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Abstract. The sleep and arousal, or the vigilance state, is controlled by a highly dynamic brain 

system that involves numerous interconnected brain circuits. However, while many reviews 

presented the anatomical bases of how different components of the brain area contribute to the 

vigilance states, less attention is paid from the perspective of different neurotransmitters. As 

multiple different neuronal populations could exist and express in the same brain area, attributing 

the effect of different brain areas on sleep and arousal would not be precise without consideration 

of the act of neurotransmitters. This review summarizes the recent progress on how different 

neurotransmitters affect vigilance states. By doing so, this review aims to provide an alternative 

angle in understanding how different vigilance state is regulated by the brain. 
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1.  Introduction 

Sleep is a fundamental and essential biological process that is crucial for maintaining overall health and 

well-being. Through centuries of studies, numerous benefits of sleep have been discovered. Also, 

various factors have been discovered that contribute to the complex mechanisms of sleep/awake 

regulation [1]. However, people suffering from sleep issues often are unable to drive themselves to sleep 

and they could be attributed to various physiological factors that involve abnormality of 

neurotransmitters. Therefore, understanding the physiological mechanism of different sleep issues, 

especially the neurotransmitter aspect, is essential for improved diagnosis and personalized medicine in 

sleep issues. 

Many previous reviews address the mechanism of sleep/wake regulation from the aspect of different 

neuronal circuits and anatomy. However, how the neurotransmitter system regulates the sleep-wake 

cycle was less addressed. Many sleep/wake-related areas consist of multiple neuronal populations that 

play diverse roles. For example, the GABAergic population in VLPO could potently promote sleep [2], 

while non-LTS cells in VLPO can potently promote arousal [3, 4]. There are currently 5 known distinct 

neuronal populations in VLPO [5]. The basal forebrain contains distinct neuronal populations that 

function in different states [6]. Besides the functional difference of neuronal populations within one area, 

the same neuronal populations are not necessarily separated by anatomical location [7] and require a 

neurotransmitter aspect to explain their function. Hence, it is also crucial to assess how different 

neurotransmitters affect sleep and awake to understand the how vigilance state is regulated. 

The function of different neurotransmitters on sleep has been reviewed previously twenty years 

before [8]. However, the advances in experimental methods in the last two decades have promoted our 
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understanding of how different neurotransmitters function in sleep-wake regulation, and it is time to 

summarize and reupdate the relationship between these neurotransmitters and sleep. 

2.  Neurological system that promotes sleep 

The mechanism of sleep/wake regulation has always been an intriguing field in earlier ages. Among 

numerous models, the two-process and Flip-Flop models are currently the most popular. The Two-

process model proposed two fundamental processes: the homeostatic process (Process S) and the 

circadian process (Process C), direct to or not to sleep [9]. Process S is the sleep debt that increases 

during wakefulness and decreases during sleep. Process C represents the internal body clock in a 24-

hour cycle regulated by the suprachiasmatic nucleus (SCN) and light exposure. A more complex 

influence of process S and process C has been discovered decades after this model was proposed. For 

example, Process S also shows regional influences in which highly activated brain regions during the 

day show increased slow-wave activity during sleep. Also, several models suggest that high sleep 

pressure can reduce circadian amplitude, while the circadian phase influences sleep pressure reflected 

by slow wave activity. The interaction between the circadian clock and sleep pressure in the three-

process model expands the two-process model with another process, M, representing external factors 

such as social activities. However, while SCN in the past century was commonly acknowledged as the 

only master circadian control center, many more recent findings opposed this ‘dogma’. Activities that 

follow a circadian rhythm have been observed in numerous areas such as, and many of them own their 

independence. 

The Flip-Flop model focuses more on the neuronal mechanism of Sleep-awake transition. Sleep and 

awake are generally regulated by two distinct neuronal groups, and excitation on one group would inhibit 

the other. The significant wake-promoting population consists Lateral hypothalamus (LH), Parabrachial 

Nucleus(PBN), precuneus area(PC), nucleus accumbens(NAc), paraventricular hypothalamic 

nucleus(PVN), Locus Coeruleus(LC), Tuberomammillary Nucleus(TMN), ventral tegmental area(VTA), 

Basal Forebrain(BF), Dorsal Raphe Nucleus(DR), median raphe nucleus, pedunculopontine, 

laterodorsal tegmental nuclei, medial septum [10]. The major sleep-promoting populations include 

ventral lateral preoptic Area (VLPO), median preoptic nuclei (MPO), and lateral preoptic area(LPO).  

Sleep promotion under the Flip-Flop model can be understood as the brain-wide inhibition of the 

wake-promoting neurons, many of which send inhibitory signals to many sleep-promoting areas. For 

example, disinhibiting the VLPO population due to decreased Orexin release in LH promotes inhibitory 

signal projections to TMN, DR, LC, and LH, therefore driving sleep. Noteworthily, the idea of “whole-

brain on-off shifting” between sleep and awake state has been challenged by many recent studies from 

many perspectives. For example, sleep and wake can co-occur in different brain regions [11]. This 

suggests the need to revise the classical view of the flip-flop model(see review [12]). Overall, the 

revolutionization of the current understanding of sleep from the dichotomic flip-flop model to a 

multidimensional framework could be the future for understanding sleep.  

2.1.  Acetylcholine(Ach) 

Acetylcholine is an excitatory neurotransmitter mainly derived from PPT/LDT and BF could either 

ultimately promote wakefulness or sleep depending on the projection region and receptor types [13, 14]. 

Cholinergic neuronal activity is higher during awake and REM sleep but not NREM sleep, suggesting 

their role in driving cortical activation [15]. 

Cholinergic neurons in PPT and LDT play a variant but important role in Wake-sleep switches, and 

NREM-REM switches [16]. It projects mainly towards SLD which is likely to promote REM sleep [17] 

and BF to enhance cortical activity [15]. Moreover, although the innervation effect on sleep is not 

determined, cholinergic neurons in PPT also project to various sleep-regulating areas such as the 

reticular nucleus of the thalamus(RTN), VTA, and SN, suggesting more potential sleep-regulating role 

that Ach from PPT could play [16, 18]. While less studied, the cholinergic neuron from TRN has been 

shown to promote sleep, by innervating the neighboring GABAergic neurons [14]. As PPT and LDT 
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cholinergic neurons also project to TRN, a sleep-promoting circuit between Acetylcholine from PPT, 

LDT, and TRN is possible [1]. 

The cholinergic neurons in BF are innervated by orexin neurons in the LH, and they in turn innervate 

the cortex, promoting cortical activity and cognitive function [14]. Cholinergic neurons in the BF are 

also innervated by the glutamatergic neurons, and exhibit strong projection to neighboring wake-

promoting PV+ GABAergic neurons, forming a strict hierarchical local wake-promoting circuit, while 

being inhibited by SOM+ GABAergic neuron [14]. Noteworthily, cortical arousal requires both 

cholinergic and non-cholinergic neurons from BF neurons, a study has suggested that cholinergic 

neurons from BF promote wakefulness by activating neighboring PV+ GABA neurons, and PV+GABA 

neurons in turn activate the cortex [14]. While the BFAch projection toward the cortex promotes 

wakefulness, acetylcholine could also provide short-term cortical vigilance inhibition during awake 

mainly by activation of muscarinic receptors in layer 4 [19] 

2.2.  Hypocretins(Hcrt)/Orexin(Ore) 

Hypocretins, also named orexins, are an important neuropeptide expressed in the lateral hypothalamus 

that promotes wakefulness [20]. Hypocretins contain two excitatory subtypes, Hcrt-1, and Hcrt-2, and 

they bind to orexin receptor-1 and -2, respectively [21]. Orexin neurons are active during wakefulness 

and quiet during sleep. According to the Flip-flop model, the sleep-promoting circuit during sleep 

projects inhibitory inputs to orexin neurons, suppressing the excitatory projection to wake-promoting 

areas and inhibitory inputs to sleep-promoting areas, to maintain the sleep state [22]. Orexin has a 

widespread projection throughout the brain, mostly wake-promoting areas like LC, TMN, PVT, NAc, 

VTA, BF, PAG, PPT, LDT and, which are all considered wake-promoting areas and directly innervating 

other wake-inducing glutamatergic, cholinergic, histaminergic, serotonergic, dopaminergic and 

noradrenergic neuron populations [7, 23-25]. This widespread excitatory projection also signifies its 

connection with other wake-promoting neuronal circuits. For instance, the Hcrt-1 from LH is projected 

to the BF, innervating the BFAch projection to various cortical regions, promoting cortical wakefulness. 

Besides, orexin can also have an inhibitory effect on sleep-promoting VLPOGABA/Gal neurons and 

excitatory effects on VLPOGABA neurons, which directly inhibit VLPOGABA/Gal [26]. While Orexin 

is projected to multiple regions, the orexin neuron from the LH also integrates input from various sleep-

wake regulating neurotransmitters and hormonal signals from areas such as POA, BF, DR, VTA, SCN, 

NAc, VTA, and amygdala. Not only so, but the orexin neuron activity in LH I is also maintained by self-

projected, positive feedback [27]. 

Orexin is considered one of the most important neuropeptides that promote wakefulness, Depletion 

of Hcrt neurons is a major cause of Narcolepsy, a neurological disorder characterized by sudden, 

involuntary sleep during the day and excessive daytime sleepiness. Furthermore, orexin neurons are 

known to respond to adenosine, a representation of the sleep debt in the Two-Process model, It has been 

discovered that adenosine, a representation of the sleep debt in the Two-Process model accumulation 

during awake, can bind to A1 receptor expressed in orexin neurons and inhibit its activity, which is 

suggested to induce sleep [28, 29]. Caffeine is renowned for its wake-promoting effect by inhibiting 

adenosine activity via adenosine receptor antagonism [30]. However, a recent study also reported that 

Caffeine could excite orexin activity [31]. Depletion of Hcrt neurons is also a major cause of Narcolepsy, 

a neurological disorder characterized by sudden, involuntary sleep during the day and excessive daytime 

sleepiness. Orexin can also mediate hunger-induced wakefulness. Besides, orexin is also crucial for 

regulating appetite, motor activity, stress response, and mood [32-35]. Therefore, orexin mediates many 

factors that prevent sleep, such as hunger, stress, and fear. 

2.3.  Monoamines 

Serotonin, histamine, dopamine, and norepinephrine are the four common sleep-regulating monoamine 

neurotransmitters that are active during waking and inactive during both REM and NREM sleep. 

Another monoamine is dopamine, which is more active during wakefulness and REM sleep. All 
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monoamines have widespread projection to other sleep-wake regulation areas in the brain which 

suggests their important role in sleep-wake regulation.  

2.4.  Serotonin(5-HT) 

Serotonin is a neurotransmitter produced in dorsal raphe(DR), primarily known for its mood-regulating 

function which lack of serotonin is associated with depression [36]. Meanwhile, numerous evidence 

indicates the serotonergic system is involved in sleep/wake regulation, but the accurate function has 

raised controversies in past decades. Studies that applied 5-HT antagonist on the excitatory 5HT2 

receptor induce sleep in mice and humans but wakefulness in cats [37, 38]. Similarly, agonists of 5HT1A 

induce wakefulness in rats [39] but REM sleep in cats [40]. Also, mice that do not express 5HT1A or 

5HT1B showed increased REM sleep [41, 42]. To make the issue more complex, the sleep-promoting 

role of 5HT has also been reported [43]  

A brief explanation corresponding to the inconsistent finding across species is that the sleep/wake 

regulation mediated by serotonin is complex, one example is that 5HT excites Type-2 VLPO sleep-

promoting neurons but inhibits Type-1 VLPO sleep-promoting neurons [44]. Type-2 VLPO sleep-

promoting neurons are highly responsive to adenosine are more excitable, and are responsible for the 

initiation of sleep. Meanwhile, Type-2 VLPO sleep-promoting neurons reduce the inhibitory input 

received by the type-1 VLPO neurons, and type-1 VLPO neurons proceed to consolidate the sleep [45]. 

Therefore, serotonin seems to promote sleep during awake by exciting the type-2 VLPO neurons and 

promote arousal during sleep by inhibiting type-1 VLPO neurons. This idea is supported by a previous 

study that reported that raphe lesions during the awake state promote sleep whereas raphe lesions during 

the sleeping state promote wakefulness [46]. 

Serotonin also interacts with multiple sleep-promoting areas to regulate the vigilance state. Serotonin 

is primarily found in the Dorsal raphe(DR) and pedunculopontine tegmental(PPT) nucleus. It also has a 

widespread projection to many brain areas. The 5HT from DR projects to the cortex, thalamus, 

hypothalamus, amygdala, basal forebrain, and pontine reticular formation innervating histaminergic 

orexinergic, noradrenergic, dopaminergic, cholinergic, and GABAergic neurons [47]. Overall, serotonin 

could exhibit both wake-promoting and sleep-promoting effects, based on its projection and subtypes. 

2.5.  Histamine (HA) 

Histamine originates majorly from the tuberomammillary nucleus(TMN) and projects widely 

throughout the brain, including the cortex, striatum, SNc, posterior pituitary, and thalamic areas. 

Histamine acts via four different histamine receptors: H1, H2, H3, and H4, and only the first three are 

present in the brain [48]. So far, it has been reported that the H1 receptor promotes waking while the H3 

receptor antagonizes it. Optogenetic inhibition of TMNHA induces NREM sleep and H1 receptor 

blockage also increases NREM sleep. However, the removal of HA neurons did not significantly reduce 

the amount of time being awake, besides exhibiting more drowsy behaviors. This overall suggests that 

while HA has a wake-promoting role, ablation of HA can be partially compensated by other arousal 

systems [49]. TMMHA also projects to sleep-promoting areas like VLPO, indirectly inducing 

wakefulness by increasing the local GABAergic tone [50]. Another interesting phenomenon is that 

histamine can co-transmit together with GABA. While the exact mechanism of how GABA and 

histamine can be packaged together is still a contentious topic [51, 52], GABA and histamine are co-

released into the striatum, neocortex, and prefrontal cortex to coordinate tonic inhibition and induce 

wakefulness [53]. However, the major role of Histamine on wake generation has been challenged 

recently by a study that suggests histamine contributes little to baseline arousal [54] 

Interestingly, besides TMN, histamine can be also produced by mast cells [55, 56], and could provide 

an alternative, brain-wide histaminergic arousal effect. Activation of brain mast cells promotes 

wakefulness [57]. Furthermore, an increase in histamine production from mast cells during stressful 

conditions also contributes to sleeplessness [58]. However, as mice that express fewer mast cells did not 

show different amounts of time in sleep and wakefulness compared to normal mice [57], how histamine 

produced by mast cells influences sleep/wake remains to be addressed. 
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The Histamine might also reflect circadian rhythms, as the preoptic histamine levels are highest 

during wakefulness, less active during NREM, and almost silent during REM sleep, while no histamine 

level change was observed under sleep-deprived conditions [59].  

2.6.  Domaine(DA) 

Dopamine is mainly produced in the SN and VTA and a large body of dopamine is projected to NAc. 

There are in total five Dopamine receptors found, and they exhibit different functions in different brain 

areas and some of their function are still controversial. 

For NAc, the Microinjection of D1R, D2R, and D3R agonists in NAc has been shown to enhance 

wakefulness [60]. However, when administrated at a low dose, D2R receptor agonists decrease 

wakefulness while the effect is reversed after increasing the dose [61]. 

While the involvement of VTA dopamine neurons in sleep/wake control was highly controversial 

based on lesion studies [62], the effect of VTA dopamine neurons has been clarified more recently. 

Chemogenetic inhibition of VTADA induces sleep-related nesting behaviors and prevents arousal in 

response to salient stimuli such as mating, food, and predation. Conversely, optogenetic activation of 

VTADA initiates and maintains wakefulness and prevents sleep-related behavior [63]. Another study 

suggests that NAc contains mainly D1R and D2R-expressing neurons, and are considered to play 

different roles in sleep regulation. It suggests that D2R(also D3R) generates wakefulness but no effect 

was found with D1R [64]. Conversely, another study reported that D1R-expressing neurons induce 

wakefulness possibly by disinhibiting the LH orexin neurons and VTA dopamine neurons [65]. 

The function of SNcDA is less obscure compared to the function of dopamine from another area. In 

earlier optogenetic and chemogenetic studies, no relationship between SNcDA and sleep was found [64]. 

However, a later study dissects the dopamine neurons found in SNc based on its projecting destination, 

as dorsal striatum projecting DA enhances sleep while ventral striatum projecting DA decreases sleep 

[66]. 

Besides, dopamine neurons are also found in ventral periaqueductal grey(vPAG) which has a causal 

role in sleep/wake regulation as stimulation of vPAGDA induces wakefulness yet inhibition induces 

sleep [67]. However, lesion studies suggested that loss of vPAGDA neurons increases the amount of 

sleep. Interestingly, vPAGDA also regulates sleep/wake regulation according to the outside stimuli from 

the environment [67], like VTADA and the relationship between vPAGDA and VTADA could be 

elucidated. 

A very interesting phenomenon is that the dopamine activity in the VTA and NAc follows the 

circadian rhythms [68], and has been proposed as an alternative circadian rhythm master control clock. 

This question remains controversial. There is no evidence to suggest SCN directly projected to VTA or 

NAc, even though some indirect pathways such as via mPOA or PVT have been reported. Furthermore, 

ablation of VTA has disabled the correct circadian rhythms. [69]. 

2.7.  Norepinephrine(NE) 

As a key neurotransmitter enhancing the sympathetic tone, Norepinephrine is well-known for its wake-

promoting function. Activation of NE signaling drives wakefulness whereas inhibition leads to sleep 

[70] and NE activity is enhanced before arousal [71]. Norepinephrine is often sourced from locus 

coeruleus(LC). NE level accounts for many causes of sleep disruption. During stressful situations, the 

activity of NE neurons in LC is enhanced, and it interacts with POA to induce microarousal [72] similarly, 

bursting release of NE is also elicited to enhance vigilance state when exposed to salient stimulus [73]. 

The role of NE from LC is more complex than a simple wake-promoting substrate. A more recent 

study reported that the regulation of sleep by LC-NE is mediated by their level of intensity: a slow 

activity induces unresponsiveness during sleep and a higher-level activity induces wakefulness [74].  

2.8.  GABA 

GABA is the most prevalent inhibitory neurotransmitter that is involved in sleep. The generation of 

GABA is widely spread and projected to almost all brain regions [75]. GABA is generally regarded as 
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a sleep-promoting neurotransmitter while the wake-promoting function of GABA in some circuits has 

also been reported. For example, as mentioned above, VTADA promotes wakefulness and induces sleep 

preparations. The GABA from VTA could locally inhibit VTADA action and their hyperarousal and 

sequentially, the VTAGABA is inhibited by the VPGABA. Therefore, VPGABA could promote 

wakefulness via VTADA disinhibition and VTADA induces sleep [76]. Table 1 lists recent reports about 

the origination, projection, and function of GABA that is related to sleep generation or inhibition. 

Still, GABA is crucial in sleep generation and maintenance. GABA from VLPO, the sleep center, 

projects to the lateral hypothalamus and powerfully inhibits its wake-promoting neurotransmitter such 

as orexin and glutamate. GABA from vlPAG, SNr, SCN, and numerous places also send inhibitory 

signals to many commonly known wake-promoting areas and induce sleep. The local projection is also 

common in GABA, evident in BFGABA and VTAGABA. Also, as mentioned above, GABA is often 

co-transmitted with another neurotransmitter to achieve complex sleep/wake-related regulation. 

Table 1. The origination, projection, and function of GABA contribute to sleep regulation as reported 

in some recent studies. While most GABA promotes sleep, some contribute to wake generation. 

Neurotransmitter Origination Function Projection 

GABA DMH Promote sleep VLPO [77] 

GABA TRN Promote sleep Unclear [78] 

GABA VTA 
Induce NREM sleep, prevent 

hyperarousal 
VTA, LH [79, 80] 

GABA MnPO 

Induce NREM sleep, decrease 

REM sleep during active phase, 

increase sleep under sleep 

deprivation 

VLPO, LH TMN, vlPAG, 

PBN, LC(but the function of 

these projections is unclear) 

GABA LH Promote wakefulness 
DR [81], TRN [82], 

VLPO [83] 

GABA VP Promote wakefulness  

GABA DR Promote wakefulness LH [81] 

GABA BF 
Promote and inhibit wakefulness 

based on subpopulation 
BF [84], VTA [85] 

GABA RMTg Promote sleep VTA, SNc [86] 

GABA POA Promote sleep TMN [87] 

GABA SCN Promote sleep PVN [88] 

GABA CPU Promote sleep GPe [89] 

GABA PZ Promote sleep PB [90] 

GABA NAc promote sleep VP [91] 

GABA OT Promote sleep VP, LH [92] 

GABA SNr Promote sleep VTA, LC, DR [93] 

GABAergic vlPAG Promote sleep LC, DR, VTA 

2.9.  Glutamate (Glut) 

Glutamate is the most prevalent neurotransmitter in the brain and a major wake-promoting 

neurotransmitter. Most neurons from the brain reticular projection that promote wakefulness are 

glutamate neurons originating from VTA and LH, Glu projected to LHGlu to excite LHORE to generate 

wakefulness(however, LHGlu can also induce sleep-preparation behavior [94]), while glutamate from 
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Medial septum further project to LHGlu to enhance the wake induction. Glutamate is also projected to 

BF, and NAc area from PVT, VTA, and parabrachial nucleus and promotes wakefulness. Also, glutamate 

from sleep-promoting areas such as MnPO can induce wakefulness, under stressful conditions, which 

might be mediated by the cortical releasing hormone. Even though most glutamate powerfully promotes 

and maintains wakefulness, exceptions do exist. The Glutamate from the posterior thalamus could 

promote sleep via projection to CeA. Glutamate also plays a pivotal role in thalamocortical projection, 

and is thought that not only the Glutamate enhance wakefulness in the cortex, but its activity also acts 

on the regulation of wakefulness and sleep. 

Table 2. The origination, projection, and function of Glutamate that contribute to sleep regulation are 

reported in recent studies. The majority of Glutamate neurotransmitters promote wakefulness and reduce 

sleep, yet a study has also reported a subpopulation of glutamate can promote sleep. 

Neurotransmitter Origination Function Projection 

Glutamate 
Lateral 

hypothalamus 

wake generation and 

maintenance 
LH [10] 

Glutamate Medial septum 
Wake generation by activating 

LH glutamatergic neurons 
LH [10] 

Glutamate Parabrachial nucleus Promote wakefulness BF [84] 

Glutamate VTA Maintain wakefulness NAc, LH [79] 

Glutamate MnPO Reduce sleep under stress 
VLPO, LH TMN, 

vlPAG, PBN, LC 

Glutamate BF Promote wakefulness VTA [95] 

Glutamate PVT Promote wakefulness NAc [23] 

Glutamate PB Promote wakefulness BF, LH [96] 

Glutamate 
Brainstem reticular 

formation 
Promote wakefulness 

Various places in 

thalamus [97] 

3.  Other neurotransmitters 

Besides the major commonly known neurotransmitters there are still numerous neurotransmitters that 

also mediate sleep/wake regulation. Here, some mostly studied neurotransmitters are listed. 

3.1.  Galanin 

Galanin is usually an inhibitory neurotransmitter that mainly induces and consolidates sleep. It is 

commonly found in LPO and VLPO, and projects to many wake-promoting areas including LH, TMN, 

PPT, PB, LC, and vIPAG [77, 98]. Besides the sleep-promoting function, Galanin has a special role in 

sleep regulation: it generates sleep homeostasis in the preoptic area [99]. Galanin is selectively active 

during rebound sleep [100]. The lesion of the Galanin neuron and Galanin-mutant in the PO showed 

reduced sleep rebound after sleep deprivation compared to the control group in terms of delta power and 

sleep time [99, 100]. 

3.2.  Corticotrophin 

Corticotrophin-releasing factor(CRF) is known as a stress mediator, but it is also involved in sleep 

regulation [101]. Exogenous CRF increases wakefulness and reduces NREM sleep [102]. Similarly, 

CRF agonists also promote wakefulness and inhibit NREM sleep and REM sleep [103]. Also, under 

stressful conditions, CRF antagonists could diminish the stress response mediated by CRF, which 

ultimately prevents sleep loss [101]. CRF mediates sleep/wake regulation via stress-level signaling by 

projecting excitatory signals to LCNA and LHORE, which enhance wakefulness [104, 105].CRF could 

also project to sleep-promoting areas such as VLPO, MPO, and POA, and suppress GABAergic, sleep-

promoting activity [106]. 
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3.3.  Melanin-concentrating hormone(MCH) 

Melanin-concentrating hormones are located in the lateral hypothalamus, in proximity to Orexin neurons, 

and are mainly inhibitory and sleep-promoting. MCH neurons are only active during sleep. Optogenetic 

activation on MCH neurons induces sleep and it becomes more expressed during recovery sleep [107, 

108]. Due to the spatial overlapping, Melanin neuron often receives similar input as orexin neurons. 

However, they do mediate opposite effects by possibly expressing different types of receptors. For 

example, both MCH and Orexin neuron receives NE and Ach input, but they exhibit different responses 

via different receptors [109]. Besides inhibitory projection to wake-promoting areas such as TMN and 

MS, MCH also contributes to VLPO and promotes NREM sleep. However, the exact mechanism of 

MCH on VLPO remains unclear [108]. 

3.4.  Cholecystokinin(CCK) 

Cholecystokinin, CCK, is also a neurotransmitter that promotes NREM sleep [110]. CCK receptor-

expressing neurons spread across the brain [111], but the exact mechanism of how CCK induces sleep 

is not fully understood. One current speculated circuit in which CCK mediates sleep-inducing function 

is via reciprocal activation between CALCA and CCK neuro, and they both in turn project to the 

hypothalamic preoptic area and excite the sleep-promoting neurons [112]. However, the sleep regulatory 

role of CCK might be more complex than the current knowledge. CCK can also activate orexin neurons, 

implication a potential wake-promoting role [113]. Furthermore, the action of CCK is known to be cell-

type specific, suggesting that the widespread projection of CCK would exert heterogeneous actions [111]. 

3.5.  Neurotensin(NT) 

Neurotensin, NT, is commonly known for its importance in the peripheral nervous system that controls 

for instance gut mobility and blood pressure. Neurotensin can induce both wakefulness and sleep. A 

study reported that inhibitory NT from the amygdala projects to many wake-promoting areas to induce 

sleep, and retrograde tracing further revealed that these inhibitory NT are activated by the excitatory NT 

from the posterior thalamic region [114]. Excitatory neurotensin from vlPAG can also promote sleep by 

innervating GABAergic neurons from the medulla and these GABAergic neuron further inhibit 

monoamine groups from LC, VTA, and DR [93]. On the other hand, activation of NT from LH can 

generate wakefulness [115]. 

3.6.  Somatostatin(SST) 

Somatostatin, SST, expressed mainly in SOM+, is a GABAnergic neurotransmitter closely related to 

sleep. Activation of SOM+ neurons generates slow-wave activity during NREM sleep [116]. SST could 

also be a neurotransmitter reflection of the internal state of tiredness, Activation of SST from the 

prefrontal cortex initiates sleep and stimulates the SST projecting end in the lateral hypothalamus and 

lateral preoptic hypothalamus individually induced recovery sleep-like phenomenon and sleep-

preparation behavior [117].VTA somatostatin neurons can also induce NREM and REM sleep after 

sensing social defeat stress by projection of LH and inhibiting the release of CRF [118]. 

3.7.  Substance P(SP) 

Substance P or SP mediates response to stress and pain and is widely distributed throughout the brain. 

Based on injection studies, SP could induce both sleep-promoting and sleep-inhibiting action based on 

different injection locations. Injection of SP into VLPO promotes sleep [119] and injection into the 

cortex enhances slow-wave activity [120]. However, SP is also reported to activate the histaminergic 

neurons in the TMN and thus promote wakefulness [121], and drug studies on people also shown that 

SP promote arousal [122]. Interestingly, SP level is found to be lower among people suffering with 

obstructive sleep apnea [123], but the exact mechanism is unclear. 
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4.  Conclusion 

The regulation of sleep and wakefulness remains a perplexing question that requires large effort. There 

are numerous neurotransmitter which are involved and cooperatively constitute the intricate network of 

sleep and wakefulness, and understanding sleep from the perspective of neurotransmitters is essential 

not only for understanding sleep but also for the pharmaceutical and treatment of sleep abnormalities. 

There are still many questions regarding how different neurotransmitters remain unsolved, such as the 

opposing effects of 5HT and dopamine. Future studies on neurotransmitters related to sleep should 

investigate how spatial location and projection, receptor-subtypes, and projection-ending cell type of a 

neurotransmitter could exert various effect.  
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