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Ca’*-Dependent Hyperpolarization Pathways in Sleep

Homeostasis and Mental Disorders

Shoi Shi and Hiroki R. Ueda*

Although we are beginning to understand the neuronal and biochemical
nature of sleep regulation, questions remain about how sleep is homeostati-
cally regulated. Beyond its importance in basic physiology, understanding
sleep may also shed light on psychiatric and neurodevelopmental disorders.
Recent genetic studies in mammals revealed several non-secretory proteins
that determine sleep duration. Interestingly, genes identified in these studies
are closely related to psychiatric and neurodevelopmental disorders, suggest-
ing that the sleep-wake cycle shares some common mechanisms with these
disorders. Here we review recent sleep studies, including reverse and forward
genetic studies, from the perspectives of sleep duration and homeostasis. We
then introduce a recent hypothesis for mammalian sleep in which the fast
and slow Ca?"-dependent hyperpolarization pathways are pivotal in generat-
ing the SWS firing pattern and regulating sleep homeostasis, respectively.
Finally, we propose that these intracellular pathways are potential therapeutic
targets for achieving depolarization/hyperpolarization (D/H) balance in

awake to sleep. In this sense, Process S is a
negative feedback system for maintaining a
constant total wake duration (or quality)
(Figure 1B), whereas Process C is a feed-
forward system for synchronizing the internal
states of the brain (and body) with the external
environment. A major focus of modern sleep
studies is to identify the molecular mecha-
nisms involved in Process S.

According to basic control theory, robust
control can be achieved by an integrated
negative feedback loop, in which the integral
of the time difference between the current
state (e.g., the current wake duration) and a
set point (e.g., a target wake duration) is
negatively fed back into the system!”
(Figure 1C). Therefore, Process S might be
represented as an integrated negative feed-
back system that includes an accumulation

psychiatric and neurodevelopmental disorders.

1. How Do Animals Implement a Sleep-Wake
Cycle?

To describe the mechanisms of sleep, Alexander Borbély postulated
the two-process model,” in which sleep is regulated by “Process C”
and “Process S” (Figure 1A). Process C is determined by circadian
clocks, and regulates the daily pattern of sleep (e.g., rodents usually
sleep during the day whereas humans sleep at night), and Process S
regulates the sleep duration per day. This homeostatic Process S
represents the sleep pressure, which increases and decreases during
wakefulness and sleep, respectively, and promotes the transition from
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process, although it is still unclear what is
actually accumulated (or recorded) during
wakefulness and how and where this
accumulation occurs. One of the simplest
realizations of Process S is an integrated system within cells during
the awake state (Figure 1D). In this case, activity-dependent
changes in intracellular processes, including ion concentration,
gene expression, post-translational modification, or the degrada-
tion of ion channels or pumps are possible candidates for Process
S. Alternatively, Process S might consist of intercellular mecha-
nisms involving different brain regions,>* in which neuro-
transmitters or other extracellular substances might accumulate
outside cells during an awake state (Figure 1E). In this case, one
possible realization of Process S is the accumulation of
extracellular substances such as sleep-promoting substances
(SPSs), whose concentration increases during prolonged wake-
fulness and decreases during the subsequent recovery sleep.

1.1. Is Sleep Homeostasis Regulated by Sleep-Promoting
Substances?

SPSs were first discovered over 100 years ago in the
cerebrospinal fluid (CSF) of sleep-deprived dogs.”! This
finding was confirmed by Pappenheimer and colleagues in
1967, who observed that the CSF from a sleep-deprived goat
induced sleep when injected intraventricularly into cats and
rats. These experiments suggested that endogenous humoral
substances accumulate during prolonged wakefulness and are
important drivers of homeostatic sleep pressure.l’) In later
studies, several SPSs were identified, including cytokines,
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Figure 1. Models for the regulation of sleep-wake cycles. A) The two-process model. The sleep-wake cycle is regulated by Process C and Process S.
Process C regulates the daily pattern of sleep, and Process S regulates the amount of basal sleep/awake duration per day. A prolonged awake state results
in prolonged sleep, called rebound sleep. B) Negative feedback system in the sleep-wake cycle. The sleep-wake cycle can be achieved by a negative
feedback system, in which the awake and sleep states are mutually inhibited by each other. Sleep pressure increases during the awake state, which
promotes sleep. C) Integrated feedback system in the sleep-wake cycle. The sleep-wake cycle can be achieved by an integrated feedback system, in which
the time integration of the awake state negatively feeds back on itself by increasing the sleep pressure. D) The simplest realization of the sleep-wake cycle.
A neuron can hold each state, awake and sleep. The sleep pressure is represented as intracellular properties, which trigger the transition between the two
states. E) Another proposed realization of the sleep-wake cycle. Awake and sleep states are maintained by different populations of neurons. Sleep
pressure occurs by the increased concentration of extracellular substances.
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prostaglandin D2 (PGD2), and adenosine.”®! Cytokines
regulate the immune system. In addition, several cytokines,
such as interleukin-1 (IL-1) and tumor necrosis factor-alpha
(TNFa), whose receptors are present in the brain, can promote
sleep. The administration of each of these cytokines increases
the duration of non-rapid eye movement (NREM) sleep in
mice, and the levels of these cytokines in the brain increase
with prolonged wakefulness, fulfilling criteria for Process S.[’
However, knockout (KO) mice of the receptors of these
cytokines show significantly but only slightly decreased sleep
duration,'” suggesting that the sleep-promoting role of
cytokines is not essential for daily sleep-wake cycles.

The injection of either PGD2 or adenosine into the brain induces
sleep,®™" and prolonged wakefulness induces elevated concentra-
tions of both molecules in CSF.* The adenosine level also increases
in response to glutamatergic stimulation of the basal forebrain
(BF)."*! Consistent with this finding, a lesion of cholinergic neurons
in the BF attenuates the sleep deprivation-induced increase in
adenosine, suggesting that adenosine’s main source is localized to the
BE."! However, adenosine A2A receptor KO mice do not exhibit
significant changes in basal sleep duration, but do show a decrease in
rebound sleep,"” indicating that the regulation of sleep duration
involves mechanisms other than the adenosine pathway.

1.2. Genetics in Sleep Research

Recent forward and reverse genetic experiments in fly and
mouse identified various molecules involved in the regulation of
sleep duration, which may shed light on Process S. Forward and
reverse genetics are complementary approaches; the former
starts with a phenotype (e.g., a specific sleep phenotype) and
seeks to identify the genotype that causes the phenotype, and the
latter starts with a genotype (e.g., the KO of a specific gene) and
examines the phenotype caused by the genotype. A successful
example of forward genetics in animal sleep behavior was the
isolation of clock mutants: Konopka and Benzer used ethyl
methanesulfonate (EMS) to induce point mutations in the
Drosophila melanogaster genome, and isolated three clock
mutants (independent mutations of per) that showed abnormal
thythms in eclosion.['®!

Forward genetic experiments using EMS in flies also revealed
the first sleep mutant with strikingly short sleep duration,
minisleep.'”) The responsible mutation is a loss-of-function
mutation in the voltage-dependent potassium channel alpha
subunit (Shaker), which mediates a voltage-activated fast-
inactivation I, current. The mammalian homologs of Shaker
based on sequence similarity are the alpha subunits of the K,
K5, K3, and K4 potassium channels. Although K,; , KO mice
show a short sleep phenotype, which is not as severe as the
Shaker phenotype in Drosophila melanogaster,™® K3, and K33
double KO mice exhibit a significant short-sleep phenotype, and
no significant rebound response to 6h of sleep deprivation.!™!
These observations suggested that potassium channels might
have an important role in regulating sleep duration and Process
S. This possibility is supported by another striking short-sleep
mutant in the fly, sleepless.”*” The responsible mutation for
sleepless is in a glycosylphosphatidylinositol-anchored protein,
which has a similar expression pattern to Shaker. In the absence
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of Sleepless, Shaker shows an altered localization, and a
decreased current density and kinetics, suggesting that Sleepless
regulates Shaker.”!! Although the detailed molecular mecha-
nism underlying the interaction between shaker and sleepless is
still unknown, recent studies showed that neural excitability is
increased in both mutants and that a neuron-glia interaction via
GABA transaminase is involved in the sleepless phenotype.2**
Thus, these genes may be important for regulating the sleep
duration and Process S.

Reverse genetic experiments have also contributed to sleep
research, especially for validating proposed hypotheses. In the
ascending reticular activation system (ARAS), a central mecha-
nism of arousal maintenance, reverse genetic studies showed
that the noradrenergic and histaminergic systems are important
for maintaining arousal; Hdc KO (histamine-deficient) or Dbh
KO (noradrenaline/adrenaline-deficient) mice have an increased
sleep phenotype.”?! Moreover, adenosine receptor (A2AR) KO
mice are insensitive to the wake-promoting effects of caffeine.l**!
This result is consistent with a study showing that a genetic
variant in A2AR contributes to individual sensitivity to the wake-
promoting effects of caffeine.”” These studies illustrate that
reverse genetics is a powerful tool for validating the roles of
molecules, especially when used to test a hypothesis. In this
respect, reverse genetic experiments can be profoundly powerful
when combined with computational biology, which can provide
testable hypotheses for complex systems such as the sleep-wake
cycle.

1.3. What Have Computational Studies Brought to Sleep
Research? — Recent Findings via the Averaged-Neuron
Model

1.3.1. Recapitulating Oscillatory Patterns During Sleep

Computational biology is playing an increasing role in biology
studies. For example, a computational model can be used to
reveal the mechanism for a complex biological phenomenon by
presenting it as a system with a simple set of components. One
of the most elegant examples is Hodgkin and Huxley’s model for
the action potential in neurons: a model combining simple
nonlinear differential equations for the membrane potential and
ion currents successfully described how action potentials in
neurons are initiated and propagated.’®®

Computational models have also contributed to sleep
studies. During sleep, EEG scans exhibit typical oscillatory
patterns (spindle oscillation, delta oscillation, and slow-wave
oscillation), which result from the integration of various
dynamic neuronal membrane potentials in the cortex
(Figure 2A and B). Intracellular and local field potential
recordings in vivo and in vitro together with computational
models have begun to elucidate the molecular and cellular
mechanisms underlying these oscillations. A spindle oscilla-
tion of the EEG consists of 7-14Hz waves that recur
periodically with a rhythm slower than 0.1-0.2 Hz, and are
typically observed during the early stage of NREM sleep.
Intracellular and local field potential recordings in vivo and in
vitro indicated that the minimal unit for generating a spindle
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Figure 2. Typical neuronal activities during the sleep-wake cycle. A) Typical EEG patterns during the NREM sleep and the awake state in mice. The NREM
sleep state is characterized by high-amplitude and low-frequency fluctuations on EEG scans (left). The awake state is characterized by low-amplitude and
high-frequency fluctuations on EEG scans (right). B) Typical intracellular firing patterns in a cortical neuron during slow wave oscillation (left) and delta
oscillation (middle). A typical intracellular firing pattern in a reticular thalamic neuron during spindle oscillation (right).

oscillation is the reticular thalamic (RT) neuron itself*”) and/or
the interactions between RT neurons and thalamocortical (TC)
neurons in the thalamus.*®! In particular, the latter hypothesis
has been computationally modeled,!”! and this model shows
that a burst firing of RT neurons decreases the membrane
potential of TC neurons via GABA, and GABAg, which
activates a low-threshold T-type calcium current, resulting in
the burst firing of TC neurons, and finally, TC neurons induce
the burst firing of RT neurons via AMPA.

Another well-known EEG feature during sleep is the delta
oscillation. Delta oscillations (1-4 Hz) are recorded in human
and animal models during sleep, and have a thalamic origin.*”!
A thalamic delta oscillation appears to be generated by a cell-
intrinsic oscillator in TC neurons involving a low-threshold T-
type calcium current (I,) and a hyperpolarization-activated cation
current (I,).Y According to a computational model proposed for
a thalamic delta oscillation,” the after-hyperpolarization of I,
induces I, which depolarizes the membrane potential and in
turn re-activates I; to generate a periodic membrane potential.

Compared to the spindle and thalamic delta oscillations, less
is known about the molecular and cellular mechanisms
underlying a slow-wave oscillation in the EEG (<1Hz), a
dominant oscillation seen during slow-wave sleep but not during
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REM sleep and awake state. During slow-wave oscillations,
cortical neurons exhibit a typical membrane-potential pattern
(slow-wave-sleep firing pattern, SWS firing pattern) character-
ized by alternating depolarized bursting and hyperpolarized
silent phases.?*?% Several computational models have been
constructed to elucidate the molecular or cellular mechanism
underlying the SWS firing pattern.*>~*# These neural-network
models are based on the TC neural network, and successfully
reconstruct the SWS firing pattern and recapitulate the
membrane-potential changes of cortical and thalamic neurons
during slow-wave oscillations. In short, these studies indicate
that the transition from bursting phase to silent phase is
facilitated by 1) the enhancement of Ca®"- and Na™-dependent
K" channels in pyramidal neurons®**=#, or 2) inhibition of the
excitatory synaptic current between pyramidal neurons,*” or 3)
the enhancement of feedback inhibition among pyramidal
neurons and interneurons.”*®) However, these simulated neural-
network models usually involve a huge parameter space, so the
number and type of parameter sets that can generate slow-wave
oscillation or the SWS firing pattern cannot be identified
comprehensively. Therefore, a simple computational model is
required to elucidate the mechanisms underlying the SWS firing
pattern.

© 2017 The Authors, BioEssays Published by Wiley Periodical, Inc
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1.3.2. The Averaged-Neuron Model

To simplify these neural-network models, Ueda and colleagues
performed mean-field approximations of a homogeneous
population of neurons to construct an “averaged-neuron”
(AN) model.?” The ion fluxes regulating the averaged neuron
are as follows: Na™* currents are mediated by AMPA receptors
(Iampa), and Ca®™ currents are mediated by NMDA receptors
(Inmpa)- The neuron also contains Cl™ currents mediated by
GABA, receptors, Igapa as extrinsic currents. Depolarizing
Na* currents are mediated by voltage-gated (Iy,) or persistent
(Inap) Na™ channels, Ca** currents and/or flux are mediated by
voltage-gated Ca®" channels (Ic,) and Ca®" pumps/exchangers
with a time constant (rc,), and K* currents are mediated by
several types of K* channels, including voltage-gated (Ix), leak
(IL), fast A-type (I5), inwardly rectifying (Isg), slowly inactivat-
ing (Ixs), and Ca*"-dependent (Ikca) K channels as intrinsic
currents. By searching nearly 20,000,000 randomly generated
parameter sets, they identified 1113 parameter sets that
generate SWS firing patterns with alternating bursting and
silent phases, suggesting that SWS firing patterns can be
generated by a homogeneous population of neurons. Using
these parameter sets, they also conducted the bifurcation
analysis (i.e., asking whether a gradual change in each
parameter value induces a sleep to wakefulness transition) of
the conductance of each intrinsic and extrinsic current and of
the Ca®" efflux rate, based on the idea that prolonged sleep
changes the quality or quantity of these channels or pumps,
leading to the transition from sleep to wakefulness. This
analysis revealed that decreasing the conductance through the
NMDAR (gnmpa), Cay channels (gc,), Kc, channels (gkc,), and/
or reducing the time constant (tc,) of Ca*™ efflux mediated by
PMCA caused the transition from SWS to awake firing
patterns. In addition, parameter searches under the KO of
individual or multiple channels (by assuming the conductance
equals 0) revealed that the Ca®" influx is redundantly mediated
by Ca, channels and that the NMDAR activates K¢, channels to
induce the SWS firing patterns.

According to Tatsuki et al., the putative mechanism of
generating the SWS firing pattern is as follows (Figure 3A): 1)
The bursting phase of the SWS firing pattern is initiated by Ca**
entry mainly through the NMDA receptor (NMDAR) and
voltage-gated Ca®" channels (Ca, channels). 2) The intracellular
Ca®" concentration is determined by the ratio of the Ca*" influx
and efflux through the NMDAR and Ca, channels or the plasma-
membrane Ca®" ATPases (PMCA), respectively. 3) The transi-
tion to the silent phase occurs when the Ca*"-dependent K+
channels (K¢, channels) is activated, which requires a certain
level of intracellular Ca®" concentration. 4) The activation of K¢,
channels induces a K* efflux-mediated depolarization of the
membrane potential and generates the silent state. Because the
major difference between the cortical firing patterns during
NREM sleep and other states,**) awake and REM sleep, is
whether the silent phase exists or not, this Ca*"-dependent K*
efflux-mediated depolarization might underlie the mechanism
of generating the SWS firing pattern. Building upon this putative
mechanism, the hypothesis that Ca**-dependent hyperpolariza-
tion pathway plays a role in generating the SWS firing pattern
was proposed.
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Recent studies showed that extracellular environment (e.g.,
extracellular ion concertation or astroglial networks) might
contribute to the regulation of the sleep-wake cycle.***!
According to Ding et al., the extracellular ion concentrations
alter in response to sleep or awake state change in vivo and the
extracellular K* concentration is relatively low during sleep
and high during awake state. Interestingly, this extracellular
K* bias between sleep and awake state might be consistent
with the hypothesis that the Ca*"-dependent hyperpolariza-
tion pathway plays a role in generating the SWS firing pattern.
Because the ratio between the extracellular and intracellular
K™ concentrations affects the relative tendency of K* flux, the
relatively low extracellular K* concentration during sleep
could support K* efflux through K¢, channels, and hence
generate the silent phase. Consistently, the extracellular Ca**
concentration is relatively high during sleep,*! which could
support Ca?* influx through Ca, channel and NMDAR and
hence generate the silent phase via activating K¢, channels
during sleep. However, there is no obvious evidence to
validate that the intracellular Ca®*" concentration during the
SWS firing pattern is higher than the awake one. Further Ca*™
imaging studies with high time resolution, which is enough to
capture the dynamics of the SWS firing pattern, will clarify the
relationship between the intracellular Ca®* concentration and
the SWS firing pattern.

2. Role of Fast and Slow Ca**-Dependent
Hyperpolarization Pathways in the Regulation
of Sleep Duration

The AN model and its comprehensive bifurcation analyses
predicted that a fast Ca®*-dependent hyperpolarization pathway
consisting of ion channels (NMDAR, Ca,, and K¢, channels) and
pumps (PMCA) that directly generate relatively fast dynamics
like the SWS firing pattern, plays a central role in the regulation
of sleep duration (probably NREM sleep duration), where 1)
impairment of ion channels involved in the Ca®*-dependent
hyperpolarization pathway will increase the awake duration and
2) impairment of Ca®"-pumps/exchangers will increase the
sleep duration (probably NREM sleep duration).*! On the other
hand, the AN model also predicted that higher hyperpolarization
activity (i.e., sleep state) can be triggered via Ca®* influx by slowly
activating a slow Ca**-dependent pathway, which consists of
molecules, such as calcium/calmodulin-dependent kinase II
(CaMKII) family members, that might be able to modulate the
components in the fast pathway and hence indirectly modulate
the firing patterns.

2.1. Fast Ca>"- Dependent Hyperpolarization Pathway in
the Regulation of Sleep Duration

To test their predictions about the fast Ca?"-dependent
hyperpolarization pathway, Ueda and colleagues conducted a
comprehensive in vivo KO study in which they produced and
analyzed the phenotypes of 26 KO mice of K¢, channels, Ca,
channels, NMDARs, and PMCAs. Their results revealed that the
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Figure 3. The role of Ca®"-dependent hyperpolarization pathway in fast and slow dynamics. A) Schematic diagram of the role of Ca*"-dependent
hyperpolarization pathway in generating the SWS firing pattern. Predominant Ca>" influx via NMDARs and Ca, channels generates the bursting state of
the SWS firing pattern (top). K efflux via activated Kc, channels generates the down state of the SWS firing pattern (middle). Predominant Ca®* efflux
generates the awake firing patterns (bottom). B) Hypothetical mechanism for the possible interactions between the slow and fast Ca*"-dependent
hyperpolarization pathways in sleep homeostasis. During awake state, Ca®" influx activates CaMKlla/B (a component of the slow Ca®"-dependent
hyperpolarization pathway) quantitatively and/or qualitatively via increasing phosphorylated CaMKlla/B (left). These phosphorylated CaMKlla/B modify
molecules involved in the fast Ca*"-dependent hyperpolarization pathway via phosphorylation (middle), which alters the properties (e.g., conductance)
of the molecules and elicit the transition from awake state to sleep state (right).
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KO mice of Ca*"-dependent K* channels [SK2 (Kcnn2) and SK3
(Kenn3)], voltage-gated Ca®" channels [Ca,3.1 (Cacnalg) and
Ca,3.2 (Cacnalh)], or NMDAR subunit (Nr3a) exhibit a
significantly decreased sleep duration, whereas the KO mouse
of PMCA (Atp2b3) exhibits a significantly increased sleep
duration.?**? Furthermore, the acute or chronic pharmacologi-
cal inhibition of NMDARs (possibly Nr1/Nr2b) in glutaminergic
and GABAergic neurons in WT mice results in a short-sleep
phenotype, confirming the contribution of Nr1 or Nr2b, the KO
of which is embryonically lethal, in sleep-duration regulation.”**)
In addition, a whole-brain imaging study of neural activity at
single-cell resolution followed by an in-situ hybridization
analysis of brain slices revealed that inhibiting NMDARs
(possibly Nr1/Nr2b) in glutaminergic and GABAergic neurons
directly induces neural excitability in the cortex.**) These results
supported a model in which the sleep duration in mammals is
regulated by a Ca*"-dependent hyperpolarization pathway, in
which Ca?* influx through voltage-dependent Ca?* channels
and NMDARSs activates Ca*"-dependent potassium channels to
induce the SWS firing pattern.

2.2. Slow Ca®"- Dependent Hyperpolarization Pathway in
the Regulation of Sleep Duration

The bifurcation analysis of the AN model predicted that the
fast Ca®"-dependent hyperpolarization pathway can be
targeted by the homeostatic Process S. The molecular
mechanism of Process S also presumably senses the awake
and/or slow-wave-sleep states (e.g., through the concentration
or temporal patterns of Ca*") to allow reversible transitions
between the SWS and awake firing patterns. For this Ca®*-
sensing pathway, Ueda and colleagues focused on the major
protein kinase in the brain, calcium/calmodulin-dependent
protein kinase type 11 (CaMKII),*” which can sense Ca®". To
test their prediction about the slow Ca**-dependent hyperpo-
larization pathway, Ueda and colleagues conducted an in vivo
KO study of the CaMKII family. The production and
phenotype analysis of four KO mice of the CaMKII family
revealed that CaMKIla (Camk2a) and CaMKIIpB (Camk2b) KO
mice exhibit a significantly decreased sleep duration.*” These
results indicated that higher hyperpolarization activity, such
as the NREM sleep state, can be induced by Ca®" influx by
activating a Ca*"-dependent pathway mediated by CaMKIIa/
f. On the other hand, it is reported that the acute
pharmacological inhibition of CaMKII in the pedunculopon-
tine tegmental nucleus (PPT) or the dorsal raphe nucleus
(DRN), which consists of wake-promoting neurons,*! de-
crease awake. Thus, the brain-region-specific (e.g., cortex-
specific) down/up-regulation of CaMKII as well as the slow
Ca*"-dependent hyperpolarization pathway will be required to
validate their role in sleep. The fast Ca®"-dependent
hyperpolarization pathway is initiated by Ca’" influx via
Ca, channels and/or NMDARs, followed by the activation of
Kc, channels and Ca?* efflux through PMCAs. The slow Ca®*-
dependent hyperpolarization pathway is initiated by the
activation of CaMKII, which enhances the fast Ca’'-
dependent hyperpolarization pathway to induce cell hyperpo-
larization. Thus, the fast and slow Ca®"-dependent
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hyperpolarization pathways, the separate pathways that both
use Ca’", could underlie the mechanism of generating the
SWS firing pattern and sleep homeostasis, respectively.
However, detailed molecular interactions between the fast
and slow Ca**-dependent hyperpolarization pathways remain
to be elucidated.

3. Role of Fast and Slow Ca®>"- Dependent
Hyperpolarization Pathways in Sleep
Homeostasis

Although the above results suggested that fast and slow Ca’*-
dependent hyperpolarization pathways are involved in the
regulation of sleep duration, it remains unclear how the fast
Ca®"-dependent hyperpolarization pathway, including Kc,
channels [SK2 (Kcnn2) and SK3 (Kcnn3)], Ca, channels
[Ca,3.1 (Cacnalg) and Ca,3.2 (Cacnalh)], MK-801-targeted
NMDAR subunits (Nr1 and Nr2b), and Ca*" pumps (Atp2b3),
or the slow Ca®"-dependent hyperpolarization pathway initiated
by CaMKII [CaMKIIa (Camk2a) and CaMKIIB (Camk2b)), affects
sleep homeostasis. One possibility is that Process S can be
represented directly as the quality or quantity of molecules
involved in the fast and slow Ca*"-dependent hyperpolarization
pathways. In this case, Process S is identified as an activity-
dependent effect (e.g., phosphorylation) and/or a mechanism
affecting the quantity (e.g., translation) of target molecules
(Figure 3B). Given the increasing evidence for the post-
translational modification of K¢, channels,*® Ca, channels,**
and NMDARs,**! one of the plausible execution mechanisms of
Process S is activity-dependent protein modifications (e.g.,
phosphorylation or dephosphorylation) of components of the
fast and slow Ca®"-dependent hyperpolarization pathways. The
finding that the impairment of CaMKIla (Camk2a) and
CaMKIIB (Camk2b), which are well-known to bind and modify
Ca, channels and NMDARs, decreases sleep duration may
support this mechanism. Interestingly, a recent forward genetic
study identified a gain-of-function mutation in the Sik3 protein
kinase gene that causes a profound increase in sleep duration*®;
this finding also supports the idea that Process S is driven by
activity-dependent protein modifications. Building on this idea,
the intracellular model of sleep-wake-cycle regulation
(Figure 1D) can be realized by interactions between fast and
slow Ca?"-dependent hyperpolarization pathways.

The two-process model assumes that the mechanisms for
regulating the basal amount of sleep and response to sleep
deprivation are tightly coupled and difficult to separate.
However, in more general homeostatic systems, a mechanism
determining a basal set point can be independent from a
responsive mechanism to perturbation from the set point. For
example, a mutant with altered set point (i.e., a short/long
sleeper mutant) could exhibit a normal response to the
perturbation (i.e., a normal response to sleep deprivation)
whereas a mutant with normal set point (i.e., a mutant with
normal daily sleep duration) could exhibit an abnormal response
to the perturbation (i.e., an abnormal response to sleep
deprivation). In other words, the complementary Process S,
complementary mechanisms to specifically control rebound
sleep, could be added to the basic core mechanism to control
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daily sleep duration. In fact, a recent neural circuit screen in
Drosophila revealed that a subset of neurons generates sleep
pressure; the neurons respond to prolonged wakefulness, and
their inhibition eliminates the rebound sleep after sleep
deprivation, while the basal sleep duration is unaffected.l*”)
Therefore, one possible mechanism for the complementary
Process S is that the amount of SPSs or the neural activity of
specific neurons integrates prolonged wakefulness with the
basal wake duration (or insufficient sleep amount with the basal
sleep duration) and then promotes sleep (Figure 1E). An
important remaining challenge is to discover how such
extracellular signaling mechanisms can affect fast and slow
Ca”"-dependent hyperpolarization pathways to transiently
regulate sleep duration.

4. Role of Fast and Slow Ca’'- Dependent
Hyperpolarization Pathways in Sleep-Wake
Cycle

One interesting and remaining question is how the transition
between sleep and awake state is regulated. As discussed, the
transition from awake state to sleep might be driven by the
regulation of fast Ca>"-dependent hyperpolarization pathway via
the slow pathway; the increase in quality or quantity of the
phosphorylated CaMKII activates the fast Ca?"-dependent
hyperpolarization pathway, which drives the transition from
awake firing pattern to the SWS firing pattern, and hence awake
state to sleep. In this context, it might be reasonable to assume
that the transition from sleep to awake state is regulated by
down-regulating the fast Ca*'-dependent hyperpolarization
pathway. In other words, the increased quality or quantity of
the phosphorylated CaMKII and the activity of the fast Ca**-
dependent hyperpolarization pathway should be decreased
during sleep via translational or post-translational mechanisms
(e.g., dephosphorylation by phosphatase or natural turn-over of
phosphorylated proteins). Since the sleep-related phosphatase
has not been discovered in mammals, further studies will be
needed to understand phosphorylation-mediated sleep-wake
cycle regulation.

To summarize the above discussion, the simplest mechanism
of the sleep-wake cycle may be as follows: During the awake
state, the quality or quantity of phosphorylated CaMKII will
increase in neurons (probably cortical neurons). CaMKII
activates the components of the fast Ca*"-dependent hyperpo-
larization pathway via modifying the conductance of compo-
nents by translational or post-translational mechanisms. This
activation of the fast Ca*"-dependent hyperpolarization pathway
induces the SWS firing pattern in cortical neurons, the slow-
wave oscillation in the cortex, and hence sleep. On the other
hand, during the sleep state, the quality or quantity of the
phosphorylated CaMKII and the activity of the fast Ca’'-
dependent hyperpolarization pathway will decrease via transla-
tional or post-translational mechanisms (e.g., dephosphorylation
by phosphatase or natural turn-over of phosphorylated proteins),
which prevents neurons to continue the SWS firing pattern as
well as the cortex to continue the slow-wave oscillation and
induces the transition from sleep to awake state. In this sense,
the slow pathway (i.e., the change of quality or quantity of the
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phosphorylated CaMKII) regulates the fast pathway to achieve
sleep homeostasis.

5. Role of Ca?*- Dependent Hyperpolarization
Pathways in Mental Disorders

Sleep disorders are major complications of psychiatric disorders
such as schizophrenia,”® bipolar disorder,*”) and major
depressive disorders.”? It also accompanies neurodevelopmen-
tal disorders such as autism spectrum disorders (ASD).>V
Indeed, patients with schizophrenia are reported to exhibit
longer sleep latency and increased sleep duration during the
daytime.’? Patients with bipolar disorder are also reported to
exhibit longer sleep latency.”? It is unclear whether there is a
causal relationship between sleep disorders and psychiatric or
neurodevelopmental disorders. However, it is reasonable to
assume that there is a common molecular mechanism among
sleep disorders and psychiatric and neurodevelopmental
disorders because of a high complication rate among these
disorders. In fact, Ca*"-dependent hyperpolarization pathways
appear to play important roles in psychiatric and neuro-
developmental disorders. For example, a genome-wide associa-
tion study (GWAS) revealed a correlation between some key
molecules in the Ca**-dependent hyperpolarization pathways
and psychiatric disorders, such as schizophrenia, bipolar
disorder, and major depressive disorders, and neurodevelop-
mental disorders such as ASD.P*>® Thus, evidence suggests
that Ca*"-dependent hyperpolarization pathways are involved in
psychiatric and neurodevelopmental disorders, and therefore,
Ca®*-dependent hyperpolarization pathways are potential drug
targets for psychiatric and neurodevelopmental disorders
(Figure 4A).

5.1. Ca>" Influx via Voltage-Gated Calcium Channels in
Mental Disorders

Ca, channels are important conveyors of Ca*" influx in neurons.
A correlation between single nucleotide polymorphisms (SNPs)
in calcium-channel genes and psychiatric disorders has been
reported.® In particular, Ca,1.2 (CACNAIC) has been
repeatedly reported to be associated with various psychiatric
disorders, including schizophrenia,[57’59'60] bipolar disor-
ders,P+>>01 and major depressive disorders.®¥ In addition, a
study comparing the whole genome sequences of healthy versus
schizophrenic individuals revealed that rare (less than 1 in
10,000) alleles in several calcium channels [e.g., Ca,2.2
(CACNA1B), Ca,1.2 (CACNAIC), and Ca,3.2 (CACNAIH)]
were enriched in the schizophrenia group®” [e.g., two point
mutations in Ca,1.2 (CACNAIC) and one deletion in Ca,3.2
(CACNA1H)). In particular, one mutation in Ca, 1.2 (CACNAIC)
converts a glutamine residue to a stop codon, indicating that it is
a loss-of-function mutation. Interestingly, infants who have the
CACNAIC variant rs4765913, rs4765914, or rs2239063 that is
reported to have significant association with bipolar disorder or
schizophrenia,®>>® exhibited longer sleep latency.*® Indeed,
patients with schizophrenia or bipolar disorder both exhibited
longer sleep latency, suggesting that CACNAIC might be
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Figure 4. Slow and fast Ca®"-dependent hyperpolarization pathways in mental disorders. A) Schematic diagram of the role of Ca*"-dependent
hyperpolarization pathways in psychiatric and neurodevelopmental disorders. Lines of different colors represent reported correlations between each
molecule and each psychiatric and neurodevelopmental disorders. B) Schematic diagram of the intracellular depolarization/hyperpolarization (D/H)
balance model. A single neuron holds each state, depolarization and hyperpolarization, whose balance is maintained appropriately in normal conditions,
but impaired in psychiatric and neurodevelopmental disorders. C) Schematic diagram of the circuit-level excitatory/inhibitory (E/I) balance model.
Excitatory and inhibitory neurons comprise neural circuits, whose balance is maintained appropriately in normal conditions, but impaired in psychiatric
and neurodevelopmental disorders.
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associated with both sleep and psychiatric disorders.*?** These
results suggest that an impairment of voltage-gated calcium
channels and hence an impairment of Ca’"-dependent
hyperpolarization pathways may contribute to schizophrenia.

Several calcium channels are also associated with ASD [e.g.,
Ca,1.2 (CACNAIC), Ca,1.3 (CACNAID), Ca,3.1 (CACNAIG),
Ca,3.2 (CACNA1H), and Ca,3.3 (CACNA1I)].** Interestingly, a
whole-genome sequencing (WGS) study in families with ASD
detected a rare mutation in Ca,1.2 (CACNAIC) (R1522Q).1"
Another ASD-associated point mutation in Ca,1.2 (CACNAIC)
is G406R, which has also been identified as the causal mutation
of Timothy syndrome,®® a disorder characterized by multiorgan
dysfunction, including lethal arrhythmias, the webbing of
fingers and toes, congenital heart disease, immune deficiency,
intermittent hypoglycemia, cognitive abnormalities, and ASD.
This mutation results in a prolonged inward Ca®" current
through Ca,1.2 (CACNAIC), suggesting that the molecular
properties of Ca,1.2 (CACNAIC) play a role in in ASD.¢
Consistent with this possibility, a heterozygous knock-in (KI) of
this human mutation into mice results in ASD-like behavior./*”)
These findings suggest that a dysfunction of voltage-gated
calcium channels and hence Ca*"-dependent hyperpolarization
pathways may play a role in ASD.

5.2. Ca®" Influx via NMDARs in Mental Disorders

NMDARs also contribute to Ca*" influx in neurons and are
associated with psychiatric disorders. Ketamine and phencycli-
dine (PCP), noncompetitive antagonists for NMDARs,/®® can
induce psychotogenic effects.!®” PCP at plasma concentrations
that block the NMDAR can induce positive, negative, and
cognitive symptoms associated with schizophrenia.”®! Similarly,
ketamine can induce positive, negative, and cognitive schizo-
phrenia symptoms when administered to healthy volunteers.””")
Interestingly, these effects of PCP and ketamine could not be
observed in the neonatal rat.’? Furthermore, patients with
encephalitis associated with antibodies against NMDARs exhibit
positive, negative, and cognitive schizophrenia symptoms."”!
Interestingly, a GWAS also revealed that the NMDAR subunits
Nr3a and Nr3b, whose KO mice exhibit a short-sleep phenotype,
are associated with schizophrenia.[74] On the other hand, the
inhibitor of glycine transporter, which results in NMDAR
activation, exhibits significant therapeutic effects on schizophre-
nia symptoms.””>! Consistent with these results in humans, PCP
and MK-801, a more specific inhibitor of NMDARSs, can induce
positive-, negative-, and cognitive-symptom-like phenotypes in
animals.”® In addition, mice with reduced expression of the
NMDAR subunit (Nrl) display the positive-, negative-, and
cognitive-symptom-like phenotypes related to schizophrenia.””!
These results indicate that NMDAR dysfunction and hence the
impairment of Ca*"-dependent hyperpolarization pathways may
play a role in schizophrenia.

In addition to their relationship with schizophrenia,
NMDARs have been implicated as a potential drug target for
major depressive disorders. For example, ketamine, an
NMDAR antagonist, can rapidly improve the symptoms of
major depressive disorders.”® Consistent with these clinical
results, ketamine and MK-801 can rapidly trigger anti-
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depressant effects in animals.”® These findings suggest that

an enhancement of Ca*"-dependent hyperpolarization path-
ways, which can be treated by blocking NMDARs, may be
associated with some major depressive disorders.

In addition to their involvement in psychiatric disorders,
NMDARs are also associated with ASD. Genome sequencing of
NMDARSs in patients with ASD revealed de novo mutations in
the NR2B gene.®” SNP analysis for NMDARs also revealed a
significant association between ASD and haplotypes in the
NR2B gene.®! Importantly, clinical studies suggested that the
pharmacological enhancement of NDMA receptors can improve
ASD symptoms; for example, D-cycloserin, an agonist for
NMDARs, significantly improves symptoms, such as social
withdrawal and repetitive behaviors in ASD patients,®?
suggesting that NMDARs are impaired in some types of ASD.
In addition, an enhancement of NMDARs may be associated
with other types of ASD, given that memantine, an antagonist
for NMDARSs, and its analog amantadine can improve ASD
symptoms in some cases.®*

Consistent with the results of clinical studies, a role of
NMDARSs in ASD-related symptoms has also been demonstrated
in animals. For example, KO mice for Neuregilin-1 exhibit
decreased NMDAR function,®*# because Neuregilin-1 directly
interacts with NMDARs and promotes their localization to
synapses. Interestingly, Neuregilin-1 homozygous mutants
exhibit increased self-grooming behavior, which represents
ASD-related symptoms in mice. Notably, this symptom is
quickly normalized in about 30 min by injecting D-cycloserin.®*
In addition, some ASD patients have a mutation in the Shank2
gene, in which exons 6 and 7 are missing.[s(’] Shank2
homozygous mutant mice exhibit decreased NMDAR function
and social deficits, which are quickly abolished by the systemic
administration of D-cycloserin.®”!

In contrast to Neuregilin-1 or Shank2 mutant mice, IPSp53
homozygous KO mice exhibit increased NMDAR function and
impaired social interaction.®® Memantine, an antagonist of
NMDARs, normalizes the NMDAR function and social
interaction in these mice. Collectively, these results suggest
that the dysfunction (both the enhancement and the
impairment) of NMDARs®” and hence the dysfunction of
Ca**.dependent hyperpolarization pathways may be associ-
ated with ASD.

5.3. Kca Channels in Mental Disorders

In Ca’*-dependent hyperpolarization pathways, Ca** influx
via Ca, channels and/or NMDARs activates K¢, channels,
which are also associated with mental disorders. SK3 (Kcnn3),
a Ca*"-dependent K™ channel, contains a CAG repeat region
in its first exon that is highly conserved among species.
Several studies have shown that an increased length of this
region is associated with psychiatric disorders (e.g., anorexia
nervosa, migraine, ataxia, epilepsy, and schizophrenia).”**"
The longer CAG repeat decreases SK3 (Kcnn3) channel
conductance.® With respect to Ca*"-dependent hyperpolari-
zation pathways, this decreased channel conductance of SK3
(Kcnn3) could increase neuronal excitability, as observed in
mice treated with an NMDAR inhibitor.??! Although the
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correlation between CAG-repeat length and the development
of schizophrenia is still controversial,®®?%¥ it will be
interesting to determine whether the impairment of Ca’*-
dependent hyperpolarization pathways caused by a decreased
channel conductance of SK3 (Kcnn3) due to longer CAG
repeats can Dbe associated with the development and/or
symptom variations of mental disorders such as
schizophrenia.

5.4. Ca**/ Calmodulin-Dependent Protein Kinase Il in
Mental Disorders

In the Ca*"-dependent hyperpolarization pathways, the Ca®"
influx via Ca, channels and/or NMDARs also activates
downstream Ca?*-dependent intracellular signaling pathways,
such as those involving CaMKII protein kinases. Interestingly,
the potential involvement of CAMK2 in psychiatric disorders
has been shown in human clinical studies, in which changes in
CAMK2 gene expression were found in bipolar disorders,"
schizophrenia,®>?® and major depressive disorders.”>*”! In
addition, the potential involvement of CAMK2 in neuro-
developmental disorders was indicated by the identification of a
de novo CAMK2A missense mutation in an ASD proband in
the Simons Simplex Collection.!®® In animal studies, roles of
CaMKII in major depressive disorders and schizophrenia have
been well documented.® In a rat model for major depressive
disorders, CaMKIIp is significantly increased in the habe-
nula,'®” and this increase is abolished by imipramine, an
antidepressant drug. CaMKIIp overexpression in the habenula
results in depression-like behaviors in rats and mice, 100
whereas Camk2b KO mice have an antidepressant phenotype,
suggesting that CaMKIIP is involved in major depressive
disorders and that CaMKIIf might serve as a potential drug
target for major depressive disorders. Interestingly, CaMKIIa
also plays a role in major depressive disorders in a different
brain region. The antidepressant effects of fluoxetine in mice
are abolished by overexpressing CaMKII in the nucleus
accumbens (NAc), whereas the inhibition of NAc CaMKII
activity mimics the fluoxetine-treatment phenotype.”®! Based
on the short-sleep phenotype of Camk2a and Camk2b KO mice,
CaMKII might be involved in decreasing neuronal excitability.
With respect to the Ca®"-dependent hyperpolarization path-
ways, CaMKII inhibition might enhance neural excitability,
which could provide resistance to major depressive disorders.
In animal studies of schizophrenia, Camk2a heterozygous KO
mice exhibited behavioral phenotypes, such as working
memory deficits, social withdrawal, and hyperactivity, which
are observed in schizophrenia patients.!'® In addition, Camk2a
heterozygous KO mice have an immature dentate gyrus (DG),
which is also reported in schizophrenia patients.'°? Interest-
ingly, forebrain-specific KO mice of Ppp3rl, a regulatory
subunit of the Ca®'-dependent phosphatase Calcineurin,
exhibit hyperactivity and have an immature dentate gyrus.''*?!
With respect to the Ca®'-dependent hyperpolarization path-
ways, impairments of CaMKII and other molecules, such as
Calcineurin, might inhibit the Ca*"-dependent hyperpolariza-
tion via phosphorylated/dephosphorylated regulations and lead
to enhanced neural excitability, which could explain the
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hyperactivity and other clinical phenotypes observed in
schizophrenia patients.

Animal studies for neurodevelopmental disorders have
indirectly suggested the roles for CaMKILP? For example,
fragile X syndrome, which is caused by a lack of the fragile X
mental retardation protein (FMRP),'** leads to an autistic
phenotype with a severe cognitive disability. FMRP is an mRNA-
binding protein®! that is important for translational control in
dendritic spines.'® In dendritic spines, the translation of
CaMKIla mRNA is controlled by neural activities,'*”) and FMRP
targets many mRNAs, including the CaMKIla mRNA, and
suppresses their translation."®® Therefore, the synapses of
FMRP KO mice exhibit upregulated CaMKIIa protein %%,
Another example is spinocerebellar ataxia type 2, caused by a
mutation of the ataxin-2 gene,'® which codes for another
mRNA-binding protein.™'% Interestingly, a fly study demon-
strated that Ataxin-2 can also bind to CaMKIla mRNA, and
negatively regulates its translation together with FMRP.''Y
Therefore, FMRP KO flies exhibited upregulated CaMKII
translational reporter activity."') On the other hand, a reduced
CaMKIlIa level and/or activity is also associated with neuro-
developmental disorders.”” For example, Rett syndrome is
partly caused by a mutation of methyl-CpG binding protein 2
(MeCP2),!""? which is important for the epigenetic control of
genes. A mutation of MeCP2 results in a decrease in CaMKIla
protein.’*3) Another example is Angelman syndrome, which is
caused by a mutation of the ubiquitin ligase E3A gene
(Ube3a)."™ Ube3a KO mice exhibit increased phosphorylation
of T305/T306 of CaMKIla, which results in decreased CaMKII
activity."" Crossing Ube3a KO mice with T305V/T306A
CaMKIIa heterozygous mutant mice rescues the Angelman-
syndrome-like phenotypes of Ube3a KO mice.'*! Collectively,
these results suggest that a dysfunction (either increase or
decrease) of CaMKIla may be associated with the clinical
phenotypes observed in patients with neurodevelopmental
disorders.

6. Conclusions and Perspectives: Ca®*-
Dependent Hyperpolarization Pathways as
Potential Therapeutic Targets to Achieve
Depolarization/Hyperpolarization Balance
(D/H Balance) in Mental Disorders

In the previous sections, we discussed the Ca’'-dependent
hyperpolarization pathways as a plausible core mechanism for
sleep homeostasis, and described the close association of these
Ca®"-dependent hyperpolarization pathways with psychiatric
and neurodevelopmental disorders. In this section, we will
discuss the potential of these hyperpolarization pathways as drug
targets for psychiatric and neurodevelopmental disorders. As
discussed in the previous sections, the Ca’"-dependent
hyperpolarization pathways appear to be impaired in some
psychiatric disorders, such as schizophrenia, bipolar disorders,
and some neurodevelopmental disorders, indicating that the
appropriate balance between depolarization and hyperpolariza-
tion of neurons (termed here as “D/H balance”) is impaired in
these disorders. In this context, the goal of the pharmacological
regulation of Ca*"-dependent hyperpolarization pathways is to
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restore the imbalanced D/H balance to treat psychiatric and
neurodevelopmental disorders (Figure 4B).

A similar but different concept, an excitation/inhibition
balance (E/I balance) of circuits, is a well-known hypothesis in
neuroscience that emphasizes the balance of neural circuits
composed of excitatory and inhibitory neurons!'!”! (Figure 4C).
According to the E/I balance hypothesis, psychiatric disorders,
such as schizophrenia, and neurodevelopmental disorders,
such as ASDs, are caused by an E/I imbalance of neural
circuits.'*® On the other hand, the D/H balance hypothesis is a
cell-autonomous concept that originated in sleep studies,?***
and emphasizes the balance in neural excitability achieved by
the control of Ca’*-dependent hyperpolarization pathways.
According to this hypothesis, psychiatric disorders, such as
schizophrenia, bipolar and major depressive disorders, and
neurodevelopmental disorders, such as ASDs, are caused by a
D/H imbalance of neural excitability. Interestingly, the animal
model of schizophrenia generated by NMDAR inhibitor
administration exhibits the enhanced excitability of both
excitatory and inhibitory neurons,*®! suggesting that the D/
H imbalance (i.e., increased depolarization) in both neurons
might respectively underlie the very heterogeneous phenotype
of this animal model and hence schizophrenia. Therefore, to
comprehensively elucidate the pathology of psychiatric and
neurodevelopmental disorders, both circuit-level abnormali-
ties, such as E/I imbalance, and cell-autonomous abnormali-
ties, such as D/H imbalance, should be investigated. These
studies will lead to better strategies for treating and preventing
these diseases in the future.

Abbreviations

ASD, autism spectrum disorders; AN model, averaged-neuron model;
CSF, cerebrospinal fluid; Kc, channel; Ca”-dependent K" channel;
NMDAR, N-methyl-D-aspartic acid receptor; PMCA, plasma membrane
Ca%* ATPase; RT, reticular thalamic; SPSs sleep-promoting substances;
SWS, slow-wave-sleep; TC, thalamocortical; D/H balance, depolarization/
hyperpolarization balance; E/I balance, excitatory/inhibitory balance; Ca,
channel voltage-gated Ca®" channel.

Acknowledgements

We are very grateful to Dr. Koji Ode and Dr. Arthur Millius for their very
helpful and extensive comments on this manuscript.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

Ca®"-dependent hyperpolarization pathways, depolarization/
hyperpolarization (D/H) balance, neurodevelopmental disorders,
psychiatric disorders, sleep

Received: June 13, 2017
Revised: October 19, 2017
Published online: December 4, 2017

BioEssays 2018, 40, 1700105 1700105 (12 of 15)

B?oEssays

www.bioessays-journal.com

[1] A. A. Borbely, Hum. Neurobiol. 1982, 1, 195.

[2] M. E. Csete, ). C. Doyle, Science 2002, 295, 1664; T. M. Yi, Y. Huang,
M. I. Simon, ). Doyle, Proc. Natl. Acad. Sci. USA 2000, 97, 4649.

[3] C. Economo, G. N. Koskinas, Die Cytoarchitektonik Der Hirnrinde
Des Erwachsenen Menschen. Springer Verlag, Wien 1925; G.
Moruzzi, H. W. Magoun, Electroencephalogr. Clin. Neurophysiol.
1949, 1, 455.

[4] C.B.Saper, T.C.Chou, T. E. Scammell, Trends Neurosci. 2001, 24, 726.

[5] K. Ishimori, Tokyo Igakkai Zasshi 1909, 23, 429; R. Legendre,
Internationale Revue der gesamten Hydrobiologie und Hydro-
graphie 1913, 6.

[6] ). R. Pappenheimer, T. B. Miller, C. A. Goodrich, Proc. Natl. Acad. Sci.
USA 1967, 58, 513.

[7] J- M. Krueger, ). Walter, C. A. Dinarello, S. M. Wolff, L. Chedid, Am. J.

Physiol. 1984, 246, R994; T. Porkka-Heiskanen, R. E. Strecker, M.

Thakkar, A. A. Bjorkum, R. W. Greene, R. W. McCarley, Science 1997,

276, 1265.

R. Ueno, Y. Ishikawa, T. Nakayama, O. Hayaishi, Biochem. Biophys.

Res. Commun. 1982, 109, 576.

F. Kapsimalis, G. Richardson, M. R. Opp, M. Kryger, Curr Opin Pulm

Med 2005, 11, 481; J. M. Krueger, Curr. Pharm. Des. 2008, 14, 3408;

F. Obal, Jr, J. M. Krueger, Front Biosci. 2003, 8, d520.

[10] ). Fang, Y. Wang, . M. Krueger, J. Neurosci. 1997, 17, 5949; |. Fang,
Y. Wang, ). M. Krueger, Am. J. Physiol. 1998, 274, R655.

[11] T.V. Dunwiddie, T. Worth, J. Pharmacol. Exp. Ther. 1982, 220, 70; W.
Feldberg, S. L. Sherwood, J. Physiol. 1954, 123, 148; |. Haulica, L.
Ababei, D. Branisteanu, F. Topoliceanu, A. Busuioc, Rev. Roum.
Physiol. 1973, 10, 275.

[12] T. Porkka-Heiskanen, R. E. Strecker, R. W. McCarley, Neuroscience
2000, 99, 507; A. Ram, H. P. Pandey, H. Matsumura, K. Kasahara-
Orita, T. Nakajima, R. Takahata, S. Satoh, A. Terao, O. Hayaishi,
Brain Res. 1997, 751, 81.

[13] H. K. Wigren, M. Schepens, V. Matto, D. Stenberg, T. Porkka-
Heiskanen, Neuroscience 2007, 147, 811.

[14] C. Blanco-Centurion, M.  Xu, E. Murillo-Rodriguez,
D. Gerashchenko, A. M. Shiromani, R. . Salin-Pascual, P. R. Hof,
P. ). Shiromani, J. Neurosci. 2006, 26, 8092; A. V. Kalinchuk, R. W.
McCarley, D. Stenberg, T. Porkka-Heiskanen, R. Basheer, Neurosci-
ence 2008, 157, 238.

[15] Y. Urade, N. Eguchi, W. M. Qu, M. Sakata, Z. L. Huang, ). F. Chen,
M. A. Schwarzschild, ). S. Fink, O. Hayaishi, Neurology 2003, 61, S94.

[16] R.). Konopka, S. Benzer, Proc. Natl. Acad. Sci. USA 1971, 68, 2112.

[17] C. Cirelli, D. Bushey, S. Hill, R. Huber, R. Kreber, B. Ganetzky,
G. Tononi, Nature 2005, 434, 1087.

[18] C. L. Douglas, V. Vyazovskiy, T. Southard, S. Y. Chiu, A. Messing,
G. Tononi, C. Cirelli, BMC Biol. 2007, 5, 42.

[19] F. Espinosa, M. A. Torres-Vega, G. A. Marks, R. H. Joho, J. Neurosci.
2008, 28, 5570.

[20] K. Koh, W. J. Joiner, M. N. Wu, Z. F. Yue, C. J. Smith, A. Sehgal,
Science 2008, 321, 372.

[21] M. N. Wu, W. J. Joiner, T. Dean, Z. F. Yue, C. ). Smith, D. C. Chen,
T. Hoshi, A. Sehgal, K. Koh, Nat. Neurosci. 2010, 13, 69.

[22] T. Dean, R. Xu, W. Joiner, A. Sehgal, T. Hoshi, J. Neurosci. 2011, 31,
11387; W. F. Chen, S. Maguire, M. Sowcik, W. Luo, K. Koh, A.
Sehgal, Mol. Psychiatr. 2015, 20, 240.

[23] R. Parmentier, H. Ohtsu, Z. Djebbara-Hannas, ). L. Valatx,
T. Watanabe, |. S. Lin, J. Neurosci. 2002, 22, 7695; M. S. Hunsley,
R. D. Palmiter, Pharmacol Biochem. Be 2004, 78, 765.

[24] Z. L. Huang, W. M. Qu, N. Eguchi, J. F. Chen, M. A. Schwarzschild,
B. B. Fredholm, Y. Urade, O. Hayaishi, Nat. Neurosci. 2005, 8, 858.

[25] H. P. Landolt, Biochem. Pharmacol. 2008, 75, 2070; ). V. Retey, M.
Adam, E. Honegger, R. Khatami, U. F. Luhmann, H. H. Jung, W.
Berger, H. P. Landolt, Proc. Natl. Acad. Sci. USA 2005, 102, 15676.

[26] A. L. Hodgkin, A. F. Huxley, J. Physiol.-Lond. 1952, 117, 500.

[8

El

© 2017 The Authors, BioEssays Published by Wiley Periodical, Inc


http://www.advancedsciencenews.com
http://www.bioessays-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[27] M. Steriade, M. Deschenes, L. Domich, C. Mulle, J. Neurophysiol.
1985, 54, 1473; M. Steriade, L. Domich, G. Oakson, M. Deschenes,
J- Neurophysiol. 1987, 57, 260.

[28] M. Vonkrosigk, T. Bal, D. A. Mccormick, Science 1993, 261, 361.
[29] D. Golomb, X. J. Wang, J. Rinzel, J. Neurophysiol. 1994, 72, U26; D.
Golomb, X. J. Wang, J. Rinzel, J. Neurophysiol. 1996, 75, 750.

[30] F.Amzica, M. Steriade, Electroencephalogr. Clin. Neurophysiol. 1998,
107, 69.

[31] D. A. Mccormick, H. C. Pape, J. Physiol.-Lond. 1990, 431, 297; I.
Soltesz, S. Lightowler, N. Leresche, D. )assikgerschenfeld, C. E.
Pollard, V. Crunelli, J. Physiol.-Lond. 1991, 441, 175.

[32] W.W. Lytton, A. Destexhe, T. ). Sejnowski, Neuroscience 1996, 70, 673.

[33] M. Steriade, Front. Biosci. 2003, 8, D878.

[34] M. Steriade, J. Neurophysiol. 2001, 86, 1.

[35] 1. Timofeev, F. Grenier, M. Bazhenov, T. J. Sejnowski, M. Steriade,
Cereb Cortex 2000, 10, 1185.

[36] M. V. Sanchez-Vives, M. Mattia, A. Compte, M. Perez-Zabalza,
M. Winograd, V. F. Descalzo, R. Reig, J. Neurophysiol. 2010, 104,
1314; A. Compte, M. V. Sanchez-Vives, D. A. McCormick, X. J.
Wang, J. Neurophysiol. 2003, 89, 2707.

[37] S. Hill, G. Tononi, J. Neurophysiol. 2005, 93, 1671; M. Bazhenoy, .
Timofeev, M. Steriade, T. J. Sejnowski, J. Neurosci. 2002, 22, 8691.

[38] J. Y. Chen, S. Chauvette, S. Skorheim, I. Timofeev, M. Bazhenov, J.
Physiol.-Lond. 2012, 590, 3987.

[39] F. Tatsuki, G. A. Sunagawa, S. Shi, E. A. Susaki, H. Yukinaga,
D. Perrin, K. Sumiyama, M. Ukai-Tadenuma, H. Fujishima,
R. Ohno, D. Tone, K. L. Ode, K. Matsumoto, H. R. Ueda, Neuron
2016, 90, 70.

[40] J. Clasadonte, E. Scemes, Z. Wang, D. Boison, P. G. Haydon, Neuron
2017, 95, 1365.

[47] F. Ding, ). O'Donnell, Q. Xu, N. Kang, N. Goldman, M. Nedergaard,
Science 2016, 352, 550.

[42] G. A. Sunagawa, K. Sumiyama, M. Ukai-Tadenuma, D. Perrin,
H. Fujishima, H. Ukai, O. Nishimura, S. Shi, R. Ohno, R. Narumi,
Y. Shimizu, D. Tone, K. L. Ode, S. Kuraku, H. R. Ueda, Cell Rep.
2016, 74, 662.

[43] Y. Ren, L. F. Barnwell, J. C. Alexander, F. D. Lubin, J. P. Adelman,
P. ). Pfaffinger, L. A. Schrader, A. E. Anderson, J. Biol. Chem. 2006,
281, 11769; W. Bildl, T. Strassmaier, H. Thurm, J. Andersen, S. Eble,
D. Oliver, M. Knipper, M. Mann, U. Schulte, J. P. Adelman, B. Fakler,
Neuron 2004, 43, 847.

[44] J. Chemin, A. Mezghrani, I. Bidaud, S. Dupasquier, F. Marger,
C. Barrere, |. Nargeot, P. Lory, J. Biol. Chem. 2007, 282, 32710; I.
Blesneac, ). Chemin, |. Bidaud, S. Huc-Brandt, F. Vandermoere, P.
Lory, Proc. Natl. Acad. Sci. USA 2015, 112, 13705.

[45] W. Lu, W. Fang, |. Li, B. Zhang, Q. Yang, X. Yan, L. Peng, H. Ai,
J. J. Wang, X. Liu, ). Luo, W. Yang, J. Biol. Chem. 2015, 290,
22945.

[46] H. Funato, C. Miyoshi, T. Fujiyama, T. Kanda, M. Sato, Z. Wang,
J. Ma, S. Nakane, J. Tomita, A. lkkyu, M. Kakizaki, N. Hotta-
Hirashima, S. Kanno, H. Komiya, F. Asano, T. Honda, S. J. Kim,
K. Harano, H. Muramoto, T. Yonezawa, S. Mizuno, S. Miyazaki,
L. Connor, V. Kumar, I. Miura, T. Suzuki, A. Watanabe, M. Abe,
F. Sugiyama, S. Takahashi, K. Sakimura, Y. Hayashi, Q. Liu,
K. Kume, S. Wakana, |. S. Takahashi, M. Yanagisawa, Nature 2016,
539, 378-383.

[47] S. Liu, Q. Liu, M. Tabuchi, M. N. Wu, Cell 2016, 165, 1347.

[48] J. M. Monti, D. Monti, Sleep Med. Rev. 2004, 8, 133.

[49] A. G. Harvey, D. A. Schmidt, A. Scarna, C. N. Semler,
G. M. Goodwin, Am. J. Psychiatry 2005, 162, 50; A. G. Harvey,
Am. J. Psychiatry 2008, 165, 820; G. Murray, A. Harvey, Bipolar
Disorders 2010, 12, 459.

[50] D. J. Buysse, C. F. Reynolds, 3rd, T. H. Monk, S. R. Berman,
D. ). Kupfer, Psychiatry Res. 1989, 28, 193; D. E. Ford, D. B. Kamerow,

BioEssays 2018, 40, 1700105 1700105 (13 of 15)

B?oEssays

www.bioessays-journal.com

JAMA 1989, 262, 1479; N. Breslau, T. Roth, L. Rosenthal, P.
Andreski, Biol. Psychiatry 1996, 39, 411.

[51] C. ). Newschaffer, L. A. Croen, ). Daniels, E. Giarelli, ). K. Grether,
S. E. Levy, D. S. Mandell, L. A. Miller, J. Pinto-Martin, J. Reaven,
Annu. Rev. Public Health 2007, 28, 235; S. M. Myers, C. P. Johnson,
Pediatrics 2007, 120, 1162.

[52] J. Poulin, S. Chouinard, T. Pampoulova, Y. Lecomte, E. Stip,
R. Godbout, Psychiatry Res. 2010, 179, 274.

[53] T.H. Ng, K. F. Chung, F.Y.Ho, W. F. Yeung, K. P. Yung, T. H. Lam,
Sleep Med. Rev. 2015, 20, 46.

[54] P. Sklar, ). W. Smoller, J. Fan, M. A. Ferreira, R. H. Perlis,
K. Chambert, V. L. Nimgaonkar, M. B. McQueen, S. V. Faraone,
A. Kirby, P. I. de Bakker, M. N. Ogdie, M. E. Thase, G. S. Sachs,
K. Todd-Brown, S. B. Gabriel, C. Sougnez, C. Gates, B. Blumenstiel,
M. Defelice, K. G. Ardlie, ). Franklin, W. J. Muir, K. A. McGhee,
D. ). Maclntyre, A. McLean, M. VanBeck, A. McQuillin, N. J. Bass,
M. Robinson, |. Lawrence, A. Anjorin, D. Curtis, E. M. Scolnick,
M. ). Daly, D. H. Blackwood, H. M. Gurling, S. M. Purcell, Mol.
Psychiatry 2008, 13, 558.

[55] G. C. B. D. W. G. Psychiatric, Nat. Genet. 2011, 43, 977.

[56] C. Cross-Disorder Group of the Psychiatric Genomics, Lancet 2013,
381, 1371.

[57] M. L. Hamshere, ). T. Walters, R. Smith, A. L. Richards, E. Green,
D. Grozeva, |. Jones, L. Forty, L. Jones, K. Gordon-Smith, B. Riley,
F. A. O'Neill, K. S. Kendler, P. Sklar, S. Purcell, ). Kranz, C.
Schizophrenia Psychiatric Genome-wide Association Study, C.
Wellcome Trust Case Control, C. Wellcome Trust Case Control,
D. Morris, M. Gill, P. Holmans, N. Craddock, A. Corvin, M. |. Owen,
M. C. O’Donovan, Mol Psychiatry 2013, 18, 708.

[58] K. W. Lee, P. S. Woon, Y. Y. Teo, K. Sim, Neurosci. Biobehav. Rev.
2012, 36, 556.

[59] M. Nyegaard, D. Demontis, L. Foldager, A. Hedemand, T. Flint,
K. Sorensen, P. Andersen, M. Nordentoft, T. Werge, C. B. Pedersen,
Mol. Psychiatr. 2010, 15, 119; K. He, Z. An, Q. Wang, T. Li, Z. Li, J.
Chen, W. Li, T. Wang, . Ji, G. Feng, Brit. J. Psychiatry 2013, bjp. bp.
113.126979; C. Schizophrenia Working Group of the Psychiatric
Genomics, Nature 2014, 511, 421.

[60] E. K. Green, D. Grozeva, I. Jones, L. Jones, G. Kirov, S. Caesar,
K. Gordon-Smith, C. Fraser, L. Forty, E. Russell, Mol. Psychiatr. 2010,
15, 1016; F. Guan, B. Zhang, T. Yan, L. Li, F. Liu, T. Li, Z. Feng, B.
Zhang, X. Liu, S. Li, Schizophrenia Res. 2014, 152, 97.

[61] M. A. Ferreira, M. C. O’Donovan, Y. A. Meng, |. R. Jones,
D. M. Ruderfer, L. Jones, ). Fan, G. Kiroy, R. H. Perlis, E. K. Green,
J. W. Smoller, D. Grozeva, . Stone, |. Nikolov, K. Chambert,
M. L. Hamshere, V. L. Nimgaonkar, V. Moskvina, M. E. Thase,
S. Caesar, G. S. Sachs, J. Franklin, K. Gordon-Smith, K. G. Ardlie,
S. B. Gabriel, C. Fraser, B. Blumenstiel, M. Defelice, G. Breen,
M. Gill, D. W. Morris, A. Elkin, W. J. Muir, K. A. McGhee,
R. Williamson, D. J. Maclntyre, A. W. Maclean, C. D. St
M. Robinson, M. Van Beck, A. C. Pereira, R. Kandaswamy,
A. McQuillin, D. A. Collier, N. ). Bass, A. H. Young, J. Lawrence,
I. N. Ferrier, A. Anjorin, A. Farmer, D. Curtis, E. M. Scolnick,
P. McGuffin, M. ). Daly, A. P. Corvin, P. A. Holmans,
D. H. Blackwood, H. M. Gurling, M. J. Owen, S. M. Purcell,
P. Sklar, N. Craddock, C. Wellcome Trust Case Control, Nat. Genet.
2008, 40, 1056.

[62] S. M. Purcell, ). L. Moran, M. Fromer, D. Ruderfer, N. Solovieff,
P. Roussos, C. O’Dushlaine, K. Chambert, S. E. Bergen, A. Kahler,
L. Duncan, E. Stahl, G. Genovese, E. Fernandez, M. O. Collins,
N. H. Komiyama, J. S. Choudhary, P. K. Magnusson, E. Banks,
K. Shakir, K. Garimella, T. Fennell, M. DePristo, S. G. Grant,
S. J. Haggarty, S. Gabriel, E. M. Scolnick, E. S. Lander,
C. M. Hultman, P. F. Sullivan, S. A. McCarroll, P. Sklar, Nature
2014, 506, 185.

© 2017 The Authors, BioEssays Published by Wiley Periodical, Inc


http://www.advancedsciencenews.com
http://www.bioessays-journal.com

ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

[63]

(64]

[65]

(66]

(67]

(68]

(69]

(7]
(71

[72)

BioEssays 2018, 40, 1700105

K. Kantojarvi, ). Liuhanen, O. Saarenpaa-Heikkila, A. L. Satomaa,
A. Kylliainen, P. Polkki, J. Jaatela, A. Toivola, L. Milani,
S. L. Himanen, T. Porkka-Heiskanen, |. Paavonen, T. Paunio, PLoS
ONE 2017, 12, e0180652.

S. De Rubeis, X. He, A. P. Goldberg, C. S. Poultney, K. Samocha,
A. E. Cicek, Y. Kou, L. Liu, M. Fromer, S. Walker, T. Singh, L. Klei,
J. Kosmicki, F. Shih-Chen, B. Aleksic, M. Biscaldi, P. F. Bolton,
J. M. Brownfeld, ). Cai, N. G. Campbell, A. Carracedo,
M. H. Chahrour, A. G. Chiocchetti, H. Coon, E. L. Crawford,
S. R. Curran, G. Dawson, E. Duketis, B. A. Fernandez, L. Gallagher,
E. Geller, S. J. Guter, R. S. Hill, J. lonita-Laza, P. Jimenz Gonzalez,
H. Kilpinen, S. M. Klauck, A. Kolevzon, I. Lee, I. Lei, J. Lei,
T. Lehtimaki, C. F. Lin, A. Ma’ayan, C. R. Marshall, A. L. Mclnnes,
B. Neale, M. |. Owen, N. Ozaki, M. Parellada, ). R. Parr, S. Purcell,
K. Puura, D. Rajagopalan, K. Rehnstrom, A. Reichenberg, A. Sabo,
M. Sachse, S. ). Sanders, C. Schafer, M. Schulte-Ruther, D. Skuse,
C. Stevens, P. Szatmari, K. Tammimies, O. Valladares, A. Voran,
W. Li-San, L. A. Weiss, A. J. Willsey, T. W. Yu, R. K. Yuen, D. D. D.
Study, A. Homozygosity Mapping Collaborative for U. K. Consor-
tium, E. H. Cook, C. M. Freitag, M. Gill, C. M. Hultman, T. Lehner,
A. Palotie, G. D. Schellenberg, P. Sklar, M. W. State, J. S. Sutcliffe,
C. A. Walsh, S. W. Scherer, M. E. Zwick, ). C. Barett, D. |. Cutler,
K. Roeder, B. Devlin, M. J. Daly, ). D. Buxbaum, Nature 2014, 515,
209. I. lossifov, M. Ronemus, D. Levy, Z. Wang, |. Hakker, .
Rosenbaum, B. Yamrom, Y. H. Lee, G. Narzisi, A. Leotta, |. Kendall,
E. Grabowska, B. Ma, S. Marks, L. Rodgers, A. Stepansky, . Troge, P.
Andrews, M. Bekritsky, K. Pradhan, E. Ghiban, M. Kramer, |. Parla,
R. Demeter, L. L. Fulton, R. S. Fulton, V. J. Magrini, K. Ye, J. C.
Darnell, R. B. Darnell, E. R. Mardis, R. K. Wilson, M. C. Schatz, W. R.
McCombie, M. Wigler, Neuron 2012, 74, 285; A. T. Lu, X. Dai, J. A.
Martinez-Agosto, R. M. Cantor, Mol. Autism 2012, 3, 18; B. |.
O'Roak, L. Vives, S. Girirajan, E. Karakoc, N. Krumm, B. P. Coe, R.
Levy, A. Ko, C. Lee, ). D. Smith, E. H. Turner, I. B. Stanaway, B.
Vernot, M. Malig, C. Baker, B. Reilly, ]. M. Akey, E. Borenstein, M. J.
Rieder, D. A. Nickerson, R. Bernier, |. Shendure, E. E. Eichler, Nature
2012, 485, 246; S. P. Strom, ). L. Stone, |. R. Ten Bosch, B. Merriman,
R. M. Cantor, D. H. Geschwind, S. F. Nelson, Mol. Psychiatry 2010,
15, 996.

Y. H. Jiang, R. K. Yuen, X. Jin, M. Wang, N. Chen, X. Wu, J. Ju, J. Mei,
Y. Shi, M. He, G. Wang, |. Liang, Z. Wang, D. Cao, M. T. Carter,
C. Chrysler, I. E. Drmic, J. L. Howe, L. Lau, C. R. Marshall, D. Merico,
T. Nalpathamkalam, B. Thiruvahindrapuram, A. Thompson,
M. Uddin, S. Walker, ). Luo, E. Anagnostou, L. Zwaigenbaum,
R. H. Ring, ). Wang, C. Lajonchere, J. Wang, A. Shih, P. Szatmari,
H. Yang, G. Dawson, Y. Li, S. W. Scherer, Am. J. Hum. Genet. 2013,
93, 249.

I. Splawski, K. W. Timothy, L. M. Sharpe, N. Decher, P. Kumar,
R. Bloise, C. Napolitano, P. ). Schwartz, R. M. Joseph, K. Condouris,
H. Tager-Flusberg, S. G. Priori, M. C. Sanguinetti, M. T. Keating, Cell
2004, 779, 19.

P. L. Bader, M. Faizi, L. H. Kim, S. F. Owen, M. R. Tadross,
R. W. Alfa, G. C. Bett, R. W. Tsien, R. L. Rasmusson, M. Shamloo,
Proc. Natl. Acad. Sci. USA 2011, 108, 15432.

N. A. Anis, S. C. Berry, N. R. Burton, D. Lodge, Brit. J. Pharmacol.
1983, 79, 565.

E. D. Luby, J. S. Gottlieb, B. D. Cohen, G. Rosenbaum, E. F. Domino,
Am. J. Psychiatry 1962, 119, 61; R. M. Allen, S. J. Young, Am J.
psychiatry 1978, 135, 1081.

D. C. Javitt, S. R. Zukin, Am. J. Psychiatry 1991, 148, 1301.

J. H. Krystal, L. P. Karper, J. P. Seibyl, G. K. Freeman, R. Delaney,
J. D. Bremner, G. R. Heninger, M. B. Bowers Jr. D. S. Charney, Arch.
Gen. Psychiatry 1994, 51, 199.

S. Y. Boctor, S. A. Ferguson, Neurotoxicology 2009, 30, 151.

1700105 (14 of 15)

[73]

(74]

(73]

[76]
[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

B?oEssays

www.bioessays-journal.com

L. H. Sansing, E. Tuzun, M. W. Ko, J. Baccon, D. R. Lynch,
J. Dalmau, Neurology 2007, 3, 291; ). Dalmau, A. ). Gleichman,
E. G. Hughes, ). E. Rossi, X. Peng, M. Lai, S. K. Dessain, M. R.
Rosenfeld, R. Balice-Gordon, D. R. Lynch, The Lancet. Neurology
2008, 7, 1091.

A. Takata, Y. lwayama, Y. Fukuo, M. lkeda, T. Okochi, M. Maekawa,
T. Toyota, K. Yamada, E. Hattori, T. Ohnishi, Biol. Psychiatry 2013,
73, 532; H. Matsuno, K. Ohi, R. Hashimoto, H. Yamamori, Y.
Yasuda, M. Fujimoto, S. Yano-Umeda, T. Saneyoshi, M. Takeda, Y.
Hayashi, PloS ONE 2015, 10, e0116319.

G. G. Kinney, C. Sur, M. Burno, P. J. Mallorga, ). B. Williams,
D. ). Figueroa, M. Wittmann, W. Lemaire, P. |. Conn, J. Neurosci.
2003, 23, 7586; G. Tsai, H. Y. Lane, P. Yang, M. Y. Chong, N.
Lange, Biol. Psychiatry 2004, 55, 452; H. Y. Lane, Y. C. Liu, C. L.
Huang, Y. C. Chang, C. H. Liau, C. H. Perng, G. E. Tsai, Biol.
Psychiatry 2008, 63, 9.

G. B. B. Alan A. Boulton, M. T. Martin-lverson, Animal Models in
Psychiatry, Vol. 18, Humana Press, USA 1991.

A. R. Mohn, R. R. Gainetdinov, M. G. Caron, B. H. Koller, Cell 1999,
98, 427.

R. M. Berman, A. Cappiello, A. Anand, D. A. Oren, G. R. Heninger,
D. S. Charney, J. H. Krystal, Biol. Psychiatry 2000, 47, 351; C. A.
Zarate, Jr., J. B. Singh, P. . Carlson, N. E. Brutsche, R. Ameli, D. A.
Luckenbaugh, D. S. Charney, H. K. Manji, Arch. Gen. Psychiatry
2006, 63, 856; R. B. Price, M. K. Nock, D. S. Charney, S. . Mathew,
Biol. Psychiatry 2009, 66, 522; ). W. Murrough, A. M. Perez, S.
Pillemer, J. Stern, M. K. Parides, M. aan het Rot, K. A. Collins, S. .
Mathew, D. S. Charney, D. V. losifescu, Biol. Psychiatry 2013, 74,
250; J. W. Murrough, D. V. losifescu, L. C. Chang, R. K. Al Jurdi, C. E.
Green, A. M. Perez, S. Igbal, S. Pillemer, A. Foulkes, A. Shah, Am. J.
Psychiatry 2013, 170, 1134.

A. E. Autry, M. Adachi, E. Nosyreva, E. S. Na, M. F. Los, P. F. Cheng,
E. T. Kavalali, L. M. Monteggia, Nature 2011, 475, 91.

J. Tarabeux, O. Kebir, J. Gauthier, F. Hamdan, L. Xiong, A. Piton,
D. Spiegelman, E. Henrion, B. Millet, F. Fathalli, Trans! Psychiatry
2011, 1, e55; B. J. O'Roak, P. Deriziotis, C. Lee, L. Vives, J. J.
Schwartz, S. Girirajan, E. Karakoc, A. P. MacKenzie, S. B. Ng, C.
Baker, Nature Genet. 2011, 43, 585; B. |. O'Roak, L. Vives, S.
Girirajan, E. Karakoc, N. Krumm, B. P. Coe, R. Levy, A. Ko, C. Lee,
J. D. Smith, Nature 2012, 485, 246; B. ). O'Roak, L. Vives, W. Fu, J. D.
Egertson, |. B. Stanaway, |. G. Phelps, G. Carvill, A. Kumar, C. Lee, K.
Ankenman, Science 2012, 338, 1619; E. Kenny, P. Cormican, S.
Furlong, E. Heron, G. Kenny, C. Fahey, E. Kelleher, S. Ennis, D.
Tropea, R. Anney, Mol Psychiatr 2014, 19, 872.

H. J. Yoo, I. H. Cho, M. Park, S. Y. Yang, S. A. Kim, Neurosci. Lett.
2012, 5172, 89.

D. ). Posey, D. L. Kem, N. B. Swiezy, T. L. Sweeten, R. E. Wiegand,
C. ). McDougle, Am. J. Psychiatry 2004, 161, 2115. M. Urbano, L.
Okwara, P. Manser, K. Hartmann, A. Herndon, S. |. Deutsch, Clin.
Neuropharmacol. 2014, 37, 69.

M. Sheik Hosenbocus, J. Can. Acad. Child Adolesc. Psychiatry 2013,
22, 167; S. Hosenbocus, R. Chahal, J. Can. Acad. Child Adolesc.
Psychiatry 2013, 22, 55.

J. Blundell, C. A. Blaiss, M. R. Etherton, F. Espinosa, K. Tabuchi,
C. Walz, M. F. Bolliger, T. C. Stidhof, C. M. Powell, J. Neurosci. 2010,
30, 2115.

A. A. Chubykin, D. Atasoy, M. R. Etherton, N. Brose, E. T. Kavalali,
J. R. Gibson, T. C. Siidhof, Neuron 2007, 54,919; E. C. Budreck, O.-B.
Kwon, J. H. Jung, S. Baudouin, A. Thommen, H.-S. Kim, Y.
Fukazawa, H. Harada, K. Tabuchi, R. Shigemoto, Proc. Natl. Acad.
Sci. 2013, 110, 725.

S. Berkel, C. R. Marshall, B. Weiss, J. Howe, R. Roeth, U. Moog,
V. Endris, W. Roberts, P. Szatmari, D. Pinto, M. Bonin, A. Riess,

© 2017 The Authors, BioEssays Published by Wiley Periodical, Inc


http://www.advancedsciencenews.com
http://www.bioessays-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

H. Engels, R. Sprengel, S. W. Scherer, G. A. Rappold, Nat. Genet.
2010, 42, 489.
[87] H. Won, H.-R. Lee, H. Y. Gee, W. Mah, J.-Il. Kim, J. Lee, S. Ha,
C. Chung, E. S. Jung, Y. S. Cho, Nature 2012, 486, 261.
[88] W. Chung, S. Y. Choi, E. Lee, H. Park, ). Kang, H. Park, Y. Choi,
D. Lee, S.-G. Park, R. Kim, Nat. Neurosci. 2015, 18, 435.
[89] E.-). Lee, S. Y. Choi, E. Kim, Curr. Opinion Pharmacol. 2015, 20, 8.
[90] K. G. Chandy, E. Fantino, O. Wittekindt, K. Kalman, L. L. Tong,
T. H. Ho, G. A. Gutman, M. A. Crocq, R. Ganguli, V. Nimgaonkar,
D. ). Morris-Rosendabhl, ). |. Gargus, Mol. Psychiatry 1998, 3, 32.
[971] R. Curtain, ). Sundholm, R. Lea, M. Ovcaric, ). MacMillan,
L. Griffiths, BMC Med Genet. 2005, 6, 32; K. P. Figueroa, P. Chan,
L. Schols, C. Tanner, O. Riess, S. L. PerlIman, D. H. Geschwind, S. M.
Pulst, Arch. Neurol. 2001, 58, 1649; M. Koronyo-Hamaoui, Y.
Danziger, A. Frisch, D. Stein, S. Leor, N. Laufer, C. Carel, S. Fennig,
M. Minoumi, A. Apter, B. Goldman, G. Barkai, A. Weizman, E. Gak,
Mol. Psychiatry 2002, 7, 82; M. Koronyo-Hamaoui, A. Frisch, D.
Stein, Y. Denziger, S. Leor, E. Michaelovsky, N. Laufer, C. Carel, S.
Fennig, M. Mimouni, A. Ram, E. Zubery, P. Jeczmien, A. Apter, A.
Weizman, E. Gak, J. Psychiatr. Res. 2007, 41, 160; R. Mossner, A.
Weichselbaum, M. Marziniak, C. M. Freitag, K. P. Lesch, C.
Sommer, |. Meyer, Headache 2005, 45, 132; T. Sander, L. Scholz, D.
Janz, J. T. Epplen, O. Riess, Epilepsy Res. 1999, 33, 227; |. Vijai, A.
Kapoor, H. M. Ravishankar, P. J. Cherian, G. Kuruttukulam, B.
Rajendran, R. Sridharan, G. Rangan, A. S. Girija, S. Jayalakshmi, S.
Mohandas, K. S. Mani, K. Radhakrishnan, A. Anand, J. Med. Genet.
2005, 42, 439.
[92] S. Grube, M. F. Gerchen, B. Adamcio, L. A. Pardo, S. Martin,
D. Malzahn, S. Papiol, M. Begemann, K. Ribbe, H. Friedrichs,
K. A. Radyushkin, M. Muller, F. Benseler, J. Riggert, P. Falkai,
H. Bickeboller, K. A. Nave, N. Brose, W. Stuhmer, H. Ehrenreich,
EMBO Mol. Med. 2011, 3, 309.
[93] A. G. Cardno, T. Bowen, C. A. Guy, L. A. Jones, G. McCarthy,
N. M. Williams, K. C. Murphy, G. Spurlock, M. Gray, R. D. Sanders,
N. Craddock, P. McGuffin, M. J. Owen, M. C. O’'Donovan, Biol.
Psychiatry 1999, 45, 1592; S. ). Glatt, S. V. Faraone, M. T. Tsuang,
Am. J. Med. Genet. B Neuropsychiatr. Genet. 2003, 121B, 14.
[94] G. Xing, S. Russell, C. Hough, ). O'Grady, L. Zhang, S. Yang,
L. X. Zhang, R. Post, Neuroreport 2002, 13, 501.
[95] G. Novak, P. Seeman, T. Tallerico, Synapse 2006, 59, 61.
[96] M. Molnar, S. G. Potkin, W. E. Bunney, E. G. Jones, Biol. Psychiatry
2003, 53, 39.
[97] M. Tochigi, K. lwamoto, M. Bundo, T. Sasaki, N. Kato, T. Kato,
Neurosci. Res. 2008, 60, 184.
[98] J. R. Stephenson, X. Wang, T. L. Perfitt, W. P. Parrish, B. C. Shonesy,
C. R. Marks, D. P. Mortlock, T. Nakagawa, J. S. Sutcliffe,
R. ). Colbran, J. Neurosci. 2017, 37, 2216.
[99] A. ). Robison, Trends Neurosci. 2014, 37, 653.
[100] K. Li, T. Zhou, L. Liao, Z. Yang, C. Wong, F. Henn, R. Malinow,
J. R. Yates, 3rd, H. Hu, Science 2013, 341, 1016.
[107] N. Yamasaki, M. Maekawa, K. Kobayashi, Y. Kajii, ). Maeda,
M. Soma, K. Takao, K. Tanda, K. Ohira, K. Toyama, K. Kanzaki,
K. Fukunaga, Y. Sudo, H. Ichinose, M. lkeda, N. lwata, N. Ozaki,
H. Suzuki, M. Higuchi, T. Suhara, S. Yuasa, T. Miyakawa, Mol. Brain
2008, 1, 6.

BioEssays 2018, 40, 1700105 1700105 (15 of 15)

B?oEssays

www.bioessays-journal.com

[102] N. Walton, Y. Zhou, J. Kogan, R. Shin, M. Webster, A. Gross,
C. Heusner, Q. Chen, S. Miyake, K. Tajinda, Transl. Psychiatry 2012,
2, e135.

[103] T. Miyakawa, L. M. Leiter, D. ). Gerber, R. R. Gainetdinov,
T. D. Sotnikova, H. Zeng, M. G. Caron, S. Tonegawa, Proc. Natl.
Acad. Sci. 2003, 100, 8987.

[104] A. ). Verkerk, M. Pieretti, J. S. Sutcliffe, Y.-H. Fu, D. P. Kuhl,
A. Pizzuti, O. Reiner, S. Richards, M. F. Victoria, F. Zhang, Cell 1991,
65, 905; |. Oberle, F. Rousseau, Science 1991, 252, 1097; M. Pieretti,
F. Zhang, Y.-H. Fu, S. T. Warren, B. A. Oostra, C. T. Caskey, D. L.
Nelson, Cell 1991, 66, 817; Y.-H. Fu, D. P. Kuhl, A. Pizzuti, M.
Pieretti, J. S. Sutcliffe, S. Richards, A. ]. Verkert, ). ]. Holden, R. G.
Fenwick, S. T. Warren, Cell 1991, 67, 1047.

[105] H. Siomi, M. C. Siomi, R. L. Nussbaum, G. Dreyfuss, Cell 1993, 74,
291; C. T. Ashley, K. D. Wilkinson, D. Reines, S. T. Warren, Science
1993, 262, 563.

[106] I. J. Weiler, S. A. Irwin, A. Y. Klintsova, C. M. Spencer,
A. D. Brazelton, K. Miyashiro, T. A. Comery, B. Patel,
J. Eberwine, W. T. Greenough, Proc. Natl. Acad. Sci. 1997,
94, 5395.

[107] M. Mayford, D. Baranes, K. Podsypanina, E. R. Kandel, Proc. Natl.
Acad. Sci. 1996, 93, 13250.

[108] F. Zalfa, M. Giorgi, B. Primerano, A. Moro, A. Di Penta, S. Reis,
B. Oostra, C. Bagni, Cell 2003, 112, 317.

[109] K. Sanpei, H. Takano, S. Igarashi, T. Sato, M. Oyake, H. Sasaki,
A. Wakisaka, K. Tashiro, Y. Ishida, T. lkeuchi, Nat. Genet. 1996, 14,
277.

[110] M. Yokoshi, Q. Li, M. Yamamoto, H. Okada, Y. Suzuki, Y. Kawahara,
Mol. Cell 2014, 55, 186.

[117] I. P. Sudhakaran, J. Hillebrand, A. Dervan, S. Das, E. E. Holohan,
J. Hillsmeier, M. Sarov, R. Parker, K. VijayRaghavan, M. Ramaswami,
Proc. Natl. Acad. Sci. 2014, 111, E99.

[112] R. E. Amir, I. B. Van den Veyver, M. Wan, C. Q. Tran, U. Francke,
H. Y. Zoghbi, Nat. Genet. 1999, 23, 185; ). Guy, B. Hendrich, M.
Holmes, J. E. Martin, A. Bird, Nat. Genet. 2001, 27, 322.

[113] M. V. C. Nguyen, F. Du, C. A. Felice, X. Shan, A. Nigam,
G. Mandel, J. K. Robinson, N. Ballas, J. Neurosci. 2012, 32,
10021.

[114] T. Kishino, M. Lalande, J. Wagstaff, Nat. Genet. 1997, 15, 70; T.
Matsuura, ). S. Sutcliffe, P. Fang, R.-). Galjaard, Y.-h. Jiang, C. S.

Benton, J. M. Rommens, A. L. Beaudet, Nat. Genet. 1997,
15, 74.
[115] E. ). Weeber, Y.-H. Jiang, Y. Elgersma, A. W. Varga,

Y. Carrasquillo, S. E. Brown, J. M. Christian, B. Mirnikjoo,
A. Silva, A. L. Beaudet, J. Neurosci. 2003, 23, 2634; S. V. Dindot,
B. A. Antalffy, M. B. Bhattacharjee, A. L. Beaudet, Hum. Mol.
Genet. 2008, 17, 111.

[116] G. M. Van Woerden, K. D. Harris, M. R. Hojjati, R. M. Gustin,
S. Qiu, R. de Avila Freire, Y.-h. Jiang, Y. Elgersma, E. |. Weeber, Nat.
Neurosci. 2007, 10, 280.

[117] G. G. Turrigiano, S. B. Nelson, Nat. Rev. Neurosci. 2004, 5, 97.

[118] J. Rubenstein, M. M. Merzenich, Genes Brain Behav. 2003, 2, 255; O.
Yizhar, L. E. Fenno, M. Prigge, F. Schneider, T. J. Davidson, D. J.
O’Shea, V. S. Sohal, I. Goshen, . Finkelstein, J. T. Paz, Nature 2011,
477, 171.

© 2017 The Authors, BioEssays Published by Wiley Periodical, Inc


http://www.advancedsciencenews.com
http://www.bioessays-journal.com

