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Abstract

Considerable advances in our understanding of the mechanisms and functions of rapid-eye-
movement (REM) sleep have occurred over the past decade. Much of this progress can be
attributed to the development of new neuroscience tools that have enabled high-precision
interrogation of brain circuitry linked with REM sleep control, in turn revealing how REM sleep
mechanisms themselves impact processes such as sensorimotor function. This review is intended
to update the general scientific community about the recent mechanistic, functional and conceptual
developments in our current understanding of REM sleep biology and pathobiology. Specifically,
this review outlines the historical origins of the discovery of REM sleep, the diversity of REM
sleep expression across and within species, the potential functions of REM sleep (e.g., memory
consolidation), the neural circuits that control REM sleep, and how dysfunction of REM sleep
mechanisms underlie debilitating sleep disorders such as REM sleep behaviour disorder and
narcolepsy.

Introduction

Although the first description of rapid-eye-movement (REM) sleep was met with skepticism
and indifference, the initial report is now widely viewed as a true watershed moment in
science, having forever changed the way scientists and the medical community view the
sleeping brain. While historical accounts vary as to where true credit for this discovery
might reside, the discovery of REM sleep links most strongly to Eugene Aserinsky,
Nathaniel Kleitman, William Dement and Michel Jouvet. In 1953, Kleitman and Aserinsky
showed in human infants that periods of ‘active’ sleep were marked by rapid eye movements
and that these active sleep periods alternated with quiescent sleep periods [1]. Several years
later Kleitman and Dement showed that these rapid eye movements in human adults were
correlated with specific brain-wave patterns and that periods of dreaming occurred during
periods of sleep with rapid-eye-movements [2,3]. Shortly after this, Jouvet identified REM
sleep in cats, showing that, like humans, cats experience periods of rapid-eye-movements
that occur in tandem with loss of muscle tone, muscle twitches and wake-like cortical
activity [4,5].
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While the behavioural state of REM sleep was initially distinguished on the basis of the
rapid-eye-movements produced by bursting of oculomotor muscles, we now know that REM
sleep is also characterized (and hence differentiated from wake and non-REM sleep) by
other defining physiologic and behavioral features, including a reduced amplitude and faster
frequency cortical electroencephalogram (EEG) that is reminiscent of waking, high-
amplitude theta waves in the hippocampal EEG, active suppression of skeletal muscle
activity, intermittent muscle twitches, autonomic and respiratory activation, fluctuations in
brain/body temperature, and an elevated arousal threshold [6]. Because REM sleep is
marked by a waking-like EEG pattern coupled with skeletal motor atonia, some scientists
prefer the terms “active sleep’ or ‘paradoxical sleep” when referring to this behavioral state
[7-9]. In healthy humans, REM sleep alternates with, is preceded by, and occupies a
significantly smaller fraction of our nightly sleep time than non-REM sleep (also termed
slow-wave sleep) [6]. While long viewed as an enigmatic behavioural state, work over the
past several decades has begun to inform our understanding of the biological functions of
REM sleep [10,11] and has provided us with considerable insights into the anatomic, circuit
and synaptic bases by which it is regulated [12-16]. For example, we now know that
hippocampal neural activity during REM sleep is critically involved in memory
consolidation [17], and that a distributed network of brain circuits and a myriad of
neuromodulators regulates REM sleep timing, duration and its hallmark features [12,13,18—
20].

REM Sleep Across Species

REM sleep — as operationally defined by the foregoing electro-physiological and
behavioral signs (see introduction) — has been identified in terrestrial mammals [21,22],
birds [23-25], reptiles (e.g., bearded dragons) [26] and some aquatic invertebrates (e.g.,
cuttlefish) [27], suggesting that this behavioral state is conserved across the animal kingdom.
Possible exceptions include insects and nematodes, although there is some anecdotal
evidence that even these animals may exhibit some of the classical features of mammalian
REM sleep such as REM sleep-like muscle twitches [28].

Daily amounts of REM sleep vary considerably across species. For example, horses, giraffes
and elephants spend very little time (if any) in REM sleep each day (e.g., <1 hour) [29-31],
whereas ferrets, platypuses and house cats can spend 3 to 8 hours per day in REM sleep [32-
37]. REM sleep expression patterns also differ across animal species. For example, in mice,
periods of REM sleep occur roughly every 10-15 minutes [38], whereas, in humans, REM
sleep periods occur every 90-120 minutes [39,40]. Why REM sleep amounts and expression
differ between animals remains unclear. But, there is evidence that the length of the REM
sleep cycle (i.e., the time between the start of an REM sleep period to the start of the next)
scales with brain or body mass [41], which might suggest that small animals need more
frequent periods of REM sleep than larger ones. However, the marked variation in REM
sleep amounts across species has also been used to argue that REM sleep does not function
to facilitate learning and memory processing given that some intelligent animals (e.g.,
elephants) spend very little time (if any) engaged in REM sleep [21,42].
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Daily amounts of REM sleep are also labile even within a single species. REM sleep
amounts depend on an animal's developmental age and can expand and contract as a
function of environmental and ecological pressures. For example, newborn mammals,
especially developmentally immature (i.e., altricial) ones, spend the majority of their early
lives in REM sleep, with the amount of REM sleep declining and eventually plateauing at
developmental maturity [43-45]. Northern fur-seals exhibit REM sleep while sleeping on
land, but rarely when at sea [46], and elephants can go for days without sleeping under
certain circumstances [30]. In addition, birds can effectively suspend sleep for days and
weeks while migrating or flying out to sea, and some birds will suppress sleep (including
REM sleep) in order to mate and take care of their hatchlings [47-50].

The physiological and behavioral markers of REM sleep also differ between animals. For
example, the platypus and ostrich do not exhibit the classic EEG signatures of REM sleep;
rather, they combine features of both REM and non-REM sleep into a single sleep-like state
[24,34]. The platypus and ostrich both exhibit muscle atonia and twitches as well as rapid-
eye-movements, but the appearance of these classic REM sleep features is concurrent with a
non-REM sleep-like EEG (i.e., moderate or high in voltage) [24,34]. In contrast,
monotremes (e.g., echidna) do not exhibit most of the classic features of REM sleep (i.e.,
reduced EEG amplitude, rapid-eye-movements, muscle twitches and atonia), but they do
exhibit a pattern of cellular brainstem activity similar to that associated with REM sleep in
cats, rats and mice [51]. Such findings suggest that REM sleep may manifest in different
ways in different animals.

While all terrestrial mammals appear to exhibit some form of REM sleep, this may not hold
true for some sea mammals. For example, dolphins and whales show little to no signs of
REM sleep [52,53], but there is evidence that whales exhibit muscle jerks during periods of
immobility and this could represent a form of REM sleep [54]. It nevertheless remains
possible that these sea mammals may be similar to the echidna in that they do not exhibit the
classic behavioural features of REM sleep, but may still exhibit patterns of ‘REM-like’
cellular activity in the brainstem [51].

Because the majority of animals studied to date exhibit some form of REM sleep, it seems
reasonable to hypothesize that this behavioural state subserves an important biological
purpose(s). Yet it remains unclear what that purpose is or whether REM sleep serves the
same function(s) in all animals. What, however, is much more clear is that the brain circuits
that generate REM sleep are generally conserved across species. Below, we consider the
potential functions of REM sleep and discuss the neural mechanisms that produce this
behavioural state.

Rem Sleep Function

The functional role of REM sleep in normal biology remains an open question as well as one
of the more intriguing mysteries in science. Indeed, Sc/ence magazine identified how and
why we dream during REM sleep as one of the most important and conspicuous knowledge
gaps in science [55]. While the biological and neuropsychiatric function of dreams and
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dream mentation remains unclear, considerable insights into the biological and physiological
functions of REM sleep have nevertheless been gleaned.

The observation that most newborn mammals spend a majority of their early lives in an
REM sleep-like state (termed active sleep in newborns because they lack the cortical EEG
features of adult REM sleep), inspired the hypothesis that REM sleep (or a REM sleep-
specific behaviour) is important for brain development [44,56]. This concept is supported by
the fact that altricial mammals, which have relatively immature and underdeveloped brains,
spend longer periods in REM sleep than precocial animals do [56-59].

In immature animals, REM sleep is dominated by flurries of muscle twitches, with some
estimates that newborn mammals experience tens of thousands of REM sleep-specific
muscle twitches each day [44,60]. This observation has led some researchers to suggest that
REM sleep twitches may function to engage brain development, and in particular motor
learning, which is relatively underdeveloped at birth, in particular for altricial animals [61-
63].

Muscle twitches were long viewed as functionless features of REM sleep [62,64,65]. But,
recent research has raised the interesting possibility that twitches are a distinct class of
movement that may function to aid sensorimotor system development. Unlike waking
movements, REM sleep twitches occur against a background of muscle atonia, thereby
allowing the central nervous system to more effectively monitor the specific origins of each
muscle twitch on the basis of a greater signal-to-noise ratio [62,64,65]. Indeed, multiple
brain regions are activated by muscle twitches during REM sleep; notably, these same
regions are not activated by motor activity during wakefulness. For example, the
hippocampus, cerebellar cortex and red nucleus are all activated by REM sleep twitches
[61,63,66-69], providing evidence that REM sleep twitches contribute to activity-dependent
development of the sensorimotor system.

One of the most widely supported ideas in sleep science is that REM sleep functions to
facilitate the formation and consolidation of certain types of memory [10,70-72], although
this notion is not universally upheld [21,42,73,74]. Numerous studies in rodents and humans
have shown, for example, that REM sleep deprivation impairs formation (or expression) of
spatial and emotional memories. A major and persisting critique of these types of studies is
the fact that REM sleep deprivation typically impacts non-REM sleep [75], and that some of
the methodologies employed to restrict REM sleep are inherently stressful [76], making it
difficult to firmly establish a causal role for REM sleep per se in memory formation.

In an effort to resolve this controversy, Boyce and colleagues [17] took advantage of new
optogenetic tools to temporally silence GABA cells in the medial septum that drive
hippocampal theta activity, in turn permitting specific attenuation of the memory-associated
theta rhythm during REM sleep without disturbing sleeping behaviour (Figure 1). They
found that selectively silencing GABA neurons during REM sleep erased subsequent novel
object place recognition and impaired fear-conditioned contextual memory. Silencing these
same neurons outside of REM sleep episodes was without any detectable effect on memory
processing, providing evidence that activity of GABA neurons in the medial septum during
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REM sleep is crucial for theta activity in the hippocampus, and subsequent memory
consolidation.

Intriguing new data also suggest that REM sleep may function to facilitate learning and
memory by regulating neuronal synapses. Li and colleagues [77] showed that REM sleep
appears to selectively prune and maintain new synapses associated with particular types of
motor learning (Figure 2). Specifically, they found that REM sleep prunes newly formed
postsynaptic dendritic spines on pyramidal neurons in the motor cortex after a new motor
task is learned, and that REM sleep also strengthens and maintains these newly formed
spines. They also showed that REM sleep-related calcium spikes within dendrites are
important for pruning and strengthening new spines, suggesting that REM sleep facilitates
learning and memory consolidation by selectively eliminating and maintaining new synapses
by calcium spike-dependent mechanisms.

Several additional functions have also been ascribed to REM sleep, ranging from facilitating
cortical plasticity [10,78] to restoration of aminergic cell/receptor function [79] and
heightening general creativity [80,81]. It is worth noting that all of these proposals assume
that REM sleep functions to restore some deficit incurred during prior wakefulness.
Emerging evidence suggests, however, that REM sleep may also function to prepare for
ensuing wakefulness by stimulating the central nervous system [64]. This idea derives from
the facts that virtually all REM sleep periods are immediately followed by wakefulness [75],
that the amount of time spent in REM sleep increases toward the end of the sleep period, and
that humans and animals are more alert when woken from REM sleep than they are from
non-REM sleep [82].

Recently, Brooks and Peever [64] found that the level of motor activity during individual
REM periods reliably predicts the termination of REM sleep and the switch to wakefulness
in rodents. Specifically, they found that levels of motor activity increase during REM sleep
episodes and peak immediately before the transition from REM sleep to wakefulness,
suggesting that motor activity during REM sleep may function to trigger and engage arousal
from REM sleep into wakefulness. This observation aligns nicely with data showing that
sensorimotor function is more intact following arousal from REM sleep as compared to
arousal from non-REM sleep [82], and that animals are generally more alert when aroused
from REM sleep than they are from non-REM sleep.

Brain Circuitry Controlling REM Sleep

The location of the brain circuitry governing REM sleep genesis was first investigated by
Michel Jouvet, who during the course of his pioneering work identified a region in the dorsal
pontine brainstem that appeared critical for the generation of muscle atonia during REM
sleep [83]. Jouvet specifically found that lesions of this region in cats caused a perculiar
state dissociation in which the animals appeared to ‘act out’ their dreams. Subsequent
experimental work spanning several decades further refined the location of this ‘atonia
generator’ to a region of the pons called the sublaterodorsal nucleus (SLD) in rodents (also
termed the subcoeruleus region) [8,14,84-86] (Figure 3).
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It is now well established that the ventral portion of the SLD contains a substantial
population of spinally projecting neurons that function to produce the motor atonia of REM
sleep. For example, work over the past two decades has shown that SLD neurons increase
firing in anticipation of, and are maximally active in, REM sleep (i.e., REM-on cells), are
glutamatergic, and produce motor atonia by activating inhibitory inter-neurons in both the
ventral medulla (vM) and the spinal cord [14,60,87-89]. Selective disruption of
glutamatergic transmission of SLD and dorsally adjacent caudal laterodorsal tegmental
(cLDT) neurons produces REM sleep without atonia. Interestingly, inactivation of these
same neurons also reduced total time spent in REM sleep in mice [86,90]. Hence in addition
to regulating REM sleep motor atonia, glutamatergic cLDT-SLD neurons also play a role in
generating the forebrain features of REM sleep. Recent experimental work has shown that
selective and acute opto- or chemogenetic activation of cLDT-SLD glutamatergic neurons
can potently drive REM sleep [91,92]. In fact, it now appears that the cLDT-SLC contains
two functionally segregated sets of glutamatergic neurons, the first of which includes
reticulospinal REM sleep atonia-generating neurons and the second of which, likely via the
parabrachial nucleus (PB) and medially adjacent precoeruleus (PC) region, promote
corticohippocampal activation during REM sleep as well as regulate REM sleep amounts
[8,14,90,93] (Figure 3). Little more, however, is known about the ‘downstream’ circuits by
which these excitatory SLD/cLDT/PC projections contribute to the forebrain features, e.g.,
reduction in cortical EEG amplitude and hippocampal EEG theta waves associated with
REM sleep, suggesting a priority focus for future investigations. From a clinical perspective,
the existence of two functionally segregated sets of glutamatergic SLD REM-on neurons
may provide a framework for understanding the occasional dissociation of cortical activation
and muscle atonia observed during various REM sleep pathologies, including cataplexy,
sleep paralysis and REM sleep behavior disorder [94-96].

It is also unclear how SLD cells are regulated, although many different sources of synaptic
inputs to the SLD have been identified, including those containing acetylcholine,
noradrenaline, serotonin, GABA, glutamate and various peptides [14,97-101]. Of these
inputs, the most important source arises from GABAergic neurons in the nearby
ventrolateral periaqueductal gray matter (vIPAG) and adjacent lateral pontine tegmentum
(LPT; also called the deep mesencephalic nuclei, DpMe) [14,15,97]. GABAergic
VIPAG/LPT neurons appear to provide inhibitory control over SLD cells since lesions or
pharmacological inactivation of these neurons produces excessive REM sleep as well as
cataplexy-like events [14,15,102]. In addition, optogenetic inhibition of VIPAG GABA
neurons promotes REM sleep [13]. Finally, application of a GABA, antagonist into the SLD
of rats rapidly induces an REM sleep-like state, suggesting that disinhibition from
GABAergic inputs is an important synaptic mechanism for ‘activating’ SLD REM-ON
neurons [97,103,104]. On the collective basis of these findings it has been proposed that
GABAergic VIPAG/LPT neurons tonically inhibit REM-ON SLD neurons. The vIPAG/LDT-
SLD/PC circuit thus functions to prevent inappropriate activation of REM sleep atonia-
generating neurons during wakefulness and at the same time ensures rapid reconstitution of
muscle tone on awakening [14,19,96]. A dramatic example of failure of this circuitry (or at
least the synaptic balance of this circuitry) is seen in animals and humans lacking orexin
signalling [105,106]. The absence of excitatory orexin ‘tone’ is thought to disfacilitate
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VIPAG/LPT/ DpMe REM-off neurons (i.e., cells that are minimally active in REM sleep), in
turn inappropriately biasing activation of SLD neurons during wake and leading to the loss
of postural muscle tone, i.e., cataplexy.

Given the accumulating data on SLD function, it is perhaps not surprising that many
investigators view the SLD as a critical region for REM sleep control. And while there is
ample evidence to support this view, it is important to bear in mind that both old and recent
studies have inferred the existence of at least one additional region that is important for
REM sleep control. Specifically, outcomes of lesion, unit recording and chemogenetic
studies have suggested an important role for the vM, including the medially located ventral
gigantocellular reticular nucleus (GiV) and a-gigantocellular reticular nuclei (GiA) and
laterally adjacent paragigantocellular (LPGi) cell groups, in REM sleep control and REM
sleep atonia [8,107-109]. In general support of this concept, a recent optogenetic study
found that activation of vM GABA neurons could potently trigger REM sleep and produce
REM sleep atonia, and that this effect was likely mediated through the VIPAG-SLD circuit
and direct, i.e., SLD-independent, projections to spinal motor neurons [13].

Thus, while glutamatergic neurons of the SLD and GABAergic neurons of the vM are
widely viewed as key circuit elements that work jointly in REM sleep control, our
interpretation of the literature yields the more nuanced view that REM sleep control is
supported by a distributed network of circuits, with this distributed circuit network spanning
the brainstem, midbrain and hypothalamus. We now know, for example, that lateral
hypothalamic cells that contain melanin concentrating hormone (MCH) play a role in
promoting REM sleep, possibly through inhibition of REM-off neurons in the VIPAG/LPT
[16,110,111]. The synaptic mechanism by which MCH cells regulate the VIPAG/LPT
remains unclear, but could be directly through MCH or GABA release or indirectly through
glutamate-mediated feedforward inhibition [16,112]. Microinjections of MCH into the SLD
also increase REM sleep, suggesting that MCH, acting at the level of the SLD, may
contribute to both the descending (atonia) and ascending (EEG desynchronization and theta
activity) aspects of REM sleep [113]. Also, cholinergic neurons of the pedunculopontine and
laterodorsal tegmental nuclei (PPT/LDT) are active during REM sleep and project to the
SLD and optogenetic activation of these neurons during non-REM sleep promotes REM
sleep [114,115]. It should, however, be noted that more recent studies have cast doubt on the
claim of sufficiency and necessity of the cholinergic PPT/LDT or cholinergic inputs to the
SLD in REM sleep control [116,117]. Finally, a role for the supramammillary
hypothalamus, in particular resident glutamate-releasing/Nos1-expressing neurons, in the
regulation of REM sleep and REM hippocampal theta has been recently reported [118,119].

Because REM sleep propensity is greatest during the latter part of the rest phase and REM
sleep propensity coincides with the nadir of the body temperature circadian rhythm, an
active role for the circadian clock in REM sleep regulation is indicated [75,120,121].
Consistent with this, lesion studies in rodents have shown that the circadian clock actively
promotes REM sleep during the rest, but not active, period but has almost no role in
determining the total amount of REM sleep, which instead is determined by homeostatic
mechanisms [122]. Other studies suggest that the circadian clock actively suppresses REM
sleep during the active period, and that this suppression is mediated by orexin neurons [123].
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Pathobiology of REM Sleep

Identifying the circuit mechanisms underlying REM sleep has also yielded a far deeper
understanding of disorders associated with abnormal REM sleep control. For example, REM
sleep behaviour disorder and narcolepsy are two common sleep disorders that link, at least in
part, to pathogenic changes in the circuit control mechanisms underlying healthy REM
sleep. Here, we discuss how recent advances in dissecting REM sleep biology have led to a
deeper understanding of these two disorders.

REM Sleep Behaviour Disorder

REM sleep behaviour disorder (RBD) is a neurological condition characterized by loss of
the biological mechanisms that cause REM sleep paralysis, resulting in excessive motor
behaviors during REM sleep [124,125]. Movements in RBD range from shouting and
sporadic limb jerks to more complex movements such as punching or kicking [126-128].
These movements in RBD are not innocuous as they often result in physical injury of the
patient and/or their bed-partner [129]. But, the most alarming aspect of RBD is that the
majority of patients develop a neurodegenerative disease within 6-15 years of initial RBD
diagnosis [129]. RBD is currently the strongest known predictor of a class of
neurodegenerative disorders known as synucleinopathies with 80-90% of patients
developing Parkinson's disease, dementia with Lewy bodies, or multiple system atrophy
[130-132].

The link between RBD and synucleinopathies suggests that RBD itself stems from a
neurodegenerative process [133]. Emerging new data indicate that RBD patients exhibit
degeneration within the brainstem circuits that control REM sleep (e.g., the SLD and vM,
Figure 4). For example, neuro-imaging studies show that RBD patients exhibit signs of
degeneration within the dorsal pons where REM sleep circuits are located [134]. In addition,
post-mortem analysis of brains from RBD patients with comorbid Parkinson's disease
demonstrate neural loss, gliosis and Lewy body and neurite deposition (indicators of
synucleinopathies) in the brainstem areas that control REM sleep [124,135]. These data
suggest that degeneration within the REM sleep circuits could underlie RBD.

Classic lesion studies also suggest that damage to REM sleep circuitry contributes to RBD.
For example, chemical, electrolytic and neuron-specific lesions of the REM sleep circuit,
including the SLD and vM, result in loss of normal REM sleep paralysis and RBD-like
motor behaviours in cats and rodents [8,14,84-86] (Figure 3). In addition, tumours or
strokes that cause lesions of the dorsal pons where REM sleep circuits are located also cause
RBD-like behaviours in humans [136,137]. Therefore, both clinical and basic science data
indicate that RBD is caused by damage of the brainstem circuits that produce normal REM
sleep.

Because 80% of RBD patients ultimately develop a synucleinopathy, it seems reasonable to
assume that RBD is the earliest symptom in these disorders, that is, RBD is itself a
synucleinopathy [132]. But, why does neurodegeneration affect REM sleep circuitry years
before the onset of synpucleinopathies such as Parkinson's disease? New research
concerning the root mechanisms of how synucleinopathies spread throughout the central
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nervous system is providing new clues about the potential link between RBD,
neurodegeneration and synucleinopathies.

Emerging new research suggests that cell-to-cell transmission of mis-folded alpha-synuclein
is the disease-causing mechanism in synucleinopathies, with mis-folded alpha-synuclein
causing neuronal dysfunction and death [138,139]. Recent data show that synucleinopathies
actually begin in the periphery and then spread into the central nervous system. Pathogenic
alpha-synuclein appears to travel along vagus nerve afferents [140-142], which terminate in
the nucleus of the solitary tract and dorsal motor nucleus of the vagus, which sits in close
apposition to REM sleep circuitry (i.e., the SLD and vM). Therefore, synucleinopathies may
initially impact the cells that control REM sleep atonia before spreading rostrally into the
brain structures (e.g., substantia nigra and cortex) that cause the classic cognitive and motor
impairments associated with synucleinopathies. Although this idea remains speculative it
nonetheless fits with a classic model of Parkinson's disease pathogenesis, which proposes
that neurodegeneration starts in the brainstem before ascending rostrally [143]. Several lines
of clinical data also support the idea that RBD could result from synucleinopathic
degeneration that starts in the periphery and then spreads into the brainstem. For example,
RBD patients exhibit not only alpha-synuclein deposition in peripheral tissues [144] but also
cell loss and alpha-synuclein deposition in the brainstem regions that control REM sleep
motor atonia (i.e., the SLD and vM) [124].

While these new data suggest that synucleinopathic-mediated degeneration affects the
circuits that control REM sleep, it remains unclear why REM sleep circuits themselves are
the initial target of, and are vulnerable to, neurodegeneration. This is an important concept
because the REM sleep circuits are located in a region of the brainstem that also houses
circuits that control other vital behaviors (e.g., breathing, chewing and swallowing) that are
largely unaffected in RBD. Therefore, understanding how and why cells in the REM sleep
circuit are targeted by degeneration will not only shed light on the pathophysiology of RBD,
but may also help identify the origins and mechanisms of synucleinopathies themselves.

Narcolepsy/Cataplexy

Narcolepsy is another common sleep disorder that is associated with changes in REM sleep
function. Narcolepsy is linked to the loss of hypothalamic orexin cells and is characterized
by excessive sleepiness, disturbed REM sleep, sleep paralysis, and dream-like hallucinations
before falling asleep (called hypnagogic hallucinations) [145]. Another common symptom
of narcolepsy is cataplexy, which is the involuntary onset of skeletal muscle paralysis or
weakness during wakefulness (a link to video demonstrating cataplexy can be found here:
https://www.youtube.com/watch?v=3MBCeKn0Oeo) [96]. The neural mechanisms that
trigger cataplexy are hypothesized to result from intrusion of normal REM sleep paralysis
into wakefulness.

Understanding mechanisms of REM sleep are helping to identify some of the potential
causes of cataplexy. Converging lines of evidence suggest that cataplexy and REM sleep
share a common neural mechanism. Tricyclic antidepressants are used to mitigate cataplexy,
but they also suppress REM sleep, and withdrawal of these medications causes rebounds in
cataplexy and REM sleep [146,147]. Neuroimaging studies in people with narcolepsy and

Curr Biol. Author manuscript; available in PMC 2018 March 12.


https://www.youtube.com/watch?v=3MBCeKn0Oeo

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peever and Fuller

Page 10

electrophysiological recordings from neurons in narcoleptic dogs show that the brainstem
circuitry involved in REM sleep has similar activity during both REM sleep and cataplexy
[148-150]. In narcoleptic dogs, cells in the locus coeruleus (LC) are highly active during
periods of wakefulness, but abruptly stop firing during cataplexy when muscle tone is lost
[148], which mirrors LC activity during REM sleep. Because LC cells project to and activate
motoneurons, their inactivity during cataplexy (and REM sleep) could be a neural
mechanism by which motor paralysis occurs during these states [151]. Motor paralysis
during cataplexy and REM sleep may also be mediated by GABA/ glycine cells in the vM (a
region critical for promoting REM sleep paralysis) since their activity increases during both
REM sleep and cataplexy [152].

Some patients with narcolepsy report hypnagogic hallucinations during cataplectic attacks,
and some enter into REM sleep during cataplexy, suggesting that such attacks result from
inappropriate recruitment of REM sleep circuits [96,145]. Recent data show that cataplexy-
like attacks can be triggered in both wild-type and orexin knockout mice by directly
activating the brainstem circuits that control REM sleep atonia (i.e., the SLD) [92]. This
observation suggests that cataplexy may result from pathological recruitment of the circuits
that cause REM sleep paralysis, and that muscle paralysis in REM sleep and cataplexy stem
from a common neural mechanism.

Cataplexy is generally triggered by strong emotions such as hardy laughter, surprise or fear,
and recent data suggest that there is a link between the brain structures that underlie
emotional processing and those that trigger muscle atonia during REM sleep [96,153]. The
amygdala not only processes emotions, but is also associated with REM sleep regulation and
cataplexy [149]. Imaging studies showing that the amygdala is activated during cataplexy
and REM sleep further support the link between the amygdala and cataplexy [149]. In
narcoleptic dogs, neurons of the amygdala increase firing during cataplectic attacks [154].
Several recent studies indicate that the amygdala is associated with controlling cataplexy.
Chemogenetic activation of GABA cells in the central nucleus of the amygdala (CeA) were
found to promote cataplexy in orexin knockout mice, whereas, chemogenetic inhibition of
these same cells reduced cataplexy [153,155,156]. It is hypothesized that GABA neurons in
the CeA send descending projections to critical elements of the circuits that control REM
sleep atonia, including the LC, the LPT and VIPAG, as well as the SLD. In narcolepsy,
positive emotions activate GABA neurons in the CeA that inhibit cells in the LC, LPT, and
VIPAG, which in turn disinhibit the SLD, which in turn activates the vM to produce
motoneuron inhibition and muscle atonia during cataplexy [153,155,157] (Figure 5). But, in
non-narcoleptics, positive emotions are unable to trigger muscle atonia because CeA-
mediated inhibition of the LC/LDT/VIPAG is offset by excitatory or exin inputs, which
prevent positive emotions from manipulating the SLD (Figure 5).

If both RBD and narcolepsy arise from disturbances in REM sleep control, then there should
be a link between these disorders. In fact, approximately 50% of patients with narcolepsy/
cataplexy experience RBD [158]. Also, RBD can be triggered or aggravated by
antidepressant treatment in narcoleptic patients, and many narcoleptic patients exhibit
marked increases in overall levels of motor activity during REM sleep, even if they do not
experience frank RBD [158]. Therefore, one major commonality between RBD and

Curr Biol. Author manuscript; available in PMC 2018 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peever and Fuller

Page 11

narcolepsy is abnormal motor activity, with RBD resulting from loss of normal REM sleep
paralysis, and cataplexy resulting from intrusion of REM sleep paralysis into wakefulness.
These clinical observations suggest that RBD and narcolepsy may result from abnormal
control of the circuits that underlie REM sleep, and particularly those that regulate REM
sleep atonia (Figures 3-5).

Conclusions and Future Directions

Even though REM sleep was only identified as a distinct behavioural state in the early
1950s, considerable progress has been made in understanding its mechanisms and functions,
with most of this headway being made within the past decade. And while it is undeniable
that many of these advances in our understanding of REM sleep biology link to the
development of new technologies (e.g., chemo- and opto-genetics), we would argue that it is
the combinatorial application of these newer techniques with more classical approaches
(e.g., functional anatomy, unit recording, and cellular imaging) that has truly enabled the
effective probing and elucidation of the delimited circuits that drive REM sleep and, in turn,
revealed how these circuits influence the function and activity of brain structures associated
with learning, memory and motor control.

Although scientists have made important progress in identifying REM sleep mechanisms
and elucidating some of its biological functions, many important questions remain. For
example, is REM sleep actually present in all animals? While many biologists believe that
sleep is a universal behaviour, we have only studied and identified sleep in a small fraction
of all existing animal species. Understanding sleep biology across species, including
differences, is important because such insight could provide new clues about the potential
functions of REM sleep. For example, does REM sleep serve the same function in all
animals?

Although REM sleep appears important for certain types of learning and memory, it remains
virtually unknown how REM sleep actually facilitates plasticity and learning. While recent
evidence indicates that theta activity during REM sleep (Figure 1) is critical for facilitating
motor learning, it remains unknown how or why theta activity promotes memory-related
plasticity. It also remains unclear if REM sleep serves the same biological function(s) across
the lifespan. For example, why are REM sleep amounts typically higher in young and
developing animals than in older ones? These age-related differences in REM sleep amounts
suggest that REM sleep function may vary across an animal's lifespan, but what those
potential functions are remains unclear.

While some of the circuits underlying REM sleep generation have been identified, the full
extent of REM sleep circuits remains unidentified. For example, it was only within the last
several years that neuroscientists identified that structures beyond the brain-stem (e.g., MCH
cells in the hypothalamus) also play a critical role in modulating REM sleep. It also remains
unclear how circuits that control REM sleep communicate with those that promote
wakefulness and non-REM sleep. And this is a critical question in science and medicine
because changes in REM sleep control are associated with some of the symptoms in
narcolepsy (e.g., cataplexy).
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Arguably, the most pressing issues in REM sleep biology relate to human disease. As
discussed above, multiple lines of evidence indicate that degeneration of REM sleep circuits
underlies RBD (Figure 4). A major challenge therefore for sleep biologists and clinicians is

to
de

gain a better understanding of how and why cells in the REM sleep circuit are targeted by
generation. Answering this question will not only shed light on the pathophysiology of

RBD, but may also help identify the origins and mechanisms of synucleinopathies
themselves.
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Figure 1. Theta activity during REM sleep is associated with learning and memory consolidation
A schematic diagram demonstrating how optogenetic inhibition of GABA cells in the medial

septum (MS) of mice affects acquisition of new memory associations. Top two figures show
that naturally sleeping mice were fitted with optic fibers targeted above the MS. Delivery of
orange laser light to the MS during REM sleep periods allowed for high precision optical
inhibition of GABA cells in the MS since these cells expressed the inhibitory opsin
archaerhodopsin (ArchT). The panel below the top two shows a sample recording of how
optical inhibition of GABA inhibition during REM sleep impacts theta activity. Upon light-
induced optogenetic inhibition (orange shading), a rapid reduction in amplitude of
hippocampal theta rhythm is observed. REM sleep-specific inhibition of theta activity results
in a reduction in learning and memory consolidation.
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Figure 2. REM sdleep facilitates learning and memory by regulating neuronal synapses
A schematic diagram demonstrating that REM sleep strengthens persistent new spines

induced by motor learning and facilitates long-term maintenance of synapses. (A) REM
sleep prunes newly formed postsynaptic dendritic spines (yellow circles) of pyramidal
neurons in the mouse motor cortex after motor learning (forward walking: Task 1). This
REM sleep-dependent elimination of new spines facilitates subsequent spine formation (red
circles) when a new motor task is learned (backward walking: Task 2), indicating a role for
REM sleep in pruning to balance the number of new spines formed. (B) REM sleep also
strengthens persistent new spines (orange halo around yellow circles) induced by motor
learning and facilitates long-term maintenance, which are important for behavioral
improvement after learning.
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Figure 3. Thecircuit basis of REM sleep
Together the caudal laterodorsal tegmental nucleus (cLDT), sublaterodorsal nucleus (SLD)

and precoeruleus region (PC) comprise an executive pontine circuit element for REM sleep.
REM-on glutamatergic neurons of the ventral SLD mediate REM motor atonia through
direct synaptic activation of glycinergic interneurons of the spinal ventral horn (svh) as well
as via GABAergic/glycinergic neurons of the ventral medial medulla (vM). vM neurons in
turn project and inhibit motor neurons (MN) of the spinal ventral horn. REM-on GABAergic
neurons of the SLD are reciprocally connected with REM-off GABAergic neurons of the
ventrolateral periaqueductal gray and lateral pontine tegmentum (VIPAG/LPT), forming the
basis of a pontine REM “flip-flop” switch. GABAergic neurons of the vM can also drive
REM sleep and do so by inhibiting REM-off VIPAG/LPT neurons. Lateral hypothalamic
neurons containing orexin (OX) provide excitatory and stabilizing synaptic control over
REM-off VIPAG/LPT neurons. REM-off noradrenergic locus coeruleus (LC) and
serotoninergic dorsal raphe (DR) neurons provide additional synaptic control over SLD
activity. Cholinergic laterodorsal tegmental and pedunculopontine tegmental (LDT/PPT)
neurons may produce REM sleep through activation of REM-on SLD neurons. Lateral
hypothalamic neurons containing melanin-concentrating hormone (MCH) also regulate
REM sleep, possibly through direct inhibition of REM-off vVIPAG/LPT neurons.
Glutamatergic neurons of the SLD/PC regulate the corticohippocampal features of REM
sleep, likely via projections to the medial septum, parabrachial nucleus, basal forebrain and
supramamillary hypothalamus.
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Figure 4. Involvement of REM sleep circuitry in REM sleep behavior disorder (RBD)
The hypothesized mechanisms and pathways by which synucleinopathic degeneration

causes RBD. Synucleinopathic-mediated degeneration begins in the caudal brainstem and
spreads inexorably rostrally, in a cell-to-cell fashion. Degeneration initially targets the
sublaterodorsal nucleus (SLD) and ventral medulla (vM), impairing their functions and
thereby causing loss of REM sleep atonia and the motor behaviors associated with RBD.
But, as degenerative processes advance, they spread rostrally into the forebrain circuits that
control normal cognition and waking motor behaviors (i.e., the substantia nigra, SN), thus

leading to the classic cognitive and motor symptoms associated with synucleinopathies (e.g.,

Parkinson's disease) that follow initial RBD symptoms.
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Figure5. Circuitsthat produce REM deep atonia underlie cataplexy
The sublaterodorsal nucleus (SLD) and ventral medulla (vM) represent the core circuits that

produce REM sleep atonia. Glutamate cells in the SLD activate GABA and glycine neurons
in the vM to trigger REM sleep atonia by inhibiting motoneurons in the spinal cord (SC). In
narcolepsy, positive emotions activate GABA neurons in the central nucleus (CeA) that
inhibit cells in the locus coeruleus (LC), laterodorsal tegmentum (LDT), and ventrolateral
periaqueductal grey (VIPAG), which in turn disinhibit the SLD, which in turn activates the
vM to produce motoneuron inhibition and muscle atonia during cataplexy. In non-
narcoleptics, positive emotions are unable to trigger muscle atonia because CeA-mediated
inhibition of the LC/LDT/VIPAG is offset by excitatory orexin inputs, which prevent positive
emotions from manipulating the SLD.
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