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Sleep and clocks – implications for brain health

Sleep and circadian homeostasis are important for overall well-being. Increasing evidence points to a specific pivotal role that sleep and
circadian system play in brain health (Abbott and Videnovic, 2016; Musiek and Holtzman, 2016). Neurodegenerative diseases such as Alzheimer's,
Parkinson's, and Huntington's diseases are common neurological disorders, and are become more prevalent as the population ages. These
conditions share disturbed sleep as a common and yet frequently overlooked manifestation. Further, disrupted sleep and circadian rhythms
frequently predate the onset of cardinal features of these disorders. Sleep and circadian system are therefore positioned as important potential
therapeutic targets for improving function and quality of life of patients affected by neurodegenerative disorders. This special issue is centered on
the interface of sleep, circadian biology and neurodegeneration, and incorporates a combination of original research papers and comprehensive
reviews on this rapidly evolving and promising avenue of investigation.

Sleep and circadian rhythms disturbances in Alzheimer's Disease (AD) have long been appreciated (Ancoli-Israel et al., 1997; Loewenstein et al.,
1982). Disruptions of sleep and circadian rhythms take a great toll on patients and their caretakers, and are among the most common symptoms
leading to institutionalization of patients (Bianchetti et al., 1995). Studies from a number of groups have demonstrated severe sleep abnormalities,
including sleep fragmentation and decreased slow-wave sleep, as well as pronounced degradation of circadian rhythms, in patients with AD
dementia(Ancoli-Israel et al., 1997; Hatfield et al., 2004; Ju et al., 2014). Resulting symptoms such as increased nocturnal activity, increased
daytime napping, fatigue, and increasing confusion in the late afternoon/early evening (termed “sundowning”) carry significant morbidity for AD
patients and their caretakers.

The specific cause of these disturbances in AD is not clear, though several studies have described degeneration of neurons in sleep-regulating
nuclei, as well as loss of neuropeptidergic neurons in the suprachiasmatic nucleus (SCN), the brain's “master circadian clock” (Lim et al., 2014;
Swaab et al., 1985; Wang et al., 2015; Zhou et al., 1995). Thus, neurodegeneration in AD ultimately leads to sleep and circadian disruption, though
the upstream mechanisms remain unknown. Moreover, a potential causative role for sleep and circadian dysfunction in AD pathogenesis is
emerging. Sleep deprivation in mice greatly accelerates the accumulation of amyloid plaque pathology, a hallmark of AD (Kang et al., 2009).
Conversely, promoting sleep with orexin antagonist drugs, or by deletion of the orexin gene, prevents plaque accumulation in mice (Kang et al.,
2009; Roh et al., 2014). Thus, it appears that sleep regulates amyloid-beta pathology in mouse models of AD. In their review in this issue, Holth and
Holtzman discuss how sleep may influence AD pathogenesis beyond its effect on amyloid-beta, including how sleep might interact with another
arbiter of neurodegeneration, tau. Also in this issue, Dissel et al. describe learning and memory impairments in a drosophila model of AD generated
by overexpression of human amyloid precursor protein, beta-secretase, and tau. They demonstrate that pharmacological augmentation of sleep in
these mice rescues deficits in learning and memory and prevents synapse loss, in part by restoring normal cAMP signaling. These two papers point
to new horizons in our understanding of the role of sleep in AD, and new strategies for using sleep to combat the disease.

Similar to AD, disorders of sleep and alertness are very common in movement disorders, and affect majority of patients during the course of
their disease. Parkinson's Disease (PD) is a prototype disease in this category and is the second most common neurodegenerative disorder that
affects over one million individuals in the United States alone. In his seminal monograph “Essay on the Shaking Palsy”, published two centuries ago,
James Parkinson provided astute descriptions of disturbed sleep among his six patients with “paralysis agitans”, a disorder later to be named after
him (Parkinson, 2002). Despite these early reports of disturbed sleep in PD, it is only over the past few decades that sleep dysfunction in PD and
other movement disorders have attracted attention of medical and scientific community.

All categories of sleep disorders have been associated with movement disorders such as PD and Huntington disease (HD) (Morton, 2013;
Videnovic and Golombek, 2013). Many sleep disorders exhibit unique features when co-expressed with movement disorders. This is likely reflective
of specific interactions between underlying neurodegenerative processes and sleep-wake regulation mechanisms. Some sleep disorders precede the
onset of movement disorders and may represent early pre-motor markers of neurodegeneration. The best example is REM sleep behavior disorder
(RBD), that is of clinical and basic physiological importance, since individuals diagnosed with RBD have an approximately 80% risk of developing
Parkinson's disease (PD) or other α-synuclein-related disorders within one decade of being diagnosed with RBD (Iranzo et al., 2014).

The function of the circadian system in movement disorders has not been systematically studied until recently. Over the past decade several
important basic and clinical investigations targeting circadian function in PD and HD have been reported (Breen et al., 2014; Morton et al., 2005;
Videnovic et al., 2014b; Willison et al., 2013). These studies point to significant modification of circadian timekeeping in movement disorders, link
circadian disruption with manifestations of these diseases, and suggest potential bidirectional relationships between circadian disruption and the
primary neurodegenerative process. These studies also provide a foundation for exploration of the circadian system as an important therapeutic
target in movement disorders.

This special issue contains several articles that continue to explore relationships between the circadian system, sleep homeostasis, and PD and
HD. Videnovic and Golombek provide a comprehensive review on the function of circadian system in PD. The review summarizes knowledge about
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the function of the circadian system in PD, and encompasses both basic and clinical research investigations on the topic.
Colwell and colleagues report beneficial effects of supplemental light exposure on the BACHD and Q175 mice models of HD. Animals were

exposed daily for 3 months to 6 h to blue-enriched light at the beginning of their daily light cycles. The intervention resulted in improvements in
locomotor activity rhythms and motor performance without change in sleep in both animal models of the disease. Further, blue-enriched light alters
the expression of HD relevant markers in the cortex and striatum. In another study published in this special issue, Morton and colleagues report
effects of prolonged day light exposure on daytime activity and circadian behavioral rhythms in R6/2 mice model of HD that demonstrated
profound alterations in circadian rhythms by the age of 16 weeks. A long day photoperiod (16 h light/8 h dark) was associated with improved
survival and circadian strength, while short day photoperiod had a negative impact on survival in this animal mode of HD. These two investigations
further strengthen the notion that circadian based interventions may be a novel approach in the symptomatic treatment and modification of
neurodegenerative process itself. The studies align with several other investigations that reported beneficial effects of circadian interventions in
movement disordered in both patients and animal models of these disorders (Pallier et al., 2007; Paus et al., 2007; Willis and Turner, 2007).

While not typically considered neurodegenerative disorders, both traumatic brain injury (TBI) and stroke lead to degeneration of neurons, and
can be associated with sleep and circadian deficits (Baumann et al., 2007; Meng et al., 2008). TBI shares common molecular mechanisms with AD,
including tau aggregation, and is characterized by ongoing synapse loss, inflammation, and neurodegeneration well after the initial injury(McKee
and Daneshvar, 2015). TBI patients frequently experience disabling disturbances of sleep and circadian rhythm, and these deficits can be modeled
in animals (Baumann et al., 2007; Boone et al., 2012; Grima et al., 2016; Lim et al., 2013; Shekleton et al., 2010). In this issue, Yue et al. describe
circadian fluctuations in the Glasgow Coma Scale in TBI patients, suggesting that the time of day at which an injury occur may effect severity and
ICU admission rate. Two other original research papers in this issue provide novel insights into the effects of TBI on sleep and wakefulness.
Thomasy and colleagues present evidence that TBI causes an increase in non-REM sleep and diminished nighttime wakefulness in mice, an effect
associated with specific loss of orexin/hypocretin and cholinergic neurons. Modarres et al. demonstrate that TBI in both humans and mice is
associated with increased amounts of slow wave activity and desynchronized slow waves during wakefulness, offering a potential biomarker of TBI-
related impairment in humans. While the incidence of ischemic stroke and the sensitivity of tissue to ischemic damage are both influenced by the
time of day (Bassetti and Aldrich, 1999; Elliott, 1998; Karmarkar and Tischkau, 2013), sleep may also play a role in healing of the brain after
infarction. Duss et al. examine the evidence linking sleep to synaptic plasticity and sleep deprivation to impaired brain recovery following stroke.
They suggest that augmenting sleep in the post-stroke period might be a strategy to promote rewiring of the brain and functional recovery after
stroke.

Sleep and circadian rhythms influence a wide variety of physiologic processes in the brain and periphery, many of which are critical to brain
health. However, the cellular and molecular mechanisms linking sleep, circadian function, and neurodegeneration are just beginning to be
uncovered (Musiek and Holtzman, 2016; Videnovic et al., 2014a). The contributions in this special issue of Neurobiology of Sleep and Circadian
Rhythms reveal the cutting edge in this field, and illustrate what we know and how much we have to yet to understand. These studies keenly
demonstrate the importance of research on sleep, rhythms, and neurodegenerative disorders, and provide several unique examples of how sleep and
circadian systems might be targeted to ameliorate these terrible diseases.
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