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Introduction

Sleep is important part of life for the maintenance of biological functions, such as 
homeostasis, metabolic restoration, physiological regulation, and adaptive cognitive 
functions in the central nervous system [1]. Sleep disorders are one of the most 
common disorders affecting the general health in people across all age groups ranging 
from infant to elderly. Accumulating evidence have shown that sleep disorders 
are closely related to childhood developmental disorders, cardiovascular disease, 
pulmonary dysfunctions, neurological disorders and other chronic health problems 
[2]. Recent work has begun to shed light on the mechanistic basis of sleep disorders 
such as insomnia, hypersomnia, parasomnia, sleep related movement disorders 
and circadian rhythm disorders. Over the past 20 years, studies in Drosophila have 
yielded new insights into basic questions regarding sleep function and regulation. 
More recently, powerful genetic approaches in the ϐly have been applied toward 
studying primary human sleep disorders and other disease states associated with 
dysregulated sleep. Sleep-wake cycle is a complex physiological process regulated 
by brain activity, and multiple neurotransmitter system such as monoamines, 
acetylcholine, excitatory and inhibitory amino acids, peptides, purines, and neuronal 
and non-neuronal humoral modulators such as cytokines and prostaglandins [3]. It 
is well established that the sleep–wake cycle is mostly controlled by the ascending 
reticular activating system including the ventrolateral preoptic nucleus, the median 
preoptic nuclei, and a group of orexinergic neurons in the lateral hypothalamus. The 
main neurotransmitters in ascending reticular activating system include cholinergic, 
monoaminergic, histaminergic, and glutamatergic neurons in the brainstem, especially 
in the laterodorsal pontine tegmentum and pedunculopontine tegmentum, locus 
coeruleus, tuberomammilary nucleus, and dorsal raphe. These structures project to 
the thalamus, basal forebrain, and cerebral cortex, and are crucially involved in the 
generation of wakefulness [4].
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The study of sleep in small model organisms has important implications for our 
understanding of sleep in higher order systems. It has been demonstrated that many 
of the major neurochemical components and signaling pathways that regulate sleep in 
Drosophila are conserved in mammalian sleep. New research discoveries continue to 
conϐirm that many of the general biological principles dictating how sleep and wake 
are controlled in the ϐly also exist in more complex species [5]. The identiϐication of 
an interconnection between sleep and circadian rhythms has been recapitulated 
in many mammalian models since the early Drosophila research identifying the 
circadian genes and proteins that maintain the daily patterns of sleep and wake. It 
has been shown fruit ϐly sleep bears resemblance to sleep in higher order organisms, 
i.e, sleep and wake cycle are partially determined by the activation or inhibition of 
speciϐic brain circuits. Within these sleep circuits, there is data to suggest that mutually 
inhibitory connections may be fundamental for state switching; this is true in both the 
ϐly and mammals [6]. Drosophila studies have demonstrated that there are multiple 
neuronal groups involved in sleep regulation that are analogous to mammalian nuclei, 
and a complete understanding of the Drosophila sleep circuit may further elucidate 
mammalian sleep circuits [7]. There is also an increasing focus on sleep regulation by 
extraneuronal cell types that has been moved forward by some work in the ϐly. Sleep 
signaling from the fat bodies in Drosophila provided early experimental evidence that 
peripheral signals can change sleep states and work in mammals conϐirm not only that 
peripheral tissues are affected by sleep, but also that peripheral signaling can regulate 
behavioral state. Therefore, studies in the fruit ϐly continue to align with the growing 
body of work that is demonstrating that sleep is not only controlled by the brain 
but also by the interaction between the brain and the rest of the body. In all species 
studied to date including Drosophila, it is evident that sleep affects a very wide range of 
biological processes. This suggests that sleep likely serves multiple functions that are 
not only speciϐic to the brain but have importance for peripheral organs as well. This 
notion is not particularly surprising given the pervasiveness of sleep across the animal 
kingdom and throughout evolution [8].

Neurobiology of insomnia

Insomnia is the most common sleep complaint. According to Diagnostic and Statistical 
Manual of Mental Disorders (DSM)-5, insomnia is deϐined as difϐiculty falling asleep, 
difϐiculty initiating or maintaining sleep, or non-restorative sleep at least 3 times a 
week for a minimum of 90 days and causing clinically signiϐicant distress [9]. It involves 
both a sleep disturbance and daytime symptoms which can negatively affects overall 
quality of life. As many as 30% to 35% of adults complain of insomnia, especially older 
adults, women, people under stress and people with certain medical and mental health 
problems such as depression. While the neurobiological mechanisms of insomnia are 
not yet fully understood. Recent studies showed that sleep-wake regulation mechanism, 
genetic and epigenetic factors, cognitive, emotional and physiological hyperarousal 
are important factors for the development and maintenance of insomnia [10]. It has 
been postulated that a misalignment of the circadian process can lead to phase delays 
or advances might lead to either prolonged sleep onset latency or early morning 
awakening. These changes might also be shown by delayed or advanced melatonin 
secretion. Dysfunction of the homoeostatic process could explain both sleep onset and 
sleep maintenance difϐiculties. The homoeostatic process has been speciϐically linked 
to extracellular adenosine concentration in the basal forebrain, which rises as sleep 
pressure increases. At the neurochemical level, several mechanisms of sleep–wake 
regulation have been identiϐied. Reduced GABAergic activity or orexinergic overactivity 
might be associated with a weakening of the sleep-promotion system or a strengthening 
of the arousal system, respectively. 

Feige et al., showed many patients with insomnia had increased frequency of brief 
events such as shifts in sleep stages between Non-REM and REM sleep. Among Non-
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REM stages, brief periods of awakening and microarousals (brief and transient changes 
in EEG frequency suggestive of an awake state), and not by extremely long periods of 
wakefulness [11]. As compared with healthy sleepers, people with insomnia, have the 
most pronounced differences in the EEG fast frequency range (β power). This type 
of instability has also been suggested to be relevant for the disruption of REM sleep, 
which is known to be especially fragmented in insomnia patients, with microarousals. 
It should be noted, however, that some patients with insomnia do show strong 
disturbances in sleep continuity, including long sleep latencies or protracted periods 
of wakefulness occurring during the night. A 2014 meta-analysis of polysomnographic 
data showed that, on average, the sleep of patients with insomnia is shortened by 
about 25 min when compared with good sleepers.

Genetics and epigenetics studies in familiar insomnia cases have provided strong 
evidence for a familial aggregation of insomnia [12]. In afϐlicted individuals, between 
35% and 55% of ϐirst-degree relatives also have insomnia, which is a substantially 
higher rate of insomnia than that seen in ϐirst-degree relatives of good sleepers. 
To separate genetic and environmental factors, several twin studies have been 
done yielding heritability coefϐicients between 42% and 57%. Moreover, a twin 
study suggests that the vulnerability for the development of stress-induced sleep 
disturbances, as measured by the Ford Insomnia Response to Stress Test (FIRST), is 
genetically inϐluenced, with heritability estimates of about 29% for women and 43% for 
men [13]. Drosophila is an excellent model system for studying human neurobiology 
of sleep disorders since both behavioral and electrophysiological features of sleep 
in Drosophila are reminiscent of mammalian sleep. Many factors controlling sleep–
wake states identiϐied from genetic approaches in Drosophila have already emerged 
as having analogous functions in humans. Thirty years after the circadian gene period 
(PER) was discovered in Drosophila, genetic analyses of humans with familial advanced 
sleep phase syndrome, delayed sleep phase syndrome, and extreme diurnal preference 
have revealed various mutations in human PER homologs. In addition, forward genetic 
screens in ϐlies have implicated potassium channels in the regulation of sleep. Josephs 
et al have found autoantibodies against potassium channels are associated with the 
human disease Morvan’s syndrome, which often manifests with severe insomnia [1 4]. 
Moreover, Cirelli et al., have reported that drugs such as caffeine, amphetamine, and 
modaϐinil have similar effects on sleep and wake in ϐlies and humans, providing more 
evidence for the molecular conservation of sleep regulatory mechanisms.

The search for speciϐic genotypes of insomnia has identiϐied various candidate genes. 
Mutations have been identiϐied in CLOCK genes genes [15] coding for the β3 subunit 
of the GABAA receptor [16] and serotonin transporter genes [17]. However, none of 
these results have been replicated in independent samples. Barclay et al have recently 
suggested that epigenetic mechanisms might be involved in the development and 
maintenance of insomnia [1 8]. It has been hypothesized that stressful life events could 
have the capability to change the activity of stress-regulatory systems. This change, in 
turn, might induce long-term changes in brain structures such as the hippocampus. 
The hippocampus is an especially plastic brain region vulnerable to stress and a target 
of stress hormones; furthermore, it has been shown that hippocampal neurogenesis, 
and in consequence memory performance, is impaired by acute and chronic stress 
[19]. Re-exposure to some stressors could therefore constitute a vulnerability factor 
for the development of chronic insomnia. The pathophysiology of insomnia has been 
mainly investigated from the perspective of the hyperarousal model. This approach 
is based on a long-standing history of clinical observation and empirical ϐindings 
that patients with insomnia display signs of increased arousal either on a cognitive-
emotional, behavioural, autonomous, or central nervous system level. A substantial 
number of cross-sectional case-control studies have been undertaken to investigate 
the hypothalamic-pituitary-adrenal axis (with cortisol as the major stress response 
hormone) and the activity of the autonomic nervous system (heart rate, heart rate 
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variability) as indicators for increased arousal levels. Most of the evidence suggests 
an over activity of these systems in insomnia, supporting the assumption that 
hyperarousal contributes to insomnia in these patients.

Neurobiology of narcolepsy

Narcolepsy is a neurological disorder characterized by excessive daytime sleepiness, 
cataplexy, hypnagonic hallucinations, sleep paralysis, and disturbed nocturnal sleep 
patterns [20]. There are two distinct subgroups of Narcolepsy: Narcolepsy with 
cataplexy and Narcolepsy without cataplexy. Family and twin studies have indicated 
that narcolepsy is a multifactorial disease, triggered by both genetic and environmental 
factors with the relative risk for ϐirst-degree family relatives being 10- to 40-fold 
higher than in the general population, and the concordance rate between monozygotic 
twins being approximately 20%-30% [21]. Narcolepsy with cataplexy is generally 
believed to be associated with the human leukocyte antigen subtype DQB1*0602 and 
an intrinsic loss of hypothalamic neurons containing the neuropeptide hypocretin/
orexin with low CSF levels of hypocretin-1, which allows the inappropriate sleep 
phenomena described above as the classic symptoms narcolepsy [22]. Recent studies 
have conϐirmed genetic and epigenetic factors, autoimmune and low CSF hypocretin/
orexin play important roles in the mechanism of narcolepsy [23]. (Table 1). 

Neurobiology of circadian rhythm disorders

This category of disorders includes conditions in which the sleep times are out of 
alignment. A patient with one of these disorders does not follow the normal sleep times 
at night. Delayed sleep-wake phase disorder (DSP) is a circadian rhythm disorder with a 
typical sleep pattern that is “delayed” by two or more hours. This delay occurs when one’s 
internal sleep clock (circadian rhythm) is shifted later at night and later in the morning 
[24]. Once sleep occurs, the sleep is generally normal. But the delay leads to a pattern 
of sleep that is later than what is desired or what is considered socially acceptable. This 
pattern can be a problem when it interferes with work or social demands. A person 
with DSP is likely to prefer late bedtimes and late wake-up times. When left to his or her 
own schedule, a person with DSP is likely to have a normal amount and quality of sleep. 
It simply occurs at a delayed time. One sign of this disorder is difϐiculty falling asleep 
until late at night. Another sign is having a hard time getting out of bed in the morning 
for work or school. These signs can make DSP look like insomnia. Daytime functioning 
can be severely impaired by DSP. It can lead to excessive sleepiness and fatigue. When 
able to sleep on their own schedules, people with DSP often stay up until they get tired 
and then sleep until they awaken late in the morning. In this case, they tend to have no 
complaint of difϐiculty falling to sleep or feeling poorly during the day. There is likely 
to be some genetic component. Some environmental factors may also be involved. A 
lack of exposure to morning sunlight may make it worse. Too much exposure to bright 
evening sunlight may also increase symptoms of DSP. A family history of DSP is common 
in about 40% of people with the disorder. Drosophila has been a prominent model for 
research deϐining the conceptual, functional, and molecular basis of the circadian clock 
[25]. The circadian clock in Drosophila modulates a broad spectrum of physiological and 
behavioral processes including locomotor activity, sleep patterns, courtship, learning 
and memory, feeding behavior, chemosensation, and immune responses [26]. As in 
mammals, the Drosophila circadian oscillators also coordinate rhythms in peripheral 

Table 1: Mechanisms of narcolepsy.
Loss of hypocretin neurons in the lateral hypothalamus

Low CSF level of hypocretin
HLA DQA1, HLA DRB1 and HLA DQB1 gene
Chemokine (C-C motif) receptor 3 (CCR3)

CCR3 gene region hypomethylation
Prostaglandin D2 receptor DP1 antibodies

GABAergic neurons of the central nucleus of the amygdala (CeA)
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organs, such as olfactory and gustatory sensitivity rhythms and the mitotic response of 
gut stem cells to damage [27].

Konopka and Benzer isolated the ϐirst clock gene mutants in 1971 using forward 
genetics in Drosophila and analysis of the period length of the circadian rhythm in 
eclosion [28]. Flies with mutations in the gene period (perL, perS, and per01) exhibit 
rhythms in eclosion that are longer, shorter, or arrhythmic, respectively. Identiϐication 
of per spawned additional genetic screens for components of the circadian clock 
leading to the discovery of timeless, clock, cycle, doubletime, shaggy, casein kinase 
2 subunits and cryptochrome [29]. These studies and subsequent identiϐication of 
the corresponding genes facilitated research in mammalian systems leading to the 
discovery of mammalian per and clock genes, the ϐirst circadian genes identiϐied and 
sequenced in mice [30]. The Drosophila central brain circadian system comprises 
approximately 150 clock neurons organized into a network of oscillators: the small 
and large ventral lateral neurons which control the morning peak of activity and the 
lateral dorsal and dorsal neurons that control the evening peak of activity. Circadian 
rhythms generated by both the Drosophila and mammalian clock are driven by 
interlocking autoregulatory transcriptional/translational feedback loops along with 
posttranscriptional regulatory elements that facilitate the rhythmicity of the clock and 
generate the 24-hour period. As additional information on the molecular mechanisms 
of the core circadian oscillators in Drosophila and mammals is provided in many 
excellent reviews [31].

Neurobiology of restless leg syndrome

Sleep movement disorders include conditions that cause movement during or prior 
to sleep. These disorders can make it difϐicult to fall asleep or stay asleep, or to get 
restful sleep. Most common sleep movement disorder is restless leg syndrome (RLS) 
and characterized by an urge to move the legs associated with uncomfortable sensations 
that occur or worsen with rest, are relieved by movements, and are worse in the 
evening [32]. Motor restlessness is evident when awake and periodic limb movements 
frequently occur during sleep, resulting in sleep fragmentation and non-restorative 
sleep. The underlying mechanisms of RLS are largely unknown and even localization 
of the primary pathology within the nervous system is uncertain. Population and 
family studies indicate that restless legs syndrome has a strong genetic component 
and genome-wide association studies have identiϐied genes that confer susceptibility 
to restless legs syndrome [33]. These studies have successfully identiϐied a number 
of genetic variants suspected to be involved in restless legs syndrome, including one 
named BTBD9 [34]. Freeman et al. [35] report how they used the molecular genetic 
tools available in the model genetic organism Drosophila melanogaster to functionally 
characterize the ϐly homologue of BTBD9 (dBTBD9) as a causal factor in restless legs 
syndrome and loss of the Drosophila homolog CG1826 (dBTBD9) appreciably disrupts 
sleep with concomitant increases in waking and motor activity. They further show that 
BTBD9 regulates brain dopamine levels in ϐlies and controls iron homeostasis through 
the iron regulatory protein-2 in human cell lines. To our knowledge, this represents 
the ϐirst reverse genetic analysis of a “novel” or heretofore poorly understood gene 
implicated in an exceedingly common and complex sleep disorder and the development 
of an RLS animal model that closely recapitulates all disease phenotypes. BTBD9 is 
a poorly characterized gene that accounts for approximately 50% of the population 
attributable risk for restless legs syndrome and is therefore an ideal candidate 
for functional analysis using Drosophila genetics. Freeman et al. identiϐied the ϐly 
homologue of BTBD9 and created two null mutations in the gene [35]. When they 
examined sleep in these mutants, they found that both mutant alleles caused severely 
fragmented nighttime sleep and an increase in the amount of waking after sleep onset, 
as is seen in human patients with restless legs syndrome. Because sleep fragmentation 
is only one component of restless legs syndrome, the authors needed to evaluate 
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aspects of movement that have face-validity with symptoms seen in human patients 
with restless legs syndrome. In humans, the diagnosis of restless legs syndrome is 
facilitated by the ‘suggested immobilization test’, in which periodic limb movements 
and leg discomfort are worsened when subjects are asked to sit in bed with their legs 
outstretched for an hour [36]. Intriguingly, when mutants in dBTBD9 were conϐined to 
a small space, to simulate the suggested immobilization test, they showed signiϐicantly 
more locomoter behavior than controls. Moreover, when locomotor behavior was 
precisely quantiϐied in an independent assay, the mutants were found to spend more 
time in longer uninterrupted bouts of walking than controls. Together, these data 
indicate that dBTB9 mutant ϐlies recapitulate key behavioral aspects of restless legs 
syndrome, including sleep fragmentation and motor restlessness.

Recently, Ferre et al. [37], reported that alterations in the dopaminergic system 
seem to be involved in RLS, while alterations in glutamatergic neurotransmission, a 
presynaptic hyperglutamatergic state, seem to be involved in hyperarousal and also 
RLS. Brain iron deϐiciency is well-recognized as a main initial pathophysiological 
mechanism of RLS. Brain iron deϐiciency in rodents have provided a pathogenetic 
model of RLS that recapitulates the biochemical alterations of the dopaminergic 
system of RLS, although without PLMS-like motor abnormalities. In addition, Ferre 
et al have showed that brain iron deϐiciency in rodents is associated with changes in 
adenosinergic transmission, with downregulation of adenosine A1 receptors (A1R) as 
the most sensitive biochemical ϐinding. It is likely that A1R downregulation leads to 
hypersensitive striatal glutamatergic terminals and facilitation of striatal dopamine 
release. Hypersensitivity of striatal glutamatergic terminals was demonstrated by 
an optogenetic-microdialysis approach in the animal model, indicating that it could 
represent a main pathogenetic factor that leads to PLMS in RLS.

Conclusion

Neurobiological mechanisms of sleep disorders are complex and poorly understood. 
Most of the pathological process are multifactorial and variable. Recent progress in 
molecular genetics has enable researchers to use genetic approach to understand the 
pathophysiology of these disorders. Indeed, studies in Drosophila have yielded new 
insights into basic questions regarding sleep function and regulation. More recently, 
powerful genetic approaches in the ϐly have been applied toward studying primary 
human sleep disorders and other disorders associated with dysregulated sleep. 
Remarkable progress has been made in the area of genetics and immunology related to 
common sleep disorders. These progress will have a signiϐicant impact on the clinical 
practice of sleep medicine in the future. As we have reviewed, the new information 
regarding the genetic and molecular mechanism underlying common sleep disorders, 
such as insomnia, circadian rhythm disorders, narcolepsy, restless legs syndrome will 
likely lead to improved diagnostic tests and new individualized treatment. 
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