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Potential Benefits of Melatonergic Treatment in
Schizophrenia: Ameliorating Demyelination via Inhibiting
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Abstract
Objective
Impairment of melatonergic activity, including alteration of melatonin secretion and melatonin
receptor (MT) modifications, has been linked to the pathophysiology of schizophrenia.
However, its definite therapeutic effect on schizophrenia-like symptoms and the biological
mechanism are still illusive. The present study aimed to explore the potential benefis of
melatonergic treatment in schizophrenia and underlying molecular mechanism.
Methods
A cuprizone (CPZ) -induced schizophrenic mice model was established. Agomelatine, a MT1
and MT2 agonist, was administrated intraperitoneally. Open field, three-chamber and Y-maze
tests were performed for evaluation of behavioral and cognitive deficits. The myelination was
examined in corpus striatum of mice. In vitro, alterations of cyclin-dependent kinase 5 (CDK5)
expression, autophagic flux and apoptotic index were detected in OLN93 oligodendrocytes.
Results
We demonstrate that treatment with agomelatine exerts a significant improvement of the
behavioral and cognitive deficits in CPZ-induced schizophrenic mice. Agomelatine also
suppresses the excessive autophagy and rescues the myelination in corpus striatum in CPZtreated mice. Notably, all these effects of agomelatine are markedly weakened by an autophagy
inducer Rapamycin (RAPA). In vitro, cuprizone dose- and time-dependently induces excessive
autophagy and autophagic flux, therefore depresses cell viability in oligodendrocytes.
Interestingly, CDK5 exerts positive regulation in CPZ-induced autophagy, revealing that
CDK5 overexpression enhances LC3Ⅱ level and autophagosome formation in company with
cuprizone treatment, while CDK5 knockdown works conversely. Importantly, agomelatine
suppresses CDK5 expression and autophagic flux against cuprizone, which to the contrary
is blocked by CDK5. Meanwhile, agomelatine also inhibits stress-associated activation of p38
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and c-Jun-N-terminal Kinase (JNK) induced by cuprizone in CDK5-dependent manner, as well
as reducing cellular apoptosis.
Conclusion
The present findings, for the first time, link autophagy-demyelination in schizophrenia,
and strongly suggest that melatinergic treatment possesses potential benefits against
schizophrenia through ameliorating demyelination by inhibiting CDK5-mediated autophagy.
Keywords
Schizophrenia; Autophagy;
Oligodendrocyte.
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Introduction
Schizophrenia is one of the most detrimental
mental illnesses characterized by psychosis,
apathy, social withdrawal, and cognitive
impairment, and affects about 1 % of the
population worldwide [1]. White matter
loss, secondary to oligodendrocyte death and
demyelination, is characterized in schizophrenia,
as well as other demyelinating diseases like
multiple sclerosis and depression [2].
Presently, the oligodendrocytic pathology is
demonstrated to be one of the key components
of schizophrenia. Reductions of neuropil, and
myelin [3], altogether with decreased numbers of
oligodendrocytes [4] were found in schizophrenia.
Microarray analysis studies implied that the
oligodendrocyte-specific genes were decreased
in the prefrontal cortex of schizophrenia patients
compared with brain tissues from the Control
group [5-7]. Cuprizone (CPZ), a copper
chelator that causes consistent demyelination
and mature oligodendrocyte loss in the central
nervous system (CNS), is extensively adopted
to study demyelination and remyelination [8],
and to model demyelination and schizophrenia
like behaviors in rodents [9]. However, little is
known about the process of white matter losing
and the underlying molecular mechanism.
Melatonergic system has been involved in
the pathophysiology of schizophrenia since
the first decade of the twentieth century. The
smaller volumetric changes of the pineal gland
were observed in patients with schizophrenia
by radiological evaluation [10]. The hypocrine
of pineal leading to decreased melatonin
secretion was also indicated to be related in the
psychosis and behavioral deficits [11,12], which
was also mentioned as a biological marker of
schizophrenia [13].
Moreover, there is a noteworthy implication
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between the promoter polymorphism of the MT
gene and schizophrenia [14,15], especially MT1A
may be a susceptibility gene for schizophrenia.
Agomelatine is a novel antidepressant that acts
as an agonist for melatonin MT1 and MT2
receptors , as well as an antagonist on serotonin
5HT2C receptor [16]. It is effective in treating
depression, bipolar disorder, anxiety disorder,
alcohol dependence, migraine, schizophrenia,
etc [16]. Even though small-scale of clinical cases
reports and experimental investigations suggested
melatonin or MT agonist Agomelatine possessed
potential for improving schizophrenia-like
symptoms [11,17,18], the definite therapeutic
effect on schizophrenia-like symptoms and the
biological mechanism are still illusive.
Autophagy is a lysosome-dependent degradation
pathway that controls intracellular turnover of
cytoplasmic components and organelles, which is
essential for cell survival whose abnormality leads
to activation of apoptosis [19]. Recent studies
showed that disturbed autophagy played a key
role in the pathophysiological process of multiple
psychiatric disorders [20-22]. Further evidences
indicated restoration of autophagy function
ameliorated schizophrenia-like behaviors in an
autophagy deficient mice model [23]. CDK5 is a
key regulator of cell-cycle progression, which has
been demonstrated to play critical role in stress
induced excessive autophagy associating with
cell survival recently [24,25]. Besides, increased
CDK5 signaling in the nucleus accumbens (NA)
in a schizophrenia model and downregulation
of CDK5 by antipsychotics in schizophrenia
patients has been reported [26]. Despite all this,
whether autophagy and CDK5 are involved in
the damage of oligodendrocyte is elusive.
The present study aimed to examine the potential
benefis of melatonergic treatment in a CPZinduced schizophrenia model on the behavioral
changes and damaged white matter. And we
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further investigated the effects of cuprione and
agomelatine on the process of autophagic flux
and apoptosis in OLN93 oligodendrocytes. We
also detected the role of CDK5 as a possible
modulator in CPZ-mediated hyper-autophagy
and agomelatine-mediated neuroprotection in
oligodendrocytes. The findings will improve our
understanding the pathological mechanism and
the application of melatonergic treatment in
schizophrenia.
Methods
 Animal preparation and experimental

protocols

The study was approved by the Committee of
Animal Care and Use for Research and Education
(CACURE) of the Fourth Military Medical
University (Xi’an, China), and complied with the
National Institutes of Health (NIH) guidelines
for the care and use of laboratory animals.
Eighty-four adult male C57BL/6 mice (8-10
week-old, 25.0 ± 5.0 g) were used in this study,
and maintained on a 12: 12 h light: dark cycle
under an ambient temperature of 22–25 ℃ with
food and water available ad libitum. Mice were
divided into five groups: Control group, CPZtreated group, AGT-treated group, CPZ+AGTtreated group and CPZ+AGT+RAPA group. The
schizophrenia model was established according
to our previous report [27], feeding with rodent
chow mixed with cuprizone at 0.2 % w/w
consecutively for 5 weeks. The Control group was
received normal chow accordingly. Agomelatine
(AGT, 50 mg/kg/day, Selleck Chemicals, TX,
USA) was administrated intraperitoneally (i.p.)
for the final 4 weeks at 18:00 daily. Rapamycin
(RAPA, 4 mg/kg/day, Selleck Chemicals, TX,
USA) was administrated intraperitoneally at 16:00
daily along with the agomelatine injection period in
the CPZ+AGT+RAPA group. In the last three days
of the intervention period, all mice were subjected
to open field, Y maze and three-chamber test. On
day 36, all mice were sacrificed under anesthesia
and their brains were removed for Western blotting
and immunofluorescent staining.
 Behavioral test

Open field, three-chamber and Y-maze tests
were performed as described previously [28].
Open field test was adopted to measure the
locomotion and anxiety levels as rodents tend to
move close to the walls, and at the same time
have the characteristic to test individually when
separated from the social group. In brief, a mouse
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was initially placed in the center of the apparatus
(25 cm × 25 cm × 45 cm, 340 lux), and a video
camera was placed above it to monitor the
animals’ movements. During a 5 min period, the
bouts, time and distance spent in the central area
were analyzed to detect the anxiety level.
The three-chamber test was used to evaluate
social affiliation and social preference, which
could mimic social withdrawal, a key component
of the negative symptoms of schizophrenia.
The experimental apparatus was comprised
of a rectangular, three-chamber box. Each
chamber was 30 cm × 30 cm and divided by two
Plexiglas boards. Two wire containment cups
with removable lids that large enough to hold a
single mouse were fixed in the middle of each
side chamber. Before the experiment began,
mice were put into the behavioral room for 30
min. In the adaptation session, the right and left
chambers were isolated with the Plexiglas boards,
and the subject mouse was placed at the center
of the middle chamber to habituate for 5 min.
In session 1, one of the control mice (stranger
1) was put inside a wire containment cup and
located in one of the side chambers. The Plexiglas
boards were removed to allow the subject to freely
explore the three chambers. In session 2, a second
control mouse (stranger 2) was placed inside an
identical wire containment cup in the opposite
chamber that had been empty during session 1. The
duration of each session was 10 min and monitored
with a video camera. The sociability was evaluated
by analyzing the bouts, duration and distance of the
subject mouse in each chamber.
Y-maze test was used in the present study
to evaluate the spatial working memory of
cuprizone and AGT treated mice. The apparatus
was comprised of three arms (30 cm × 10 cm ×
25 cm, positioned 45 cm high from the ground)
positioned at an angle of 120° and surrounded
by various extra-maze cues. Each mouse was
positioned in the center of the maze and let it to
explore for 8 min. The order of the exploration
of each arm was recorded manually. The actual
alternation was defined as entries into all three
arms on consecutive occasions. Therefore, the
maximum alternation was the total number of
arm entries minus two, and the percentage of
alternation was calculated as (actual alternations
/ maximum alternations) × 100.
 Cell culture, virus infection, and drug

administration

OLN93 cell was a gift generously from Doc.
Zhao Xianghui (Fourth Military Medical
988
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University). Cells were planted at a density of
1×105/cm2 in 60 mm Petri dishes (Nunc, MA,
USA) and routinely cultured in DMEM high
glucose supplemented with 10 % FBS (Gibco,
CA, USA) and 1 % penicillin-streptomycin
mixture (Sigma, St. Louis, MO, USA) in a
humidified incubator (37 ℃, 5 % CO2).
To evaluate autophagic flux, cells were transfected
with mRFP-GFP-LC3 adenovirus (50 MOIs,
Hanbio Biotechlogy Co., Ltd., Shanghai, China)
according to the manufacturer’s instructions for
24 h. For cell stimulation and drug intervention,
cuprizone (Sigma, St. Louis, MO, USA) and
agomelatine were dissolved in 10 % dimethyl
sulfoxide (DMSO) and added to the OLN93
cells at various concentrations (5, 10, 20 μM) for
different time (6, 12, 24 h).

 Western blot analysis

Protein lysates were prepared from ventrolateral
striatum of mice and OLN93 cell cultures
using RIPA buffer (containing 20 mM Tris,
150 mM NaCl, 0.1 % SDS, 1 % NP40) mixed
adequately with a 100:1 (v/v) ratio of protease
and phosphatase inhibitor (Roche, Basel,
Switzerland). Total 20 μg samples quantified
using BCA Protein Assay Kit (Thermo, Rockford,
IL, USA) were separated by sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) and
transferred to PVDF membranes (Roche,
Basel, Switzerland) using the Mini-PROTEIN
electrophoresis system (Bio-Rad, California,
USA). After being blocked for 1 h in 5 % non-fat
milk, membranes were incubated overnight with
the primary antibodies at 4℃ with following
antibodies: anti-LC3 (1:1000, Cell Signaling
Technology), anti-CDK5 (1:2000, Cell Signaling
Technology), anti-phospho-p38 (1:1000, Cell
Signaling Technology), anti-p38 (1:2000, Cell
Signaling Technology), anti-p-JNK (1:1000,
Cell Signaling Technology), anti-JNK (1:1000,
Cell Signaling Technology), and anti-MBP
(1:2000, Cell Signaling Technology). After
incubation with HRP-conjugated secondary
antibodies the secondary antibodies, blots were
detected with an ECL system (Zetalife, Menlo,
CA, USA). The signals were visualized on X-ray
films and analyzed with Image J NIH software
(version 1.48).
 Immunofluorescence staining

Animals were anesthetized with pentobarbitaland
perfused with 50 ml 0.01 M PBS (pH 7.4),
followed by 50 ml 4 % paraformaldehyde
in phosphate buffer (pH 7.4). After being
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cryoprotected for 24 h in 30 % sucrose, coronal
brain sections (25 μm) of prefrontal cortex (0.51.1 mm from bregma) were collected with a
cryotome. Sections were incubated with antiMBP antibody in dilution buffer (0.01 M PBS
containing 2 % goat serum and 0.3% Triton
X-100). Alexa Fluor 488/594-conjugated IgG
(1:500; Invitrogen, Eugene, OR, USA) was used
for immunofluorescence labeling. As a distinct
demyelination was identified in the ventrolateral
striatum in CPZ-treated mice according to
previous reports [29,30], images in this region
were captured with a laser confocal microscopy
(Olympus, FV1200, Tokyo, Japan).
 Autophagic flux determination

After adenovirus transfection and drug
admistration for 24 h, the cells cultured in laser
confocal dishes (at a density of 1×104/cm2)
fixed with 4 % paraformaldehyde. Images were
captured with the laser confocal microscopy. The
autophagic flux analysis was performed according
to our previous study [31]. As GFP degrades in
acidic environment while RFP does not, the
yellow spots (formed out of the overlap between
red and green) indicate autophagosomes, while
the red spots indicate autophagic lysosomes.
The increase of the ratio in red and yellow spots
fluorescence intensity indicates the enhancement
of autophagic flux.
 Cell viability and TUNEL assays

Cells were planted in laser confocal culture dishes
(NEST Biotechnology, Wuxi, China) for MTT
assay and in 96-well plates (Nunc, MA, USA)
for TUNEL assay according to our previous
report [32]. Cell viability was determined by
the conventional 3-(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium bromide (MTT) assay
(Millipore, Merck, Darmstadt, Germany).
The absorbance was read at 570 nm using a
microplate reader (Bio-Rad, Hercules, CA,
USA). The TdT-mediated dUTP nick end
labelling (TUNEL) assay was performed using
a TUNEL Apoptosis Kit (Calbiochem, Merck,
Darmstadt, Germany). The fluorescence was
captured with the laser confocal microscopy. All
experiments were performed in accordance with
the manufacturers’ instructions.
 Statistical analysis

The data were analyzed with the SPSS 19.0
software, and are expressed as mean ± standard
error of mean (SEM). The results were analyzed
by one-way analysis of variance (ANOVA),
followed by the Newman-Keuls multiple

Potential Benefits of Melatonergic Treatment in Schizophrenia: Ameliorating Demyelination via Inhibiting
CDK5-Mediated Hyper-Autophagy
comparison test. Statistical significances were
considered as a value of P<0.05.
Results
 Targeted MT treatment improved the

schizophrenia-like symptoms through
mediating autophagy in CPZ-treated mice
The effects of agomelatine treatment on the
schizophrenia-like symptoms, as well as the
potential association with autophagy, were
examined by open field, three-chamber and
Y-maze tests. In the open field test Figure 1A,B,
compared with the control mice, treatment
of agomelatine alone slightly increased the
distance traveled in the central area. Cuprizone
significantly decreased the duration P<0.05,
Figure 1A and distance P<0.05, Figure 1B in
the central area, which implied a manifestation
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of anxiety-like behaviors. In contrast, the
two parameters were reversed by agomelatine
treatment in the CPZ + AGT group (P<0.05,
compared with the CPZ group, respectively),
indicating that agomelatine exerted anxiolytic
effect. However, the improving effect of
agomelatine was largely blocked by additional
autophagy induction with RAPA (P<0.05, the
CPZ + AGT group compared with the CPZ +
AGT + RAPA group, respectively).
Social interaction impairment was a correlate
of social withdrawal, a key component of the
negative symptoms of schizophrenia. In the
CPZ group, mice showed impaired social
affiliation and social preference in the three
chamber test Figure 1C,D, which were restored
by agomelatine co-administration. Specifically,
CPZ group mice spent less time in the chamber
holding Stranger 1 during session 1 (P<0.05,

Figure 1: The effects of agomelatine and rapamycin on schizophrenia-like symptoms in CPZ-treated mice.
Control and experimentally treated mice were subjected to open field, three-chamber and Y-maze tests.
A,B. The duration (A) and distance (B) that the mice traveled in the central area in open field test.
C,D. The duration spent in the empty chamber or Stranger 1 chamber during session 1 (C) and the duration spent in the Stranger 1 chamber or Stranger 2
chamber during session 2 (D) in three-chamber test. E,F. The spontaneous alternation (E) and the number of arm entries (F) of mice in Y-maze test. Data are
expressed as mean ± SEM (n = 12-16 mice per group). *P<0.05, **P<0.01, #P<0.05.
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compared with the Control group, Figure 1C,
and spent less time with Stranger 2 during session
2 (P<0.05, compared with the Control group,
Figure 1D. After treatment with agomelatine,
the social behaviors were restored in the CPZ
+ AGT group that mice spent more time with
its conspecifics than the empty cage P<0.05,
Figure 1C, and a novel other than a familiarized
one (Stranger 1) P<0.05, Figure 1D. Notably,
extra treatment with RAPA markedly weakened
the above effect of agomelatine (P<0.05,
compared with the CPZ + AGT + RAPA group,
respectively).
In the Y-maze tests (Figure 1E,F), Agomelatine
alone decreased the number of arm entries
compared to the controls (P<0.05, Figure 1F).
Mice in the CPZ group showed decreased
spontaneous alternation (P<0.05, Figure 1E) and
increased total arm entries (P<0.05, Figure 1F)
compared with the Control group. In addition,
significant reversals of these alteration induced
by CPZ-exposure were found in the CPZ + AGT
group (P<0.05, Figure 1E,F). All these effects of
AGT were blocked by additional treatment with
RAPA (P<0.05, Figure 1E,F).
Our results suggested that agomelatine exerted
a significant improvement of the behavioral
deficits in CPZ-induced schizophrenia mice,
and implied a potential mechanism through
mediating autophagy.
 Excessive autophagy was associated

with the antidemyelination of
agomelatine in schizophrenia mice

We further investigated the effect of agomelatine
on demyelination and the alteration of
autophagy in CPZ-treated mice. Brain tissues
from the ventrolateral striatum were collected for
Western blotting as a distinct demyelination was
identified in this region according to previous
reports. As was shown in Figure 2A, cuprizone
enhanced the conversion of LC3-Ⅰ into LC3Ⅱ and decreased the MBP expression (P<0.01,
compared with the Control group). Lower LC3Ⅱ level was found in the AGT group but was
not significant. Agomelatine co-administration
in CPZ-exposure mice significantly inhibited
LC3-Ⅱ formation and increased the MBP
expression (P<0.05, compared with the CPZ
group). The effects of agomelatine on LC3 and
MBP were completely blocked by additional
RAPA treatment (P<0.05, compared with the
CPZ + AGT + RAPA group). The demyelination
in CPZ-treated mice was also detected by
immunofluorescence staining of MBP. As was
991
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shown in Figure 2B, severe demyelination
was observed in the ventrolateral striatum
compared with the Control mice. Agomelatine
treatment showed a notable mitigation of the
demyelination induced by cuprizone, while
which was weakened by RAPA. The result of
immunofluorescence density analysis was similar
to the blots above. These findings suggested that
agomelatine could rescue the myelination in
schizophrenia mice might through suppressing
the excessive autophagy induced by cuprizone.
 Cuprizone suppressed cell viability

and enhanced autophagy flux in
oligodendrocytes

For further investigating the mechanism of
demyelination, we examined the cell viability and
autophagy process in cuprizone-treated OLN93
oligodendrocytes. As was shown in Figure 3A,
using MTT assay, we found that cuprizone doseand time- dependently induced death of OLN93
cells. Notably, 10 μM of cuprizone treatment
for 24 h resulted in about 50 % of cell death.
Moreover, cuprizone significantly enhanced the
conversion of LC3-Ⅰ into LC3-Ⅱ in dose(Figure 3B) and time- (Figure 3C) dependent
manner (P<0.05, compared with the Control
group), respectively. Thus, 10 μM of cuprizone
for 24 h treatment was chosen in the following
treatment.
For autophagic flux assay, different dosages
of CPZ treatment for 24 h were performed
following transfection of mRFP-GFP-LC3 for
24 h. The results showed CPZ dose-dependently
increased the number of mRFP-LC3 dots
representing autophagolysosomes in the merged
images in OLN93 cells, and also decreased
the yellow dots representing autophagosomes
accordingly, suggesting that the autophagic
flux in OLN93 cells was enhanced by CPZ
treatment (Figure 3D). Importantly, 20 μM
of CPZ induced excessive reductions of mRFPLC3 dots and yellow dots, as well as obviously
vacuolar degeneration in OLN93 cells. The flux
rate of autophagy (Figure 3E) was evaluated by
the ratio of autophagolysosomes (red dots in the
merged phases) and autophagosomes (yellow
dots in the merged phases). We found that the
autophagolysosomes were increased, while the
autophagosomes were reduced after different
dosages of cuprizone treatment for 24 h (P<0.01,
P<0.001, compared with the Control group).
 CDK5 was positively involved in CPZ-

induced autophagy in oligodendrocytes
Strong association of CDK5 and schizophrenia
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Figure 2: The effects of agomelatine and rapamycin on demyelination in CPZ-treated mice.
A. Western blotting analysis of LC3Ⅰ/Ⅱ and MBP expression in ventrolateral striatum of mice.
B. Immunofluorescence staining and density analysis of MBP in ventrolateral striatum of mice. Scale bar: 150 μm. Data are expressed as mean ± SEM (n = 1012 mice per group). *P<0.05, **P<0.01, #P<0.05.

pathology or antipsychotics in schizophrenia has
been reported previously. And CDK5 also exerts
regulations in cell-cycle progression, autophagy
and survival. To explore whether CDK5
participated in CPZ-induced enhancement of
autophagy, we measured the alteration of CDK5
expression and identified the effect of CDK5
modulation on the autophagy OLN93 cells. As
was shown in Figure 4A, CPZ dose-dependently
increased CDK5 expression (P<0.05, P<0.01,
compared with the Control group). By using
siRNAs targeted to CDK5 gene and CDK5
overexpression adenovirus, we found that
siRNA-2 was most effective in suppressing
CDK5 gene and protein expression out of all
3 siRNAs designed targeting CDK5 (data was
not showed). Thus, siRNA-2 was used in the
following experiments. In Figure 4B, Western
blots showed overexpression of CDK5 in
OLN93 cells resulted in LC3-Ⅱ accumulation
with or without CPZ treatment (P<0.01,

compared with the Control group, respectively),
whereas CDK5 knockdown exerted the converse
effect by inhibiting the increase of LC3-Ⅱ and
CDK5 induced by CPZ (P<0.05, compared
with the Control or CPZ group, respectively).
Accordingly, we observed the autophagic flux
combined CPZ treatment and CDK5 modulation.
The results indicated CDK5 overexpression
promoted while CDK5 knockdown antagonized
the enhanced autophagic flux induced by CPZ.
Compared with the Control group, silencing
CDK5 had little effect on autophagic flux, but
decreased the mRFP-LC3 dots. On the contrary,
CDK5 overexpression promoted the autophagic
process by decreasing the yellow dots tabbed
autophagosomes and increasing the red dots
tabbed autophagolysosomes (P<0.01, compared
with the Control group). When concurrent
of CPZ treatment, overexpression of CDK5
promoted the autophagy-inductive effect of
992
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Figure 3: The effect of cuprizone on cell viability and autophagic process in OLN93 oligodendrocytes.
A. MTT assay of cell viability following different dose of cuprizone treatment.
B,C. Western blotting analysis of cuprizone dose- and time-dependently induced conversion of LC3. D. Representative images of the punctate RFP-GFPLC3 staining. E. The autophagic flux analysis by quantificating the percentage of autophagolysomes (red punctate / total punctate). Likewise, quantification
of autophagosmes (yellow punctate) was measured as the percentage of (punctate yellow/total punctate signals) in the merged images. A minimum of 30
cells per group were counted. Data are expressed as mean ± SEM (n = 8). *P<0.05, **P<0.01, ***P<0.001.

CPZ (P<0.05, compared with the CPZ group),
while which was suppressed by siRNA of CDK5
(P<0.05, compared with the CPZ group).
Together with the western blot results, these
evidences indicated that the autophagy induced
by CPZ was mediated by CDK5.
 Agomelatine inhibited CPZ-induced

excessive autophagy via suppression of
CDK5
Agomelatine is a melatonin analogue that serves
as potent melatonin MT1/MT2 agonist, as well
as partial 5-HT2C antagonist. Here, we used
agomelatine for examining whether melatonergic
treatment could reverse CPZ-induced aberrant
autophagy in vitro. Western blots (Figure 5A)
revealed the expressions of CDK5 and LC3Ⅱ were significantly reduced by 20 μM of
agomelatine treatment (P<0.01, compared with
the Control group, respectively). In addition,
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agomelatine (20 μM) suppressed the elevation of
CDK5 and LC3-Ⅱ induced by CPZ (P<0.05,
compared with the CPZ group, Figure 5B),
which was blocked by CDK5 upregulation
(P<0.05, compared with the CPZ+AGT+AdCDK5 group, Figure 5B). By determination of
the autophagic flux (Figure 5C,D), we found
that agomelatine alone had little effect on the
autophagic flux. When being combined with
CPZ treatment, additional agomelatine blocked
the process of autophagy (P<0.05, compared with
the CPZ group). Moreover, Compared with the
CPZ+AGT (agomelatine) group, the red-tabbed
autophagolysosomes were increased and the yellowtabbed autophagosomes were decreased in the
CPZ+AGT+Adv-CDK5 group (P<0.05), while
which were weakened by CDK5-siRNA (P<0.05).
The above findings indicated agomelatine could
resist the excessive autophagy induced by CPZ,
which might be attributed to CDK5.
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Figure 4: Cuprizone induced autophagy of oligodendrocyte in a CDK5-dependent manner.
A. Western blotting analysis of CDK5 expression induced by cuprizone in OLN93 cells. B. Western blotting analysis of LC3 and CDK5 levels following the
indicated treatment in OLN93 cells. C,D. Representative images of the punctate RFP-GFP-LC3 staining and the autophagic flux analysis in OLN93 cells. A minimum
of 30 cells per group were counted. Data are expressed as mean ± SEM (n = 8). *P<0.05, **P<0.01, ***P<0.001, #P<0.05.
 Agomelatine inhibited activation

of stress signaling and apoptosis in
oligodendrocytes induced by CPZ via
CDK5
CPZ
dose-dependently
induced
a
phosphorylation of p38 and JNK (P<0.05,
compared with the Control group, Figure 6A).
Agomelatine inhibited the evaluations of p-p38
and p-JNK in CPZ-treated group (Figure 6B,
P<0.05, compared with the CPZ group). AdvCDK5 weakened, while CDK5-siRNA enhanced
the effect of agomelatine on the inhibition of
p-p38 and p-JNK (P<0.05, compared with the
CPZ+AGT group, respectively). These indicated
that CDK5 was involved with the suppression
of agomelatine on CPZ-induced p38 and JNK
activation. Additionally, TUNEL staining results

(Figure 6C) illustrated that CPZ treatment led
to an increase of cell apoptosis in vitro (P<0.01,
compared with the Control group, Figure 6D).
Agomelatine treatment alone did not affect the
survival of oligodendrocytes. Fewer TUNEL
positive cells were observed in the CPZ+AGT
group compared with the CPZ group (P<0.05).
The protective effects of agomelatine was
abrogated by CDK5 overexpression and enhanced
by CDK5 knockdown (P<0.05, compared with
the CPZ+AGT group), indicating that the antiapoptotic effect of agomelatine also might be
dependent on the inhibition of CDK5.
Discussion
In spite of
intensive investigation, the
etiology and pathophysiology of schizophrenia
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Figure 5: Agomelatine blocked CDK5-mediated autophagy induced by CPZ.
A. Western blotting analysis of LC3 and CDK5 expressions induced by cuprizone in OLN93 cells. B. Western blotting analysis of LC3 and CDK5 levels
following the indicated treatment in OLN93 cells. C,D. Representative images of the punctate RFP-GFP-LC3 staining and the autophagic flux analysis in
OLN93 cells. A minimum of 30 cells per group were counted. Data are expressed as mean ± SEM (n = 8). *P<0.05, **P<0.01, ***P<0.001, #P<0.05.

remains elusive. Although several hypotheses
have been put it forward, no one could
completely elaborate the disease process, as
well as providing an effective therapeutic. The
present study investigated the protection of
melatonergic treatment in a CPZ-induced
schizophrenia-like model, and further explored
the underlying mechanism of demyelination
and oligodendrocytic damages in vitro. We
proposed a potential relationship between
autophagy-demyelination and schizophrenia for
the first time, and demonstrated CPZ-induced
demyelination was involved with the excessive
autophagy in oligodendrocytes, which finally
leaded to the oligodendrocytic apoptosis. We
also determined the critical roles of CDK5 for
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mediating autophagy in the toxical effect of CPZ
and the protective effect of agomelatine. Our
findings strongly suggested the potential benefits
of melatinergic treatment with agomelatine
against schizophrenia, and identified a novel
mechanism of ameliorating demyelination
by inhibiting CDK5-mediated autophagy in
oligodendrocytes.
Among psychiatric disorders, schizophrenia is
the most disabling and brings a large economic
burden to both the family and the society.
Although a group of specific genes were
implicated in schizophrenia patients by screening
differential expressed genes compared with the
healthy population [6], lack of specificity still
confused the clinical intervention. Melatonergic
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Figure 6: Agomelatine reversed the activation of p38 and JNK and attenuated cell death induced by CPZ via CDK5.
A. Western blotting analysis of p-p38, p38, p-JNK and JNK expressions induced by cuprizone in OLN93 cells. B. Western blotting analysis of p-p38, p38, p-JNK
and JNK alterations following the indicated treatment in OLN93 cells. C,D. Apoptosis assay by TUNEL staining in OLN93 cells (C) and apoptotic index analysis
(D). Scale bar: 40 μm. Data are expressed as mean ± SEM (n = 8-12). *P<0.05, **P<0.01, #P<0.05.

system has been indicated to be involved in
schizophrenia. Either radiological investigation,
endocrine monitoring or gene polymorphism
[14,15] analysis extremely suggested melatonin
or MT agonist would possess potential for
improving
schizophrenia-like
symptoms.
Our present study confirmed that activating
MT with agomelatine significantly alleviated
the behavioral and cognitive deficits [11,12],
including negative symptoms, social interaction
and working memory, which was in accordance
with the previous clinical cases reports and

experimental researches. Here, we partly
identified the therapeutic effect of agomelatine
on schizophrenia-like symptoms although
the biological mechanism needed further
investigation.
Clinical studies illustrated white matter
abnormalities in schizophrenia patients.
And animal models also demonstrated that
demyelination caused behavioral manifestations
reminiscent of schizophrenia. The period of
myelination coincides with the same period
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when symptoms of most psychiatric disorders,
especially schizophrenia begin to present.
Oligodendrocyte abnormality and demyelination
have recently been recognized as important
pathophysiological basis for schizophrenia,
alleviating which may be sufficient to reverse white
matter pathologies of both patients and rodents
models of schizophrenia [33]. Cuprizone is an
oligodendrocyte specific toxin that is widely used
to model the pathophysiology and phenotype
of various demyelinating diseases including
multiple sclerosis, depression and schizophrenia
[29,34,35]. However, the underlying biological
basis for the action of cuprizone is not fully
elucidated. OLN93 cells are a group of cells
derived from spontaneously transformed cells in
primary rat brain glial cultures. Their antigenic
properties, morphological features resemble 5 to
10 day-old (postnatal time) cultured rat brain
oligodendrocytes, which make the OLN93 cells
a useful model system to investigate the specific
mechanisms regulating the proliferation and
differentiation of oligodendrocytes in vitro [36].
Since autophagic flux is a dynamic process, it
is insufficient to evaluate only autophagosome
formation to detect the extent of autophagy.
The mRFP-GFP-LC3 adenovirus is a useful
tool to investigate the extent of autophagic
flux, as the GFP is quenched in the acidic
pH of the lysosomal compartment, while the
mRFP continues to fluoresce, which can label
the autophagic compartments both before and
after fusion with lysosomes and analyze the
autophagosome maturation process [37]. By
using the mRFP-GFP-LC3 and determining the
number of red dots that overlay green dots and
appear yellow in merged images, the number of
autophagosomes can be evaluated. The red dots
that do not overlay green dots and appear red
in merged images indicate autophagolysosome
formation [38].
CDK5 is a proline directed serine / threonine
kinase that has many important roles in the
CNS, which is involved in neuron migration,
neurite outgrowth and synaptogenesis. CDK5
participates in the regulation of autophagy to
mediate neurotoxicity and neuronal cell death
[39]. CDK5 expresses in oligodendrocytes and
is important for oligodendrocyte maturation
and myelination [40]. We found that in
the OLN93 cells, CDK5 overproduction
exacerbated while CDK5 inhibition by siRNA
ameliorated cuprizone induced autophagy.
Autophagy is essential for cell survival, however,
extensive autophagy is commonly observed in
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dying cells, and acts as an executioner of cell
death [41]. The autophagic cell death induced
by cuprizone was blocked by agomelatine
treatment confirmed the previous studies that
cuprizone led to oligodendrocyte apoptosis
[42]. CDK5 upregulation blocked while CDK5
knockdown enhanced the anti-apoptotic effect
of agomelatine. In the meanwhile, Adv-CDK5
exacerbated and siRNA of CDK5 ameliorated
CPZ-induced cell apoptosis, which indicated
that agomelatine and cuprizone exerted their
protective and injurious effects via regulation of
CDK5 expression.
Agomelatine, a nonselective MT1 / MT2
melatonin receptor agonist and serotonergic
5-HT2C antagonist, possess many clinical
applications. Previous studies demonstrated that
agomelatine had anti-oxidative property which
reduced oxidative stress, apoptosis, and inhibited
cell death [43]. We provided evidence in the
study that agomelatine ameliorated cuprizone
induced apoptosis via inhibiting the CDK5mediated autophagy. In addition, the excessive
autophagy was always accompanied by damaging
cellular stress. Both p38 and JNK are important
kinases for cellular stress and apoptosis. JNKs
are important effectors of apoptosis in the brain
both at transcriptional and translational levels.
And activation of p38 MAPK is considered
as part of the neuronal stress responses [44].
Previous studies reported that in the process
of chronic stress in the endoplasmic reticulum
(ER-stress), CDK5 activated the p38 and JNK
pathway for apoptosis [45]. In our present study,
we found that the phosphorylation of p38 and
JNK was significantly increased by cuprizone,
which was reversed by agomelatine treatment.
Furthermore, CDK5 acted as a key regulator
in mediating the activation of p38 and JNK.
Beyond these, cuprizone induced activation of
p38 and JNK may also result in apoptosis via
inflammatory pathways [46]. Future in vivo
experiments should be taken to investigate the
biological and behavioral effects of agomelatine
and CDK5 inhibition on CPZ induced rodent
model of demyelination and remyelination to
further confirm the efficiency of agomelatine in
demyelinating diseases.
To summary, the present study, for the first
time, linked autophagy-demyelination in
schizophrenia, and suggested that melatinergic
treatment with agomelatine possessed potential
benefits against schizophrenia, and identified a
novel mechanism of agomelatine ameliorating
demyelination by inhibiting CDK5-mediated
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autophagy in oligodendrocytes. Our findings
provided solid experimental evidences for
the following extensive clinical trials of using
melatinergic treatment in schizophrenia.
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