m British Journal of Pharmacology (2018) 175 3200-3208 3200

Themed Section: Recent Developments in Research of Melatonin and its Potential Therapeutic Applications

REVIEW ARTICLE

Circadian modulation of neuroplasticity by
melatonin: a target in the treatment of
depression

Correspondence Dr Gloria Benitez-King, Laboratorio de Neurofarmacologia, Subdireccién de Investigaciones Clinicas, Instituto
Nacional de Psiquiatria Ramoén de la Fuente Muniz, Calzada México-Xochimilco 101, San Lorenzo Huipulco, Tlalpan, Ciudad de México
14370, Mexico. E-mail: bekin@imp.edu.mx

Received 3 July 2017; Revised 15 February 2018; Accepted 21 February 2018

Marcela Valdés-Tovar!*, Rosa Estrada-ReyesZ'*, Héctor Solis-Chagoyénl, Jests Arguetal,
Ana Maria Dorantes-Barrén?, Daniel Quero-Chavez!, Ricardo Cruz-Garduno!, Montserrat G Cercés®,
Citlali Trueta®, Julidn Oikawa-Sala', Margarita L Dubocovich® () and Gloria Benitez-King®

Laboratorio de Neurofarmacologia, Subdireccion de Investigaciones Clinicas, Instituto Nacional de Psiquiatria Ramon de la Fuente Muiiiz, Ciudad de
México, Mexico, 2Laboratorio de Fitofarmacologia, Direccion de Investigaciones en Neurociencias, Instituto Nacional de Psiquiatria Ramon de la
Fuente Muiiiz, Ciudad de México, Mexico, 3Departament0 de Neurofisiologia, Direccion de Investigaciones en Neurociencias, Instituto Nacional de
Psiquiatria Ramon de la Fuente Muiiiz, Ciudad de México, Mexico, and *Department of Pharmacology and Toxicology, Jacobs School of Medicine and
Biomedical Sciences, University at Buffalo (SUNY), Buffalo, NY 14214, USA

*These authors contributed equally to this work.

Mood disorders are a spectrum of neuropsychiatric disorders characterized by changes in the emotional state. In particular, major
depressive disorder is expected to have a worldwide prevalence of 20% in 2020, representing a huge socio-economic burden.
Currently used antidepressant drugs have poor efficacy with only 30% of the patients in remission after the first line of treatment.
Importantly, mood disorder patients present uncoupling of circadian rhythms. In this regard, melatonin (5-methoxy-N-
acetyltryptamine), an indolamine synthesized by the pineal gland during the night, contributes to synchronization of body
rhythms with the environmental light/dark cycle. In this review, we describe evidence supporting antidepressant-like actions of
melatonin related to the circadian modulation of neuroplastic changes in the hippocampus. We also present evidence for the role
of melatonin receptors and their signalling pathways underlying modulatory effects in neuroplasticity. Finally, we briefly discuss
the detrimental consequences of circadian disruption on neuroplasticity and mood disorders, due to the modern human lifestyle.
Together, data suggest that melatonin’s stimulation of neurogenesis and neuronal differentiation is beneficial to patients with
mood disorders.
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Introduction

According to the latest version of the Diagnostic and Statisti-
cal Manual of Mental Disorders from the American Psychiat-
ric Association (DSM-5, 2013), mood disorders are defined as
a spectrum of neuropsychiatric disorders characterized by
disturbances in the emotional state such as prolonged and
persistent periods of extreme sadness or extreme happiness.
They comprise bipolar disorder, anxiety disorder, seasonal
affective disorder, as well as minor, mild and major depres-
sion disorder (MDD). Depression is characterized by the loss
of interest and pleasure (anhedonia), the lack of energy
(anergia), loss of appetite and alterations in sleep patterns
that decrease the patients’ occupational and social function-
ing. The aetiology of MDD is multifactorial with genetic,
environmental and neuroendocrine factors, all participating
in its development.

One important feature of mood disorders is the uncoup-
ling of circadian rhythms. Patients with seasonal affective
disorder, MDD and bipolar disorder show a misalignment in
the sleep/wake cycle. Also, core body temperature, appetite
and hormonal release cycles are altered, including advance
of melatonin secretion onset in some patients and blunted
rhythms of clock genes expression in the brain (Beck-Friis
et al., 1985; Souétre et al., 1989; Landgraf et al., 2014).
Importantly, both low melatonin doses and bright light
exposure entrain the sleep-wake cycle and increase the
amplitude of the melatonin secretion peak at night (Emens
and Burgess, 2015). Many different strategies aimed at
counteracting circadian misalignment have been beneficial
for the clinical management of mood disorders.

In mammals, the circadian system regulates the timing of
physiological and behavioural processes. The hypothalamic
biological clock, the suprachiasmatic nucleus (SCN), is
considered the master pacemaker. The SCN is synchronized
by environmental cues, such as the light/dark cycle, and
regulates the circadian rhythm of melatonin synthesis by
the pineal gland. Pineal melatonin synthesized during the
dark phase is released into the CSF of the third ventricle from
which it diffuses to different regions of the brain to signal the
environmental photoperiodic changes. Cellular circadian
oscillators that control physiological functions might in turn
be regulated by melatonin (see Hardeland, 2013).

Melatonin modulates circadian rhythms through signal-
ling pathways coupled to the melatonin receptors, MT; and
MT, (Hardeland, 2013; Liu et al., 2017). Activation of the
MT, receptor phase advances the circadian rhythm of
neuronal firing in SCN slices (Hunt et al., 2001), although a
role for the MT; receptor cannot be excluded (Liu et al.,
1997). The MT; receptor appears to be involved in
melatonin-mediated phase advances of circadian rhythms
in the mouse in vivo (Dubocovich et al., 2005). Both the MT;
and MT, receptors are involved in mediating anhedonic-
and anxiety-like behaviours (Liu et al., 2017). Recently,
melatonin was reported to increase the expression of the
clock genes Perl and Per2, which play a critical role in
circadian clock resetting (Kandalepas et al., 2016).

In MDD patients, plasma levels of melatonin are
decreased. This is related in part to a persistent brain
inflammatory response mediated by the infiltration of im-
mune cells through the blood brain barrier and increased
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levels of soluble pro-inflammatory proteins (Anderson,
2017). Decreased levels of melatonin can also be related to
a gene variant that codifies for N-acetylserotonin O-
methyltransferase, a key enzyme in the melatonin biosynthe-
sis that has low mRNA expression and low activity in bipolar
disorder (Etain ef al., 2011). In addition, patients with either
MDD or bipolar disorder may have lower responses to melato-
nin due to a single nucleotide polymorphism located near the
MTNRI1A gene for the MT; receptor (Demirkan et al., 2016).

Another important feature in patients with MDD is a
decrease in cognitive functions associated with a reduction
in hippocampal volume (Drevets et al., 2008). Hippocampal
atrophy implies an overall impairment of neuroplastic
processes, which in preclinical studies can be modulated by
melatonin. Additionally, in MDD, little attention has been
paid to alterations in neuroplasticity due to photoperiod
changes, which are environmental cues that entrain circa-
dian rhythms. Therefore, this review focuses on evidence
supporting the antidepressant effects of melatonin in
relation to the light/dark cycle, and its modulatory role in
hippocampal neuroplasticity.

The neurotrophic and glutamatergic
hypotheses in the aetiology of major
depression: importance for
neuroplasticity

In 2000, the neurotrophic hypothesis of MDD was put
forward, in place of the monoaminergic hypothesis and
highlighting the importance of hippocampal neuroplasticity
for the treatment of this disorder. This hypothesis
postulates that hippocampal neurogenesis is impaired in
depression due to decreased amounts of neurotrophins such
as brain-derived neurotrophic factor (BDNF), causing
a decrease in neuronal survival and alterations in the
neuronal connections. In support of this hypothesis, a reduc-
tion in the hippocampal volume has been observed in
patients with MDD together with decreased levels of BDNF.
Also, chronic administration of antidepressants increases
BDNF expression in the prefrontal cortex and hippocampus.
Importantly, the selective serotonin reuptake inhibitors
(SSRIs) besides their antidepressant effects, also stimulate
neuroplasticity (Castren and Rantamaki, 2010).

Recent evidence showed that the glutamatergic system is
also involved in the aetiology of MDD disease and that
NMDA receptor antagonists used as antidepressants en-
hance neurogenesis in the prefrontal cortex and the hippo-
campus in rodents (Hillhouse and Porter, 2015). High levels
of glutamate both in plasma and in CNS structures
have been described in MDD patients (Hashimoto, 2009).
High concentrations of glutamate in the CNS induce
receptor hyperactivation, particularly of the ionotropic
NMDA receptors which increase intracellular Ca**, leading
to neuronal excitotoxicity and cellular death. Also,
glutamate inhibits BDNF signalling and, as a consequence,
neurogenesis. Melatonin exerts neuroprotective actions by
counteracting the NMDA-mediated excitotoxic effects of
glutamate, including the impaired BDNF signalling and cell
death (Bavithra et al., 2015). Exogenous melatonin can
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differentially modulate glutamate release in CNS structures
in rodents (Evely et al., 2016), suggesting it might balance
the disruption in the glutamatergic system in patients with
mood disorders. Together, these data suggest that melatonin
may increase neuroplasticity in the CNS acting on the gluta-
matergic system.

Antidepressant-like actions of
melatonin in animal preclinical studies
and clinical studies in humans

Behavioural tests in animals have been a useful tool to study
antidepressant effects of drugs and their biochemical
mechanisms. Agomelatine, an agonist at MT; and MT,
receptors, was the first melatonin receptor ligand showing
antidepressant-like activity in animal drug screening tests
(Overstreet et al., 1998). Soon it was discovered that its
mechanism of antidepressant action also involved blockade
of 5-HT,¢ receptors, with efficacy as a modulator of the
monoaminergic system including enhancement of dopami-
nergic neurotransmission (Chenu ef al., 2013). In fact, the
discovery that agomelatine had antidepressant effects in
humans prompted preclinical research to validate the
melatonin antidepressant effects.

The antidepressant-like effects of melatonin were
demonstrated with the forced swimming test (FST), which is
considered the gold standard of the antidepressant drug
screening tests. Also, the tail suspension test (TST) and the
chronic mild stress (CMS) test have provided evidence for
the antidepressant-like actions of melatonin. Both FST and
TST are learned helplessness paradigms where animals are
exposed to unpredictable and uncontrollable stress, subse-
quently developing coping deficits for aversive but escapable
situations. In male Swiss mice maintained under a 12:12 h
light/dark cycle, the immobility time in the TST was reduced
by the acute administration of melatonin (Mantovani et al.,
2003). This effect appears to be mediated through an
interaction with NMDA receptors and the L-arginine-NO
pathway. In contrast, acute administration of melatonin
(2.5-10 mgkg™") failed to induce an antidepressant-like
effect in mice subjected to the FST for the first time. However,
daily administration of melatonin prior to the swimming test
significantly reduced the immobility time in the FST
(Raghavendra et al., 2000). On the other hand, CMS
paradigms are based on the fact that chronic stress contrib-
utes to trigger depression in humans in a similar way that
exposure to unpredictable stressors elicits altered behaviours
in rodents that could be counteracted with antidepressant
drugs. Moreover, these paradigms induce high basal cortico-
sterone levels, which are reversed by imipramine and mel-
atonin (Detanico et al., 2009).

The antidepressant actions of melatonin have been re-
lated to the activation of melatonin receptors. The adminis-
tration of the non-selective and competitive MT;/MT,
receptor antagonist luzindole to wild-type mice reversed
melatonin’s antidepressant-like activity in the FST (Micale
et al., 2006). In contrast, mice lacking MT; receptors display
increased behavioural despair in the FST when compared
with wild-type mice (Weil et al., 2006). Also, several studies
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suggest a hypofunction of the GABAergic system in depres-
sion and therefore administration of GABA agonists should
produce antidepressant effects. In this regard, melatonin has
been shown to increase the number of GABA , receptors in
rat brain suggesting this up-regulation may contribute to its
antidepressant-like action.

In summary, there is sound evidence for the anti-stress and
antidepressant-like actions of melatonin, suggesting its
interaction with several neurotransmitter systems, including
the GABAergic, serotoninergic (Micale et al., 2006), glutamater-
gic and nitrergic systems (Mantovani et al., 2003), as well as the
modulation of the hypothalamic—pituitary-adrenal axis
(Detanico et al., 2009).

Current clinical studies do not allow clear conclusions re-
garding melatonin effects as an antidepressant in humans.
Most research has used melatonin in humans to alleviate
sleep disorders associated with depressed mood (Serfaty
et al., 2010). However, patients participating in these clinical
trials involve diverse psychiatric diagnoses making compari-
sons and evaluation of melatonin effectiveness as antidepres-
sant in humans difficult (De Crescenzo et al., 2017). A few
clinical studies using better controlled variables and a larger
number of patients support the use of melatonin to alleviate
the symptoms associated with mood disorders (Beck-Friis
et al., 1985; Garzon et al., 2009; Madsen et al., 2017). How-
ever, carefully controlled and double-blind studies are needed
to fully understand the effectiveness of melatonin in mood
disorders either alone or as co-adjuvant to improve mood.

The hippocampus: a neuroplastic brain
structure as a target for melatonin
antidepressant-like actions

The human limbic system appears to be the main brain area
affected in mood disorders (Figure 1). Brain imaging studies
show structural abnormalities including decreased volumet-
ric size in the prefrontal cortex and the hippocampus in these
patients. The hippocampus is the major site of action for typ-
ical and atypical antidepressants and the structure where
cognitive functions such as memory and learning are inte-
grated (Drevets et al., 2008). At the cellular level, structural
hippocampal alterations are associated with the loss of
subicular dendrites and their arborizations, and diminished
neurogenesis in the dentate gyrus. At the behavioural level,
the alterations in the hippocampal formation are associated
with decreased adaptive responses manifested as a poor social
integration and deficits in cognition and memory (Treadway
etal., 2015).

Preclinical evidence has shown that the hippocampus is a
main target for melatonin actions (Figure 1), protecting this
structure from damage caused by oxidative stress or
ischaemia. Also, it promotes dendrite ramifications in cortical
pyramidal neurons in rats exposed to toluene (Pascual and
Bustamante, 2010) and prevents the loss of neurons in the
cornus ammonis (CA)1 and CA3 hippocampal regions in
pinealectomized rats (De Butte and Pappas, 2007).

Neuroplasticity is a complex process by which the
neurons form intricate networks. It includes the formation
of new neurons (neurogenesis), their differentiation
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Figure 1

Potential targets for melatonin antidepressant actions. The prefrontal cortex, the amygdala and the hippocampus are altered in mood disorders.
In rodents, these brain structures are targets for melatonin actions. In upper panel, schemes of the brain of depressive subjects show that the
volume of the hippocampus (red arrows) is decreased and the lateral ventricles (red arrowheads) are enlarged in comparison with healthy
subjects. Left lower panel shows the hilar zone of the rat hippocampus (H, dotted square), and the trisynaptic circuitry formed by the subiculum
(Sub), the dentate gyrus (DG), and the CA1, CA2 and CA3 regions (Nissl stain). Amplifications of the hilar zone of hippocampal organotypic slices
incubated for 6 h with the vehicle (VEH) or 107 M melatonin (MEL) are shown in the lower middle and right panels. Dendrites were
immunodetected with a MAP2 antibody followed by a secondary antibody coupled to biotin-avidin-peroxidase. The anti-MAP2 antibody stains
the soma and the dendrites. Also, melatonin prevents apoptosis (manuscript in preparation). Therefore, hippocampal slices incubated with
melatonin showed an increased number of immunopositive cells. Scale bar: 100 um (Dominguez-Alonso et al., 2012).

(axogenesis and dendritogenesis) and the establishment of
proper connectivity into neural circuits (synaptogenesis)
allowing the survival and the good adaptation of the
organism to the environment. In rodents, melatonin stimu-
lates all stages of neuroplasticity. In particular, the
indolamine stimulates neurogenesis in the dentate gyrus in
pinealectomized rats (Rennie ef al., 2009) and increases
neuronal survival in CS57BL/6 mice (Ramirez-Rodriguez
et al., 2009). Also, wheel running activity in combination
with melatonin treatment stimulates neurogenesis in adult
C3H/Hen mice (Liu et al., 2013). Additionally, exogenous
melatonin administration may elicit neurogenesis in sleep-
deprived mice.

Melatonin is also known to stimulate dendritogenesis and
synaptogenesis in the hippocampus. These processes are
disrupted by chronic psychosocial stress as well as in depres-
sion (Kendler et al., 1999) and can be reversed by antidepres-
sants. In this regard, in newly formed neurons in the
dentate gyrus and in differentiated hilar neurons in cultured
hippocampal organotypic slices, melatonin enhanced den-
drite formation and the number of synapses after 6 h of incu-
bation (Dominguez-Alonso et al., 2012) (Figure 1). Moreover,
melatonin increased axonal formation in cultured rat hippo-
campal neurons (Liu ef al., 2015), and recently, we reported
that melatonin enhances both axonal and synapse formation
as well as extrasynaptic secretion in human olfactory neuro-
nal precursors. Together, this evidence indicates that melato-
nin induces neuroplastic changes in the hippocampus.

The mechanism(s) by which melatonin modulates
neuroplastic responses in the hippocampus involves

activation of melatonin receptors that have been localized
in the dentate gyrus, CA3 and CA1 regions as well as in the
subiculum. Activation of MT; and MT, receptors modulates
cell proliferation in the subgranular zone of the dentate
gyrus (Fredrich et al., 2017). The involvement of MT; and
MT, receptors in axonal formation in human olfactory
neuronal precursors and in dendrite formation in orga-
notypic hippocampal slices was recently reported by our
group. In addition, melatonin induced dendrite formation
by increasing calmodulin (CaM) availability and through
the activation of CaM-Kinase II, PKC and ERK1/2
(Dominguez-Alonso et al., 2015). Relevant for neuroplasticity
is the AKt/GSK-3B/CRMP-2 cascade that is involved in
axogenesis and can be triggered by melatonin (Liu et al.,
2015). Importantly, melatonin has neuroprotective effects
mediated by its antioxidant action as a free radical scavenger.
In this regard, many in vivo and in vitro bioassays have been
used to increase the oxidative status of brain tissues and to
test the antioxidant protective effects of melatonin.

It is important to mention that, in addition to improving
neuroplasticity in the hippocampus, melatonin attenuates
the cognitive and memory deficiencies caused by sleep
deprivation and ischaemia reperfusion (Zhang et al., 2013).
Also, melatonin receptors are involved in modulating mood
behaviour. Thus, genetic deletion of the MT, receptor but
not the MT; receptor in C3H/HeN mice induced anhedonic
behaviour and decreased social interaction while increasing
anxiety-like behaviours (Liu et al., 2017). Conversely, this
genetic deletion blocked the antidepressant effects induced
by the competitive MT;/MT, receptor antagonist luzindole
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(Sumaya et al., 2005). Further research is needed to fully un-
derstand the underlying mechanisms by which melatonin
modulates behaviour.

Neuroplasticity shows a circadian
rhythm: modulatory role of melatonin

The antidepressant effect of bright light in patients with
seasonal affective disorder supports the importance of
circadian rhythm entrainment in the treatment of MDD
(Golden et al., 2005). Preclinical studies have shown that
neuroplastic changes in the adult brain follow a circadian
rhythm and are also influenced by the light/dark cycle. In
most cases, the maximum amplitude of neuroplastic thythms
is observed during the dark phase of the light/dark cycle,
regardless of the activity pattern of the species under study.
In the subgranular zone of the murine adult hippocampus,
proliferation of immature neurons is increased at the middle
of the dark phase (Zeitgeber Time 18: ZT18) coincident with
the maximum amplitude of melatonin secretion. Neuronal
apoptosis has an anti-phase relationship with proliferation,
having a peak at the middle of the light phase (ZT6) when
melatonin levels are low. These rhythmic patterns were
present only in mice with functional melatonin MT; and
MT, receptors (Fredrich et al.,, 2017). Interestingly, in
zebrafish, which is a diurnal-active vertebrate, and in mice
who are nocturnal-active, the different stages of the cell cycle
in neurogenic niches display a circadian pattern that reaches
its maximum levels during the dark phase (Bouchard-
Cannon et al.,, 2013; Akle et al., 2017). These patterns
correlate with the expression of clock genes Clock1 and Perl
in zebrafish (Akle et al., 2017), and with Per2 and Bmall in
mice (Bouchard-Cannon et al., 2013). It is well known that
cell proliferation is under the control of clock genes in most
mammalian cells, and melatonin can modulate clock pro-
teins at the level of gene expression (Imbesi ef al., 2009).
Moreover, melatonin might regulate the half-life of clock
proteins by timing their degradation in the proteasome.

Neuroplastic changes in dendrites also display a circa-
dian rhythm. A temporal analysis of hippocampal dendritic
structure in Siberian hamsters revealed photoperiod length-
dependent changes that occur during the dark phase of the
cycle and were more significant in basilar dendrites of CA1
pyramidal neurons. During short days (8 h L : 16 h D),
the number of branch points significantly increases, indi-
cating a more complex dendritic tree, while during long
days (16 h L : 8 h D), there is an increase in dendrite
length. Exogenous melatonin administration in the late
hours of the light phase induces the nocturnal dendritic
morphology in CAl neurons within 4 h. These changes
occur together with an increase in the expression of clock
genes Perl and Bmall in the hippocampus (Ikeno and
Nelson, 2015). Either in short or long photoperiod
schemes, the duration of endogenous melatonin secretion
peak would be proportional to the length of the dark
phase, providing seasonal information to the organism.
Whether the differential effects observed in dendrite
morphology are modulated by a shorter or longer exposure
to endogenous melatonin would be very interesting to
find out.
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Circadian rhythms in synaptic plasticity have been
studied by both structural and electrophysiological ap-
proaches. The former showed a circadian pattern reaching
a maximum number or size of hippocampal dendritic
spines during the dark phase in mice (Ikeda et al., 2015).
However, studies in Siberian hamsters indicate a decrease
in dendritic spine density during the dark phase in the den-
tate gyrus (Ikeno and Nelson, 2015). Electrophysiological
studies have shown that hippocampal LTP, which is indic-
ative of synaptic strength, was greater in magnitude and
had an increased stability in slices obtained from mice
killed during the dark phase (Chaudhury et al., 2005). This
pattern persisted even in constant darkness conditions or in
slices obtained at daytime and LTP-induction assessed at
night-time, suggesting an endogenous rhythm in synaptic
plasticity that could be maintained ex vivo in a brain slice.
Melatonin exerts an inhibitory effect on hippocampal
induced-LTP, over a wide range of concentrations (1 nM
to 100 uM) (Wang et al., 2005). It is important to mention
that these experiments (i.e. hippocampal slices preparation
and electrophysiological recordings) were completed during
the light phase of the cycle. Thus, interpretation of results
is difficult in the context of the possible role of endogenous
melatonin in modulating the circadian synaptic plasticity.
In summary, the data suggest that hippocampal neurop-
lasticity is under the influence of the light/dark cycle and
melatonin modulation.

Chronodisruption

The light/dark cycle is the most predictable of the environ-
mental cycles and constitutes the strongest Zeitgeber indi-
cating external time for synchronization of circadian
rhythms. The lifestyle of modern humans demands that
activity is no longer restricted to the natural cycle of
illumination. Instead, most of the world’s populations
nowadays are exposed to non-natural conditions of light
at night (LAN), disrupting circadian rhythms including
the nocturnal synthesis and secretion of melatonin (Navara
and Nelson, 2007). Other important Zeitgeber systems, such
as food intake and social activity, are also affected in our
24/7 society. Detrimental consequences for human health
associated with misalignment or disruption between
external time cues and endogenous rhythms have become
a matter of scientific concern in recent years. In this sense,
the term chronodisruption was coined to define ‘a relevant
disturbance of the circadian organization of physiology,
endocrinology, metabolism and behavior’ (Erren and
Reiter, 2013).

Chronodisruption has been associated with an increased
number of pathologies including mood disorders (Bedrosian
and Nelson, 2017). In animal paradigms of chronodis-
ruption, that is, exposure to constant light (LL) or dim-LAN,
both behaviour and hippocampal neuroplasticity are altered.
In mice, LL exposure leads to impaired hippocampal
neurogenesis and defective cognitive performance (Fujioka
et al., 2011), as well as an increase in behavioural despair in
the FST (Fonken et al., 2009). Rats subjected to chronic LL-
exposure displayed both anhedonic- and anxiety-like
behaviours and altered patterns of cellular activation in the



SCN (Tapia-Osorio et al., 2013). A similar effect was found in
dim-LAN-exposed mice (Fonken and Nelson, 2013) and
hamsters that presented increased immobility time in the
FST and diminished preference to sucrose solution. These
altered behaviours correlated with reduced dendritic spine
density in hippocampal CA1 neurons and with decreased
BDNF gene expression in the hippocampus, relative to
animals exposed to a standard light/dark cycle. Interest-
ingly, the biochemical, morphological and behavioural
alterations caused by a chronic 4-week dim-LAN exposure
were reversible after a 2-week exposure to the regular
light/dark cycle (Bedrosian ef al., 2013). Similar alterations
induced by dim-LAN exposure have been observed in
diurnal-active rodent species.

Increased helplessness, behavioural despair and anxiety-
like behaviour were observed after knocking down the
expression of clock genes at the SCN in mice (Landgraf
et al., 2016). Also, it has been recognized that when the SCN
is affected, the rhythm of melatonin release is perturbed
(Bonmati-Carrion et al., 2014), which might imply impair-
ment of the oscillatory functions modulated by them. In this
regard, dysfunction in hippocampal glutamate signalling and
in brain plasticity mechanisms might be produced in the
offspring as a consequence of gestational disruption of circa-
dian rhythms by constant illumination.

Together, the evidence suggests that the light/dark cycle
and melatonin are two important factors that influence
neuroplastic changes in the hippocampus and mood
(Figure 2). The increased number of nocturnal workers and
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the use of electronic devices lead to inappropriate exposure
to light during the night with detrimental effects in health.
Therefore, it is important to generate public health strategies
for light hygiene, that is, a ‘circadian healthy light exposure’
(Bonmati-Carrion et al., 2014). From our point of view, a
thorough re-evaluation of the potential of melatonin chrono-
therapy as an alternative for depressive patients, given alone
or in combination with current antidepressant treatments,
is worthwhile and needs to be undertaken.

In summary, neuroplasticity is an important process that
follows a circadian rhythm for maintaining appropriate
mental health. The hippocampus is one of the most
affected structures in mood disorders and an important tar-
get of the modulatory effects of melatonin. Administration
of exogenous melatonin prevents neuronal damage and
may stabilize circadian rhythms of neuroplasticity. The
preclinical evidence indicates that melatonin augmented
the neuroplastic changes in the hippocampus. However, it
is necessary to demonstrate its effectiveness in the treat-
ment of depressive patients to obtain translational evi-
dence. Therefore, MRI studies in healthy subjects and in
patients with mood disorders are necessary to know if
reduced densities and sizes of neurons and reduced hippo-
campal volumes in depressive patients could be reversed
by melatonin administration. Also, it is necessary to know
by clinical studies if melatonin co-administered with
conventional antidepressant treatments causes the reversal
of symptoms and of the abnormalities in the hippocampal
volume.

Chronodisruption
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Figure 2

Chronodisruption in neuroplasticity processes related to mood disorders. Our modern society is subjected to artificial light at night (LAN) among
other conditions that cause an overall disruption of circadian rhythms. The horizontal bars indicate the phases of the environmental light/dark
cycle (light: white bar; dark: black bar). The upper panel represents the serum melatonin concentration, which would reach its higher amplitude
during the dark phase. The white arrow indicates chronodisruption by exposure to LAN that inhibits melatonin synthesis and secretion and thus
the rhythm of its circulating levels is blunted. In preclinical studies, this condition causes detrimental effects in neuroplasticity processes such as
neurogenesis, dendritogenesis and synaptogenesis (represented in lower panels), which have been related to the aetiology of mood disorders

and their increasing prevalence in the last decades.
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Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetophar-
macology.org, the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b).
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