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Abstract

The middle cerebral artery occlusion (MCAQO) model has been extensively applied to study ischaemic stroke. This stucly
attempted to clarify effect of bone marrow stromal cells (BMSCs) on infarct injury of MCAO rats. BMSCs were isolated
and identified by staining CD29/CD44 and CD31/CD45. CX3CL1 silencing vector (pLVX-shRNA-CX3CL1) was gener-
ated and infected to BMSCs. pLVX-shRNA-CX3CL1 infected BMSCs were transplanted into brain tissue of MCAO rats.
Real-time PCR was used to determine CX3CL1 expression. Infarct areas were stained with TTC to evaluate infarct size.
Double-staining immunofluorescence was conducted to determine anti-inflammatory type CD206 and pro-inflamma-
tory type tumour necrosis factor o. (TNF-a,) microglia. Isolated BMSCs were positively presented for CD29/CD44, and
negatively for CD31/CD45. CX3CLI was significantly lower in the BMSC + pLVX-shRNA2-CX3-CL1 group compared to
the BMSCs + pLVX group (p < 0.05). According to TTC and neurological scores, MCAO rats were successfully generat-
ed. BMSCs transplantation significantly increased CD206 microglia and decreased TNF-a. microglia. However, ShRNA-
CX3CLI-infected BMSCs remarkably reduced CD206 microglia and enhanced TNF-a. microglia compared to the MCAO
+ BMSCs group. In conclusion, BMSCs reverse microglia from pro-inflammatory type TNF-o. microglia to anti-inflam-
matory type CD206 microglia in the infarct region of MCAO rats (3 to 7t" days post BMSC transplantation), through
triggering of CX3CL1 secretion. Therefore, the potential effects of CX3CL1 secreted by BMSCs would provide an insight
for stem cell-dependent therapeutic strategies in treating ischaemic stroke-associated disorders.
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Introduction of stroke reached to 70/100,000 individuals in 2005

In the recent years, stroke has been become [9], and it is predicted to reach as much as 7.8 mil-
a common cerebrovascular disorder and has led to  lion patients by 2030 [16]. There are also 1.5 million
a higher proportion of disability and death through-  deaths from stroke each year in China, making it the
out the world [20]. It is estimated that the incidence  third most common reason for death after cardiovas-
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cular disorders and cancer in developing countries [7].
Among all stroke patients, ischaemic strokes account
for about 85% of cases; patients demonstrate severe
dysfunctions of neurons because of the remarkable
decrease of the cerebral blood flow in the brain [10].
Ischaemic stroke is mainly characterized by strong
inflammations and thromboembolic vascular occlu-
sion, therefore demonstrating an incidence rate about
400/100,000 individuals every year worldwide [8]. At
present, the only available strategies for treating isch-
aemic stroke are thrombolytic treatments. However,
there are also a few complications for thrombolytic
treatment; therefore, the application of this is limited
[13]. Therefore, it is necessary and critical to develop
a method for treating ischaemic stroke with effective
outcome and higher safety.

Cerebralischaemia usually triggers the release and
activation of chemokines and cytokines [15]. After
brain ischaemia, the neurons can release soluble frac-
talkine (CX3CL1), which may inhibit microglial activa-
tion through binding the CX3CR1 in the brain tissues
[22]. Meanwhile, CX3CL1 can also decrease the toxic-
ity of microglia and alleviate the damage of neurons
in animal models with neuropathology and inflamma-
tion [2,4]. Meanwhile, CX3CL1 reduces glutamate-in-
duced neural death and has a neuroprotective effect
on neurons [11]. Therefore, we hypothesised that
neuron-expressing CX3CL1 might be involved in isch-
aemia-induced injury. In order to verify this hypothe-
sis, we structured the shRNA-CX3CL1-expressing len-
tivirus vector and infected to bone marrow stromal
cells (BMSCs), then the CX3CL1-expressed BMSCs
were transplanted into middle cerebral artery occlu-
sion (MCAO) rat models. Finally, the anti-inflammato-
ry type CD206 microglia and pro-inflammatory type
tumour necrosis factor o (TNF-o) microglia in infarct
regions of MCAO rats were determined. The findings
of this study reveal the target against ischaemic inju-
ry, which provides promising insight for improving the
therapeutic strategy of stroke.

Material and methods
Animals

In this study, SD rats (3 weeks old) were pur-
chased from the Experimental Animal Centre of
Chongging Medical University (Chongging, China).
The rats were given free access to food and water
and were kept at room temperature in a light/dark
cycle of 12 h/12 h.
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The animal experiments were conducted in accor-
dance with guide for Care and Use of Laboratory Ani-
mals of the NIH. All experimental procedures were
approved by the Ethical Committee of The People’s
Liberation Army General Hospital, Beijing, China.

Isolation and identification of BMSCs

The isolation of BMSCs was conducted according
to the instructed protocol of a form study [19]. In
brief, the rats were killed by dislocating the cervical
vertebrae and were then incubated with 75% alco-
hol for 15 min. The humeri and femurs of rats were
isolated, placed on a culture plate containing 75%
alcohol, and treated for 10 min. Then, the bone mar-
row canals in the humeri and femurs were washed
using a DMEM-F12 (Gibco BRL Co. Ltd., Grand Island,
New York, USA)-filled sterile syringe repeatedly. The
washed cells in bone marrow canals were cultured
under condition of 5% CO, at 37°C for 24 h. After
several passages, the adherent cells were harvested
and subjected to identification.

The flow cytometry assay was conducted to ver-
ify the BMSCs as described in the previous study [6]
with a few modifications. Briefly, the cells were fixed
with 4% paraformaldehyde (Sigma-Aldrich, St. Louis,
Missouri, USA) for 15 min and blocked with 5% BSA
at 4°C for 60 min. Then, the cells were incubated
using R-CD29 PE (CD44) and R-CD31 eFluor660
(CD45) antibodies (eBioscience, Santiago, CA, USA).
Finally, the fluorescence signals were examined with
a flow cytometer (Model: FC500 MPL, BD Bioscienc-
es, San Jose, CA, USA) at 488 nm.

ShRNA-CX3CL1 synthesis

The targeting oligonucleotides for shRNA-CX3-
CL1 were synthesised by Western Biotech Co. Ltd.
(Chongging, China) as instructed by the sequence
illustrated in Figure 1. Then, the above oligonucle-
otides were sub-cloned into the pLVX-shRNA2 vec-
tor to generate the pLVX-shRNA2-CX3CL1 plasmid.
The pLVX-shRNA2-CX3CL1 plasmid was identified
with both the gene sequencing method and enzyme
digestion approach. Then, pLVX-shRNA2-CX3-
CL1 plasmid and the packing-necessary elements
(including psPAX2, pMD2.G, and RNAi-mate) were
mixed and co-cultured in 293T cells, as described in
a previous study [21]. Moreover, the infecting efficacy
of pLVX-shRNA2-CX3CL1 lentivirus was evaluated by
examining the green fluorescence under a fluores-
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Fig. 1. Identification for the BMSCs by examining the CD29/CD44 and CD31/CD45 molecule with flow

cytometry assay.

cence inverted microscope (model: TE2000U, Nikon,
Tokyo, Japan).

Real-time PCR (RT-PCR)

The total RNAs in BMSCs were extracted with Trizol
reagent (Beyotime Biotech., Shanghai, China) as instruct-
ed elsewhere. The complementary DNAs (cDNAs) were
then generated using cDNA Synthesis reagent (Western
Biotech., Chongging, China) as instructed in the manu-
facturer’s protocol. The mRNA transcription of CX3CL1
gene and B-actin gene was determined using SYBR
Green | PCR kit (Western Biotech.). The specific prim-
ers for the gene amplification are illustrated in Table I.
Eventually, the expression of CX3CL1 was analysed by
normalizing to B-actin and calculated using the 2-84¢t
formula as described in a previous study [12].

MCAO rat model

The MCAO rat models were generated using the
approach described by Longa et al. [16], with some mod-
ifications. In brief, the SD rats aged from 6 to 8 weeks
(250-280 g) were anaesthetized by intraperitoneally
injecting with 10% chloral hydrate (0.5 ml/100 g). The
common carotid (right), external carotid (right), and
the internal carotid arteries were then separated and
exposed. About 18-22 mm of the nylon surgical thread

Table I. Primer sequences for the PCR assay

Genes Sequences (5’-3) Length
Forward ATGGTGGCAAGTTTGAGAAGC

CX3CL1 145 bp
Reverse  TCCTGGGAAATAGCAGTCGG
Forward CCCATCTATGAGGGTTACGC

B-actin 150 bp
Reverse  TTTAATGTCACGCACGATTTC
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was inserted into the right internal carotid artery via the
external carotid artery blocking the origin to right middle
cerebral artery. One hour after occlusion, the thread was
removed slowly to made complete blood reperfusion
for ischaemic regions. During the whole surgery pro-
cess, the rats were maintained with a heating blanket
to keep the body temperature at 37°C. The generated
MCAO rats were divided into the MCAO model group
(n=9), the MCAO + BMSCs group (n = 9), and the MCAO
+ BMSCs + pLVX-shRNA2-CX3CL1 group (n = 9). Another
3 rats without any treatment were assigned as the con-
trol group. Also, the above MCAO group, MCAO + BMSCs
group, and MCAO + BMSCs + pLVX-shRNA2-CX3CL1
group were sub-divided into the following groups: 1 day
(n=13),3 days (n=3),and 7 days (n = 3).

Transplantation of BMSCs + pLVX-
shRNA2-CX3CL1 into the lateral ventricle

About 24 h after the blood reperfusion (MCAO
rats), the rats were weighed, anaesthetized, and
transplanted with BMSCs or BMSCs plus pLVX-sh-

Table II. Neurological functional scoring system
evaluated 24 h post-operatively with Longa’s
method

Neurological score

Neurological status

0 score No neurological symptoms
1score Inability to completely extend the right
front paw
2 scores Rotating while crawling and falling
to the right side
3 scores Inability to walk without assistance
4 scores Unconscious

The rats with neurological scores ranging from 1 to 3 were included for
experiment, and those scoring of 0 or 4 were excluded.
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RNA2-CX3CL1 into the lateral ventricle. Briefly, the
head was fixed on a brain stereotaxic instrument after
skin preparation. The scalp was cut along the midline,
the fascia was peeled off, and the anterior fontanelle
was marked. The high-speed skull was drilled right
above the transplantation site of the right ventricle
and the skull was pierced. A micro-injector was insert-
ed and the BMSCs + pLVX-shRNA2-CX3CL1 was inject-
ed slowly (assigned as the BMSCs + pLVX-shRNA2-CX3
CL1 group). The injection speed was 0.5 pl/min, and
the injection volume was 5 pl/rat (including 10° cells).
Meanwhile, the MCAO rats underwent the above
processes, and transplanted with only BMSCs was
included in the MCAO group (as the control group).

Evaluation for neurological scores

About 7 days, 24 h post infection of BMSCs +
pLVX-shRNA2-CX3CL1 lentivirus into the MCAO rats,
neurological scores were assessed by employing the
scoring system reported by Longa et al. [14]. The scor-
ing system was graded into 5 items, including scores of
0, 1, 2, 3, and 4, all of which are illustrated in Table II.

2,3,5-triphenyltetrazolium chloride (TTC)
staining and measurement of infarct size

After evaluating for neurological functions, the
rats were euthanised for infarct size analysis. Whole
brain tissues were quickly isolated from rats and fro-
zen at —20°C for 30 min. Cerebral infarct of brain tis-
sues were stained with 2% TTC at 37°C for 10 min
without light and then sliced into sections (2 mm
thickness). Subsequently, sections were fixed with
4% paraformaldehyde at 37°C for 30 min. Eventual-
ly, the cerebral infarct size was analysed with image
analysis software by integrating the infarct regions.
The infarct size was calculated using the equation
reported in a previous study [17].

Double-staining immunofluorescence
assay for determining anti-inflammatory
CD206 and pro-inflammatory TNF-o
microglia

The tissues of infarct regions (the adjacent tissues of
necrotic tissues or non-obvious necrotic areas) of MCAO
rats were isolated and fixed with 4% paraformaldehyde.
Then, the tissues were embedded, cut into sections with
thickness of 5 um (at least 3 sections for each group),
and incubated with 5% non-fat milk at room tempera-
ture for 1 h. The sections were incubated using mouse
anti-rat Iba antibody (first antibody) at 4°C overnight
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and washed with phosphate-buffered saline (PBS)
3 times. Subsequently, the sections were incubated with
goat anti-mouse immunoglobulin G (IgG) (FITC labeled)
at room temperature for 2 h. In the case of positively
expressed antigens under a fluorescence microscope,
the sections were incubated with rabbit anti-rat CD206
or anti-rat TNF-a. at 4°C overnight and washed with
PBS 3 times. Then, the sections were treated using
goat anti-rabbit 1gG (Cy5 labelled), washed with PBS
3 times, and observed under a fluorescence microscope.
Approximately 45 visual fields of the infarct regions of
3 rats (3 sections for each rat and 5 fields for each sec-
tion) in one group (including the 1-day, 3-day, and 7-day
groups) were selected to count the Iba-positive microg-
lia, CD206/TNF-a positive staining microglia, and dou-
ble-staining microglia. The CD206 or TNF-a. positive cells
were represented as cells/mm?.

Statistical analysis

The data were represented as mean + standard
deviation (SD) and analysed using SPSS software
(version: 18.0, SPSS Inc., Chicago, IL., USA). Differenc-
es of data among groups were analysed by utilizing
the ANOVA test validated by Tukey’s post hoc test.
P < 0.05 was assigned as a significant difference.

Results
Identification for BMSCs from rats

The surface biomarkers for the passaged BMSCs
were determined using flow cytometry. The results
showed that the immunophenotypes for BMSCs were
positively presented for CD29 and CD44, but negative
for CD31 and CD45 (Fig. 1). These results suggest that
the BMSCs were successfully generated in this study.

pLVX-shRNA2-CX3CL1 lentivirus
was generated

By using the targeting oligonucleotides for
CX3CL1 gene (Fig. 2A), we synthesized the pLVX-
ShRNA-CX3CL1 plasmid. The pLVX-shRNA-CX3CL1
plasmid was identified using the enzyme digestion
approach (Fig. 2B) and gene sequencing method
(Fig. 20); the results of both methods showed that
pLVX-shRNA2-CX3CL1 plasmid was successful-
ly generated. Meanwhile, the green fluorescence
results also indicated that the infecting efficacy of
pLVX-shRNA2-CX3CL1 lentivirus was high enough
for the following experiments (Fig. 2D).
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Targeting sequence: GGAGACAAACCCAGTTCAT
Sense: GATCCGGAGACAAACCCAGTTCATCTCGAGATGAACTGGGTTTGTCTCCTTTTTTG
Antisense: AATTCAAAAAAGGAGACAAACCCAGTTCATCTCGAGATGAACTGGGTTTGTCTCCG
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Fig. 2. Identification and infecting efficacy determination for generated pLVX-shRNA-CX3CL1 lentivirus.
A) Targeting oligonucleotides for CX3CL1 gene. B) pLVX-shRNA-CX3CL1 plasmid identification using enzyme
digestion. C) pLVX-shRNA-CX3CL1 plasmid identification using gene sequencing method. D) Determination
for infecting efficacy of pLVX-shRNA2-CX3CL1 lentivirus.
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Fig. 3. Cell morphology and infecting efficacy of pLVX-shRNA-CX3CL1 lentivirus in BMSCs. Magnification, 400x.
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Moreover, pLVX-shRNA-CX3CL1 lentivirus infect-
ing BMSCs kept the normal cell morphology with
higher infecting efficacy (Fig. 3).

pLVX-shRNA2-CX3CL1 infection
efficiently reduced CX3CL1 expression

Real-time PCR findings showed that the CX3CL1
expression was significantly lower in the BMSC +
pLVX- shRNA2-CX3CL1 group compared to that in the
BMSCs + pLVX group (Fig. 4, p < 0.05). However, no
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significant difference was found between the BMSCs
group and the BMSCs + pLVX group (Fig. 4, p > 0.05).
These results hint that pLVX-shRNA2-CX3CL1 lenti-
virus infection significantly suppressed the CX3CL1
expression in BMSCs.

MCAO rat model generation

According to the TTC staining results, there were no
infarcts in brain tissues of the Normal-group rats (Fig. 5A).
However, the infarct size of the MCAO rats was signifi-
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cantly increased in the MCAO model group compared
to that in rats of the normal group (Fig. 5B, p < 0.05).

The MCAO rat model demonstrated
significantly reduced neurological scores

In order to confirm established MCAO rat model,
neurological function was evaluated. The findings
showed that all of the MCAO rat models demon-
strated neurological scores from 1 to 3, which sug-

gests that the MCAO rat model was successfully
established (Fig. 6).

BMSCs transplantation increased
anti-inflammatory type CD206
microglia through triggering secretion
CX3CL1 molecule

The results showed that BMSC transplantation
(MCAO + BMSCs group) clearly increased amounts
of anti-inflammatory type CD206 microglia in the
infarct region of MCAO rats compared to that in the
MCAO group at 1 day (Fig. 7A), at 3 days (Fig. 8A), and
7 days (Fig. 9A) post transplantation of BMSCs (all
p < 0.05). However, the BMSC transplantation-induced
increased amounts of anti-inflammatory type CD206
microglia in the infarct region of MCAO rats were sig-
nificantly decreased by the interfering CX3CL1 admin-
istration (MCAO + BMSCs + shRNA-CX3CL1 group),
when compared with that of the MCAO + BMSCs group
at 1 day (Fig. 7A), 3 days (Fig. 8A), and 7 days (Fig. 9A)
post treatment (all p < 0.05). These results suggest
that BMSC transplantation might reverse MCAO-
induced decreased amounts of anti-inflammatory
type CD206 microglia by secreting the CX3CL1 mol-
ecule.

BMSC transplantation decreased pro-
inflammatory type TNF-a. microglia
via triggering secretion of the CX3CL1
molecule

The double-staining results of Iba and TNF-a
demonstrated that BMSC transplantation (MCAO +
BMSCs group) clearly decreased amounts of pro-in-
flammatory type TNF-a microglia in the infarct region
of MCAO rats compared to that in the MCAO group at
3 days (Fig. 8B) and 7 days (Fig. 9B) post transplan-
tation of BMSCs (all p < 0.05). Meanwhile, there were
no obvious pro-inflammatory type TNF-a. microglia in
the infarct region of MCAO rats at 1 day post BMSCs
transplantation (Fig. 7B). Moreover, when compared
with the MCAO + BMSCs group at 3 days (Fig. 8B) and
7 days (Fig. 9B) post treatment, the reduced amounts
of pro-inflammatory type TNF-a microglia in the infarct
region of MCAO rats were remarkably increased by
interfering CX3CL1 administration (MCAO + BMSCs +
ShRNA-CX3CL1 group) (all p < 0.05). However, there
were even no effects of interfering CX3CL1 administra-
tion on the amounts of TNF-a. microglia in the infarct
region of MCAQ rats (Fig. 7B). These findings hint that
BMSC transplantation could reverse MCAO-induced
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Fig. 7. BMSCs transplantation increased anti-inflammatory type CD206 microglia and decreased pro-in-
flammatory TNF-o. microglia in MCAO rats at 1 day post administration. A) Double-staining images for
the Iba and CD206 in microglia in MCAO, MCAO + BMSCs, and MCAO + BMSCs + shRNA-CX3CL1 group.
B) Double-staining images for the Iba and CD206 in TNF-a. microglia in MCAO, MCAO + BMSCs, and MCAO +
BMSCs + shRNA-CX3CL1 group. The white arrows represented the double-stained microglia. *p < 0.05 vs. MCAO
model group; #p < 0.05 vs. MCAO + BMSCs group. Magnification, 400x.
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increased amounts of pro-inflammatory type TNF-a
microglia through secretion of the CX3CL1 molecule.

Discussion

The results of the present study expand the
application of BMSCs in treating ischaemic stroke.
In our study, we proved that BMSC transplantation
could decrease the BMSCs transplantation increased
anti-inflammatory type CD206 microglia and de-
crease pro-inflammatory type TNF-a. microglia via
triggering secretion of CX3CL1 molecule. We spec-
ulated that both of the BMSCs-triggered increased
CD206 microglia and decreased TNF-a microglia
might be attributed to effects of BMSCs on improv-
ing the neurological functions of MCAO rats.

Previous studies[1,18] reported that BMSCs could
significantly alleviate the symptoms of cardiovascu-
lar disorders, protect the normal functions of organs,
and repair the damaged tissues. Moreover, BMSCs
also play neuroprotective roles in retinal ganglion
cells [5]. Therefore, in the present research, we gen-
erated the MCAO rat models and transplanted with
BMSCs to observe the inflammatory response in the
infarct regions of MCAO rats. The BMSCs were iso-
lated and identified due to the positively expressed
CD29/CD44 and negatively expressed CD31/CD45
molecule. Based on the commonly applied method
for generating the MCAO model [14], MCAO rats
were generated, illustrating the neurological dys-
function (with score from 1-3) and obvious infarcts
in the brain. According to a previous study [3], the
generation of an MCAO animal model induces brain/
neurological dysfunctions, which is consistent with
our findings. Until now, the MCAO rat model was
established successfully, which would be used for
the following experiments.

In order to clarify the effects of BMSCs on nerve
regeneration and nerve repair, the BMSCs were
directly transplanted to infarct regions of MCAO
rats. We found that BMSC transplantation obvious-
ly increased amounts of anti-inflammatory type
CD206 microglia and decreased amounts of pro-in-
flammatory type TNF-a microglia, which suggest
that BMSCs play a role in protecting against the
inflammatory response of microglia.

Cipriani et al. [4] reported that CX3CL1 demon-
strates long-term neuroprotective effects on the
cerebral ischaemia in rodents. Therefore, to explore
the specific mechanism that triggers the protective
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effects of BMSCs on inflammation in microglia, we
sub-cloned the shRNA-CX3CL1 gene into pLVX lenti-
virus to form pLVX-shRNA2-CX3CL1 lentivirus, which
could efficiently inhibit expression of CX3CL1. Then,
pLVX-shRNA2-CX3CL1 lentivirus-infected BMSCs
(BMSCs + shRNA-CX3CL1) were transplanted to the
infarct regions of MCAO rats. The findings showed
that BMSC transplantation-induced increased
amounts of anti-inflammatory type CD206 microg-
lia in infarct regions of MCAO rats were significant-
ly decreased by the interference of shRNA-CX3CL1.
Meanwhile, the reduced amounts of pro-inflamma-
tory type TNF-a microglia in the infarct region of
MCAO rats were also increased by interfering with
ShRAN-CX3CL1. The above results suggest that the
number of anti-inflammatory microglia increased
and the number of pro-inflammatory microglia
decreased in the MCAO model group after transplan-
tation of BMSCs. Therefore, BMSC transplantation
might reverse the distribution of anti-inflammatory
and pro-inflammatory type (from pro-inflammato-
ry type TNF-a microglia to anti-inflammatory type
CD206 microglia), so as to inhibit the inflammatory
responses in the infarct regions of MCAO rats. This
reversal of anti-inflammatory microglia and pro-in-
flammatory microglia might be related to the secre-
tion of CX3CL1 through BMSCs. After mild MCAO,
the infarct always includes striatum and neocortex;
however, the morphological features of necrosis (or
cortical neuron damages) were not discovered in our
MCAQ rats (this might be associated with isolation
of tissues from non-obvious necrotic areas), which
should be considered as a limitation and clarified in
a following study.

In conclusion, BMSC transplantation could re-
verse microglia from pro-inflammatory type TNF-a
microglia to anti-inflammatory type CD206 microg-
lia in the infarct region of MCAO rats (especially from
3 days to 7 days post BMSC transplantation), through
triggering of the secretion of CX3CL1. Therefore,
the potential effects of CX3CL1 secreted by BMSCs
would provide an insight for stem cell-dependent
therapeutic strategies in ischaemic stroke-associat-
ed disorders.
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