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Abstract

Recent discoveries on the nature of the activity generated by the reticular activating system (RAS)
suggest that arousal is much more involved in perception and movement than previously thought.
The RAS is not simply an amorphous, unspecific region but rather a distinct group of nuclei with
specific cell and transmitter types that control waking and modulate such processes as perception
and movement. Thus, disturbances in the RAS will affect a number of neurological disorders. The
discovery of gamma band activity in the RAS determined that high threshold calcium channels are
responsible for generating gamma band activity in the RAS. Results showing that waking is
mediated by CaMKII modulation of P/Q-type channels and REM sleep is modulated by cAMP/PK
modulation of N-type channels points to different intracellular pathways influencing each state.
Few studies address these important breakthroughs. Novel findings also show that the same
primate RAS neurons exhibiting activity in relation to arousal are also involved in locomotion.
Moreover, deep brain stimulation of this region, specifically the pedunculopontine nucleus (PPN
DBS), in Parkinson’s disease has salutary effects on movement, sleep, and cognition. Gamma
oscillations appear to participate in sensory perception, problem solving, and memory, and
coherence at these frequencies may occur at cortical or thalamocortical levels. However, rather
than participating in the temporal binding of sensory events, gamma band activity generated in the
RAS may help stabilize coherence related to arousal, providing a stable activation state during
waking, and relay such activation to the cortex. Continuous sensory input will thus induce gamma
band activity in the RAS to participate in the processes of preconscious awareness, and provide the
essential stream of information for the formulation of many of our perceptions and actions. Such a
role has received little attention but promises to help understand and treat a number of
neurological disorders.
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Introduction

We spend two thirds of our lives awake. Waking is when we develop ideas, create objects,
develop relationships, interact with other people, earn a living, basically, when we do the
really important things in life. It is no wonder what an impact neurological disorders have on
our quality of life when waking is disturbed. A number of recent publications describe sleep
disturbances in certain neurological disorders [1, 2]. This review suggests that it is waking
and not sleep that requires attention. Despite the importance of waking, there are very few
publications about waking and the process of staying awake. There are many more
publications about sleep and sleep dysregulation, about what happens when we have
abnormal sleep, and when our vigilance interrupts or pushes aside our sleeping hours [3, 4].
The complaints patients offer are usually that they have “problems sleeping”, hardly ever do
they say they have “problems waking”. But the fact is that most neurological disorders
involve just that, “problems waking”. These patients are not sleeping enough because
waking drive actually is increased, not because sleeping drive is decreased.

That is, hypervigilance and increased REM sleep drive is the factor that cuts down on our
sleep, waking us early and often when we suffer from these diseases. For example, we
suggested that insomnia is not a “sleep disorder”, but rather a “waking disorder” of
excessive waking drive [5]. On the opposite side of the spectrum, hypo-vigilance is rare,
most obvious in such disorders as narcolepsy, but also in Alzheimer’s disease (AD) and
other neurodegenerative disorders. Below, we will see how the process of waking is begun
and how it is maintained. Without a firm understanding of the mechanisms behind normal
waking, treating and controlling neurological disorders becomes more difficult. In the
following review, we will see how this process is disturbed by neurological disease. In
addition, we seem to require a modicum of arousal in order to detect stimuli and perform
movements. Perception is based on sufficient arousal. Our motor control also appears to
require a level of excitability in order to perform motions accurately. Therefore, arousal is
essential to perception and movement. It is obvious that dysregulation in reticular activating
system (RAS) output impacts much more than sleep-wake cycles, it affects our ability to
perceive and to move around in the world.

Why is this system involved in arousal as well as stimulus detection and motor control? The
RAS is a phylogenetically conserved system that modulates fight-or-flight responses. During
waking, man’s ability to detect predator or prey is essential to survival. Thus, it is not
surprising that the RAS can modulate not only sleep and waking, but also perception, muscle
tone, and locomotion. This system is automatically linked to eliciting arousal as well as the
control of the motor system in order to optimize attack or escape during waking. Moreover,
during REM sleep, atonia keeps us from acting out our dreams. In fact, only our diaphragm
and eye muscles appear to be acting out dream content. Therefore, during both waking and
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REM sleep, the RAS modulates the level of arousal via ascending thalamocortical pathways,
and of muscle tone and locomotion via descending reticulospinal systems [6].

The Reticular Activating System (RAS)

After the discovery that the EEG manifested different types of activity during waking vs
sleep, Moruzzi and Magoun found that stimulation of the brainstem reticular formation
abolished low frequency activity (such as seen during slow wave sleep- SWS) and induced
high frequency activity (such as seen during waking) in the cortical EEG [7]. They wrote,
“the possibility is considered that a background of maintained activity within the ascending
brainstem activating system may account for wakefulness, while reduction of its activity
either naturally, by barbiturates, or experimental injury and disease, may respectively
precipitate normal sleep, contribute to anesthesia or produce pathological somnolence” [7].
Further transection studies concluded that the, “maintained influence of the ascending brain
stem activating system underlies wakefulness, while absence of this influence precipitates
sleep” [8]. In later studies, Moruzzi transected the brainstem at the ponto-midbrain junction,
a few millimeters caudal to the original cerveau isolé preparation. These transections at mid-
pontine pretrigeminal levels produced spontaneous EEG patterns and eye movements, like
those observed for the encéphale isolé preparation [9]. Similar mid-pontine transections
were performed by Steriade that led to waking EEG signs, while postcollicular-premamillary
transections led to SWS EEG [10]. Therefore, nuclei near the pons-midbrain junction were
implicated in the generation of high frequency EEG patterns responsible for the generation
and maintenance of waking.

Kleitman, Aserinsky and Dement correlated dreams, increased respiration, heart rate, and
eye movements to high frequency EEG patterns during REM sleep [11, 12]. They also
proposed the dual nature of sleep: REM sleep is a completely different state than SWS, even
though they both occur while asleep. Michel Jouvet expanded on these results to show that
REM sleep, termed “paradoxical sleep” because of the manifestation of waking EEG
patterns, is accompanied by muscle atonia and rostro-pontine transections preserved muscle
atonia during REM sleep [13].

A large number of studies using multiple methods went on to find that the RAS is made up
of three specific nuclei: the locus coeruleus nucleus (LC), with norepinephrine/noradrenaline
(NE/NA)-containing neurons; the dorsal raphe nucleus (RN), with serotonin (5-HT)-
containing neurons; and the pedunculopontine nucleus (PPN), with acetylcholine (ACh)-
and glutamate (GLU)-containing neurons. All of these nuclei also contain neurons with the
inhibitory neurotransmitter gamma-aminobutyric acid (GABA). The LC and RN inhibit the
PPN, and the PPN excites the LC. The LC and RN are most active during waking and SWS,
while the PPN is most active during waking and REM sleep [for a detailed description and
original references, see 6, 14]. Thus, the PPN is the only RAS nucleus most related to the
arousal states of waking and REM sleep.
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The Pedunculopontine Nucleus

The PPN is composed of different populations of ACh, GLU, and GABA neurons [15].
Extracellular recordings of PPN neurons /n vivo identified six categories of thalamic
projecting PPN cells distinguished by their firing properties relative to ponto-geniculo-
occipital wave generation [16]. Some of these neurons showed low rates of spontaneous
firing (<10 Hz), but most had high rates of tonic firing in the beta/gamma range (20-80 Hz).
PPN neurons exhibit beta/gamma frequencies /n7 vivo during active waking and REM sleep,
but not during slow wave sleep [16—20]. Similarly, the presence of gamma band activity has
been confirmed in the cortical EEG of the cat /7 vivo when the animal is active [16, 21], and
in the region of the PPN in humans during stepping, but not at rest [22]. A recent study
showed that PPN neurons fired at low frequencies ~10 Hz at rest, but the same neurons
increased firing to gamma band frequencies when the animal awakened, or when the animal
began walking on a treadmill [23]. That is, the same cells were involved in both arousal and
motor control. Thus, there is ample evidence for gamma band activity during active waking
and movement in the PPN /n vitro, in vivo, and across species, including man.

Recently, we described the intrinsic membrane mechanisms behind gamma band activity in
the PPN [24-29]. Briefly, gamma oscillations are mediated by voltage-dependent, high
threshold N- and P/Q-type calcium channels that are present in every PPN neuron,
regardless of cell or transmitter type. These channels are distributed along the dendrites of
PPN cells [30]. Afferent input traveling through “non-specific” reticular pathways activate
PPN dendrites. However, gamma band activity during waking has different mechanisms than
gamma band activity during REM sleep. Injections of glutamate into the PPN increased both
waking and REM sleep [31], while injections of the glutamatergic receptor agonist N-
methyl-D-aspartic acid (NMDA) increased only waking [32], and injections of the
glutamatergic receptor agonist kainic acid (KA) increased only REM sleep [33].
Intracellularly, protein kinase C (PKC), which modulates KA receptors, enhances N-type
channel activity and has no effect on P/Q-type channel function [34], but CaMKII, which
modulates NMDA receptors, was shown to modulate P/Q-type channel function [35].

That is, the two calcium channel subtypes are modulated by different intracellular pathways,
N-type by the cAMP/PK pathway, and P/Q-type via the CaMKII pathway. Moreover, there
are three cell types in the PPN, those bearing only N-type calcium channels, those with both
N- and P/Q-type, and those with only P/Q-type calcium channels [36, 37]. The implications
from all of these results is that, a) there is a ‘“‘waking’’ pathway mediated by CaMKII and
P/Q-type channels and a ““‘REM sleep’” pathway mediated by cAMP/PK and N-type
channels, and b) different PPN cells fire during waking (those with N+P/Q and only P/Q-
type) vs REM sleep (those with N+P/Q and only N-type). Unfortunately, the involvement of
high threshold calcium channels and separate intracellular pathways has not been
sufficiently studied for their involvement in neurodegenerative and other neurological
disorders.
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Gamma Band Activity

As far as the cortex is concerned, the difference between gamma band activity during
waking vs REM sleep appears to be a lack of coherence [38]. That is, brainstem driving of
gamma band activity during waking carries with it coherence across distant cortical regions,
while driving of gamma band activity during REM sleep does not include coherence across
distant regions [38,39]. Also, carbachol-induced REM sleep with cataplexy is characterized
by decreased gamma band coherence in the cortex [40]. These results suggest that, a)
brainstem centers drive gamma band activity that is manifested in the cortical EEG, b)
during waking brainstem-thalamic projections include coherence across regions, and c)
during REM sleep they drive cortical EEG rhythms without coherence. We should note that
a critical mediator of coherence is electrical coupling [41], which is present in the PPN [42].
Interestingly, the stimulant modafinil, which is used to treat narcolepsy and excessive
daytime sleepiness, is known to increase electrical coupling and thus promote coherence at
high frequencies, leading to increased arousal [42, 43]. Below, we will discuss how this
unusual agent could be used to increase gamma band activity in conditions in which its
generation or maintenance is impaired.

In general, gamma oscillations appear to participate in sensory perception, problem solving,
and memory [44-48], and coherence at these frequencies may occur at cortical or
thalamocortical levels [49, 50]. Indeed, synchronous gamma band activation among
thalamocortical networks [51], and in other neuronal groups is thought to contribute to the
merger, or “binding”, of information originating from separate regions [52]. Gamma
oscillation deficits have been suggested as a pathophysiologic feature of diseases like AD
[21, 53-54]. However, while cortical gamma band activity can be expected to participate in
these processes, what is the role of gamma band activity in the RAS? We proposed that
activation of the RAS generates the background of gamma activity necessary to support a
state capable of reliably assessing the world around us on a continuous basis. That is, these
mechanisms may underlie the process of preconscious awareness [29, 41]. Therefore,
sensory activation of the RAS provides the background of activation, the level of activity,
necessary for perception and voluntary movement [26]. When that level is not met, both
perception and motor control are impaired.

The RAS Perception and Motor Control

A manifestation of ascending RAS output induced by sensory input is the P50 potential that
is recorded at the vertex in man [55]. The magnetic equivalent M50 response is also
localizable to the region of the vertex [56]. The P50 potential is a click stimulus-induced
midlatency auditory evoked response (at a 50—70 msec latency) that follows the brainstem
auditory evoked potentials that occur at <10 msec latency, and the primary auditory evoked
“Pa” response at a 25 msec latency. The P50 potential is, a) sleep state-dependent, such that
it is present during waking and REM sleep, but not during SWS, e.g. is manifested during
arousal states when PPN is active, b) blocked by low doses of scopolamine, e.g. it is
generated by cholinergic projections of the PPN, and c) rapidly habituating, e.g. reticular in
origin with low synaptic security [reviewed in 55]. Animal studies showed that lesions of the
PPN or injections of inhibitory agents into the PPN eliminated the equivalent vertex-
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recorded potential (P13 in the rodent, “wave a” in the feline), emphasizing the origin of the
waveform as the PPN [reviewed in 55]. In summary, the P50 potential is an arousal-related
waveform in the human. We showed that PD patients manifested decreased habituation of
the P50 midlatency auditory evoked potential [57], and that in PD patients who received
bilateral pallidotomy that alleviated their motor symptoms, habituation of the P50 potential
returned to normal levels [58]. The P50 potential is therefore a valuable noninvasive measure
of sensory activation of the RAS in neurological disorders.

As far as locomotion is concerned, stimulation of the PPN at 40-60 Hz (gamma band) was
found to elicit locomotion on a treadmill in the decerebrate animal [reviewed in 26],
accounting for the effects of stimulating the so-called “mesencephalic locomotor region”
(MLR) [59]. The PPN, however, as part of the RAS, is known to modulate posture and
locomotion, so that the assignation of the PPN as part of the MLR is inaccurate. A nearby
structure, the cuneiform nucleus, was also invoked as the MLR, but recent studies using deep
brain stimulation (DBS) of the PPN for PD were found to induce ameliorative effects on
posture and locomotion [26], but, DBS of the cuneiform nucleus does not produce such
effects on posture or locomotion [60]. In addition, PPN DBS is known to induce glucose
utilization in the PPN, the thalamus, and a circumscribed cortical region in the area of the
vertex [61]. That is, cortical metabolic and blood flow changes due to PPN DBS are
manifested at the cortex in the same region as the P50 potential.

Another potential that is maximally recorded at the vertex is the readiness potential (RP), a
negative DC waveform that occurs in advance of a voluntary movement [62, 63]. The RP
precedes movement by approximately 600-800 milliseconds [62]. The RP is reduced or
absent in PD [64], and is also reduced in Huntington’s disease (HD) [65]. Despite
knowledge of the aforementioned, the mechanism underlying this waveform has remained a
mystery until recently. Emerging evidence suggests the RP is related to “intentional binding”
[66]. Intentional binding is the process whereby a voluntary action is linked with a sensory
cue in time. That is, the RP is therefore a valuable noninvasive measure of voluntary motor
activation of the RAS in neurological disorders.

In summary, these findings suggest that the RAS is involved in preconscious awareness for
sensory perception as well as the intent for voluntary movement, essential processes for the
formulation of our sensations and movements. Figure 1 depicts the distribution of the peak
amplitude of the P50 auditory evoked potential, which is generated by the PPN, and its
overlap with the region of the cortex activated by PPN DBS, as well as the distribution of the
RP, all of which signal PPN output to the cortex. In addition, the RP as recorded using DC or
long time constant amplifiers is shown, along with spectral analysis of the EEG in relation to
an uncued button press. These measures are critical for assessing the role of arousal in
perception and movement in neurological disorders.

Clinical Implications

For neurological disorders in which the RAS is overactive, this would mean that alerting
stimuli will produce exaggerated responses that would be manifested as exaggerated startle
responses or hyperactive reflexes such as the blink reflex. Another property of the RAS is its
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rapid habituation to repetitive stimuli, which is reflected in its lack of responsiveness to
rapidly repeating stimuli. This endows the RAS with its capacity for sensory gating, the
property of decreasing responsiveness of repetitive events in favor of novel or different
stimuli. For neurological disorders in which this property is affected, we expect a decrease in
habituation or a sensory gating deficit. The RAS controls waking and sleep, so that sleep
patterns would be dysregulated. If the RAS is down regulated by a disorder, we expect an
inability to remain awake, the presence of excessive daytime sleepiness, and an excess of
total sleep time, especially an increase in SWS. If, on the other hand, the RAS is up
regulated, we expect difficulty in getting to sleep and maintaining sleep. This would be
reflected in insomnia or disrupted sleep during the night, as well as increased REM sleep
drive, which is characterized by vivid nightmares and frequent awakenings, even
hallucinations. The RAS also modulates the maintenance of waking, a property ignored by
many, but one that affects a host of functions. The inability to maintain a steady waking
state, in the form of maintained gamma band activity, will interfere with attention, learning,
and memory, to name a few processes.

What are the EEG, P50 potential, and reflex findings in the most common neurological
disorders?

disease (PD)

In PD, hyperactive reflexes of several kinds have been described [67-71]. PD patients show
sleep disturbances that include increased REM sleep drive, decreased SWS, frequent
awakenings leading to daytime sleepiness, all resulting in insomnia [72]. Vivid dreams and
REM sleep behavior disorder are also common features of PD. These observations suggest
that the RAS, especially the PPN that is in charge of waking and REM sleep, is overactive in
PD. Recently, the PPN has become a target for deep brain stimulation (DBS) in PD. A
number of studies using PPN DBS for the treatment of PD have reported improvements in
motor function [73-75], but not all groups reported positive effects [76, 77]. Ferraye et al
[76] found that bilateral PPN stimulation at 15-25 Hz improved gait and decreased falls.
Moro et al [77] used unilateral stimulation at 50 and 70 Hz to improve falls and motor
scores. Stefani et al [78, 79] used PPN stimulation at 10 and 25 Hz, with a significant
improvement in sleep patterns and modest improvement in gait. Alessandro et al [80] used
25 Hz stimulation to show a significant amelioration in sleep scores and executive function.
Thevanasathan et al [81, 82] showed that PPN stimulation at 20-35 Hz improved reaction
time and fall scores. The latter study used double-blind analysis and established that bilateral
stimulation was more effective than unilateral. One study performed sleep measures and
found that PPN DBS improved not only nighttime sleep, but also daytime sleepiness [83].
Others showed that PPN DBS may improve cognitive function [84], and that low frequency
stimulation (5-30 Hz) may improve executive and higher functions [79].

disease (AD)

The EEG findings in AD suggest an increase in lower frequencies such as delta, and a
decrease in higher frequencies such as beta and gamma [85-88]. However, some studies
point to increased gamma band EEG activity in some patients with AD [89, 90]. The blink
reflex and startle response are delayed and/or exaggerated in AD [91-93], indicative of
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decreased sensory gating. The P50 potential was reduced in amplitude as well as decreased
in habituation [94]. Together, these findings suggest that the PPN is underactive in AD,
accounting for the decreased REM sleep duration [95], decreased high frequencies in the
EEG, and decreased P50 potential amplitude. The decreased habituation of the P50 potential
may be explained by decreased descending cortical modulation of the RAS. Therefore, both
ascending RAS output and descending cortical output are reduced, making it very difficult to
reestablish appropriate levels of vigilance.

Huntington’s disease (HD)

Insomnia

Neglect

The EEG in HD has been reported to show decreases in alpha and beta power [96], but
conversely increases in delta and beta power [97]. Surprisingly, changes in gamma band
have not been described. Blink, corneal, and jaw reflexes all manifest decreased habituation
[98], as does the auditory startle response [99] in HD. We demonstrated decreased amplitude
and prolonged latency of the P50 potential (in keeping with decreased arousal levels), as
well as a lack of habituation of the P50 potential in a paired click paradigm, consistent with
impairment of sensory gating in HD [100]. HD patients also spend less time in REM sleep
with increased nighttime arousals and these symptoms can commonly occur as a pre-motor
or early manifestation of the disease [101, 102].

The EEG characteristics of insomnia do not show major differences with good sleepers, with
some studies reporting an increase in low beta and decrease in high beta frequency power
[103], as well as decreases in REM sleep [104]. In general, however, the differences in the
EEG are subtle but do suggest intrusion of higher frequency during typically low frequency
states, such as the incidence of higher beta activity during SWS [105-107]. Experts in the
field agree that primary insomnia patients not only show hyperarousal at night, but also
during the day [108, 109]. This particular spectrum suggests that there is high frequency
activity during SWS as well as decreased REM sleep output, but the hyperarousal persists
during waking. We suggested that at least some insomnia patients may suffer from increased
expression of P/Q-type calcium channels, which would preferentially drive the “waking”
pathway [110].

The EEG in neglect is generally depressed, with overall slowing, increased delta band
activity, and inability to generate fast activity [111-113]. In general, reflexes and reaction
times are increased in neglect patients [114]. The P50 potential is somewhat reduced in
amplitude and habituation but these effects are not significant, perhaps because recordings
are done with a single midline electrode and sources in the two hemispheres may be
summating algebraically [115]. The fact that a cold pressor test transiently diminishes
neglect suggests that there is a lack of arousal in the affected hemisphere, i.e. it is “asleep”
[115].
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Narcolepsy is characterized by excessive daytime sleepiness and bouts of cataplexy, in
which affective incitement (arousal) leads to a loss of extensor muscle tone. Many patients
also have hypnagogic hallucinations, a symptom that emphasizes the likely intrusion of
REM sleep into the waking state. During sleep, patients with narcolepsy frequently enter
REM sleep within minutes of falling asleep in contrast to the normal latency of 80-100
minutes. That is, both waking and REM sleep are dysregulated in narcolepsy. The P50
potential is reduced in amplitude and habituation in narcolepsy [116]. Almost all narcoleptic
patients exhibit human leucocytic antigen (HLA) genotype expression for DQB1 [117],
which is quite similar to the HLA expression (DQW1) we found in REM sleep behavior
disorder patients [118], many of which develop PD [119].

Novel Therapies

How can we clinically modulate gamma band activity? One way of inducing high frequency
activity is with the use of stimulants, and another involves the use of stimulation.

We described the presence of dye and electrical coupling in the RAS through gap junctions,
specifically in the PPN [42]. We also found that modafinil decreased the resistance of PPN
cells [42], in keeping with results in the cortex, reticular thalamus, and inferior olive [43].
The effects of modafinil are dependent on CaMKI|, since its effects are blocked by the
CaMKII activation blocker KN-93 [43]. These data suggest that modafinil preferentially
promotes high frequency activity through the CaMKII (“waking”) pathway [29,41].
Moreover, studies on cocaine abusers [120], and on an animal model of sleep-disordered
breathing [121], suggest that modafinil may also decrease REM sleep. These findings
suggest that modafinil may be particularly effective in driving waking without affecting,
perhaps decreasing, REM sleep. This agent may thus be effective in increasing the level of
arousal, the background of activity, that would improve perception and movement in such
disorders as PD, AD, HD, and neglect, as we recently demonstrated [115]. Interestingly,
modafinil is quite safe since even the ingestion of massive overdoses led to minor symptoms
and no deaths [122].

The results of DBS in the subthalamic nucleus (STN) and PPN show that they are effective
for certain measures, are surgically fairly safe, and are well tolerated. As far as the PPN is
concerned, stimulation at gamma frequencies in PD appears to improve function in posture
and movement, perhaps because the preferred frequency of these cells is being imposed by
DBS. Moreover, the use of continuous application of DBS may induce habituation and
establish a stable level of activation, essentially helping maintain gamma band frequencies.
If this is the case, and appropriate studies on these patients are still necessary, this method
may be amenable for the treatment of other disorders involving dysregulation in PPN output,
either due to overactivity as in PD, or lack of maintenance of gamma band activity or
interrupted gamma activity. That is, increased PPN output may be tractable by DBS in AD,
PD, HD, and perhaps even neglect. Obviously, the use of DBS would be called for only in
unresponsive and intractable cases, in which all other options have been exhausted. Much
more testing in animals and patients is required, along with investigation of physiological
mechanisms at the cellular level. The fact is that such physiological measures are absolutely
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essential in order to demonstrate that manipulations are having a physiologically relevant
effect that is indeed altering symptomatology.

M

onitoring effectiveness of these therapies using the P50 potential, reflex measures, and the

RP would provide established, noninvasive physiological assessments.
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Figure 1. Sensory and motor manifestations of RAS output in the cortex
A. Lateral view of the brain showing the distribution of the P50 midlatency auditory evoked

potential, which is generated by the PPN [55] and recorded at maximal amplitude at the
vertex, as is the magnetic equivalent M50 response [56] (purple region). The RP is also
recorded at maximal amplitude in the area of the vertex [62, 63] (blue region). Also, changes
in blood flow or metabolic changes during PPN DBS appear in the same region [61]. B.
Paired auditory click stimuli induce an evoked response at ~50 msec latency after each
stimulus (black dots). If a second stimulus is administered 250 msec after the first, the P50
potential habituates and is of lower amplitude (second black dot). C. A voluntary button
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press recorded with long time constant elicits a negative DC shift at the vertex known as the
RP, which begins 600-800 msec preceding the movement, then shows a peaked motor
potential before returning to baseline. D. Event Related Spectral Perturbation (ERSP), which
is basically a running power spectrum of an EEG recording at the vertex is shown for 2 sec
before and 1 sec after an uncued button press. Note that gamma band activity (30-60 Hz) is
present 600-800 msec preceding the movement, presumably representing bottom-up gamma
activity.
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