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Abstract: Objective: As a brain-specific microRNA, the mechanism of miR-124 in depression has
not been clarified so far. The present study aimed to explore the role of miR-124 in depression and
its potential targets.

Methods: The depression model was first replicated by the chronic unpredictable mild stress
(CUMS) method. miR-124 antagomir was injected into the hippocampus of CUMS rats. Sucrose
preference test (SPT), open-field test (OFT), elevated-plus maze (EPM), and forced swimming test
(FST) were used to analyze the depression-like behavior. The content of norepinephrine (NE), do-
pamine (DA) and 5-hydroxytryptamine (5-HT) in the hypothalamus was analyzed by ELISA.
qRT-PCR and western blot assay were used for functional analysis.
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Results: miR-124 expression was up-regulated in the hippocampus of CUMS -induced depression

DoI- model rats, while CREB1 and BDNF were down-regulated. Administration of miR-124 antagomir

10.2174/1567202617666200319141755 in the hippocampus inhibited miR-124 expression in the hippocampus of CUMS rats. Additionally,

SPT, OFT, EPM, and FST also showed that miR-124 antagomir can reduce the depression-like

@ CrossMark behavior of CUMS rats. Furthermore, miR-124 antagomir injection increased the levels of NE, DA

and 5-HT in the hypothalamus of CUMS rats. Moreover, miR-124 antagomir injection increased

the expression of cyclic AMP-responsive element-binding proteinl (CREBI1) and brain-derived

neurotrophic factor (BDNF) in the hippocampus. Using the dual-luciferase reporter assay, it was
confirmed that miR-124 directly targets 3'UTR of CREB1 and BDNF genes.

Conclusion: Knockdown of miR-124 can improve depression-like behavior in CUMS-induced de-
pressive rats, which may be related at least in part to the up-regulation of CREB1 and BDNF ex-
pression in the hippocampus.

Keywords: miR-124, chronic unpredictable mild stress, depression, cyclic AMP-responsive element binding proteinl, brain-
derived neurotrophic factor.

1. INTRODUCTION

Depression is one of the most common mental illnesses,
and symptoms include depression, decreased interest, and
severe cases with suicidal tendencies [1]. The incidence of
depression is increasing year by year. However, current tra-
ditional antidepressants may take weeks to months to pro-
duce an effective response, and about one-third of patients
do not respond to existing treatment strategies [2]. Due to a
lack of understanding of the underlying exact molecular
mechanisms of depression, antidepressant treatments still
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have some limitations. Therefore, the exploration of new
targets for the treatment of depression has become one of the
important research directions at present.

Epigenetic mechanisms may provide a link between envi-
ronmental stress factors and gene expression [3]. MicroR-
NAs (miRNAs) are non-coding RNAs consisting of 22 to 25
nucleotide sequences that have been identified as regulators
of biological processes. miRNAs can specifically bind to the
3'untranslated region (UTR) of their target mRNAs to pro-
mote the degradation of mRNAs or inhibit their trans-lation
[4]. Bioinformatics research suggests that miRNAs may
regulate one-third of the transcriptome, which proves that
miRNAs play an important role in regulating gene expres-
sion. MiRNAs are abundant in brain tissue and play many
key roles in regulating brain function, especially in terms of
neural regeneration, neural plasticity, and neuron function
[5]. Research studies on the regulation of multiple miRNAs
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Fig. (1). Experimental design.

in depression have increased recently [6, 7] such as miR-
451a, miR-34a-5p, miR-221-3p, and miR-132.

As one of the most abundant miRNAs in the nervous sys-
tem, miR-124 has been found to be widely expressed in neu-
rons in the brain, retina and spinal cord [8, 9]. According to
reports, miR-124 can regulate the regeneration of mature
neural cells, thereby playing an important role in promoting
neuronal differentiation and regulating synaptic plasticity
[10, 11]. Recently, miR-124 has drawn considerable atten-
tion due to its role in depression. Cao et al. [12] found that
increased expression of miR-124 induces depression in rats
under stress. Bahi ez al. [13] confirmed that selective inhibi-
tion of miR-124a expression in the mouse hippo-campus can
produce antidepressant-like effects. He et al. [14] proved that
the pathophysiology of miR-124 makes it a potential target
for the treatment of depression. However, the role of miR-
124 in regulating depression has not yet been clarified.

By establishing the correlation between miRNAs and
their target genes, we can better understand the molecular
mechanism of depression and provide potential therapeutic
targets for clinical treatment of depression [15]. In the pre-
sent study, we established a chronic unpredictable mild
stress (CUMS)-induced depression rat model to study the
role of miR-124 in depression and its potential targets. We
hope to provide some reference value for the treatment of
depression.

2. MATERIALS AND METHODS

2.1. Laboratory Animals and Groups

Male Sprague-Dawley rats (200-220 g, 8 weeks) were
provided by the Laboratory Animal Center of Jiading Dis-
trict Central Hospital affiliated to Shanghai University of
Medicine&Health Sciences. The experimental animals were
kept in clean animal rooms and were given free food and
water, 12h day/night alternating light, temperature (23 +
1)°C, and humidity (55 £ 2)%. Experiments were performed
one week after adaptive feeding. The present study was per-
formed following the Guide for Care and Use of Laboratory
Animals and was approved by the Laboratory Animal Cen-
ter. All experiments were conducted in accordance with the
guidelines of Jiading District Central Hospital Affiliated to
Shanghai University of Medicine & Health Sciences.

2.2. CUMS Procedure and Intracerebroventricular Injec-
tion

Forty rats were selected and a CUMS model was used to
induce depression [16]. Stress methods include restraint,

swimming in ice water, fasting, water fasting, day and night
reversal, noise stimulation, and tail clamping. Rats received
at least one stress stimulus daily. Consecutive appearance of
the same stimulus for 4 weeks was avoided. Rats in the con-
trol group (n=20) did not receive any stimulation. The
changes in bodyweight of the rats were observed and re-
corded. After the 4 week CUMS model was prepared, ten
rats were randomly selected and the depression-like behavior
of the rats was detected using the sucrose preference test
(SPT), open-field test (OFT), elevated-plus maze (EPM), and
forced swimming test (FST). Rats were decapitated and
their brains were collected and their hypothalamus and hip-
pocampus tissues were dissected and isolated for biochemi-
cal analysis. The experimental design is shown in Fig. (1).

To study the effects of miR-124 on depressive rats,
CUMS rats were randomly divided into 3 groups of 10 rats
each: CUMS group, CUMS + antago - NC group, and
CUMS+antago-miR-124 group. After the last CUMS expo-
sure, intracerebroventricular injection was performed as pre-
viously described [17]. In brief, rats were initially anesthe-
tized with sodium pentobarbital [40 mg/kg) and then
mounted on a stereotaxic apparatus. A cut was made in the
skin on the skull and microdrill was used to make two small
holes in the skull above the target position (bilateral hippo-
campus).

The coordinates are as follows: AP= -4.52 mm; ML= =+
3.20 mm; DV= -3.16 mm below the surface of dura. 20 pL
of miR-124 antagomir solution (containing 10 nmol an-
tagomir) or antagomir control (containing 10 nmol negative
control) (RiboBio Co., Ltd., Guangzhou, China) was injected
bidirectionally into the hippocampus using a microsyringe
[18]. The injection was performed for more than 5 min, al-
lowing for slow diffusion. Rats in the control group (n=8)
were injected with the same amount of saline in the same
manner. Behavioral tests and biochemical analysis were per-
formed one week after the injection was administered. The
experimental design is shown in Fig. (2).

2.3.SPT

The SPT is a widely-accepted measure of depressant-like
behavior [19]. Before the test, rats were kept fasted and wa-
ter-free, and the rats were adapted to the environment with
two bottles of 1% sucrose solution. Within the next 24 h, one
of the bottles of 1% sucrose solution was replaced with tap
water. On the day of the test, rats were given 200 mL of tap
water and 200 mL of a 1% sucrose solution. After 12 h, the
bottle was swapped once. After 24 h, tap and sugar bottles
were collected. Sucrose consumption/total water consump-
tion was expressed as a sucrose preference.



198 Current Neurovascular Research, 2020, Vol. 17, No. 2

Yang et al.

BW
BW SPT EPM Biochemical analysis
SPT OFT FST &
v v v v v v Vv Molecular assay
day 1 7 14 21 28 29 35 36

CUMSs

BW: Body weight; SPT: Sucrose preference test; OFT: Open-field test;

EPM: Elevated-plus maze; FST: Forced swimming test
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24.OFT

OFT was used to evaluate the movement of animals. The
device was a 120 cm x 90 cm x 35 cm opaque open box with
a black surrounding. The bottom of the box was divided into
25 squares by white lines. The 16 squares on the periphery
were considered as the peripheral site, and the 9 squares on
the middle were considered as the central area. In a quiet
environment, rats were individually placed in the corners of
the device and allowed to explore freely for 5 min. Thirty
minutes before the test, the animals were placed in the labo-
ratory to adapt to the environment. After each test, the device
was thoroughly cleaned with 70% ethanol. Rat activity data
was collected and analyzed by the VideoTrack Animal Be-
havior Analysis System (VideoTrack 3.0, Viewpoint,
French).

2.5.EPM

The anxiety-like behavior of rats was detected using
EPM as previously described [20]. In brief, the rats were
placed in the middle of the EPM device, and their behavior
was recorded by a camera for 5 minutes. The percentage of
time the rats spent in the open arms was used as an indicator
of anxiety-like behavior. The maze was cleaned after each
test.

2.6. FST

FST is a classic method to evaluate the desperate behav-
ior of animals and is considered to show the degree of de-
pression in rodents. As described before [19], rats were
placed in a vertical plexiglass cylinder (45 cm X 20 cm]
with water temperature (25 + 1) °C, and depth 30cm. The
immobility time of the rat was recorded within 5 min.

2.7. ELISA

Quantitative ELISA kits (ZK-R3347, ZK-R3052 and ZK-
R3397; ZIKER, Shenzhen, China) were used to determine
the content of norepinephrine (NE), dopamine (DA), and 5-
hydroxytryptamine (5-HT) in the hypothalamus. All opera-
tions were performed in strict accordance with the kit in-
structions.

2.8. qRT-PCR

The rat hippocampus tissue was ground and added in cell
lysate. The total RNA was extracted from the cells using the
RrimeScript® RTreagen Kit (TaKaRa, Dalian, China). An
ultraviolet spectrophotometer was used to detect the total

RNA purity, and A260/A280 >1.80 was used as the qualifi-
cation standard. One microgram of RNA from each sample
was reverse transcribed into cDNA according to the instruc-
tions of the DBI-2220 Bestar' " qPCR RT Kit (TaKaRa).
Real-time PCR was performed using a SYBR® Premix Ex
Taq™ Kit (TaKaRa) and the iQ5 Real-Time PCR detection
system(Bio-Rad Laboratories, California, USA). PCR reac-
tion conditions were: 95°C 3 min, 95°C 30 s, 52°C 30 s,
73°C 30 s, and 38 consecutive cycles. U6 and GAPDH were
used as internal references. The 2-AACt method was used.

2.9. Western Blot Assay

The total protein extraction kit (Beyotime, Beijing,
China) was used to extract total protein from hippocampal
tissue. Protein concentration was measured using the En-
hanced BCA Protein Assay Kit (Beyotime). A total of 50ug
of proteins was loaded and separated by SDS-PAGE. Then,
the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Immobilon, Millipore, MA). The
membranes were blocked to TBST containing 5% non-fat
milk for 2 h at room temperature. Then, the membranes were
incubated with the primary antibody overnight at 4°C. After
having been washed with TBST, the membrane was incu-
bated with HRP-conjugated goat anti-rabbit secondary anti-
body for 2 h at room temperature. Then, the membrane was
developed using enhanced chemiluminescence (ECL) rea-
gent. The greyscale value of each band was analyzed by NIH
Image J 7.0. Each experiment was done 3 times.

2.10. In Vitro Luciferase Assay

To elucidate the target role of miR-124, in vitro lu-
ciferase experiments were performed to test the interaction
between miR-124 and BDNF 3'UTR and CREBI 3'UTR.
Genome sequencing of the inserted miR-124 is shown in
Figs. (4A and B). Bioinformatics analysis showed that
BDNF and CREBI are potential targets of miR-124. 3'UTR
fragments of BDNF and CREB1 were amplified from the
human genome by PCR. Corresponding mutant fragments
were amplified by overlap extension PCR. Four different
recombinant vectors were constructed and synthesized by
RiboBio Corporation (China): pmirGLO-CREB1-Wt, pmir-
GLO-CREB1-Mut, pmirGLO-BDNF-Wt, pmirGLO-BDNF-
Mut. The reporter vectors were co-transfected with miR-124
mimic (or miR-NC) into HEK293T cells (Cell Bank of Chi-
nese Academy of Science, Shanghai, China) using Lipofec-
tamine ™ 2000 (Invitrogen).
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Fig. (3). Chronic unpredictable mild stress (CUMS) causes depression-like behavior in rats.

(A) After 28 days of exposure to CUMS, the weight of rats in the CUMS group was significantly lower than control. (B) The sucrose prefer-
ence test (SPT) showed that the sucrose consumption of rats in the CUMS group was significantly lower than control. (C) Open-field test
(OPT) showed that there was no difference in the ambulatory distance between the two groups in the open field. (D) Elevated-plus maze
(EPM) showed that the CUMS group spent less time in the open arms than control. (E) The forced swimming test (FST) showed that the
time taken by the CUMS group to stand still was significantly higher than the control. (F) The contents of NE, DA and 5-HT in the hypo-

thalamus of rats were measured by ELISA. n=10. *P<0.01.
copy of the article).

2.11. Statistical Analysis

All data were presented as the mean + standard deriva-
tion (SD). Data analysis and histograms were done with
Graph Pad Prism 5. Differences among experimental groups
were determined by one-way analysis of variance followed
by Dunn's post-hoc multiple comparisons test. Statistical
significance was considered at P<0.05.

3. RESULTS

3.1. Chronic Unpredictable Mild Stress (CUMS) Causes
Depression-like Behavior in Rats

Chronic chronic low-intensity stress is one of the main
causes of depression. CUMS induces depression by giving
different stimuli to model animals daily, which is close to the
cause of depression in humans [21]. In the present study, the
depression model was first replicated by the CUMS method
(Fig. 1). Weight gain is used to assess the ability of de-
pressed rats to drink freely and to eat food [22]. We first
analyzed weight changes in rats after 28 days exposure to
CUMS. It was found that after exposure to CUMS, the
weight of the rats was significantly lower than before, while
the weight of the control group rats had no significant
change (Fig. 3A).

Next, we test for anxiety-like behavior. SPT showed that
exposure to CUMS resulted in a significant reduction in su-
crose consumption in rats (Fig. 3B). Additionally, there was

no significant difference in the ambulatory distance between
the control group and CUMS rats in the open field (Fig. 3C).
EPM showed that the CUMS group spent less time in the
open arms than control (Fig. 3D). Moreover, FST results
showed that the time spent by the CUMS group in resting-
state was significantly higher than that of control (Fig. 3E).

Based on the neuromonoamine hypothesis, depression is
associated with activities of DA and/or 5-HT metabolism
regulation [23]. We further analyzed the content of neuro-
transmitters in the hypothalamus. It was found that NE, DA,
and 5-HT contents in the hypothalamus tissue of rats were
significantly reduced when exposed to CUMS (Fig. 3F).
These results confirmed that CUMS can induce depression-
like behavior in rats.

3.2. Knockdown of miR-124 Reduces CUMS-induced
Depression-like Behavior

qRT-PCR showed a significant increase in miR-124 ex-
pression in rat hippocampal tissue after exposure to CUMS
(Fig. 4A). To study the effect of miR-124 on CUMS rats,
miR-124 antagomir was injected into the hippocampus on
both sides (Fig. 2). Consistent with expectations, miR-124
antagomir injection significantly reduced miR-124 expres-
sion in the hippocampus of CUMS rats (Fig. 2A). Behavioral
tests showed that compared to the CUMS group, the sucrose
consumption (Fig. 4B) and the time spent in the open arms
(Fig. 4C) of rats in the miR-124 antagomir group were
markedly increased, while time spent in a resting state (Fig.
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Fig. (4). The knockdown of miR-124 reduces CUMS-induced depression-like behavior.

(A) The expression of miR-124 was detected by qRT-PCR. (B) The sucrose consumption of rats was analyzed by SPT. (C) The time spent in
the open arm of rats was evaluated by EPM. (D) The immobility time spent in cold water was assessed by FST. (E) The contents of NE, DA
and 5-HT in the hypothalamus of rats were measured by ELISA. n=10. "P<0.01.

4D) of rats was significantly decreased. Simultaneously, the
neurotransmitter content in the hypothalamus was detected,
and the levels of NE, DA and 5-HT in the miR-124 an-
tagomir group were significantly higher than those in the
CUMS group (Fig. 4E). These results suggested that knock-
down of miR-124 expression in hippocampal tissue can re-
duce CUMS-induced depression-like behavior.

3.3. Knockdown of miR-124 Promotes CREB1 and
BDNF Expression in the Hippocampus of CUMS Rats

Next, we analyzed the expression of CREB1 and BDNF
in the hippocampus. The results of qRT-PCR and western
blot assay showed that exposure to CUMS significantly re-
duced the expression of CREB1 and BDNF mRNA and pro-
tein in rat hippocampus (Fig. 5A and B). Moreover, the in-
troduction of miR-124 antagomir in the hippocampus was
able to eliminate CUMS-induced reduction of CREBI and
BDNF expression.

3.4. CREBI1 and BDNF are Targets of miR-124

The bioinformatics prediction website shows that CREBI1
and BDNF are potential targets for miR-124. Sequences
matching miR-124 were found at both CREBI mRNA
3'UTR and BDNF mRNA 3'UTR (Fig. 6A and B). To con-
firm that miR-124 targets the 3'UTR of CREBI, we cloned
the 3'UTR containing wild- and mutant-CREBI into a lu-
ciferase reporter gene vector, and co-existed the vectors with
miR-124 mimic or its negative control into HEK293T cells.
The luciferase reporting system showed that the co-
transfection of miR-124 mimic with CREB1-Wt resulted in a
significant reduction in luciferase activity compared to the
control group (Fig. 6A). However, the co-transfection of
miR-124 mimic with CREBI1-Mut did not affect luciferase
activity. Similarly, we observed similar results in the Iu-
ciferase reporter system co-transfected with miR-124 mimic
and BDNF-Wt (Fig. 6B). These results revealed that miR-
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Fig. (5). The knockdown of miR-124 promotes CREB1 and
BDNF expression in the hippocampus of CUMS rats.

(A) The expressions of CREB1 and BDNF mRNA in the hippo-
campus tissues were analyzed by qRT-PCR. (B) The expressions of
CREBI1 and BDNF proteins in hippocampal tissue were assessed by
western blot assay. n=10. ' P<0.01.

124 was able to specifically target the 3'UTR regions of
CREBI1 and BDNF.
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4. DISCUSSION

Studies have shown that abnormal expression of miR-124
may be involved in the pathogenesis of depression [24, 25].
However, its related mechanism has not been fully clarified.
In this study, by establishing a CUMS depression rat model,
we found that the expression of miR-124 in the hippocampus
of depression rats was significantly up-regulated. Through
SPT, OFT, EPM, and FST measurements, we found that
knockdown of miR-124 can improve depression-like behav-
iors in depressed rats. Simultaneously, the decrease of miR-
124 expression in the hippocampus can increase the content
of NE, DA and 5-HT in the hypothalamus. Additionally, this
study found that knockdown of miR-124 can significantly
increase the expression of CREB1 and BDNF in hippocam-
pal tissues. Bioinformatics and luciferase reporter gene
analysis also confirmed that CREB1 and BDNF are targets
of miR-124. Therefore, we concluded that targeted silencing
of miR-124 can exert antidepressant effects by targeting in-
crease in the expression of CREB1 and BDNF in hippocam-
pal tissue.

The "neuronutrition hypothesis" of depression is attract-
ing increasing attention, and the core of this hypothesis is the
pathway composed of CREB-BDNF- TrkB. CREB, as a
junction in intracellular depression-related signal transduc-
tion pathways, can regulate a variety of nervous system func-
tions [26]. Many signaling molecules (such as neurotransmit-
ters, growth factors, efc.) cause phosphorylation of the tran-
scription factor CREB by acting on cAMP- or Ca’" -activated
kinases or directly activating tyrosine kinases. Phosphory-
lated CREB further enhances the transcription of the down-
stream target gene BDNF mediated by the cAMP response
element (CRE). BDNF then exerts a physiological role by
activating a specific receptor, TrkB. Studies have shown that
stress and subsequent increase in plasma corticosteroid lev-
els can cause CREB-BDNF-TrkB nutrition pathway activity
to decrease, and animal experiments have also found that
long-term treatment of multiple antidepressants can not only
prevent the weakening of the signal system induced by
stress, but also increase its activity [27-29]. Targeting the
CREB-BDNF axis may become a therapeutic approach for
depression.

It is worth noting that miRNAs have played a role in
many of the more widely accepted hypothesis mechanisms
of depression, including the neurotrophic hypothesis [30].
Some miRNAs (such as miR-30a-5p and miR-195) in the
prefrontal cortex of the human brain have been reported to
specifically act on the 3° UTR of BDNF to inhibit BDNF
expression [31]. Lian et al. found that miR-221 promotes the
development of depression by regulating the CREB / BDNF
axis [32]. We showed that miR-124 knockdown can increase
the expression of CREB1 and BDNF in the hippocampus of
CUMS rats. Furthermore, bioinformatics and luciferase re-
porter gene analysis also confirmed the presence of miR-124
binding sites in 3'UTR of CREB1 and BDNF mRNA. Wang
et al. [33] showed that miR-124 exerts anti-epileptic func-
tions through targeted regulation of CREB1 expression and
activity. Li et al. [34] proved that miR-613 can participate in
the occurrence of Alzheimer's disease by regulating the ex-
pression of BDNF in the hippocampus of mice. Ma et al.
[35] demonstrated that knockdown of miR-1 prevents the
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decrease of mouse cognitive function by up-regulating the
expression of BDNF and CREB in hippocampal tissue.
Based on these studies, we speculated that silencing miR-
124 can exert antidepressant effects by targeting the promo-
tion of CREB1 and BDNF expression in hippocampal tissue.
However, the interaction between CREBI1 and BDNF re-
mains to be explored.

CONCLUSION

In summary, miR-124 was up-regulated in the hippo-
campus of CUMS rats, and miR-124 knockdown improved
depression-like behavior in depressive rats, which may be
related at least in part to the up-regulation of CREB1 and
BDNF expression in the hippocampus. This study may help
understand the relationship between miR-124 and depres-
sion.
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