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Abstract

Bipolar disorder is characterized by a host of sleep-wake abnormalities that suggests that the
reticular activating system (RAS) is involved in these symptoms. One of the signs of the disease is
a decrease in high frequency gamma band activity, which accounts for a number of additional
deficits. Bipolar disorder has also been found to overexpress neuronal calcium sensor protein 1
(NCS-1). Recent studies showed that elements in the RAS generate gamma band activity that is
mediated by high threshold calcium (Ca?*) channels. This mini-review provides a description of
recent findings on the role of Ca2* and Ca2* channels in bipolar disorder, emphasizing the
involvement of arousal-related systems in the manifestation of many of the disease symptoms.
This will hopefully bring attention to a much-needed area of research and provide novel avenues
for therapeutic development.

Graphical Abstract

Bipolar disorder has sleep-wake abnormalities, decreased gamma, and overexpressed NCS-1. The
reticular activating system (RAS) generates gamma via Ca2* channels, pointing to roles for RAS
and Ca?* in the disease.
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Introduction

Bipolar disorder patients manifest a number of sleep-wake abnormalities that indicate that
the reticular activating system (RAS) is involved in the sleep and arousal-related symptoms
of the disease. One of the signs of the disease is a decrease in high frequency gamma band
activity, which accounts for a number of additional deficits. Recent studies showed that
elements in the RAS generate gamma band activity that is mediated by high threshold
calcium (Ca?*) channels. This review provides a description of recent findings on the role of
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Ca?*, Ca2* channels, and neuronal calcium sensor protein 1 (NCS-1) in bipolar disorder,
emphasizing the involvement of arousal-related systems in the manifestation of many of the
disease symptoms. This will hopefully bring attention to a much-needed area of research and
provide novel avenues for therapeutic development.

A. Bipolar Disorder

A. 1. Symptoms—-Bipolar disorder, originally called manic-depressive illness, is a highly
heritable psychiatric disorder [1], characterized by recurrent episodes of elevated mood or
mania and depression, which correspond to changes in activity or energy and are related to
characteristic physical, cognitive, and behavioral symptoms [2]. The mean age of symptom
onset is ~22 years of age [3,4]. Hypomania is a less severe form of mania, which is usually
brief and lacking major social disturbances. Symptoms associated with the manic state are
the defining feature of bipolar disorder, ranging from impaired judgment [5] to psychosis or
a break with reality [6]. The symptoms involved in mania nearly always have a significant
negative impact on function at work, interpersonal relationships, and leisure activities [7],
which, if left untreated, can be long lasting and devastating [8]. Manic or depressive episode
onset is often foreshadowed by sleep disturbances [9].

Depressive episodes are the most frequent clinical presentation nearly 40% of the time;
when patients are symptomatic they are depressed [10]. Depression may display marked
seasonality, occurring most often during winter months [11]. While depressed, bipolar
disorder patients suffer from “inverse” neuro-vegetative symptoms (hypersomnia), weight
gain, increased appetite, psychotic episodes [3], and cognitive impairments [12,13]. Further,
depressive episodes may be marked by mood reactivity rather than simply feelings of
sadness [3,14] and, in fact, symptoms associated with mania or hypermania may co-occur
[15], giving rise to increased motor activity, rapid or pressured speech, and grandiose
delusions [16].

Mixed states are considered to be high risk for suicidal behavior [17,18] and deliberate self-
harm [19], while comorbid anxiety disorders occur more frequently in these states. Bipolar
disorder patients also show comorbid psychiatric disorders such as personality disorders,
attention deficit hyperactivity disorder (ADHD), and schizophrenia [2,20]. Substance misuse
is evident in over a third of cases and is more likely with early onset of the disorder. There is
a partial overlap with schizophrenic symptoms [21-23], with approximately 50% of patients
exhibiting hallucinations, delusions, and/or disorganized thoughts during manic states [24—
28], and there is also partial overlap in genetic basis across schizophrenia and bipolar
disorder [29,30].

A. 2. Etiology—The phenotypic expression of bipolar disorder arises from both genetic
and environmental influences. Bipolar disorder has a heritability of roughly 75% explained
mainly by common variant alleles [31,32], which overlap with genetic components of
schizophrenia [33]. First degree-relatives of those affected with bipolar disorder have nearly
a ten-fold increased risk for developing the disorder compared to the general population
[16]. Environmental factors such as physical or sexual abuse in childhood is almost twice as
common in bipolar disorder patients and is associated with earlier onset, a higher rate of
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suicide attempts, and more co-occurring disorders [34,35]. Negative life events and stress, in
the form of childhood adversity or highly conflicted families, is higher among adults with
bipolar disorder [36].

A. 3. Electroencephalogram (EEG) and oscillations—Sleep-wake disturbances
usually occur at the onset of a manic or depressive episode [37]. The patterns seen in the
EEG of bipolar disorder patients include fragmented sleep, increased rapid eye movement
(REM) sleep drive, decreased slow wave sleep (SWS), insomnia during the manic state and
hypersomnia during the depressive state [38,39]. These patients show reduced sleep time
and longer sleep onset during manic episodes, which include decreased REM sleep latency
and increased REM sleep duration, while during depression they manifest insomnia or
hypersomnia, which also includes decreased REM sleep latency and increased REM sleep
density [37-41]. Two meta-analyses described the main sleep-wake symptoms in bipolar
disorder as fragmented sleep (including increased sleep latency, waking after sleep onset,
and overall sleep efficiency) [42,43]. Additionally, bipolar disorder patients display similar
pathophysiological symptoms as seen in schizophrenic patients: dysregulation of blink
reflexes [44], decreased habituation of the P50 potential in the paired stimulus paradigm
[45.46], and an exaggerated startle response [47]. Taken together, these results strongly
suggest that disturbances in the function of the reticular activating system (RAS) are
involved in the arousal-related symptoms of bipolar disorder.

Significantly, aberrant gamma band activity, similar to that seen in schizophrenia, has been
reported in bipolar disorder patients [48]. In the manic or mixed state, bipolar disorder
patients display reduced auditory EEG synchronization in the beta/gamma band (20-50 Hz)
during a click train paradigm [49]. Gamma-band activity is associated with cognitive and
executive functions [50-53]. Gamma band oscillations are essential to information
processing during states of arousal such as sensory perception, motor behavior, and memory
formation [54]. Therefore, decreased gamma band activity may underlie many of the
symptoms in this disorder such as sleep disturbances, emotional dysregulation, attention and
memory deficits, and impairments in fine motor skills [55]. Furthermore, human postmortem
studies reported increased expression of neuronal calcium sensor protein 1 (NCS-1) in the
brains of some bipolar disorder and schizophrenic patients [56]. That is, over expression of
NCS-1 is present in the same disorders that show disrupted gamma band activity [57].
Recent results described below show that gamma band activity related to arousal is mediated
by Ca2* channels. Since NCS-1 modulates Ca2* channels, its over expression may be
responsible for the decrease in gamma band activity present in at least some bipolar disorder
patients.

A. 4. Treatment—Lithium (Li*) has been shown to effectively treat the mood disturbances
seen in bipolar disorder, while limited by its side effects [58]. It has also been shown to have
neuroprotective properties. Li* appears to act by inhibiting the interaction between NCS-1
and inositol 1,4,5-triphosphate receptor protein (InsP3R) [59]. NCS-1 is known to amplify
the Ca?* signal through the enhancement of InsP3Rs [60], which are known to be present
within the RAS [61]. In fact, this interaction could explain the hyperarousal of the waking
system seen in this disorder and the ability of Li* to restore the imbalance. For example, a
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common symptom seen during the manic state of bipolar disorder is insomnia [62], which
has been proposed as an overactive waking system intruding into sleep time [63]. Insomnia
seen in bipolar disorder could be a result of increased levels of NCS-1, which lead to
increases in high-frequency activity and ultimately, hyperactivation of the waking system. Li
* may be able to alleviate the hyperarousal by downregulating the interaction between
NCS-1 and InsP3R, thus decreasing high frequency activity. This theory is supported by
evidence that Li* treatment has been seen to increase SWS and reduce REM sleep [64-68],
as well as increase REM sleep latency [69]. The down regulation by Li* of NCS-1
interactions with InsP3R could reduce the abnormal high-frequency activity and restore
proper rhythms to these systems.

B. Reticular Activating System (RAS)

B. 1. Sleep and waking—Sleep and waking are controlled by the reticular activating
system (RAS). The pedunculopontine nucleus (PPN) is that part of the RAS that is active
during waking and REM sleep, while the catecholaminergic cell groups (which are the locus
coeruleus and raphe) are active during waking and SWS, but not REM sleep [70]. The PPN,
locus coeruleus, and raphe nuclei are located in the posterior midbrain on either side of the
ventral portion of the central gray. PPN neurons are known to oscillate at beta/gamma
frequencies /n vivo during waking and REM sleep, but not during SWS [71-76]. 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 [77-82]. That is,
PPN activity is reflected in the cortical EEG, although partial lesions of the PPN do not
significantly alter sleep and waking architecture [83]. This may be because there are other
areas modulating sleep and waking homeostasis, including hypothalamic and basal forebrain
regions. However, stimulation of hypothalamic and basal forebrain regions must be applied
for much longer periods (10-20 sec) [84,85] compared to RAS stimulation (1-2 sec) to
induce waking [63,79,84]. 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 [84]. That is, the RAS may be the final output for the arousal induced
by some of these more anterior modulatory regions [63].

Figure 1 provides a diagram of the anatomical connections of the PPN, the cholinergic arm
of the RAS, and how it drives the intralaminar thalamus to induce cortical arousal and
simultaneously the reticulospinal system to modulate posture and locomotion.

B. 2. Gamma band activity in the RAS—Gamma band activity is a hallmark of the
activated, high frequency states of waking and REM sleep, but it is not present during slow
wave sleep. Gamma band activity has been reported in the PPN of the mouse /7 vitro[86], in
the REM sleep-induction region of the rat to which the PPN projects [87], in the cat /n vivo
[81], and in the region of the PPN in humans during stepping [88]. A recent study described
firing patterns of neurons in the region of the PPN in the monkey trained to walk on a
treadmill [89]. PPN neurons during standing fired at low rates but then fired at beta/gamma
frequencies during locomotion. Significantly, the same neurons also fired at low frequencies
during sleep, but increased their firing rates to beta/gamma frequencies upon waking,
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showing that the same cells participate in both locomotion and arousal. Thus, there is ample
evidence for gamma band activity in this region /in vitro, in vivo, and across species,
including man. The PPN, in which every cell manifests gamma band activity (see Section B.
3), then becomes a gamma-making machine. We speculate that it is the continued activation
of the RAS during waking that allows the maintenance of the background of gamma activity
necessary to support the state capable of reliably assessing the world around us on a
continuous basis - preconscious awareness [63,90].

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 [91]. 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 [91,92]. Also, carbachol-induced REM sleep with cataplexy is characterized
by decreased gamma band coherence in the cortex [89 93]. 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, which is controlled by the subcoeruleus dorsalis (SubCD) region (lesion
of this region eliminates REM sleep, while injection of carbachol induces REM sleep signs),
drives cortical EEG rhythms without coherence.

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 [94],
accounting for the effects of stimulating the so-called “mesencephalic locomotor region”
(MLR) [95]. 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 Parkinson’s disease were found to induce
ameliorative effects on posture and locomotion [94], but, DBS of the cuneiform nucleus
does not produce ameliorative effects on posture or locomotion [96]. It should be noted that
the optimal frequencies of DBS of the human PPN were higher than 25 Hz, mostly in the
40-60 Hz range, that is, in the beta/gamma band [94,96]. Frequencies of PPN DBS in the
10-20 Hz range [97] or above 100 Hz simply are not effective in Parkinson’s patients
[94,96]. DBS must be at the natural frequencies likely to activate these cells maximally, i.e.
beta/gamma.

As far as sleep/wake cycles are concerned, PPN neurons increase firing rates during REM
sleep (“REM-on™), or both waking and REM sleep (“Wake/REM-on”), and some cells fire
only during waking (“Wake-on™) [72,75,76], suggestive of increased excitation only during
activated states. These findings confirm the fact 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 increased only waking, while injections of kainic acid (KA) increased
only REM sleep [98-101]. 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 CaMKI|I activation inhibitor, KN-93, microinjected into the PPN
of freely moving rats resulted in decreased waking but not REM sleep [102]. We showed
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that beta/gamma band oscillations in PPN neurons recorded /in vitro were blocked by
superfusion of KN-93 [103], 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 [104-106].

Conversely, increased extracellular signal-regulated kinase 1/2 (ERK1/2) signaling in the
PPN is associated with maintenance of sleep via suppression of waking [107], while
activation of intracellular protein kinase A (PKA) in the PPN instead contributed to REM
sleep recovery following REM sleep deprivation [108]. 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
[109]. These findings suggest that waking /7 vivo may be modulated by the CaMKII
pathway, while REM sleep may be modulated by the cAMP/PK pathway, in the PPN
[90,103]. In addition, it appears that the cAMP-dependent pathway phosphorylates N-type
calcium channels [110], while CaMKII regulates P/Q-type calcium channels [111].
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
[90,103].

N- and P/Q-type calcium channel subtypes both are linked to rapid release of synaptic
vesicles [112,113], but knockout models manifest markedly different phenotypes [114]. P/Q-
type (Cay2.1) 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 [115,116]. 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 [114]. While the two types of receptors are modulated by G-protein coupled
receptors, they require different G-protein subunits [117]. Intracellularly, protein kinase C
(PKC) enhances N-type channel activity but has no effect on P/Q-type channel function
[118], while CaMKII was shown to modulate P/Q-type channel function [119]. That is, the
two calcium channel subtypes are modulated by different intracellular pathways, N-type by
the cCAMP/PK pathway, and P/Q-type via the CaMKII pathway. The implication 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.

B. 3. Calcium channels in the PPN—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 [120]. In fact, intrinsic gamma
oscillations are the only property present in every PPN neuron, whether of type I, I1, or 111,
or transmitter type, cholinergic, glutamatergic or GABAergic, while cells around the PPN do
not share that property [120]. More recent studies discovered that in some PPN cells (50%),
the N-type calcium channel blocker w-conotoxin-GVIA (w-CgTx) reduced gamma
oscillation amplitude, while subsequent addition of the P/Q-type blocker w-agatoxin-1VA
(w-Aga) blocked the remaining oscillations. That is, these cells had both 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
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the rest of the cells (30%), w-Aga had no effect on gamma oscillations, while w-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 [121,122].

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) [121,122]. Armed with
this information, we could now address the role of NCS-1 and lithium in the function of
gamma band activity mediated by PPN neurons.

B. 4. NCS-1—Our findings demonstrated that intracellular NCS-1 can exert a
concentration-dependent biphasic effect on gamma band oscillatory activity of PPN neurons
[123]. That is, low concentrations promoted, while high concentrations of NCS-1 blocked,
gamma band oscillations. Lower NCS-1 concentrations such as 1 uM enhanced oscillation
frequency and amplitude only after 20 min, 10 pM had a very early (within 5-15 min)
enhancing effect of oscillation amplitude, followed by an inhibitory effect, ultimately
reducing the amplitude and frequency of gamma oscillations by 30 min. Moreover, low
intracellular NCS-1 concentrations (both 0.5 and 1 pM) were able to reduce the amplitude of
PPN calcium currents within 5-15 min. Strikingly, the time course of the calcium current
block (~5-15 min) was similar to the 10 uM NCS-1 effect on oscillation amplitude (~5-15
min), but both of these effects were faster than the one observed for the enhancement of
gamma band amplitude and gamma frequency of oscillations (>20 min), suggesting that
multiple intracellular mechanisms may mediate the NCS-1 effects on PPN oscillations.

For example, NCS-1 appears to facilitate P/Q-type calcium channel currents [124], and also
regulate InsP3 activity [60]. We assume that activation of muscarinic cholinergic receptors
will trigger a G protein coupled pathway [125] that releases InsP3, which acts with
cytoplasmic NCS-1 to bind to the InsP3 receptor in the endoplasmic reticulum to release
intracellular calcium. Consequently, it is that release that potentiates calcium channel
mediated currents. Much research is required to substantiate these suggestions.

B. 5. NCS-1 and intracellular [Ca2*] dynamics—Previous /n vitro experiments
determined that NCS-1 activated two calmodulin-dependent enzymes [126]. These authors
found that 1 uM NCS-1 was maximally effective, while higher concentrations were less
potent in activating these enzymes. This study also found that 1 uM NCS-1 potentiated nitric
oxide synthase (NOS) 2—4 times, which was an effect that saturated at 10 uM NCS-1. They
concluded that NCS-1 represents an ideal switch for neurons to respond rapidly to slight
variations in internal calcium concentrations. We tested 1 uM and 10 pM NCS-1 for our
initial studies as a result of these findings. Based on the human postmortem results showing
over expression of NCS-1 in the brains of schizophrenic and bipolar disorder patients, but
not in normal controls or major depression patients [56], we addressed the role of NCS-1 in
the PPN. While the mean increase in NCS-1 was in the order of 50%, the individual levels
between the lowest level in a control subject and the highest level in a schizophrenic or
bipolar disorder patient was in the order of 5- to 8-fold (see Figure 2 in [56]). Therefore, we
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expected that, if 1 uM was an optimal concentration for the normal effect of NCS-1, then a
10-fold increase, or 10 uM NCS-1, would be an excessive level in keeping with significant
overexpression. Our results indeed showed that NCS-1 at 1 uM promoted gamma band
oscillations in PPN neurons (tripled amplitude, increased power at all frequencies), while 10
UM NCS-1 at first potentiated (quadrupled amplitude, no effect on frequencies), but soon
significantly reduced, the oscillations. To some degree, the results on frequency and
amplitude also suggest that there is an early effect that is different from the later effect, as
we observed in the calcium current results. As far as gamma band frequencies are
concerned, only 0.5 pM and 1 uM NCS-1 increased peak power, while higher concentrations
(5 UM and 10 uM) failed to increase peak power at gamma band.

Calcium participates in a myriad of neuronal processes and its metabolism is tightly
controlled. For example, neurite outgrowth does not occur if there is too little calcium and
growth stops if there is too much, suggesting that a narrow window is essential for neurite
outgrowth [127]. NCS-1 is known to modulate the optimal level of calcium necessary for
neurite outgrowth [128]. Therefore, we speculate that NCS-1 at optimal concentrations will
help maintain gamma band oscillations dependent on P/Q-type calcium channels, but too
little or too much will lead to a decrease or interrupted pattern of gamma band activity. The
use of w -Aga blocked ramp-induced oscillations when using 1 uM NCS-1, suggesting that
indeed P/Q-type calcium channels are responsible for these oscillations. Our previous
studies found that P/Q-type calcium channels were essential for gamma oscillations in the
PPN, while N-type channels were permissive [120]. Since NCS-1 is known to down regulate
N-type calcium channels [129], we assume that these are the channels being blocked when
input resistance increased.

Biphasic effects on intracellular [Ca2*] have been previously described to affect the time
course of calcium channel inactivation [130]. In addition, two separate [Ca2*] transients
(both from intracellular stores and present throughout membrane calcium channels) were
observed when muscarinic, but not nicotinic, receptors were activated [131]. A significant
increase in the formation of intracellular inositol phosphate (InsP) occurred during
intracellular [Ca?*] transients. In cortical neurons, glutamate-dependent membrane
depolarization affected intracellular [Ca2*] in a biphasic manner, which was found to
modulate ERK1/2 signaling as well as cCAMP responsive element binding protein (CREB)
phosphorylation, and increased gene expression of brain-derived neurotrophic factor
(BDNF) [132]. Furthermore, Na* and Ca?* influx triggered by membrane depolarization has
been found to mediate a biphasic stimulatory effect followed by an inhibitory regulation of
adenylyl cyclase in cerebellar granule cells [133]. The biphasic effects described here could
be mediated by a rapid recruitment of calcium channels and its known downstream
intracellular modulatory machinery (e.g. intracellular G-protein modulation [125]) by
NCS-1 at 1 uM, while a more extreme [Ca2*]-buffering by 5-10 uM NCS-1 could interfere
with downstream elements. Future experiments are needed to further confirm this
hypothesis.

We assume that the reason why 1 uM NCS-1 increased oscillation amplitude was because an
intracellular pathway was recruited that helps maintain oscillations for prolonged periods,
perhaps through the mechanisms described above. The increase observed with 10 uM may
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indicate a response to a bolus of NCS-1 that soon (within 5-15 min), saturated the substrate
available for its action and ultimately led to a decrease in oscillation amplitude (>30 min).
The effects of 5 uM NCS-1 would be expected to cause changes both early and late, but do
not, suggesting that this concentration rapidly saturates two different intracellular
mechanisms.

B. 6. Lithium—Briefly, our results show that, a) Li* caused a decrease in the amplitude
and frequency of Ca2* channel-mediated, high frequency oscillations in PPN neurons, b) Li*
significantly reduced the enhancing effect of NCS-1 on these oscillations, ¢) Li*
significantly down regulated Ca2* channel activity regardless of channel type, while d) the
presence of NCS-1 reduced the effect of Li* on Ca2* currents, and ) an intracellular
mechanism involving voltage-independent activation of G-proteins mediated these effects
[134].

Regardless of concentration used, Li* reduced the amplitude and frequency of gamma band
oscillations in PPN neurons. From a clinical standpoint, then, use of this agent would tend,
in a normal individual manifesting high frequency oscillations during the alerted states of
waking and REM sleep, to reduce arousal or REM sleep drive. Considering this, a common
symptom present in bipolar disorder is insomnia [62], which is an overactive waking system
intruding into sleep time [63]. Insomnia seen in bipolar disorder could be a result of
increased levels of NCS-1 that lead to increased high-frequency activity and ultimately,
hyperarousal of the waking system. These findings all point to increased arousal and REM
sleep drive due to the hyperactivity of the PPN, yet it is overactive in a specific manner. The
presence of increased responses to repetitive stimuli and exaggerated reflexes suggest that
phasic responses to brief stimuli are dysregulated. Conversely, reduced and aberrant gamma
band activity reflects the improper maintenance of gamma band activity on a tonic basis.
The effects on tonic processes may disturb processes that rely on continuous gamma
oscillations, resulting in dysfunctions in sensory perception, problem solving and memory.

Lithium may be able to alleviate the hyperarousal by downregulating the interaction between
NCS-1 and InsP3, thus decreasing high frequency activity. This theory is supported by
evidence that lithium treatment has been seen to increase slow wave sleep and reduce REM
sleep [64-68], as well as increase REM sleep latency [69]. The downregulation by lithium of
NCS-1 interactions with InsP3 reduces the abnormal high-frequency activity and restores
proper rhythms to these systems. Therefore, we speculate that Li* at optimal, therapeutic
levels will restore proper rhythmicity by inhibiting the effects of NCS-1 InsP3 however, too
much will result in dysfunctional activity.

In addition, Li* blunted NCS-1-mediated enhancement of high frequency oscillations such
as those previously described in PPN neurons [134]. This suggests that, in individuals over
expressing NCS-1, Li* would down regulate NCS-1 and perhaps restore gamma band
oscillations. Although others have described how therapeutic levels of Li* can inhibit the
intracellular interaction between NCS-1 and InsP3R [55], our study identifies one
mechanism of Li* action as a key regulator of neuronal high frequency rhythmicity. Indeed,
both gamma band oscillations and total Ca2* current (Ic,) steady-state reductions were only
counteracted by increasing free intracellular NCS-1, suggesting some overlapping effects. To
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date, Li+ is the only agent that has been studied in an attempt to reduce the physiological
effects of over expressed NCS-1. However, given the multiple roles of NCS-1 intracellularly,
there may be other agents that can also modulate its effects of over expressed.

Figure 2 shows the proposed mechanism by which Li* reduces the inhibitory effects of over
expressed NCS-1 on gamma band oscillations, thereby restoring an appropriate level of
gamma activity. As the results described above suggest, the concentration of Li* is critical
since too low would not sufficiently restore oscillations and too high would block
oscillations directly via other intracellular pathways. Both P/Q and N-type Ca2* channel
modulation by G-proteins can involve either voltage-dependent or independent mechanisms
[135-137]. In PPN neurons, M2 muscarinic receptors mediated a voltage-dependent
inhibition of Ca2* currents [125,138]. However, the present results showed a G-protein
mediated voltage-independent inhibition that was mediated by Li* that further reduced 1,/1;
I, ratio values. Such an effect on G-protein dependent Ca2* channel modulation may be
mediated by a Li* blockade of Ga subunits GTPase activity [139]. Voltage-independent G-
protein inhibition of P/Q-type channels has been found to require NCS-1 (without altering
channel opening kinetics [140]), suggesting how increasing NCS-1 intracellular
concentration was able to prevent the full magnitude of Li* effects on “P/Q only” and “N
+P/Q” cells, but only partially in “N only” PPN cells. Finally, 15/14 ratio values were not
significantly altered by NCS-1, suggesting that the Li*/NCS-1 intracellular pathway only
affected the basal activity of CaZ* channels, as previously described for inward rectifying
channels [141].

In summary, Li* treatment would compensate for the effects of over expression of NCS-1
[56] and of the reduced gamma [48] observed in some bipolar disorder patients, perhaps by
partially preventing the action of excessive NCS-1 and restoring intracellular pathways
mediating normal gamma band activity. Figure 2 summarizes these results. While low levels
of NCS-1 (left side) allow high threshold Ca2* channels to mediate intrinsic membrane
oscillations, high levels of NCS-1 (right side), in keeping with over expression, inhibit
oscillations. The presence of optimal concentrations of Li* (top) reduced the effects of
NCS-1 over expression and were permissive to the manifestation of gamma band
oscillations. We should also emphasize that the PPN is the source of the P50 potential [142],
which undergoes decreased habituation in bipolar disorder [45,46], lending further support
for the involvement of the PPN in this disease. The P50 potential is a state-dependent
midlatency auditory evoked response that is present during waking and REM sleep, but
absent during slow wave sleep [142]. That is, it is an arousal-related waveform and its
habituation provides a measure of sensory gating. Thus, if the response to the second
stimulus of a pair does not habituate normally, it is indicative of a lack of sensory afferent
control, permitting excessive afferent signals from reaching cortical levels, as is present in
bipolar disorder.

C. Clinical Implications

C.1. Ca?* Homeostasis—It is hopefully clear how disturbances in RAS functions can
lead to such symptoms of bipolar disorder as hypervigilance (increased phasic and/or tonic
output from the RAS), impaired perception (due to lack of maintained gamma band
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activity), psychosis (again due to impaired perceptual processing), and cyclic alternation
between mania and depression, which could be due to fluctuating levels of NCS-1 in at
times decreasing, and at other times boosting, gamma oscillations. The links between these
specific symptoms and Ca2* homeostasis and NCS-1 remain to be investigated. However, it
would seem that agents that can modulate NCS-1 expression may regulate its effects on
Ca?* channels and their effects on gamma oscillations.

Although the physiological roles of Ca2* sensors in various cellular functions is becoming
more clear, their involvement in the physiopathology of neuropsychiatric disorders remain
less well characterized. On the other hand, the association between dysregulated Ca2*
signaling and neurodegenerative diseases is well established. A failure in Ca2* homeostasis
can produce high cytosolic free Ca2* and result in neuronal excitotoxicity, culminating in
cell death. Further, prolonged Ca%* accumulation and sustained deviations from set
homeostatic Ca2* levels can rapidly result in cellular impairment. For example,
overactivation of glutamate receptors impairs cellular Ca?* homeostasis and the associated
excessive rises in cytosolic Ca?* leads to the activation of enzymes that degrade proteins,
membranes and nucleic acids. In fact, abnormal glutamatergic neurotransmission has been
implicated in the pathophysiology of bipolar disorder. Given the importance of Ca2* sensors
in cellular mechanisms, these proteins could provide the missing link between Ca2*
dysregulation and synaptic impairment in disease pathology. For example, we do not know
how the various intracellular pathways that modulate the specific Ca2* channels in question,
or their actions on G proteins, are modulated or disturbed in bipolar disorder. Given the
results described above, this remains a wide open area of potential research, with attractive
possibilities for novel therapeutic interventions.

C.2. The Ca?* Hypothesis—Ca?* is central in the regulation of many different events
over a wide range of time courses, from less than milliseconds to hours, days or even weeks
[143]. More importantly, intracellular Ca?* concentrations in the resting state are very low
(10-100 nM) and strictly regulated in order to achieve a proper regulative function. The
Ca?* hypothesis posits that as the brain ages, the average level of intracellular free Ca2*
concentration increase, thus resulting in the disruption of intracellular Ca2* regulation and
homeostasis, which leads to the neuronal deterioration in Alzheimer’s as well as in normal
aging brain [144-146]. It is likely that acquired neurodegenerative changes are involved in
neuropsychiatric diseases as well, due to the evidence of dysregulation of CaZ* signaling and
homeostasis. Increased intracellular free Ca2* can result in numerous catastrophic outcomes
for neurons: production of superoxide radicals, with subsequent cellular toxicity;
phospholipase C activation, which activates PKC, ultimately resulting in enhanced Ca%*
channel activity, InsP3R generation and additional Ca2* release from internal stores;
activation of CaMKII, which leads to further glutamate release; activation of endonucleases,
which fragment DNA,; production of nitric oxide synthase, which inhibits mitochondrial
respiration, with citric acid cycle enzyme aconitase and DNA synthesis. It is clear that even
small disruptions of Ca2* homeostasis can have devastating consequences; what is more,
sustained disruptions of Ca2* homeostasis have devastating consequences. Given the
importance of CaZ* signaling in cellular mechanisms, disruptions in this regulation, whether
local or global, severe or minor, transient or acute, all lead to altered neuronal function.
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Even though great effort has gone into uncovering the molecular mechanisms involved in
bipolar disorder, the true underlying molecular abnormalities remain elusive. Actually, the
enormous amount of data that has been generated identifies a seemingly bewildering array of
molecules involved in virtually all aspects of neuronal intracellular chemistry as potentially
altered. This has led some researchers to postulate that these disorders are likely to have a
multifactorial origin [147,148]. The commonality between these neurochemical
abnormalities may lie in their association with potential modifications in Ca2* signaling and
homeostasis.

Neurochemical studies have shown that various neurotransmitters, including serotonin,
dopamine, glutamate, and GABA, may be involved in the pathophysiology of both diseases
[149-152], suggesting that they may be united by common underlying neurochemical
abnormalities in synaptic signaling processes. Neuropathological studies have provided
evidence that suggest dysfunction of glutamate- and GABA-mediated neurotransmission is
involved in the pathophysiology of schizophrenia and bipolar disorder [153]. More recent
evidence has uncovered a possible role of the hippocampus, linking it to memory deficits in
the course of these diseases [154]. Ca2*-binding proteins involved in the G-protein InsP3R-
Ca?* signaling cascade [155] appear to play a role in the pathogenesis [156] and,
accordingly, levels of NCS-1 show significant alterations in schizophrenic and bipolar
disorder patients [56].

Conclusion

In summary, the role of calcium channels in the etiology of bipolar disorder has been
established in at least some patients. Recent discoveries on the control of high threshold
calcium channels provide a number of novel directions for the development of new
therapeutic strategies.
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serotonergic raphe nucleus, and the PPN [63]. The PPN is active during waking and REM
sleep, that is, during states of high frequency EEG activity in the gamma range. The locus
coeruleus and raphe are active during waking and during slow wave sleep, but not during
REM sleep. That is, the only part of the RAS active during arousal states (waking and REM

sleep) is the PPN. The PPN is made up of cholinergic, glutamatergic, and GABAergic

neurons. The PPN receives afferent sensory information from all of the sensory pathways in
parallel to the primary sensory pathways (aff. input). The main projections of the PPN are to
the intralaminar thalamus (ILT), especially the parafascicular nucleus, that in turn projects to
the cortex. Activation of sensory afferents or stimulation of the PPN induces acetylcholine
release in the thalamus, leading to cortical arousal manifested in high frequency activity in
the electroencephalogram (EEG). Simultaneously, descending projections of the PPN to
reticulospinal (RS) pathways modulate posture and locomotion, manifested by alternation of
electromyograms (EMG) of agonist muscles in left and right legs. Not shown are descending

projections of the PPN to the SubCD that modulate REM sleep [63,70].
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Figure 2. Roleof Li* in restoring high threshold Ca?* channd-mediated gamma band
oscillations

Representative cholinergic receptor (ACh) binding to a muscarinic receptor (MoR) which
leads to G protein coupling to phospholipase C (PLC), that in turn cleaves phospholipid
phosphatidylinositol biphosphate (PIP,) into inositol triphosphate (IP3). IP3 is released and
binds to IP3 receptors in the endoplasmic reticulum (ER) to release calcium (Ca2*). NCS-1
at low levels (left side, orange sphere) promotes oscillations through Ca2* channels (top
left), while high levels of NCS-1 (right side, green sphere) inhibits gamma band oscillations.
The presence of Li* at low concentrations (top) reduces the effects of NCS-1 and is
permissive to oscillations.
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