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SUMMARY

Disturbances of the sleep/wake cycle in Alzheimer’s disease (AD) are common, frequently 

precede cognitive decline, and tend to worsen with disease progression. Sleep is critical to 

the maintenance of homeostatic and circadian function, and chronic sleep disturbances have 

significant cognitive and physical health consequences that likely exacerbate disease severity. 

Sleep-wake cycles are regulated by neuromodulatory centers located in the brainstem, the 

hypothalamus, and the basal forebrain, many of which are vulnerable to the accumulation of 

abnormal protein deposits associated with neurodegenerative conditions. In AD, while sleep 

disturbances are commonly attributed to the accumulation of amyloid beta, patients often first 

experience sleep issues prior to the appearance of amyloid beta plaques, on a timeline that more 

closely corresponds to the first appearance of abnormal tau neurofibrillary tangles in sleep/wake 

regulating areas of the brainstem. Sleep disturbances also occur in pure tauopathies, providing 

further support that tau is a major contributor. Here, we provide an overview of the neuroanatomy 

of sleep/wake centers discovered in animal models, and review the evidence that tau-driven 

neuropathology is a primary driver of sleep disturbance in AD.
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Introduction

Sleep is an essential physiological process governed by endogenous homeostatic and 

circadian mechanisms that arise via input from a distributed network of regulatory centers 

within the central nervous system as well as input from exogenous environmental stimuli. 

Chronic disruptionof sleep can have severe immunological, metabolic, and glymphatic 

consequences associated with failed clearance of pathogenic proteins [1]. Sleep affects 

synaptic and structural plasticity essential for memory formation and normal cognitive 

function [2]. Sleep disturbances are a common comorbidity of some neurodegenerative 

diseases, including Alzheimer’s disease (AD), for which severe decline in memory 

and other cognitive functions are major clinical hallmarks [3]. Pathologic changes in 

sleep/wake regulating neuronal populations likely underlie sleep disturbances in AD 

and other neurodegenerative diseases [4–7], and sleep disturbances may precede disease-

defining symptoms, particularly in AD [8], potentially servingas anearly indicator of 

neurodegenerative disease. Whilesleep disturbances in AD have long been attributed to 

pathologic change caused by amyloid beta (Aβ) accumulation, little attention has been 

paid to the role of tau accumulation. However, many brain areas involved in sleep/wake 

control demonstrate tau-driven changes in AD early in disease, before the appearance of 

Aβ plaques. Furthermore, progressive supranuclear palsy (PSP), a pure tauopathy with 

tau-related changes in similar brain areas, displays sleep disturbances that are similar in 

pattern but more severe than AD. Characterizing tau-driven degeneration of sleep-wake 

promoting neuronal populations in AD and other tauopathies is critical for developing 

screening tools for early diagnosis and identifying potential therapeutic targets to treat 

debilitating symptoms of sleep disruption.

Sleep and wake brain states

The sleep/wake cycle is structurally organized by different cortical synchronization and 

de-synchronization states, representing the sleep architecture. Cortical de-synchronization 

defines the transition to wakefulness, and cortical synchronization marks the transition to 

sleep, with different sleep states featuring distinctive oscillatory activity [9]. Brain states 

include the sleep/ wake transition and light sleep (stages 1 and 2), non-rapid eye movement/

slow-wave sleep (SWS; stage 3), and rapid eye movement sleep (REM, stage 4) [10].

Sleep architecture changes during life span. Older adults demonstrate a modest decrease in 

sleep quantity and quality, including decreases in total sleep time, proportionally more time 

spent in light sleep than in SWS and REM sleep, and increases in sleep stage shifts, leading 

to more awakenings and greater sleep fragmentation [11]. Sleep disruptions in individuals 

with neuro-degenerative diseases may range from an exacerbation of the pattern seen in 

normal aging, likely reflecting an early selective vulnerability in sleep-wake centers of the 

brain to the most common neurodegenerative conditions, such as AD [3,6,7], to complete 

and severe change in sleep architecture, as seen in PSP [12].

An interconnected network of nuclei in the brainstem, basal forebrain, and hypothalamus 

modulates cortical synchronization and oscillation in a hierarchical manner resulting in the 

sleep/wake cycle[13]. These neuronal populations are limited to discrete subcortical areas, 
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but exert modulatory control over neuronal activity via vast projections throughout the brain 

[9]. Different circuits control and orchestrate wake, SWS and REM sleep, which will be 

discussed in more detail in subsequent sections. A prevailing hypothesis for the regulation of 

sleep is that specific cell populations containing wake- and sleep-promoting neurons interact 

via a “flip-flop switch” which, along with influences from circadian timekeepers in the 

superchiasmatic nucleus (SCN), compete through mutual inhibition to determine the arousal 

state [14].

Sleep disturbances in AD and PSP

Sleep disturbances are a common symptom of AD and other neurodegenerative diseases [3]. 

Although sleep disturbances are considered a non-cognitive symptom of neurodegenerative 

disease, disrupted sleep is associated with cognitive impairments in healthy subjects and has 

been shown to exacerbate cognitive decline in dementias [15].

Sleep disturbances are reported in around half of AD patients, with sleep changes frequently 

appearing in preclinical stages of disease one to two decades before first symptoms of 

cognitive decline, and increasing in severity as disease progresses [8,16]. Changes to sleep 

architecture in AD are characterized by a mild loss of total sleep time and REM sleep, 

a significant decrease in SWS time (a sleep stage critical to memory consolidation), and 

increased night-time awakenings resulting in fragmented sleep and reduced sleep efficiency 

[8,17]. AD patients and caregivers also report increased daytime propensity to sleep 

[17,18]. In AD patients with advanced dementia, circadian rhythms are significantly altered, 

demonstrating a decrease in amplitude and a phase delay [19].

The neuropathological hallmarks of AD include the presence of extracellular Aβ plaques, 

intraneuronal tau accumulation (neuro-fibrillary tangles, NFT) and neuron loss [20]. These 

neuropathological changes progress over several decades, with abnormal tau accumulation 

appearing before Aβ plaques and in several subcortical nuclei prior to changes in allocortex 

[21,22]. Sleep disturbances in AD have long been attributed to pathologic change caused by 

Aβ accumulation. Aβ clearance by the brain glymphatic system is dependent on sleep in 

mice, and transgenic mouse lines with mutations in APP and PSEN1 show a link between 

high concentrations of soluble Aβ in the extracellular matrix and vulnerability to early Aβ 
plaque accumulation, as well as increased sleep fragmentation [23,24]. In cognitively normal 

individuals with disrupted sleep, there appears to be a relationship between Aβ cerebrospinal 

fluid concentration and sleep loss, suggesting a similar relationship may be present in 

humans, although this is yet to be confirmed [8,23–25]. However, diurnal variation in Aβ 
CSF concentration has also been linked to changes in synaptic activity, and loss of SWS, the 

sleep stage characterized by reduced synaptic activity, is associated with increased Aβ (and 

tau) CSF concentration in humans, suggesting metabolic suppression during sleep may also 

be important in the clearance of pathogenic proteins [16].

While there is clear evidence of the relationship between Aβ and sleep, the role of tau 

has been comparatively under-explored. Although amyloid-driven mouse models of AD 

demonstrate sleep fragmentation, the pattern of sleep disruption lacks some of the features 

that are observed in AD in humans [24], for which both amyloid and tau pathologic 
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change is present. Furthermore, human neuroimaging studies have found that alpha wave 

hyposynchrony is correlated with tau tracer uptake and tau deposits, while delta-theta 

hypersynchrony is correlated with Aβ tracer uptake, suggesting that Aβ and tau have 

differential contributions to alterations in brain state changes in AD [26]. Finally, evidence 

for the role of Aβ-driven neuropathologic change of sleep/wake centers in prodromal disease 

stages, when sleep disruptions first emerge in AD, is lacking. In contrast, the case for 

tau-driven neurodegeneration as the primary driver of sleep disruption in the early stages 

of AD is more robust. Sleep disturbances in AD often begin early in disease pathogenesis, 

overlapping with early stages of tau neuropathology in AD when abnormal tau begins to 

accumulate in multiple wake-promoting regions of the brainstem (Fig. 1), and notably, 

before the presence of Aβ plaques [4,21]. Additionally, sleep disturbances are even more 

severe in the pure tauopathy progressive supranuclear palsy.

Progressive supranuclear palsy (PSP) is a rare neurodegenerative disease characterized 

by motor movement dysfunction and mild dementia [27]. Symptoms of PSP additionally 

include a profound disruption in sleep. Specifically, individuals with PSP have difficulty 

falling and staying asleep, resulting in significant sleep loss, a significant decrease in 

SWS and REM sleep time, and decreased ability to recover sleep loss with daytime 

napping, suggesting a disrupted homeostatic sleep drive [12]. In contrast to AD, which 

is a mixed proteinopathy, PSP is a pure tauopathy not associated with Aβ plaques, with 

neuropathological hallmarks that include both neuronal and glial tau inclusions [27,28]. 

As in AD, several brain regions selectively vulnerable to tau pathology in PSP include 

wake-promoting areas.

In summary, abnormal tau appears in wake-promoting regions of the brain earlier than Aβ 
plaques in AD pathogenesis, coinciding with the time course in which sleep disturbances 

first become apparent. Furthermore, sleep disturbances are also a feature of the pure 

tauopathy PSP. This suggests that abnormal tau is the primary driver of sleep disturbances, 

particularly in prodromal stages of AD, with Aβ contributing to sleep disturbances in 

concert with tau or through different neural pathways at later stages. Sleep-promoting 

areas, while scarcely examined in AD and PSP, also demonstrate tau neuropathologic 

change in the limited studies available. In the sections below, we review the evidence 

of tau neuropathologic change in wake- and sleep-promoting neurons in AD and PSP 

(see Supplementary Table 1 for summary of sleep/wake neurons in animal models and 

neuropathologic change in human postmortem brains).

Wake-promoting neurons

Wake-promoting neurons of the ascending reticular activating system (ARAS) are involved 

in arousal, and are spread across several nuclei in the reticular formation of the brainstem, 

basal forebrain, and hypothalamus. Wake-promoting neurons primarily include excitatory 

neurotransmitter-expressing populations [29].

Wake-promoting neurons with evidence of tau-driven neuropathologic change in AD

Located bilaterally in the pons near the wall of the fourth ventricle, the locus coeruleus (LC, 

Fig. 2) is a small nucleus composed of melanin-containing neurons. LC neurons provide the 
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largest source of norepinephrine (NE) synthesis in the brain, with wide-ranging projections 

throughout the brain that modulate arousal and the sleep-wake cycle [30]. LC NE neurons 

have two distinct output modes, tonic and phasic, with distinct physiological properties [31]. 

LC NE neurons are wake-active, and are thought to contribute to the sleep-wake switch, as 

they stop firing shortly before cortical synchronization of the sleep state and begin firing 

shortly before cortical activation initiating the wake state [32].

LC NE neurons are some of the earliest affected in AD. A number of studies have observed 

NFTs and profound neuron loss in AD LC [33–35]. A study examining neuropathologic 

changes in individuals between the ages of four and 29 years found abnormal tau throughout 

the brainstem in 38 of 42 cases, most often affecting the LC, including a number of cases 

in which abnormal tau was confined to only to LC [21]. Later studies have found that LC is 

consistently affected early in AD, prior to changes in the entorhinal cortex, and furthermore, 

have found that NFT burden, neuron loss, and LC volumetric decreases positively correlate 

with disease progression [5,35]. LC is also greatly affected in PSP. Total neuron loss and 

loss of wake-promoting NE-positive neurons compared to controls is significant, but not as 

severe as in AD, while NFTs in the remaining neurons are greater in PSP compared to AD 

[6,7,36]. Early changes in the LC may underlie the symptoms of disrupted sleep that occur 

prior to cognitive and behavioral changes in AD [37,38].

The dorsal raphe nucleus (DRN, Fig. 2) is composed of a linear midline region that begins 

just below the cerebral aqueduct, and two “wings” that extend laterally from the midline. 

The majority of DRN neurons are serotonin (5-HT) synthesizing, and serve as the origin 

of serotonergic pathways to the forebrain [39]. Most 5-HT neurons are wake-active, and 

appear to promote wakefulness and inhibit REM sleep [40,41]. Furthermore, projections of 

5-HT neurons to wake-promoting glutamatergic neurons in the parabrachial nucleus (PBN) 

have been found to be critical for stimulating arousal in response to hypercapnia [42]. In 

AD, DRN 5-HT neurons are particularly vulnerable to NFTs [43]. Like LC, NFTs in the 

DRN appear in early Braak stages, before changes in the transentorhinal cortex [4]. DRN 

neurons project to allocortical areas affected in Braak stages I and II (Fig. 1) in AD and 

other wake-promoting brain areas that are vulnerable to tau pathology in AD[44,45]. In PSP, 

DRN tau burden is significant, but not as severe as AD [6].

The parabrachial nucleus (PBN, Fig. 2) surrounds the superior cerebellar peduncle in the 

dorsolateral pons. The PBN projects to the basal forebrain, intralaminar thalamus, lateral 

hypothalamus, amygdala, and cortex [46,47]. The PBN plays a critical role in arousal 

through glutamatergic signaling [48]. Contributions to arousal across the PBN differ by 

region. Lateral PBN neurons are involved in arousal due to hypercapnia, while medial 

PBN neurons are primarily involved in spontaneous arousal from sleep, possibly through 

SWS inhibition [48,49]. The PBN also has significant reciprocal connectivity with the 

sleep-promoting ventrolateral preoptic nucleus of the hypothalamus in rodents, and mutual 

inhibition between these two populations may contribute to the sleep-wake switch [50]. In 

AD, significant PBN tau pathology is found regardless of duration of disease or severity of 

dementia [51], including Braak stage 0 and I cases, which demonstrate tau pathology in the 

medial PBN [22]. In PSP, the medial PBN also demonstrates significant tau pathology[52].
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The pedunculopontine nucleus (PPN, Fig. 2) consists of bilateral nuclei in the rostral 

pons that are anatomically identified by clusters of cholinergic neurons interspersed with 

excitatory glutamatergic and inhibitory GABAergic neuronal populations. The PPN projects 

to wake-promoting regions in the basal forebrain, lateral hypothalamus, reticular thalamic 

nuclei, and prefrontal cortex, and has significant reciprocal connectivity with midbrain 

dopaminergic centers [53]. While all three PPN neuronal populations are implicated in 

promoting cortical activation, only glutamatergic PPN neurons have been shown to strongly 

promote wakefulness [54]. Although cholinergic agonists injected into the PPN appear to 

induce REM sleep, leading some to suggest that cholinergic PPN neurons promote REM 

sleep, chemogenetic manipulations in mice found that while cholinergic PPN neurons inhibit 

slow thalamocortical rhythms associated with SWS, they do not drive REM states [54].

AD PPN contains a moderate amount of NFTs and fewer glutamatergic neurons [6]. PPN 

is the only region containing wake-promoting neurons found to have greater severity of 

neuropathologic change in PSP compared to AD is the PPN. PSP PPN demonstrates 

significant neuron loss, significantly fewer glutamatergic neurons, and significant NFT 

burden that is more severe than AD [6,55].

The nucleus basalis of Meynert (NbM, Fig. 2) comprises irregularly shaped clusters of 

magnocellular neurons within the basal forebrain, lying rostral and parallel to the optic 

nerve. The NbM is the primary source of cholinergic cortical projections [56]. NbM 

cholinergic neurons are wake- and REM-sleep active, and optogenetic stimulation of these 

neurons during SWS sleep elicits cortical activation and transition to wake state [57]. In AD, 

NbM NFTs are observed in all Braak stages, with cytoskeletal change severity paralleling 

Braak stage[45,58]. AD additionally NbM demonstrates substantial neuron loss, which is 

already apparent in pre-cortical stages of disease[59]. NbM tau pathology is also significant 

in PSP [60].

The tuberomammillary nucleus (TMN, Fig. 2) in the posterior hypothalamus contains 

the only source of histamine-synthesizing neurons in the brain. TMN histaminergic 

projections have wide-ranging targets, including wake-promoting regions in the brainstem 

and hypothalamus, and receive significant inhibitory projections from sleep-promoting 

neurons in the ventrolateral preoptic nucleus [61]. While histaminergic neurons alone are 

not sufficient for waking, they are wake-active, silent during sleep, and contribute to cortical 

arousal via interactions with orexinergic signaling [62]. In AD, TMN NFT burden and 

loss of histaminergic neurons and total number of neurons is significant [7]. Further-more, 

abnormal tau is present in Braak stage 0 and I, indicating that AD TMN pathological change 

occurs in prodromal disease stages [22]. In PSP, TMN neuronal loss is mild, and while NFT 

burden and loss of histaminergic neurons are significant, these changes are less severe than 

in AD [7].

The lateral hypothalamic area (LHA, Fig. 2) serves as an integrating center for several 

autonomic and endocrinologic regulatory and homeostatic systems. Orexin-expressing 

glutamatergic neurons in the LHA have excitatory projections to multiple wake-promoting 

targets within the ARAS, including dense projections to LC [63]. Orexinergic LHA 

neurons are exclusively wake-active, and inhibition or degeneration results in narcolepsy, 
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demonstrating an essential role in the stability of wakefulness [64,65]. The LHA additionally 

contains a subpopulation of sleep-promoting neurons, which will be discussed in the next 

section. AD LHA contains significant NFT burden, significant loss in orexinergic and total 

neurons [66], and shows abnormal tau pathology in precortical stages of disease [22]. In 

PSP, loss of total neurons and orexinergic neurons is significant but not as severe as in AD, 

while NFT burden in surviving neurons is greater in PSP compared to AD [6,7].

Sleep-promoting neurons

In contrast to the primarily excitatory nature of wake-promoting neurons, sleep-promoting 

neurons are either GABAergic, or involved in the excitation of GABAergic neurons. Sleep-

promoting neurons are thought to drive the “flip-flop switch” to sleep state via the inhibition 

of wake-promoting neurons and/or the coordination of brain state change [14].

Sleep-promoting neurons with evidence of tau-driven neuropathologic change in AD and 
PSP

The ventrolateral preoptic nucleus (VLPO, Fig. 2) of the mammalian brain, or the 

human brain homolog the intermediate nucleus (InH), is an oval-shaped group of neurons 

within the chiasmic region of the anterior hypothalamus. VLPO neurons are GABAergic 

and co-express galanin, a neuropeptide expressed in abundance in many regions of the 

hypothalamus, and project to numerous key wake-promoting centers [61]. Galanergic VLPO 

neurons are uniquely sleep-active [67], and strongly promote SWS via inhibitory projections 

to several wake-promoting areas [68]. The VLPO is sometimes called “sexually dimorphic 

nucleus” in the literature, as males demonstrate larger nuclei and greater numbers of neurons 

[69] (future studies are needed to determine if sex differences in the VLPO/InH contribute to 

sleep differences between sexes).

A human histologic study examining the relationship between neuron number in the InH and 

sleep actigraphy data in older adults, including some with AD, observed fewer galanergic 

neurons in individuals with AD and fewer galanergic neurons in individuals with more 

fragmented sleep [70]. While a future study is needed to examine the potential contributions 

of tau accumulation in degeneration of InH sleep-promoting neurons, these findings support 

the hypothesis that the InH plays a critical role in healthy sleep cycles and is selectively 

vulnerable to cell death in AD.

In addition to wake-promoting orexinergic neurons, the LHA is interspersed with a neuronal 

population expressing melanin-concentrating hormone (MCH), which promote sleep [71]. 

MCH neurons are sleep-active, with greatest activity during REM sleep, and project 

to neuronal populations involved in arousal, including local orexinergic neurons [71]. 

Orexinergic and MCH neuronal interactions appear to have a regulatory, and likely mutually 

inhibitory effect on mediating sleep and arousal [72]. Optogenetic stimulation of MCH 

neurons induces sleep during circadian wake periods, with greatest increases in REM 

sleep[73,74], suggesting MCH neurons may be involved in the sleep/wake switch. A study 

by Mladinov and colleagues quantified number and tau burden of MCH neurons in the 

hypothalamus in AD and PSP. In AD, neuron loss of non-MCH neurons and the proportion 

of MCH neurons with NFTs was significant, while the proportion of MCH neurons with 
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NFTs in PSP was lower than in AD, suggesting that MCH neurons are more vulnerable to 

AD tau than to PSP tau [75].

The substantia nigra (SN, Fig. 2) is a sizeable bilateral nucleus in the midbrain located 

behind the cerebral peduncles. The SN is subdivided into two distinct regions: the more 

dorsal SN pars compacta (SNpc), which is primarily dopaminergic, densely packed and 

dark in appearance due to neuromelanin-containing pigmented neurons, and the more ventral 

SN pars reticulata (SNr), which primarily contains GABAergic neurons [76]. Optogenetic 

activation of SNr GABAergic neurons suppresses motor movement and enhances SWS, 

while inactivation enhances motor movement and suppresses sleep [77]. SNr GABAergic 

neurons are selectively active in states of low motor activity, and directly innervate brain-

state-regulating monoaminergic cells in the DRN, LC, and VTA, suggesting that this cell 

population may be involved in the coordination of brain-state change and behavior to 

promote SWS [77]. Additionally, manipulations in mice have shown that dopaminergic 

SNpc neuronal activity acts on GABAergic SNr neurons to promote REM sleep [78].

While SN NFT burden is mild in AD, a number of studies have demonstrated significant 

neuron loss and NFT burden in PSP [6,79,80]. Although loss of dopaminergic neurons in 

the SNpc has been most studied and linked to motor deficits in PSP, one study found that 

GABAergic neurons in the SNr also demonstrate pro-found neuron loss in PSP [80]. The 

PPN and the SN share significant reciprocal projections [81,82], and severe degeneration of 

the two regions may be associated with the spread of tau through inter-connected networks. 

Degeneration and cell loss of these neuronal populations may contribute to the significant 

reduction in SWS and REM sleep time in PSP.

Examination of wake-promoting regions has demonstrated that pathological changes in PSP 

and AD, while present in both diseases, are more severe in AD. These findings suggest 

that while tau pathology may contribute to disruptions in sleep/wake regulation in both 

diseases, AD tau may be more toxic to wake-promoting neurons than PSP tau, contributing 

to greater deficiencies in wakefulness in AD. Given that sleep loss and disruptions to sleep 

architecture are more severe in PSP than in AD, in contrast to wake-promoting regions, we 

hypothesize that regions containing sleep-promoting neurons may demonstrate greater tau-

driven degeneration in PSP. Future postmortem studies comparing PSP and AD in regions 

containing sleep-promoting neurons are needed to examine the potential contributions of 

neurodegeneration to sleep architecture differences between the two diseases.

Sleep-promoting neuronal populations not yet examined in AD and PSP

While AD neuropathology of wake-promoting regions is well-established, only three sleep-

promoting regions, the InH, LHA, and SN, have been examined in AD postmortem studies. 

Work in animal models and some evidence from in-vivo studies have identified several 

other sleep-promoting neuronal populations that warrant future examination in AD and other 

tauopathies with disrupted sleep phenotypes.

The ventral tegmental area (VTA, Fig. 2) is a group of midbrain nuclei that lies between the 

SN and the superior cerebellar peduncle/red nucleus, and medial to these structures along 

the midline. Neuronal composition of the VTA is heterogeneous. The A10 dopaminergic cell 
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group within the VTA serves as the origin of the mesocortical and mesolimbic dopaminergic 

pathways [83]. While dopaminergic neurons, which make up ~50e60% of the VTA, are 

wake-active, their contribution to wakefulness is unclear [84,85]. However, GABAergic 

neurons, which comprise 30e45% of the VTA neuronal population, strongly promote SWS 

[85,86]. Although these neurons promote SWS, they are primarily wake- and REM-sleep 

active, and are thought to restrain wakefulness via local inhibition of VTA dopaminergic 

and glutamatergic neurons, and via inhibitory projections to external wake-promoting targets 

[85,87]. While the VTA has not been extensively examined in postmortem AD, this region 

shows evidence of tau pathology as early as Braak stage 0 [22]. Other lines of evidence 

suggest this region warrants further study. A neuroimaging study examining the VTA in 

AD observed a significant positive correlation between VTA volume, hippocampal volume, 

and memory in healthy controls, but not in subjects with mild cognitive impairment or AD, 

suggesting that the VTA undergoes neuropathologic changes in AD that may occur early 

in disease pathogenesis [88]. Similarly, a mouse model of familial AD showed selective 

vulnerability of VTA dopaminergic neurons in pre-plaque stage mice that correlated with 

memory dysfunction [89]. Future studies of these brain areas in both human neuropathology 

and animal models of neurode-generative disease are needed to better understand the link 

between neurodegeneration and sleep disruption.

The periaqueductal gray (PAG, Fig. 2) is a midbrain structure composed of rostro-caudally 

oriented gray matter columns surrounding the cerebral aqueduct. PAG columns are 

functionally distinct and are involved in a broad range of functions including autonomic 

regulation, pain response, fear response, and sleep [90]. A group of sleep-active neurotensin-

expressing (NTS) glutamatergic neurons in the ventrolateral PAG were found to promote 

slow-wave sleep via excitation of local GABAergic neurons and GABAergic neurons 

in the ventromedial medulla, which in turn send inhibitory projections to midbrain wake-

promoting neurons [90]. Like the VTA, the PAG contains tau pathology in pre-cortical Braak 

stages [22].

The sublaterodorsal nucleus (SLD, Fig. 2) is a small nucleus in the dorsal pons containing a 

mix of glutamatergic and GABAergic neurons, which are thought to be involved in inducing 

REM sleep and suppressing wakefulness [91]. While glutamatergic SLD neurons project to 

regions in the brainstem that promote muscle atonia, GABAergic “REM-on” neurons in the 

SLD have reciprocal connections with “REM-off” GABAergic neurons in the ventrolateral 

periaqueductal gray and lateral pontine tegmentum regions, and these two cell populations 

are hypothesized to regulate REM sleep through mutual inhibition [92].

The parafacial zone (PZ, Fig. 2) is a region in the caudal pons/ rostral medulla that lies 

dorsal and lateral to the facial nerve. While previously associated with respiration, recent 

studies have identified a population of GABAergic neurons in the PZ that are sleep-active 

and have been demonstrated to promote slow wave sleep via inhibitory projections to wake-

promoting neurons in the medial PBN, which in turn results in a loss of excitatory drive 

to cortically-projecting basal forebrain neurons [93]. Furthermore, a rat model of sporadic 

AD observed a significant reduction in SWS and increased wakefulness that was linked to 

dysfunction of GABAergic neurons in the PZ, suggesting that selective vulnerability of this 

neuronal population may contribute to sleep disturbances in AD [94].
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The median preoptic nucleus (MnPO, Fig. 2) lies anteromedial to the VLPO along the 

midline anterior wall of the third ventricle. The projections of the MnPO to the VLPO and 

wake-active centers in the LC and DRN suggest that this region is critically situated within 

sleep-wake circuitry [95]. Like the VLPO, the MnPO contains GABAergic neurons that 

are sleep-active. However, they also fire prior to sleep, with the most significant firing rate 

occurring in response to sleep deprivation, suggesting that they contribute to sleep pressure, 

an important homeostatic contributor to the sleep switch[96,97].

The zona incerta (ZI, Fig. 2) is a small region of gray matter extending ventrally from the 

thalamicreticular nucleus. A preliminary study found that a subgroup of GABAergic neurons 

in the ventral ZI become active with increasing sleep pressure, and promote both REM and 

SWS by inhibiting wake-promoting neurons in the lateral hypothalamus [98].

The SLD, PZ, MnPO, and ZI have not yet been examined in human AD postmortem 

studies, and warrant further examination for their potential role in sleep disruption in 

neurodegenerative disease.

Clinical diagnostic and therapeutic implications of tau-driven degeneration 

of sleep and wake nuclei in neurodegenerative disease.

Studies in animal models have identified several neuronal populations in the brainstem, 

hypothalamus, and basal forebrain that either promote wakefulness/inhibit sleep or promote 

sleep/inhibit wakefulness. Many regions containing wake-promoting neuronal populations in 

animal models show extensive tau burden and neuron loss in AD, with several containing 

neuropathologic change early in AD pathogenesis before cognitive changes, suggesting that 

tau, rather than Aβ, is the primary driver of sleep disturbance in the disease. PSP also 

shows neuropathologic changes in many of these same regions. However, changes in wake-

promoting regions overall are less severe and without significant neuronal loss, suggesting 

that PSP tau is less fatal than AD tau in these regions, and may contribute to intact wake 

states observed in PSP relative to AD.

In contrast to differences in wakefulness, sleep disruption is more severe in PSP than 

in AD. PSP demonstrates a greater reduction in SWS than what is observed in AD 

and significant reductions in REM sleep and total sleep time, supporting the hypothesis 

that neuropathological changes in sleep-promoting areas may be more extensive in PSP 

compared to AD. Few studies have examined sleep-promoting regions in neurodegenerative 

disease. The significant disruption to sleep architecture observed in AD and PSP renders 

sleep-promoting regions as potentially high-yield areas for further exploration in human 

postmortem studies.

The postmortem studies reviewed here suggest that nuclei containing wake-promoting 

neurons, and possibly also nuclei containing sleep-promoting neurons, are selectively 

vulnerable to tau-driven degeneration in AD and PSP. While disease progression is not 

well understood in PSP, in AD, the LC and DRN midbrain nuclei are the sites of earliest 

tau neuropathologic change, and a number of other brainstem and hypothalamic nuclei 

also show tau abnormalities early in disease [4,21,35]. These affected regions are either 
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within or closely associated with the isodendritic core of the brainstem and basal forebrain, 

and anatomically interconnected. The isodendritic core is a phylogenetically conserved 

neuronal network underlying several primary homeostatic functions and sharing a number 

of features, including poor myelination and volume transmission of neurotransmitters, which 

may make them more susceptible than other neurons to pathologic mechanisms [99]. Also, 

several hypotheses preconize that toxins or pathogens in CSF may trigger parenchymal 

tau changes that subsequently spread within the brain. All of the wake-promoting neurons 

which are very early affected by AD-tau are in close proximity with the ventricle system 

[100]. The pattern of tau spread in AD mirrors projection targets of these earliest affected 

regions, supporting the ““prion-like spread of tau”“ hypothesis, which states that misfolded 

tau proteins disseminate along neural processes, resulting in selective degeneration of 

interconnected functional systems, including arousal networks [99] (but see [101] for 

hypothesis regarding glymphatic spread of tau prions).

While the overlap of affected regions in AD and PSP may be due in part to selective 

vulnerability of specific functional systems due to properties of tau spread, the differences 

between diseases in severity of NFT burden and neuronal mortality in affected regions 

warrants further exploration. Current hypotheses for these differences between diseases 

include specificities of tau strains, which have been demonstrated in animal models to differ 

in rate and regional vulnerability of tau spread [102] and/or differences in genetic and 

specific disease-related physiological stressors [103]. An open question in the field is if AD-

tau-related changes in sleep/wake nuclei exacerbate other pathological changes associated 

with AD. Disturbed sleep cycles cause an increase in Aβ levels in the brain of animal 

models [24,25]. It opens the possibility that sleep disruption caused by early tau-driven 

degeneration have downstream effects that exacerbate the accumulation of Aβ plaques 

suggesting that even symptomatic treatment of AD-tau-related sleep cycle disturbances 

could delay AD progression. However, tau-related neurotransmission unbalancing is 

unlikely the only mechanism for beta-amyloid exacerbation. Evidence from murine models 

suggests that LC dysfunction, an early event associated with AD-tau deposition, accelerates 

Aβ deposition in the cortex and norepinephrine replacement only is inferior to LC rescuing 

in reversing Aβ deposition [104]. Finally, tau-related degeneration of sleep nuclei or 

chronic sleep deprivation do not always result in Aβ deposition. PSP, a primary tauopathy 

featuring tau deposition in sleep centers and profound hyper-insomnia is devoid of Aβ 
accumulation [12]. More research examining the link between tau-related sleep disturbance 

and downstream Aβ accumulation is needed.

More extensive comparisons of neuropathological changes in AD and PSP in sleep- and 

wake-promoting neurons, as well as examination of the SCN and degradation of circadian 

function, will provide insight into differences and similarities in disease pathogenesis 

that can inform animal and cellular models aiming to understand underlying causes of 

differences in tau-driven selective vulnerability. Such comparative studies may additionally 

identify associations between neuropathological changes and sleep disturbances that will 

contribute to the development of screening tools used to detect prodromal stages of disease, 

prior to onset of cognitive decline, and may also identify targets useful in the development of 

potential therapeutic applications.
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Abbreviations:

5-HT serotonin

AD Alzheimer’s Disease

ARAS ascending reticular activating system

Aβ amyloid beta

DRN dorsal raphe nucleus

EEG electroencephalogram

InH intermediate nucleus

LC locus coeruleus

LHA lateral hypothalamic area

MCH melanin-concentrating hormone

MnPO median preoptic nucleus

NbM nucleus basalis of Meynert

NE norepinephrine

NFT neurofibrillary tau tangle

NTS neurotensin-expressing

PAG periaqueductal gray

PBN parabrachial nucleus

PPN pedunculopontine nucleus

PSG polysomnography

PSP progressive supranuclear palsy

PZ parafacial zone

REM rapid eye movement sleep
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SNpc substantia nigra pars compacta

SCN superchiasmatic nucleus

SLD sublaterodorsal nucleus

SN substantia nigra

SNr substantia nigra par reticulate

SWS slow-wave sleep

TMN tuberomammillary nucleus

VLPO ventrolateral preoptic nucleus

VTA ventral tegmental area

ZI zona incerta
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Practice points

1. Disrupted sleep is a common feature of Alzheimer’s disease that frequently 

appears early in disease, and tends to worsen in severity as disease progresses, 

resulting in greater caregiver burden and earlier institutionalization.

2. While amyloid-beta deposition has long been the focus of sleep disruption 

in Alzheimer’s disease, pathologic tau is present in wake-promoting nuclei 

before Ab, suggesting that tau-driven neurodegeneration may be the first and 

primary driver of sleep disruption.

3. Pathologic tau is also present in wake-promoting nuclei in progressive 

supranuclear palsy, a pure tauopathy for which severe sleep disruption is a 

common disease feature.

4. While more research is needed, preliminary findings suggest that sleep-

promoting nuclei may also be targeted by tau-driven neurodegeneration in 

Alzheimer’s disease and progressive supranuclear palsy.

5. Identifying the neuropathological basis of sleep disruption in Alzheimer’s 

disease is a critical step in diagnosing and treating associated debilitating 

sleep disorders.
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Research agenda

1. Quantitative studies in all wake- and sleep-promoting nuclei comparing 

neuropathology in Alzheimer’s disease and progressive supranuclear palsy 

in humans to better define tau-driven neurodegeneration in these regions.

2. Clinical-pathological studies in Alzheimer’s disease and progressive 

supranuclear palsy to examine relationships between sleep architecture and 

neuropathology.

3. Leverage targets identified in the above studies to develop clinical tools for 

diagnosing and treating sleep disruption in Alzheimer’s disease and other 

tauopathies.
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Fig. 1. 
Brain areas containing tau neuropathology shown in purple in Braak stages 0 through VI 

in Alzheimer’s disease. Darker shades indicate increasing severity of tau pathology. (For 

interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 2. 
Brain regions in the brainstem, hypothalamus, and basal forebrain that contain sleep- 

and wake-promoting neurons, with areas containing abnormal tau and/or neurofibrillary 

tangles in AD noted. Red arrows indicate wake-promoting projections. Blue lines indicate 

sleep-promoting projections. DRN = dorsal raphe nucleus; LC = locus coeruleus; LHA = 

lateral hypothalamic area; MnPO = median preoptic nucleus; NbM = nucleus basalis of 

Meynert; PAG = periaqueductal gray; PBN = parabrachial nucleus; PPN = pedunculopontine 

nucleus; PZ = parafacial zone; SLD = sublaterodorsal nucleus; SN = substantia nigra; 

TMN = tuberomammillary nucleus; VLPO = ventrolateral preoptic nucleus; VTA = ventral 

tegmental area; ZI = zona incerta. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.)
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