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ABSTRACT
Sleep, constituting approximately one‐third of the human lifespan, is a crucial physiological process essential for physical and

mental well‐being. Normal sleep consists of an orderly progression through wakefulness, non‐rapid eye movement (NREM)

sleep, and rapid eye movement (REM) sleep, all of which are tightly regulated. Melatonin, often referred to as the “hormone of

sleep,” plays a pivotal role as a regulator of the sleep/wake cycle and exerts its effects through high‐affinity G‐protein coupled

receptors known as MT1 and MT2. Selective modulation of these receptors presents a promising therapeutic avenue for sleep

disorders. This review examines research on the multifaceted role of melatonin in sleep regulation, focusing on selective ligands

targeting MT1 and MT2 receptors, as well as studies involving MT1 and MT2 knockout mice. Contrary to common beliefs,

growing evidence suggests that melatonin, through MT1 and MT2 receptors, might not only influence circadian aspects of sleep

but likely, also modulate the homeostatic process of sleep and sleep architecture, or could be the molecule linking the

homeostatic and circadian regulation of sleep. Furthermore, the distinct brain localization of MT1 and MT2 receptors, with

MT1 receptors primarily regulating REM sleep and MT2 receptors regulating NREM sleep, is discussed. Collectively, sleep

regulation extends beyond the circulating levels and circadian peak of melatonin; it also critically involves the expression,

molecular activation, and regulatory functions of MT1 and MT2 receptors across various brain regions and nuclei involved in

the regulation of sleep. This research underscores the importance of ongoing investigation into the selective roles of MT1 and

MT2 receptors in sleep. Such research efforts are expected to pave the way for the development of targeted MT1 or MT2

receptors ligands, thereby optimizing therapeutic interventions for sleep disorders.

1 | Introduction

On average, humans spent approximately one‐third of their
lifespan to sleep. Despite the loss of consciousness during this
state, sleep represents an active and intricately regulated
physiological process vital for maintaining both physical and
mental well‐being [1–3]. Indeed, dysfunctions in sleep

regulation have been linked to numerous neuropsychiatric and
peripheral disorders [4, 5]. From a neurobiological standpoint,
over the past few decades, significant progress has been made in
understanding the underlying processes and pathways govern-
ing sleep. However, numerous aspects of sleep regulation still
pose challenges for researchers. This knowledge gap translates
into a dearth of approved pharmacological interventions
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capable of effectively modulating the various facets and regu-
latory mechanisms of sleep.

2 | Understanding Sleep: From Physiology to
Pathology

In mammals, sleep manifests as two distinct states: rapid‐eye
movement (REM) sleep and non‐REM (NREM) sleep, alter-
nating cyclically throughout the night. REM sleep is charac-
terized by brief episodes marked by decreased muscle tone and
robust sympathetic activation, resulting in elevated heart rate,
respiration, blood pressure, and temperature. Conversely,
NREM sleep comprises longer periods characterized by para-
sympathetic dominance, leading to reductions in blood pres-
sure, heart rate, and temperature. REM sleep predominantly
hosts structured dreams, while NREM sleep features non-
structured and bizarre dream occurrences. Adults typically
allocate 75%–80% of their total sleep duration to NREM sleep,
with the remaining 20%–25% dedicated to REM sleep. This
sleep architecture undergoes approximately four to five cycles of
NREM to REM transitions per night, with neonates exhibiting
an increased proportion of REM sleep, gradually shifting toward
more NREM sleep across development and aging [1, 2, 6].

NREM sleep encompasses progressively deeper stages, denoted
as N1, N2, and N3, which are discerned by distinct electro-
encephalogram(EEG) signatures. Stage N3, also known as slow
wave sleep (SWS) since it is characterized by delta‐wave activ-
ity, is pivotal for cerebral restoration, memory consolidation,
and metabolic regulation. During wakefulness, the brain un-
dergoes a learning process that necessitates the reinforcement
of synaptic connections across its networks. This augmentation
leads to heightened cellular energy demands, reduced signal
fidelity, and saturation of learning mechanisms. According to
some authors, sleep is a crucial phase wherein synaptic strength
is renormalized, and cellular homeostasis is restored. This
restorative activity during sleep is believed to underlie its pro-
found effects on memory acquisition, consolidation, and inte-
gration [7–9].

The regulation of the sleep/wake cycle involves complex in-
teractions between two processes: the circadian rhythm and
sleep homeostasis [1, 2, 10]. The circadian rhythm is governed
by the master clock located in the suprachiasmatic nucleus
(SCN) of the hypothalamus and orchestrates the timing of
physiological and behavioral processes over a 24‐h period
[11–13]. This endogenous timing system is synchronized pri-
marily by environmental cues such as light via the retino‐
hypothalamic tract. In detail, specialized retinal ganglion cells,
known as intrinsically photosensitive retinal ganglion cells,
contain the photopigment melanopsin and are responsible for
detecting light levels. These cells project their axons via the
retinohypothalamic tract to the SCN in the hypothalamus. The
SCN, often referred to as the “master clock” of the body, con-
tains thousands of neurons that generate endogenous circadian
rhythms with a period of approximately 24 h [11–13]. In con-
trast, sleep homeostasis reflects the body's intrinsic drive for
sleep, accumulating during wakefulness and dissipating during
sleep [1, 2, 10]. The homeostatic process is thus governed by
factors such as sleep duration, quality, and prior wakefulness

which regulate the depth and duration of subsequent sleep
periods. These two processes, circadian rhythm and sleep
homeostasis, interact synergistically to regulate the timing,
duration, and quality of sleep across the 24‐h day. Disruptions
to either process can lead to disturbances in the duration and
architecture of sleep, but also impairments in daily functioning,
ultimately predisposing individuals to an increased risk of
developing neurological and psychiatric disorders [4, 5], as well
as systemic diseases such cardiovascular and metabolic dis-
orders [14, 15].

Concerning sleep disturbances, insomnia disorder is the second
most prevalent mental health issue that involves difficulty ini-
tiating or maintaining sleep, impacting also daytime function-
ing. Diagnostic criteria such as those of the International
Classification of Sleep Disorder, [16] and the Diagnostic and
Statistical Manual of Mental Disorders version 5 (DSM‐5) [17],
require these complaints at least three times weekly for
3 months. Indeed, recent statistics indicate that insomnia dis-
order remains a prevalent concern worldwide, with approxi-
mately 30% of adults experiencing symptoms of insomnia, and
about 10% meeting diagnostic criteria for insomnia disorder
[18]. Moreover, the prevalence of insomnia is higher in the
elderly/older adults than in younger age groups, and in women
than in men [18, 19], and individuals with persistent insomnia
have a higher mortality risk compared to those without sleep
disturbances [20].

As previously mentioned, although significant progress has
been made in unraveling the neurobiology and mechanisms of
sleep, including the roles of neurotransmitters, neural circuits,
and genetic factors [1, 2, 10], significant knowledge gaps persist.
Moreover, our understanding of the bidirectional relationship
between sleep and other disorders remains incomplete, yet it
could be crucial for developing targeted therapeutic interven-
tions. While recent advancements have led to the development
and approval of nonselective antagonists of both orexin receptor
type 1 and orexin receptor type 2 as hypnotics by several reg-
ulatory agencies [21], the treatment of insomnia continues to
rely predominantly on drugs affecting the GABA system, such
as benzodiazepines and Z compounds [1, 22]. Although effec-
tive in initiating and sustaining sleep, these medications often
induce a “nonphysiological sleep” characterized by altered sleep
architecture and are associated with cognitive impairments and
abuse liability.

3 | Melatonin and Sleep: From Neurobiology to
Psychopharmacology

Among the different neuromodulators and neurotransmitters
that are involved in the regulation of sleep, melatonin is known
as the hormone of sleep or darkness. Melatonin is indeed syn-
thesized by the pineal gland during the night/dark part of the
light/dark cycle in both diurnal and nocturnal animals [23–26].
In humans, the circulating levels of melatonin begin to rise in
the evening, peak in the middle of the night, and then decrease
to daily low levels by the end of the night. Extensive details on
how the external light/dark cycle regulates the synthesis of
melatonin by the pineal gland, including the underlying neu-
ronal networks involved, can be found elsewhere [27–29]. Once
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synthesized, melatonin is released into the cerebrospinal fluid
through the pineal recess and can potentially reach all the brain
regions as well as the circulation and thus the periphery [30].

The majority of melatonin's actions in the body are mediated
through its two high‐affinity G‐protein coupled receptors
(GPCRs) known as MT1 and MT2 [26]. However, melatonin
also binds to other receptors, including the quinone reductase 2
(also referred to as low‐affinity mt3 receptors), and interacts
with several intracellular targets such as calmodulin and the
retinoic acid‐related orphan receptor [26], although ongoing
debate persists regarding the extent of melatonin's interaction
with these intracellular targets [31]. Potent antioxidant activity
attributed to its chemical structure, receptor‐independent,
should also be taken into consideration [26, 32, 33]. Melato-
nin MT1 and MT2 receptors are present in the SCN as well as in
many other regions of the brain and in the periphery with a
tissue‐specific distribution [26, 34–36]. We already mentioned
that sleep is a process modulated by homeostatic and circadian
processes, and since melatonin via MT1 and MT2 receptors
controls the activity of the SCN, for many years it has been
thought that melatonin modulates sleep because of its control of
the circadian component of the sleep/wake cycle [37–39].
Although this hypothesis is still claimed in the scientific and
consequently nonscientific community, research conducted
during the past two decades is showing that melatonin by acting
on its two GPCRs might modulate certain aspects related to the
homeostatic process of sleep, as well as influence the regulation
of the different sleep stages and sleep architecture. In this
context, this review aims at clarifying the role of the two mel-
atonin receptors in the regulation of sleep, and at providing the
rationale for developing novel compounds targeting selectively
either MT1 or MT2 receptors for treating sleep disorders or
sleep abnormalities associated with brain or systemic diseases.

In humans, melatonin exhibits a soporific effect, reducing sleep
onset latency, whereas its efficacy in maintaining sleep and
improving overall sleep is inconsistent across different studies
and populations [23, 24].

The contrasting findings concerning the hypnotic properties of
melatonin can be attributed to several pharmacokinetic as well
as pharmacodynamic factors [1, 23, 24]. For example, it has a
relatively short half‐life ranging from 20 to 50min, indicating
rapid metabolism and clearance from the body, and with a
bioavailability of 2.5% [40]. This pharmacokinetic characteristic
may limit its efficacy as a hypnotic agent for sustaining sleep
throughout the night, particularly, in individuals with sleep
disturbances characterized by difficulties in sleep maintenance
[1]. Additionally, there is substantial interindividual variability
in the metabolism of melatonin, the timing and dosage of
melatonin administration are crucial determinants of its hyp-
notic effects, with evidence suggesting that optimal timing
varies based on individual chronotype and circadian rhythm
disruptions [41–43]. Nonetheless, variations in the methodolo-
gies of the studies, including differences in sample sizes, par-
ticipant demographics, and outcome measures, further
contribute to the heterogeneity of results among studies. Simi-
larly, preclinical data have shown contrasting findings for
similar reasons [23, 24]. In addition, a very recent work showed
that the hypnotic effect of exogenous melatonin in nocturnal

rodents on top of being influenced by the time of the day and
dose, is also depending on the lighting conditions [44].

To overcome the issue of the reduced bioavailability of mela-
tonin, a prolonged‐release MLT formulation at a dose of 2 mg
has emerged as a prospective therapeutic intervention for
insomnia [45, 46]. This formulation gradually releases melato-
nin over several hours, mirroring the physiological pattern of
melatonin secretion during the night. Clinical investigations
have substantiated its efficacy in ameliorating sleep onset
latency and enhancing sleep quality, particularly, among in-
dividuals aged 55 and above afflicted with primary insomnia.
Regulatory approval from the European Regulatory Agency and
others in the world has also been obtained for pediatric for-
mulations of prolonged‐release melatonin, available in doses of
1 or 5 mg, for the treatment of insomnia in children and ado-
lescents diagnosed with autism spectrum disorder or Smith
Magenis Syndrome [47, 48]. Notably, these prolonged‐release
formulations of melatonin have exhibited favorable tolerability
profiles with minimal adverse effects, even upon long‐term
administration. Nonselective or dual melatonin MT1/MT2
agonists such as ramelteon and tasimelteon have been also
developed and demonstrated efficacy in reducing sleep onset
latency in clinical trials; however, like melatonin, their impact
on overall sleep duration appears to be limited. Agomelatine,
another non‐selective melatonin MT1/MT2 agonist possessing
also 5‐HT2C antagonist activity, exhibits antidepressant prop-
erties but inconsistent effects on sleep regulation have been
documented [1].

4 | Melatonin Receptors Are Localized in Brain
Regions Regulating the Sleep/Wake Cycle

The localization of melatonin receptors in primary brain
regions implicated in the regulation of the sleep/wake cycle and
circadian rhythms underscores the key role of melatonin
receptors in modulating various aspects of sleep physiology.
Table 1 illustrates the current knowledge of the localization of
MT1 and/or MT2 receptors within brain regions or nuclei im-
plicated in the regulation and transition between the different
stages of the sleep/wake cycle. Through its interactions with
MT1 and MT2 receptors, it exerts temporal control over the
sleep/wake cycle and helps coordinate the synchronization of
physiological processes with the external environment [23, 24].
As mentioned before, MT1 receptors are highly expressed in the
SCN, one of the major regulator of the circadian aspects of the
sleep/wake cycle, while MT2 receptors are less abundant
[49–51] and predominantly located at the axon terminal level
(Prof. L. Descarries [1939–2012], personal communication), an
interesting finding which deserves to be confirmed. The robust
localization of MT1 receptors has been demonstrated using
various techniques including: (i) RT‐PCR, in situ hybridization,
immunohistochemistry [34, 49], (ii) a targeted reporter “knock‐
in” approach in which the coding sequences of MT1 or MT2
were substituted with the LacZ reporter enzyme within their
native loci [52]. On the other hand, the expression of MT2
receptors in the SCN remains unclear, with indications of
scattered and/or low expression levels [49, 52]. MT1 and MT2
receptors are expressed in numerous other brain regions ex-
hibiting both overlapping or distinct localization patterns,
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highlighting the complexity of their distribution within the
central nervous system (CNS) and suggesting their selective
function [34, 52]. To better understand sleep physiology and the
role of the melatonin system, this specific distribution pattern of
melatonin receptors in the brain led us to separately examine
their distribution and functions within sleep circuits. However,
it should be considered that despite decades of research on the
localization of MT1 and MT2 receptors in both the brain and
the periphery, many questions still remain unanswered as
recently remarked by Klosen [53].

5 | MT1 Receptors and Sleep

5.1 | Localization of MT1 Receptors

Employing different experimental approaches, MT1 receptors
have been identified across various mammalian and non-
mammalian brain regions. Detailed information regarding the
distribution of MT1 receptors in the CNS, including their den-
sity and identification methods, can be found in Comai et al.
[36]. The relatively widespread presence of MT1 receptors
throughout the CNS and peripheral tissues underscores their
potential implication in diverse physiological processes and
pathophysiological conditions.

Concerning the sleep/wake cycle, the expression of MT1
receptors has been reported in orexin neurons originating in the
perifornical lateral hypothalamus (PFH) [54], but also in sero-
tonin (5‐HT) neurons within the dorsal raphe [34]. In addition,
melatonin MT1 receptors have been identified within the
medial prefrontal cortex (mPFC) [34], and as very recently
shown, the preponderance of neurons projecting from the
mPFC to the lateral hypothalamus demonstrates peak activa-
tion during REM sleep, with a subset being enlisted during
instances of phasic theta accelerations [55]. These findings have
elucidated the existence of a cortico‐hypothalamic pathway
governing top–down modulation of REM sleep, and the key role
of the mPFC in governing the temporal dynamics of REM sleep.

Klosen et al. [52] and our recent study [56] indicated a strong
presence of MT1 receptors, but not MT2 in the locus coeruleus,
which is the main source of NE in the brain, and a major
regulator of wakefulness and REM sleep [57, 58].

Using specific antibodies for MT1 and MT2 receptors and per-
forming a semiquantitative analysis in rat brain slices, we have
observed that the SCN exhibits a moderate to robust density of
MT1 receptors, with only a limited number of MT1‐positive
neurons observed in its ventromedial division. In the same
anterior hypothalamic segment, MT2 labeling density is
observed to be weak in the ventral periventricular nucleus of
the hypothalamus, moderate in the magnocellular preoptic
nucleus (MCPO), and strong in the supraoptic nucleus (SON)
[34]. Interestingly, preliminary observations suggest that MT1
receptors in the SCN are primarily located on the cell body
membrane, whereas MT2 receptors are predominantly found at
axon terminals (Prof. L. Descarries [1939–2012], personal
communication). In keeping, Klosen et al. [52] using a “knock‐
in” approach where the MT1 or MT2 coding sequences are
replaced with a LacZ reporter gene inserted at the endogenous
loci, have found that MT1 receptor expression in the SCN is
higher compared to MT2 receptors. In contrast, MT2 receptors
exhibit a more widespread distribution within the anterior
hypothalamic area. Other authors have also reported the pres-
ence or expression of MT1 and/or MT2 receptors at the level of
the SCN in different species [49, 59–67].

5.2 | MT1 Receptors in REM Sleep

Previous investigations involving MT1 receptors knockout
(MT1KO) mice showed a significant decrease in REM sleep
duration throughout the 24‐h light/dark cycle, particularly,
during the light/inactive phase, along with alterations in sleep
architecture [68].

Interestingly, while wild‐type mice spent more time in REM
sleep during the inactive phase compared to the active phase,
MT1KO mice exhibited no such difference in the quantity of
REM sleep between the two phases. Overall, this indicates that
REM sleep in MT1KO is disrupted in term of quantity, quality,
but also in its circadian regulation [68].

Furthermore, MT1KO mice display a range of behavioral and
biological manifestations that resemble those of individuals
with depression, particularly, with the melancholic features,

TABLE 1 | Localization of melatonin MT1 and MT2 receptors in

brain regions involved in the regulation of NREM and REM sleep,

wakefulness, and the transitions between these stages of the sleep/

wake cycle.

Brain region/nuclei involved in
regulating the sleep/wake cycle

Melatonin
receptor
subtype

Prefrontal cortex (PFC) MT1

Nuclei active during wakefulness

• Lateral hypothalamus (LH)

• Tubero mammillary
nucleus (TMN)

• Ventral tegmental area (VTA)

• Locus coeruleus (LC)

• Dorsal raphe (DR) nucleus

MT1
MT1
MT2
MT1

MT1, MT2

Nuclei of transition

• Suprachiasmatic nucleus (SCN)
(from wakefulness to NREM)

• Ventrolateral
periaqueductal gray area
(vlPAG) (from NREM to REM)

MT1, MT2
MT2

Nuclei active during NREM

• Reticular Thalamic (RT) nucleus

• Ventrolateral preoptic
area (vlPO)

MT2
MT2

Nuclei active during REM

• Basal Forebrain (BF) MT1

Note: The presence of MT1 and/or MT2 receptors in these areas has been
demonstrated using immunohistochemistry, immunofluorescence, or mRNA
hybridization techniques. For detailed information, please refer to the main text.
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including disturbances in the circadian rhythms [69]. For ex-
ample, these mice are characterized by a disruption in the
physiological light–dark oscillation of a subset of dorsal raphe
serotonin (5‐HT) and locus coeruleus noradrenergic neurons, as
well as altered daily variability of corticosterone levels [69].

Finally, we have recently shown that the selective MT1 recep-
tors partial agonist UCM871 in a dose‐dependent manner
reduces prefrontal cortex (PFC) and hippocampal high theta
activity in freely moving animals [70], and exerts inhibitory
effects on monoaminergic neurotransmissions, specifically
serotonin, dopamine, and norepinephrine [70, 71], which play
crucial roles in the modulation of the sleep/wake cycle. Sero-
tonergic neurons originating from the raphe nuclei are involved
in regulating sleep onset and maintenance [72], while dopa-
minergic [73] and noradrenergic systems are implicated in
arousal and wakefulness [57]. Notably, the activity of these
monoaminergic neurons is the lowest during REM sleep [2] and
consequently the fact that UCM871 inhibits these neurons
further indicates a role of MT1 receptors in modulating REM
sleep. Indeed, the treatment with UCM871 remarkably
increases the duration of REM sleep during the inactive phase,
via inhibiting the activity of noradrenaline neurons located in
the locus coeruleus [56], which is the hallmark of REM sleep
[58]. This selective increase in REM sleep duration is associated
with changes in the EEG power spectra of both REM and
NREM sleep. In particular, an enhanced EEG theta power
during REM sleep is present [56]. Of note, EEG theta power is a
marker for identifying and characterizing REM sleep and pro-
vides insights into the dynamic brain activity patterns occurring
within this sleep stage.

In sum, these findings underscore the significance of MT1
receptors signaling in the regulation of REM sleep.

5.3 | MT1 Receptors and Circadian Rhythms

As the SCN is a primary regulator of the circadian aspects of
sleep, understanding how melatonin receptors modulate its
activity is essential. Neuronal firing within the SCN represents
immediate electrical signaling, which drives the organism's
short‐term responses to environmental changes. In contrast,
circadian rhythms involve the intrinsic, oscillatory patterns of
gene expression and protein activity that synchronize physio-
logical processes over the 24‐h cycle (for a detailed review on
these issues please see Colwell [74]). In SCN brain slices, mel-
atonin acutely inhibits neuronal firing, as observed through
single‐unit or multiunit activity recordings [75, 76]. In vitro
experiments using ligands targeting melatonin receptors and
SCN slices from mice suggested that MT1 receptor activation
inhibits SCN neuronal firing rate, while MT2 receptor activa-
tion induces phase shifts in circadian rhythms. The MT1‐
mediated inhibition of SCN firing activity is evidenced by its
absence in SCN from mice with targeted disruption of the MT1
receptor, while still present in mice lacking the MT2 receptor
[51, 77]. This clear distinction of the effects played by the two
melatonin receptors on SCN function has been challenged by
observations in Siberian hamsters, where MT1 receptors are
functional, but MT2 receptors are not, showing clear circadian
rhythm phase shifts in response to melatonin [78]. Moreover,

in vivo experiments demonstrated that melatonin phase shifts
and accelerates entrainment in wild‐type mice but not in
MT1KO mice. Details regarding this topic can be found in the
review by Dubocovich and Markowska [79]. Notably, neurons
within the SCN exhibit increased sensitivity to melatonin‐
induced inhibition of firing during dusk, indicating a role for
MT1 receptors in regulating circadian clock excitability during
the day‐to‐night transition [80].

C57BL/6 wildtype mice possess both MT1 and MT2 receptors,
but have low level of melatonin production in the pineal gland
due to the genetic mutations of the two enzymes for converting
serotonin into melatonin, although they are not entirely
melatonin‐deficient [81, 82]. Administration of exogenous
melatonin in these mice at dusk (CT 10) results in a phase
advancement of circadian rhythms activity in vivo and accel-
erates the rate of re‐entrainment of wheel‐running activity
rhythms following an abrupt advancement of dark onset.
Notably, these effects of melatonin are absent in C57BL/6
MT1KO mice [83], confirming that the presence of MT1
receptors is necessary in modulating circadian rhythms.

It is noteworthy to highlight that in rats, a distinct circadian
expression of MT1 receptors mRNA in the SCN was demon-
strated, whereas MT2 receptors mRNA did not show such
variation [60]. Moreover, in rats, the expression of MT1
receptors mRNA in the pars tuberalis exhibits rhythmicity
following a similar 24‐h pattern under both light/dark and
dark/dark conditions [84]. However, it should be emphasized
that expression of a diurnal rhythm of mRNA for the MT1
receptor does not necessarily predict changes in the expression
of the MT1 protein. This is because the presence of receptors
can be regulated by various factors beyond mRNA expression,
such as protein stability or posttranslational modifications.
The lack of MT2 mRNA expression does not mean the MT2
receptors are not present; indeed, the expression of MT2
receptors was demonstrated in the SCN of rats [85] and mice
[50] using digoxigenin‐labeled oligonucleotide probes for MT2
receptors. In mice, the novel MT1‐selective inverse agonists
UCSF3384 and UCSF7447 decelerated re‐entrainment rate of
the dark onset in the context of the “eastbound jet‐lag” test,
and induced a phase advance in the onset of running wheel
activity in constant darkness [86]. Importantly, these effects
were confirmed to be MT1 mediated since they were absent in
MT1KO mice, but still present in MT2 knockout (MT2KO)
mice [86].

We have recently demonstrated that the selective MT1 receptor
partial agonist UCM871 reverses behavioral and electro-
physiological abnormalities observed in ClockΔ19 mice, an
animal model of bipolar mania characterized by a mutation in
the Clock gene [70]. This mutation results in aberrant loco-
motor activity patterns, disrupted sleep/wake cycle, dysregu-
lated clock‐controlled physiological processes, and disruptions
in the rhythmic secretion of hormones such as melatonin,
cortisol, and insulin [87–89]. While further research is needed
to understand whether the reversal of the manic phenotype is
associated with a restoration of circadian rhythm dysfunction,
these results indicate that selective MT1 ligands may have a role
in the therapeutics of bipolar disorder, a mental condition
characterized by a dysfunction in circadian rhythms [90].

5 of 12

 1600079x, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpi.13011 by ST

E
FA

N
O

 C
O

M
A

I - U
niversity O

f Padova C
enter D

i , W
iley O

nline L
ibrary on [14/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 | MT2 Receptors and Sleep

6.1 | Localization of MT2 Receptors

Similar to MT1 receptors, MT2 receptors have also been iden-
tified in critical brain regions associated with sleep functions,
including the septum, CA2 layers of the hippocampus, SON,
reticular nucleus of the thalamus called also reticular thalamus
(RT), ventrolateral preoptic area, red nucleus, substantia nigra
pars reticulata, oculomotor nuclei, and ventral tegmental
nucleus [34]. Moderate MT2 immunoreactivity was also
observed in the ventral pallidum, internal globus pallidus,
dentate gyrus, paraventricular nucleus (PVN) of the hypo-
thalamus, and inferior colliculus. Interestingly, MT2 receptors
are scarce in the PFC, unlike MT1 receptors [34].

6.2 | MT2 Receptors in NREM Sleep

To investigate and then validate the importance of MT2
receptors in modulating the sleep/wake cycle, we employed a
combination of pharmacological and genetic studies using the
selective MT2 receptors partial agonists UCM765 and UCM924
[91, 92] as well as MT2KO mice [68, 91]. Using EEG/EMG
studies, we found that UCM765 and UCM924 induce a reduc-
tion of the latency to the first episode of NREM sleep and an
increase in the total duration of NREM sleep, particularly,
during the light/inactive phase, with no effects on REM sleep
[91, 92]. These NREM sleep promoting effects were effectively
abolished by the administration of the selective MT2 receptor
antagonist 4P‐PDOT [91]. These data have been replicated using
the MT2 selective ligand, the agonist IIK7, which increases the
duration of NREM sleep without affecting REM sleep, albeit
with transient effects [93].

The RT is a central component of the thalamocortical circuitry
involved in sleep/wake regulation, particularly, in the EEG
activities observed during stages N2 and N3 of NREM
sleep [94].

Briefly, the RT nucleus, composed of GABAergic neurons,
surrounds the dorsal thalamus and being intertwined with
cortical connections, plays a crucial role in sleep spindle
generation and the regulation of NREM sleep. During the
NREM, the RT neurons fires in bursts, and through the tha-
lamocortex pathways silence the mPFC pyramidal neurons.
Specifically, RT GABAergic neurons produce repetitive spike‐
bursts at spindle frequency, which are then relayed to thala-
mocortical nuclei. This leads to rhythmic inhibitory post-
synaptic potentials in thalamocortical neurons, followed by
post‐inhibitory rebound spike‐bursts in the cerebral cortex,
generating excitatory postsynaptic potentials at spindle fre-
quency [95]. Our study has shown that melatonin MT2
receptors are expressed on GABAergic neurons in the RT, and
the NREM sleep promoting activity of the MT2 partial agonist
UCM765 occurs via activation of the RT GABAergic neurons.
Remarkably, the selective activation of MT2 receptors within
the RT is sufficient to promote NREM sleep [91], and the
increase in NREM sleep is associated with an increase in EEG
delta power [91, 92], which is the hallmark of the deep
restorative sleep.

In keeping with the pharmacological studies, using selective
MT2 ligands, in MT2KO mice, a significant reduction of the
duration of NREM sleep during the light/inactive phase of the
24‐h light/dark cycle has been observed. Notably, this decrease
in NREM sleep duration is not accompanied by any significant
change in REM sleep duration [55]. Disruptions in the EEG
power spectra including a decreased EEG delta power in
NREM sleep have been also found in MT2KO mice [68].

Delta power is a direct measure of sleep intensity, with both the
circadian and homeostatic process of sleep interacting to regulate
it. EEG delta power is known to inversely correlate with
responses to arousing stimuli and SWS fragmentation, serving
as an indicator of SWS intensity and reflecting prior sleep and
wakefulness. Sleep loss increases delta power during subse-
quent SWS proportionally, while excess sleep decreases it.
Additionally, delta power decreases throughout a sleep period,
indicating the restorative and homeostatically regulated nature
of SWS [96]. Therefore, what has been observed in NREM delta
power after selectively targeting MT2 receptors is likely the
result of this melatonin receptor subtype influencing either the
circadian process, the homeostatic process, or a combination of
both. Future studies are needed to clarify this key issue and
underlying mechanisms.

Recent studies have also found that the MT2 receptors are
present in the ventrolateral preoptic nucleus (VLPO). The
VLPO is intricately involved in the initiation and maintenance
of sleep, particularly during the recovery phase following pro-
longed wakefulness [97–100].

Remarkably, through MT2 receptors, melatonin regulates
intracellular Ca2+ levels and downstream signaling molecules,
such as Ca2+/calmodulin‐dependent protein kinase II
(CaMKII), in the (VLPO). It also phosphorylates cAMP
response element‐binding protein (p‐CREB) pathway [101].

Altogether, these findings derived from genetic and pharma-
cological investigations offer compelling support for the
involvement of MT2 receptors in the modulation of NREM
sleep. Moreover, they challenge the traditional view that the
melatonin system regulates only the circadian aspects of sleep,
suggesting a potential broader role in sleep regulation.

6.3 | Are MT2 Receptors Involved in Circadian
Rhythms? An Ongoing Debate

The administration of melatonin (0.9–30 μg/mouse, sub-
cutaneously for 3 days) to C3H/HeN melatonin‐proficient mice
resulted in a dose‐dependent advancement of circadian rhythms
in wheel running activity, when given at dusk (circadian time 10)
and maintained in constant darkness [50]. The selective MT2
receptor antagonists, 4P‐ADOT and 4P‐PDOT (90 μg/mouse,
subcutaneously), as well as the nonselective MT1–MT2 receptors
antagonist luzindole (300 μg/mouse, subcutaneously), did not
directly affect circadian rhythms, but shifted the dose‐response
curve of melatonin to the right, significantly reducing the
phase‐shifting effects of melatonin. It is worth noting that
the doses of melatonin employed in this study were relatively
low [50] compared to those used in the studies using melatonin
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as potential hypnotic drug. Indeed, as hypnotic, melatonin is
typically administered in doses of 10–40mg/kg (corresponding
to 600–900 μg/mouse if the animal weight between 20 and 30 g).
When the same research group replicated these observations in
rats using in vitro techniques [85], found that luzindole and
4P‐PDOT (at concentrations ranging from 1 nM to 1 μM) did
not have any impact on the phase shift of circadian rhythms of
neuronal firing but blocked the 4‐h phase advance induced by
3 pM melatonin. Specifically, this inhibition was time of the day
dependent, and observed at subjective dusk (circadian time 10)
and dawn (circadian time 23). The researchers concluded that
melatonin mediates phase advances of the SCN circadian clock
at both dusk and dawn through activation of MT2 melatonin
receptor signaling [85]. Further investigations are warranted
to elucidate the precise contribution of MT2 receptors in cir-
cadian rhythm regulation. Although to be clearly demon-
strated, in our opinion, it is plausible to postulate that MT2
receptors exert a complementary or opposing influence
than MT1 receptors on circadian rhythms, albeit in a highly
intricate manner. Indeed, in diurnal primate animals,
the day/night expression pattern of melatonin receptors in
hypothalamic nuclei such as the PVN, SON, and anteroventral
periventricular nucleus (AVPV) appears to be opposed to that
observed in the SCN. While MT1 and MT2 receptors are pre-
dominantly expressed at night and show reduced levels during
the day in the SCN, their presence in the PVN, SON, and
AVPV is mainly observed during the day in a diurnal primate,
the Sapajus apella [64].

One could propose that as melatonin synthesis increases
during the transition from wakefulness to NREM sleep, MT2
expression in the SCN is high. Following the peak of melato-
nin synthesis and release into circulation (around 12–3 a.m.),
MT2 receptors in the SCN likely undergo rapid desensitization
due to melatonin exposure [102]. This desensitization process
probably occurs swiftly, potentially diminishing around 4 a.m.
and continuing into the later part of the sleep period. Con-
versely, longer periods of REM sleep typically occur later in
the night, possibly coinciding with increased function of MT1
receptors as MT2 receptors become desensitized. This theo-
retical framework, requiring empirical validation, could
potentially reconcile conflicting data concerning the function
of MT2 receptors in circadian rhythms. It implies their role in
facilitating NREM sleep and regulating the circadian patterns
of NREM sleep, as well as the transition from wakefulness to
NREM sleep.

7 | Advancing the Psychopharmacology of Sleep:
MT1 or MT2 Selectivity Versus Nonselectivity

We have already mentioned above that clinically, melatonin or
non‐selective MT1/MT2 agonists such as ramelteon or tasi-
melteon have demonstrated soporific effects, aiding individuals
in falling asleep faster rather than assisting in sustaining or
extending sleep throughout the night. These limitations in
efficacy cannot solely be attributed to pharmacokinetic issues,
such as low bioavailability and short half‐life, since the devel-
opment of extended‐release formulations of melatonin did not
lead to a significant breakthrough for the field and the treat-
ment of insomnia.

Over the past two decades, research from independent groups
has yielded novel knowledge shedding light on the role of
melatonin receptors in sleep regulation. These studies have
revealed the presence of MT1 and MT2 receptors in brain
regions that regulate various components of sleep (see Table 1),
extending beyond just the circadian regulation of sleep.
Importantly, the expression of these receptors varies by brain
region and neuronal population, with some areas expressing
both MT1 and MT2 receptors, while others express only one.
For example, MT2 receptors are found on GABAergic neurons
in the RT, whereas MT1 receptors are present on noradrenergic
neurons in the locus coeruleus. This translates in the fact that
activation of MT2 receptors seems to selectively promote NREM
sleep, while the selective activation of MT1 receptors seems,
conversely, to promote REM sleep. In a therapeutic perspective,
this is a very relevant finding, emphasizing the potential for
selective compounds, rather than non‐selective ones, to induce
meaningful changes in the sleep/wake cycle. Table 2 summa-
rizes the preclinical studies involving pharmacological or
genetic manipulation of melatonin receptors and their influence
on the different stages of the sleep/wake cycle.

The specific functions of MT1 and MT2 receptors have mainly
been elucidated at the preclinical level, and further confirma-
tion is necessary through clinical trials involving humans.
Nonetheless, both preclinical studies in nocturnal rodents and
clinical observations in diurnal humans are aligning in indi-
cating that the non‐selectivity of MT1/MT2 receptors induces
only minor effects on both REM and NREM sleep. Additionally,
the genetic deletion of both MT1 and MT2 receptors in mice has
minimal impact in the duration of NREM and REM sleep
during the 24‐h light/dark cycle [68].

Of interest, Labani et al. [103] recently reported that certain
plant extracts, particularly from Pistacia vera dried fruits,
potentially containing unknown allosteric modulators for
melatonin receptors, may enhance the activity of both en-
dogenous and exogenous melatonin. This modulation, pri-
marily affecting G protein‐mediated signaling of melatonin
receptors rather than β‐arrestin2 recruitment, may elucidate
the traditional medicinal efficacy of plants containing mela-
tonin in treating sleep disorders. Future research should ex-
plore whether these extracts, or more broadly allosteric
modulators for melatonin receptors, can augment the sleep‐
promoting properties of selective or nonselective melatonin
receptor ligands.

8 | A Novel Hypothetical Framework of
Melatonin System in Sleep Regulation

Melatonin is more than just a neurohormone with night peaks;
it's a complex system. This complexity encompasses various as-
pects, including the circadian plasma levels of melatonin, the
expression of different receptors like MT1, MT2 (and mt3), and
non‐receptor‐mediated functions such as acting as a free radical
scavenger and possessing broad‐spectrum antioxidant properties.

Furthermore, the melatonin system involves the regulation of
multiple enzymes that control its synthesis, both in normal
physiological conditions and in pathological states.
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To elucidate our novel framework on how the melatonin system
regulates sleep, we use the cortisol system as an illustrative
example due to its complexity and multifaceted role, while
recognizing that the melatonin and cortisol systems are distinct
and operate differently. Just as cortisol peaks in both diurnal
and nocturnal species early in the morning, the receptors for
cortisol—glucocorticoids and mineral corticoids—respond dis-
tinctively to cortisol in various organs. These receptors are
integral to the regulation of specific physiological functions and
exhibit differential responses in the context of various pathol-
ogies [104]. Notably, medications derived from cortisol, known
as glucocorticoids or corticosteroids, have been crucial in the
therapeutic management of numerous diseases.

Melatonin levels peak around the middle of the night/dark
phase in both diurnal and nocturnal animals. This peak lasts
longer when the animals are exposed to short‐light days (longer
nights) and is shorter during longer days (shorter nights) [105].
This evidence suggests that the peak of melatonin is not directly
a sleep inducer, but rather acts as a signal to synchronize the
body's internal clock, indicating whether it is daytime or
nighttime for diurnal or nocturnal animals, respectively. For
nocturnal animals, this peak signals the time to become active,
while for diurnal animals, it signifies that it is time to rest. In
essence, melatonin peaks serve as a pacemaker, helping to
regulate the timing of physiological processes in accordance
with the animal's typical activity pattern.

On the other hand, the expression, localization, and functional
properties of melatonin receptors may significantly influence
physiological responses to both endogenous and exogenous
melatonin. These receptors can also interact with other recep-
tors, such as through the formation of heteromers [106], thereby
contributing to the fine‐tuning of regulatory mechanisms and
modulating various biological processes in response to fluctu-
ating melatonin levels [1]. It is important to remember that
MT1 and MT2 receptors can be activated even when circulating
melatonin levels are in the low picomolar range, which is

physiologically occurring during the day/light phase [102], and
that there is sparce evidence indicating distinct variations in
melatonin receptors expression during different phases of
the day [64]. Overall, these findings imply that MT1 and MT2
receptors are involved in regulating various physiological
functions throughout the entire day, not just during the peak of
melatonin production occurring at night. The activation of
these receptors, and their subsequent effects, depend on several
factors, including mRNA expression levels, protein synthesis,
posttranslational modifications, and protein–protein interac-
tions, such as receptor dimerization, which are known to affect
receptor function [107]. Notably, this receptor system is
designed to interact with its ligand in a time‐dependent man-
ner, with signaling initiated only when both an activatable
receptor and its corresponding ligand are present simulta-
neously. This coordinated interaction allows the receptor to
trigger downstream signaling pathways, ultimately leading to
the expected functional biological responses.

Based on these assumptions, we can hypothesize that in hu-
mans, the MT2 receptor is predominantly active during the
initial phase of nighttime sleep, coinciding with the occurrence
of NREM sleep as observed in the human hypnogram. Con-
versely, the MT1 receptor might be more active late in the night
and early in the morning, corresponding to the time when REM
sleep episodes typically occur. This indicates a potential role for
each receptor subtype in orchestrating different stages of the
sleep/wake cycle.

Another intriguing aspect, which future studies will need to
investigate, is the possibility that once activated by melatonin,
MT1 and/or MT2 receptors may trigger signaling cascades that
continue to influence cellular and biological processes beyond
the initial activation period. This could contribute to the
apparent differences in the relationship between melatonin
levels and sleep in nocturnal versus diurnal animals and help
explain melatonin's complex role in sleep regulation beyond
merely circadian control. This “delayed” effect could be

TABLE 2 | Preclinical evidence summarizing the effects on the sleep/wake stages throughout the 24‐h light/dark cycle induced by manipulating

genetically or pharmacologically MT1, MT2, or both MT1 and MT2 receptors.

NREM sleep
duration

REM sleep
duration Wakefulness duration

MT1 receptors

Genetic knockdown (MT1KO mice) ø (4 s epochs)
↑ (10 s epochs)

↓ ø (4 s epochs)
↓ (10 s epochs)

Pharmacological activation (MT1 partial agonist
UCM871)

ø ↑ ø

MT2 receptors

Genetic knockdown (MT2KO mice) ↓ ø ↑

Pharmacological activation (MT2 partial agonists
UCM765 and UCM924)

↑ ø ↓

MT1+MT2 receptors

Genetic knockdown (MT1/MT2KO mice) ø ø ↑

Pharmacological activation (melatonin, ramelteon,
UCM793

ø ø ø

Abbreviations: ↓= decrease;↑= increase; ø = no change.
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mediated by interactions between melatonin signaling and
wakefulness‐promoting networks, leading to changes in the
neural circuits that regulate sleep. These interactions may cause
downstream effects that influence sleep architecture, including
the number of episodes and duration of NREM and REM sleep,
in the subsequent light phase, when melatonin is present at
very low levels. The difference in these intracellular signaling
delayed effects between nocturnal and diurnal animals could be
key to understanding species‐specific mechanisms of sleep
regulation and may have significant implications for developing
pharmacological agents that target melatonin pathways in hu-
mans. More research is needed to further explore the MT1 and
MT2 receptors molecular signaling.

9 | Conclusions

This review highlights the multifaceted role of the melatonin
system in sleep regulation. Melatonin is a complex system, and
understanding its impact on sleep requires considering not only
circulating levels of melatonin and its metabolites but also the
expression, localization and function of its receptors. Tradition-
ally recognized for its role in regulating the circadian aspects of
the sleep/wake cycle, emerging evidence suggests that melatonin,
through its MT1 and MT2 receptors, may also influence the
homeostatic process of sleep, known as Process S, as well as the
interaction between these two distinct processes or aspects more
closely related to sleep than circadian rhythms. Recent studies
from our group and others, discussed within this manuscript,
have demonstrated that melatonin receptors modulate sleep‐
related aspects in addition to their circadian functions. Impor-
tantly, although sleep and circadian rhythms are interconnected,
they are likely governed by distinct neuronal mechanisms, as
evidenced by the observation that their developmental timelines
are not always aligned [108]. By influencing neural circuits
involved in sleep/wake regulation, melatonin finely tunes both
the timing and quality of sleep. Specifically, through MT1 and
MT2 receptors, melatonin impacts not only the initiation and
consolidation of sleep but also the architecture of sleep stages.
Consequently, selectively targeting MT1 or MT2 receptors pres-
ents promising opportunities for pharmacological interventions
aimed at enhancing sleep quality and addressing sleep disorders
characterized by disruptions in sleep architecture, including
deficits in NREM and/or REM sleep. Although our under-
standing of the role of the melatonin system in sleep regulation is
still evolving, here, we offer a novel framework that integrates
melatonin's well‐established role in circadian rhythm modula-
tion with its potential influence on various aspects of sleep stages
and quality, and likely homeostatic aspects of sleep. Notably,
despite the peak of melatonin levels occurs during the dark phase
in both diurnal and nocturnal animals, they exhibit inverted
activity/rest patterns. Further research is necessary to clarify the
specific intracellular pathways and interactions through which
melatonin modulates sleep architecture and circadian rhythms
via MT1 and MT2 receptors. Additionally, developing more
selective agonists and antagonists for these receptors will be es-
sential for advancing our knowledge and refining therapeutic
approaches for sleep disorders. Finally, while the potential for the
melatonin system to modulate the homeostatic process of sleep is
intriguing, this concept requires further validation using stan-
dardized protocols including sleep restriction and deprivation.
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