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Introduction

Cerebral infarction, or ischemia brain stroke, 
is a common cerebrovascular disease1,2. Various 
risk factors exist for cerebral infarction, including 
coronary heart disease, hypertension, elevated 
body mass index (BMI), diabetes mellitus and 
hyperlipemia, or family history3. With transition 
of life styles and diet habits, plus working stress 
and environmental factors, incidence of cerebral 
infarction is rapidly increasing by years4. Cere-
bral infarction can occur at all age groups, with 
highest frequency in 45-60 years people5. Athe-
rosclerosis of cerebral vessels can cause injury of 
vascular endothelial, leading to stenosis of cere-
bral artery cavity. Multiple factors can aggravate 
cerebral infarction for focal artery thrombosis and 
stenosis of artery or even full blockade, leading 
to brain tissue hypoxia, ischemia or necrosis, fur-
ther causing neural injury and brain dysfunction6. 
Previous studies7,8 showed decreased expression 
of vascular endothelial growth factor (VEGF) 
and activation of nuclear factor kappa B (NF-κB). 
Due to the severe effects on patient life quality, 
the treatment of cerebral ischemia has drawn lots 
of interests by world health organization (WHO)9. 
However, no satisfactory treatment efficacy has 
been received for cerebral infarction.

Bone marrow mesenchymal stem cells (BM-
SCs) has features including highly self-renewal, 
self-differentiation and minor immunogenicity, 
and have been widely applied in treating ische-
mia diseases including cardiac infarction10,11. 
BMSCs can differentiate toward endothelial 
cells, which further facilitate de novo angio-
genesis for tissue repair, and are thus optimal 
stem cells for treating ischemia diseases12,13. 
Previous methods using intravenous infusion 
of BMSCs had high safety and are easy for ma-
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nipulation. However, lower specificity and ef-
ficiency exists14, thus making the improvement 
of transplantation efficiency a critical step of 
obtaining better outcomes. Sex-determining 
region Y (SRY) gene has one typical DNA bin-
ding domain and can code for transcriptional 
factor. SRY gene has been widely applied to test 
BMSCs contents15. With the advancement of ul-
trasound contrast agent, ultrasound microvesi-
cles technique can work as gene vector or drug 
delivery vehicle in addition to ultrasound ima-
ging, and it has been demonstrated to have high 
efficiency, stability and safety16. Ultrasound 
microvesicles can locate precisely and benefi-
ted the transportation of exogenous substances 
to targeted sites via ultrasound energy blast17. 
This study aimed to investigate the induction 
of ultrasound microvesicles on the homing of 
artery thrombosis in cerebral infarction and 
possible molecular mechanisms.

Materials and Methods

Experimental Animal
Healthy male Sprague-Dawly (SD) rats (2 mon-

th age, specific pathogen free (SPF) grade, body 
weight 250±20 g) were purchased in the laboratory 
animal center of Wuhan University and were kept 
in an SPF grade facility. Animals were kept under 
fixed temperature (21±1°C) and relative humidity 
conditions (50-70%) with 12 h/12 h light/dark cycle.

Rats were used for all experiments, and all 
procedures were approved by the Animal Ethi-
cs Committee of the Central Hospital of Wuhan, 
Wuhan, China.

Materials and Equipment
SF6-microvesicles were purchased from Brac-

co Suisse S.A. (Plan-les-Ouates Geneve, Swit-
zerland). Sodium pentobarbital was purchased 
from Zhaohui Pharma. Co. Ltd. (Shanghai, Chi-
na). Polyvinylidene fluoride (PVDF) membrane 
was provided by Pall Life Sciences (Covina, CA, 
USA). Chemical reagents for Western blotting 
and 2,3,5-triphenyltetrazolium chloride (TTC) 
powders were purchased from Beyotime Biotech. 
(Shanghai, China). Enhanced chemiluminescence 
(ECL) reagent was purchased from Amersham 
Biosciences (Little Chalfont, Buckinghamshi-
re, UK). Rabbit anti-mouse VEGF monoclonal 
antibody, rabbit anti-mouse NF-κB monoclonal 
antibody and goat anti-rabbit horseradish pe-
roxidase (HRP) labeled IgG secondary antibody 

were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Caspase 3 activity kit 
was produced by Cell Signaling Technology Inc. 
(Beverly, MA, USA). RNA extraction and rever-
se transcription kit were purchased from Axygen 
(Tewksbury, MA, USA). ABI7900HT Real-time 
PCR cycler was purchased from ABI (Foster City, 
CA, USA). Surgical microscope was purchased 
from Suzhou Medical Instrument (Suzhou, Chi-
na). Microplate reader was purchased BD (San 
Jose, CA, USA). Other common reagents were 
purchased from Sangon Biotech. Co. Ltd. (Shan-
ghai, China).

Isolation, Culture and Identification 
of rat BMSCs

One healthy SD rat was sacrificed. After ste-
rilization by 70% ethanol immersion, femur 
and tibia were exposed to remove epiphysis 
and attached soft tissues at terminus. Isolated 
femur and tibia were placed into sterile dish. 3 
ml bone marrow was collected by syringe con-
taining 2 ml heparin, and was placed into 10 
ml serum-free culture medium. A total of 3 ml 
phosphate buffer solution (PBS) was then ad-
ded to prepare cell suspension. Bone marrow 
was placed in 10 ml centrifuge tube for 1000 r/
min centrifugation for 10 min. Supernatant and 
lipid were discarded, followed by 2500 r/min 
centrifugation for 25 min. A total of 5 ml BMSC 
suspensions were slowly applied onto the surfa-
ce of monocyte separation buffer, for 2000 r/
min centrifugation for 20 min. The white mat-
ter in the middle layer was saved and transfer-
red to another tube, which was centrifuged at 
1000 r/min for 5 min, followed by two times of 
rinsing. Bone marrow tissues were then placed 
into 5 ml low glucose Dulbecco’s modified me-
dium (L-DMEM) containing 10% fetal bovine 
serum (FBS) and 1% dual-antibiotics. Cells 
were cultured in a 37°C chamber with 5% CO2 
for 48 h with changing medium. Non-attached 
cells were removed for continuous culture, with 
changing medium every 3 days. Cells were pas-
sed when reaching 80% confluence. 1×105/ml 
BMSCs were inoculated into 24-well plate con-
taining 500 μl L-DMEM. Cells were identified 
when reaching 80% confluence. After discar-
ding culture medium cells were rinsed in PBS, 
and were fixed in 4% paraformaldehyde. With 
PBS rinsing, 300 μl specific markers (CD29, 
CD44, CD34, CD45 monoclonal antibody, at 
1:100 dilution) were added for 4°C overnight 
incubation. On the next day, PBS was used to 
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rinse away primary antibody, followed by the 
addition of goat anti-rabbit FITC labeled-se-
condary antibody for room temperature incu-
bation. Secondary antibody was washed away 
for observation under microscope.

Grouping of Experimental Animals
Rats were randomly divided into four groups: 

including sham group, model group (which was 
prepared for cerebral infarction model using liga-
tion of carotid artery and middle cerebral artery), 
BMSCs group (which received transplantation of 
3×106/kg BMSCs by tail veins) and microvesicle 
group (which received 3×106/kg BMSCs by ultra-
sound microvesicles).

Preparation of Rat Cerebral Model and 
Treatment

Rats were anesthetized by intraperitoneal 
injection of 30 mg/kg sodium pentobarbital, and 
were fixed on the plate in supine position. As pre-
viously recorded18, an incision was made 2-2.5 cm 
left of middle line to completely expose the trian-
gle area between sternohyoid muscle and sterno-
cleidomastoid muscle, making common carotid 
artery and exterior carotid artery visible. Exterior 
carotid artery was ligated by surgical silks, whi-
le common carotid artery was clipped. One small 
hole was punctured using 1 ml syringe needle, 
followed by the insertion of 0.2 mm diameter fi-
shing line. The artery clip was released to free 
the fishing line, which was stopped and blocked 
the middle cerebral artery, whose flood supply 
was blocked. Common carotid artery and pun-
cture incision were sutured by layers. Penicillin 
(2×104 U/kg) was intramuscularly injected for di-
sinfection. In sham group, common carotid artery 
and external carotid artery were isolated but not 
ligated. In BMSCs group, 3×106/kg BMSCs were 
transplanted via tail veins after preparing models. 
In microvesicle group, 0.1 ml microvesicle con-
trast agent was infused via tail vein, followed by 
ultrasound on brain, and 3×106/kg BMSCs tran-
splantation via tail vein.

Evaluation of Cerebral Infarction Rate
Whole brain was isolated from all groups of 

rats, and was removed for cerebellum and olfac-
tory bulb, and lower brain stem. The 2 mm brain 
sections were prepared, and were incubated in dark 
using 0.4% TCC solution in dark at 37°C for 20 
min. Post-stain brain sections were fixed in 10% 
formalin for 2 min. Infarction area percentage was 
analyzed by imaging processing software (Bio-Rad 
Laboratories, Hercules, CA, USA) in all groups.

Caspase 3 Activity Assay
Caspase 3 activity was evaluated using test 

kit. In brief, cells were digested by trypsin, and 
were centrifuged at 600 ×g for 5 min under 4°C. 
The supernatant was discarded, followed by the 
addition of cell lysis buffer and iced incubation 
for 15 min. The mixture was then centrifuged at 
20000×g for 5 min under 4°C, followed by the ad-
dition of 2 mM Ac-DECD-pNA. Optical density 
(OD) values at 450 nm wavelength were measured 
to reflect caspase 3 activity.

Real Time PCR for SRY, VEGF and NF-κB 
mRNA Expression in Brain Tissues

Trizol reagent was used to extract total RNA 
from rat brain tissues. RNA purity and concentra-
tion were determined by ultraviolet-visible (UV) 
spectrometry. Reverse transcription was per-
formed using test kit. The complementary DNA 
(cDNA) was synthesized by specific primers de-
signed from PrimerPremier 6.0. Real-time PCR 
was used to test target gene expression using 
specific primers (Table I) synthesized by Sangon 
Biotech. Co. Ltd. (Shanghai, China). Real-time 
PCR was performed under the following con-
ditions: 52°C 1 min, followed by 35 cycles each 
containing 90°C for 30 s, 58°C for 50 s and 72°C 
for 35 s. Fluorescent quantitative PCR was used 
to collect all data. The cycle threshold (CT) values 
were calculated using glyceraldehyde-3-phospha-
te dehydrogenase (GAPDH) gene as the internal 
reference to plot a standard curve, on which quan-
titative analysis was performed by 2-∆Ct method.

Table I. Primer synthesis sequences.

Target gene Forward primer 5’-3’ Reverse primer 5’-3’

GADPH AGTGCCAGCCTCGTCTCATAG CGTTGAACTTGCCGTGGGTAG
SRY GACTAGGAATACGAACCGCTT GCCTCGATCCTCCGAGATT
VEGF TGAACAATCTAGATCACGGCG GGGACTCTCCGTCATCTAC
NF-κB CTACTGCCGTCCGATTGAG GCTCATCTCTCCTATGTGCTGG
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Western Blotting for VEGF and NF-κB 
Protein Expression 

Brain tissues were added with lysis buffer on 
ice for 15-30 min, followed by ultrasound ruptu-
re (5 s × 4) and centrifugation (4°C, 10000×g, 15 
min). Supernatants were saved and quantified for 
protein contents, and were stored at -20°C for fur-
ther Western blotting. Proteins were then sepa-
rated using 10% sodium dodecyl sulphate-polya-
crylamide gel electrophoresis (SDS-PAGE), 
and were transferred to polyvinylidene fluoride 
(PVDF) membrane using semi-dry method (160 
mA for 1.5 h). Non-specific background was re-
moved by 5% defatted milk powder at room tem-
perature for 2 h, followed by the addition of an-
ti-VEGF monoclonal antibody (1:1000 dilution) 
and anti-NF-κB monoclonal antibody (1:2000) 
in 4°C overnight incubation. On the next day, the 
membrane was rinsed in PBS tween 20 (PBST), 
and incubated with goat anti-rabbit secondary 
antibody (1:2000) for 30 min incubation. After 
PBST rinsing, ECL reagent was used to develop 
the membrane for 1 min, followed by exposure 
under X-ray for observing results. Protein ima-
ging analysis system and Quantity One software 
were used to scan X-ray films for observing band 
density. Each experiment was repeated for four 
times (n = 4) for statistical analysis.

Statistical Analysis
SPSS19.0 software (SPSS Inc., Chicago, IL, 

USA) was used to analyze all data, of which me-
asurement data were presented as mean ± stan-
dard deviation (SD). For the One way analysis of 
variance (ANOVA), the LSD Post-hoc test was 

used to compare means across multiple groups. A 
statistical significance was defined when p<0.05.

Results

Morphology Observation and 
Identification of BMSCs

Primary cultured rat BMSCs were inoculated. 
We found large amounts of suspended round cells 
and debris. Further observation of primary cul-
tured cells at 24 h found attached growth of cel-
ls, with smaller spindle shapes and perturbation, 
which was elongated with further culture. Cells 
showed colony growth with more perturbations, 
and gradually transformed to evenly distributed 
proliferation. Cells were transformed to narrowly 
arrange large spindle shapes with squirrel like 
features from short spindle. After passage, cells 
showed similar morphology (Figure 1). Immu-
nofluorescent assay showed positive expression 
for CD29 and CD44 of BMSCs (Figure 2).

Facilitation of BMSCs Homing by 
Ultrasound Microvesicle

Real-time PCR was used to test SRY mRNA 
expression in BMSCs and ultrasound microve-
sicle groups, for determining the effect of ultra-
sound microvesicle on homing of BMSCs. Re-
sults showed significantly elevated SRY mRNA 
expression by ultrasound microvesicle (p<0.05 
compared to BMSCs group, Figure 3).

Facilitation of BMSCs Homing by 
Ultrasound Microvesicle and Effects on 
Cerebral Infarction

We measured the effect on rat cerebral infar-
ction area after facilitating BMSCs homing by 
ultrasound microvesicle. Results showed signi-
ficantly elevated infarction area in rats (p<0.05 
compared to sham group). The facilitation of 
homing by tail vein injection of BMSCs or ul-
trasound microvesicle all significantly increased 
cerebral infarction area percentage (p<0.05 com-
pared to model group). Ultrasound microvesicle 
group had more potent suppression of cerebral 
infarction area (p<0.01, Figure 4).

Effects on Caspase 3 activity by the 
Facilitation of BMSCs Homing from 
Ultrasound Microvesicle

Caspase 3 activity assay kit was used to analy-
ze the effect of ultrasound microvesicle-facilitated 
BMSCs homing on caspase 3 activity on cerebral 

Figure 1. Morphology of BMSCs after 3rd passage (×100).
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infarction rats. Results showed significantly eleva-
ted caspase 3 activities in rat brain tissues in cere-
bral infarction model group (p<0.05 compared to 
sham group). The facilitation of homing by tail vein 
injection of BMSCs or ultrasound microvesicle all 
significantly lowered caspase 3 activity (p<0.05 
compared to model group). Ultrasound microvesicle 
group had more potent effects (p<0.01, Figure 5).

Effects on VEGF and NF-κB mRNA by the 
facilitation of BMSCs Homing from 
Ultrasound Microvesicle

Real-time PCR was used to analyze the effect 
of ultrasound microvesicle-facilitated BMSCs ho-
ming on VEGF and NF-κB mRNA expression in 
cerebral infarction rats. Results showed significant-

ly decreased VEGF mRNA and increased NF-κB 
mRNA in rat brain tissues in cerebral infarction 
model group (p<0.05 compared to sham group). 
The facilitation of homing by tail vein injection of 
BMSCs or ultrasound microvesicle all significantly 
enhanced VEGF mRNA expression and lowered 
NF-κB mRNA expression (p<0.05 compared to 
model group). Ultrasound microvesicle group had 
more potent effects (p<0.01, Figure 6).

Effects on VEGF and NF-κB Protein 
Expression by the Facilitation of BMSCs 
Homing from Ultrasound Microvesicle

Western blotting was used to analyze the effect 
of ultrasound microvesicle-facilitated BMSCs 
homing on VEGF and NF-κB protein expression 

Figure 2. Characterization of BMSCs (×100). 

Figure 3. SRY mRNA expression analysis in BMSCs. *, 
p<0.05 compared to BMSCs group.

Figure 4. Facilitation of BMSCs homing by ultrasound micro-
vesicle and effects on cerebral infarction. *, p<0.05 compared 
to sham group; #, p<0.05, ##, p<0.01 compared to model group.
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in cerebral infarction rats. Results showed signi-
ficantly decreased VEGF and increased NF-κB 
protein in rat brain tissues in cerebral infarction 
model group (p<0.05 compared to sham group). 
The facilitation of homing by tail vein injection 
of BMSCs or ultrasound microvesicle all signifi-
cantly enhanced VEGF expression and lowered 
NF-κB protein expression (p<0.05 compared to 
model group). Ultrasound microvesicle group had 
more potent effects (p<0.01, Figures 7 and 8).

Discussion

Focal blood supply dysfunction of brain cau-
sed by various reasons can lead to cerebral ische-
mia-hypoxia lesion and necrosis, further lea-
ding to relevant neurological disorder in clinics. 
Among all subtypes of brain infarction, cerebral 
artery thrombosis is the most common one19. As 
ischemia brain injury is often accompanied with 
vascular endothelial injury, neural cell injury or 
dysfunction, the effective facilitation on endothe-
lial cell regeneration and treating neurological 
injury are critical questions in treating brain in-

farction20. BMSCs as pluripotent stem cells type, 
have pluripotent differentiation potency, inclu-
ding those towards neural cells and endothelial 
tissues, thus making them one novel type of tar-
get cells for brain ischemia treatment21. Previous 
study22 showed the repair of injury site via venous 
transplantation of BMSC, indicating a homing 
function by BMSC via migration inside the body, 
although leaving its molecular mechanism not 
being illustrated.

This study isolated and cultured rat BMSCs, on 
which morphology observation and immunofluo-
rescent identification were performed. Results 
showed fibroblast-like morphology of BMSCs, 
which had parallel arrangement of elongated spin-
dle shapes. Immunofluorescence revealed positive 
expression for CD29 and CD44 of BMSCs, indica-
ting BMSCs features of isolated cells in this work. 
As venous transfusion of BMSCs had unfavorable 
targeting and lower efficiency, further ultrasound 

Figure 5. Effects on caspase 3 activity by the facilitation 
of BMSCs homing from ultrasound microvesicle. *, p<0.05 
compared to sham group; #, p<0.05, ##, p<0.01 compared to 
model group.

Figure 6. Effects on VEGF and NF-κB mRNA by the fa-
cilitation of BMSCs homing from ultrasound microvesicle. 
*, p<0.05 compared to sham group; #, p<0.05, ##, p<0.01 
compared to model group.

Figure 7. Effects on VEGF and NF-κB protein expression 
by the facilitation of BMSCs homing from ultrasound mi-
crovesicle.

Figure 8. Analysis of effects on VEGF and NF-κB protein 
expression by the facilitation of BMSCs homing from ultra-
sound microvesicle. *, p<0.05 compared to sham group; #, 
p<0.05, ##, p<0.01 compared to model group.
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microvesicles could facilitate their homing. Ultra-
sound microvesicles can be targeted to specific si-
tes, and interact with peripheral tissues and cells 
via cavitation and mechanical effects, to elevate 
permeability of vessels and membrane, plus the 
providing for suitable environment for survival 
of migrated stem cells23. This study utilized SRY 
gene to track BMSCs expression, and found signi-
ficantly elevated BMSCs homing in cerebral infar-
ction, and improvement of cerebral infarction area 
for improving infarction condition.

Further analysis of related molecular mecha-
nism revealed large amounts of neuron apoptosis 
or death after cerebral ischemia injury, accompa-
nied with significantly elevated caspase 3 activi-
ty. Further injury of vascular endothelial cells can 
decrease VEGF secretion and down-expression24. 
In the formation of cerebral infarction, NF-κB 
activation, elevated expression can up-regulate 
the expression of multiple pro-inflammatory fac-
tors, adhesion molecule and chemokines to form 
an inflammatory network, further aggravating 
cerebral infarction7,25. This paper demonstrated 
significantly depressed cerebral infarction area 
after BMSCs transplantation, plus lower caspa-
se 3 activity or NF-κB expression, and elevated 
VEGF expression. Microvesicles induced BMSCs 
transplantation had more potent effect. These re-
sults collectively suggested that BMSC transplan-
tation could improve cell proliferation-apoptotic 
balance in injury brain tissues, while ultrasound 
microvesicles could facilitate BMSC homing, 
further improving proliferation-apoptosis balan-
ce, suppressed inflammatory environment, and 
up-regulated VEGF expression, further facilita-
ting repair of vascular endothelial cells.

Conclusions

Ultrasound microvesicles could facilitate homing 
of cerebral infarction, and improved cerebral infar-
ction via up-regulating VEGF expression, inhibiting 
NF-κB expression and regulating apoptosis.
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