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SUMMARY

REM sleep behavior disorder (RBD) is a disorder in which patients exhibit increased muscle tone
and exaggerated myoclonic twitching during REM sleep. In addition, violent movements of the
limbs, and complex behaviors that can sometimes appear to involve the enactment of dreams, are
associated with RBD. These behaviors are widely thought to result from a dysfunction involving
atonia-producing neural circuitry in the brainstem, thereby unmasking cortically generated
dreams. Here we scrutinize the assumptions that led to this interpretation of RBD. In particular, we
challenge the assumption that motor cortex produces twitches during REM sleep, thus calling into
question the related assumption that motor cortex is primarily responsible for all of the
pathological movements of RBD. Moreover, motor cortex is not even necessary to produce
complex behavior; for example, stimulation of some brainstem structures can produce defensive
and aggressive behaviors in rats and monkeys that are striking similar to those reported in human
patients with RBD. Accordingly, we suggest an interpretation of RBD that focuses increased
attention on the brainstem as a source of the pathological movements and that considers sensory
feedback from moving limbs as an important influence on the content of dream mentation.
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INTRODUCTION

REM sleep behavior disorder (RBD) is a parasomnia characterized by the pathological
expression of overt and often violent motor behaviors during REM sleep [1,2]. What makes
these behaviors pathological is that REM sleep is normally accompanied by muscle atonia
punctuated by brief, jerky, myoclonic twitches throughout the body. Both of these aspects of
motor system functioning—atonia and twitching—are severely disrupted in RBD. Perhaps
most remarkably, in patients diagnosed exclusively with RBD, the motor system during
wakefulness seems unaffected. Thus, RBD appears to result from the selective breakdown of
REM sleep circuitry, especially that in the brainstem [3]. Although RBD is often associated
with other neurological disorders, the majority of cases are diagnosed as “idiopathic”;
however, many of these cases are actually associated with a progressive neurodegenerative
process that culminates, late in life, with the onset of Parkinson disease (PD) and other a.-
synucleinopathies [4-7].

By the time RBD was officially classified as a human disorder in 1986 [8], a similar
phenomenon—"“REM sleep without atonia”—had already been studied extensively in cats
with brainstem lesions [9]. These lesioned animals exhibited many signs of REM sleep as
they also engaged in various rudimentary and complex behaviors—from alternating leg
movements to standing and walking, to orienting toward, searching for, and attacking
invisible prey. Naturally, the latter dream-like behaviors were the ones that grabbed the most
attention. Videos produced at the time showed cats violently striking at non-existent objects
in the environment. Noting that REM sleep in humans is “associated with intense dreams,”
Morrison wrote that “it would be tempting to conclude that by [producing brainstem lesions]
we are enabled to witness the animal acting out its dreams... however, there are good reasons
to think this is not a full account of what happens in the episodes of REM sleep without
atonia” (p. 98). Instead, he concluded that two neural systems are disrupted in REM sleep
without atonia when animals engage in complex behavior: one responsible for controlling
muscle tone and another associated with increased motor drive.

Nonetheless, contemporary accounts have coalesced around the idea that the pathological
movements of RBD are the direct result of the loss of muscle atonia during REM sleep,
thereby “unmasking” overt behavior reflective of cortically generated dreams [1,2,10]. For
example, Mahowald and Schenck state that, in RBD, “somatic muscle atonia, one of the
defining features of REM sleep, is absent, permitting the acting out of dream mentation,
often with violent or injurious results” (p. 1283) [1]. Elsewhere they are more direct, stating
that the absence of atonia in REM sleep “is alone sufficient to generate RBD” (p. 469) [11].

Clearly, the causal path from unobservable dream mentation to overt behavior is exceedingly
difficult to demonstrate experimentally. Mahowald and Schenck [11] seem to acknowledge
this difficulty when they write of lesioned cats “’acting out dreams’ (or “‘dreaming out
acts’),” thereby displaying some agnosticism with respect to the direction of causation.
Moreover, Boeve and colleagues write that the “two phenomena of “acting out one’s dreams
and ‘dreaming around one’s actions’ are not mutually exclusive, and could be working in
concert” (p. 2779) [4]. Within the literature, however, such statements are rare.
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In contrast with the difficulty of inferring a causal relationship between dreams and
behavior, numerous studies have used stimuli delivered during REM sleep to demonstrate
that external events are often incorporated into dreams; depending on the stimulus, dream
incorporation rates can vary from 9-87% (see [12]). Therefore, it is possible that sensory
feedback from the increased and often-violent limb movements of RBD are similarly
incorporated into dreams [4,13]. It is also possible, as suggested by Fantini et al. [14], that
the increased aggressive content of RBD-related dreams and their associated vigorous motor
behaviors are caused by a hyperactive neural mechanism that independently causes both.
Regardless, these alternative interpretations are overshadowed by the power and ubiquity of
“dream enactment” as the favored interpretation of the movements of RBD.

In considering the validity of this favored interpretation, it is important to put the full range
of RBD-related behavior in perspective. Specifically, the majority (66-83%) of motor events
in RBD have been described as minor, elementary, or jerky limb movements [2,15]. In other
words, most of the movements of RBD resemble normal or, perhaps, exaggerated twitches.
Beyond twitching, 13-31% of movements are designated as complex and only 1.8% are
described as “scenic, including apparent ‘acting out’ of dream content” (p. 678) [2].

Videos of RBD patients engaging in the most elaborate of behaviors in their sleep (e.g.,
smoking an imaginary cigarette; see [16]) reasonably suggest the engagement of “higher”
brain structures like motor cortex. However, because these elaborate behaviors are so
exceedingly rare in relation to the other forms of pathological movement, they do not form a
strong foundation upon which to build a model of RBD.

Indeed, we argue here that the perspective that one adopts to explain twitching in normal
REM sleep shapes how one thinks about what goes wrong in RBD. If twitches are perceived
as products of motor cortex, then it is a small step to thinking that all RBD-related motor
activity is cortically controlled. However, if, as we will argue, twitches are generated within
the brainstem without cortical involvement, then one is led to consider different models for
explaining RBD-related movements. Moreover, although the complex movements of RBD
are often attributed to cortical mechanisms, we will provide evidence that complex behaviors
—including behaviors that bear a striking resemblance to those described in RBD patients—
can be produced by experimental activation of brainstem neural circuits. Finally, contrary to
the view that cortically generated dreams are exclusively responsible for RBD-related motor
activity, we will suggest that at least some dream content entails incorporation of sensory
feedback from moving limbs. In sum, we argue for a perspective that moves away from a
strictly corticocentric, hierarchical model of RBD-related movements toward one that
considers the dynamic contributions of multiple factors acting at multiple levels of the
neuraxis.

A BRIEF TOUR OF SOME COMMON ASSUMPTIONS

There are several key assumptions that have shaped and continue to shape thinking about the
neural processes involved in REM sleep and RBD. These assumptions relate to the neural
sources of twitching and the role of motor cortex, the processing of sensory input during
sleep, and the necessity of motor cortex to produce complex behavior. Figure 1 provides a
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good starting point for this discussion because it neatly illustrates these assumptions in
visual form. The model presented in this figure is redrawn from Hobson and McCarley’s
seminal paper introducing the activation-synthesis hypothesis of dreaming [17]. Their
hypothesis was that dreams result from the synthesis within the cerebral cortex of “partially
random” brainstem activity interacting with previously stored information.

First, note that Figure 1 correctly indicates that during REM sleep the forebrain is activated
by the brainstem. However, the figure also indicates that ‘external information’ is blocked
from the forebrain, consistent with evidence that sensory thresholds are increased during
sleep (e.g., [18-20]) but inconsistent with evidence demonstrating the incorporation of
sensory stimuli into dreams [12]. Second, despite being a defining feature of REM sleep,
Figure 1 makes no explicit reference to twitching. Instead, as indicated by the blocked arrow,
the figure indicates the suppression of “body movement” during REM sleep, which is
intended to indicate the suppression of overt, high-amplitude behaviors, such as those
exhibited during wake. This intention is clear when the authors suggest that twitches are
replaced by complex movements in cats with brainstem lesions that produce REM sleep
without atonia (p. 1337).

Finally, note the absence of a bar at the end of the arrow linking the forebrain to eye
movements. This absence denotes the presence, in REM sleep, of the rapid eye movements
(REMS) that help to define this stage of sleep. This is one indication that the authors
consider eye movements during sleep to be qualitatively distinct from other body
movements. However, if REMs are simply twitches of the extraocular muscles [15, 16] and
are, like limb twitches, produced within the brainstem, then the asymmetric treatment in
Figure 1 of “eye movement” and “body movement” is unwarranted. To bring these two
categories of movement into proper alignment, Figure 1 should be modified to combine “eye
movement” and “body movement” into a single element: myoclonic twitches.

Thus, Figure 1 represents the assumption that twitches, like wake movements, are generated
by the forebrain—especially motor cortex—and would be expressed as complex movements
were it not for their blockade by a mechanism that produces muscle atonia. It bears noting
that this model of twitch production was not universally accepted in 1977; in fact, a decade
earlier Roffwarg and colleagues [21] suggested that during REM sleep, the brainstem sends
ascending signals to the cortex and descending signals to motoneurons, the latter being
responsible for REM-related motor events. Nonetheless, the assumption that twitches are the
jetsam of dreams has proven a resilient one (see [13]).

Figure 2 illustrates more clearly several key assumptions described above, but also
incorporates the hypothesis that twitches are by-products of a dreaming cortex (Figure 2,
left). According to this hypothesis, REM-related neural circuits in the brainstem activate the
cerebral cortex to produce dreams, and atonia-producing circuits in the brainstem prevent the
cortically generated dreams from being acted out. But because this inhibitory blockade is
imperfect, remnants of motor outflow harmlessly leak through to produce epiphenomenal
twitches. By extension, RBD is understood as a dysfunction of the atonia-producing
circuitry (Figure 2, right). Accordingly, during REM sleep twitching increases in quantity
and intensity and, occasionally, dream enactment results. As already noted, these models of
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normal REM sleep and RBD comport with numerous contemporaneous statements in the
literature. However, as described in the next section, there are good reasons to question the
validity of these models.

CAUSES AND CONSEQUENCES OF MYOCLONIC TWITCHING

Sleep in early infancy is a process of change across several dimensions: New sleep
components (e.g., cortical delta activity) emerge and coalesce with already-existing sleep
components, initially fragmented bouts consolidate, homeostatic mechanisms are refined,
and circadian rhythmicity develops (for reviews, see [22,23]). However, infant and adult
sleep are also similar in many important ways, especially with regard to motor behavior and
its neural control [24]. Specifically, as in adults, the wake movements of infant rats are
produced against a background of high muscle tone and twitches are produced against a
background of atonia. Bouts of twitching comprise conspicuous movements of the
forelimbs, hindlimbs, and tail, as well as whiskers [25] and eyes [26]. Also as in adults (e.g.,
[27]), muscle atonia in week-old rats depends on active inhibition by neurons in the ventral
medulla [28]. Chemical lesions in this area produce REM sleep without atonia in infant [28]
and adult [29] rats. REM sleep without atonia in pups can also be produced by mesopontine
lesions of the subcoeruleus region or nucleus pontis oralis [24]; importantly, these regions
are implicated in the dysregulation of atonia in patients with RBD (see [3]).

Brainstem sources of twitching and the role of motor cortex

In order to understand the causes of the pathological movements of RBD, it is necessary to
understand the neural mechanisms that normally produce twitches in REM sleep. In the
1960s, Villablanca recorded sleep and wakefulness in young cats after decerebration, a
method that physically separates the forebrain from the brainstem [30]. He reported that
twitching in the decerebrated cats were indistinguishable from that in intact cats. Around the
same time, Marchiafava and Pompeiano [31] showed that twitching in adult cats is
unaffected by transection of the pyramidal tract (which carries descending axons from motor
cortex) or ablation of motor or sensory cortex. Although twitching was not quantified in
these studies, they showed that the forebrain is not necessary for the production of twitching
in adults.

Several decades later, it was shown in week-old rats that complete transections just rostral to
the mesopontine region yield rates of limb twitching that are quantitatively indistinguishable
from intact controls [32]. Subsequently, a more refined and direct assessment of the
contributions of motor cortex in infant rats led to the same conclusion [33]. It was found that
the hindlimb region of motor cortex was highly active during REM sleep when the
contralateral hindlimb was twitching, but went nearly silent when pups woke up and
vigorously moved the hindlimb (Figure 3A); in fact, when quantified across subjects,
cortical activity was approximately five times more active during REM sleep than
wakefulness (Figure 3B). Moreover, when cortical activity increased during REM sleep, it
did so affertwitches (Figure 3C). Because the latencies—from twitch to peak neural
activation—were greater than 100 ms, the conclusion is clear: Sensory feedback (i.e.,
reafference) from twitching limbs was driving activity in motor cortex.
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Although it may seem incongruous for motor cortex to process sensory input, the motor
functions of primary motor cortex develop relatively late in cats and other mammals [34,35].
Without a fully functioning motor cortex, young animals rely on earlier developing
brainstem motor structures to control behavior [36]. Importantly, sensory processing in
motor cortex persists throughout life, as evidenced by a large literature documenting this
function [37]. All together, we are led once again to brainstem motor structures—not the
motor cortex—as the source of twitching.

The red nucleus (RN) is one such brainstem structure that has long been implicated in
twitching in adult cats [38,39] and, more recently, adult mice [40]. In cats, RN activity
increased during periods of leg twitching as well as REMs and electrolytic lesions of the RN
immediately reduced twitching [38,39]. And as additional evidence against a twitch-
generating role for motor cortex, RN activity increased with twitching even after motor
cortex was ablated.

RN recordings in week-old rats confirmed an important role for this nucleus in twitching
[41]. In stark contrast with motor cortex at this age (see Figure 3), RN neurons fired bursts
of action potentials just before wake-related limb movements and sleep-related limb
twitches. In addition, RN neurons responded to reafference from twitching, suggesting that it
is a site of sensorimotor integration—both producing twitches and processing their sensory
consequences. This observation supports the recent demonstration in cats that a motor map
develops early in the RN, before the map in motor cortex [36].

The RN is important for twitching, but it is not of singular importance. In week-old rats,
unilateral pharmacological inactivation of the RN reduced twitching immediately but by
only 50% [41]. And in adult cats, lesions of the red nucleus reduced twitching, but only
transiently as twitching returned within several days [38,39]. Thus, there appear to be
redundant or complementary brainstem areas that combine with the RN to produce
twitching. Such areas may include structures that give rise to reticulospinal projections [42],
including perhaps a recently identified area in the lateral pontine tegmentum of adult rats;
this area contains non-cholinergic neurons that fire phasically during REM sleep [43]. Thus,
although elegant studies in adult rats have begun to reveal the neurophysiological
mechanisms responsible for driving brainstem motor neurons during twitching [44,45], more
work is needed to identify the complete circuit that generates twitching.

Are rapid eye movements special?

Recall from the discussion of Figure 1 that limb twitches and REMs have traditionally been
interpreted in qualitatively different ways. Whereas twitches have been typically viewed as
remnants of dreams that result from incomplete blockade, REMs have been typically viewed
as direct, unfiltered products of dreams. According to this view, under pathological
conditions like RBD, twitches can be transformed into dream enactment, whereas under
normal conditions REMs reflect an individual literally scanning her dream imagery. There
are many reasons to doubt the “scanning hypothesis” of dreaming—including evidence that
congenitally blind humans have REMs without visual dream imagery and that cats with
lesions of the visual cortex continue to exhibit REMs (see [2,16]). We focus here on the
notion, mentioned earlier, that REMs and limb twitching can be brought into functional
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Twitches as

alignment simply by considering them as different manifestations of the same fundamental
phenomenon, that is, brainstem-generated twitching of skeletal muscles.

To explore this issue, recordings were made directly from the extraocular muscles of infant
rats [26]. At postnatal day (P) 3, because the eye cannot yet move independently within its
socket, eye movements were not detected. Nonetheless, spikes were clearly evident in the
extraocular electromyogram (EMG) that were indistinguishable from twitch-related spikes
recorded from the nuchal muscle. By P15, the age of eye opening, identical EMG spikes
occurred, but they were now followed by clear REMs. Thus, extraocular muscle twitches
precede REMs in development, and REMs—when they emerge—are homologous with other
limb twitches.

The data just described are consistent with Chase and Morales’s [46] view that REMs do not
reflect the “directed visualization of the dream experience” (p. 1198). Additional support for
this perspective comes from studies of cortical electroencephalogram (EEG) activity in
relation to wake-related eye movements (i.e., saccades) and REMs in human adults [47,48].
For example, in recordings from parieto-occipital cortex [47], wake-related saccades were
immediately preceded by a so-called readiness potential (“presaccadic negativity™). In
contrast, no such potential was observed immediately preceding REMs, suggesting that
REMs are not generated in response to activity in visual cortex. Moreover, EEG activity
changed in the period immediately after saccades or REMs (although in a different location
within parieto-occipital cortex), indicative of post-eye-movement sensory processing.
Similar post-REM increases in activity were observed using intracranial
electroencephalography in the medial temporal lobe, an area associated with visual
processing [49]. The parallels between increased post-REM cortical activity in human adults
and increased post-twitch cortical activity in infant rats (see Figure 3C) are intriguing and
deserve more attention.

contributors to sensorimotor development

Although there has long been interest in the possible functional significance of twitches (see
[50,51]), it seems that interest in their function was diminished by the persistent view that
they are mere by-products of dreams. However, given that limbs twitches are generated
within the brainstem (not motor cortex), that they are produced abundantly (especially in
early development), and that they effectively activate neural circuits throughout the brain
[52], old questions about the relations between dreams and twitching give way to new ones
about why infants twitch more than adults and what twitching specifically affords the
developing nervous system.

It was not until 2004 that twitching was first clearly implicated in the development of spinal
[53] and cortical [54] circuits. Subsequent research has revealed the extent to which
reafference from twitching limbs triggers activity throughout the brain (e.g., [25,33,55-57]),
thereby expanding the range of opportunities for twitching to affect the development and
refinement of neural circuits. Moreover, high-speed videographic analyses of twitching in
developing rats and mice have demonstrated age-related changes in the spatiotemporal
structure of twitching and the contributions of sensory experience [58,59].
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As shown in Figure 3B, whereas sensory reafference from twitching limbs reliably activates
motor cortex, even the most vigorous wake-related movements reliably fail to do so [33]. To
make sense of this puzzling phenomenon, Sokoloff and colleagues hypothesized that
twitches—uniquely among self-generated movements—are processed as if they lack
corollary discharge [60]. Briefly, a corollary discharge is a copy of a motor signal that does
not produce movement per se, but rather contributes to the process by which we distinguish
between active (i.e., self-produced) and passive (i.e., other-produced) movements (see [61]).
Accordingly, whereas wake-related movements are accompanied by a corollary discharge
that gates reafferent proprioceptive signals arising from moving limbs, reafference arising
from twitching limbs is allowed to cascade through the brain without interference. In other
words, even though twitches are self-produced, they are processed as if they are other-
produced. A subsequent study in infant rats garnered substantial support for this hypothesis
[33]. From a functional standpoint, this feature of sensorimotor processing makes good
sense if twitching, as suspected, drives activity-dependent development of sensorimotor
circuits: To do otherwise would be to block the very activity upon which activity-dependent
mechanisms depend.

All together, this work moves twitching far beyond its earlier characterization, depicted in
Figure 2, as a mere by-product of a dreaming cerebral cortex. Twitching, instead, can now be
viewed as a spatiotemporally complex behavior with unique sensorimotor properties. In
effect, twitching represents a distinct c/ass of movement. And as a distinct class of
movement, twitching may have its own distinct pathology that is expressed in RBD.

CORTICAL AND SUBCORTICAL CONTRIBUTIONS TO COMPLEX
MOVEMENTS AND DREAM ENACTMENT

How should we conceptualize the neural mechanisms responsible for the diverse motor
behaviors of RBD, from twitching to complex movement to “dream enactment”? Should we
assume that because some RBD movements are elaborate and learned, and therefore
classified as likely products of motor cortex, that most RBD movements should be similarly
classified? We think not. Instead, we aim to build on what is known about the neural sources
of normal twitching and seek to understand how the neurological processes that trigger RBD
might also give rise to novel but pathological neural circuits that make complex movements
during REM sleep possible.

As should now be clear, our view is that motor cortex—through at least 12 days of age in
rats [33] and in adult cats [30,31]—is not necessary for the production of limb twitches. Nor
is there any direct evidence of which we are aware that motor cortex plays anyrole in the
generation of twitches. Also, contrary to the widespread assumption that sleep entails
isolation from sensory input (see Figure 1), the cerebral cortex during REM sleep is
activated in response to limb and eye movements. Evidence for reafferent activation is clear
in infant rats with respect to limb and whisker twitches [25,33,54,56] and in premature
human infants with respect to hand twitches [62], and is suggestive in human adults with
respect to REMs [47-49]. But again, in contrast with copious evidence detailing the role of
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the brainstem in the generation of twitches [30,32,38,40,41], there is no such evidence
detailing a similar role for motor cortex.

As with twitches, it is often assumed that the movements of RBD are produced by motor
cortex (e.g., [10,63]1). Such statements seem to align with detailed analyses of the complex
movements in RBD patients [2,63,64]. For example, responding in part to the suggestion
that RBD-related movements result from activation of brainstem and spinal central pattern
generators [65], De Cock and colleagues [63] countered with the observation that RBD
movements are “elaborated, complex, non-stereotyped, with learned speeches (e.g. political
speech, lectures) and songs..., suggesting they result from the same cortical mechanisms as
awake complex activities” (p. 455) [63]. De Cock and colleagues note further that the
tremors characteristic of PD—which result from dysfunctional processing in the basal
ganglia—cease entirely during REM sleep in RBD patients, suggesting that the basal ganglia
are by-passed in REM sleep. Consequently, it may be that RBD movements—which are
often jerky and rough—"result from the expression of the primary motor cortex [without]
the filtering, smoothing control of the basal ganglia” (p. 456).

In the aggregate, we see in these statements the lingering legacy of the assumption that
twitches are by-products of a dreaming cortex. But as detailed above, there is little support
for this assumption. Our view is that the phenomenology of normal REM sleep twitching
can be adequately explained without any reliance on cortical mechanisms. Specifically, the
jerky nature of twitches and many RBD movements is a consequence of the bursty and
discrete firing of the brainstem premotor nuclei that produce them [41]. Consequently, there
may be no need to posit a mechanism whereby the basal ganglia are bypassed during REM
sleep. As for the cessation of tremor during REM sleep in patients with PD, this may simply
result from the predominance of the brainstem in motor outflow during REM sleep—thereby
bypassing the forebrain entirely. If this perspective has merit, we are led to consider different
hypotheses concerning the links between normal twitching and pathological RBD
movements. If we grant the brainstem control over twitching, the next question concerns the
extent to which the cortex is required to explain RBD movements.

Brainstem contributions to complex behavior and their relevance for rbd

Because the cerebral cortex is routinely considered the organizing center for complex
movements, the sufficiency of the brainstem to produce such movements is often
overlooked. Indeed, although the primate neurophysiologist Michael Graziano has focused
extensively on the role of the primate motor cortex in the organization of ethologically
relevant complex movements [66], he is careful to point out that the brainstem and even
spinal cord can produce them, too [67].

For our present purposes, perhaps the most relevant observations come from studies in
which the midbrain of adult animals is experimentally activated [68—70]. For example,
pharmacological activation within the so-called mesencephalic locomotor region (MLR),
including the cuneiform nucleus, produces running or escape responses [71,72]. Nearby
structures within this region have also been implicated in exploratory behaviors [72].
Moreover, stimulation of the periaqueductal gray and superior colliculus produce various
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behaviors, including defensive responses [68,69]. For the sake of brevity, we focus our
discussion below on the superior colliculus.

In rats [68], pharmacological disinhibition of the superior colliculus elicits a range of
responses. Specifically, “stimuli that in normal circumstances appeared neutral or interesting
(and provoked orienting and investigation) seemed to become threatening and dangerous,
and produced just the kinds of responses that naturally dangerous stimuli produce” (p. 139).
The authors continue: “Some of these movements closely mimic pursuit of a moving object,
for example prey.... Together these data suggest that the [superior colliculus] has access to a
large family of defense-related ‘fight-or-flight” reactions, and is capable of producing a fully
integrated response when appropriately triggered” (p. 141).

The parallels between these descriptions of behavior after collicular activation and the
violent and aggressive behaviors—and matching dream reports—of RBD patients is
striking: “Patients with RBD commonly report dreams in which they are attacked by animals
or unfamiliar people and they would either fight back in self-defense or attempt to flee. Fear
and anger are the most common associated emotions” (p 1010) [14]; “[M]ost behaviors
observed during RBD are violent and mimic fight and defense behaviors” (p. 682)[2]; these
behaviors include grabbing, punching, kicking, slapping, arm flailing, and jumping out of
bed [2,14]. Furthermore, a questionnaire study of RBD patients with PD [73] found that “the
most common associated dream was fighting or fleeing in response to danger (91%),
whereas pleasant activity was reported in 20% [of] patients and daily activity in 22%” (p.
678) [2].

Whereas early work suggested that the primate superior colliculus does not organize
defensive reactions [68], recent work in freely moving rhesus and pigtail macaques indicates
otherwise [70]. Indeed, after pharmacological disinhibition of the superior colliculus,
macaques exhibited many of the same responses as rats, including “defense-like responses
that were both passive (i.e., cowering) and active (i.e., escape-like behavior, attack of
objects), as well as an increase in defensive vocalization” (p. 153). Also as in rats, these
movements engaged the whole body. For example, cowering “involved an ipsilaterally
directed contraction of the trunk concurrent with a contralaterally directed eye gaze and head
turning” (p. 154). As the authors noted, these observations suggest that the role of the
superior colliculus in organizing behavioral responses to threat is conserved across species,
including humans.

In addition to its role in the production of the behaviors described above, the superior
colliculus also contains multiple visual, auditory, and sensorimotor maps that contribute to
the implementation of orienting responses comprising movements of the body, head,
whiskers, pinnage, and eyes [74]. This aspect of collicular functioning is relevant to RBD in
light of evidence that the directionality of REMs and other RBD-related head and limb
movements are often coherently organized, thus giving the impression of goal-oriented
dream behavior [75]. The superior colliculus is a potential contributor to this coordinated
and seemingly goal-directed aspect of behavior in RBD.
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Finally, cortical stimulation experiments provide a useful contrast with the brainstem
stimulation experiments described above. Specifically, using a long-duration electrical
stimulation protocol, Graziano and colleagues mapped motor cortex in a way that reveals
ethologically relevant complex movements (see [66]). Using this protocol, they identified
eight distinct clusters of movements, only one of which comprised defensive movements and
none of which could be described as aggressive. The remaining seven movements included
such behaviors as hand-to-mouth movements, grasping, chewing, and exploratory gaze
shifts. In other words, whereas stimulation of midbrain structures like the superior colliculus
routinely evoke defensive and aggressive behaviors, stimulation of motor cortex rarely does
s0. We conclude from this that the majority of complex movements of RBD are more
parsimoniously attributed to brainstem than cortical mechanisms.

A MULTICAUSAL, MULTILEVEL APPROACH TO RBD

Whereas RBD is primarily characterized by violent dreams and behaviors, it should be
stressed that nonviolent behaviors also occur, although much less frequently [76]. Because
these behaviors include such learned and culturally specific activities as smoking, singing,
dancing, kissing, bicycling, and clapping (as at a show), it has been argued that RBD-related
movements cannot be ‘primitive’ and, therefore, do not arise from subcortical mechanisms
(which are, rightly or wrongly, often associated with “primitive” behaviors). Building further
from these observations, Arnulf [2] argues that “because patients are able to speak with
coherent syntax during RBD, we suggest that most behaviors are generated by the motor
cortex and temporal lobe for language....” (p. 682-683).

In light of the evidence reviewed here, it seems unlikely to us that the motor cortex—which
is normally not involved in the production of twitches—would abruptly ‘take control’ of
movements during REM sleep in patients with RBD. Instead, we envision a more fluid and
probabilistic relationship among (i) twitch-production brainstem mechanisms, (ii) nearby
neural circuits that are capable of producing complex movements (e.g., superior colliculus)
and that might be disinhibited during REM sleep in RBD patients, and (iii) forebrain
structures that include motor cortex.

With this in mind, we propose a new approach to understanding the pathological motor
control of RBD (see Figure 4). First, damage to the sublaterodorsal tegmental nucleus
(SLD), a key structure in the regulation of REM sleep, may be a primary cause of the
abnormal motor behavior of RBD [3,4]. According to one model of RBD generation [3], the
SLD’s excitatory input to the gigantocellular reticular nucleus (Gi) is reduced, resulting in
the loss of muscle atonia during REM sleep. This loss of atonia represents one component of
RBD; however, as Morrison pointed out many years ago [9], loss of atonia alone is not
sufficient to produce increased behavioral activation (see also [77]).

Second, given that the Gi exerts an inhibitory influence over the RN [78], and given the
RN’s role in the production of twitches and wake-related movements (e.g., [41,79]), one can
imagine how exaggerated twitching and more complex ballistic movements could be
disinhibited through this process (see [80]). However, the RN and related premotor
structures have not, to our knowledge, been explicitly implicated in the production of
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defensive or aggressive behaviors. Conversely, as discussed above, experimental activation
of midbrain structures can produce a variety of behaviors that are strikingly similar to those
that occur in RBD. Therefore, we propose further that RBD entails disinhibition of neural
circuits that contribute to the production of defensive and aggressive behaviors, including
but not limited to the superior colliculus. In support of this proposal, cholinergic neurons in
the laterodorsal tegmental nucleus and the pedunculopontine tegmental nucleus, which are
vulnerable to degeneration in the a-synucleinopathies [81,82], project to the superior
colliculus [83,84] and may modulate its activity [85].

If increased activation of the superior colliculus and/or other brainstem structures does
indeed occur in RBD, aggression-filled and agitated dreams could be produced in one or
both of the following ways: First, reafferent sensations arising from defensive and violent
limb movements could be incorporated into dreams; and second, there could be direct
ascending activation from the brainstem to the cerebral cortex. Then, over the course of a
bout of REM sleep, recurrent loops of activation among the limbs, spinal cord, brainstem,
and forebrain (including motor cortex) could be differentially engaged. In short, contrary to
the notion of a dreaming cortex sitting atop a neural hierarchy, we posit that the distinct
dream mentation of RBD arises from the dynamic and multilevel engagement of neural
circuits throughout the neuraxis.

CONCLUSIONS AND FUTURE DIRECTIONS

The brain of an RBD patient is not the same as any other with only a piece missing here or
there: It is a brain that is organized—and is organizing—differently, especially in those cases
of RBD associated with progressive neurodegeneration. We should expect that such
reorganization of neural circuits would be expressed as changes at multiple levels of the
neuraxis, with important consequences for behavior and dream mentation.

With that in mind, we need to bridge the gap between our understanding of twitching and
sensorimotor processing in infant rats and in human adults with and without RBD. Indeed,

in healthy humans, we still know relatively little about the quantity and patterning of
twitching across the lifespan, about the variability within and between individuals, and about
how twitching differs across muscle groups (but see [86—88]; such normative data are critical
if we wish to accurately identify abnormal movements in RBD [87]. Moreover, in future
studies in healthy humans and those with RBD, kinematic analyses could help to objectively
distinguish between twitches and other types of movements. Finally, in contrast with what is
known in infant rats [33], we know little about the sensory consequences of twitching in
human adults.

Therefore, resolving outstanding issues regarding the neural control of the motor system
during REM sleep—and what is changed in RBD—will require precise measures of limb
and muscle activity and topographically related neural structures (e.g., sensory and motor
cortex). In such studies, it will be critical to distinguish between neural activity that precedes
movement (indicative or motor outflow) and activity that follows movement (indicative of
sensory reafference). Our prediction is that cortical and subcortical components of the motor
system will be differentially engaged depending on the nature of the movement observed—
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whether normal twitching, exaggerated twitching, complex movement, or ‘dream
enactment.’

It is not our view that the motor cortex is never involved in RBD-related motor behavior.
Rather, we contend that—in part due to outmoded views of the relations between dreams
and twitching under normal conditions, and in part due to a belief that complex behavior
necessarily entails cortical involvement—the motor cortex has been too-readily recruited to
explain all aspects of pathological behavior in RBD. Moreover, there has been insufficient
attention paid to the contributions of reafference from moving limbs to neural activity and
the content of dreams. Ultimately, the continued dearth of information concerning the causes
and neural consequences of twitching is hampering our ability to gain a full understanding
of the sensorimotor system in sleep under normal and pathological conditions.
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Practice points

RBD is a parasomnia characterized by increased phasic motor activity
during REM sleep, often accompanied by intense and even violent
behaviors along with reports of similarly intense dreams.

RBD-related behaviors (i.e., exaggerated twitching, complex behavior)
are commonly assumed to result from a diminution or loss of atonia-
producing mechanisms in the brainstem that, under normal conditions,
prevent the ‘acting out” of cortically generated dreams.

Although it is also commonly assumed that myoclonic twitches are
produced by motor cortex, there is no evidence that this is the case in
either infants or adults.

In contrast, there is substantial evidence that twitches are produced by
brainstem structures, including the red nucleus.

Research in infants also indicates that reafference from twitching limbs
is a prominent activator of neural activity across the neuraxis, including
sensory and motor cortex; in adults with RBD, such reafference could
play an important role in driving dream mentation.

Brainstem structures may be disinhibited in RBD to produce
exaggerated twitching and complex movements.

A multilevel, multicausal approach to understanding RBD is more
likely to be successful than one that relies on a model of neural
organization in which the cerebral cortex sits atop the neural hierarchy.
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Research agenda

1. To gain a more thorough understanding of the quantity and patterning
of twitching—including twitching in different muscle groups—in
humans across the lifespan.

2. To compare twitch- and wake-related sensory and motor cortex activity
in normal humans and patients with RBD; in such studies, it will be
critical to distinguish between neural activity that precedes movement
(motor) and activity that follows movement (sensory).

3. To determine whether sensory and motor cortex activity in RBD
changes in relation to the intensity and complexity of movement.

4. To determine the brainstem neural circuits involved in complex
movements in animals with REM sleep without atonia.

5. Precise assessment of sensorimotor processing in relation to RBD-
related movements should yield valuable new insights into the neural
processes involved and how they change over time.
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Figure 1.
Hobson and McCarley’s [17] model of the processes involved in the generation of dreams

and the control of movement in REM sleep.
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Figure 2.
Conventional hierarchical models of the relationship between cortically generated dreams

and behavior in normal REM sleep (left) and RBD (right). In normal REM sleep, cortical
motor outflow is incompletely suppressed in the medulla, resulting in the production of
twitches as by-products. In RBD, the medullary blockade is diminished or lost, allowing
dream-related motor activity to be expressed with greater fidelity. In the extreme, dreams are
‘enacted.’

Sleep Med Rev. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blumberg and Plumeau Page 23

A I Wake |
Behavior R 11— — IR TN T
Hindlimb \ ] | Ll [ Y 8
EMG M*‘%rﬂﬂ\ﬂuﬂm\MHle\Wlkmfxu\% =ttt =
Nuchal ~ A [P . g
. L S 5
5s
B C
03 -
0:23:=
~ 02 - 6
10:; g 0.17 =
S o
@ 01 - %
|
0.11
0 - -500 -250 0 250 500
Active Wake Time in relation to
Sleep hindlimb twitch (ms)
Figure 3.

Sleep-wake behavior and motor cortex activity in P8 rats. (A) Representative recording in a
P8 rat from the hindlimb region of motor cortex (MUA, multiunit activity; LFP, local field
potential) across the sleep-wake cycle. Hindlimb and nuchal EMG activity and behavior are
also shown. Behaviors are coded as twitches (red ticks) and wake movements (solid red
lines). Note the prominent cortical activity during bouts of twitching and the near-total
cortical silence during periods of wake-related movement. Mean rates of spindle bursts
during active (REM) sleep and wake (B) and waveform average of spindle bursts in relation
to hindlimb twitches (C) recorded from the hindlimb region of motor cortex. Rates of
spindle bursts were significantly higher during active sleep (* P < 0.05). The waveform
average of cortical activity increased significantly after hindlimb twitches with a peak
latency of at least 100 ms. Blue dashed lines denote upper and lower confidence bands (P <
0.05). Similar results were found at P4 and P12. Adapted from [33].
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Alternative models (see Figure 2) of the relationship between brainstem and cortical activity
in normal REM sleep (left) and RBD (right). For simplicity, the mechanisms associated with
muscle atonia are not depicted here. In normal REM sleep, brainstem activity provides
parallel ascending activation of the cortex and descending activation of the skeletal muscles,
the latter producing twitching. Sensory feedback (i.e., reafference) from twitching limbs
provides another source of stimulation to the cortex. In RBD, degeneration of sleep-related
neural circuits may lead to disinhibition of brainstem structures that control motor behavior
(e.g., red nucleus, superior colliculus), resulting in exaggerated twitching, violent limb
movements, and/or complex behavior, with concomitant effects on dream mentation. Motor
cortex activity may occasionally be engaged, especially during “dream enactment” (dashed

line).
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