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(ABSTRACT ™

Alzheimer’s disease is the most common type of dementia which has both cognitive and non-cognitive
disabilities. Recent research has proved that sleep deprivation and insomnia have been related to the
pathophysiology of Alzheimer’s disease and would influence the symptoms and progression of the disease.
We look at the current research that supports the idea that the lack of sleep relates to cognitive decline and
dementia, with an emphasis on Alzheimer’s disease. We integrated the various possible mechanisms of sleep
deprivation leading to Alzheimer’s disease and cognitive decline. The role of neuroinflammation, generation
of reactive oxidative species and sleep disturbances play a central role in tau generation and AP deposition.
An approach to manage sleep changes can widely prevent the cognitive decline of Alzheimer’s disease.
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INTRODUCTION to be the sequel of the neurodegenerative pro-

cess. However, recent investigations suggest that

Izheimer’s disease (AD) is the most  gleep problems can show up years before cogni-

common type of dementia which has  tjye impairment and thus become a plausible

both cognitive and non-cognitive dis-  hiomarker for early detection and intervention.
abilities.(1) It is generally known that Sleep difficulties were linked to a poorer course

the majority of patients with AD have  of events, including serious neuropsychiatric and

sleep problems, which increase as the illness pro-  cognitive symptoms and a decreased standard of
gresses (2). Initially, sleep deprivation was thought  living (3, 4). This review brings together the vari-
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ous possible mechanisms of how sleep depriva-
tion can lead to cognitive decline and AD.

Sleep deprivation and amyloid beta (AB) protein
Amyloid peptides are 39-43 residue proteolytic
products generated by amyloid precursor protein
cleavage. Soluble AB 40 and insoluble AB 42 are
the two main isoforms of AB, with A 42 exhibi-
ting a higher proportion in AD and vulnerable to
aggregate. More than 90% of A is produced in
the form of AB 40 in a healthy state and less than
5% in the form of AB 42. Many researchers have
looked at the links between subjective and objec-
tive sleep measurements, rising AP levels, and
poor cognitive function in the elderly, indicating
that inadequate sleep may raise the likelihood of
poor cognitive outcomes. The building up of A is
a significant source of synaptic dysfunction and
neurotransmission deterioration, both of them
playing a critical part in the development of
Alzheimer's disease (5, 6).

Several studies found that inadequate sleep
causes the aggregation of soluble AB. One mecha-
nism is that, during SWS (slow wave sleep), the
brain may be able to remove metabolic waste
more effectively. Another possible mechanism is
based on the fact that neuronal firing is lower in
SWS relative to alertness or rapid eye movement
(REM) sleep, thus sleep loss could result in higher
neuronal activity, which would augment the solu-
ble AB (7).

The aggregation of AB encourages the forma-
tion of reactive oxidative species (ROS), to interact
with many proteins and lipid fragments leading to
potentially "toxic" oxidized proteins and peroxi-
ded lipids. Uninterrupted AP aggregation and/or
sustained elevation of A would trigger a chronic
inbuilt immune reaction by microglial activation
via immunological receptors such as Toll-like Re-
ceptors 2 (TLR2), TLR4, TLR6, and their co-recep-
tors such as CD14, CD36, and CD47. These are
capable of destroying the normally functioning
neurons through direct phagocytosis (8). The ac-
cumulated amyloid-beta peptides ultimately lead
to cholinergic neuron degeneration, changes in
glutamine transmission, and, most significantly,
synapse, dendritic spine loss, and cell death.

Many studies demonstrated that AR accumula-
tion was closely linked to changes in the circadian
rhythm. In a study, CSF A 42 levels were shown to
be significantly higher in insomniacs and strongly
related to Pittsburgh sleep quality index (PSQI)

scores (9). In another study, the brains of 20
healthy study respondents aged between 22 and
72 years were scanned by positron emission to-
mography (PET) following 31 hours of sleep depri-
vation. Beta-amyloid increased about 5% in these
individuals. All changes were observed in the
thalamus and hippocampus, the areas that are li-
able to be injured in the early phase of AD (10). In
another study, data indicating the function of the
precuneus in promoting slow-wave sleep, noctur-
nal awakenings were shown to have a substantial
relationship with AB deposition in the precuneus
(11). Also, AB accumulation produces sleep pat-
tern abnormalities in both mice and humans (12).
However, the relationship between sleep and
amyloid accumulation over time remains a mys-
tery. Amyloid accumulation on PET rises at various
rates among amyloid-negative and amyloid-positive
people (13). We do not know if certain individuals
would have been more likely to have elevated
amyloid than others, regardless of sleep, if they
were not adjusted for their initial amyloid levels.

Sleep deprivation and tau protein

Tau is the most important microtubule-associated
protein (MAP) of a neuron, which is essential for
the stability of internal microtubules. It is a phos-
phoprotein, like MAP1 and MAP2, and the extent
of phosphorylation determines its function. In the
normal brain, tau has 2-3 moles of phosphate per
mole of protein, which seems to be ideal for tubu-
lin interaction and stimulation of microtubule for-
mation (14, 15).

Recent research has looked into the link be-
tween tau disease and several elements of sleep.
In a study, it has been observed that in cognitively
normal persons, not just AR but also tau deposits
have been linked to sleep problems (16). In a
study by Nicholas et al it was found that CSF con-
centration of amyloid- and tau were increased
with sleep loss when measured by mass spectro-
metry. Unphosphorylated tau protein is increased
by sleep deprivation, while changes in phosphory-
lation are site-specific, which implies that the
physiological process involved in the modulation
of site-specific phosphorylation of tau is altered in
sleep deprivation, resulting in hyperphosphoryla-
tion of tau protein (17). Yet, in another study, in
which lumbar catheters were implanted in
six people (aged 30-60 years) for a whole night of
regular sleep and a whole night of sleep depriva-
tion, findings showed that, during sleep depriva-
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tion, CSF tau rose by more than 50%, whereas A3
increased by 30% (18).

In AD, tau protein loses its ability to attach to
microtubules and becomes inefficient in keeping
the cytoskeleton properly structured in the axonal
process. Conformational alterations and mis-
folding in the normal structure of tau encourage
this abnormal activity, which leads to tau abnor-
mal aggregation into fibrillary formations inside
the neurons of patients with AD (19, 20). The
pathological characteristics of tau protein have
been linked to hyperphosphorylation, glycation,
acetylation, nitration, ubiquitination, proteolytic
cleavage (truncation), structural alterations, and
other modifications (21-23). Tubulin is almost ten-
fold more abundant than tau in a mature neuron;
therefore, virtually the bulk of tau protein in the
cell is attached to microtubules. Abnormally phos-
phorylated cytosolic tau in AD-affected neurons
does not bind to tubulin and does not stimulate
the assembly of microtubules. Instead, this pro-
tein prevents the formation of microtubules and
disturbs their structure. Furthermore, normal tau
formed from microtubules in the cytosolic phase
is displaced by hyperphosphorylated tau protein,
which increases up to 40% in the brain cytosol of
AD patients and is not polymerized into paired
helical filaments (PHFs) or forms neuro fibrillary
tangles. AD phosphorylated-tau (AD P-tau) also
removes the other two main neuronal MAPs, in-
cluding MAP1 and MAP2, from the microtubule
lattice. This hazardous property of AD P-tau is ex-
clusively attributable to its aberrant phosphoryla-
tion since dephosphorylation restores its normal
function (22, 23). Also, recent studies in mice
have shown that sleep deprivation enhanced
brain proteome phosphorylation, such as micro-
tubule affinity regulating kinase 2 (MARK?2). Phos-
phorylation activates MARK2, which then phos-
phorylates tau. Sleep has also been found to affect
protein phosphorylation at synapses. As a result,
variations in kinase and phosphatase activation
during SWA might promote tau hyperphosphory-
lation (26, 27). Also, in humans tau has a half-life
of 23 days after translation, but the half-life is of
few hours after the entry into the cerebrospinal
fluid (CSF) of the brain, which indicates that
sleep-induced changes in tau concentrations are
due to alteration in the release process when
compared to the production one (28).

However, more study is needed to establish
that sleep deprivation raises tau levels in the brain,

because blood levels are not always predictive of
brain levels. Higher tau levels in the blood follo-
wing sleep deprivation might indicate that the
brain is cleaning away rather than accumulating
the protein.

Sleep deprivation and glymphatic system
In the brain, the glymphatic-lymphatic system
plays an essential role in the clearance of extracel-
lular metabolites and waste materials. The water
channel aquaporin-4 (AQP4), which is found in
the vascular endfeet of astrocytes, helps to sustain
this fluid transport system (27). The glymphatic
system is more effective when sleeping, although
it is unclear whether sleeping at the right time in-
creases the function of glymphatic system.
Slow-wave sleep is considered to be affected by
age-related neuronal and cortical grey matter loss,
notably in the prefrontal cortex (30). During alert-
ness, glymphatic clearance is reduced by 90%,
and protein clearance from the brain intima is
twice as much during sleep than wakefulness.
Norepinephrine levels drop during natural sleep,
causing the extracellular space in the brain to
expand, which is further resulting in less resistance
to fluid flow. This is evidenced in enhanced inter-
stitial solute clearance and better CSF infiltration
along with the perivascular spaces. Delta oscilla-
tion of slow-wave sleep causes regular and syn-
chronized depolarization of neuronal bundles for
20-30 seconds. This raises glymphatic activity and
increases CSF influx into the interstitial cavities,
improving interstitial solute clearance (29). Glym-
phatic clearance of accumulated beta-amyloid
and tau proteins is crucial for protection from AD.
However, the glymphatic system deteriorates
with age, which implies a link between sleep dis-
ruption and symptom development in neurode-
generative dementias. Removal of misfolded pro-
teins and other cellular debris is typically effective
in mice, although capacity declines over time and
fails near the end of the reproductive lifetime.
This was proven by a reduction of 80-90% in
glymphatic clearance in old mice, which might
explain at least part of the increasing accumula-
tion of amyloid-beta in aged brains (30). The peri-
vascular polarisation of AQP4 is greatest during
the rest phase, and AQP4 deletion removes the
difference in glymphatic clearance between day
and night. The loss of polarisation of AQP4 water
channels is seen in sleep deprivation; further,
sleep deprivation causes alterations of AQP4 ex-
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pression. Some AQP4 single nucleotide polymor-
phisms (SNPs) were linked to lower self-reported
sleep quality and a higher amyloid load in people,
which implies that AQP4 genetic variation can af-
fect both amyloid buildup and sleep quality (31).

When compared to healthy controls, AD pa-
tients have more perivascular hypertrophy. Sur-
prisingly, perivascular space expansion has been
linked to decreased sleep quality. Population re-
search discovered a connection between larger
perivascular spaces and sleep disturbances, lea-
ding to the idea that sleep deprivation might cause
structural alterations in the perivascular gaps. In
another study, a link between the number of in-
creased perivascular spaces and sleep deprivation
has been demonstrated (32, 33). These findings
suggest that disturbed sleep and circadian dys-
functions as a result of AD are owing to direct cell
injury in the brain areas that govern sleep and
wakefulness, at least in part, and that sleep depri-
vation might hasten disease development by sto-
ring metabolic waste. In both animal and clinical
studies, slow (delta) waves that occur during the
non-rapid eye movement (NREM) sleep are linked
to increased glymphatic inflow and amyloid clea-
rance, suggesting that deep sleep is especially es-
sential for brain clearance. The sleeping position
has been also identified as a potential risk factor
for neurodegeneration. Tiny clinical research in
humans found that individuals with neurodege-
nerative diseases sleep more in the supine posture
than healthy controls, who prefer lateral positions
(34). The rate of amyloid clearance is also affected
by the head posture. As a result, even something
as basic as the posture of the head might influence
the positive effects of sleep, showing that fluid dy-
namics may play a role in brain clearing.

Sleep deprivation and respiratory disorders in
Alzheimer’s disease

Obstructive sleep apnea (OSA) is a disorder cha-
racterized by intermittent hypoxia, hyper/hypo-
capnia, substantial sleep fragmentation, oxidative
stress and a persistent low-grade systemic inflam-
matory response caused by brief episodes of re-
current upper airway obstruction during sleep. A
recent analysis found that 30% of men and 12% of
women are affected by OSA between 30 and
70 years of age (35). A meta-analysis of nine ob-
servational studies revealed that OSA was likely to
increase the cognitive decline or disease severity
in AD patients, whereas another meta-analysis of

five studies found that OSA was more prevalent in
AD patients (36, 37). Apart from this, a study
looked at the extent of Alzheimer's-like indicators
in autopsy specimen of 34 hippocampal regions
and 24 brainstem regions of people with OSA; it
was discovered that plaques and neurofibrillary
tangles first appeared in a nearby cortical area in
AD, followed by the hippocampus, before moun-
ting to the rest of the cortex; the plaques had a
greater relationship with severe sleep apnea, de-
spite the presence of both plaques and neurofi-
brillary tangles in patients with OSA (40).

Patients with dementia were demonstrated to
have a link between OSA symptoms and cognitive
impairment. In a study, it was shown that the time
to AD onset was shorter in patients with OSA. It
also revealed that women with OSA had a
2.28-fold higher chance of acquiring the illness
later in life when compared to controls, while
men had a 1.42-fold higher risk. Short sleep dura-
tion of fewer than six hours as well as a mean total
sleep time greater than nine hours were associa-
ted with a significantly higher risk of AD in persons
with OSA than sleep length of six to nine hours
(41). In another study, it was found that people
with severe dementia had worse OSA than those
with mild to moderate or no dementia, and vice
versa (42).

Obstructive sleep apnea electroencephalogra-
phy (EEG) abnormalities include reduced slow-wave
and spindle activity during NREM sleep as well as
slowing of the EEG during REM sleep. This is as-
sociated with an increased neural activity that is
intimately linked to episodes of apnea and ac-
companying EEG arousals, leading to sleep depri-
vation and fragmentation. The pivotal function of
sleep in the regulation of CNS amyloid load and
tau protein levels has been advocated as the pos-
sible mechanism for the cognitive decline in OSA
43, 44).

OSA-induced brain damage is well-known in
experimental animal models. Obstructive sleep
apnea can cause neuroinflammatory and neuro-
trophic alterations in afflicted and vulnerable peo-
ple. Microglia, the resident mononuclear phago-
cytes, may be chronically primed to various
activators in the brains of OSA patients, including
chronic vascular alterations such as cerebrovascu-
lar dysregulation, local ischemia, cerebral micro-
infarcts, chronic AP exposure (45). Microglia and
astrocytes can generate cytokines, interleukins,
nitric oxide (NO) and other implicit lethal sub-
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stances on exposure, worsening the neuroinfla-
mmatory response, indicating that AD and OSA
share the neuroinflammatory route in the genesis
of dementia. Exogenous and endogenous vari-
ables have also been proposed as potential modi-
fiers of the innate immune response generated by
AB-exposed microglia. Obesity and systemic in-
flammation cause the impact by an increase in the
persistent neuroinflammatory drive. In a recent
pilot study, treatment of severe OSA with CPAP in
patients with mild-to-moderate AD significantly
slowed the cognitive decline over a period of
three years (46). This suggests that OSA is one of
the modifiable risk factors for AD, emphasizing
the importance of OSA early diagnosis and treat-
ment.

Neurotrophic factors in Alzheimer’s disease
Brain-derived neurotrophic factors (BDNF) play
an important role in enhancing neurogenesis and
neurotransmission by synaptic growth promotion,
and synaptic plasticity modulation (47). The pre-
requisite for memory formation, which includes
long term potentiation (LTP), is maintained by the
action of BDNF at tropomyosin receptor kinase B
(TrkB); TrkB receptors also support cholinergic
function. The change in either the expression of
nerve growth factor (NGF) or BDNF, or in the le-
vels of TrkA or TrkB receptors may result in dege-
neration of neurons and inebriated memory for-
mation (48). Studies suggested that increased
peripheral BDNF levels were protective against
AD in older adults. Alzheimer’s disease risk was
lowered to 33% while increasing the BDNF levels
by one standard deviation (49). Reports have con-
firmed that impaired hippocampal BDNF expres-
sion, impaired memory, and cognition were ob-
served in a selective loss of REM sleep (48). Further
SWA was higher in the BDNF injected hemisphere
of rats. Experimentally in knockout mice it has
been shown that intact BDNF was essential for
the modulation and homeostatic regulation of
REM sleep in both sexes (49).

Nerve growth factor is the founder member of
the neurotrophin family. It plays an important role
in regulating the differentiation, growth, survival,
and plasticity of certain cell types, including the
cholinergic neurons in the central and peripheral
systems (50). Pro NGF is the precursor form of
NGF and its mature form is the mNGE Both
proNGF and mNGF are biologically active (51).
The NGF acts through the tropomyosin receptor

kinase A (TrkA, high-affinity receptor) and p75
(also known as low-affinity NGF receptor, LNGFR,
or p75 neurotrophin receptor, p75NTR), respec-
tively (52). Mature NGF is metabolized by the ma-
trix metalloproteinase 9 (MMP9), which is up-re-
gulated in AD. Metabolism of NGF is altered in
AD, leading to accumulation of proNGF levels
and reduction of mMNGFE On the whole, (i) altered
NGF maturation, (ii) skewed TrkA/p75 receptor
ratio, (iii) inefficient axonal transport and signa-
ling, (iv) AB induced modulation of NGF recep-
tors, (v) suboptimal ACh innervation induced in-
flammatory response, and (vi) AB cytotoxicity can
all together affect memory and hence contribute
to the development of AD. The expression of
BDNEF is altered in hippocampus and parahippo-
campal areas in both normal and pathological
aging and also in psychiatric illness (53). These
changes are related to plastic changes in the epi-
sodic memory in the frontal cortex and entorhinal
cortex.

Neuroinflammation in Alzheimer’s disease

A large number of studies have attributed AD
pathogenesis to neuroinflammation, where in-
flammatory markers such as interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-18 (IL-18), tumor
necrosis factor-o. (TNF-ov), interferons (IFN), and
interleukin-12 (IL-12) lead to neuronal death and
eventually to deposition of AR and tau protein
(54-56).

Sleep deprivation results in an increased ex-
pression of IL-1, IL-6, IL-18, TNF-a. and C reactive
protein (CRP) (57, 58). Also, studies have proven
that adequate sleep was required to clear AB pro-
tein out of the brain, and inadequate sleep was
leading to accumulation of these B amyloid pro-
teins which are directly linked with AD pathoge-
nesis (16, 59). Irwin et al observed that a partial
sleep deprivation triggerred inflammatory factors
such as nuclear factor kB (NF-xB), activator pro-
tein 1, and STAT; apart from this, there was an
increase in mMRNA expression of other proinflam-
matory cytokines (60).

Interleukin-1 seems to accumulate in the hip-
pocampus of AD brain due to stress injury and it
has a substantial impact on the hippocampal sy-
naptic function (61). Interleukin-1 beta exerts
multiple effects in the brain — especially, it has an
essential role in hippocampal synaptic function,
which is writhed in AD pathogenesis (62). Further,
IL-1 plays the main role in the evolution of plaque,
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it promotes the synthesis and processing of APP
adding to AD pathogenesis (63, 64). Sleep depri-
vation can disrupt the blood-brain barrier (BBB)
due to inflammation and further worsen AD neu-
rodegenerative changes (65). It has been observed
that BBB was breaking in the hippocampal region
prior to the onset of hippocampal atrophy seen in
early AD (66).

Inflammation and sleep deprivation (observed
in sleep apnoea) lead to ROS generation, again
adding on to apoptotic neuronal cells and neuro-
degeneration (67, 68). In 1994, Reimund pro-
posed the theory that the waking state caused
ROS production and sleep helped to clear this
(69). Later it was demonstrated that sleep caused
resistance to oxidative stress. Moreover, it was
seen that the neural ROS pool drived the sleep
needs. Hence, it can be stated that neuronal ROS
levels regulate sleep (70). Yet, another study ob-
served that sleep deprivation in mice resulted in
learning impairment, decreased brain mitochon-
drial ATP levels and synaptic plasticity regulatory
proteins. Also, ROS and inflammatory cytokine
levels were increased in the hippocampus (71).
Sleep deprivation resulted in significant impair-
ment of long term potentiation (LTP) in the hip-
pocampus as the NMDA/AMPA ratio of CA1 pyra-
midal cells in response to Schaffer collateral
stimulation was depressed (72). The sleep/wake
cycle is important in the proliferation, migration
and differentiation of oligodendrocytes; also,
sleep deprivation lowers myelin thickness, and
"oxidative stress 'is the primary pathognomic

cause of the early onset of AD. In fact, sleep depri-
vation causes AD and AD produces sleep disrup-
tion (73).

Sleep deprivation can cause apoptotic neuro-
nal cell death and neurodegeneration by produ-
cing ROS and neuroinflammation, disrupting the
BBB and further leading to atrophic changes in
the hippocampus typical of AD (Figure 1).

Therapeutics  for
Alzheimer’s disease
Existing evidence implicates that sleep disruptions
have been linked to both the pathophysiology of
AD and the risk of developing the disease in the
future. Subsequently, accelerated AD pathogene-
sis causes deterioration in cognitive performance.
Current AD therapy focuses on slowing the pro-
gression of the illness rather than modifying its
pathophysiology. Though studies are still required
to establish that sleep therapies modify disease
progression in AD patients, focusing on the
sleep-wake cycle, right now may be an appro-
priate, non-invasive strategy to alleviate the symp-
toms of Alzheimer’s dementia (74).

In people with AD, the non-pharmacological
approach is often regarded as the first line of treat-
ment. During the day, persons with AD should be
advised to exercise and stroll outside. Stimulants
like coffee and tea should be consumed in mo-
deration. Bright light therapy (BLT) is a chrono-
therapeutic strategy used to address circadian ab-
normalities in AD patients, which has been shown
to enhance nighttime sleep, reduce the nocturnal

sleep disturbances in

4 | | )

FIGURE 1. Possible mechanisms of
Alzheimer’s disease. Sleep deprivation
causes Af3 and tau deposition and can
cause neuroinflammation along with
disruption in levels of neurotrophic
factors. These mechanisms produce
reactive oxygen species and
neurodegeneration, further causing
cognitive impairment and dementia, all
together leading to the development of
Alzheimer’s disease

\_
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awakening, prolong the daytime awakening, lo-
wer agitational behaviour in the evening, and en-
hance cognition (75). Nighttime exposure to noise
and light should be reduced. Sleep hygiene prac-
tices and relaxation techniques such as medita-
tion and yoga can help with insomnia (76). New
innovative treatments with direct current stimula-
tion (tDCS) in the <1-Hz range, which have ex-
perimentally proved to be effective in memory
consolidation in patients with schizophrenia, at-
tention-deficit hyperactivity disorders and those
with temporal lobe epilepsy, can also be tried in
AD (77). Melatonin, trazodone, and ramelteon
are the most widely utilized medications for the
pharmacological management of sleep problems
in AD (78). U4

CONCLUSION

e can now state that increased wakeful-
ness and disturbed sleep acutely lead to
increased AP production and decreased AP
clearance as well as tau pathology, which are in

particular seen in AD. Adding on to AD patho-
genesis is neuroinflammation and ROS genera-
tion as a consequence of sleep deprivation. Pa-
tients with AD have sleep disturbances, which in
turn can cause AD. Obstructive sleep apnoea
seen in sleep disturbances further worsens by
generating ROS and neuroinflammation. Hence,
sleep is critical for the proper function of many
organ systems, particularly the brain. There is a
vicious cycle: patients with AD exhibit distur-
bances in the timing and duration of the sleep
cycle, primarily manifested as increased wakeful-
ness at night and excessive daytime sleep, while
sleep disturbance can cause AD. Efficient and ef-
fective sleep is more than just a luxury. It can be
one of the preventable causes of neurodegene-
ration and cognitive decline. Relaxation tech-
niques and sleep hygiene practices can be en-
couraged for cognitive improvement. U
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