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a b s t r a c t

Background: Brain-derived neurotrophic factor (BDNF)etropomyosin-related kinase B (TrkB) plays a
critical role in the pathogenesis of depression by modulating synaptic structural remodeling and func-
tional transmission. Previously, we have demonstrated that the ginsenoside Rb1 (Rb1) presents a novel
antidepressant-like effect via BDNFeTrkB signaling in the hippocampus of chronic unpredictable mild
stress (CUMS)-exposed mice. However, the underlying mechanism through which Rb1 counteracts
stress-induced aberrant hippocampal synaptic plasticity via BDNFeTrkB signaling remains elusive.
Methods: We focused on hippocampal microRNAs (miRNAs) that could directly bind to BDNF and are
regulated by Rb1 to explore the possible synaptic plasticity-dependent mechanism of Rb1, which affords
protection against CUMS-induced depression-like effects.
Results: Herein, we observed that brain-specific miRNA-134 (miR-134) could directly bind to BDNF 30UTR
and was markedly downregulated by Rb1 in the hippocampus of CUMS-exposed mice. Furthermore, the
hippocampusetargeted miR-134 overexpression substantially blocked the antidepressant-like effects of
Rb1 during behavioral tests, attenuating the effects on neuronal nuclei-immunoreactive neurons, the
density of dendritic spines, synaptic ultrastructure, long-term potentiation, and expression of synapse-
associated proteins and BDNFeTrkB signaling proteins in the hippocampus of CUMS-exposed mice.
Conclusion: These data provide strong evidence that Rb1 rescued CUMS-induced depression-like effects
by modulating hippocampal synaptic plasticity via the miR-134-mediated BDNF signaling pathway.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Major depressive disorder is a complex and heterogeneous
disease. Neurobiological studies have observed that the patho-
genesis of depression mainly involves alterations in the signaling
system, neuroplasticity, neuroinflammation, and the neuroendo-
crine system [1e3]. Notably, the cellular mechanisms underlying
these alterations may be strongly associated with changes in neu-
roplasticity [4]. Novel findings have revealed that neuroplasticity,
which is the ability of adult synapses to adapt to external stimuli
dynamically, is dysregulated during depression and restored by
antidepressants [5].

Synaptic plasticity is controlled by complex regulation of diverse
signaling pathways, and disruptions of some major pathways can
enhance vulnerability to depression, including the loss of neuro-
trophic factors. Brain-derived neurotrophic factor (BDNF), a key
determinant of neuroplasticity, is highly expressed in the hippo-
campus. BDNF is secreted locally, at and near active synapses, and
regulates neuronal survival and differentiation, with functions in
the activity-dependent plasticity processes [6,7]. A recent study has
shown that BDNF could serve as a transducer to link antidepres-
sants and neuroplastic changes [8]. Tropomyosin-related kinase B
(TrkB), a functional receptor of BDNF, is widely distributed on
presynaptic and postsynaptic membranes and activated by BDNF
[9]. Evidence has confirmed that BDNFeTrkB signaling participates
in regulating synaptic structural remodeling and functional trans-
mission by activating at least two intracellular signaling pathways,
namely, the mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated protein kinase (ERK) and phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (PKB/AKT) pathways [10e12]. Both
pathways are associated with numerous downstream targets
affecting neuronal function. For example, activation of the down-
stream transcription factor cAMP response element-binding pro-
tein (CREB) contributes to the maintenance of activity-dependent
synaptic plasticity and transcription of synapse-related protein-
encoding genes, including BDNF [13]. Multiple BDNF functions are
involved in promoting synaptic efficacy, primarily by inducing
postsynaptic potentiation to promote long-term potentiation (LTP)
[14]; enhancing the conductance of N-methyl-D-aspartic acid re-
ceptors (NMDARs) [15] and translation of a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors (AMPARs) to increase
postsynaptic responses [16]; and favoring synaptic remodeling of
the ultrastructure to promote synaptogenesis [17]. Therefore, the
beneficial effects of the BDNFeTrkB signaling pathway on the
attenuation of depression-induced dysfunctions are expected to
prevent depression-induced impairment of hippocampal synaptic
plasticity; this could be developed as a potential therapeutic
strategy for antidepressants.

Ginsenoside Rb1 (Rb1), the primary bioactive ingredient in
Panax ginsengMeyer, reportedly elicits an antidepressant-like effect
by regulating hippocampal monoamine and amino acid neuro-
transmitter levels in chronic unpredictable mild stress (CUMS)-
exposed mice in our previous study [18,19]. In addition, our studies
on CUMS-exposed mice demonstrated that the antidepressant-like
effect of Rb1 is related to BDNFeTrkB signaling in the hippocampus
[20]. However, the underlying mechanism through which Rb1
counteracts stress-induced aberrant hippocampal synaptic plas-
ticity via the BDNFeTrkB signaling pathway remains elusive.
MicroRNAs (miRNAs) are small, highly conserved noncoding RNAs
of ~20 nucleotides, regulating gene expression by repressing the
translation of target mRNAs into protein or degrading target
mRNAs. It has been confirmed that miRNAs play an important role
in the pathophysiology of stress-related disorders, owing to their
ability to regulate multiple pathways associated with synaptic
plasticity [21,22]. In the present study, we focused on hippocampal
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miRNAs that could directly bind to BDNF and are regulated by Rb1,
to explore the possible synaptic plasticity-dependent Rb1 mecha-
nism affording protection against CUMS-induced depression-like
effects.

2. Materials and methods

2.1. Animals

Male adult Institute of Cancer Research (ICR) mice, weighing
20 ± 2 g (5-week-old), were purchased from SJA Laboratory Animal
Co., Ltd. (Hunan, China). Animals were housed in clear poly-
carbonate cages (22.5 � 33.8 � 14.0 cm in size) in groups of 8 in-
dividuals, under a controlled 12-hour light/dark cycle (light from
7:00 am to 7:00 pm), at 55 ± 10% relative humidity and 25 ± 2�C
room temperature. All experimental protocols and animal treat-
ments were performed according to the Experimental Animal
Application Criteria and Institutional Animal Care and Use Com-
mittee (IACUC) of Jinan University (Permit No. 2019624).

2.2. Procedure for CUMS exposure

The CUMS procedure was adapted from a previous report [23].
Briefly, mice were exposed to 10 series of mild and unpredictable
stressors, including food or water deprivation for 12 h, a soiled cage
for 24 h, plantar electrical stimulation for 10min, swimming in cold
water (4�C) for 5 min, overnight illumination for 36 h, nipping of
the tail for 2 min, cage tilt (45�) for 12 h, white noise for 12 h; and
LED stroboscopic stimulation for 2 h. The mice received two or
three random stressors daily to ensure unpredictability.

2.3. Dual-luciferase reporter gene assay

The predicted targets of mmu-miRNA-134 (miR-134) were
analyzed by RNAhybrid 2.2 (https://bibiserv.cebitec.uni-bielefeld.
de/applications/rnahybrid/pages/rnahybrid_function_rnahybrid_
result.jsf). The sequences of wild-type (BDNF-30UTR-WT) or
mutated (BDNF-30UTR-Mut) BDNF 30UTR were constructed to
pmirGLO vector (Promega, Madison, WI, USA). The luciferase assay
was performed with 293 T cells using the Dual-Luciferase Reporter
2000 Assay System (Promega, Madison, WI, USA). All experiments
were performed in duplicate, with data pooled from three inde-
pendent experiments.

2.4. Stereotactic injection

The adeno-associated viral serotype 9 (AAV9) vectors, including
AAV-miR-134-down (miR-134 knockdown), AAV-miR-134-up
(miR-134 overexpress), and AAV-vehicle, were constructed by
Genechem Co., Ltd. (Shanghai, China). Viral injections were per-
formed as described in previous reports [24]. AAV viruses (1012

vector genome (vg)/mL, 1.0 mL of AAV per hippocampus) were
bilaterally infused into the hippocampus (Bregma: 2.3 mm;Medial/
Lateral: ± 1.8 mm; Dorsal/Ventral: 2.0 mm) (Fig. 1A and B).
Following the induction of CUMS, the injection sitewas determined
by detecting red fluorescent protein (mCherry) expression using a
laser confocal microscope.

2.5. Drugs and treatment

In the present study, Rb1 (C54H92O23, molecular weight 1109.31,
Fig. 1C) was derived from the same batch prepared in our previous
study [20] and was dissolved in 0.5% carboxymethyl cellulose so-
dium (CMC-Na) at a concentration of 0.9 mM. After one week of
CUMS exposure, mice were divided into eight groups (n¼16 per

https://bibiserv.cebitec.uni-bielefeld.de/applications/rnahybrid/pages/rnahybrid_function_rnahybrid_result.jsf
https://bibiserv.cebitec.uni-bielefeld.de/applications/rnahybrid/pages/rnahybrid_function_rnahybrid_result.jsf
https://bibiserv.cebitec.uni-bielefeld.de/applications/rnahybrid/pages/rnahybrid_function_rnahybrid_result.jsf
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group): Control group, CUMSevehicle group, Rb1-treated group,
AAV-vehicle group, AAV-miR-134-down group, AAV-miR-134-up
group, Rb1þAAV-miR-134-down group, and Rb1þAAV-miR-134-
up group. Rb1 was intragastrically (i.g.) administered to CUMS-
exposed mice once a day at 9:00e11:00 am, from day 7 to day
42. After 60 min of administering Rb1 on day 7, the AAV-treated
group underwent a one-time stereotactic injection of the AAV vi-
rus (Fig. 1D). Behavioral experiments were conducted 60 min after
the last administration with Rb1 or CMC-Na.
2.6. Behavioral assays

All behavioral tests were conducted in a separate room, and
behavioral equipment was connected to a digital camera moni-
toring system. On the last day of CUMS exposure, mice were sub-
jected to the open field test (OFT), tail suspension test (TST), forced
swimming test (FST), and sucrose preference test (SPT) to evaluate
depression-like behaviors [20].
2.7. Immunohistochemistry

Immunohistochemical staining for anti-neuronal nuclei (NeuN)
and quantitative analysis of immunohistochemical data were per-
formed as previously reported [25]. NeuN-immunoreactive neu-
rons were scanned and counted in a 100 � 100 mm2 area of the
hippocampal CA1, CA3, and dentate gyrus (DG) using the
Fig. 1. mmu-miR-134 directly targeted BDNF 30UTR. (A) The AAV vector of recombinant miR
The molecular structure of Rb1. (D) Experimental schedule. (E) mRNA expression of miRN
expression of mmu-miR-134-5p in the hippocampus of CUMS-exposed mice. (G) Luciferase a
Data are presented as means ± SEM (n¼3e5). *p < 0.05 and **p < 0.01 were considered s
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CaseViewer 2.3.0 image analysis system (3DHISTECH, Budapest,
Hungary).

2.8. Golgi staining

Golgi staining was performed using the FD Rapid GolgiStainTM

Kit (FD Neuro Technologies, Columbia, MD, USA). Images of den-
drites within CA1, CA3, and DG regions were captured using the
CaseViewer 2.3.0 system (3DHISTECH, Budapest, Hungary), and the
number of spines on multiple dendritic branches were quantified
using ImageJ (NIH, Bethesda, MD, USA).

2.9. Electron microscopy

The hippocampal tissues for electronmicroscopy were prepared
as described in a previous report [26]. The ultrastructure of hip-
pocampal neurons was observed under a transmission electron
microscope (HITACHI HT7700, TEM, Japan). Ultrastructure param-
eters of the synapse, including postsynaptic density (PSD) length
and thickness and the synaptic cleft width in hippocampal CA1 and
CA3 regions, were examined using Image-pro plus 6.0 (Media Cy-
bernetics, Inc., Rockville, MD, USA).

2.10. Electrophysiology

Hippocampal slices were prepared from mice aged 12e13
weeks, as described by Egawa et al. [27]. Extracellular field
-134. (B) Schematic diagram of stereotactic injection of AAV into the hippocampus. (C)
As targeting BDNF 30UTR in the hippocampus of normal mice. (F) Rb1 inhibited the
ctivity of reporter gene with BDNF-30UTR-WT or BDNF-30UTR-Mut and mmu-miR-134.
tatistically significant.



Fig. 2. Antidepressant-like effects of Rb1 on behavioral tests in CUMS-exposed mice were suppressed by miR-134 overexpression. (A) Schematic diagram of localization and
expression of AAV-miR-134 in the mouse hippocampus (scale bar ¼ 200 mm). (B) mRNA expression of AAV-miR-134 in different treatment groups. Behavioral tests including (C) OFT,
(D) TST, (E) FST, and (F) SPT. Data are presented as means ± SEM (n¼7e9). *p < 0.05 and **p < 0.01 were considered statistically significant.
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excitatory postsynaptic potentials (fEPSPs) at CA3eCA1 synaptic
responses were recorded using a Multiclamp 700B amplifier (Mo-
lecular Devices, Sunnyvale, CA, USA). The measurement was per-
formed within 30 min, at a stimulus frequency of 0.033 Hz and a
stimulation interval of 20 s between trains. After stabilizing re-
sponses, LTP was induced by high-frequency stimulation (HFS, 100
Hz with 100 pulses) with a 20 s interval between trains, and the
slope of fEPSPwas recorded by test stimulation for a further 60min.
The field potential data were analyzed using the software pClamp
9.2 (Molecular Devices, Sunnyvale, CA, USA). The ratio of the
average fEPSP slope of the last 30min after HFS to the average fEPSP
slope of 30 min of the initial baseline was calculated.

2.11. Quantitative real-time PCR (qRT-PCR) and western blot
analysis

Total RNA was extracted from the hippocampus using TRIzol
reagent (Life Technologies, Carlsbad, CA, USA), and 1 mg of total RNA
was used to generate cDNA by reverse transcription with the
miRNA First Strand cDNA Synthesis (Tailing Reaction) Kit (Sangon
Biotech Co., Ltd., Shanghai, China). Experiments were performed on
an Applied Biosystems 7500 real-time PCR system (Life Technolo-
gies, Carlsbad, CA, USA) with specific miRNA primers (Table S1).

Total levels of hippocampal synapse-related proteins and
BDNFeTrkB signaling proteins were determined by western blot-
ting as previously described [20]. Specific information regarding
primary antibodies is listed in Table S2. Images were captured with
a ChemiDocTM MP imaging system (Bio-Rad, Hercules, CA, USA),
and immunoreactive bands were quantified by ImageJ (NIH,
Maryland, USA). b-actin was selected as the internal control.

2.12. Statistical analysis

All statistical procedures were performed using GraphPad Prism
7.0 (GraphPad Software, San Diego, CA, USA). All values are
expressed as mean ± standard error of the mean (SEM). Statistical
comparison between groups was evaluated using one-way or two-
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way analysis of variance (ANOVA) with Dunnett’s or Bonferroni’s
post hoc test. A p-value < 0.05 was considered statistically
significant.
3. Results

3.1. mmu-miR-134 directly targeted BDNF 30UTR

To explore the molecular mechanism of Rb1 in regulating hip-
pocampal synaptic plasticity in depression through BDNF, we
focused on miRNAs that directly bind to BDNF and are regulated by
Rb1 in the hippocampus of CUMS-exposed mice.

Evidence has demonstrated that hsa-miR-1, hsa-miR-10b, hsa-
miR-26a, hsa-miR-134, hsa-miR-155, hsa-miR-191, hsa-miR-195,
hsa-miR-206, hsa-miR-210, and mmu-miR-30a can directly target
BDNF 30UTR and regulate its expression [28e32]. In the present
study, gene expression analysis revealed that homologous miRNAs
of hsa-miR-10b, hsa-miR-134, hsa-miR-191, hsa-miR-206, and hsa-
miR-210 were highly expressed in the mouse hippocampus
(Fig. 1E). The mouse model of CUMS-induced depression was
established to further detect the expression pattern of these miR-
NAs in the mouse hippocampus. Our results revealed that tran-
scripts of mmu-miR-10b, mmu-miR-134, mmu-miR-191, mmu-
miR-206, and mmu-miR-210 were markedly inhibited by Rb1, and
the most significant inhibitory effect was exerted onmmu-miR-134
(Fig. 1F). Therefore, we selected mmu-miR-134 as a candidate for
the following functional verification.

BDNF was identified as a potential target of mmu-miR-134 by
RNAhybrid 2.2 (Fig. 1G). Luciferase reporter assay was employed to
determine whether miR-134 can directly bind to BDNF 30UTR using
the BDNF-30UTR-WT or BDNF-30UTR-Mut and mmu-miR-134. As
shown in Fig. 1G, compared with the miR-control group, the
luciferase activity of BDNF-30UTR-WT and miR-134-5p was signif-
icantly decreased, indicating that miR-134 interactedwith BDNF. As
the luciferase activity of BDNF-30UTR-Mut and miR-134 recovered
to that of the miR-control group, the mutated site in BDNF 30UTR
was deemed the binding site of miR-134-5p.
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3.2. Antidepressant-like effects of Rb1 on behavioral tests in CUMS-
exposed mice were suppressed by miR-134 overexpression

Next, to explore the role of miR-134/BDNF signaling pathway in
the antidepressant-like effects of Rb1, the recombinant AAV-miR-
134 was infused bilaterally into the mouse hippocampus on day 7
of CUMS procedure. As displayed in Fig. 2A, AAV-miR-134 was
expressed in the hippocampus on day 21 of post-infusion under
CUMS exposure. Compared with the AAV-vehicle group, the hip-
pocampal miR-134 mRNA level in the AAV-miR-134-downetreated
group was suppressed, while that in the AAV-miR-134-upetreated
group was markedly enhanced. Moreover, Rb1 reduced the
increased miR-134 mRNA level in the AAV-miR-134-upetreated
group, indicating that Rb1 could negatively regulate the expression
of miR-134 in CUMS-exposed mice (Fig. 2B).

To further investigate the role of miR-134 in the antidepressant-
like effects of Rb1 in CUMS-induced depression-like behaviors, OFT,
TST, FST, and SPT were performed at the end of the CUMS protocol.
The OFT was performed prior to the FST or TST to exclude sedative
or motor abnormalities. As shown in Fig. 2C, there were no differ-
ences in the locomotor distance of central and peripheral areas or
the number of squares crossed between CMC-Nae, Rb1e, and miR-
134etreated groups. The CUMS-treated group displayed a signifi-
cant increase in the immobility time of TST (Fig. 2D) and FST
(Fig. 2E), with decreased sucrose consumption observed in the SPT
(Fig. 2F); Rb1 treatment significantly reversed these depression-
like behaviors. Moreover, miR-134 deficiency or combination with
Rb1 positively impacted the TST, FST, and SPT parameters assessed.
Surprisingly, the antidepressant-like effects of Rb1 in the TST, FST,
and SPT were suppressed by miR-134 overexpression in CUMS-
exposed mice.

3.3. Antidepressant-like effects of Rb1 on synaptic structural
changes in the hippocampal neurons of CUMS-exposed mice were
attenuated by miR-134 overexpression

Immunohistochemical analysis of NeuN, a neuron-specific nu-
clear protein, in the hippocampus was compared between CUMS-
exposed and control groups. On day 42, compared with the con-
trol group, the CUMS-exposed group showed a significant decrease
in NeuN-immunoreactive neurons in the stratum pyramidale of
CA1 and CA3 regions, particularly in the granule cell layer of the DG
subfield, and subchronic treatment with Rb1 abolished these def-
icits. In addition, miR-134 deficiency revealed a marked neuro-
protective effect in these regions. As expected, the neuroprotective
effect of Rb1 in the CA1, CA3, and DG regions of CUMS-exposed
mice was dramatically suppressed by miR-134 overexpression
(Fig. 3A).

In line with histological changes in NeuN-immunoreactive
neurons, we explored changes in dendritic spine density in hip-
pocampal neurons between CUMS-exposed and control groups,
using Golgi staining. As shown in Fig. 3B, the dendritic spine den-
sities in the CA1, CA3, and DG regions were significantly reduced in
CUMS-exposed mice; subchronic treatment with Rb1 considerably
reduced the above deficits. Furthermore, miR-134 deficiency
revealed results similar to the Rb1-treated mice under CUMS
exposure. However, the positive effect of Rb1 on the dendritic spine
density of CUMS-exposed mice was substantially reduced by miR-
134 overexpression.
Fig. 3. Antidepressant-like effects of Rb1 on synaptic structural changes in the hippocampal
immunohistochemistry in the hippocampal CA1, CA3, and DG regions (Ai: scale bar = 200
spines in the hippocampal CA1, CA3, and DG regions (scale bar = 10 mm). (C) Representative e
cleft in the hippocampal CA1 and CA3 regions (Ci and Cii: scale bar = 200 mm; ci and cii: scale
considered statistically significant
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Next, electron microscopy was performed to assess the ultra-
structural indicators of synaptic plasticity in the hippocampus
(Fig. 3C). Based on synaptic ultrastructure images, differences in the
hippocampal stratum pyramidale of CA1 and CA3 regions were
observed between different groups. Morphometric analysis
revealed that Rb1 significantly alleviated the decreased PSD length
and increased width of the synaptic cleft in the CA1 and CA3 re-
gions of CUMS-exposed mice. As expected, miR-134 deficiency
demonstrated similar results to the Rb1-treated CUMS-exposed
mice. Moreover, the positive effect of Rb1 on the synaptic ultra-
structure in the depressed mice was substantially inhibited
following miR-134 overexpression.

3.4. Antidepressant-like effects of Rb1 on synaptic functional
changes in the hippocampal neurons of CUMS-exposed mice were
antagonized by miR-134 overexpression

Electrophysiological recordings of LTP induction in the CA1 re-
gion were examined by measuring fEPSP after CA3 Schaffer
collateral stimulation to assess the effects of miR-134 on synaptic
properties and synaptic transmission efficiency (functional
changes) in hippocampal neurons (Fig. 4A). The Schaffer collater-
aleCA1 synaptic property was analyzed by plotting fractional
changes in the fEPSP slopes against stimulating intensities in hip-
pocampal slices from controls or CUMS-exposed mice. We
observed that Rb1 markedly restored the reduced fEPSP slope
induced by CUMS. miR-134 deficiency demonstrated results similar
to Rb1-treated CUMS-exposedmice. As expected, the enhancement
of hippocampal LTP in the CA1 neurons in Rb1-treated CUMS-
exposed mice was further antagonized by miR-134 over-
expression (Fig. 4B and C).

To further determine the role of miR-134 in hippocampal syn-
aptic plasticity regulated by Rb1, the expression of hippocampal
synapse-associated proteins was analyzed on the last day of the
behavioral tests. For all groups, no significant differences in the
expression of synaptophysin (Syn) were observed (Fig. 4D). How-
ever, the hippocampal expression of synapse-associated proteins,
including postsynaptic density protein-95 (PSD-95), growth-
associated protein-43 (GAP-43), microtubule-associated protein-2
(MAP-2), NMDAR subunit 2A (NR2A), NMDAR subunit 2B (NR2B),
AMPAR subunit glutamate receptor 1 (GluR1), and Ca2þ/calmod-
ulin-dependent protein kinase II (CaMKII), was substantially
decreased in CUMS-exposed mice compared with that in the con-
trols; subchronic treatment with Rb1 markedly upregulated these
proteins. Consistent with these results, the low expression of miR-
134 presented a similar effect in Rb1-treated CUMS-exposed mice.
Conversely, the positive effects of Rb1 on synapse-related proteins
in the hippocampus of depression-induced mice were inhibited by
miR-134 overexpression (Fig. 4EeK).

3.5. miR-134emediated BDNF signaling was involved in the
antidepressant-like effects of Rb1 in CUMS-exposed mice

As miR-134-5p could directly bind to BDNF 30UTR, we next
assessed whether Rb1 produced antidepressant-like effects
through the miR-134emediated BDNF signaling pathway. As
shown in Fig. 5AeG, BDNF signaling was analyzed in the hippo-
campus of control or CUMS-exposed mice. Our findings revealed
that expression levels of BDNF and its downstream proteins,
neurons of CUMS-exposed mice were attenuated by miR�134 overexpression. (A) NeuN
mm; ai�aiii: scale bar = 50 mm). (B) Representative Golgi staining images of dendritic
lectron microscopic images of PSD length, PSD thickness, and the width of the synaptic
bar = 50 mm). Data are presented as means ± SEM (n¼6). *p < 0.05 and **p < 0.01 were



Fig. 4. Antidepressant-like effects of Rb1 on synaptic functional changes in the hippocampal neurons of CUMS-exposed mice were attenuated by miR-134 overexpression. (A)
Schematic diagram of LTP induction in the hippocampal Schaffer collateraleCA1 synaptic pathway. (B) The trend of fEPSP waveform and slope in the hippocampal CA1 region. (C)
Recording of the fEPSP slope in the hippocampal CA1 region. Expression of synapse-associated proteins, including (D) Syn, (E) PSD-95, (F) GAP-43, (G) MAP-2, (H) NR2A, (I) NR2B, (J)
GluR1, and (K) CaMKII. Data are presented as means ± SEM (n¼3e5); *p < 0.05 and **p < 0.01 were considered statistically significant.
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Fig. 5. miR-134emediated BDNF signaling was involved in the antidepressant-like effects of Rb1 in CUMS-exposed mice. Expression of proteins, including (A) BDNF, (B) TrkB, (C)
AKT, (D) ERK1/2, (E) GSK-3b, (F) b-catenin, and (G) CREB. Data are presented as means ± SEM (n¼3e5). *p < 0.05 and **p < 0.01 were considered statistically significant.
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including TrkB, AKT, ERK1/2, glycogen synthase kinase-3b (GSK-
3b), b-catenin, and CREB, were markedly upregulated in CUMS-
exposed Rb1-treated mice. Furthermore, miR-134 deficiency
demonstrated a positive effect on the regulation of BDNF signaling.
In contrast, the effect of Rb1 on the regulation of hippocampal
BDNF signaling was comprehensively antagonized by miR-134
overexpression. These data demonstrated that BDNF was the
direct downstream target of miR-134 and was negatively modu-
lated by miR-134. These results further revealed that miR-
134emediated BDNF signaling might be involved in the
antidepressant-like effects of Rb1 in CUMS-exposed mice.

4. Discussion

Recent clinical and animal studies have revealed that pyramidal
neurons could be negatively influenced by chronic stress, resulting
in shrinkage of dendritic cells and fewer spines [33,34]. Structural
plasticity is not only related to the modifiability and variability of
synapses in terms of morphology, quantity, interface structure, and
axon-dendritic connection functions but also to changes in synaptic
ultrastructure. Moreover, structural plasticity allows the contin-
uous modification of connections and neural circuits between
nerves to increase the adaptability of synapses to the environment
[35]. A recent study has revealed that CUMS worsens synaptic
strength and neurotransmission efficiency in the neural circuit by
Fig. 6. Schematic diagram of the antidepressant-like effect of Rb1 by potentiating synapti
chronic stress. Long-term chronic and unpredictable mild stress increase the expression of m
BDNF, thereby inhibiting its receptor TrkB and its downstream PI3KeAKT and MAPKeERK
GSK-3b and then promotes the activation of GSK-3b. Activated GSK-3b reduces the stability o
expression of genes, such as BDNF, PSD-95, GAP-43, andMAP-2. However, Rb1 can inhibit the
cascade pathway during chronic stress, promoting gene transcription and expression and in
the antidepressant-like effects of Rb1.
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altering the synaptic ultrastructure, decreasing PSD length and
thickness, and increasing the width of the synaptic cleft in the rat
hippocampus [26]. These findings support the notion that the
integrity of the synaptic structure is the basis for determining the
efficiency of synaptic transmission [36]. Consistent with these re-
ports, our in vitro results revealed that Rb1 not only increased
dendritic spine density in the hippocampal CA1, CA3, and DG re-
gions but additionally enhanced the length and thickness of PSD
and decreased the width of the synaptic cleft in the hippocampal
CA1 and CA3 regions of CUMS-exposed mice. Furthermore, miR-
134 deficiency produced a similar effect on the synaptic ultra-
structure of Rb1–treated CUMS-exposed mice. Interestingly, Rb1
could negatively regulate the expression of miR-134 and the posi-
tive effect of Rb1 on the synaptic structure was strongly reversed
following miR-134 overexpression in CUMS-exposed mice; this
indicated that miR-134 might be involved in the antidepressant-
like effects of Rb1 by promoting the structural plasticity of synap-
ses. Several previous studies have revealed the association of miR-
134 with the structural plasticity of synapses. miR-134 was re-
ported to negatively regulate structural plasticity in an animal
model of depression [37], and localization of miR-134 to the
synapto-dendritic compartment of mammalian hippocampal neu-
rons inhibits dendritic spine development by reducing two
important dendritic regulators, LIM-kinase 1 (LIMK1) and Pumillio
[38e40].
c plasticity via the miR-134emediated BDNF signaling pathway in a mouse model of
iR-134 in the mouse hippocampus. The highly expressed miR-134 inhibits the activity of
pathways. Inhibition of both pathways reduces the phosphorylation of the Ser9 site of
f b-catenin, alleviates its binding to CREB in the nucleus, and regulates transcription and
expression of miR-134 and rescue the negative effects of miR-134 on the BDNF signaling
creasing hippocampal synaptic plasticity. These molecular changes may be the basis for
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Stress negatively induces functional plasticity of synapses and
impairs the induction of LTP [41], while facilitating the induction of
long-term depression (LTD) in the hippocampus [42]. Synapse-
related proteins, including presynaptic GAP-43 and postsynaptic
PSD-95 and MAP-2, play crucial roles in the induction and main-
tenance of LTP [43e45]. Moreover, long-term synaptic potentiation
largely depends on the number, location, and activity of receptors
in the postsynaptic membrane, especially NMDARs and AMPARs
[46]. The influx of Ca2þ via NMDAR induces autophosphorylation of
CaMKII at Thr286. Activated CaMKII not only binds to the NMDAR
NR2B subunit within the PSD region but also catalyzes the phos-
phorylation of NR2B at Ser1303, increasing the activity of NMDAR.
Furthermore, it promotes the activity of the AMPAR GluR1 subunit,
increasing the excitatory postsynaptic potential. Notably, the in-
duction of LTP is mainly mediated by postsynaptic membrane
NMDARs and then presented by AMPARs [47]. Interestingly,
NMDARs in different regions activate different signal transduction
pathways and produce contrasting biological effects [48]. Accu-
mulating evidence shows that NMDAR antagonists exert a rapid
antidepressant effect, especially ketamine, which was reported to
demonstrate a novel role in combating refractory and suicidal
depressive disorders by inhibiting the excessive activation of
extrasynaptic NR2B [49,50]. In line with these reports, our elec-
trophysiological findings showed that Rb1 induced long-term
enhancement of LTP, which was impaired following CUMS expo-
sure. Furthermore, Rb1 demonstrated a significant induction and
maintenance effect on LTP by upregulating the expression of PSD-
95, GAP-43, MAP-2, NR2A, NR2B, GluR1 and CaMKII in the hippo-
campus of depression-induced mice. The differences in results of
the present study from those obtained for ketamine may be
attributed to the high-intensity and long-term external stress
stimuli that overactivate extrasynaptic NMDARs, eventually leading
to abnormal synaptic function until neuronal cell apoptosis or
death. However, these responses to LTP induction and maintenance
produced by Rb1 were suppressed by miR-134 overexpression in
CUMS-exposed mice.

BDNFemediated PI3K/AKT and MAPK/ERK intracellular path-
ways have been implicated in the rapid regulation of synaptic
plasticity [10e12]. As a downstream target of PI3K/AKT and MAPK/
ERK, GSK-3b also plays a vital role in regulating synaptic plasticity
[51e53]. Increased phosphorylation of GSK-3b at Ser9 inhibits the
activity of GSK-3b, which in turn causes intracellular b-catenin to
enter the nucleus [54], activating the CREB transcription factor to
regulate the transcription of various genes, including those
encoding BDNF and several other synapse-related proteins [13].
Our data demonstrated that Rb1 significantly increased the
expression levels of BDNF and its downstream proteins, including
TrkB, AKT, ERK1/2, GSK-3b, b-catenin and CREB, in CUMS-exposed
mice. Herein, we observed that brain-specific miR-134 could
directly bind to BDNF 30UTR and was markedly downregulated by
Rb1 in the hippocampus of CUMS-exposed mice. Interestingly, the
positive effect of Rb1 on the BDNF signaling cascade pathway was
inhibited by miR-134 overexpression. These findings indicate that
the miR-134emediated BDNF signaling pathway plays an indis-
pensable role in the antidepressant-like effects of Rb1 and patho-
genesis of depression disorders.

In summary, the present study, for the first time, established
that miR-134 could bind to BDNF and regulate the critical role of
BDNF in hippocampal synaptic plasticity. Combined with our pre-
vious report assessing Rb1, the antidepressant-like mechanism of
Rb1 was further clarified and achieved via the miR-134emediated
BDNF signaling cascade pathway from the perspective of synaptic
structural and functional plasticity (Fig. 6). This study provides new
evidence for the treatment of stress-related mental disorders with
Rb1. In addition to depression-related disorders, the BDNF system is
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reportedly involved in neuronal dysfunction diseases, including
Alzheimer’s disease and Huntington’s disease, and Rb1 may play a
role in the treatment of these diseases, thus warranting further
investigations in the future.
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