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A B S T R A C T

Maintained gamma band activity is a key element of higher brain function, participating in perception, executive
function, and memory. The pedunculopontine nucleus (PPN), as part of the reticular activating system (RAS), is a
major source of the “bottom-up” flow of gamma activity to higher regions. However, interruption of gamma
band activity is associated with a number of neurological and psychiatric disorders. This review will focus on the
role of the PPN in activating higher regions to induce arousal and descending pathways to modulate posture and
locomotion. As such, PPN deep brain stimulation (DBS) can not only help regulate arousal and stepping, but
continuous application may help maintain necessary levels of gamma band activity for a host of other brain
processes. We will explore the potential future applications of PPN DBS for a number of disorders that are
characterized by disturbances in gamma band maintenance.

1. Introduction

“Bottom-up” brain processing involves the activation of lower brain
centers by sensory events such that the information moves to higher
centers to promote perception. “Top-down” processing involves the
influence imposed by higher centers on the perception of incoming
stimuli. Recent findings suggest that bottom-up and top-down signaling
use different frequency channels, specifically gamma and beta fre-
quencies, respectively (Bastos et al., 2015). It has been long known that
gamma band activity recorded over the cortex using the electro-
encephalogram (EEG) appears to participate in sensory perception,
problem solving, and memory (Eckhorn et al., 1988; Gray and Singer,
1989; Philips and Takeda, 2009; Palva et al., 2009; Voss et al., 2009).
Coherent activity across cortical regions is thought to contribute to the
merging or “binding” of information from various regions into a united
whole that contributes to perception (Llinas et al., 1991; Llinás and
Paré, 1991; Singer, 1993). Coherent gamma band activity is also
thought to give rise to consciousness, but only when maintained for
prolonged periods. That is, consciousness is associated with maintained,
but not interrupted, gamma band activity (Vanderwolf, 2000a, 2000b).
The question then arises, how is “bottom-up” gamma activity gener-
ated, and how is it maintained? Given that repetitive sensory stimula-
tion is not reflected by matching evoked cortical activity as the rates

exceed 20–30 Hz, how are cortical synaptic circuits supposed to main-
tain firing rates of 40–60 Hz or higher? Auditory stimuli, for example,
produce an evoked response in the primary auditory cortex to every
stimulus, but when frequencies exceed ~20Hz, the cortical evoked
synapses begin to fail (e.g. Erwin and Buchwald, 1986). Likewise, visual
evoked responses cannot follow rates faster that ~30 Hz before sy-
napses begin to fail, that is, before there is “flicker fusion” or the per-
ception that one is watching a movie rather than a sequence of static
images. Thus, cortical synaptic circuits appear incapable of maintaining
prolonged activity at high rates without failing. What mechanisms help
maintain high frequency activity, and what are the consequences of
interruptions in gamma band activity? If failure to maintain gamma
band activity leads to abnormal function, can gamma band activity be
induced and maintained artificially?

2. Mechanisms of gamma activity

The cortical mechanisms behind gamma activity include not only
fast-spiking neurons (Cunningham et al., 2004), but also inhibitory
interneurons with intrinsic membrane oscillations in the gamma range
(Steriade and Llinás, 1988; Llinas et al., 1991; Steriade, 1999). In the
thalamus, thalamocortical neurons have intrinsic properties needed to
generate subthreshold gamma band membrane potential oscillations
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(Pedroarena and Llinás, 1997). Some cortical interneurons can generate
intrinsic gamma oscillations through the activation of voltage-depen-
dent, persistent sodium channels (Llinas et al., 1991), but, in thala-
mocortical neurons, the main mechanism responsible for gamma band
activity involves high threshold P/Q-type voltage-gated calcium chan-
nels located in the dendrites (Pedroarena and Llinás, 1997). The same
intrinsic properties mediating gamma oscillations are present in the
thalamus of several vertebrate species, suggesting the mechanism is
well conserved in evolution (Llinás and Steriade, 2006).

Calcium channels are known to play an important role in intrinsic
properties and synaptic transmission throughout the central nervous
system (Katz and Miledi, 1965; Llinas and Hess, 1976; Caterall, 1988;
Llinas, 1988; Llinas et al., 2007). P/Q-type channels (Cav2.1) are pre-
sent throughout the brain (Hillman et al., 1991; Uchitel et al., 1992;
Llinas et al., 2007). N-type calcium channels are found in the brainstem,
appear mainly during the early postnatal period, and some are replaced
by P/Q-type channels later in development (Iwasaki and Takahashi,
1998; Westenbroek et al., 1992). Importantly, P/Q-type knockout mice
have deficient gamma band activity in the EEG, abnormal sleep–wake
states, ataxia, are prone to seizures, and die within 3 weeks, suggesting
a lack of high frequency activity (Llinas et al., 2007). Therefore, both
the cortex and thalamus appear to generate gamma activity, and they
do so via sub-populations of cells with intrinsic sodium-dependent or
calcium channel-dependent membrane oscillations.

In addition, the hippocampus and cerebellum have the intrinsic and
synaptic properties necessary to generate gamma band oscillatory ac-
tivity. Hippocampal oscillatory activity in the gamma range (30–90 Hz)
has been extensively described to be functional associated with en-
torhinal cortex afferents (Charpak et al., 1995). Neurons in the en-
torhinal cortex can also oscillate at gamma frequencies, playing a key
role in maintaining hippocampal gamma oscillations (Chrobak and
Buzsáki, 1998). Gamma band activity in the CA1 area has been divided
into high (> 65Hz) and low (~25–60 Hz) gamma components that
differentially couple CA1 and CA3 subfields, respectively (Colgin et al.,
2009). Entorhinal cortex in charge of providing information about ob-
ject and place recognition appears to use high gamma oscillations to
“bind” CA1 activity in rodents (Bussey et al., 1999), on the other hand,
CA1 low gamma oscillations appear locked to the slower frequencies
present in CA3, which is in charge of memory storage (Colgin et al.,
2009; Colgin and Moser, 2010). This suggests the use of different fre-
quency bands for separate hippocampal functions.

Gamma band activity has been described in the Purkinje cell layer in
the cerebellum, and also in distal white matter (Lang et al., 2006;
Middleton et al., 2008). Such cerebellar activity is coherent with that of
the cortex and thalamus. Cortico-cerebellar coherence at gamma fre-
quencies is manifested in monkeys during performance of a precision
grip task (Soteropoulos and Baker, 2006), and cerebello-thalamic ac-
tivity is synchronized with neocortical activity at gamma frequencies
(Timofeev and Steriade, 1997). Also, it has been proposed that both
cerebellar and thalamocortical networks might oscillate at the same
frequencies to enable information exchange among these brain areas
(Middleton et al., 2008), very much like distant cortical areas display
coherent activity during “binding” of sensory events. However, gamma
band activity in the motor cortex lags behind coherent activity in basal
ganglia structures (Lalo et al., 2008; Trottenberg et al., 2006), sug-
gesting that motor cortex gamma synchronization reflects a momentary
arousal-related event for enabling the initiation of movement (Brucke
et al., 2008; Jenkinson et al., 2013). That is, structures such as the re-
ticular activating system (RAS) and thalamus may play an early per-
missive role in the control of movement (Garcia-Rill et al., 2016c). One
of the most important recent breakthroughs in the wake–sleep field is
the discovery of beta (20–30 Hz)/gamma (30–60 Hz) band activity in
the RAS.

3. PPN gamma activity

The pedunculopontine nucleus (PPN) is active during waking and
rapid eye movement (REM) sleep, and is the only RAS nucleus that fires
selectively in relation to states involving high frequency beta/gamma
activity (Garcia-Rill, 2015). The other nuclei, the locus coeruleus and
raphe nuclei, both fire in relation to waking and slow wave sleep (SWS),
but not REM sleep (Garcia-Rill, 2009). The PPN is made up of different
populations of cholinergic, glutamatergic, and GABAergic neurons
(Wang and Morales, 2009), receives sensory input in parallel to primary
sensory afferents. The PPN sends ascending projections through the
intralaminar thalamus to the cortex and thus modulating arousal, as
well as descending projections through reticulospinal pathways of the
pons and medulla thus modulating posture and locomotion (Garcia-Rill,
2015). Fig. 1 shows how afferent input can simultaneously activate
thalamocortical projections to elicit arousal and reticulospinal projec-
tions to set posture and trigger locomotion. The ascending projections
of the PPN are especially relevant to cortical arousal. The intralaminar
thalamic nuclei, including the parafascicular (Pf) and centre median
(CM), represent the main thalamic target of the brainstem PPN nucleus
(Capozzo et al., 2003; Hallanger and Wainer, 1988; Scarnati et al.,
1987; Steriade and Glenn, 1982). These two nuclei in turn project to the
cerebral cortex and basal ganglia structures (Jones, 1985, 2002; Otake
and Nakamura, 1998; Sadikot et al., 1990, 1992; Steriade and Glenn,
1982). As such, ascending PPN inputs to these regions are likely to play
an important role in regulating arousal and in coordinating motor ac-
tivity. In this regard, stimulation of the PPN elicits a prolonged response
in cells in both of these regions (Kobayashi et al., 2004). However,
differences in the frequency dependence of firing induced by different
trains of PPN stimuli (the highest responses are elicited by stimulation
at gamma frequencies) in these two nuclei indicate that they differ in
the manner in which they relay PPN information to the cortex and basal
ganglia (Kobayashi et al., 2004). Briefly, PPN ascending projections
have been proposed to generate “bottom-up” gamma, while its des-
cending projections modulate posture and locomotion during waking

Fig. 1. PPN modulation of cortical arousal and posture and locomotion. Afferent input
arising in parallel to primary sensory pathways activates PPN neurons with intrinsic
gamma oscillations. Output from PPN ascends to the intralaminar thalamus (ILT) where
cells also manifest N- and P/Q-type calcium channel-mediated intrinsic gamma oscilla-
tions. In turn, the ILT projects to upper layers of the cortex to activate pyramidal neurons.
Differences in coherence during waking vs REM sleep suggest that the PPN, as the source
of both mechanisms, helps modulate cortical EEG in the gamma band range.
Simultaneously, descending projections from the PPN modulate the firing of re-
ticulospinal (RS) neurons to trigger locomotion during waking or changes in posture, such
as atonia, during REM sleep. This general diagram is not intended to represent accurate
anatomical locations and connectivity. The reader is referred to Garcia-Rill (2015) for
much more detailed anatomical sections, 3D reconstructions, and connectivity.
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and REM sleep (Garcia-Rill et al., 2016b). (See Table 1.)
Multiple in vivo studies have shown that PPN neurons manifest

beta/gamma frequencies during waking and REM sleep, but not during
SWS (Sakai et al., 1990; Steriade et al., 1990; Kayama et al., 1992; Datta
and Siwek, 2002; Datta et al., 2009; Boucetta et al., 2014). Moreover,
gamma band activity is present in the cortical EEG and the PPN of the
cat in vivo when the animal is active (Steriade et al., 1990); and in the
region of the PPN in humans during stepping, but not at rest (Fraix
et al., 2013). A study in the primate showed that PPN neurons fired at
low frequencies ~10Hz at rest, but the same cells fired at gamma
frequencies when the animal awakened, or when it walked on a
treadmill (Goetz et al. 2016a,b). That is, the same cells were involved in
both arousal and motor control, and its role in various arousal-related
behaviors, partly through the cerebellum, has been confirmed (Scarnati
et al., 2016). That is, a wealth of evidence shows that PPN cells are
active at beta/gamma frequencies in relation to both waking and
movement across species (rodent, feline, primate, man) as well as in
vitro and in vivo.

A number of novel studies described the presence of beta/gamma
frequency intrinsic membrane oscillations as the maximal natural fre-
quency of all PPN neurons, regardless of cell type or transmitter type
(Garcia-Rill et al., 2013, 2014a, 2014b, 2015, 2016a; Kezunovic et al.,
2011; Urbano et al., 2014). Every PPN neuron expresses high threshold
N- or P/Q-type calcium channels, and there are three cell types in the
PPN, those that have only N-type calcium (modulated by cAMP/PK),
those with both N- and P/Q-type, and those that have only P/Q-type
calcium (modulated by CaMKII), channels (Luster et al., 2015, 2016).
These and other results suggest that the gamma activity generated by
the PPN is different during waking (through CaMKII and P/Q-type
channels) than during REM sleep (through cAMP/PK and N-type
channels). That is, the PPN provides at least in part, the driving for
“bottom-up gamma” (Garcia-Rill et al., 2016b). The differential effects
of gamma activity during waking and REM sleep are maintained at the
level of the cortical EEG. The difference between gamma band activity
during waking vs REM sleep appears to be a lack of coherence across
distant cortical regions (Castro et al., 2013). These data demonstrate
that gamma band activity generated in the PPN has effects on the
cortical EEG, and they do so differentially depending on state. That is,
brainstem driving of EEG gamma activity (i.e. bottom-up gamma)
during waking carries with it coherence across cortical areas, but
driving of EEG gamma activity during REM sleep does not exhibit

coherence across distant cortical regions (Cavelli et al., 2015; Torterolo
et al., 2015). In summary, ascending PPN gamma helps drive the cor-
tical EEG but differs in promoting coherence during waking but not
during REM sleep, while descending PPN projections modulate posture
and locomotion during waking and REM sleep atonia during REM sleep
(Garcia-Rill, 2015). Fig. 2 depicts the intracellular pathways for the
calcium channels involved in generating gamma oscillations in PPN
neurons. P/Q-type calcium channels act through CaMKII intracellular
mechanisms, while N-type calcium channels act through cAMP/PK
mechanisms. The former is involved in waking, which modulates cor-
tical EEG gamma activity with coherence across distant sites, while the
latter is involved in REM sleep, which modulates cortical EEG gamma
band activity without coherence.

Moreover, N- and P/Q-type calcium channels are arranged all along
the dendrites of PPN cells, since fast calcium imaging studies showed
that high threshold calcium channel signals are evident throughout the
dendrites of these neurons (Hyde et al., 2013). This exquisite organi-
zation of rafts in the lipid environment (Brady et al., 2004), is likely
disturbed in optogenetic studies in which over expression of a bacterial
calcium channel is amplified by horse promoter to pepper the dendrites
of PPN neurons, doubtlessly impairing the manifestation of threshold-
dependent calcium channels. For this reason, optogenetic experiments
on wake–sleep control will alter the function of those channels gen-
erating high frequency intrinsic membrane oscillations, making con-
clusions untenable. In addition, considering the latency of effects on
wake–sleep cycles, their direct causation by light stimulation can easily
be questioned. Finally, stimulation with light would induce a tonic low
threshold calcium influx unlike the rapid oscillations normally induced
by the switching of calcium and potassium channels driving intrinsic
membrane oscillations (Garcia-Rill et al., 2013, 2014a, 2014b).

Table 1
Potential effects of PPN DBS in various disorders.

Disorder Symptom Effect of PPN DBS

Neurological
Parkinson's disease Increased REM sleep Decrease REM sleep

Fragmented sleep Normalize sleep
Insomnia Normalize sleep
Cognition Improve attention
Gait and posture Improve

Alzheimer's disease Increased gamma 40–60 Hz negative effect
> 100 Hz positive effect?

Epilepsy Low frequency EEG Increase EEG frequency

Psychiatric
Schizophrenia Fragmented sleep Normalize sleep

Interrupted gamma Increase gamma
Increased REM sleep Decrease REM sleep

Bipolar disorder Fragmented sleep Normalize sleep
Interrupted gamma Increase gamma
Increased REM sleep Decrease REM sleep

Trauma/other
Neglect Contralateral neglect Increase gamma

Decreased arousal Increase arousal
Coma Vegetative Increase gamma

Minimally conscious Increase gamma
Locked-in Increase gamma

Fig. 2. Mechanisms of gamma band activity generated by the PPN. P/Q-type calcium
channels are modulated by CaMKII intracellular mechanisms to produce coherent cortical
EEG gamma band activity during waking. N-type calcium channels are modulated by
cAMP/PKA intracellular mechanisms to produce non-coherent cortical EEG gamma band
activity during REM sleep. At the cortical level, gamma band activity during waking
carries with it coherence across distant sites, but during REM sleep, there is no coherence
in gamma activity across distant sites. Waking and REM sleep, both of which are regu-
lated by the PPN, both induce gamma band activity in the cortical EEG, but differ in the
coherence between distant sites. Disorders in which gamma band activity is reduced, and
those in which there is low coherence across distant cortical sites, may both be amenable
to PPN DBS.
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Stimulation at the appropriate frequencies (20–60 Hz) to drive beta/
gamma intrinsic membrane oscillations, such as those used in PPN DBS,
would induce activity closer to the normal physiological manifestation.

4. Revisiting the MLR

The mesencephalic locomotor region (MLR) was originally de-
scribed in very specific terms. In the precollicular-postmamillary
transected cat, stimulation using long duration (0.5–1.0 ms), low am-
plitude (10–100 μA) pulses delivered at specific frequencies (40–60 Hz)
could elicit locomotion on a treadmill when the body was suspended on
a sling (Shik et al., 1966). Moreover, increasing stimulus amplitude
would change stepping from a walk to a trot to a gallop, otherwise
known as “controlled” locomotion on a treadmill. This is markedly
different from the “unspecific” progression elicited by multiple brain
regions in an intact animal (Shik et al., 1966; Armstrong, 1986; Garcia-
Rill, 1986). These studies identified a locus, the MLR, independent of
higher structures such as the cortex and cerebellum that could speci-
fically help drive behavioral approach and escape. We investigated the
neuronal substrates mediating this very specific effect and found that
low threshold sites in the rat and cat brains were located within the PPN
when labeled for cholinergic neurons (Garcia-Rill et al., 1987). We
further showed that the region could be chemically activated, elim-
inating the potential for electrical stimulation of fibers of passage
(Garcia-Rill et al., 1985). However, we pointed out that there were
other nearby sites that would lead to locomotion, especially when sti-
mulated using different parameters (Skinner and Garcia-Rill, 1984;
Garcia-Rill, 1986, 1991). We also pointed out that locomotion had to be
“recruited” rather than induced, since it did not immediately follow the
onset of stimulation, and that the effective region overlapped with
elements of the RAS, especially the PPN (Garcia-Rill and Skinner, 1988,
1991).

We have repeatedly cast doubt on the specificity of this region,
concluding that the MLR was NOT a “locomotion-specific” area, but
rather a region that could be stimulated to induce rhythmic activity,
that is, a “rhythmogenic” area (Garcia-Rill and Skinner, 1988; Skinner
and Garcia-Rill, 1990a,b). In other words, stimulating at the natural
frequency of this region would activate all of its efferent projections,
including ascending ones projecting to the thalamus modulating
arousal, and descending ones to reticulospinal systems modulating
posture and gait (Garcia-Rill, 1991; Reese et al., 1995). It was not until
years later that we discovered the reason for the need of using 40–60 Hz
stimulation, the fact that all PPN cells, regardless of transmitter type, as
described above, manifest intrinsic membrane oscillations in the beta/
gamma range mediated by high threshold calcium channels (Simon
et al., 2010; Kezunovic et al., 2011). This provides an explanation for
the need to stimulate at specific frequencies, why the region is rhyth-
mogenic, and why rhythms are “recruited” as current levels must de-
polarize cells sufficiently to activate high threshold calcium channels.

Amazingly enough, a multitude of authors have made assertions
about the location of the MLR without labeling for cholinergic neurons
in locomotion preparations (Noga et al., 2017; Takakusaki et al., 2003),
or even carrying out actual “controlled” locomotion on a treadmill
studies using PPN stimulation (Mena-Segovia and Bolam, 2017;
Sherman et al., 2015). Moreover, using intact (non-transected) animals
likely will only reveal the many ways in which the cortex and cere-
bellum can induce “unspecific” behavioral approach and escape in in-
tact animals, but will not identify the site(s) essential for “controlled”
locomotion (Noga et al., 2017). The issue of “controlled” vs “unspecific”
locomotion requires some explanation. The original description of the
MLR (Shik et al., 1966) was designed to expose those regions that could
specifically elicit locomotion on a treadmill. The precollicular-pre-
mammillary transection led to spontaneous locomotion when the
treadmill was turned on and sometimes even in the absence of a moving
treadmill. Presumably, even more anterior regions, including intact
non-transected animals, would similarly elicit stepping spontaneously.

Thus, the use of a precollicular-postmammillary transection was es-
sential to eliminate all forms of spontaneous or sensory-driven (tread-
mill movement) induction of stepping. In the intact animal, far too
many regions influence the initiation of stepping, making stimulation
within any one area merely a contributor, not a “specific” locomotion-
inducing area. Given the absence of spontaneous locomotion in the
precollicular-postmammillary cat, Shik et al. (1966) identified very
specific conditions that qualified as “controlled” locomotion, namely,
the ability of slowly increasing stimulus amplitude to elicit a walk, then
a trot, then a gallop, i.e. controlling the step cycle. The lowest ampli-
tudes of stimulation were found to require long duration pulses in the
0.5–1.0ms range, and to need rates in the order of 40–60 Hz (Shik et al.,
1966). Given these rigid requirements, one can be assured that a sti-
mulation site indeed drives stepping in the absence of sensory or central
commands. As mentioned above, we found that other nearby sites (e.g.
mesencephalic trigeminal nucleus at the edge of the central gray,
ventral edge of the inferior colliculus, and posterior edge of the sub-
stantia nigra at the edge of the PPN), but these regions were considered
too close to the PPN to warrant separate assignation. However, stimu-
lation of only lateral, but not medial cuneiform nucleus, was effective,
suggesting that it is the posterior PPN (which is embedded in the lateral
cuneiform) that is responsible for the induced stepping, and not the
cuneiform nucleus as a whole (Garcia-Rill, 1986, 1991; Garcia-Rill and
Skinner, 1988, 1991; Garcia-Rill et al., 1996; Reese et al., 1995).

Based on suggestions over the years that the PPN is involved in the
locomotor deficits in Parkinson's disease (Garcia-Rill, 1986, 1991;
Garcia-Rill and Skinner, 1988, 1991; Garcia-Rill et al., 1983, 1996;
Reese et al., 1995), there are now over 200 patients implanted with PPN
deep brain stimulation (DBS) electrodes. Early neuropathological stu-
dies showing PPN degeneration in PD (e.g. Hirsch et al., 1987; Jellinger,
1988) led to studies on the primate demonstrating lesions of the PPN
induced akinesia (Munro-Davies et al., 1999), and the suggestion of
using PPN DBS for treating akinesia (Jenkinson et al., 2005), along with
a series of clinical studies in humans (Mazzone et al. 2005a,b). We
should note that histological verification of stimulation sites in most
patients implanted for PPN DBS is not available. Given that caveat,
Ferraye et al. (2010) found that bilateral PPN stimulation at 15 Hz and
25 Hz improved freezing of gait and decreased falls. Moro et al. (2010)
used unilateral stimulation at 50 Hz and 70 Hz, and showed improve-
ments in falls and motor scores. Stefani et al. (2007, 2013) used PPN
stimulation at 10 Hz and 25 Hz, with some improvements in motor
scores but a significant improvement in sleep patterns and modest
improvement in gait. Alessandro et al. (2010) using 25 Hz stimulation
showed no motor improvements but significant amelioration in sleep
scores and executive function. Thevanasathan et al. (2010, 2012)
showed that stimulation at 20–35 Hz improved reaction time and fall
scores, and that gait freezing was significantly improved, particularly
with bilateral stimulation. The latter study is one of the few that used
double-blind analysis and established that bilateral stimulation was
more effective than unilateral. These results taken together suggest that
stimulation, especially bilaterally, at mid-range frequencies (25–50 Hz
or beta/gamma) improved gait scores and prevented falls. It is likely
that the differences across the results of different groups are due to the
selection of patients, of surgical approach, of method of verification of
stimulation site, of parameters of stimulation, and of measures of end
result. In addition, a number of specific issues remain to be clarified
before this therapy can be used consistently across groups, namely,
current practice in DBS is to stimulate using 50–100 μsec pulses, which
may preferentially be activating intrinsic axons and fibers of passage
rather than neurons; current practice in DBS is to use frequencies>
60Hz, which, when applied to PPN, may tend to inactivate these
neurons by depolarization block. Only some studies have used stimu-
lation at 40–60 Hz, to good effect (Mazzone et al., 2008, 2009; Moro
et al., 2010).

Overall, most studies have shown salutary effects on gait, posture,
sleep, and even cognitive measures (for review, see Garcia-Rill et al.,
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2014a). The most effective frequencies are, not surprisingly, in the
20–70 Hz (beta/gamma) range (see review in Garcia-Rill et al., 2014a),
but few below 20 Hz as recently purported (Noga et al., 2017). One
study (Nosko et al., 2015) found that 10–25 Hz stimulation was effec-
tive for akinesia, gait disturbances, and daytime sleepiness, but symp-
toms were aggravated at these frequencies in one patient. Such low
frequencies produce few beneficial effects for PPN DBS, most workers
choosing> 20Hz (i.e. beta frequencies), most use higher frequencies in
the beta/gamma range if they wish to obtain ameliorative effects. In
those studies using lower frequencies, it is not clear if they need to use
higher amplitude stimuli to elicit the desired effects. The higher, more
effective frequencies (beta/gamma) are in keeping with the natural
frequencies of firing of PPN neurons when they are activated (Garcia-
Rill et al., 2014b; Goetz et al. 2016a,b; Kezunovic et al., 2011; Luster
et al., 2015; Simon et al., 2010; Urbano et al., 2012). Moreover, from a
philosophical viewpoint, given the existence of spinal pattern gen-
erators for walking and brainstem oscillators for respiration and mas-
tication, why would there be a region high in the brainstem dedicated
to locomotor control? We reiterate our position that the term MLR is
not “locomotion-specific”, is an outdated term not based on current
findings, and should be retired.

5. Clinical implications

Before implementing the directions envisioned below, considerable
more preclinical and clinical research is needed on the role of disturbed
gamma band activity and of the role of the PPN in the pathophysiology
of these disorders. From the foregoing, we can expect, in general, that
any condition characterized by wake–sleep disturbances will involve
the PPN/RAS. We can also expect the manifestation of the following
symptoms from disturbances in RAS “bottom-up” gamma band func-
tion; a) interruption of gamma band activity will manifest itself in
problems with “binding” or perceiving appropriately, and in failure to
attend to a stimulus or task for prolonged periods; b) increased REM
sleep drive basically suggests that waking drive with cortical coherence
is decreased, while REM sleep drive with lack of cortical coherence is
increased, thereby leading to localized dream-like perceptions while
awake (hallucinations) without an organized consciousness; c) daytime
sleepiness, on the one hand suggests a decrease in P/Q-type channel
activity, while on the other hand insomnia suggests an increase in P/Q-
type channel activity, at least in some cases; and d) maintained con-
sciousness would be impaired, among other possibilities. In the future,
the use of PPN DBS at appropriate frequencies, therefore, could serve to
stabilize gamma band output, preventing interruptions, and permitting
more stable conscious goal-directed behavior. Presumably, an inter-
vention such as DBS would be undertaken only in cases intractable to
current medications. In addition, there may be a way of identifying
those who might most benefit. Given findings showing a lack of gamma
coherence in the EEG during REM sleep, and given the fact that most
disorders manifest an increase in REM sleep drive, those patients with
decreased cortical gamma coherence may respond to PPN DBS by re-
gaining more coherence across distant sites in the cortex. That is, post-
treatment EEGs should show increased gamma coherence across distant
cortical sites. Briefly, PPN DBS may provide the maintained background
of “bottom-up” gamma frequency activity necessary for generating
proper consciousness, perception, and other higher functions.

5.1. Neurological disorders

Parkinson's disease (PD) patients show sleep disturbances that in-
clude disturbed REM sleep drive (specifically the presence of REM sleep
during both night and day, along with hallucinations (Arnulf et al.,
2000)), decreased SWS, frequent awakenings leading to daytime slee-
piness, and insomnia (Jankovic, 2007; Ondo, 2014; Schrempf et al.,
2014). The most frequent sleep disorder in PD patients was insomnia,
present in over 80% of those tested (Alatriste-Booth et al., 2014). The

use of PPN DBS in Parkinson's disease (PD) targeted patients with axial
symptoms and gait disturbances (Mazzone et al. 2005a,b), and later
studies used improved techniques for localization and visualization
(Mazzone et al., 2008, 2009; Zrinzo et al., 2008). In general, PD pa-
tients showed improvements in gait when stimulation frequency was
~25Hz (Ferraye et al., 2010), while stimulation at 50–70 Hz showed
improvements in falls (Moro et al., 2010). In fact, decreasing PPN cell
number was found to be related to an increase in falls (Kucinski and
Sarter, 2015). Sleep scores and executive function also were improved
by stimulation at ~25Hz (Stefani et al., 2007, 2013; Alessandro et al.,
2010). Double-blind studies established that bilateral stimulation was
better than unilateral stimulation, and frequencies of 20–35 Hz im-
proved reaction time, fall scores, and gait (Thevanasathan et al., 2010,
2012). A number of contributions to the present volume are made on
this topic so no additional comments will be made except that the P50
potential, which is generated by the PPN (Garcia-Rill and Skinner,
2001), is a measure of level of arousal and sensory gating. The P50
potential is abnormal in PD patients (Teo et al., 1997), normalizes after
bilateral pallidotomy (Teo et al., 1998), and could be used to monitor
the effects of PPN DBS to determine if such treatment corrects any in-
creases in amplitude or decreases in habituation, along with cognitive
and motor symptoms. In addition, changes in the cortical EEG from
non-coherent to coherent would be expected after PPN DBS in at least
those patients initially manifesting lack of coherence in the waking
EEG.

Alzheimer's disease (AD) is characterized by sleep disturbances such
as daytime sleepiness (Ferman et al., 2014), but no major changes in
REM sleep drive, unlike that seen in a number of other disorders.
Moreover, AD and dementia are marked by increased gamma band EEG
activity with increased gamma coherence (Basar et al., 2017; Wang
et al., 2017). Therefore, it would not be advisable to use PPN DBS at
gamma frequencies lest symptoms be amplified by the added activation.
However, it would be interesting to determine if very high frequency
(> 100 Hz) PPN DBS could be used to depolarize block PPN activity
and thereby decrease gamma coherence along with, presumably, de-
leterious symptomatology. Interestingly, increased gamma band power
suggests more powerful “bottom-up gamma” driving the cortex, the
question remains, is “top-down beta” changed in this disease, sug-
gesting that cortical influence is diminished.

Epilepsy represents the epitome of low frequency states. The origin
of epilepsy cannot be traced to the PPN, rather, stimulation of the PPN
may be used to counteract the tendency in epilepsy of synchronizing
brain activity at low frequencies. The 10 Hz frequency of the EEG
spectrum is at the fulcrum between higher frequencies (beta, gamma)
that can tilt the brain to higher functions such as perception, con-
sciousness, and cognition, or tilt it towards lower frequencies (theta,
delta) that represent states of increasing coherence that drive the brain
towards sleep (Garcia-Rill et al., 2016a, 2016b). The state with the
greatest coherence at low frequencies is epilepsy, therefore, interven-
tions that drive the brain towards higher frequencies may prevent the
effects of seizures. One possibility behind the beneficial uses of vagal
stimulators is that the high frequency stimulation retrogradely affects
brain activity towards higher frequencies. On the one hand, the PPN is
part of a circuit that promotes seizures. Kindling reduces the firing of
PPN neurons (Nolte et al., 2006), suggesting that lower activity in PPN
is associated with triggered seizure activity. On the other hand, sti-
mulation of cholinergic PPN neurons reduced focal limbic seizures
(Furman et al., 2015), suggesting that PPN stimulation may be a viable
therapeutic avenue in epilepsy. PPN DBS could provide the necessary
background of high frequency activity to drive the brain away from low
frequency states and seizures.

5.2. Psychiatric disorders

Aside from delusions and hallucinations, attentional impairment
and withdrawal, apathy and cognitive impairment (Andreasen and
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Flaum, 1991), schizophrenia manifests severe wake–sleep abnormal-
ities. These include hypervigilance, decreased SWS, especially deep
sleep stages, increased REM sleep drive, and fragmented sleep
(Caldwell and Domino, 1997; Feinberg et al., 1969; Itil et al., 1972; Jus
et al., 1973; Zarcone et al., 1975), suggesting involvement of the RAS in
schizophrenia. We showed that intractable inpatients, but not out-
patients, had increased cholinergic cell number in the PPN, suggesting
increased PPN output and hypervigilance (Garcia-Rill et al., 1995).
There are also postural and motor disturbances (King, 1974;
Manschrek, 1986), as well as eye movement dysregulation Holzman
et al., 1973; Karson et al., 1990). The P50 potential shows decreased
habituation in patients with schizophrenia and in some clinically un-
affected first-degree relatives (Olincy et al., 2010). Moreover, aberrant
gamma band activity and coherence during cognitive tasks or atten-
tional load have been reported in schizophrenic patients (Uhlhaas and
Singer, 2010; Hirano et al., 2015). These results suggest that the gen-
eration and maintenance of gamma band activity is abnormal in schi-
zophrenia.

In schizophrenia, as well as the other disorders mentioned, patient
selection is paramount. There are major differences in the symptom
clusters of equally diagnosed patients, pointing to the heterogeneity in
patients with the disease. One indicator that could be used is the
measure of gamma band activity, so that if it is intermittent or not
maintained, that could represent an inclusion criterion. Likewise,
symptoms of sleep dysregulation, especially increased REM sleep drive
and hypervigilence, may also point to the involvement of the PPN. The
same measures could be applied to the neurological disorders outlined
here.

The wake–sleep patterns manifested in the EEG of bipolar disorder
patients include fragmented sleep, decreased SWS, increased vigilance,
and increased REM sleep drive (Harvey et al., 2009; Kadrmas and
Winokur, 1979; Kupfer et al., 1978). Adults with bipolar disorder
manifest reduced sleep time and longer sleep onset during manic epi-
sodes, which have decreased REM sleep latency and increased REM
sleep duration, while during depression they experience insomnia or
hypersomnia, also with decreased REM sleep latency and increased
REM sleep density (Kaplan and Williams, 2017; Hegerl and Hensch,
2014). Recent meta-analyses described fragmented sleep (including
increased sleep latency, waking after sleep onset, and overall sleep ef-
ficiency) in bipolar disorder (Ng et al., 2015; Geoffroy et al., 2015).
These patients also show decreased habituation of the arousal-related
P50 potential (Olincy and Martin, 2005; Schulze et al., 2007), in-
dicative of hypervigilance as a hallmark of the disease. Reduced
maintained gamma band activity has been reported in bipolar disorder
patients (Ozerdem et al., 2011).

Postmortem studies in humans found increased expression of neu-
ronal calcium sensor protein (NCS-1) in the brains of some schizo-
phrenic and bipolar disorder patients compared to controls and major
depression patients (Bergson et al., 2003; Koh et al., 2003). Some pa-
tients had a 50% increase in expression, while others were within the
normal range. We found that high concentrations of NCS-1, as would be
evident in overexpression, decreased gamma oscillations in PPN neu-
rons, but low concentrations promoted gamma oscillations (D'Onofrio
et al., 2015). We also discovered that lithium, a front line treatment for
bipolar disorder, normalized the effects of excessive NCS-1 on PPN
gamma oscillation (D'Onofrio et al., 2016). Interestingly, NCS-1 down
regulates N-type calcium channels in some cell lines (Gambino et al.,
2007). This may mean that NCS-1 may normally inhibit N-type channel
function (REM sleep drive), while promoting P/Q-type channel function
(waking drive), but when overexpressed the effects may be reversed.

These findings are all suggestive of a deleterious effect on gamma
oscillations in schizophrenia and bipolar disorder. We also know that
existing forms of treatment are only partially effective in alleviating
symptoms in only some patients. No therapy is effective in all patients,
speaking to the heterogeneity of these diseases. This requires that
careful screening for potential salutary effects is essential, along with

monitoring of effectiveness over time. Nevertheless, in some cases,
perhaps those with clear lack of gamma coherence across distant cor-
tical sites, PPN DBS may be an effective therapy in schizophrenia and
bipolar disorder.

5.3. Neglect, coma, vegetative states, minimally conscious states

Neglect can result from strokes or trauma to the contralateral
hemisphere, but can also be caused by thalamic or RAS lesions. Lesions
to the left hemisphere result in only transient neglect, while right side
lesions lead to permanent contralateral deficits. Unilateral lesions of the
cortex or thalamus produce unilateral neglect (Orem et al., 1973;
Watson et al., 1981), but bilateral lesions of the intralaminar thalamus
produce akinetic mutism (Mills and Swanson, 1978), while bilateral
RAS lesions produce coma (Watson et al., 1974, 1981). Decreased
arousal exacerbates symptoms of neglect (Coslett et al., 1987;
Demeurisse et al., 1988; Storrie-Baker et al., 1997; Watson et al., 1977).
Therefore, measures that increase arousal should relieve the symptoms
of neglect. For example, the cold pressor test can be used to transiently
reduce neglect (Storrie-Baker et al., 1997). We recorded the P50 po-
tential, which is generated by the PPN, from left spatial neglect patients
who showed a decrease in amplitude before, along with an increase
after, cold pressor testing. In addition, the stimulant modafinil elimi-
nated the neglect and restored P50 potential amplitude and habituation
to normal levels (Woods et al., 2006). These findings suggest that ne-
glect represents a decrement in arousal levels, and restoration of
arousal levels will decrease or eliminate the symptom.

Recently, we proposed a mechanism by which full consciousness is
achieved in a stepwise fashion (Garcia-Rill, 2017). A study on recovery
from anesthesia found that recovery passes through several discreet
activity states with an orderly progression through intermediate states
rather than a continuous recovery of consciousness from anesthesia
(Hudson et al., 2014). The EEG of the comatose patient is similar to that
during general anesthesia, which is referred to as a “drug-induced
coma”, and both states are characterized by burst suppression (Brown
et al., 2010). In coma, it may be that either the ability to generate
significant stepwise levels of gamma activity, and/or the mechanism for
maintaining gamma oscillations, are disrupted. Given the multiple po-
tential causes of coma, it is difficult to determine how each insult could
affect stepwise gamma band generation or maintenance mechanisms
specifically. Nevertheless, the insult or damage to the brain induces an
inability to step through all the levels needed to reach full conscious-
ness. Based on the amount or degree of damage, partial “levels” of
consciousness may be achieved in different patients. For example, in the
chronic “vegetative state”, the EEG changes may reflect stepwise shifts
that do not reach higher levels of consciousness, whereas in the
“minimally conscious state”, some degree of consciousness is attained,
but the next higher level cannot be fully manifested. That is, gamma
band activity is not maintained. PPN DBS may provide a stable level of
gamma band activity that could overcome some of the deficits de-
scribed, especially in cases in which current clinical treatments are
ineffective. Moreover, EEG changes can profile the various states of
“minimally conscious”, “vegetative”, and “locked-in” (Malinowska
et al., 2013), representing a potential monitoring tool for judging ef-
fectiveness.

A table listing the disorders described above has been included.
Certain caveats are needed, however, given that patients with these
conditions may be mentally or cognitively impaired. Appropriate
ethical considerations and oversight by institutional review boards is
essential for patient selection, consent, and inclusion/exclusion criteria.
Obviously, PPN DBS may be used only in cases that have proven in-
tractable to standard treatment and the continued impairment re-
presents major disability and/or danger to self and others.
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6. Conclusions

A number of disorders may be amenable to PPN DBS in addition to
PD, given disturbances in gamma band activity that parallel those seen
in PD that may be ameliorated by such treatment. Targeting those pa-
tients who show decreased waking cortical EEG gamma band coherence
across distant sites may increase the potential salutary effects of this
now well-established therapy. By normalizing gamma band coherence
across distant sites during waking, a number of serious symptoms may
be alleviated, including disturbances in perception, erroneous executive
function, and lapsed memory, as well as achieving more normal wa-
ke–sleep cycles and vigilance, in addition to regulation of motor dis-
turbances.
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