Bo A, White M, Parker M, Farahbakhsh Z, Ballweg T, et al.
Cohort study of electroencephalography markers of amyloid-tau-
neurodegeneration pathology. Brain Commun. 2020;2:fcaa099.


https://doi.org/10.1183/13993003.01621-2022
https://doi.org/10.1183/13993003.01621-2022
https://doi.org/10.1002/alz.12963

Morrone et al. Molecular Neurodegeneration

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

103.

105.

106.

108.

(2023) 18:27

Stomrud E, Hansson O, Minthon L, Blennow K, Rosén |, Londos E.
Slowing of EEG correlates with CSF biomarkers and reduced cognitive
speed in elderly with normal cognition over 4 years. Neurobiol Aging.
2010;31:215-23.

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shul-
man GL. A default mode of brain function. Proc Natl Acad Sci U S A.
2001;98:676-82.

Jagust WJ, Mormino EC. Lifespan brain activity, B-amyloid, and Alzhei-
mer’s disease. Trends Cogn Sci. 2011;15:520-6.

Chino-Vilca B, Rodriguez-Rojo IC, Torres-Simon L, Cuesta P, Vendrell AC,
Pifiol-Ripoll G, et al. Sex specific EEG signatures associated with cerebro-
spinal fluid biomarkers in mild cognitive impairment. Clin Neurophysiol.
2022;142:190-8.

Babiloni C, Noce G, Ferri R, Lizio R, Lopez S, Lorenzo |, et al. Resting State
Alpha Electroencephalographic Rhythms Are Affected by Sex in Cog-
nitively Unimpaired Seniors and Patients with Alzheimer’s Disease and
Amnesic Mild Cognitive Impairment: A Retrospective and Exploratory
Study. Cereb Cortex. 2022;32:2197-215.

Cantero JL, Hita-Yafhez E, Moreno-Lopez B, Portillo F, Rubio A, Avila J. Tau
protein role in sleep-wake cycle. J Alzheimers Dis. 2010;21:411-21.
Holth JK, Mahan TE, Robinson GO, Rocha A, Holtzman DM. Altered sleep
and EEG power in the P301S Tau transgenic mouse model. Ann Clin
Transl Neurol. 2017;4:180-90.

Holton CM, Hanley N, Shanks E, Oxley P McCarthy A, Eastwood BJ, et al.
Longitudinal changes in EEG power, sleep cycles and behaviour in a tau
model of neurodegeneration. Alzheimers Res Ther. 2020;12:84.

Koss DJ, Robinson L, Drever BD, Plucinska K, Stoppelkamp S, Veselcic

P, et al. Mutant Tau knock-in mice display frontotemporal dementia
relevant behaviour and histopathology. Neurobiol Dis. 2016,91:105-23.
Di Meco A, Joshi YB, Pratico D. Sleep deprivation impairs memory, tau
metabolism, and synaptic integrity of a mouse model of Alzheimer’s
disease with plaques and tangles. Neurobiol Aging. 2014;35:1813-20.
Satoh A, lijima KM. Roles of tau pathology in the locus coeruleus (LC)

in age-associated pathophysiology and Alzheimer’s disease patho-
genesis: Potential strategies to protect the LC against aging. Brain Res.
2019;1702:17-28.

Stevanovic K, Yunus A, Joly-Amado A, Gordon M, Morgan D, Gulick D,
et al. Disruption of normal circadian clock function in a mouse model of
tauopathy. Exp Neurol. 2017,294:58-67.

Buhl E, Higham JP, Hodge JJL. Alzheimer’s disease-associated tau alters
Drosophila circadian activity, sleep and clock neuron electrophysiology.
Neurobiol Dis. 2019;130:104507.

Chatterjee P, Pedrini S, Ashton NJ, Tegg M, Goozee K, Singh AK, et al.
Diagnostic and prognostic plasma biomarkers for preclinical Alzhei-
mer’s disease. Alzheimers Dement. 2022;18:1141-54.

Liu H, Barthélemy NR, Ovod V, Bollinger JG, He Y, Chahin SL, et al. Acute
sleep loss decreases CSF-to-blood clearance of Alzheimer’s disease bio-
markers. Alzheimers Dement. 2023. https://doi.org/10.1002/alz.12930.
LiuY,Chen L, Huang S, Lv Z, Hu L, Luo J, et al. Sleep duration and effi-
ciency are associated with plasma amyloid-f in non-demented older
people. Neurol Sci. 2022;43:305-11.

Kong W, Zheng Y, Xu W, Gu H, Wu J. Biomarkers of Alzheimer’s disease
in severe obstructive sleep apnea-hypopnea syndrome in the Chinese
population. Eur Arch Otorhinolaryngol. 2021,278:865-72.

Forte N, Fernandez-Rilo AC, Palomba L, Marfella B, Piscitelli F, De
Girolamo P, et al. Positive association between plasmatic levels of orexin
A and the endocannabinoid-derived 2-arachidonoyl lysophosphatidic
acid in Alzheimer’s disease. Front Aging Neurosci. 2022;14:1004002.
Kalliolia E, SilajdZi¢ E, Nambron R, Hill NR, Doshi A, Frost C, et al.

Plasma melatonin is reduced in Huntington's disease. Mov Disord.
2014;29:1511-5.

Depner CM, Cogswell DT, Bisesi PJ, Markwald RR, Cruickshank-Quinn

C, Quinn K, et al. Developing preliminary blood metabolomics-based
biomarkers of insufficient sleep in humans. Sleep. 2020;43:z52321.
Dakterzada F, Benitez ID, Targa A, Carnes A, Pujol M, Jové M, et al.
Blood-based lipidomic signature of severe obstructive sleep apnoea in
Alzheimer's disease. Alzheimers Res Ther. 2022;14:163.

Zhang H,WangT, Li Y, Mao W, Hao S, Huang Z, et al. Plasma immune
markers in an idiopathic REM sleep behavior disorder cohort. Parkin-
sonism Relat Disord. 2020;78:145-50.

110.

111,

115.

116.

118.

120.

124.

126.

127.

128.

129.

130.

131.

Page 28 of 34

Dedeene L, Van Schoor E, Vandenberghe R, Van Damme P, Poesen K,
Thal DR. Circadian sleep/wake-associated cells show dipeptide repeat
protein aggregates in C9orf72-related ALS and FTLD cases. Acta Neuro-
pathol Commun. 2019;7:189.

Cykowski MD, Takei H, Schulz PE, Appel SH, Powell SZ. TDP-43 pathol-
ogy in the basal forebrain and hypothalamus of patients with amyo-
trophic lateral sclerosis. Acta Neuropathol Commun. 2014;2:171.
Gabery S, Ahmed RM, Caga J, Kiernan MC, Halliday GM, Petersén A. Loss
of the metabolism and sleep regulating neuronal populations express-
ing orexin and oxytocin in the hypothalamus in amyotrophic lateral
sclerosis. Neuropathol Appl Neurobiol. 2021;47:979-89.

Knight AC, Morrone CD, Varlow C, Yu WH, McQuade P, Vasdev N. Head-
to-Head Comparison of Tau-PET Radioligands for Imaging TDP-43 in
Post-Mortem ALS Brain. Mol Imaging Biol. 2022. https://doi.org/10.
1007/511307-022-01779-1.

Arseni D, Hasegawa M, Murzin AG, Kametani F, Arai M, Yoshida M, et al.
Structure of pathological TDP-43 filaments from ALS with FTLD. Nature.
2022;601:139-43.

Feneberg E, Gray E, Ansorge O, Talbot K, Turner MR. Towards a TDP-43-
Based Biomarker for ALS and FTLD. Mol Neurobiol. 2018;55:7789-801.
MajumderV, Gregory JM, Barria MA, Green A, Pal S. TDP-43 as a poten-
tial biomarker for amyotrophic lateral sclerosis: a systematic review and
meta-analysis. BMC Neurol. 2018;18:90.

Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA, Arfanakis K,
et al. Limbic-predominant age-related TDP-43 encephalopathy (LATE):
consensus working group report. Brain. 2019;142:1503-27.

Nelson PT, Brayne C, Flanagan ME, Abner EL, Agrawal S, Attems J, et al.
Frequency of LATE neuropathologic change across the spectrum of
Alzheimer's disease neuropathology: combined data from 13 commu-
nity-based or population-based autopsy cohorts. Acta Neuropathol.
2022;144:27-44.

Bayram E, Shan G, Cummings JL. Associations between Comorbid
TDP-43, Lewy Body Pathology, and Neuropsychiatric Symptoms in
Alzheimer’s Disease. J Alzheimers Dis. 2019;69:953-61.

Hamilton RL. Lewy Bodies in Alzheimer’s Disease: A Neuropathological
Review of 145 Cases Using a-Synuclein Immunohistochemistry. Brain
Pathol. 2000;10:378-84.

Das S, Zhang Z, Ang LC. Clinicopathological overlap of neurodegenera-
tive diseases: A comprehensive review. J Clin Neurosci. 2020;78:30-3.
Boentert M. Sleep disturbances in patients with amyotrophic lateral
sclerosis: current perspectives. Nat Sci Sleep. 2019;11:97-111.

Hwang YT, Piguet O, Hodges JR, Grunstein R, Burrell JR. Sleep and
orexin: A new paradigm for understanding behavioural-variant fronto-
temporal dementia? Sleep Med Rev. 2020;54:101361.

Brettschneider J, Del Tredici K, Toledo JB, Robinson JL, Irwin DJ, Gross-
man M, et al. Stages of pTDP-43 pathology in amyotrophic lateral
sclerosis. Ann Neurol. 2013;74:20-38.

Yang Z, Zhang X, Li C, Chi S, Xie A. Molecular Mechanisms Underly-

ing Reciprocal Interactions Between Sleep Disorders and Parkinson’s
Disease. Front Neurosci. 2020;14:592989.

Galbiati A, Verga L, Giora E, Zucconi M, Ferini-Strambi L. The risk of
neurodegeneration in REM sleep behavior disorder: A systematic
review and meta-analysis of longitudinal studies. Sleep Med Rev.
2019;43:37-46.

Vilas D, Iranzo A, Tolosa E, Aldecoa I, Berenguer J, Vilaseca |, et al. Assess-
ment of a-synuclein in submandibular glands of patients with idi-
opathic rapid-eye-movement sleep behaviour disorder: a case-control
study. Lancet Neurol. 2016;15:708-18.

Henderson MX, Trojanowski JQ, Lee VM-Y. a-Synuclein pathology in
Parkinson’s disease and related a-synucleinopathies. Neurosci Lett.
2019;709:134316.

Morawska MM, Moreira CG, Ginde VR, Valko PO, Weiss T, Blichele F, et al.
Slow-wave sleep affects synucleinopathy and regulates proteostatic
processes in mouse models of Parkinson’s disease. Sci Transl Med.
2021;13:eabe7099.

Cui H, Wang W, Zheng X, Xia D, Liu H, Qin C, et al. Decreased AQP4
Expression Aggravates a-Synuclein Pathology in Parkinson’s Disease
Mice, Possibly via Impaired Glymphatic Clearance. J Mol Neurosci.
2021;71:2500-13.

ZouW, PuT, FengW, Lu M, Zheng Y, Du R, et al. Blocking meningeal
lymphatic drainage aggravates Parkinson’s disease-like pathology


https://doi.org/10.1002/alz.12930
https://doi.org/10.1007/s11307-022-01779-1
https://doi.org/10.1007/s11307-022-01779-1

Morrone et al. Molecular Neurodegeneration

132

133.

134.

135.

136.

137.

138.

140.

141.

142.

143.

144.

145.

147.

148.

149.

(2023) 18:27

in mice overexpressing mutated a-synuclein. Transl Neurodegener.
2019;8:7.

Villafuerte G, Miguel-Puga A, Murillo Rodriguez E, Machado S, Manjarrez
E, Arias-Carrion O. Sleep Deprivation and Oxidative Stress in Animal
Models: A Systematic Review. Oxid Med Cell Longev. 2015;2015:234952.
Lima AMA, de Bruin VMS, Rios ERV, de Bruin PFC. Differential effects of
paradoxical sleep deprivation on memory and oxidative stress. Naunyn
Schmiedebergs Arch Pharmacol. 2014;387:399-406.

Loddo G, Calandra-Buonaura G, Sambati L, Giannini G, Cecere A, Cortelli
P, et al. The Treatment of Sleep Disorders in Parkinson’s Disease: From
Research to Clinical Practice. Front Neurol. 2017,8:42.

Scotter EL, Vance C, Nishimura AL, Lee Y-B, Chen H-J, Urwin H, et al.
Differential roles of the ubiquitin proteasome system and autophagy
in the clearance of soluble and aggregated TDP-43 species. J Cell Sci.
2014;127:1263-78.

Zamani A, Walker AK, Rollo B, Ayers KL, Farah R, O'Brien TJ, et al.
Impaired glymphatic function in the early stages of disease in a TDP-43
mouse model of amyotrophic lateral sclerosis. Transl Neurodegener.
2022;11:17.

Walker AK, Atkin JD. Stress signaling from the endoplasmic reticulum:
A central player in the pathogenesis of amyotrophic lateral sclerosis.
IUBMB Life. 2011,63:754-63.

Ohm DT, Peterson C, Lobrovich R, Cousins KAQ, Gibbons GS, McMillan
CT, et al. Degeneration of the locus coeruleus is a common feature

of tauopathies and distinct from TDP-43 proteinopathies in the
frontotemporal lobar degeneration spectrum. Acta Neuropathol.
2020;140:675-93.

Vercruysse P, Sinniger J, El Oussini H, Scekic-Zahirovic J, Dieterlé S,
Dengler R, et al. Alterations in the hypothalamic melanocortin pathway
in amyotrophic lateral sclerosis. Brain. 2016;139:1106-22.

ZhangT, Jiang X, Xu M, Wang H, Sang X, Qin M, et al. Sleep and circa-
dian abnormalities precede cognitive deficits in R521C FUS knockin
rats. Neurobiol Aging. 2018;72:159-70.

Arenas A, Kuang L, Zhang J, Kingren MS, Zhu H. FUS regulates
autophagy by mediating the transcription of genes critical to the
autophagosome formation. J Neurochem. 2021;157:752-63.

Marrone L, Drexler HCA, Wang J, Tripathi P, Distler T, Heisterkamp P, et al.
FUS pathology in ALS is linked to alterations in multiple ALS-associated
proteins and rescued by drugs stimulating autophagy. Acta Neuro-
pathol. 2019;138:67-84.

Necchi D, Lomoio S, Scherini E. Dysfunction of the ubiquitin-protea-
some system in the cerebellum of aging Ts65Dn mice. Exp Neurol.
2011;232:114-8.

Limanagi F, Biagioni F, Gambardella S, Familiari P, Frati A, Fornai F. Pro-
miscuous Roles of Autophagy and Proteasome in Neurodegenerative
Proteinopathies. Int J Mol Sci. 2020;21:3028.

Kantor S, Szabo L, Varga J, Cuesta M, Morton AJ. Progressive sleep and
electroencephalogram changes in mice carrying the Huntington's
disease mutation. Brain. 2013;136:2147-58.

Faragd A, Zsindely N, Bodai L. Mutant huntingtin disturbs circadian
clock gene expression and sleep patterns in Drosophila. Sci Rep.
2019,9:7174.

Bartlett DM, Dominguez DJF, Reyes A, Zaenker P, Feindel KW, Newton
RU, et al. Investigating the relationships between hypothalamic volume
and measures of circadian rhythm and habitual sleep in premanifest
Huntington’s disease. Neurobiol Sleep Circadian Rhythms. 2018;6:1-8.
Piano C, Losurdo A, Della Marca G, Solito M, Calandra-Buonaura G,
Provini F, et al. Polysomnographic Findings and Clinical Correlates

in Huntington Disease: A Cross-Sectional Cohort Study. Sleep.
2015;38:1489-95.

Caron NS, Banos R, Yanick C, Aly AE, Byrne LM, Smith ED, et al. Mutant
Huntingtin Is Cleared from the Brain via Active Mechanisms in Hunting-
ton Disease. J Neurosci. 2021;41:780-96.

Shacham T, Sharma N, Lederkremer GZ. Protein Misfolding and ER
Stress in Huntington'’s Disease. Front Mol Biosci. 2019;6:20.

Schneider JA. Neuropathology of Dementia Disorders. Continuum
(Minneap Minn). 2022;28:834-51.

Morrone CD, Tsang AA, Giorshev SM, Craig EE, Yu WH. Concurrent
behavioral and electrophysiological longitudinal recordings for in vivo
assessment of aging. Front Aging Neurosci. 2022;14:952101.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

171.

172.

173.

174.

175.

176.

Page 29 of 34

Keizer AW. Standardization and Personalized Medicine Using Quantita-
tive EEG in Clinical Settings. Clin EEG Neurosci. 2021;52:82-9.

Babiloni C, De Pandis MF, Vecchio F, Buffo P, Sorpresi F, Frisoni GB, et al.
Cortical sources of resting state electroencephalographic rhythms

in Parkinson’s disease related dementia and Alzheimer’s disease. Clin
Neurophysiol. 2011;122:2355-64.

Garn H, Waser M, Deistler M, Benke T, Dal-Bianco P, Ransmayr G, et al.
Quantitative EEG markers relate to Alzheimer’s disease severity in the
Prospective Dementia Registry Austria (PRODEM). Clin Neurophysiol.
2015;126:505-13.

Goossens J, Laton J, Van Schependom J, Gielen J, Struyfs H, Van Mos-
sevelde S, et al. EEG Dominant Frequency Peak Differentiates Between
Alzheimer’s Disease and Frontotemporal Lobar Degeneration. J Alzhei-
mers Dis. 2017;55:53-8.

Helfrich RF, Knight RT. Cognitive neurophysiology: Event-related poten-
tials. Handb Clin Neurol. 2019;160:543-58.

Beppi C, Ribeiro Violante |, Scott G, Sandrone S. EEG, MEG and neuro-
modulatory approaches to explore cognition: Current status and future
directions. Brain Cogn. 2021;148:105677.

Gnarra O, Wulf M, Schafer C, Nef T, Bassetti C. REM Sleep Behaviour
Disorder, a narrative review from a technological perspective. Sleep.
2023;z5ad030. https://doi.org/10.1093/sleep/zsad030. PMID: 36789541.
Chee NIYN, Ghorbani S, Golkashani HA, Leong RLF, Ong JL, Chee MWL.
Multi-Night Validation of a Sleep Tracking Ring in Adolescents Com-
pared with a Research Actigraph and Polysomnography. Nat Sci Sleep.
2021;13:177-90.

Torrado JC, Husebo BS, Allore HG, Erdal A, Feeo SE, Reithe H, et al. Digital
phenotyping by wearable-driven artificial intelligence in older adults
and people with Parkinson’s disease: Protocol of the mixed method,
cyclic ActiveAgeing study. PLoS ONE. 2022;17:e0275747.

Bohnen NI, Hu MTM. Sleep Disturbance as Potential Risk and Progres-
sion Factor for Parkinson’s Disease. J Parkinsons Dis. 2019,9:603-14.
Kourtis LC, Regele OB, Wright JM, Jones GB. Digital biomarkers for Alz-
heimer’s disease: the mobile/wearable devices opportunity. NPJ Digit
Med. 2019;2:9.

Wang J, Battioui C, McCarthy A, Dang X, Zhang H, Man A, et al. Evaluat-
ing the Use of Digital Biomarkers to Test Treatment Effects on Cognition
and Movement in Patients with Lewy Body Dementia. J Parkinsons Dis.
2022;12:1991-2004.

Gent TC, Bassetti CL, Adamantidis AR. Sleep-wake control and the
thalamus. Curr Opin Neurobiol. 2018;52:188-97.

Saper CB, Fuller PM. Wake-sleep circuitry: an overview. Curr Opin Neuro-
biol. 2017,44:186-92.

Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and
circadian rhythms. Nature. 2005;437:1257-63.

Weber F, Dan Y. Circuit-based interrogation of sleep control. Nature.
2016;538:51-9.

Scammell TE, Arrigoni E, Lipton JO. Neural Circuitry of Wakefulness and
Sleep. Neuron. 2017,93:747-65.

Eban-Rothschild A, Appelbaum L, de Lecea L. Neuronal Mechanisms for
Sleep/Wake Regulation and Modulatory Drive. Neuropsychopharmacol
Nat Publ Group. 2018;43:937-52.

Monti JM. Serotonin control of sleep-wake behavior. Sleep Med Rev.
2011;15:269-81.

Jones BE. Arousal and sleep circuits. Neuropsychopharmacol Nat Pub-
lishing Group. 2020;45:6-20.

Attems J, Thomas A, Jellinger K. Correlations between cortical and sub-
cortical tau pathology. Neuropathol Appl Neurobiol. 2012;38:582-90.
Ehrenberg AJ, Nguy AK, Theofilas P, Dunlop S, Suemoto CK, Alho ATDL,
et al. Quantifying the accretion of hyperphosphorylated tau in the
locus coeruleus and dorsal raphe nucleus: the pathological build-

ing blocks of early Alzheimer’s disease. Neuropathol Appl Neurobiol.
2017;43:393-408.

Matchett BJ, Grinberg LT, Theofilas P, Murray ME. The mechanistic link
between selective vulnerability of the locus coeruleus and neurode-
generation in Alzheimer’s disease. Acta Neuropathol. 2021;141:631-50.
Gilvesy A, Husen E, Magloczky Z, Mihaly O, Hortobagyi T, Kanatani S,

et al. Spatiotemporal characterization of cellular tau pathology in the
human locus coeruleus-pericoerulear complex by three-dimensional
imaging. Acta Neuropathol. 2022;144:651-76.


https://doi.org/10.1093/sleep/zsad030

Morrone et al. Molecular Neurodegeneration

177.

178.

179.

180.

182.

183.

184.

185.

186.

187.

188.

189.

190.

192.

194.

195.

197.

199.

200.

(2023) 18:27

Giorgi FS, Galgani A, Puglisi-Allegra S, Busceti CL, Fornai F. The connec-
tions of Locus Coeruleus with hypothalamus: potential involvement in
Alzheimer’s disease. J Neural Transm (Vienna). 2021;128:589-613.
Chauhan AK, Mallick BN. Association between autophagy and rapid eye
movement sleep loss-associated neurodegenerative and patho-physio-
behavioral changes. Sleep Med. 2019;63:29-37.

SunY-Y, Wang Z, Zhou H-Y, Huang H-C. Sleep-Wake Disorders in Alzhei-
mer’s Disease: A Review. ACS Chem Neurosci. 2022;13:1467-78.

Aaldijk E, Vermeiren Y. The role of serotonin within the microbiota-
gut-brain axis in the development of Alzheimer’s disease: A narrative
review. Ageing Res Rev. 2022;75:101556.

Hampel H, Mesulam M-M, Cuello AC, Farlow MR, Giacobini E, Grossberg
GT, et al. The cholinergic system in the pathophysiology and treatment
of Alzheimer’s disease. Brain. 2018;141:1917-33.

Xu M, Chung S, Zhang S, Zhong P, Ma C, Chang W-C, et al. Basal fore-
brain circuit for sleep-wake control. Nat Neurosci. 2015;18:1641-7.
Kroeger D, Ferrari LL, Petit G, Mahoney CE, Fuller PM, Arrigoni E, et al.
Cholinergic, Glutamatergic, and GABAergic Neurons of the Peduncu-
lopontine Tegmental Nucleus Have Distinct Effects on Sleep/Wake
Behavior in Mice. J Neurosci. 2017;37:1352-66.

Liguori C. Orexin and Alzheimer’s Disease. Curr Top Behav Neurosci.
2017;33:305-22.

Oh J, Eser RA, Ehrenberg AJ, Morales D, Petersen C, Kudlacek J, et al.
Profound degeneration of wake-promoting neurons in Alzheimer's
disease. Alzheimers Dement. 2019;15:1253-63.

Mladinov M, Oh JY, Petersen C, Eser R, Li SH, Theofilas P, et al. Specific
pattern of melanin-concentrating hormone (MCH) neuron degenera-
tion in Alzheimer's disease and possible clinical implications. medRxiv;
2021 [cited 2023 Mar 7]. p. 2021.01.27.21250608. https://doi.org/10.
1101/2021.01.27.21250608v1

Berteotti C, Liguori C, Pace M. Dysregulation of the orexin/hypocretin
system is not limited to narcolepsy but has far-reaching implications for
neurological disorders. Eur J Neurosci. 2020;53:1136-54.

Brownell SE, Conti B. Age- and gender-specific changes of hypo-

cretin immunopositive neurons in C57BI/6 mice. Neurosci Lett.
2010;472:29-32.

Kessler BA, Stanley EM, Frederick-Duus D, Fadel J. Age-related loss of
orexin/hypocretin neurons. Neuroscience. 2011;178:82-8.

Downs JL, Dunn MR, Borok E, Shanabrough M, Horvath TL, Kohama

SG, et al. Orexin neuronal changes in the locus coeruleus of the aging
rhesus macaque. Neurobiol Aging. 2007,28:1286-95.

Stanley EM, Fadel J. Aging-related deficits in orexin/hypocretin
modulation of the septohippocampal cholinergic system. Synapse.
2012;,66:445-52.

Stern AL, Naidoo N. Wake-active neurons across aging and neuro-
degeneration: a potential role for sleep disturbances in promoting
disease. Springerplus. 2015;4:25.

Noorafshan A, Karimi F, Karbalay-Doust S, Kamali AM. Using curcumin to
prevent structural and behavioral changes of medial prefrontal cortex
induced by sleep deprivation in rats. EXCLI J. 2017;16:510-20.
Noorafshan A, Karimi F, Kamali A-M, Karbalay-Doust S, Nami M. Restora-
tive effects of curcumin on sleep-deprivation induced memory impair-
ments and structural changes of the hippocampus in a rat model. Life
Sci. 2017;189:63-70.

Zhang J, ZhuY, Zhan G, Fenik P, Panossian L, Wang MM, et al. Extended
wakefulness: compromised metabolics in and degeneration of locus
ceruleus neurons. J Neurosci. 2014;34:4418-31.

ZhuY, Fenik P, Zhan G, Somach R, Xin R, Veasey S. Intermittent Short
Sleep Results in Lasting Sleep Wake Disturbances and Degeneration of
Locus Coeruleus and Orexinergic Neurons. Sleep. 2016,39:1601-11.
Swaab DF, Fliers E, Partiman TS. The suprachiasmatic nucleus of the
human brain in relation to sex, age and senile dementia. Brain Res.
1985;342:37-44.

Stopa EG, Volicer L, Kuo-Leblanc V, Harper D, Lathi D, Tate B, et al.
Pathologic evaluation of the human suprachiasmatic nucleus in severe
dementia. J Neuropathol Exp Neurol. 1999;58:29-39.

Hoyt KR, Obrietan K. Circadian clocks, cognition, and Alzheimer's
disease: synaptic mechanisms, signaling effectors, and chronothera-
peutics. Mol Neurodegener. 2022;17:35.

Musiek ES, Holtzman DM. Mechanisms linking circadian clocks, sleep,
and neurodegeneration. Science. 2016;354:1004-8.

202.

203.

204.

205.

206.

207.

208.

209.

213.

214,

215.

216.

217.

218.

219.

220.

222.

Page 30 of 34

Videnovic A, Lazar AS, Barker RA, Overeem S.'The clocks that time
us'—circadian rhythms in neurodegenerative disorders. Nat Rev Neurol.
2014;10:683-93.

Nassan M, Videnovic A. Circadian rhythms in neurodegenerative
disorders. Nat Rev Neurol. 2022;18:7-24.

XuY, Zhao M, Han Y, Zhang H. GABAergic Inhibitory Interneuron
Deficits in Alzheimer’s Disease: Implications for Treatment. Front
Neurosci. 2020;14:660.

Liu Y-W, Li J, Ye J-H. Histamine regulates activities of neurons in the
ventrolateral preoptic nucleus. J Physiol. 2010;588:4103-16.

Lim ASP, Ellison BA, Wang JL, Yu L, Schneider JA, Buchman AS, et al.
Sleep is related to neuron numbers in the ventrolateral preoptic/
intermediate nucleus in older adults with and without Alzheimer’s
disease. Brain. 2014;137:2847-61.

Anaclet C, Ferrari L, Arrigoni E, Bass CE, Saper CB, Lu J, et al. The
GABAergic parafacial zone is a medullary slow wave sleep-promoting
center. Nat Neurosci. 2014;17:1217-24.

Venner A, De Luca R, Sohn LT, Bandaru SS, Verstegen AMJ, Arrigoni E,
et al. An Inhibitory Lateral Hypothalamic-Preoptic Circuit Mediates
Rapid Arousals from Sleep. Curr Biol. 2019;29:4155-4168.e5.

Venner A, Anaclet C, Broadhurst RY, Saper CB, Fuller PM. A Novel
Population of Wake-Promoting GABAergic Neurons in the Ventral
Lateral Hypothalamus. Curr Biol. 2016;26:2137-43.

Herrera CG, Cadavieco MC, Jego S, Ponomarenko A, Korotkova T,
Adamantidis A. Hypothalamic feed-forward inhibition of thalamo-
cortical network controls arousal and consciousness. Nat Neurosci.
2016;19:290-8.

Delorme J, Wang L, Kuhn FR, Kodoth V, Ma J, Martinez JD, et al. Sleep
loss drives acetylcholine- and somatostatin interneuron-mediated
gating of hippocampal activity to inhibit memory consolidation.
PNAS. 2021;118:€2019318118.

Fu H, Possenti A, Freer R, Nakano Y, Hernandez Villegas NC, Tang M,
et al. A tau homeostasis signature is linked with the cellular and
regional vulnerability of excitatory neurons to tau pathology. Nat
Neurosci. 2019;22:47-56.

Davies P, Katzman R, Terry RD. Reduced somatostatin-like immuno-
reactivity in cerebral cortex from cases of Alzheimer disease and
Alzheimer senile dementa. Nature. 1980;288:279-80.

Schmid LC, Mittag M, Poll S, Steffen J, Wagner J, Geis H-R, et al.
Dysfunction of Somatostatin-Positive Interneurons Associated

with Memory Deficits in an Alzheimer’s Disease Model. Neuron.
2016;92:114-25.

Cirelli C, Gutierrez CM, Tononi G. Extensive and divergent effects

of sleep and wakefulness on brain gene expression. Neuron.
2004;41:35-43.

Cirelli C, Tononi G. Differential expression of plasticity-related genes
in waking and sleep and their regulation by the noradrenergic
system. J Neurosci. 2000;20:9187-94.

Naidoo N, Giang W, Galante RJ, Pack Al. Sleep deprivation induces the
unfolded protein response in mouse cerebral cortex. J Neurochem.
2005;92:1150-7.

Mackiewicz M, Shockley KR, Romer MA, Galante RJ, Zimmerman JE,
Naidoo N, et al. Macromolecule biosynthesis: a key function of sleep.
Physiol Genomics. 2007;31:441-57.

Naidoo N, Casiano V, Cater J, Zimmerman J, Pack Al. A role for the
molecular chaperone protein BiP/GRP78 in Drosophila sleep homeo-
stasis. Sleep. 2007;30:557-65.

Ooms S, Overeem S, Besse K, Rikkert MO, Verbeek M, Claassen JAHR.
Effect of 1 night of total sleep deprivation on cerebrospinal fluid
-amyloid 42 in healthy middle-aged men: a randomized clinical trial.
JAMA Neurol. 2014;71:971-7.

Benedict C, Blennow K, Zetterberg H, Cedernaes J. Effects of acute sleep loss
on diurnal plasma dynamics of CNS health biomarkers in young men.
Neurology. 2020,94:e1181-9.

Shokri-Kojori E, Wang G-J, Wiers CE, Demiral SB, Guo M, Kim SW, et al.
B-Amyloid accumulation in the human brain after one night of sleep
deprivation. Proc Natl Acad Sci. 2018;115:4483-8.

Lucey BP, Hicks TJ, McLeland JS, Toedebusch CD, Boyd J, Elbert DL,

et al. Effect of sleep on overnight CSF amyloid-{ kinetics. Ann Neurol.
2018;83:197-204.


https://doi.org/10.1101/2021.01.27.21250608v1
https://doi.org/10.1101/2021.01.27.21250608v1

Morrone et al. Molecular Neurodegeneration

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241,

242.

243.

244,

(2023) 18:27

Eide PK, Vinje V, Pripp AH, Mardal K-A, Ringstad G. Sleep depriva-
tion impairs molecular clearance from the human brain. Brain.
2021;144:863-74.

Hauglund NL, Pavan C, Nedergaard M. Cleaning the sleeping brain

- the potential restorative function of the glymphatic system. Curr
Opin Physio. 2020;15:1-6.

liff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A para-
vascular pathway facilitates CSF flow through the brain parenchyma
and the clearance of interstitial solutes, including amyloid (. Sci
Transl Med. 2012;4:147ra111.

Morrone CD, Bishay J, McLaurin J. Potential Role of Venular Amyloid
in Alzheimer’s Disease Pathogenesis. Int J Mol Sci. 2020;21:1985.
Horsburgh K, Wardlaw JM, van Agtmael T, Allan SM, Ashford MLJ, Bath
PM, et al. Small vessels, dementia and chronic diseases — molecular
mechanisms and pathophysiology. Clin Sci. 2018;132:851-68.

1liff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L, et al.
Impairment of glymphatic pathway function promotes tau pathol-
ogy after traumatic brain injury. J Neurosci. 2014;34:16180-93.

Patel TK, Habimana-Griffin L, Gao X, Xu B, Achilefu S, Alitalo K, et al.
Dural lymphatics regulate clearance of extracellular tau from the
CNS. Mol Neurodegener. 2019;14:11.

Hablitz LM, Vinitsky HS, Sun Q, Staeger FF, Sigurdsson B, Mortensen
KN, et al. Increased glymphatic influx is correlated with high EEG
delta power and low heart rate in mice under anesthesia. Sci Adv.
2019;5:eaav5447.

Cai X, Qiao J, Kulkarni P, Harding IC, Ebong E, Ferris CF. Imaging the
effect of the circadian light-dark cycle on the glymphatic system in
awake rats. Proc Natl Acad Sci U S A. 2020;117:668-76.

Sala AJ, Bott LC, Morimoto RI. Shaping proteostasis at the cellular,
tissue, and organismal level. J Cell Biol. 2017;216:1231-41.

Lee J-H, Yang D-S, Goulbourne CN, Im E, Stavrides P, Pensalfini A, et al.
Faulty autolysosome acidification in Alzheimer’s disease mouse mod-
els induces autophagic build-up of AB in neurons, yielding senile
plaques. Nat Neurosci. 2022;25:688-701.

Peng C, Trojanowski JQ, Lee VM-Y. Protein transmission in neurode-
generative disease. Nat Rev Neurol. 2020;16:199-212.

Yu WH, Cuervo AM, Kumar A, Peterhoff CM, Schmidt SD, Lee J-H, et al.
Macroautophagy-a novel Beta-amyloid peptide-generating pathway
activated in Alzheimer's disease. J Cell Biol. 2005;171:87-98.

Lee J-H, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM, et al. Lysoso-
mal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted
by Alzheimer-Related PS1 Mutations. Cell. 2010;141:1146-58.
CaoY,Yang Y,WuH, LuY,Wu'S, Liu L, et al. Stem-leaf saponins from
Panax notoginseng counteract aberrant autophagy and apoptosis in
hippocampal neurons of mice with cognitive impairment induced by
sleep deprivation. J Ginseng Res. 2020;44:442-52.

XieY, Ba L, Wang M, Deng S-Y, Chen S-M, Huang L-F, et al. Chronic sleep
fragmentation shares similar pathogenesis with neurodegenerative
diseases: Endosome-autophagosome-lysosome pathway dysfunc-
tion and microglia-mediated neuroinflammation. CNS Neurosci Ther.
2020;26:215-27.

Bedont JL, Toda H, Shi M, Park CH, Quake C, Stein C, et al. Short and long
sleeping mutants reveal links between sleep and macroautophagy.
Elife. 2021;10:¢64140.

Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-
Migishima R, et al. Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice. Nature. 2006;441:885-9.
Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida |, et al. Loss of
autophagy in the central nervous system causes neurodegeneration in
mice. Nature. 2006;441:830-4.

Qiu H, Zhong R, Liu H, Zhang F, Li S, Le W. Chronic Sleep Deprivation
Exacerbates Learning-Memory Disability and Alzheimer’s Disease-

Like Pathologies in ABPP(swe)/PS1(AE9) Mice. J Alzheimers Dis.
2016;50:669-85.

Ba L, Chen X-H, Chen Y-L, Nie Q, Li Z-J, Ding F-F, et al. Distinct Rab7-
related Endosomal-Autophagic-Lysosomal Dysregulation Observed

in Cortex and Hippocampus in APPswe/PSENTdE9 Mouse Model of
Alzheimer's Disease. Chin Med J (Engl). 2017;130:2941-50.

Nixon RA. Autophagy, amyloidogenesis and Alzheimer disease. J Cell
Sci. 2007;120:4081-91.

245,

246.

247.

248.

249.

250.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Page 31 of 34

Kent BA, Feldman HH, Nygaard HB. Sleep and its Regulation: An Emerg-
ing Pathogenic and Treatment Frontier in Alzheimer’s disease. Prog
Neurobiol. 2021;197:101902.

Rami A, Fekadu J, Rawashdeh O.The Hippocampal Autophagic
Machinery is Depressed in the Absence of the Circadian Clock Protein
PER1 that may Lead to Vulnerability During Cerebral Ischemia. Curr
Neurovasc Res. 2017;14:207-14.

Borner JH, Rawashdeh O, Rami A. Exacerbated Age-Related Hippocam-
pal Alterations of Microglia Morphology, 3-Amyloid and Lipofuscin
Deposition and Presenilin Overexpression in Per1-/-Mice. Antioxidants
(Basel). 2021;10:1330.

Chen R, Schirmer A, Lee Y, Lee H, Kumar V, Yoo S-H, et al. Rhythmic PER
Abundance Defines a Critical Nodal Point for Negative Feedback within
the Circadian Clock Mechanism. Mol Cell. 2009;36:417-30.

Bae K, Jin X, Maywood ES, Hastings MH, Reppert SM, Weaver DR. Dif-
ferential Functions of mPer1, mPer2, and mPer3 in the SCN Circadian
Clock. Neuron. 2001;30:525-36.

Kim JK, Forger DB. A mechanism for robust circadian timekeeping via
stoichiometric balance. Mol Syst Biol. 2012;8:630 (John Wiley & Sons,
Ltd).

LeeY, Chen R, Lee H, Lee C. Stoichiometric Relationship among Clock
Proteins Determines Robustness of Circadian Rhythms*. J Biol Chem.
2011,;286:7033-42.

Huang G, Zhang F, Ye Q Wang H. The circadian clock regulates
autophagy directly through the nuclear hormone receptor Nr1d1/
Rev-erba and indirectly via Cebpb/(C/ebpp) in zebrafish. Autophagy.
2016;12:1292-309.

Pfeifer U, Scheller H. A morphometric study of cellular autophagy includ-
ing diurnal variations in kidney tubules of normal rats. J Cell Biol.
1975,64:608-21.

Remé CE, Sulser M. Diurnal variation of autophagy in rod visual

cells in the rat. Albrecht Von Graefes Arch Klin Exp Ophthalmol.
1977;203:261-70.

Hoozemans JJM, Veerhuis R, Van Haastert ES, Rozemuller JM, Baas F,
Eikelenboom P, et al. The unfolded protein response is activated in
Alzheimer's disease. Acta Neuropathol. 2005;110:165-72.

Hoozemans JJM, van Haastert ES, Nijholt DAT, Rozemuller AJM,
Eikelenboom P, Scheper W. The unfolded protein response is activated
in pretangle neurons in Alzheimer’s disease hippocampus. Am J Pathol.
2009;174:1241-51.

Duran-Aniotz C, Cornejo VH, Espinoza S, Ardiles AO, Medinas DB, Salazar
C, etal. IRET signaling exacerbates Alzheimer's disease pathogenesis.
Acta Neuropathol. 2017;134:489-506.

Chang RC-C, Suen K-C, Ma C-H, Elyaman W, Ng H-K, Hugon J.
Involvement of double-stranded RNA-dependent protein kinase and
phosphorylation of eukaryotic initiation factor-2alpha in neuronal
degeneration. J Neurochem. 2002;83:1215-25.

Nijholt DAT, van Haastert ES, Rozemuller AJM, Scheper W, Hoozemans
JJM. The unfolded protein response is associated with early tau pathol-
ogy in the hippocampus of tauopathies. J Pathol. 2012;226:693-702.
Harding HP, Calfon M, Urano F, Novoa |, Ron D. Transcriptional and trans-
lational control in the Mammalian unfolded protein response. Annu
Rev Cell Dev Biol. 2002;18:575-99.

Naidoo N, Ferber M, Master M, Zhu Y, Pack Al. Aging Impairs the
Unfolded Protein Response to Sleep Deprivation and Leads to Proapop-
totic Signaling. J Neurosci. 2008;28:6539-48.

Manderville RA, Wetmore SD. Mutagenicity of Ochratoxin A: Role for

a Carbon-Linked C8-Deoxyguanosine Adduct? J Agric Food Chem.
2017,65:7097-105.

Hussain SG, Ramaiah KVA. Reduced elF2alpha phosphorylation and
increased proapoptotic proteins in aging. Biochem Biophys Res Com-
mun. 2007;355:365-70.

Naidoo N, Davis JG, Zhu J, Yabumoto M, Singletary K, Brown M, et al.
Aging and sleep deprivation induce the unfolded protein response in
the pancreas: implications for metabolism. Aging Cell. 2014;13:131-41.
Brown MK, Chan MT, Zimmerman JE, Pack Al, Jackson NE, Naidoo N.
Aging induced ER stress alters sleep and sleep homeostasis. Neurobiol
Aging. 2014;35:1431-41.

Macario AJL, Conway de Macario E. Sick chaperones and ageing: a
perspective. Ageing Res Rev. 2002;1:295-311.



Morrone et al. Molecular Neurodegeneration

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.
280.

281,

282.

283.

284.

285.

286.

287.

288.

(2023) 18:27

Nuss JE, Choksi KB, DeFord JH, Papaconstantinou J. Decreased enzyme
activities of chaperones PDI and BiP in aged mouse livers. Biochem
Biophys Res Commun. 2008;365:355-61.

Naidoo N, Zhu J, ZhuY, Fenik P, Lian J, Galante R, et al. Endoplasmic
reticulum stress in wake-active neurons progresses with aging. Aging
Cell. 2011;10:640-9.

Wang XZ, Lawson B, Brewer JW, Zinszner H, Sanjay A, Mi LJ, et al. Sig-
nals from the stressed endoplasmic reticulum induce C/EBP-homolo-
gous protein (CHOP/GADD153). Mol Cell Biol. 1996;16:4273-80.
Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, Remotti
H, et al. CHOP is implicated in programmed cell death in response
to impaired function of the endoplasmic reticulum. Genes Dev.
1998;12:982-95.

Chou Y-T, Zhan G, Zhu Y, Fenik P, Panossian L, Li Y, et al. C/EBP
homologous binding protein (CHOP) underlies neural injury in sleep
apnea model. Sleep. 2013;36:481-92.

Khalyfa A, Qiao Z, Gileles-Hillel A, Khalyfa AA, Akbarpour M, Popko

B, et al. Activation of the Integrated Stress Response and Metabolic
Dysfunction in a Murine Model of Sleep Apnea. Am J Respir Cell Mol
Biol. 2017,57:477-86.

Koga H, Kaushik S, Cuervo AM. Protein homeostasis and aging:

The importance of exquisite quality control. Ageing Res Rev.
2011;10:205-15.

Hafycz JM, Strus E, Naidoo N. Reducing ER stress with chaperone
therapy reverses sleep fragmentation and cognitive decline in aged
mice. Aging Cell. 2022;21:¢13598.

Halliday M, Mallucci GR. Review: Modulating the unfolded protein
response to prevent neurodegeneration and enhance memory.
Neuropathol Appl Neurobiol. 2015;41:414-27.

Halliday M, Radford H, Zents KAM, Molloy C, Moreno JA, Verity

NG, et al. Repurposed drugs targeting elF2&alpha;-P-mediated
translational repression prevent neurodegeneration in mice. Brain.
2017;140:1768-83.

Yi X-Y, Ni S-F, Ghadami MR, Meng H-Q, Chen M-Y, Kuang L, et al. Trazo-
done for the treatment of insomnia: a meta-analysis of randomized
placebo-controlled trials. Sleep Med. 2018;45:25-32.

Mallucci GR, Klenerman D, Rubinsztein DC. Developing Therapies for
Neurodegenerative Disorders: Insights from Protein Aggregation and
Cellular Stress Responses. Annu Rev Cell Dev Biol. 2020;36:165-89.
Ellgaard L, Helenius A. ER quality control: towards an understanding
at the molecular level. Curr Opin Cell Biol. 2001;13:431-7.

Ellgaard L, Molinari M, Helenius A. Setting the standards: quality
control in the secretory pathway. Science. 1999;286:1882-8.

Fouillet A, Levet C, Virgone A, Robin M, Dourlen P, Rieusset J, et al. ER
stress inhibits neuronal death by promoting autophagy. Autophagy.
2012;8:915-26.

Gozal D, Row BW, Kheirandish L, Liu R, Guo SZ, Qiang F, et al.
Increased susceptibility to intermittent hypoxia in aging rats:
changes in proteasomal activity, neuronal apoptosis and spatial func-
tion. J Neurochem. 2003;86:1545-52.

Hegde AN, Smith SG, Duke LM, Pourquoi A, Vaz S. Perturbations of
Ubiquitin-Proteasome-Mediated Proteolysis in Aging and Alzheimer’s
Disease. Front Aging Neurosci. 2019;11:324 (Lausanne: Frontiers
Media Sa).

D'Alessandro M, Beesley S, Kim JK, Jones Z, Chen R, Wi J, et al. Stability
of wake-sleep cycles requires robust degradation of the PERIOD
protein. Curr Biol. 2017;27:3454-3467 8.

Myeku N, Clelland CL, Emrani S, Kukushkin NV, Yu WH, Goldberg AL,
et al. Tau-driven 265 proteasome impairment and cognitive dysfunc-
tion can be prevented early in disease by activating cAMP-PKA
signaling. Nat Med. 2016,22:46-53.

Lopez A, Lee SE, Wojta K, Ramos EM, Klein E, Chen J, et al. A152T

tau allele causes neurodegeneration that can be ameliorated in a
zebrafish model by autophagy induction. Brain. 2017;140:1128-46.
Pandey UB, Nie Z, Batlevi Y, McCray BA, Ritson GP, Nedelsky NB, et al.
HDACG6 rescues neurodegeneration and provides an essential link
between autophagy and the UPS. Nature. 2007;447:859-63.

Jacobs HIL, Hedden T, Schultz AP, Sepulcre J, Perea RD, Amariglio

RE, et al. Structural tract alterations predict downstream tau
accumulation in amyloid-positive older individuals. Nat Neurosci.
2018;21:424-31.

289.

290.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

Page 32 of 34

Adams JN, Maass A, Harrison TM, Baker SL, Jagust WJ. Cortical tau
deposition follows patterns of entorhinal functional connectivity in
aging. Elife. 2019;8:e49132.

Pooler AM, Phillips EC, Lau DHW, Noble W, Hanger DP. Physiological
release of endogenous tau is stimulated by neuronal activity. EMBO
Rep. 2013;14:389-94.

Yamada K, Holth JK, Liao F, Stewart FR, Mahan TE, Jiang H, et al.
Neuronal activity regulates extracellular tau in vivo. J Exp Med.
2014;211:387-93.

Nitsch RM, Farber SA, Growdon JH, Wurtman RJ. Release of amyloid
beta-protein precursor derivatives by electrical depolarization of rat
hippocampal slices. Proc Natl Acad Sci U S A. 1993;90:5191-3.

Cirrito JR, Yamada KA, Finn MB, Sloviter RS, Bales KR, May PC, et al.
Synaptic activity regulates interstitial fluid amyloid-beta levels in vivo.
Neuron. 2005;48:913-22.

Bero AW, Yan P, Roh JH, Cirrito JR, Stewart FR, Raichle ME, et al. Neuronal
activity regulates the regional vulnerability to amyloid-B deposition.
Nat Neurosci. 2011;14:750-6.

Leal SL, Landau SM, Bell RK, Jagust WJ. Hippocampal activation is asso-
ciated with longitudinal amyloid accumulation and cognitive decline.
Elife. 2017,6:222978.

Mander BA, Marks SM, Vogel JW, Rao V, Lu B, Saletin JM, et al. [beta]-
amyloid disrupts human NREM slow waves and related hippocampus-
dependent memory consolidation. Nat Neurosci. 2015;18:1051-7.
Kang J-E, Lim MM, Bateman RJ, Lee JJ, Smyth LP, Cirrito JR, et al.
Amyloid- dynamics are regulated by orexin and the sleep-wake cycle.
Science. 2009;326:1005-7.

Hefter D, Ludewig S, Draguhn A, Korte M. Amyloid, APP, and Electrical
Activity of the Brain. Neuroscientist. 2020;26:231-51.

O'Brien RJ, Wong PC. Amyloid Precursor Protein Processing and Alzhei-
mer's Disease. Annu Rev Neurosci. 2011;34:185-204.

Pulido RS, Munji RN, Chan TC, Quirk CR, Weiner GA, Weger BD, et al.
Neuronal Activity Regulates Blood-Brain Barrier Efflux Transport through
Endothelial Circadian Genes. Neuron. 2020;108:937-952.e7.

Shibata M, Yamada S, Kumar SR, Calero M, Bading J, Frangione B, et al.
Clearance of Alzheimer’s amyloid-ss(1-40) peptide from brain by LDL
receptor-related protein-1 at the blood-brain barrier. J Clin Invest.
2000;106:1489-99.

Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans
E, et al. Clearance systems in the brain-implications for Alzheimer
disease. Nat Rev Neurol. 2015;11:457-70.

Jagirdar R, Fu C-H, Park J, Corbett BF, Seibt FM, Beierlein M, et al.
Restoring activity in the thalamic reticular nucleus improves sleep
architecture and reduces AR accumulation in mice. Sci Transl Med.
2021;13:eabh4284.

McCleery J, Sharpley AL. Pharmacotherapies for sleep disturbances in
dementia. Cochrane Database Syst Rev. 2020;11:CD009178.

Wen J, Zhao Y, Guo L. Orexin A induces autophagy in HCT-116 human
colon cancer cells through the ERK signaling pathway. Int J Mol Med.
2016;37:126-32.

Zhu Z,Xu L, Cao D, Song C,Wang Y, Li M, et al. Effect of orexin-A

on mitochondrial biogenesis, mitophagy and structure in HEK293-
APPSWE cell model of Alzheimer’s disease. Clin Exp Pharmacol Physiol.
2021;48:355-60.

Xu D, Kong T, Zhang S, Cheng B, Chen J, Wang C. Orexin-A protects
against cerebral ischemia-reperfusion injury by inhibiting excessive
autophagy through OX1R-mediated MAPK/ERK/mTOR pathway. Cell
Signal. 2021;79:109839.

Herring WJ, Ceesay P, Snyder E, Bliwise D, Budd K, Hutzelmann J, et al.
Polysomnographic assessment of suvorexant in patients with probable
Alzheimer's disease dementia and insomnia: a randomized trial. Alzhei-
mers Dement. 2020;16:541-51.

LiY, Zhang J,Wan J, Liu A, Sun J. Melatonin regulates AP production/
clearance balance and AB neurotoxicity: A potential therapeutic mol-
ecule for Alzheimer’s disease. Biomed Pharmacother. 2020;132:110887.
Luo F, Sandhu AF, Rungratanawanich W, Williams GE, Akbar M, Zhou' S,
et al. Melatonin and Autophagy in Aging-Related Neurodegenerative
Diseases. Int J Mol Sci. 2020,21:E7174.

Sumsuzzman DM, Choi J, Jin Y, Hong Y. Neurocognitive effects of
melatonin treatment in healthy adults and individuals with Alzheimer’s



Morrone et al. Molecular Neurodegeneration

312.

313.

314

315.

316.

317.

320.
321,

322.

323.

324.

325.

326.

327.

328.

329.

330.

331,

332.

333.

(2023) 18:27

disease and insomnia: A systematic review and meta-analysis of rand-
omized controlled trials. Neurosci Biobehav Rev. 2021;127:459-73.
Wade AG, Farmer M, Harari G, Fund N, Laudon M, Nir T, et al. Add-on
prolonged-release melatonin for cognitive function and sleep in mild
to moderate Alzheimer’s disease: a 6-month, randomized, placebo-
controlled, multicenter trial. Clin Interv Aging. 2014;9:947-61.

Singer C, Tractenberg RE, Kaye J, Schafer K, Gamst A, Grundman M, et al.
A multicenter, placebo-controlled trial of melatonin for sleep distur-
bance in Alzheimer’s disease. Sleep. 2003;26:893-901.

Schneider LS, Laudon M, Nir T, Caceres J, lanniciello G, Capulli M, et al.
A Polymorphism Cluster at the 212 locus May Predict Response to
Piromelatine in Patients with Mild Alzheimer’s Disease. J Prev Alzhei-
mers Dis. 2022;9:247-54.

Pinna G. Allopregnanolone, the Neuromodulator Turned Therapeutic
Agent: Thank You, Next? Front Endocrinol. 2020;11:236.

Zhang Z, Jing Y, MaY, Duan D, Li B, Holscher C, et al. Driving GABAergic
neurons optogenetically improves learning, reduces amyloid load

and enhances autophagy in a mouse model of Alzheimer’s disease.
Biochem Biophys Res Commun. 2020;525:928-35.

Ishikawa M, Takaseki S, Yoshitomi T, Covey DF, Zorumski CF, Izumi Y.
The neurosteroid allopregnanolone protects retinal neurons by effects
on autophagy and GABRs/GABAA receptors in rat glaucoma models.
Autophagy. 2021;17:743-60.

Louzada LL, Machado FV, Quintas JL, Ribeiro GA, Silva MV, Mendonga-
Silva DL, et al. The efficacy and safety of zolpidem and zopiclone to
treat insomnia in Alzheimer’s disease: a randomized, triple-blind,
placebo-controlled trial. Neuropsychopharmacology. 2022;47:570-9.
Fujita A, Bonnavion P, Wilson MH, Mickelsen LE, Bloit J, de Lecea L, et al.
Hypothalamic Tuberomammillary Nucleus Neurons: Electrophysiologi-
cal Diversity and Essential Role in Arousal Stability. J Neurosci Society
for Neuroscience. 2017,37:9574-92.

Naddafi F, Mirshafiey A. The neglected role of histamine in Alzheimer's
disease. Am J Alzheimers Dis Other Demen. 2013;28:327-36.

Keating GM. Dexmedetomidine: A Review of Its Use for Sedation in the
Intensive Care Setting. Drugs. 2015;75:1119-30.

Purdon PL, Sampson A, Pavone KJ, Brown EN. Clinical Electroencepha-
lography for Anesthesiologists: Part I: Background and Basic Signatures.
Anesthesiology. 2015;123:937-60.

Lilius TO, Blomqvist K, Hauglund NL, Liu G, Steeger FF, Baerentzen S, et al.
Dexmedetomidine enhances glymphatic brain delivery of intrathecally
administered drugs. J Control Release. 2019;304:29-38.

Lima MMS. Sleep disturbances in Parkinson’s disease: the contribution
of dopamine in REM sleep regulation. Sleep Med Rev. 2013;17:367-75.
Radwan B, Liu H, Chaudhury D. The role of dopamine in mood disorders
and the associated changes in circadian rhythms and sleep-wake cycle.
Brain Res. 2019;1713:42-51.

Wisor JP, Nishino S, Sora |, Uhl GH, Mignot E, Edgar DM. Dopaminergic
role in stimulant-induced wakefulness. J Neurosci. 2001;21:1787-94.
CaoY, Li Q, Liu L, Wu H, Huang F, Wang C, et al. Modafinil protects hip-
pocampal neurons by suppressing excessive autophagy and apoptosis
in mice with sleep deprivation. Br J Pharmacol. 2019;176:1282-97.
Babson KA, Sottile J, Morabito D. Cannabis, Cannabinoids, and Sleep: a
Review of the Literature. Curr Psychiatry Rep. 2017;19:23.

Vaughn LK, Denning G, Stuhr KL, de Wit H, Hill MN, Hillard CJ.
Endocannabinoid signalling: has it got rhythm? Br J Pharmacol.
2010;160:530-43.

Libro R, Diomede F, Scionti D, Piattelli A, Grassi G, Pollastro F, et al.
Cannabidiol Modulates the Expression of Alzheimer's Disease-Related
Genes in Mesenchymal Stem Cells. Int J Mol Sci. 2016;18:E26.

Patterson KR, Ward SM, Combs B, Voss K, Kanaan NM, Morfini G, et al.
Heat shock protein 70 prevents both tau aggregation and the inhibi-
tory effects of preexisting tau aggregates on fast axonal transport.
Biochemistry. 2011;50:10300-10.

Herrmann N, Ruthirakuhan M, Gallagher D, Verhoeff NPLG, Kiss A, Black
SE, et al. Randomized Placebo-Controlled Trial of Nabilone for Agitation
in Alzheimer’s Disease. Am J Geriatr Psychiatry. 2019;27:1161-73.
Stefani A, Santamaria J, Iranzo A, Hackner H, Schenck CH, Hogl B.
Nelotanserin as symptomatic treatment for rapid eye movement sleep
behavior disorder: a double-blind randomized study using video analy-
sis in patients with dementia with Lewy bodies or Parkinson’s disease
dementia. Sleep Med. 2021;81:180-7.

334.

335.

336.

337.

338.

339.

340.

341,

342.

343,

344,

345,

346.

347.

348.

349.

350.

352.

353.

354.

Page 33 of 34

Berendzen KM, Durieux J, Shao L-W, Tian Y, Kim H-E, Wolff S, et al.
Neuroendocrine Coordination of Mitochondrial Stress Signaling and
Proteostasis. Cell. 2016;166:1553-1563.e10.

Camargos EF, Louzada LL, Quintas JL, Naves JOS, Louzada FM, Nobrega
OT. Trazodone improves sleep parameters in Alzheimer disease
patients: a randomized, double-blind, and placebo-controlled study.
Am J Geriatr Psychiatry. 2014;22:1565-74.

Lyketsos CG, Sheppard JM, Steele CD, Kopunek S, Steinberg M, Baker
AS, et al. Randomized, placebo-controlled, double-blind clinical trial
of sertraline in the treatment of depression complicating Alzheimer’s
disease: initial results from the Depression in Alzheimer's Disease study.
Am J Psychiatry. 2000;157:1686-9.

Yaltho TC, Ondo WG. The use of gabapentin enacarbil in the treatment
of restless legs syndrome. Ther Adv Neurol Disord. 2010;3:269-75.
Vossel K, Ranasinghe KG, Beagle AJ, La A, Ah Pook K, Castro M, et al.
Effect of Levetiracetam on Cognition in Patients With Alzheimer Disease
With and Without Epileptiform Activity: A Randomized Clinical Trial.
JAMA Neurol. 2021,78:1345-54.

Watson CJ, Baghdoyan HA, Lydic R. Neuropharmacology of Sleep and
Wakefulness. Sleep Med Clin. 2010;5:513-28.

Marotta A, Sarno E, Del Casale A, Pane M, Mogna L, Amoruso A, et al.
Effects of Probiotics on Cognitive Reactivity, Mood, and Sleep Quality.
Front Psychiatry. 2019;10:164.

Nakazaki E, Mah E, Sanoshy K, Citrolo D, Watanabe F. Citicoline and
Memory Function in Healthy Older Adults: A Randomized, Double-
Blind. Placebo-Controlled Clin Trial J Nutr. 2021;151:2153-60.

laccarino HF, Singer AC, Martorell AJ, Rudenko A, Gao F, Gillingham

TZ, et al. Gamma frequency entrainment attenuates amyloid load and
modifies microglia. Nature. 2016;540:230-5.

Martorell AJ, Paulson AL, Suk H-J, Abdurrob F, Drummond GT, Guan

W, et al. Multi-sensory Gamma Stimulation Ameliorates Alzheimer's-
Associated Pathology and Improves Cognition. Cell. 2019;177:256-271.
e22.

Adaikkan C, Tsai L-H. Gamma Entrainment: Impact on Neurocircuits,
Glia, and Therapeutic Opportunities. Trends Neurosci. 2020;43:24-41.
Maestu F, de Haan W, Busche MA, DeFelipe J. Neuronal excitation/
inhibition imbalance: core element of a translational perspective on
Alzheimer pathophysiology. Ageing Res Rev. 2021;69:101372.

Fagiolini A, Comandini A, Dell'Osso MC, Kasper S. Rediscovering
Trazodone for the Treatment of Major Depressive Disorder. CNS Drugs.
2012;26:1033-49.

La AL, Walsh CM, Neylan TC, Vossel KA, Yaffe K, Krystal AD, et al. Long-
Term Trazodone Use and Cognition: A Potential Therapeutic Role for
Slow-Wave Sleep Enhancers. J Alzheimers Dis. 2019,67:911-21.
Sidhom E, O'Brien JT, Butcher AJ, Smith HL, Mallucci GR, Underwood
BR. Targeting the Unfolded Protein Response as a Disease-Modifying
Pathway in Dementia. Int J Mol Sci. 2022;23:2021.

Van Egroo M, Koshmanova E, Vandewalle G, Jacobs HIL. Importance of
the locus coeruleus-norepinephrine system in sleep-wake regula-
tion: Implications for aging and Alzheimer’s disease. Sleep Med Rev.
2022;62:101592.

LiH, Zhang X, Chen M, Chen J, Gao T, Yao S. Dexmedetomidine inhibits
inflammation in microglia cells under stimulation of LPS and ATP by
c-Fos/NLRP3/caspase-1 cascades. EXCLI J. 2018;17:302-11.

Sun W, Zhao J, Li C. Dexmedetomidine Provides Protection Against Hip-
pocampal Neuron Apoptosis and Cognitive Impairment in Mice with
Alzheimer’s Disease by Mediating the miR-129/YAP1/JAG1 Axis. Mol
Neurobiol. 2020;57:5044-55.

Wang Y, Jia A, Ma W. Dexmedetomidine attenuates the toxicity of
-amyloid on neurons and astrocytes by increasing BDNF produc-
tion under the regulation of HDAC2 and HDACS5. Mol Med Rep.
2019;19:533-40.

Ding M, Chen'Y, Luan H, Zhang X, Zhao Z, Wu Y. Dexmedetomidine
reduces inflammation in traumatic brain injury by regulating the
inflammatory responses of macrophages and splenocytes. Exp Ther
Med. 2019;18:2323-31.

Luo S-M, Li LY, Guo L-Z, Wang L, Wang Y-F, Chen N, et al. Dexmedeto-
midine exerts an anti-inflammatory effect via a2 adrenoceptors to
alleviate cognitive dysfunction in 5xFAD mice. Front Aging Neurosci.
2022;14:978768.



Morrone et al. Molecular Neurodegeneration (2023) 18:27 Page 34 of 34

355, Whittington RA, Virdg L, Gratuze M, Petry FR, Noél A, Poitras |, et al.
Dexmedetomidine increases tau phosphorylation under normothermic
conditions in vivo and in vitro. Neurobiol Aging. 2015;36:2414-28.

356. Huang C, Ho Y-S, Ng OT-W, Irwin MG, Chang RC-C, Wong GT-C. Dexme-
detomidine directly increases tau phosphorylation. J Alzheimers Dis.
2015;44:839-50.

357. Cox CD, Breslin MJ, Whitman DB, Schreier JD, McGaughey GB, Bogusky
MJ, et al. Discovery of the dual orexin receptor antagonist [(7R)-4-(5-
chloro-1,3-benzoxazol-2-yl)-7-methyl-1,4-diazepan-1-yl][5-methyl-
2-(2H-1,2,3-triazol-2-yl)phenylimethanone (MK-4305) for the treatment
of insomnia. J Med Chem. 2010;53:5320-32.

358. Winrow CJ, Gotter AL, Cox CD, Doran SM, Tannenbaum PL, Breslin MJ,
et al. Promotion of sleep by suvorexant-a novel dual orexin receptor
antagonist. J Neurogenet. 2011;25:52-61.

359. Lucey BP, Liu H, Toedebusch CD, Freund D, Redrick T, Chahin SL, et al.
Suvorexant acutely decreases tau phosphorylation and AR in the
human CNS. Ann Neurol. 2023. https://doi.org/10.1002/ana.26641.

360. Zhou F,Yan X-D, Wang C, He Y-X, Li Y-Y, Zhang J, et al. Suvorexant ame-
liorates cognitive impairments and pathology in APP/PS1 transgenic
mice. Neurobiol Aging. 2020;91:66-75.

361. Nollet M, Wisden W, Franks NP. Sleep deprivation and stress: a reciprocal
relationship. Interface Focus. 2020;10:20190092.

362. SuK-H, Dai C. mTORCT senses stresses: Coupling stress to proteostasis.
Bioessays. 2017,;39. https://doi.org/10.1002/bies.201600268.

363. ColavitoV, Fabene PF, Grassi-Zucconi G, Pifferi F, Lamberty Y, Bentivoglio
M, et al. Experimental sleep deprivation as a tool to test memory defi-
cits in rodents. Front Syst Neurosci. 2013;7:106.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1002/ana.26641
https://doi.org/10.1002/bies.201600268

	Proteostasis failure exacerbates neuronal circuit dysfunction and sleep impairments in Alzheimer’s disease
	Abstract 
	Background
	Objectives
	Rationale for the bidirectional sleep-proteostasis relationship
	Sleep impairment is a risk factor for Alzheimer’s disease

	Proteinopathy and neurodegeneration accelerate sleep loss
	Role of Alzheimer’s disease proteinopathy in sleep disruption
	Direct effects of Aβ on sleep
	Associations of tau with sleep

	Neurodegenerative disease biomarkers and their relationship to sleep
	Plasma biomarkers of NDD and of sleep impairment
	AD-associated mixed neuropathology in the interaction of sleep and proteostasis
	Sleep biomarkers: EEG, polysomnography, and wearables (actigraphic and accelerometric devices)

	Sleep-regulating centers and neurodegeneration
	Locus coeruleus – noradrenergic (wake-active, arousal, REM-inhibiting)
	Dorsal raphe nucleus – serotonergic (generally wake-promoting and REM-inhibiting, neuromodulatory effects can be sleep-promoting)
	Basal forebrain, PPTLDT – cholinergic (wake- and REM-active) & parabrachial nucleus – glutamatergic (arousal-promoting)
	Hypothalamus – orexinergic, histaminergic (arousal, wake-active), and MCH (sleep-promoting, REM-active)
	Suprachiasmatic nucleus of the hypothalamus (circadian rhythm generator)
	GABAergic circuitry (in general sleep-promoting, NREM-active)


	Sleep impairment accelerates proteinopathy
	Sleep loss increases Aβ and tau
	One night of sleep loss increases Alzheimer’s-related proteinopathy in healthy adults
	Glymphatic clearance

	Sleep loss dysregulates protein degradation
	Autophagy and sleep impairment
	Circadian rhythm of autophagy
	Unfolded protein response (UPR) is impaired with age, after sleep loss, and in Alzheimer’s disease
	Ubiquitin proteasome system (UPS) and sleep impairment


	Future directions to restore the sleep-proteostasis axis
	Disease model: Alzheimer’s disease proteinopathy spreads via neuronal activity
	Probing and treating the sleep-proteostasis axis
	Trazodone
	Adrenergic alpha receptor agonism
	Orexin antagonism – Suvorexant


	Conclusions
	Acknowledgements
	References


