
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

Review

Neurophysiology of the pedunculopontine tegmental nucleus
F. Vitalea, A. Capozzoa, P. Mazzoneb, E. Scarnatia,⁎

a Department of Biotechnological and Applied Clinical Sciences (DISCAB), University of L'Aquila, Via Vetoio 2, 67100 L'Aquila, Italy
bASL 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

A R T I C L E I N F O

Keywords:
Basal ganglia
Cerebellum
Movement
Neurodegeneration
Parkinson's disease
Spinal cord
Substantia Nigra

A B S T R A C T

The interest in the pedunculopontine tegmental nucleus (PPTg), a structure located in the brainstem at the level
of the pontomesencephalic junction, has greatly increased in recent years because it is involved in the regulation
of physiological functions that fail in Parkinson's disease and because it is a promising target for deep brain
stimulation in movement disorders. The PPTg is highly interconnected with the main basal ganglia nuclei and
relays basal ganglia activity to thalamic and brainstem nuclei and to spinal effectors. In this review, we address
the functional role of the main PPTg outputs directed to the basal ganglia, thalamus, cerebellum and spinal cord.
Together, the data that we discuss show that the PPTg may influence thalamocortical activity and spinal mo-
toneuron excitability through its ascending and descending output fibers, respectively. Cerebellar nuclei may
also relay signals from the PPTg to thalamic and brainstem nuclei. In addition to participating in motor func-
tions, the PPTg participates in arousal, attention, action selection and reward mechanisms. Finally, we discuss
the possibility that the PPTg may be involved in excitotoxic degeneration of the dopaminergic neurons of the
substantia nigra through the glutamatergic monosynaptic input that it provides to these neurons.

1. Introduction: Morphofunctional properties of the
pedunculopontine tegmental nucleus neurons

The pedunculopontine tegmental nucleus (PPTg) is located in the
pontomesencephalic tegmentum and is characterized by a complex and
peculiar pattern of input–output relationships that permit it to partici-
pate in a variety of functions. For example, it may affect arousal, con-
sciousness, cognition, sleep-waking cycles and sensory integration via
fibers directed to non-motor thalamic nuclei. At the same time, it may
also participate in motor control, being strictly involved in locomotion,
and in the regulation of muscle activity through fibers directed to the
lower brainstem and spinal cord.

Interest in the PPTg originated in the 1980s, after it was shown that
it receives basal ganglia (BG) efferents. In monkeys, the PPTg is located
in the pontine tegmentum between the caudal pole of the red nucleus
and the parabrachial nucleus, extending posteriorly to the pontome-
sencephalic junction. The cytoarchitecture of its neurons suggests that
it is homologous to the nucleus that was originally defined in the
human brainstem by Jacobsohn (1909). Different neuronal densities
characterize its subdivisions, the subnucleus dissipatus and the sub-
nucleus compactus, in the human brain (Olszewski and Baxter, 1982;
Paxinos and Huang, 1995). These subnuclei are less distinct in lower
species, but cytological analogies with the human brain are preserved.

Interest in the PPTg was further stimulated by anatomopathological
investigations showing that PPTg neurons degenerate to variable extent
in neurodegenerative disorders. The neuronal loss was found to more
severe in progressive supranuclear palsy (75%–80%) than in
Parkinson's disease (PD) (43%–57%). Degeneration of the PPTg also
occurs in patients with both Alzheimer's disease and Lewy body de-
mentia, where the neuronal loss was found to occur to a lower extent
(e.g. 25%–34%) (Hirsch et al., 1987; Jellinger, 1988; Karachi et al.,
2010; Rinne et al., 2008; Zweig et al., 1989).

PPTg neurons participate to a neuronal network that is similar
across mammalian species (Alam et al., 2011; Stephenson-Jones et al.,
2012); however, the strength of some connections varies. PPTg output
fibers that are rostrally directed form a compact bundle that courses in
the mesopontine tegmentum and splits into ventromedial and dorso-
lateral bundles directed to BG and thalamic nuclei, respectively. The
substantia nigra (SN) and the subthalamic nucleus (STN) are the most
densely innervated structures among the BG targets. In the SN, PPTg
fibers arborize and contact the dopaminergic neurons of the pars
compacta. Several fibers also reach the pallidal complex where they
mainly end in the inner segment of the globus pallidus (the en-
topeduncular nucleus in rodents). In the striatum, PPTg fibers innervate
the putamen and the caudate nucleus, while they are virtually absent in
the ventral striatum (Dautan et al., 2014; Lavoie and Parent, 1994c).
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Other structures innervated by PPTg fibers include the lateral hy-
pothalamus, the ventral tegmental area, amygdaloid and thalamic nu-
clei (i.e. anterior, reticular, mediodorsal, centromedian, centrolateral,
posterior, lateral geniculate and habenula), septal regions (dorsal and
lateral), tectal nuclei (pretectal and superior colliculus), cranial nerve
nuclei (V,VII and XII), and frontal cortical areas (Edley and Graybiel,
1983; Jackson and Crossman, 1983; Lavoie and Parent, 1994c; Rye
et al., 1987; Saper and Loewy, 1982; Woolf and Butcher, 1989). In turn,
PPTg neurons are innervated by nigral, subthalamic and en-
topeduncular fibers. Concerning nigral afferents, at first considered to
originate from pars reticulata only (Edley and Graybiel, 1983; Spann
and Grofova, 1991), they also include dopaminergic fibers from pars
compacta as shown by recent data (Ryczko et al., 2016b). Thus, the
PPTg is linked to the BG by three major reciprocating circuits involving
the SN, STN and globus pallidus. It is noteworthy that the PPTg also
receives fibers from areas four and six of the motor cortex and from the
deep cerebellar nuclei. Limbic, hypothalamic and raphe inputs to the
PPTg have also been reported (Edley and Graybiel, 1983; Erro and
Gimenez-Amaya, 1999; Rye et al., 1987).

In addition to ascending fibers, the PPTg provides descending axons
that run through the ventromedial branch of Probst's tract to innervate
the gigantocellular tegmental field, the pontine reticular nuclei oralis
and caudalis and the ventromedial portions of the gigantocellular re-
ticular nucleus. This establishes a route to influence spinal cord motor
mechanisms as well as motor and autonomic functions of some cranial
nerves. Other targets for descending PPTg fibers include pontine, ves-
tibular, and deep cerebellar nuclei, the spinal cord and the rostral
ventrolateral medulla (Grofova and Keane, 1991; Jackson and
Crossman, 1983; Lavoie and Parent, 1994c; Ruggiero et al., 1997;
Ryczko et al., 2016a; Rye et al., 1988; Woolf and Butcher, 1989; Xiang
et al., 2013).

The PPTg has complex cytochemical and electrophysiological
properties. It was initially considered to be cholinergic being analogous
to the CH5 cholinergic cell group (Mesulam et al., 1983; Mizukawa
et al., 1986), consequently all its functions were believed to be medi-
ated by acetylcholine (ACh). However, a serious limitation to this view
is that a consistent number of choline acetyltranferase-(ChAT, the en-
zyme synthesizing ACh)-negative cell bodies were also observed in
other investigations (Beninato and Spencer, 1987; Beninato and
Spencer, 1988).

The number of ACh neurons on one side of the human brain has
been estimated to be approximately 6000 in the PPTg pars compacta
and 12000 in the pars dissipata of the PPTg in subjects aged
28–60 years. Other studies have estimated 1200–1300 ACh neurons in
the PPTg (one side) of subjects who died aged 20–50. A continuous
nonlinear decrease of ACh neurons has been observed with age in in-
dividuals who died at 28–70 years, and a stable low count of ACh
neurons has been measured between 80 and 91 years (a –40% decrease
with age). In some centenarians, counts have been found to be com-
parable with those of subjects who died aged 34–65 (Karachi et al.,
2010; Manaye et al., 1999; Ransmayr et al., 2000).

Today, it is known that the neuronal population of the PPTg is
heterogeneous as separate subpopulations express ACh, glutamate
(GLU) or gamma-aminobutyric acid (GABA) (Lavoie and Parent, 1994b;
Martinez-Gonzalez et al., 2012; Wang and Morales, 2009). Studies in
both monkeys and rats have also shown the presence of PPTg neurons
in which ACh is co-localized with either GLU or GABA (Lavoie and
Parent, 1994a; Lavoie and Parent, 1994b; Martinez-Gonzalez et al.,
2012; Wang and Morales, 2009); however, the neurons expressing this
colocalization have been found not exceed 5% of all PPTg neurons in
the rat (Wang and Morales, 2009). With the exception of the afore-
mentioned data on cholinergic neurons, no data is available concerning
the distribution of other PPTg neuronal subpopulations in the healthy
human brain or in neurodegenerative disorders.

The PPTg fibers innervating lower brainstem structures and the
spinal cord are of particular interest given the effects of PPTg

stimulation on locomotion and muscle tone. These fibers originate
largely from nonACh neurons (Goldsmith and van der Kooy, 1988; Rye
et al., 1988) and recent investigations have suggested the involvement
of glutamatergic neurons (Ryczko et al., 2016a).

A further level of complexity in the heterogeneity of PPTg neurons is
that they contain the corticotropin-releasing hormone or substance P,
atriopeptin and nitric oxide synthase co-localized with ACh. Only non-
cholinergic PPTg neurons have been reported to express the calcium-
binding D28k protein, while the cholinergic neurons of the PPTg to-
gether with those of the laterodorsal tegmental nucleus (LDTN) have
been distinguished from those of the basal forebrain based on their high
levels of NADPH diaphorase activity and nitric oxide synthase (Austin
et al., 1995; Cote and Parent, 1992; Dawson et al., 1991; Edley and
Graybiel, 1983; Geula et al., 1993; Standaert et al., 1986; Wanaka et al.,
1990; Woolf et al., 1989). Finally, additional neurochemical features
that have helped to localize the PPTg from surrounding basal forebrain
structures are the high density of fibroblast growth factor receptors in
the area in which the PPTg is located and the lack of nerve growth
factor receptors in the cholinergic PPTg neurons. In fact, fibroblast
growth factor, and not nerve growth factor, was shown to be the sur-
vival factor for PPTg ACh neurons (Garcia-Rill et al., 1991).

The heterogeneity of PPTg neurons has been also confirmed by their
electrophysiological properties. We identified three types of PPTg
neurons in anesthetized rats in an electrophysiological study: Type I
(40% of the recorded neurons), with a slow and regular discharge rate
(1.7 ± 0.2 imp/s) and a regular distribution of interspike intervals
(ISIs); Type II, (another 40% of the recorded neurons), with a high and
irregular discharge rate (11.7 ± 0.7 imp/s), a positivelyskewed dis-
tribution of ISIs and the presence of bursts of impulses; and Type III
(20% of the recorded neurons), with multisecond discharge oscillations
of 3–10 s, a discharge rate of 5.8 ± 1.2 imp/s, a positively-skewed or
symmetric distribution of ISIs and the presence of bursts. Many Type III
neurons displayed a large triphasic impulse waveform lasting 3–5ms
(Scarnati et al., 1987).

Subsequent intracellular studies have confirmed the presence of
three distinct types of PPTg neurons and provided details of their in-
trinsic membrane properties. In in-vitro recordings Type I neurons were
found to express low threshold spikes mediated by T-type calcium
channels; Type II neurons expressed an IA current delaying action po-
tentials after membrane hyperpolarization; and Type III neurons ex-
pressed both T-type and IA currents (Kang and Kitai, 1990; Leonard and
Llinas, 1990). Further data have been provided by electrophysiological
recordings coupled with immunostaining for ChAT: Type I neurons
responded to depolarizing currents with bursting discharges. They were
small-tomedium sized, fusiform or triangular neurons having 3–5 pri-
mary dendrites, and were likely glutamatergic. Type II neurons re-
sponded to depolarizing currents with a non-bursting pattern (tonic).
They were medium-to-large sized, polygonal neurons, had 5–7 primary
dendrites and 50% were immunopositive for ChAT. Type III neurons
had mixed characteristics and were not considered to be cholinergic
(Takakusaki et al., 1996; Takakusaki et al., 1997; Takakusaki and Kitai,
1997).

Single-unit recordings in awake patients have provided some insight
into the discharge patterns of neurons recorded in the PPTg region in
PD. The discharge rate varied from 9 to 70imp/s; but most neurons
discharged at 12–13 imp/s and were characterized by a randomly-dis-
tributed or a burst firing activity (Lau et al., 2015; Piallat et al., 2009;
Tattersall et al., 2014; Weinberger et al., 2008). Classification of these
neurons has been based on the shape (di- or triphasic) and duration
(narrow or wide) of their impulse waveform. It could not be excluded
that impulses travelling in passing fibers contributed to the observed
activity, as impulses lasting< 0.5–1ms are more typical of fibers than
neurons (Nowak and Bullier, 1998; Ranck Jr, 1975). The utility of these
data for secure identification of the PPTg is debatable, as the activity
recorded in the PPTg region of PD patients varied greatly from patient
to patient, likely depending on the extent of neuronal degeneration in
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both the SN and the PPTg. In addition, these characteristics did not
allow the identification in patients of the three different types of neu-
rons recorded in vitro or in vivo studies, thus the presumed cholinergic
nature of neurons with a triphasic wide action potential in the human
PPTg remains speculative. It should be also considered that neuronal
activity in these investigations was recorded in a pathological state,
therefore it is not possible to say how PPTg neurons discharge in the
normal condition. Despite these limitations, the discharge rate of 20
imp/s recorded in human PPTg deserves particular attention. Indeed, in
monkeys performing an eye-movement task, PPTg neurons showed a
basic firing rate of 19 ± 0.5 imp/s (mean ± SD) (Okada and
Kobayashi, 2015). This firing was regular since the coefficient of
variability (CV) of the ISIs distribution of neuronal activity was low
(< 1). When the monkey performed a conditioned eye movement,
neuronal firing tonically increased to 23.6 ± 0.7 imp/s. while the CV
remained low. This suggests that during the execution of the condi-
tioned eye movement firing frequency increased but the tonic pattern of
discharge was preserved. This increased activity likely encoded the
waiting phase that preceded an upcoming event or the acquisition of
the reward as scheduled in the behavioral paradigm (discussed later in
the chapter). Burst activity did not appear to be a striking characteristic
in the electrical activity of PPTg neurons recorded under basic condi-
tions in behaving monkeys. This suggests that burst activity found in
the PPTg in PD patients may represent a pathological discharge.

2. The PPTg and the reticular activating system (RAS)

The PPTg, together with chemospecific neuronal systems origi-
nating from the SN, locus coeruleus, LDTN, cuneiform nucleus and
raphe nuclei, is part of a rhythmogenic complex that participates in
both arousal and movement. Its deregulation is involved in sleep dis-
turbances, attention deficits, movement disorders, epilepsy, coma,
schizophrenia and depression (Garcia-Rill, 2015).

The functional importance of this region was first suggested by data
from behavioral studies. Following the injection of cholinomimetics
into the medial pontine reticular formation, rats entered a state very
similar to rapid eye movement sleep (REM or paradoxical sleep). REM
sleep induced by intracerebral injection of cholinergic agonists and
natural REM sleep were accompanied by increased ACh release in the
gigantocellular tegmental field, one of the rostral targets of PPTg and
LDTN. In agreement with this finding, electrical stimulation of the PPTg
enhanced the release of ACh in the gigantocellular tegmental field,
while simultaneously depressing respiration, similar to what occurred
in the ACh-induced REM sleeplike state (Bringmann, 1995; Kleiner and
Bringmann, 1996; Lydic and Baghdoyan, 1993; Lydic and Baghdoyan,
1994; Mitani et al., 1988). Thus, cholinergic projections from the PPTg
to the gigantocellular tegmental field may be important for the induc-
tion and maintenance of normal REM sleep and cortical activity. This
effect may be exerted by PPTg neurons via the suppression of the
bursting pattern of thalamic neurons involved in slow-wave sleep (SWS)
and via the maintenance of single-spike activity linked to REM sleep
and awake (Domich et al., 1986; Marks and Roffwarg, 1993; Weyand
et al., 2001).

PPTg neurons have been found to selectively change their activity
during the transition from non-rapid eye movement (NREM) sleep to
wakefulness or to REM sleep. Some neurons that were tonically active
during waking increased their firing up to 25–50 Hz (i.e. at frequencies
in the gamma band) during locomotor movements in monkeys (Goetz
et al., 2016b). In contrast, alpha oscillations have been recorded in the
PPTg at rest and during gait in PD patients (Thevathasan et al., 2012b).
This may indicate that a failure in the brainstem mechanisms gen-
erating gamma oscillations occurs in PD.

High-threshold calcium channels in the PPTg are thought to mediate
the generation of gamma band activity, and the different types of these
channels may serve distinct functions; for example, P/Q-type channels
preferentially modulate waking whereas N-type channels maintain

REM sleep (Garcia-Rill, 2015; Kezunovic et al., 2011; Urbano et al.,
2014). Significantly, three types of PPTg cells were described. Those
with both N and P/Q type channels comprising about 50% of neurons,
those with only N-type (30%), and those with only P/Q type (20%)
(Luster et al., 2016). It remains to be determined if these cells corre-
spond to the in-vivo classifications of “Wake-REM-on” that are cells
active during both waking and REM sleep, “REM-on” cells that are
active during REM sleep only, and “Wake-on cells that are active only
during waking. The longer the PPTg activation is prolonged by acti-
vation of calcium channels, the more thalamic and lower brainstem
PPTg targets should receive relayed gamma band activation.

ACh is likely to be involved in the above processes, as it is released
during active states when gamma oscillations appear in thalamic and
cortical neurons (Brucke et al., 2013; Garcia-Rill et al., 2016; Howe
et al., 2017; Sarter et al., 2016). The modulation of thalamocortical
gamma oscillations by the PPTg cholinergic neurons may also influence
thalamic processing of sensory information. The loss of this function in
PD may disrupt the integration of postural sensory signals at thalamic
levels and, consequently, weaken postural control in PD patients
(Muller et al., 2013).

Whether the cholinergic, GABAergic and glutamatergic PPTg neu-
rons selectively change their firing patterns in different physiological
states is a matter of incertitude. That said, cholinergic neurons of the
PPTg have been described to rhythmically discharge in the gamma
band in phase with slow cortical oscillations in rats under deep an-
esthesia (Mena-Segovia et al., 2008). In contrast, non-cholinergic neu-
rons that discharged in phase with cortical activity were found to in-
crease their activity in the opposite phase respect to the cholinergic
neurons, independently of nested gamma oscillations. These data sug-
gest that cortical gamma activity may be naturally modulated by PPTg
neurons, taking for granted that anesthesia-induced slow cortical os-
cillations are similar to those recorded during sleep.

In a study carried out in spontaneously-sleeping-waking head-fixed
rats, PPTg cholinergic neurons were found to be maximally active in
correlation with fast cortical activity and muscle tone during waking
and REM sleep. In the same study many GABAergic and glutamatergic
neurons similarly modulated their discharge as cholinergic neurons,
while others showed different discharge profiles depending on waking
and REM sleep, and in positive or negative correlation with muscle tone
(Boucetta et al., 2014). The maintenance of gamma band activity is
considered essential to support consciousness (Garcia-Rill, 2015).

Together with the LDTN, the PPTg is also considered to be im-
portant for the generation of ponto-geniculo-occipital (PGO) waves
(Lim et al., 2007). These field potentials, which are characteristic of the
transition from SWS to REM sleep, may be recorded in several brain
regions, including the mesopontine tegmentum. PPTg neurons have
been found to fire in bursts prior to, or in correspondence, with spon-
taneous PGO waves. The inhibitory GABAergic input from SN pars re-
ticulata is crucial for the generation of PGO waves. This input could
drive the membrane potential of PPTg neurons to a level that allows
them to discharge in bursts so that PGO waves may occur. Accordingly,
some GABAergic neurons of SN pars reticulata were described to be
active before the onset of PGO waves (Datta et al., 1991; Datta, 2009;
Datta and Siwek, 2002).

The discharge profiles of GABAergic and glutamatergic neurons in
the PPTg are poorly understood. In rats most of the presumed gluta-
matergic neurons that did not fire in correlation with muscle tone, have
been found to be active during waking and REM sleep, while others
were minimally active during waking and maximally active during REM
sleep. However, other presumed glutamatergic neurons that were
maximally active during waking and minimally active during REM
sleep modulated their firing in correlation with the level of muscle tone
(Boucetta et al., 2014).

Thus, according to the different profiles of neuronal activity that
have been found in its neuronal populations, it is possible to state that
the PPTg promotes waking and REM sleep and modulate cortical
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activation and muscle tone during these states.

3. The PPTg participates in cognitive and sensorimotor functions

There is convincing evidence that the PPTg participates in higher
functions of the brain; for example, lesions or chemical inactivation of
the PPTg have been reported to disrupt reward-related responses, at-
tention and stimulus–reward associations. The execution of conditioned
reinforcement paradigms was consequently compromised, but move-
ment, per se, was preserved and subtle motor deficits were evident only
if tasks were particularly demanding. The extent to which specific
subsets of PPTg neurons were responsible for the above deficits remains
unclear, thus, one may ask through which pathways the PPTg operates
in such functions.

A considerable number of PPTg cholinergic fibers innervate the
centromedian-parafascicular complex (CM-Pf), which in turn innervates
the cerebral cortex (Erro et al., 1999; Jackson and Crossman, 1983;
Kobayashi and Nakamura, 2003; Rye et al., 1987; Saper and Loewy,
1982; Sugimoto and Hattori, 1984). The projections from the CM-Pf
complex to the cerebral cortex increase progressively through evolu-
tion, reaching their maximal level in humans. Thus, the parafascicular
(Pf) nucleus allows the PPTg to gain access to different cortical func-
tions and to several high-order functions of the brain, including atten-
tion, action selection, learning, memory, spatial perception, control of
impulsivity and decision-making. PPTg neurons may also participate in
these functions through their axons ending in the striatum, where they
synapse onto medium spiny neurons and cholinergic interneurons
(Lapper and Bolam, 1992).

The loss or disruption of function that occurred following PPTg le-
sions confirms this viewpoint. For example, the acquisition of active
and passive avoidance and of a place-learning task were impaired,
whereas retention and retrieval of acquired avoidance behaviors were
unimpaired in rats with PPTg lesions (Fujimoto et al., 1989; Fujimoto
et al., 1992). Learning was also impaired when lesioned animals per-
formed mnemonic motor tasks, such as an eight-arm radial maze-
working memory task and a place-navigation water-maze task (Dellu
et al., 1991) or when engaged in reversal learning in a spatial dis-
crimination task (Syed et al., 2016). The integrity of the PPTg was also
necessary for the development of morphine-induced place preference
(Bechara and van der Kooy, 1992a). In contrast to the above results, no
marked functional deficit was detected in PPTg lesioned rats engaged in
a delayed non-matching to position accuracy task (Steckler et al.,
1994). Furthermore, PPTg lesioned rats were not impaired in cocaine or
heroin self-administration, or in the development of cocaine or heroin-
conditioned place preferences (Parker and van der Kooy, 1995; Steidl
et al., 2014).

Stimulus-reward association learning and attentional performance
were disrupted in rats with PPTg lesion engaged in specific behavioral
paradigms (Cyr et al., 2015; Florio et al., 1999; Inglis et al., 2000; Inglis
et al., 2001).

Rats with 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 reinforcement paradigms (MacLaren et al., 2016). Acquisition of
bar pressing for self-stimulation and amphetamine or morphine was
prevented by N-methyl-D-aspartate (NMDA)–induced lesions of the
PPTg while a reduction of bar pressing rate was found if the lesion was
made after acquisition of self-stimulation (Lepore and Franklin, 1996).
However, the performance in bar-pressing tasks depends on different
subregions of the PPTg (Wilson et al., 2009). Indeed, when the posterior
part of the PPTg was inactivated by microinjection of the GABA an-
tagonist muscimol, the rats maintained their learned bar pressing rate
for food reward but were unable to update their actions as the prob-
ability to earn a reward decreased (MacLaren et al., 2013).

The correct performance of the animal in many of the above tasks
might have required intense activation of PPTg neurons driving, in turn,

the activity of PF neurons. In agreement with this hypothesis, PPTg and
Pf neurons discharged in the gamma band if the task was particularly
demanding. The presence of high-threshold calcium currents in these
neurons assured that the gamma band was effectively induced by the Pf
and relayed to the cortex (Hyde et al., 2013; Kezunovic et al., 2011;
Kezunovic et al., 2012).

The flow of information from the PPTg to the Pf neurons is rapid, as
shown by the short-latency activation of Pf neurons in response to PPTg
microstimulation (Capozzo et al., 2003). It is reasonable to propose that
this activation was due to the activation of a direct pathway from PPTg
to Pf, as these responses were still present following the destruction of
cerebellar nuclei or after interruption of BG circuitry (i.e. in the absence
of structures that could be co-activated by PPTg stimulation).

The neuronal circuitry involving the CM-Pf complex and the BG is
also important for behavioral flexibility (i.e. in switching behavior in
accordance with changes in the context in which a given action must be
executed). In particular, the glutamatergic Pf neurons innervated by the
PPTg cholinergic fibers and projecting to the dorsomedial striatum, may
have a crucial role in this function. Indeed, these fibers may modulate
the activity of the striatal cholinergic interneurons, which act in specific
attention and sensory processes that are required for proper selection of
motor responses to behavioral stimuli. As short-latency (< 80ms)
phasic activation was observed in PPTg neurons in response to the
presentation of visual and acoustic stimuli of behavioral significance
(Dormont et al., 1998; Norton et al., 2011; Pan and Hyland, 2005;
Thompson and Felsen, 2013), the striatum may process behavior-re-
lated signals rapidly transmitted via the PPTg–Pf pathway. The short-
latency of PPTg responses (< 80ms) suggest a direct access to PPTg
from early components of auditory, visual and somatosensory path-
ways, i.e. before access via multisynaptic pathways involving the su-
perior colliculus, cerebral cortex and basal ganglia (Grunwerg et al.,
1992; Krauthamer et al., 1995; Schofield, 2010; Schofield et al., 2011).

Since the PPTg and thalamic intralaminar nuclei, including the Pf,
are reduced in PD (Halliday, 2009; Hirsch et al., 1987; Jellinger, 1988;
Zweig et al., 1989), the disruption of sensory integration in the PPTg
and the loss of the fast-conducting sensory input to the striatum via the
PPTg–Pf pathway may decrease sensory responsiveness to external cues
in PD patients. As a consequence of this loss, difficulties in the selection
and/or execution of suitable motor actions in response to sensory in-
formation that usually drive movement or may occur in PD patients.

4. Motor functions of the PPTg

The integrity of the PPTg is important for reaching movements and
in dopaminergic drug-stimulated orofacial activities (i.e. biting and
licking) but not in spontaneous or drug-induced locomotion in the rat
(Dunbar et al., 1992; Gut and Winn, 2015; Inglis et al., 1994; Muller
and Klingberg, 1986; Olmstead and Franklin, 1994; Swerdlow and
Koob, 1987).

However, being a part of the mesencephalic locomotor region, the
PPTg is one of the locomotion-inducing sites of the midbrain. Indeed, its
microstimulation elicited locomotion on a treadmill in decerebrate rats
and cats. In addition, single-unit recordings in the PPTg region identi-
fied the presence of rhythmic patterns of neuronal activity synchro-
nized to actual spontaneous locomotion (Garcia-Rill et al., 1983; Goetz
et al., 2016a; Goetz et al., 2016b; Skinner and Garcia-Rill, 1984). PPTg
neurons also displayed tonic and cyclic patterns of activity during
spontaneous fictive locomotion. These electrophysiological data sug-
gest that PPTg neurons contribute to the generation of rhythmic activity
by the mesencephalic locomotor region. A recent study in mice has also
provided evidence supporting a role of glutamatergic PPTg neurons in
setting locomotor speed and gait selection (Caggiano et al., 2018).

Microrecordings from presumed PPTg neurons in PD patients
showed that they discharged in relation to limb movements and in lo-
comotor imagery tasks (Lau et al., 2015; Tattersall et al., 2014). This
latter finding suggests that the PPTg, besides being involved in motor
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execution, also participates in motor programming and allows an in-
tegrated regulation of locomotor rhythm and postural muscle tone
during locomotion (Takakusaki et al., 2016). Limb movement may
therefore occur smoothly in the presence of optimal muscle tone. The
reticulospinal system, arising from the pontomedullary reticular for-
mation and descending in the neuraxis from the cervical to the lum-
bosacral segments, would allow synergistic action of the neck, trunk
and limb muscles while modulating the central pattern generators in
the spinal cord. In addition, projections to the superior colliculus and
cranial nerve nuclei (V,VII and XII) would allow the PPTg to contribute
to a wide range of motor activities, including saccadic eye movements,
eye-head coordination and oro-pharyngolaryngeal movement.

Postural tone may be modulated by PPTg neurons projecting to the
brainstem structures and spinal cord (Garcia-Rill et al., 2001; Garcia-
Rill and Skinner, 1987a; Garcia-Rill and Skinner, 1987b; Kelland and
Asdourian, 1989; Scarnati et al., 2011; Skinner et al., 1990a; Skinner
et al., 1990b; Takakusaki et al., 2016). In particular, the PPTg could act
through the reticulospinal system whose neurons, located in dorsal and
ventral regions of the pontomedullary reticular formation, may induce,
if activated, muscular atonia or hypertonia, respectively. Stimulation of
the PPTg region in animals, and PPTg DBS in PD patients, has been
shown to produce short-latency excitation of hindlimb motoneurons.
This excitation was investigated by stimulating the L6 dorsal root in rats
and recording the monosynaptic reflex response (H-reflex) (Baldissera
et al., 1994; Scarnati et al., 2011). This response was strongly facilitated
when a low-intensity conditioning stimulus was applied in the PPTg
region prior (1–2ms) to L6 dorsal root stimulation. This facilitation
suggested that a descending PPTg pathway facilitated the excitability of
spinal alpha-motoneurons. Accordingly, when a single stimulus was
applied to the PPTg region, a descending volley was recorded in the
medullary midline (in the region of the medial longitudinal fascicle),
from the spinal cord surface at the thoracic and lumbar levels and from
dorsal (sensory) and ventral (motor) roots. The latency of the des-
cending volley along the neuraxis and spinal roots indicated that hin-
dlimb motoneurons were activated via a disynaptic pathway with a
relay in the brainstem. The spinal and muscle responses disappeared
when neurons in the PPTg region were destroyed by ibotenic acid mi-
croinjection or when a discrete electrolytic lesion was placed in the
medial longitudinal fascicle. This suggested that the effects of PPTg
stimulation could be mediated via the reticulospinal pathways. A si-
milar facilitation was observed in PD patients when investigating the
effect of PPTg DBS on the soleus-H-reflex (Pierantozzi et al., 2008).
Stimulation of the PPTg caused a net decrease of the threshold to evoke
the H-reflex, whereas STN-DBS was less effective and L-Dopa in-
effective. That the PPTg may modulate reticulospinal pathways is also
supported by its participation in the acoustic startle response, i.e. in the
fast skeletal muscle contraction that occurs in response to a sudden loud
stimulus (MacLaren et al., 2014; Yeomans et al., 2006).

Improvements in posture and gait freezing have been consistently
reported in PD patients subjected to PPTg DBS, while the effects on gait
are debatable (Ferraye et al., 2010; Mazzone et al., 2014; Mazzone
et al., 2016; Moro et al., 2010; Thevathasan et al., 2011a; Wilcox et al.,
2011). Improvements in gait initiation, stride length and cadence have
been found in most of our patients (Mazzone et al., 2014). The incon-
sistencies pertaining to gait may have originated from factors such as
patient selection criteria, the different degree of degeneration in the SN
between patients and other central structures, the precise stimulation
site and stimulation parameters. Regarding parameters, the best clinical
impact on gait in our patients was obtained with stimuli delivered at
40 Hz, 2–4 V and with a pulse duration of 60 μs. Similar parameters
were successfully adopted in other studies and induced locomotion in
animals (Orlovskii et al., 1966; Skinner and Garcia-Rill, 1984;
Thevathasan et al., 2012a; Wilcox et al., 2011).

The motor role of the PPTg is also supported by studies on stroke.
Indeed, freezing of gait and ataxia have been reported in patients af-
fected by vascular accidents confined to the PPTg region (Bhidayasiri

et al., 2003; Kuo et al., 2008). In addition, a diffusion tensor imaging
investigation of the functional changes of the PPTg in chronic stroke
patients showed that the neuronal activity of the PPTg in the affected
hemisphere increased only in patients who were able to walk (Yeo
et al., 2011). Interestingly, in a recent study, rats that underwent
photothrombotic stroke of the right sensorimotor cortex exhibited
deficits in dynamic and static gait parameters in a walking test. The rats
regained the ability to walk and improved in several dynamic gait
parameters when subjected to stimulation of the region involving the
PPTg (Fluri et al., 2017). Thus, the integrity of the PPTg may be also
crucial for recovery of walking after stroke.

5. The PPTg output to the dopaminergic neurons of the substantia
nigra

As mentioned previously, the existence of a direct PPTg projection
to the SN pars compacta has been established in rodents, felines and
non-human primates. Following the discovery of ChAT-containing PPTg
output neurons, several authors considered that the PPTg projection to
the SN pars compacta was cholinergic. This view was corroborated by
the presence of other markers in the SN that were indicative of a cho-
linergic input, such as the presence of ACh postsynaptic receptors,
ChAT-immunoreactive terminals and acethylcholinesterase (the ACh
degrading enzyme) (Bolam et al., 1991; Clarke and Pert, 1985;
Henderson and Greenfield, 1987; Lacey et al., 1991; Martinez-Murillo
et al., 1989). In contrast, electrophysiological data from our laboratory
indicated the presence of PPTg excitatory fibers innervating the SN pars
compacta and using GLU as a neurotransmitter. This conclusion was
reached after finding that electrical microstimulation of the PPTg pro-
duced a brief activation in nigrostriatal neurons. This orthodromic re-
sponse appeared at a variable latency of 2–3ms, followed high-fre-
quency activation (up to 300 Hz) and was still present in animals with
lesions in structures that could give rise to fibers co-activated by PPTg
stimulation, or which could relay polysynaptic pathways linking the
PPTg to the SN (Scarnati et al., 1984; Scarnati et al., 1987). Results
from electron-microscopy studies supported these conclusions. Indeed,
following a discrete electrolytic lesion of the PPTg, degenerating
terminals containing round vesicles and making asymmetric synaptic
contacts with dendrites of SN pars compacta neurons were observed in
both rat and cats (Scarnati et al., 1988b; Tokuno et al., 1988; Usunoff,
1984). The morphology of these contacts was indicative of an excitatory
input and, given the electrophysiological characteristics of the PPTg-
evoked excitation of nigral neurons, GLU was thought to be involved in
the PPTg-SN pars compacta pathway.

We investigated this possibility considering that despite the location
of the PPTg in the CH5 cholinergic mesopontine cell group and the
presence of nicotinic and muscarinic ACh receptors in SN pars com-
pacta neurons, some authors reported inconsistencies in the effects of
ACh iontophoretically applied onto SN pars compacta neurons or even
failed to demonstrate ACh participation in the PPTg-SN pars compacta
pathway (Collingridge and Davies, 1981; Dray et al., 1976; Lacey et al.,
1991; Lichtensteiger et al., 1982). The effects of excitatory aminoacid
antagonists, as well as cholinergic receptor antagonists, administered
by iontophoresis onto nigrostriatal neurons that were orthodromically
activated by stimulation of the PPTg region were tested (Di Loreto
et al., 1992). Cholinergic receptor antagonists failed to suppress the
orthodromic response whereas both NMDA and non-NMDA antagonists
of GLU receptors were effective. Iontophoretic application of the com-
petitive antagonist of non-NMDA receptors 6-cyano-2, 3-dihydroxy-7-
nitroquinoxaline, onto nigral neurons was the most effective at si-
multaneously suppressing the PPTg-evoked excitation and the activa-
tion induced by iontophoretically-applied specific non-NMDA agonists.

The monosynaptic nature of this GLU-mediated response was sub-
sequently confirmed in in vitro slice preparations (Futami et al., 1995)
and also shown by neuroanatomical investigations in the monkey. After
injecting anterograde tracers in the PPTg, thin and varicosed labeled
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terminals were found in the SN. These terminals arborized almost ex-
clusively in the pars compacta, where they closely surrounded the soma
and proximal dendrites of dopaminergic neurons (Lavoie and Parent,
1994c). In addition, injection of Phaseolus vulgaris leucoagglutinin as an
anterograde tracer into the primate PPTg labeled glutamate-positive
terminal boutons that established asymmetrical contacts with dendritic
shafts of SN dopaminergic neurons (Charara et al., 1996; Parent et al.,
1999). A recent investigation has shown that in mouse PPTg axons
establish glutamatergic synapses on the soma and proximal dendrites of
SN pars compacta neurons (i.e. in an ideal position to influence spike
generation) (Galtieri et al., 2017). It is noteworthy that orthodromic
activation very similar to that recorded in SN pars compacta neurons
was observed in entopeduncular and STN neurons (Hammond et al.,
1983; Scarnati et al., 1988a). Therefore, the PPTg could also influence
simultaneously its main BG targets through fast-conducting excitatory
fibers.

In brain slice preparations from mice both NMDA and non-NMDA
receptors were found at PPTg synapses. Optogenetic stimulation of
PPTg axons showed that SN pars compacta neurons faithfully followed
burst stimulation, even in the presence of NMDA antagonists (Galtieri
et al., 2017).

However, in another study NMDA and non-NMDA antagonists
partially suppressed the monosynaptic excitatory postsynaptic poten-
tials (EPSP) evoked in identified DA neurons of the pars compacta via
stimulation of the PPTg, while the GLU antagonist-resistant EPSPs were
blocked by cholinergic antagonists (Futami et al., 1995). Thus, both
GLU and ACh are involved in the pathway from the PPTg to the SN pars
compacta; however, the GLU component was more effective in acti-
vating nigral neurons than the ACh component. The existence of this
glutamatergic pathway establishing synapses preferentially onto pars
compacta neurons is in agreement with the effects of chemical manip-
ulation of the pontine tegmentum on striatal dopamine metabolism. For
example, kainic acid (an excitotoxin) infusion in the PPTg sharply in-
creased dopamine turnover in the striatum and produced cell death in
the SN (Hernandez-Lopez et al., 1992; McGeer and McGeer, 1984;
Niijima and Yoshida, 1988). Striatal dopamine efflux was also found to
be stimulated by the injection of cholinergic agonists in the SN pars
compacta; however, this effect was influenced by the integrity of the
PPTg (Blaha and Winn, 1993; Forster and Blaha, 2003). This latter ef-
fect demonstrates once again the crucial role of PPTg fibers in mod-
ulating the activity of the dopaminergic nigrostriatal pathway.

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

The formation of stimulus–reward associations requires the in-
tegrity of the PPTg. The PPTg consolidates the association between the
stimulus and behavioral-response selection and is crucial for the ex-
ecution of goal-directed behavior and in eliciting and reinforcing ap-
proach behavior (Cyr et al., 2015; Dellu et al., 1991; Florio et al., 1999;
Inglis et al., 2000; Inglis et al., 2001; Lepore and Franklin, 1996; Syed
et al., 2016; Wilson et al., 2009; Yeomans et al., 1993). In addition,
cholinergic neurons in the PPTg appear to be critical for mediating the
reinforcing effects of opiates and stimulants, including morphine, am-
phetamine and nicotine (Bechara and van der Kooy, 1989; Bechara and
van der Kooy, 1992b; MacLaren et al., 2016; Olmstead and Franklin,
1994; Steidl et al., 2014). Given the existence of a PPTg monosynaptic
excitatory input to SN pars compacta neurons, one may ask if PPTg
neurons may influence the responsiveness of the dopaminergic nigros-
triatal system to rewarding stimuli. SN pars compacta neurons phasi-
cally respond to reward-related sensory cues or to the reward itself,
whereas striatal neurons increase their firing during the expectancy of
forthcoming stimuli in behavioral paradigms, including the delivery of
the reward (Schultz, 1986; Schultz et al., 1992; Schultz, 1997; Schultz,
2016b).

Mesencephalic dopaminergic neurons may transform a reward-

related sensory signal into an internal variable encoded by changes in
their discharge pattern. These neurons respond with a phasic discharge
to reward-related signals. The early component of this response, which
precedes behavioral action and has a latency and duration of< 100ms,
may serve to detect stimuli and reflect their salience. The late compo-
nent, which appears at approximately 250ms, encodes information
about the value of the reward. If the reward is not given, or if its value
differs from what is expected, a prediction error response arises
(Schultz, 2016a; Schultz, 2016b).

PPTg neurons may participate in this process because of their re-
sponsiveness to reward-related sensory stimuli and to the reward itself,
and because of the robust monosynaptic excitatory input that they
provide to SN pars compacta neurons. However, the participation of
PPTg neurons is not restricted to the incentive aspects of rewarded
motor acts, but also concerns the detection of the sensory cues involved
in behavioral paradigms. For example, PPTg neurons in mice, rats and
cats were also reported to exhibit short-latency responses to behavioral
sensory cues (Dormont et al., 1998; Norton et al., 2011; Pan and
Hyland, 2005; Thompson et al., 2016; Thompson and Felsen, 2013). In
agreement with the functional link between the PPTg and SN dopa-
minergic neurons, the responses recorded in PPTg neurons at the pre-
sentation of behavioral cues were of shorter latency than those of the
dopaminergic neurons and the responsiveness of these latter neurons to
sensory cues was suppressed by inactivation of the PPTg (Pan and
Hyland, 2005).

In a visually-guided saccade task a monkey was requested to fixate
on a central fixation target and a reward was delivered after the
monkey made a saccade at the presentation of a cue that indicated the
position of the saccade target. It was possible to inform the monkey
about a large or a small upcoming reward by presenting different
shapes of the central fixation target. Therefore, it was possible to in-
vestigate whether differences in predicted and actual reward magnitude
would affect neuronal responses (Okada and Kobayashi, 2013; Okada
and Kobayashi, 2014; Okada and Kobayashi, 2016). Tonic or phasic
reward-related modulation of neuronal activity occurred in different
classes of PPTg neurons in correspondence with, or during, the ex-
pectation of the behavioral events of the paradigm. The tonic response
consisted of a sustained increase or a sustained depression of discharge.
Most of the sustained increase developed from the onset of the initial
fixation target until the reward delivery, and the magnitude of the re-
sponse was higher when the shape of the fixation target cued the animal
to expect a large reward. Thus the level of activity reflected the pre-
dicted reward amount. The sustained activity also continued if the re-
ward delivery was delayed and sharply decreased once the reward was
gained. However, if the target cue was maintained after the reward
delivery, some PPTg neurons showed sustained activity, thus indicating
that the monkey continued to fixate on the saccade target even after
reward delivery. This may indicate the existence of PPTg neurons that
sustain attention toward the task event rather than toward the reward.
If the animals were cued at the start of a trial by a fixation point that
preceded the presentation of the fixation target, PPTg neurons in-
creased their discharge rate at the presentation of the cue that signalled
the start of the trial, and this activity was sustained until the end of the
trial. The fact that the magnitude of the tonic activation reflected the
predicted reward amount undoubtedly supports the reward nature of
this response. From these data it appears that the reward target was the
pivotal sensory cue driving the monkey's attention. If something unu-
sual happened (i.e. the target signal was not switched off), the monkeys
maintained their attention to this cue. Overall, the tonic responses may
be considered to be specifically involved in the prediction of the up-
coming reward and reflect the sustained attentional and motivational
state of the monkey.

The results from a task in which monkeys performed a saccade to-
ward a rewarded or not rewarded target showed that PPTg neuronal
responses were comparable to those described above (Hong and
Hikosaka, 2014). In this study, separate groups of PPTg neurons were
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phasically excited by reward-related cues, tonically discharged from
cue to reward release, or phasically discharged when the reward was
delivered. In a paradigm where the reward was not given, a phasic
depression of activity was observed at the presentation of the cue not
linked to the reward. Many of these neurons were electro-
physiologically identified as projecting to SN pars compacta. The par-
ticipation of PPTg neurons in the computation of the reward prediction
error was also supported by data from a two-valued reward visually-
guided task, in which the shape of the fixation target at the start of each
trial informed the animal to expect large or small rewards. In this
paradigm, reward information was carried by two distinct groups of
neurons, those that tonically discharged between the onset of the
fixation target and the reward delivery, or those that phasically dis-
charged after the 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, the activity of separate popula-
tions of PPTg neurons may encode predicted and actual reward values.

Major differences in the responsiveness to reward-related stimuli
were observed when comparing PPTg neurons with nigral dopami-
nergic neurons. For example, contrary to dopamine neurons, different
populations of PPTg neurons encode different reward- and event-re-
lated properties, and no phasic depression was reported if the reward
was omitted.

The maintenance of sustained arousal and attention is a funda-
mental prerequisite for enhanced performance in any behavioral
paradigm. In the paradigms discussed above, sustained arousal and
attention could be assured by the tonic increase of activity that occurs
from the presentation of the reward-related cue to the reward delivery,
and by the increased activity that persists during the presentation of
paradigm events. It is noteworthy that neurons that changed their ac-
tivity during the behavioral paradigm and during intertrial intervals
exhibited a periodic discharge activity at approximately 35 Hz and
reached frequencies of up to 100 Hz (i.e. in the gamma-band activity
range that is typical of intense arousal) (Okada and Kobayashi, 2015).

Local field potential oscillations synchronized at alpha frequency
and coupled with similar activity in the cerebral cortex were reported in
PD patients during L-Dopa therapy and during self-paced joystick
movements (Androulidakis et al., 2008). Oscillatory rhythms in local
field potentials in locomotor-inducing mesencephalic sites, including
the PPTg, were reported to synchronize at theta frequencies (6–12 Hz)
in the rat (Noga et al., 2017). However, the appearance of alpha os-
cillations in neuronal discharge and in field potentials must be cau-
tiously interpreted as: (1) some studies recorded during resting condi-
tions when the nucleus fires at low frequencies, and (2) PPTg neurons
degenerate in neurodegenerative diseases. In spite of these limitations,
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
suggested by the associated monkey studies.

Finally, there are analogies in the responses of PPTg and striatal
neurons to behavioral signals and rewards (Apicella et al., 1991;
Apicella et al., 1992; Apicella, 2002; Apicella, 2007). Thus, 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.

If the neuronal circuitry in which the PPTg is involved in reward is
considered it could also be hypothesized that the PPTg may rapidly
convey information to mesencephalic dopaminergic neurons via the
monosynaptic excitatory PPTg–SN pathway. It may also influence
striatal neurons both indirectly, via intralaminar thalamic nuclei, and
directly, by its neurons innervating the striatum.

7. Does the cerebellum play a role in mediating PPTg influence on
cerebral cortex?

Although cerebellum and BG are separate neuronal systems, they
share common structures in the neuronal circuits in which they are
involved. For example, PPTg fibers are directed to deep cerebellar nu-
clei, and disynaptic pathways link the dentate nucleus to the striatum
via thalamic nuclei (Hazrati and Parent, 1992; Hoshi et al., 2005;
Jaarsma et al., 1997; Newman and Ginsberg, 1992; Ruggiero et al.,
1997; Woolf and Butcher, 1989). The STN is robustly innervated by
PPTg fibers and is in turn linked to the cerebellar cortex via pontine
nuclei (Bostan et al., 2010; Bostan et al., 2013). Recent tractographic
studies also showed a PPTg–cerebellum projection in the human brain,
and altered or even absent PPTg connectivity in the corticopontine-
cerebellar pathways was found in PD patients with freezing of gait
(Aravamuthan et al., 2007; Schweder et al., 2010; Wang et al., 2016;
Wu et al., 2011; Youn et al., 2015). Cholinergic fibers that originate in
the PPTg diffusely innervate both cerebellar cortex and cerebellar nu-
clei, where they establish asymmetric synaptic contacts on small- and
medium-sized dendrites of cortical and nuclear neurons. These choli-
nergic fibers may modulate the excitability of cerebellar neurons in
relation to arousal and rhythmic activity of thalamocortical neurons
(Jaarsma et al., 1997; McCormick, 1989).

We investigated the effects of PPTg microstimulation on cerebellar
nucleus neurons in intact rats and in rats with an induced loss of PPTg
neurons (Vitale et al., 2016). The main response in fastigial, inter-
positus and dentate nuclei was a short-latency, brief activation. This
activation followed short trains of stimuli delivered up to 200 Hz and
likely resulted from the activation of a direct input from the PPTg. The
percentage of neurons activated from the PPTg significantly decreased
when PPTg neurons degenerated, suggesting that the recorded ex-
citatory response in intact rats was mainly due to the stimulation of
PPTg neurons rather than activation of passing fibers. Dentate nucleus
neurons were the most responsive to PPTg stimulation, therefore, fur-
ther investigation of the properties of the PPTg-evoked response was
performed in these neurons. Their activation was shown to be mediated
by ACh. Indeed, iontophoretic application of atropine or mecamyla-
mine onto dentate neurons while stimulating the PPTg reduced, if not
completely abolished, the evoked responses.

Results suggested that the PPTg may influence the medial cere-
bellum via the fastigial and interpositus nuclei. PPTg may also parti-
cipate in cerebello-cortical mechanisms via the dentate nucleus. Thus,
the lateral cerebellum may act in synergy with the Pf to ensure the most
appropriate level of BG and cortical activity required for motor selec-
tion in response to stimuli having a precise behavioral significance.
Therefore, reward and reinforcement learning information are elements
that the BG could provide to the cerebellum.

The influence of the PPTg on the medial cerebellum via the fastigial
and interpositus nuclei may be involved in gait deficits and postural
instability in advanced PD. These patients are unresponsive to L-Dopa
treatment but may benefit from low-frequency (20–40 Hz) PPTg DBS
(Ferraye et al., 2010; Mazzone et al., 2016; Moro et al., 2010; Ostrem
et al., 2010; Thevathasan et al., 2011a). This led some authors to
consider gait and axial disturbances in PD as consequences of ACh
disruption in the brainstem rather than disruption of the nigrostriatal
dopaminergic system. In addition, the severity of these motor dis-
abilities was directly related to the degree of ACh neuronal loss in the
PPTg (Bohnen et al., 2013; Bohnen and Albin, 2011; Karachi et al.,
2010; Muller et al., 2013). However, as discussed previously, other
neurotransmitters (i.e. GLU) are thought to be involved in fibers des-
cending from the PPTg to the spinal cord and the lower brainstem
motor structures. Thus, further investigations are needed to clarify the
nature of the neurotransmitters involved in PPTg descending fibers that
contribute to gait and muscle tone.
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8. Conclusions: The PPTg and PD, facts and perspectives

The wealth of evidence that we have discussed suggests that, in
addition to being involved in motor control, the PPTg also participates
in the formation and selection of appropriate motor responses prior to
the execution of a goal-directed movement. These phases would require
proper functioning of arousal, attention, and motivation (i.e. functions
in which the PPTg has a role).

PPTg DBS may relieve a block of a pre-prepared movement
(Thevathasan et al., 2011b), and improve postural sensory integration
(Mazzone et al., 2018; Muller et al., 2013) so that gait may proceed
smoothly. It is also possible that the arousal increase following PPTg
stimulation may cause some patients to be more attentive to what they
are doing or what they are about to do. This would facilitate their ac-
tions while simultaneously and automatically adjusting their postural
tone because of the restoration of PPTg influence on descending motor
pathways.

Garcia-Rill suggested that PPTg DBS may provide a maintained level
of gamma band activity (Garcia-Rill et al., 2016).

In agreement with this view, and with the central role of the PPTg in
promoting arousal and REM sleep, patients subjected to PPTg DBS
showed improvements in daytime sleepiness and REM sleep. Their
cognitive functions also improved as shown by their enhanced perfor-
mance in delayed recall, executive functions and verbal fluency para-
digms (Costa et al., 2010; Lim et al., 2009; Peppe et al., 2012; Zanini
et al., 2009). These improvements were accompanied by bilateral in-
creased glucose utilization in the prefrontal and frontal cortical areas
and in the ventral striatum (Stefani et al., 2010). However, the number
of investigated patients remains low. Therefore, further controlled
studies are required in larger and more homogeneous cohorts, with
similar surgical procedures, target implantation methods, and stimu-
lation parameters.

The data discussed in this review highlight the 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 purposive movements. Except for the cholinergic
neurons involved in arousal and REM sleep, it is not clear to what ex-
tent the different neuronal populations that are present in the PPTg are
selectively involved in the different functions of the PPTg that we have
discussed.

The existence of GLU neurons in the pathway from the PPTg to the
SN is the rationale behind the assumption of GLU-mediated excitotoxic
degeneration of DA-containing neurons in the SN pars compacta. It is
known that injections of excitotoxic compounds in the mesopontine
tegmentum induce degeneration of pars compacta neurons (McGeer
and McGeer, 1984). This neuronal death could result from over-ex-
citation of NMDA and non-NMDA GLU receptors located on dopamine
neurons, which consequently disrupt intracellular calcium homeostasis.
In support of this possibility, the GLU receptor antagonist MK80I was
reported to prevent the neurotoxic effect of MPTP on pars compacta DA
neurons, and to alleviate experimental parkinsonism (Klockgether
et al., 1991; Turski et al., 1991). The neuronal loss in the SN could be
also modulated by the cholinergic component of the PPTg SN pathway.
In agreement with this hypothesis, stimulation of nicotinic ACh re-
ceptors was reported to be neuroprotective for dopaminergic nigral
neurons. In agreement with this neuroprotective effect, specific de-
struction of PPTg cholinergic neurons was found to be associated to a
loss of nigral dopaminergic neurons (Bensaid et al., 2016).

If one considers the staging of PD, the pathology in the initial stages
I-II is confined to the medulla oblongata, the pontine tegmentum and
anterior olfactory structures, while in the successive stages III-IV
spreads 1 to the midbrain and the forebrain (Braak et al., 2003; Braak
et al., 2006). Thus, PPTg may be affected in PD before SN and abnormal
activity of PPTg neurons may damage nigral dopaminergic neurons.
Interestingly, a study of the P50 midlatency auditory evoked potential
suggested that in the initial stages of PD PPTg neurons may be

overactive (Teo et al., 1997).
The results of several in-vivo and in-vitro studies point firmly to the

fact that neuronal degeneration in the mammalian central nervous
system may result from excessive stimulation of GLU receptors and
indicate antagonists of NMDA and non-NMDA receptors as a drug
therapy to counteract or to slow the neuronal degeneration occurring in
PD and other disorders (Ikonomidou and Turski, 1996; Lange and
Riederer, 1994; Willard and Koochekpour, 2013).

The existence of GLU in the PPTg–SN pars compacta pathway, the
presence of GLU receptors on dopaminergic nigral neurons and the
intriguing results from animal studies suggest that dopaminergic neu-
rons might degenerate through an excitatory aminoacid-induced me-
chanism in which the PPTg could be involved. Therefore, the role of
GLU input from the PPTg may be even more relevant than it appears at
first glance, as GLU is colocalized with other neurotransmitters in ad-
dition to being the sole neurotransmitter of a subpopulation of PPTg
neurons. Finally, the question arises as to whether such an excitotoxic
mechanism occurs in PD. The experimental evidence suggests this hy-
pothesis feasible; however, additional studies on GLU neurotransmis-
sion in the pontine tegmentum of PD patients would clarify this issue.
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