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Summary

Five decades ago, seminal studies positioned the brainstem locus coeruleus (LC) norepinephrine 

(NE) system as a key substrate for the regulation of wakefulness and sleep, and this picture 

has recently been elaborated thanks to methodological advances in the precise investigation 

and experimental modulation of LC structure and functions. This review presents and discusses 

findings that support the major role of the LC-NE system at different levels of sleep-wake 

organization, ranging from its involvement in the overall architecture of the sleep-wake cycle 

to its associations with sleep microstructure, while accounting for the intricate neuroanatomy 

surrounding the LC. Given the particular position held by the LC-NE system by being at the 

intersection of sleep-wake dysregulation and initial pathophysiological processes of Alzheimer’s 

disease (AD), we conclude by examining emerging opportunities to investigate LC-NE mediated 

relationships between sleep-wake alteration and AD in human aging. We further propose several 

research perspectives that could support the LC-NE system as a promising target for the 

identification of at-risk individuals in the preclinical stages of AD, and for the development of 

novel preventive interventions.
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Introduction

From young adulthood to older age, several macro- and microstructural aspects of sleep 

and wakefulness are altered so much that it may constitute one of the most evident 

behavioral and physiological correlates of human aging [1]. With increasing age, sleep 

becomes shallower and shorter, and the overall sleep-wake cycle appears more fragmented, 

as evidenced by the frequent intrusion of wakefulness periods during sleep (i.e. nocturnal 

awakenings) in older individuals [1]. Over the past decade, a growing body of evidence has 

established that such changes in wakefulness and sleep contribute to the pathophysiological 

mechanisms of neurodegenerative diseases including Alzheimer’s disease (AD), which 

often involves what could be considered as an exacerbated form of age-related sleep-wake 

dysregulation [2]. Interestingly, the majority of the nuclei controlling sleep and wakefulness 

are affected by neuropathological processes early in the course of AD, before the onset of 

cognitive symptoms [3]. Among them, the brainstem locus coeruleus (LC)-norepinephrine 

(NE) system is receiving increasing attention, owing to a series of recent advances 

in the precise investigation of its structure and function [4]. Crucially, these scientific 

breakthroughs provide researchers with a new theoretical framework which sets the LC-NE 

system as a nexus between early sleep-wake disruption in aging and AD pathogenesis.

Many questions remain unanswered, however, with regards to the exact contribution of the 

LC-NE system to the regulation of sleep and wakefulness and their associated features, 

especially in humans as illustrated by the scarce number of in vivo studies. Here, we will 

start by introducing the structure and functions of the LC-NE system in the context of 

the broader sleep-wake circuitry. We will then present evidence supporting the important 

role of the LC-NE system in the overall organization of the sleep-wake cycle. Next, 

we will discuss the involvement of the LC-NE system in sleep macrostructure, i.e. in 

non-pathologic transitions across sleep stages from non-rapid eye movement (NREM) to 

rapid-eye movement (REM) sleep, with an emphasis on the specific relationships between 

LC-NE and REM sleep. Recent findings of direct associations with microstructural aspects 

of sleep will also be considered. We will end with emerging questions and perspectives 

regarding the potential utility of investigating LC-NE mediated sleep-wake alteration in 

aging and AD.

The locus coeruleus-norepinephrine system: structure, functions, and 

proxy measures

The LC is a nucleus located bilaterally in the dorsal area of the rostral pons, lateral 

to the fourth ventricle, extending from the lower level of the inferior colliculus to the 

motor nucleus of the trigeminal nerve [5]. The name locus coeruleus (Latin for ‘blue 

spot’) originates from the blue color observed during the initial histological investigation 

of this brain structure, which is due to the presence of neuromelanin granules within LC 

NE-containing neurons. Despite its small number of neurons and its modest size (~14.5 

mm long and ~2.5 mm thick in adult humans) [6], the LC constitutes the primary source 

of NE for the central nervous system [4]. LC neurons possess immensely ramified axons 

that allow for extensive projections and release of NE over the whole brain, including the 
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hippocampus, amygdala, thalamus, and neocortex (Fig. 1), with the exception of a few 

dopaminergic basal nuclei [7]. Mixed findings were reported with regards to age-related 

effects on LC-NE structural alteration in post-mortem investigations of non-pathological 

aging, whereas several in vivo studies suggest an inverted U-shape curve between MRI-

assessed LC signal and increasing age, with the 5th decade as a tipping point [6,8]. By 

contrast, LC-NE neurodegeneration is clearly evident in neurodegenerative conditions, such 

as AD, with patients consistently displaying LC neuronal loss compared to controls, as early 

as in the prodromal stages of the disease [6].

Three families of receptors (α1-, α2-, and β-adrenergic receptors), with either excitatory 

(α1, β) or inhibitory (α2) effects on cell signaling, have been identified as widespread 

binding sites for the action of NE [9]. Given the neuromodulatory properties of NE, the 

primary role of the LC-NE system is to modulate its targets in order to induce and/or 

maintain behavioral states and state-dependent cognitive processes [4]. The LC-NE system 

is therefore involved in regulating a broad range of brain functions and processes [10], 

including arousal, attention, autonomic activity, emotional regulation, memory, sensory 

processing, nociception, or stress. The LC-NE system fulfills its functions through two 

modes of functioning, defined by either tonic or phasic discharge patterns [11]. During 

wakefulness, tonic LC-NE activity is state-dependent and covaries with arousal levels 

[12,13]. In addition to tonic discharge rates, phasic bursts of LC-NE neurons are elicited 

when confronted with novel or salient stimuli, and this phasic LC activity is mirrored by 

frequency increases in electroencephalography (EEG) and behavioral markers of attention 

and alertness [14]. Beside electrophysiological recordings, the activity of the LC-NE system 

can be indirectly assessed through proxy measures derived from LC-NE neuronal activity, 

such as extracellular levels of NE [15] or variations in pupil size [16].

The locus coeruleus-norepinephrine system and the anatomy of the sleep-

wake circuitry

The LC-NE system is part of the reticular formation, a network of nuclei composing 

the ascending and descending pathways. While the latter deals with regulation of sensory 

and motor aspects (e.g. nociception, muscular tonus) and will not be considered here, 

the position of the LC-NE system in the former is the focus of the present section. In 

addition to the LC, the ascending arousal system includes the pedunculopontine (PPT) 

and laterodorsal tegmental (LDT) nuclei, the raphe nucleus, and the ventral tegmental 

area (VTA), releasing acetylcholine (Ach), serotonin (5-HT) and dopamine, respectively. 

Together with the basal forebrain (Ach), the hypothalamus (histamine and orexin), and 

the action of fast neurotransmitters (glutamate and GABA), these wakefulness-promoting 

systems are opposed to the sleep-promoting action of GABAergic and galaninergic neurons 

of the preoptic area, melanin-concentrating hormone (MCH) neurons of the hypothalamus, 

and GABAergic neurons of the parafacial zone. Altogether, this intricate sleep-wake 

circuitry constitutes the neurobiological underpinning of sleep and wakefulness regulation 

(for a detailed visualization of the sleep-wake circuitry and pathways, see [17]).
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More than 40 years ago, retrograde tracing studies suggested that LC-NE neurons were 

topographically organized according to their target projection sites [4,18], and this modular 

architecture was later confirmed with the use of viral-genetic approaches [7]. Within the 

sleep-wake neurobiological network, LC-NE neurons were found to project to cholinergic 

and GABAergic neurons of the basal forebrain, GABAergic neurons of the ventrolateral 

preoptic area (VLPO) in the anterior hypothalamus, orexinergic neurons of the lateral 

hypothalamus, serotoninergic neurons of the dorsal raphe, and cholinergic neurons of the 

PPT nucleus [3,17,19] (Fig. 1).

Likewise, afferent projections to LC-NE neurons were initially quantified with retrograde 

labeling techniques [20], and the picture was recently refined by viral tracing methods, 

showing that the LC receives connections from more than 100 brain regions [7]. Among 

the sleep-wake circuitry, LC-NE neurons receive inputs from orexinergic neurons of the 

lateral hypothalamus, GABAergic neurons of the VLPO and ventral lateral hypothalamus, 

histaminergic neurons of the tuberomammillary nucleus (TMN), dopaminergic neurons of 

the VTA, serotoninergic neurons of the dorsal raphe, cholinergic neurons of the PPT and 

LDT, and dopaminergic neurons of the periaqueductal grey matter [3,17,19] (Fig. 1).

Importantly, the existence of GABAergic LC neurons located in the dendritic field 

surrounding the LC nucleus (termed pericerulear or peri-LC region), and also found 

intertwined with LC-NE neurons, was recently identified as serving an important inhibiting 

function to locally regulate LC-NE tonic and phasic activity [21].

This complex afferent-efferent organization, complemented by a local gain mechanism 

based on GABAergic inhibition of LC-NE activity, allows LC-NE neurons to integrate 

information from multiple sources and act as a broadcasting center for the whole brain, 

which constitutes a crucial feature to support the many roles of the LC over multiple 

timescales [10]. Particularly for sleep-wake regulation, the anatomical interconnections with 

several sleep- and wake-promoting nuclei place the LC as an important contributor to 

the onset and maintenance of sleep and wakefulness states, as well as to their associated 

behavioral and electrophysiological properties.

The locus coeruleus-norepinephrine system and the sleep-wake cycle

Early electrophysiological, pharmacological, and lesion studies

Early electrophysiological studies on the activity of the LC-NE system across the sleep-

wake cycle in rodents, cats, and monkeys, established that tonic LC activity progressively 

decreases when animals switch from engaged, behaviorally active states (~3Hz) to quieter, 

resting conditions (~1Hz), to slow wave sleep (< 1Hz) [22,23]. During sleep, LC-NE 

neurons were found to anticipate sleep-to-wake transitions, as they display bursts of activity 

in the seconds preceding spontaneous or sensory-evoked awakenings [12]. This state-

dependent LC-NE neuronal discharge pattern was further corroborated by reports showing 

that NE levels in the pons, amygdala, and hippocampus are high during wakefulness, 

lower during quiet wake, and lowest during sleep [24,25]. Likewise, a novel experimental 

paradigm that allows to track pupil diameter across wakefulness and sleep states in rodents 
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revealed that pupil size was progressively smaller when shifting from wakefulness to sleep, 

mirroring the gradual silencing of LC-NE neurons across behavioral states [26].

Accordingly, a series of pharmacological studies investigating the impact of modulating LC-

NE activity on sleep-wake periods showed that injection of α2-adrenergic receptor agonists 

into the LC area, such as clonidine or dexmedetomidine, or combined α1- and β-adrenergic 

receptor blockade, suppressed LC-NE activity and induced dose-dependent sedative states 

in rats [27-29]. In contrast, activating LC-NE neurons through yohimbine, an α2-adrenergic 

receptor antagonist, increased wakefulness [27].

Unlike pharmacological studies, early lesion studies in rodents, rabbits, and cats provided 

conflicting evidence about the consequences of LC damages on sleep-wake states, with 

some reporting increased wakefulness and reduced drowsiness [30,31] while others found 

acute suppressed wakefulness [32] or limited to no effect on time spent in wakefulness 

or sleep states [33]. Of important note, the coverage and accuracy of LC lesions in the 

aforementioned studies were inherently linked to the technique used (e.g. electrolytic-, 

neurotoxic-, cryo-lesion). Thus, these inconsistencies may be tied to the extent of LC 

injuries and to robust compensatory responses within surviving LC neurons that help sustain 

NE release and post-synaptic NE uptake, as long as no more than 90% of the LC is damaged 

[34], a threshold that was usually not reached in those studies. More recently, specific 

lesioning of more than 95% of LC-NE neurons in rats did not affect the total duration 

of wakefulness per 24h [35,36], but significantly compromised the promoting effect of 

exposure to a novel environment on the maintenance of wakefulness [36].

Saper and colleagues proposed the so-called ‘flip-flop’ mechanism to describe the 

transitions between wakefulness and sleep [37]. According to this model, two mutually 

inhibitory circuits are driving the onset and maintenance of wakefulness and sleep, forming 

a bi-stable switch which supports consolidated periods and helps preventing intermediate 

states: wakefulness is considered to be driven mainly by the influences of monoaminergic 

neurons, i.e. LC-NE, serotoninergic neurons from raphe nuclei, histaminergic neurons from 

TMN, and cholinergic neurons of PPT and LDT, while sleep is promoted through the 

inhibitory action on this arousal circuit by GABAergic and galaninergic neurons located in 

the VLPO and median preoptic nuclei [38]. Importantly, the development of novel methods 

covering pharmacogenetics, chemogenetics, and optogenetics, was instrumental in enabling 

new experimental manipulations aimed at unraveling the precise role of the LC-NE system 

within this framework.

Shedding new light on the Blue Spot

In 2010, Carter et al. demonstrated that photoinhibition of LC-NE neurons during the 

active period caused a reduction in time spent in wakefulness as well as an increase 

in wake-to-sleep transitions. Conversely, photoactivation of LC-NE neurons during the 

inactive period produced immediate sleep-to-wake transitions [39]. Moreover, using a dual 

optogenetic approach, they further showed that photoactivation of orexinergic neurons of 

the lateral hypothalamus, which send dense projections to the LC [40], concomitant with 

photoinhibition of LC-NE activity prevented sleep-to-wake transitions, while simultaneous 

photoactivation of both nuclei significantly increased the probability of awakenings [41]. 
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Hence, the LC-NE system also serves as a necessary and sufficient gateway for the effect 

of upstream arousal-regulating neuronal ensembles [41,42]. More recently, the role of LC-

NE activity in sleep-to-wake transitions was further expanded to awakenings triggered by 

external perturbators, and it was shown that the probability to transition from sleep to 

wakefulness in response to auditory stimuli was increased after photoactivation of LC-NE 

neurons and decreased after their photoinhibition in rats [43]. Altogether, these compelling 

optogenetic findings demonstrate that LC-NE activity is crucially involved in the regulation 

of both endogenous and sensory-evoked transitions from sleep to wake states (Fig. 2).

Importantly, while the LC consists mainly of NE-ergic neurons, other chemical compounds, 

including wake-promoting neurotransmitters such as dopamine, are produced or co-released 

by LC neurons [44]. A recent study therefore used optogenetics combined with LC-NE cell-

type specific selective knockdown of dopamine beta hydroxylase, a necessary enzyme for 

NE synthesis: after this specific genetic disruption of NE production in mice, the duration of 

wakefulness was reduced and optogenetically-driven sleep-to-wake transitions immediately 

following stimulations of LC-NE neurons were abolished [45], supporting the essential role 

of NE for LC-mediated regulation of wakefulness periods.

Additional influences: importance of circadian and homeostatic factors

It is well established that the organization of the sleep-wake cycle is regulated by 

overarching circadian (‘process C’) and homeostatic (‘process S’) factors [46], and that 

alteration of these two processes in the course of human aging underlie the age-related 

changes in sleep and wake phenotypes [1]. Crucially, a series of evidence suggest that the 

circadian and homeostatic processes may directly or indirectly involve the LC-NE system 

[13].

Trans-synaptic retrograde tracing revealed that the LC receives indirect input from the 

suprachiasmatic nucleus (SCN) of the hypothalamus, the central pacemaker responsible for 

the generation of circadian rhythms, through critical relay nuclei including the dorsomedial 

hypothalamic nucleus (DMH) [47]. In that same study, Aston-Jones et al. reported that tonic 

LC-NE activity itself displays a certain degree of circadian variations: in rats maintained 

in free-running conditions under constant darkness for at least three days, LC-NE neurons 

were found to discharge faster during the active circadian period compared to the inactive 

circadian period. In addition, they showed that such circadian fluctuations in LC-NE activity 

was abolished after DMH lesioning [47]. Although systematic assessments of LC-NE 

activity across multiple circadian times within the same animals were lacking in that study, 

the existence of circadian rhythmicity within the LC-NE system was further corroborated 

by reports of circadian influences on NE content within the LC and SCN [48] and on 

the number of α- and β-receptors in the rat brain [49], as well as circadian variations in 

steady-state pupil size [50,51] and in glucose metabolism in the LC area [52] in humans. 

Overall, these findings suggest that, as part of the SCN-DMH-LC circuit, the LC-NE system 

is under strong circadian influence and, in turn, contribute to the circadian regulation of the 

sleep-wake cycle [53].

With regards to homeostatic influences, the increase in slow wave sleep after sleep 

deprivation, which constitutes a gold standard marker of the wake-dependent build-up 
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of sleep need, was largely dampened by lesioning the LC-NE system in rats [54-56]. 

Interestingly, release of NE during wakefulness strongly promotes synaptic potentiation 

[57], which has been directly related to the amount of slow-wave activity (0.5-4Hz) during 

the following night [58,59]. Moreover, in vivo microdialysis experiments in mice showed 

that NE levels in the prefrontal cortex increase during prolonged wakefulness, and that 

LC-NE neurons projecting to the medial prefrontal cortex were particularly affected by 

neural fatigue [60], which may contribute to the specific cognitive impairment resulting 

from sleep deprivation (i.e. vigilance, working memory).

The locus coeruleus-norepinephrine system and sleep macrostructure

Akin to the discrepancy observed in LC-NE discharge rate between wakefulness and sleep, 

the activity of the LC-NE system is differentially regulated across sleep stages. In 1975, 

Hobson et al. described that transitions from NREM to REM sleep were anticipated by 

an increase in activity within a pool of cholinergic neurons located in the gigantocellular 

tegmental field (FTG), concomitant with a silencing of neurons from the posteroventral LC 

[61]. Therefore, the authors proposed a computational model revolving around a reciprocal 

inhibitory interplay between REM-OFF LC-NE and REM-ON cholinergic FTG neurons to 

regulate the onset and offset of REM episodes [62]. Accordingly, early electrophysiological 

observations indicated that reduced, but existent tonic LC-NE activity occurred during 

NREM sleep, while LC-NE neurons were virtually silent during REM sleep [12,22] (Fig. 

2). Likewise, REM sleep has been associated with the lowest level of extracellular NE in 

the amygdala and in the pons [25] and with the highest degree of pupil constriction [26], 

reflecting almost complete inactivity of the LC-NE system.

As for the investigation of the sleep-wake cycle, conflicting evidence arose from lesion 

studies assessing the impact of damaging the LC on NREM and REM duration [30,33,35]. 

In addition, neither optogenetic inhibition nor stimulation of LC-NE neurons yielded 

significant changes on the duration of REM episodes or the probability to transition 

from NREM to REM sleep [39]. These latter observations led to the hypothesis that the 

LC-NE system would be involved in the modulation of REM sleep rather than directly 

contributing to its genesis [17,38]; a causal role that has now been principally attributed 

to mutually inhibitory cell groups located in the mesopontine tegmentum: the REM-ON 

glutamatergic and GABAergic cells of the sublaterodorsal tegmental nucleus (also termed 

subcoeruleus region in humans) and the REM-OFF GABAergic neurons of the ventrolateral 

periaqueductal grey matter and lateral pontine tegmentum [63]. It is important to note, 

however, that the effort to identify the neurobiological circuit underlying REM sleep control 

is still ongoing, and the contributions of additional nuclei, are continuously being unveiled 

[64,65].

The LC-NE system during REM sleep: a silence that speaks volume

The complete silencing of LC-NE neurons observed during REM sleep episodes is a unique 

condition for the brain [66]. Among the many purposes attributed to REM sleep, it is 

therefore understandable that some of them directly relate to the (dys)function of the LC-NE 

system [63]. For instance, it was proposed that the temporary NE-free milieu inherent 
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to REM sleep constitutes a prerequisite for the upregulation of NE receptors after the 

continuous exposure to NE during wakefulness and NREM sleep [67]. Others proposed 

that the silence of LC-NE neurons during REM sleep acts as a critical process to maintain 

an optimal level of brain excitability, based on a series of observations demonstrating that 

elevated concentrations of NE follow specific REM sleep deprivation and that the resulting 

excess of NE induces aberrant neuronal excitability through modulation of Na-K ATPase 

activity [68,69].

Importantly, the activity pattern of the LC-NE system during sleep has also been recently 

linked to the consolidation of memories [70,71], with a particular emphasis on the sleep-

dependent processing of emotional memories [72]. Within that framework, the absence of 

LC-NE neuronal activity during REM sleep is proposed to provide synapses with a suitable 

neuromodulatory environment that allows for neuronal depotentiation, which is otherwise 

blocked by the effect of NE, and subsequent plastic rewiring of memory schemas in the 

hippocampus [70], while the timely discharge of LC-NE neurons during NREM sleep would 

promote plasticity during memory replay (discussed in more details in the following section) 

[73]. With regards to consolidation of emotional memories, LC-NE neuronal silence during 

REM episodes is thought to support the integration of the content of a given emotional 

event in memory networks while disconnecting and downplaying its associated arousal in 

limbic structures, so that the event can be subsequently recalled without triggering the 

original emotional reaction [66]. Particular attention has therefore been allocated towards 

elucidating the emotional function of LC-NE silence during REM sleep, as its disruption 

–or an endogenous predisposition to be disrupted– has been further postulated to strongly 

contribute to certain psychiatric conditions, such as post-traumatic stress disorder (PTSD) 

[74] and insomnia [66]. Correspondingly, novel experimental findings in humans showed 

that the sleep-dependent adaptation to stressful stimuli or self-conscious emotions is 

impaired after restless REM episodes, reflecting abnormal activity of the LC-NE system 

during REM sleep, in healthy individuals and insomnia patients [75,76] as well as in PTSD 

[77].

Altogether, these elements provide a strong rationale to further investigate the causes, 

correlates, and consequences of abnormal LC-NE activity during critical time windows 

of supposed silence, especially given the foreseeable clinical applications among several 

LC-NE-associated psychiatric and neurological disorders, but also in non-pathological aging 

which typically involves an increase in time spent in lighter sleep stages at the expense of 

REM sleep.

The locus coeruleus-norepinephrine system and sleep microstructure

While investigating LC-NE unit activity across the sleep-wake cycle, Aston-Jones & 

Bloom already noted that, during NREM sleep, tonic LC-NE activity displayed consistent 

fluctuations around spindles (trains of transient 12-16Hz waves): LC-NE neurons became 

almost silent in the seconds preceding the onset of a spindle, substantially increased firing 

during spindle activity, and decreased discharge again after the spindle offset [12]. These 

findings were recently refined and expanded by fiber photometry and optogenetic studies in 

rodents demonstrating that troughs in extracellular NE concentration during NREM sleep 
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concurred with spindle activity [78,79], and that stimulation of LC-NE neurons reduced 

spindle occurrence [43,79] (Fig. 2) and impaired sleep-dependent memory consolidation 

[80,81], while their inhibition increased spindle density and interfered with their temporal 

distribution, specifically through altered NE signaling in the thalamus [79]. In addition to 

the interplay with spindle activity, electrophysiological recordings in rats further showed that 

LC-NE neurons display a learning-dependent increase in activity during NREM sleep [82], 

and that this activity is phase-locked to the rising phase of NREM cortical slow oscillations 

[83] (Fig. 2).

Overall, these findings point at an overarching function for LC-NE neurons to provide 

memory circuits with an optimal neuromodulatory background; a dual task which involves 

balancing between promoting synaptic potentiation during NREM sleep and synaptic 

depotentiation during REM sleep [66]. Importantly, the interplay between LC-NE activity 

and sleep microstructure might be particularly relevant in human aging, as the preservation 

of those microstructural aspects have been linked to preserved cognitive performance in 

older adults [84].

The locus coeruleus-norepinephrine system and sleep-wake disruption in 

human aging and Alzheimer’s disease

The vast majority of the findings described so far are based on animal studies, which provide 

inherent advantages when characterizing the consequences of experimental manipulation of 

LC-NE neurons on wakefulness and sleep. However, early evidence from human studies 

also contributed to identify and characterize the important role of the LC-NE system for 

sleep-wake regulation mechanisms. Almost 50 years ago, studies in Parkinson’s disease 

or progressive supranuclear palsy (PSP) patients suggested that damage to the LC may 

underlie the observed disruption of wakefulness and sleep periods, including alteration of 

EEG features across sleep stages, increased nocturnal awakenings, and suppression of REM 

episodes [85,86]. A single case study in a young adult with cerebral palsy further reported 

that electrical stimulation of the LC led to an increase of wakefulness at the expense 

of REM sleep [87]. Although limited, these initial observations hint at the translational 

potential of animal findings and support the relevance of investigating LC-NE-mediated 

sleep-wake alterations in conditions associated with LC injuries in humans. Here, we argue 

that Alzheimer’s disease (AD) provides a valuable research perspective, given that the 

LC-NE system holds a crucial position by being at the intersection of initial AD-related 

pathophysiological processes [88] and sleep-wake dysregulation. In this final section, we 

will gather evidence supporting that the LC-NE system constitutes a strong neurobiological 

candidate underlying the sleep-wake disturbances commonly observed along the progression 

of AD, and we will examine emerging opportunities to test this assumption that are feasible 

due to recent advances in the assessment of LC-NE structural and functional properties in 
vivo.

Sleep-wake regulation and AD pathogenesis: identifying a new locus of action

As illustrated by a growing body of evidence over the past decade, sleep-wake dysregulation 

has emerged as a potent modifiable factor to slow down the characteristic pathophysiological 
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processes of the disease, i.e. the accumulation of beta-amyloid (Aβ) and tau misfolded 

proteins together with neurodegeneration, as early as during the preclinical stages of the 

disease [2]. Indeed, important discoveries established that the disruption of sleep and 

wakefulness constitutes a core mechanism of early AD pathogenesis: the physiological 

dynamics of both Aβ and tau proteins, encompassing their release and clearance are 

regulated by the sleep-wake cycle [89-91]. Conversely, both Aβ and tau pathology per 
se induce alteration of the sleep-wake cycle in AD mouse models [92,93], supporting 

bidirectionality in the relationships between sleep-wake disturbances and AD-related 

neuropathological processes [2].

Crucially, landmark post-mortem studies in humans revealed that, beside its close 

connection with sleep-wake regulation described throughout this review, the LC is among 

the first sites of tau pathology across the lifespan [88], such that the vast majority of 

individuals harbor abnormally phosphorylated tau in the LC by the age of 40 [94]. In 

addition, the consequences of accumulated tau burden within the LC were found to be 

specifically expressed in AD cases compared to other tauopathies (i.e. PSP, cortico-basal 

degeneration), as substantial LC neuronal loss appeared as a phenotype exclusive to AD 

[95].

Combined, these observations lend support to a theoretical framework in which the LC-

NE system would constitute a bridge connecting sleep-wake dysregulation and initial 

AD-related pathophysiological processes (Fig. 3). In mice, chronic sleep disruption or 

intermittent short sleep for three days a week during one month in mice was sufficient to 

produce profound alterations in LC-NE morphology, as evidenced by a drastic reduction 

of LC-NE neuronal counts and axonal projections [96]. Moreover, in a mouse model 

of tauopathy, repeated exposures to shortened sleep accelerated tau accumulation within 

LC-NE neurons and its progression to the entorhinal cortex, hippocampus, and amygdala, 

and advanced the onset of neurobehavioral deficits [97]. Remarkably, these effects were 

long-lasting, with structural alteration of the LC-NE system and cognitive impairments 

persisting one year after the chronic sleep disruption protocol [98]. These animal findings 

suggest that the negative consequences of early-in-life sleep-wake dysregulation precipitate 

and sustain AD-related processes within the LC-NE system.

Bringing similar research questions into human studies has long been hindered by the 

considerable challenge to image the LC-NE, due to its deep location and its small size. 

However, recent advances in MRI methods now allow to investigate LC-NE structural 

and functional integrity with relatively short acquisition times to accommodate clinical 

studies [99]. Importantly, the benefits of such sequences are exponentially amplified when 

implemented at ultra-high field (i.e. ≥ 7 Tesla MRI), given the sub-millimeter resolution 

available to identify and characterize the LC [100]. In that context, it was established 

that MRI-assessed LC-related contrast, supposedly reflecting neuronal and fiber projection 

density [101], starts declining slowly in the 5th decade of life in cognitively unimpaired 

older individuals [8], while it is markedly reduced and correlated with Aβ pathology in AD 

patients [102] and with tau pathology in asymptomatic older individuals [103].
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Interestingly, a parallel may be drawn between deterioration of the LC-NE system and 

the unfolding of sleep-wake disruption in late life; a relationship that appears even more 

striking during the course of AD. Sleep disturbances are common in AD patients, starting 

as early as in the preclinical stages under the form of exacerbated age-related sleep-wake 

disruption [2], but their prevalence and magnitude increase with disease severity [104] 

which often precipitate institutionalization [105]. Of note, most of these disturbances 

pertain to sleep-wake dimensions that are tightly linked to the function of LC-NE system 

based on evidence from animal models: fragmented sleep with more frequent nocturnal 

arousals and awakenings, insomnia, poorer REM sleep integrity, and reduction in spindle 

density and slow-wave activity [104]. Yet, while the significant degeneration of the LC-NE 

system observed at histological investigation of AD brains was suggested to contribute 

to the disruption of the sleep-wake cycle commonly experience by AD patients [95], no 

direct assessments of sleep-wake measures were available in these post-mortem studies. 

Similarly, except for two recent studies discussed below, no in vivo studies correlated 

LC-NE properties with sleep-wake measurements in healthy aging or AD, leaving important 

gaps in the understanding of the interplay between alteration of the LC-NE system, sleep-

wake dysregulation, and AD-related pathophysiological processes in humans. Hereafter, 

we propose research perspectives to address these unanswered questions, and that would 

pinpoint the LC-NE system as a new target connecting early sleep-wake disruption to AD 

pathogenesis.

Emerging opportunities and perspectives

Before addressing the context of AD, an important first step for the field will be to 

characterize the relationships between LC-NE structural/functional properties and sleep-

wake regulation across the human lifespan. Experimental protocols should therefore 

take advantage of the aforementioned MRI methods, ideally at ultra-high field, to 

establish the links between fine-grained LC-related MRI metrics and subjective (e.g. 

sleep questionnaires) as well as objective (e.g. EEG, actigraphy) sleep-wake dimensions 

in different age groups. For example, aligning with previous work in animals, it would 

be informative to assess whether the structural integrity of the LC-NE system or its 

resting-state functional activity patterns [76,106], is associated with the relative duration 

or distribution of EEG-derived sleep stages in humans. For that purpose, particular attention 

should be allocated to examine non-linear associations [107,108] as well as the influence of 

confounding factors such as depression or anxiety levels, which are directly related to both 

the LC-NE system [109] and sleep-wake quality [66]. In addition, the inherent difficulty to 

record human sleep in MRI, a fortiori in older individuals, may tend to force comparison of 

EEG-derived sleep features acquired outside the scanner with LC functional characteristics 

measured during wakefulness. Existing studies using simultaneous EEG/fMRI during sleep 

usually collect only incomplete sleep cycles during which naturally occurring REM sleep is 

not reached while inside the scanner.

In the context of AD, additional animal work relating glymphatic clearance of toxic proteins 

to fluctuations of LC-NE activity across the sleep-wake cycle would provide valuable 

insights into the potential pathways linking the LC-NE system to AD pathogenesis through 

sleep-wake dysregulation. Indeed, in their landmark work on the role of the sleep-wake 
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cycle for metabolite clearance in mice, Xie et al. demonstrated that elevated NE levels 

impaired glymphatic function by restricting the interstitial space volume [89], but no direct 

assessment of LC-NE activity was available in that study. In turn, existing optogenetic 

studies modulating LC-NE activity across the sleep-wake cycle have not evaluated its 

impact on glymphatic clearance, nor did they investigate the long-term effect of chronic 

LC-NE photoactivation/photoinhibition on Aβ or tau protein burden in AD mouse models. 

In humans, clear-cut evidence and methods to measure such a sleep-dependent glymphatic 

clearance system are still lacking [110], although one recent study by Fultz et al. provides 

support to the existence of a temporally ordered sequence of events during sleep in the 

human brain, linking the occurrence of slow waves to CSF flow through hemodynamic 

oscillations [111].

Importantly, the relationships between alteration of the LC-NE system and sleep-wake 

disturbances should be investigated across the different stages of the disease, and their 

combined contribution to forecast cognitive trajectories should be evaluated. One recent 

study by Elman et al. provides preliminary evidence in that direction, indicating that 

reduced MRI-assessed LC-NE contrast is associated with worse self-reported metrics of 

daytime functioning among 481 older men from the Vietnam Era Twin Study of Aging, 

and that both lower LC-NE structural integrity and increased daytime dysfunction act as 

independent predictors of increased odds of conversion to mild cognitive impairment [112]. 

We showed that lower integrity of the middle-to-caudal LC, as measured with a 7T LC-NE 

MRI sequence, is associated with more frequent self-reported nocturnal awakenings in 72 

cognitively unimpaired older adults, particularly in individuals with higher plasma levels 

of total tau protein burden [113], a biomarker of increased risk for cognitive decline and 

incident dementia. Additional longitudinal designs with repeated cognitive, sleep-wake, and 

LC MRI assessments in cognitively impaired and unimpaired older individuals will be 

crucial to shed light on the temporal ordering of events, and will contribute to understanding 

the isolated protective effects of preserved sleep-wake regulation [114] and LC-NE integrity 

[115] for cognitive performance in aging and AD.

Of note, the specificity of the LC-NE system in the aforementioned relationships will have 

to be tested against the isolated role of other wake-promoting neuronal populations that 

also exhibit marked neurodegeneration in AD, such as the orexinergic cells of the lateral 

hypothalamus or the histaminergic neurons from the TMN [95,116]. In particular, as the 

LC-NE system has been suggested to act as an effector of the wake-promoting inputs from 

the orexinergic neurons [41], the structural and functional connections between the LC 

and these hypothalamic neurons warrant further attention to disentangle their respective 

contributions to age- and AD-related sleep-wake disruption [117].

Finally, interventional studies interfering with sleep-wake regulation and/or modulation of 

LC-NE activity through pharmacological means or non-invasive stimulation techniques will 

be critical to address causality in the aforementioned relationships. Indirectly bolstering 

LC-NE function with transcutaneous vagus nerve stimulation has been proposed to harbor 

some positive effects on subjective sleep quality in one study of older individuals [118], but 

objective evaluation of its quantitative impact and its long-term effects on the sleep-wake 

cycle, potentially in combination with other sleep-wake interventions such as sleep hygiene 
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education or cognitive behavioral therapy for insomnia, remains to be performed. In turn, the 

deleterious effect of fragmented sleep-wake periods on the structural integrity of the LC-NE 

system proposed in animal studies [97,98] remain to be established in humans. Studies 

including clinical sleep interventions in populations with different degrees of sleep-wake 

fragmentation, such as elderly individuals, frequent nappers, or sleep apnea patients, would 

thus provide valuable knowledge for further development and evaluation of preventive 

interventions in populations at higher risk of cognitive decline and AD trajectories.
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Abbreviations:

5-HT serotonin

ACh acetylcholine

AD Alzheimer’s disease

Aβ beta-amyloid

BOLD blood-oxygen level dependent

DMH dorsomedial hypothalamic nucleus

EEG electroencephalography

FTG gigantocellular tegmental field

LC locus coeruleus

LDT laterodorsal tegmental nucleus

MCH melanin-concentrating hormone

NE norepinephrine

NREM non-rapid eye movement

PPT pedunculopontine nucleus

PSP progressive supranuclear palsy

PTSD post-traumatic stress disorder

REM rapid-eye movement

SCN suprachiasmatic nucleus

TMN tuberomammillary nucleus
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VLPO ventrolateral preoptic area

VTA ventral tegmental area
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Practice Points

1. The brainstem locus coeruleus constitutes the primary source of 

norepinephrine for the central nervous system, and is an important arousal-

promoting nucleus of the sleep-wake circuitry.

2. Locus coeruleus-norepinephrine tonic firing rate fluctuates across the 

sleep-wake cycle: highest during wakefulness, lower during non-rapid eye 

movement sleep, and virtually silent during rapid eye movement sleep; locus-

coeruleus norepinephrine activity is also influenced by both homeostatic and 

circadian factors.

3. During sleep, locus coeruleus-norepinephrine activity regulates sleep-to-wake 

transitions and is phase-locked to sleep microstructural elements such as 

spindles and slow waves; its silence during rapid eye movement sleep 

appears critical for neuronal depotentiation, brain excitability, and emotional 

regulation.

4. The locus coeruleus-norepinephrine system holds a crucial position at the 

intersection between initial Alzheimer’s disease-related pathophysiological 

processes and sleep-wake regulation in human aging.

5. Preliminary findings based on recent MRI developments bring support to in 
vivo investigations of locus coeruleus-norepinephrine-mediated sleep-wake 

dysregulation in Alzheimer’s disease pathogenesis.
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Research Agenda

1. Quantitative in vivo studies in humans to better characterize the associations 

between locus coeruleus-norepinephrine structural/functional properties and 

sleep-wake regulation across the lifespan.

2. Animal studies aiming to clarify the links between glymphatic clearance of 

toxic proteins and locus coeruleus-norepinephrine activity across the sleep-

wake cycle.

3. Longitudinal studies in individuals across the Alzheimer’s disease continuum 

to evaluate the contribution of locus coeruleus-norepinephrine-mediated 

sleep-wake alterations to neuropathophysiological and cognitive trajectories.

4. Interventional studies, in animal models and in humans, aiming at 

modulating locus coeruleus-norepinephrine activity to address causality in 

the aforementioned relationships and to inform on novel preventive strategies 

among clinical sleep populations.
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Fig. 1. Afferences and efferences of the brainstem locus coeruleus (LC)
(A) The LC sends ubiquitous projections over most of the brain including the hippocampus, 

amygdala, thalamus, and neocortex.

(B) Relationships between the LC and other sleep-wake centers. Purple dots 

represent nuclei which send projections to the LC; green dots  represent nuclei 

which receive inputs from the LC; orange dots  represent nuclei which both 

send and receive projections from the LC. LC efferences ( ) target cholinergic 

and GABAergic neurons of the basal forebrain (BF), GABAergic neurons of the 

ventrolateral preoptic area (VLPO) in the anterior hypothalamus, orexinergic neurons of 

the lateral hypothalamus (LH), serotoninergic neurons of the dorsal raphe (DR), and 

cholinergic neurons of the pedunculopontine tegmentum (PPT) nucleus. LC afferences 

(  ) arise from orexinergic neurons of the lateral hypothalamus (LH), GABAergic 

neurons of the VLPO, histaminergic neurons of the tuberomammillary nucleus (TMN), 

dopaminergic neurons of the ventral tegmental area (VTA), serotoninergic neurons of 

the dorsal raphe (DR), cholinergic neurons of the pedunculopontine tegmentum (PPT) 

and laterodorsal tegmentum (LDT), and dopaminergic neurons of the periaqueductal 

grey matter (PG). All nuclei are positioned for illustrative purpose and may not 

reflect their precise anatomical location. 5-HT=serotonin; ACh=acetylcholine; BF=basal 

forebrain; DA=dopamine; DR=dorsal raphe; LC=locus coeruleus; LDT=laterodorsal 

tegmentum; LH=lateral hypothalamus; NE=norepinephrine; PG=periaqueductal grey matter; 

PPT=pedunculopontine tegmentum; TMN=tuberomammillary nucleus; VLPO=ventrolateral 

preoptic area; VTA=ventral tegmental area.
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Fig. 2. Overnight LC-NE activity vs. sleep macro- and microstructure.
(A) LC-NE activity and sleep macrostructure. LC-NE tonic firing rate is highest during 

wakefulness, lower during NREM sleep, and virtually silent during REM sleep.

(B) LC-NE activity and sleep microstructure. Elevated LC-NE activity (I) reduces spindle 

occurrence and (II) increases likelihood of sensory-evoked awakenings; (III) Learning-

dependent increase in LC-NE activity is phase-locked to the rising phase of NREM slow 

oscillations. Separation into I/II/III segments is for visual representation only. Figure overall 

layout is inspired by Van Someren (2020).
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Fig. 3. Emerging framework.
Schematic representation of the LC-NE system constituting a bridge that connects sleep-

wake dysregulation and initial AD-related pathophysiological processes.
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