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OBJECTIVE It has been reported that microRNA-195 (miR-195) protects against chronic brain injury induced by chronic
brain hypoperfusion. However, neither the expression profile of miR-195 nor its potential role during acute ischemic
stroke has been investigated. In this study, the authors’ aim was to verify the mechanism of miR-195 in acute ischemic
stroke.

METHODS The plasma levels of miR-195 expression were assessed using real-time PCR in 96 patients with acute is-
chemic stroke, and the correlation with the National Institutes of Health Stroke Scale score was evaluated. In addition,
cerebral infarct volume, neurological score, and levels of miR-195 and CX3CL1/CX3CR1 mRNA and protein expression
were assessed in mice subjected to middle cerebral artery occlusion (MCAO) with or without intra-cerebroventricular
infusion of lentiviral vector. The inflammatory cytokines tumor necrosis factor-a. (TNFov), interleukin (IL)-1p6, and IL-6 of
mouse brains after MCAO and BV2 cells treated with oxygen-glucose deprivation were measured using enzyme-linked
immunosorbent assay, and apoptotic proteins were examined by Western blotting. Direct targeting of CX3CL1/CX3CR1
by miR-195 was determined by immunoblotting and dual luciferase assay.

RESULTS In ischemic stroke patients, miR-195 was significantly downregulated and expression levels of miR-195 in
these patients negatively correlated with the National Institutes of Health Stroke Scale score. In mice after MCAO, miR-
195 overexpression decreased infarct volume, alleviated neurological deficits, and most importantly, suppressed an
inflammatory response. Meanwhile, miR-195 suppressed the expression of the inflammatory cytokines TNFa, IL-1, and
IL-6 in vitro and in vivo. The authors further discovered that both CX3CL1 and CX3CR1 are direct targets of miR-195, but
miR-195 exerts neuroprotective roles mainly through inhibiting CX3CR1-mediated neuroinflammation and subsequent
neuronal cell apoptosis.

CONCLUSIONS Taken together, these findings suggest that miR-195 promotes neuronal cell survival against chronic
cerebral ischemic damage by inhibiting CX3CR1-mediated neuroinflammation. This indicates that miR-195 may repre-
sent a novel target that regulates neuroinflammation and brain injury, thus offering a new treatment strategy for cerebral
ischemic disorders.
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and long-term disability.>?* It is caused by an insuf-

ficient blood supply to the brain and is characterized
by hypoxia, excitotoxicity, and inflammation, eventually
leading to neuronal cell death.”” Substantial research has
been performed to uncover the pathophysiological mech-
anisms underlying ischemic brain injury and to identify
molecular targets for stroke.’®2? To date, clinical therapy
has improved somewhat in the acute ischemic period;
however, long-term therapies remain limited.** Therefore,
further exploration of the molecular mechanisms respon-
sible for cerebral ischemia—induced brain injury is of great
importance for developing effective therapeutic targets for
acute ischemic stroke.

A myriad of complex signaling molecules and pathways
involved in ischemic stroke have been identified. Among
these, microRNAs (miRNAs) have recently attracted at-
tention for their pivotal regulatory function in gene ex-
pression. Emerging studies have shown that miRNAs
might be the pivotal mediators of ischemic pathological
changes and may serve as therapeutic targets and prognos-
tic markers in stroke.!'>> However, the changes in and roles
of miRNAs in response to ischemic injury are complex
and should be examined in more detail through further
investigation.

Of the known ischemia-sensitive miRNAs, we found
that miRNA-195 (miR-195) is downregulated in mice with
chronic brain hypoperfusion induced by bilateral common
carotid artery occlusion.!?420 Therefore, miRNA-195 may
serve a protective role in chronic cerebral ischemia—in-
duced brain injury. However, so far, neither the change in
expression of miR-195 nor its potential role in acute ische-
mic stroke has been explored. It is known that an individual
miRNA can regulate the expression of numerous genes. In
addition to the reported target genes of miR-195,% through
computational analysis, we determined that CX3CL1 and
CX3CR1 may be novel targets of miR-195. The CX3CL1/
CX3CRI signaling pathway has been shown to play a key
regulatory role in the neuroinflammatory response.'*! An
inflammatory response is generally found accompanying
ischemic stroke and is believed to contribute to neuronal
injury. Accordingly, based on the protective role of miR-
195 in chronic brain injury, as well as its predicted target
of the CX3CL1/CX3CRI1 pathway, we hypothesized that
miR-195 likely exerts its neuroprotective effects against
acute cerebral ischemic insults by inhibiting the CX3CL1/
CX3CR1-mediated inflammatory response and subse-
quently suppressing neuronal cell death.

Methods

Clinical Data and Blood Collection

Clinical data and blood samples were collected from
96 ischemic stroke patients who underwent treatment in
the Department of Neurology at the First Affiliated Hospi-
tal of Harbin Medical University in China between Janu-
ary 2015 and December 2015. The diagnosis of ischemic
stroke was based on clinical symptoms, neurological ex-
amination, and results of CT or MRI of the brain as de-
fined according to the World Health Organization crite-
ria. Clinical severity was assessed at admission using the

ISCHEMIC stroke is known to be a leading cause of death
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National Institutes of Health Stroke Scale (NIHSS) score.
The baseline characteristics of the enrolled stroke patients
are shown in Table 1. Forty-five nonstroke patients who
experienced trauma and had diseases of other systems but
were neurologically normal and had no medical history of
stroke were recruited into this study as controls. For all
stroke patients, blood samples were drawn within 72 hours
from stroke onset. The study was approved by the institu-
tional review board of Harbin Medical University, and the
participants gave informed consent.

Animals and In Vivo Gene Transfer

All experimental protocols involving animals used in
this study were carried out in accordance with the Guide
for Animal Experimentation of Harbin Medical Univer-
sity and were approved by the Institutional Animal Care
and Use Committee at Harbin Medical University. Male
C57BL/6 mice, 8 to 10 weeks old (n = 270 total), were ran-
domly subjected to lentivirus-mediated gene transfer and
a subsequent focal brain ischemia/reperfusion surgical
procedure as described below.!” The mice were anesthe-
tized with 2% isoflurane through a facemask and placed
in a stereotactic frame. A 26-gauge brain infusion cannula
was placed stereotactically into the left lateral ventricle
(bregma, —0.58 mm; dorsoventral, 2.1 mm; lateral, 1.2
mm) as previously described. A 2-ul solution of lentivi-
rus (GeneCopoeia) was injected into the brain according
to the manufacturer’s instructions. Cerebral ischemia and
reperfusion were performed 48 hours later.

Model of Focal Cerebral Ischemia

The mice were anesthetized with 2% isoflurane through
a facemask. Focal cerebral ischemia and reperfusion was
induced by middle cerebral artery occlusion (MCAO) last-
ing 1 hour with a silicone-coated 6-0 monofilament and
followed by reperfusion, as previously described.”” Sham-
operated mice underwent an identical procedure without
inserting the suture. Rectal temperature was maintained at
37°C +£0.5°C with a heating pad. Mice with no evidence of
acute neurological deficits after ischemia, those that died
before 24 hours, and those with evidence of hemorrhage at
the time of death were excluded from analysis. No signifi-
cant difference (p < 0.05) was observed between treatment
groups in terms of the number of excluded animals.

Tissue Preparation

Mice were euthanized by cervical dislocation, and
the brains were quickly removed, frozen in liquid nitro-
gen, and stored at —80°C until processing and used for
Western blot, quantitative real-time polymerase chain
reaction (QRT-PCR), and enzyme-linked immunosorbent
assay (ELISA) analysis. Blood samples were collected in
EDTA-coated tubes, spun for 10 minutes at 500g at 4°C,
and stored at —80°C until further processing.

Assessment of Neurological Scores and Infarct Volumes

Neurological deficit scores 24 hours after ischemia
were evaluated by using a scoring system that ranged from
0 to 4 as follows: 0, no deficit; 1, failure to extend right
forepaw; 2, circling to the contralateral side; 3, falling to
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TABLE 1. Baseline characteristics of patients with ischemic
stroke

Characteristic Value
No. of patients 96
Median age, yrs (IQR) 61.5 (53-71)
Male sex, n (%) 60 (62.5)

Hypertension, n (%) 54.16

Cigarette smoking, n (%) 29 (30.21

52 ( )

Diabetes mellitus, n (%) 26 (27.08)
)

)

Alcohol drinking, n (%) (18.79

18
Median admission NIHSS score (IQR) 6 (2-11)

Median time from onset to inclusion, hrs (IQR) 19.25 (6.38-36)

the right; and 4, not walking spontaneously, depressed
level of consciousness.

After assessment of the neurological score, the mice
were anesthetized and decapitated, and the brains were re-
moved. The brains were sliced into 2-mm-thick sections
using a rodent brain matrix, and staining was performed
using 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-
Aldrich). The slices were stained with 2% TTC at 37°C
for 30 minutes, fixed in 4% paraformaldehyde, and photo-
graphed. Infarct volume with edema correction as a per-
centage of the contralateral hemisphere was determined as
follows: 100% x (contralateral hemisphere volume — non-
infarct ipsilateral hemisphere volume)/contralateral hemi-
sphere volume.

Cell Culture, Transfection, and Oxygen-Glucose
Deprivation

BV2 microglial cells and HEK293T cells were obtained
from the National Infrastructure of Cell Line Resource.
All cell lines were maintained in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen).
MiR-195 mimics, scrambled control miRNA (GenePhar-
ma), or reporter plasmid was transfected into cultured
cells using Lipofectamine 2000 reagent (Invitrogen) fol-
lowing the manufacturer’s instructions. Twenty-four hours
after transfection of miR-195 mimics or negative control,
oxygen-glucose deprivation (OGD) was performed as de-
scribed previously.”® Briefly, BV2 cells were exposed to
glucose-free DMEM and cultured in an incubator in an
atmosphere of 1% O,, 5% CO,, and 94% N, for 3 hours
at 37°C.

TUNEL Staining

The brain tissues were cut into 20-um frozen coronal
sections and cell death was detected using the In Situ Cell
Death Detection Kit-POD (Roche) following the manufac-
turer’s instructions. The nuclei were stained with DAPI.
Sections were observed under a fluorescence microscope
(Carl Zeiss). The percentage of TUNEL-positive nuclei
was used as an apoptotic index.

ELISA

The expression of the proinflammatory cytokines in-
terleukin (IL)-1p, IL-6, and tumor necrosis factor—o
(TNFo) in brain homogenates and in the culture medium
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of BV2 cells was determined using commercially avail-
able ELISA kits according to the manufacturer’s instruc-
tions (R&D Systems).

Masking Antisense Oligodeoxynucleotides

The CX3CLl-masking antisense oligodeoxynucleo-
tides (CX3CL1-ODNs; GGUUUUGAGAGGAGACGAC
GAC) and CX3CRI1-masking antisense ODNs (CX3CRI-
ODNs; CUUCUCGGACGUCCACGACGAC), which had
5 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 and masked the bind-
ing sites of miR-195 located in position 228-252 of the
CX3CL1 3’ untranslated region (UTR) or position 1220—
1244 of the CX3CRI1 3'UTR, which were synthesized by
Sangon Biological Engineering Technology and Service.

Dual Luciferase Reporter Assay

HEK?293T cells were transfected with miR-195 mimics
or control miRNA as well as psi-CHECK-2-target DNA
(firefly luciferase vector) and a blank plasmid using Lipo-
fectamine 2000 transfection reagent (Invitrogen). Lucifer-
ase activity was measured with a dual luciferase reporter
assay kit and luminometer (both Promega) 48 hours af-
ter transfection. Nucleotide-substitution mutagenesis was
performed using direct oligomer synthesis for the 3'UTRs
of CX3CL1 or CX3CRI1. All constructs were sequence
verified.

RNA Extraction and qRT-PCR

Total RNA was isolated from specimens and cells using
a Trizol standard protocol (Invitrogen) and extracted from
plasma using the miRNeasy Serum/Plasma Kit (QIA-
GEN). Quantitative RT-PCR was performed in triplicate
using the ABI 7900 fast real-time PCR System (Applied
Biosystems) and normalized with U6 and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) endogenous con-
trol. MiR-195 and U6 levels were measured using the Taq-
Man microRNA assay kit, and mRNA levels of CX3CLI,
CX3CRI1, and GAPDH were detected using the SYBR
Green PCR Master Mix kit in accordance with the manu-
facturer’s instructions (Applied Biosystems).

Protein Extraction and Western Blot

Total proteins were extracted from specimens and cells
using radioimmunoprecipitation assay buffer to lyse the
cells and tissues. Lysate was separated by 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, and
the gel was blotted onto polyvinylidene membrane (Mil-
lipore). The membrane was blocked in 5% nonfat milk and
then incubated with rabbit anti-human CX3CL1 (1:1000,
Abcam), CX3CRI1 (1:500, Abcam), caspase-3 (1:1000, Cell
Signaling Technology), or mouse anti-human GAPDH
(1:1000, Santa Cruz). After washing, the membrane was
incubated with fluorescence-conjugated anti—rabbit or an-
ti-mouse IgG (1:4000, Invitrogen). The bound secondary
antibody was quantified using Odyssey software (version
1.2, LI-COR) by measuring the band intensity (area x opti-
cal density) for each group and normalized with GAPDH.
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FIG. 1. Low expression of miR-195 in ischemic stroke. A: The expression levels of miR-195 in plasma in patients with acute ische-
mic stroke as assessed by gqRT-PCR. B: Correlation between miR-195 expression level and NIHSS score in patients. C and D: The
expression levels of miR-195 in the periinfarct cortex (C) and blood (D) of mice by qRT-PCR at 1, 4, 24, and 72 hours after ischemia.
Data are presented as the mean + SEM for 3 separate experiments performed in duplicate. *p < 0.05; **p < 0.001. Figure is avail-

able in color online only.

Statistical Analysis

Statistical analysis was performed using SPSS software
(version 13.0, SPSS Inc.). The Student t-test, ANOVA, chi-
square analysis, or Mann-Whitney test was applied, where
appropriate; p < 0.05 was considered statistically signifi-
cant.

Results

Low Expression of Plasma miR-195 in Ischemic Stroke
Patients

To verify the expression profiles of miR-195 in ischemic
stroke patients, we detected the plasma levels of miR-195
expression in 96 patients with acute ischemic stroke us-
ing qRT-PCR. Our data showed that miR-195 levels were
significantly lower in acute ischemic stroke patients than
in the nonstroke patients (Fig. 1A). Furthermore, in order
to explore the correlation between the miR-195 levels and
severity of ischemic stroke, we compared the miR-195 ex-
pression level with the NIHSS score for each patient. A
significant negative correlation was found between miR-
195 expression level and NIHSS score (Fig. 1B). Our re-
sults indicated that decreased miR-195 levels might play a
role in ischemic stroke.
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MiR-195 Expression Is Downregulated in a Mouse Model
of Cerebral Ischemia

To assess the effects of miR-195 on cerebral ischemia
reperfusion injury, we detected the expression levels of
miR-195 in the periinfarct cortex and blood of mice by
gRT-PCR at 1,4, 24, and 72 hours after ischemia. Our data
showed that miR-195 levels were significantly decreased
at 24 hours after ischemia and were even found at low lev-
els at 72 hours after ischemia relative to sham-operated
mice (Fig. 1C and D). These findings were similar to those
of ischemic stroke patients and further suggest that miR-
195 may be involved in the underlying mechanisms after
cerebral ischemia reperfusion.

MiR-195 Protects the Brain From Transient Focal Cerebral
Ischemia

To further explore the potential biological effects of
miR-195 in cerebral ischemia reperfusion, we performed
intraventricular infusions of lentivirus (Lv)-miR-195 or
Lv-scrambled control. After MCAO, mice infused with
Lv-miR-195 showed a significant increase in miR-195 ex-
pression compared with mice infected with Lv-scrambled
24 hours after ischemia (Fig. 2A). After Lv-miR-195 in-
fusion, the MCAO infarct volume was significantly de-
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FIG. 2. MiR-195 protects the brain from focal cerebral ischemia. A: miR-195 expression was quantified by gRT-PCR in the mouse
brain with cerebral ischemia reperfusion after infusions of Lv-miR-195 (Lv-miR) or Lv-scrambled control (Lv-Ctr). B: Cerebral
infarct volume was evaluated using TTC staining of coronal brain sections. Quantitative analysis was performed to measure infarct
volume. C: The neurological score was estimated in mice infused with Lv-miR-195 or Lv-control after MCAO. Data are presented
as the mean + SEM for 3 separate experiments performed in duplicate. *p < 0.05; **p < 0.001. Figure is available in color online
only.

creased (Fig. 2B). Gross motor function, estimated by
neurological score 24 hours after ischemia, was improved
following Lv-miR-195 infusion (Fig. 2C). These results
suggest that miR-195 protects the brain from transient fo-
cal cerebral ischemia.

MiR-195 Suppresses Neuronal Cell Apoptosis

To determine the relevant mechanisms of miR-195
expression in cerebral ischemia injury, we initially com-
pared the apoptotic response between mice infused with
Lv-miR-195 and those infused with Lv-scrambled. West-
ern blot analysis showed that the cleaved caspase-3 pro-
tein was markedly decreased in the periinfarct areas of
the mouse brain infused with Lv-miR-195 relative to those
with Lv-scrambled (Fig. 3A). Similarly, the number of
TUNEL-positive nuclei was also significantly reduced in
the periinfarct areas of the mouse brain infused with Lv-
miR-195 (Fig. 3B). These results suggest that suppressing
neuronal cell apoptosis may be a mechanism involved in
the neuroprotective effects of miR-195.
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MiR-195 Suppresses Inflammatory Signaling In Vitro and
In Vivo

To further investigate whether miR-195 is involved in
inflammatory signaling of microglia under ischemia, we
tested the effects of exogenous miR-195 on the expression
of the microglia cytokines TNFa, IL-1f, and IL-6 in vitro
and in vivo. First, we explored the effects of miR-195 on
the expression of TNFa, IL-1f, and IL-6 in the brains of
the ischemic mice. ELISA also showed that the levels of
IL-6 as well as IL-1p and TNFa proteins in the periinfarct
areas of mouse brains infected with Lv-miR-195 were sig-
nificantly lower than those in the brains in the Lv-scram-
bled group (Fig. 3C). Subsequently, the BV2 microglial
cells underwent OGD after infusion with miR-195 mimics
or scrambled control for 24 hours. We found that the lev-
els of TNFa and IL-1f in the cells treated with miR-195
mimics were significantly lower than the levels in the cells
treated with scrambled control (Fig. 3D). These findings
indicate that the increased expression of miR-195 could
suppress inflammatory signaling after MCAO.
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FIG. 3. MiR-195 and its neuroprotective effects. A: The caspase-3 protein was determined by Western blotting in post-MCAO
mouse brains infected with Lv-miR-195 relative to Lv-scrambled control. B: The apoptotic cells are shown by TUNEL in the periin-
farct areas of the mouse brain. C and D: Expression levels of TNFa, IL-1p, and IL-6 were detected using ELISA in the periinfarct
areas of the mouse brains (C) and the BV2 cells treated with OGD (D). Data are presented as the mean + SEM for 3 separate
experiments performed in duplicate. * p < 0.05. Figure is available in color online only.

CX3CL1 and CX3CR1 Protein Levels Inversely Correlate
With the miR-195 Level After MCAO

The CX3CLI/CX3CRI1 signaling pathway has been
shown to play an important role in brain ischemic injury.
More importantly, the databases (miRanda, PicTar, and
TargetScan) predicted that CX3CLI and CX3CR1 may be
common target genes for miR-195 (Fig. 4A). We wondered
whether CX3CRI1 plays an important role together with
CX3CLI in the process of miR-195-mediated ischemia/
reperfusion injury. To test this hypothesis, we assessed
the expression levels of CX3CL1 and CX3CRI proteins
in the periinfarct areas of mouse brains infected with Lv-
miR-195. We observed a significant decrease of CX3CLI
and CX3CRI in Lv-miR-195-infected mice relative to
Lv-scrambled controls (Fig. 4B). Taken together, our find-
ings demonstrate that the miR-195 expression level in
post-MCAO brain specimens was strongly correlated with
CX3CL1 and CX3CRI protein levels.

CX3CL1 and CX3CR1 as Common Direct Targets of
miR-195

To further determine whether miR-195 regulates
CX3CLI and CX3CRI at the protein and mRNA levels,
Western blot and qRT-PCR analyses were performed in
BV2 cells transfected with miR-195 mimics or scrambled
control. Our Western blot results showed that expression
of both CX3CL1 and CX3CRI proteins in cells trans-
fected with miR-195 mimics was downregulated com-
pared with expression of these proteins in cells infected
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with scrambled control (Fig. 4C). However, qRT-PCR
analysis revealed that the expression of CX3CLI and
CX3CR1 mRNA showed no significant differences in
changes between cells transfected with miR-195 mimics
and scrambled control (Fig. 4D). Moreover, CX3CL1 and
CX3CR1 mRNA expression was also unchanged, but CX-
3CLI and CX3CRI1 protein expression was significantly
decreased in mice infected with Lv-miR-195 (Fig. 4B and
E). These data indicate that miR-195 can control CX3CL1
and CX3CRI by translational suppression rather than by
mRNA degradation.

To assess whether there is a direct interaction between
miR-195 and CX3CL1 or CX3CRI1, wild-type or mutant
3'UTR of CX3CLI and CX3CRI genes was respectively
incorporated into the dual luciferase reporter plasmid sys-
tem (Fig. 4A). Subsequently, miR-195 mimic or scrambled
control was cotransfected with the 3'UTR of CX3CLI or
CX3CRI1 dual luciferase reporter plasmid into HEK293T
cells. We observed that miR-195 decreased the relative lu-
ciferase activity of the reporter containing the wild-type
3'UTR of CX3CLI1 and CX3CR1 (Fig. 4F and G). How-
ever, mutations in the predicted binding site of miR-195 in
the 3'UTR of CX3CL1 or CX3CR1 genes abrogated the
aforementioned inhibitory effect of miR-195, demonstrat-
ing that CX3CL1 and CX3CR1 are common direct targets
of miR-195.

Neuroprotective Effect of miR-195 Relies Mainly on
Inhibiting CX3CR1

To investigate the interactive role of CX3CL1 and
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were determined by gRT-PCR in the periinfarct areas of mouse brains infected with Lv-miR-195 or Lv-scrambled. F and G: Lucifer-
ase activities were analyzed in BV2 cells 48 hours after cotransfection of miR-195 mimics and either wild-type or mutant CX3CL1
and CX3CR1 3'UTR. Data are presented as mean + SEM for 3 separate experiments performed in duplicate. *p < 0.05. Figure is

available in color online only.

CX3CR1 in the miR-195-involved neuroprotective ef-
fect, we constructed the CX3CLI or CX3CRI masking
antisense ODNGs as previously reported.”® The sequences
of CX3CL1-ODNs and CX3CR1-ODNs are shown in Fig.
4A, and the inhibitory effect of miR-195 on CX3CLI1 or
CX3CRI1 expression was abolished by cotransfection
with CX3CLI1-ODN or CX3CR1-ODN, respectively (Fig.

5A). We found that the addition of CX3CR1-ODNs led to
a progressive decrease in the contents of TNFo and IL-
1B in the BV2 microglial culture medium compared with
scrambled-ODNs, but CX3CL1-ODNs did not result in
any significant change (Fig. 5B). These results indicate that
CX3CRI perhaps played a more important role for miR-
195—induced effects in the brains of the ischemic mice.
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FIG. 5. Neuroprotective effect of miR-195 relies mainly on inhibiting CX3CL1. A: CX3CL1 and CX3CR1 protein expression was
determined by Western blotting in the BV2 cells cotransfected with miR-195 mimics and scrambled control-ODN, CX3CL1-ODN,
or CX3CR1-ODN. B: The expression of TNFa and IL-1p was detected using ELISA in the OGD-treated BV2 cells cotransfected
with miR-195 mimics and scrambled control-ODN, CX3CL1-ODN, or CX3CR1-ODN. C: The expression of TNFa, IL-16, and IL-6
was detected using ELISA in the periinfarct areas of mouse brains coinfected with Lv-miR-195 and Lv-control, Lv-CX3CL1, or
Lv-CX3CR1. D: The caspase-3 protein was determined by Western blotting in the periinfarct areas of the mouse brains coinfected
with Lv-miR-195 and Lv-control, Lv-CX3CL1, or Lv-CX3CR1. E: The apoptotic cells are shown by TUNEL in the periinfarct areas

of a mouse brain coinfected with Lv-miR-195 and Lv-Ctr, Lv-CX3CL1, or Lv-CX3CR1. F: Cerebral infarct volume was evaluated by
TTC staining of coronal sections of mouse brains coinfected with Lv-miR-195 and Lv-control, Lv-CX3CL1, or Lv-CX3CR1. Data are
presented as the mean + SEM for 3 separate experiments performed in duplicate. *p < 0.05. Figure is available in color online only.

To further investigate the essential role of CX3CL1 and
CX3CRI1 in the miR-195-induced effects, we constructed
and infused Lv-CX3CL1 or Lv-CX3CR1 into Lv-miR-195-
infected mice. Similarly to the cytological experiments, in
these in vivo experiments the effects of miR-195 on the
expression of TNFa, IL-1p, and IL-6 were significantly
reversed in the periinfarct areas of mouse brain infected
with Lv-CX3CRI, but there was no significant change in
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mice infected with Lv-CX3CLI (Fig. 5C). Meanwhile, the
neuroprotective effects regulated by ectopic expression of
miR-195 were rescued by Lv-CX3CRI1, but were less af-
fected by Lv-CX3CLI (Fig. 5D and E). Furthermore, mice
coinfused with Lv-CX3CRI1 and Lv-miR-195 had a sig-
nificantly increased infarct volume (Fig. 5F). These data
suggest that both CX3CL1 and CX3CR1 are direct targets
of miR-195, but that inhibition of CX3CR1 is essential for
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miR-195-induced neuroprotection and suppression of in-
flammatory signaling.

Discussion

An unregulated inflammatory response by ischemia-
activated microglia is responsible for postischemic neuro-
nal damage; however, the molecular mechanism has not
yet been fully clarified. In the present study, we found that
miR-195 was downregulated in a mouse model of cere-
bral ischemia and also in ischemic stroke patients, and we
demonstrated that prevention of a decrease in miR-195
expression in the brain subsequent to focal cerebral ische-
mia may be neuroprotective. Furthermore, we confirmed
that miR-195 exerts neuroprotective roles mainly through
CX3CR1-mediated neuroinflammation, and then subse-
quently by inhibiting neuronal cell apoptosis, with both
CX3CLI and CX3CR1 as direct targets of miR-195.

Our study demonstrated the role of miR-195 mainly in
cellular and animal experiments and confirmed the ex-
pression of miR-195 through detection in ischemic stroke
patients. Therefore, the main limitation of this study is that
we did not investigate the correlation between miR-195 ex-
pression in the blood of ischemic stroke patients and their
clinical outcome, and that we cannot verify the protective
effect of miR-195 in clinical practice, because the applica-
tion of miRNA has not yet reached the clinical stage.

In our experiment, we found that the levels of miR-195
were significantly decreased in the plasma of ischemic
stroke patients and in mice suffering experimental ische-
mic stroke, findings which suggest that miR-195 might
be crucial for suppressing ischemic injury. Then we fur-
ther demonstrated that miR-195 has a neuronal protection
function in cerebral ischemia. In vivo, our findings dem-
onstrate that intra-cerebroventricular infusion of miR-195
not only reduces brain infarct volumes but also improves
the functional neurological deficits in mice with cerebral
ischemia, highlighting a possible clinical role for miR-195
in acute stroke treatment. Furthermore, we also found that
miR-195 could alleviate neuronal apoptosis induced by in
vivo MCAO and in vitro OGD. Previous studies have re-
ported that miR-195 exerts proapoptotic effects in many
different tumor cells.®? However, in the present study, we
observed that miR-195 showed antiapoptotic effects in
neurons during cerebral ischemia, which is consistent with
the findings of Ai et al.'*!* We speculate that these seem-
ingly conflicting results may be due to the protean effects
of miRNAs on different cells and genes. These results re-
quire further investigation.

In this study, we also observed a novel mechanism by
which miR-195 protects the brain against ischemic injury
through inhibiting neuroinflammation and subsequent
neuronal apoptosis. It is known that cerebral ischemia in-
duces acute inflammation, which exacerbates brain injury.
Gonsalves and Kalra reported that miR-195 targets macro-
phage inflammatory protein—1p (MIP-1p), suggesting that
miR-195 might be involved in the inflammatory response.®
Additionally, in silico analysis further showed potential
binding sites for miR-195 on 3'UTRs of both CX3CL1 and
CX3CRI1. CX3CLI is expressed predominantly by neu-
rons, while CX3CR1 as the CX3CL1 receptor is highly ex-
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pressed within microglia. The CX3CL1/CX3CR1 signaling
pathway functions between neurons and microglia and has
been shown to play a key regulatory role in neuroinflam-
mation."*'® Therefore, we hypothesize that miR-195 may be
involved in the neuroinflammatory response. In vivo, we
found that miR-195 overexpression could inhibit the in-
flammatory response in MCAO mice, as shown by the sup-
pression of the inflammatory cytokines TNFa, IL-1, and
IL-6. In addition, we consistently observed the same results
in BV2 cells. We further identified an inverse relationship
between miR-195 and the expression of CX3CL1 and CX-
3CRI1, and we verified that CX3CL1 and CX3CRI1 are the
direct targets of miR-195 using the dual luciferase reporter
assay, while miR-195 exerts neuroprotective roles mainly
through CX3CRI-mediated neuroinflammation and in-
hibition of subsequent neuronal cell apoptosis. Actually,
whether CX3CL1/CX3CRI1 signaling is neuroprotective or
neurotoxic is quite debatable. For instance, Donohue et al.
proved that higher plasma CX3CL1 is associated with bet-
ter outcome from ischemic stroke,’ and Cipriani et al. dem-
onstrated that acute administration of CX3CLI1 reduces
ischemic damage via an adenosine-dependent mechanism
in permanent focal cerebral ischemia.> However, new evi-
dence has indicated that inhibition of CX3CL1/CX3CR1
signaling could reduce recruitment of peripheral macro-
phages, activation of microglia and macrophages, and ex-
pression of inflammatory cytokines, as well as protect neu-
rological function.'>1%2! As such, the neuroprotective role
of miR-195 through CX3CRI1-mediated neuroinflamma-
tion certainly needs further study. Our previous research
revealed that NF-xB as a transcription factor can regulate
the expression of miR-195, and NF-xB has been reported
to participate in the inflammatory process.! The data we
report here strongly support our hypothesis that miR-195 is
also involved in the neuroinflammatory response. However,
in complicated inflammatory networks that occur in condi-
tions such as cerebral ischemia, further investigation of the
function and mechanism of miR-195 is still needed.

Conclusions

We discovered that miR-195 promotes neuronal cell
survival against cerebral ischemic damage by inhibiting
CX3CR1-mediated neuroinflammation in a mouse model,
and we confirmed that miR-195 was significantly down-
regulated in a large cohort (n = 96) of ischemic stroke pa-
tients in a single institution. This study explored in detail
the neuroprotective mechanism of miR-195 and for the
first time verified the antiinflammatory effects of miR-195.
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