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CHOLINE, SLEEP DISTURBANCES, AND ALZHEIMER’S DISEASE 
V.M. Pak1, S. Newton2

Abstract: Existing studies identify a possible link between choline, sleep disturbance, and Alzheimer’s disease, however further 
exploration is needed to determine the nature of this association. As the precursor to the neurotransmitter acetylcholine, 
choline plays an integral role in several neuronal processes, including some responsible for memory and learning. Decreased 
cholinergic neuronal activity is associated with brain abnormalities consistent with Alzheimer’s disease, an aging disease that 
disproportionately affects the elderly, and is believed to contribute to the cognitive decline experienced by Alzheimer’s disease 
patients, however the mechanism for this is not well understood. In this narrative review, we explore the associations between 
sleep disturbances, choline and the cholinergic pathway, and Alzheimer’s disease. Current research shows that the connection 
between sleep disturbances, choline, and Alzheimer’s disease is worth exploring in greater depth. In this review, we demonstrate 
there is a need for further studies to understand the mechanism through which inadequate sleep may impair the cholinergic 
pathway in order to guide targeted treatments for Alzheimer’s disease.
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Introduction  

Alzheimer’s disease (AD) disproportionately 
affects the aged population, as approximately 30% of 
individuals over the age of 80 suffer from dementia, 
with the most common form of dementia being 
Alzheimer’s (1). Determining the risk factors for AD will 
help to reduce the prevalence of this disease, thereby 
improving the quality of life of the aged population. 
While cholinesterase inhibitors such as rivastigmine 
are commonly prescribed drugs for treatment of AD, 
adverse effects of these drugs (typically nausea, vomiting, 
weight loss, and dizziness) raise questions as to whether 
the clinical effects are economically worthwhile (2, 
3). Current gene expression and metabolomic studies 
show that there is a relationship between choline, sleep, 
and brain development, thus more human studies 
are needed studying choline and the impact of sleep 
deprivation/sleep disturbance on cognitive decline. 
By pursuing –omic studies, these results will guide 
novel targeted Alzheimer’s disease therapies, resulting 
in better treatments for AD patients. This narrative 
review compiles the existing literature on Alzheimer’s 
disease, choline, and sleep disturbances in order to 
provide an update on the current understanding of the 
mechanism through which inadequate sleep may impair 

the cholinergic pathway, thereby potentially leading to 
cognitive deficits such as AD. We expect that the present 
review will inspire further –omic research and the impact 
of sleep disturbances on Alzheimer’s progression, in 
order to guide more targeted treatments of Alzheimer’s 
disease.

Link between choline and sleep disturbance 

Several links have been established between sleep 
disturbances and choline. Sleep disturbance is any event 
that disrupts the sleep cycle, including insomnia, sleep 
disordered breathing, and sleep-related movement 
disorder (4), and is associated with excessive daytime 
sleepiness (5, 6). We have previously shown that low 
levels of choline are also linked to sleepiness symptoms 
(7) in subjects with suspected sleep apnea. Whether low 
choline is a result of disturbed sleep and subsequent 
sleepiness or subjects who exhibit sleepiness have 
underlying mechanisms that impact choline metabolism 
or endogenous production remains to be determined. 
Sleep disturbance has been shown to diminish choline 
plasmalogen levels in humans (8). A study that 
exposed rats to intermittent hypoxia during sleep 
demonstrated reduced choline acetyltransferase (ChAT) 
immunoreactivity in treated rats (9). This suggests that 
intermittent hypoxia during sleep was associated with 
a decrease in ChAT activity due to choline scarcity, 
the consequence of this being lowered production of 
acetylcholine (see pathway in Figure 1). As treated 
animals exhibited weakened spatial working memory, 
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these findings also corroborate previous evidence of the 
association between lower ChAT activity and impaired 
memory function (9). Row et al. attributed this weakened 
memory to potentially diminished hippocampal and 
frontal cortical functioning as a result of lower ChAT 
activity. 

Figure 1
The Cholinergic Pathway

Choline can be taken in through diet or produced by the body (through the 
breakdown of acetylcholine by acetylcholine esterase). Choline acetyltransferase 
catalyzes the reaction between choline (from the synaptic cleft) and acetyl 
coenzyme A (from the mitochondrial matrix) to form acetylcholine and coenzyme 
A as a byproduct (which is then used to produce more acetyl coenzyme A). 
Acetylcholine is then transferred from a presynaptic neuron to a post-synaptic 
neuron, allowing for a signal to be transmitted. In order to end transmission of 
a signal, acetylcholine esterase catalyzes the hydrolysis of acetylcholine before 
it reaches the post-synaptic neuron, forming choline and an acetate ion as a 
byproduct. The choline produced is then once again taken by acetyltransferase to 
produce acetylcholine, restarting the cycle, which allows for proper cognition and 
memory formation.

Evidence from several studies indicates that the link 
between sleep disturbance and decreased cholinergic 
neural function could be partially attributable to 
oxidative stress. Inadequate sleep leads to higher levels 
of oxidative stress-related gene expression in human 
blood (10). Oxidative stress has been shown to decrease 
ChAT activity and degrade cholinergic neurons in mice 
and in culture (11, 12). As such, oxidative stress is a likely 
mechanism through which insufficient sleep reduces 
choline levels and ChAT activity which remains to be 
studied. 

Link between choline and sleep architecture
 
Previous research suggests that the deterioration of 

cholinergic neurons, indicative of Alzheimer’s disease 
(13), leads to lower delta generation (measured by 
electroencephalogram) during non-Rapid eye movement 
(REM) sleep (14). The cholinergic hypothesis of dementia 
attributes the learning and memory deficits of dementia 
in the aged and in AD to a decline of cholinergic systems 
of the basal forebrain (1). Basal forebrain cholinergic 
neurons are involved in cortical activation during waking 

hours and REM sleep by stimulating cortical activation 
with gamma and theta activity through the process of 
increasing discharge and firing in rhythmic bursts in 
response to transmitters of the activating systems (15). 
Thus, the cholinergic basal forebrain may play a central 
role in the regulation of the sleep-wake cycle via this 
dual mechanism through tonic firing (~7 Hz) during 
active wake and burst firing (~14 Hz) during REM (16, 
17). In order to investigate the effects of acute cholinergic 
activation on the dynamics of sleep-to-wake transitions, 
Irmak and de Lecea, 2014, performed optogenetics, a 
technique to control or monitor neural activity with light, 
and electroencephalogram (EEG) on heterozygous Chat-
IRES-cre 2-5 month old male mice to analyze transitions 
from non-REM sleep to REM sleep (18). Optogenetic 
activation of basal forebrain cholinergic neurons during 
non-REM sleep sufficiently facilitated transitions 
to wakefulness and arousal in their study, thereby 
demonstrating the role of the basal forebrain cholinergic 
system in inducing these states (18). 

Association between sleep apnea and 
Alzheimer’s disease

A 2016 meta-analysis of five cross-sectional studies on 
the association between obstructive sleep apnea (OSA) 
and Alzheimer’s disease determined that AD patients 
are five times more likely to have OSA than cognitively 
normal individuals of the same age, and that about 
half of AD patients have at some point after their initial 
diagnosis of AD experienced obstructive sleep apnea [19].
The studies determined OSA by either polysomnography, 
24-chanel  polygraph or  respiratory inductive 
plethysmography (19). In a separate sleep study, 
obstructive sleep apnea (measured by polysomnography 
for three consecutive nights) was present in almost half 
of the 21 demented patients with probable AD compared 
to 23 healthy controls (20). Cardiovascular issues and 
changes in sleep quality associated with OSA may 
contribute to further cognitive decline and aggravate 
the progression and severity of AD (19, 21). A proposed 
mechanism of this association between obstructive sleep 
apnea and Alzheimer’s disease is that sleep fragmentation 
and a decrease in slow-wave sleep and REM related to 
OSA, and the maladaptive effects of intermittent hypoxia 
including neuroinflammation, neurotransmitter changes, 
cerebral amyloidogenesis and tau phosphorylation, lead 
to mild cognitive impairment, which in turn aggravates 
the progression of AD (22). 

Link between choline and Alzheimer’s disease

Lowered ChAT and acetylcholinesterase (AChE) 
activity is the most common neurotransmitter deficit 
found in AD patients, compared to age-matched controls 
(23). Patients with severe Alzheimer’s disease exhibit 
85-90% lower levels of ChAT and AChE, compared 
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to the normal level, while patients with moderate AD 
display 35-50% lower ChAT levels than normal (24, 
25). Additionally, it has been shown that decreasing 
levels of ACh synthesis (obtained via diagnostic 
craniotomy) are significantly correlated with cognitive 
decline in Alzheimer’s disease patients (25). A recent 
study examined lipid concentrations in postmortem 
prefrontal cortexes donated by Harvard Brain Tissue 
Resource Center of 10 AD patients and 9 non-AD 
controls. Investigators found a significant 73% lower 
level of plasmalogen choline in patients with AD, while 
other phospholipid levels remained unchanged, meaning 
lower choline levels are especially characteristic of AD 
(26). In another study, a mouse model of Alzheimer’s 
Disease (AD) showed that Tg2576 genetically engineered 
AD mice with age-dependent ß deposition in their brains 
displayed sleep abnormalities akin to those displayed in 
Alzheimer’s disease patients, compared to control mice, 
and hypothesized that this could be due to cholinergic 
deficiencies in AD mice (27). The mouse models of AD 
exhibited circadian periods greater than 24 hours and 
higher frequency oscillations in the sleep EEG than 
that of wild type controls. In addition, the increase in 
electroencephalographic delta (1–4 Hz) power that 
occurs during non-REM sleep after sleep deprivation was 
blunted in AD mice models compared to controls (27).

In addition, several studies have found correlations 
between genetic variation in the ChAT gene and 
Alzheimer’s disease. By utilizing the stochastic search 
variable selection (SSVS) approach to analyze association 
with multiple candidate genes simultaneously, Kim et al. 
(2004) found that a G +4 A polymorphism in the ChAT 
gene, in concert with Apolipoprotein E ε4, was associated 
with 3.25 higher odds of AD in a study of 246 AD patients 
and 561 controls (28). The investigators also found that 
the average ages-at-onset of AD were lower in those 
carrying the ChAT AA genotype than those carrying 
the ChAT AG or ChAT GG, regardless to the occurrence 
of the APOE ε4 (28). In addition, Ozturk et al. (2006) 
examined three SNPs in the ChAT gene in association 
with AD in 1001 white late-onset Alzheimer’s disease 
(LOAD) patients compared to 708 white controls, and 
found an increased risk of AD with exon 5 and intron 9 
SNPs (29). Among non-APOE*4 carriers, intron 9, or a 
variant associated with intron 9 in the same haplotype, 
was also associated with AD risk in an APOE-dependent 
fashion (29). However, this finding is preliminary and 
should be confirmed in future studies with large samples. 
The investigators also found suggestive associations of all 
3 SNPs (exon S, exon 5, intron 9) with cognitive function 
as measured by Mini Mental State Examination score (29). 

As acetylcholine is known to play a complex and 
significant role in memory formation and coordination, 
lowered activity within the cholinergic pathway has 
been associated with memory impairment, as in AD 
(30, 31). Hasselmo proposes that during active waking 
(defined as a period characterized by large amplitude 
oscillations in the 3–10 Hz range in EEG recordings), 

cholinergic suppression of excitatory feedback reduces 
the influence of acetycholine on memory formation to a 
level that allows normal retrieval, but prevents distortion 
of the incoming sensory information being encoded, 
while during quiet waking and slow-wave sleep, lower 
levels of acetylcholine allow these excitatory feedback 
connections to have a stronger influence (30). For 
example, in a study of retired breeder adult mice, those 
with choline deficient diets (<1mg of choline per gram of 
chow) exhibited memory loss, while those with choline-
rich diets (12-15mg of choline per gram of chow) showed 
less memory loss (32). In humans, a randomized, double 
blind, placebo-controlled study demonstrated that verbal 
memory in older adults improves with 1000 mg/d dietary 
citicoline supplementation (a metabolic intermediate 
that completely dissociates to choline and cytidine upon 
entering the body) (33). In another double-blind study, 
patients with Alzheimer’s disease given 20-25 g/day of 
the choline precursor purified soya lecithin (containing 
90% phosphatidyl plus lysophosphatidyl choline) for six 
months exhibited moderate improvements on multiple 
tests measuring orientation, verbal learning, memory, 
and self-care (34). However these results were seen only 
among a small sub-group of older patients that were 
relatively poor compliers (<75% of the prescribed dose 
of phosphatidylcholine) and had intermediate levels 
of plasma choline (34). Ultimately, the cholinergic 
pathway’s important role in memory function suggests 
that low choline levels or ChAT/AChE activity may be 
contributing to memory impairment in AD. However, 
these studies have focused mainly on dietary choline and 
its associations with memory, and have not addressed the 
association between sleep, choline, and memory.

Gene expression and choline in Alzheimer’s 
disease

 
Gene expression has been conducted on AD patients 

to assess ChAT levels using in situ hybridization in 
the caudate nucleus, putamen and ventral striatum 
(13) .  Results  showed decreased ChAT mRNA 
expression within cholinergic neurons of the ventral 
striatum, especially in those most vulnerable to the 
neurodegenerative process (13). The down-regulation 
of ChAT mRNA may amplify the loss of cholinergic 
neurons within the ventral striatum, whose numbers 
have been shown to already be reduced within AD 
patients post-mortem via immunohistochemistry (35, 
36).  Another gene expression study examined ChAT 
activity and expression in the basal forebrain during 
periods of behavioral activity and throughout sleep-
wake states. A high level of ChAT mRNA expression 
during REM sleep was shown, and an intermediate 
level was found during slow-wave sleep and a low level 
during wakefulness (37). The data also showed an inverse 
relationship with ChAT protein activity, as higher activity 
was associated with wakefulness and behavioral activity, 
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and reduced protein activity was observed during sleep 
(37). A recent study examined the role of cholinergic basal 
forebrain neurons in the transcriptomic response to sleep 
deprivation. The study assessed mRNA expression in 
cholinergic cells using microarrays in sleeping and sleep-
deprived mice to characterize cholinergic cell signatures, 
finding the expression of clock genes (Arntl2, Per1, Per2, 
Dbp, Nr1d1) as well as mGluR3 in these cells (38). In 
choline-deficient mouse embryos, expression of multiple 
miRNAs is changed in neural progenitor cells (39). A 
recent study examined miRNA-mediated regulation 
of mRNA transcripts involved in the synthesis, vesicle 
packaging, and destruction of ACh (40). Data indicates 
massive overlap of these miRNAs with those regulating 
ACh degradation, indicating a new surveillance 
mechanism of the cholinergic signaling pathway by way 
of the regulation of acetylcholinesterase degradation 
by miRNAs, which may be of value for both basic and 
translational aspects of neuroinflammation-related 
disorders (40). Examining miRNA levels in the blood 
may be ideal, due to it being more easily accessible and 
less invasive in patients. Gene expression in the blood of 
rats was shown to co-express about 56% of genes in brain 
tissue (41).  Exploring miRNA in ACh will be important 
to guide targeted treatments for sleep disturbances and 
AD. A previous review has described the role of the 
cholinergic system within the reticular acting system 
(RAS), which simultaneously induces and modulates 
REM sleep by way of ascending projections to the 
intralaminar thalamus (ILT) to modulate thalamocortical 
systems throughout sleep-wake states, and descending 
projections to the pontomedullary reticular formation 
(42). It is clear that there is a relationship between 
choline, sleep disturbances, and brain development, thus 
human studies are needed on gene expression, choline 
and associated metabolites and the impact of sleep 
deprivation/sleep disturbance such as sleep apnea on 
Alzheimer’s progression.

Link between choline and cognitive effects
 
Choline is known to play a significant role in cognitive 

processes. As the precursor to the neurotransmitter 
acetylcholine, choline plays an integral role in several 
neuronal processes, including some responsible 
for memory and learning (43). Decreased cholinergic 
neuronal activity is associated with brain abnormalities 
consistent with Alzheimer’s disease (AD) and is believed 
to contribute to the cognitive decline experienced by 
AD patients (1, 43, 44). The high-affinity choline uptake 
transporter (CHT) brings in choline from the extracellular 
space to presynaptic terminals, thereby enabling normal 
acetylcholine synthesis and cholinergic transmission 
(45). Thus, reductions in CHT capacity have been 
associated with decreased ability to perform tasks that 
require attentional processes (45). For example, animals’ 
performance on activities like the 5-choice serial reaction 

time task (assesses divided and sustained attention) has 
been associated with increases in cortical cholinergic 
inputs and cortical acetylcholine efflux (45). In a sustained 
attention task that required rats to detect the presence and 
absence of signals that occur unpredictably, the release of 
cortical Acetylcholine (ACh) in the frontoparietal cortex 
was higher than in control tasks that did not require 
attentional processes, highlighting the important role 
of choline in attentional processing (46). In another 
experiment, infusions of the cholinotoxin 192 IgG-saporin 
on 12 male BNNia/F344 four-month old rats induced loss 
of cortical cholinergic inputs, which in turn resulted in 
the rats’ impaired performance in a sustained attention 
test, while performance on non-attention related control 
activities was unaffected (47). The sustained attention 
test was designed to measure vigilance by requiring 
subjects to respond to the presentation of visual 
signals. Choline has also been shown to hold critical 
developmental importance for memory (48, 49). Sprague-
Dawley pregnant rats’ dietary choline intake has a 
significant impact on hippocampal brain development, to 
such an extent that rats whose mothers had extra dietary 
choline can be identified even when the rats are elderly, 
based on their memory function (50). Conversely, when 
rodent mothers are choline-deficient during pregnancy, 
their offspring have persistent memory and cognitive 
impairments (49). A recent study showed that postnatal 
choline supplementation of daily choline injection (100 
mg/kg) in ethanol-exposed and control rats improved 
working memory function, especially when combined 
with working memory training (51). In rat models of 
traumatic brain injury (TBI), a choline-supplemented diet 
with concentration of 2% choline was shown to improve 
spatial memory and normalize some TBI-induced effects 
in nicotinic cholinergic receptor (nAChR) expression (52). 
In a study of 1391 patients free of neurological conditions, 
dietary choline intake (measured by a food frequency 
questionnaire), was shown to be associated with better 
verbal and visual memory (53). Thus, choline appears 
to play a critical role in attentional processes (and by 
extension, learning processes, which are closely related), 
as well as memory (45).

In a 2010 randomized control trial with 76 asthma 
patients, choline supplementation (1500 mg, twice 
daily) for six months was shown to attenuate 
immune inflammation and suppress oxidative stress 
(54). Therefore, choline may decrease inflammation/
oxidative stress and its subsequent cognitive effects. 
While the mechanism underlying this process remains 
to be determined, a potential explanation may 
be the protective effect of the nAChR agonist on the 
development of airway inflammation through the 
cholinergic anti-inflammatory pathway (55, 56), and 
choline may be mediated through the activation of alpha-
7-nicotinic receptor. In a study of post-operative mice, 
administration of choline prior to surgery markedly 
reduced the proinflammatory cytokine response to 
surgery and ameliorated memory impairment (57). A 
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recent study observed the benefits of a daily dose of 
52mg of choline for five weeks in healthy adult rats, 
finding that rats receiving choline showed improved 
cognitive and locomotor performance and a reduction 
in oxidative stress (58). The investigators state that 
the reduction in oxidative stress is due to choline 
decreasing the levels of lipid peroxidation, stimulating 
the activities of antioxidant enzymes and increasing the 
antioxidant stores of GSH and proteins, thereby reducing 
the production of reactive oxygen species (ROS) (58). 
The contribution of cholinergic dysfunction in the 
development of cognitive impairments, such as AD, could 
become an important biomarker in identifying high-risk 

patients for these impairments and therefore needs to be 
further explored.

Current human epidemiological studies on 
choline, sleep disturbances, and Alzheimer’s 
disease 

Recent studies have demonstrated various potential 
links between sleep disturbances, choline, and AD in 
humans (Table 1). In one study of seven patients with 
AD and eight controls in a research sleep laboratory, 
researchers discerned the difference between sleep-

Table 1
Current human epidemiological studies on choline, sleepiness and Alzheimer’s Disease

Authors (year) Subjects Method Findings

Original Study

C ro w l e y  K ,  e t 
al.(11) (2005)

n=7 AD patients
n=8 controls

Overnight sleep study in controlled setting. 
During stage 2 sleep, K-complex responses 
to stimuli were recorded. K-complex 
incidence was determined from average 
number of K-complexes, latencies and 
amplitudes of components evaluated

AD subjects produced fewer evoked K-complexes (20.21% ± 5.82% vs 
50.72% ± 4.63%, p<.01) and had substantially smaller N550 amplitudes 
(p<.01) than controls. A lower probability of eliciting a K-complex is 
correlated with greater dementia severity (p<.01). Despite observed 
increases in pathologic delta-frequency electroencephalographic activity, 
AD patients have an impaired capacity to generate normal physiologic 
delta responses during non-REM sleep, suggesting that the deterioration 
of cholinergic neurons seen in AD leads to lower delta generation.

Grace J.B, et al. (59) 
2000

n=20 AD patients
n=17 dementia with 
Lewy bodies (DLB) 
patients

Questionnaires of Pittsburgh Sleep Quality 
Index (PSQI), Epworth Sleepiness Scale 
(ESS), and Neuropsychiatric Inventory 
(NPI) assessed night time sleep disturbance, 
day time sleepiness, and carer burden, 
respectively.

Both groups of patients suffered from sleep problems. (AD group 
mean ESS: 6.5, mean PSQI: 4.6, mean NPI: 8/20. DLB group mean 
ESS: 12.6, mean PSQI: 8.5, mean NPI 16/17). DLB patients had more 
overall sleep disturbance (p<.05) while asleep and more abnormal 
day time sleepiness (p=.01). Treatment with cholinesterase inhibitor 
(rivastigmine) produced a trend towards normalisation of sleep profile 
in a small number of DLB patients, perhaps demonstrating the role of 
the cholinergic system in the control of arousal.

Ju Y, et al.[55] 2013 n = 1 4 5  c o g n i t i v e l y 
normal, middle-aged 
men and women

Actigraphy measured sleep for 2 weeks, 
sleep diaries measured naps. Presence of 
amyloid deposition was determined by 
cerebrospinal fluid Aβ42 levels.

Amyloid deposition was associated with worse sleep quality compared 
to those without amyloid deposition (80.4% versus 83.7%, p<.01). 
Frequent napping was associated with amyloid deposition (31.2% 
versus 14.7%, p>.05). Sleep-wake abnormalities are associated with the 
presence of amyloid deposition in the preclinical stage of AD.

Moe KE, et al. (58) 
1995

n=78 AD patients
n=38 controls

Memory and cognition were assessed by 
Mini-Mental State Examination (MMSE) 
and Matt is  Dementia  Rating Scale 
(MDRS), daily functioning was assessed 
by Maintenance (MAINT) and Higher 
Function (HIGHF) scores at baseline and 
followup after two years. Sleep EEG was 
recorded on nights 2 and 3. 

Sleep/wake variables (% of REM, % awake, wake after sleep onset, 
REM latency) were highly correlated (p<.05, except for one measure 
of conceptualization) with and explained significant variance in 
cognitive and functional measures. More wakefulness during the 
night (p<.01) and longer REM latencies (p<.05, except for one measure 
of conceptualization) were associated with impaired cognition and 
function. The REM-cognitive relationship is consistent with the known 
cholinergic deficit of AD patients.

Pappas BA, et al. 
(56) 2000

n = 3 8 9  d e c e a s e d 
patients with diagnosis 
of probable AD pre-
mortem

Neuropathological confirmation of AD 
was obtained at autopsy. Subgroups 
were identified for whom both the Mattis 
Dementia Rating Scale (MDRS) and Mine-
Mental State Examination (MMSE) had 
been administered within 12 months before 
death. ChAT activity was analyzed in the 
MF cortex (n = 48), IP cortex (n = 19), and 
hippocampus (n = 16). Scores were assigned 
to these patients for four factors of the 
cognitive domains of attention/registration, 
verbal fluency/reasoning, graphomotor/
praxis and recent memory, and then 
correlated with ChAT activity.

ChAT activity in both the medial frontal and the inferior parietal 
cortex significantly correlated with scores on the graphomotor/
praxis factor (p<.01). Medial frontal ChAT also correlated significantly 
with the attention/registration scores (p<.05). Hippocampal ChAT 
correlated significantly only with recent memory scores (p<.05). These 
results are consistent with current animal research regarding the effect 
of selective cholinergic lesions on behavior. Findings suggest that 
attentional and mnemonic processes are differentially related to cortical 
and hippocampal cholinergic function respectively. 

Volicer L, et al. (57) 
2001

n=25 AD patients
n=9 controls

C i rc a d i a n  rh y t h m s  o f  c o re  b o d y 
temperature and motor activity were 
measured. AD patients were divided 
according to the occurrence of sundowning 
as determined by staff reports.

AD patients had less diurnal motor activity (348 vs 608, p<.01), a higher 
percentage of nocturnal activity (198 vs 86, p<.05), lower interdaily 
stability of motor activity (.56 vs .78, p<.01), a later activity acrophase 
(16.38 vs 13.08, p<.05), and a higher mean core body temperature 
(37.29 vs 36.91, p<.01) compared to controls. AD causes disturbances of 
circadian rhythms including sleep disturbances, which could be due to 
neurotransmitter-related deficiencies like lower ChAT activity.
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related delta and pathological delta activity, suggesting 
that the deterioration of cholinergic neurons seen in 
AD leads to lower physiologic delta generation (a high-
amplitude brain wave associated with slow-wave sleep) 
compared to age-matched controls (14). However, the 
small sample size of this study raises concerns about 
whether it is representative of the population with 
AD. Patients with pre-clinical AD (as measured by 
amyloid deposition) have also been shown to have 
lower quality sleep), as one cross-sectional study with 
145 participants demonstrated (59). Sleep quality was 
measured objectively over two weeks with an actigraph 
worn on the patient’s wrist. This study postulated that 
poor sleep might also play a role in amyloid deposition 
because chronic sleep deficiency increases neuronal 
activity, which leads to an excess of soluble Aß that could 
eventually become plaques (59). Though this study had 
a large sample size, it did not examine other markers 
of pre-clinical AD, including choline levels or ChAT/
AChE activity. The study also did not assess for any other 
sleep-related variables, other than sleep quality and sleep 
quantity, for association with amyloid deposition. 

One study of post-mortem ChAT activity found that 
lower ChAT activity in AD patients was associated 
with significantly lower previous scores on the Mattis 
Dementia Rating Scale and the Mini-Mental State 
Examination, especially in the graphomotor/praxis, 
attention/registration, and recent memory scores (60). 
However, this study did not address how sleep may play 
into these choline and memory impairment dynamics. 
A study of circadian rhythms of motor activity and 
core body temperature (measured with a temperature-
sensitive thermistor probe and recorded every 6 minutes 
for 72 hours) in 25 people with AD and 9 healthy people 
revealed that AD patients displayed less daytime motor 
activity, more nighttime activity, and less motor activity 
stability between days (61). The authors concluded that 
AD causes disturbances of circadian rhythms (61). In 
addition, AD patients’ core temperature was higher on 
average, and their temperature peaked later, compared 
to healthy subjects (61). The researchers proposed that 
these changes, including sleep disturbances, could be due 
to neurotransmitter-related deficiencies like lower ChAT 
activity. However, the study did not look for evidence 
on the mechanism through which lower ChAT activity 
could lead to disrupted circadian rhythms. A prior study 
examined memory and cognition (as assessed by Mini-
Mental State Examination and Dementia Rating Scale), 
and daily functioning, as they relate to sleep (measured 
by EEG) among 78 AD patients and 38 non-AD controls 
(62). The authors observed that more wakefulness during 
the night and longer REM latencies were associated with 
impaired cognition and function, which is consistent 
with the known cholinergic deficit of AD patients (62). 
A prior study measured the night time sleep disturbance 
(Pittsburgh Sleep Quality Index) and day time sleepiness 
(Epworth Sleepiness Scale) among 20 AD patients and 
17 dementia Lewy bodies patients, and found a high 

level of sleep disturbance in both patient groups (63). 
Within a small group of dementia patients, rivastigmine 
(a cholinesterase inhibitor) reduced daytime sleepiness 
and nighttime sleep disturbance, and resulted in a higher 
MMSE score for cognitive functioning, suggesting that the 
cholinergic system plays a role in the control of arousal 
(63). However, in this study rivastigmine was not tested 
in AD patients. Additionally, cognitive function of AD 
patients was assessed only at baseline. 

A review of the literature on the cholinergic pathway 
and circadian rhythms put forward the hypothesis that 
cholinergic neurotransmission in the SCN supports 
“time stamping,” a memory of a certain time of day, 
which in turn aids the development of time memory (64).  
Time stamping requires the engagement of muscarinic 
acetylcholine receptors (mAChRs) (64). Internalized 
mAChRs make cholinoceptive cells less sensitive to  
behavioral arousal accompanied by enhanced levels of 
ACh through the mechanism of lowering these cells’ 
sensitivity to ACh (64). These internalized mAChRs 
reduce or block further cholinergic input, protecting  
cholinoceptive cells and therefore the initiated circadian 
rhythm from disruption (64). Therefore, without time 
stamping, the authors postulate that circadian rhythms 
and memory formation could become disrupted, as in 
AD. Indeed, a 2008 review of literature on sleep, memory 
and AD suggests that memory processes are modulated 
by a circadian rhythm in central cholinergic transmission, 
with high ACh levels during wakefulness and reduced 
levels during slow-wave sleep (65). However this review 
is from 2008 and focuses on the treatment of AD with 
cholinesterase inhibitors, specifically galantamine. A 
more robust review of the literature over the past decade 
would aid in future research on AD, sleep, and choline. 

Choline treatment for sleep disturbances
 
Plasma choline levels are directly affected by daily 

choline intake (66). If sleep and choline are interrelated as 
past literature has suggested (15-18), it is logical to pursue 
studies examining dietary choline and sleep disturbances. 
According to a study reporting data from the National 
Health and Nutrition Examination Survey (NHANES), in 
which 5,587 patients were administered questionnaires 
assessing their nutrient intake, sleep habits and physical 
activity by 24-hour recall during in-person interviews 
conducted in the home, lower dietary choline intake 
has been associated with a slightly higher likelihood 
of having 9+ hours sleep duration (RR = 0.45), when 
adjusting for other dietary habits (67). The results suggest 
that lower choline intake is associated with higher levels 
of sleepiness, or that lower choline intake is simply 
associated with more sleep, leading to less sleepiness. As 
the existing literature discusses a possible link between 
sleep disturbance and choline deficiency, dietary choline’s 
potential to treat sleepiness or improve sleep architecture 
has yet to be examined. Additionally, due to the use 
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of questionnaire to assess subjects’ nutrition and sleep 
habits, sleep duration and dietary intake are self-reported 
and thus limited.  The cross-sectional nature of the study 
also limits the ability to determine the direction of the 
association between sleep and dietary intake of choline 
extrapolated from questionnaire which is not reliable. 
The duration of sleep could impact choline intake, or 
vice-versa. Exploring treatment for sleepiness and sleep 
disturbances with choline is important due to the overlap 
of sleep disturbances/ memory associated with choline. 
Treatment for sleepiness and sleep disturbances will 
likely guide treatments for Alzheimer’s. 

Choline treatment for Alzheimer's disease

Choline has been shown to improve memory 
outcomes among AD patients, as in Spiers et al. (1996), 
a randomized controlled trial in which AD patients 
who ingested 2000mg/d of citicoline exhibited better 
immediate and delayed recall on logical memory 
compared to a placebo group (33). Four additional 
clinical trials of dietary citicholine for AD patients 
showed that treated patients attained better scores on 
cognitive evaluation scales, compared to control groups 
(68-71). With regard to choline alfoscerate, a double-
blind randomized-controlled trial found that treatment 
of 400mg of choline alfoscerate three times a day resulted 
in significantly improved scores on the Mini-Mental 
State Examination, the Global Deterioration Scale, the 
Alzheimer’s Disease Assessment Scale (Behavioral 
and Total), and the Global Impression Scale after 90 
days within patients with mild-moderate AD, while 
the placebo group scores remained largely the same 
or worsened (72). Mild-moderate AD was determined 
by the following: diagnosis of probable or possible 
AD according to the Diagnostic and Statistical Manual 
of Mental Disorders (73) and National Institute of 
Neurological and Communicative Disorders and Stroke/
Alzheimer's Disease and Related Disorders Association 
criteria (74); Mini-Mental State Examination™ (75)
(MMSE) score between 12 and 26; Modified Hachinski 
Score (76) (M-HIS) <4. Several other studies have found 
similarly positive outcomes with the use of choline 
alphoscerate supplementation for patients with AD (77). 
However, not all cholinergic precursors have proven 
effective treatments for AD—a review of clinical trials of 
cholinergic precursors has shown that supplementation 
of lecithin or phosphatidylserine resulted in better 
subjective memory, but did not ultimately improve 
outcomes including quality of life, cognitive function, 
and death, for AD patients (78). The reasons for the lack 
of effect of this precursor therapeutic strategy remain 
unclear. In spite of the numerous investigations, not all 
aspects of deposition and metabolism of choline and of 
its utilization for biosynthesis of ACh were clarified yet 
(77). Thus, it appears that different cholinergic precursors 
have different effects, and further studies are needed to 

explore these precursors to guide effective treatments for 
AD patients. 

Future directions 

Although many studies have addressed insufficient 
sleep’s detrimental effects on the cholinergic pathway, 
low choline/ChAT/AChE’s levels’ association with 
Alzheimer’s disease, and AD’s association with low sleep 
quality, few have addressed the relationship between 
sleep disturbances, the cholinergic pathway, and AD. 
Are cholinergic deficiencies a risk factor for AD, or a 
characteristic of the disease itself, or both? As AD is 
associated with subjectively and objectively measured 
(via PSQI and actigraph, respectively) poor sleep quality, 
is poor sleep quality associated with an increased risk of 
AD or is poor sleep quality a sign of pre-clinical AD, or 
both? In this instance poor sleep quality refers to sleep 
efficiency (total sleep time divided by time in bed, and 
wake time after sleep onset). Future studies are needed 
to explore whether dietary/supplemental choline intake 
improves sleep quality. While the aforementioned studies 
have addressed some of these questions, their complexity 
merits further exploration. Also, while mouse models 
have proven valuable in examining altered cholinergic 
systems and their effects on memory, human studies 
with larger samples are needed to effectively examine the 
links between sleep disturbance, choline, and Alzheimer’s 
disease. 

In addition, the mechanism through which inadequate 
sleep may impair the cholinergic pathway needs further 
study—does sleep disturbance lower choline levels 
and ChAT/AChE activity through oxidative stress, 
inflammation, or another mechanism? It would be 
important to clarify the mechanism of which insufficient 
sleep degrades other neurotransmitters or parts of the 
brain that also play a role in memory and attentional 
processes. This narrative review compiles the existing 
literature, showing that the connection between sleep 
disturbances, choline, and AD is worth exploring in 
greater depth in order to guide novel therapies for 
Alzheimer’s disease patients. 
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