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Abstract Alzheimer’s disease (AD) is increasing in preva-
lence and has a significant impact on caregivers and the
healthcare system. One of the many physiologic process af-
fected by AD is the circadian system, with disruption reflected
in abnormalities of the sleep-wake cycle. This interaction is
bidirectional, with circadian and sleep disruption influencing
disease progression. Understanding the bidirectional relation-
ship between AD and circadian disruption may allow for ear-
lier recognition of the potential to develop dementia as well as
improved targeted approaches for therapy. Therapies includ-
ingmelatonin and bright light therapymay be advantageous in
improving sleep and circadian rhythms and preventing the
progression of disease. However, unfortunately, these modal-
ities are not curative, and additional research is needed to
improve treatment options for these individuals.
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Introduction

With the aging of our population, the prevalence of
Alzheimer’s disease (AD) and its implications on healthcare
and institutionalization increases. AD is currently the most

common cause of dementia in the elderly population. In
2013, it was estimated that 4.7 million people between the
age of 65 years or older were affected in the USA and this
number is expected to reach 14million by the year 2050 [1, 2].
Circadian rhythm disorders and sleep disturbances occur fre-
quently in AD, with approximately 45% of these patients have
reporting problems with sleep. These symptoms may present
years prior to the clinical diagnosis of AD [1, 3–5].
Additionally, disturbances in the sleep-wake rhythm impact
the quality of life of patients and the caregivers of patients in
a negative way, resulting in frequent institutionalization of
these individuals [6]. Early recognition of sleep and circadian
disturbances may provide an early biomarker of AD, while
treating these disturbances can serve as a target to improve
quality of life, decrease institutionalization in these individ-
uals, and possibly even modify the disease course.

Circadian Rhythms and Sleep

The circadian rhythm is an approximately 24-h rhythm that is
reflected in the daily physiologic mechanisms of the body and
our behavior. This rhythm is coordinated by the master circa-
dian pacemaker located in the suprachiasmatic nucleus (SCN)
in the hypothalamus, which contains two distinct cell types,
one containing vasoactive intestinal peptide (VIP) and the
other containing vasopressin (AVP) [7–9]. The SCN is primar-
ily influenced by light from the retina and by the secretion of
melatonin from the pineal gland. The human circadian rhythm
is usually slightly longer than 24 h, but is entrained by envi-
ronmental cues on a daily basis, with adjustments provided by
signals or zeitgebers, the two most prominent being light and
melatonin [7, 10, 11].
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The daily rhythm of the SCN is regulated at a cellular level
by a system of transcriptional and translational feedback loops
involving clock genes. During the early part of the day, two
important transcription factors named BMAL1 and CLOCK
dimerize and activate the transcription of the genes PERIOD
(PER) and CRYPTOCHROME (CRY). As the day progresses,
PER and CRY dimerize to inhibit BMAL1 and CLOCK tran-
scription, therefore limiting their own expression. Later at
night, PER and CRY then degrade, thus ending the negative
feedback of BMAL1 and CLOCK and allowing for the start of
a new circadian cycle. Additionally, BMAL1 and CLOCK also
affect the nuclear receptors REV-ERBα and ROR, which in-
hibit (REV-ERBα) and activate (ROR) the transcription of
BMAL1 [12, 13].

The sleep-wake cycle is an important physiological out-
put of the circadian clock and involves several regions of
the brain. The ventrolateral preoptic area (VLPO) in the
anterior hypothalamus contains inhibitory neurons that
are active primarily during sleep [12, 14]. Hypocretin
(orexin) neurons in the lateral hypothalamus are active pri-
marily during wakefulness [12, 15, 16]. Additionally, the
locus coeruleus (LC), raphe nucleus, pedunculopontine
tegmental (PPTg), and laterodorsal tegmental (LDTg) nu-
clei in the brainstem play an important role in the sleep-
wake cycle. Activation of hypocretin neurons induces
wakefulness through projections to the LC, LDTg, and
PPTg, which leads to arousal [12, 17–20]. The sleep-
promoting VLPO and the wake-promoting nuclei mutually
inhibit each other, resulting in the transition from sleep to
wake, as per the classically described “flip-flop” model
between sleep and wakefulness. Hypocretin serves to sta-
bilize these state transitions [12, 21].

The SCN also sends inhibitory projections to the pineal
gland, resulting in a decrease in melatonin release during the
day. During the night, when the SCN is inhibited, the release
of melatonin from the pineal gland increases, typically starting
2 h before habitual bedtime [7, 22, 23].

The cholinergic system also plays an important role reg-
ulating sleep-wake states. Acetylcholine is increased dur-
ing wake and stage REM sleep and is decreased during
NREM sleep. The cholinergic input to the suprachiasmatic
nucleus (SCN) originates from the basal forebrain and
from the PPTg and LDTg in the brainstem [24]. A recent
study by Yamakawa showed that activation of the basal
forebrain, either through sleep deprivation or electrical
stimulation causes phase advances during the inactive pe-
riod. These phase shifts are blocked when animals are
pretreated with atropine (a cholinergic antagonist) injec-
tions to the SCN [25]. Activation of the cholinergic
LDTg and PPTg, on the other hand, does not phase shift
the circadian clock during the inactive period, but rather
causes phase delays when stimulated during the early eve-
ning, similar to the phase-shifting effects of light [26].

Sleep and Circadian Disruption in Alzheimer’s
Disease

In addition to the hallmark symptom of progressive memory
decline, sleep disturbance, disorientation, and agitation are
common symptoms in patients with AD, resulting in a signif-
icant decline in quality of life. Pathologically, AD is charac-
terized by the combination of amyloid plaques (β-amyloid)
and tau containing neurofibrillary tangles. β-Amyloid deposi-
tion may play a role in the development and worsening of
sleep and circadian symptoms [12, 27].

Circadian dysfunction in AD can manifest in many ways;
however, changes to the sleep-wake cycle are the most notice-
able. Irregular sleep-wake rhythm disorder, with multiple
bouts of sleep within a 24-h period, is frequently observed in
patients with neurodegenerative disease. Patients report symp-
toms of insomnia, with either difficulty falling or staying
asleep, and excessive daytime sleepiness [28]. Of note, in-
creased daytime sleepiness has been shown to be associated
with an increased risk for dementia [12, 29].

While circadian disruption may be a result of AD, it may in
turn lead to worsening of the primary symptoms of memory
loss. In the rat, chronic disruption of the circadian rhythm has
been shown to impair hippocampal memory. Chronically
phase-shifted rats showed deficits in the acquisition and reten-
tion of memory when tested using a water maze; however,
acutely phase-shifted rats showed no deficits [30]. This sug-
gests that the presence of circadian disruption in AD patients
may worsen cognitive decline.

Mechanisms for the Interaction
Between Alzheimer’s Disease and Circadian
Disruption

The means by which AD leads to sleep and circadian disrup-
tion is likely multifactorial, reflecting pathology at the level of
the SCN, as well as inputs and outputs of the circadian clock.
In addition, there is evidence that many of these pathways are
bidirectional (Fig. 1).

Neuronal Loss in the SCN

Autopsy studies of AD patients demonstrate significant loss of
neurons in the SCN, correlating with a loss of the amplitude in
the circadian rest-activity pattern [12, 31–34]. More specifi-
cally, the AVP-containing neurons and the expression of the
MT1 subtype of melatonin receptor are the most severely
impacted [7, 31, 32, 35, 36]. As a result, the ability of the
SCN to generate a daily rhythm and respond to phase-
resetting signals are both impacted.
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β-Amyloid Deposition

β-Amyloid has been shown to directly disrupt the output of
the circadian clock, often reflected in disruption of the sleep-
wake cycle. In rodents, grafting cells that express high levels
of β-amyloid into the SCN of adult rats resulted in a signifi-
cant impairment of rest-activity patterns [37]. In a Drosophila
model of AD, it was shown that β-amyloid significantly de-
creased sleep, mediated by the activation of Jun-N-terminal
kinase (JNK). Inhibiting JNK restored normal sleep patterns,
decreased β-amyloid accumulation, and decreased further
neurodegeneration [38]. In human studies, cognitively normal
adults with β-amyloid deposition have been shown to have
sleep and circadian disturbances [12, 39]. Additionally, the
presence of the APOE ε4 allele, a risk factor for AD, in a
healthy population has been shown to result in objective sleep
disturbances, using PSG and actigraphy.

There is growing evidence that there is a bidirectional re-
lationship between sleep and the presence of β-amyloid [38,
40]. In patients with preclinical AD, β-amyloid deposition is
associated with poor sleep quality [38, 39], while short sleep
has been associated with higherβ-amyloid deposition in older
adults [38, 41]. In mouse models of AD, sleep disruption
correlated with β-amyloid plaque formation [38, 42, 43]. β-

Amyloid deposition can be present up to two decades prior to
the onset of symptomatic AD [38, 44], indicating that sleep
and circadian disturbances may serve as an early biomarker
for the later progression to AD [38].

Under normal conditions, β-amyloid levels in the brain
have a diurnal variation, such that CSF β-amyloid concentra-
tions decrease with sleep and increase with activity [12, 42,
45]. Sleep deprivation leads to elevations in interstitial fluid
levels ofβ-amyloid, in turn resulting in increased formation of
plaques, while increasing the total sleep time reduces β-
amyloid deposition [12, 43, 46]. These findings are thought
to be mediated by neuronal firing. With increased neuronal
activity observed during wakefulness, β-amyloid levels in-
crease [47–50]. Slow-wave sleep, on the other hand, is asso-
ciated with an overall decrease in neuronal firing and therefore
decreased β-amyloid production [47, 51]. Reduced slow-
wave sleep, which is seen in AD or sleep deprivation, results
in higher levels of neuronal activity and therefore greater β-
amyloid production [47, 52, 53, 54]. This reinforces the theory
that sleep deprivation increases plaque burden, while in-
creased plaque burden in turn results in increased sleep dis-
ruption, in a positive feedback loop.

Recent work by Xie et al. proposed a mechanism by which
β-amyloid is cleared from the brain during sleep through the
glymphatic system. In mice, sleep results in improved clear-
ance of β-amyloid [55]. As a result, improved sleep may
reduce the deposition of β-amyloid within the brain due to
more effective clearance during sleep.

Clock Genes

β-Amyloid may also directly affect circadian regulation due
to disruptions in circadian clock gene expression. Using an
AD mouse model, Song et al. showed that β-amyloid results
in degradation of BMAL1 and CBP (CREB-binding protein),
causing alterations in the expression of clock genes such as
BMAL1 and PER2 and subsequent changes in the circadian
rhythm [53].

Circadian clock genes may play a role in the onset and
advancement of neurodegeneration. Presenilin-2, a gene that
is mutated in hereditary cases of AD, is under clock control.
Presenilin-2 normally cleaves amyloid precursor protein
(APP), and its expression is activated by the presence of
CLOCK and BMAL1 [12, 56, 57]. This implies that circadian
disruption and alteration of the transcription/translation feed-
back loop may also influence the clearance of amyloid.

Melatonin

Melatonin is released from the pineal gland and serves to not
only regulate the circadian rhythm but may also prevent fur-
ther accumulation of β-amyloid. CSF melatonin has been
shown to be decreased in patients with AD, even during the
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Fig. 1 The bidirectional relationship between circadian and sleep-wake
disruption and Alzheimer’s disease
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preclinical stages [1, 58, 59] and continues to decrease with
the progression of disease [1, 58, 60]. Additionally, the ApoE4
allele, a risk factor for AD, has been associated with decreased
levels of CSFmelatonin [1, 61].Melatonin itself also regulates
the metabolism of APP and directly reduces the levels and
prevents the accumulation ofβ-amyloid [1, 62]. This suggests
that the loss of melatonin could lead to further progression of
disease secondary to an increase in β-amyloid deposition in
the brain.

Cholinergic Disturbance

The cholinergic basal forebrain also undergoes neurode-
genera t ion in AD. Cel ls of the nucleus basa l i s
magnocellularis, which project to the SCN, can alter circa-
dian rhythms [36, 63]. Erhardt et al. lesioned the choliner-
gic basal forebrain projections to the SCN in rats, and they
found reduced phase advances and increased phase delays
in response to light [36, 64]. This suggests that the neuro-
degeneration associated with AD may in turn be influenc-
ing the ability of the circadian system to respond to
entraining signals.

Melanopsin-Containing Retinal Ganglion Cell Loss

Melanopsin-expressing retinal ganglion cells (mRGCs) are
photoreceptors within the retina that provide the circadian
signal of light to the SCN. These cells make up only 1–2%
of all RGCs, but transmit information directly to the SCN
via the retinohypothalamic tract [65]. When compared to
age-matched control patients, AD patients have a greater
loss of mRGCs, and the remaining mRGCs exhibited a
decreased dendritic diameter and an increase in β-
amyloid deposits, suggesting impairment in the few cells
that remained [65, 66]. As a result, it is likely that the
ability to transmit the circadian signal of light from the
retina to the SCN is impaired.

Metabolic Dysfunction

Sleep and circadian disruption have also been linked with
metabolic dysfunction, which in itself serves as a risk factor
for AD [12, 67–71]. Alterations in the circadian rhythm, in-
cluding disrupted sleep, reduced sleep duration and irregular
sleep patterns can all affect feeding and hormone release pat-
terns, which in turn negatively impactmetabolism, resulting in
hyperinsulinemia and impaired glucose tolerance [72]. The
presence of insulin resistance results in an increased risk of
progression to AD and obesity in childhood may also increase
the risk of cognitive impairment with aging [12, 73, 74].

Treatment

The association between sleep and circadian rhythm disrup-
tion and the progression of AD presents an opportunity to
target preclinical symptoms of AD to prevent further progres-
sion of neurodegeneration. Focusing on early treatment may
limit institutionalization and healthcare burden. Potential
treatments including bright light therapy, melatonin, and other
pharmacologic treatments may serve to diminish the preva-
lence or severity of AD.

Non-pharmacologic Treatments

Irregular daily rest-activity and behavioral patterns are com-
mon in patients with AD. In order to restore regularity to the
daily routine, establishing proper sleep hygiene techniques is
important, especially in elderly institutionalized patients with
limited light exposure. A randomized trial of nursing home
patients showed that the combination of increased daytime
physical activity and an improved nighttime sleeping environ-
ment, with decreased noise and limited nursing interventions
resulted in an improvement in overall sleep and agitation [75].
Patients with AD should be encouraged to exercise regularly
and maintain a regular sleep-wake schedule. Daytime naps
should be limited and noise and light exposure should be
limited at night.

Bright light therapy (BLT) is frequently administered to
treat circadian rhythm disturbances and may be beneficial
for addressing the circadian dysregulation seen in patients
with AD. Ten days of evening BLT (3000 lx) for 2 h improved
cognitive functioning of patients with dementia, assessed
using mini-mental status examination scores [76]. In another
randomized controlled trial, 4 weeks of morning bright light
therapy (10,000 lx) for 1 h per day resulted in improvements
of sleep from an average of 6.4 h per night to 8.1 h per night
[77]. Another randomized trial of nursing home residents with
AD demonstrated that 10 weeks of exposure to bright light
therapy (≥2500 lx, 1 h) resulted in improved agitation, depres-
sion, and appetite [78].

A recent systematic review and meta-analysis looking at
the effects of light therapy in circadian rhythm sleep disorders,
insomnia, AD, and dementia found small to medium, but sig-
nificant effects of light therapy on outcomes in patients with
AD [79•]. Significant improvements with BLT were seen for
sleep onset latency, total sleep time, time in bed, sleep effi-
ciency, and sleep quality, but not for wake after sleep onset
and early morning awakenings [79•]. A Cochrane review
looking at light therapy and its effects on cognition, sleep,
and behavior in patients with dementia showed inconclusive
results, however. Eleven randomized controlled trials were
assessed and found no effect of light therapy on cognitive
function, sleep, or agitation associated with dementia.
However, this review was not limited to AD and included
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other types of dementia, which may have limited these find-
ings [80].

There is currently no consensus regarding the effective du-
ration and intensity of bright light therapy for the treatment of
sleep and circadian disruption in AD due to the heterogeneity
and small sample size of most research studies. The disparities
seen in current results may be due to the substantial variability
in the clinical populations, including the type of dementia,
severity of disease, and degree of visual impairment. In addi-
tion, baseline environmental light exposure and the duration,
intensity, and time of light intervention were quite varied.
Nonetheless, BLT appears to be a potentially effective and
low-cost intervention with minimal side effects.

Pharmacologic Treatments

Melatonin, another circadian zeitgeber, may serve as an
additional therapeutic agent for treating circadian rhythm
disruption in patients with AD. Current research has fo-
cused on the effects of melatonin on sleep, cognition, and
AD progression. In a study using a rat model of AD
(OXYS rats), melatonin was shown to decrease β-
amyloid levels within the hippocampus and frontal cortex.
Additionally, when started in the early stages of AD pro-
gression, melatonin was shown to slow hippocampal de-
generation, especially in the CA1 region. Melatonin ad-
ministration may therefore decrease the progression of
AD pathology and may serve as an important intervention
to limit further β-amyloid deposition [81].

In a small double-blind study, melatonin (3 mg), given
at 8:30 p.m. daily for 4 weeks, resulted in prolonged sleep
time and decreased nighttime activity [82]. One of the lon-
gest duration randomized placebo -trials over a 6-month
period looked the effect of prolonged release melatonin
(2 mg) on sleep and cognitive function in 80 patients with
mild to moderate AD. Patients treated with melatonin had
improved cognition and sleep efficiency, with minimal side
effects [83]. A recent meta-analysis of the use of melatonin
in AD showed that patients receiving melatonin had a
prolonged total sleep time, however no improvement in
cognitive abilities. Doses of melatonin ranged from 1.5 to
10 mg with a duration of treatment ranging from 10 days to
24 weeks [84•]. There is some concern that melatonin and
melatonin agonists may be less effective in late clinical AD
patients, as the number and density of melatonin MT1 re-
ceptors in the SCN is decreased in later stages of AD [85].
Given the variability of doses, duration of treatment, sever-
ity of dementia, and additional comorbidities in these pa-
tients, it is difficult to make practice recommendations
based on these results, but melatonin does appear to benefit
nighttime total sleep time.

There is also evidence for the benefit of melatonin in con-
junction with BLT. One study showed that the combination of

melatonin (5 mg) and bright light treatment (≥2500 lx for 1 h
for 5 days per week) over a 10-week period, resulted in a
reduced daytime sleep, increased daytime activity and im-
proved day versus night sleep ratio. In this study, BLT alone
did not improve nighttime sleep, daytime sleepiness, or rest-
activity rhythms [86]. The combination with light therapy and
melatonin may be a better approach by targeting multiple
routes for circadian entrainment, as it is known that both ret-
inal light input pathways and melatonin receptor density at the
SCN may be affected by disease progression.

Alternatives to melatonin could include off-label use of the
prescription melatonin M1/M2 receptor agonists, ramelteon
and tasimelteon. While tasimelteon has not been studied in
AD patients, in a case series ramelteon was used to success-
fully treat delirium in five patients. Possible mechanisms in-
clude improving the underlying circadian rhythm disruption,
though further research is needed to better assess its efficacy
[87].

Looking at other prescription hypnotics, one study evalu-
ated the use of trazodone (50 mg) at bedtime. Patients showed
improved total sleep time at night and no significant adverse
side effects [88, 89]. In another study, actigraphy data in 30
AD patients before and after trazodone use was recorded for
2 weeks. Results demonstrated a significant improvement in
relative rhythm amplitude, compatible with a more stable day-
time behavioral pattern, indicating that trazodone may stabi-
lize circadian rhythms in individuals with AD [90], though
more research trials need to be done to demonstrate significant
benefit.

Conclusion

Circadian dysfunction is a pervasive problem in AD patients,
which may occur years prior to clinical AD onset and increase
with severity of disease due to a bidirectional relationship.
Given the increased behavioral complications and the frequent
need for institutionalization due to high caretaker burden, fur-
ther work in assessing the effectiveness of chronotherapeutic
agents in the treatment of AD is warranted. Detecting early
symptoms of AD, with changes in sleep patterns and irregu-
larities in rest-activity rhythms may provide early biomarkers
for intervention to prevent further β-amyloid deposition and
potentially slow the progression of neurodegenerative disease.
In addition, added benefits would include improving sleep,
limiting behavioral disruptions and improving the quality of
life of patients with early dementia and their caregivers.

Further research into the underlying pathology of AD
and the link with circadian disruption is warranted.
Additionally, more research trials assessing effective treat-
ment options are needed to better address circadian dys-
function in patients with AD.
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