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Abstract

We note the importance of an appropriate combination of excitability for the higher
(neocortex, basal ganglia, and limbic system) and lower (brainstem-spinal cord) motor
systems could be necessary for normal behavior during wakefulness and REM sleep.
Neurotransmitters such as acetylcholine, the monoamines, GABA, and the orexins,
would regulate the background excitability of the higher and lower motor systems so that
an interaction of these systems could be appropriately maintained. Pathophysiological
mechanisms of sleep deficiency may be induced by not only an organic disturbance of
brain structures (hardware) but also by dysfunction of the neurotransmitter systems
(software). From these considerations, we provide a hypothetical model for
“state-dependent interaction of the higher and lower motor systems” for understanding
normal behavior and pathophysiological mechanisms of sleep-related disorders such as

narcolepsy and the REM-sleep behavioral syndrome.



Introduction

A serious problem of the sleep deficiency which is associated with various
diseases of the central nervous system is abnormal movement during sleeping. For
example, more than 70% of Parkinsonian patients have a complicated sleep deficiency,
such as insomnia, periodic limb movements, restless leg syndrome, rapid eye movement
(REM) sleep behavioral disorders (RBD) and sleep attacks during wakefulness
(Ferini-Strambi, 2000; Larsen and Tandberg, 2001). Narcolepsy, which is characterized
by cataplexy (a sudden onset of muscular atonia which is induced by emotional stimuli),
is also considered to be a typical sleep disorder that is closely linked with an orexinergic
system deficiency (Nishino, 2003; Saper et al., 2001; Siegel, 2004).

Because sleep-awake cycles are controlled by various neurotransmitters acting
on many areas in the central nervous system there is difficulty in determining the
particular neural networks responsible for the pathogenesis of each sleep disorder.
However, advances in the basic and clinical neurosciences have gradually clarified both
the hardware (neural circuits) and software (neurotransmitters) which control movements
during both wakefulness and REM sleep. Therefore a better way to interpret the
pathogenesis of sleep disorders is to understand the neuronal mechanisms of motor
control during wakefulness and sleeping.

In this review we consider a general design for motor control during wakefulness
and REM sleep. We then discuss the neural mechanisms and operations of
neurotransmitters on brainstem structures by which motor programs are called into action
—acrucial and less well understood aspect of motor behavior. In particular, we focus on
the prominent role of forebrain structures, such as the cerebral cortex, limbic system, and
the basal ganglia, in the control of movements during wakefulness and REM sleep. We

also provide a hypothetical framework for motor control systems that generate



appropriate volitional and emotional motor behavior during wakefulness, and that induce
a generalized motor inhibition during REM sleep. Finally, and based on this framework,
we provide hypothetical models for understanding the mechanisms of state-dependent

motor control and pathophysiological mechanisms of sleep-related disorders.

1. General design of the motor control
1-1. Forebrain Control of Locomotor Behavior

In an alert and arousal condition during wakefulness motor behavior depends on
will and emotion. For example, locomotor behavior is composed of volitional, emotional,
and automatic processes (Armstrong, 1986; Takakusaki et al., 2004b, 2004c). External
stimuli can elicit alerting responses, leading to an animal being alert and cognitive to the
external circumstances (Fig.1B). Then the animal starts locomotion. The initiation or
termination of locomotion, and the avoidance of obstacles, requires volition and
cognition. On the other hand a rhythmic alternation of limb movements and adjustment of
postural muscle tone during locomotion are controlled unconsciously. Figure 1A shows
the basic flow of signals in the nervous system for generating locomotor behavior. The
volitional processes are controlled by cortico-basal ganglia loops, in addition to
cortico-cerebellar loops (Middleton and Strick, 2000). The volitional signals arising from
the motor cortex arrive at the brainstem, the spinal cord, and the basal ganglia. On the
other hand if the external stimuli are noxious or very strong, an animal may immediately
run away to avoid the stimuli, and not have cognition of the circumstances (Fig.1B). This
emotional locomotor behavior can be brought about by a pathway through the limbic
system (including hypothalamus) to the brainstem (Sinnamon, 1993).

Whether volitional or emotional, locomotor behavior is accompanied by

automatic movement processes which are induced by a sequence of activation of basic



motor programs in the brainstem and spinal cord (Grillner et al., 2005; Takakusaki et al.,
2004c). The basic motor programs, involving neuronal networks designed to handle the
basic motor repertoires required for survival (such as locomotion, posture, eye
movements, and expression of emotions) are kept under tonic GABAergic inhibition
from the basal ganglia. Therefore the basal ganglia could be responsible for selecting
which motor program should be called into action (Grillner et al., 2005). The basic
neuronal structures involved in the control of locomotion and postural muscle tone are
located in the mesopontine tegmentum (Takakusaki et al., 2003a, 2004a 2004b, 2004c).
One structure is the midbrain (or mesencephalic) locomotor region (MLR), and the other
is the muscle tone inhibitory region in the pedunculopontine nucleus (PPN). In rats
(Beckstead et al., 1979; Spann and Grofova, 1991; Saitoh et al., 2003) and cats
(Moriizumi et al., 1988) the mesopontine tegmentum receives GABAergic efferents of
the basal ganglia, with most from the substantia nigra pars reticulata (SNr).
Accordingly, the mesopontine tegmentum receives excitatory (glutamatergic)
afferents from the cerebral cortex (Armstrong, 1986; Matsumura et al., 2000) and the
limbic system (Mogenson et al., 1993), and inhibitory (GABAergic) afferents from the
basal ganglia. The basal ganglia also have neuronal loops with both motor cortical areas
and the limbic structures (Delong et al., 1984; Middleton and Strick, 2000). Therefore,
basal ganglia efferents to both the forebrain and the midbrain may have a role in selection
of volitionally-initiated and emotionally-triggered behavior so that an animal can elicit a

variety of locomotor behavior, depending on the behavioral context.

1-2. Brainstem mechanisms for controlling locomotion and postural muscle tone
In both decerebrate (Shik et al., 1966; Grillner, 1981; Takakusaki et al., 2003a)

and alert (Mori et al., 1989) cats, locomotor movements can be evoked by either electrical



or chemical stimulation of the MLR (Fig. 2A). The MLR largely corresponds to the
cuneiform nucleus (CNF) and a region of the PPN (Fig. 2C). The non-cholinergic neurons
in these areas are possibly involved in the generation of locomotion (Grillner et. al., 1997;
Inglis and Winn, 1995; Jordan, 1998). Intracellular recording from an extensor
motoneuron in an immobilized preparation has revealed that stimulation of the MLR first
depolarized the membrane potential and then generated rhythmic membrane oscillations
which were accompanied by bursting firing (Fig. 2Ba). Therefore signals from the MLR
activate two systems. One is the “muscle tone excitatory system” arising from the locus
coeruleus (LC) and raphe nuclei (RN), and the other is the “locomotor rhythm generating
system” which is composed of the medullary reticulospinal tract and central pattern
generators in the spinal cord (Fig. 3; Grillner, 1981; Rossignol, 1996).

On the other hand, either electrical or chemical stimulation applied to the
ventrolateral part of the PPN can suppress postural muscle tone in decerebrate cats (Lai
and Siegel, 1990; Takakusaki et al., 2003a, 2004a, 2004d). This PPN-induced muscular
atonia is often accompanied by rapid eye movements (REM) (Fig. 2Ab). During PPN
stimulation the hindlimb motoneurons innervating extensor and flexor muscles were
hyperpolarized (Fig. 2Bb) by postsynaptic inhibition which was mediated by an inward
chloride current (Takakusaki et al., 2004a). Choline acetyltransferase (ChAT)
immunohistochemistry has revealed that cholinergic neurons are preferentially
distributed in the inhibitory region rather than the locomotor region (Fig. 2C and D). This
indicates that the muscle tone suppression could be due to an activation of cholinergic
neurons. Moreover, it was observed that the PPN-induced muscular atonia was blocked
by an injection of atropine sulfate into the medial pontine reticular formation (PRF)
corresponding to the nucleus reticularis pontis oralis (NRPo). This result indicated that

the muscular atonia was induced by an activation of cholinergic PPN neurons projecting



to the NRPo (Takakusaki et al., 2003a; Fig.3). A series of our studies have demonstrated a
“muscle tone inhibitory system” arising from the cholinoceptive NRPo neurons. These
neurons activate reticulospinal neurons in the medullary nucleus reticularis
gigantocellularis (NRGc) and inhibit extensor and flexor motoneurons via spinal
inhibitory interneurons (Takakusaki et al., 1993, 1994). The muscle tone inhibitory
system can provide postsynaptic inhibitory effects upon a.- and y-motoneurons, in parallel
to interneurons intercalated in reflex pathways to motoneurons (Takakusaki et al., 2001,
2003b). This system may therefore also suppress locomotor movements by inhibiting the
excitability of both motoneurons and spinal interneuronal networks responsible for
generating locomotor rhythms (central pattern generators, CPG).

The GABAergic neurons arising from the SNr and projecting to the MLR and
the PPN can modulate postural muscle tone and locomotion, as shown in Fig. 3. An
activation of GABAergic efferents which project to the MLR from the lateral part of the
SNr was observed to delay the onset of the MLR-induced locomotion and reduced step
cycles of the locomotion. Moreover, an activation of GABAergic neurons in the middle
and medial parts of the SNr inhibited the PPN-induced muscular atonia (Takakusaki et al.,
2003a). These findings suggest that the nigro-tegmental projections (SNr-MLR/PPN)
may modulate locomotion and postural muscle tone. The projections would also be
responsible for the automatic regulation of postural muscle tone and the rhythmic
alternation of limb movements which are associated with volitional and emotional
locomotor behavior. The basal ganglia motor disorders may therefore include a
dysfunction of the nigro-tegmental systems. This dysfunction could consequently lead to

the production of abnormal muscle tone and gait failure.

2. State-Dependent Motor Control



Despite the electroencephalographic similarities, the psychological states of
wakefulness and REM sleep are obviously different. The neocortex is active during
wakefulness. However, the limbic areas are more active than the neocortex during REM
sleep (Braun et al., 1997; Maquet, 2000, Steriade, 2001). This difference in the activity of
the forebrain structures would be critical for state-dependent motor control. The highly
organized sequence of the states of human sleep is actively generated by nuclei in the
brainstem, of which the most important are the cholinergic nuclei of the mesopontine
tegmentum (Datta, 2002, Datta and Hobson, 1994), the noradrenergic cells in the LC
(Sakai and Crochet, 2004), and the serotonergic cells in the RN (Trulson et al., 1981).
Through the ascending projections from these nuclei the activity of the group of relevant
cells controls the degree of mental alertness, on a continuum from deep sleep to waking
attentiveness. These cells also regulate the excitability of descending motor systems
involved in the control of postural muscle tone and basic motor patterns, such as
locomotion. The brainstem nuclei are, in turn, influenced by a circadian clock which is
located in the suprachiasmatic nucleus and ventrolateral prepotic nucleus of the
hypothalamus (see Pace-Schott and Hobson 2002).

Postural muscle tone is completely diminished during REM sleep despite a
continued activity in the descending motor systems (Arduini et al., 1963; Bizzi et al.,
1964). The pontomedullary reticular formation is a critical area for generating motor
inhibition during REM sleep (Chase and Morales, 1990). However, the same area is
involved in the control of posture and locomotion during wakefulness (Drew and
Rossignol, 1990; Drew et al., 1986). Electrophysiological studies using decerebrate
(Magoun and Rhines, 1946; Spraque and Chambers, 1954) and alert animals (Drew and
Rossignol, 1990) have revealed that muscle tone inhibitory regions, and facilitatory

regions, are intermingled within the pontomedullary reticular formation. Most



importantly, the output from the reticular formation to the brainstem and spinal cord
motoneurons is “state-dependent”. Chase and Wills (1979) demonstrated that stimulation
of the pontomedullary reticular formation during wakefulness facilitated motor activity,
whereas the same stimuli during REM sleep deeply suppressed motor activity
(state-dependent response reversal). They suggested that the reticular core has
“multifaceted functions” in terms of motor control during wakefulness and REM sleep
(Chase et al., 1976). A question then arises, “How is response reversal realized?” Recent
studies have shown that various neurotransmitters are involved in the response reversal

phenomenon.

4. Neurotransmitter systems and behavioral state
4-1. Acetylcholine and monoamine

The original reciprocal-interaction model (Hobson et al., 1975; McCarely and
Hobson, 1975) proposed that aminergic and cholinergic neurons of the mesopontine
tegmentum interact in a manner that results in the ultradian alternation of REM and
NREM sleep (Fig.4A). Based on recent advances (Pace-Schott and Hobson, 2002), it is
generally agreed that REM sleep is facilitated by cholinergic REM-on cells and inhibited
by aminergic REM-off cells. It has been reported that cholinergic REM-on cells in the
PPN and the laterodorsal tegmental nucleus (LDT) postsynaptically excite
non-cholinergic (possibly glutamatergic) PRF and MRF neurons and visa versa.
Aminergic REM-off cells, such as noradrenergic LC neurons and serotonergic RN
neurons, have inhibitory actions on REM-on cells. During waking, the aminergic systems
are tonically activated and inhibit the pontine cholinergic and cholinoceptive systems.
During NREM sleep, aminergic inhibition decreases and cholinergic excitation increases.

At the onset of REM sleep aminergic inhibition is stopped, and cholinergic excitability is



at a maximum (Fig.4B). The inhibition of noradrenergic LC neurons and the serotonergic
dorsal raphe nucleus neurons by GABA contributes to the release of mesopontine
REM-on cells from aminergic suppression (Maloney et al., 1999; Nitz and Siegel, 19974,
1997b).

Neuroanatomical studies have revealed that the cholinoceptive cells in the PRF
receive cholinergic inputs from the LDT and the PPN (Semba, 1993; Lai et al., 1993), and
serotonergic inputs from the dorsal raphe nucleus (Semba 1993) and dorsal tegmental
area (Kobayashi et al., 1994) (Fig.3). How then, is postural muscle tone controlled by
cholinergic-monoaminergic interaction acting on the PRF? It has been reported that
microinjections of carbachol, a cholinergic stimulant, into the PRF (which corresponds to
the NRPo) induced a REM sleep-like state in chronic animals (Baghdoyan et al., 1984).
Even in decerebrate cats, a microinjection of carbachol into the PRF induced a muscular
atonia which resembled that observed during REM sleep (Morales et al., 1987,
Takakusaki et al., 1993, 1994).

Carbachol-induced muscular atonia was observed to be associated with an
increase in the firing frequency of a group of medullary reticulospinal neurons. A
subsequent injection of serotonin into the same PRF area reduced the firing frequency of
the MRF neurons and restored muscle tone (Fig.5A). A carbachol injection stopped
spontaneous firing and hyperpolarized the membrane potential of soleus motoneurons,
but a serotonin injection depolarized the neurons and was associated with muscle tone
restoration (Fig.5B). Spike-triggered averaging revealed that the reticulospinal neurons
produced inhibitory postsynaptic potentials (IPSPs) in motoneurons (Fig.5D). Several
MRF neurons influenced both extensor and flexor motoneurons located in different
lumbosacral segmental levels. Because the segmental latency of the IPSPs was 1.2-2.0

ms, a single interneuron may be located between the reticulospinal neuron and a
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motoneuron. These findings support the previous results that muscular atonia during
REM sleep was due to a postsynaptic inhibition of brainstem and spinal motoneurons
(Chase et al., 1980; Glenn and Dement, 1981; Morales and Chase, 1981) through the
activation of the cholinoceptive pontomedullary reticulospinal tract, the so called muscle
tone inhibitory system (Fig.3). Another group of medullary reticulospinal neurons,
however, reduced their firing rate with carbachol and increased their firing rate with
serotonin injections.

Moreover, stimulation of the pontomedullary reticular formation induced a
sequence of excitatory postsynaptic potentials (EPSPs) and IPSPs in spinal motoneurons
(Habaguchi et al., 2002; Takakusaki et al., 2001). An injection of carbachol into the NRPo
augmented the IPSPs and reduced the EPSPs, but a serotonin injection reduced the IPSPs
and augmented the EPSPs (Takakusaki et al., 1988). These studies have suggested that
“response reversal” is possibly induced by cholinergic-serotonergic inputs to the PRF.
Indeed, MLR-induced locomotion was inhibited, and postural muscle tone was
suppressed by an injection of carbachol into the NRPo. However the locomotor
movements were recommenced after an intrapontine injection of serotonin (Fig. 5E).

Other monoaminergic systems modulate the REM-NREM oscillator and might
interact with aminergic and cholinergic control. Histamine is an amine transmitter of an
arousal system that originates in neurons of the tuberomammillary nucleus of the
posterior hypothalamus. The firing of this nucleus, like that of the serotonergic and
noradrenergic neurons, is minimal during REM sleep (Saper et al., 2001). In contrast, the
firing of midbrain dopaminergic neurons does not seem to vary in phase with the
REM-NREM cycle (Miller et al., 1983; Trulson et al., 1981; Steinfels et al., 1983; Fig.
3B). However, dopamine may also be a controlling factor in motor control during

wakefulness and REM sleep through the connection with the basal ganglia (nigrostriatal
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projection), limbic system (mesolimbic projection) and cerebral cortex (mesocoritcal
projection). Such firing behaviors of dopamine neurons can be partly ascribed to the
excitatory inputs from cholinergic and glutamatergic neurons in the PPN (Futami et al.,
1995; Takakusaki et al., 1996). Although the mechanisms of dopaminergic influences
have not fully understood, extrinsically augmented dopaminergic neurotransmission
influences both sleep—wake and REM-NREM cycles. The enhancement of waking and
prevention of sleep by dopamine re-uptake inhibitors and dopamine receptor agonists are
the bases for their use in the treatment of narcolepsy and somnolence associated with

Parkinson’s disease (Rye and Jankovic, 2002).

4-2. Amino acid (GABA and the basal ganglia)

The REM-NREM cycle is also influenced by GABA and glutamate. Inhibition
by GABA both facilitates and inhibits REM sleep. For example, GABA inputs to the
noradrenergic LC neurons and serotonergic DRN neurons from the PAG, SNr, dorsal
paragigantocellular nucleus, and local interneurons, could suppress REM-off
noradrenergic and serotonergic cells, thereby disinhibiting pontine cholinergic REM-on
networks (Maloney et al., 1999; Nitz and Siegel, 1997a, 1997b; Torterolo et al., 2001).
However GABA also directly inhibits the mesopontine cholinergic neurons which are
responsible for the generation of PGO waves (Ulloor et al., 2004) and muscular atonia
(Takakusaki et al., 2004d). There is also evidence for a GABA-mediated ‘switch’
between waking and REM in the NRPo (Xi a et al., 2001). Another inhibitory amino acid,
glycine, is responsible for the inhibition of motoneurons during REM sleep (Chase et al.,
1989). Glutamate may interact with cholinergic and cholinoceptive neurons to generate
the exponential increase in mesopontine reticular activity that is associated with the onset

of REM sleep (Inglis and Semba, 1995). Glutamatergic neurotransmission has also a
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prominent role in the thalamocortical processes that underlie the characteristic
oscillations of NREM sleep (Steriade, 2001).

One of the major outputs of the basal ganglia is through GABAergic neurons.
GABAergic neurons in the SNr have a direct projection to the thalamic nuclei (Hendry et.
al., 1979; Parent et al., 1983) in addition to the PPN. Consequently, the basal ganglia may
affect REM sleep by a modulation of the ascending reticular activation system through
dual systems (Fig.6A). One system is through a direct nigro-thalamic projection. The
other is mediated via the PPN. We have examined how the latter projection (the
GABAergic SNr-PPN projection) altered the activity of the REM generator and the
muscle tone inhibitory system (Takakusaki et al., 2004d; Fig.6B). In a decerebrate cat
preparation, stimulation of the SNr alone did not alter the level of muscle tone or eye
movements (Fig.6Ca). However, a conditioning stimulation applied to the lateral part of
the SN (filled circles in Fig. 6D) completely abolished the PPN-induced REM with
atonia (Fig. 6Cb, c). On the other hand, stimuli applied to the middle part of the SNr (open
circles in Fig. 6D) did not block REM but attenuated the muscular atonia, i.e., REM
without atonia was induced by stimulation of the SNr (Fig. 6Cd). Because the effect of
SNr stimulation was blocked by an injection into the PPN of bicuculline, a GABAAa
receptor antagonist, the effect of the SNr stimulation was mediated by GABAergic
neurons. These findings indicate that PPN neurons that are responsible for the induction
of REM and atonia are under the inhibitory control of the basal ganglia. However, the
above proposal does not agree with the following findings. First, it has been reported that
a group of nigrotegmental neurons increased their firing rate during REM sleep (Datta et
al., 1991). Second, it has been observed that a c-fos expression of GABAergic SNr
neurons during REM sleep was higher than during non-REM sleep and wakefulness

(Maloney et al., 2002). Accordingly, GABAergic SNr neurons do not necessarily
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contribute to the induction of REM sleep in a normal condition. Normally,
cholinergic-monoaminergic reciprocity (see above) in the brainstem may play a more
crucial role for the generation of REM sleep than the GABAergic SNr-PPN projection.
However, an excessive GABAergic inhibition might affect REM sleep, as observed in the

case of Parkinson’s disease.

4-3. Orexin (Hypocretin)

Orexin (hypocretin) is a novel peptide which was recently discovered by Sakurai
et al. (1998). Orexinergic neurons are located in the perifornical lateral hypothalamus and
project to most areas of the central nervous system (Nambu et al., 1999; Peyron et al.,
1998). A decreased number of orexin neurons has been reported in human narcolepsy
patients (Thannickal et al., 2000). Canine narcolepsy is caused by exon skipping
mutations of the orexin-receptor-2 gene (Hungs et al., 2001; Lin et al., 1999). Orexin
knockout mice have also been used to examine the control of behavioral states by orexin
(Chemelli, et al., 1999; Mochizuki et al., 2004). The orexin neurons project to the
brainstem aminergic and cholinergic nuclei and mediate sleep-wakefulness regulation
(Chemelli et al., 1999; Saper et al., 2001; Taheri et al., 2002). The firing rates of orexin
neurons are observed to be higher during wakefulness and lower during REM sleep
(Koyama et al., 2003; Mileykovskiy et al., 2005; Fig. 4B). In particular, a direct
orexinergic projection to the LC may be in a position to enhance arousal and modulate
plasticity in higher brain centers (van den Pol et al., 2002). The orexinergic system also
excites dopaminergic (Korotkova et al., 2003), serotonergic (Liu et al., 2002; Takahashi et
al., 2005), cholinergic (Burlet et al., 2002; Wu et al., 2004), glutamatergic (Li et al, 2002),
peptidergic (Horvath et al., 1999) and GABAergic neurons (Korotkova et al., 2002; Wu et

al., 2002). Orexin neurons, in turn, receive either excitatory or inhibitory effects from
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these neurons (Li and van den Pol, 2005; Yamanaka et al., 2003). The orexinergic system
also contributes to regulation of somatomotor control, feeding and energy balance, and to
the control of vigilance states (Nishino, 2003; Okumura et al., 2001; Sakurai, 2002;
Siegel, 2004).

Because the midbrain is one of the major targets of the orexinergic projection,
we have examined how the orexinergic hypothalamic-brainstem system contributes to the
control of postural muscle tone and locomotion (Takakusaki et al., 2005). We injected
orexin-A (60 uM-1.0 mM, 0.20-0.25 pl) into the MLR, the PPN, and the SN, of
decerebrate cats. We observed that orexin injections into the MLR (blue circles in Fig.
7A) generated locomotion (Fig.7B). On the other hand orexin injections into either the
PPN or the SNr (black and red circles in Fig.7A) suppressed PPN-induced muscular
atonia (Fig.7C and D). The latter effects were reversed by a subsequent injection of
bicuculline into the PPN. This indicated that orexin may activate local GABAergic
neurons in the PPN and GABAergic projection neurons in the SNr so that excitability of
the cholinergic PPN neurons could be inhibited (Fig.7E). These findings suggest that the
excitability seems to be higher in the locomotor system than in the atonia system in the
presence of orexin. On the other hand, the excitability of the atonia system may be higher
than that of the locomotor system in the absence of orexin. Thus emotional signals to the
midbrain may induce locomotor behavior when there is normal functioning of the
orexinergic system, but elicit cataplexy in narcolepsy when the orexinergic system is
disturbed. Therefore orexin may be a determinant for the selection of emotional motor

behavior (Takakusaki et al., 2005).

5. Hypothesis: State-dependent Interaction of Higher and Lower Motor Systems

5-1. Excitability preference of the forebrain structures and state-dependent operation
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of the brainstem-spinal cord

Based on the considerations described above, we have provided a framework for
understanding state-dependent motor control with respect to interactive mechanisms of
the higher (forebrain) and lower (brainstem-spinal cord) motor systems (Fig. 8A).
Because of higher monoaminergic and orexinergic influences on midbrain neurons
during wakefulness, the excitability of descending muscle tone excitatory systems is
maintained at a higher level. On the other hand, monoamines and orexins may reduce the
background excitability of the muscle tone inhibitory system despite higher activity of
cholinergic systems. These transmitter systems appropriately regulate arousal level,
consciousness, and attention, by their direct actions on forebrain structures and their
indirect actions via the ascending reticular activation system. This leads to an appropriate
cognition of external and internal stimuli. Consequently volitional signals from the
cerebral cortex and emotional signals from the limbic system to the brainstem may
generate context dependent motor behavior.

In contrast, the excitability of the limbic system is higher than the neocortex
during dreaming, in the period of REM sleep (Fig. 8B). Because of the highest firing rates
of the REM-on mesopontine cholinergic neurons and the lowest firing rates of the
monoaminergic REM-off cells and orexinergic neurons, the background excitability of
the muscle tone inhibitory system is increased. But that of the excitatory system and
locomotor generating system is greatly reduced. Accordingly the higher limbic activity
during REM sleep may further facilitate the activity of the muscle tone inhibitory system.
This results in a generalized motor inhibition (muscular atonia). We emphasize that
forebrain structures control movements during both wakefulness and REM sleep. We
postulate that a deficiency of state-dependent interaction between the higher and lower

motor systems may be responsible for the pathogenesis sleep-related disorders such as
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narcolepsy and RBD.

5-2. Pathophysiology of Narcolepsy

In narcoleptic patients and animals, emotional signals elicit a sudden loss of
muscular tonus (cataplexy; Nishino, 2003). Thus emotional signals may have the
capability of not only evoking locomotor behavior in wakefulness (Fig.1) but also
eliciting muscular atonia in narcolepsy. How then do emotional stimuli elicit muscular
atonia in narcolepsy? In a normal awaking state higher orexinergic and monoaminergic
influences enhance the excitability of the locomotor system and the muscle tone
excitatory system, but reduce the excitability of the REM sleep generating system (Fig.
8A). Emotional signals via the limbic and hypothalamic structures (Derryberry and
Tucker, 1992; Smith and Devito, 1984) to the midbrain may thus increase muscle tone
and induce emotional locomotor behavior (Garcia-Rill et al., 2004; Shaikh et al., 1984;
Sinammon; 1993; Skinner et al., 2004).

However, in the narcoleptic state the excitability of both the locomotor system
and the muscle tone excitatory system would be reduced because of a deficiency of the
orexinergic system. The orexin deficiency would increase the background excitability of
the REM sleep generating system (Fig. 8C). Cataplexy in the narcoleptic state could be
induced by a decrease in the activity of the descending excitatory systems (Siegel, 2004)
as well as by an enhancement of the muscle tone inhibitory system. Consequently,
emotional signals could suddenly induce muscular atonia (cataplexy) in narcolepsy. A
narcoleptic patient is alert even in the cataleptic state because the neocortex is normally
active during cataplexy.

However, according to this model, a lack of orexin input may increase REM

sleep because of enhancement of the background excitability of the REM sleep
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generating system. Nonetheless, an increase in REM sleep has not been observed in
human narcolepsy (Aldrich, 1992) and animal models (Mitler and Dement, 1977,
Mochizuki et al., 2004). Therefore further examination is necessary to understand the
pathophysiological mechanisms of narcolepsy and how the orexinergic system acts on

other brainstem and forebrain structures.

5-2. Pathophysiology of RBD

In typical cases, patients with RBD have a lesion in the dorsolateral mesopontine
tegmentum (Culebras and Moore, 1989; Kimura et al., 2000). The amount of sleep and
the cycles of the sleep stages from non-REM sleep to REM sleep are normal. The
distinctive finding is the presence of a persistent muscular tone during REM sleep.
Episodes of RBD begin with a burst of excessive limb and body movements, and progress
to more complex movements which can become vigorous and violent. Prominent muscle
twitching and body movements accompany the phasic events of REM sleep.

The pathophysiology of RBD has not yet been established. The pathology could
be similar to that of the experimental lesions in cats that have produced REM sleep
without atonia. Experimentally, lesions of the PRF (Hendricks et al., 1982) and the medial
part of the MRF (Schenkel and Siegel, 1989) in cats have produced REM sleep without
atonia which is called “dream enactment” (Morrison, 1983). One of the mechanisms of
the “REM without atonia” is schematically shown in Fig. 8D. First, an insufficient
activity in REM-on cells that triggers the muscle tone inhibitory system may cause a
release of motor activity during REM sleep, during which dreams are enacted. Therefore
the excitability of spinal reflex loops, which include motoneurons and interneurons in
reflex pathways, may be disinhibited by the reduced activity of the muscle tone inhibitory

system. Second, signals from the limbic system during dreaming may activate the muscle
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tone excitatory system and the locomotor rhythm generating system via the MLR.
Consequently, hyperactivity of the limbic system may induce movements during the
period of REM sleep when the motor inhibition is insufficient.

However, about half of RBD patients are not associated with neuropathological
disorders (Iranzo, 2002). Some subtle dysfunction of the balance between the inhibitory
and excitatory systems during REM sleep may occur at the spinal cord, brainstem, or
even higher forebrain regions. Several types of sleep disturbances are associated with
Parkinson disease: insomnia, RBD, periodic limb movements, restless leg syndrome and
sleep attacks during wakefulness (Ferini-Strambi, 2000; Larsen and Tandberg, 2001). In
Parkinson disease the GABAergic output from the basal ganglia is possibly excessive
because of a deficiency of the nigrostriatal dopaminergic systems (Delong, 1990;
Wichmann and Delong, 1996). Because an increase in GABAergic basal ganglia efferents
from the SNr not only suppresses REM and atonia but also induces REM without atonia
in animal models (Fig.6Cb and c), a decrease in basal ganglia dopaminergic activity could
be involved in the reduction of REM sleep and in RBD (Albin et al., 2000; Inglis and
Winn, 1995; Rye et al., 1999). In addition, treatment of the disease with dopaminergic
agonists may increase the dopaminergic influence upon limbic structure systems. This

may result in enhancement of the activity of limbic systems during REM sleep.

7. Summary

We hypothesize that normal motor behavior during wakefulness and REM sleep
is produced by an activation of an appropriate combination of higher and lower motor
systems. The interaction is possibly regulated by various neurotransmitters, such as
monoamine, acetylcholine and the orexins. An activation of the motor areas of the

cerebral cortex causes activation of descending brainstem excitatory motor systems
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which produce voluntary movements. An activation of the limbic system, due to
excessive emotional stimuli, elicits emotional motor behavior. However, in narcolepsy
the excitability of the inhibitory system is enhanced even during wakefulness because of
an orexin deficiency. Emotional stimuli may thus facilitate the activity of the inhibitory
system, resulting in cataplexy. In normal REM sleep excitability is higher in the limbic
system than in the neocortex. The excitatory drive from the limbic system to the
brainstem may activate the muscle tone inhibitory system, resulting in muscular atonia.
However, if the sequence of signals in the inhibitory system is interrupted, the excitatory
drive from the limbic system would not inhibit movements but would activate the
excitatory system during REM sleep. The result would be enactment of the contents of
dreams.

The basal ganglia have connections with the cerebral cortex, limbic structures
and the brainstem. The output of the basal ganglia may thus affect volitional and
emotional behavior. A deficiency of these connections with the basal ganglia may be one
cause of sleep disturbances in basal ganglia disorders. Dopamine may be an important
factor for controlling movements during wakefulness and REM sleep. The dopaminergic
neurons are relatively stable throughout the wake-sleep cycles, in contrast to other
monoaminergic neurons. Sleep disturbance in Parkinsonian patients may also be ascribed
to both a dopamine deficiency and an excessive dopamine influence due to medication.

In conclusion, appropriate combinations of the higher and lower motor systems
are necessary for the expression of state-dependent motor behavior. The combinations
can be regulated by various neurotransmitters (such as monoamines, acetylcholine,
amino acid and the orexins) acting on the mesopontine tegmentum. Inappropriate
interaction of the higher and lower motor systems can be the basis of pathophysiological

mechanisms of sleep deficiency. Therefore sleep disorders can be induced not only by an
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organic disturbance of brain structures (hardware) but also by dysfunction of

neurotransmitter systems (software).
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Figure legends

Figure 1. Neural basis of locomotor behavior.

A. Signal flow involved in the volitional, emotional, and automatic processes of
generating locomotor behavior (modified from Takakusaki et al., 2004b).

B. External signals elicited a sequence of locomotor behavior. Each figure is depicted
from a video tape with intervals of 0.2-0.1 seconds. Abbreviations: GPi, internal segment
of globus pallidus (which corresponds to entopeduncular nucleus of lower mammals);

SNr, substantia nigra pars reticulata. See text for detailed explanation.

Figure 2 Mesopontine tegmental regions involved in locomotion and postural muscle
tone in the decerebrate cat.

A. Stimulus sites on a parasagittal plane of the brainstem. (a). Repetitive stimulation (50
Hz, 40 uA lasting for 8 seconds) of the mesencephalic locomotor region (MLR) induced
locomotion on the moving treadmill belt. (b). Repetitive stimulation (50 Hz, 40 uA
lasting for 10 seconds) of the pedunculopontine tegmental nucleus (PPN) induced
muscular atonia associated with rapid eye movements (REM). The upper trace is an
electro-oculogram (EOG) and the lower traces are electromyograms (EMG) obtained
from the left (L) and right (R) soleus muscles. B. Changes in the excitability of a soleus
motoneuron following MLR (a) and PPN (b) stimulation. Stimulation of the MLR (50 Hz,
40 pA lasting for 15 seconds) first depolarized (indicated by a triangle), and then
generated oscillations of membrane potentials of the motoneuron (a). Stimulation of the
PPN (50 Hz, 40 pA lasting for 12 seconds) stopped the firing and hyperpolarized the
membrane. C. Optimal stimulus sites for evoking locomotion (n=9) and muscular atonia
(n=11) on parasagittal (a) and coronal (b) planes of the brainstem. D. Distribution of

cholinergic neurons identified by choline-acetyltransferase (ChAT)
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immunohistochemistry. See text for further explanations. Abbreviations: CNF, cuneiform
nucleus; IC, inferior colliculus; LDT, laterodorsal tegmental nucleus; NRPo, nucleus

reticularis pontis oralis; SC, superior colliculus; SCP, superior cerebellar peduncle. A, C
and D are modified from Takakusaki et al., (2005). B is modified from Takakusaki et al.,

(2004a).

Figure 3. Possible neuronal systems controlling locomotion and postural muscle tone.
Signals from the MLR activate the muscle tone excitatory system arising from the locus
coeruleus (LC) and raphe nuclei (RN), and the locomotor rhythm generating system
composed of medullary reticulospinal neurons and central pattern generators (CPG).
Signals from the muscle tone inhibitory region in the PPN activate the REM generator,
and the muscle tone inhibitory system composed of pontine reticular formation (PRF)
neurons, medullary reticular formation (MRF) neurons and spinal inhibitory interneurons.
The interneurons inhibit motoneurons, and possibly CPG. GABAergic neurons in the SNr
inhibit PPN cholinergic neurons. The midbrain area receives orexinergic input from the
prefornical lateral hypothalamus. This schema has been modified from Takakusaki et al.,

2004c. Abbreviations: NA, noradrenalin; 5-HT, serotonin.

Figure 4. State-dependent changes in neurotransmitters.

A. Reciprocal interaction of REM-on cells and REM-off cells in relation to vigilance
states. Monoaminergic REM-off cells inhibit REM-on cells (modified from Pace-Schott
and Hobson, 2002). B. Relative changes in acetylcholine (ACh), serotonin/noradrenalin
(5-HT/NA), orexin and dopamine (DA). This schema is based on descriptions in
following papers (Gottesmann, 2002; Koyama et al., 2003; Mileykovskiy et al., 2005;

Miller JD, et al., 1983; Pace-Schott and Hobson, 2002; Steinfels et al., 1983). See text for
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explanation.

Figure 5. Cholinergic-serotonergic interaction in the pontine reticular formation controls
postural muscle tone and locomotion.

A. Changes in the firing rate of medullary reticulospinal neurons (upper) associated with
changes in muscle tone (lower traces) following injections of carbachol (4 ng/0.25 ul)
and serotonin (4 ug/0.25 ul) into the nucleus reticularis pontis oralis (NRPo). The firing
frequency of the reticulospinal neuron was increased, and reduced, by carbachol and
serotonin injections, respectively. B. Changes in membrane potential of soleus
motoneurons following injections of carbachol (1.6 ng/0.10 pl) and serotonin (12.0
ng/0.5 ul).into the NRPo. Carbachol injection resulted in muscular atonia which was
associated with cessation of spontaneous firing and membrane hyperpolarization of the
motoneuron. Serotonin injection restored muscle tone together with membrane
depolarization and recovery of tonic firing of the motoneuron. C. Orthodromic (a) and
antidromic (b) responses of the medullary reticulospinal neuron with a firing rate that was
increased by an intrapontine carbachol injection. D. Spike-triggered averaging of
membrane potentials of a posterior biceps semitendinosus (PBSt) motoneuron by the
tonic firing of the reticulospinal neuron shown in C. (a) A reticulospinal neuron as a time
reference. (b) Superimposition of 3 IPSPs which were averaged with 1024 sweeps. A
downward arrow indicates the onset of the IPSP. (c) Extracellular control. The triangles
show descending volleys of the reticulospinal neuron recorded in both intracellular and
exracellular recordings. E. Changes in MLR-induced locomotion following carbachol
and serotonin injections. Locomotion evoked by stimulating the MLR (40 pA) on the
moving treadmill belt (left) was suppressed within 5 minutes after a carbachol injection

(4 ng/0.25 ul) into the NRPo. A serotonin injection into the NRPo, which was 30 minutes
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after the carbachol injection, restored the MLR-induced locomotion. Figures A, C, and D,
have been modified from Takakusaki et al., 1994. Figure B, has been modified from

Takakusaki et al., 1993. Figure E has been modified from Shimoda et al., 1991.

Figure 6. Basal ganglia modulation of REM sleep.

A. A schematic illustration of basal ganglia regulation of REM sleep by modulating the
thalamocortical neurons and the PPN neurons. B. Schematic presentation of the
experimental design. C. Stimulation of the SNr (100 Hz and 40 pA) did not alter eye
movements and muscle tone (a). Stimulation of the PPN (50 Hz and 40 pA) induced REM
and atonia (b). Conditioning stimulation of the lateral part of the SNr abolished the
PPN-induced REM and atonia (c). Conditioning stimulation of the mid SNr abolished
muscular atonia but not REM (d). The upper trace and lower traces are EOG, and left and
right soleus muscle EMG, respectively. D. Optimal stimulus sites for blocking the
PPN-induced REM and atonia (filled circles) and for induction of REM without atonia
(open circles). Figure A has been modified from Takakusaki et al., 2004d. Figures B-D

have been modified from Takakusaki et al., 2004c.

Figure 7. Orexinergic modulation of locomotion, postural muscle tone, and REM.

A. Injection sites of orexin A. Injections denoted by the blue color facilitated locomotion.
Injections denoted by the black and red colors suppressed PPN-induced muscular atonia.
Injections denoted by the purple color (indicated by a star) facilitated locomotion and
suppressed PPN-induced atonia. B. Locomotor movements induced by an orexin
injection into the cuneiform nucleus (CNF). C. (a) PPN stimulation (50 Hz, 30 pA)
induced REM and muscular atonia. (b) An injection of orexin-A (100 uM, 0.25 pul) into

the PPN abolished the PPN effects. D. PPN-induced REM and muscular atonia (a) was
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blocked by an injection of orexin-A (100 uM, 0.25 pl) into the SNr (b). E. Possible
mechanisms of orexin effects upon the mesopontine tegmentum. See text for detailed

explanation.

Figure 8. Hypothetical models of state-dependent motor behavior. See text for detailed

explanations.
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