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D E B AT E

Pro: Alzheimer’s disease and circadian dysfunction:
chicken or egg?
Tracy A Bedrosian* and Randy J Nelson

Abstract
Alzheimer’s disease (AD) is a neurodegenerative
disease that accounts for most cases of dementia.
Besides progressive cognitive decline, circadian
dysfunction is a prominent feature of AD. Circadian
disruption is traditionally regarded as a downstream
symptom of AD, but recent evidence suggests that
circadian dysregulation may act to exacerbate AD
pathology. A reciprocal link among sleep, circadian
rhythms, and amyloid deposition has long been
suspected, and data from both human and animal
studies support this hypothesis. The sleep-wake
cycle regulates amyloid-beta (Aβ) levels in both
mice and humans. Sleep deprivation increases Aβ
levels in mice, and sleep apnea and insomnia may be
related to AD in humans. Furthermore, melatonin, the
principal hormonal output of the circadian system,
is dysregulated in AD, and this may be important
because melatonin is protective in cells exposed to
toxic Aβ. Initial evidence supports a reciprocal link
among sleep, circadian rhythmicity, and AD. More
investigation is necessary to replicate these studies and
determine the extent to which the circadian system
contributes to the pathogenesis of AD.
Background
Alzheimer’s disease (AD) is a neurodegenerative disease
that accounts for most cases of dementia. Accumulation
and aggregation of amyloid-beta (Aβ) peptide in the brain
extracellular space are main features of AD pathogenesis.
Aβ is secreted by neurons into the brain interstitial fluid
(ISF). In AD, however, excessive Aβ accumulates and
aggregates into plaques, which contribute to progressive
cognitive deficits. Circadian dysfunction is another
prominent feature of AD, and recent evidence suggests
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that AD pathology, in turn, may be exacerbated by
circadian dysregulation.
Aging is associated with a host of changes to the
circadian organization of physiological and behavioral
rhythms, but these changes are highly pronounced in
AD. For example, reduced amplitude of 24-hour rhythms
in arousal, body temperature, and hormone fluctuations
is typical among older individuals (reviewed in [1]).
Altered period and responsiveness to zeitgebers (that is,
entraining cues) are observed; furthermore, increasing
circadian disorganization is associated with the severity
of the AD pathology [2].
Circadian dysfunction is implicated in the pathology of
several other disease states as well. For example, major
depression may be associated with sleep disruption,
diurnal mood swings, and elevated nocturnal body temperature; manipulation of sleep and the circadian cycle is
an effective, though short-lasting, treatment. Manipulation of the circadian light-dark cycle causes direct
changes to brain structure and function [3]. Seasonal
affective disorder, also known as winter depression, is
directly related to light and the circadian system. A phase
delay in the melatonin rhythm is thought to partially
underlie this disorder (reviewed in [4]).
Clearly, AD is associated with circadian dysfunction,
but the extent to which these changes constitute symptoms, disease pathogenesis, or both remains unspecified.
This article will present evidence in support of a
reciprocal relationship between the circadian system and
AD pathology.

Discussion
A reciprocal link among sleep, circadian rhythms, and
amyloid deposition has long been suspected on the basis
of an early observation that sleep apnea appeared to be
highly prevalent among patients with AD [5]. Despite a
small sample size in that study, subsequent data from
patients with sleep apnea demonstrated an association
with the apolipoprotein E4 (APOE4) genotype [6] and
improvements in dementia symptoms after continuous
positive airway pressure treatment [7,8]. Furthermore,
serum amyloid A levels tend to be increased in patients
with sleep apnea, leading potentially to the eventual
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formation of amyloid fibrils and thus contributing to AD
pathology [9], but the role of amyloid A in accelerating
Aβ deposition in plaques remains unclear. Alternatively,
obstructive sleep apnea may worsen cognition via
vascular or hypoxemic mechanisms that are unrelated to
circadian disruption. More work is necessary to under
stand whether data on sleep apnea support a circadian
hypothesis of AD.
Recently, direct evidence from both animals and
humans has emerged to support the notion that Aβ
dynamics are regulated by the sleep-wake cycle. Using
transgenic mice expressing a mutated form of the human
amyloid precursor protein, Holtzman’s group [10] ob
served that a diurnal rhythm in brain ISF Aβ levels was
negatively correlated with the amount of time spent
asleep. Sleep deprivation during the inactive phase
increased ISF Aβ levels, as did infusion of orexin-A at a
dose sufficient to promote wakefulness. A dual orexin
receptor antagonist, on the other hand, reduced Aβ and
abolished the diurnal rhythm in Aβ levels. Furthermore,
Aβ plaque deposition in the brain was enhanced by
chronic sleep restriction and also was ameliorated after
treatment with the orexin receptor antagonist [10]. This
study provided direct evidence that sleep and the
circadian system may have a role in the pathogenesis of
AD.
Since these observations were first reported in mice,
the findings have been replicated in a cohort of human
patients with AD. Aβ measurements in human cerebro
spinal fluid revealed age-related disruptions in the
normal circadian pattern and a negative correlation with
the amount of sleep received [11]. Furthermore, a longi
tudinal study evaluating older adults for almost 8 years
showed that chronic insomnia was associated with AD.
Patients beginning the study with normal cognition and
insomnia progressed more quickly to dementia in com
parison with those without insomnia [12]. This study
provides evidence in humans that chronic sleep-wake
disturbance could increase the risk of developing AD.
Neuronal activity may be responsible for regulating Aβ
dynamics. Brain ISF Aβ concentrations are closely related
to levels of ISF lactate, a marker of neuronal activity.
Changes in neuronal activity, in turn, modulate both ISF
Aβ and amyloid plaque formation [13]. As sleep is
associated with a net decrease in synaptic strength
whereas wakefulness is associated with a net increase
[14], the circadian sleep-wake cycle may act to modulate
Aβ levels via changes in neuronal activity. In this case, it
is plausible that circadian disruptions or sleep
disturbances could contribute to AD pathogenesis over
the long term by altering neuronal activity patterns.
Melatonin is a principal hormonal output of the
circadian system. It is produced by the pineal gland in a
rhythmic pattern in response to the daily light-dark cycle
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and its secretion is regulated via the suprachiasmatic
nuclei. Melatonin secretion tends to be reduced among
older individuals but even more so among patients with
dementia [15]. This circadian disruption of the melatonin
system provoked by dementia may have physiological
effects on AD pathology. For example, in vitro evidence
suggests that melatonin prevents the death of neuro
blastoma cells exposed to Aβ [16]. Clinical trials investi
gating the effects of melatonin on cognition have not
produced clear results, however. One trial in patients
with AD showed no improvement in cognition and
behavior and only small effects on sleep quality [17],
whereas a small trial in patients with mild cognitive
impairment suggested improved cognitive performance
[18].

Summary
Although much of the research discussed here specifically
relates sleep, rather than circadian rhythms in general, to
AD pathology, it is important to bear in mind that
circadian dysfunction is often upstream of any sleep
disorder. The Borbély two-process model of sleep regula
tion proposes both sleep-dependent and sleepindependent processes that influence the propensity to
sleep [19]. On one hand, the drive to sleep is a function of
prior wake time. On the other hand, sleep is a function of
underlying homeostatic drive controlled by endogenous
circadian oscillators. These independent processes need
to be studied both in isolation and together to fully
understand the impact of circadian organization and
sleep on disease and health.
Both sleep and circadian dysfunction are closely asso
ciated with AD, and given the role of the circadian system
in promoting or exacerbating other disease states, it is
plausible that circadian disturbance could contribute to
the pathogenesis of AD as well [20]. More research is
necessary to replicate and expand upon the finding that
sleep-wake cycles regulate Aβ, but converging evidence
from sleep disorders (for example, sleep apnea) and
melatonin research support the notion that sleep and
circadian rhythmicity may have a reciprocal link to AD
pathology.
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