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Abstract

Sleep:wake cycles are known to be disrupted in people with neurodegenerative disorders. These 

findings are now supported by data from animal models for some of these disorders, raising the 

question of whether the disrupted sleep/circadian regulation contributes to the loss of neural 

function. As circadian rhythms and sleep consolidation also break down with normal aging, 

changes in these may be part of what makes aging a risk factor for disorders like Alzheimer's 

disease. Mechanisms underlying the connection between circadian/sleep dysregulation and 

neurodegeneration remain unclear, but several recent studies provide interesting possibilities. 

While mechanistic analysis is underway, it is worth considering treatment of circadian/sleep 

disruption as a means to alleviate symptoms of neurodegenerative disorders.
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Could age-associated changes in circadian rhythms and sleep contribute 

to neurodegenerative disorders?

Aging is associated with decreased circadian rhythmicity of behaviors including sleep. Age 

impacts sleep timing, duration, and consolidation, such that overall sleep decreases and also 

tends to be more fragmented in the elderly. Sleep disruption - be it shorter sleep duration or 

poorer sleep quality - is correlated with worsened cognitive performance [1–4]. Aging 

brings with it a myriad of changes to the brain that may also impact cognitive performance, 

so it is difficult to isolate the specific effects of sleep and circadian changes. Nevertheless, 

there is a large and growing body of literature which links changes that occur in the sleep 

and circadian systems -- at the molecular, circuit, and behavioral levels -- with normal aging, 

and with diseases of aging such as neurodegenerative disease.
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Aging of central and peripheral circadian systems

Introduction to the circadian system

The molecular circadian oscillator consists of transcriptional-translational negative feedback 

loops [5,6]. In the major loop, the transcription factors BMAL1 and CLOCK heterodimerize 

during the early circadian day and induce transcription of genes with promoters containing 

circadian E-box elements. Among these genes are their own negative feedback repressors, 

PERIOD (Per) and CRYPTOCHROME (Cry) (Figure 1). During the early circadian night, 

PER and CRY form complexes and repress BMAL1-CLOCK-mediated transcription, thus 

downregulating their own expression. PER and CRY degrade throughout the night, releasing 

negative regulation on BMAL1 and CLOCK and enabling the start of a new circadian day. 

In an interlocked loop, BMAL1-CLOCK target the expression of nuclear receptors rev-erbα 

and ROR, which, in turn, inhibit and activate respectively the transcription of BMAL1 to 

produce cycling of BMAL1 mRNA. Many other genes also have E-box or REV-ERB/ROR 

regulatory sequences, so the circadian cycle imposes rhythmic expression on genes involved 

in many aspects of cellular function [7]. These lead to tissue and circuit-level oscillations, 

which ultimately generate overt rhythms of physiology and behavior.

The suprachiasmatic nucleus (SCN) is the central pacemaker of the mammalian circadian 

system. The SCN contains a heterogeneous population of neuron types [8], including 

vasoactive intestinal peptide (VIP)-producing neurons in the ventral core and vasopressin 

(AVP) cells in the dorsal shell. Explanted SCN is capable of maintaining robust circadian 

rhythmicity for many days in vitro [9]. Many other peripheral tissues (e.g. liver, lung, 

skeletal muscle) are also rhythmic in vitro, but with oscillations that are much less robust 

and do not persist as long [9], suggesting that the periphery contains damped oscillators that 

are entrained by the central SCN.

The role of the SCN as master circadian pacemaker was established by seminal studies using 

orthotopic SCN transplantation. SCN-lesioned hamsters have permanently disrupted 

circadian rhythms, but those rhythms can be restored by implantation of brain grafts 

containing fetal SCN [10]. Critical follow-up studies using mutant hamster strains with short 

circadian periods demonstrated that the period of circadian rhythm is determined by the 

genotype of the transplant SCN rather than the host [11], establishing the primacy of the 

SCN in the circadian system. Although the SCN signals circadian information to other brain 

regions via direct wiring -- see below discussion on the circuitry relevant to sleep and 

arousal regions -- these transplant studies are powerful evidence that SCN signaling is at 

least in part indirect (e.g. via peptidergic signaling). Transplanted SCN does form some 

synaptic connections with the host brain post-transplant, but it is unlikely to fully 

recapitulate the endogenous wiring pattern.

Changes in the circadian system seen in normal aging

Since the SCN signals both directly and indirectly to numerous brain regions, clock function 

and aging may be linked by pathology at the level of the SCN, SCN projections, and SCN 

secreted signals. In addition, clock activity in other brain regions and in peripheral tissues 

may change with age.
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Although rest:activity rhythms are clearly impaired with age, the core clock in the SCN 

appears to remain relatively robust despite some age-related changes in expression of 

individual clock proteins [12–14]. Data are mixed as to whether aging impairs SCN 

entrainment to light [15,16]. On the other hand, it is clear that peripheral oscillators dampen 

with age, whether from loss of intrinsic clock function or decline in entraining signals from 

the SCN, and could contribute to the aging process [17]. Although changes in clock gene 

expression are still not causally linked to pathology associated with aging, we note that 

several clock targets are relevant to much of this pathology. For instance, REV-ERBα 

modulates expression of genes in several metabolic and inflammatory pathways [18–21]. 

Also, sirtuins are involved in clock regulation and also in the control of aging [14].

Although the SCN is relatively resistant to age at the level of the molecular clock, it 

undergoes significant age-related degradation at the network level. The total number of SCN 

neurons is unchanged with aging, but elderly rats have significantly fewer vasopressinergic 

cells [22], a change that likely has consequences for downstream signaling. A greater 

proportion of SCN cells are silent in older animals in vitro [23] and SCN neurons display 

decreased circadian phase coherence with age [24]. This results in desynchronization [24] 

and decreased amplitude of electrical activity rhythms [25] at the network level. Together 

these are predicted to reduce the strength of output rhythms and could account for 

attenuation of behavioral rhythms in older animals.

Age-associated changes in the circadian system have also been examined in Drosophila. As 

in mammals, the central brain clock is robust in old flies, although the rest:activity rhythm is 

impaired, most likely due to deficits in output [26]. However, oscillations in body clocks are 

considerably dampened, most likely from loss of clock function as peripheral clocks in 

Drosophila contain their own photoreceptors and so do not rely upon entraining signals from 

the central clock in the presence of light:dark cycles. This raises the question of whether 

such dampening contributes to the aging process or is merely a consequence of it. 

Interestingly, Drosophila clock mutants, period and timeless (orthologs of mammalian Per 

and Cry), are less sensitive to lifespan-extending effects of dietary restriction (DR) [27]. 

Together with the observation that DR strengthens circadian oscillations in peripheral 

tissues, these findings suggest that clocks, at least those in peripheral tissues, are relevant for 

determination of lifespan under some conditions.

Aging of the sleep system

Introduction to the sleep system

Sleep and wakefulness are regulated by multiple brain regions, including the ventrolateral 

preoptic area (VLPO) in the anterior hypothalamus, the hypocretin (orexin) neurons in the 

lateral hypothalamus, and the locus coeruleus (LC) in the pons (Figure 2). The VLPO 

contains inhibitory (galaninergic and GABAergic) neurons that are active during sleep [28] 

and targeted VLPO lesions result in profoundly disrupted sleep [29]. The hypocretins are 

neuropeptides [30] expressed in neurons that fire most during active waking and are almost 

silent during sleep [31]. Activation of these neurons promotes wakefulness [32,33]. 

Hypocretinergic neurons send dense excitatory projections to multiple nuclei including the 

LC [34], a noradrenergic nucleus that also promotes arousal [35]. Both VLPO and 
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hypocretinergic neurons send projections to the brainstem, where REM sleep in particular is 

regulated [36,37]. In the ‘flip-flop’ model of sleep and wakefulness, the sleep-active VLPO 

and the wake-active monoaminergic nuclei (including the LC) mutually inhibit each other, 

creating rapid transition between sleep and wake states; the wake-active hypocretin neurons 

reinforce the arousal system and stabilize the switch [38].

Since sleep is a strongly circadian behavior, it is expected that the SCN regulates sleep and 

arousal brain regions. However, the SCN sends only sparse projections to hypocretin 

neurons [39], and no direct projections to the LC [40] or to the VLPO [41,42], suggesting a 

polysynaptic signaling pathway instead. Anatomic tracing studies point to the dorsomedial 

hypothalamus (DMH) as a nexus of this polysynaptic circuit. The DMH is a region notable 

for receiving inputs from most major nuclei and areas of the hypothalamus [43] including 

from the SCN [43–45]. The DMH in turn projects to the LC [40], to the VLPO [42,45], and 

to hypocretin neurons in the lateral hypothalamus [45]. Lesions of the DMH eliminate 

circadian changes in LC activity [40] and reduce circadian rhythms of wake-sleep, feeding, 

locomotor activity, and corticosteroid secretion [45] confirming its critical role in the circuit.

Changes in the sleep system seen in normal aging

Normal aging is associated with significant changes in sleep. Elderly adults exhibit less total 

sleep time, poorer sleep efficiency, increased sleep latency, increased nighttime awaking, 

and excessive daytime sleepiness with increased daytime naps [46–49]. Similar age-

associated changes have also been shown in animal models spanning non-human primates 

[50], rodents [25,51–55], and flies [56].

Normal aging is also associated with changes in neural sleep circuitry; hypocretin neurons 

and their projections appear to be particularly altered with age. Several studies have 

demonstrated decreased hypothalamus hypocretin levels with aging in mice [57,58], 

although rhesus macaques do not display age-related decrease in numbers of hypocretin 

neurons in the lateral hypothalamus [59]. A recent study also found that hypocretin 

expression levels decline with aging in humans [60]. Hypocretin neurons may undergo 

additional impairments aside from changes in hypocretin expression levels: for instance, 

older mice reportedly have increased endoplasmic reticulum stress and dyshomeostasis in 

wake-active hypocretin neurons [53]. Hypocretin signaling pathways are also altered with 

age, with declining levels of hypocretin receptor expression [61], and degradation of 

hypocretinergic projections [59,62].

Sleep and circadian disruptions are common in neurodegenerative disease

Disrupted sleep and circadian rhythms are common in people with neurodegenerative 

disease. Since these diseases disproportionately affect the elderly, who may also have other 

medical conditions and take multiple medications, it can be complicated to determine how 

much observed behavior is specifically due to the neurodegenerative disease process. 

Nevertheless, a large and growing body of clinical studies supports the fact that 

neurodegenerative diseases are associated with sleep and circadian disruption.
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Alzheimer's Disease

Alzheimer's Disease (AD) is a chronic neurodegenerative disease with clinical symptoms of 

progressive short-term memory loss, disorientation, mood swings, loss of motivation, and 

behavioral changes. Pathologically, it is characterized by the presence of extracellular 

amyloid plaques (made of β-amyloid peptides) and by intracellular neurofibrillary tangles 

(made of tau) within the brain [63]. AD progresses through preclinical pathologic stages 

before disease burden reaches threshold for being clinically detectable [64]; sleep pathology 

is seen even In cognitively normal individuals with β-amyloid deposition, suggesting that 

the presence of β-amyloid impacts sleep architecture [65].

AD patients have sleep-wake cycle and rest-activity dysfunction [66,67]. Increased daytime 

sleepiness is correlated with greater functional impairment [68], and is an independent risk 

factor (controlling for age) for the presence of dementia [69]. Circadian core-body 

temperature cycling also appears to be disrupted in AD [66,70] although AD patients do 

appear to retain robust rhythmic daily cortisol profiles [71,72]. A study by Cermakian and 

colleagues found that although patients with AD still have clock gene expression in multiple 

brain regions (bed nucleus of the stria terminalis (BNST), cingulate cortex, and pineal 

gland), there is a loss of typical phase coherence within regions, and of phase relationships 

between regions [73].

Circadian disruption in AD patients is likely from disruption within clock circuits and from 

deficits in outputs. AD patients exhibit significant neuronal loss in the SCN [74–76] and 

analysis of actigraphy data and post-mortem brain tissue analysis from the same human 

population of AD subjects shows a correlation between circadian rhythm amplitude of motor 

activity and SCN neuronal loss [77]. However, flies expressing β-amyloid have circadian 

behavioral disruption [78] despite intact cell number and oscillations of the central clock, 

pointing to additional disruption at the level of clock outputs. Consistent with this, in 

postmortem analysis of brains from patients with AD, neurofibrillary degeneration in the 

hypothalamus was primarily observed in cortical projection neurons [79].

Parkinson's Disease

Parkinson's disease (PD) is a neurodegenerative disorder clinically characterized by motor 

symptoms including resting tremor, rigidity, and slow movement (bradykinesia); in later 

stages, the disease can also lead to cognitive decline and to behavioral and emotional 

problems. Pathologically, PD is characterized by loss of midbrain dopaminergic neurons and 

by abnormal accumulation of the protein alpha-synuclein into intraneuronal inclusions 

called Lewy bodies [80]. PD also involves destruction of multiple wake-active neuronal 

populations [81], including a decrease in the number of hypothalamic hypocretin neurons 

[82,83].

Sleep disturbances are among the most morbid and prevalent non-motor symptoms of PD, 

with nearly two-thirds of PD patients reporting some form of sleep symptoms [84]. Multiple 

sleep disorders are associated with PD, including REM behavior disorder (RBD), excessive 

daytime somnolence, insomnia, and restless leg syndrome [84,85]. Among these, RBD, in 
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which the skeletal muscle atonia that typically occurs during REM sleep is lost, enabling 

complex motor activity to occur during dreams, is the most specific to PD.

Sleep abnormalities in PD are progressive over time and therefore correlate with disease 

duration [86]. Destruction of sleep architecture also correlates with presence of 

hallucinations in PD patients [87], but not with degree of motor impairment [86,87]. PD 

patients also have disrupted cortisol and melatonin regulation [72,88–90], suggesting a 

generalized circadian dysfunction beyond sleep-wake dysregulation. Consistent with this, 

peripheral (leukocyte) BMAL1 levels are decreased in PD patients [91].

Transgenic mouse models of PD have been employed to investigate the relationship between 

PD and sleep pathology. Alpha-synuclein overexpressing (ASO) transgenic mice have 

circadian deficits evidenced by fragmented and reduced locomotor activity that progress 

with age. SCN neuron firing is dampened in these mice, suggesting a weakened circadian 

output [92]. Another transgenic mouse line, MitoPark, exhibits circadian rhythms that are 

much more vulnerable to environmental insult, with profound disruption of locomotor 

rhythms in a constant darkness or constant light exposure paradigm [93].

Observational studies following patients with known RBD demonstrate that a large majority 

go on to develop PD or a related disorder such as dementia with Lewy Bodies [94,95]. This 

suggests that RBD can be seen as a prodromal phase of PD, with a mean interval of ~14 

years (range 5-29 years) between RBD and clinical PD onset. This temporal delay between 

sleep pathology and clinical PD onset is not well understood, but may relate to findings from 

postmortem pathologic analysis, which suggests that PD neurodegenerative disease 

progresses often undetected over many years through multiple presymptomatic phases until 

becoming clinically apparent [96]. Interestingly, the disease progression is often 

topographically predictable: pathology first begins in the brainstem and olfactory system, 

then progresses to include the substantia nigra, and finally involving the neocortex [96]. 

Consistent with this, sleep disorders such as excessive daytime somnolence [97] and RBD 

[94] often predate onset of the canonical motor symptoms of PD.

Huntington's Disease

Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder involving 

problems with mood and cognition, as well as general loss of coordination and abnormal 

involuntary writhing movements termed chorea. The disease is caused by expansion of a 

CAG triplet repeat within the Huntingtin gene, which results in a different form of the 

Huntingtin protein. This aberrant protein damages cells in the brain through mechanisms 

that, although not fully understood, include the creation of protein aggregates that form 

inclusion bodies within cells.

Patients with HD have progressive disordered sleep, with reduced sleep efficiency and total 

sleep duration [98,99]. Symptoms may include insomnia, RBD, advanced sleep phase, and 

reduced REM sleep [100]. Asymptomatic abnormalities in sleep architecture are detectable 

even early in the disease process [101]. Transgenic HD model mice (R6/2 mice) also exhibit 

sleep disturbances, corresponding with dysregulated expression of mPer2 and mBmal1 in 

the SCN [102]. Interestingly, the SCN from these mice demonstrates normal circadian gene 
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expression and electrophysiological output in vitro, suggesting that the abnormality is due to 

disrupted SCN afferents, as opposed to an intrinsic SCN disruption [103]. Indeed, these 

mice have reduced VIP expression in the SCN, despite preserved total SCN cell count [104]. 

Human patients with HD show significant loss of vasopressin, oxytocin, and hypocretin 

neurons [105,106].

What are the causal links between circadian dysfunction and 

neurodegenerative disease?

Neurodegenerative diseases correlate clinically with disruption of sleep and circadian 

rhythms, but correlation does not prove causation, nor does it inform the direction of 

causation. Does neurodegenerative disease cause sleep and circadian dysfunction, or does 

sleep and circadian dysfunction promote neurodegeneration? Or, since these possibilities are 

not mutually exclusive, are both true? Answering these questions requires posing a number 

of additional ones: Does circadian dysfunction make the brain more vulnerable to 

neurodegenerative disease processes, for instance via oxidative stress or via dysregulation of 

metabolism? Is sleep protective against neurodegeneration and, conversely, does lack of 

sleep potentiate neurodegeneration?

Circadian dysfunction leads to neuronal damage: mechanical insights

Do circadian genes contribute to the onset and progression of neurodegeneration? One link 

is found in Presenilin-2, a protein that is involved in cleaving of amyloid precursor protein 

and mutations in which are a major cause of autosomal dominant hereditary cases of AD 

[107]. The Presenilin-2 gene contains several upstream E-boxes, and is under circadian 

control, with direct gene activation by both CLOCK and BMAL1 [108]. Evidence from 

Drosophila suggests another link: SPAGHETTI (SPAG) is a regulator of the circadian 

kinase DOUBLETIME (DBT) and affects aggregation of Huntingtin [109]. SPAG protects 

DBT from degradation, stabilizing its expression [110]. Reduction of either DBT or SPAG 

activates the caspase DRONC, and leads to DRONG-dependent Tau cleavage with increased 

Tau toxicity and neurodegeneration.

More generally, oxidative stress is hypothesized to be a feature shared across 

neurodegenerative disorders, and may contribute to protein misfolding and aggregation. 

Multiple studies link circadian disruption, aging, and oxidative stress. Drosophila with a null 

mutation in the period gene showed less resilience to oxidative stress, with increased 

oxidative damage and increased mortality [111]. These flies also had increased neuronal 

degeneration relative to age-matched controls, perhaps as a result of impaired stress defense. 

Double mutant flies containing both the period null mutant and a mutation in sniffer, which 

on its own leads to an oxidative stress and neurodegenerative phenotype, displayed 

accelerated neuronal degeneration and reduced lifespans [112]. In another Drosophila study, 

the breakdown of sleep:wake cycles seen with aging was also seen with increased oxidative 

stress, suggesting that age-associated accumulation of oxidative damage may contribute to 

sleep:wake cycle disruption [56].

Mattis and Sehgal Page 7

Trends Endocrinol Metab. Author manuscript; available in PMC 2017 April 01.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



Several studies have investigated aging and oxidative stress in Bmal1−/− mice. These mice 

have a premature aging phenotype, including accelerated reduction of bone and muscle 

mass, less subcutaneous fat, decreased hair growth, development of cataracts, and 

significantly reduced lifespan [113]. Reactive oxygen species (ROS) accumulation was 

significantly higher in Bmal1−/−mice, and correlated with age-dependent pathology in 

specific tissues. Therefore the authors concluded that the mechanism of the early aging in 

Bmal1−/− mice is their increased stress response. In support of this conclusion, the same 

authors later showed that supplementing these Bmal1−/− mice with the antioxidant N-acetyl-

L-cysteine led to a partial rescue of their decreased lifespan and age-dependent pathology 

[114]. Musiek and colleagues found increased astrocytosis in Bmal1−/− mice relative to age-

matched controls [115]. Bmal1−/− mice also showed increased markers of neuronal 

oxidative damage. Since mice with brain specific Bmal1 deletion (NestinCre+;Bmal1f/f 

mice) also had increased astrocytosis despite grossly normal locomotor circadian rhythms 

and sleep:wake cycling, the authors concluded that the brain phenotype is due to increased 

oxidative damage as opposed to sleep:wake disturbance or systemic circadian mechanisms 

[115]. Given that BMAL1 is a transcriptional activator, loss of it could produce phenotypes 

due to downregulation of target genes as opposed to loss of their cycling. Thus, it is unclear 

if phenotypes of Bmal1−/− mice can be attributed to disrupted circadian function.

Metabolic changes may mediate effects of circadian/sleep disruption on 
neurodegenerative disorders

Metabolic disruption is correlated with neurodegenerative disorders, in particular AD. 

Clinically, insulin resistance is associated with increased risk of developing AD [116], and 

childhood obesity is not only a risk factor for diabetes, it may also increase the risk of 

developing cognitive impairment at later life stages [117]. Further evidence comes from 

studies of apolipoprotein E (APOE), an important regulator of lipid metabolism expressed 

mainly in brain astrocytes and liver. The APOE ε4 allele impairs mitochondrial function 

[118], which may contribute to insulin resistance and metabolic defects [119], and is also a 

major risk factor for AD [120]. Young APOE ε4 carriers have dyslipidemia and reduced 

glucose metabolism in the same brain areas as older subjects with AD. Taken together, these 

data suggest that peripheral metabolic dysfunction contributes to the development of AD-

associated neuropathology.

Most metabolic activity is under circadian control, and loss of circadian clocks has been 

associated with cellular and system-wide deficits in metabolism [121,122]. Sleep loss also 

has profound effects on metabolism [123–125], which include an increase in markers of 

insulin resistance. Given these findings, it is tempting to speculate that circadian/sleep 

disruption confer susceptibility to AD through their regulation of metabolism.

Sleep promotes clearance of metabolites from the brain

Multiple studies have shown that β-amyloid levels in the brain have a diurnal variation. A 

study trending hourly measurements of CSF β-amyloid levels in human subjects revealed 

significant circadian patterns, with β-amyloid concentrations correlating inversely with the 

amount of sleep [126]. In a rodent model, interstitial fluid levels of β-amyloid in the brain 

also fluctuate with the normal sleep-wake cycle [127]. The diurnal variation of β-amyloid 
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levels suggests that β-amyloid may be cleared from the brain during sleep. Consistent with 

this, sleep deprivation leads to significantly elevated interstitial fluid levels of β-amyloid 

[128,129] and increased plaque formation [128]. Conversely, enhancing sleep reduces β-

amyloid deposition [129].

Recent breakthrough work by Xie and colleagues may provide mechanistic insight into how 

β-amyloid is cleared from the brain's interstitial space during sleep [130]. Using in vivo two-

photon imaging in mice, they demonstrate that sleep is associated with improved efficiency 

of the so-called glymphatic system (a waste clearance pathway), with significant (>60%) 

increase in the volume of the interstitial space, leading to increased exchange of CSF with 

interstitial fluid and more efficient clearance of β-amyloid [130].

Across humans, rodents and Drosophila, plaque formation leads to reduced and fragmented 

sleep [65,127,129]. This suggests a positive feedback loop between sleep disruption and β-

amyloid deposition, which could play a key role in the pathogenesis of AD (Figure 3). It will 

be important to investigate whether there is a similar process linking other aggregating 

proteins (e.g. α-synuclein and Huntingtin) to sleep pathology.

Concluding Remarks and Future directions

It is clear that circadian and sleep dysregulation constitute a significant part of the phenotype 

associated with several neurodegenerative disorders, perhaps more so with some (e.g. PD) 

than with others. While mechanisms linking the two processes still need to be elucidated, 

recent studies have implicated specific proteins. Going forward, it will be important to 

dissect the relevant molecular and cellular pathways and also to establish causality, i.e. do 

circadian/sleep disruptions indeed increase susceptibility to neurodegeneration, and vice 

versa (see also Outstanding Questions). However, in the meantime, it is worth considering 

the circadian and sleep phenotypes for diagnostic and therapeutic purposes.

Sleep and circadian regulation as a therapeutic tool

Regulation of sleep and circadian behavior in patients with neurodegenerative disease is a 

promising therapeutic strategy that warrants further attention. These therapies are notably 

low-cost, non-invasive and with relatively low side-effect profiles. In pilot studies, bright 

light therapy to strengthen circadian rhythms shows small but significant therapeutic benefit 

in PD patients [131,132]. Pharmaceutical and non-pharmaceutical therapies to treat sleep 

disturbances in patients with AD have shown promise [133,134]. Among patients with the 

apoE (APOE) ε4 allele, a known risk factor for developing AD, those with better sleep 

consolidation had attenuated effects of genotype on developing AD, cognitive decline, and 

on neurofibrillary tangle pathology on autopsy [135]. Pharmacological imposition of sleep 

in transgenic HD mice reversed the SCN clock gene dysregulation and slowed cognitive 

decline based on behavioral testing [103].

Genetic investigation into the relationship between sleep and neurodegeneration using 
human narcolepsy

Narcolepsy is a sleep disorder characterized by excessive daytime sleepiness and by 

episodes of cataplexy (motor paralysis). While most cases are sporadic, some cases are 

Mattis and Sehgal Page 9

Trends Endocrinol Metab. Author manuscript; available in PMC 2017 April 01.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



familial, enabling linkage analysis [136]. Narcolepsy is thought to be caused by a loss of 

hypocretin-producing neurons [137], with some data supporting a broader 

neurodegenerative process underlying symptom onset [138]. Human narcolepsy therefore 

poses an opportunity to extend genetic investigation into the relationship between sleep and 

neurodegeneration.

Focus on sleep hygiene as a public health issue

If promoting sleep and circadian rhythms is therapeutic, then it stands to reason that the 

converse may also be true, and disruption of sleep and circadian rhythms may have 

detrimental effects on health. Indeed, hamsters subjected to chronic phase advances of the 

light:dark cycle (i.e. experimental jet lag) had impaired performance on memory tasks, and 

were observed to have reduced hippocampal neurogenesis [139]. In humans, studies of 

airline employees show that chronic jet lag is associated with impaired performance on 

memory tasks and with temporal lobe atrophy [140,141]. If sleep disruption is re-

conceptualized as a public health hazard, then multiple policies -- ranging from noise and 

light pollution to irregular shift schedules for low-wage workers -- would be implicated.

Sleep and circadian dysregulation as a screening tool to identify at-risk populations

A major obstacle in treatment of neurodegenerative disease is that the disease is generally at 

a significantly advanced stage by the time it is diagnosed. Early (or “prodromal”) sleep 

manifestations of neurodegenerative disease present a tantalizing possibility for earlier 

detection, and potentially more effective therapeutic intervention. Among otherwise 

asymptomatic elderly adults, those with high sleep fragmentation or decreased circadian 

activity have increased risk of going on to develop cognitive decline or dementia [142,143]. 

Excessive daytime sleepiness often predates the onset of motor symptoms in PD [97]. 

Patients with RBD may be a useful population for research in treatments to modify PD 

progression, and are a patient population to monitor carefully for developing symptoms of 

PD.

As our knowledge of sleep and circadian disruption in early disease states becomes more 

sophisticated, and as we develop therapeutic strategies to prevent progression of early 

disease, screening patients for sleep and circadian disruption -- just as we now routinely 

screen for diabetes, hypertension, or hyperlipidemia -- will become an increasingly 

important part of primary care.
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Outstanding questions

• To what extent is there a causal relationship between sleep/circadian disruption 

and neurodegenerative disorders?

• Do effects of circadian and sleep dysfunction on metabolism confer 

susceptibility to neurodegenerative disorders?

• Can symptoms of neurodegenerative disorders be alleviated by improving sleep 

cycles?
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Trends

• Sleep and circadian dysfunction are increasingly being associated with 

neurodegenerative disorders. Earlier studies with human subjects are now 

supported by findings in genetic models.

• Circadian and sleep circuits are damaged in disorders like Huntington's and 

Parkinson's Disease, and disrupted sleep/circadian rhythms may exacerbate 

disease pathology. Thus, these two processes may feed back on each other.

• Metabolic factors may provide a mechanistic link between circadian rhythms, 

sleep and neurodegenerative disorders

• Sleep and circadian dysregulation could provide a screening tool to identify 

populations at risk for neurodegenerative disorders
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Figure 1. The circadian clock
BMAL1 and CLOCK are transcription factors that heterodimerize and bind to E-box 

element-containing promoters, including promoters for Per and Cry. PER and CRY form a 

complex that inhibits BMAL1/CLOCK. In an interlocked loop, BMAL1 and CLOCK target 

nuclear receptors, REV-ERB and ROR, which feedback to negatively or positively regulate 

BMAL1 transcription respectively
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Figure 2. Sleep and circadian brain circuitry in mammals
The SCN is the central circadian pacemaker, entraining other brain regions as well as 

peripheral tissues. The SCN projects directly to the wake-promoting LH, which contains 

hypocretin neurons, and to the DMH. The DMH projects broadly to sleep and arousal 

centers. Abbreviations: SCN: suprachiasmatic nucleus; DMH: dorsomedial hypothalamus; 

LH: lateral hypothalamus; LC: locus coeruleus; VLPO: ventrolateral preoptic area
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Figure 3. Possible causal links between neurodegenerative disorders and disruptions in sleep and 
circadian rhythms
Sleep and circadian disruption may lead to oxidative damage, metabolic disruption, and 

decreased clearance of metabolites such as β-amyloid. These may accelerate 

neurodegeneration. Neurodegeneration may also impact brain centers that control sleep and 

circadian behavior.
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