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Abstract: Sleep—wake disruption is frequently observed and often one of the earliest reported
symptoms of many neurodegenerative disorders. This provides insight into the underlying
pathophysiology of these disorders, as sleep—wake abnormalities are often accompanied by
neurodegenerative or neurotransmitter changes. However, in addition to being a symptom of
the underlying neurodegenerative condition, there is also emerging evidence that sleep distur-
bance itself may contribute to the development and facilitate the progression of several of these
disorders. Due to its impact both as an early symptom and as a potential factor contributing to
ongoing neurodegeneration, the sleep—wake cycle is an ideal target for further study for potential
interventions not only to lessen the burden of these diseases but also to slow their progression. In
this review, we will highlight the sleep phenotypes associated with some of the major neurode-
generative disorders, focusing on the circadian disruption associated with Alzheimer’s disease,
the rapid eye movement behavior disorder and sleep fragmentation associated with Parkinson’s
disease, and the insomnia and circadian dysregulation associated with Huntington’s disease.
Keywords: sleep, neurodegeneration, Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease

Introduction

Sleep and neurodegenerative disorders are highly intertwined, and this link is
bidirectional. As will be illustrated in this review, sleep disturbances are often early
markers of ongoing neurodegeneration. However, it is unclear whether these sleep
disturbances may be the cause of, or are simply a symptom of, the underlying disease.
In this review, we will present evidence pointing toward both sides of this causal
pathway. In addition, each of the major neurodegenerative disorders has its own sleep
“phenotype” or characteristic aspects of the sleep—wake cycle that are disrupted in the
disorder which we will review (Figure 1).

Sleep disruption as a symptom of

neurodegenerative disease

Sleep and wake are distinct phenomena regulated by specific brain regions and sets
of neurotransmitters. Wakefulness is controlled by multiple brain regions, including
cholinergic neurons in the basal forebrain and laterodorsal and pedunculopontine
tegmental nuclei and norepinephrine-containing neurons in the locus coeruleus. The
brain regions are innervated by neurons containing the peptide orexin, which promotes
wakefulness. Sleep is initiated by GABA-containing neurons in the ventrolateral pre-
optic nucleus and can be divided into NREM and REM sleep. NREM sleep is initiated
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Figure | A model of sleep—wake disruption across neurodegenerative disorders.

through ventrolateral preoptic nucleus-mediated inhibition
of the ascending arousal pathways, while REM is mediated
primarily by activation of cholinergic neurons in the latero-
dorsal and pedunculopontine tegmental nuclei.'

Sleep disturbances are a common early symptom of
neurodegenerative disease, ranging from the increased sleep
fragmentation and irregular sleep—wake patterns seen in
Alzheimer’s disease (AD) to the increased risk for REM sleep
behavior disorder (RBD) in the synucleinopathies, including
Parkinson’s disease (PD), multiple system atrophy, and Lewy
body dementia to the circadian dysregulation and insomnia
seen in Huntington’s disease (HD).

Sleep disruption as an early symptom
of AD

It has long been recognized that as AD progresses, sleep
disturbances increase. AD has been associated with increased
fragmentation of the overall sleep—wake pattern, increased
sleep during the daytime, increased frequency of nocturnal
awakenings, and a decrease in both slow wave and REM
sleep.? Individuals often develop irregular sleep—wake
rhythm disorder, in which sleep is fragmented into at least
three distinct bouts throughout the 24-hour period, and
individuals also frequently develop “sundowning” whereby
confusion and agitation worsen later in the day.* These sleep
disturbances do appear to be associated with adverse clinical
outcomes, as both greater sleep disturbance and greater time
spent in bed have been associated with greater functional
impairment in individuals with AD.*

In addition, there does appear to be progressive circadian
dysfunction in these individuals, which can in turn result in
significant sleep disruption. In the Tg2576 mouse model of
AD, which exhibits age-dependent amyloid-3 deposition in
the brain, animals demonstrate a significantly longer circadian
period of wheel running rhythms when compared to control

mice, and they also lacked the normally observed increase in
delta power following sleep deprivation.’ Based on caregiver
reports, individuals with AD have a decrease in the overall
amplitude of the rest—activity rhythm that corresponds with
abnormal patterns of the core body temperature rhythm.
Use of objective actigraphy data to measure rest—activity
patterns in AD has demonstrated increased fragmentation
and decreased amplitude of activity that correlates with
the severity of dementia’ and the degree of impairment in
cognitive performance.®

Interestingly, there is increasing evidence that the sleep
and circadian disturbances may actually develop prior to
the clinical symptoms of AD being evident. In a large actig-
raphy study of over 1,200 healthy women, a decrease in
the amplitude and robustness of the circadian rest—activity
rhythm at baseline was associated with an increased risk for
developing either mild cognitive impairment or dementia
over the next 5 years, suggesting that these sleep disturbances
are either an early symptom or contribute to the underlying
pathophysiology.’

Furthermore, the use of hypnotics to treat sleep distur-
bances may further contribute to the development of dementia
through unclear mechanisms. There is evidence that in indi-
viduals with traumatic brain injury, those with complaints of
insomnia who are treated with hypnotics have a higher risk of
developing dementia when compared to control individuals,
either with or without insomnia.'® Neuroleptic medications
are also frequently used to treat sleep disturbances in patients
with dementia; however, these have also been associated
with an increased risk of morbidity and mortality in these
patients.'! This suggests that simply using medication to treat
the underlying sleep disturbance will not necessarily improve
risk, and may actually do more harm.

Sleep and circadian disruption in

movement disorders
Impaired sleep and alertness are frequently encountered in
movement disorders such as PD and HD. Sleep disturbances
are one of the most common and disabling nonmotor mani-
festations of PD, affecting as many as 90% of patients.'> The
most common sleep disturbances observed include sleep
fragmentation, excessive daytime sleepiness, and RBD.
Increasing evidence also suggests significant modifications
of the circadian system, likely in turn affecting sleep—wake
homeostasis in the PD population.'3

In most cases, poor sleep is related to the underlying
pathology of PD; however in some individuals, the dopamine
agonists used to treat the motor symptoms may also contribute
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to the development of excessive sleepiness. Excessive
sleepiness was reported in 13%-36% of PD participants in
pivotal clinical trials of levodopa and dopamine agonists.'*!>
Levodopa monotherapy confers the lowest risk for sleepiness,
while the combination therapy with levodopa and dopamine
agonist presents the highest risk.'® In these individuals, the
addition of stimulating medications such as armodafinil,
buproprion, or one of the more traditional stimulants may
be beneficial."”

Poor sleep affects up to 90% of HD patients'® with symp-
toms including sleep initiation and maintenance insomnia,
reduced sleep efficiency, and reduced total sleep time.!
Circadian rhythms also become progressively more disrupted
as the HD-specific neurodegenerative process advances,
resulting in further sleep—wake disruption.?’ Interventions
directed toward sleep consolidation, in this case by using
hypnotics to impose a regular sleep—wake schedule do seem
to be effective in improving circadian function and cognitive
performance in HD.?!

RBD is a parasomnia characterized by abnormal motor
and vocal behaviors in the context of vivid dreams, associated
with loss of muscle atonia during REM sleep. The disorder
is strongly associated with synuclein-related disorders and
is considered one of its earliest manifestations.? This is
likely reflective of early involvement of neuroanatomic
networks responsible for the regulation of REM sleep by
synuclein-related neurodegeneration. Idiopathic RBD con-
fers a strong risk for the development of Parkinsonism or
cognitive dysfunction, with the risk estimated to be over
50% over a decade of having RBD.*

Neurodegeneration and sleep

disturbance

At a structural level, there is growing evidence for an under-
lying neuroanatomical basis for these observed sleep—wake
disruptions. In a community-based study of AD patients,
actigraphy was obtained prior to death, and postmortem
analysis was performed looking at the number of galanin-
positive neurons in the intermediate nucleus, the human
equivalent to the ventrolateral preoptic area, the primary
wake promoting nucleus in rodents. This investigation
demonstrated a correlation between the loss of neurons in
the intermediate nucleus and increased sleep fragmentation
on actigraphy.?* More recently, it has also been demonstrated
that there is a correlation between the circadian amplitude
of rest—activity, and the number of vasoactive intestinal
peptide expressing neurons in the suprachiasmatic nucleus,
the primary circadian pacemaker in mammals.? In PD, sleep

disturbance frequently precede motor symptoms, and this
is presumed to reflect the degeneration of areas such as the
raphe nucleus and locus coeruleus that constitute preclinical
stages 1 and 2 of the pathological staging proposed by Braak
et al.?*?” These data suggest that the observed sleep—wake
and circadian disturbances in neurodegenerative disease
are secondary to pathological degeneration of primary
brain regions important for regulating the sleep—wake and
circadian cycles.

Melatonin changes with

neurodegenerative disease

Melatonin is a hormone released by the pineal gland in a
circadian pattern, with levels rising several hours before sleep
onset, and peaking in the middle of the night. The pattern and
amplitude of melatonin release is a reflection of the overall
circadian state of the individual. As the sleep—wake cycle
is closely tied to the circadian cycle, circadian disruptions
are in turn closely linked to disrupted sleep. Many neuro-
degenerative disorders have been associated with sleep and
circadian disruption as reflected in changes in the pattern of
melatonin secretion.

In patients with PD, initial studies comparing untreated
patients to treated patients with or without motor compli-
cations demonstrated an overall advance in the timing of
melatonin secretion in treated patients compared to controls,
as well as a decrease in the amplitude of melatonin secretion
in treated patients with motor complications.?® Later studies
have demonstrated that PD patients have a decrease in the
amplitude of melatonin secretion compared to controls,?*
and this effect is more pronounced in patients with excessive
daytime sleepiness.” In addition, the pattern of expression
of clock genes, particularly Bmall, appears to be altered in
these individuals.*® Patients with AD have also exhibited a
decrease in the amplitude of the melatonin rhythm.3"32

Interestingly, in addition to reflecting underlying sleep
and circadian dysfunction, alterations in melatonin secretion
patterns may contribute to the underlying pathophysiology
of these disorders. Melatonin, known to have antioxidant
properties, has been demonstrated in in vivo models to
protect against oxidative stress,* and can protect against
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced neurotoxicity in mouse models of PD.** In addition,
in vitro models have demonstrated that melatonin can inhibit
a-synuclein assembly and toxicity, which is believed to be
an important step in the pathophysiology of PD.* This again
supports the idea that changes in melatonin release may not
only reflect the observed disruption of sleep and circadian
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rhythms but also may contribute to further progression of
the disease.

Orexin levels/neuronal loss in

neurodegenerative disease

Orexin (hypocretin) is an important neuropeptide involved
in the maintenance of wakefulness and also stabilizes
sleep—wake transitions.*® While orexin represents the pri-
mary peptide that is deficient in patients with narcolepsy,”’
changes in orexin levels may also play a role in the sleep
fragmentation and excessive sleepiness frequently observed
in neurodegenerative disorders. Orexin-A levels can be
measured in the cerebral spinal fluid (CSF) of patients. In
addition, at autopsy, the number of orexin-positive neurons
can be assessed.

In HD, mouse models have demonstrated a significant
decrease in the number of orexin-positive neurons in the
hypothalamus.*** Similar results have also been found in
autopsy studies from humans with HD.* Interestingly, sev-
eral studies looking at CSF orexin levels in patients with HD
did not find any significant difference when compared with

controls,*—#

suggesting that it takes substantial neuronal loss
before significant changes are reflected in the CSF profile.

Similarly, several studies in patients with PD have dem-
onstrated normal CSF orexin levels on average,***’ though
some differences have been noted if measured at the level of
the ventricle in late-stage PD, with lower levels correlating
with increased disease severity.”® Similar to patients with
HD, even in PD patients with normal CSF orexin levels,
there does appear to be a 25%—50% loss of orexin-containing
cells on postmortem autopsy.*’ In vitro, there is evidence that
orexin can play a neuroprotective role in a cellular model of
PD, suggesting that loss of these cells may play a role in the
underlying sleep—wake disturbances, but in turn, cell loss
may also contribute to the progression of disease.*

The story becomes more complicated in patients with
AD, where results have been more variable. In at least one
study, CSF levels of orexin were found to be no different
than those in controls,” while another group looking at
postmortem brains in patients with advanced AD found both
decrease in the number of orexin neurons and a decrease
in the CSF orexin levels. Furthermore, lower CSF levels
correlated with those who complained of greater daytime
sleepiness.*? Of note, another recent study found increased
CSF orexin levels in patients with moderate-to-severe AD
when compared to controls. This patient population also had
a decrease in sleep efficiency, with increased wake after sleep
onset on polysomnography (PSG) that correlated with the

increased orexin levels.** In a mouse model of AD, knocking
out orexin results in a decrease in amyloid-3 deposition. This
decrease seems to be related to effects on sleep, rather than
direct effects of the orexin peptide, as selective rescue with
local injections of orexin does not affect amyloid-B deposi-
tion, while sleep deprivation results in increased amyloid-f3
deposition in orexin knockout mice.** Overall, this suggests
that in neurodegenerative disorders the orexin-containing
neurons in the lateral hypothalamus are often affected as part
of the underlying neurodegenerative process. In turn, the loss
of these neurons can accelerate the underlying pathology,
either through loss of direct neuroprotective effects, as in
PD, or by further disrupting and fragmenting sleep, resulting
in increased amyloid-3 deposition, as will be detailed in the
following section.

Sleep disruption as a potential

cause of neurodegenerative disease
While there is growing evidence that sleep disruption can be an
early symptom in the development of neurodegenerative disease
(as already discussed), sleep disturbances often predate the
onset of cardinal diagnostic clinical symptoms, suggesting that
the sleep disruption may actually also play a role in the develop-
ment and progression of neurodegenerative diseases. This is an
exciting concept because it positions the sleep—wake cycle as
a novel, readily modifiable factor in its efforts to develop and
test neuroprotective/disease-modifying strategies.

The glymphatic system and

neurodegenerative disease

One of the primary factors thought to contribute to the
development of AD is the accumulation of amyloid-f3. This
accumulation increases during wakefulness, with further
increases observed following sleep deprivation.’®> More
recently, the mechanism behind these changes in levels has
been identified. Throughout the body, systems have been
developed to clear the waste products of normal metabolism
and function. A process for promoting this clearance from the
central nervous system was recently discovered, and named
the “glymphatic system”. As implied by the name, this system
works similarly to the previously well-described lymphatic
system. The CSF circulates and removes by-products from
the interstitial fluid, including proteins like amyloid-f that
have been linked to neurodegeneration.’® Interestingly, it has
recently been demonstrated that this process is up to two times
more active during either natural or anesthetic-induced sleep
when compared to wakefulness.”” In vivo studies have also
demonstrated an increased buildup of insoluble tau protein

58 submit your manuscript

Dove

Nature and Science of Sleep 2016:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Chronic sleep disturbance and neurodegenerative disease

in response to sleep deprivation.’® As most neurodegenera-
tive disorders are associated with a toxic buildup of waste
products in the nervous system, these findings support both
the importance of sleep in the prevention of neurodegen-
erative disorders and a potential mechanism by which sleep
disruption could be contributing to the development of these
disorders.

Chronic sleep fragmentation, hypoxemia,
and the development of neurodegenerative

disease
Other factors that may contribute to the development of
neurodegenerative disease include the presence of other
comorbid sleep disorders. Obstructive sleep apnea (OSA)
is a very common disorder affecting up to 19% of men
and 15% of women.” The obstructive events seen in this
disorder result in intermittent hypoxemia, as well as sleep
fragmentation secondary to the arousals related to respiratory
events, both of which may contribute to the development of
neurodegenerative disease. Sleep fragmentation has been
associated with impaired performance on tasks of vigilance,
to a similar degree as is seen with total sleep deprivation.®® In
mouse models, chronic mild sleep restriction has been associ-
ated with impairments in contextual and cued memory, and
an increase in amyloid-3 and insoluble tau.®! Neuroimaging
studies have demonstrated that the sleep fragmentation asso-
ciated with OSA has been associated with decreased gray
matter volume in the hippocampus, a brain region associated
with memory formation.®

In mice, intermittent hypoxia has been associated with
increased accumulation of both amyloid-P and insoluble tau
protein, two factors that contribute to the development of
neurodegenerative disease. These increases corresponded with
impaired special learning and memory.® In humans, in the
Apnea Positive Pressure Long-term Efficacy Study (APPLES)
it was demonstrated that neurocognitive performance deficits
were weakly associated with the apnea—hypopnea index and
severity of oxygen desaturation during events.® Treatment
of OSA with continuous positive airway pressure (CPAP)
did result in mild improvement in executive and frontal-lobe
function for those with severe disease at baseline, suggesting
that at least some of the cognitive changes associated with
OSA may be reversible.*

Sleep deprivation and motor

performance in PD
Sleep deprivation may not be entirely bad when it comes to
neurodegenerative disorders. Of interest is the observation

from the Nurses’ Health study that individuals who worked
night shifts for >15 years had a significantly decreased
risk of developing PD. The risk of developing PD was also
much lower in individuals sleeping <6 hours/night when
compared to those sleeping >9 hours/night.®® Cause and
effect are unclear however, as it is not clear at this point
whether working night shifts and short sleep duration are
protective for developing PD, or if those who are predis-
posed to develop PD have a lower tolerance for working the
night shift. A few small studies have demonstrated that sleep
deprivation transiently improves the motor deficits seen in
PD, possibly mediated by potentiating dopaminergic activity,
though these findings have been somewhat inconsistent,
and may reflect different subtypes of the disease.®”%® These
observations are certainly in contrast with “sleep benefit”
in PD, a clinical phenomenon whereby improved motor
function and responsiveness to dopaminergic treatments
are noted among PD patients after a restful night of sleep.®
Regardless, these findings do suggest that the link between
sleep and neurodegenerative disease is complex and more
sleep may not always be better.

Conclusion

Disruptions of sleep—wake cycles are common, yet under-
diagnosed and underreported manifestations of neurode-
generative disorders. Further research is needed to clarify
whether sleep disruption is primarily a cause of, or a symptom
of, the underlying neurodegenerative process. Regardless, it
appears that efforts to normalize sleep—wake schedules in
patients with neurodegenerative diseases should be beneficial
for this population and further may have an impact in slowing
the overall disease course.
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