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Abstract: Sleep deprivation (SD) has been shown to induce anxiety-like behavior. Melatonin, an endogenous potent
antioxidant, protects neurons from oxidative stress in many disease models. Here we investigated the effect of
melatonin against SD-induced anxiety-like behavior and attempted to define the possible mechanisms involved.
SD was induced in rats using modified multiple platform model. Melatonin (15 mg/kg) was administered to the
rats via intraperitoneal injection. The elevated plus maze test, open field test and light-dark exploration were used
to evaluate anxiety-like behavior. Serum corticosterone was measured to determine stress level. Malondialdehyde
(MDA) level and superoxide dismutase (SOD) enzyme activity of amygdala and serum were performed to determine
the level of oxidative stress. Levels of protein were detected by means of Western blot. The results showed that
SD induces anxiety-like behavior, while melatonin treatment prevented these changes. Serum corticosterone also
increased with SD but its levels were normalized by melatonin. In addition, melatonin reversed SD-induced changes
in MDA and SOD in both of amygdala and serum. The results of Western blot showed that melatonin attenuated
the up-regulation of NR2B-containing N-methyl-D-aspartate receptors, GIuR1 subunit of the alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor as well as phosphorylation of GIuR1 at Ser831, and Ca?*/calmodulin-
dependent protein kinase ll-alpha in SD rats. Meanwhile, melatonin blocked the down-regulation of y-aminobutyric
acid A-alpha-2 receptor. In conclusion, our results suggest that melatonin prevents anxiety-like behavior induced
by SD. The possible mechanism may be attributed to its ability to reduce oxidative stress and maintain balance
between GABAergic and glutamatergic transmission.
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Introduction

It is well established that sleep plays a vital role
in normal body function especially central ner-
vous system restoration and memory consoli-
dation [1]. According to national sleep founda-
tion, 7-8 h sleep is essential for maintenance of
good health. However, the normal sleep time
everyday has been decreased by 1.5 h and this
decrement in sleep time seems to continue to
rise [2]. In the United States, at least 100 mil-
lion people are suffering from sleep related dis-
orders [3]. It is generally accepted that sleep
deprivation (SD) is associated with pathological

anxiety-like behavior in human beings [4, 5],
but mechanistic basis for this relationship re-
mains poorly understood.

Recent studies show that anxiety-like behavior
of rats is direct pharmacological induced by oxi-
dative stress [6-8]. Several theories suggest
that SD causes oxidative stress which is com-
monly described as an imbalance between the
reactive oxygen species (ROS) generated and
clearance by the endogenous antioxidant de-
fense system [9, 10]. In addition, hyperexcita-
tion due to enhanced excitatory transmission or
reduced inhibitory transmission can promote
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anxiety-like behavior [11]. y-aminobutyric acid
(GABA) is the primary inhibitory neurotrans-
mitter in the adult mammalian brain, including
the amygdala [11]. GABA release is important
in maintaining inhibitory tone, which also plays
an important role in anxiety [12]. GABA, recep-
tors, a family of ligand-gated chloride ion chan-
nels, mediate the effect of GABA in anxiety-
related behavior [13, 14]. Moreover, glutamate
mediates activity dependent processes criti-
cal to the mature brain as the major excitatory
neurotransmitter. Perturbation of the N-meth-
yl-D-aspartate (NMDA) subtype of glutamate
receptor is known to produce impairments in
anxiety.

Melatonin (N-acetyl-5-methoxy-tryptamine), a
chief secretory product of pineal gland [15], is
best known for its antioxidant activities and
free radical scavenging ability [16, 17]. Several
studies reported that the GABAergic mecha-
nism is involved in the hypnotic action of mela-
tonin [15, 18]. Melatonin increases concentra-
tion of GABA in the hypothalamus [19], aug-
ments GABA turnover in several brain regions,
increases GABA-induced chloride influx in the
hypothalamus [20], potentiates GABA, receptor
mediated current [21] and causes an enhance-
ment of [3H] GABA binding [22]. Electrophysio-
logical experiments in anaesthetized animals
show that melatonin exhibits GABA-like effects
[23].

The amygdala is a key circuit for processing
neuronal inputs from other parts of the brain,
initiating output signals to responding nuclei
and generating various physiological respons-
es related to anxiety [24, 25]. In this study,
we investigated the hypothesis that melatonin
supplementation prevents SD-induced anxiety-
like behavior through anti-oxidative stress pro-
perties and maintaining the balance between
GABAergic and glutamatergic transmission in
amygdala.

Materials and methods
Animals and melatonin treatment

Animal care was in accordance with the princi-
ples of medical laboratory animal care issued
by the national ministry of health. All experi-
mental procedures were performed under the
guidelines of the national ordinances on experi-
mental animals for the ethical use of animals.
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Adult Sprague-Dawley rats (n = 32, weighing
200-240 g) obtained from the laboratory ani-
mal center of the Fourth Military Medical
University were used in this study. They were
housed 4 rats to a plexiglas cage in a climate-
controlled room (22-24°C) on a 12/12-h light-
dark schedule (lights on at 7 AM) with a free
access to food and water. All rats were allow-
ed to acclimate for 1 week before starting
the experiments. Four groups were designated:
control group (CG), wide platform group (WPG),
sleep deprivation group (SDG) and melatonin
group (MTG). Melatonin was dissolved in a
small amount of ethanol and diluted with sa-
line to give a final concentration of ethanol
less than 5%. Rats in MTG were given to in-
traperitoneal injection of melatonin at a dose
of 15 mg/kg/day (body weight) between 7:00-
8:00. The melatonin does used in this study
was chosen on the basis of previously pub-
lished experiment [26]. The other groups of rats
received the same volume of saline intraperi-
toneal injection at the same time. All experi-
ments were carried out between 08:00-17:00.

Sleep deprivation

Rats in SDG and MTG were sleep deprived
for a 72 h period using the columns-in-water
model (modified multiple platform) as describ-
ed previously [27]. Sleep consists of two main
stages non-rapid eye movement (REM) and
REM sleep. This method is reported to inter-
fere with both non-REM and REM sleep, but
mainly affect REM sleep. Four rats from the
same cage were placed in a large aquarium.
The aquarium contained 20 columns (platform
diameter: 5 cm, with platform 2 cm above the
water level), spaced 7 cm apart (edge to edge).
The platforms arranged in two rows and rats
could move from one platform to another. Food
and water were provided ad libitum. Rats were
woken up once fall asleep as a result of loss
of muscle tone. In addition, to test the effect of
stress of the environment, wide platforms (16
cm in diameter) were used in rats of WPG on
which rats could sleep without falling into the
water and stay for 72 h. Rats in WPG were used
in anxiety behavior test and blood test only
[28]. Rats in CG were given to no treatment.

Measurement of anxiety behavior

The rats were gently dried with cotton towels
after SD and promptly moved to the area of the
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room where anxiety test equipment is located
and left to air dry for an hour before the anxiety
tests commenced. During this time the rats did
not sleep but were observed to be engaged in
self-cleaning/grooming.

Elevated plus maze test

Elevated plus maze (EPM) was used to evaluate
the influence of sleep deprivation on the anxi-
ety behavior in rats as described previously
[29]. It was made of two open arms (35 x 5
cm?) perpendicular to two closed arms of the
same size with a small central square (5 x 5
cm?) between arms. The maze was elevated 50
cm from the floor in a dim room. Each rat was
placed at the center of elevated plus maze with
head facing toward the open arm and 5 min
free exploration of rats was recorded by a video
camera. The total number of entries into the
open arm and closed arm, open arm time and
closed arm time during the test were evalu-
ated and presented. After each behavior test,
the apparatus was cleaned with 70% ethanol,
wiped with hand towels and allowed to air dry
in between animals.

Open field test

The open field test box was a 100 x 100 x 30
cm wooden box used to study the cognitive and
emotional reaction by observing the behaviors
of animals as described previously [30]. The
box was placed in an airtight room with adjust-
able light intensity of illuminating apparatus.
A camera was used to record the path of rats
over the box, from which experimental data
and image information can be transmitted into
computer. During the test, rats were allowed to
move freely and to explore the environment
around the open field test box for 5 minutes.
The box was cleaned with dilute sulphuric acid
solution after every test to avoid the left-over
effects. Total movement distance (TMD, total
running journey of a rat among 5 min in the
test) and distance to the center (DTC, average
distance of rat movements from the central
point) were used as anxiety-like behavior [31].

Light-dark exploration

The rats were subjected to light-dark explora-
tion test. Rodents were nocturnal and preferr-
ed darker areas, and a decrease in the explor-
atory activity in a lighted area was believed to
be indicative of increased anxiety-like behavior
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[32, 33] and the time spent in the light was con-
sidered as a measure of anxiety-like behavior.
The light-dark box consisted of a light compart-
ment (27 x 27 x 27 cm) and a dark compart-
ment (black colored surrounding walls and
floor, 27 x 18 x 27 cm) separated by a partition
with a single opening (7 x 7 cm) for passage
from one compartment to the other as previ-
ously described. The apparatus was situated
within a screen enclosed area of the behavior
core facility room with only one experimenter/
observer present in the room at the time of
experiment under standard lighting conditions
of approximately 700 Ix as previously describ-
ed. Time was recorded by manual scoring as
previously described. The total time spent in
the illuminated part was recorded for 5 min by
an observer blinded to treatment as describ-
ed [32, 33]. A rat was defined to have enter-
ed the light or dark box when both front paws
and shoulders were inside the respective com-
partment.

Serum corticosterone and oxidative stress
measurement

Animals were anesthetized with CO, and two
2 ml blood samples were taken by thoracoto-
my from heart: one was mixed well by centrifu-
gation at 3000 r/min for 10 min and kept at
4°C, which was ready for detecting superoxi-
de dismutase (SOD) activity and malondialde-
hyde (MDA) level; the other was added with
EDTA and retardant peptidase for separation
of plasma and kept at -80°C in a refrigerator,
which was ready for detecting corticosterone.
Samples were blindly analyzed using an EIA
based kit specific for rats (DRG International
Inc., USA).

Estimation of amygdala oxidative stress

Animals were sacrificed after blood samples
were taken. The amygdala was separated on
an ice-cold surface. Tissue homogenates were
prepared as described [34]. 10% wet weight
per volume amygdala tissue was prepared
to determine the oxidative stress. The SOD en-
zyme activity was determined colorimetrical-
ly according to the kit manufacturer’s instruc-
tion (Jiancheng Biological Engineering Resear-
ch Institute, Nanjing, China). Quantitative mea-
surement of MDA was performed by assay kits
(Jiancheng Biological Engineering Research In-
stitute, Nanjing, China) according to the manu-
facturer’s protocol.
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Figure 1. Effect of melatonin and/or sleep deprivation on anxiety-like behavior (elevated plus maze test) of rats (n
= 8, mean * S.E.). 2P > 0.05 vs. control group (CG); °P < 0.05 vs. CG; °P < 0.05 vs. sleep deprivation group (SDG).

Western blot analysis

The Western blot analysis was performed as
described previously [35]. Briefly, tissue sam-
ples from the amygdala were removed from
brain under an anatomical microscope at the
end of treatment, and total protein was extra-
cted by using RIPA lysis buffer and protease
inhibitors were added immediately before use.
Samples from eight rats were analyzed by
Western blot and each analysis repeated three
times. Then equal amounts of protein (30 ug)
for GABA -a-2 receptor, N-methyl-D-aspartate
receptor 2A (NR2A), NR2B, glutamate receptor
1 (GluR1), GIuR1 phosphorylation at Ser831,
glutamate decarboxylase 67 (GAD67), Ca2'/
calmodulin-dependent protein kinase ll-alpha
(CaMKIll) and B-actin as the loading control
were separated by SDS-PAGE. After electropho-
resis, the proteins were electrotransferred onto
PDVF membranes. The membranes were incu-
bated with horseradish peroxidase-conjugated
secondary antibodies (anti-rabbit/anti-IgG for
the primary antibodies). The densitometric ana-
lysis of the Western-blot was conducted using a
ChemiDoc XRS according to the instructions.
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As to data quantification, band intensity of each
blot was calculated as ratio relative to -actin.
We set the ratio of control group as 100%, and
other treatment groups were expressed as per-
centage to the CG.

Statistical analysis

All data are expressed as the mean + SEM. The
statistical significance of differences between
groups (SPSS version 19.0) was performed us-
ing one-way analysis of variance (ANOVA) fol-
lowed by LSD-t post-hoc test. A value of P <
0.05 was chosen as statistically significant.

Results

The effect of melatonin and/or sleep depriva-
tion on anxiety-like behavior

The results of EPM, open field and light-dark
test showed that there were no significant dif-
ferences of the anxiety-like behaviors of ani-
mals in CG and those in the WPG (P > 0.05,
Figures 1, 2). But the anxiety-like behaviors of
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Figure 3. Effect of melatonin and/or sleep depriva-
tion on serum corticosterone of rats (n = 8, mean *
S.E.). 2P > 0.05 vs. control group (CG); °P < 0.05 vs.
CG; °P < 0.05 vs. sleep deprivation group (SDG).

SDG rats were significant different from these
of animals in CG. This ability was improved by
melatonin (P < 0.05, Figures 1, 2).

The effect of melatonin and/or sleep depriva-
tion on serum corticosterone

Serum corticosterone level was shown in Figure
3. The serum corticosterone level of the rats in
SDG was significant improved compared to that
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Figure 2. Effect of melatonin and/or sleep depriva-
tion on anxiety-like behavior (open field test and
light-dark exploration) of rats (n = 8, mean + S.E.).
aP > 0.05 vs. control group (CG); °P < 0.05 vs. CG; °P
< 0.05 vs. sleep deprivation group (SDG). TMD total
movement distance; DTC distance to the center.

in the CG (P < 0.05, Figure 3). There was no
significant difference between CG and WPGs
(P > 0.05, Figure 3). With melatonin treatment,
serum corticosterone level of rats in MTG de-
creased significant than that of SDG (P < 0.05,
Figure 3).

The effect of melatonin and/or sleep depriva-
tion on SOD enzyme activity and MDA level of
serum and amygdala

After SD, a significant increase in the MDA le-
vel and a decrease in the SOD enzyme activity
in serum and amygdala were observed in SDG
rats when compared with those in CG (P < 0.05,
Figure 4). MDA of serum and amygdala tissue
homogenates in MTG were significantly reduc-
ed than those in the SDG by administering me-
latonin. By contrast, SOD enzyme activity in se-
rum and amygdala was increased (P < 0.05,
Figure 4).

The effect of melatonin and/or sleep depriva-
tion on the excitatory and synaptic transmis-
sion-related proteins in amygdala

Excitatory synaptic transmission-related pro-
teins were detected in the amygdala of rats.

Am J Transl Res 2017;9(5):2231-2242
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Figure 4. Effect of melatonin and/or sleep deprivation on SOD enzyme activity and MDA level of serum and amyg-
dala of rats (n = 8, mean * S.E.). P > 0.05 vs. control group (CG); °P < 0.05 vs. CG; °P < 0.05 vs. sleep deprivation

group (SDG).

The levels of GIuR1 and phosphorylation of
GluR1 at Ser831 (p-GluR1-Ser831) significant-
ly increased after SD (P < 0.05, Figure 5A, 5C,
5E). However, SD had a different effect on the
levels of N-methyl-D-aspartate receptor (NMD-
AR) subtypes in the amygdala. There is a re-
markably increased expression of NR2B-con-
taining NMDARs (P < 0.05, Figure 5A, 5D) while
no difference of NR2A-containing NMDARs (P >
0.05, Figure 5A, 5B), suggesting the different
roles of NMDAR subtypes in amygdala. Another
critical excitatory synaptic protein CaMKlIl-al-
pha also significantly increased after SD (P <
0.05, Figure 5A, 5F). Treatment with melatonin
significantly reversed the alteration of above
proteins in the amygdala (Figure 5).

The effect of melatonin and/or sleep depriva-
tion on GABA receptor in amygdala

The levels of GABA -a-2 receptor were notably
decreased in amygdala after SD (P < 0.05, Fig-
ure 6A, 6C). However, no significant difference
was observed in the levels of GAD67 (P > 0.05,
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Figure 6A, 6B). Treatment with melatonin sig-
nificantly reversed the down-regulation of GA-
BA,-a-2 receptor expression in the amygdala
of SDG rats (P < 0.05, Figure 6A, 6C), but had
no effects on the GADG7 expression (P > 0.05,
Figure 6A, 6B).

Discussion

The result of the present study provides evi-
dence for the anxiolytic effect of melatonin
on SD induced anxiety-like behavior. In addi-
tion, melatonin reverses the levels of oxidative
stress markers including MDA level and SOD
enzyme activity. Moreover, it is demonstrated
that melatonin treatment counteract anxiety
induced by SD partially through maintaining a
balance between GABAergic and glutamatergic
transmission in amygdala.

The modified multiple platform model is widely
used to deprive sleep. It is reported that this
model is similar to the method that use electro-
encephalogram recording to evaluate subjects
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deprived of REM-sleep [36]. Our results showed
that rats in WPG which could sleep on the wide
platform in the same aquarium did not show
any difference from those in the CG in anxiety-
like behavior (Figures 1, 2) and without stress
(Figure 3). As a result, SD is considered to be
the major factor which causes anxiety-like be-
havior.
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the amygdala induces anxie-

ty, whereas lesion of the amy-
gdala impairs the perception of fear [37]. EPM,
open field and light-dark test are widely used to
evaluate the anxiety-like behaviors.

In the present study, 72 h SD-induced stress
significantly impaired ambulatory activity, cau-
sed anxiety-like behavior in rats. SD-induced
stress activates hypothalamus-pituitary-adre-
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nal (HPA) axis and influences several biologi-
cal effects at both central and peripheral level.
Besides, neurotransmitters and neuropeptides
also influence HPA axis activity by acting at
the hypothalamic or suprahypothalamic level.
In the present study, serumcorticosterone of
SDG rats was significantly increased than that
of ones in CG (Figure 3). It is strongly implicated
by hyperactivity of central nervous system in
the pathophysiology of behavioral alterations.
Increased corticosterone level has been link-
ed with anxiety-like behavior and decreased
motor behavior response in humans [38, 39]
which is also supported by our results (Figures
1-3). SD significantly influence brain functions
and causes long-term changes in multiple neu-
ral systems. Many of these effect is mediated
by stress-induced neurochemical and hormon-
al abnormalities that are often associated with
oxidative stress [40].

Oxidative stress has been implicated in the pa-
thophysiology of many neurological disorders.
Experiments indicate the existence of an as-
sociation between stress and disease in which
ROS is involved [41-43]. SD may also cause the
formation of oxidants and induce oxidative ch-
ange to lipids, resulting in alterations in mem-
brane functions, proteins damage and reduc-
tion in intracellular antioxidant defenses in dif-
ferent areas of the brains [44]. 72 h SD signifi-
cantly caused oxidative damage and weakness
antioxidative defense system [41-43]. In the
present study, 72 h SD significantly increased
MDA and reduced SOD enzyme activity sug-
gesting oxidative stress in rat amygdala and
serum (Figure 4). Antioxidant defense mecha-
nisms include removal of oxygen, scavenging of
reactive oxygen/nitrogen species or their pre-
cursors, inhibition of ROS formation, binding
of metal ions needed for the catalysis of ROS
generation and up-regulation of endogenous
antioxidant defenses [42].

Melatonin is the primary secretory product of
the pineal gland [15]. The secretion of melato-
nin with circadian rhythm in the blood of mam-
mals is functionally linked to the adjustment of
24-hour cycles and to the circannual rhythm
regulation. Since the circadian change of mela-
tonin is opposite to that of HPA-related hor-
mones, it may suggest a connection between
these two factors. It is reported that melatonin
could reverse the HPA-axis activation induced
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by stress which is similar to our results [45].
Besides, melatonin has also been reported to
mark inhibitory effect on both spontaneous
and stimulated HPA axis activity [46]. Stress
activates HPA axis and influences several bio-
logical effects at both central and peripheral
level. Furthermore, melatonin impaires contex-
tual fear conditioning, a hippocampus-depen-
dent task. On the contrary, melatonin facilitates
the extinction of conditional cued fear without
affecting its acquisition or expression, and mel-
atonin facilitates cued fear extinction only when
it is present during extinction training [47]. SD
is showed to promote a dopaminergic influen-
ce in the striatal melatonin anxiolytic effect
[48]. It is reported that melatonin doses as low
as 1 mg/kg affords a significant anxiolytic ef-
fect [49]. The present study also reaffirmed the
anxiolytic effect of melatonin in a SD model of
the anxiety-like behavior (Figures 1, 2).

Melatonin is best known as a potent antioxi-
dant [50, 51] and has been shown to be highly
effective in reducing oxidative damage in the
central nervous system which is especially sen-
sitive to free radical damage. The central ner-
vous system has high utilization of O, and con-
tains large amounts of easily oxidizable fatty
acids. Because melatonin is mainly produced
in pineal gland and released into the cerebro-
spinal fluid [52], its concentrations in human
serum and cerebrospinal fluid is present in ade-
quate amounts to protect central nervous sys-
tem [53]. Melatonin is a broad-spectrum anti-
oxidant by scavenging hydroxyl, alkoxyl, peroxyl
radicals, NO and *O, profile. As an antioxidant,
melatonin may be regenerated after radical
quenching through different processes [54]. It
can also assist in stimulating antioxidant en-
zymes including SOD, glutathione, peroyiduse
and so on [55]. Due to oxidative stress plays an
important role in the HPA axis and anxiety-like
behavior during SD, melatonin may show anxio-
lytic effect as an antioxidant and free radical
scavenger.

Hyperexcitation can promote anxiety-like beha-
vior because of enhanced excitatory transmis-
sion or reduced inhibitory transmission [56].
Pathological anxiety is due to the imbalance
of excitation and inhibition in neural circuits
of the amygdala [57]. It is reported that tonic
GABAergic reduction is induced by social iso-
lation stress [58]. It has been reported that
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GABA level in the posterior hypothalamus in-
creases during sleep [46]. SD causes a signifi-
cant increase in GABA contents as well as an
elevation of L-glutamic acid decarboxylase ac-
tivity [59, 60]. In the present study, protein le-
vel of excitatory glutamate receptors, including
GluR1, NR2B, p-GluR1-Ser831 and CaMKlIlx of
SD rats amygdala increased, whereas the le-
vel of inhibitory GABA -a-2 receptor decreased
(Figures 5, 6). However, there was no differ-
ence of amygdala protein level of NR2A and
GADG7 in rats between CG and SDG. NR2A-
and NR2B-containing NMDARs have been link-
ed to different intracellular cascades and have
different roles in synaptic plasticity. The altera-
tions of NMDAR subtypes after acute stress
suggest differing functions of NMDAR subty-
pes in the development of anxiety.

Many studies have found that melatonin inter-
acts with GABA [61] to induce tranquilizing
actions [49]. For instance, melatonin adminis-
tration increases GABA level in some brain
regions [20]. A great deal of evidences show
that melatonin directly influences central GA-
BAergic neurotransmission, since pinealecto-
my decreases benzodiazepine binding and a
chronic treatment with melatonin increases
GABA binding. This hormone increases the GA-
BA synthesis and promotes hypnotic actions,
which are inhibited by picrotoxin, a blocker
of the GABA-activated chloride ionophore [62,
63]. In addition, the anxiolytic and sedative
actions of melatonin can also be justified by
its metabolite N-acetyl-5-metoxikynuramina,
which stimulates GABA-benzodiazepine recep-
tors [64]. Overall, this evidence supports the
idea that the behavioural actions of melato-
ninergic compounds observed here could be
caused by their direct or indirect effects on
GABAergic transmission. In the present study,
melatonin treatment decreased protein level
of GIuR1, NR2B, p-GluR1-Ser831 and CaMKllx
(Figure 5) as well as increased GABA,-a-2 (Fig-
ure 6). Therefore, the anxiolytic effect of me-
latonin was, at least partially, through regulat-
ing the GABAergic and glutamatergic transmis-
sion in the amygdala of rat.

In conclusion, the present study provides strong
evidence that melatonin has the ability to re-
duce SD-induced anxiety-like behavior. The un-
derlying mechanisms are involved in oxidative
stress and imbalance between GABAergic and
glutamatergic transmission.

2239

Acknowledgements

This work was supported by development proj-
ects of science and technology in Shaanxi prov-
ince (No. 2011K15-06-10).

Disclosure of conflict of interest
None.

Authors’ contribution

Lei Zhang, Hong-Liang Guo and Fang-E Liu
contributed to the experimental design, data
acquisition, analysis and interpretation, draft-
ing of the manuscript and revision of the ma-
nuscript. Hu-Qin Zhang contributed to the re-
search designing and data interpretation. Tian-
Qi Xu, Bing He, Zhen-Hai Wang, Yi-Peng Yang
and Xiao-Dan Tang and Peng Zhang contribu-
ted to drafting of the manuscript and critical
revision of the manuscript. All authors appro-
ved for the publication of the article.

Abbreviations

SD, sleep deprivation; ROS, reactive oxygen
species; GABA, y-aminobutyric acid; NMDA, N-
methyl-D-aspartate; CG, control group; WPG,
wide platform group; SDG, sleep deprivation
group; MTG, melatonin group; REM, rapid eye
movement; EPM, elevated plus maze; TMD,
total movement distance; DTC, distance to the
center; SOD, superoxide dismutase; MDA, ma-
londialdehyde; NR, N-methyl-D-aspartate rece-
ptor; GIUR, glutamate receptor; GAD, glutamate
decarboxylase; CaMKlla, Ca?*/calmodulin-de-
pendent protein kinase ll-alpha; HPA, hypothal-
amus-pituitary-adrenal; NMDAR, N-methyl-D-
aspartatereceptor; P-CaMKIl, phosphorylated
Calcium-calmodulin dependent kinase II.

Address correspondence to: Dr. Fang-E Liu, Medi-
cal College, Xi'an Peihua University, Xi'an 710125,
Shaanxi Province, China. Tel: 86-029-85680015;
Fax: 86-029-85680015; E-mail: liufange@fmmu.
edu.cn

References

[1] Cirelli C. Cellular consequences of sleep depri-
vation in the brain. Sleep Med Rev 2006; 10:
307-321.

[2] Rajaratham SM and Arendt J. Health in a 24-h
society. Lancet 2001; 358: 999-1005.

[3] Centers for Disease Control and Prevention
(CDC). Effect of short sleep duration on daily

Am J Transl Res 2017;9(5):2231-2242


mailto:liufange@fmmu.edu.cn
mailto:liufange@fmmu.edu.cn

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

Anxiolytic effect of melatonin on sleep depravition

activities--United States, 2005-2008. MMWR
Morb Mortal Wkly Rep 2011; 60: 239-242.
Silva RH, Kameda SR, Carvalho RC, Takatsu-
Coleman AL, Niigaki ST, Abilio VC, Tufik S and
Frussa-Filho R. Anxiogenic effect of sleep de-
privation in the elevated plus-maze test in
mice. Psychopharmacology (Berl) 2004; 176:
115-122.

Vollert C, Zagaar M, Hovatta |, Taneja M, Vu
A, Dao A, Levine A, Alkadhi K and Salim S. Ex-
ercise prevents sleep deprivation-associated
anxiety-like behavior in rats: potential role of
oxidative stress mechanisms. Behav Brain Res
2011; 224: 233-240.

Gibson SA, Korade Z and Shelton RC. Oxidative
stress and glutathione response in tissue cul-
tures from persons with major depression. J
Psychiatr Res 2012; 46: 1326-1332.

Maurer |, Zierz S and Moller H. Evidence for
a mitochondrial oxidative phosphorylation de-
fect in brains from patients with schizophrenia.
Schizophr Res 2001; 48: 125-136.

Rezin GT, Amboni G, Zugno Al, Quevedo J and
Streck EL. Mitochondrial dysfunction and psy-
chiatric disorders. Neurochem Res 2009; 34:
1021-1029.

Silva RH, Abilio VC, Takatsu AL, Kameda SR,
Grassl C, Chehin AB, Medrano WA, Calzavara
MB, Registro S, Andersen ML, Machado RB,
Carvalho RC, Ribeiro Rde A, Tufik S and Frussa-
Filho R. Role of hippocampal oxidative stress
in memory deficits induced by sleep depriva-
tion in mice. Neuropharmacol2004; 46: 895-
903.

Lau YS, Patki G, Das-Panja K, Le WD and
Ahmad SO. Neuroprotective effects and mech-
anisms of exercise in a chronic mouse model
of Parkinson’s disease with moderate neuro-
degeneration. Eur J Neurosci 2011; 33: 1264-
1274.

Davis M, Rainnie D and Cassell M. Neuro-
transmission in the rat amygdala related to
fear and anxiety. Trends Neurosci 1994; 17:
208-214.

Goddard AW, Mason GF, Almai A, Rothman DL,
Behar KL, Petroff OA, Charney DS and Krystal
JH. Reductions in occipital cortex GABA levels
in panic disorder detected with 1h-magnetic
resonance spectroscopy. Arch Gen Psychiatry
2001; 58: 556-561.

Low K, Crestani F, Keist R, Benke D, Brunig I,
Benson JA, Fritschy JM, Rulicke T, Bluethmann
H, Mohler H and Rudolph U. Molecular and
neuronal substrate for the selective attenua-
tion of anxiety. Science 2000; 290: 131-134.
Rudolph U, Crestani F, Benke D, Brunig |, Ben-
son JA, Fritschy JM, Martin JR, Bluethmann H
and Mohler H. Benzodiazepine actions medi-
ated by specific gamma-aminobutyric acid(A)
receptor subtypes. Nature 1999; 401: 796-
800.

2240

(15]

(17]

(19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

Tan DX, Manchester LC, Hardeland R, Lopez-
Burillo S, Mayo JC, Sainz RM and Reiter RJ.
Melatonin: a hormone, a tissue factor, an au-
tocoid, a paracoid, and an antioxidant vita-
min. J Pineal Res 2003; 34: 75-78.

Reiter RJ, Tan DX, Rosales-Corral S and Man-
chester LC. The universal nature, unequal dis-
tribution and antioxidant functions of melato-
nin and its derivatives. Mini Rev Med Chem
2013; 13: 373-384.

Allegra M, Reiter RJ, Tan DX, Gentile C,
Tesoriere L and Livrea MA. The chemistry of
melatonin’s interaction with reactive species.
J Pineal Res 2003; 34: 1-10.

Buscemi N, Vandermeer B, Hooton N, Pandya
R, Tjosvold L, Hartling L, Baker G, Klassen TP
and Vohra S. The efficacy and safety of exo
genous melatonin for primary sleep disorders.
A meta-analysis. J Gen Intern Med 2005; 20:
1151-1158.

Xu F, Li JC, Ma KC and Wang M. Effects of mel-
atonin on hypothalamic gamma-aminobutyric
acid, aspartic acid, glutamic acid, beta-endor-
phin and serotonin levels in male mice. Biol
Signals 1995; 4: 225-231.

Rosenstein RE and Cardinali DP. Melatonin in-
creases in vivo GABA accumulation in rat hypo-
thalamus, cerebellum, cerebral cortex and pi-
neal gland. Brain Res 1986; 398: 403-406.
Wu FS, Yang YC and Tsai JJ. Melatonin potenti-
ates the GABA(A) receptor-mediated current in
cultured chick spinal cord neurons. Neurosci
Lett 1999; 260: 177-180.

Coloma FM and Niles LP. Melatonin enhance-
ment of [3H]-gamma-aminobutyric acid and
[3H]muscimol binding in rat brain. Biochem
Pharmacol 1988; 37: 1271-1274.

Stankov B, Biella G, Panara C, Lucini V, Capsoni
S, Fauteck J, Cozzi B and Fraschini F. Melatonin
signal transduction and mechanism of action
in the central nervous system: using the rab-
bit cortex as a model. Endocrinol 1992; 130:
2152-2159.

Gross C and Hen R. The developmental ori-
gins of anxiety. Nat Rev Neurosci 2004; 5:
545-552.

Greenberg PE, Sisitsky T, Kessler RC, Finke-
Istein SN, Berndt ER, Davidson JR, Ballenger
JC and Fyer AJ. The economic burden of anxi-
ety disorders in the 1990s. J Clin Psychiatry
1999; 60: 427-435.

Baydas G, Yasar A and Tuzcu M. Comparison of
the impact of melatonin on chronic ethanol-in-
duced learning and memory impairment be-
tween young and aged rats. J Pineal Res 2005;
39: 346-352.

Alhaider IA, Aleisa AM, Tran TT, Alzoubi KH and
Alkadhi KA. Chronic caffeine treatment pre-
vents sleep deprivation-induced impairment
of cognitive function and synaptic plasticity.
Sleep 2010; 33: 437-444.

Am J Transl Res 2017;9(5):2231-2242



(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

2241

Anxiolytic effect of melatonin on sleep depravition

Zhang L, Zhang HQ, Liang XY, Zhang HF, Zhang
T and Liu FE. Melatonin ameliorates cognitive
impairment induced by sleep deprivation in
rats: role of oxidative stress, BDNF and CaMKII.
Behav Brain Res 2013; 256: 72-81.

Espejo EF. Effects of weekly or daily exposure
to the elevated plus-maze in male mice. Behav
Brain Res 1997; 87: 233-238.

Tartar JL, Ward CP, Cordeira JW, Legare SL,
Blanchette AJ, McCarley RW and Strecker RE.
Experimental sleep fragmentation and sleep
deprivation in rats increases exploration in
an open field test of anxiety while increasing
plasma corticosterone levels. Behav Brain Res
2009; 197: 450-453.

Bassi GS, Kanashiro A, Santin FM, de Souza
GE, Nobre MJ and Coimbra NC. Lipopolysac-
charide-induced sickness behaviour evaluated
in different models of anxiety and innate fear
in rats. Basic Clin Pharmacol Toxicol 2012;
110: 359-369.

Salim S, Sarraj N, Taneja M, Saha K, Tejada-
Simon MV and Chugh G. Moderate treadmill
exercise prevents oxidative stress-induced an-
xiety-like behavior in rats. Behav Brain Res
2010; 208: 545-552.

Salim S, Asghar M, Chugh G, Taneja M, Xia Z
and Saha K. Oxidative stress: a potential reci-
pe for anxiety, hypertension and insulin resis-
tance. Brain Res 2010; 1359: 178-185.
Dhingra MS, Dhingra S, Kumria R, Chadha R,
Singh T, Kumar A and Karan M. Effect of tri-
methylgallic acid esters against chronic stre-
ss-induced anxiety-like behavior and oxidative
stress in mice. Pharmacol Rep 2014; 66: 606-
612.

Tian Z, Wang Y, Zhang N, Guo YY, Feng B, Liu
SB and Zhao MG. Estrogen receptor GPR30
exerts anxiolytic effects by maintaining the
balance between GABAergic and glutamater-
gic transmission in the basolateral amygdala
of ovariectomized mice after stress. Psycho-
neuroendocrinol 2013; 38: 2218-2233.
Machado RB, Hipolide DC, Benedito-Silva AA
and Tufik S. Sleep deprivation induced by the
modified multiple platform technique: quantifi-
cation of sleep loss and recovery. Brain Res
2004; 1004: 45-51.

Davis M. The role of the amygdala in fear and
anxiety. Annu Rev Neurosci 1992; 15: 353-
375.

Dringen R, Pawlowski PG and Hirrlinger J.
Peroxide detoxification by brain cells. J Neu-
rosci Res 2005; 79: 157-165.

Bristow DJ and Holmes DS. Cortisol levels
and anxiety-related behaviors in cattle. Phy-
siol Behav 2007; 90: 626-628.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(48]

[49]

[50]

(51]

(52]

Knutson KL, Spiegel K, Penev P and Van Cau-
ter E. The metabolic consequences of sleep
deprivation. Sleep Med Rev 2007; 11: 163-
178.

Gopalakrishnan A, Ji LL and Cirelli C. Sleep de-
privation and cellular responses to oxidative
stress. Sleep 2004; 27: 27-35.

Ramanathan L, Gulyani S, Nienhuis R and Sie-
gel JM. Sleep deprivation decreases super-
oxide dismutase activity in rat hippocampus
and brainstem. Neuroreport 2002; 13: 1387-
1390.

O’Connor TM, O’Halloran DJ and Shanahan F.
The stress response and the hypothalamic-pi-
tuitary-adrenal axis: from molecule to melan-
cholia. QJM 2000; 93: 323-333.

Kumar A, Meena S, Kalonia H, Gupta A and
Kumar P. Effect of nitric oxide in protective ef-
fect of melatonin against chronic constriction
sciatic nerve injury induced neuropathic pain
in rats. Indian J Exp Biol 2011; 49: 664-671.
Saito S, Tachibana T, Choi YH, Denbow DM and
Furuse M. ICV melatonin reduces acute stress
responses in neonatal chicks. Behav Brain Res
2005; 165: 197-203.

Giordano R, Pellegrino M, Picu A, Bonelli L,
Balbo M, Berardelli R, Lanfranco F, Ghigo E
and Arvat E. Neuroregulation of the hypotha-
lamus-pituitary-adrenal (HPA) axis in humans:
effects of GABA-, mineralocorticoid-, and GH-
Secretagogue-receptor modulation. Scientific-
WorldJournal 2006; 6: 1-11.

Huang F, Yang Z and Li CQ. The melatonergic
system in anxiety disorders and the role of
melatonin in conditional fear. Vitam Horm
2017; 103: 281-294.

Noseda AC, Targa AD, Rodrigues LS, Aurich MF
and Lima MM. REM sleep deprivation pro-
motes a dopaminergic influence in the striatal
MT2 anxiolytic-like effects. Sleep Sci 2016; 9:
47-54,

Golombek DA, Martini M and Cardinali DP.
Melatonin as an anxiolytic in rats: time de-
pendence and interaction with the central
GABAergic system. Eur J Pharmacol 1993;
237:231-236.

Galano A, Tan DX and Reiter RJ. Melatonin as
a natural ally against oxidative stress: a phy-
sicochemical examination. J Pineal Res 2011;
51: 1-16.

Galano A, Tan DX and Reiter RJ. On the free
radical scavenging activities of melatonin’s
metabolites, AFMK and AMK. J Pineal Res
2013; 54: 245-257.

Tan DX, Manchester LC, Sanchez-Barcelo E,
Mediavilla MD and Reiter RJ. Significance of
high levels of endogenous melatonin in Mam-

Am J Transl Res 2017;9(5):2231-2242



(53]

[54]

(55]

[56]

[57]

(58]

[59]

2242

Anxiolytic effect of melatonin on sleep depravition

malian cerebrospinal fluid and in the central
nervous system. Curr Neuropharmacol 2010;
8:162-167.

Rousseau A, Petren S, Plannthin J, Eklundh T
and Nordin C. Serum and cerebrospinal fluid
concentrations of melatonin: a pilot study in
healthy male volunteers. J Neural Transm
1999; 106: 883-888.

Blanchard-Fillion B, Servy C and Ducrocq C.
1-Nitrosomelatonin is a spontaneous NO-re-
leasing compound. Free Radic Res 2001; 35:
857-866.

Rodriguez C, Mayo JC, Sainz RM, Antolin I,
Herrera F, Martin V and Reiter RJ. Regulation
of antioxidant enzymes: a significant role for
melatonin. J Pineal Res 2004; 36: 1-9.

Wu LJ, Kim SS and Zhuo M. Molecular targets
of anxiety: from membrane to nucleus. Ne-
urochem Res 2008; 33: 1925-1932.

Wu U, Ko SW, Toyoda H, Zhao MG, Xu H,
Vadakkan Kl, Ren M, Knifed E, Shum F, Quan
J, Zhang XH and Zhuo M. Increased anxiety-
like behavior and enhanced synaptic efficacy
in the amygdala of GIuR5 knockout mice. PLoS
One 2007; 2: e167.

McEwen BS. Physiology and neurobiology of
stress and adaptation: central role of the
brain. Physiol Rev 2007; 87: 873-904.

Lancel M. Role of GABAA receptors in the re-
gulation of sleep: initial sleep responses to pe-
ripherally administered modulators and ago-
nists. Sleep 1999; 22: 33-42.

[60]

[61]

[62]

[63]

[64]

Lancel M, Cronlein TA and Faulhaber J. Role
of GABAA receptors in sleep regulation. Differ-
ential effects of muscimol and midazolam on
sleep in rats. Neuropsychopharmacol 1996;
15: 63-74.

Tenn CC and Niles LP. Mechanisms underly-
ing the antidopaminergic effect of clonaze-
pam and melatonin in striatum. Neurophar-
macol 1997; 36: 1659-1663.

Papp M, Litwa E, Lason-Tyburkiewicz M and
Gruca P. Effects of melatonin in a place prefer-
ence conditioning depend on the time of ad-
ministration. Pharmacol Rep 2010; 62: 1023-
1029.

Celada P, Puig MV, Casanovas JM, Guillazo G
and Artigas F. Control of dorsal raphe seroto-
nergic neurons by the medial prefrontal cortex:
involvement of serotonin-1A, GABA(A), and glu-
tamate receptors. J Neurosci 2001; 21: 9917-
9929.

Hardeland R, Reiter RJ, Poeggeler B and Tan
DX. The significance of the metabolism of the
neurohormone melatonin: antioxidative pro-
tection and formation of bioactive substances.
Neurosci Biobehav Rev 1993; 17: 347-357.

Am J Transl Res 2017;9(5):2231-2242



