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MicroRNA-195 prevents hippocampal
microglial/macrophage polarization
towards the M1 phenotype induced by
chronic brain hypoperfusion through
regulating CX3CL1/CX3CR1 signaling
Meng Mao†, Yi Xu†, Xin-Yu Zhang, Lin Yang, Xiao-bin An, Yang Qu, Ya-ni Chai, Yan-Ru Wang, Ting-ting Li and
Jing Ai*

Abstract

Background: Microglial polarization is a dynamic response to acute brain hypoxia induced by stroke and traumatic
brain injury (TBI). However, studies on the polarization of microglia in chronic cerebral circulation insufficiency
(CCCI) are limited. Our objective was to investigate the effect of CCCI on microglial polarization after chronic brain
hypoperfusion (CBH) and explore the underlying molecular mechanisms.

Methods: CBH model was established by bilateral common carotid artery occlusion (2-vessel occlusion, 2VO) in
rats. Using the stereotaxic injection technique, lenti-pre-miR-195 and anti-miR-195 oligonucleotide fragments (lenti-
pre-AMO-miR-195) were injeted into the CA1 region of the hippocampus to construct animal models with high or
low expression of miR-195. Immunofluorescence staining and flow cytometry were conducted to examine the
status of microglial polarization. In vitro, Transwell co-culture system was taken to investigate the role of miR-195 on
neuronal-microglial communication through CX3CL1-CX3CR1 signaling. Quantitative real-time PCR was used to
detect the level of miR-195 and inflammatory factors. The protein levels of CX3CL1 and CX3CR1 were evaluated by
both western blot and immunofluorescence staining.
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Results: CBH induced by 2VO initiated microglial/macrophage activation in the rat hippocampus from 1 week to 8
weeks, as evaluated by increased ratio of (CD68+ and CD206+)/Iba-1 immunofluorescence. And the microglial/
macrophage polarization was shifted towards the M1 phenotype at 8 weeks following CBH. The expression of
CX3CL1 and CX3CR1 was increased in the hippocampus of 2VO rats at 8 weeks. An in vitro study in a Transwell co-
culture system demonstrated that transfection of either primary-cultured neonatal rat neurons (NRNs) or microglial
BV2 cells with AMO-195-induced M1 polarization of BV2 cells and increased CX3CL1 and CX3CR1 expression and
that these effects were reversed by miR-195 mimics. Furthermore, the upregulation of miR-195 induced by lenti-pre-
miR-195 injection prevented microglial/macrophage polarization to M1 phenotype triggered by hippocampal
injection of lenti-pre-AMO-miR-195 and 2VO surgery.

Conclusions: Our findings conclude that downregulation of miR-195 in the hippocampus is involved in CBH-
induced microglial/macrophage polarization towards M1 phenotype by governing communication between
neurons and microglia through the regulation of CX3CL1 and CX3CR1 signaling. This indicates that miR-195 may
provide a new strategy for clinical prevention and treatment of CBH.

Keywords: Chronic brain hypoperfusion, MicroRNA-195, Microglial/macrophage polarization, Neuronal-microglial
cross-talk, Neuroinflammation

Background
Microglia play an important role in various neurodegener-
ative diseases, including Alzheimer’s disease (AD), Parkin-
son’s disease (PD), Huntington’s disease (HD), and prion
diseases [1, 2]. Chronic brain hypoperfusion (CBH), one of
the major pre-clinical phases of AD [3, 4], has been found
to cause extracellular Aβ aggregation [5], tau protein
hyperphosphorylation [6], neuronal loss [7], and even
early astrocytic glial activation [8]. However, the influence
of CBH on microglial function is unclear.
Microglia are immune cells that are considered the

brain’s first line of defense and are double-edged swords
in responding to pathogens and supporting CNS homeo-
stasis and plasticity [9, 10]. It has been documented that
resident microglia and peripheral macrophages act as
guardians to respond to various types of acute brain in-
jury via activation [11–13]. Although growing evidences
demonstrated activated microglia and/or macrophages
may include a spectrum but functionally overlapping
phenotypes after injury [13–15], the activated microglia/
macrophages can be roughly divided into two different
states according to their functions [16, 17]. The first is
classically activated M1 microglia/macrophage, which
release proinflammatory mediators, while the second is
alternatively activated M2 microglia/macrophage, which
release numerous protective/trophic factors [15, 18].
Acute severe brain ischaemia, such as intracerebral
hemorrhage (ICH) and traumatic brain injury (TBI), has
been found to be associated with an early M2 phenotype,
followed by a transition to the M1 phenotype [14, 19,
20]. However, whether CBH also induces dynamic
polarization of microglial/macrophage in the hippocam-
pus is unknown.
Chemokine (C-X3-C motif) ligand 1 (CX3CL1), which

is anchored to the neuronal membrane, is an intriguing

chemokine that plays a central role in microglial activa-
tion by interacting with CX3CR1 expressed by microglia
cells [21, 22]. Interestingly, clinical studies have reported
increased levels of CX3CL1 in patients with moderate
AD, while significantly decreased levels of CX3CL1 in
patients with advanced AD [23, 24]. In addition,
CX3CR1 deficiency results in fewer apoptotic neurons,
reduced ROS levels, facilitated alternative activation (to-
wards the M2 phenotype) of microglia/macrophages,
and attenuated synthesis and release of inflammatory cy-
tokines in a CX3CR1−/− MCAO mouse model [25] and
the number of microglia surrounding Aβ deposits in a
mouse model of AD [26]. However, whether the
CX3CL1/CX3CR1 pathway dysfunction is also involved
in CBH pathology process, a kind of chronic mild is-
chaemia, remains unclear.
It has been reported that miR-195 protects against

focal acute cerebral ischemia-induced cell apoptosis by
targeting CX3CR1 [27]. Additionally, miR-195 reduces
the expression of multiple NF-κB downstream effectors
by directly targeting IKKα and TAB3 in hepatocellular
carcinoma (HCC) [28] and inhibits an M1-like
polarization-induced proinflammatory profile in macro-
phages [29]. Nevertheless, whether miR-195 participated
in CBH-induced hippocampal microglial/macrophage
polarization by regulating CX3CL1-CX3CR1 signaling
pathway has not been studied. Therefore, the purpose of
this study was to investigate the effect of CBH on micro-
glial/macrophage polarization and to explore the poten-
tial molecular mechanisms of miR-195 on this process.

Materials and methods
Experimental design
The animal groups and number of rats used in the study
are listed in Supplementary Table S1, Additional file 1.
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To investigate how CBH affects microglial/macro-
phage activation, we detected the polarization pheno-
types of microglia/macrophage in the hippocampus of
rats after 2VO surgery by immunofluorescence staining,
flow cytometry analysis, and qRT-PCR. Then, to investi-
gate the role of miR-195 on hippocampal microglial/
macrophage polarization in rats following CBH, we de-
signed lentiviral constructs, named lenti-pre-miR-195
and lenti-AMO- miR-195, and stereotaxically injected
them directly into the bilateral hippocampal CA1 sub-
fields of each rat. We evaluated the polarization pheno-
types of microglial/macrophage and related proteins in
the hippocampus of these rats by immunofluorescence
staining, qRT-PCR, and western blotting. The potential
molecular mechanisms of miR-195 on hippocampal
microglial polarization were examined in vitro Transwell
co-culture system.

Animals
A total of 99 adult male Sprague Dawley (SD) rats used
in the study (280–300 g) were supplied by Changsheng
Biotechnology (Liaoning, Shenyang Province, China). All
animals were housed at 23 ± 1 °C with 55 ± 5% humidity
and maintained on a 12-h artificial dark-light cycle
(lights on at 7:00 AM) with food and water available ad
libitum. All animal handling and surgical procedures
were performed in accordance with the guidelines estab-
lished by the National Institutes of Health for the care
and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committee at Harbin
Medical University (China).

Permanent bilateral occlusion of the common carotid
arteries (2VO) in rats
Bilateral common carotid artery occlusion (2-vessel oc-
clusion, 2VO) in rats was prepared according to our pre-
vious studies [1, 30]. In brief, animals were anesthetized
with chloral hydrate (300 mg/kg). No. 3–0 silk sutures
were placed under the separated common carotid artery
and tightened up. Then, the common carotid artery was
cut off between the two ligated silk sutures. The same
procedure was performed on the sham group but with-
out the ligation. The brain tissues and slices were har-
vested from 2VO rats at the time points of 1 week, 2
weeks, 4 weeks, and 8 weeks for the subsequent
experiments.

Primary culture of neonatal rat hippocampal neurons
(NRNs)
Primary neuron cultures were prepared as previously de-
scribed [31]. In brief, the hippocampus were removed
from postnatal day 0 (P0) male SD rat pups and dissoci-
ated cells were maintained in DMEM containing 10%
fetal bovine serum (FBS, HyClone, Logan, UT, USA) and

subsequently inoculated into a poly-D-lysine precoated
6-well plate at a density of 1–2 × 106 cells/well. After 4 h
of incubation, the culture medium was replaced with
neurobasal medium (Gibco, USA) with 2% B27 supple-
ment (Invitrogen, USA). Cultures were placed in a 37 °C
humidified atmosphere with 5% CO2. Neurons were col-
lected from days 5–7 of in vitro culture were used for
the experiments.

Cell culture of BV2 cells
BV2 microglial cells were purchased from the National
Infrastructure of Cell Line Resource and were seeded at
a density of 1–2 × 105 cells/well on 6-well plate format
in DMEM (Invitrogen, USA) supplemented with 0.1%
penicillin-streptomycin (Solarbio, China) and 10% fetal
bovine serum (FBS, HyClone, Logan, UT, USA). Cul-
tures were maintained at 37 °C in a 5% CO2 humidified
atmosphere for 3 days, which were then collected for
further experiments.

Synthesis of oligonucleotides and cell transfection
MiR-195 mimics, AMO-195, and NC were synthesized
by the GenePharma Corporation (Suzhou, China) as pre-
viously described [7]. Cx3cl1-masking antisense ODNs
were synthesized by the Sangon Biotech Corporation
(Shanghai, China). The sequence of Cx3cl1-ODN, which
was used to mask the binding sites of miR-195 located
in the 240-246 bp region of the Cx3cl1 3′UTR, was
5′—+C+C+A+G+CCAGCAGCAGAG+G+A+U+U+C—
3′. The sequence of Cx3cr1-ODN, which was used to
mask the binding sites of miR-195 located in the 1236-
1242 bp region in the Cx3cr1 3′UTR, was 5′—+C+C+
A+C+GCAGCAGCACCU+G+C+A+G+G+C—3′. The
nucleotides or deoxynucleotides at both ends of the anti-
sense molecules were locked by a methylene bridge con-
necting the 2′-O and the 4′-C atoms. These plasmids
were transfected into cells using X-treme GENE siRNA
transfection reagent (Roche, Switzerland) according to
the manufacturer’s instructions. Forty-eight hours after
transfection, the cells were processed for further
experiments.

Co-culture of BV2 cells with neurons
After neonatal rat neurons (NRNs) were transfected with
miR-195, AMO-195, and Cx3cl1-ODN for 48 h, the cul-
ture medium was discarded, and the NRNs were gently
washed 3 times with PBS. Then, the NRNs were re-
moved from the 6-well plates and placed on the bottom
of a Transwell plate (Corning Company, USA). After
washing 3 times with PBS, the cultured BV2 cells were
placed in the upper chamber of the Transwell plate,
which was separated from the NRNs by a semipermeable
membrane (pore size of 0.4 μm). DMEM supplemented
with 10% FBS was placed in the two separate chambers,
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and the plate was placed in an incubator at 37 °C with
saturated humidity and 5% CO2. After 24 h of co-
culture, both BV2 cells and neurons were collected for
further experiments [31].

Construction of lentivirus vectors
The details of the construction of the lentivirus vec-
tors were described in our previous studies [5, 7].
The synthesis and lentiviral packaging of two double-
stranded oligonucleotides, pre-miR-195 and NC, and a
single-stranded DNA oligonucleotide, pre-AMO-miR-
195, were performed by the GeneCopoeia Inc.
(Rockville, MD, USA).

Stereotaxic injection of lentiviral vectors
Rats were anesthetized with chloral hydrate (300 mg/kg)
and placed in an animal stereotaxic apparatus (RWB Life
Science Co, Ltd., China). The injection coordinates rela-
tive to bregma were as follows: anteroposterior, − 4.52
mm; mediolateral, ± 3.2 mm; dorsoventral, − 3.16 mm
below the surface. The coordinates were determined
based on the atlas by Paxinos and Watson. A total of
2 μL (10,000 TU/μL) lenti-pre-miR-195 and/or lenti-pre-
AMO-miR-195 was injected into the CA1 region of the
hippocampus using a 5-μl Hamilton syringe with a 33-
gauge needle (Hamilton, Bonaduz, Switzerland). Subse-
quent experiments were performed 8 weeks after virus
injection [5, 7].

Immunofluorescence staining
Rats were anesthetized and perfused with PBS (0.01M,
pH 7.40, 4 °C) transcardially first and then perfused with
4% paraformaldehyde (PFA) solution (pH 7.40, 4 °C).
The brains were dissected in 4% PFA solution for fix-
ation (24 h, 4 °C). The samples were transferred to a
30% sucrose solution for dehydration (72 h, 4 °C). After
that, the brain samples were frozen (− 80 °C). Frozen
brain tissues were then sliced into coronal slices (20-μm
thick) in a cryostat microtome (Leica Microsystems,
Germany), mounted on APS (Amino Silane)-coated glass
slide (Solarbio, China), and stored in a − 80 °C freezer
until analysis. Before staining, the 20-um-thick slices
were incubated in PBS containing 0.3% Triton X-100
and 10% goat serum for 2 h at room temperature. After
blocking, the slices were incubated with an anti-Iba-1 (1:
500, Cat. #019-19741, Wako, USA), anti-rat-CD68 (1:
200, Cat. #MCA341R, Bio-Rad, UK), or anti-rat-CD206
(1:200, Cat. #sc-58986, Santa Cruz, USA) primary anti-
body overnight at 4 °C followed by secondary antibodies
conjugated to Alexa Fluor 488 (1:300, Cat. #A-21206,
Invitrogen, USA) and Alexa Fluor 594 (1:300, Cat. #A-
21203, Invitrogen, USA) and DAPI (1:300, Cat. #C1002,
Beyotime, China) the next day.

The cultured cells were fixed in 4% PFA for 30 min
and then incubated with PBS containing 0.1%Triton X-
100 and 10% goat serum for 1 h at room temperature.
After blocking, they were incubated with a rat anti-
CX3CL1 primary antibody (1:300, Cat. #AF537, R&D
system, USA) to detect neurons and an anti-Iba-1 (1:
500, Cat. #019-19741,Wako, USA), anti-mouse CD68
primary antibody (1:300, Cat. #MCA1957, AbDserotec,
Oxford, UK), or anti-mouse CD206 primary antibody (1:
300, Cat. #MCA2235, AbDserotec, Oxford, UK) to de-
tect BV2 cells overnight at 4 °C followed by secondary
antibodies conjugated to Alexa Fluor 488 (1:500, Cat.
#A-21206, Invitrogen, USA) and Alexa Fluor 594 (1:500,
Cat. #A-21203, Invitrogen, USA) and DAPI (1:300, Cat.
#C1002, Beyotime, China) the next day.
The fluorescence signals were detected using a fluores-

cence microscope (Zeiss Axio Scope A1) using × 20 ob-
jective with the same condition at a resolution of 1024 ×
1024 pixels (24 bit). The size of the analyzed region is
232.45 μm × 232.45 μm. The number of cells in the den-
tate gyrus (DG) or CA1 region of the hippocampus in
each animal was calculated by ImageJ software (NIH,
MD, USA). Iba-1+ cells, CD68+/Iba-1+, and CD206+/Iba-
1+ cells were counted in a blinded manner. The mean
values were calculated from 3 randomly selected micro-
scopic fields from each section for each animal. A total
of 3 animals per group were analyzed. The data are
expressed as the mean number of cells per square milli-
meter. Postprocessing of the images were limited to con-
trast adjustment without color adjustment.

Isolation and purification of microglial cells
After anesthetization with chloral hydrate (300 mg/kg),
the rats were transcardially perfused with PBS (0.01M,
pH 7.40, 4 °C). Microglial cells were extracted and iso-
lated from the hippocampus according to a protocol
published on bio-protocol [32]. Briefly, the homogenized
tissues were digested to form cell suspensions, which
were then filtered through a 70-μm nylon filter and then
centrifuged at 300×g for 10 min. The cell pellets were re-
suspended in 20 ml of 30% isotonic Percoll solution (GE
Healthcare, Uppsala, Sweden). Then, we transferred 10
ml of the resuspended cell pellets to a 50-ml centrifuga-
tion tube and carefully added 10ml of 80% isotonic Per-
coll solution to the bottom of the centrifugation tube
using a serological pipette with the help of gravity. Fi-
nally, the rest of the cell pellet was gradually added to
the upper layer of the centrifugation tube, which was
then centrifuged at 1050×g for 40 min at room
temperature. The microglia were then collected from the
interphase between the 80% and 30% Percoll layers. The
cells were washed and resuspended in sterile HBSS and
used for flow cytometry.
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Flow cytometry analysis of immunostained cells
Flow cytometry analysis of immunostained cells was per-
formed following standard cell protocols. Prior to anti-
body labelling, the cell suspensions were incubated with
anti-murine CD16/CD32 FC-Receptor (1:100, Cat. #14-
0161-81, eBioscience, CA, USA) blocking reagent at 4 °C
for 10 min. After blocking, the microglia were stained
with FITC-conjugated mouse anti-rat CD11b (1:100,
Cat. #554982, BD Biosciences, USA) and PerCP/Cy5.5-
conjugated anti-rat CD45 (1:50, Cat. #202220, Biolegend,
CA, USA). The microglia were then fixed and perme-
abilized with BD fixation/permeabilization solution (Cat.
#554714, BD Cytofix/Cytoperm™, USA) for 20 min. The
microglia were washed with BD Perm/Wash buffer (Cat.
#554714, BD Cytofix/Cytoperm™, USA), resuspended in
BD Perm/Wash buffer, and incubated with anti-iNOS (1:
100, Cat. #ab15323, Abcam, UK) and rabbit mAb anti-
arginase-1 (Arg-1) (1:100, Cat. # 3668s, Cell Signaling
Technology, USA) primary antibodies for 30 min
followed by a PE-conjugated anti-rabbit IgG (H+L) sec-
ondary antibody (1:100, Cat. #8885s, Cell Signaling
Technology, USA). The cells were analyzed using a
CytoFLEX instrument (Beckman Coulter Biotechnology,
SuZhou). Ten thousand events were recorded, and
microglia were identified by CD11b+/CD45low expression
[33]. The results were analyzed using CytExpert software
(Beckman Coulter Biotechnology, SuZhou).

Western blot analysis
Total protein was extracted from the hippocampus of
rats or primary cultured neurons for immunoblotting
analysis. The protein concentrations of all extracted
samples were measured using the Bio-Rad Protein Assay
(BioRad, Hercules, CA) with bovine serum albumin
(BSA) standards. Fifty micrograms of the protein sam-
ples was separated by SDS-PAGE and then transferred
to PVDF membranes, which were then incubated with
primary antibodies at 4 °C overnight followed by fluores-
cent secondary antibodies (LICOR Biosciences, Lincoln,
NE, USA). Anti-CX3CL1 (1:1000, Cat. #ab25088,
Abcam, USA) and anti-CX3CR1 (1:1000, Cat. #ab8021,
Abcam, USA) were used as the primary antibodies. β-
Actin (1:1000, Cat. #G8795, Sigma, St. Louis, MO, USA)
was used as an internal control. The bands on the blot
were detected with the Odyssey infrared imaging system
(LICOR Biosciences, Lincoln, USA). The signal inten-
sities were analyzed using Odyssey v. 1.2 software and
normalized to the intensity of the loading control, β-
actin.

Real-time PCR
Total RNA was extracted from the rat hippocampus or
neurons using TRIzol (Invitrogen, USA) according to
the manufacturer’s protocol. RNA was reverse

transcribed into cDNA using a ReverTra AceqPCR RT
Kit (Toboyo Co., Osaka, Japan). qPCR reactions were
run in a volume of 20 μl using FastStart Universal SYBR
Green Master (Roche, Switzerland) in an Applied Biosys-
tems machine (Thermo Fisher Scientific, USA). The
protocol was (1) 10 min at 95 °C, (2) 15 s at 95 °C, 30 s at
60 °C, and 30 s at 72 °C for 40 cycles and (3) melt curve
analysis. The qPCR primer sequences were as follows:
miR-195: forward (F), GGGGTAGCAGCACAGAAAT
and reverse (R), TCCAGTGCGTGTCGTGGA; U6: F,
GCTTCGGCAGCACATATACTAAAAT and R, CGCT
TCACGAATTTGCGTGTCAT; IL-1β: F, GGCAACTG
TCCCTGAACT and R, TCCACAGCCACAATGAGT;
TNF-α: F, GACCCTCACACTCAGATCATCTTCT and
R, TGCTACGACGTGGGCTACG; TGF-β: F, TGGC
CAGATCCTGTCCAAAC and R, GTTGTACAAA
GCGAGCACCG; and GAPDH: F, CTGGCATTGC
TCTCAATGACAAC and R, CTTGCTCAGTTTATCC
GCTGGCTG. The results were normalized against the
internal control using the δ–δ CT method [5].

Statistical analysis
The data are presented as the mean ± SD. Student’s t
test was used for statistical analysis of differences be-
tween two groups. Each data set was analyzed for its
ability to meet the statistical assumptions for equality of
the variance, for normal distribution, and for sphericity.
Independent sample test was calculated using the Levene
variance equality test. If P > 0.05, independent student’s
t test was used for the comparison between two groups.
If P < 0.05 Kruskal-Wallis rank sum test was performed.
One-way ANOVA was performed for the comparison
among multivariate groups, and post hoc analyses of the
significant main effect were further examined using
Tukey tests. Graphs were generated using GraphPad
Prism 8.0 software (La Jolla, CA, USA).

Results
CBH induces microglial/macrophage activation and
polarization in the rat hippocampus
In order to investigate how CBH affects the activation of
hippocampal microglia/macrophage, we generated a rat
model of CBH through 2VO surgery. First, we evaluated
the polarization of microglia/macrophage in the hippo-
campus in rats at 1, 2, 4, and 8 weeks after 2VO surgery.
As illustrated in Fig. 1a–e, immunofluorescence staining
showed that the number of microglial/macrophage
marker Iba-1 (Iba-1+ cells)-positive cells in the dentate
gyrus (DG) region was significantly increased at 1 week
and gradually decreased to the same level as the sham
group at 8 weeks. Since activated microglia/macrophage
can be polarized to the cytotoxic M1 phenotype and the
pro-repair M2 phenotype [34], we next compared acti-
vated microglia/macrophage between two groups by
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Fig. 1 (See legend on next page.)
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analyzing the ratio of polarized microglia/macrophage
relative to total Iba-1+ cells. Using immunofluorescence
staining, the number of the co-localization of the M1-
associated marker CD68 or the M2-associated marker
CD206 with Iba-1 were counted. The data showed that
the total percentage of polarized microglia/macrophage
gradually increased from 2 weeks (30.63 ± 3.46%) to 8
weeks (52.42 ± 8.59%) of 2VO rats; however, they were
unchanged in sham group (Fig. 1f). To clarify the char-
acteristic phenotype of the activated microglia/macro-
phage, the percentages of CD68-positive (CD68+) and
CD206-positive (CD206+) microglia/macrophage were
analyzed, respectively. Compared with the sham group,
the percentage of both phenotypes of microglia/macro-
phage gradually increased in the DG region of CBH rats
from 2 weeks to 8 weeks after surgery. As shown in Fig.
1g, h, the percentage of CD68+ and CD206+microglia/
macrophage were the same between sham and 2VO rats
at 1 week after surgery (for CD68+: 10.15 ± 3.61% in
sham, 9.71 ± 1.69%% in 2VO; for CD206+: 10.11 ± 1.69%
in sham, 10.9 ± 1.92% in 2VO). However, they were sig-
nificantly higher in 2VO rats at 8 weeks than they were
in age-matched sham rats (for CD68+: 11.73 ± 6.25% in
sham, 33.14 ± 5.27% in 2VO; for CD206+: 12.34 ± 2.15%
in sham, 19.27 ± 1.45% in 2VO). Subsequent, the ratio
of CD68/CD206 was statistic to better understand the
dynamic changes in microglial/macrophage polarization.
The ratio of CD68/CD206 higher than 1 indicates that
microglial/macrophage polarization towards to the M1
phenotype. The data showed that the ratio of CD68/
CD206 was the same between 2VO and sham rats at 1
week and 2 week. The ratio began to increase in 2VO
rats from 4 weeks after surgery and reached the highest
value at 8 weeks, which was 1.76 ± 0.30-fold greater than
that in the sham rats at 8 weeks (0.92 ± 0.25) (Fig. 1i).
Similar to what was observed in the DG, the number of
Iba-1+ cells in CA1 region of 2VO rats also increased
significantly at 1 week and gradually decreased to the
same level as sham group at 8 weeks (Fig. 2a–e). Differ-
ent from that observed in the DG region, the total num-
ber of polarized microglia/macrophage in CA1 region
increased gradually from 1 week to 8 weeks (Fig. 2f).
Specificity, the percentage of total CD68+ and CD206+

microglia/macrophage was higher in 2VO rats than age-
matched sham rats at 1 week after surgery (14.35 ±

1.80% in sham vs. 18.61 ± 1.78% in 2VO, P = 0.043) and
this phenomenon lasted for 8 weeks (18.03 ± 0.49% in
sham, 36.79 ± 9.67% in 2VO, P = 0.0168). Interestingly,
although the number of CD68+ microglia/macrophage
was also higher than the number of CD206+ microglia/
macrophage in the CA1 region of 2VO rats at 8 weeks
(Fig. 2g, h), the ratio of CD68/CD206 in the CA1 region
(Fig. 2i, 1.38 ± 0.23-fold) was lower than that in the DG
region (Fig. 1i, 1.76 ± 0.3-fold ); this suggests that CBH-
induced microglial/macrophage polarization is more
sensitive in the DG region than CA1. Taken together,
these results suggested that the activation of hippocam-
pal microglia/macrophages runs through the whole
process of CBH from an early stage (1 week) to 8 weeks.
However, polarization transitioned to a more detrimen-
tal M1 phenotype at 8 weeks after being balanced be-
tween the M1 and M2 phenotypes at 1 week and 2
weeks after 2VO surgery.
To further verify that microglial polarization tended to

be associated with the M1 phenotype at 8 weeks after
2VO surgery, flow cytometry analysis was performed
using a variety of microglial markers to assess the status
of the M1 and M2 phenotypes. First, we sorted microglia
using CD11b+/CD45low as a marker (Fig. 3a and Supple-
mentary Fig. S1) [35, 36]. Then, the mean fluorescence
intensities (MFI) of iNOS (M1 marker) and Arginase-1
(Arg-1, M2 marker) were detected [11, 13, 37]. The data
revealed a significantly increased percentage of iNOS ex-
pression in microglial cells of 2VO rats than in micro-
glial cells of sham rats (Fig. 3b, d, 2878.87 ± 819.84 vs.
6327.33 ± 1216.83, P = 0.0152). However, the level of
Arg-1 was unchanged (Fig. 3c, d, 1913.4 ± 788.17 vs.
2573.13 ± 1049.63, P = 0.4331). This phenomenon was
further verified by the higher ratio of iNOS between
2VO and sham groups than Arg-1 (Fig. 3e). Currently,
proinflammatory cytokines (TNF-α and IL-1β) are
thought to be produced by M1 microglia/macrophage
while M2 microglia/macrophage can secrete anti-
inflammatory cytokines and trophic factors, such as
TGF-β [38, 39]. QRT-PCR analysis showed that the
mRNA levels of the proinflammatory cytokines TNF-α
and IL-1β were elevated in the hippocampus of 2VO rats
compared with sham rats (Fig. 3f, g). However, the
mRNA level of the anti-inflammatory cytokine TGF-β
was not increased (Fig. 3h). All these data suggest that

(See figure on previous page.)
Fig. 1 Microglial/macrophage activation and polarization in the dentate gyrus (DG) region of 2VO rats. a, b Representative images of CD68
expression in Iba-1+cells in hippocampal DG region of sham and 2VO rats at 1 week (a) and 8 weeks (b). c, d Representative images of CD206
expression in Iba-1+cells in hippocampal DG region of sham and 2VO rats at 1 week (c) and 8 weeks (d) by immunofluorescence staining. Scale:
40 μm. e Quantification of the Iba-1+ cell number in hippocampal DG region. f Quantification of the total polarized microglia/macrophage
number in hippocampal DG region. g Quantification of the ratio of CD68 in Iba-1+cells in hippocampal DG region. h Quantification of the ratio of
CD206 in Iba-1+ cells in hippocampal DG region.i Quantification of the ratio of CD68 and CD206 in hippocampal DG region. Values are mean ±
SD, n = 9 slices from 3 animals per group, *P < 0.05 vs sham group, Student’s t test
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the polarization of hippocampal microglial in 2VO is
skewed towards the M1-type phenotype at week 8.

Knockdown of miR-195 polarizes microglia/macrophage
towards the detrimental M1 phenotype
Previous studies have reported that microRNA-195
(miR-195) can reduce polarization of M1-like macro-
phage and inhibit the inflammatory pathway in the per-
ipheral nervous system [28, 29]. In addition, our
previous study found that miR-195 expression was
downregulated in the hippocampus of CBH rats [5, 7].
Therefore, we speculated that miR-195 might have the
potential to polarize microglia/macrophage in the hippo-
campus. To test this hypothesis, miR-195 oligonucleo-
tide fragments (lenti-pre-miR-195) and an anti-miR-195
oligonucleotide fragments (lenti-pre-AMO-miR-195)

packaged in a lentivirus vector were delivered directly
into the bilateral hippocampal CA1 region of rats to
examine the role of miR-195 in microglial/macrophage
polarization. The successful delivery of lenti-pre-AMO-
miR-195 and lenti-pre-miR-195 was verified by the de-
tection of miR-195 levels by qRT-PCR (Fig. 4a, F =
11.50, P = 0.003). Immunofluorescence analysis showed
that lenti-pre-AMO-miR-195 application resulted in an
increased number of CD68+ microglia/macrophage cells
in both the DG and CA1 region compared with that in
rats injected with negative control (NC) and that this ef-
fect was prevented by co-injection of lenti-pre-miR-195
(Fig. 4b, e, and f, DG: F = 123.5, P = 0.0031; CA1: F =
28.57, P = 0.017). Interestingly, the injection of lenti-pre-
AMO-miR-195 did not affect the number of CD206+

microglia/macrophage in the DG and CA1 regions (Fig.

(See figure on previous page.)
Fig. 2 Microglial/macrophage activation and polarization in the CA1 region of 2VO rats. a, b Representative images of CD68 expression in Iba-1+

cells in hippocampal CA1 region 2VO rats at 1 week (a) and 8 weeks (b) by immunofluorescence staining. c, d Representative images of CD206
expression in Iba-1+cells in hippocampal CA1 region 2VO rats at 1 week (c) and 8 weeks (d) by immunofluorescence staining. Scale: 40 μm. e
Quantification of the Iba-1+ cell number in hippocampal CA1 region. f Quantification of the total polarized microglia/macrophage number in
hippocampal CA1 region. g Quantification of the ratio of CD68 in Iba-1+ cells in hippocampal CA1 region. h Quantification of the ratio of CD206
in Iba-1+ cells in hippocampal CA1 region. i Quantification of the ratio of CD68 and CD206 in hippocampal CA1 region. Values are mean ± SD, n
= 9 slices from 3 animals per group, *P < 0.05 vs sham group, Student’s t test

Fig. 3 CBH induces microglial polarization toward M1 phenotype and inflammatory responses in 2VO rats after 8 weeks. a Representative dot
plots of CD11b/CD45 cells detected by flow cytometry. Microglia cells within the gate were used for iNOS/Arg-1 analysis. b Representative
histograms of the mean fluorescent intensity (MFI) for iNOS in sham (red) and 2VO (blue) rats. c Representative histograms of the MFI for Arg-1 in
sham and 2VO rats. d Quantification of MFI for iNOS/Arg-1 from sham and 2VO rats. Bars represent the mean ± SD. n = 3, cells were pooled from
3 rats per group for a total of 3 separate experiments for each time point. *P < 0.05 vs sham group, Student’s t test. e The MFI ratio between 2VO
and sham rats for the expression of iNOS/Arg-1. Bars represent the mean ± SD. n = 3, cells were pooled from 3 rats per group for a total of 3
separate experiments for each time point. *P < 0.05 vs iNOS, Student’s t test. f The mRNA expression of TNF-α in the hippocampus of 2VO rats. g
The mRNA expression of IL-1β in the hippocampus of 2VO rats. h The mRNA expression of TGF-β in the hippocampus of 2VO rats. Bars represent
the mean ± SD. n = 6. *P < 0.05 vs sham group, Student’s t test
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4c, e, and f, DG: F = 0.4743, P = 0.6265; CA1: F = 1.689,
P = 0.3127). Accordingly, the ratio of CD68/CD206 was
markedly increased after lenti-pre-AMO-miR-195 was
injected into the hippocampus, and this effect was re-
versed by co-injection of lenti-pre-miR-195 (Fig. 4d, DG:
F = 21.76, P = 0.0394; CA1: F = 34.33, P = 0.0179). In
addition, we observed that knockdown of miR-195 in-
duced significant increases in the levels of TNF-α and
IL-1β, which were inhibited by miR-195 gain of function
(Fig. 4g, F = 10.26, P = 0.0103 and H, F = 20.59, P =
0.0030). However, downregulation of miR-195 had no ef-
fect on TGF-β and this effect was not influenced by the
upregulation of miR-195 (Fig. 4i, F = 1.044, P = 0.3824).
These data suggested that knockdown of miR-195 can
drive microglial/macrophage polarization towards the
M1 phenotype in the rat hippocampus.
To further confirm this observation, we transfected

miR-195 mimics and the miR-195 antisense oligonucleo-
tide AMO-195 directly into BV2 microglial cells. As
illustrated in Supplementary Fig. S2A & B, transfec-
tion with miR-195 mimics did not affect the percent-
age of CD68+ microglia cells, but the antisense
oligonucleotide AMO-195 induced a marked increase
in the number of CD68+ microglia cells, which was
prevented by co-transfection with miR-195 mimics.
However, transfection with the miR-195 mimics or
AMO-195 and co-transfection with the miR-195
mimics and AMO-195 did not affect the number of
CD206+ microglial cells (Supplementary Fig. S2A &
C). Furthermore, it has been reported that microglia
can be primed towards the M1 phenotype by lipo-
polysaccharide (LPS) [39]. Thus, we added LPS (100
μg mL−1) to the cultured BV2 cells for 24 h and ob-
served that the number of CD68+ microglial cells but
not that of CD206+ microglial cells was increased
(Supplementary Fig. S2B & C); additionally, this effect
was prevented by co-administration of the miR-195
mimics. By analyzing the ratio of CD68/CD206, we
found that AMO-195 administration had the same ef-
fect as LPS on M1 microglial polarization and that

the effects of both these agents were blocked by co-
transfection with the miR-195 mimics (Supplementary
Fig. S2D).

CX3CL1-CX3CR1 signalling involving miR-195 regulated
microglial/macrophage polarization
CX3CL1-CX3CR1 signaling plays an important role in
neuroinflammatory diseases of the CNS [40]. A previous
study demonstrated that the expression of CX3CL1 and
CX3CR1 is increased in rats early after ischemic stroke
and that reducing the expression of CX3CL1 and
CX3CR1 is beneficial for the recovery of neurological
function [41]. Importantly, it has been found that
CX3CL1/CX3CR1-mediated microglial activation can
promote the generation of TNF-α and IL-1β, inducing a
detrimental effect in the brains of ischaemic mice in the
early stage [42]. Since M1 microglia typically release de-
structive proinflammatory mediators such as TNF-α and
IL-1β [38], the levels of TNF-α and IL-1β expression
were significantly increased in 2VO rats compared with
sham rats (Fig. 3). We hence hypothesized that
CX3CL1-CX3CR1 signaling might be involved in micro-
glial polarization in CBH rats. As predicted, the im-
munofluorescence signals of CX3CL1 and CX3CR1 in
the hippocampus of 2VO rats at 8 weeks were much
higher than those in sham rats (Fig. 5a, b). Western blot-
ting analysis also verified the increase in the protein ex-
pression of CX3CL1 and CX3CR1 in the hippocampus
of 2VO rats compared with sham rats (Fig. 5c).
It has been reported that miR-195 protects against

focal acute ischaemic stroke by targeting CX3CR1 but
not CX3CL1 in mice, although both CX3CL1 and
CX3CR1 are direct targets of miR-195 [27]. However,
the effect of miR-195 on microglial/macrophage
polarization in the rat hippocampus following chronic
mild brain ischaemia is unknown. We first evaluated
the effect of miR-195 on CX3CR1 and CX3CL1 ex-
pression. We found that knockdown of miR-195 by
injection of lenti-pre-AMO-miR-195 induced a signifi-
cant increase in CX3CL1 (Fig. 5D, F = 14.74, P =

(See figure on previous page.)
Fig. 4 Knockdown of miR-195 prime microglial/macrophage polarization to M1 phenotype in rats. a MiR-195 expression was detected by qRT-PCR
in the hippocampus of rats following the stereotaxic injection of lenti-pre-AMO-miR-195 and/or lenti-pre-miR-195 into CA1 region. Bars represent
the mean ± SD. n = 6. *P < 0.05 vs NC group, #P < 0.05 vs AMO-195. b Changes of miR-195 affect the percentage of CD68 in the Iba-1+cells in
hippocampal DG, CA1 region of rats. c Changes of miR-195 has no effects on the percentage of CD206 in the Iba-1+cells in hippocampal DG, CA1
region of rats. d Changes of miR-195 regulate the ratio of CD68/CD206 in the hippocampal DG and CA1 regions. Bars represent the mean ± SD. n
= 9 slices from 3 animals per group, *P < 0.05 vs NC group, #P < 0.05 vs AMO-195. e, f Representative images of CD68 and CD206 expression in
the Iba-1+ cells of rat hippocampal DG (e) and CA1 (f) region following the stereotaxic injection of lenti-pre-AMO-miR-195 and/or lenti-pre-miR-
195 into CA1 region by immunofluorescence staining. The scale bar was 40 μm. g The mRNA expression of TNF-α in the hippocampus of rats
following the stereotaxic injection of lenti-pre-AMO-miR-195 and/or lenti-pre-miR-195 into CA1 region. h The mRNA expression of IL-1β in the
hippocampus of rats following the stereotaxic injection of lenti-pre-AMO-miR-195 and/or lenti-pre-miR-195 into CA1 region. i The mRNA
expression of TGF-β in the hippocampus of rats following the stereotaxic injection of lenti-pre-AMO-miR-195 and/or lenti-pre-miR-195 into CA1
region. Bars represent the mean ± SD. n = 6. *P < 0.05 vs NC group, #P < 0.05 vs AMO-195. All data were analyzed using one-way ANOVA
followed by Tukey test
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0.0088) and CX3CR1 (Fig. 5e, F = 19.91, P = 0.0029)
expression and that this change was inhibited by co-
injection of lenti-pre-miR-195.
The CX3CL1-CX3CR1 pathway is a critical signaling

pathway for cellular communication between neurons
and microglia [1, 43]. To further clarify whether the
CX3CL1-CX3CR1 signaling pathway participates in
miR-195 knockdown-induced microglial polarization, we
established a neuronal-microglial co-cultured model. In
this co-culture system (Fig. 6a), we first transfected
primary-cultured NRNs with miR-195 mimics and
AMO-195 for 48 h and co-cultured microglia with NRNs
for 24 h. The western blot results showed that AMO-195
upregulated the expression of CX3CL1 on NRNs and
that this effect was prevented by co-transfection with the
miR-195 mimics (Fig. 6b, F = 11.874, P = 0.0369). To
further clarify the direct effect of miR-195 on CX3CL1
expression, we designed a miRNA-masking antisense oli-
godeoxynucleotides (ODN) of the Cx3cl1 gene to mask
the miR-195 binding site of the Cx3cl1 gene. The data
showed that co-transfection of NRNs with Cx3cl1-ODN
(240-246 bp region of the 3′UTR) and miR-195 blocked
the inhibitory effects of miR-195 on CX3CL1 expression
(Fig. 6b). The results were consistent with immunofluor-
escence analysis (Fig. 6c). Communication between neu-
rons and microglia cells is through the binding of the
chemotactic factor CX3CL1 released by neurons to
CX3CR1 on microglial cells, which elicit the activation
of microglia [44, 45]. Therefore, we monitored the ex-
pression of CX3CL1 in co-cultured BV2 microglial cells.
We found that the miR-195 mimics inhibited the expres-
sion of CX3CL1 while AMO-195 increased CX3CL1 ex-
pression and that these changes did not occur when
NRNs were co-transfected with the miR-195 mimics and
AMO-195 or Cx3cl1-ODN (Fig. 6d, F = 9.953, P =
0.0465). However, the expression of CX3CR1 on co-
cultured BV2 cells was not changed in these groups (Fig.
6e, F = 0.2971, P = 0.7429). Importantly, by analyzing
the microglial polarization of co-cultured BV2 cells, we
found that AMO-195 transfection induced a marked in-
crease in the CD68/CD206 ratio and that this effect was
prevented by the miR-195 mimics and Cx3cl1-ODN
(Fig. 6f, F = 22.12, P = 0.0101). This phenomenon sug-
gests that blocking the release of CX3CL1 from NRNs
can prevent the M1 polarization of microglia.

Next, we directly transfected BV2 microglial cells with
miR-195 and AMO-195 to observe the regulatory effect
of miR-195 on microglial polarization and the levels of
CX3CR1, which has been reported to be expressed on
microglial cells [44]. Similar to the effect of miR-195 on
CX3CL1 expressed on NRNs, miR-195 inhibited
CX3CR1 expression on BV2 microglial cells, and this ef-
fect was reversed by AMO-195 and Cx3cr1-ODN (Fig.
7a, F = 16.09, P = 0.0012); this suggests that miR-195
regulates CX3CR1 expression by targeting the 3′UTR
(the 1236-1242 bp region of the 3′UTR) of the Cx3cr1
gene. Furthermore, we observed transfecting AMO-195
into BV2 cells induced the M1 microglial polarization,
which was prevented by the miR-195 mimics and
Cx3cr1-ODN (Fig. 7b, F = 30.99, P = 0.0292).

MiR-195 prevents microglial/macrophage polarization
towards the M1 phenotype induced by CBH
We next assessed whether miR-195 indeed plays a bene-
ficial role in 2VO-induced microglial/macrophage
polarization. To address this issue, lenti-pre-miR-195
was injected into the hippocampal CA1 region of 2VO
rats. Using real-time PCR analysis, we found that lenti-
pre-miR-195 injection increased the level of miR-195 in
the hippocampus of 2VO rats, suggesting a successful
delivery of miR-195 in 2VO rats (Fig. 8a, F = 20.86, P =
0.0017). As predicted, injection of lenti-pre-miR-195 into
the hippocampus of 2VO rats effectively reversed 2VO-
induced a high number of CD68+ microglia/macrophage
(Fig. 8b, e, and f, DG: F = 47.12, P = 0.0179; CA1: F =
21.74, P = 0.0430) and an increase in the ratio of CD68/
CD206 in both the DG and CA1 region (Fig. 8d, DG: F
= 58.46, P = 0.0111; CA1: F = 11.90, P = 0.0490), but did
not significantly affect the number of CD206+ microglia/
macrophage (Fig. 8c, e, and f, DG: F = 5.372, P = 0.0818;
CA1: F = 1.078, P = 0.4109). Consistent with these re-
sults, injection of lenti-pre-miR-195 prevented an in-
crease in the mRNA levels of TNF-α (Fig. 8g, F = 6.067,
P = 0.0256) and IL-1β (Fig. 8h, F = 25.32, P = 0.0031)
but did not affect the mRNA level of TGF-β (Fig. 8i, F =
1.940, P = 0.2147). Accordingly, lenti-pre-miR-195 sig-
nificantly inhibited the elevation of CX3CL1 (F = 22.55,
P = 0.0035) and CX3CR1 (F = 79.22, P < 0.0001) expres-
sion in the hippocampus of 2VO rats (Fig. 8j).

(See figure on previous page.)
Fig. 5 Upregulation of the expression of CX3CL1 and CX3CR1 in the hippocampus of 2VO and miR-195 loss-of-function rats. a, b Expression of
CX3CL1 (red) and CX3CR1 (green) in the hippocampus of sham and 2VO rats was shown by immunofluorescence staining. The scale bar is 500
um. c Expression of CX3CL1 and CX3CR1 in the hippocampus of sham and 2VO rats detected by western blot technique. Bars represent the
mean ± SD, n = 6, *P < 0.05 vs sham group, Student’s t test. d Lenti-pre-AMO-miR-195 upregulated the expression of CX3CL1 in rat hippocampus.
Mean ± SD, n = 6, *P < 0.05 vs sham; #P < 0.05 vs lenti-pre-AMO-miR-195. Data were analyzed using one-way ANOVA followed by Tukey test. e
Lenti-pre-AMO-miR-195 upregulated the expression of CX3CR1 in the rat hippocampus. Mean ± SD, n = 6, *P < 0.05 vs sham; #P < 0.05 vs lenti-
pre-AMO-miR-195. Data were analyzed using one-way ANOVA followed by Tukey test
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(See figure on previous page.)
Fig. 6 Knockdown of miR-195 induced microglial polarized toward M1 phenotype-dependent on the CX3CL1-CX3CR1 signaling pathway in vitro.
a Schematic diagram of the neuron-microglia cell co-culture system. Neurons were transfected with miR-195, AMO-195, miR-195 + AMO-195,
Cx3cl1-ODN, or NC for 48 h. Then, BV2 cells were seeded in the top compartment of the transwell with the NRNs were cultured in the bottom
compartment. Subsequently, BV2 cells were co-cultured with NRNs for 24 h. b, c The effects of miR-195 on endogenous CX3CL1 expression in
NRNs by western blotting (b) and immunofluorescence staining (c) after the NRNs were transfected with miR-195, AMO-195, miR-195 + AMO-195,
miR-195+ Cx3cl1-ODN, or NC. d MiR-195 downregulated CX3CL1 expression in co-cultured BV2 cells assessed by immunofluorescence staining
and western blotting. e MiR-195 did not affect CX3CR1 expression in co-cultured BV2 cells evaluated assessed by immunofluorescence staining
and western blotting. f Downregulating miR-195 increased the ratio of CD68/CD206 in Iba-1+ cells in co-cultured BV2 cells. Bars represent the
mean ± SD, n = 3 batches of cell culture. *P < 0.05 vs NC; #P < 0.05 vs AMO-195. Scale bar: 40 μm. All data were analyzed using one-way ANOVA
followed by Tukey test

Fig. 7 Knockdown of miR-195 directly in BV2 cells induced microglial polarized toward M1 phenotype dependent on the CX3CR1 expression. a
The effects of miR-195 on endogenous CX3CR1 expression in BV2 cells by immunofluorescence staining and western blotting after the BV2 cells
were transfected with miR-195, AMO-195, miR-195 + AMO-195, miR-195 + Cx3cr1-ODN, or NC. b Downregulating miR-195 directly in the BV2 cells
increased the ratio of CD68/CD206 in Iba-1+ cells. Bars represent the mean ± SD, n = 3 batches of cell culture. *P < 0.05 vs NC; #P < 0.05 vs miR-
195. Scale bar: 40 μm. All data were analyzed using one-way ANOVA followed by Tukey test
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Fig. 8 MiR-195 prevented the microglial/macrophage polarization to M1 phenotype induced by 2VO surgery. a MiR-195 expression in the
hippocampus of 2VO rats at 8 weeks with or without lenti-pre-miR-195 treatment was detected by qRT-PCR. Bars represent the mean ± SD. n = 6.
*P < 0.05 vs sham group, #P < 0.05 vs 2VO. b MiR-195 decreased the percentage of CD68 in the Iba-1+ cells in hippocampal DG and CA1 region
of 2VO rats. c MiR-195 did not affect the percentage of CD206 in the Iba-1+ cells either in hippocampal DG region or CA1 region of 2VO rats. d
MiR-195 reversed the increased ratio of CD68/CD206 in the hippocampal DG and CA1 regions of 2VO rats. Bars represent the mean ± SD, n = 9
slices from 3 animals per group. *P < 0.05 vs sham group, #P < 0.05 vs 2VO. e, f Representative images of CD68 and CD206 expression in the Iba-
1+ cells of hippocampal DG (e) and CA1 (f) region of 2VO rats following the stereotaxic injection of lenti-pre-miR-195 into CA1 region. The scale
bar was 40 μm. g Lenti-pre-miR-195 injection reversed the increased mRNA level of TNF-α in the hippocampus of 2VO rats. h Lenti-pre-miR-195
injection reversed the increased mRNA level of IL-1β in the hippocampus of 2VO rats. i Lenti-pre-miR-195 injection did not affect TGF-β level in
the hippocampus of 2VO rats. j Lenti-pre-miR-195 injection inhibited the increased CX3CL1 and CX3CR1 in the hippocampus of 2VO rats. Bars
represent the mean ± SD, n = 6. *P < 0.05 vs sham group, #P < 0.05 vs 2VO. All data were analyzed using one-way ANOVA followed by
Tukey test
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Discussion
Microglia play an important role in neurodegenerative
diseases [1, 2]. Meanwhile, CBH has been found to be a
preclinical phase of AD and VaD [3, 4]. However, how
CBH influences the neuroimmune process is unknown.
Here, we first reported that CBH initiates microglial/
macrophage activation in the rat hippocampus from 1
week to 8 weeks after 2VO surgery. The balance of
microglial/macrophage polarization towards the M1 and
M2 phenotypes was shifted towards the M1 phenotype
at 8 weeks following CBH. Further study demonstrated
that CBH downregulated the expression of miR-195 and
this downregulated expression of miR-195 posttranscrip-
tional upregulated the level of CX3CL1/CX3CR1,
thereby promoting a pro-inflammatory microglial
phenotype. This study provides evidence that miR-195
treatment may be a good strategy for preventing CBH-
induced detrimental M1 phenotype.
It has been found that activated microglia and/or mac-

rophages represent spectrum phenotypes after injury
[13–15]. For example, activated M2 phenotype has three
subtypes including M2a, M2b, and M2c and perform
distinct biological functions [46]. However, since their
function in CNS injuries have not yet been

characterized, the broadly classified M1 and M2 pheno-
type remains useful for understanding the function of
microglia/macrophage in various brain diseases [15].
Previous studies have reported that microglia/macro-
phages response to stroke and TBI is dynamic, exhibit-
ing an early M2 phenotype, followed by a transition to
M1 phenotype [14, 20], which suggesting that manipu-
lating the polarization of microglia/macrophage might
be a promising therapeutic strategy for brain repair.
However, studies on the process of microglial/macro-
phage polarization during chronic cerebral ischemia are
limited. In the current study, we used three methods to
evaluate how CBH affects the microglial/macrophage
polarization process. First, immunofluorescence tech-
nique was performed by using Iba-1, CD68, and CD206
as the biomarkers. We found that, like acute and severe
brain injury, mild chronic brain ischemia induced by
CBH also elicited dynamic microglial/macrophage re-
sponses. However, in contrast to what has been observed
in severe brain injury, we found that the ratio of CD68/
CD206 in Iba-1+ cells in the hippocampus of 2VO rats
was approximately 1.0 at 1 week and 2 weeks after sur-
gery but gradually increased by 4 weeks and 8 weeks.
The results demonstrated that there was a balance

Fig. 9. Schematic for the mechanisms of CBH induces M1 phenotype of microglial polarization. CBH downregulates miR-195 and may induce
microglial polarization toward to M1 phenotype in two ways: (1) downregulated miR-195 upregulates the expression of CX3CL1 by binding with
the 3′UTR of Cx3cl1 gene in neuron that were subsequently released and bound to its receptor CX3CR1 in microglia, which further results in the
microglial polarization toward M1 phenotype; (2) downregulated miR-195 upregulates the expression of CX3CR1 by binding with the 3′UTR of
Cx3cr1 gene in microglia and results in the microglial polarization toward M1 phenotype directly
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between microglial/macrophage polarization towards the
M1 and M2 phenotypes in the early stage of mild brain
ischemia followed by a switch towards the detrimental
M1 phenotype. Since Iba-1 (a calcium-binding groups of
protein), CD68 (a phagocytic marker), and CD206 (a
mannitol receptor) are not specific microglia markers
and they are also expressed by infiltrating macrophages
and monocytes [47], we then used flow cytometry to sort
microglia using CD11b+/ CD45low as a marker and de-
tected increased iNOS level and unchanged Arg-1 level.
This phenomenon was further proven by significant in-
crease in the levels of TNF-α and IL-1β and unchanged
TGF-β at 8 weeks. All these results suggested that in-
creased M1 phenotype in the hippocampus of CBH rats
at 8 weeks.
Our previous studies revealed that CBH lasting for 8

weeks results in multiple AD-like phenotypes, including
Aβ aggregation [5], tau hyperphosphorylation [6], inacti-
vation of protein phosphatase-2A (PP2A) [48], and cell
death [7] in rats. Interestingly, all these pathological
changes can be regulated by a single microRNA, miR-
195. It has been reported that miR-195 targets the in-
flammatory protein IL-1β in macrophages [49]. Add-
itionally, it reduces M1-like macrophage polarization
[29]. In the present study, using the BV2 microglial cell
line, we found that blocking endogenous miR-195 by
transfection with the antisense oligonucleotide AMO-
195, which was similar to LPS, resulted in M1 phenotype
microglial polarization. Transfection of the miR-195
mimics inhibited the increase in the percentage of CD68+

cells that were induced by both AMO-195 and LPS ad-
ministration. Furthermore, we demonstrated that knock-
down of miR-195 by injection of lenti-pre-AMO-miR-195
into the hippocampus elicited a marked increase in CD68
expression in Iba-1+ cells but had no effect on CD206 ex-
pression, suggesting that miR-195 loss of function can
prime detrimental M1 microglial/macrophage polarization
and that supplementation of miR-195 by lenti-pre-miR-
195 injection into the hippocampus not only blocks the ef-
fects of lenti-pre-AMO-miR-195 but also prevents 2VO-
induced M1 microglial/macrophage polarization.
The CX3CL1/CX3CR1 signaling pathway plays a key

role in the process of microglial polarization [21]. How-
ever, its function in ischemic brain injury is controversial
[24, 25, 42, 50, 51]. Consistent with a previous study in
ischemic stroke mice [27], we found that the expression
of both CX3CL1 and CX3CR1 increased significantly in
the hippocampus of rats and that this effect was mim-
icked by knockdown of miR-195. As we predicted, up-
regulation of miR-195 by lenti-pre-miR-195 injection
directly into the CA1 region reversed the elevation of
CX3CL1 and CX3CR1 expression in 2VO rats. CX3CL1
is expressed and secreted from neurons and binds to its
receptor, CX3CR1, on the surface of microglia to further

regulate microglial polarization [2, 40]. To clarify the
role of the CX3CL1 and CX3CR1 proteins in miR-195-
mediated M1 polarization in CBH rats, we established a
neuronal-microglial co-cultured model. We found that
transfecting NRNs with AMO-195 significantly upregu-
lated the expression of CX3CL1 on NRNs without af-
fecting CX3CR1 levels in co-cultured BV2 cells but
significantly increased the percentage of Iba-1+ cells that
were CD68+; these effects were prevented by co-
transfection with miR-195 mimics and Cx3cl1-ODN.
This result suggest that CX3CL1 is the direct target of
miR-195 and mediates miR-195-mediated microglial
polarization. To further evaluate the effect of CX3CR1
on miR-195-mediated microglial polarization, we deliv-
ered AMO-195 directly to BV2 microglia and observed
that the expression of CX3CR1 on BV2 cells was upreg-
ulated and that there was an increased number of Iba-1+

cells that were CD68+; these effects were prevented by
co-transfection with miR-195 mimics and Cx3cr1-ODN.
These data suggest that miR-195 controls microglial
polarization by governing CX3CL1-CX3CR1 signaling
through the direct regulation of CX3CL1 and CX3CR1
expression.

Conclusions
In summary, our study provides compelling evidence
that downregulation of miR-195 is involved in CBH-
induced the polarization of hippocampal microglia/
macrophage toward the M1 phenotype, which is medi-
ated by activation of CX3CL1-CX3CR1 signaling be-
tween neurons and microglia (Fig. 9). The results
suggest that increasing miR-195 expression in the brain
is a strategy for preventing the CBH-induced neuroim-
mune response and subsequent brain damage, such as
cell death.
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