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I.  Basics on sleep
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All animals need sleep

• All animals sleep – even if only ½ of brain asleep at a time (e.g., 
dolphins, migratory birds)

• We spend ¼ to ⅓ of our lives sleeping 
– better things to do with our time?
– leaves animals vulnerable

• So, clearly, sleep fulfills:
– a fundamental need of the brain – but not the rest of body
– An essential function which evolution wasn’t able to cover 

without sleep

• But what is this need?    … Later
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Basics

• Stages
– Non-REM sleep

§ Stage 1 – Wake-Sleep transition
§ Stage 2 – Light sleep
§ Stage 3 – Deep sleep (= slow-wave sleep) 

– REM sleep

• Cycles ~90 min  è Hypnogram:
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• Process S – Homeostatic pressure to sleep

• Process C – Circadian arousal rhythm è Partially counteracts S

 

• Overall pressure greatest at 2–4am and 1–3pm

Regulation of sleep: The two-process model
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• Average = 6.8 h; Long sleepers = 9 h; Short sleepers = 5 h; 
Ultra-short sleepers = 3 h

• Sleep = Core + Optional
– Most people can adapt to 4.5–5.0  h of core sleep
– Some can get this down to ~3 h without reduced performance

• Longest study on sleep deprivation
– In 1964, Randy Gardner (17y old) awake for 11 days. 
– Mostly recovered in a long sleep of ~14 h

• Health deteriorates if:  
– sleep < 4 hours   è increased risk of AD
– sleep > 9 hours  è increased risk of stroke and cardiac events

Amount of sleep
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• REM sleep seems involved in:
– Consolidation of memories (short-term è long-term)
– Emotional processing (particularly associated with fear)
– Cognitive Function (mental concentration, mood regulation)

 BUT little actual evidence

• Most dreaming occurs during REM - but also occurs during SWS

REM sleep

• A complex system of neuronal centres (especially hypothalamus & 
brainstem), pathways, and neurotransmitters for control of wake 
and sleep

Brain’s control of sleep
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II.  Why do we need sleep?
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Functions during sleep – The 3 big ones

1 ➡ Synaptic homeostasis
– Sleep’s primary goal is the homeostatic regulation of the total 

synaptic weight impinging on neurons
– During wakefulness – Learning processes result in a net increase in 

synaptic strength in many brain circuits

– During sleep (primarily Stage 3) – Downscale synaptic strength to a 
baseline level beneficial for learning and memory

– “Sleep is the price we have to pay for plasticity” (Tononi)

2 ➡ Memory consolidation + forgetting

3 ➡ Clearance of extracellular metabolites
– Build-up during wakefulness
– Includes toxic protein aggregates
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•  Sleep drive/propensity driven by
1. Homeostatic component (increases during wakefulness, decreases 

during sleep) – Process S è Synaptic homeostasis
2. Circadian component (arousal propensity during 24 h) – Process C

Specifically, the curve in Fig. 1 can be interpreted
as reflecting how the total amount of synaptic
strength in the cerebral cortex (and possibly other
brain structures) changes as a function of wakeful-
ness and sleep. Thus, the hypothesis claims that,
under normal conditions, total synaptic strength
increases during wakefulness and reaches a maxi-
mum just before going to sleep. Then, as soon as
sleep ensues, total synaptic strength begins to
decrease, and reaches a baseline level by the time

sleep ends. In addition to claiming a correspon-
dence between the homeostatic Process S and total
synaptic strength, the hypothesis proposes specific
mechanisms, whereby synaptic strength would
increase during wakefulness and decrease during
sleep, and suggests why the tight regulation of
synaptic strength would be of great importance for
the brain.

Synaptic homeostasis: a schematic
diagram

The diagram in Fig. 2 presents a simplified version
of the main points of the hypothesis. During
wakefulness (yellow background), we interact
with the environment and acquire information
about it. The EEG is activated, and the neuromodu-
latory milieu (for example, high levels of nor-
adrenaline, NA) favors the storage of information,
which occurs largely through long-term poten-
tiation of synaptic strength. This potentiation
occurs when the firing of a presynaptic neuron is
followed by the depolarization or firing of a
postsynaptic neuron, and the neuromodulatory
milieu signals the occurrence of salient events.
Strengthened synapses are indicated in red, with

Fig. 1 The two-process model involving the circadian
component (process C) and the homeostatic component
(process S).

Fig. 2 The synaptic homeostasis hypothesis.

G. Tononi, C. Cirelli50

Total synaptic strength 
in the brain
100 trillion synapses in 
human brain

Synaptic homeostasis
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Synaptic homeostasis
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Sleep all explained? ... Far from it
Major mysteries remain: 
• Why cycles of sleep states? 

• Role of Stage 2 sleep?
– Spindles?  K-complexes?

• Role of REM sleep?

• Role of dreaming?

• Can one have local sleeps when awake? è Yes
– Could these cause attention lapses and/or errors in performance?

• And what about local wakes when asleep? è Yes - Lucid dreaming
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III.  Microsleeps
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Microsleeps versus Drowsiness/Fatigue

• Microsleeps
– Short, but complete, shutdowns in 

responsiveness
– Can happen when NOT drowsy!
– Extremely dangerous

• Drowsiness/Fatigue
– Feeling tired/sleepy 
– But can still do your job while drowsy
– Mildly dangerous

15

fMRI + EEG + Tracking + EyeVideo
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Continuous visuomotor tracking task (50 min)

• Participants performed a 2-D random tracking task

18

1x microsleep (5 s) in MR scanner
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• 16 of 20 subjects had microsleeps 
• Rates = 79 /h  (0–225 /h)
• Durations   = 3.3 s  (0.5–15 s)

Behavioural results -  Microsleeps

 36 

 

Figure 2 

20

Decreased activity during behavioural microsleeps

fMRI results 

(Poudel, …, Jones. Hum Brain Mapp, 2014)
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fMRI results 
Increased activity during behavioural microsleeps
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Take-home messages: Microsleeps
• Most of us have microsleeps.
• Propensity varies greatly in healthy subjects.
• Can occur when not sleep-deprived.
• Propensity increases with excessive sleepiness:

– Sleep deprivation
– Poor/fragmented sleep (e.g., due to OSA)
– High on sleepiness trait (Epworth Sleepiness scale).

• Big killer on the road:
– ~20% of fatal accidents on the road (more than alcohol & drugs)

• Countermeasures:
– A good night’s sleep
– Stimulant:  Caffeine, Modafinil, amphetamine, methylphenidate, …
– Nap (30 min)
– Strong coffee + nap
– Minimal eating shortly before or during long drives [RJ]
– Awareness

23
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IV. Sleep Disorders
Adults in NZ with a chronic sleep problem

§ Insomnia [27%]

§ Excessive daytime sleepiness [15%]
§ Obstructive sleep apnoea 

§ [12%: World-wide – Moderate = 500 million; Severe = 300 
million (Lancet Respir Med 2019); Mild-severe = 1 billion]

§ Restless leg syndrome [4–14%]
§ Parasomnias [3%]

§ REM sleep disorder [0.4–0.5%]

§ Narcolepsy [0.04%]
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V. Sleep apnoea – And why it’s bad 
for the brain

1. Impaired cerebral perfusion
2. Links to Alzheimer’s and Parkinson’s 

disease
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What is obstructive sleep apnoea (OSA)?

l In OSA, muscles in the upper part of 
the throat, which normally keep the 
airway open, relax during sleep and 
cause the airway to become 

• fully blocked for 10-60 s è apnoea
• partially blocked for 10-60 s è 

hypopnoea

l Respiratory disturbance during sleep 
due to OSA leads to

• cyclical oxygen desaturation in the brain
• frequent arousals
• sleep fragmentation

l Severity of OSA
• AHI index = Number of apnoea/hypopnoeas per hour 
• Mild = 5–14       Moderate = 15–29        Severe ≥ 30
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Obstructive sleep apnoea

Untreated OSA is associated with – 
l Hypertension
l Cardiovascular disease
l Stroke
l Diabetes
l Decreased cerebral perfusion
l Cognitive dysfunction
l Excessive daytime sleepiness  

  è Increased risk of microsleeps
  è Increased risk of fatal accident on the road 

27
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Treatment of OSA – 
Continuous positive airway pressure (CPAP)

 
l CPAP during sleep is the treatment of choice.

28

CPAP
 

l In NZ, CPAP is publicly funded but only for people with severe OSA.
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Why is sleep apnoea bad for the 
brain?

#1 = Impaired cerebral perfusion

Cerebral perfusion – Amount of arterial 
blood delivered to each voxel in brain

30

Study 1 – Regional Perfusion: 
Moderate-Severe OSA versus No OSA

R Thalamus

L Putamen

Cingulate gyrus

Paracingulate gyrus

Subcallosal cortex

R Temporal 
fusiform cortex

R Hippocampus

R Parahippocampal 
gyrus

L Frontal orbital cortex

[Innes, … , Jones. Sleep, 2015]
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l Several studies have shown impaired cerebral perfusion in 
severe-OSA when awake

l BUT what about less severe OSA?

l Effects of moderate-OSA when asleep on brain function when 
awake on:

• Cerebral perfusion 
• Cognition
• Microsleep propensity

l Benefit of 6 months of CPAP treatment.

Reduced function and brain damage?

Study 2 – Cerebral perfusion in moderate-OSA?               

Research Study 2 (longitudinal)

33

Method

Subjects
• 26x referrals to Sleep Unit (symptomatic)

with confirmed moderate-OSA (AHI = 15–30) 

• 13x è CPAP treatment for 6 months
• 13x è No treatment

• 7x healthy controls (AHI ≤ 5) è No treatment
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l No significant difference

è Cerebral perfusion not significantly impaired in moderate-
OSA

è Blood-flow regulatory mechanisms in the brain can cope 
with the adverse effects which occur in moderate – but not 
severe – OSA 

                  [Buckley, … , Jones. Sleep & Breathing, 2024]

Results – Cerebral Perfusion at Baseline 

 Between moderate-OSA and control:

36

l Cerebral perfusion    è Not impaired
l Cognition    è Not impaired
l Microsleep propensity è Not impaired

Overall – Moderate-OSA versus Controls

At baseline

l No difference between CPAP and non-CPAP groups

è  No evidence of impairment of brain function
      in moderate-OSA

è So, no benefit of CPAP in moderate-OSA ?

At 6 months
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l 12 of 13 CPAP-treated patients considered they had 
benefitted from CPAP to extent that they wished to 
continue CPAP following the study.

Excessive daytime sleepiness?

CPAP-treated group

l Baseline ESS:  
 Mod-OSA = 13.0  vs. Controls = 7.0 (p < 0.001)
l Improvement in ESS at 6 months: 
 Mod-OSA =  8.0 (p = .004)

Reduction in daytime sleepiness – Epworth sleepiness score

Desire to continue CPAP

38

Why is sleep apnoea bad for your brain?

#2 = Links to Alzheimer’s disease
       and Parkinson’s disease

39
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• Aggregates of toxic protein metabolites 
in the brain —amyloid-β plaques and 
phosphorylated-tau tangles — are the 
hallmark of Alzheimer’s disease. 

• Abnormal accumulation of these 
metabolites results from an imbalance 
between their production and clearance.

• Various clearance systems transport Aβ 
across the blood–brain barrier – 
particularly the glymphatic system.

Alzheimer’s disease 
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Sleep and clearance of amyloid-β [Cedernaes et al. Sleep Med Rev  2016]

• During wakefulness, extracellular levels of these toxic metabolites in 
the brain increase. 

• Sleep facilitates removal of these metabolites. 

è Insufficient or disrupted sleep (as in OSA)
       è reduced clearance  è abnormal levels of amyloid-β 

which sleep is predominated by sleep stages N1-2 and rapid eye
movement (REM) sleep.

Neuropeptides involved in the regulation of the sleep-wake cycle
may additionally contribute to the characteristic 24-hr pattern of Ab
peptides in the brain. One such candidate is the hypothalamic neu-
ropeptide orexin-A (hypocretin 1), the level of which increases
during wakefulness [14]. A study in transgenic APPswe (Tg2576)
mice e a mouse model of AD pathology, which carries the Swedish
mutation (K595N/M596L) of the amyloid precursor protein (APP)
resulting in higher Ab peptide levels, and which does not develop
behavioral signs of AD e showed that intracerebroventricular
administration of orexin at the beginning of the light (i.e., inactive)
period could acutely increase both wakefulness and Ab levels in ISF.
Conversely, intracerebroventricular treatment over 24 h with a dual
orexin receptor antagonist (almorexant) decreased Ab ISF levels [2].
Further supporting the role of orexin for Ab accumulation, daily
treatment with almorexant for 8 w reduced the formation of Ab
plaques in several brain regions in APPswe/PS1dE9 mice [2]. In a
recent study performed in amyloid transgenic mice in which the

orexingenewasknockedout (APP/PS1dE9/OR!/!) [15], lossof orexin
resulted in decreased wakefulness and a subsequent reduction in
amyloidpathology. Incontrast tofindingsof animal studies, evidence
from human studies about the role of orexin in the regulation of Ab
production in the brain is less consistent [16e23]. For instance, a
recent study involving patients with the sleep disorder narcolepsye
a disease hallmarked by a progressive loss of brain orexin function
[24]e revealed that CSF concentration of Abwas significantly higher
in the patient groupwith normal CSF orexin-A concentration than in
thosewith loworexin-A concentrations [16].Moreover, in a separate
study, CSF levels of Ab42 were found to be lower in narcoleptic pa-
tients compared with healthy controls [25]. Finally, in a case of
narcolepsy-cataplexy that occurred post H1N1 vaccination, a strong
decrease in CSF beta-amyloid was observed (152 mg/l, normal
>500 mg/l [26]). In contrast to these studies involving narcoleptic
patients, CSF concentrations of orexin-A and Ab42 have been found
toshownorelationship inbothADpatients andhealthycontrols [20].

Another key component of AD pathogenesis is the accumulation
of intracellular neurofibrillary tangles (NFTs) composed of

Abbreviations

Ab amyloid beta
Ab40 amyloid beta peptide 1e40
Ab42 amyloid beta peptide 1e42
AD Alzheimer's disease
ApoE apolipoprotein E
APP amyloid precursor protein
AQP4 aquaporin-4
BBB bloodebrain barrier
CNS central nervous system
CSF cerebrospinal fluid
EEG electroencephalogram
GLUT1 glucose transporter 1
ISF interstitial fluid
LC locus coeruleus
MCI mild cognitive impairment

NFT neurofibrillary tangle
NREM non-rapid eye movement
N1 NREM sleep stage 1
N2 NREM sleep stage 2
N3 NREM sleep stage 3
PET positron emission tomography
P-tau phosphorylated tau
REM rapid eye movement
RNS reactive nitrogen species
ROS reactive oxygen species
SDB sleep-disordered breathing
SirT3 sirtuin type 3
SCN suprachiasmatic nucleus
SWA slow-wave activity
SWS slow-wave sleep
T-tau Total tau

Fig. 1. Temporal association between homeostatic sleep pressure and CSF concentrations of amyloid beta. The propensity to sleep is considered to be regulated by two interacting
mechanisms: a circadian process (C) and a homeostatic process (S) [110]. Process C drives arousal and helps time the onset of normal sleep (driven by e.g., environmental light
changes and meal patterns), whereas Process S drives sleep pressure and increases as wakefulness continues and decreases during slow-wave sleep (SWS), a sleep stage that
predominates during the first 1/3 of the night. In humans, in a study where samples were collected via an indwelling lumbar catheter, both CSF Ab40 and Ab42 fluctuated by 25%
with a diurnal pattern (labeled as Ab in the figure) (higher during wakefulness and lower during sleep), with the lowest Ab42 levels at around 10:00 h [2]. This corresponds to
approximately 04:00 h in sleep time as there is a 6-h lag for brain Ab to reach the lumbar space [12,57]. Abbreviations: Ab, amyloid beta; Ab40, amyloid beta peptide 1e40; Ab42,
amyloid beta peptide 1e42 CSF: cerebrospinal fluid.

J. Cedernaes et al. / Sleep Medicine Reviews xxx (2016) 1e102

Please cite this article in press as: Cedernaes J, et al., Candidate mechanisms underlying the association between sleep-wake disruptions and
Alzheimer's disease, Sleep Medicine Reviews (2016), http://dx.doi.org/10.1016/j.smrv.2016.02.002
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Amyloid-β accumulation after 1 night of sleep deprivation   
 [Shokri-Kojori et al. PNAS 2018]

• 20 healthy subjects (10M:10F, 22–72 y) completed two PET scan 
sessions (18F-florbetaben) to measure Aβ: Rested vs. 1-night SD (31 h).

• Significant increase in Aβ burden in R-hippocampus and R-thalamus. 

higher ABB in the hippocampus, precuneus, and medial pre-
frontal cortex (6, 8, 31).

Results
Acute SD Effects. To compare the differences in FBB binding
[quantified as relative standard uptake value (SUVr) and used as
a marker of ABB] (Methods) after acute SD versus that obtained
after RW, we used a voxelwise paired t test in statistical para-
metric mapping (SPM) (Methods). This analysis showed that
images obtained after SD compared with those obtained after
RW had significantly higher FBB binding (ABB increases) in a
right lateralized cluster (Fig. 1A) that comprised hippocampal,
parahippocampal, and thalamic regions (Table S2). Of note, the
increases in FBB SUVr in this cluster were robust and observed
in 19 of 20 participants (Fig. 1B) from RW (mean = 1.35,
standard deviation = 0.06) to SD (mean = 1.42, standard de-
viation = 0.07; a 5% increase, P < 0.0001). To further confirm
this finding, we quantified FBB SUVr in an a priori hippocampal
region of interest (ROI) (Methods and Fig. 1D) and compared
the measures after SD to those after RW. This ROI analysis also
showed a significant increase in FBB SUVr in the right hippo-
campus ROI from RW to SD (P = 0.046, two-tailed, Cohen’s d =
0.48) but not in the left hippocampus (P = 0.4). The magnitude
of the Aβ changes in the hippocampal cluster varied significantly
between subjects (Fig. 1B) (−0.58% to +16.1%). We found that
this variability was not associated with gender, age, or apolipo-
protein E (APOE)-based odds ratio for AD (ORAD) (Methods)
(P > 0.3). Notably, changes in FBB SUVr in the subcortical
cluster were significant in both males (P = 0.0008) and females
(P = 0.003). In addition, reported sleep hours (SH) and total
score (TS) for sleep quality (Pittsburgh Sleep Questionnaire
Inventory, PSQI) (Methods) were not associated with these SD-
related increases. Thus, the mechanisms accounting for the ob-
served between-subject variability are still unclear. Subjective
behavioral assessment revealed that SD negatively impacted
mood compared with RW (Methods and Fig. S1). We assessed if

the effects of SD on mood were correlated with increases in ABB
in the right hippocampal cluster. This analysis showed that mood
worsening was negatively associated with changes in FBB SUVr
[r (16) = −0.50, P = 0.03] (Fig. 1C) such that participants with
larger increases in ABB in the hippocampal cluster (Fig. 1A) had
more mood worsening after SD. Because the quantification of
ABB using FBB SUVr can be sensitive to blood perfusion ef-
fects, we quantified FBB accumulation using measures of bind-
ing potential (BPnd), which are less sensitive to blood perfusion
effects than SUVr measures. BPnd in the cluster where we ob-
served the SD effect (Methods and Fig. 1A) was also significantly
higher in SD relative to RW [t(19) = 3.57, P = 0.002] (Fig. S2A).
Moreover, SD-related changes in BPnd were significantly cor-
related with those observed with FBB SUVr [r(18) = 0.53, P =
0.016] (Fig. S2B), further supporting that SD-related increases in
FBB SUVr are not primarily driven by perfusion effects.

Sleep, APOE, and ABB. Prior studies had reported an association
between reported SH and sleep quality and (cortical) ABB in
healthy middle-aged and older individuals (6–8). We tested
whether we would corroborate those observations in our sample
using the measures obtained during RW. We found that reported
average SH inversely correlated with FBB SUVr [r(18) = −0.5,
P = 0.024] and with BPnd [r(18) = −0.57, p = 0.009] at RW in the
subcortical cluster that showed increases in ABB with SD (Fig.
2A), thus supporting long-term susceptibility of these regions to
increased ABB with less SH. Voxelwise regression analysis of
FBB SUVr on SH showed that less SH was associated with
higher FBB SUVr in the bilateral putamen, parahippocampus,
and right precuneus (Fig. 2B and Table S3). Interestingly, the
SH-related brain areas were more extensive than the areas as-
sociated with (acute) SD-induced ABB increases. For regional
ABB, SH-related subcortical regions (Table S3) had minimal
overlap with subcortical areas related to ORAD (Fig. 2B),
which included the bilateral lentiform nucleus and pallidum
(Table S4). These observations suggested that different brain
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Fig. 1. Effects of one-night SD on ABB. (A) Voxelwise paired t test between RW and SD conditions highlighting the hippocampus as well as other subcortical
structures (PFWE < 0.05, cluster-size corrected) (Table S1). (B) Subject-level changes in FBB SUVr (in the red cluster identified in A) from RW to SD. There was no
significant effect of gender, or gender × sleep interaction (P > 0.15). (C) Association between changes in mood from RW to SD and changes in the FBB SUVr
for the cluster identified in A. Mood change was quantified using the principal component of the changes in self-report measures from RW to SD, which
accounted for 35.5% of the variance. Self-report measures of alert, friendly, happy, social, and energetic significantly decreased, and measures of tired and
difficulty staying awake significantly increased from RW to SD (P < 0.001, two-tailed) (see also Fig. S1). (D) Average FBB SUVr in a priori hippocampus ROIs
across subjects. Error bars show standard deviation (Methods).

4484 | www.pnas.org/cgi/doi/10.1073/pnas.1721694115 Shokri-Kojori et al.
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But could increased amyloid in OSA be due to 
something other than poor sleep? è Yes – Hypoxia

• Animal study (mice): 
¡ Repeated hypoxia è increased level of amyloid-β 

[Shiota et al. J Alzheimer’s Dis 2013]

• OSA is characterized by nocturnal intermittent hypoxia. 
è Chronic intermittent hypoxia – as occurs in OSA – contributes 

to the pathogenesis and onset/progression of Alzheimer’s 
disease. 
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OSA and Alzheimer’s disease – Summary

• Sleep apnoea increases 
¡ Risk of developing AD
¡ Rate of progression of AD

• Mechanism – Reduced clearance of amyloid-β and P-tau due 
to:
¡ Poor/fragmented sleep
¡ Chronic intermittent hypoxia
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Impaired clearance of α-synuclein      
§ Pathological hallmark of PD = presence of misfolded α-synuclein 

protein in the form of Lewy Bodies [Irwin & Hurtig, 2018; Sun et al., 2019].

§ Prevalence of sleep disorders in PD is 40–90% [Chou et al., 2017].

§ Levels of α-synuclein [Sun et al., 2019] -
§ higher in patients with OSA than controls
§ positively correlated with severity of OSA
èPoor sleep + chronic intermittent hypoxia è increased levels of
      α-synuclein
è Pathogenesis of PD

§ Patients with OSA at 2x risk of PD [Chen et al., 2015].

Link between OSA and Parkinson’s disease 
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Currently, no medication slows the underlying pathology in PD

• Study investigated CPAP in the treatment of motor function in PD 
patients who also had OSA [Meng et al. Parkinsonism Relat Disord 2020]  

• Following 12 months of CPAP:
 è  Smaller decreases in motor function in OSA+CPAP than in:

–  OSA but no CPAP
–  and even no OSA

• Do the benefits of CPAP in PD also apply to 
–cognitive decline?   
–PD without OSA?

Treatment of Parkinson’s disease

How about CPAP?
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VI. Take-home messages 
Obstructive sleep apnoea
l Untreated OSA (especially if severe) associated with –

• cardiovascular disease, stroke, diabetes, reduced cerebral 
perfusion, cognitive dysfunction 

• Increased risk and rate of progression of neurodegenerative 
disorders

• Alzheimer's disease
• Parkinson’s disease

l CPAP is treatment of choice.
l If you (or your partner) are concerned about possible/definite OSA, 

see your GP re possible referral to a Sleep Unit.

Insufficient sleep - Sleep disorder or sleep deprivation
• Excessive daytime sleepiness 
   è Increased propensity for microsleeps è risk of fatal accident
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