Oat

open access text

Translational Brain Rhythmicity

Research Aricle

Participation of the pedunculopontine tegmental nucleus
in arousal-demanding functions

Vitale F!, Capozzo A', Mazzone P?and Scarnati E**

"Department of Applied Clinical and Biotechnological Sciences (DISCAB), University of L’Aquila, Via Vetoio 2, 67100 L’Aquila, Italy
2ASL RM2 Regional Center for Functional Neurosurgery and DBS, Operative Unit of Stereotactic and Functional Neurosurgery, CTO Alesini Hospital, Via San
Nemesio 21, 00145 Rome, Italy

Abstract

The pedunculopontine tegmental nucleus (PPTg) is part of the locomotor mesencephalic region and the reticular activating system (RAS). As such, it is involved
in regulating some aspects of the motor control and the wake/sleep cycle, but the way in which it operates is unclear. PPTg neurons respond to a variety of sensory
stimuli and to cues that trigger the execution of goal-directed motor acts. In this paper, we discuss data that suggest that in addition to operating via thalamic nuclei,
the PPTg may also operate by activating cerebellar nuclei, especially the dentate nucleus. In such a way, an intense and diffuse activation of the cerebral cortex may
be achieved. In arousal-demanding reward-related tasks, separate populations of PPTg neurons modulate their discharge pattern to encode, in particular, expectancy
and magnitude of reward. These neuronal responses, which should reach thalamic, basal ganglia, and cerebellar nuclei through ascending PPTg fibers are essential
for the formation of stimuli-reward associations and action selection. In parallel, PPTg neurons, via descending fibers directed to lower brainstem and spinal motor
structures, may automatically influence motor mechanisms and muscle tone in order to cause movements that are executed in a smooth and timely manner. In patients
affected by Parkinson’s disease, PPTg deep brain stimulation may increase arousal, thus making patients more attentive to behavioral stimuli that trigger motor act,

while simultaneously facilitating movement.

Introduction

The pedunculopontine tegmental nucleus (PPTg), together with
the locus coeruleus and the dorsal raphe nucleus, is a major constituent
of the reticular activating system (RAS) [1-3]. This neuronal system,
which originates in the brainstem, was first thought to be involved in
the modulation of the wake/sleep cycle. In the late 1940’s, Moruzzi and
Magoun [4] described the appearance of fast, low voltage activity in the
electroencephalogram, and abolition of synchronized discharge during
stimulation of the reticular formation in the brainstem. They proposed
that diffuse thalamic projection system was responsible for the cortical
effects of reticular stimulation, and they suggested that sensory stimuli
conveyed by collaterals of afferent pathways to the brainstem could be
responsible for the cortical arousal reaction. This meant that the cortical
spread triggered by the arrival of afferent impulses to the sensory cortex
had a minor role in cortical arousal when compared to the influence
of the RAS. A second key discovery that fits well with the purpose of
this review stems from studies published in the 1980s by Steriade and
coworkers, who showed involvement of RAS cholinergic neurons in
the activation of thalamocortical systems [5-8].

Following a large number of investigations devoted to the PPTg
during the last two decades, we can conclude that, most likely,
PPTg neurons were stimulated in Moruzzi and Magoun’s encéphale
isolé anesthetized or anaesthetized cat preparations as well as in
anesthetized intact cats. This theory is supported by the fact that: 1)
the midbrain area they stimulated was medial to the medial lemniscus
and coincided with the course of ascending PPTg fibers; 2) the stimuli
they delivered via large bipolar electrodes were strong (50-300 Hz, 1.5
V) and would over a large volume of tissue involving structures away
from the stimulating tip; and 3) interruption of sensory pathways, that
is the medial and lateral lemnisci and the spinothalamic tracts, failed to
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suppress the arousal response in the cortex induced by stimulation of
the brainstem reticular formation, which suggests that the stimulated
structures could activate their targets independently of sensory inputs.

Following the first reports of neuronal degeneration of PPTg in
Parkinson’s disease (PD) and parkinsonisms [9-11] and the pioneering
review by Garcia Rill [1], the PPTg has been the object of several
papers concerning its neuroanatomy [12-24], neurophysiology [25,26],
neuropathology [27,28], and neurosurgery [29-36].

The interest in the PPTg is a valuable example of translational
research across a well-defined area of the brain that has disclosed new
data for a better understanding of the physiology of the brainstem
and basal ganglia and offered new perspectives in the development
of treatments for motor and non-motor disorders. Undoubtedly, the
PPTg is one of the most investigated brain structures in the last three
decades, and several reviews devoted to the brainstem area in which the
PPTg is located prove this increasing interest [2,18,24,37-55].

On the basis of the majority of the data present in the literature, the
functions in which the PPTg is involved are rather complex, spanning
several facets of motor and non-motor functions and pathological
states. This is not surprising given the complex pattern of input-output
relationships that exist between the PPTg and several brain regions.
This pattern of connections is conserved through evolution, but
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the relative strength of some of these connections is different across
mammals. The difference in strength may reflect different mechanisms
controlling posture and gait in quadrupeds vs bipeds and may
contribute to establish the different architectures of sleep and waking
that occur between species. Figure 1 shows a schematic representation
of the location of the neuronal populations in the PPTg and their
relationships with other brain regions.

In the present article we critically review some recently published
data that strongly suggests that specific changes in neuronal activity
underlie the participation of PPTg in the wake/sleep cycle and in the
processing of behavioral signals. The hypothesis that PPTg neurons
may participate in the latter function is relatively novel, but it is
particularly intriguing because it may help to understand what the
PPTg can do in arousal-demanding states (that is, those states in which
behavioral signals must be quickly detected and processed in the brain
in order to reach the goal of a learned or conditioned movement). In
this regard, it is noteworthy that electrical stimulation of the RAS in
correspondence of the PPTg has been reported to induce a variety of
complex movements, for example circling, standing, and assuming
sleep postures [56-58]. Such complex movements also appear in
animals engaged in fight-or-flight responses (that is, in functional states
that require a robust and sustained activation of the cerebral cortex).

The PPTg as a part of the reticular activating system
(RAS)

The PPTg is one of the most important nuclei in the RAS. It is
responsible for the modulation of cortical arousal during the transition
from non-rapid eye movement (NREM) sleep to wakefulness or rapid
eye movement sleep (REM or paradoxical sleep) [8,59]. This may be
achieved through cellular mechanisms that lead to the generation of
gamma band oscillation in PPTg neurons (that is, a rhythmic discharge
pattern at frequencies higher than 25-30 Hz). Furthermore, PPTg
neurons are rhythmically active in relation to locomotor movements
[60], and a recent study [61] found that PPTg neurons fired at alpha
frequencies during quiet waking or no movement, but the same neurons
fired at beta and gamma frequencies when the animal awakened or
walked on a treadmill. This means that these neurons are involved in
both arousal and movement.

The generation of gamma band activity in the PPTg is linked to
different properties of the PPTg neurons that are differently regulated
by sodium, calcium, and potassium ion channels. These channels
modulate the level of membrane depolarization but gamma band
activity is specifically due to high threshold calcium channels [62,63].
The longer that PPTg activation is sustained, the more PPTg targets
in the thalamic region and lower brainstem receive a continued
gamma band activation. This finding supports the observation that an
increased release of acetylcholine (ACh) has been reported to promote
fast oscillations (20-60 Hz) in thalamic and cortical neurons during
active states in the brain [64]. In such a way, PPTg neurons might
reinforce thalamocortical gamma oscillations [65], thus modulating
the processing of sensory information. The need for a subcortical
impulse flow to sustain cortical gamma band activity is also supported
by the lack of this activity in deafferented cortical slabs [66]. Figure 2
shows oscillations of electrical activity in PPTg neurons.

The electrophysiological and neurochemical heterogeneity of
neurons that form the PPTg [17,63,67-74] raises the question of
whether each neuronal population plays a specific role in REM sleep
and NREM sleep.

Trans! Brain Rhythmicity, 2017 doi: 10.15761/TBR.1000113

In general, PPTg neurons fire at alpha frequency when at rest and at
beta and gamma frequencies when activated. They increase their firing
during waking and REM sleep but not during slow wave sleep (SWS),
during which time the rate of firing can even decrease [8,62,75-81]. In
contrast, different patterns of discharge characterize the cholinergic,
GABAergic, and glutamatergic neurons.

Cholinergic neurons that were maximally active during waking
and REM sleep were found to be in positive correlation with fast
cortical activity (gamma) [75]. However, in another study, most of the
identified cholinergic neurons that increased their discharge pattern
during cortical activation in waking brain states were still active
during slow cortical oscillation sleep [82]. This latter finding supports
the hypothesis that the sustained gamma band activity occurring
during spontaneous or drug-induced SWS might serve to maintain
a basal level of consciousness. However, others suggest that it is the
maintenance of gamma band activity that supports consciousness,
such that interrupted gamma activity during SWS does not support
consciousness [3].

The discharge profiles of GABAergic and glutamatergic neurons
are heterogeneous. Most of these neurons, which have discharge
patterns that were not correlated with muscle tone, were found to
maximally discharge during waking and REM sleep, while others were
minimally active during waking and maximally active during REM
sleep. In contrast, the discharge pattern of some glutamatergic neurons
that were maximally active during waking and minimally active during
REM sleep was found to be positively correlated with muscle tone.
Thus, the PPTg, through each of its neuronal populations, has distinct
roles in promoting waking and non-REM sleep and in modulating
cortical activation and muscle tone in waking and non-REM sleep [75].
The presence of different types of high threshold calcium channels in
some PPTg neurons have been proposed to modulate waking (P/Q-
type), while the presence of other channels (N-type) are thought to
maintain REM sleep [83,84].

Understanding the roles that PPTg may exert in
cognition and behavior via thalamic and basal ganglia
relays

The thalamocortical route allows the PPTg to participate in a
variety of high-order functions. This occurs through the large bulk of
cholinergic and non-cholinergic fibers that connect the PPTg to the
midline thalamic nuclei, in particular the centromedian-parafascicular
complex (CM-Pf) [14,20,85-88].

These nuclei are in receipt of basal ganglia afferents and, in turn,
diffusely innervate the cerebral cortex. The PPTg cholinergic neurons
give rise to a dual projections to the thalamus and pontine reticular
formation [89], which carry streams of information about motor and
autonomic functions simultaneously to thalamic nuclei and to lower
brainstem nuclei.

The parafascicular (Pf) nucleus is involved in attention and
action selection [90-93]. It is reached by a consistent number of PPTg
cholinergic fibers and provides a powerful excitatory input to the basal
ganglia. In particular, Pf fibers are directed to the striatum, where they
synapse onto medium spiny neurons and cholinergic interneurons
[94-96], and to the subthalamic nucleus [97-100]. In addition, the
CM-Pf complex sends topographically organized fibers to the cerebral
cortex [101]. The complexity of these projections to the cerebral cortex
increases progressively through evolution, reaching its maximal level
in humans [102-106]. Thus, via midline thalamic nuclei, the PPTg
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Figure 1. Position of the PPTg in the sagittal aspect of the brain, chemical heterogeneity of its neuronal populations and brain regions reached by their output fibers. The dashed line
represents the pontomesencephalic junction (pmj) (Adapted from Pienaar et al. [46]).
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Figure 2. Oscillations in PPTg neurons and gamma band activity. A) Schematic representation of the neuronal circuitry involving the cerebellum, the parafascicular nucleus and the PPTg.
(Adapted from Garcia-Rill et al. [81]). B) During cortical slow waves the cholinergic PPTg neurons are active, discharging at gamma frequency, while non cholinergic neurons are also
active but not discharging at gamma frequency. (Adapted from Mena-Segovia et al. [82]). C) Gamma band oscillations develops in a PPTg neuron when progressively depolarized by current
pulses (Adapted from Kezunovic et al. [63]).
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gains access to different cortical functions and to several high-order
functions of the brain, including learning, memory, spatial perception,
control of impulsivity, and decision-making [107].

The PPTg provides fast input to Pf neurons, which is demonstrated
by the fact that its microstimulation has been reported to evoke
well-defined responses in Pf neurons that consist of a short latency
activations or sequences of inhibition and activation (50% and 18%
of responsive neurons, respectively) [108]. These responses could be
attributed to direct influences of the PPTg neurons on Pf neurons
because they appeared a few ms following PPTg stimulation and
because they were still present following destruction of the cerebellar
nuclei or after interruption of the basal ganglia circuitry (which could
be co-activated by PPTg stimulation). In addition, Pf neurons have
been found to manifest high threshold calcium channels that mediate
gamma band oscillations [109,110]. Figure 3 shows representative
examples of Pf neurons whose electrical activity was modified by PPTg
microstimulation.

The neuronal circuitry involving the CM-Pf complex and the basal
ganglia has a primary role in behavioral flexibility (that is, in switching
behavior according to changes in the context in which a given action
must be executed). In a study of flexibility during reversal learning,
it has been shown that behavioral flexibility requires changes in the
efflux of ACh in the dorsomedial striatum via the Pf nucleus [91]. The
release of ACh in the striatum may affect the functional properties
of striatal neurons, in particular of cholinergic interneurons that
are strongly innervated by Pf fibers [95]. These striatal interneurons
would correspond to the so-called tonically-active neurons recorded
in behaving monkeys. They have a key role in attention and sensory
processes that are needed for proper selection of motor responses to
stimuli that are of behavioral significance [111-114]. Because PPTg
neurons also respond to the presentation of stimuli of behavioral
significance [115,116], the striatum may process behavior-related
signals carried through the PPTg-Pf pathway. The excitatory neurons
that form this pathway would ensure a fast route for the conduction
of sensory information to the striatum. Because neurons in the PPTg
and thalamic intralaminar nuclei, including the Pf, are lost in PD, the
loss of the fast-conducting sensory input to the striatum via the PPTg
may decrease sensory responsiveness in PD patients. This loss may also
cause difficulty in the selection of suitable motor actions or to respond
appropriately to sensory cues that usually trigger or require change in
motor plans. The PPTg may also play a role in decision-making. Indeed,
PPTg neurons encode short-term information concerning the most
recent motor acts executed in response to conditioned stimuli (that
is the direction of movement), and the outcome of the conditioned
movement (that is rewarded or non-rewarded). This information may
be used to select action in immediately successive trials. Further, the
influence of recent experience on action selection may be decreased if
the PPTg is inactivated [117,118]. How PPTg neurons may participate
in decision making is discussed below in the section devoted to reward
mechanisms.

Investigating whether the PPTg influences the cerebral
cortex via the cerebellum

The traditional view that the cerebellum and basal ganglia
are anatomically separate neuronal systems that perform distinct
functional operations is challenged by several findings that support the
idea that the two systems share common structures. First, there have
been many reports that PPTg fibers are directed to deep cerebellar
nuclei [119-123]. Second, using transneural transport of the rabies
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viruses, disynaptic pathways have been demonstrated that link the
dentate nucleus to the striatum by way of thalamic nuclei [124], and
from the subthalamic nucleus to the cerebellar cortex by way of pontine
nuclei [125,126]. Third, according to tractographic studies, a PPTg-
cerebellum projection is present in the human brain [12]. Fourth,
changes of functional connectivity involving the striatum, the cortex,
and the cerebellum have been found in PD patients [127].

Both cerebellar cortex and nuclei are diffusely innervated by beaded
choline acetyltransferase-immunoreactive fibers that originate in the
PPTg. These fibers establish asymmetric synaptic contacts with small-
and medium-sized dendrites of cortical and nuclei neurons. The diffuse
distribution of ACh fibers in the cerebellum suggests that these fibers
may modulate the state of excitability of cerebellar neurons in relation
to arousal and according to rhythmical activity of thalamocortical
neurons [128].

Little is known about the electrophysiology of PPTg projections
to the cerebellum. Therefore, we recently addressed this issue by
investigating the effects of microstimulation of the PPTg on cerebellar
nuclei neurons in intact rats and in rats in which a loss of PPTg neurons
was induced [129]. In fastigial, interpositus and dentate nuclei, we
found that the main response of neurons was a short latency, brief
activation. This activation could follow short trains of stimuli delivered
up to 200 Hz and was likely the result of the activation of a direct
input from the PPTg (Figure 4). In animals in which PPTg neurons
had degenerated, the percentage of neurons activated from the PPTg
significantly decreased, which supports the idea that the response was
mainly due to the activation of PPTg neurons rather to the activation
of passing fibers. Given that dentate nucleus neurons were the most
responsive among the cerebellar nuclei to PPTg stimulation (76.2% for
dentate vs 55.2% and 7.0% for interpositus and fastigial, respectively),
we further investigated the properties of the PPTg-evoked response in
dentate neurons and concluded that the activation of dentate neurons
could be mediated by ACh. Indeed, iontophoretic application of ACh
antagonists (atropine or mecamylamine) onto dentate neurons while
stimulating the PPTg, led to a reduction, if not complete abolition, of
the evoked responses. Figure 4 shows a representative dentate nucleus
neuron activated by PPTg microstimulation.

The above data suggest that on the one hand the PPTg may
influence motor mechanisms in the medial cerebellum via the fastigial
and interpositus nuclei whereas, on the other side, it may participate
in cerebello-cortical mechanisms involved in motor learning via
the dentate nucleus. Thus, it is reasonable to hypothesize that the
lateral cerebellum may act in synergy with the Pf to ensure the most
appropriate level of basal ganglia and cortical activity required for
proper motor selection in response to stimuli of behavioral significance.
Among these stimuli, we can also include reward and reinforcement
learning information that the basal ganglia could provide to the
cerebellum. These aspects deserve future investigations given a recent
demonstration that the discharge of granule cells in the cerebellum
encode reward expectation [130].

The influence of the PPTg on fastigial and interpositus nuclei may
also play a role in the origin of gait and postural instability in advanced
PD, a point at which patients are refractory to dopaminergic medication
but are able to benefit from deep brain stimulation of the PPTg [29,32-
35,131]. This evidence has led some authors to consider gait and
axial disturbances in PD as possible consequences of a disruption of
ACh mechanisms in the brainstem rather than of the nigrostriatal
dopaminergic system; and the severity of these motor disabilities has
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Figure 3. Perievent histograms (PETH) and dot raster displays from 30 consecutive stimuli delivered at 1 Hz, showing the effects of microstimulation of the PPTg in parafascicular neurons.
Each dot corresponds to one impulse. The vertical line indicates the stimulus application. A) The most frequent orthodromic response was a short-latency and brief activation. B) Less
frequently, neurons were inhibited. The two kind of responses persisted after interruption of polysynaptic pathways that could be co-activated by the stimulation (Adapted from Capozzo

et al. [108]).
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Figure 4. A) A representative example of the short latency and brief orthodromic
activation recorded in dentate nucleus neurons following PPTg microstimulation. A) Three
superimposed sweeps. B) Dot raster display from 30 consecutive stimuli delivered at 1
Hz. C) The orthodromic spike followed a 200 Hz stimulation train (Adapted from Vitale
et al. [129]).
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been directly related to the degree of ACh neuronal loss in the PPTg
[132,133]. However, other neurotransmitters, in particular glutamate
are thought to be involved in fibers descending from the PPTg to the
spinal cord and to lower brainstem motor structures. Thus, further
studies are required to elucidate the nature of PPTg descending fibers
that contribute to gait and muscle tone.

The role of the PPTg in predictive reward information
and reward-based learning

Specific neuronal circuits acquire reward information from a
variety of sensory information that is processed in the brain. By
strengthening the association between stimuli and the selection of
behavioral responses, sensory information becomes crucial for eliciting
and reinforcing approach behavior.

Lesions or chemical inactivation of the PPTg has been found
to disrupt reward-related responses, attentional performance, and
stimulus-reward associations [134-146]. Consequently, the execution
of conditioned reinforcement paradigms was compromised, but
movement, per se, was preserved and subtle motor deficits were only
evidentiftasks were particularly demanding. The extent to which specific
subsets of PPTg neurons are responsible for the above deficits is unclear.
For instance, rats with an ibotenate-induced loss of PPTg neurons or a
selective loss of ACh neurons induced by diphtheria toxin conjugated
to urotensin-II showed no deficits in learning or performance during
fixed- or variable-ratio paradigms for reinforcement. The rats also had
a normal locomotor response to nicotine, and they were not impaired
in either cocaine or heroin self-administration or in the development
of cocaine or heroin conditioned place preferences [136,147,148].
Yet, neither ibotenate-induced partial nor complete lesions of the
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PPTg caused locomotor deficits [149], as would be expected given the
involvement of the PPTg in the mesencephalic locomotor region.

When investigating reward-related responses, the first neurons
to consider are the mesencephalic dopaminergic neurons. It is well
established that these neurons operate by transforming a reward-
related sensory signal into an internal variable that is encoded by
changes in the discharge pattern. that many of these neurons respond
with a phasic increase in their discharge pattern in response to reward-
related signals without encoding movement parameters [150,151]. Two
components may be discriminated in this phasic activation. The first,
appearing before behavioral action and having a latency and duration
of < 100 ms, is related to the salience of the stimuli (that is, the physical,
motivational, and novelty aspects) and may serve to detect stimuli. The
second component, appearing at latencies of about 250 ms, encodes
information about the real value of the reward, and a prediction error
response arises if reward is not given at all or if its value differs from
what was expected. Thus, while the fast initial response may quickly
detect reward-related stimuli and prepare to move or not to move
according to previous experience, the slower second response requires
a longer interval due to the complex processing of the reward signal in
the brain to gain accurate information on its value.

The PPTg may influence mesencephalic dopaminergic neurons.
This idea is supported by the observation that the PPTg provides
robust monosynaptic excitatory input to these neurons, and input
involves both glutamate and ACh [152-157]. Thus, it is reasonable to
hypothesize that fast transmission of information from the PPTg to
mesencephalic dopamine neurons occurs in response to behavioral
stimuli.

Short-latency responses to behavioral sensory cues have been
described in mice, rat, and cat PPTg neurons [115-117,158]. In
agreement with the functional link between PPTg and dopaminergic
neurons in the substantia nigra, the responses recorded in PPTg
neurons at the presentation of behavioral cues were faster than those of
the dopaminergic neurons, and inactivation of the PPTg was found to
suppress the responsiveness of these neurons to cues [116].

In monkeys performing a rewarded visually guided saccade
paradigm different subsets of PPTg neurons were found to be involved
in either motor aspects of the task (that is, fixation and saccade
execution) or in reward aspects. The reward exerts a critical influence
on visual selective attention to maximize both the animal’s interaction
with the surrounding environment and positive outcome [159,160].
In the saccade-related paradigm, a monkey had to hold its gaze on a
central fixation target; a reward was delivered after the monkey made
a saccade at the presentation of a cue that indicated the peripheral
saccade target. Different shapes of the central fixation target could also
serve as predictors for a large or small upcoming reward, which allowed
for an investigation into whether differences in predicted and actual
reward magnitude would affect neuronal responses. Tonic or phasic
modulation of neuronal activity occurred in different PPTg neurons
in correspondence with or during the expectation of the behavioral
events of the paradigm. Figure 5 shows reward-related responses
that are similar in the PPTg, striatum and substantia nigra pars
compacta.

The tonic reward-related responses consisted of either a sustained
increase of discharge [161-163], or sustained depression [162]. Most of
the sustained increased activity developed from the onset of the initial
fixation target until reward delivery, and the magnitude of the response
was higher when the shape of the fixation target cued the animal to
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expect a large reward. Thus, the level of activity reflected the predicted
reward amount. Stronger responses were also observed in successful
vs failed trails (that is, when the monkey failed the saccade movement
and, consequently, was not rewarded). The sustained activity could also
continue if the reward delivery was delayed to sharply decrease once
that the reward was gained. These neurons did not give any response
to unexpected reward. However, when the target cue was kept on
after reward delivery, instead of being turned off, a subpopulation of
PPTg neurons showed sustained activity, indicating that the monkey
continued fixating on the saccade target even after the reward delivery
[163]. This may be indicative of the existence of PPTg neurons that
sustain attention toward the actual task event rather than toward
reward. Another proof of the existence in the PPTg of tonically active
neurons that may sustain attention stems from a variant of the above
paradigm in which the animals were cued of the start of a trial by a
fixation point that preceded the presentation of the fixation target. In
these circumstances, PPTg neurons were found that increased their
discharge rate at the presentation of the cue that signaled the start of
the trial, and this activity was sustained until the end of the trial.

However, no paradigm has been specifically employed to dissociate
the reward component from a possible motor component in the
sustained activity. The fact that the magnitude of this tonic activation
reflected the predicted reward amount undoubtedly supports the
reward nature of this response. However, the monkey always had to
move the gaze toward the saccade target, thus it cannot be excluded
that the sustained activity could be at least in part due to preparation
and execution of the saccade target and/or in sustaining the saccade
on the reward target if this was not turned off. This aspect might be
definitively elucidated in the future by engaging monkeys in a rewarded
GO-NOGO paradigm (that is, enabling the monkey to receive reward
fixating the gaze without performing a subsequent reward target
movement, in spite of presentation of the reward target). Whatever
the contribution of saccade preparation and execution could be in the
predictive tonic activation, the reward target was the pivot sensory cue
around which the monkey’s attention turned to correctly performing
in the behavioral paradigm. If something unusual happened, such as
the target signal not being switched off, the monkey kept attention
on this cue. A similar situation may occur in our daily living when
an unexpected event occurs; for example, when a monitor does not
switch on, we continue to fix the LED signaling the proper working
of our device. In these circumstances, a state of sustained arousal and
attention develops that help us understand what it is happening.

With regard to the “suppressive” neurons, the decrease of their
discharge rate was mirrored by the increase of activity showed by the
PPTg neurons that were activated during the paradigm. Suppressive
neurons decreased their activity even before the appearance of
the initial target, and the degree of decrease was correlated to the
magnitude of the reward to the point that they keep silent when a large
reward could be predicted according to the shape of the fixation target.
Thus, bidirectional changes in tonic activity may encode the prediction
of rewards by PPTg neurons but without encoding information about
the actual reward value. Overall, the above tonic responses may be
considered as specifically involved in the prediction of the upcoming
reward until its delivery, and should reflect a sustained attentional and
motivational state of the monkey in the task.

The neurons that showed a phasic response to reward responded
when a reward was given, regardless of whether the reward was given
in the paradigm context or unexpectedly, and was higher as the
amount of reward increased. Thus, these neurons seem to be involved
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Figure 5. Comparison of reward-related responses of PPTg neurons with responses recorded in the striatum and the substantia nigra pars compacta. A and B are the population responses of
neurons increasing tonically their discharge from the beginning of the saccade paradigm until the reward delivery, and the population response of neurons that were phasically activated by
the reward delivery, respectively. The red and green traces refer to large and small amount of reward, respectively (Adapted from Okada et al. [165]). C) An example of a neuron recorded in
the dorsal striatum increasing its discharge from the appearance of a conditioned stimulus until the reward delivery. The neuron was tested in a GO/NOGO paradigm. Note that the increase of
discharge lasting up to the delivery of reward occurred irrespectively of movement (Adapted from Schultz ez al. [176]). D) An example of the phasic response of neuron in the pars compacta

of the substantia nigra to reward delivery (Adapted from Schultz [194]).

in coding the reward value, at least in terms of amount of reward. In
this respect, it should be noted that no other characteristics pertaining
to the value of the reward were investigated, such as instructing the
animal about the possibility or risk of gaining rewards of different
quality or applying test conditions in which the reward was predicted
but successively omitted. The phasic response to reward could also
start 100 ms before reward delivery, extinguished within 200 ms, and
occasionally occurred shortly before the reward. Some PPTg neurons
were phasically activated by both predicted and unpredicted rewards,
and the latencies of these responses were shorter when the reward was
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predicted. The phasic response was also observed when reward was
freely delivered (that is, delivered outside of any behavioral context).
Phasic suppression in reward-related neurons in correspondence with
reward delivery or reward omission have not been reported, but were
observed in this context in saccade-related neurons [164].

Responses similar to those described above were also reported by
Hong and Hikosaka [161] in a task in which monkeys had to perform a
saccade toward arewarded or not rewarded target. In this study different
PPTg neurons were found that were phasically excited by reward-
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related cues, that tonically increased firing from cue to reward release,
and that phasically increased firing when the reward was delivered.
In a paradigm where a reward was not given, a phasic depression of
activity was observed to presentation of a cue that was not linked to a
reward. Many of these neurons were electrophysiologically identified
as projecting to the substantia nigra pars compacta. A topographic
distribution of the responses was also observed, with the phasic reward-
responsive neurons localized in the central part of the substantia nigra
pars compacta and the tonic reward-responsive neurons localized in
the lateral part.

The participation of PPTg neurons in the computation of the
reward prediction error is also supported by data from a study of a two-
valued reward visually guided task, in which the shape of the fixation
target that started each trial informed the animal to expect large or small
rewards [165]. In this paradigm reward information was seen to be
carried by two distinct groups of neurons whose activity either tonically
persisted between the onset of the fixation target and reward delivery,
or phasically occurred after reward delivery. In tonically discharging
neurons, the level of activity was associated with the magnitude of the
expected reward; in phasically discharging neurons the level of activity
reflected the actual value of the reward. Thus, it appears that the activity
of separate populations of PPTg neurons may encode predicted and
actual reward values (that is, it may encode information that can be
quickly transmitted to mesencephalic dopamine neurons in order to
compute the reward prediction error).

However, major differences arise when comparing PPTg neurons
with dopamine neurons in terms of their responsiveness to reward-
related stimuli [166,167]. Indeed, contrary to dopamine neurons,
separate populations of PPTg neurons encode different reward and
event-related properties, and no phasic depression has been reported
if reward was omitted.

From these electrophysiological data it is not possible to attribute
tonic or phasic responses to any of the different types of cytochemically
identified PPTg neurons in tissue preparations, thus any hypothesis
formulated is merely speculative.

Of course, for optimal performance in any behavioral paradigm a
fundamental prerequisite must be fulfilled: the maintenance of a state
of sustained arousal and attention. In the above-discussed paradigms
this functional state would be assured throughout the task by the
tonic increase of activity that occurs both from the presentation of the
reward-related cue up to reward delivery and by the increased activity
that persists during the presentation of paradigm events. In this respect,
it is noteworthy that neurons that changed their activity during the
behavioral paradigm and during intertrial intervals have been found
to exhibit a periodic discharge activity of approximately 35 Hz, and
they have reached frequencies of up to 100 Hz [168], (in the range of
gamma-band activity typical of intense arousal). However, in awake
patients affected by PD or progressive supranuclear palsy, the activity
of neurons recorded in the PPTg area has been found to be phase
locked with alpha oscillations, and they respond to limb movement and
imagined gait by dynamically changing their activity and by decreasing
alpha phase locking [169].

Local field potential oscillations synchronized at alpha frequency
and coupled with similar activity in the cerebral cortex have been
reported in PD patients during levodopa therapy and during self-paced
joystick movements [170]. Oscillatory rhythms in local field potentials
in locomotor-inducing mesencephalic sites, including the PPTg, have
been reported to synchronize at theta frequencies (6-12 Hz) in the
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rat [171]. The theta frequency in the rat corresponds to the human
alpha rhythm. However, the findings concerning the appearance of
alpha oscillations in neuronal discharge and in field potentials must
been cautiously interpreted since: a) some studies may be recording
conditions at rest when the nucleus fires at low frequencies, and b)
PPTg neurons degenerate in neurodegenerative diseases. Alternatively,
the oscillations observed in pathological states may be indicative of
profound alterations in the functional properties of PPTg neurons,
to the point that they do not show sustained gamma-band activity
as should occur according to the reported studies that have used
monkeys. In spite of these limits, low frequency oscillations might
be proper of motor aspects, e.g. at rest, while high frequencies might
be required by arousal and motivational aspects that underlie goal-
directed movements.

Some responses of PPTg neurons to behavioral signals and rewards
are similar to those observed in the striatum in tasks that required either
arm or saccadic movements [112,113,172-176]. From this comparison,
we argue that the PPTg and the striatum may share common profiles of
neuronal responses in relation to the presentation and expectation of
predictable behavioral events, including reward (Figure 5).

If we consider the neuronal circuitry in which the PPTg is involved,
we can also hypothesize that the PPTg may convey fast information to
mesencephalic dopaminergic neurons via the monosynaptic excitatory
PPTg substantia nigra pathway, and it may also influence striatal
neurons both indirectly via intralaminar thalamic nuclei and directly
by its neurons innervating the striatum [177,178].

Interestingly, some of the PPTg neurons in the Hong and Hikosaka’
study [161] could be neurons projecting to thalamic targets because
they were not antidromically activated from the substantia nigra.

Conclusion

Taken together, the findings discussed above suggest that the
functions of the PPTg go considerably beyond motor functions,
encompassing arousal, attention, and motivational aspects that are
involved in the formation and selection of appropriate motor responses
to behavioral signals.

A major question arising from these data is about how motor and
non-motor functions of the PPTg are integrated with each other. In
dealing with this issue, first we can consider that when a goal-directed
movement must be undertaken, the central nervous system acts to select
the most suitable motor plan among the competing possibilities acquired
through previous motor learning. This selection should occur according
to a motivational state that better helps in selecting the most appropriate
strategy that will result in a high-value reward. This process involves
sustained attention to internal and external cues that drive behavior.
Hence, a high degree of arousal is an essential prerequisite for the successful
selection of a motor plan and for its correct execution. According to the
data we have discussed, PPTg is involved in the neural circuitry of reward.
It may have a key role in reward-related behaviors, likely influencing
mesencephalic dopaminergic neurons and striatal neurons.

With regard to the motor nature of the PPTg, this is supported by
the PPTg being part of most of the mesencephalic locomotor region,
by its connections with subcortical and cortical motor structures, by
its fibers innervating lower brainstem and reticulospinal neurons, by
its activation in locomotor imagery tasks, by its neurons that discharge
in relation to limb movements and, finally, by improvements of motor
disabilities induced by its continuous electrical stimulation in PD
patients [29,33-35,169,179-184].
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The effects of PPTg deep brain stimulation allow us to make some
additional conclusions. Improvements of posture and freezing of gait
have been consistently reported by different authors [29,34,35] while
improvements of gait in term of gait initiation, stride length and cadence
have been shown in most of our patients [185]. The inconsistencies
pertaining to gait may have originated from different factors, including
criteria for patient selection, different degree of degeneration from
patient to patient, precise stimulation site and electrical setup of
stimulation [32]. As the electrical setup is concerned, the best clinical
impact on gait in our patients has been obtained with stimuli delivered
at 40 Hz, having voltage of 2-4 V and pulse width of 60 ps [32,185]. A
similar setup has been also successful adopted in other studies [36,186].
In animal studies a similar frequency has been proved to be effective
in inducing locomotion [181,187]. However, in a recent animal study
locomotion was best achieved at 10-20 Hz [171], i.e. at frequencies
that were not effective in improving gait in PD patients. However, the
lack of localization of the stimulated site in the latter study by means
of NADPH-diaphorase staining, which is specific for ACh neurons
in the PPTg, does not allow easy comparison of results. It should be
also noted that locomotion is quite different between quadrupeds
and bipeds, thus the results from roditors or felines cannot be easily
transferred to humans. For example, the upper limbs in humans have
a quite different function during the swing and stance phases of gait
compared to the active support function that the quadrupeds forelimbs
exert. These differences may also contribute to determine the optimal
stimulation parameters for inducing locomotion across species.

The hypothesis that deep brain stimulation of the PPTg relieves
a block to execute a pre-prepared movement [188] fits well with our
data because gait may speedily proceed if freezing of gait is removed.
Under these circumstances, we hypothesize that if arousal is increased
under PPTg stimulation, patients may be more attentive to what
they are doing or in what they are about to do, which would result
in an improvement in the success of their actions. At the same time,
adjustments of postural tone may occur automatically due to the
restoration of PPTg influence on descending motor pathways.

All this considered, patients who underwent PPTg deep brain
stimulation have been reported to improve daytime sleepiness
and REM sleep [189,190], in line with the central role of the PPTg
in promoting arousal and REM sleep. In addition, these patients
experienced significant amelioration in cognitive functions as shown
by a better performance in delayed recall, executive functions and
verbal fluency paradigms. These improvements were accompanied by
increased glucose utilization in prefrontal and frontal cortical areas
bilaterally and in the ventral striatum [191-193].

The experience with PPTg deep brain stimulation compared
to subthalamic nucleus deep brain stimulation is still limited, but
promising. PPTg may offer a valid alternative for those motor
disabilities that are not improved by stimulating the subthalamic
nucleus, in particular postural instability and gait impairment.
Another advantage that PPTg deep brain stimulation might offer,
compared to the subthalamic nucleus, is a slowing of cognitive
decline, although very few patients have been investigated with this
aim. The data discussed in this review clearly points to a crucial role
of the PPTg both in the translation from motivation to action, and
in the facilitation of brainstem motor mechanisms that are required
for the correct execution of a goal-directed motor act. Whether any
of the different neuronal populations different neuronal populations
in the PPTg is selectively involved in these different functions is yet
unknown, although cholinergic neurons are likely to be involved in
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arousal and REM sleep generation. Therefore, addressing these issues
in future studies is of utmost importance in order to better understand
and characterize what deep brain stimulation of the PPTg may have to
offer in the improvement of PD symptoms.
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