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ABSTRACT

MicroRNAs (miRNAs) are noncoding RNAs that participate in the pathophysiology of depression by targeting
many functional genes. As shown in our previous study, chronic stress up-regulates miR-34a in the hippocampus.
However, little is known about the mechanism by which miR-34a regulates the process of depression or its
functions as an antidepressant by regulating its targets. In the present study, the dynamic alterations in miR-34a
expression and the mechanism underlying miR-34a regulation were assessed after the administration of the
antidepressant fluoxetine to mice exposed to chronic stress. In addition, the effects of miR-34a inhibition on mice
were directly evaluated. Both lipopolysaccharide (LPS) and corticosterone treatment caused depression-like
symptoms and increased miR-34a expression. Additionally, the expression of miR-34a, which was regulated
by tropomyosin receptor kinase B (TrkB)/MEK1/ERK signaling, was consistent with the onset of action of
fluoxetine. A luciferase reporter assay identified synaptotagmin-1 and Bcl-2 as the targets of miR-34a. Moreover,
a miR-34a antagomir exerted antidepressant-like effects, activated TrkB/MEK1/ERK signaling and improved
spine morphology in the hippocampus. In conclusion, hippocampal miR-34a overexpression was a typical feature
in depression-like animals, and miR-34a downregulation exerts antidepressant-like effects by restoring the spine

morphology through its target synaptotagmin-1.

1. Introduction

Depression is a common mood disorder that is caused by a variety of
factors, with prominent and persistent mood depression as the main
clinical features. In severe cases, patients with depression may experi-
ence suicidal thoughts and behaviors. The etiology and pathogenesis of
depression currently remain unclear, and no obvious signs and abnormal
laboratory indicators have been identified. In summary, depression is
considered to result from the interactions of biological, psychological
and social factors.

MicroRNAs (miRNAs) are a class of non-coding single-stranded small
RNAs of approximately 22 nucleotides in length that are widely involved
in the mechanisms regulating neural development, cell proliferation and
differentiation, apoptosis, and other life processes by acting on mRNAs

of the corresponding target genes. Based on the accumulating evidence
from clinical investigations and experimental studies, the expression of
miRNAs is altered in patients with depression or in animals with
depression-like symptoms (Gururajan et al., 2016; Maffioletti et al.,
2016; O’Connor et al., 2013; Zhou et al., 2018), indicating that miRNAs
participate in the pathophysiology of depression. For example, some
miRNAs detected in the peripheral blood of patients with mood disor-
ders were altered in a recent study, and thus are considered as peripheral
biomarkers for diagnosis and the treatment response (Lopez et al.,
2018). In contrast, antidepressants regulate the expression of miRNAs,
such as miR-146b-5p, miR-24-3p and miR-425-3p, in peripheral blood
samples from patients with depression or mice with depressive-like
symptoms (Lopez et al., 2017). In addition, according to a clinical
trial, miR-1202 regulates the expression of metabotropic glutamate
receptor-4 and predicts the antidepressant response at baseline (Lopez

* Corresponding author. Department of Chemical and Pharmaceutical Engineering, College of Chemical Engineering, Huaqiao University, Xiamen, 361021, Fujian

province, PR China.
E-mail address: litaoyi@hqu.edu.cn (L.-T. Yi).

https://doi.org/10.1016/j.ynstr.2020.100243

Received 17 November 2019; Received in revised form 17 July 2020; Accepted 18 July 2020

Available online 22 July 2020
2352-2895/© 2020 The Authors. Published by Elsevier Inc.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

This is an open access article under the CC BY-NC-ND license


mailto:litaoyi@hqu.edu.cn
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2020.100243
https://doi.org/10.1016/j.ynstr.2020.100243
https://doi.org/10.1016/j.ynstr.2020.100243
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2020.100243&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.-T. Yi et al.

List of abbreviations

ANOVA analysis of variance

BDNF brain-derived neurotrophic factor
LPS lipopolysaccharide

miRNA  microRNA

mut mutant

NMDA  N-methyl-D-aspartic acid receptor

PBS phosphate-buffered saline

qPCR real-time quantitative polymerase chain reaction
TrkB tropomyosin receptor kinase B
wt wild-type

et al., 2014). These observations not only reflect the findings described
above but also suggest that the pharmacological mechanisms of anti-
depressants may be at least partially mediated by the regulation of
miRNAs. Therefore, the ability to define the changes in the miRNA
spectrum in depression and reveal the corresponding target gene-
s/proteins regulated by miRNAs will be helpful to further elucidate the
complicated pathophysiology of depression (Ferrua et al., 2019).

Interestingly, using an miRNA array and verifying the data using
real-time quantitative polymerase chain reaction (QPCR), our previous
study observed increased miR-34a-5p expression in the hippocampus of
mice exposed to chronic stress (Liu et al., 2015). In addition to our recent
finding, miR-34a levels are increased in mice with a cognitive impair-
ment that had been exposed to total abdominal irradiation (Cui et al.,
2017). Cognitive impairment of mice correlated with the elevated
miR-34a levels in the hippocampus and prefrontal cortex (Sarkar et al.,
2019). In contrast, the downregulation of miR-34a has been shown to
improve spatial cognitive function, protect neurogenesis (Zhang et al.,
2018), and reverse anesthesia-induced learning and memory dysfunc-
tions by suppressing cell apoptosis (Li et al., 2018). The increased
expression of miR-34a in mice with depressive-like symptoms and the
role of downregulating miR-34a in protecting hippocampal neuro-
genesis implied that miR-34a might be associated with the pathophys-
iology of depression. However, researchers have not determined
whether various depression-like models cause the same changes in
miR-34a expression and whether clinical antidepressants act in parallel
to changes in miR-34a expression. The present study initially assessed
the involvement of miR-34a in lipopolysaccharide (LPS)- and
corticosterone-induced depression-like animals, as the hyperactivation
of neuroinflammation and neuroendocrine are involved in the patho-
physiology of depression (Remus and Dantzer, 2016; Rincon-Cortes
et al., 2019), to address these issues. Then, the dynamic alterations in
miR-34a expression in mice exposed to chronic stress and treated with
the antidepressant fluoxetine were detected, as the chronic stress model
mimics the symptoms of depression and has been widely adopted to
evaluate the neurobiological mechanisms of depression or antidepres-
sants (Willner, 2017). Subsequently, we verified that tropomyosin re-
ceptor kinase B (TrkB)/MEK/ERK/miR-34a signaling is required for the
effects of fluoxetine. Moreover, a bioinformatics analysis and luciferase
reporter assay were performed to identify the putative binding targets of
miR-34a and to evaluate how miR-34a regulates the silencing of genes
involved in the pathophysiology of depression in mice. Finally, the
mechanism underlying the effects of miR-34a on behaviors and spine
morphology were also assessed in the hippocampus of mice exposed to
chronic stress.

2. Methods
2.1. Animals

Male C57BL/6 mice (24 + 2 g; 7-8 weeks old) were purchased from
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Shanghai Slac Animal Center, PR China. Animals were housed in groups
of four per cage (320 x 180 x 160 mm) under a normal light/dark
schedule for every 12 h. The animals were acclimated to the housing
environment for 1 week before the experiments. The ambient temper-
ature and relative humidity were set to 22 + 2 °C and at 55 + 5%,
respectively. Food and water were freely available throughout the study,
except for the illustration during chronic stress. All procedures were
approved by the college and performed in accordance with the National
Regulations for the Administration of Affairs Concerning Experimental
Animals in China (Regulations for the Administration of Affairs Con-
cerning Experimental Animals, approved by the State Council on 31
October, 1988 and promulgated by Decree No. 2 of the State Science and
Technology Commission on 14 November, 1988).

2.2. Reagents

LPS (Escherichia coli 055:B5) (1.2880), fluoxetine (PHR1394) and the
anti-B-actin antibody (A3854) conjugated to HRP was purchased from
Sigma (St. Louis, USA). Corticosterone (C0388) was purchased from TCI
(Tokyo, Japan). K252a was purchased from Alomone (Jerusalem,
Israel). U0126 (sc-222395) was purchased from Santa Cruz (Santa Cruz,
USA). The miR-34a-5p mimic (miR10000542-1), miR-34a-5p mimic
control (miR1N0000002-1), miR-34a-5p agomir (miR40000542-4),
agomir  control (miR4N0000002-4), miR-34a-5p  antagomir
(miR30000542-4) and antagomir control (miR3N0000002-4) were
purchased from Ribobio Co., Ltd. (Guangzhou, China). The dual-
luciferase reporter assay kit (E1910) was purchased from Promega
(Madison, USA). The primary antibody against pTrkB (CY5598) was
purchased from Abways (Shanghai, China). The primary antibodies
against TrkB (4603), pMEK1 (9127), MEK1 (2352), pERK (4370) and
ERK (4695) were purchased from Cell Signaling (Cambridge, USA). The
primary antibodies against Bcl-2 (ab692) and synaptotagmin-1
(ab13259) was purchased from Abcam (Cambridge, USA).

2.3. Drug administration

LPS was used to induce depression-like symptoms. Mice were
randomly divided into Control and LPS groups. Control animals received
saline, and LPS animals received LPS (0.83 mg/kg) dissolved in saline
via an intraperitoneal injection. The sucrose preference test was per-
formed after the LPS injection, and the forced swimming test was per-
formed immediately after the sucrose preference test.

Then, corticosterone was used to induce depression-like symptoms as
well. Mice were randomly divided into Control and Corticosterone
groups. Control animals were subcutaneously injected with saline con-
taining 0.1% DMSO and 0.1% Tween-80 once daily. Corticosterone (20
mg/kg) was dissolved in saline containing 0.1% DMSO and 0.1% Tween-
80 and injected subcutaneously once daily. The injections were repeated
once daily for 21 consecutive days. The sucrose preference test was
performed after the last corticosterone injection, and the forced swim-
ming test was performed immediately after the sucrose preference test.

2.4. Cannula implantation

The stereotaxic guide cannula implantation was performed accord-
ing to our previous study (Yi et al., 2018). In detail, animals were
anesthetized using 4% chloral hydrate (5 mL/kg), and guide cannula
were implanted into the lateral ventricle (0.6 mm caudal to the bregma,
1.5 mm from the midline and 1.5 mm below the dural surface) using a
stereotaxic apparatus via fixation using a tooth bar and insertion of blunt
ear bars. The guide cannula was fixed using dental cement and closed
with a cannula dummy cap. The animals recovered for one week prior to
the experiment.
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2.5. Chronic stress procedure

The chronic stress procedure was performed as previously described
(Liu et al., 2015). Briefly, the stressors consisted of water deprivation,
exposure to an empty bottle, exposure to a soiled cage, successive
alternating light/dark sequences every 2 h, a reduction in space, a 45°
cage tilt, overnight illumination and exposure to predator sounds. All
stressors were applied individually and continuously throughout the
8-week experimental cycle. Animals were firstly subjected to four weeks
of chronic stress prior to drug administration. All the animals were
deprived of water for 12 h before the sucrose training and formal sucrose
preference tests, but otherwise both water and food were freely avail-
able to the animals.

2.6. Dynamic evaluation of miR-34a expression in depression

Mice were randomly divided into three groups (n = 28): Control-
vehicle group, Control-fluoxetine group, Chronic stress-vehicle group
and Chronic stress-fluoxetine group. Fluoxetine (20 mg/kg) was sus-
pended in saline, and thus saline was used as the vehicle. Both fluoxetine
and vehicle were orally administered for 1, 2, 3 or 4 weeks, and mice
were subjected to chronic stress. The sucrose preference test was per-
formed after last fluoxetine administration, and the forced swimming
test was performed immediately after the sucrose preference test.

2.7. Involvement of miR-34a in TrkB/MEK1/ERK signaling

Mice were randomly divided into six groups (n = 8): Control-vehicle
group, Chronic stress-vehicle group, Chronic stress-fluoxetine group,
Chronic stress-fluoxetine-K252a group, Chronic stress-fluoxetine-U0126
group, and Chronic stress-fluoxetine-miR-34a agomir group. Fluoxetine
(20 mg/kg) was suspended in saline. K252a (25 pg/kg) dissolved in
saline containing 0.1% DMSO was injected intraperitoneally 30 min
prior to fluoxetine administration. U0126 (5 pg, dissolved in artificial
cerebrospinal fluid containing 1% DMSO) and miR-34a agomir (2 nmol,
dissolved in artificial cerebrospinal fluid) were infused via the cannula
60 min prior to fluoxetine administration. Both inhibitors and fluoxetine
were treated once a day for 4 weeks. The sucrose preference test was
performed after the administration of the last fluoxetine treatment, and
the forced swimming test was performed immediately after the sucrose
preference test.

2.8. Luciferase reporter assay

Firstly, the 3'-UTRs were constructed according to the potential
binding sites of miR-34a identified in the Targetscan database. Because
synaptotagmin-1 and Bcl-2 genes have a long 3'-UTR (~2800 and
~5200 bp), only 120 bp wild-type fragments containing the potential
binding target sites (wt) and mutant fragments without the potential
binding sites (mut) were cloned to construct reporter vector. Then, the
reporter vectors containing the wt or mut synaptotagmin-1/Bcl-2 3'-
UTR were transfected with the miR-34a mimic or mimic control into
HEK 293 cells. Forty-eight hours after transfection, the luciferase assay
was performed using the dual luciferase reporter assay kit according to
the manufacturer’s protocol.

2.9. Experiment using a miR-34a antagomir injection in vivo

Mice were randomly divided into the following four groups to detect
the effects of miR-34a on the putative targets in vivo (n = 12): Control-
vehicle group, Control-miR-34a antagomir group, Chronic stress-vehicle
group and Chronic stress-miR-34a antagomir group. A control antago-
mir served as the vehicle. The miR-34a antagomir and antagomir control
(2 nmol) were dissolved in artificial cerebrospinal fluid (4 pl adminis-
tered at an injection rate of 0.5 pl/min) and intracerebroventricularly
infused via the cannula once per week during the last 4 weeks of chronic
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stress. The sucrose preference test was performed after the antagomir
injection, and the novelty-suppressed feeding test was performed 24 h
after the sucrose preference test.

2.10. Sucrose preference test

Briefly, the mice were initially trained to adapt to the sucrose solu-
tion before the formal test (Day 1, two bottles of sucrose solution; Day 2,
one bottle of sucrose solution and one bottle of water). After the adap-
tation period, the mice were deprived of water for 12 h. The test was
conducted when the mice were housed in individual cages and had free
access to two bottles containing the sucrose solution and water,
respectively. After 24 h, the weights of the consumed sucrose solution
and water were recorded. Sucrose preference was calculated using the
formula sucrose preference = sucrose consumption/(water and sucrose
consumption) x 100%.

2.11. Forced swimming test

The mice were placed in a glass cylinder containing water. The glass
cylinder had a height of 25 cm and 12 cm diameter, and a water depth of
15 cm. The water temperature was maintained at 23 + 2 °C. All animals
were forced to swim for 6 min and the total immobility time was
recorded during the last 4 min of the test. The mouse was judged to be
immobile when it floated on the surface without struggling, and only
made the necessary actions to keep its head out of the water. Using the
recorded video, an observer blinded to the treatments scored the
immobility time.

2.12. Novelty-suppressed feeding test

The novelty-suppressed feeding test was performed during an 8 min
period. Briefly, the testing apparatus consisted of a plastic box (50 x 50
x 20 cm). Animals were deprived of food for 24 h before the test. At the
beginning of the test, a single pellet of food was placed in the center of
the box. A mouse was placed in a corner of the maze box. The time from
the release of the mouse until it ate the food was recorded. The food
consumed in the home cage within 15 min was measured immediately
after the test as a control value to exclude the appetite factor.

2.13. gPCR

Hippocampal tissues were dissected and stored at —80 °C. qPCR was
performed using the Sangon qPCR miRNA detection kit. Briefly, hip-
pocampal miRNAs were first reverse-transcribed with the RT primer.
Then, cDNAs were subjected to 40 cycles of amplification with the
corresponding PCR primers, in which SYBR Green I was used as the
fluorescence signal and ROX as the control fluorescence signal. All
samples were processed at the same time to avoid inter-experiment
variances. Three sample replicates from each group were included in
the qPCR miRNA validation experiment. The expression of U6 was used
as an internal reference for miR-34a.

2.14. Western blot

Tissues were homogenized in RIPA buffer containing the necessary
inhibitors. The homogenates were centrifuged at 12000 xg for 15 min at
4 °C, and the supernatants were collected. The protein concentrations
were determined using a standard BCA assay. Twenty to 50 pg of protein
were separated on SDS-PAGE gels and transferred to a PVDF membrane.
Then, the membrane was blocked with 5% BSA/TBST buffer for 1 h at
room temperature, followed by an incubation with 5% BSA/TBST buffer
containing the primary antibodies at 4 °C overnight (anti-TrkB: 1:1000,
anti-pTrkB: 1:1000, anti-MEK1: 1:1000, anti-pMEK1: 1:1000, anti-ERK:
1:1000, anti-pERK: 1:1000, anti-synaptotagmin-1: 1:500, anti-Bcl-2:
1:1000, and anti-B-actin: 1:5000). The membranes were subsequently
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Fig. 1. LPS and corticosterone injections caused depressive-like behaviors and increased miR-34a expression in the hippocampus (n = 8). *p < 0.05 and *#p < 0.01

compared with the Control-vehicle group.

incubated with an HRP-labeled secondary antibody (1:2000 or 1:4000).
Finally, the bands were detected using the enhanced chemiluminescence
method. The levels of p-actin served as an internal reference for the
levels of other proteins.

2.15. Golgi staining

The Golgi-Cox procedure was described in detail in our previous
study (Wang et al., 2017). Whole brains were immersed in the Golgi-Cox
solution for 14 days. Then, the Golgi-Cox solution was replaced with a
30% sucrose solution and tissues were incubated for an additional 3
days. Thin sections (50 pm) were obtained using a vibratome. Sections
were then treated with ammonium hydroxide for 30 min, followed by a
30 min incubation in Kodak Film Fixer and finally rinsed with distilled
water, dehydrated and mounted with resinous medium. During
morphological analysis, three pyramidal neurons in CA3 subregion of
each hemisphere were selected on three slices at A/P levels (Bregma
—2.06 mm, —2.46 mm, —2.80 mm approximately) according to the
brain diagram of mouse. The number of spines in secondary dendrites
(about 30-100 pm from soma) was quantified tracing. The dendritic
spine density in the CA3 subregion of the hippocampus was expressed as
the number of spines per 10 pm of dendritic length. The quantitative
evaluation was performed by an observer blind to treatment.

2.16. Statistical analysis

All data are reported as means + SEM. The normal distribution of the
data was first verified using the Kolmogorov-Smirnov test, and then
analyzed using a one-way or two-way ANOVA followed by the Tukey
post hoc test. A value of p < 0.05 was considered statistically significant
in the analysis.

3. Results

3.1. miR-34a expression is abnormally elevated in mice with depressive-
like symptoms receiving LPS or corticosterone

As shown in the behavioral data presented in Fig. 1, mice treated
with LPS or corticosterone exhibited a decreased sucrose preference (F
(1,14) = 23.50, p < 0.01; F(1,14) = 42.56, p < 0.01, respectively) and
increased immobility time (F(1,14) = 6.84, p < 0.05; F(1,14) = 10.84,p
< 0.01, respectively), indicating the establishment of depression-like
symptoms in mice. Then, the PCR assay revealed increased expression
of miR-34a in the hippocampus of mice treated with LPS and cortico-
sterone (F(1,14) = 13.48, p < 0.01; F(1,14) = 8.68, p < 0.05,
respectively).

3.2. Dynamic alterations in the behaviors and miR-34a levels after
fluoxetine treatment in mice exposed to chronic stress

Fig. 2 illustrates the sucrose preference, immobility time and miR-
34a levels of mice receiving fluoxetine after 1 (A), 2 (B), 3 (C) or 4
weeks (D). The onset of action occurred within three weeks after
fluoxetine treatment, as the reduction in the sucrose preference and the
increase in the immobility time were completely reversed by fluoxetine
(p < 0.01, p < 0.05, respectively). Similarly, the increase in miR-34a
expression induced by chronic stress was attenuated by week 3 of
fluoxetine administration (p < 0.05). Similarly, administration with
fluoxetine for 4 weeks also reversed the abnormalities in sucrose pref-
erence (p < 0.05), immobility time (p < 0.01) and miR-34a expression
(p < 0.01) in chronic stress-induced mice.

3.3. TrkB/MEK1/ERK/miR-34a signaling is required for the effects of
fluoxetine

Next, mice were pretreated with a selective antagonist of TrkB
(K252a), an inhibitor of MEK/ERK (U0126) or an agonist of miR-34a
(miR-34a agomir) prior to fluoxetine administration. As shown in
Fig. 3A and B, the antidepressant-like effects of fluoxetine (p < 0.01,p <
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Fig. 2. Dynamic evaluation (A: 1 week; B: 2 weeks; C: 3 weeks; and D: 4 weeks) of behaviors and miR-34a expression in mice receiving fluoxetine (n = 7). *p < 0.05
and #*#p < 0.01 compared with the Control-vehicle group. *p < 0.05 and **p < 0.01 compared with the Chronic stress-vehicle group. Two-way ANOVA results of (A)
SPT: Stress F(1,24) = 15.70, p < 0.01; Treatment F(1,24) = 0.62, p > 0.05; Interaction F(1,24) = 0.51, p > 0.05; FST: Stress F(1,24) = 11.97, p < 0.01; Treatment F
(1,24) = 2.12, p > 0.05; Interaction F(1,24) = 0.11, p > 0.05; miR-34a: Stress F(1,24) = 22.96, p < 0.01; Treatment F(1,24) = 0.27, p > 0.05; Interaction F(1,24) =
0.06, p > 0.05; (B) SPT: Stress F(1,24) = 15.20, p < 0.01; Treatment F(1,24) = 3.02, p > 0.05; Interaction F(1,24) = 4.47, p < 0.05; FST: Stress F(1,24) = 10.35,p <
0.01; Treatment F(1,24) = 2.34, p > 0.05; Interaction F(1,24) = 0.57, p > 0.05; miR-34a: Stress F(1,24) = 8.31, p < 0.01; Treatment F(1,24) = 0.43, p > 0.05;
Interaction F(1,24) = 1.48, p > 0.05; (C) SPT: Stress F(1,24) = 14.10, p < 0.01; Treatment F(1,24) = 13.38, p < 0.01; Interaction F(1,24) = 4.48, p < 0.05; FST: Stress
F(1,24) = 5.56, p < 0.05; Treatment F(1,24) = 4.38, p < 0.05; Interaction F(1,24) = 3.43, p > 0.05; miR-34a: Stress F(1,24) = 12.78, p < 0.01; Treatment F(1,24) =
4.80, p < 0.05; Interaction F(1,24) = 4.08, p > 0.05; (D) SPT: Stress F(1,24) = 2.73, p > 0.05; Treatment F(1,24) = 5.14, p < 0.05; Interaction F(1,24) = 6.89, p <
0.05; FST: Stress F(1,24) = 9.22, p < 0.01; Treatment F(1,24) = 11.73, p < 0.01; Interaction F(1,24) = 3.66, p > 0.05; miR-34a: Stress F(1,24) = 9.85, p < 0.01;

Treatment F(1,24) = 7.16, p < 0.05; Interaction F(1,24) = 5.10, p < 0.05.

0.05, respectively) on sucrose preference and immobility time were
significantly blocked by K252a, U0126 and miR-34a agomir. Consistent
with the behavioral results, fluoxetine failed to decrease hippocampal
miR-34a levels in mice exposed chronic stress that were pretreated with
K252a, U0126 or miR-34a agomir (Fig. 3C). In a parallel experiment,
western blotting results indicated that fluoxetine did not restore the
decreases in the hippocampal pTrkB/TrkB, pMEK1/MEK1 and pERK/
ERK ratios when administered in combination with K252a, U0126 or
miR-34a agomir (Fig. 3D-F).

3.4. Synaptotagmin-1 and Bcl-2 are functional targets of miR-34a

According to the bioinformatics analysis, synaptotagmin-1 and Bcl-2
are potential targets of miR-34a. Luciferase reporter constructs carrying
the 3'-UTRs of synaptotagmin-1/Bcl-2 containing the potential miR-34a

binding sites were constructed and co-transfected with the miR-34a
mimic into HEK 293 cells (Fig. 4A and D). As shown in Fig. 4B and E,
the miR-34a mimic significantly decreased the luciferase activity of the
reporter containing the wildtype 3'-UTRs of synaptotagmin-1/Bcl-2, but
not their mutants (p < 0.01 and p < 0.01, respectively). Consistently, the
mRNA (F(1,10) = 19.28, p < 0.01; F(1,10) = 19.96, p < 0.01, respec-
tively) and protein (F(1,10) = 17.08, p < 0.01; F(1,10) = 13.92, p <
0.01, respectively) levels of synaptotagmin-1 and Bcl-2 were also
decreased by the miR-34a mimic (Fig. 4C and F). Based on these results,
miR-34a binds to the synaptotagmin-1 and Bcl-2 3'-UTRs and inhibits
their expression in HEK 293 cells.
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Fig. 3. Pharmacological inhibition of TrkB, MEK/ERK or miR-34a signaling blocks the antidepressant-like effects of fluoxetine on mice exposed to chronic stress (n =
6-8). K252a, U0126, and miR-34a antagomir blocked the improvements in the sucrose preference (A) and immobility time (B), as well as the increases in miR-34a
expression (C), pTrkB/TrkB ratio (D), pMEK1/MEK]1 ratio (E) and pERK/ERK ratio (F) induced by fluoxetine in mice exposed to chronic stress. #p < 0.05 and ##p <
0.01 compared with the Control-vehicle group. *p < 0.05 and **p < 0.01 compared with the Chronic stress-vehicle group. One-way ANOVA results of (A) F(5,42) =
8.16, p < 0.01; (B) F(5,42) = 4.60, p < 0.01; (C) F(5,42) = 12.39, p < 0.01; (D) F(5,30) = 4.63, p < 0.01; (E) F(5,30) = 3.06, p < 0.05; (F) F(5,30) = 5.82, p < 0.01.

3.5. The miR-34a antagomir attenuates the depressive-like behaviors in
mice exposed to chronic stress

Next, we assessed the effects of the miR-34a inhibitor on the be-
haviors of mice exposed to chronic stress. As shown in Fig. 5A, the miR-
34a antagomir intervention (p < 0.01) significantly inhibited the
expression of miR-34a in the hippocampus of mice exposed to chronic
stress (p < 0.01).

The sucrose preference test revealed a decrease in the sucrose pref-
erence in response to chronic stress (p < 0.01) that was progressively
increased after the miR-34a antagomir injection (p < 0.01) (Fig. 5B). In
addition, the latency to feeding, which was increased by chronic stress
exposure (p < 0.05), was ameliorated by the injection of miR-34a
antagomir as well (p < 0.05) (Fig. 5C). At the same time, no apparent
difference in total food consumption was observed among these four

groups (Fig. 5D).

In addition, chronic stress decreased the ratios of pTrkB/TrkB (p <
0.05), pMEK1/MEK1 (p < 0.01) and pERK/ERK (p < 0.01) in the hip-
pocampus, while the miR-34a antagomir normalized the ratios of
PMEK1/MEK1 (p < 0.01) and pERK/ERK (p < 0.05) (Fig. S5E-G). In
addition, miR-34a antagomir tended to increase the ratio of pTrkB/TrkB
(p = 0.0581).

3.6. The miR-34a antagomir alleviates the altered spine morphology in
mice exposed to chronic stress

As the luciferase reporter assay confirmed that synaptotagmin-1 was
the functional targets of miR-34a, the levels of the synaptotagmin-1
were evaluated in the mouse hippocampus (Fig. 6). Chronic stress
reduced synaptotagmin-1 levels (p < 0.05), while the miR-34a
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Fig. 4. The 3'-UTRs of synaptotagmin-1 and Bcl-2 are direct targets of miR-34a-5p in HEK 293 cells (n = 6). One of the predicted miR-34a binding sites in the 3'-
UTRs of synaptotagmin-1 (A) and Bcl-2 (D) mRNA are shown. The 3'-UTR reporter assay was performed in HEK 293 cells 48 h after transfection. The reporter assay
confirmed that the miR-34a mimic was capable of significantly inhibiting luciferase expression in cells expressing the wild-type 3'-UTRs of synaptotagmin-1 (B) and
Bcl-2 (E). Levels of the synaptotagmin-1 (C) and Bcl-2 (F) mRNAs and proteins were reduced in HEK 293 cells treated with the miR-34a mimic. *#p < 0.01 compared
with the wildtype mimic control group and **p < 0.01 compared with the wildtype miR-34a mimic group. Two-way ANOVA results of (B) Genotype F(1,20) = 24.77,
p < 0.01; Treatment F(1,20) = 36.55, p < 0.01; Interaction F(1,20) = 16.64, p < 0.01; (E) Genotype F(1,20) = 49.56, p < 0.01; Treatment F(1,20) = 34.30, p < 0.01;
Interaction F(1,20) = 45.49, p < 0.01.

antagomir restored its levels (p < 0.05) (Fig. 6A). In addition, as shown 4. Discussion

in Fig. 6B, the decrease in the density of dendritic spines, induced by

chronic stress (p < 0.05) was markedly reversed by the miR-34a anta- Notably, miR-34a is a member of the miR-34 family that is located on
gomir treatment (p < 0.05). chromosome 1. Due to the high level of conservation throughout many
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animal species, miR-34a is one of the most well-studied miRNAs and has prevented by pretreatments with K252a, U0126 and miR-34a agomir.
attracted the attention of many researchers (Ichimura et al., 2011). As Recently, the primary miR-34a transcript was reported to contain
shown in the present study, the hippocampal expression of miR-34a was binding motifs for NF-kB, and thus the NF-kB inhibitor Bay 11-7082
significantly increased in mice treated with LPS or corticosterone. Sub- decreased miR-34a levels (Sharma et al., 2018). Because NF-kB is
sequently, we evaluated the dynamic alterations in miR-34a expression inhibited (Cheng et al., 2016; Liu et al., 2018) but ERK is activated (First
in response to treatment with the antidepressant fluoxetine from 1 to 4 et al.,, 2011; Mu et al., 2016) by antidepressants in the hippocampus of
weeks in mice exposed to chronic stress, another depressive-like animal rodents exposed to chronic stress, and ERK phosphorylation attenuates
model that is widely used to mimic the process of depression in humans NF-kB activation (Chung and Liao, 2016), we speculated that ERK
(Willner, 2017). Consistent with the findings from our previous study phosphorylation inhibits NF-kB activity, and thus NF-kB is unable to
(Liu et al., 2015), chronic stress caused an abnormal increase in miR-34a interact with the binding site and inhibit the expression of miR-34a. On
levels in the hippocampus in the present study, indicating that high the other hand, an increase in miR-34a expression also decreased MEK1
levels of miR-34a expression was a typical feather in depression-like levels, indicating that miR-34a expression is not only regulated by
animals. On the other hand, the dynamic evaluation clearly revealed TrkB/MEK1/ERK signaling but also acts as a positive feedback regulator
an attenuation of the increase in miR-34a expression at week 3, when of this signaling cascade. This mechanism might lead to a sustained
onset of the therapeutic effect of fluoxetine occurred. This finding im- increase in miR-34a expression during the process of depression or a
plies synchronism between miR-34a inhibition and the efficacy of an sustained reduction in response to antidepressants. The finding that
antidepressant, and provides new insights suggesting that miR-34a co-treatment with fluoxetine and agomir did not further decrease
regulation is involved in the underlying pathophysiology of depression TrkB/MEK/ERK signaling pathway in the hippocampus of stressed mice
and the actions of antidepressants. is interesting. This is partly similar to a previous study showing that
How does depression or an antidepressant modulate the expression TrkB antagonist ANA-12 did not further decrease p-TrkB levels and spine
of miR-34a? As shown in our previous study, the TrkB/ERK signaling density, but TrkB agonist 7,8-DHF fully reversed the reduction of p-TrkB
pathway regulates miR-34a expression (Liu et al., 2015). In addition, levels and spine density in the hippocampus of depressive animals
miR-34a was also reported to regulate ERK signaling, as MEK1, the (Zhang et al., 2014). Consistently, selective mTOR inhibitor rapamycin
upstream of ERK, was verified to be a target of miR-34a (Ichimura et al., or mTOR-shRNA did not decrease p-mTOR levels in chronic
2010). Therefore, we next tested whether the antidepressant-like effects stress-induced animals (Xu et al., 2018). We speculate that there is a
of fluoxetine required hippocampal TrkB/MEK1/ERK/miR-34a compensatory mechanism to maintain necessary MEK/ERK levels,
signaling. Chronic stress significantly decreased the phosphorylation which may be required for basic function of neurons.
of TrkB, MEK1 and ERK, and increased miR-34a levels in the hippo- Using a microarray analysis and qPCR verification, our previous
campus. In contrast, chronic fluoxetine administration completely study clearly identified a role for miR-34a in the pathophysiology of
reversed the inhibition of the TrkB/MEK1/ERK signaling pathway in the depression (Liu et al., 2015). In the present study, based on the
hippocampus. However, the effects of fluoxetine were completely conserved sites identified from the Targetscan database, we identified
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0.01; Treatment F(1,16) = 8.47, p < 0.05; Interaction F(1,16) = 1.38, p > 0.05;

(1,8) = 9.80, p < 0.05.

two putative genes, synaptotagmin-1 and Bcl-2, as targets of miR-34a.
The database identified several binding sequences for miR-34a in the
3'-UTRs of the synaptotagmin-1 and Bcl-2 mRNAs. In this case, the
conserved binding sites between miR-34a and synaptotagmin-1/Bcl-2
mRNAs were verified using a luciferase reporter assay in vitro. The
overexpression of miR-34a markedly decreased both synaptotagmin-1
and Bcl-2 levels in wildtype HK293 cells. However, neither
synaptotagmin-1 nor Bcl-2 levels were altered in mutant HK293 cells,
indicating the consistency between the bioinformatics database and the
cell-based data.

A miR-34a antagomir was administered to mice exposed to chronic
stress to obtain a reliable and convincing conclusion. The anhedonia
caused by chronic stress was attenuated by the injection of the miR-34a
antagomir, as the sucrose preference was increased. Consistently, the
latency to feed in the novelty-suppressed feeding test was increased by
chronic stress but reversed by the miR-34a antagomir. The results of the
behavioral tests described above suggested a role for miR-34a inhibition
in treating depression. On the other hand, the miR-34a antagomir also
increased hippocampal TrkB, MEK1 and ERK phosphorylation,
providing evidence to support the hypothesis of the role of miR-34a in
regulating MEK1 and TrkB/MEK1/ERK signaling.

Neurotransmitters are involved in the pathophysiology of depres-
sion. A recent study indicated that miR-34a was involved in acute
regulation of synaptic transmission by its sequence-specific targets in
dentate gyrus (Berentsen et al., 2020). Synaptotagmins, which function
as calcium sensors to regulate neurotransmitter release, have received
widespread attention (Chang et al., 2018; Sudhof, 2013).
Synaptotagmin-1 is one of the main proteins located in the synaptic
vesicle membrane (Zhou et al., 2017). As shown in the present study,
hippocampal synaptotagmin-1 levels were decreased after chronic
stress, consistent with a previous report showing that synaptotagmin-1
levels were decreased in the hippocampus after the induction of

(B) Stress F(1,8) = 5.80, p < 0.05; Treatment F(1,8) = 8.35, p < 0.05; Interaction F

chronic stress or long-term corticosterone administration (Freitas et al.,
2016; Han et al, 2018). In contrast, synaptotagmin-1 levels were
increased after fluoxetine treatment compared to vehicle controls
(Popova et al., 2017). In the present study, miR-34a inhibition reversed
the reduction in synaptotagmin-1 levels in the hippocampus, indicating
that the activation or inhibition of miR-34a inversely regulates the
expression of synaptotagmin-1 in the hippocampus. Furthermore, the
spine morphology is modulated by the synaptic protein synaptotagmin-1
(Agostini et al., 2011b). Thus, Golgi staining was performed to measure
the density of dendritic spines and to further verify the effect of the
synaptotagmin-1 deficiency on the spine morphology. Chronic stress
decreased the dendritic spine density, while the miR-34a antagomir
attenuated this reduction, consistent with studies showing that neuronal
differentiation, synapse morphology and function are altered in neural
stem cells overexpressing miR-34a (Morgado et al., 2015). Taken
together, chronic stress alters the spine morphology by increasing
miR-34a expression to inhibit synaptotagmin-1 expression.

As shown in the present study, HEK 293 cells transfected with the
miR-34a mimic displayed decreased levels of synaptotagmin-1 and Bcl-
2. Additionally, two previous studies also reported reduced levels of
synaptotagmin-1 in both cortical neurons (Agostini et al., 2011a) and
neural stem cells (Morgado et al., 2015) transfected with miR-34a. Based
on accumulating evidence, the levels of Bcl-2 are reduced in SH-SY5Y
cells (Mao et al., 2015; Wang et al., 2009), cortical neuronal cells (Dai
et al., 2017) and other cells transfected with miR-34a. Therefore, com-
bined with the bioinformatics analysis, these studies provided evidence
that synaptotagmin-1 and Bcl-2 are targets of miR-34a. However, we do
not deny that the use of immunoprecipitated RISC to detect hippocam-
pal miR-34a expression in a mouse model of depression will help to
strengthen the conclusions obtained from in vitro experiments. So this is
one of the limitations of the present study.

Overall, we proposed a novel mechanism by which chronic stress
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Fig. 7. The biological function of miR-34a is mediated by repressing the expression of its targets in a mouse model of depression.

impaired spine morphology by activating TrkB/MEK1/ERK/miR-34a
signaling in the hippocampus. Overexpression of miR-34a decreased
synaptotagmin-1 levels by targeting its 3'-UTR sequences and thus
damaged the spine morphology (Fig. 7). Based on the matched results
obtained from the miRNA sequence database mirbase.org and miRNA
target identification tool targetscan.org, both the sequence of miR-34a
and target sequences in synaptotagmin-1 are shared by most mam-
mals, including mice, rats and humans, suggesting that the seed se-
quences of synaptotagmin-1 3'-UTRs targeted by miR-34a are highly
conserved.
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