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ABSTRACT

Activation of different areas in the forebrain evokes different types of goal
directed adaptive behaviors. An important component of these different patterns of
behavior is the locomotion that brings the animal to or away from a particular location.
Here | review the role of projections from forebrain structures to the mesopontine
tegmentum of the brainstem where neural mechanisms for initiation of locomotion and
regulation of postural muscle tone are located that are activated during locomotor
behavior. It is interesting is to understand how signals that converge from the forebrain
structures to the mesopontine tegmentum control locomotor behavior, because the
mesopontine tegmentum receives inhibitory efferents from the basal ganglia and
excitatory efferents from the limbic-hypothalamic system and the neocortex. Here |
hypothesize that the mesopontine tegmentum has functional gating mechanisms that
determine whether the subject will initiate and select volitionally-guided or

emotionally-triggered locomotor behaviors, depending on the behavioral context.
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1. Introduction: Framework of locomotor behavior.

It is most essential that the cognitive and bodily functions of all animals are
adapted to external conditions. An adaptive capability will be achieved mostly through the
motor behavior that depends on factors such as the intention of an individual and the
emotional state. Sensory signals, derived from both external stimuli and internal visceral
information, have dual roles. One role is to generate cognitive cortical processing which
is utilized for the working memory and can be used for guide future behavior. The other
may be to affect the “emotional states” of the animal.

After ablation of a large part of striatum bilaterally, external stimuli have been
reported to make animal follow any object that moves. Denny-Brown (1962) referred to
this behavior as a “visually-determined cortical automatism”. On the other hand after
removal of the cat cerebral cortex but preserving the bilateral striatum, the animals were
hyper-responsible to stimuli, so that considerable variation in emotional reactions
occurred (Villabranca and Olmstead, 1982). Removal of both the cerebral cortex and the
striatum (the thalami and hypothalamus were preserved) forced the animals to walk
incessantly, even though they did not attend to any environmental stimuli (Villabranca
and Marcus, 1972). These findings lead us to postulate that the basal ganglia are involved
in the visuomotor coordination of cognitive, and the emotional expression of locomotor
behavior.

Locomotion has been considered as a type of emotional motor behavior triggered
by signals from the limbic-hypothalamic system to the brainstem (Sinnamon, 1993).
However, stepping movements with very accurate foot placement resemble the forelimb
reaching movements of higher primates (Drew et al., 2004; Georgopoulos and Grillner,
1989). Locomotion therefore also requires visuomotor cognitive processes which are
controlled by loops involving the cerebral cortex, basal ganglia and cerebellum

(Middleton and Strick, 2000). Whether the locomotion is either volitional or emotional, it



is accompanied by movement processes that are automatically controlled by the brainstem
and spinal cord. The automatic processes include activation of sequences of basic motor
programs that are designed for the basic motor repertoires such as eye movements,
swallowing, locomotion and posture (Hikosaka et al., 2000). The basic neuronal
structures for locomotion are located in the mesopontine tegmentum. One structure is the
mesencephalic locomotor region (MLR), and the other is the muscle tone inhibitory
region in the pedunculopontine nucleus (PPN; Takakusaki, 2003b, 2004a). For a thorough
understanding of “locomotor behavior” further elucidation is therefore necessary to
explain how efferents from the forebrain modulate the activity of these midbrain motor
centers.

Here, | propose mechanisms for understanding the initiation, integration, and
selection of locomotor behavior. There are three key points in the mechanisms. The first
is that the basic locomotor systems are regulated by a balance between net excitation from
the cerebral cortex and the limbic-hypothalamic system, and net inhibition from the basal
ganglia. The second, which I particularly focus on here, is the roles of “GABAergic basal
ganglia efferents” and “orexinergic hypothalamic efferents” to the mesopontine
tegmentum. The third is that the locomotor behavior depends on an excitability preference
of the forebrain and hindbrain. The functional implication of this model is also discussed
in relation to the pathophysiological mechanisms of motor deficiencies in Parkinson

disease and cataplexy in narcolepsy.

2. Basic neuronal mechanisms for controlling locomotion and postural muscle tone.

In decerebrate (Shik et al., 1966; Takakusaki et al., 2003b) and alert (Mori, 1987)
cats, locomotion is evoked by either electrical or chemical stimulation of the MLR. The
MLR largely corresponds to the cuneiform nucleus (CNF) and a region of the PPN

(Fig.1Cb). The non-cholinergic neurons in these areas are possibly involved in the



generation of locomotion (Jordan, 1998; Takakusaki, 2003b). Intracellular recording of
extensor (soleus) motoneurons in immobilized preparations has revealed that stimulation
of the MLR first depolarized the membrane potential and then generated rhythmic
membrane oscillations which were accompanied by burst firing (Fig.1Ba). Therefore,
signals from the MLR activate two systems. One system is the “muscle tone excitatory
system” arising from the locus coeruleus (LC), raphe nuclei, and excitatory reticulospinal
system. The other is the “locomotor rhythm generating system” which is composed of the
medullary reticulospinal tract, and central pattern generators (CPGs) in the spinal cord
(Fig.1A; Grillner, 1981).

On the other hand, either electrical or chemical stimulation applied to the
ventrolateral PPN (Fig.1Cb) was observed to suppress postural muscle tone in decerebrate
cats. The PPN-induced muscular atonia is often accompanied by rapid eye movements
(REM; Takakusaki et al., 2003b, 2004a). Through postsynaptic inhibition, PPN
stimulation hyperpolarized motoneurons innervating extensor and flexor muscles (Fig.1
Bb). A histological assessment revealed that cholinergic neurons are preferentially
distributed in the inhibitory region rather than the locomotor region. Ascending neurons in
the PPN project to the basal ganglia nuclei, non-specific thalamic nuclei, and superior
colliculus, in addition to descending projections to the pontomedullary reticular formation
(see Takakusaki et al., 2004b).

The PPN-induced atonia was blocked by an injection of atropine sulfate into
the medial pontine reticular formation (PRF) corresponding to the nucleus reticularis
pontis oralis (NRPo). We consider that stimulation of the PPN excites cholinoceptive
NRPo neurons, which, in turn, activate reticulospinal neurons in the medullary nucleus
reticularis gigantocellularis (NRGc) so that extensor and flexor motoneurons are
inhibited via spinal inhibitory interneurons (Takakusaki et al., 1994, 2003b). The

“muscle tone inhibitory system” provides postsynaptic inhibitory effects upon a- and



y-motoneurons, in parallel to interneurons intercalated in reflex pathways to
motoneurons (Takakusaki et al., 2001, 2003c). This system may also suppress CPGs in
the spinal cord, as well as motoneurons, resulting in attenuation of locomotion (Fig.
1A).

A clinical report has noted that a patient with a lesion in the dorsal part of the
mesopontine tegmentum could not stand or walk (astasia) without any motor paralyses
(Masdue et al., 1994). In addition, it has been observed that a patient with a lesion in the
dorsolateral mesopontine tegmentum did not lose muscle tone during REM sleep
(Culebras et al., 1989). These clinical cases suggest that both an MLR, and a muscle

tone, inhibitory region are present in humans.

3. Control of locomotor behavior by basal ganglia brainstem (BG-BS) projections.
3.1. Modulation of locomotion and muscle tone.

In rats (Spann and Grofova, 1991; Saitoh et al., 2003) and cats (Moriizumi et al.,
1988), GABAergic neurons arising from the substantia nigra pars reticulata (SNr) and the
entopeduncular nucleus, which corresponds to the internal segment of the globus pallidus
in primates, project to the mesopontine tegmentum. These projections include those to the
MLR and the PPN. Because the neuronal activity of the MLR and the PPN is under a
tonic GABAergic influence from the SNr, the basal ganglia could be responsible for
controlling postural muscle tone which is associated with locomotor behavior.

Takakusaki et al. (2003b) have revealed that GABAergic SNr neurons modulated
locomotion and postural muscle tone. Although electrical stimuli applied to the SNr (20 -
50 pA, 100 Hz) alone did not alter muscle tone, it disturbed the MLR-induced
locomotion: the onset of locomotion was delayed, and step cycles were increased as the
stimulus intensity was increased. The locomotion was finally abolished by a higher

current of the SNr stimuli (50 pnA). The optimal sites for disturbing the locomotion were



located in the medial and middle parts of the SNr. On the other hand, stimulation of the
middle or lateral SNr (20 - 40 pA, 100 Hz) attenuated PPN-induced muscle tone
suppression (Fig.1Ca). By increasing the stimulus intensity (50 uA) the PPN-effect was
diminished. In addition, these SNr effects were blocked by micro-injections of
GABA-receptor antagonists (bicuculline or picrotoxin; 2.0 - 5.0 uM, 0.1 - 0.25 pl) into
the MLR or the PPN. Moreover, inactivation of the medial and lateral SNr by
microinjections of muscimol (a GABAAa-receptor agonist) induced locomotion and
muscular atonia, respectively (Takakusaki et al., 2004a). All of these findings corroborate
that the SNr GABAergic neurons projecting to the MLR/PPN control locomotion and
muscle tone, and there is a functional organization in the nigrotegmental projections:
medial and lateral SNr neurons may modulate locomotion and muscle tone respectively
(Takakusaki et al., 2003b). Furthermore, with stimulation of the PRF, MRF, and the LC,
the amplitude of the EPSPs were increased instead of a reduction of the IPSP components
during SNr stimulation (Takakusaki and Saitoh, 2006). This observation suggests that an
increased output from the BG-BS system increases the level of postural muscle tone
(hypertonus) by enhancement of the muscle tone excitatory system and reduction of the
inhibitory system.

The BG-BS systems would then be responsible for the automatic regulation of
postural muscle tone and the rhythmic alternation of limb movements which are
associated with volitional and emotional behaviors. It follows that locomotor control by
the basal ganglia can be achieved by the descending projections to the brainstem in
addition to their loops with the cerebral cortex. In turn, the PPN provides strong
excitatory (both glutamatergic and cholinergic) inputs to the midbrain dopaminergic
neurons (Futami et al., 1995; Takakusaki et al., 1996). An excitotoxic lesion of the PPN
was observed to produce Parkinsonism (Kojima et al., 1997). It is therefore conceivable

for the PPN to be a relay center between the cerebral cortex and the spinal cord, acting



as a brainstem motor center for interlimb coordination in locomotion and precise motor
behavior (Takakusaki et al., 1996). Moreover the PPN functions as a modulatory center
that receives excitatory drive from the cerebral cortex and controls the activity of the
thalamus and the basal ganglia, especially the nigral dopamine neurons. It therefore
possibly influences cognitive motivational behavior, including motor learning and the

reward system (Kobayashi et al., 2002; Matsumura 2005).

3.2. Pathophysiology of gait disturbances in Parkinson disease.

Parkinson disease is characterized by its unique clinical symptoms of akinesia,
muscular rigidity, and resting tremor. A histopathological study demonstrated a
degeneration of the neurons in the substantia nigra pars compacta (SNc; Forno, 1996).
With the presence of dopamine in the striatum the basal ganglia output is well balanced
by parallel direct and indirect pathways (Fig.2A). However, the GABAergic output of
the basal ganglia is thought to be overactive (Fig.2B; Wichmann and Delong, 2003).
Gait disturbance is also a major impediment in this disease. There are delays in gait
onset (frozen gait), an increase in the stance phase in step cycles and a decrease in gait
velocity. Parkinsonian gait dyskinesia has been considered to be an inability of motor
planning and programming at the level of the premotor and supplementary areas of the
cerebral cortex (Hanakawa et al. 1999; Morris et al., 1994; Pahapill and Lazano, 2000).
However, SNr stimulation altered MLR-induced locomotor patterns which resembled
the parkinsonian gait deficiencies. Moreover, SNr stimulation blocked the PPN-induced
muscular atonia, indicating that suppression of the muscle tone inhibitory system
induces hypertonus (muscle rigidity) by a reduction in inhibitory effects upon a- and
y-motoneurons. From these considerations, a dysfunction of the BG-BS system together
with that of the cortico-basal ganglia loop could underlie the pathogenesis of the motor

disturbances in Parkinson disease (Fig.2B).



4. Control of locomotor behavior by hypothalamic orexinergic projections.
4.1. Orexinergic modulation of locomotion and postural muscle tone.

In narcoleptic patients and animals, emotional signals elicit a sudden loss of
muscle tone (cataplexy; Nishino, 2003). Thus emotional signals may not only induce
locomotor behavior in wakefulness but also elicit muscular atonia in narcolepsy. How
then do emotional stimuli then elicit muscular atonia in narcolepsy? It has been noted
that in human narcolepsy there were reduced numbers of orexin (hypocretin) neurons
(Thannickal et al., 2000). Canine narcolepsy is reportedly caused by exon skipping
mutations of the orexin-receptor-2 gene (Lin et al., 1999). Orexin neurons are located in
the perifornical lateral hypothalamus and project to most brain areas (Peyron et al., 1998),
and in particular to the brainstem aminergic and cholinergic nuclei. Orexin neurons are
thus likely to regulate vigilance states (Nishino, 2003): they fire at high rates during
wakefulness and low rates during REM sleep (Koyama et al., 2003; Mileykovskiy et al,
2005). The orexin neurons also regulate somatomotor control, feeding, and energy
balance (Nishino, 2003; Okumura et al., 2001; Sakurai et al., 2002).

The mesopontine tegmentum, including the MLR, PPN and the SN, is also a
major target of the orexinergic system. It was therefore interesting to examine how
injections of orexin (60 — 1000 uM, 0.20 — 0.25 ul) into these areas could modulate
locomotion and postural muscle tone (Takakusaki et al., 2005). In decerebrate cats,
injections of orexin-A into the MLR facilitated locomotion, and those into either the PPN
or the SNr suppressed PPN-induced muscular atonia. Because the latter effects were
reversed by subsequent injections of bicuculline into the PPN, orexin was considered to
activate GABAergic neurons in the PPN and the SNr, which in turn, inhibit cholinergic
PPN neurons. It was also observed that an orexin injection into the PPN reduced the

coerulospinal excitatory output to motoneurons. These findings suggest that in the



presence of orexin excitability is preferentially higher in the locomotor system and the
muscle tone excitatory system than in the atonia system. In contrast, in the absence of
orexin inputs to the midbrain the excitability of the atonia system could be preferentially

higher than the rhythm generating system and muscle tone excitatory system.

4.2. Implications of pathophysiological mechanisms of narcolepsy.

The pathophysiology of narcolepsy has been intensively described in previous
reviews (Nishino, 2003; Siegel, 2004). In our study, as shown in Fig.2C, 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 (the muscle tone inhibitory system) in a normal awake state.
Emotional signals via the limbic and hypothalamic structures (Derryberry and Tucker,
1992; Smith, DeVito, 1984) to the midbrain may increase muscle tone and induce
emotional locomotor behavior (Garcia-Rill et al., 2004; Shaikh et al., 1984) (Fig.2C). In
the absence of orexin (Fig.2D), the excitability of both the locomotor system and the
muscle tone excitatory system would be reduced. The excitability of the REM sleep
generating system however, would be enhanced. It should be noted that it is possible
that cataplexy is induced by not only reduced activity of the excitatory systems,
including the coerulospinal tract, but also by increased activity of the muscle tone
inhibitory system. If this is the case, emotional signals could suddenly induce cataplexy
in narcolepsy. However narcolepsy patients are alert during atonia because the
neocortex is normally active. | propose that orexin may be a determinant for the selection
of emotional motor behavior.

The mechanisms of REM sleep behavioral disorders (RBD) may suggest a role
for a limbic control of locomotor behavior. Despite the electroencephalographic

similarities, the psychological states of wakefulness and REM sleep are obviously



different. The neocortex is active during wakefulness, but the limbic areas are more
active than the neocortex during REM sleep (Braun et al., 1997; Marquet, 2000). Such a
different activity in the forebrain would be critical for state-dependent motor control.
Because of lower orexin and monoamine levels (Koyama et al., 2003; Siegel, 2004), the
excitability of the muscle tone inhibitory system would be higher. A higher limbic
activity in a normal REM sleep period may thus preferentially excite this system, and
result in muscular atonia. However experimental lesions in the muscle tone inhibitory
system, such as the PRF (Hendricks et al., 1982) and the medial MRF (Schenkel and
Siegel, 1989), have induced “REM without atonia”, which is an animal model of human
RBD. Signals through the limbic system may preferentially activate the excitatory
system and rhythm generating system via the MLR if motor inhibition is insufficient
(Takakusaki et al., 2006). Consequently, hyperactivity of the limbic system during a
REM sleep period may induce locomotor behavior, and result in “dream enactment”, as

indicated by Morrison (1983).

5. How does the forebrain initiate, integrate and select locomotor behavior?
Locomotion is mostly enabled by a ventral part of the basal ganglia, through
the nucleus accumbens, by a pallidal projection to the MLR (Sinnamon, 1993). However,
goal-directed locomotor activity requires non-limbic systems. Indeed, motor cortical
neurons significantly increased their discharge rate when walking animals had to
accurately overcome obstacles (Drew et al., 1996). This accuracy requires a visuomotor
gait modification so that a precise foot placement can be achieved (Georgopoulos and
Grillner, 1989). Loops involving the cerebral cortex with the basal ganglia and the
cerebellum can assist such accurate cognitive operations (Middleton and Strick, 2000).
Visual sensation is particularly critical for gait modification. For example, the

deficiency of parkinsonian gait is dramatically overcome if the floor is grid-patterned, or



a transverse-strip is used (Paradoxical gait). Hanakawa et al. (1998) observed by using
positron emission tomography (PET) that activities of the left parieto-occipital and right
prefrontal cortices were increased during paradoxical gait. The results indicated that the
loops are involved in the generation of a ““volitional and cognitive motor reference”.
Although memories of volitional behavior require activity of the non-limbic
sensorimotor system, unconscious and motivational limbic influences, such as
“emotional motor references” (Fig.2A), are needed to enact any motor plans. So that
the limbic system can influence the sensorimotor system, an integrated “gating
function” has to be operated between the limbic system and non-limbic structures.

Here | refer to a “gating mechanism at the level of the midbrain” on the basis of
our recent findings. The midbrain receives excitatory inputs from the cerebral cortex and
the limbic system, and inhibitory inputs from the basal ganglia (Fig.1A). The basal
ganglia also have neuronal loops with both the motor cortical areas and the limbic
structures. Accordingly, emotional signals from the limbic-hypothalamus as well as
volitional signals from the cerebral cortex could be modulated by basal ganglia output to
the brainstem. Consequently, basal ganglia efferents to both the forebrain and the
midbrain may have a role in the selection of volitionally-initiated and emotionally-
triggered behavior so that an animal could elicit a variety of locomotor behaviors,
depending on the behavioral context. The preference of forebrain structures (cerebral
cortex versus limbic system) and that of the brainstem-spinal cord (locomotor system
versus inhibitory system) are additionally critical to the selection of state-dependent motor
behavior.

Rational gating mechanisms could exist in the forebrain. Nonetheless it has not
been elucidated how rational and emotional behaviors are selected at the level of the
forebrain between the limbic system and prefrontal cortex depending on the information

of past memory and real time working memory (Grillner et al., 1997). Finally 1 would



like to mention that in humans the “gating mechanisms” at the level of the forebrain may
require an understanding of the psychological processes of the conflict between reason

and emotion.
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FIGURE LEGENDS

Figure 1. Possible framework of forebrain control of locomotor behavior

A: Neural connections between forebrain and hindbrain structures involved in the control
of locomotor behavior. Open and filled lines are possibly excitatory and inhibitory,
respectively. Forebrain structures such as the cerebral cortex and the limbic-hypothalamic
system provide glutamatergic excitatory drives to the brainstem motor centers, including
the midbrain locomotor region (MLR) and muscle tone inhibitory region in the
pedunculopontine tegmental nucleus (PPN). The neocortical projections provide a motor
reference depending on (visuomotor) cognitive sensory inputs (Volitional and Cognitive
Motor References). On the other hand, the limbic system and hypothalamus provide an
emotional reference which can be generated, depending on both external stimuli and
internal (visceral) information. In contrast, the basal ganglia provide GABAergic
inhibitory drives to the brainstem. Therefore, the regulation (initiation, integration and
selection) of locomotion and associated postural changes can be achieved by the balance
between the excitatory (neocortex and limbic-hypothalamus) and inhibitory (basal
ganglia) inputs to the brainstem. See text for further detailed explanations.

B: Changes in intracellular activity of soleus motoneurons in a decerebrate cat. (a)
Repetitive electrical stimulation of the MLR (a) first depolarized the membrane and
generated rhythmic membrane oscillations (fictive locomotion). (b) Stimulation of the
ventrolateral part of the PPN stopped firing and hyperpolarized the membrane. The inset
figure illustrates antidromic spikes of this motoneuron (From Takakusaki et al. 2004a.)
C: (a) Effective stimulus sites in the substantia nigra (SNr) and the mesopontine
tegmentum for controlling locomotion (open squares) and muscle tone (closed squares).
(b) Effective stimulus sites for evoking locomotion (open circles) and inhibiting muscle

tone (closed circles). See text for further explanations.



Figure 2. Simplified models of forebrain control of locomotor behavior

A: Normal. A dopaminergic influence maintains an appropriate balance of excitatory and
inhibitory output from the forebrain to the brainstem.

B: Parkinson’s disease. Loss of dopamine may increase the inhibitory output from the
basal ganglia, which then inhibits the activity of the forebrain (neocortex and limbic
system) and the brainstem. Excessive direct inhibition upon the MLR and indirect
inhibition through the motor cortical areas induces gait failure and gait akinesia. Also
excessive inhibition upon the PPN inhibits the activity of muscle tone inhibitory system
and enhances the activity of muscle tone excitatory system, resulting in hypertonus
(rigidity).

C: Normal awaking state and effects of orexinergic input to the midbrain. Orexinergic
input to the MLR facilitates a rhythm generating system and muscle tone excitatory
system. Input to the PPN and the SNr inhibits the muscle tone inhibitory system via an
activation of GABAergic neurons which inhibit cholinergic PPN neurons. Therefore, in
the presence of orexin, emotional stimuli through the limbic system to the brainstem may
preferentially elicit locomotion or muscular augmentation (emotional behavior).

D: Awaking state in narcolepsy. Because of an orexin deficiency, the background
excitability would be higher in the muscle tone inhibitory system than in the rhythm
generating system and muscle tone excitatory system. Consequently, the emotional
stimuli preferentially activate the muscle tone inhibitory system, resulting in muscular
atonia (cataplexy). In A-D, the open and filled arrows indicate excitatory and inhibitory
effects, respectively. Thick and thin arrows indicate that the output is higher and lower,
respectively. Structures which are considered to have a lower excitability are shown by

filled (dark) symbols.
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