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Sleep is a crucial and evolutionarily conserved phenomenon, but the mechanisms that control sleep-
wake behavior and underlie sleep disorders are not yet fully understood. One major challenge for 
sleep research was the lack of technology that allows for cell-type- and circuit-specific investigation 
of neurons and neural circuitry. A decade ago, a novel methodology known as optogenetics was de-
veloped, which uses light to control specific cell types of neurons, either to activate or inhibit neuro-
nal firings. The strength of optogenetics in neuroscience is the precise control of neuronal activities 
in millisecond scale and the ability to dissect the neural circuits and cell types to understand their 
functions. There have been substantial advancements made in the field of sleep research through the 
implementation of optogenetics. This review provides a brief introduction on the optogenetics and a 
consolidated summary of recent findings published in sleep research using optogenetics.
 Sleep Med Res 2018;9(1):1-10
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INTRODUCTION

Sleep occupies more of a person’s time than any other single activity with the average hu-
man spending nearly one-third of his or her life asleep [1,2]. Sleep plays an essential role in 
maintaining good mental and physical health, yet sleep disorders are currently among the most 
prevalent clinical problems [3]. Over the past several decades, several breakthroughs have led 
the deeper understanding of sleep and sleep medicine. Recent findings reveal that at least 
eight hours of sleep is advantageous for behavioral alertness and working memory, whereas 
sleep deprivation contributes to declines in memory and attention [4]. Research on sleep loss 
in Australia calculated an economic burden exceeding 5 billion dollars through healthcare ex-
penses, loss of productivity costs and other factors associated with sleep disorders [5]. Thus, 
any progress towards better understanding the cellular and molecular systems involved in 
sleep regulation could have a potential to be translated into clinical benefits.

Recent advances have been made investigating the cellular mechanisms and neural circuit-
ry implicated in sleep functions, largely attributed to the increased implementation of optoge-
netics, which is emphasized in research targeting specific neuronal populations [3]. In addi-
tion to sleep research, optogenetics, the utilization of optics to activate photosensitive proteins 
expressed in target cells thereby activating or inhibiting neuronal firings, has been applied in 
studies of γ-aminobutyric acid (GABA)-ergic neurons and cholinergic neurons of the basal 
forebrain (BF), hypocretin (Hcrt)-expressing neurons of the lateral hypothalamus (LH), sero-
toninergic dorsal raphe nuclei (DRN), noradrenergic locus coeruleus (LC), and a variety of 
other cells implicated in the regulation of wakefulness and arousal (Fig. 1) [6].

Deciphering the relationships between separate populations of neurons is a critical compo-
nent to determining the roles specific neuronal subsets play in sleep, as well as their potential 
uses in sleep medicine. This review aims to discuss recent publications in the field of sleep re-
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search involving optogenetic techniques. We seek to provide a 
summary of recent sleep studies, exploring the future direction 
of sleep research and addressing some of the current challenges.

A bRIEF OvERvIEw OF  
OpTOgENETICS

Optogenetics brings forth a new era of technology enabling 
heightened precision with regards to temporal and spatial con-
trol in the activation (depolarization) or inhibition (hyperpo-
larization) of specific groups of targeted neurons. It has been 
applied widely in the field of neuroscience for the mapping of 
neurocircuitry and investigation into the roles of key neurons 
in certain neuropathologies. Two major advantages of optoge-
netics are the millisecond scale precise control of neuronal ac-
tivities using opsins and light, and the cell-type specific con-
trollability using molecular and genetic techniques. 

precise Control of Neuronal Activities using Opsins 
and Light

The opsin is a protein which is sensitive to the light exposure 
and has the ability to generate biological responses, such as 
opening of membrane channels or activation of second mes-
senger system. Currently, there are a wide range of natural and 
genetically engineered opsins available for a variety of purpos-
es. There are two major kinds of opsins which are being used 
in optogenetics: activating or silencing opsins. First, channel-
rhodopsins (ChR), light-gated nonspecific cation channels, are 
activating opsins that can cause the influx of positively charged 
ions, such as sodium ion, into the neurons through the opsin 

pores when exposed to 473 nm blue light, resulting in an excit-
atory depolarizing effect [7]. Researchers have been able to gen-
erate several ChR variants to achieve specific purposes, includ-
ing ChR2 for the first experiment to excite neuronal membrane 
with light [8], step function opsin (SFO) for the bi-stable exci-
tation [9], stabilized SFO for the longer channel opening time, 
ChETA for ultrafast optogenetic control, and C1V1 composed of 
ChR1 and VChR1 fragments to enable red-shifted optical exci-
tation. Second, halorhodopsins (NpHR) and archaerhodopsins 
(Arch) are silencing opsins. NpHR pumps chloride ions into 
neurons and Arch pumps the protons out of neurons, resulting 
in the decreased intracellular membrane potential (hyperpo-
larization) and the neuronal silencing or inhibition. Initially, 
NpHR was challenged with issues concerning phototoxicity [10] 
and cellular localization [11]. These concerns were addressed 
in later variants of NpHR including enhanced NpHR2.0 and 
3.0 (eNpHR2.0 and eNpHR3.0), which were engineered for en-
hanced membrane targeting, larger photocurrents and to gener-
ate lower phototoxicity [10]. Arch from Halorubrum strain 
TP009, also referred to as ArchT, are also proton pumps that have 
high inhibition capacity [11]. Within this past decade, high-
resolution crystal structure imaging systems enabled structure-
guided engineering of ChR2 and the generation of chloride-
conducting ChR. 

Cell-Type Specific Controllability
Another advantage of optogenetic technique is the ability to 

control certain types of neurons leaving other neuronal types 
unaffected [12,13]. To perform cell-type specific optogenetic 
control, opsin should be expressed in only specific types of 
neurons. Viral vectors can be used to deliver exogenous genes 

Fig. 1. Optogenetics and sleep research. A: Schematic diagram of optogenetics. Optogenetics is characterized with the utilization of opsins, 
light-sensitive proteins, and light of specific wavelengths to excite or inhibit specific neuronal types. For example, ChR2 expressed in the 
neurons can cause action potentials by causing Na+ influx when illuminated by blue light, whereas NpHR can inhibit action potentials by 
causing Cl- influx when illuminated by yellow light. An opsin gene can be packaged into viral vector, which is injected into the region of inter-
est stereotactically. B: Application of optogenetics in sleep research. Wake- and sleep-related neural circuitries have been investigated using 
optogenetics. Blue and red circles represent wake- and sleep-related regions in the brain. BF: basal forebrain, BNST: bed nucleus of the stria 
terminalis, ChR2: channelrhodopsin-2, DRN: dorsal raphe nucleus, LC: locus coeruleus, LH: lateral hypothalamus, M2: secondary motor cor-
tex, NACC: nucleus accumbens core, nm: nanometer, NpHR: halorhodopsin, POA: pre-optic area, PPT: pedunculopontine tegmental nucle-
us, PZ: parafacial zone, VTA: ventral tegmental area.

A  B  
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into the cells. In optogenetics, viral vectors that contain the 
promoter of a marker protein gene, e.g., choline acetyltransfer-
ase for cholinergic neurons, and opsin gene are stereotaxically 
injected to a target area of the brain. Several types of viruses are 
being used, including adeno-associated virus, lentivirus, herpes 
viruses and rabies viruses. The other strategy is to use the Cre-
dependent expression system [14]. Animals expressing Cre re-
combinase in a specific cell type can be used for this approach. 
Viral vectors with double-floxed inverted opsin gene make the 
opsin expressed only in the presence of Cre recombinase. Con-
sequently, opsins can be expressed in a specific cell type. Lastly, 
transgenic mouse lines that express opsins in specific cell types 
can be used [15]. These mouse lines are genetically engineered 
and born with the opsin expressed in the targeted cell type. 

NEURAL CIRCUITRy ASSOCIATED 
wITh SLEEp-wAkE CONTROL

Sleep-wake behaviors are controlled by interactions between 
multiple regions of the brain [16]. Cell groups located in the 
brainstem, BF, thalamus and hypothalamus are critical for stim-
ulating cerebral cortex and generate non-rapid eye movement 
(NREM) and rapid eye movement (REM) sleep states [17]. 
Originating at the rostral pons, the ascending arousal pathway 
contains two major branches [17]. The first branch involves 
pedunculopontine and laterodorsal tegmental nuclei cells (PPT 
and LDT, respectively), which provide input for activation of 
the thalamic relay neurons required for transmitting informa-
tion to the cerebral cortex [17]. Rather than using the thala-
mus, the second branch activates BF and LH neurons [17]. 
This branch begins with a subset of monoaminergic neurons of 
the upper brainstem and caudal hypothalamus, including hista-
minergic (HA) tuberomammillary nucleus (TMN), dopaminer-
gic ventral periaqueductal gray matter, serotonergic dorsal and 
median raphe nuclei, noradrenergic LC and more [17].

In contrast, the ventrolateral preoptic nucleus (VLPO) is as-
sociated with promoting sleep [17]. In the 1990s, researchers 
discovered that the VLPO was one of many monoaminergic cell 
groups responsible for neuronal signaling patterns connected 
to sleep [17]. Neurons in the VLPO project to major neuronal 
clusters in the brainstem and hypothalamus that are associated 
with arousal and inhibit the arousal-related nuclei by releasing 
inhibitory neurotransmitters such as GABA and the neuropep-
tide galanin [17-19]. It is possible that damage to the VLPO 
has the potential to result in insomnia [17]. VLPO neurons can 
be inhibited by serotonin and noradrenaline [20]. The seemingly 
abrupt transitions between sleep and wakefulness may be caused 
by the “flip-flop” circuit involving mutually inhibitory compo-
nents of the sleep-wake system [17]. In wakefulness, the VLPO 
is inhibited by the monoaminergic nuclei, resulting in disinhi-
bition of orexin neurons, LDT/PPT, and the monoaminergic 

neurons themselves [17]. In sleep, VLPO actively inhibits mono-
aminergic cells and orexin neurons, which together decrease the 
likelihood of sleep interruptions [17]. The sudden and complete 
transitions from a state of sleep to wakefulness prevents the po-
tential dangers associated with impaired alertness or inefficien-
cy of half-awake sleeping periods [17].

wAkE-RELATED NEURONS 
DISCOvERED wITh OpTOgENETICS

After optogenetic methodology was introduced in sleep re-
search, studies on sleep-wake transitions have revealed that a 
number of brain regions and their various cell types are associ-
ated with promoting or maintaining wakefulness, such as Hcrt 
or orexin neurons of the LH, noradrenergic neurons of LC, the 
serotonergic or dopaminergic neurons of the DRN [21,22], HA 
and GABAergic neurons of the TMN [23], cholinergic, gluta-
matergic and parvalbumin (PV)-containing neurons of the BF 
[24-26], and dopaminergic neurons of the ventral tegmental 
area (VTA) (Table 1) [27]. The circuitry associated with wake-
fulness is very complex and often involves a variety of pathways.

To determine whether a neuron group is associated with 
wakefulness, researchers can optogenetically stimulate neurons 
of interest while a subject is under a sleep state in order to iden-
tify if the neurons can cause sleep-to-wake transition. A second 
strategy is to inhibit a group of neurons while a test subject is 
awake and determine if it induces a sleep state. The former is a 
gain of function test which can prove whether the activity of 
target cells is a sufficient condition for the wakefulness, where-
as the latter is a loss of function test which can verify whether 
the activity of the target cells is a necessary condition for the 
wakefulness. 

Hcrt-expressing neurons and noradrenergic LC neurons are 
two neuronal populations of great interest in optogenetic sleep 
research. Hcrts, also called orexins, are hypothalamus-specific 
peptides with neuroexcitatory activity, which play a critical role 
in maintaining wakefulness [28,29]. In 2007, Adamantidis et al. 
[30] demonstrated the first in vivo application of optogenetics in 
sleep research in which they made ChR2 expressed only in 
ChR2 Hcrt neurons of LH and optically stimulated ChR2 to in-
vestigate the wake-promoting effect. They showed a causal link 
between the activation of Hcrt-expressing neurons and transi-
tions from NREM and REM sleep to wakefulness [30]. The 
wake-promoting effect was maintained throughout light and 
dark periods, but was reduced when sleep pressure increased by 
sleep deprivation at least two hours [31]. Interestingly, the im-
mediate early gene c-Fos, a biomarker of active neurons, was 
highly expressed in Hcrt neurons regardless of sleep deprivation, 
but its expression in the downstream arousal-promoting LC and 
TMN following light activation of Hcrt neurons was less robust 
with accumulation of sleep pressure [31]. Hcrt neurons of the 
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LH need such downstream neurons, especially noradrenergic 
neurons in LC, for their wake-promoting function [32]. On the 
other hand, the optogenetic silencing of Hcrt neurons results in 
NREM sleep-to-wake transition, which proves that Hcrt neu-
rons are necessary for the maintenance of wakefulness [33]. Hcrt 
neuropeptides are essential to maintain stable wakefulness [34], 
and the co-transmission of Hcrt and glutamate have been found 
to have key implications in the arousal systems [35].

LC noradrenergic neurons are the second subset of neurons 
involved in sleep-wake circuitry investigated with optogenetics 
[29]. Light stimulation of LC noradrenergic neurons produced 
an immediate transition non-REM and REM sleep to wakeful-
ness [36]. A major difference between LC noradrenergic neu-
rons and Hcrt neurons is that optogenetic stimulation of Hcrt 
cells awaken a sleeping mouse in approximately 30 seconds, 
whereas stimulating LC neurons require less than five seconds 
[29]. Tonic but not phasic photoactivation of LC neurons dur-
ing wake state increased the time spent awake as well as its gen-
eral locomotor arousal. 

The BF an important mediating center of wakefulness also 
has been investigated with optogenetics. Cholinergic projec-
tions from BF neurons modulate the activities of cortical neurons 
that express neuronal nitric oxide synthase and the receptor for 
Substance P (NKIR) potentially regulating cortical activity 
along states of arousal [37]. Although cholinergic neurons are 
known as wake-promoting neurons [25], the wake-promoting 
effect of cholinergic neurons is nullified by the pharmacological 
blockade of local cholinergic receptors in the BF [24]. BF PV 
neurons have been shown to regulate and entrain cortical 
gamma band oscillations, which has enhanced the scientific 
understanding of the mechanisms behind arousal [38].

Recently GABAergic neurons of the bed nucleus of the stria 
terminalis can induce sudden wakefulness without activating 
the Hcrt system [39]. Fujita et al. [40] also showed that optoge-
netic inhibition of HA neurons in the ventral TMN during pe-
riods of wakefulness promotes slow wave sleep, but not REM 
sleep.

SLEEp-RELATED NEURONS 
DISCOvERED wITh OpTOgENETICS

There have been seminal studies on some neuronal groups 
which are sleep-active and/or sleep-promoting. Lesions in the 
preoptic area (POA) can have significant negative consequenc-
es on sleep [41]. This suggests that regions of the POA may be 
linked to the generation of sleep. The VLPO is the most well-
known area among sleep-active and sleep-promoting areas, in-
cluding the medial preoptic area, BF and LH [17,42]. Projections 
from the VLPO release GABA and galanin onto the wake-related 
nuclei. More specifically, bidirectional optogenetic manipulation 
revealed that GABAergic neurons in the preoptic area projecting Ta
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to the TMN are sleep promoting as well as sleep active [43].
There have been a number of studies on NREM sleep. Sleep 

spindles have long been used as an indicator of stage 2 of NREM 
sleep. However, the direct causal relationship between sleep spin-
dles and the stability of the sleep had been questioned. In one 
study, optogenetic stimulation of the thalamic reticular nucleus  
was found to increase sleep spindles, the density of which are 
positively correlated with the amount of NREM sleep [44]. 
Emotional factors also have an effect on sleep-wake behavior. For 
example, in the NAc, adenosine plays a role influencing behav-
ioral arousal. Optogenetic activation of core NAc adenosine A2A 
receptor-expressing (A2AR) neurons greatly promotes slow wave 
sleep (SWS), demonstrating a noteworthy association of a sleep 
control being with motivational behavior [45].

In the brain stem, activation of GABAergic cells of the med-
ullary parafacial zone induces SWS by inhibiting parabrachial 
nucleus which sends the excitatory signal to the BF [46]. In 
NREM sleep, neuronal oscillations occur between the cortical 
and thalamic neurons. With the cortical neurons, the off-states 
of these cells occur nearly simultaneously with one another. A 
study combining optogenetic and chemogenetic techniques in-
vestigated somatostatin-positive (SOM) inhibitory interneurons 
in the cortex revealed a connection between cortical SOM neu-
rons and the generation of the slow waves in NREM sleep [47].

On the other hand, some neuronal groups are related to REM 
sleep. REM sleep is believed to be regulated, at least in part, by 
cholinergic neurons of the mesopontine tegmentum, which are 
known as “REM ON cells.” However, lesions in this area have 
not had consistent effects on REM sleep. Investigations utilizing 
optogenetic activation to determine the role of cholinergic neu-
rons of the PPT or LDT during NREM sleep resulted in an in-
crease in REM sleep episodes without altering REM sleep epi-
sode duration [48].

Melanin concentrating hormone (MCH) neurons have also 
been considered as REM sleep-related neurons [49-52], where-
as their function on NREM sleep is still controversial [51-53]. 
Whereas Konadhode et al. [50] showed increased duration of 
both NREM and REM sleep, Jego et al. [52] only that of REM 
sleep. Jego et al. [52] demonstrated that GABA is released as a 
result of optogenetic stimulation of MCH neurons’ axon termi-
nals projected to the TMN with in vitro recording of the brain 
slice and their in vivo optogenetic stimulation resulted in in-
creased duration of REM sleep [52]. Additionally, MCH neurons 
play an essential role on generating theta rhythms during REM 
sleep, which is necessary for contextual memory consolidation, 
via projection to the medial septum [49,53].

REM sleep is often affected by mood, stress and fear, but their 
relationships are complex [54]. It has been hypothesized that 
REM sleep plays a role in the emotional management of trau-
matic experiences [54,55]. Machida et al. [54] demonstrated 
that stress-induced reduction of REM sleep was attenuated by 
inhibiting glutamatergic neurons of the basolateral nuclei of 

the amygdala (BLA). This finding suggests that glutamatergic 
neurons in BLA may interfere the normal physiology of REM 
sleep generation in response to acute stress. 

SLEEp-RELATED mEmORy 
CONSOLIDATION AND 

NEUROpLASTICITy

Whether or not there is an association between sleep and 
memory consolidation has been debated for almost a century 
and there is still no consensus [56,57]. In 1983, it had been pro-
posed that REM sleep might function to unlearn unneeded 
memory traces and prevent the formation of parasitic modes 
[58]. Between 1995 and 2005, research on the relationship be-
tween sleep and memory increased five-fold, with the majority 
supporting the role of sleep in “offline” processing of memory 
[59]. Much of the evidence in support of the REM sleep mem-
ory consolidation hypothesis was based around three main evi-
dences. The first was that learning resulted in increased dura-
tions in REM sleep [60]. The second evidence was that memory 
processing occurred during REM sleep [60]. And the third evi-
dence was that the deprivation of REM sleep resulted in the 
impaired memory consolidation [60]. A separate study con-
ducted by Boyce et al. [53] identified a connection between GA-
BAergic neurons of the medial septum (MS) and memory con-
solidation during REM sleep by demonstrating that optogenetic 
silencing of MSGABA neurons impaired novel object recogni-
tion abilities of mice. Furthermore, a study by Rolls et al. [57] 
demonstrated that sleep fragmentation impairs memory con-
solidation. Although studies have determined that memories in 
pattern recognition or procedures improve after sleeping, mem-
orization of facts do not appear to improve after sleep [56]. Thus, 
many researchers believe that the central hypothesis suggesting 
that information acquired throughout a day is strengthened 
during sleep still needs further evidence [56]. In 2011, a group 
of researchers optogenetically stimulated Hcrt neurons to cause 
sleep fragmentation without effecting total sleep duration, sleep 
quality, or intensity, resulting in impaired memory consolida-
tion [57].

NREM sleep has also been identified as essential for the 
memory consolidation of motor and sense based learning expe-
riences [61]. Using optogenetics, Miyamoto et al. [62] deter-
mined that perceptual memory is consolidated during NREM 
sleep via top-down cortical input. Optogenetic inactivation of 
top-down projecting secondary motor cortex (M2) neurons to 
primary somatosensory cortex (S1) neurons impaired memory 
consolidation and slow wave synchrony in the cortex is neces-
sary for the top-down cortical control between M2 and S1 [62]. 
Research by Latchoumane et al. [63] found that hippocampus-
dependent memory can be disrupted by optogenetic suppres-
sion of thalamic sleep spindles of NREM sleep suggesting a 
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role for the sleep spindles in memory consolidation. They sug-
gested that triple coupling of slow oscillations, spindles, and hip-
pocampal ripples are essential for the memory.

Sleep also has a significant influence on neuroplasticity. 
Durkin et al. [64] investigated the potential function of NREM 
thalamocortical oscillations in neuroplasticity. Their study 
concluded that NREM oscillations, coordinated by corticotha-
lamic communication from visual cortex to lateral geniculate 
nucleus, play a role in relaying information of previously collected 
sensory experiences, thereby promoting cortical plasticity [64].

OpTOgENETIC STUDIES RELATED 
 TO SLEEp DISORDERS

Obstructive Sleep Apnea
Obstructive sleep apnea is one of the major sleep disorders 

involving serious health consequences such as cardiovascular 
events. During apnea episodes, hypoxia and hypercapnia, two 
major adverse physiological changes, occur simultaneously. 
Recently these two phenomena were investigated separately, 
using optogenetics. C1 neurons in the rostral ventrolateral me-
dulla are believed to regulate blood pressure as well as stimulate 
nuclei in the central nervous system involved in breathing, vigi-
lance and stress responses [65]. Burke et al. [66] optogenetically 
activated C1 neurons during NREM sleep and found EEG de-
synchronization and cardiorespiratory stimulation. They sug-
gested that C1 cells, specifically during NREM sleep, may exert 
a critical influence on the sleep disruption and adverse auto-
nomic consequences of sleep apnea. C1 cell activation repro-
duced similar physiological effects to those observed in hypox-
ia, which supports the idea that C1 cells are at least partially 
responsible for the cardiovascular responses and arousal from 
sleep during apnea events [66]. C1 cells potentially generate 
arousal through a variety of mechanisms including activation of 
the LC, raphe, orexinergic neurons [67,68] or other pathways 
that are inhibited during REM sleep [69,70].

On the other hand, external lateral parabrachial nucleus (PBel) 
was investigated to understand the adverse effects of hypercap-
nia. Especially, when the PBel neurons that express calcitonin 
gene-related peptide, were stimulated optogenetically and che-
mogenetically, wakefulness was evidently caused [71]. Con-
versely, when those neurons were inhibited with ArchT, the 
arousal by hypercapnia was prevented with a four-fold increase 
in arousal latency, but not by sound or shaking [71].

Narcolepsy
Narcolepsy is caused by a significant loss of Hcrt neurons and/

or diminished Hcrt signaling in the brain [72]. As previously 
mentioned, Adamantidis et al. [30] showed photostimulation of 
Hcrt neurons in the LH induced wakefulness, which supports 
that the function of Hcrt is sufficient for causing wakefulness. 

Their findings substantiated prior findings linking narcolepsy 
with cataplexy and low counts, often a reduction of between 
85% to 95%, of Hcrt neurons in the LH and low levels of Hcrt in 
the cerebrospinal fluid [73,74]. Results of the loss-of-function 
studies indicate that narcolepsy with cataplexy is a disorder based 
on the selective degeneration of Hcrt cells [33,74].

A sudden weakening of muscle tone, or cataplexy, is one of 
the cardinal symptoms of narcolepsy and serotonergic medica-
tion is effective to reduce cataplexy. Using optogenetics, it was 
shown that cataplexy could be suppressed by inhibition of spe-
cific projections of serotonergic neurons of DRN to amygdala 
[75]. Based on this finding, it was suggested that orexin/Hcrt 
neurons stimulate DRN serotonin neurons which, in turn, in-
hibit amygdala in physiological condition. However, in narco-
lepsy, the lack of orexin/Hcrt resulted in the suppressed activity 
of DRN and subsequent overactivity of the amygdala as well as 
the generation of cataplexy. 

CONCLUSION

Since optogenetics, one of the state-of-the-art technologies, 
has been introduced in the field of sleep research, various cell 
types in different regions of the brain were explored and their 
functions in sleep-wake control were elucidated. This novel 
technology opened a flourishing era of sleep research both in 
validation of pre-existing hypotheses and discovery of new 
neuronal types and circuitries. Although optogenetics is a 
strong tool for investigating brain circuitry, it should be noted 
that the brain is an electrochemical organ which is operated by 
not only electrical connections but also chemical components 
like neurotransmitters and neuromodulators. Both the circuit-
ry and neurochemical dynamics should be considered simulta-
neously. Better understandings of neural networks and signaling 
pathways will allow researchers to unfold the pathophysiology 
of sleep disorders and some relevant psychiatric disorders, and 
to develop novel therapeutic modalities by manipulating sleep 
circuitry and neurochemical regulations in the near future. 
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