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Abstract: Spontaneous intracerebral hemorrhage (ICH) is a common and fatal subtype of stroke, with hyperten-
sion the most common cause of this disorder. Bone marrow derived mesenchymal stem cells (BM-MSCs) have 
been shown to elicit protective properties in stroke models. In the present study, male spontaneously hypertensive 
rats (SHR) were subjected to ICH by intracerebral injection with autologous blood, Wistar-Kyoto (WKY) rats were 
employed as control. The neurological function outcomes and blood-brain barrier (BBB) were assessed after BM-
MSCs transplantation. Our results showed that BM-MSCs grafts via the tail vein significantly decreased the modified 
neurological severity score (mNSS) and the modified limb placing test (MLPT) score at 14 days after ICH, and the 
scores were gradually lowered till the end of test. Furthermore, BM-MSCs transplantation effectively attenuated the 
BBB permeability compared with the vehicle only group, as evidenced by the low level of Evans blue leakage in the 
BM-MSC group. In addition, we found that BM-MSCs grafts elevated the levels of tight junction associated protein 
occludin, and type IV collagen. Taken together, our results suggest that intravenously transplanted BM-MSCs exert 
therapeutic effects on ICH in spontaneously hypertensive rats. The underlying mechanisms are associated with the 
enhanced neurological function recovery and increased integrity of BBB. Our results provide the increased under-
standing of the underlying mechanisms and perspective of BMSCs in treatment for stroke.
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Introduction

Stroke is a leading cause of death and associ-
ated with long-term disability for survivors. 
Spontaneous intracerebral hemorrhage (ICH) is 
a common and fatal subtype of stroke, account-
ing for about 10-15% of all strokes worldwide 
[1], however, it can lead to more devastating 
outcomes than the ischemic stroke. Previous 
studies have showed that a variety of etiologies 
attribute to this event, among which hyperten-
sion is the most common cause of ICH. In 
recent decades, despite considerable progress 
made in animal and preclinical studies, there 
are still no effective therapeutic strategies for 

clinical practice. Thus, it is very important  
to further understand the mechanisms and  
develop novel therapy strategies for stroke. 
Spontaneously hypertensive rat (SHR) is a good 
animal model of human primary hypertension 
and extensively used in cardiovascular and neu-
rological diseases. SHR obtains from Wistar-
Kyoto (WKY) rat and begins to increase blood 
pressure at about 5-6 weeks of age. It has been 
shown that SHR models with intracerebral hem-
orrhage could induce more severe neurological 
deficits than WKY rat [2], and the efficacy of 
treatment in experiments with health animals 
are usually overstated when compared with ani-
mals with comorbidities, like hypertension [3]. 
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SHR model based studies may provide much 
precise data for pre-clinical trials as recom-
mendations [4].

Bone marrow mesenchymal stem cells 
(BM-MSCs) are self-renewing and multipotent 
cells, which can differentiate into various cell 
types, such as osteoblasts [5], adipocytes [6], 
chondroblasts, vascular smooth muscle cells, 
etc [7, 8]. Previous studies have shown that 
BM-MSCs can exert anti-inflammatory, anti-
apoptosis and regenerative properties in many 
diseases, including stroke [9-11]. It has been 
reported that BM-MSCs could pass through the 
blood-brain barrier (BBB) without disrupting the 
host brain architecture [12]. Transplantated 
BM-MSCs via intracerebral or intravenous route 
can migrate to the injured sites and differenti-
ate into neurons or secrete various neurotroph-
ic factors and promote functional improvement 
[13, 14]. Recently, Ito M and colleagues demon-
strated that transplantation of BM-MSCs pro-
tected neurovascular units and ameliorated 
brain damage in SHR model [15]. Moreover, the 
transplanted BM-MSCs exerted its protective 
effects in SHR model through suppressing oxi-
dative stress and apoptosis [16]. However, 
whether MSCs could improve neurologic func-
tion and ameliorate BBB dysfunction after ICH 
in SHR still poorly understood.

To better understand the effects of BM-MSCs 
transplantation on stroke, in the present study, 
we used autologous blood injection to induce 
ICH in SHR, long-term effects of BM-MSCs 
transplantation on ICH evoked neurological 
deficits and blood-brain barrier dysfunction in 
SHR were investigated.

Methods

Isolation and culture of bone marrow-derived 
BM-MSCs

All animal experiments were conducted with 
the approval of the Experimental Animal Ethics 
Committee of Harbin Medical University. Bone 
marrow stromal cells BM-MSCs were harvested 
from femurs and tibias of 8-week-old male 
SHR, as described previously [15, 17]. Briefly, 
SHR was sacrificed and placed in 70% alcohol 
for disinfection. Both femurs and tibias were 
detached from muscle and soft tissue. Bone 
marrow cells were flushed out from bones with 
2 ml of DMEM medium (Gibco, Carlsbad, CA, 
USA). The resulted cell suspension was centri-

fuged and depleted the red blood cells with Red 
Blood Cell Lysis Buffer (Solarbio science, 
Beijing, China), After that, the cells were resus-
pended, seeded at a density of 1×105/ml in a 
cell culture flask and cultured at 37°C with 5% 
CO2. The medium containing non-adherent 
cells was discarded 24 hours later, and fresh 
medium was added. Every 4-5 days, the cul-
tured cells were digested with 0.25% trypsin for 
passage when 80% confluence. Cells through 
the third passages were collected and pre-
served for the following experiments.

Identification and labeling of BM-MSCs

BM-MSCs were collected following the third 
passage, after centrifugation, a suspension 
containing 1×106 single cells was incubated 
with one of the primary antibodies against 
CD90 (1:100, Ebioscience, Headquarters, San 
Diego), CD29 (1:100, Ebioscience), and CD45 
(1:100, Ebioscience) for 40 min, all of which 
were conjugated to APC. Cell identification was 
performed via flow cytometry (Becton-Dickin- 
son, San Jose, CA).

Prior to transplantation, BM-MSCs were labeled 
with PKH26 red fluorescence cell linker kit 
(Sigma-Aldrich, Saint Louis, MO, USA) accord-
ing to the manufacturer’s instructions [3]. In 
brief, 2×107 cells were resuspended in 1 ml of 
diluent C and added into the dye solution; after 
incubating at 25°C for 5 min, 2 ml of FCS was 
added to stop the reaction, Cells were supple-
mented with 4 ml of complete medium and 
washed three times. The pre-labeled BMSCs 
were recultured for further study. At 7, 14, 28, 
and 42 days after injury, the brain tissue were 
removed for frozen section, tracking of the 
PKH26 labeling BMSCs were visualized using a 
fluorescence microscope.

Animals and study design

Male SHR and WKY rats were purchased from 
Vital River (Vital River Laboratory Animal 
Technology Co., Ltd, Beijing, China). SHR were 
divided into BM-MSC+SHR and SHR + vehicle 
only (n=24 in each group) groups, WKY rats 
were employed as control group (n=12). The 
surgery was performed as previously described 
with slight modification [18]. Briefly, rats were 
anesthetized with 10% of Chloral hydrate (3 ml/
kg, intraperitoneally) and immobilized in a ste-
reotaxic frame. A midline skin incision was 
made and the skull was perforated using a 0.5 
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mm dental drill (2.9 mm lateral to midline). 50 
μL of autologous blood collected from right 
femoral artery was infused over 5 min, the nee-
dle was left in place for 3 min, and withdrawn 
slowly. The bone hole was sealed with bone 
wax, the scalp wound was sutured, and the ani-
mal was placed in a cage with free access to 
food and water. WKY rats only subjected to the 
surgery without blood injection. For experiment 
design, each animal in BM-MSC+SHR group 
was injected with 1×106 PKH26 pre-labeled 
BM-MSCs (100 μl) via the tail vein. Animals in 
the SHR group received an equal volume of 
vehicle. The body weight and blood pressure 
were measured at 7, 14, 28, 42 days post ICH 
using the tail-cuff method as previously 
described. The brain tissues were collected at 
14 days after ICH.

Assessment of neurological function

The neurological function of rats was assessed 
using the modified Neurological Severity Score 
(mNSS) [19] and Modified limb placing test 
(MLPT) [20]. Neurologic functions were scored 
by two investigators blind to the experimental 
conditions. The tests were performed before 
and 1, 3, 7, 14, 28, and 42 days post-ICH. 
Neurologic function was graded 0-18 scores (0, 
normal; 18, maximal deficit) and 0-10 (0, nor-
mal; 10, maximal deficit), respectively.

Evans blue staining

BBB integrity was assessed by Evans blue 
staining. Evans blue (2% solution 2 mL/kg) was 
injected into the tail vein 6 h before sacrifice at 
7, 14, 28, 42 days post- injury. The rats were 
transcardially perfused with heparinized phos-
phate-buffered saline to remove the intravas-
cular dye. For qualitative examinations, brains 
were snap-frozen, then sectioned into 20 μm 
slices, the extravasation of Evans blue dye was 
observed under a fluorescence microscope 
(excitation 620 nm, emission 680 nm).

Western blotting

The brain samples from each group were 
homogenized and total proteins from the 
homogenate were extracted by RIPA lysis buffer 
(Beyotime), total protein concentrations were 
determined using the Bradford assay. Equal 
amounts of protein (30 μg) were separated by 
8% SDS-PAGE and the separated proteins were 

then transferred onto a polyvinylidene difluo-
ride membrane (Millipore, Bedford, MA, USA). 
After that, the membrane was blocked with 5% 
skim milk at room temperature for 1 h, followed 
by incubation with primary Occludin antibody 
(1:1000 dilution, Wanleibio) at 4°C overnight. 
Subsequently, after three washes with TBST, 
the membrane incubated with horseradish per-
oxidase-conjugated secondary antibody at 
room temperature for 1 h. The targeted pro-
teins were visualized using the enhanced che-
miluminescence (ECL) substrate, and analyzed 
by Image J software. The β-actin protein served 
as an internal control.

Immunofluorescence staining

The expression of occludin and collagen IV was 
determined by immunofluorescence analyses. 
In brief, frozen sections of brain (5-7 μm) were 
fixed in acetone at 4°C for 15 min, followed by 
antigen retrieval for 10 min. After blocking non-
specific sites with blocking solution at room 
temperature for 30 min, the sections were incu-
bated with the corresponding primary antibod-
ies After three washes with PBS, the (occludin 
1:100 dilution, Wanleibio, Shenyang, China; col-
lagen IV 1:50 dilution, Santa Cruz Biotechnology, 
Santa Cruz, CA) at 4°C overnight. The sections 
were then washed three times with PBS and 
incubated with corresponding FITC- labeled 
secondary antibodies (Beyotime, Haimen, 
China) for 30 min. After a nuclear staining step 
with DAPI (4,6-diamino-2-phenylindole) (Sigma-
Aldrich), the sections were mounted in buffered 
glycerin and visualized under a fluorescent 
microscope (Olympus IX53, Tokyo, Japan).

Statistical analysis

All data were expressed as mean ± standard 
deviation. One-way analysis of variance was 
used for the analyses between the groups; 
Bonferroni’s post hoc test was used for multi-
ple comparisons. Values of P<0.05 were con-
sidered statistically significant.

Results

Characterization of BM-MSCs and distribution 
in the brain

The morphology of BM-MSCs was photo-
graphed after the third passage, as shown in 
Figure 1A, BMSCs exhibited typical spindle-
shaped morphology as previously described 
[21]. It has been reported that BM-MSCs are 
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characterized for the presence of mesenchy-
mal surface antigens (such as CD90 and 
CD29), and the absence of hematopoietic 
markers (such as CD45). To identify the cul-
tured cells, the cell surface markers of 
BM-MSCs were determined by flow cytometry. 
As shown in Figure 1B, More than 90% of the 
cells expressed the mesenchymal stem cell 
markers CD29 and CD90, whereas less than 
7% of the cells expressed CD45. The results 

indicated that the cultured cells were mesen-
chymal stem cells, can be used for further 
study. BM-MSCs pre-labeled with PKH26 were 
used for in vivo transplantation, the temporal 
distribution of BM-MSCs in the brain were 
determined at 7, 14, 28, and 42 days after inju-
ry. As shown in Figure 1C, amounts of BM-MSCs 
labeled with PKH26 were present in the brain 
tissue, and the cells gradually decreased at the 
end of experiment.

Figure 1. Characterization of BM-MSC and temporal distribution in the brain (A) Morphology of MSCs (the third pas-
sage, magnification 100×) BM-MSCs exhibited fibroblast-like morphology (B) Phenotypes of BM-MSCs. The present 
(CD29, CD90) or absent (CD45) surface markers of BM-MSCs were determined by flow cytometry. (C) Distribution 
of BM-MSCs pre-labeled with PKH26 in the brain. BM-MSCs pre-labeled with PKH26 were transplanted in SHR via 
the tail vein, the frozen brain section from 7, 14, 28, 42 days after ICH were measured by immunofluorescence, 
double staining of PKH26 (red fluorescence) and DAPI (blue fluorescence) was shown, magnification 200×, scale 
bar 50 μm.
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Effects of BM-MSC transplantation on blood 
pressure and neurologic function of SHR

The sytolic artery blood pressure (SBP) and dia-
stolic blood pressure (DBP) from each group 
rats were measured at 7, 14, 28, and 42 days 
after ICH. Figure 2A, 2B showed that the SBP 
and MBP of BM-MSC or vehicle transplanted 
SHR were significantly higher than WKY group. 
For example, at 42 days post-ICH, the SBP/DBP 
in BMSCs grafts group was 181.53±5.1/142.67 
±4.48 mmHg; the vehicle group was 184.6± 
6.8/147.8±7 mmHg, the WKY group was 
109.23±5/84.8±4.29 mmHg (BM-MSC+SHR 
or SHR vs. the WKY, P<0.01). The blood pres-
sure of WKY rats did not change during the 
experiment. The effect of BM-MSC grafts on 

neurologic function recovery was evaluated 
using mNSS and MLPT scores before and 1, 3, 
7, 14, 28, and 42 days post-ICH. Figure 2C, 2D 
showed that the mNSS scores and MLPT scores 
in the BM-MSC group were significantly 
decreased at 14 days post-ICH compared to 
those of the vehicle transplanted group 
(P<0.01). Both scores showed a sharp fall after 
14 days and maintained to the end of test. 
There were no significant differences between 
BM-MSC and vehicle transplanted group during 
the first seven days after ICH (P>0.05).

BM-MSCs grafts ameliorates ICH induced 
blood-brain barrier dysfunction in SHR

Previous studies have shown that ICH causes 
primary and secondary BBB dysfunction. Evans 

Figure 2. Effects of MSCs transplantation on blood pressure and neurologic function of SHR. (A) Sytolic artery blood 
pressure (SBP) and (B) diastolic blood pressure (DBP) of rats from each group were determined at 7, 14, 28, and 
42 days post-ICH. The neurological function of rats was assessed using the (C) modified Neurological Severity Score 
(mNSS) and (D) Modified limb placing test (MLPT) were performed for neurological function before and after ICH. 
All of the experiments were performed in triplicate, data are presented as the mean ± standard deviation; (A, B) 
compared with the WKY group, **P<0.01; (C, D) compared with the SHR group, *P<0.05 or **P<0.01.
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Figure 3. Effect of BM-MSCs grafts on ICH induced blood-brain barrier dysfunction in SHR. Frozen brain sections 
from 14 days post-ICH were observed under a fluorescence microscope, magnification 400×, scale bar 20 μm.

Figure 4. BM-MSCs increases the expression of collagen IV in the brain. Images showing immunofluorescence stain-
ing for collagen IV (green) and DAPI for nucleus (blue) in the WKY, BM-MSC+SHR, and SHR groups. The brain tissues 
were collected at 14 days after ICH, magnification 400×, scale bar 20 μm.



Protective of BM-MSCs in intracerebral hemorrhage

4721 Int J Clin Exp Pathol 2015;8(5):4715-4724

blue dye is a well used marker of BBB leakage, 
because it has a very high affinity for serum 
albumin, which cannot pass through the BBB in 
normal circumstances. The effect of BM-MSCs 
on BBB integrity was assessed by Evans blue 
extravasation measurement. As shown in 

Figure 3, ICH caused significantly high levels of 
Evans blue extravasation. Whereas, BM-MSCs 
treatment group presented lower fluorescence 
compared with the SHR group. There was no 
fluorescence in the WKY group at 14 days 
post-ICH.

Figure 5. BM-MSCs increases the expression of occludin in the brain. A. Images showing immunofluorescence stain-
ing for occludin (green) and DAPI for nucleus (blue) in the WKY, BM-MSC (1×106) +SHR, and SHR groups. The brain 
tissues were collected at 14 days after ICH, magnification 400×, scale bar 20 μm. B. The expression of occludin in 
the brain was detected by Western blot; C. β-actin was used as an internal reference to normalize occludin expres-
sion. All of the data are presented as mean ± standard deviation. Compared with the WKY group, ##P<0.01, and 
compared with the SHR group, *P<0.05.
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BMSCs grafts increases the expression of oc-
cludin and collagen IV in SHR

To investigate the further effects of BM-MSCs 
grafts on BBB integrity, we examined the 
expression of tight junctional protein occludin 
and the component of basement membrane, 
collagen IV. Immunofluorescence staining 
results showed that a large number of collagen 
IV positive cells presented in the brain tissue of 
WKY rat, while the expression of collagen IV sig-
nificantly decreased in ICH rats compared to 
the WKY group, BM-MSCs grafts reversed the 
decrease (Figure 4). Simultaneously, the 
expression of occludin was also up-regulated 
after BMSCs grafts compared with the vehicle 
group (Figure 5).

Discussion

The current study was undertaken to investi-
gate the impact of intravenous delivery of 
BM-MSCs on ICH induced neurological deficits 
and BBB disruption in SHR. Our results indicate 
that intravenously transplantation of BM-MSCs 
improved the neurological function and BBB 
restoration which were impaired by ICH. To the 
best of our knowledge, we provide the first evi-
dence that systemically transplanted BM-MSCs 
exert long-term neuroprotective properties in 
SHR with intracerebral hemorrhage.

BM-MSCs are emerging as therapeutic candi-
date in a variety of disease including stroke [8]. 
Because the multipotent cells are easily isolat-
ed from bone marrow and expanded rapidly in 
vitro [22]. Previous studies have shown that 
BMSCs are lack of the hematopoietic markers 
like CD34, CD45, CD14, CD19, HLA-DR, or 
CD79α, but positively express CD73, CD90, 
CD105, CD29, CD44 [23-26]. In the present 
study, we found that the BM-MSCs cultures 
exhibited typical fibroblast-like morphology as 
previously reported [16, 17]. For identification 
of BMSCs, the presence or absence of markers 
of BM-MSCs were further determined at the 
third passage. Our results showed that the 
expanded BMSCs were uniformly positive for 
CD29 and CD90, while negative for CD45. 
Subsequently, we investigated the temporal 
distribution of the transplanted BM-MSCs in 
the brain tissues. Our results revealed that 
PKH26-labeled BM-MSCs were long-term pres-
ent in the brain of SHR, and the results were in 
line with a recent study, which reported that the 

BM-MSCs presented in the brain until 30 days 
in a spontaneous stroke model [16].

Previously, Minnerup et al [3] reported that  
the bone marrow-derived mononuclear cells 
(BM-MNCs) did not improved the functional out-
come at early stage of stroke in SHR. Consistent 
with this finding, our results showed that there 
were no significant differences between the 
BM-MSCs and the vehicle groups at 1 and 7 
days after ICH. However, BM-MSCs grafts sig-
nificantly improved neurological recovery at 14 
days post- ICH, and the mNSS and MLPT scores 
were much lower than that of the vehicle group 
until 42 days post-ICH. Results from our study 
indicate that BM-MSCs may exert long-term 
neuroprotective effects during ICH in SHR 
model.

Previous studies have demonstrated that dis-
ruption of the BBB plays an important role in 
the development of neurological dysfunction in 
stroke [27, 28]. The BBB is a dynamic, complex 
structure that plays an important role in pro-
tecting the neuronal microenvironment [29]. It 
is formed by the basement membranes, cere-
bral endothelial cells (pericytes, astrocyte end 
feet) and tight junctions [30]. Collagen type IV is 
one of the major functional components of the 
basement membranes, which provide scaffold 
for cerebral endothelial cells interacting with 
each other[31]. Occludin is described one main 
component of tight junctions [32, 33]. Altered 
or loss of occludin and collagen IV expression 
were frequently observed in the compromised 
BBB in stroke models [15, 34-36]. In the pres-
ent study, we found that BM-MSCs transplanta-
tion reduced the BBB permeability, as indicated 
by the low level of Evans blue extravasation. 
Moreover, the expression of occludin and col-
lagen IV was decreased after ICH, BM-MSCs 
grafts up-regulated the collagen IV and occlu-
din protein levels in the injured brain. Our 
results indicate that BM-MSCs grafts restore 
ICH- induced BBB disruption, closely related 
with the up-regulation of tight junction protein 
occludin and the collagen IV.

In conclusion, results from the present study 
suggest that intravenously transplanted 
BM-MSCs exerts therapeutic effects in 
Spontaneously hypertensive rats with ICH, the 
underlying mechanisms involve enhanced neu-
rological function recovery and improved integ-
rity of the blood brain barrier. Our results may 
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provide increased understanding of the under-
lying mechanisms and perspective of BM-MSCs 
in treatment for stroke.
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