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Abstract
REM sleep is characterized by rapid eye movements, desynchronized electroencephalographic activity, dreams and muscle
paralysis that preclude the individual from acting out the action of dreams. REM sleep is generated and modulated by a
complex and still poorly understood, neuronal network that involves multiple nuclei and neurotransmission systems. The
key structures that generate REM sleep muscle paralysis are the subcoeruleus nucleus in the mesopontine tegmentum and the
reticular formation of the ventral medial medulla. Using glutamatergic, GABAergic and glycinergic inputs, direct and
indirect projections from these two areas inhibit the motoneurons of the spinal cord resulting in skeletal paralysis in REM
sleep. Experimental studies in cats and rodents where the subcoeruleus nucleus and ventral medial medulla were impaired by
electrolytic, pharmacological and genetic manipulations have repeatedly produced increased electromyography activity
during REM sleep associated with abnormal motor behaviors (e.g., prominent twitching, attack-like behaviors). These
animal models represent the pathophysiological substrate of REM sleep behavior disorder, a parasomnia in humans char-
acterized by nightmares and abnormal vigorous behaviors (e.g., prominent jerking, shouting, kicking) linked to excessive
phasic and/or tonic electromyographic activity in REM sleep. The extraordinary observation that a sleep disorder is often the
first manifestation of a devastating neurodegenerative disease such as Parkinson disease carries important diagnostic im-
plications and opens a window for neuroprotection. This review addresses the neuronal substrates of REM sleep generation
and modulation and how its impairment may lead to REM sleep behavior disorder.
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Introduction

Sleep is a normal, recurring, and reversible state characterized
by loss of consciousness, unresponsiveness to the environ-
ment and reduced bodily movement. Contrary to popular be-
lief, sleep is not a passive state. Sleep involves dynamic
changes in cellular functioning that are controlled by precise
neural structures and networks. Functions of sleep are multi-
ple and include regulation of gene expression, protein

synthesis and clearance, cardiovascular and endocrine func-
tions, thermoregulatory and energy conservation, mainte-
nance of the immune system and memory consolidation.
Sleep is divided in two different states, non-rapid eye move-
ment (NREM) sleep and rapid eye movement (REM) sleep.
Each state has different neuronal, metabolic and biochemical
substrates (Irwin 2015; Mander et al. 2017; Scammel et al.
2017; Silber et al. 2004). REM sleep is characterized by rapid
eye movements, desynchronized electroencephalographic ac-
tivity, dreams, minimal phasic muscles twitches in distal limbs
and complete muscle atonia in axial postural muscles that
preclude the sleeper from physically acting out the action of
dreams (Peever and Fuller 2017; Scammel et al. 2017).

Sleep may be affected by pathological processes resulting
in sleep problems such as the parasomnias. Parasomnias are
abnormal behaviors and experiences occurring during entry
into sleep or arousal from sleep, within NREM sleep (e.g.,
sleepwalking, sleep terrors) or REM sleep. REM sleep
parasomnias comprise recurrent sleep paralysis, recurrent
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nightmares and REM sleep behavior disorder (RBD)
(American Academy of Sleep Medicine 2014). RBD is char-
acterized by unpleasant dreams and vigorous behaviors (e.g.,
prominent jerking, punching, shouting) linked to excessive
electromyographic (EMG) activity in REM sleep. RBD re-
flects damage of the neuronal structures that regulate REM
sleep. RBD is not a mere parasomnia without neurological
consequences. Follow-up of subjects with the idiopathic form
of RBD (IRBD) showed that the vast majority are eventually
diagnosed with a neurodegenerative disease, namely the
synucleinopathies Parkinson disease (PD), dementia with
Lewy bodies (DLB) and multiple system atrophy (MSA).
The finding that a parasomnia may represent the initial man-
ifestation of a synucleinopathy carries important implications
(Högl et al. 2018; Iranzo et al. 2016). This article reviews the
physiology of REM sleep and the pathophysiology and impli-
cations of RBD.

REM sleep generation and modulation

REM sleep was discovered in 1953 by Aserinsky and
Kleitman (1953). It is also called paradoxical sleep (Luppi et
al. 2011) and active sleep (Fung et al. 2011). REM sleep oc-
curs in almost all species and is thought to be involved in
cortical plasticity, restoration of receptor function, brain and
sensorimotor development, memory consolidation, learning
and preparing the individual for ensuing wakefulness
(Arrigoni et al. 2016; Peever and Fuller 2017). The neural
network that generates REM sleep is responsible for the pa-
rameters for REM sleep onset latency, percentage of REM
sleep during the night, number of REM sleep periods and
EMG atonia. A large number of anatomic structures are di-
rectly or indirectly implicated in the generation and mainte-
nance of the sleep-wake cycle where REM sleep is one of the
main components. These structures are mainly located in the
lower brainstem, limbic system, thalamus, hypothalamus and
cortex. Such a large number of different structures explain
why many neurotransmitters have been implicated in REM
sleep generation and modulation including glutamate,
gamma-aminobutyric acid (GABA), glycine, hypocretin/
orexin, melanin concentrating hormone (MCH), melatonin,
histamine, acetylcholine, dopamine, serotonin and noradrena-
line (Fraigne et al. 2015; Fuller et al. 2007, 2011; Luppi et al.
2011, 2013; Peever and Fuller 2017).

The critical structures for REM sleep generation and REM
sleepmuscle atonia are located in the mesopontine tegmentum
and in the ventral medial medulla (VMM). In these regions,
there exist a large number of nuclei that send projections
inhibiting or activating nearby nuclei in the brainstem or other
distant brain regions. For the basic researcher, working in such
a tiny region is a challenge as some nuclei can be difficult to
identify. When trying to damage a specific brainstem nucleus

with a cytotoxic injection, the lesion may expand to surround-
ing nuclei or unintended neurons within the nucleus produc-
ing unexpected results. More clean and accurate results can be
obtained using c-Fos labelling, retrograde and anterograde
tracing, administration of neurotransmitters agonists and an-
tagonists, selective electric stimulation, genetic manipulation
with knockout animals of neurotransmitters and receptors, ge-
netic inactivation using adeno-associated viruses and
optogenetics. Experimental studies in animals have provided
a great knowledge on the generation of REM sleep. However,
results in animals may depend on the species studied (rats,
mice, felines, dogs, non-human primates) because the location
of some nuclei may be different.

For the clinician, REM sleep generation and RBD patho-
physiology are very difficult to understand not only because
of their complexity and the changing nature of the field but
also because different terminology is used to label the same
structures across species and across different group of inves-
tigators and anatomic atlas. For example, the subcoeruleus
nucleus in humans is the equivalent to peri-locus coeruleus
alpha nucleus (peri-LCa) in cats and to the sublaterodorsal
tegmental nucleus (SLD) in rats and mice. The subcoeruleus
nucleus in humans is located ventral and slightly rostral to
the locus coeruleus (LC) and the SLD in rodents is ventral to
the laterodorsal tegmental nucleus (LDT). The seemingly
different location of the subcoeruleus and SLD is due to the
fact that the LC in primates and humans and even in cats
extends very rostrally. The subcoeruleus nucleus is also
named pontine inhibitor area (PIA) dorsal nucleus pontis
oralis (PnO), dorsal rostral pontine reticular nucleus and
ventral laterodorsal tegmental nucleus depending on the in-
vestigators or the anatomic atlas (Fuller et al. 2007; Fung et
al. 2011; Luppi et al. 2011; Reinoso-Suárez et al. 2001). This
review will use the terms subcoeruleus nucleus and SLD.
The cholinergic pedunculopontine tegmental nucleus
(PPT) is also called pedunculopontine nucleus (PPN) and
subpenducular tegmental nucleus. In the VMM, the ventral
gigantocellular (GiV) nucleus in rodents corresponds to the
nucleus magnocellularis in cats. The VMM contains medi-
um and small size neurons as well and a complex large num-
ber of nuclei have been identified, namely the GiV, the nu-
cleus raphe magnus (RMg), alpha-gigantocellular reticular
nucleus (GiA), laterally adjacent paragigantocellular (LPGi)
cell groups and dorsal paragigantocellular reticular nucleus
(DPGi). In the VMM, the inferior olive is also called
supraolivary medulla (SOM).

Although it was first thought that central mechanisms
generating REM sleep were cholinergic and monoamin-
ergic in nature, recent evidence indicate that the system
responsible for REM sleep generation is more complex,
involving critical GABAergic and glutamatergic neuro-
transmission in the brainstem (Boissard et al. 2002 and
Boissard et al. 2003; Crochet and Sakai 2003; Lu et al.
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2006; Luppi et al. 2007). Early pharmacological and electro-
physiological experiments in the mesopontine tegmentum of
animals showed that cholinergic administration promotes
REM sleep whereas serotonin and noradrenaline application
suppresses REM sleep. However, selective lesions of the
mesopontine cholinergic nuclei (PPT and LDT), serotonergic
nuclei (dorsal raphe nucleus (DRN)) and noradrenergic nuclei
(LC) did not change the amount of REM sleep or had an effect
on the muscular activity during REM sleep. This suggested
that there were additional brain regions and neurotransmitter
systems that are more critically involved in the generation of
REM sleep (Luppi et al. 2011).

Studies in rodents revealed the presence of non-
monoaminergic and non-cholinergic REM-on and REM-
off structures in the mesopontine tegmentum that form the
basis of a REM sleep generation model that is analogous to
an electronic flip-flop switch. This flip-flop switch consists
in a rapid and complete transition from REM sleep to
NREM sleep and back. In this model, REM-on neurons
inhibit REM-off neurons and vice versa. This mutually in-
hibitory relationship ensures fast transitions from one state
to another (but not from and to wakefulness). REM-on
neurons fire during REM sleep and enhance this sleep
stage. During NREM sleep, REM-on neurons do not fire
because they are inhibited by REM-off cells (Lu et al.
2006). REM-on neurons in rodents are GABAergic in na-
ture and located in the dorsal part of the sublaterodorsal
nucleus (SLD). It has been speculated that the REM-on
neurons in the SLD that generate REM sleep are gluta-
matergic and not GABAergic (Clement et al. 2011). It is
also possible that the glutamatergic caudal region of the
LDT (cLDT) contains also REM-on neurons. REM-off
cells are GABAergic and are located in the lateral pontine
tegmentum (LPT, also called the deep mesencephalic nu-
cleus (DpME)) and in the ventrolateral periaqueductal gray
matter (vlPAG) (Lu et al. 2006).

The flip-flop model of REM sleep generation, however, is
much more complex and involves a large number of other
brain regions and neurotransmitter systems that act as modu-
lators. Other structures and neurotransmitters modulate the
REM-on cells of the SLD and also the REM-off cells of the
LPT and vlPAG. These structures and their corresponding
neurotransmitters have an important role in the modulation
but not generation, of the flip-flop switch model. The follow-
ing structures are thought to promote REM sleep either acti-
vating the REM-on neurons of the SLD or inhibiting the
REM-off cells of the LPTand vlPAG: the GABAergic extend-
ed ventrolateral preoptic nucleus (eVLPO) in the hypothala-
mus, the MCH cells in the hypothalamus, the glutamatergic
cells from the central nucleus of the amygdala, the cholinergic
PPT and LDT in the mesopontine tegmentum, the glutamater-
gic cells from the periaqueductal gray matter (PAG) and cau-
dal GABAergic projections from the DPGi and LPGi arising

from the VMM (Lu et al. 2006; Weber et al. 2015). MCH
neurons promote REM sleep and wakefulness inhibiting the
LPT and vlPAG but also inhibiting the histaminergic neurons
of the tuberomammillary nucleus (TMN) of the thalamus, the
noradrenergic cells of the LC and the serotonergic neurons of
the DRN (Fraigne et al. 2015). Conversely, the following
structures activate the REM-off sleep neurons of the LPT
and vlPAG: the hypocretinergic/orexinergic cells in the dorso-
lateral hypothalamus and several brainstem nuclei such as the
serotonergic DRN, noradrenergic LC and dopaminergic ven-
tral periaqueductal gray matter (vPAG) (Lu et al. 2006)
(Fig. 1). The noradrenergic LC and serotonergic DR neurons
inhibit REM sleep generation inactivating the SLD, PPT and
LDTand activating the LPTand vlPAG (Arrigoni et al. 2016).
The neurons in the core of the ventrolateral preoptic nucleus
(VLPO) regulate NREM sleep while the dorsal and medial
neurons (the eVLPO) are involved in REM sleep (Lu et al.
2006). Of note, the cholinergic PPT and LDT nuclei promote
REM sleep through (1) activation of the inhibitory M2 and
M4 receptors of the vlPAG and LPT and (2) activation of the
excitatory M1 and M3 receptors of the SLD (Lu et al. 2006).

Neuronal activation during REM sleep is not only con-
fined to the nuclei located in the brainstem. Functional
neuroimaging studies in humans during REM sleep show
activation of not only the pontine tegmentum but also the
thalamus, basal forebrain, limbic areas (amygdala, hippo-
campus, anterior cingulate cortex) and temporo-occipital
cortices. Functional neuroimaging during REM sleep also
shows deactivation of the dorsolateral prefrontal cortex,
inferior parietal cortex, precuneus and posterior cingulate
gyrus (Dang-Vu et al. 2010).

The characteristic electroencephalographic activity of
REM sleep is generated by ascending glutamatergic inputs
from the dorsal part of the SLD (Krenzer et al. 2011; Peever
and Fuller 2017). These inputs reach the precoeruleus area
(PC, which is located in the pons rostral to the LC), the
parabrachial nucleus (PB, which is located in the basal fore-
brain), the PPT and the LDT. Glutamatergic projections
from the PB and PC and cholinergic projections from the
PPT and LDT reach the intralaminar and reticular thalamic
nuclei, lateral hypothalamus and basal forebrain, which in
turn reach the cortex and hippocampus producing cortical
activation (Fuller et al. 2011; Lu et al. 2006; Luppi et al.
2011; Peever and Fuller 2017). REM sleep cortical activa-
tion is also mediated by decreased noradrenergic activity in
the LC, reduced serotonergic activity in the DRN, decreased
histaminergic activity in the TMN of the thalamus and re-
duced hypocretinergic/orexinergic activity in the lateral hy-
pothalamus (Peever and Fuller 2017). Neuroimaging and
animals studies have shown that during REM sleep, the
somatosensory cortex is deactivated while some structures
of the limbic cortex are activated such as the anterior cingu-
late, retrospinal, entorhinal cortex and dentate gyrus (Luppi
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et al. 2017). These limbic structures receive inputs from the
claustrum, medial septum and suprammamilary nucleus
during REM sleep (Luppi et al. 2017).

The typical rapid eye extrinsic movements seen in REM
sleep are mediated by brainstem structures involved in ocular
motility such as the para-abducens nucleus andmedial pontine
reticular formation (Reinoso-Suárez et al. 2001).

REM sleep muscle paralysis

In humans and animals, the muscle paralysis seen in REM
sleep is characterized by (1) continuous sustained absence of
muscle tone (also known as BREM sleep atonia^) and (2) few
intermittent bursts of muscular activity that can be associated
with minimal muscle twitches resulting in brief and small
distal movements of the limbs, ears, orofacial area, jaw and
tail (also known as BREM sleep EMG phasic activity^). REM
sleep muscle paralysis requires (1) sustained inhibition
throughout the REM sleep period of the tonic EMG activity
that underlies the postural tone and (2) disfacilitation of the
phasic EMG activity that influences movements and locomo-
tion. In other words, muscle tone in REM sleep is reduced by

combined activation of inhibitory systems and inactivation of
facilitatory systems. The final result is inhibition of the moto-
neurons located in the nuclei of the cranial nerves of the
brainstem (e.g., hypoglossal, trigeminal, facial) and of the
motoneurons of the spinal cord, both resulting in skeletal mus-
cle atonia and minimal intermittent muscle twitches (Chase et
al. 1989; Chase 2008).

The key structures that generate REM sleep paralysis are the
ventral region of the SLD (vSLD) in the mesopontine tegmen-
tum and several nuclei within the VMM including the RMg,
GiA, GiVand LPGi (Arrigoni et al. 2016; Boissard et al. 2002,
2003; Fraigne et al. 2015; Krenzer et al. 2013; Lu et al. 2006;
Peever et al. 2014). The neurons of the VMM that promote
REM sleep paralysis are located at the level of the supraolivary
medulla (SOM), which is the rostro-caudal segment of the
gigantocellular reticular field and corresponds to the RMg,
GiA, GiV and LPGi (Vetrivelan et al. 2009).

The SLD contains GABA, glutamate and cholinergic cells.
The dorsal part of the SLD uses GABA transmission and
through the flip-flop model regulates the transition from
NREM sleep to REM sleep and induces cortical activation
during REM sleep. Thus, the dorsal part of SLD regulates
REM sleep onset and maintenance but not REM sleep

Fig. 1 REM sleep flip-flop model. In this flip-flop model, the REM-on
structures promote REM sleep inhibiting the REM-off structures, while
the REM-off nuclei inhibit REM sleep through inhibition of the REM-on
structures. REM-on structures are in blue and REM-off structures are in
red. Dash line, inhibition; plus sign, activation; ACh, acetylcholine;
cLDT, caudal lateral dorsal tegmentum; CNA, central nucleus of the
amygdala; DA, dopamine; DPGi, dorsal paragigantocellular reticular nu-
cleus; DRN, dorsal raphe nucleus; eVLPO, extended ventrolateral

preoptic nucleus; GABA, gamma-aminobutyric acid; Glut, glutamate;
Hypoth, hypothalamus; LC, locus coeruleus nucleus; LDT, lateral dorsal
tegmentum; LPT, lateral pontine tegmentum; MCH, melanin concentrat-
ing hormone; NA, noradrenaline; PAG, periaqueductal gray matter; PPT,
pedunculopontine tegmentum nucleus; SLD, sublaterodorsal nucleus;
VlPAG, ventrolateral part of the periaqueductal gray matter; VMM, ven-
tral medial medulla; VPAG, ventral part of the periaqueductal gray mat-
ter; 5-HT, serotonin
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paralysis. In contrast, the vSLD contains mainly glutamatergic
cells and is implicated in the control of REM sleep muscle
paralysis. The vSLD generates muscle paralysis by two dif-
ferent pathways (Fig. 2). There is a direct pathway of excit-
atory vSLD glutamatergic projections to the interneurons of
the spinal cord, which in turn inhibit the ventral horn skeletal
motoneurons with GABA/Glycinergic inputs (Lu et al. 2006).
An indirect polysynaptic pathway consists of other descend-
ing glutamatergic vSLD neurons that send their projections to
the VMM (Sakai et al. 1979), which in turn inhibits the motor
neurons of the ventral horn of the spinal cord resulting in
muscle paralysis. The neurons of the VMM release GABA/
glycine to the ventral horn motoneurons (Chase 2008; Luppi
et al. 2011) and glutamate (Brooks and Peever 2008;
Vetrivelan et al. 2009) to the spinal cord GABA/glycinergic
interneurons, which in turn inhibit the motoneurons of the
ventral horn. The red nucleus in the midbrain activates the
motoneurons in the spinal cord and produce muscular twitches
during REM sleep. The VMM inhibits the activity of the red

nucleus to reduce the production of phasic EMG activity that
could be excessive to allow the release of movements
(Blumberg and Plumeau 2016).

The glutamatergic descending neurons from the vSLD
that decrease REM sleep muscular activity are modulated
by direct and indirect projections from the brainstem and
from supratentorial structures (Fig. 3). They include inhib-
itory afferents from GABAergic neurons from the LPT, se-
rotonergic neurons from the DRN, noradrenergic neurons
from the LC and hypocretinergic/orexinergic neurons from
the dorsolateral hypothalamus. The vSLD also receives ex-
citatory glutamatergic projections from the primary motor
area of the frontal cortex, supplementary somatosensory
area, central nucleus of the amygdala, PAG, PPT and LDT
(Boissard et al. 2003). The substantia nigra pars reticulata
and the internal segment of the globus pallidum send
GABAergic projections to the PPT, which in turn excite
the neurons of the VMMwith glutamatergic and cholinergic
inputs (Rye 1997; Rye and Bliwise 2004).

Fig. 2 Schematic diagram of REM sleep muscle paralysis circuitry. The
vSLD in the mesopontine tegmentum is the main structure that promotes
REM sleep muscle paralysis. It inhibits the spinal cord motoneurons
through a direct pathway and also through an indirect pathway that
relies on the VMM. The direct pathway inhibits the tonic
electromyographic activity. The indirect pathway defacilitates the phasic
electromyographic activity as the red nucleus is inhibited by the VMM.

Damage to the vSLD and VMM both result in REM sleep behavior
disorder. Transgenic mice with deficient glycine and GABA receptors
also result in REM sleep behavior disorder. Dash line, inhibition; plus
sign, activation; GABA, gamma-aminobutyric acid; Gly, glycine; RN,
red nucleus; VMM, ventral medial medulla; vSLD, ventral
sublaterodorsal nucleus
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On the other hand, the ventral mesopontine junction
(VMPJ) is a region that includes the substantia nigra pars
reticulata, the caudal portion of the retrorubral nucleus and
the ventral tegmental area. The VMPJ is also involved in the
control of muscle tone since glutamatergic neurons from
this region activate the vSLD and VMM promoting REM
sleep muscle paralysis (Siegel 2009).

Pathophysiology of REM sleep behavior
disorder

In humans, RBD is clinically characterized by unpleasant
dream recall (e.g., being attacked and chased) and abnormal
simple (e.g., prominent jerks) and elaborated (e.g., kicking,
punching singing, talking, gesturing, jumping out of bed) be-
haviors during REM sleep. Polysomnographic recordings in
humans show increased phasic EMG activity and/or sustained

tonic EMG activity during REM sleep (Boeve 2013; Högl et al.
2018; Iranzo et al. 2016; Lapierre and Montplaisir 1992). In
patients with RBD, other components of REM sleep are normal
such as density of rapid eye movements, REM sleep onset
latency, percentage of REM sleep across the night and number
of REM sleep periods. In patients with IRBD, NREM sleep
architecture and wakefulness are usually normal.

Basic science using experimental animals (e.g., cats and
rodents) indicates that RBD is caused by dysfunction of the
nuclei that generates REM sleep paralysis, namely the
subcoeruleus nucleus and nuclei from the VMM. This is
supported by postmortem and neuroimaging studies in pa-
tients with RBD (Ehrminger et al. 2016; Iranzo et al. 2013;
Scherfler et al. 2011). This indicates that impairment of
glutamatergic neurotransmission from the subcoeruleus
nucleus and/or GABAergic and glycinergic neurotransmis-
sion from the VMM underlies the pathophysiology of
RBD. Alternatively, it is plausible that RBD can also be

Fig. 3 Afferents of the ventral sublaterodorsal nucleus and ventral medial
medulla in the control of REM sleep muscle paralysis. During REM
sleep, (1) the vSLD is activated through excitatory inputs from the cortex,
VMPJ, amygdala, PPT and LDT and (2) the VMM is activated through
excitatory inputs from the VMPJ and PPT/MEA. The inhibitory activity
of the hypocretinergic hypothalamus, serotonergic DRN and noradrener-
gic LC nuclei does not occur during REM sleep. Dash line, inhibition;
plus sign, activation; ACh, acetylcholine; CNA, central nucleus of the

amygdala; DRN, dorsal raphe nucleus; GABA, gamma-aminobutyric
acid; Glu, glutamate; GPi, internal segment of the globus pallidus;
Hypoth, hypothalamus; LC, locus coeruleus nucleus; LDT, lateral dorsal
tegmentum; LPT, lateral pontine tegmentum; MEA, midbrain extrapyra-
midal area; NA, noradrenaline; PAG, periaqueductal gray matter; PPT,
pedunculopontine tegmentum nucleus; SNr, substantia nigra pars
reticulata; VMM, ventral medial medulla; VMPJ, ventral mesopontine
junction; vSLD, ventral sublaterodorsal nucleus; 5-HT, serotonin
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caused by damage of the anatomical connections of the
subcoeruleus nucleus and VMM with other structures such
as the dorsolateral hypothalamus and the limbic system.
Thus, other neurotransmitters systems (e.g., monoamines,
acetylcholine and hypocretin/orexin) can also be involved in
the pathophysiology of RBD. Our knowledge on the patho-
physiology of RBD is based on (1) the existence of experi-
mental animal models of RBD and (2) the occurrence of
humans with RBD secondary to neurodegenerative diseases,
narcolepsy, autoimmune diseases, focal structural lesions in
the brain and the effect of some medications. This section of
this review will address these two aspects.

Animal models of REM sleep behavior disorder

Experimental studies in cats and rodents impairing the SLD or
the VMM produce REM sleep with excessive EMG activity
associated with abnormal behaviors during unequivocal REM
sleep. These abnormal behaviors may range from prominent
twitches and jerks to goal-directed behaviors such as hunting-
like movements. The severity of the behaviors depends on the
region in the brain that is damaged and its extent. Interestingly,
selective damage of these brainstem regions does not affect
wakefulness and NREM sleep and REM sleep amount is usu-
ally not changed. Selective impairment of the vSLD produces
REM sleep without atonia preserving the amount of REM
sleep. When the lesion of the vSLD extends to surrounding
areas such as the cholinergic caudal LDT, the REM sleep time
is then reduced (Krenzer et al. 2013). The animal models of
RBD have been induced by electrolytic and neurochemical
lesions and by pharmacological and genetic manipulation of
glutamate, GABA and glycinergic neurotransmission (Luppi
et al. 2013).

Animal models involving the subcoeruleus/SLD nucleus
Jouvet and Delrome showed in 1965 that electrolytic lesions
of the subcoeruleus region in cats resulted in REM sleep with-
out atonia associated with simple and complex motor behav-
iors such as orienting, walking and attacking (Jouvet and
Delrome 1965). This observation was confirmed by many oth-
er investigators (Hendricks and Morrison 1981; Hendricks et
al. 1982; Morrison et al. 1981; Shouse and Siegel 1992). It was
shown that the site and extent of the lesions in the pontine
tegmentum determine the severity of the behaviors that the
cat releases, ranging from prominent limb jerks to locomotion
and attack behaviors (Hendricks et al. 1982). Asymmetrical or
unilateral electrolytic lesions in the subcoerulus region or cau-
dally projecting fibers resulted in minimal release of proximal
limb movements and rocking head and neck movements.
Orienting and searching movements of the eyes and head were
associated with damage of pontine afferents to the superior
colliculus, a midbrain visual center controlling eye movements
during wakefulness that plays a critical role in the ability to

direct behaviors toward specific moving objects and generat-
ing spatially directed head turns and arm-reaching movements.
Cats with larger lesions extending rostrally and ventrally in the
pons showed more elaborate behaviors including raising the
head, searching and walking. Some of the cats that showed
violent attacking behaviors had damage to the pathway arising
from the central nucleus of the amygdala (Hendricks et al.
1982). In a different study with rats, small unilateral lesions
in the subcoeruleus region were sufficient to remove the atonia
of REM sleep but larger and bilateral lesions were needed to
release abnormal behaviors (Sandford et al. 2001). In another
study in cats, REM sleep atonia was intact after selective elec-
trolytic or radio frequency lesions of the cholinergic PPT and
LDTand of the noradrenergic LC. In contrast, lesions confined
to the subcoeruleus nucleus eliminated atonia during REM
sleep. These findings indicate that selective cholinergic and
noradrenergic damage does not play a major role in the path-
ogenesis of RBD (Shouse and Siegel 1992). In rodents, selec-
tive damage of the glutamatergic neurons of the vSLD pro-
duces REM sleep with increased muscular activity associated
with prominent jerks, walking and running (Lu et al. 2006).

Pharmacological studies within the SLD also provided ani-
mal models of RBD. Application of kynurenic acid (a gluta-
mate antagonist) in the SLD produces REM sleep without
atonia in rodents (Boissard et al. 2002). In rats, ibotenic acid
(a GABAA agonist of the glutamate NMDA receptor) lesions in
the vSLD cause loss of REM sleep atonia associated with jerks
and complex movements such as walking (Lu et al. 2006).

Genetic manipulation within the SLD has also provided
elegant and selective models of RBD using transgenic ani-
mals. In contrast to cytotoxic lesions and pharmacological
experiments, genetic studies allow to inactivate a specific pop-
ulation of neurons (e.g., glutamatergic, GABAergic). In rats,
genetic inactivation of the glutamatergic transmission in the
SLD (infusing adeno-associated viral vectors that impair the
vesicular glutamate transporter) resulted in excessive EMG
activity in the nuchal muscles during REM sleep linked to
jerks in the head, fore and hind limbs, nose and tail.
Occasionally the rats displayed goal oriented behaviors (e.g.,
seeking for food, trying to run) during REM sleep. The eyes
were closed while the rats moved during REM sleep (Valencia
Garcia et al. 2017). In one study using transgenic mice
(vGlut2 flox/flox), genetic elimination of glutamate neuro-
transmission from the SLD neurons produced a RBD-like
phenotype where animals showed increased EMG activity
during REM sleep linked to simple movements (e.g., body
twitches and jerking) and occasionally locomotion (Krenzer
et al. 2011). A genetic approach using optogenetics in rodents
showed that switching off glutamate subcoeruleus cells can
prevent REM sleep EMG paralysis (McKenna and Peever
2017). In rodents, increased EMG activity in REM sleep can
be obtained after knockout of the vesicular glutamate trans-
porter 2 gene in the SLD and in the VMM (Lu et al. 2006).
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This study suggests that decreased glutamate release from
both SLD and VMM to the spinal cord is also a model of
RBD and that not only the SLD but also the VMM are highly
implicated in the pathophysiology of RBD.

Animal models involving the ventral media medulla reticular
formation The VMM is a complex anatomical region that
contains several nuclei including the RMg, GiA, GiV,
DLPGi and LPGi. GABA and glycine coexist in these
VMM neurons and some cells also contain glutamate.
Neurons from the DLPGi and LPGi help to promote REM
sleep generation inhibiting (by GABA transmission) the
vlPAG/LPT, LC and red nucleus (Weber et al. 2015). The
RMg, GiV and GiA are involved in the REM sleep muscle
paralysis pathway. These neurons induce REM sleep paralysis
by three mechanisms (1) sending inhibitory GABA/
Glycinergic inputs to the motoneurons of the spinal cord, (2)
sending excitatory glutamatergic projections to the interneu-
rons in the spinal cord, which in turn inhibit the motoneurons
and (3) reducing the activity of the red nucleus (and therefore
reducing the amount of phasic EMG activity and twitches).
The VMM contains different types of glutamate receptors
(AMPA and NMDA) that have different roles. Injection in
the VMM of an AMPA receptor agonist produces normal
REM sleep with paralysis, whereas injection of a NMDA
receptor agonist produces REM sleep with increased EMG
activity. Accumulative data indicated that selective experi-
mental dysfunction in the VMM results in an animal model
of RBD characterized by REM sleep with excessive phasic
EMG activity associated with abnormal behaviors.

In cats, cytotoxic glutamate-induced lesions of the VMM that
included the nucleus magnocellularis, the caudal nucleus
gigantocellularis and the rostral nucleus paramedianus (which
are analogous of RMg, GiV and GiA in rodents) resulted in
REM sleep without atonia associated with a variety of behaviors
such as lifting the head, slow lateral movements of the head to
both sides, chewing-like movements, pawing at the air, exten-
sion and altered movements of all limbs but not locomotion. In
this experiment, REM sleep without atonia and abnormal move-
ments in REM sleep were not observed after acetylcholine-
induced lesions in the VMM (Schenckel and Siegel 1989).
Cytotoxic lesions in the GiV and GiA do not decrease the
amount of REM sleep (Holmes and Jones 1994). Restricted
glutamatergic lesions in the GiV of rodents produce increased
tonic and phasic muscular activity linked to whole body move-
ments during REM sleep (Vetrivelan et al. 2009). In rats, selec-
tive loss of glutamate release from the GiV but not GABA/
glycine release from the GiV, produces increased phasic EMG
activity and movements in REM sleep that are similar to those
observed after restricted glutamatergic GiV lesions. This sup-
ported the observations that glutamatergic neurons in the GiV
also excite GABA/Glycinergic interneurons in the spinal cord,
which in turn inhibit the motoneurons (Vetrivelan et al. 2009).

Genetic experiments in the VMM have also produced an
animal model of RBD in rodents. A study showed that trans-
genic mice with deficient glycine receptor α1 and GABAA

receptor resulted in a model of RBD characterized by in-
creased phasic EMG activity in REM sleep (linked to
chewing, grooming, jerking and running), normal absence of
tonic EMG activity in REM sleep, jerking in no-REM sleep,
sleep fragmentation, subtle EEG slowing in the spectral anal-
ysis and normal REM sleep percentage. The increased phasic
EMG activity was recorded in the masseter, neck and limbs.
Interestingly, clonazepam and melatonin, the two drugs of
choice in human RBD, decreased the phasic EMG activity
and the abnormal behaviors seen in REM sleep. This study
provided a genetic model of RBD and indicated that
GABAergic and glycinergic impairment underlies RBD
(Brooks and Peever 2011). In another study, selective genetic
inactivation of the GABA/glycinergic transmission in the
VVM (infusing adeno-associated viral vectors that impair
the vesicular GABA/glycine transporter) resulted in excessive
EMG activity in the nuchal muscles during REM sleep linked
to jerks in the hind limbs, whiskers and tail. Occasionally, the
rats displayed goal-oriented behaviors (e.g., seeking for food,
trying to run) during REM sleep. The eyes were closed while
the rats moved during REM sleep (Valencia Garcia et al.
2018). Another genetic RBD model in rats occurs when the
impairment affects the more rostral area of the GiV and GiA
(at the level at the inferior olive/supraolivary medulla that
contains GABA/glycinergic cells) and not when the lesion
only damages the caudal part of these nuclei (which mainly
contain glutamate cells) (Chen et al. 2017). The rodents of this
experiment had preserved EMG atonia and increased phasic
EMG activity associated with prominent jerking and twitches
but not complex behaviors.

Animal models involving the ventral mesopontine junction In
one study, neurotoxic lesions in the caudal VMPJ of cats
produced increased tonic and phasic EMG activity in the
neck and limbs and RBD-like behaviors such as jerking,
kicking, raising and moving the head and lifting of the body.
These behaviors were not significantly correlated with the
number of dopaminergic loss at the VMPJ. The authors
speculated that impairment of the glutamatergic projections
from the VMPJ to the SLD and to the VMM could explain
the occurrence of an animal model of RBD caused by dam-
age of the VMPJ (Lai et al. 2008).

Animal models involving the limbic system The limbic sys-
tem is a set of brain structures including the amygdala, hip-
pocampus, cingulate gyrus, mammillary bodies and nucleus
accumbens that modulate a variety of functions including
emotions, behaviors, reward, long-term memory and auto-
nomic function. In particular, the amygdala regulates in-
tense emotions (pleasure and fear) during wakefulness
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(Davis 2000). In RBD, the characteristic emotional compo-
nent of the dream-enacting behaviors and vocalizations
(e.g., punching, screaming, groaning) and the common oc-
currence of nightmares (e.g., being attacked, arguing) have
led to the hypothesis that the limbic system and particularly
the amygdala, is involved in the pathogenesis of this
parasomnia. In fact, the central nucleus of the amygdala
promotes REM sleep sending direct excitatory glutamater-
gic projections to the subcoeruleus nucleus. In one study,
cats with unilateral damage to the central nucleus of the
amygdala (preceded by bilateral pontine lesions) exhibited
attack behaviors associated with increased EMG activity
during REM sleep (Zagrodzka et al. 1998). In another study
with cats, pontine lesions damaging the pathway arising
from the central nucleus of the amygdala resulted in violent
attacking behaviors during REM sleep (Hendricks et al.
1982). These observations are in line with the observation
that RBD occurs in humans affected by a limbic encephalitis
associated with LGI1 antibodies. This disorder apparently
spares the brainstem and impairs the amygdala and the hip-
pocampus damage resulting in RBD, memory problems,
confusion and seizures (Iranzo et al. 2006). In this condi-
tion, the origin of RBD may be explained by primary dam-
age to the limbic system leading to functional dysregulation
of the key brainstem structures that regulate REM sleep
muscle paralysis.

Animal models involving the spinal cord The spinal cord may
be another site implicated in the pathogenesis of RBD. Local
application of strychnine (glycine receptor antagonist) de-
creases motoneuron hyperpolarization, indicating that moto-
neurons are inhibited by glycine during REM sleep (Chase et
al. 1989). Pharmacological studies in the trigeminal nucleus
(which can be considered functionally as analogous to the
spinal cord) show that simultaneously antagonizing the recep-
tors GABAB with phaclophen, GABAA with bicuculline and
glycine with strychnine prevents REM sleep muscle atonia in
the masseter musculature (Brooks and Peever 2012). In one
study, genetic disruption of GABA/glycinergic neurotrans-
mission in the interneurons of the anterior horn of the cervical
spinal resulted in twitching and jerky movements in the upper
extremities (and occasionally in the lower extremities and tail)
during REM sleep (Krenzer et al. 2011).

REM sleep behavior disorder in humans

The first formal description of RBD in humans was made in
1986 by Schenck et al. who described four men and one
woman aged 60 to 72 years presenting to a sleep clinic with
a chronic history of nightmares associated with yelling, ges-
turing, punching and leaping out of bed during sleep.
Nocturnal polysomnography with synchronized video re-
cording demonstrated that these behaviors occurred during

REM sleep where EMG activity was abnormally increased
(Schenck et al. 1986). The following year, the same authors
reported an expanded series of ten patients with the same
clinical and video-polysomnographic findings and gave its
name as a new category of sleep disorder (Schenck et al.
1987). In humans, the diagnosis of RBD requires polysom-
nographic confirmation of excessive amounts of EMG ac-
tivity in REM sleep. RBD may be idiopathic (IRBD) or
secondary to a neurological condition or the introduction
of a medication. IRBD is diagnosed when a patient with
video-polysomnographic confirmation of RBD has no evi-
dence of a neurological disease or other possible causes. In
patients with IRBD, however, neuroimaging studies show
evidence of neuronal dysfunction in the mesopontine struc-
tures known to regulate REM sleep atonia including the
subcoeruleus nucleus, PPT, LC, and PAG (Ehrmingeret al.
2016; Scherfler et al. 2011). The postmortem study of a
patient who died with the diagnosis of RBD plus mild cog-
nitive impairment showed neurodegeneration (neuronal
loss plus Lewy body pathology) in the subcoeruleus nucle-
us, GiV, LC, DNR, PPT, PAG and amygdala (Iranzo et al.
2014). The same postmortem pathological pattern is found
in patients with IRBD that were eventually diagnosed in life
with PD and DLB (Iranzo et al. 2013). Indeed, RBD is a
common clinical feature in the setting of living patients
already diagnosed with PD, DLB and MSA (Iranzo et al.
2016), probably because these conditions are commonly
associated with neurodegeneration of the core structures
that regulate REM sleep muscular paralysis. In contrast,
RBD is rare in neurodegenerative disease without marked
brainstem cell loss such as Alzheimer’s disease.

Longitudinal follow-up of IRBD patients shows the fre-
quent development of the classical motor and cognitive
symptoms of the synucleinopathies PD, DLB and MSA
(Iranzo et al. 2013; Postuma et al. 2015; Schenck et al.
1996). Patients with IRBD have no cognitive or motor com-
plaints but show many abnormalities (e.g., loss of smell,
constipation, depression, subtle electroencephalographic
slowing, asymptomatic cognitive dysfunction disclosed by
neuropsychological tests and functional neuroimaging
demonstration of decreased content of dopamine in the
nigrostriatal pathway, microglial activation in the substantia
nigra and cortical hypoperfusion) that reflect a widespread
process in the brain. These abnormalities are neither the
cause nor the consequence of RBD. They are epiphenomena
that reflect damage of brain areas that are not associated
with the regulation of REM sleep like the olfactory system
and the nigrostriatal system. These clinical and neuroimag-
ing abnormalities are typically seen in living subjects al-
ready diagnosed with PD, DLB and MSA. Patients with
IRBD show aggregates of synuclein (the main component
of the Lewy bodies that are the pathological hallmark of PD,
DLB and MSA) in organs innervated by the peripheral
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autonomic system such as the colon, all salivary glands and
skin (Antelmi et al. 2017; Doppler et al. 2017; Sprenger et
al. 2015; Vilas et al. 2016).

RBD also occurs in patients with narcolepsy, an autoim-
mune disorder characterized by intrusion of REM sleep into
wakefulness leading to hypersomnia and cataplexy (Schenck
and Mahowald 1992). Narcolepsy is caused by selective loss
of hypocretin/orexin-producing neurons in the dorsolateral
hypothalamus. The occurrence of RBD in narcolepsy may
be explained by hypocretin/orexin deficiency since
hypocretinergic/orexinergic neurons have wide projections
to several nuclei that regulate REM sleep atonia (e.g.,
subcoeruleus nucleus) and the emotional content of dreams
(e.g., central nucleus of the amygdala).

RBD has been described in subjects with anti-IgLON5
disease, a neurological condition associated with autoanti-
bodies against the neuronal protein IgLON5. The neuro-
pathological pattern of this disease is characterized by cell
loss and tau deposits in the brainstem and hypothalamus
impairing, among other regions, some nuclei that regulate
sleep (Gelpi et al. 2016; Sabater et al. 2014). RBD can be
detected in most of the patients with anti-IgLON5 disease
and consists in increased EMG activity in the mentalis and
in the four limbs during REM sleep linked to body and limb
jerks. Aggressive behaviors such as punching and shouting
are rare in RBD linked to anti-IgLON5 disease. In this
condition, damage of the magnocellular nucleus in the me-
dulla may explain the occurrence of RBD in view of the
preservation of the subcoeruleus nucleus, as disclosed by
neuropathology studies.

RBD has been reported in patients with focal structural
lesions in the brain mainly confined to the mesopontine teg-
mentum and much less frequently to the medulla or the limbic
system (for review, see Iranzo and Aparicio 2009). The nature
of lesions can be infarctions, hemorrhages from vascular
malformations, tumors, inflammatory processes and demye-
linating plaques. These RBD patients had nightmares suggest-
ing the occurrence of functional dysregulation of those
supratentorial structures that modulate intense emotions and
that are anatomically connected with the mesopontine teg-
mentum such as the limbic system.

Some medications have been described to unmask latent
RBD, mainly antidepressants. They include sertraline, flu-
oxet ine , venlafaxine , c lomipramine, paroxet ine ,
escitalopram, citalopram and mirtazapine (for review, see
Aurora et al. 2010; Gagnon et al. 2006). Antidepressants
increase serotonin and noradrenergic activity and decrease
cholinergic activity. Bisoprolol, a lipophilic beta blocker,
may also induce RBD. Melatonin and clonazepam both ac-
tivate GABAA receptors (Kunz and Bes 1999; Schenck and
Mahowald 2002; Wu et al. 1999) and improve RBD symp-
tomatology. They are the treatment of choice in human RBD
to minimize the risk of injuries. The effect of clonazepam

and melatonin on EMG activity during REM sleep has not
been well studied to date.

Open questions in RBD pathophysiology

Are the experimental animal models of RBD
equivalent to human RBD?

Overall, animal experiments have provided a large amount of
knowledge on the normal REM sleep control and on the path-
ophysiology of RBD. However, one should question if these
animal models of increased EMG activity in REM sleep are
the exact paradigm of the pathophysiology of human RBD.
The human brain is not exactly the same as the brain of ani-
mals. Size, localization and role of some nuclei vary across
species. Animal studies on RBD have been performed mainly
in cats and rodents that also have different anatomy.
Vocalizations are another issue that may distinguish RBD pa-
tients from experimental animals with RBD.

Published articles on animal models of RBD have some
limitations. Most studies did not distinguish tonic from pha-
sic EMG activity and only used the term BREM sleep with-
out atonia^ to reflect excessive muscular activity. In some
studies, video-analysis was not used and subsequently we
had no information if the excessive EMG activity was suf-
ficient to cause movements or not and what type of move-
ments were displayed.

In humans with RBD, the mentalis, the flexor digitorum
superficialis in the upper limbs and the extensor digitorum
brevis in the lower limbs are the muscles where the increased
phasic EMG activity is more prominent (Frauscher et al.
2008). Simultaneous EMG recording of these three muscles
detects 95% of the motor and vocal manifestations occurring
in patients with RBD (Iranzo et al. 2011). Thus, to better
characterize the EMG pattern in subjects with RBD is neces-
sary to evaluate the mentalis muscle plus the four limbs.
However, in most of the studies reported on animal models
of RBD, the EMG activity was only evaluated in the nuchal
muscle (the analogous of the mentalis muscle in humans) and
not in the extremities, where the manifestations of human
RBD are characteristic and very prominent. Only few works
in animals have evaluated the EMG activity in the limbs
(Brooks and Peever 2011; Hsieh et al. 2013).

Available animal models of RBD explained elegantly
some of the anatomic and biochemical mechanisms in-
volved in this sleep disorder. However, these experiments
did not assess how the neural substrate of a widespread
neurodegenerative disease such as PD (where alpha-
synuclein is the specific pathological hallmark) may evolve
from a single brainstem disorder such as RBD. One study
showed that inoculation of pathological alpha-synuclein
into the substantia nigra or striatum of mice and monkeys
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resulted in progressive nigrostriatal neurodegeneration
starting at striatal dopaminergic terminals. Exogenous hu-
man alpha-synuclein was internalized within host nigral
neurons and extended to brain regions distant to the injec-
tion site (Recasens et al. 2014). It remains to be determined
if injection of pathological alpha-synuclein into the key
structures of REM sleep muscle paralysis (e .g. ,
subcoeruleus nucleus, VMM) results in clinical RBD and
spreads rostrally into the substantia nigra producing par-
kinsonism. This would be an animal model of PD starting
from RBD. However, there is preliminary evidence that the
injection of a recombinant adeno-associated virus express-
ing human alpha-synuclein into the REM sleep circuit in
mice causes pathological aggregation of Lewy-like pathol-
ogy in REM sleep-generating cells. These pathogenic
changes led to elevated levels of phasic motor activity dur-
ing REM sleep and abnormal behaviors providing a new
model of RBD based on alpha-synuclein deposition
(McKenna and Peever 2017). Such finding indicates that
alpha-synuclein pathology in REM sleep circuitry can lead
to a RBD-like motor phenotype.

What is the origin and clinical significance
of increased tonic and phasic EMG activity in REM
sleep?

In patients with RBD, EMG evaluation during REM sleep
shows increased tonic EMG activity and/or excessive pha-
sic EMG activity. In RBD, tonic EMG activity may be
sustained or intermittent and is usually seen in the mentalis
muscle or in other cranially innervated muscles (e.g.,
sternocleidomastoid). From a clinical point of view, tonic
EMG activity results in incremented postural tone while
increased phasic EMG activity is associated with move-
ments (e.g., jerks, punching, kicking, gesturing, jumping
out of bed). The excessive phasic EMG activity is observed
in the mentalis and in the limbs. The mentalis of patients
with RBD may contain only tonic EMG activity, only pha-
sic EMG activity, or combined tonic and phasic EMG ac-
tivity. The limbs usually exhibit only phasic EMG activity
(Frauscher et al. 2008). Some RBD patients have both in-
creased tonic and phasic EMG activity in the mentalis and
limb muscles. Another group of RBD patients exhibits on-
ly increased phasic EMG activity in the limbs and normal
atonia in the mentalis. In few RBD cases, the increased
phasic EMG activity may only involve the upper or only
the lower limbs. Another group of RBD patients has only
increased EMG tonic activity in the mentalis and not ex-
cessive phasic EMG activity in the limbs (this is possibly a
subclinical form of RBD that may later evolve to clinical
RBD if phasic EMG activity appears with time) (Figs. 4, 5,
6, and 7). These different presentations of muscle activity
in RBD may underlie different degrees and extent of

dysfunction in the brainstem structures that modulate
REM sleep tonic and phasic EMG activity.

In normal REM sleep, neural inhibition of the generators
of tonic and phasic muscular components are believed to be
different. It is thought that the direct pathway that reaches
the ventral horn from the vSLD is responsible for inhibiting
the tonic muscular activity, whereas the indirect pathway
(that involves both vSLD and VMM components) is re-
sponsible for disfacilitating the phasic muscular activity
resulting in minimal twitches in the face and extremities
(Fraigne et al. 2015; Lu et al. 2006; Luppi et al. 2013;
Peever et al. 2014; Ramaligam et al. 2013; Stefani et al.
2015; Vetrivelan et al. 2009).

Sustained EMG atonia is thought to be mediated by the
SLD. The REM sleep atonia circuit arises from the gluta-
matergic vSLD that activates the spinal cord interneurons in
the spinal cord, which in turn inhibits the anterior horn moto-
neurons through GABA/glycinergic transmission (Fig. 2).
This direct pathway bypasses the VMM. Selective lesions
confined to the SLD in rats produce loss of atonia in the neck
and have no effect on phasic EMG activity of the jaw (Anaclet
et al. 2010).

Phasic EMG activity is mediated by an additional circuit
where the VMM and the red nucleus play an important role.
During normal REM sleep, the glutamatergic neurons of the
red nucleus activate the motoneurons of the spinal cord
resulting in phasic EMG activity, twitches and small move-
ments (Li and Peever 2015). This activity is not prominent
in normal REM sleep because the VMM inhibits both the
red nucleus and the spinal cord motoneurons (Tiriac et al.
2012, 2014). This circuit is probably more complex since
cholinergic transmission from the LDT and PPT also pro-
duces phasic EMG activity. Thus, it is possible that motor
behaviors in RBD could be caused by an abnormal
overactivation of the red nucleus and these other nuclei.
Pharmacological blockade of GABA and glycine inhibitory
drives to the spinal cord motoneurons increases phasic
EMG activity in REM sleep (Brooks and Peever 2008,
2012). Experimental damage of the VMM produces in-
creased phasic EMG activity in REM sleep.

What is the origin of motor behaviors in RBD?

Experimental animals and patients with RBD display two types
of motor behaviors during REM sleep (Manni et al. 2009):

1. Simple motor behaviors. They are primitive jerky move-
ments of the head, face, ears, whiskers, limbs, tail, or even
the whole body. They are exaggerated expressions of
those small movements and jerks seen in normal people
and animals (e.g., dogs, cats) during normal REM sleep
linked to bursts of phasic EMG activity.
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2. Complex motor behaviors. These are more elaborated
movements that represent goal directed movements that
can be violent (punching, kicking, biting, pulling hair) or
non-violent (mimicking eating, drinking, kissing, danc-
ing, smoking, clapping, spitting, pointing, searching for
something). They resemble very much the movements
that are displayed during wakefulness in normal people,
with the exception that RBD patients have their eyes
closed (Oudiette et al. 2009).

In human IRBD, simple motor behaviors (69%) are more
frequent than complex motor behaviors (31%) (Frauscher et
al. 2008; Manni et al. 2009). Both types of movements are
usually displayed by the same person. Simplemotor behaviors
may occur while the patient mutters, groans, moans, or shouts.
Complex behaviors can be associated with shouts, swearing,
singing, or giving long instructions or speeches.

There is a strong debate on the origin of movements in
RBD. Two different hypotheses have been proposed on the
origin of the simple and complex behaviors seen in RBD
(Figs. 8 and 9). The Bcortical hypothesis^ states that the motor

cortex is primarily responsible for both simple and complex
movements (Luppi et al. 2013; Peever et al. 2014). During
normal REM sleep, the subcoeruleus nucleus and VMM in-
hibit the motor neurons of the spinal cord that prevent pyra-
midal neurons in the motor cortex from producing movement.
In this model, all RBD behaviors result from activation of the
neocortex that reaches directly the spinal cord because the
inhibitory influences from the brainstem are lost in REM
sleep. Accordingly, patients with RBD are Bacting out the
dreams^ with movements that are generated in the cortex.
This is supported by the fact that the pyramidal neurons from
the cortex are active during REM sleep and that the electroen-
cephalographic pattern of the cortex during normal REM
sleep is similar to that observed during the performance of a
voluntary movement during wakefulness (De Carli et al.
2016; Evarts 1964). This hypothesis does not explain why
the nature of the dreams is usually violent and consequently
the released behaviors are aggressive. It is likely that the cor-
tical limbic system is implicated generating unpleasant dreams
and exciting the motor cortex glutamatergic pyramidal neu-
rons, which in turn excite the motoneurons of the spinal cord.

Fig. 4 Polysomnography of normal REM sleep in a healthy human. This
figure represents 30 s of a normal human during REM sleep undergoing
polysomnography. The recording shows physiological muscle atonia in
the mentalis and isolated bursts of phasic electromyographic activity only
in the limbs (red arrows). Abd, abdominal movements; EKG,
electrocardiogram; EOG, electrooculogram; F3,F4,C3,C4,O1 and O2,
electroencephalographic electrode positions (frontal, central and

occipital of each side) according to the 10/20 International system refer-
enced to combined ears; LFDS, left flexor digitorum superficialis muscle
in the upper limb; LTA, left tibialis anterior muscle in the lower limb;
MEN, mentalis muscle; Nasal, nasal airflow; Oral, oral airflow; RFDS,
right flexor digitorum superficialis muscle in the upper limb; RTA, right
tibialis anterior muscle in the lower limb; Thor, thoracic movements
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Alternatively, the challenging Bbrainstem hypothesis^
proposes that the red nucleus and other brainstem nuclei
(e.g., superior colliculus) play a major role in exciting spinal
motoneurons during REM sleep independently from the
cortex. In normal REM sleep, the red nucleus activates the
motoneurons in the spinal cord resulting in twitching but
this motor activity is not prominent because the VMM in-
hibits the red nucleus during REM sleep. If in RBD the
VMM is impaired then the red nucleus is free to produce
massive twitches and complex movements originated in the
brainstem. These behaviors produce an increased sensory
feedback to the sensorimotor cortex that generates a dream
(an unpleasant dream, in fact). Therefore, this model pro-
poses that external stimuli (Bmassive twitching and
movements^) are incorporated into dreams and that subse-
quently patients with RBD are Bdreaming about their
actions^ (Blumberg and Plumeau 2016). The assumption
that in RBD the motor cortex is not necessary to produce
complex behaviors is supported by the fact that stimulation
in animals of some brainstem structures (e.g., PAG, superior

colliculus) can result in escape responses and violent behav-
iors similar to those seen in patients with RBD (Dean et al.
1989). Interestingly, none of these two hypotheses involved
the limbic system. In RBD, the limbic system is probably
impaired because the content of the dreams is usually un-
pleasant and typically the released behaviors are violent
(e.g., kicking, punching).

It seems possible that the complex, elaborated and pur-
poseful motor behaviors indicate the participation of motor
neocortical areas. There are no reports of RBD linked to cor-
tical lesions (e.g., stroke, tumors) or neurodegenerative dis-
eases selectively damaging the cortex (e.g., pure Alzheimer
disease without Lewy body pathology). Bilateral lesions of
the parieto-occipital cortex can prevent dreaming but REM
sleep is still characterized by muscle atonia (Bischof and
Bassetti 2004). Thus, it can be speculated that complex be-
haviors in RBD are mediated by abnormal activation of sen-
sorial andmotor cortical areas rather than their damage. This
is in line with reports on ictal functional neuroimaging that
showed activation of the supplementary motor area during a

Fig. 5 Polysomnographic representation in REM sleep of increased tonic
and phasic EMG activity in the mentalis in a patient with idiopathic REM
sleep behavior disorder. This figure represents 30 s showing increased
sustained (tonic) and phasic EMG activity in the mentalis (blue arrows)
and minimal phasic EMG activity in the limbs (red arrows) where the
patient did not move during this epoch. Abd, abdominal movements;
EKG, electrocardiogram; EOG, electrooculogram; F3,F4,C3,C4,O1 and

O2, electroencephalographic electrode positions (frontal, central and oc-
cipital of each side) according to the 10/20 International system refer-
enced to combined ears; LFDS, left flexor digitorum superficialis muscle
in the upper limb; LTA, left tibialis anterior muscle in the lower limb;
MEN, mentalis muscle; Nasal, nasal airflow; Oral, oral airflow; RFDS,
right flexor digitorum superficialis muscle in the upper limb; RTA, right
tibialis anterior muscle in the lower limb; Thor, thoracic movements

Cell Tissue Res (2018) 373:245–266 257



RBD episode in subjects with RBD (Dauvilliers et al. 2011;
Mayer et al. 2015). The supplementary area is implicated in
the planning of motor actions. In normal conditions, the sup-
plementary motor area is anatomically connected with the
SLD (Boissard et al. 2002) and promotes REM sleep.
Therefore, it is possible that in RBD the activation of the
supplementary motor area reaches directly the spinal cord,
bypassing a damaged brainstem, resulting in elaborated
dream-enacting behaviors. This speculation is in agreement
with the observations that during RBD episodes PD and
MSA patients show purposeful movements that are faster,
stronger and smoother than during wakefulness (De Cock
et al. 2007; DeCock et al. 2011). The authors of these studies
inPDandMSAproposed the followinghypothesis to explain
the restoration of normal motor control seen in patients dur-
ing RBD: the complex movements are generated by the mo-
tor areas and follow the pyramidal tract bypassing the basal
ganglia that is damaged by the disease. The inputs from the
cortex are transmitted directly to lower motor neurons
resulting in dream-enacting behaviors since the brainstem
structures that produce REM sleep atonia are impaired by

the disease. Thus, in this model, the motoneurons of the spi-
nal cord during REM sleep are not submitted to the influence
of the brainstem structures that regulateREMsleep and to the
basal ganglia, resulting in dream-enacting behaviorswithout
parkinsonian features.

What is the origin of vocalizations in RBD?

Vocalizations are not obvious in experimental RBD rats
(Valencia Garcia et al. 2017). In patients with RBD, vocaliza-
tions are common although they are much less frequent than
motor behaviors (Iranzo et al. 2011). There are two types of
vocalizations displayed by RBD patients.

1. Simple vocalizations. These elementary and primitive vo-
calizations include groaning, muttering, catcall, moaning,
shouts, swearing, crying and laughing. They are primitive,
brief and usually include an emotional component.

2. Complex vocalizations. They are much less common than
simple vocalizations. They include singing, whistling, argu-
ing, complaining and giving short or long speeches. They

Fig. 6 Polysomnographic representation in REM sleep of increased
phasic EMG activity in the limbs and normal muscular atonia in the
mentalis in a patient with idiopathic REM sleep behavior disorder. This
figure represents 30 s showing normal muscle atonia in the mentalis (blue
arrow) but excessive phasic electromyographic activity in the upper and
lower limb muscles (red arrows) that was clinically associated with
prominent jerks in the limbs. Abd, abdominal movements; EKG,
electrocardiogram; EOG, electrooculogram; F3,F4,C3,C4, O1 and O2,

electroencephalographic electrode positions (frontal, central and
occipital of each side) according to the 10/20 International system refer-
enced to combined ears; LFDS, left flexor digitorum superficialis muscle
in the upper limb; LTA, left tibialis anterior muscle in the lower limb;
MEN, mentalis muscle; Nasal, nasal airflow; Oral, oral airflow; RFDS,
right flexor digitorum superficialis muscle in the upper limb; RTA, right
tibialis anterior muscle in the lower limb; Thor, thoracic movements

258 Cell Tissue Res (2018) 373:245–266



can be intelligible or have normal prosody. They are linked
to a negative emotional component (arguing) and less fre-
quently to a pleasant component (singing). Few patients
may use foreign languages or combine two different
mother-tongue languages like Spanish and Catalán.

An elementarymodel of normal vocal control duringwake-
fulness, based mainly on research in the squirrel monkey,
consists of two different pathways (Jürgens 2002, 2009).

1. In the first pathway, the anterior cingulate gyrus and the
supplementary motor area project to the PAG in the mid-
brain and the PAG projects to an extensive area in the
reticular formation of the pons and medulla that includes
the retroambiguus nucleus and the gigantocellularis nucle-
us. Finally, these lower brainstem nuclei project bilaterally
to the phonatory motoneurons of the nucleus ambiguus and
hypoglossal nucleus. The anterior cingulate cortex, supple-
mentary motor area and PAG are responsible for voluntary
initiation of vocal behavior. In this same pathway, the

pontine andmedullar nuclei of the reticular formationmod-
ulate innate vocal reactions such as non-verbal emotional
vocal utterances (crying, laughing, screaming). Electrical
stimulation of the anterior cingulate gyrus, PAG and retic-
ular formation in the lower brainstem induces vocalizations
such as screaming and laughing. PAG stimulation with
glutamate, with acetylcholine and with GABA antagonists
also results in vocalizations. Lesions in the anterior
cyngulate gyrus, supplementary motor area and PAG cause
mutism.

2. The second pathway runs from the primary motor cortex
via the reticular formation in the pons and medulla to the
phonatory motoneurons. This pathway is modulated by
basal ganglia and cerebellar inputs. It is responsible for
the production of a learned vocal pattern. Lesions of the
primary motor cortex produce mutism and lack of singing
but patients are still able to moan, cry and laugh.

This anatomic model of vocalizations should be inactive
during sleep, particularly during REM sleep. It is tempting to

Fig. 7 Polysomnographic representation in REM sleep of increased tonic
EMG activity in the mentalis and phasic EMG activity in the limbs in a
patient with idiopathic REM sleep behavior disorder. This figure
represents 30 s showing increased sustained (tonic) EMG activity in the
mentalis (blue arrows) and prominent phasic EMG activity in the limbs
(red arrows) where the patient displayed prominent jerks in the limbs.
Abd, abdominal movements; EKG, electrocardiogram; EOG, electrooc-
ulogram; F3,F4,C3,C4, O1 and O2 electroencephalographic electrode

positions (frontal, central and occipital of each side) according to the
10/20 International system referenced to combined ears; LFDS, left flexor
digitorum superficialis muscle in the upper limb; LTA, left tibialis anterior
muscle in the lower limb; MEN, mentalis muscle; Nasal, nasal airflow;
Oral, oral airflow; RFDS, right flexor digitorum superficialis muscle in
the upper limb; RTA, right tibialis anterior muscle in the lower limb; Thor,
thoracic movements
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speculate that in RBD simple vocalizations arise from abnor-
mal activation of the first pathway at the level of the brainstem
nuclei including the PAG, whereas complex vocalizations
may result from abnormal activation of the primary motor
cortex and cortical language areas.

The speech of patients with PD and MSA is more intel-
ligible, louder and better articulated during RBD episodes
than during wakefulness (De Cock et al. 2007; De Cock et
al. 2011). This may be explained by impairment of the basal
ganglia and cerebellum by the disease that does not inhibit
the activity of motor and cortical language areas to repro-
duce learned vocal patterns during REM sleep.

Does nigrostriatal dopaminergic deficiency play
a central role in RBD?

It can be speculated that dysfunction of the dopaminergic
nigrostriatal system plays an important role in the patho-
genesis of RBD because this parasomnia frequently occurs
in PD, MSA and DLB, three neurodegenerative diseases
where substantia nigra neuronal loss and dopaminergic def-
icit are prominent. In about 50% of patients with IRBD,
functional neuroimaging of the nigrostriatal dopaminergic
system using FP-CIT-SPECT shows reduced striatal dopa-
mine transporters (Iranzo et al. 2017). This observation
represents a comorbid finding and not the primary patho-
genic determinant of RBD, as subjects with IRBD fre-
quently develop a neurodegenerative disorder associated
with substantia nigra cell loss (e.g., PD, MSA and DLB)

(Högl et al. 2018; Iranzo et al. 2016). In PD, parkinsonism
only manifests when the substantia nigra pars compacta
reaches 50–60% of cell loss. Thus, it is possible that FP-
CIT-SPECT in IRBD is detecting subjects close to 50–60%
substantia nigra neuronal loss at a high risk for developing
parkinsonism, rather than explaining the pathophysiology
of RBD (Iranzo et al. 2017). Moreover, dopamine trans-
porter FP-CIT-SPECT is abnormal in idiopathic PD regard-
less of the presence or absence of RBD.

There are several lines of evidence suggesting that dopa-
minergic deficiency is not directly responsible for RBD
pathogenesis:

1. RBD does not occur in about half of the PD patients
(Gagnon et al. 2002).

2. In some PD patients with RBD, the parasomnia onset clear-
ly antedates the onset of parkinsonism (Iranzo et al. 2005).

3. In PD patients with RBD, total levodopa equivalent dose
is not associated with measures of RBD severity, such as
tonic EMG activity in the mentalis, phasic EMG activity
in the mentalis and limbs, self-reported severity of the
RBD symptoms and severity of the behaviors detected
on video-polysomnography (Iranzo et al. 2005).

4. The use of dopaminergic agents does not improve RBD
symptomatology in subjects with PD (Kumru et al. 2008).

5. In PD, surgical techniques (e.g., deep brain subthalamic
stimulation) do not ameliorate RBDwhile provide effective
control of the parkinsonian dopaminergic motor symptoms
(Iranzo et al. 2002).

Fig. 8 Origin of the motor
behaviors in RBD according to
the Bcortical hypothesis.^ a
During normal REM, the sleep
muscular paralysis is produced
because the ventral medial
medulla (VMM) inhibits the mo-
tor neurons of the spinal cord
(thick red arrows) and the pyra-
midal tract from the motor cortex
is then prevented to produce
movements (dashed blue arrow)
because of intense hyperpolariza-
tion of the spinal cord. b In RBD,
there is direct or indirect damage
of the VMM that does not inhibit
the motor neurons of the spinal
cord. This allows the pyramidal
tract from the cortex (thick blue
arrow) to reach the spinal cord
and produce movements accord-
ing to what the individual is
dreaming
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6. In RBD cases secondary to structural brainstem le-
sions (stroke, tumors), the substantia nigra is habitu-
ally spared.

7. Although not systematically studied, there are neither
published reports of RBD precipitated by antipsychotic
drugs blocking dopaminergic receptors nor descrip-
tions of RBD occurring in subjects with drug-induced
parkinsonism.

8. Animal studies in monkeys, rats and cats with impairments
of substantia nigra dopaminergic and GABAergic cells did
not show REM sleep without atonia (Gerashchenko et al.
2006; Lai et al. 2008; Rye and Bliwise 2004). In contrast,
one study showed that marmoset monkeys treated with
MPTP (the non-human primatemodel for PD characterized
by toxic nigrostriatal dopaminergic deficit) show increased
tonic but not phasic, EMG activity in the chin and neck
muscles without abnormal motor behaviors (Verhave et al.
2011). It should be noted that the MPTP model not only
impairs dopaminergic activity but also noradrenergic and
serotonergic cells. Thus, it is possible that noradrenergic
and serotonergic deficits (and not dopaminergic impair-
ment) are responsible for increased tonic EMG activity in
this animal model of PD.

Does the Braak et al. ascending hypothesis
for Parkinson’s disease fit with the time
of appearance of RBD?

In a seminal work by Braak et al. (2003), it was reported that
in sporadic PD, Lewy pathology (Lewy bodies and Lewy
neurites containing alpha-synuclein aggregates) begins in the
anterior olfactory nucleus and the dorsal motor nucleus of the
vagus nerve in the medulla (stage 1). From the medulla, the
neuropathological process advances rostrally until the VMM
and the subcoeruleus-coeruleus complex (stage 2), the
substantia nigra, the PPT and the amygdala (stage 3), the tem-
poral mesocortex (stage 4) and finally reaches the neocortex
(stages 5 and 6). This hypothesis is supported by the demon-
stration that misfolded alpha-synuclein can be propagated
from an already affected neuron to a nearby neuron in a
prion-like fashion (for review, see Tamgüney and Korczyn
2017). This staging model of pathology proposes that in PD
the neurodegenerative process starts in the peripheral auto-
nomic nervous system, medulla, or olfactory bulb (Braak et
al. 2000; Braak and Del Tredici 2017; Del Tredici et al. 2002).
Braak et al. postulated that stages 1 and 2 correspond to a
premotor state of PD, stages 3 and 4 to the development of

Fig. 9 Origin of the motor behaviors in RBD according to the
Bbrainstem hypothesis.^ The red nucleus (RN) in the brainstem stim-
ulates the motoneurons of the spinal cord producing twitches and
movements. a In normal REM sleep, the RN is inhibited by the
ventral medial medulla (VMM) (thick red arrow) that also inhibits
the motor neurons of the spinal cord with direct projections (thick red
arrow). This results in muscular paralysis and occasional twitches

because the blockade of the RN is not complete from the VMM. b
In RBD, there is direct or indirect damage of the VMM. Accordingly,
the VMM cannot inhibit the RN. Thus, the RN is free to generate
excessive twitching resulting in simple and complex behaviors.
These behaviors produce an increase sensory feedback to the cortex
(thick blue arrow) that then generates a dream according to how the
subject is moving
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parkinsonism and stages 5 and 6 to parkinsonism associated
with cognitive impairment. Accordingly, sufficient damage of
the structures involved may correlate with a predictable se-
quence of symptoms where constipation and hyposmia (stage
1, involving the dorsal motor nucleus of the vagus nerve and
olfactory system) precede depression and RBD (stage 2, in-
volving DRN, VMM and subcoeruleus nucleus) before the
onset of parkinsonism (stage 3, involving the substantia nigra
pars compacta). This temporal sequence of Lewy pathology
may account for the finding that in some PD patients, RBD
(stage 2) antedates the clinical onset of parkinsonism (stage 3)
(Iranzo et al. 2013; Postuma et al. 2015; Schenck et al. 1996).
Moreover, living IRBD patients show alpha-synuclein in the
peripheral autonomic nervous system in organs such as the
colon and the submandibular glands (Sprenger et al. 2015;
Vilas et al. 2016) before the onset of parkinsonism (Fig. 10).
Taken together, the common observation that RBD precedes
the onset of parkinsonism in PD fits with the caudo-rostral
topographical sequence described by Braak et al.

In one study, 44 IRBD patients without parkinsonism were
asked to report on the presence and perceived onset of
hyposmia, constipation and depression (Aguirre-Mardones
et al. 2015). The first symptom perceived was (1) RBD in
17 (38.6%) patients, (2) RBD manifesting at the same time
span as other symptoms in nine (22.7%) patients, (3)
hyposmia in seven (15.9%), (4) constipation in five (11.4%),
(5) depression in three (6.8%) and (6) hyposmia at the same
timespan as constipation in one (2.4%) patient. In patients
with hyposmia, smell loss preceded RBD onset in 28.6% of

the cases, occurred simultaneously in 35.7% and appeared
after RBD in 35.7%. In patients with constipation, this symp-
tom antedated RBD onset in 43.5% of them, occurred simul-
taneously in 8.7% and appeared after RBD in 47.8%. In pa-
tients with depression, depressive symptomatology occurred
before RBD onset in 24.0%, simultaneously in 36.0% and
after RBD in 40.0%. Seven (15.9%) IRBD patients had no
hyposmia, depression, or constipation. Eleven (25.0%) per-
ceived hyposmia and constipation but no depression. Four
(9.1%) noticed hyposmia, constipation and depression.
Patients reported 23 different temporal sequences, with the
most frequent being (1) RBD followed by hyposmia, (2)
hyposmia followed by RBD and (3) hyposmia followed by
both RBD and constipation occurring at the same time span.
This study was in agreement with the Braak et al. hypothesis
showing that patients with IRBD were commonly affected by
hyposmia depression and constipation before the onset of par-
kinsonism. However, there was a highly variable chronologi-
cal emergence of RBD, hyposmia, constipation and depres-
sion with 23 different temporal presentations. The above ob-
servations in subjects with IRBD do not reflect a predictable
temporal sequence of symptoms before the onset of parkin-
sonism. In IRBD, the variable and heterogeneous emergence
of clinical features suggests the existence of a wide variety of
clinical phenotypes, with different patterns of disease devel-
opment that does not strictly follow a single time course. The
heterogeneity on symptomatology may reflect different de-
grees of pathological burden (e.g., cell loss) in the nuclei that
are responsible for the development of a specific function and

Fig. 10 Alpha-synuclein deposits
in the submandibular gland in a
patient with idiopathic REM sleep
behavior disorder.
Immunohistochemical stain for
phosphorylated alpha-synuclein
(pAS) on Ser129 in a punch bi-
opsy of the submandibular gland
in a study subject with idiopathic
RBD reveals abnormal pAS ag-
gregates (brown signal) within
nerve fibers embedded in con-
nective tissue and around a cen-
trally located vessel (original
magnification ×200). Courtesy of
Ellen Gelpi
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symptoms. This is in line with the observations that some PD
patients do not develop RBD (Gagnon et al. 2002) and that
parkinsonism may precede RBD onset in most PD subjects
(Iranzo et al. 2005). One possible explanation is that in these
situations the severity of neuronal dysfunction in the
brainstem structures generating REM sleep does not reach a
critical threshold for the clinical expression of RBD.

Acknowledgments I thank Dr. Ellen Gelpi for providing Fig. 10.
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