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Vascular dementia (VD) is the most common form of dementia in elderly people.
However, little is understood about the role of microRNAs (miRNAs) involved in
cognitive impairment in early VD. Here, a VD model induced by chronic cerebral
ischemia and fetal bovine serum (FBS)-free cell model that detects synapse formation
was established to investigate the function of miRNAs in early VD. The microarray
analysis and real-time reverse transcription polymerase chain reaction (RT-PCR) showed
that miR-210-5p increased significantly in the hippocampus of rats with 4 weeks
of ischemia. The VD model rats also displayed significant cognitive deficits and
synaptic loss. The overexpression of miR-210-5p decreased the synaptic number in
primary hippocampal neurons, whereas specific suppression of miR-210-5p resulted
in the formation of more synapses. Additionally, intracerebroventricular (ICV) injection
of miR-210-5p agomir to VD rats aggravated phenotypes of cognitive impairment and
synaptic loss. These VD-induced phenotypes were effectively attenuated by miR-210-
5p antagomir. Moreover, bioinformatic prediction revealed that synaptosomal-associated
protein of 25 KDa (Snap25) mRNA is targeted by miR-210-5p. The miR-210-5p
decreased the luciferase activities of 3’ untranslated region (3’UTR) of Snap25 mRNA.
Mutation of predicted miR-210-5p binding sites in the 3’ UTR of Snap25 mRNA
abolished the miR-210-5p-induced decrease in luciferase activity. Western blot and
immunofluorescence staining confirmed that miR-210-5p targets Snap25. Finally,
RT-quantitative PCR (qPCR) and immunofluorescence staining detected that miR-210-
5p agomir downregulated Snap25 expression in the cornu ammonis1 (CA1) region of
hippocampi in VD rats, whereas miR-210-5p antagomir upregulated Snap25 expression.
Altogether, miR-210-5p contributes to cognitive impairment in chronic ischemia-induced
VD model through the regulation of Snap25 expression, which potentially provides an
opportunity to develop a new therapeutic strategy for VD.

Keywords: vascular dementia, miR-210-5p, Snap25, cognitive impairment, synaptic loss

Abbreviations: 2VO, two vessel occlusions; CA1, cornu ammonis1; i.p, intraperitoneal injection; ICV, intracerebroventricular;
miRNAs, microRNAs; PSD95, postsynaptic density protein 95; Snap25, Synaptosomal-associated protein of 25 KDa; Syn1,
synapsin1; VD, vascular dementia.
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INTRODUCTION

Vascular dementia (VD), which is characterized by a decline
in learning and memory, is widely considered as the second
most common cause of dementia and is expected to increase
in the coming years. It presents a major public health
problem. Extensive research has indicated complex mechanisms
of chronic cerebral ischemia-induced VD, such as autophagy
(Liu et al., 2014; Hu et al., 2017), apoptosis (Ma et al.,
2017b; Aski et al., 2018; Zhao et al., 2018; Zhu et al., 2018),
and Aβ and Tau mediated inflammatory response (Miao
et al., 2005; Miklossy, 2008; Zhang et al., 2008), leading
to neuronal death, which results in cognitive impairment
and behavioral disorders. With the onset of progressive
neurodegenerative disorder, VD should be focused on the early
stage of pathological process, especially synaptic dysfunction.
Increasing evidence has shown that lack of synaptic associated
proteins (Carlson et al., 2017; Casaletto et al., 2017; Li et al.,
2017a,b; Liu et al., 2017; Yao et al., 2018) contributes to
synaptic dysfunction, and even slight perturbations of synapse
function can lead to brain disorders (van den Maagdenberg
and Plomp, 2003; Cesca et al., 2010). The mechanism of
chronic ischemia-induced cognitive impairment has been
studied extensively (Choi et al., 2015; Wan et al., 2017; Wang
et al., 2017, 2018b; Yao et al., 2018), whereas the mechanism
of synapse dysfunction in the early stage of VD remains
unclear.

Synaptosomal-associated protein of 25 KDa (Snap25),
which is a synapse-associated protein and a key component of
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complexes, is involved in the molecular
regulation of synaptic vesicle exocytosis by linking with
Ca2+ sensing to membrane fusion and neurotransmitter
release in pre-synapse (Schiavo et al., 1997; Choi et al.,
2010; Vrljic et al., 2010). However, accumulated evidence
has proposed that Snap25 alteration mediates synapse
plasticity as well as density, morphology and functionality
of dendritic spines mainly in post-synapse (Antonucci
et al., 2013; Kube et al., 2013). Moreover, transcriptional
regulation of Snap25 expression has also been reported to
play a great part in synaptic function (Imai et al., 2011;
Furuya et al., 2012; Moravec et al., 2016; Sugeno et al.,
2016).

Several microRNAs (miRNAs) have important roles in
synapses: mir-34a has been found to regulate neurite outgrowth,
spinal morphology and synaptic targets (Agostini et al., 2011a,b)
miR-132 has been found to regulate dendritic growth and
arborization of newborn neurons (Magill et al., 2010; Pathania
et al., 2012) and miR-188, another synaptic active miRNA, was
found to be upregulated during long-term potentiation (LTP),
and it rescues the reduction in dendritic spine density (Lee
et al., 2012). Our recent reports have shown that miR-125a-3p
and miR-574-5p were synaptic-associated miRNAs in stroke and
Alzheimer’s disease (Li et al., 2015; Liu et al., 2017). A synaptic
active miRNA, miR-210, has been found to be upregulated
in the serum of patients with acute cerebral infraction, which
may be involved in regulating the proliferation and apoptosis

of endothelial cells (Wang et al., 2018a). Some researchers
have reported that overexpression of miR-210-3p disrupts the
blood-brain barrier and damages dopaminergic neurons (Ma
et al., 2017a), while other studies report that mir-210-3p induces
neurogenesis such as sensory axon regeneration and sensory
hair cell formation. (Hu et al., 2016; Riccardi et al., 2016).
Moreover, the isoform, miR-210-5p, has been suggested to
play a protective role in age-related molecular degeneration
that may be mediated through regulating complement factor
B (CFB) expression (Ghanbari et al., 2017). Also, studies on
mice revealed that miR-210-5p influences the autophagic process
(Frank et al., 2015). In addition, it has been reported that
miR-210-5p upregulated in type 1 diabetes mellitus patients
(Assmann et al., 2017) and Cushing’s disease patients. (Belaya
et al., 2018). However, the correlation of miR-210 with synapse-
associated proteins in the early stage of VD has not yet
been studied. In the present study, we used rats after 4
weeks of cerebral ischemia, which are formed by two-vessel
occlusion (2VO) to mimic the early stage of VD pathological
process, and primary hippocampal neurons to establish a fetal
bovine serum (FBS)-free cell model that simulates synapse
dysfunction in early VD, to further explore the functions
of miRNAs in synaptic loss that are involved in cognitive
impairment.

MATERIALS AND METHODS

Animals and Materials
All experiments were approved by the Experimental Ethics
Committee of Guangzhou University of Chinese Medicine. A
total of 60 male Sprague–Dawley (SD) rats averaging 180–220 g
in weight were provided by Guangzhou University of Chinese
Medicine (SCXK (Yue) 2013-0034). Rats were maintained at a
constant temperature of 25 ± 0.1◦C on a 12-h light/dark cycle
(lights on at 07:30) with ad libitum access to food and water. They
were group-housed with five rats per cage and were kept adaptive
for breeding for at least 1 week prior to the surgery.

Experiment Protocol
Experiment 1
To observe the cognitive function and synaptic loss in VDmodel
rats, rats which had 4 weeks of chronic ischemia were prepared
through the 2VOmodel. Animals were randomly distributed into
two groups: the control group and the VD model group.

Experiment 2
To validate how miR-210-5p agomir suppresses hippocampal
Snap25 expression, animals were randomly divided into four
groups. The groups were control, VD model, agomir (2VO +
miR-210-5p agomir) and antagomir group (2VO + miR-210-5p
antagomir). When the behavior test was completed, the rats
(n = 13/group) were anesthetized and sacrificed, with fresh
brains divided from central sulcus into two parts, one was
quickly removed to −80◦C (n = 13/group), while the other was
fixed using 4% PFA (n = 6/group) and 2.5% glutaraldehyde
(n = 6/group).
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Permanent Common Carotid Artery
Occlusion
The rats used in the experiments were anesthetized by
an intraperitoneal (i.p) injection using 3.5% chloral hydrate
(300 mg/kg). In the VDmodel rats, the bilateral common carotid
arteries were carefully exposed through a midline incision and
were permanently double-ligated with silk sutures. In the control
group, the same procedures were performed except for the
occlusion of the bilateral common carotid arteries.

Intracerebroventricular Injection of Mimic
and Inhibitor
After 4 weeks of chronic ischemia, rats in each group were
subjected to 3 days of continuous intracerebroventricular (ICV)
injection separately. The miR-210-5p agomir (50 pmol/rat) and
antagomir (100 pmol/rat) were dissolved in deionized water
immediately before use and injected with a volume of 2.5 µl
into each lateral ventricle (miR-210-5p agomir and antagomir
were purchased from RiboBio Co., Ltd). The rats of the control
group and VD model group were injected with the same volume
of normal saline. When anesthetized with 3.5% chloral hydrate
(300 mg/kg; i.p), the rats were mounted on the stereotaxic
instrument, with its back on the panel. In short, two small
holes must be carefully drilled into the skull bilaterally, using
a surgical drill according to the rat brain atlas in order to
deliver the agomir and antagomir solutions into the lateral
ventricle. The stereotaxic coordinates for ICV injection were as
follows: −0.9 mm anterior, 1.8 mm lateral and −3.8 mm from
the bregma. The details about ICV injection were shown in
Supplementary Material. Penicillin G (80,000 units/rat, diluted
in 0.9% sodium chloride, i.p) was used to avoid infection during
surgery and ICV injection. The rats were anesthetized before ICV
injection.

Morris Water Maze
Spatial learning and memory were tested after 24 h of the last
ICV injection by a modification of the procedure described by
Morris. A circular pool (150 cm in diameter, 60 cm in height)
was filled to a depth of 30 cm with water at a temperature of
22 ± 1◦C. The pool was divided into four quadrants of equal
area. These quadrants were NE, NW, SE and SW. A platform
(20 cm in diameter) was placed 1 cm below the pool surface,
which is midway between the center and rim of the pool in the
NE quadrant throughout the entire experiment. On day 1, the
rat was placed into the pool in the SW quadrant and the time
taken by the rat to find the escape platform was recorded. If
it failed to do so within 200 s, it was placed on the platform
for 15 s and removed from the pool. From day 2, the rat was
given four trials a day for five consecutive days between 9:00 and
17:00 with an intertrial interval of 15 min, which was subjected
to the acquisition of spatial learning. Later, the probe trials were
run in the same way as the four trials on day 6, during which
the platform was removed from the pool with the rats that were
capable of swimming freely to detect the memory. After each
trial, the rats were taken out, dried, and put into a separate
cage.

MicroRNA Microarray Assay
The hippocampi were taken to miRNA microarray assay, which
were performed at Guangzhou RiboBio Co., Ltd. The experiment
that was performed included pre-hybridization, hybridization,
washing and imaging. GustomArrayTM microarray was
assembled with hybridization cap and clips. The microarray
was rinsed to decrease specific hybridization background, was
covered with the imaging solution, and was loaded into the
GenePix 400 B microarray Scanner to scan.

Primary Hippocampal Neuron Culture and
Transfection
To acquire primary hippocampal neuron, the pregnant rat
at E17–E19 days of gestation was used as the material. The
pregnant rat was sacrificed by cervical dislocation and opened
at the abdomen to remove the two horns of the uterus with
sterile scissors. The pups were taken out with placental sacs
and broken away from umbilical cord, and then, their heads
were cut off. The brain was exposed on the stage of the stereo
microscope with forceps peeling away the scalp and the skull.
The hippocampus would be found when the cortices were taken
off following the willis circle and were detached clearly from
the brain without any existed meninges. Later, the hippocampus
was washed with pre-cooled phosphate buffered saline (PBS) that
contained 1% penicillin-streptomycin and was moved into 6 ml
DMEM/F12 medium (Gibico) that contained papain (2 mg/ ml,
solabro) for digestion. It was digested in a 37◦C incubator for
20 min with a gentle shake every 5 min. A total of 1 ml FBS
(Gibico) was added in to terminate digestion. Cell suspension
was gained through 200-mesh sieve. The digestion was repeated
three times. The collections were centrifuged at 1,000 rpm for
8 min and then suspended in the culture medium containing
10% FBS. We had calculated the viable cell rate up to 86%
by using the trypan blue staining. As per recommendation,
7 × 105 viable cells were plated with 35 mm Bottom Petri
Dish (ϕ = 20 mm, Nest) for immunofluorescence staining and
7 × 105 viable cells per well in six cluster plates for quantitative
PCR (qPCR) and western blot analysis. Cells were divided
into four groups: FBS group (cultured with 10% FBS added
medium), FBS-free group (cultured with FBS-free medium),
miR-210-5p mimic group (cultured with FBS-free medium and
transfected with miR-210-5p mimic) and miR-210-5p inhibitor
group (cultured with FBS-free medium and transfected with
miR-210-5p inhibitor), and were maintained at 37◦Cwith humid
5% CO2/95% air condition (miR-210-5p mimic and inhibitor
were purchased from RiboBio Co., Ltd). The medium was
changed to a neurobasal medium (with 2% B27) after 24 h and
then half-changed at the interval of 3 days. The neurites appeared
clearly around 8–10 days.

PC12 Cell Culture and Transfection
To certify that miR-210-5p targets Snap25mRNA 3’ untranslated
region (3’UTR), PC12 cells were cultured in 1640 RPMI medium
(Gibico) supplemented with 10% FBS and 1% mixture liquid
of penicillin/streptomycin and were incubated at 37◦C in a
humid 5% CO2/95% air environment. The PC12 cells were

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 November 2018 | Volume 11 | Article 388

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Ren et al. miR-210-5p Regulation of Snap25

plated with 24-well cluster plates at a density of 2 × 104 cells
per cm2. As a control group, PC12 cells were transfected using
Lipofectamin 2000 with psiCHECK2 vector, and the others
were co-transfected using plasmids and mimic or inhibitor
(200 ng psiCHECK2-Snap25 wild-type (WT) plasmid, 200 ng
psiCHECK2-Snap25 Mut plasmid, 100 nM miR-210-5p mimic
and 200 nMmiR-210 inhibitor).

Western Blot Analysis
The protein was extracted from the frozen fresh
hippocampus tissue by RIPA lysis buffer (Thermo) with
1% phenylmethanesulfonyl fluoride (PMSF). The supernatant of
each group was obtained by centrifugation of 12,000 g at 4◦C for
20 min and quantified with bicinchoninic acid (BCA) protein
assay (bioWORLD). Lysates were separated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and blotted onto polyvinylidene difluoride (PVDF) membranes
(0.45µm,Millipore, Germany). Then, 5% bovine serum albumin
(BSA) dissolved in tris buffered saline with Tween (TBST) buffer
containing 0.2% Tween 20 was used as blocking buffer. The
primary antibodies were rabbit anti-Snap25 (1:500; 14903-1-
AP, Proteintech) and rabbit anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:10,000; ab181602, abcam). The
secondary horseradish peroxidase (HRP)-conjugated goat
anti-rabbit antibody (1:20,000; ab6721, abcam) was visualized
by enhanced chemiluminescence with a western blot detection
kit (Millipore), according to the manufacturer’s instructions
and analyzed by using imageJ software (USA). The signal of
Snap25 was normalized to the housekeeping protein GAPDH
and detected in the same blot, and then ratios with average
control values were determined.

Real-Time Quantity PCR Analysis
The total RNA lysates were prepared using Trizol Reagent
(Life, 139505) for 30 min on ice and then isolated using
Direct-zolTM RNAMiniPrep Plus (Zymo Research, ZRC200606).
The quantity and the quality of RNAs were analyzed on a
NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific).
Snap25 mRNA and miR-210-5p were done on cDNAs that were
prepared using Transcriptor First Strand cDNA Synthesis Kit
(Roach), with a mix of dT primers for mRNA and stem loop
primers (Sangong, Shanghai) for miRNA, at 50◦C for 1 h. The
qPCR was performed using Faststart Universal SYBR Green
(Roach) with appropriate primers. Relative quantification of gene
expression was conducted with the Bio-Rad CFX96 (Bio-Rad)
and Real-Time PCR System. Relative quantification was carried
out with the 2−∆∆Ct method. The GAPDHmRNAwas used as an
internal control for mRNA expression and U6 for miRNA. The
primers are shown as follows:

• miR-210-5p RT: 5’ GTCGTATCCAGTGCAGGGTCCGAG
GTATTCGCACTGGATACGACCAGTGT 3’
• miR-210-5p Forward: 5’ CATGAGCCACTGCCCACAGC 3’
• miR-210-5p Reverse: 5’ ATCCAGTGCAGGGTCCGAGG 3’
• U6 RT: 5’ GTCGTATCCAGTGCAGGGTCCGAGGTATTC
GCACTGGATACGACAAAATA 3’
• U6 Forward: 5’ AGAGAAGATTAGCATGGCCCCTG 3’
• U6 Reverse: 5’ ATCCAGTGCAGGGTCCGAGG 3’

• Snap25 Forward: 5’ CATGGGCAATGAGATTGACA 3’
• Snap25 Reverse: 5’ CCACTTCCCAGCATCTTTGT 3’
• Gapdh Forward: 5’ GGTGGACCTCATGGCCTACA 3’
• Gapdh Reverse: 5’ CTCTCTTGCTCTCAGTATCCTTGCT 3’

Immunofluorescence Staining
To observe the effect of miR-210-5p on Snap25 protein
expression, primary hippocampus neurons that were cultured
for 8 days were transfected with 100 nM miR-210-5p mimic
or 200 nM miR-210-5p inhibitor for 6 h according to the
protocol of Lipofectamin 2000 and were terminated by using
fresh neurobasal medium containing 2% B27. As a control
group, primary hippocampus neurons were treated with the
same procedure using only Lipofectamine 2000 for 6 h and
were terminated in the same way. After 24 h of transfecting
termination, cells were fixed with 4% PFA for 30 min at
room temperature, permeabilized with 0.1% Triton X-100/PBS
for 10 min subsequently, and then processed incubation with
primary antibody Snap25 overnight at 4◦C. On the second day,
PBS washes were performed three times, after which secondary
antibody Alex-647 coupled Goat anti rabbit were incubated
for 1 h at room temperature. And then, Phalloidin (1:1,000;
ab, abcam) coupled with Alex-488 (1:1,000; ab, abcam) were
incubated for 1 h at room temperature, and nuclei were visualized
by staining with diamidino-2-phenyl-indole-dihydrochloride
(DAPI; Solabo).

To further investigate whether miR-210-5p reduced
expression of Snap25 protein would affect synaptic density,
primary hippocampus neurons were formed as before. After 6 h
transfection, the FBS-free groups were changed to neurobasal
medium containing 2% B27, except for the FBS group, in which
the medium was changed with additional 10% FBS. Later, the
staining process was performed as usual. The primary antibodies
were Snap25 (1:250, 14903-1-AP, Proteintech) Synapsin 1
(Syn1; 1:1,000; ab8, abcam) and postsynaptic density protein 95
(PSD95; 1:1,000; ab13552, abcam), and the secondary antibodies
were Alex 488 (1:1,000; ab150077, abcam) and Alex 647 (1:1,000;
ab150179, abcam).

The hippocampus, which was fixed at 4% PFA for 48 h and
30% (w/v) sucrose for 48 h, was made into frozen sections,
permeabilized with 0.5% Triton X-100/PBS for 30 min at room
temperature, and the subsequent operating procedure was the
same as the PC12 cells. The cornu ammonis1 (CA1) region of
the hippocampus was focused and visualized through confocal
microscope (ZESS).

Transmission Electron Microscope
A transmission electron microscope (TEM) was used to visualize
synapses in CA1 area of the hippocampus. The brain tissues
were fixed with 2.5% (w/v) glutaraldehyde that was diluted in
cacodylate buffer (0.1 M, pH 7.4) for 1 h at 4◦C, incubated
in Tris–HCl (0.05 M, pH 9.0) containing diaminobenzidine
(2.5 mg/ml) and H2O2 (10 µl/ml of a 3% solution) for 1 h at
21◦C, washed in cacodylate buffer (0.1 M, pH 7.4) for 5 min
at 21◦C, post-fixed in 1% (w/v) osmium tetroxide that was
diluted in cacodylate sodium solution (0.1 M, pH 7.4) for 1 h
at 21◦C in the dark, and rinsed in cacodylate buffer (0.1 M, pH
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7.4). All incubation was processed in the absence of light. The
preparations were then dehydrated in graded ethanol solutions
and embedded in epon. Ultrathin sections were cut with an
ultramicrotome, contrasted with uranyl acetate and lead citrate,
and detected under TEM (JEOL 2100F, Japan).

DNA Constructs and Luciferase Reporter Assay
The complete Snap25 mRNA 3’ UTR containing miR-210-
5p sites was amplified from rats’ genomic DNA and cloned
into XhoI and NotI sites of psiCHECK2 vector (Promega),
generating psiCHECK2-Snap25 WT plasmid. The point
mutations of miR-210-5p seed binding sites were produced by
overlapping PCRs into Snap25 3’ UTR plasmid using synthetic
oligonucleotides, resulting in psiCHECK2-Snap25 Mut plasmid
(CAGUGGC to GUCACCG; Figure 5A). All constructs were
verified by sequencing. In the plasmid, the inserted fragment was
placed after the Renilla luciferase (hRluc) region, and relatively,
firefly luciferase served as an internal reference (Figure 5B
upper).

Statistics
All data in our study were expressed as mean ± standard
deviation (SD). Analysis of variance (ANOVA) was carried out

with Graphpad Prism7 (USA). Statistical comparison between
two groups was performed by Student’s t-test. A two-way
ANOVA test was applied for escape latency analysis and the
swimming speed test. A one-way ANOVA test was used to
analyze other variances for comparison of multiple groups.
Difference was considered statistically significant at p < 0.05.
The fold-changes of qRT-PCR were considered statistically
significant at fold-change≥2.0 or fold-change≤0.5 and p< 0.05.

RESULTS

Chronic Ischemic Rats Exhibit Impaired
Acquisition of Spatial Learning and
Synapse Loss
The morris water maze test was applied to assess the
early symptoms of dementia in rats that are subjected to
4 of weeks ischemia (Figure 1A). When compared with
control model rats, VD model rats were unable to locate
the submerged platform, although there were related clues
as a position reference; these model rats observed longer
latency and slower improvements (Figure 1B). In the probe
trials, VD rats used less time to cross over the platform

FIGURE 1 | Chronic ischemic rat model exhibits the decline of spatial learning capability (n = 13/group) and synapse loss in the hippocampus relative to control
group (n = 6/group). (A) The timeline of animal experiment. (B) The escape latency of individual rats was processed by a Morris water maze that lasts for 5 days (four
times per day). (C) The number of platform crossings measured within 120 s. (D) The motor function was assessed by the swimming speed. (E) Synapses were
indicated with black triangles; bar chart showed the number of synapses. Data are shown as mean ± standard deviation (SD) values, and statistical significance
between both groups is defined as ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 2 | The expression of microRNA (miRNA)-210-5p is significantly increased in hippocampal tissues of vascular dementia (VD) model rats when compared
with control rats. (A) miRNA profile was measured through microarrary (n = 4/group). In cluster diagram, red color represents relatively high quantity of the miRNAs
expression, and the green means relatively low. (B) mir210 expression was tested by quantitative PCR (qPCR; n = 6/group). Data are shown as mean ± SD values,
and statistical significance between both groups is defined as ∗∗p < 0.01.

(Figure 1C). These behaviors indicate cognitive impairment in
rats with chronic ischemia. Moreover, there was no difference in
swimming speed between VD rats and control rats (Figure 1D),
ensuring that abnormal behavior of VD rats is unrelated
to motor impairment. Further, by using TEM, we observed
that the number of synapses was significantly reduced in the
hippocampus of VD rats (Figure 1E). These findings reveal
cognitive impairment and hippocampal synaptic loss in VD
model rats.

The miR-210-5p Expression Is Increased in
Hippocampus of VD Rats
Based on microarray analysis, the expression of miRNAs was
profiled in the hippocampus of VD models and control rats
(n = 4/group). Using the quantile normalization method, an
average was taken of the repeated data from the same sample.
The P-value was calculated with Rank product method. A
total of 61 miRNAs were statistically changed between both
groups with 30 miRNAs being upregulated, while 41miRNAs
were downregulated (Figure 2A). Among them, miR-210-5p
was upregulated most significantly in the hippocampus of VD
rats. Furthermore, RT-qPCR detection also showed a 2.5-fold

increase in the expression of hippocampal miR-210-5p in VD
rats (Figure 2B). This increase suggests a strong association of
increased miR-210-5p levels with chronic ischemia-induced VD.

Overexpression of miR-210-5p Reduces
Synapse Density
To investigate whether increased miR-210-5p levels would give
rise to synaptic loss, we performed immunofluorescence to
detect the synapse density. The FBS-free medium cultured
neurons showed less pre-synapses and post-synapses with
respect to those that were processed with 10% FBS-contained
medium. Additionally, the primary neurons transfected with
miR-210-5p mimic showed less post-synapses and lower density
of colocalized synapses when compared with the FBS-free
group. The miR-210-5p inhibitor could increase the postsynaptic
density and colocalized synapses (Figure 3A).

Interestingly, the FBS-free induced groups showed no
significance between each other. Moreover, post-synaptic density
and colocalized synaptic density showed significant reduction
in FBS-free induced groups. Additionally, the miR-210-5p
mimic further decreased the colocalized synaptic density when
compared with FBS-free group. On the contrary, miR-210-5p
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FIGURE 3 | miR-210-5p downregulates postsynaptic density. (n = 3/group, 2 images per sample). (A) Green puncta were stained using Synapsin1 (Syn1) antibody,
which represents pre-synapses. Red puncta stained with PSD-95 means post-synapses. The puncta colocalized with Syn1 and PSD-95 indicates functional
synapses. (B) Quantification results of puncta in each channel; the colocalized synaptic density is normalized by pre-synapses respectively. Data are shown as
mean ± SD values, and statistical significance between both groups is defined as ∗p < 0.05; ∗∗p < 0.01.

inhibitor increased the colocalized synaptic density (Figure 3B,
upper). Subsequently, we analyzed the colocalized synapses
by normalizing with pre-synapse (Syn1), which indicated that
FBS-free processing will give birth to lower normalized post-
synapses, which is 17.76%, when compared with the FBS
group, which is 22.93%. Importantly, miR-210-5p significantly
downregulated the normalized postsynaptic density to 10.16%,
while miR-210-5p inhibitor reversely upregulated normalized
postsynaptic density to 23.65%. (Figure 3B, down).

miR-210-5p Is Involved in Cognitive
Impairment of VD Model Rats
To assess whether miR-210-5p could influence VD model rats’
spatial learning and memory, we performed 2 VO surgeries on
rats again (Figure 4A). Rats that were operated but did not
undergo VO were made as the control group. By the Morris
water maze testing, miR-210-5p agomir aggravated the latency
of rats with VD, while the antagomir can attenuate the latency
of rats with VD (Figure 4B). Representative swimming path
during the trial probe (Figure 4C) has shown that crossing
over the platform of VD model rats decreased significantly
when compared with the control group rats (n = 13/group).
It has also been shown that VD model rats that were treated
with miR-210-5p agomir showed less crossing than the model
rats, while miR-210-5p antagomir increased the number of rats
crossing over the platform (Figure 4D). Later, we performed
TEM detection to investigate hippocampal synapses in each

group of rats. The number of synapses illustrated in the VD
model group rats’ hippocampus declined dramatically when
compared with control group rats; miR-210-5p agomir reduced
the synapses further as to model rats; however, miR-210-5p
antagomiR-treated model rats showed an increased number of
synapses (Figure 4E).

miR-210-5p Specifically Targets on Snap25
To determine if the increased miR-210-5p leads to synaptic loss
in the hippocampus, we analyzed its potential targets using a
bioinformatic program. The result predicted that miR-210-5p
may target Snap25 3’ UTR binding sites (binding sites are shown
in Figure 5A).

To clarify whether miR-210-5p directly binds to the 3’ UTR
of Snap25, we investigated it in PC12 cells. Dual-luciferase
reporter plasmids (psiCHECK2 Vector) carrying the Snap25 3’
UTR with WT or base-pair mutant miR-210-5p binding regions
were constructed (Figure 5B, upper). After co-transfection
of PC12 with psi-CHCEK2-Snap 3’ UTR and miR-210-
5p mimic and inhibitor respectively, the luciferase activity
decreased markedly when co-transfected with psi-CHCEK2-
Snap WT and miR-210-5p mimic in comparison with empty
vector, psi-CHCEK2-Snap WT, psi-CHCEK2-Snap Mut and
miR-210-5p mimic or inhibitor (Figure 5B, down).

In addition, immunofluorescence staining and western
blot provided the evidence that Snap25 expression decreased
through the infection of primary hippocampal neurons with

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 November 2018 | Volume 11 | Article 388

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Ren et al. miR-210-5p Regulation of Snap25

FIGURE 4 | Intracerebroventricular (ICV) injection of miRNA-210-5p agomir aggregates cognitive impairment level and antagomir attenuates cognitive impairment in
VD model (n = 13/group). (A) Timeline. (B–D) The latency, the moving trails of rats in platform crossing test and number of rats crossing over the platform.
(E) Synapses were indicated with black triangles; a: Control group, b: Model group, c: Agomir group, d: Antagomir group; bar chart showed the number of synapses
(n = 6/group). Data are shown as mean ± SD values, and statistical significance between both groups is defined as ∗p < 0.05; ∗∗p < 0.01.

miR-210-5p mimic when compared with the control group,
whereas miR-210-5p inhibitor increased the expression of
Snap25 (Figures 5C,D). These findings suggest that miR-210-5p
regulates Snap25 by direct interaction with its 3’ UTR.

miR-210-5p Agomir Reduces
Snap25 Expression in Hippocampus of VD
Model Rats
To further find out whether miR-210-5p regulates
Snap25 expression in vivo, we detected the Snap25 mRNA

level using RT-qPCR (n = 6/group), immediately after a
probe trial of the Morris water maze, obtained by agomir
and antagomir ICV injected into the hippocampus, as well
as the equal volumes of normal saline for control and model
group rats. A significant increase of miR-210-5p expression
and reduction of Snap25 mRNA level was observed in the
hippocampus of VD model rats when compared with control
group rats (Figure 6A). With miR-210-5p agomir ICV injected
in the hippocampus, miR-210-5p levels further increased and
the Snap25 level reduced in comparison with the model group
(Figure 6A). However, miR-210-5p antagomir downregulated
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FIGURE 5 | miR-210 can specifically target on synaptosomal-associated protein of 25KDa (Snap25; n = 3/group, 2 images per sample). (A) The target sites of
miR-210-5p in Snap25 mRNA 3’ untranslated region (3’UTR) were analyzed by Targetscan 7.0. (B) The construction profile of psiCHECK2-Snap25 wild-type (WT)
and Mut vectors are shown above. Snap25 luciferase reporter (Snap25 3’ UTR WT) and the corresponding mutant construct (Snap25 3’ UTR Mut) were
co-transfected into PC12 cells together with miR-210 mimics and inhibitor respectively. Luciferase activity was measured 24 h post transfection. Values are
expressed relatively to the internal firefly luciferase activity. (C) Immunofluorescence and its intensity analysis showed miR-210-5p mimics decreased Snap25 protein
expression in Primary neuron cells, whereas miR-210-5p inhibitor increased snap 25 protein expression. (D) Western blot results showed a decrease of
Snap25 protein expression in primary neuron cells treated with miR-210-5p mimics, whereas they showed an increase of snap 25 expression in cells with
miR-210-5p inhibitor. Data are shown as mean ± SD values, and statistical significance between both groups is defined as ∗P < 0.05; ∗∗p < 0.01.

miR-210-5p, whereas they upregulated Snap25 mRNA level in
hippocampus with respect to those rats treated with agomir
(Figure 6A). Results from immunofluorescence staining and
western blot confirmed that the expression of Snap25 protein
was significantly reduced in the hippocampus of VD rats
when compared to control group rats. The miR-210-5p agomir
can result in downregulation of Snap25 expression in vivo,
whereas antagomir increased Snap25 protein expression in the
hippocampus of VD rats (Figures 6B,C).

DISCUSSION

In the present study, we investigated the roles played by miRNAs
in synaptic loss, involving spatial learning and memory. The
evidence demonstrated that miR-210-5p mediates the cognitive
impairment effects of chronic cerebral ischemia-induced VD
by suppressing the expression of Snap25, which leads to
synaptic loss. The major findings of the present study were as
follows: (1) Rats with 4 weeks of chronic ischemia displayed a
significant synaptic loss and cognitive deficits; (2) miR-210-5p

was increased significantly in the hippocampus of VD model
rats and Snap25 mRNA is targeted by miR-210-5p; and (3) miR-
210-5p agomir aggregates cognitive impairment of VD model
and leads to more synaptic loss, and miR-210-5p agomir
downregulated Snap25 mRNA level and protein expression
in vivo. These findings suggest that the dysfunction of the miR-
210-5p–Snap25 signaling pathway induced by chronic ischemia
might be a causative event leading to the synaptic loss in VD.

One of the major findings of this study shows that synaptic
loss in the early stage of VD is linked to cognitive impairment.
Animal models have helped us understand how chronic ischemia
contributes to VD. Chronic cerebral hypoperfusion precedes the
onset of VD (Román et al., 1993) and it may be a trigger for VD
(Kasparova et al., 2005). The permanent occlusion of the bilateral
(left and right) common carotid arteries (2VO model) was a
good way to study VD in rodent models, which has similarity
to the VD development process (Farkas et al., 2004). Studies have
evaluated synaptic change, which indicates that synapse loss is
probably not a hallmark specific to Alzheimer’s disease but rather
a change common to many diseases associated with dementia
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FIGURE 6 | ICV injection of miRNA-210 antagomir effectively restore hippocampal snap25 expression in VD model (n = 6/group). (A) miR-210-5p and Snap25 mRNA
expression detected by qPCR (n = 6/group). (B) Snap25 protein expression visualized through immunofluorescence. (C) Snap 25 protein expression in hippocampus
tested by western blot (n = 6/group). Data are shown as mean ± SD values, and statistical significance between both groups is defined as ∗p < 0.05; ∗∗p < 0.01.

(Scheff et al., 2014). In this study, we found that the rats displayed
significant cognitive deficits after 4 weeks of chronic ischemia,
suggesting that synaptic pathology in the early stage of VD is
linked to cognitive impairment. Our findings were consistent
with Yi Shu’s work (Shu et al., 2013). We focused on the early
stage of VD, where the rats with 4 weeks of chronic ischemia
were proved to be available. This allowed the identification
of miRNAs that are regulated in response to ischemic insult
from loss of synapses. We have found and confirmed numerous
upregulated or downregulated miRNAs by screening through a
microarray, among whichmiR-210-5p appearsmost significantly
overexpressed in the hippocampus of VD model rats.

The miRNA-mediated inhibition of translation is an
attractive mechanism that can precisely control gene expression
in neurons. miR-153 has been reported to regulate synaptic
transmission and neuronal development (Wei et al., 2013).
miR-199a-5p shows protection of the spinal cord via
downregulation of endothelin-converting enzyme-1 (ECE1)
in rats (Bao et al., 2018). miR-134 is reported to regulate
synaptic plasticity. Additionally, dendritic localized pre-miR-
134 promotes hippocampal neuron dendritogenesis (Zampa
et al., 2018). miR-210-5p is a member of miRNAs that are
involved in the regulation of neuronal function. Differently,
our data indicates that overexpression of miR-210-5p decreases
synapse density. miR-210-5p also likely targets other mRNAs,
but miR-210-5p–Snap25-postsynapse pathway is sufficient to
explain the role of miR-210-5p regulation of synaptic loss and
cognitive impairment in early VD.

Previous studies have shown that Snap25 is a key component
of the SNARE complex, which mediates vesicle fusion (Horváth
et al., 2017; Lou et al., 2017; Shi et al., 2017; Zurawski et al.,
2017). Extensive SNAREs have been reported to play functional
roles of synaptic vesicles docking to presynaptic membrane
in neurons (Batista et al., 2017; Van Hook et al., 2017).
Snap25 provides two α-helix domains, which contributes to
SNARE proteins assembling into trans-SNARE complexes to
provide the force that is necessary for vesicle fusion (Yang
et al., 2000). Unexpectedly, reduction of Snap25 not only impairs
vesicle release, but also increases neurotransmission (Antonucci
et al., 2013). However, the absence of Snap25 leads to the
pool of vesicles tending to be empty and the abolishment
of fast calcium-triggered exocytosis (Sørensen et al., 2003).
Moreover, Sandra Jurado’s (Jurado et al., 2013) work supports
that the deficit of LTP induction is caused by a decrease
in NMDAR-mediated synaptic currents. Additionally, in the
brain, Snap25 is a part of a molecular complex including
PSD95 and p140Cap, which impacts on the spine number of
CA1 hippocampal region in mice (Kube et al., 2013; Fossati
et al., 2015). These findings suggest that in postsynapse,
reduction of Snap25 causes postsynaptic loss as well as learning
and memory. In the current study, Snap25 was directly
downregulated by miR-210-5p in vitro and in vivo, which
confirms that overexpression of miR-210-5p leads to cognitive
defects.

In summary, our data demonstrate that miR-210-5p
contributes to cognitive impairment in early VD in rats though
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targeting Snap25. Precise control of Snap25 levels by miR-210-5p
can be a potential medical benefit for Snap25 associated diseases
such as attention deficit hyperactivity disorder, schizophrenia,
early-onset of bipolar disorders and so on. Finally, improving our
understanding about the molecular mechanisms of miR-210-5p
that contribute to protective synapses may be an interesting
point for novel therapeutic intervention in VD.
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