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Abstract

More than 100 years after the first publication on Alzheimer’s disease (AD), this neurodegenerative disease now

affects a significant and increasing part of the elderly population. The cause of Alzheimer's disease is however

still unclear and effective treatment is lacking. Understanding the role of amyloid-B in AD pathology, but also in

health, is of great significance for the development of an eventual treatment. In the past decade it has become

clear that, in health, neuronal activation increases amyloid-f3 levels and that sleep decreases neuronal activity and

amyloid-B. We speculate that by increasing amyloid-B burden in the structures involved in the default mode

network — the major affected areas in AD — sleep disorders can increase AD risk. Treating sleep disorders early in

life could therefore have a major impact on worldwide AD burden.
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1. Introduction

In 1907 Alois Alzheimer reported the first case of a
peculiar disease (1). He examined his patient’s brain
and described fibrils and small miliary foci, currently
known as tangles and amyloid- plagues, the main
characteristics of Alzheimer’s disease (AD) (2). Often
AD begins with disruption of brain cell function in
brain areas involved in memory, leading to gradually
increasing difficulty remembering new information
(3). To diagnose Alzheimer's disease the diagnostic
and statistical manual of mental disorders (DSM) IV-
TR and the NINCDS-ADRDA criteria, or the new

NIA-AA revised criteria, are used (4-6).

1.1 Prevalence and economic burden of AD

More than 100 years after the first publication AD has
developed into a disease affecting a significant and
increasing part of the population of 65 years and

older (3). The prevalence of AD in 2001 was

estimated at 14.6 to 19.5 million cases worldwide, in
2006 at 26.6 million, and by 2050 the prevalence will
be quadrupled (7, 8). With this major and increasing
prevalence, AD exerts a great and increasing
economic burden with each case costing
approximately £27,647 per year, or €33,021
(exchange rate 12-2011) (9). In comparison, the
costs of patients with cancer, stroke and heart
disease are less than a quarter of this amount per
year; oddly enough more is spent for research into
these diseases. The sum of costs of dementia in
terms of health and social care, informal care and
productivity losses in 2008 were estimated at €20
billion per year in the UK (9), and at €177 billion per
year in all of Europe (10). Besides the high
prevalence and increasing incidence the costs of AD
are high due to the failure of current treatment to

alter disease progression.



1.2 Available pharmacological treatment for AD

Currently there are five Food & Drug Administration
(FDA) approved drugs for Alzheimer's disease
treatment (11). Following the finding that
degeneration of cholinergic nerves in the basal
forebrain is closely linked to cognitive decline, in
1993, the first acetylcholinesterase inhibitor (AChEI)
tacrine was approved by the FDA for the treatment of
AD. Tacrine was soon replaced by AChEIls with less
side effects. Currently under investigation are
AChEls that are also claimed to inhibit amyloid-R
(AR) production and aggregation (11). The excessive
glutamate stimulation in the brain of AD patients is
targeted by the fifth approved drug, memantine, a
moderate NMDA receptor antagonist. These current
treatments, developed with lack of knowledge of AD
etiology, however, solely alleviate the symptoms of
AD and are mildly effective for only approximately

one year (7, 11).

1.3 Etiology of AD: a brief summary of current

knowledge and introduction to the position of sleep.

The main factor that predicts the onset of Alzheimer's
disease in a given individual is aging (3). The cause
of Alzheimer’'s disease however remains unclear in
these older patients. The amyloid cascade
hypothesis (see 2.2 for more details), based on gene
mutations found in AD, suggests AR deposition and
tau protein hyperphosphorylation lead to neuronal
cell death, thereby causing the impaired memory
formation in AD (12, 13). AB oligomers and AB
induced tau protein hyperphosphorylation (which
impairs normal microtubule association) could impair

memory by decreasing synaptic transmission,

increasing long-term depression, and decreasing
long-term potentiation. The AP hypothesis was
developed based on gene mutations found in
hereditary AD patients and Down’'s syndrome
patients with AD. These gene mutations involve
enzymes that affect the processing of AR and may
thus explain the initiation of the amyloid cascade.
The amyloid hypothesis however does not elucidate
the initial cause in non-genetic AD.

In the absence of a known genetic cause to
explain the initiation of the amyloid cascade in the
majority of patients, a humber of factors have been
investigated that may directly or indirectly trigger this
amyloid cascade. Over the years, a number of such
risk factors have been proposed, and their putative
contribution to the world-wide prevalence of AD have
recently been reviewed (14). Barnes et al. concluded
that diabetes mellitus, midlife hypertension, midlife
obesity, depression, physical inactivity, smoking, and
cognitive inactivity each account for 2 to 19% of AD
cases worldwide. They estimated that half of the
worldwide AD prevalence is attributable to these
seven modifiable risk factors together and pleaded
that lifestyle factors thus play a major role in AD
development (14). Besides these lifestyle risk factors,
sleep disorders have also been associated with AD
(15).

The past decade the concept of a default-mode
network (DMN) of brain areas activated during
inwardly directed mental activites and sleep has
gained interest (16-18). DMN activity has also been
linked to mental disorders; among others to AR
deposition in AD (19). First, the topography of

amyloid-3 deposition is correlated to DMN brain



areas (20). Moreover, DMN activity appears
disrupted in AD and the areas affected in AD, even
before symptoms emerge, involve parts of the DMN
(16). Recently it was demonstrated that neuronal
activity affects both the amount of AR in the
interstitial fluid (ISF) as well as the development of
amyloid plaques and that sleep attenuates the
increased ISF AR levels in mice after sleep
deprivation (21, 22). The role of DMN activity
increases and sleep disorders, which are common in
AD patients, should be elucidated. It is tempting to
speculate that by increasing AR burden in the
structures involved in the DMN — the major affected
areas in AD — sleep disorders can increase AD risk.
To comprehend possible AD risks, an overview of the
physiological and pathological role of Af is given first
and this review will then focus on the relation of A

with neuronal activation, the DMN, and sleep in AD.

2. Pathology in Alzheimer’s disease

The hippocampus, key player in memory formation,
is one of the major areas affected in AD; other areas
include layer Il of the entorhinal cortex, and some
parts of the temporal, parietal and frontal neocortex
(23, 24). The two main pathologic hallmarks of
Alzheimer's disease are amyloid-B plaques and
neurofibrillary tangles of hyperphosphorylated tau
protein, both associated with the neuronal loss (12,
25). AB is however also present in the healthy
population, therefore, before discussing AD
pathology, an overview of the possible physiological
roles of AB is given in section 2.1 first. Understanding
the physiological role of AD is of great significance to

appreciate the effect of the sleep/wake cycle in AD.

2.1 Physiological function of AR

Extracellular AR peptides of 39 to 43 amino acids
result from the cleavage of the precursor protein of
AR (ABPP), a transmembrane protein found in
neurons (25). AB could have one or more biological
functions in the CNS as it is also expressed in the
healthy population (26). Some studies indicate that
the biological functions of AR could be participation in
synaptic function and facilitation of neuronal growth
and survival, others indicate AR could protect against
oxidative stress, bind neuroactive compounds,
toxins, and pathogens (26).

Increases in neuronal activity induce increases in
AB and AR could be involved in a physiological
feedback loop decreasing neuronal activity (see 3.2
for AB role in neuronal activity). The possible
participation in synaptic function is based on effects
of AR on NMDA receptors, also seen as the major
detrimental effect of AR in AD, and is supported by
the presence of AR throughout life. ABPP null mice
(lacking the AR precursor protein) have reduced
synapse numbers, and impaired LTP and memory.
However, the majority of studies demonstrated AR to
inhibit long-term potentiation, essential for memory
formation (26). Besides AR effects on synaptic
function, in vitro studies demonstrated that AR has
neurotrophic effects and that neuronal growth
increases in response to AR (26).

The role of AB in binding of oxidative metal ions,
neuroactive compounds, toxins and pathogens could
be mediated through the aggregating properties of
AB. AR has a high binding affinity for iron, copper,
zinc and aluminum (26). Moreover, the injection of

both iron and human AR4 in rat cortices was



demonstrated to be significantly less toxic than
injection of iron solely, supporting the possible
neuroprotective role of AR (27). However, AR
oligomers are also thought to induce oxidative stress
instead of protecting against it (28). The binding of
AR to neuroactive compounds, like apolipoproteins
and many others, was demonstrated in human CSF
and rat brain homogenates (26). Moreover, Bishop
and Robinson suggested that AR could bind to
pathogens, however, only serum amyloid component
P, a component of senile plaques, has been
demonstrated to bind lipopolysaccharide, a
component of gram negative bacteria, and the
binding of AR itself to pathogens has not been
demonstrated (26, 29).

We should however be careful at drawing
conclusions  from  studies investigating the
physiological function of AR that are performed in
non-physiological mouse, rat, and in vitro models of
AD. Overall AB could have several physiological
effects at low concentrations, leading to the opposite
when levels are increased, for example in AD

patients.

2.2 AB as the key player in AD, insights from early

and late onset AD

Besides the possible physiological roles of A, AR is
generally accepted as the key player in AD. Gene
mutations in enzymes processing AB have been
associated with the rare early onset AD (<65 years of
age), supporting the A cascade hypothesis. These
mutations are present in the AB precursor protein
(ABPP) or presenilin genes (PS1 & PS2). ABPP

cleavage by B- and vy-secretase results in the

production of extracellular AB peptides of 39 to 43
amino acids, and this route is known as the
amyloidogenic pathway. ABPP can also be cleaved
first by a-secretase, a pathway which does not lead
to AB production. PS1 and PS2 mutations alter y-
secretase mediated ABPP cleavage. Mutations in
ABPP or in the presenilin genes therefore result in
increased AR production. In theory, any cause of 3-
or y-secretase stimulation or a-secretase inhibition
may stimulate the amyloidogenic pathway, as can
any cause of increased ABPP production. Of the AB
peptides, ABs, aggregates more easily than ABao
and is therefore seen as more neurotoxic (25). In a
recent study, however, overproduction of AR43 in
mice induced impairment of short-term memory and
AD-like AR plaque formation, indicating AfR4z might
be an important player in AD development as well
(30).

The more common sporadic, late onset AD has
been associated with the ApoE4 (e4/e4) genotype.
Biomarkers of human brain AR were found to be
present in accordance with ApoE genotype, with the
highest levels present in subjects expressing ApoE4
(E4>E3>E2) (31). Moreover, using in Vivo
microdialysis, Castellano et al. demonstrated that the
concentration of ISF AB was greatest in the
hippocampus of mice expressing human ApoE4
compared with mice expressing human ApoE3 or
ApoE2. The increased AB levels in late onset AD
patients seem to be partly caused by impaired AB
metabolism, specifically clearance, leading to
increased AR levels (31, 32).

AB could impair memory by interfering with

NMDA receptors needed for long-term potentiation,



leading to disrupted synaptic plasticity (see 2.3 for
AR effects on NMDA receptors) (24, 33, 34). The
mutations found in AD patients indicate that other
characteristics of AD, like hyperphosphorylated tau
protein, neurofibrillary tangles, vascular damage and
inflammation are more likely consequences of AR
deregulations rather than causes of AD. Transgenic
mice with a mutation in ABPP, a combination of
ABPP and tau protein, or presenilin mutation develop
neuronal loss, AR accumulation and memory deficits
and are, although not ideal, used as AD models (35).

Some remarks have however to be made
regarding the AR cascade hypothesis. First, AB
plaques are also present in the cognitive healthy
population and, second, the amount of AB plaques
does not seem to correlate with disease progression
in every study (34, 36). However, it is possible that
AB is increased long before disease onset. Stern
proposed a cognitive reserve enabling some
individuals to cope better with challenges that come
with aging, like increased AB. A more efficient
recruitment of alternate, not affected, brain networks
or more efficient utilization of the networks may be
better developed in some individuals (37). Second,
soluble forms of AR, oligomers, have been
demonstrated to be more toxic than AR fibrils and
plaques, increases in AB oligomers could therefore
be more meaningful than plague amounts (24, 38).
Indeed, since the use of ELISA, soluble AB levels
were demonstrated to better correlate with cognitive
decline than previous plaque counts in post mortem
brain sections (34, 39). Moreover, there is evidence
that quantitative changes might not be as important

as changes in AR type ratios. Investigating ratios of

AR4o, ABsy and AR4z might be more meaningful in
predicting disease progression (30). All these factors
may thus confound the relationship between A

plagues and clinical AD symptomatology.

2.3 AB effects on tau hyperphosphorylation and

NMDA receptor signaling

Besides AB plaque formation, neurofibrillary tangles
(NFTs) are characteristic for AD. These NFTs are
composed of the hyperphosphorylated, aggregated
form of tau protein. Tau protein normally binds
tubulin in microtubules for stabilization, however, the
hyperphosphorylated tau protein dissociates from
microtubules and forms NFTs by self-aggregation
(23). Several AD mouse models have demonstrated
that a direct or indirect interaction of AB with tau
protein accelerates NFT formation (35). An interplay
of AR and tau protein is likely to be more detrimental
in lieu of solely AB or tau protein pathology, as was
previously suggested by supporters of either the AR
or tau hypotheses. Ittner & Gotz proposed that tau
protein indirectly sensitizes NMDA receptors through
FYN re-localization to the postsynaptic compartment.
FYN, a tyrosine protein kinase, could then link NMDA
receptors to downstream signaling pathways, which
sensitizes NMDA receptors, and increases AB
toxicity. Continued exposure to AR exerts toxic
effects and hyperphosphorylates tau protein, leading
to impaired tau protein interaction with microtubules
and even more sensitization of NMDA receptors (13).
Recent in vitro research indicates that AB could
induce tau protein phosphorylation through
upregulation of RCANL1 (regulator of calcineurin

gene). Calcineurin, which dephosphorylates tau
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Figure 1. Possible direct and indirect effects of AB on NMDA receptor signaling. 1. AB binding to
NMDARs/affecting NMDAR activity. 2. AB binding protein X, affecting NMDAR. 3. AB induced EphB2 depletion,
candidate protein X, leading to impaired NMDAR activity. 4. NMDAR/NMDAR-protein X affecting AB formation. 5.
AB induced RCAN1 gene expression through ROS, inhibiting tau dephosphorylation through calcineurin inhibition
and inducing tau phosphorylation via GSK30 increases. 6. Hyperphosphorylated tau sensitizes NMDARs through
FYN re-localization. 7. Overall AB oligomers impair memory by decreasing synaptic transmission, increasing LTD,
and decreasing LTP. NMDAR: NMDA receptor, ROS: reactive oxygen species, GSK3B: glycogen synthase
kinase-3B, LDP: long-term depression, LTP: long-term potentiation. Adapted from Malinow & extended (40).

protein, is inhibited by RCAN1 proteins. RCAN1 a tyrosine kinase that regulates NMDA-receptor

proteins also induce upregulation of glycogen trafficking and function. Cissé et al. demonstrated

synthase kinase-38 (GSK3B), a tau kinase. AB
induced upregulation of RCANL1 therefore leads to
both decreased dephosphorylation and increased
phosphorylation of tau protein, impairing normal
microtubule association, and causing toxicity (Fig.1).
Antioxidants were able to counteract the in vitro AR
induced upregulation of RCAN1, which indicates
upregulation is likely mediated through oxidative
stress (28).

Besides the effects of AR on tau protein, AR
oligomers were recently proved to deplete EphB2 by
binding to the fibronectin repeats of EphB2, inducing

EphB2 degradation in the proteasome (33). EphB2 is

that lentiviral EphB2 depletion causes functional
deficits in NMDA receptor synaptic transmission
strength and gene expression, and leads to impaired
LTP and memory. By lentiviral increase of EphB2 in
transgenic mice expressing human ABPP, the A
induced deficits were reversed. Thus, EphB2
increases can reverse AR effects on NMDA
receptors, LTP, and memory (33). These direct and
indirect effects of AR on NMDA receptors and tau
leading to neuronal loss are induced by increased
levels of AR, therefore, elucidation of the cause of
increased AR in AD is essential and will be discussed

in the next sections.



3. Neuronal activity and amyloid-# deposition

3.1 Neuronal activity affects AB in vitro and in vivo

In the past decade evidence for increased AR
deposition during neuronal activity has accumulated.
In 2003 Kamenetz et al. demonstrated that in vitro
neuronal activity induces endocytosis of ABPP, which
promotes the [-secretase accessibility in the
endosomal compartments, and thereby enhances the
chances for ABPP to be processed into AR (41). In
mouse models increases in neuronal activity were
also demonstrated to increase AR, while decreased
activity led to decreased AP levels. Electrical
stimulation in Tg2576 mice, recorded by EEG and
microdialysis, induced a 30% increase in ISF AR 1h
after stimulation (42). The transgenic Tg2576 mice
express human ABPP and develop AB deposition in
amyloid plaques at approximately 9 months of age.
Moreover, Tg2576 mice have similar AR deposition
patterns in the DMN as Alzheimer’s patient do (21).
Besides these effects of electrical stimulation,
decreases in neuronal activity were demonstrated to
decrease AB. First, in Tg2576 mice, LY354740
treatment, which decreases glutamate release and
therefore neuronal activity, resulted in a 18.2% %
49% decrease of AB. Second, tetrodotoxin
treatment, which blocks sodium channels and
thereby neuronal activity, displayed a high correlation
with decreases in AB. Third, tetanus toxin, which
inhibits synaptic vesicle release, decreased AR levels
in absence of significant EEG amplitude change (42).
More recently vibrissal stimulation, which increases
neuronal activity, induced an increase in ISF AR
levels, and vibrissal removal, which decreases

neuronal activity, induced a decrease ISF AB levels

in mice. Moreover, vibrissal deprivation reduced
plague growth by 78% and new plaque formation by
65% (21). Furthermore, Bero et al. revealed that
reduced clearance of AR, or differential ABPP
processing, are unlikely to be a sufficient explanation
for AB deposition in older mice. Neither levels of
clearance, nor ABPP processing significantly differed
among regions with different levels of A deposition.
Besides inducing modifications in vibrissal activity,
they demonstrated that endogenous regional ISF
AB42 levels in young Tg2576 mice could predict
subsequent regional amyloid deposition in old mice.
ISF lactate levels, a marker of neuronal activity, in
young mice are closely associated with regional
steady-state ISF A levels and AR deposition later in
life (21). These studies proved a significant
correlation of neuronal activity with A levels in vitro
and in vivo and a significant correlation of early in life

ISF AR levels and late life AR deposition.

3.2 Derequlation of AB and neuronal activity in AD

Neuronal activity increases AR levels; neuronal
activity is however essential for synaptic plasticity
and memory formation and, therefore, activity would
seem important to prevent clinical AD progression.
Chronic reduction in synaptic activity resulted in
impaired memory in AD transgenic mice while AR
plagues were reduced, and AR intraneuronal
immunoreactivity was increased (43). This increase
in intraneuronal AR levels while synaptic activity is
decreased is however in contradiction with other
studies (21, 41, 42). Naturally a chronic reduction in
neuronal activity compared to baseline activity is not

likely to be beneficial for memory formation.



Overexpressed ABPP, cleaved into AR, led to
neuronal depression, which is dependent on NMDA
receptor activity. This implies a negative feedback
loop in which increased neuronal activity leads to AR
increases, which then binds to NMDA receptors and
thereby depresses neuronal activity. In AD, AR
desensitization of NMDA receptors could lead to
constant high neuronal activity. Highly increased
neuronal activity and high levels of AR could then
lead to excitotoxicity. Another possibility is a
consistent AR production regardless of synaptic
activity leading to neuronal depression and toxicity
(41). However, neuronal activity appears disrupted in
the default mode network (DMN) of AD patients and
therefore AR desensitization and increased neuronal
activity are more likely in those brain areas than

solely consistent AB overproduction (44-46).

4. DMN activity and AB deposition

4.1 DMN and AD

In 2001 Raichle et al. first introduced the default
mode network (DMN); a network of brain areas
activated during inwardly directed mental activities
(17). The core regions of the DMN are the ventral
medial prefrontal cortex, the posterior cingulate
cortex, the inferior parietal lobule, the lateral temporal
cortex, the dorsal medial prefrontal cortex and the
hippocampal formation (16).

DMN activity has been correlated to mental
disorders including autism and schizophrenia. The
DMN also appears disrupted in AD, moreover, the
areas affected in AD, even before symptoms
emerge, involve parts of the DMN (16). The

functional connectivity of the DMN decreases with

normal aging, however, decreases are more severe
in AD and subjects at risk for AD development (47).
Moreover, there is a correlation between DMN
patterns in cortical regions in young adults and the
topography of amyloid deposition in elderly AD
patients (20). AR deposition was also correlated with
the DMN brain areas in cognitive healthy elderly;
these elderly could be in an early stage of AD or
could be able to compensate the impairments

induced by the AR deposition (37, 48).

4.2 Increased DMN neuronal activity prior to AD

onset

Both AR plaque deposition and brain aerobic
glycolysis seem to be concentrated in the DMN. PET
imaging (*'C-PiB imaging) revealed that the areas of
aerobic glycolysis in normal young adults correlate
spatially with the AB deposition seen in AD patients
and subjects with elevated A levels (46). Therefore,
increased neuronal activity in the DMN of (young)
adults could lead to increased plaque deposition in
AD. Indeed, young healthy carriers of the ApoE4
genotype, a risk factor for late onset AD, have
increased DMN activity compared to age matched
non-carriers. Increases in hippocampal activity were
found in ApoE4 carriers in both resting (DMN) state
and during memory task (44). On the contrary, the
older ApoE4 carriers expressed decreased brain
activity while non-carriers expressed increased brain
activity with aging (45). These results indicate that
increased DMN activity in young subjects could result
in regionally increased AB deposition and DMN
disruption later in life and causes of increased DMN

activity are thus essential to elucidate.



4.3 DMN activity and sleep disorders

Since increased neuronal activity increases AP
levels, and DMN areas are correlated to AD
pathology, it is tempting to speculate that prolonged
neuronal activity in the DMN can lead to an
increased AD risk. DMN activity correlates with
posterior networks involved in memory retrieval, thus
memory in AD patients is possibly affected due to
DMN activation (20). The brain’s resting state during
introspection, memory retrieval, daydreaming and
imagination is associated with increased DMN
activity (17). However, BOLD fMRI indicated that the
correlations among brain regions of the DMN also
persisted during light sleep (49). One year later
Horovitz et al. demonstrated that DMN activity
persists during deep sleep as well, however, with a
dynamical modulation in strength of correlations of
the DMN components. During deep sleep, the
posterior areas strengthen their connectivity but
connectivity with the frontal areas is lost. Deep sleep
induces a DMN with compromised integrity, however,
the activity levels in the individual network
components are preserved (18). Sleep disorders
have been associated with AD, and induce increased
neuronal activity and AB deposition, both
characteristics seen in the DMN of AD patients (15,
16, 21). Recently, a study proved that sleep
deprivation results in a reduction of DMN functional
connectivity (50). Moreover, sleep deprivation
resulted in less task-related deactivation in the dorsal
anterior cingulate cortex and increased deactivation
in the precuneus of the DMN compared to controls
with a longer period of prior sleep (51). The

correlation of sleep disorders and DMN activity is of

great interest regarding AD, and still needs to be

further investigated.

5. Sleep

5.1 Sleep and cognition

Sleep has been proven to be essential for healthy
cognition. Sleep deprivation is associated with
deficits in attention, learning and memory, emotional
reactivity, and higher order processes, such as
executive decision making. Moreover, sleep
deprivation inhibits long-term synaptic plasticity in the
hippocampus (52). Wakefulness is associated with a
net increase in cortical synaptic strength and periods
of sleep with a net decrease and it has become clear
that sleep probably is necessary for recovery of the
homeostatic balance of neuronal activity (53, 54).
Sleep disorders thus have a major effect on

cognition.

5.2 Sleep disturbances in AD

Sleep disturbances are common in AD patients (55).
In AD the rhythmic expression of clock genes is no
longer found, possibly due to functional
disconnection between the suprachiasmatic nucleus
and the pineal gland. Neuronal loss in brain areas
involved in wakefulness like the basal nucleus of
Meynert, locus coeruleus, upper raphe nuclei, and
tegmentopontine reticular nuclei may contribute to
insomnia and sleep fragmentation (55). Studies have
both reported that increased and decreased sleep
are associated with a cognitive decline. Benito-Ledn
et al. reported a significant association between long

self-reported sleep duration and incident dementia

(56). Depression was however not assessed which



could be associated with the increased sleep.
Excessive daytime sleepiness has also been
reported as an important risk factor for cognitive
decline (57). Daytime sleepiness could reflect
decreased nighttime sleep and impair homeostatic
recovery due to sleep fragmentation. Moreover, late-
life chronic insomnia in men was associated with an
increased risk of cognitive decline (58). Studies
report both an association of increases and
decreases in sleep with cognitive decline; this could
be caused by the different AD stages of the
investigated subjects. Early in life decreases in sleep
could impair the recovery of the homeostatic balance
of neuronal activity and therefore affect AR
deposition, while late life increased sleep duration

could reflect progression into AD.

5.3 Sleep affects AB levels

The past years, sleep and wakefulness have been
correlated to AR levels in mice and humans (21, 22,
59). In mice that express human ABPP, ISF AB levels
correlate with the duration of wakefulness (22). AB
levels were significantly increased during the dark
period (when the mice are awake) compared to the
light period and correlated significantly with the time
spent awake. A negative correlation with sleep,
especially with non-REM sleep, was found (22).
Diurnal fluctuation of mouse-AB was also present in
wild type B6SJL mice and is therefore assumed as
physiological. ISF AB levels significantly increased
during acute sleep deprivation and during orexin (a
natural peptide that induces wakefulness) infusion
Bero et al. demonstrated that

(22). Moreover,

increased neuronal activation leads to increased ISF
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AB levels and that lactate, a marker for neuronal
activity, fluctuates diurnally. ISF AR levels correlate
with lactate levels and both decrease during sleep
Factors,

(22). like sleep disorders, that elevate

neuronal activity over prolonged periods may

accelerate progression of AP deposition and

therefore of AD. These data indicate that
physiological neuronal activity regulates ISF AR
levels in animal models and that neuronal activity
and A levels are decreased during sleep.

Recently, CSF AR patterns were assessed in young
normal human controls, aged subjects with normal
amyloid levels and an aged group with increased
amyloid levels. In healthy controls a circadian pattern
of AR CSF was found; this pattern was disrupted by
increasing age (aged amyloid negative and positive
groups). In young controls, both ABso & ABa2 levels
were inversely correlated with sleep after a 6-hour
delay, while no significant total protein circadian
pattern was present. In young controls, wakefulness
thus causes increased levels of CSF AR, while sleep
decreases CSF AR, indicating that sleep disorders

early in life could be an important risk factor for

Alzheimer’s disease (Fig.2) (59).

6. Discussion

6.1 Summary

AD affects a major and increasing part of the elderly
population and exerts a great economic burden
worldwide. Lack of knowledge of AD pathology
impairs  effective treatment development and
research into the mechanisms of AD is therefore
essential. AR is thought to affect NMDA receptors

directly and indirectly (13, 28, 33). Overall AB
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Figure 2. Simplified scheme indicating the effects of sleep disturbances, secretase activity, and ApoE4 on

AD development.

oligomers could impair memory by decreasing

synaptic  transmission, increasing LTD, and
decreasing LTP. These possible effects of AR have
however not yet been indisputably proven and more
research is needed.

AB deposition is influenced by neuronal activity,
and more specifically by activity in the DMN, and is
influenced by sleep, but the exact correlations remain
to be elucidated. Neuronal activity was proved to
increase AB deposition in vitro and in vivo (21, 41,
42). The default mode network appears disrupted in
AD, with increased DMN neuronal activity prior to AD
onset and decreased DMN activity in elderly with AD
(16, 20, 44-47). Moreover, areas with AB deposition
are correlated with brain areas of the DMN,
however, AB is distributed more widely than solely
the DMN (60). Brain areas of the DMN remain
activated during light and deep sleep (18, 49),
however, sleep reduces overall cortical synaptic
strength and could therefore be essential for
recovery of the homeostatic balance of neuronal

activity in the DMN (53, 54). If sleep is needed for

recovery of homeostatic balance, a decrease of
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activity in DMN associated brain areas would be
expected since both increased DMN activity and
disturbed sleep patterns are present in the brain of
AD patients. Sleep does indeed affect the DMN;
sleep deprivation resulted in a reduction of DMN
functional connectivity and resulted in less task-
related deactivation in areas of the DMN compared
to controls with a longer period of prior sleep (50,
51). Early in life sleep disorders could thus increase
AD risk due to increased neuronal activity, impaired
neuronal recovery, and by directly affecting DMN

connectivity, all inducing increased AR levels.

6.2 Future directions

The exact mechanisms of AD onset and disease
progression remain unknown. The role of AR on tau
protein or tau protein itself in AD has not yet been
explained. In transgenic mice models, tau protein’s
role in AD, also independent of AB, should be further
assessed. Moreover, using transgenic mice models,
a possible disrupted feedback loop of AR and
neuronal activation should be investigated as it could

give more insight into the presence of NMDA



receptor desensitization or  consistent AR
overproduction regardless of neuronal activity in AD.
Sleep disorders are common in AD patients,
however, prior to AD sleep disorders early in life,
when A levels fluctuate significantly in correlation to
sleep, need to be investigated. By increasing AB
burden in structures involved in the DMN, sleep
disorders could increase AD risk. Research in human
subjects that investigates AR diurnal fluctuations and
both sleep deprivation and AR deposition will give
more insight into the possibility of sleep disturbances
early in life as a risk factor for AD. Ideally, sleep
behavior, DMN activity, AR CSF levels, AB plaques
and tau protein should each be assessed in a
longitudinal study in young subjects. However, from a
practical point of view a parallel study with young
subjects (with and without predisposition to AD) and
old subjects (with and without AD) is more realistic.
Effects of sleep disorders in the young population on
later dementia could be of great interest and the
DMN and AR levels should be investigated by
following young subjects in time using fMRI and PET
imaging (*'C-PiB imaging). Naturally, these long
lasting studies come with a price but the economic
impact of AD is significant and these studies would
give important insights into this neurodegenerative
disease affecting a major part of the elderly. In the
young population AR decreases are significant during
sleep and a possible approach against AD would
therefore be to treat sleep disorders early in life
effectively. If sleep is proven to significantly affect AD

onset, early treatment of sleep disorders could

postpone AD onset with a few years, which is
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thought to significantly decrease AD prevalence and

have a major impact on global AD burden (7, 14).
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