Orexin and Alzheimer’s Disease

Claudio Liguori

Abstract Alzheimer’s disease (AD) is the most frequent age-related dementia. It
prevalently causes cognitive decline, although it is frequently associated with
secondary behavioral disturbances. AD neurodegeneration characteristically pro-
duces a remarkable destruction of the sleep—wake cycle, with diurnal napping,
nighttime arousals, sleep fragmentation, and REM sleep impairment. It was re-
cently hypothesized that the orexinergic system was involved in AD pathology.
Accordingly, recent papers showed the association between orexinergic neurotrans-
mission dysfunction, sleep impairment, and cognitive decline in AD. Orexin is a
hypothalamic neurotransmitter which physiologically produces wakefulness and
reduces REM sleep and may alter the sleep—wake cycle in AD patients. Further-
more, the orexinergic system seems to interact with CSF AD biomarkers, such as
beta-amyloid and tau proteins. Beta-amyloid accumulation is the main hallmark of
AD pathology, while tau proteins mark brain neuronal injury due to AD pathol-
ogy. Investigations so far suggest that orexinergic signaling overexpression alters
the sleep—wake cycle and secondarily induces beta-amyloid accumulation and
tau-mediated neurodegeneration. Therefore, considering that orexinergic system
dysregulation impairs sleep—wake rhythms and may influence AD pathology, it is
hypothesized that orexin receptor antagonists are likely potential preventive/thera-
peutic options in AD patients.
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1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, which has
been identified as the main cause of cognitive decline in the elderly [1, 2]. The
neuropathological hallmarks of AD are the accumulation of both amyloid-containing
neuritic plaques and neurofibrillary tangles (NFTs) of tau proteins [3]. These neuro-
pathological brain changes have been suggested to occur 15-20 years before the onset
of AD symptoms [4]. Accordingly, the preclinical AD concept has been recently
established as the presence of AD markers in cognitively normal individuals. In this
regard, the expectations for disease-modifying therapeutic strategies are highly rele-
vant for preclinical AD patients, since this condition may last years before the
appearance of clinical AD. Therefore, the identification of risk factors for developing
AD pathology is a current significant biological issue. Accordingly, researchers are
presently highly focused at recognizing causes of AD, in order to counterbalance the
pathological mechanisms triggering AD pathology. Therefore, substantial efforts have
been made in the last decade to understand the pathophysiological processes under-
pinning beta-amyloid aggregation and deposition in order to delay or possibly prevent
the AD neurodegeneration. In particular, biomarkers, expression of AD neuropathol-
ogy, are actually invoked, thus requiring extensive investigations. In keeping with this
observation, many studies have been performed in order to identify and possibly
establish early biomarkers of AD pathology.

Sleep disruption is considered a core component of AD, and also a preclini-
cal biomarker, since sleep impairment may emerge before the clinical onset of
AD. Moreover, insufficient sleep facilitates the accumulation of B-amyloid, poten-
tially triggering earlier AD neuropathological changes [5]. Therefore, sleep dys-
function has been hypothesized as an AD biomarker, since it may promote and/or
accelerate the neurodegenerative AD processes, and thus the cognitive decline [5—
8]. In agreement with this supposition, sleep impairment has been demonstrated as
altering the physiological homeostatic brain processes essential to ensure the
clearance of toxic substrates which accumulate during wakefulness, such as beta-
amyloid [8]. In fact, sleep reduction and dysregulation significantly lessen the
demonstrated homeostatic and restorative effects of sleep against neurodegenera-
tive processes, ensured by the glymphatic system [8]. This recently discovered that
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the macroscopic waste clearance system is active during sleep and alleviates brain
from deposition of toxic substrates [8]. Importantly, glymphatic failure may pre-
cede pB-amyloid deposits, thus representing an early biomarker of AD. However, an
animal model study documented that restoring glymphatic inflow and brain
interstitial-fluid (ISF) clearance potentially act as therapeutic targets slowing the
onset and progression of AD [9]. Hence, restoring sleep in AD may recover the
glymphatic system function and thus reduce the progression or possibly stop the
ongoing chain of events started with the reduction of f-amyloid cerebrospinal-fluid
(CSF) levels and leading to f-amyloid neurotic plaques deposition.

In keeping with this supposition, it has been recently hypothesized that poor
sleep quality may promote cognitive decline and AD neurodegeneration [10—13].

Clinically, AD is characterized by the deterioration of memory, language, and
intellect. Although cognitive decline is the main feature of AD, sleep distur-
bances are a common highly disruptive behavioral symptom associated with AD
pathology. Indeed, epidemiological studies have reported that sleep disturbances
occur in up to 45% of AD patients [14—16]. The main sleep disorder in AD is
obstructive sleep apnea syndrome, although also insomnia is a frequent and dis-
abling disorder affecting AD patients. What is certain is that sleep disorders ac-
celerate AD pathology [17, 18].

The origin of sleep disturbances in AD is thought to be multifactorial. In fact,
several hypotheses have been established and tested. Accordingly, degeneration of
suprachiasmatic nucleus, pineal gland, hypothalamus, and brain nuclei containing
circadian clock-regulating neurons in basal forebrain and brainstem is one of the
possible pathological mechanisms proposed of sleep dysregulation in patients with
AD [19]. However, neurodegeneration in these regions does not totally explain
sleep impairment occurring in AD patients. In keeping with this need of better
identifying the key regions related to sleep dysregulation in AD, investigations have
been carried out in order to better explain and possibly treat sleep impairment in
AD. Therefore, the possible pathological changes in the hypothalamic regulation of
the circadian rhythm have been recently investigated in AD pathology. In fact,
hypothalamus, and specifically the lateral hypothalamus containing the orexinergic
system, is considered essential in controlling the sleep—wake cycle, since it projects
to several crucial brain nodes of the sleep—wake cycle controlling system [20]. Such
areas include: locus coeruleus, dorsal raphe, substantia nigra, ventral tegmental
area, hypothalamic tuberomammillary nucleus, melanin-concentrating hormone
neurons, and basal forebrain.

On these bases, since the orexinergic system could have a significant impact on
sleep in AD neurodegeneration, several reports investigated the CSF orexin levels
in AD patients from the preclinical to the advanced stages of the disease. Moreover,
literature proposed the interesting mutual relationship among orexinergic system
dysregulation, sleep impairment, and CSF AD biomarkers (tau proteins and beta-
amyloid).
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2 Orexin and Cognition

The hippocampal formation is principally involved in learning and memory. Alter-
ations in hippocampal structure and function are usually contributors to cognitive
dysfunction [21]. Hippocampus receives many inputs from several brain regions;
also orexinergic system sends projections to this cognitive-fundamental region. In
fact, the orexinergic system has influences on a vast number of homeostatic and
physiological behaviors, such as attention, arousal, and cognition [22-24]. Vigi-
lance and daytime activity are necessary components for cognitive performances. It
has been also demonstrated that orexin promotes both wakefulness and energy
expenditure by interconnecting with the ventrolateral preoptic area, and thus
stimulates spontaneous physical and mental activity [25]. Therefore, orexin may
play a significant role in hippocampal-dependent cognitive tasks. Accordingly,
orexin controls hippocampal neurotransmission through direct as well as
transsynaptic modulation of various pathways [26]. In particular, orexin-mediated
modulation of GABA and glutamate tone in the hippocampus could be a potential
contributor to disruption of the sleep—wake cycle as well as cognitive performances
[26]. However, not only deficient synaptic activity, but also aberrant networks
activities, which can be caused by orexinergic system upregulation, may cause
cognitive deficits, as already demonstrated in AD animal model studies [27]. In
fact, orexin has excitatory properties in both animals and humans by interacting
with the mesolimbic pathway and amplifying dopamine release [28]. Therefore, the
dysregulation of orexinergic signaling may interfere with cognition, in particular
causing hippocampal-related cognitive deficits. Nevertheless, these suppositions
need to be better addresses also considering that a single animal model study doc-
umented that orexin receptor antagonists did not have effects on cognitive pro-
cesses in rats [29].

3 Orexin and Alzheimer’s Disease

The activity of the orexinergic system can be evaluated by measuring the CSF
levels of orexin. Orexin-A (Hypocretin-1) is a neuropeptide produced by the lateral
hypothalamic neurons, which regulates the sleep—wake cycle by increasing arousal
levels and maintaining wakefulness [20]. Several reports have evaluated CSF
orexin levels in AD patients using different techniques, such as radioimmuno-
assay (RIA) [4], fluorescence immunoassay (FIA) [30], enzyme immunoassay
(EIA) [6, 7], and mass spectrometry [31].

Orexin levels in the brain are under a complex regulation. In particular, recent
animal studies indicate that the orexinergic system is under the influence of light
and present diurnal variation and thus a circadian pattern of release and activity
[32]. In humans, it has been also demonstrated that CSF orexin levels vary with
season, principally correlating with day length and duration of the light period
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[33]. Therefore, the orexinergic system seems to be, like other neurotransmitter
systems, subjected to long-term modulation. Moreover, the orexinergic system is
affected by the physiological aging, since an overall decrease (averaging 23-25%)
in the proportion and density of orexinergic neurons from infancy to older age
(0-60 years) has been demonstrated in the human hypothalamus [34]. Finally, the
circadian rhythmicity of CSF orexin levels in AD patients and aged controls has
been depicted by the well-designed paper from Slats and colleagues examining CSF
orexin levels in AD patients and controls at eight individual time points chosen
during a 24-h period. Authors demonstrated that in AD pathology the orexinergic
system is significantly affected since both the decrease of mean orexin CSF levels
and the increase of the orexin circadian rhythm amplitude were observed in the
examined AD population compared to the elderly controls. Nevertheless, this study
was limited by the lack of polysomnographic recordings, thus not allowing the
correlation between orexinergic system dysregulation and the sleep—wake rhythm.

In the last decade, RIA analysis was validated for the quantification of CSF
orexin levels in narcoleptic patients [35]. In 2006, for the first time Baumann and
coauthors investigated CSF orexin levels in small populations of patients affected
by dementia processes documenting normal CSF levels of this biomarker in AD. In
2007, Friedman and colleagues confirmed this finding in a larger group of AD
patients. Few years later, Wennstrom and coauthors compared CSF orexin levels
among AD patients, Lewy-Body dementia (LBD) patients, and non-demented
controls. They detected lower CSF orexin levels in LBD patients compared to
both AD patients and controls, whereas CSF orexin level did not differ between
AD patients and non-demented controls. However, when dividing AD patients by
gender, higher CSF orexin levels were found in females with respect to males.
Using FIA analysis, this finding was replicated by Schmidt and colleagues, who
analyzed CSF orexin levels in AD patients. Although both groups supposed that
female AD patients secrete abnormal orexin levels with a possible higher produc-
tion rate in respect to males, their discussions did not provide substantial explana-
tions. In fact, the following investigations did not confirm this supposition thus
revealing comparable CSF orexin levels between male and female patients [6, 7, 31,
36-38].

Despite no differences found between AD patients and controls [37], a significant
increase in CSF orexin concentrations was documented in moderate—severe with
respect to mild AD patients [6, 7]. Furthermore, also in mild cognitive impairment
(MCI) due to AD patients higher CSF orexin concentrations has been found with
respect to controls [38] or patients affected by other dementing processes [36].

The finding that moderate—severe AD patients as well as MCI due to AD patients
present increased CSF orexin levels suggests that the orexinergic neurotransmission
system may be dysregulated in the early as well as in the advanced stages of the AD
neurodegenerative processes. However, this observation could be somewhat para-
doxical and has been drawn from few studies. Hence, further evidence that the
orexinergic system impairment persists from the onset throughout the progression
of AD is needed. Nevertheless, it is possible to speculate that orexin may play a
significant role along the entire progression of AD pathology.
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Even though the orexin levels were extensively examined in in vivo CSF
samples, only one report interrogated postmortem AD brains in order to assess
orexinergic neurons and ventricular CSF orexin concentrations. Fronczek et al.
documented a 40% decrease of orexin immunoreactive neurons in postmortem
brain hypothalamic tissues and a modest reduction in orexin-A ventricular CSF
levels of AD patients compared to aged controls [39]. Nevertheless, how CSF orexin
levels correspond to the number of intact orexinergic neurons in the human brain
is difficult to quantify. In rodent models, it was reported that a substantial loss
of orexinergic neurons (50-70%) is required before a significant decrease in CSF
concentrations of orexin appears [40]. A possible explanation for the finding by
Fronczek and colleagues could be achieved from the recent paper by Zhu et al. [41]
demonstrating that intermittent short sleep (ISS) produces premature senescence of
orexinergic neurons in mice. In fact, chronic ISS, a condition easily observed in AD
patients, causes a significant reduction of orexinergic neurons, which also showed
an altered morphology. Moreover, ISS induces the reduction of projections from
orexinergic neurons, thus possibly causing the increased release of orexin neuro-
transmitters to ensure the interconnections between orexin and its output terminals.
However, this supposition needs to be completely demonstrated.

On this basis, it could be plausible that the moderate reduction of orexinergic
neurons (40%) found in AD patients does not significantly modify CSF orexin
levels; conversely, the increase in CSF orexin levels found in MCI and moderate—
severe AD patients suggests that the dysregulation of the orexin system in AD
pathology could be functional and not structural. In fact, it could be hypothesized
that the high CSF orexin levels found in patients with AD at the MCI and moderate—
severe stages could be the result of increased orexin release, as a compensatory
mechanism involving the lateral hypothalamus in the context of the AD neurode-
generative processes [42]. Indeed, the wakefulness-promoting neurons, particularly
the basal forebrain cholinergic ones, are principally affected during AD neuro-
degeneration [43]. This cholinergic neurodegeneration could lead to the upreg-
ulation of the other arousal systems, including orexin-producing neurons, not only
in the advanced stages but even at early stages, thus contributing to the sleep
alteration frequently reported in these patients.

4 Orexin, Alzheimer’s Disease, and the Sleep—Wake Cycle

Once established that CSF orexin levels are normal or slightly increased in both
MCI and AD patients, researchers investigated the relationship between the activity
of the orexinergic system and the sleep—wake cycle in AD neurodegeneration.
Circadian disruption in AD has been well established. In fact, AD patients show
reduced amplitude and period length of circadian rhythm, increased intradaily
variability, and a decreased interdaily stability of a rhythm [44]. Pathophysiologic
mechanisms underlying dysregulation of the circadian rhythmicity in AD have been
identified in suprachiasmatic nucleus impairment and loss of pineal gland function
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[45, 46]. However, also orexinergic signaling dysregulation has been invoked in as
a possible cause of circadian disruption in AD. Accordingly, a single previous work
using actigraphic recordings investigated the sleep—wake cycle and the circadian
rest activity of AD patients in relation to CSF orexin concentrations [47]. Since
lower CSF orexin concentrations are documented in narcoleptic patients who
present diurnal fragmentation with several naps, authors correlated CSF orexin
levels with daytime wakefulness in AD patients. Consistently, lower CSF orexin
levels were correlated with the higher number and duration of daytime naps in AD
patients, thus suggesting that orexin neurotransmission deficiency could be respon-
sible for the daytime napping of AD patients. However, taking into account that
CSF levels were in a normal range in all the AD patients evaluated, this supposition
remained unconfirmed in the following studies investigating CSF orexin levels
exclusively in respect to nighttime sleep.

It is well known that the role of the orexinergic system is not only limited to
control the diurnal wake, but also to influence the nocturnal sleep. In fact, orexin
seems to primarily reduce REM and slow wave sleep (SWS) and increase wake-
fulness. Therefore, the orexinergic system shows a wake-on and REM-off pattern of
firing, since it physiologically promotes arousal through activation of the wake-
active monoaminergic populations and the deactivation of the REM-on cholinergic
network [48, 49]. However, the correct orexinergic signaling is considered essential
in ensuring the physiological rhythmicity of the entire sleep—wake cycle.

It is well known that Alzheimer’s pathology interferes with sleep physiology; in
fact, MCI and AD patients suffer from sleep disturbances, such as reduced REM
and SWS duration and decreased sleep efficiency, coupled with increased wake-
fulness after sleep onset (WASQO) [14—16, 50]. In detail, increase in fragmented
daytime naps, earlier times of sleep onset, and alterations in the timing and fre-
quency of nighttime REM and SWS are usual sleep—wake characteristics of AD
patients. However, the most distinct change of sleep architecture in AD neuro-
degeneration is the reduction of REM sleep, which is featured by longer latency and
severe fragmentation [51, 52]. This significant change in REM sleep quality and
quantity is already evident in the MCI stage of AD, possibly representing the first
sign of sleep impairment in AD pathology [38, 53, 54]. Consistently, sleep distur-
bances are very common in the AD process and are likely related to the cholinergic
depletion. In fact, it has been already reported that the impairment of the choliner-
gic networks in AD neurodegeneration could be responsible for sleep disruption
and SWS/REM sleep alteration [55-59].

However, the relationship between sleep impairment and AD neurodegeneration
has not yet been fully elucidated. Therefore, taking into account that AD patients
show a dramatic impairment of sleep with frequent arousals coupled with the
reduction of REM and SWS, recent reports investigated the relationship between
CSF orexin levels and sleep macrostructure in AD patients ranging from the mild to
the advanced disease stages [6, 7].

In the last decades, actigraphy emerged as a noninvasive tool for determining
sleep patterns; in fact, it can measure sleep in individuals going about their usual
activities, thus representing an appropriate method of sleep measurement also for
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the research questions. However, polysomnography (PSG) remains the gold stan-
dard for measuring sleep, since it is a well-validated approach to study and define
the sleep architecture.

Two reports investigated and correlated the polysomnographic sleep with CSF
orexin concentrations in MCI and AD patients [6, 7, 38]. The first investigation
correlated the PSGs performed in mild to severe AD patients with CSF orexin
concentrations and documented that higher CSF orexin levels correlated with
longer sleep latency (SL), higher WASO, and decreased sleep efficiency and
SWS. Significantly, the main finding consisted in the correlation between CSF
orexin levels and the reduction of REM sleep. In this study, it emerged that, beyond
the simple correlation between SL/REM and orexin, the additional multivariate
regression analysis revealed the significant mutual interplay between CSF orexin
levels and both SL and REM sleep. Therefore, it appeared evident that the orex-
inergic system overexpression may result in longer SL and REM sleep impairment
in AD patients ranging from mild to severe cognitive decline [6, 7]. The second
study demonstrated that orexin system dysregulation is already evident in the MCI
stage of AD pathology. In fact, it documented that the orexinergic system over-
expression is related to REM sleep impairment and sleep fragmentation in MCI due
to AD patients [38]. Notably, by dividing the MCI population into two subgroups
on the basis of subjective sleep concerns, authors found that MCI patients with
subjective sleep complaints presented higher CSF orexin levels compared to MCI
patients without sleep disturbances. Moreover, the further analysis between MCI
patients complaining of sleep disturbances and controls affected by similar sleep
impairment documented that MCI patients showed higher CSF orexin levels than
controls. These findings propose the suggestion that in MCI due to AD patients
sleep impairment may be related to the orexinergic system dysregulation, which
seems to cause insomnia, prolonged SL, and nocturnal awakenings. Surprisingly, in
the results section authors reported that the highest CSF orexin concentrations were
found in two patients who presented a remarkable impairment of nocturnal sleep,
with REM sleep suppression. Hence, the already proposed association between
orexinergic system dysregulation and REM sleep impairment was early evident in
MCI patients [38].

Although the association between orexinergic system overexpression and sleep
impairment in the AD pathology is well documented, the mechanisms linking
orexin system dysregulation to REM sleep impairment and sleep fragmentation
have not yet been investigated. Up to now, it has been largely supposed that the
failure of the cholinergic network may represent the main candidate in provoking
the derangement of sleep in AD pathology. However, considering the abovemen-
tioned studies, the dysregulation of the orexinergic system may also be a factor that
induces sleep alteration in the AD pathology. Therefore, the sleep impairment in
MCI/AD patients may be caused by the dysregulation of both the cholinergic and
the orexinergic systems. In particular, overexpression of the orexinergic neuro-
transmission system has been suggested owing to the malfunctioning of the dam-
aged cholinergic network, thus resulting in an unbalance between these two systems
[60]. Moreover, in vitro intracellular recordings identified that orexinergic neurons
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present a depolarized resting membrane potential, with spontaneous firing in the
absence of stimuli (Lee et al. 2002; [61]). This considering the absent feedback of
the cholinergic network on the orexinergic terminals may produce the spontaneous
firing of the orexinergic neurons. Moreover, in animal models it has been demon-
strated that REM sleep deprivation increases CSF orexin levels [62]. These findings
suggest that the raised CSF orexin levels found in MCI/AD patients could be also
linked to REM sleep impairment, which is related to the cholinergic system failure.
Hence, on the basis of the recent evidence linking AD pathology, REM sleep
suppression, and orexinergic system dysregulation, it is conceivable to speculate
that the upregulation of the orexinergic system present in the AD neurode-
generation could be likely mediated by the lacking deactivation of the wake-on
orexinergic neurons due to the derangement of the cholinergic neurotransmission.
In particular, this evidence is drawn from studies investigating polysomnographic
nocturnal sleep in AD patients and CSF orexin levels. However, based on the
observations previously described by [47], further studies evaluating the circadian
activity of AD patients (thus investigating both sleep and wake periods) related to
CSF orexin levels changes are needed.

5 Orexin and Alzheimer’s Disease Biomarkers: Beta-
Amyloid

Beta-amyloid deposition is the main hallmark of AD pathology. It is widely ac-
cepted that beta-amyloid dynamics are altered many years before the onset of
clinical symptoms [4]. In fact, the proposed amyloid cascade hypothesis suggests
that AD neurodegeneration starts with aggregation of non-soluble monomeric beta-
amyloid peptides. In keeping with this biomarker view, it has been demonstrated
that low CSF p-amyloidy,, levels represent a very strong predictor of AD pathology
since the preclinical stage. On these bases, in order to target the possible patholog-
ical processes promoting AD preclinical neurodegenerative processes, researchers
focused their work in understanding the possible mechanisms that early alter beta-
amyloid dynamics.

In 2009, a seminal scientific report by Kang and coauthors described that cere-
bral beta-amyloid dynamics are regulated by orexin, which in turn influences the
sleep—wake cycle. By using an animal mouse model, authors documented that
intracerebroventricular infusion of orexin, inducing wakefulness in mice, produces
the significant increase of f-amyloid concentrations in the brain ISF. To confirm
these findings, in a second phase, authors infused for 24 h a dual orexin recep-
tor antagonist, thus detecting that ISF beta-amyloid levels reduced significantly
with the abolishment of beta-amyloid diurnal fluctuations and the inhibition of beta-
amyloid plaque formation. Based on these findings, authors proved that pertur-
bations in orexin signaling not only alter the sleep—wake cycle by promoting
wakefulness and reducing REM sleep, but also have acute effects on cerebral
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beta-amyloid dynamics. In fact, the high orexinergic tone increases the diurnal
fluctuation of beta-amyloid ISF levels and promotes the cerebral beta-amyloid
plaque formation.

The impact of sleep deprivation and prolonged wakefulness has been also test-
ed in humans. In fact, it has been documented that sleep deprivation increases
CSF B-amyloidy, levels, whereas a night of unrestricted sleep leads to decrease of
B-amyloidy, levels [12]. This finding confirms a previous study documenting that
sleep impairment is associated with the diagnosis of preclinical AD [63]. Read-
ing these papers, it is interesting to note that f-amyloid deposition, as assessed
by CSF p-amyloidy, levels, is described in patients presenting with worse sleep
quality and lower sleep efficiency [63]. On the other hand, Ooms and coauthors
described a difference of 75.8 pg/mL of p-amyloidy, CSF levels between the un-
restricted sleep and sleep deprivation groups. Therefore, it appeared evident that
sleep impairment and in particular WASO are the main candidates in altering brain
B-amyloid dynamics, thus possibly representing risk factors for preclinical
AD. However, animal model studies that were subsequently performed tried to de-
termine whether sleep impairment or orexin-mediated nocturnal wakefulness is
related to the dysregulation of: (1) B-amyloid metabolism; (2) the increase of ISF
B-amyloid levels, and (3) the induction of p-amyloid cerebral deposition. In fact,
modulation of sleep, rather than orexin per se, seems to be important in causing AD
neuropathological changes. In keeping with this hypothesis, the paper from Roh et al.
[64] documented that stereotaxic injection of orexin into the hippocampus of amyloid
precursor protein/presenilin 1 transgenic mice did no change -amyloid deposition,
also nor changing sleep time. Nevertheless, the injection of orexin in the hypo-
thalamus of orexin knockout mice increased the amount of wakefulness as well as
increased the amount of f-amyloid deposition. Considering that sleep deprivation
induced p-amyloid pathology also in the absence of orexin, Roh et al. [64] concluded
that wakefulness and sleep deprivation concurrently affect f-amyloid clearance and
deposition more than orexinergic hyperactivation. Therefore, this animal model study
totally agrees with clinical evidence of lower CSF f-amyloid, levels in sleep
deprived humans. Hence, it appears plausible that the complex interaction between
orexin signaling and sleep regulation could alter f-amyloid dynamics. After all,
orexin fluctuations are related to the sleep—wake cycle and the diurnal fluctuations
of f-amyloid. In agreement with this supposition, Kang and colleagues observed in a
small group of healthy volunteers that fluctuations of CSF beta-amyloid levels are
present during the day, with reduced levels overnight and increased levels during the
wake period with a peak in the evening. Later, Slats et al. replicated this study in six
AD patients compared to six elderly controls documenting the circadian rhythm of
CSF orexin and B-amyloid levels in AD patients, obtained thanks to a longitudinal
CSF collection throughout a 36-h intrathecal catheter. From this experiment, several
observations were achieved. Although no differences in CSF orexin levels were
observed between AD patients and controls, authors showed that CSF orexin levels
were increased during the night and with a higher mean amplitude in AD patients
with respect to controls. Significantly, orexin CSF levels changed in relation to
B-amyloid levels in both AD patients and controls. Consistently, lower mean CSF
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beta-amyloid concentrations (consistent with a higher cerebral beta-amyloid burden)
were related to both lower orexin levels and higher amplitude of orexin circadian
rhythm.

Different from the aforementioned study, the previously documented association
between CSF orexin and f-amyloid levels described either in an animal model
study or in a small sample of AD patients was not evident in the following reports
investigating the orexinergic systems in MCI and AD patients [6, 7, 30, 37, 38,
65]. This lack of correlation has been described as the possible effect of the plateau
of low (pathological) CSF B-amyloid levels reached by both MCI and AD patients,
which cannot allow correlations with other CSF biomarkers such as orexin
[6, 7]. Moreover, in MCI and AD patients, CSF p-amyloid fluctuations disappeared
since levels in the CSF were lower due to the B-amyloid deposition in amyloid
plaques. Therefore, the significant reduction of CSF p-amyloid levels influences
possible interplays between this biomarker and other molecules present in the CSF.
In keeping with this supposition, in cognitively normal elderly subjects (not show-
ing f-amyloid pathology) it was demonstrated the significant relationship between
CSF p-amyloid and orexin levels, although this correlation seemed to be driven by
phosphorylated tau CSF levels [66]. Moreover, if considering patients affected by
narcolepsy in which CSF orexin levels are dramatically reduced, it was evident the
lack of correlation between CSF orexin and p-amyloid levels [7]. Therefore, it is
possible to speculate that disease-specific alterations (orexinergic system damage
in narcolepsy and p-amyloid pathology in AD) cause the loss of the reciprocal
modulation between orexin and f-amyloids, CSF levels. However, it could be very
interesting to further investigate the possible in vivo relationship between CSF
orexin and PB-amyloid levels in larger groups of preclinical AD patients, when it is
hypothesized that brain could still be salvageable from AD pathology. In fact, the
evaluation of this correlation could be important in preclinical stages of AD in
order to better investigate how orexin may modify in vivo B-amyloid dynamics,
thus representing a novel therapeutic target.

6 Orexin and Alzheimer’s Disease Biomarkers: Tau
Proteins

Although the correlation between CSF orexin and beta-amyloid levels appeared
controversial in animal model and human studies, in human studies the significant
relationship between CSF orexin and tau protein levels has been widely docu-
mented either in AD patients or in depressed and cognitively normal healthy
subjects [6, 7, 37, 66].

It has been hypothesized that in the AD process the hyperphosphorylation
and accumulation of tau proteins appear in a temporal ordering after the accumu-
lation of beta-amyloid plaques [67, 68]. Consistently, tau proteins mark the neuro-
nal injury occurring in AD pathology. In fact, increased CSF tau protein levels
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correspond to higher NFT pathology [69]. Moreover, higher tau protein levels in the
CSF are considered a marker of rapid cognitive decline, since they have been
associated with faster and more pronounced neuronal degeneration, significantly
supporting the transition from early to more advanced disease stages [70].

Reports from the recent literature suggested that the dysregulation of the orex-
inergic system, as expressed by the increased CSF orexin levels found in AD pa-
tients, was related to a faster and more marked tau-mediated neurodegeneration.
This observation was carried out in studies investigating CSF orexin levels in mild
and moderate—severe AD patients [6, 7, 37]. In fact, it has been demonstrated that
CSF orexin levels directly correlate with CSF tau levels in AD patients, with
particular evidence in moderate—severe AD subjects [6, 7]. Explanations have
been only suggested. One of them is that the higher neuronal activity mediated by
the increased orexinergic function may be responsible for the higher CSF tau
protein levels found in AD patients. This supposition is based on the recent report
documenting that neuronal activity could be a regulator of extracellular tau levels
[71]. Further alternative explanations are related to the effects of sleep—wake cycle
alterations on both orexinergic signaling and tau pathology [66]. In fact, age-related
increases in orexin may promote wakefulness and sleep fragmentation, which in
turn may promote accumulation of tau proteins. An alternative model of this
correlation could be achieved from the results by Davies et al. [72] documenting
that application of B-amyloid in cell cultures induced both amyloid plaques forma-
tion and tau phosphorylation coupled with the downregulation of orexin receptors
thus inducing the possible increase in orexin neurotransmission due to the reduced
available receptors. Therefore, AD neuropathology may influence orexinergic
function by reducing orexin receptors.

Hence, the mutual relationship between the orexinergic system and tau pathology
emerged in human as well as in animal model studies and these findings open new
frontiers for better understanding and possibly counterbalancing the tau-mediated
neurodegeneration in AD patients by reducing the overexpression of the orexinergic
system. In keeping with this supposition, dual orexin receptor antagonists, recently
approved for the treatment of insomnia, should be investigated as a potential
preventive or therapeutic measure against AD pathology.

7 Conclusion: Orexin and Alzheimer’s Disease
Pathogenesis

Researches so far conducted highlighted that the overactivation of the orexinergic
system is associated with the dysregulation of the sleep—wake cycle in patients
suffering from AD neurodegeneration. Moreover, the orexinergic system dysfunc-
tion is also related to f-amyloid and tau protein brain dynamics, either in aging or in
AD pathology. However, the associations found among the orexinergic system
dysfunction, the biomarkers consistent with AD pathology, and the sleep—wake
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cycle alteration suggest a mutual relationship of these three factors. The more ac-
credited model, emerged from the recent studies investigating orexin, sleep, and
AD, explains these interplays focusing on the effect of the orexinergic system
dysfunction on the sleep-wake cycle impairment, which in turn has detrimental
effects on pf-amyloid and tau proteins deposition.

Therefore, these findings suggest that orexin may be considered as a novel bio-
marker of sleep impairment in AD pathology, secondarily influencing both beta-
amyloid and tau pathologies.

Evidence proposed by animal model and in vivo human studies enforced this
hypothesis and inaugurated new potential preventive/therapeutic strategies. There-
fore, considering that sleep disruption has been proposed to exacerbate neuro-
degeneration in AD, results from the recent studies investigating the orexinergic
system, sleep disruption, and cognitive decline in MCI and AD patients could
propose novel therapeutic approaches to improve sleep by reducing the orexinergic
tone. Additionally, taking into account that the dysregulation of the orexinergic
system seems to influence AD pathology by acting on the sleep—wake rhythm, it
could be hypothesized the use of orexin receptor antagonists as potential preven-
tive, therapeutic, or neuroprotective ways targeting the AD neurodegenerative
process in order to improve sleep, slow the cognitive impairment, and thereby
hamper the pathological processes at the basis of AD pathology. However, these
observations require solid confirmations in AD patients, preferably in the preclin-
ical stage of the disease, in order to test if sleep improvement mediated by orex-
in receptor antagonisms may stop the ongoing chain of events leading to AD
neurodegeneration.
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