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Abstract

The fact that the pedunculopontine nucleus (PPN) is part of the reticular activating system places it
in a unique position to modulate sensory input and fight-or-flight responses. Arousing stimuli
simultaneously activate ascending projections of the PPN to the intralaminar thalamus to trigger
cortical high frequency activity and arousal, as well as descending projections to reticulospinal
systems to alter posture and locomotion. As such, the PPN has become a target for deep brain
stimulation (DBS) for the treatment of Parkinson’s disease (PD), modulating gait, posture, and
higher functions. This article describes the latest discoveries on PPN physiology and the role of
the PPN in a number of disorders. It has now been determined that high frequency activity during
waking and REM sleep is controlled by two different intracellular pathways and two calcium
channels in PPN cells. Moreover, there are three different PPN cell types that have one or both
calcium channels and may be active during waking only, REM sleep only, or both. Based on the
new discoveries, novel mechanisms are proposed for insomnia as a waking disorder. In addition,
neuronal calcium sensor protein-1 (NCS-1), which is over expressed in schizophrenia and bipolar
disorder, may be responsible for the dysregulation in gamma band activity in at least some patients
with these diseases. Recent results suggest that NCS-1 modulates PPN gamma band activity and
that lithium acts to reduce the effects of over expressed NCS-1, accounting for its effectiveness in
bipolar disorder.
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1. Introduction

A recent review thoroughly described the effects of pedunculopontine nucleus (PPN) DBS
being used clinically, along with the rationale for using PPN DBS (Garcia-Rill et al. 2014).
Of relevance to its clinical use is the discovery of the presence of beta/gamma band activity
in every cell in the nucleus (Simon et al. 2010). Basically, beta/gamma oscillations in PPN
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cells are mediated by high threshold, voltage-dependent N- and P/Q-type calcium channels
(Kezunovic et al. 2011). The following review describes the latest findings on PPN
physiology that suggest that, a) two different intracellular pathways control gamma band
activity during waking compared to REM sleep, b) these two pathways differentially control
the two different types of high threshold voltage-dependent calcium channels (N- and P/Q-
type), c) there are separate populations of PPN cells bearing one or both channels, d) this
organization informs regarding the mechanisms behind the developmental decrease in REM
sleep, and e) such findings have implications for the mechanisms behind insomnia, as well
as schizophrenia and bipolar disorder. The PPN, as part of the reticular activating system
(RAS) and its role in generating gamma band activity suggest its participation in arousal and
preconscious awareness (Garcia-Rill et al. 2014; Urbano et al. 2014), therefore, it is not
surprising that it is involved in all of these disorders.

2. Two Pathways, Two States

PPN neurons are known to fire at beta/gamma frequencies /n vivo during waking and REM
sleep, but not during slow wave sleep (Boucetta ef a/. 2014; Datta and Siwek 2002; Datta et
al. 2009; Kayama et al. 1992; Sakai et al. 1990; Steriade ef a/. 1990). Brainstem transections
anterior to the PPN prevented the expression of gamma frequencies in the EEG, while
lesions posterior to the PPN allowed the manifestation of cortical gamma activity, and
stimulation of the PPN led to gamma band frequencies on the cortical EEG (Lindsley et al.
1949; Moruzzi 1972; Moruzzi and Magoun 1949; Steriade et a/. 1969; Steriade et a/. 1990;
Steriade et al, 1991). That is, PPN activity is reflected in the cortical EEG, although partial
lesions of the PPN do not significantly alter sleep and waking architecture (Webster and
Jones 1988). This may be because there are other areas modulating sleep and waking
homeostasis, including hypothalamic and basal forebrain regions. However, stimulation of
these regions must be applied for much longer periods (10-20 sec) (Carter et al. 2012; Han
et al. 2014) compared to RAS stimulation (1-2 sec) to induce waking (Carter et al. 2012;
Garcia-Rill 2015; Moruzzi and Magoun 1949), In addition, optogenetic studies have found
that induction of waking by stimulation of orexin neurons, for example, is blocked by
inactivation of the locus coeruleus in the RAS (Carter et al 2012). That is, the RAS may be
the final output for the arousal induced by some of these modulatory regions (Garcia-Rill
2015). Moreover, gamma band activity has been reported in the PPN of the mouse /n vitro
(Ishibashi et al 2015), in the REM sleep-induction region of the rat to which the PPN
projects (Brown et al 2006), in the cat /n7 vivo (Steriade et al. 1990), in the region of the PPN
in primates when locomoting (Chabardes et al 2015), and in the region of the PPN in
humans during stepping (Fraix et al 2013). That is, there is ample evidence for gamma band
activity in this region /n vitro, in vivo, and across species, including man.

As far as sleep/wake cycles are concerned, PPN neurons increase firing rates during rapid
eye movement (REM) sleep ("REM-on"), or both waking and REM sleep ("Wake/REM-
on"), and some cells fire only during waking (“Wake-on”) (Datta and Siwek 2002; Sakai et
al. 1990; Steriade et al. 1990), suggestive of increased excitation only during activated states.
These findings suggest that PPN neurons are mainly active during states marked by high
frequency EEG activity such as waking and REM sleep. Injections of glutamate into the
PPN of the rat were found to increase both waking and REM sleep, but injections of NMDA
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increased only waking, while injections of kainic acid (KA) increased only REM sleep
(Datta 2002; Datta and Siwek 1997; Datta et al. 20014, b). Thus, the two states appear to be
independently activated by NMDA vs KA receptors. Moreover, the intracellular pathways
mediating the two states are different. For example, the CaMKII activation inhibitor, KN-93,
microinjected into the PPN of freely moving rats resulted in decreased waking but not REM
sleep (Datta et al. 2011). We showed that beta/gamma band oscillations in PPN neurons
recorded /n vitro were blocked by superfusion of KN-93 (Garcia-Rill et al. 2014), suggesting
that some cells manifest their oscillations viathe CaMKII pathway. Moreover, the effects of
the stimulant modafinil, which are mediated by increased electrical coupling, are modulated
by the CaMKII pathway since KN-93 inhibits the action of modafinil (Garcia-Rill et al.
2007, 2014 Urbano et al. 2007).

Conversely, increased ERK1/2 signaling in the PPN is associated with maintenance of sleep
via suppression of waking (Desarnaud et al. 2011), while activation of intracellular protein
kinase A (PKA) in the PPN instead contributed to REM sleep recovery following REM sleep
deprivation (Datta and Desarnaud 2010). Moreover, during REM sleep, pCREB activation in
PPN cholinergic neurons was induced by REM sleep, and PPN intracellular PKA activation
is mediated by a transcriptional cascade involving pCREB (Datta et al. 2009). These
findings suggest that waking /n vivo may be modulated by the CaMKII pathway while REM
sleep may be modulated by the cAMP/PKA pathway in the PPN (Garcia-Rill et al. 2014;
Urbano et al. 2014). In addition, it appears that the cAMP-dependent pathway
phosphorylates N-type calcium channels (Hell et al. 1995), while CaMKI|I regulates P/Q-
type calcium channels (Jenkins et al. 2005). Therefore, the presence of P/Q-type calcium
channels is related to CaMKII and waking, while the presence of N-type calcium channels is
more related to cAMP and REM sleep (Garcia-Rill et al. 2014; Urbano et al. 2014).

N- and P/Q-type calcium channel subtypes both are linked to rapid release of synaptic
vesicles (Ishikawa et al. 2005; Reid et al. 2003), but knockout models manifest markedly
different phenotypes (Pietrobon 2005). P/Q-type (Ca,2.1) knockout animals have deficient
gamma band activity in the EEG, abnormal sleep-wake states, ataxia, are prone to seizures
(low frequency synchrony), and die by 3 weeks of age (Jun et al. 1999; Llinas et al. 2007).
On the other hand, N-type (Ca,2.2) knockout animals show few sleep-wake abnormalities
but exhibit decreased nociceptive responses, and are otherwise normal (Pietrobon 2005).
While the two types of receptors are modulated by G-protein coupled receptors, they require
different G-protein subunits (Agler et al. 2003). Intracellularly, protein kinase C (PKC)
enhances N-type channel activity but has no effect on P/Q-type channel function (Stea et al.
1995), but CaMKII was shown to modulate P/Q-type channel function (Jiang et al. 2008).
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. The implications
from all of these results is that 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
(Figure 1).

We found that all rat PPN cell types manifested beta/gamma oscillations in the presence of
synaptic blockers and tetrodotoxin when the membrane potential was depolarized using
current ramps (Kezunovic et al. 2011). In fact, intrinsic gamma oscillations are the only
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property present in every PPN neuron, whether of type I, Il, or I11, or transmitter type,
cholinergic, glutamatergic or GABAergic, while cells around the PPN do not share that
property (Kezunovic et al. 2011). More recent studies discovered that in some PPN cells
(50%), the N-type calcium channel blocker @-conotoxin-GVIA (o-CgTx) reduced gamma
oscillation amplitude, while subsequent addition of the P/Q-type blocker w-agatoxin-I1VA
(w-Aga) blocked the remaining oscillations. That is, these cells had N- and P/Q-type
channels. In other cells (20%), gamma oscillations were not affected by w-CgTx, however,
w-Aga blocked the oscillations, suggesting that these cells had only P/Q-type channels. In
the rest of the cells (30%), »-Aga had no effect on gamma oscillations, while »-CgTx
blocked them, suggesting these had only N-type channels. Similar results were found during
recordings of voltage-dependent calcium currents. These results confirm the presence of
cells in the PPN that manifest gamma band oscillations through only N-type (30%), only
P/Q-type (20%), and both N- and P/Q-type (50%) calcium channels (Luster et al. 2014,
2015).

This new cell type classification proposes that some PPN neurons fire only during REM
sleep (“REM-on”, N-type only), only during waking (“Wake-on”, P/Q-type only), or during
both waking and REM sleep (“Wake/REM-on”, N-type + P/Q-type) (Luster et al. 2014,
2015). Interestingly, PPN cells with N-type channels only manifested oscillations in the 55
Hz range, while cells with P/Q-type channels only exhibited oscillations in the 45 Hz range,
while cells with both N- and P/Q-type channels showed oscillations in the 35 Hz range.
These results suggest that each channel type may have a preferred oscillation frequency, but
when channels coexist they may manifest lower frequencies, perhaps due to kinetic
interference, competition, and/or differential location along dendrites (Hyde et al. 2013).
Figure 2 provides a diagram of the intracellular “waking” pathway and the “REM sleep”
pathway, and their modulation of different calcium channel types. Armed with this
information, we can now attempt to selectively modulate waking by affecting P/Q-type
calcium channels and/or the CaMKII pathway, or REM sleep by affecting the N-type
calcium channels and/or the cAMP/PK pathway.

3. Implications for REM sleep development

The human newborn exhibits an even distribution of waking, REM sleep and slow wave
sleep, spending about 8 hours in each state (Roffwarg et al. 1966). After birth, there is a
gradual decrease in REM sleep from about 8 hours at birth to about 1 hour by 15 years of
age, beyond which there is a small decrease until senescence. After birth, slow wave sleep
may increase transiently, then gradually decrease from 8 hours per day to 6—7 hours per day
by 15 years of age. The gain observed in total waking time, from about 8 hours at birth to
about 16 hours at maturity, is mostly at the expense of REM sleep duration. In the rat, the
decrease in REM sleep occurs between 10 and 30 days of age, declining from over 75% of
total sleep time at birth to about 15% of sleep time by 30 days of age (Jouvet-Mounier et al.
1970). We tracked the changes of all relevant transmitter systems active at the level of the
PPN between 10 and 30 days and found that some increased, some decreased, and others did
not change in relation to the developmental decrease in REM sleep (Garcia-Rill et al. 2008).
Therefore, we concluded that there was no specific transmitter system responsible for the
developmental decrease in REM sleep.
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However, based on the results described above on the presence of two states modulated by
two types of calcium channels, we carried out preliminary studies on the expression of N-
type vs P/Q-type high threshold, voltage-dependent calcium channels in the PPN over this
developmental period (Garcia-Rill et al. 2015). Our findings suggest that there is a marked
decrease (>75%) in the expression of N-type calcium channels in the PPN between 10 and
30 days. On the contrary, there was only a small decrease (<35%) in the expression of P/Q-
type calcium channels in the PPN between 10 and 30 days. We conclude that the
developmental decrease in REM sleep is due at least in part to a marked decrement in the
number of N-type calcium channels in the PPN. This suggests that the proportion of PPN
cells recorded early in development showing a higher proportion of N-only (REM sleep
active) cells may decrease with the developmental decrease in REM sleep to be replaced by
a higher proportion of PPN cells with P/Q-only (wake active) cells. Figure 3 shows the
relationship between the developmental decrease in REM sleep and developmental changes
in N-type vs P/Q-type calcium channel expression. We compared changes in expression of
these channels between the PPN and the hippocampus, which showed no change in N-type
channel expression between 10 and 30 days, and a small increase in P/Q-type channel
expression during the same period. Therefore, the developmental decrease in REM sleep
appears related to decreased N-type channel expression specifically in the PPN.

Another implication from the differential control of waking and REM sleep by different
calcium channel types is the possibility that the basic rest-activity cycle (BRAC) is mediated
by alternation of the two channels. Nathaniel Kleitman proposed that, superimposed on the
wake-sleep rhythm, was an ultradian rhythm with a period of ~90 min (Kleitman 1963). This
rhythm accounts for the frequency of REM sleep episodes during the night, as well as
periodic changes in alertness during the day. There is a reciprocal interaction between the
intracellular pathways modulating N-type vs P/Q-type calcium channels, i.e. cCAMP and
CaMKIl, respectively (Mika et al 2015). We hypothesize that this alternation may be due to
activation during the troughs preferentially of N-type calcium channels to produce REM
sleep during sleeping hours and decreased vigilance during waking hours. Conversely, at the
peaks of this rhythm is activation preferentially of P/Q-type calcium channels. This
mechanism would explain the manifestation of the BRAC.

4. Cell Clusters

Hebb advanced the concept of cell assemblies to describe a network that is repeatedly
activated and thus the synaptic connections among members of the circuit are strengthened
(Hebb 1949). Recent studies determined that in the hippocampus there are, according to one
group, “patches” of entorhinal cortex cells that play a role in learning and memory (Ray et al
2014). Another group described clusters of cells that may have joint function as “islands”
that form a hexagonal lattice over the cortex (Kimura et al 2014). Are there clusters of cells
that act together in the PPN to modulate coherence and frequency? We recently
hypothesized that the PPN may contain subgroups of functional units (Garcia-Rill et al
2013; Urbano et al 2014).

Anatomically, neurons in the PPN are scattered such that in the pars compactathere are
glutamatergic (GLU), cholinergic (ACh), and GABAergic neurons in the ratio of 5:3:2,
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respectively (Wang & Morales 2009). Studies using calcium imaging in the PPN pars
compactareveal an interesting anatomical organization within the nucleus. Dye coupled
PPN neurons, which is indicative of electrical coupling via gap junctions, is evident between
spaced pairs of cells throughout the nucleus (Garcia-Rill 2015). These pairs of PPN cells are
labeled throughout the nucleus even in the control, unstimulated condition. The spatial
separation between couplets suggests that there are clusters of cells throughout the nucleus
(Garcia-Rill 2015). Since electrically coupled neurons generally represent GABAergic
neurons, we speculate that there are 5 GLU and 3 ACh neurons closely associated with each
GABAergic pair. That is, there may be clusters of approximately 10 neurons scattered within
the pars compactathat may create a functional subgroup. Much additional evidence is
required to support this hypothesis, but it may be possible to dissect such an organization to
determine how the nucleus as a whole generates coherent activity at specific frequencies. It
is also important to determine how PPN neurons respond to sensory input and how that input
generates coherent activity.

Similar functional clustering has been proposed for the hippocampus, especially in relation
to epileptic networks (Muldoon et al. 2013). In a study of cell assemblies in the
hippocampus, Buzsaki described subsets of about 10 neurons that showed repeated
synchronous firing during open field exploration (Buzsaki 2010). Interestingly, the timescale
of activity between these neurons had a median of 23 msec, and the peak optimal timescale
was ~16 msec, that is, most activity occurred in the 40-60 Hz range. We hypothesize that a
similar temporal relationship will be evident among cell clusters in the PPN. As described
above, N-only, P/Q-only, and N+P/Q groups each included electrophysiological types I, 11,
and I11. Since it is known that type I cells are non-cholinergic, type Il cells are 2/3
cholinergic, and type Il cells are 1/3 cholinergic (Garcia-Rill 1991, 2015), it is likely that all
transmitter types are represented within each calcium channel group. Thus we postulate that
there are the cell clusters of 5 GLU, 3 ACh, and 2 GABA cells, all of which have the N-only
calcium channels, representing a cluster firing during REM sleep only (the REM-on cluster).
In addition, there are the similar clusters which have only the P/Q-type channels, that fire
only during waking (the Wake-on cluster), and clusters which have both the N- and P/Q-type
calcium channels, that fire during both waking and REM sleep (the Wake/REM clusters).

5. Implications for Insomnia

We view insomnia not as a sleep disorder, but as a waking disorder, i.e. one in which there is
too much waking. Insomnia is called “primary” if it is not related to some other medical or
psychiatric condition. Insomnia is a hallmark of a number of psychiatric disorders such as
schizophrenia, bipolar disorder, and major depression, in which insomnia is termed
“secondary”. Insomnia is also present in a number of neurological diseases. Insomnia
includes difficulty falling asleep (prolonged sleep latency), frequent awakenings (difficulty
maintaining sleep), and shortened sleep duration (resulting in daytime sleepiness, irritability
and fatigue), all of which leads to impairments in daytime functioning. Almost any condition
that affects arousal and vigilance can induce insomnia. Recent studies suggest that
hyperarousal is present in primary insomnia (Perusse et al. 2013). Given the novel findings
described above in which there is a “waking” pathway mediated by CaMKI|I, and a “REM
sleep” pathway mediated by cAMP/PKA (Figure 1), we propose that over expression of
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P/Q-type calcium channels andy/or over activity of the CaMKII-P/Q-type pathway will lead
to insomnia. The fact that CaMKII in the PPN is known to modulate the initiation and
maintenance of wakefulness (Datta et al. 2011), makes it reasonable to propose that over
activity in this pathway or of the calcium channels (P/Q-type) it modulates may lead to
increased waking drive.

Treatments for insomnia are palliative and include benzodiazepines and non-benzodiazepine
hypnotics, but the risk of physical dependence is high when used chronically. Zolpidem is
the most commonly prescribed drug for insomnia and is known to down regulate the
CaMKII pathway (Berdyyeva et al. 2014). In order to avoid the abuse potential of such
agents, therapy for insomnia could directly address the P/Q-type calcium channel receptor or
partially down regulate the CaMKII pathway. Another option could be the use of PPN DBS
at high frequency (>100 Hz), perhaps delivered only at night, to decrease waking drive. One
strategy for the development of novel treatments for insomnia is the creation of animals that
over express P/Q-type calcium channels, preferably by induction. Such animals would be
expected to manifest increased waking time correlated with the level of over expression.
Agents that modulate such over expression would then be expected to be good candidates
for the treatment of insomnia.

6. Implications for Schizophrenia and Bipolar Disorder

Schizophrenia and bipolar disorder are characterized by sleep-wake symptoms such as
hyperarousal, increased REM sleep, decreased slow wave sleep, and hallucinations, which
are thought to represent REM sleep intrusion into waking (Dement 1967; Garcia-Rill 2009).
Reduced gamma band activity has been reported in bipolar disorder (Ozerdem et al. 2011).
Aberrant gamma band activity and coherence during cognitive tasks was described in
schizophrenia (Ulhass and Singer 2010; 2013). There are also deficits in coherence and
maintenance of gamma oscillations in patients with schizophrenia (Wilson et al. 2011).
Decreases in gamma band coherence and maintenance can account for many of the
symptoms of schizophrenia and bipolar disorder. The positive symptoms include
hallucinations, delusions, thought disorder, and agitation, while negative symptoms include
lack of affect, anhedonia, and withdrawal. Cognitive symptoms include poor executive
function, decreased attention, and disturbed working memory. Cognitive and executive
functions are associated with gamma band activity (Eckhorn et al. 1988; Gray and Singer
1989; Philips and Takeda 2009; Singer 1993). In postmortem studies, increased neuronal
calcium sensor protein-1 (NCS-1) expression was present in many schizophrenia and bipolar
disorder patients, but not in major depression patients (Bergson et al. 2003; Koh et al. 2003).
That is, gamma band activity is reduced or disrupted in disorders that show brain NCS-1
over expression.

We recorded PPN neurons in the presence of fast synaptic blockers and terodotoxin with
various concentrations of NCS-1 in the recording pipette using whole cell patch clamp
(D’Onofrio et al. 2015a). Figure 4A shows that very low concentrations of NCS-1 (0.5 pM)
had minor effects, while higher concentrations (1 pM) increased the amplitude of ramp-
induced oscillations (not shown), and very high concentrations of NCS-1 (10 uM) blocked
the beta/gamma oscillations (Figure 4B). These results suggested that, a) 1 pM NCS-1
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appears to be a physiologically effective concentration, and b) 10 uM NCS-1, as would be
expected with over expression, down regulates oscillation amplitude. Therefore, NCS-1 over
expression may down regulate the ability of PPN cells to generate gamma band oscillations,
thus accounting for the gamma band dysregulation present in some patients. However, some
patients do not show significant over expression, and also may not show decreased, but
rather increased or normal gamma activity (Andreou et al. 2014; Diez et al. 2014). Future
clinical trials in patients with schizophrenia or bipolar disorder may benefit from
determination of a significant decrease in gamma band activity, which may also help address
the heterogeneity of schizophrenia and facilitate the process of identifying more
homogeneous groups within the syndrome (Picardi et al. 2012). It is to those patients that
pharmacological targeting to increase gamma band activity may be of benefit. We have
preliminary evidence suggesting that the stimulant modafinil may indeed compensate to
some extent for excessive amounts of NCS-1. We found a partial return of gamma
oscillations that were suppressed by high levels of NCS-1 after exposure to modafinil
(Garcia-Rill et al. 2014). In addition, PPN DBS could be used to modulate gamma band
activity using high stimulation frequencies (>100 Hz) if too high or lower stimulation
frequencies (~40 Hz) if too low.

The mood disturbances in bipolar disorder have been treated effectively using lithium, an ion
that remains one of the best treatment options, despite its side effects (Brown and Tracy
2012). Lithium has also been proposed as a neuroprotective agent. Lithium may act by
inhibiting the interaction between NCS-1 and inositol 1,4,5-triphosphate receptor protein
(InsP) (Schleker et al. 2006). We should note that NCS-1 enhances the activity of InsP
(Kasri et al. 2004), which is present in the PPN (Rodrigo et al. 1993). Figure 4C diagrams
results showing that lithium reduces ramp-induced oscillations in PPN neurons (D’Onofrio
et al. 2015b). That is, lithium may reduce the effects of over expressed NCS-1 in bipolar
disorder, thereby normalizing gamma band oscillations mediated by P/Q-type calcium
channels modulated by NCS-1. That is, the effects of over expression of NCS-1 in bipolar
disorder may be decreased by lithium. As shown above, excessive NCS-1 decreased gamma
oscillations (D’Onofrio et al. 2015a), therefore, lithium may prevent the down regulation of
gamma band activity and restore normal levels of gamma band oscillations. These findings
taken together resolve a 60 year mystery of how lithium works in bipolar disorder. An
interesting observation is that NCS-1 down regulates N-type calcium channels, at least in
some cell lines (Gambino et al. 2007). This may mean that under some circumstances
NCS-1 may inhibit N-type channel function, while promoting P/Q-type channel function.

7. Conclusion

The two most important advances on the physiology of the RAS in the last 10 years were, a)
the discovery of electrical coupling in some cells of certain RAS nuclei (Garcia-Rill et al.
2007, 2008; Heister et al. 2008), and b) the finding that every cell in the same nuclei
manifests intrinsic membrane gamma oscillations (Simon et al. 2010; Kezunovic et al. 2011;
Garcia-Rill et al. 2013). The first advance helps explain how these brain centers maintain the
coherence necessary to maintain oscillations at both low and high frequencies. The second
advance helps explain how these nuclei induce and maintain gamma band activity necessary
for the process of remaining awake and maintaining REM sleep. The PPN simultaneously
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modulates cortical arousal as well as posture and locomotion. Moreover, in response to
sensory inflow, the PPN generates and maintains beta/gamma band activity during waking.
These membrane oscillations are mediated by voltage-dependent high threshold N- and P/Q-
type calcium channels that are modulated by G proteins. It appears that these two types of
channels with separate intracellular pathways are involved in selectively controlling high
frequency activity. P/Q-type channels are modulated by CaMKII during waking, while N-
type channels are modulated by cAMP/PK during REM sleep (Garcia-Rill et al. 2014). In
addition to intrinsic membrane oscillations, the maintenance of gamma band activity
requires synaptic connectivity within the nucleus and between regions of the brain. PPN
circuitry includes cholinergic, glutamatergic, and GABAergic neurons. Some GABAergic
cells are electrically coupled to provide coherence, and the nucleus may include functional
cell clusters. However, it is evident that the natural frequency of firing of PPN cells is in the
beta/gamma range, which explains the beneficial effects of DBS at these frequencies.

From the moment we awaken, this nucleus ensures that the necessary background of activity
is present in order to preconsciously evaluate the world around us (Garcia-Rill et al. 2014).
Therefore, this process is embedded in the formulation of our perceptions and actions, and
modulates higher-level beta/gamma processing through its projections to the intralaminar
thalamus, basal ganglia, hypothalamus, and basal forebrain. That is why it affects functions
as disparate as waking and REM sleep, mood and perception, and homeostatic regulation.
Consequently, dysregulation in PPN processing will be manifested in motor disorders,
psychiatric disorders, neurological disease, as well as sleep disturbances. That is why the
PPN is critical to modulating the symptoms of such disorders as PD, insomnia,
schizophrenia, and bipolar disorder, among others.
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Figure 1. Intracellular pathways and calcium channels differentially related to waking vs REM
sleep

Representation of effects of acetylcholine (ACh) activation of a muscarinic 2 cholinergic
receptor (M,R) acting through G protein coupling to phospholipase C (PLC), that in turn
cleaves phospholipid phosphatidylinositol biphosphate (PIP5) into inositol triphosphate
(IP3). IP3 is released and binds to IP3 receptors in the endoplasmic reticulum (ER) to
release calcium (Ca2*). One of the intracellular pathways activated involves CaMKII, which
modulates P/Q-type calcium channels and the other pathway involves cAMP/PKA, which
modulates N-type calcium channels. The CaMKII/P/Q-type pathway mediates beta/gamma
band activity during waking, while the cAMP/PKA/N-type pathway mediates beta/gamma
band activity during REM sleep.
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Figure 2. Different PPN cells modulated by N-type channels only, P/Q-type channels only, and

both N- and P/Q-type channels

Top. PPN cells with only P/Q-type calcium channels (20%) are assumed to be “Wake-on”
and modulated by CaMKI1 (left side, blue channels). PPN cells with both N- and P/Q-type
calcium channels (50%) are assumed to be Wake/REM-on” and modulated by both CaMKI|I
and cAMP/PKA metabolic pathways (middle, blue and green channels). PPN cells with only
N-type calcium channels (30%) are assumed to be “REM-on’ and modulated by the
cAMP/PKA pathway (right side, green channels). P/Q-only and N+P/Q cells thus are
expected to be active during waking, while N-only and N+P/Q cells are active during REM
sleep. Bottom. Left records (blue) show that P/Q-only cells manifested ramp-induced
oscillations (first recording) that were not affected by conotoxin (CgTX) (middle recording),
but were completely blocked by Aga (right recording). Middle bottom records (blue-green)
show that N+P/Q cells manifested ramp-induced oscillations (left recording) that were
reduced by CgTx (middle recording), and were further reduced by agatoxin (Aga) (right
recording). Right records (green) show that N-only cells manifested ramp-induced
oscillations (left recording) that were not affected by Aga (middle recording), but were

completely blocked by CgTx (right recording). Data from Luster et al 2015.
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Figure 3. Correlation between the developmental decrease in REM sleep and N-type channel
expression

A) Developmental decrease in REM sleep as a percent of sleep time after Jouvet-Mounier et
al (1970). In the rodent, the decrease occurs between 10 and 30 days before assuming adult
levels. B) Relative quantity of N-type calcium channel (red lines) and P/Q-type calcium
channel (blue lines) expression at 10 vs 30 days in punches from brain slices containing the
PPN. Three replications in each of double samples showed that N-type channel expression
significantly decreased >75%, while P/Q-type channel expression decreased <35%. C)
Relative quantity of N-type calcium channel (red lines) and P/Q-type calcium channel (blue
lines) expression at 10 vs 30 days in punches from brain slices containing the hippocampus
(HIPP). N-type calcium channel (red lines) expression did not change between 10 and 30
days, while P/Q-type calcium channel (blue lines) expression increased ~50% during the
same period in the HIPP. * p<0.05, ** p<0.01, NS not significant. Data from Garcia-Rill et
al 2015.
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Figure 4. Effects of NCS-1 on PPN neurons amplify oscillations at low concentrations (1 uM),
block oscillations at high concentrations (10 uM), while lithium inhibits the effects of NCS-1 on

oscillations

A) Representative 1 sec long current ramp-induced oscillations in a PPN neuron in fast

synaptic blockers and tetrodotoxin in the extracellular solution and 1 pM NCS-1 in the

recording pipette (left record). After 10 min of NCS-1 diffusing into the cell, the oscillatory
activity increased slightly (middle record). However, after 25 min of NCS-1 diffusion both
oscillation amplitude and frequency were increased (right record). B) Representative ramp-

induced oscillations recorded during 1 sec long current ramps in the presence of fast
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synaptic blockers and tetrodotoxin and NCS-1 at 10 uM in the recording pipette (left
record). After 10 min of NCS-1 diffusing into the cell, the oscillation amplitude increased
slightly (middle record). However, testing at 25 min showed a decrease in amplitude
compared to both 0 min and 10 min recordings (right record). C) Representation of effects
of ACh activation of a MR acting through G protein coupling to PLC, that in turn cleaves
PIP, into IP3. IP3 is released and binds to IP3 receptors in the ER to release calcium (Ca2*).
One of the intracellular pathways activated involves NCS-1, which stimulates P/Q-type
calcium channels and somewhat inhibits N-type calcium channels. NCS-1 at low
concentrations increases gamma oscillations while NCS-1 at high concentrations blocks
them. In addition, NCS-1 over expression is inhibited by 1 mM lithium (Li*), removing the
blockade of gamma oscillations and restoring the maintenance of gamma band activity in
these cells. Data from D’Onofrio et al 2015a, 2015b.
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