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Abstract: Interleukin-1β (IL-1β) plays an important role in brain injury after focal ischemia, and bone marrow-derived 
mesenchymal stem cells (BMSCs) are capable of reducing the expression of IL-1β, we investigated the effects of 
BMSCs transplantation on brain edema and cerebral infarction as well as the underlying mechanisms via IL-1β. 
Male Sprague-Dawley rats were randomly divided into five groups: Normal + phosphate-buffered saline (PBS), mid-
dle cerebral artery occlusion (MCAO) + PBS, Normal + BMSCs, MCAO + BMSCs and MCAO + IL-1ra (an antagonist 
of IL-1β). BMSCs were transplanted 24 hours after MCAO, and brain edema was evaluated by Magnetic Resonance 
Imaging (MRI) and brain water content method after BMSCs transplantation. The expression of NeuN and AQP4 was 
analyzed by immunofluorescence staining. Protein level of AQP4 and IL-1β was detected by western blot analysis 
48 hours after transplantation. The results showed that BMSCs transplantation reduced brain edema by measure-
ment of brain water content and ADC Value of MRI, as well as the expression of AQP4 and IL-1β. It was also found 
that BMSCs transplantation could alleviate the cerebral infarction volume and neuronal damage. Both the brain 
edema and the cerebral infarction were associated with IL-1β expression. In conclusion, BMSCs transplantation was 
capable of alleviating brain edema as well as reducing cerebral infarction via down-regulation of IL-1β expression, 
thus repair the injured brain in focal cerebral ischemic rats. 
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Introduction

Stroke is the second most common cause of 
mortality and the leading cause of adult neuro-
logical disability worldwide [1, 2]. In China, 
stroke has been the leading cause of death 
since 2010 [3]. Thus, it is of great importance 
to find effective therapies to reduce stroke and 
prevent its subsequent death and disability. 
Bone marrow-derived mesenchymal stem cells 
(BMSCs) are multipotent adult stem cells with 
the capacity to differentiate into neural cells. 
Because BMSCs are easily obtainable from 
bone marrow and rapidly expandable for trans-
plantation, they are regarded as potential treat-

ment agents after stroke [4]. But the mecha-
nisms underlying the BMSCs therapy is still 
unclear.

There is growing evidence that inflammation 
plays an important role in the pathophysiology 
of a wide range of transient focal cerebral isch-
emia [5], which included not only the initial 
brain edema but also the subsequent perma-
nent brain injury. Among all the inflammatory 
cytokines, Interleukin-1β (IL-1β) is a key media-
tor of inflammation in cerebral ischemia [6, 7], 
while it had been demonstrated that the redu- 
ction of the expression of IL-1β could offer  
the neuroprotection against focal cerebral isch-
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emia in rats [8, 9]. Thus, it is very important to 
inhibit the IL-1β at the initial period to prevent 
brain injury. Recent studies have showed that 
BMSCs expressed various neurotrophic factors 
[10] that could inhibit the expression of IL-1β 
[11, 12], which is known to play a role in the 
formation of brain edema after ischemia, but 
the underlying neuroprotective mechanisms 
were still unclear. Water channel protein 4 
(Aquaporin-4, AQP4) is widely distributed in the 
brain and plays important roles in regulating 
water [13]. Some studies have shown that IL-1β 
stimulates the expression of AQP4 via the 
nuclear factor-κB pathway [14]. So we hypothe-
sized that BMSCs transplantation might inhibit 
the immune inflammatory reaction via IL-1β, 
thus decreasing the expression of AQP4 and 
relieving brain edema and neuron damage. 

Therefore, in this study, we would explore the 
effects of BMSCs transplantation on IL-1β, 
AQP4 expression, and brain edema followed by 
blocking or increasing the expression of IL-1β, 
and then observe the changes in AQP4 expres-
sion, edema and cerebral infarction volume by 
tissue staining, western blots analysis, brain 
water content measurement and Magnetic res-
onance imaging (MRI) techniques, especially 
diffusion-weighted images (DWI) after BMSCs 
transplantation in rats subjected to transient 
focal cerebral ischemia.

Materials and methods

Experimental animals and study design

Adult male Sprague-Dawley rats (weight 260 ~ 
280 g from the Shandong Traditional Medicine 
University) were randomly divided into five 
groups: (1) normal control + PBS group [N + 
PBS, normal rats receiving PBS]; (2) Middle 
cerebral artery occlusion (MCAO) + PBS group 
(MCAO rats receiving PBS); (3) normal control + 
BMSC group [N + BMSCs, normal rats receiving 
BMSCs]; (4) MCAO + BMSC group (MCAO rats 
receiving BMSCs); and (5) MCAO + IL-1ra (MCAO 
rats receiving an equal volume of IL-1ra, an 
antagonist of IL-1β). The protocol was approved 
by the institutional animal care and use com-
mittee of Weifang Medical University. 

Rat transient MCAO model and neurological 
scoring 

A 4-0 monofilament nylon suture, with its tip 
rounded by heating, was advanced from the 

external carotid artery into the lumen until it 
blocked the origin of the middle cerebral artery. 
Two hours after MCAO, reperfusion was 
achieved by withdrawal of the suture. The body 
temperature of the animals was monitored and 
maintained at 37 ± 0.5°C during the entire sur-
gical procedure. 

The neurological function of MCAO rats was 
evaluated according to the ZeaLonga scoring 
method [15]. Neurological scores were asse- 
ssed, and rats that scored 2~3 points were 
included in the experiment. 

Isolation, culture, and characterization of 
BMSCs

BMSCs from Sprague-Dawley rats were pur-
chased from Cyagen Biosciences and cultured 
in low-glucose Dulbecco’s modified Eagle’s 
Medium with 10% fetal bovine serum (FBS, 
Gibco, USA). The surface antigens expression 
of the third-passage BMSCs were examined by 
Cyagen Bioscience via flow cytometry. These 
cells were identified as CD90, CD29 and CD44 
positive, CD34 and CD45 negative. 

BMSCs transplantation

Twenty-four hours after MCAO procedure, rats 
in the MCAO + BMSCs and N + BMSCs groups 
were transferred to a stereotaxic apparatus, 
and 3×106 living cells/2 μL were transplanted 
via lateral ventricle with a 5-μL Hamilton micro-
syringe. The MCAO + IL-1ra group was injected 
with IL-1ra at the same time. The N + PBS and 
MCAO + PBS groups were injected with 2 μL 
PBS at the same time. 

MRI T2-weighted imaging and DWI detection 
and MRI analysis

Animals were anesthetized and placed in the 
MRI apparatus, an Achieva 3.0 T horizontal-
bore magnet (Philips, Best, The Netherlands) 
equipped with a dedicated solenoid rat coil at 
6, 24, and 48 hours after transplantation. Two 
sequences were used: a T2-weighted imaging 
sequence (T2WI) and a DWI with the following 
parameters: repetition time (TR) 2000 ms, 
echo time (TE) 101 ms, Matrix 320×640, field 
of view (FOV) 48 × 48 mm, slice thickness 1.0 
mm; for DWI, TR 1800 ms, TE 55 ms, Matrix 
112×176, FOV = 50 × 50 mm. The following 
diffusion-sensitive coefficient was taken: b = 
800 s/mm2 and b = 0 s/mm2. The ADC images 
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min for 1 hour at 37°C. Sections were subse-
quently incubated with the primary antibodies 
(NeuN 1:100 dilution, chemicon and AQP4 1:75 
dilution, Santa Cruz Biotechnology) at 4°C over-
night. After washing, slices were incubated with 
appropriate second antibodies for 1 hour at 
37°C in the dark and then washed. The slices 
were rinsed and covered with fluorescence 
DAPI mounting medium (F6057, Sigma, USA). 
Staining was visualized and analyzed by fluo-
rescence microscope and cellscanning soft-
ware 1.6 (BX-51, Olympus, Japan). 

Western blot analysis

Fresh brain tissue was obtained 48 hours after 
transplantation. Samples, ground into fine pow-
der and homogenized in a tissue-lysis buffer, 

were acquired and their mean relative ADC val-
ues were measured using Functool software. 

Measurement of brain water content   

After deep anesthesia, the injured hemispheres 
were removed and immediately weighed to 
obtain the wet weight. Then the samples were 
dried in an oven at 100°C for 24 h and 
reweighed to obtain the dry weight. The brain 
water content (BW) was then calculated with 
the following formula: BW = [(wet weight - dry 
weight)/wet weight] × 100%.

2,3,5 - triphenyltetrazolium chloride (TTC) 
staining

Rats were deeply anesthetized 48 hours after 
transplantation; brains were removed immedi-

ately, stored at -20°C for 
about 20 minutes, and then 
cut into 2-mm slices. The slic-
es were incubated with a 1% 
TTC solution at 37°C for 30 
minutes, and then fixed with 
4% paraformaldehyde for 24 
hours. The stained slices 
were photographed and the 
size of the infarct determined 
using cellscanning 16.0 soft-
ware. Infarct volume was cal-
culated as a volume percent-
age of the lesion compared 
with the contralateral hemi-
sphere, 6 rats in each group. 
Infarct percentage = Infarct 
volume (contralateral hemi-
sphere region - noninfarcted 
region in the ipsilateral hemi-
sphere)/volume of the contra-
lateral hemisphere × 100%.

Tissue preparation and neu-
ron-specific nuclear protein 
(NeuN)/DAPI and AQP4/DAPI 
immunofluorescence staining   

After deep anesthesia, the 
brains were removed 48 
hours after transplantation, 
embedded in paraffin. 3-µm 

coronal sections were cut, 
and placed on polylysine-
coated slides. Sections were 
deparaffinized, and antigen 
was retrieved by microwave 
and blocked in serum albu-

Figure 1. Effects of BMSCs transplantation on infarct volume. A. The infarct 
areas were visualized by TTC staining. Representative coronal sections in-
dicate the following groups: N + PBS, MCAO + PBS, N + BMSCs, MCAO + 
BMSCs, and MCAO + IL-1ra groups. No infarction areas were observed and 
all the brain tissues were stained red in the N + PBS and N + BMSCs groups. 
The infarction areas were stained white and observed in the MCAO + PBS, 
N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups. B. The bar chart 
showed the percentage of infarct volume of different groups. Error bars show 
standard deviation, *P < 0.01 versus the MCAO + PBS group, #P < 0.01 ver-
sus the MCAO + BMSCs group. 
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were electrophoresed on 12% polyacrylamide 
gels together with prestained low-molecular-
weight markers (BioRad, USA) and transferred 
to nitrocellulose membrane filters with Tris-

glycine-methanol buffer (pH 8.3). The mem-
brane was blocked in 5% powdered milk for 1 h, 
then incubated with AQP4 (1:500 dilution, 
Santa Cruz Biotechnology), IL-1β (1:400 dilu-

Figure 2. Effects of BMSCs transplantation on neurons in the cortex and striatum. A. NeuN/DAPI immunofluores-
cence staining in the cortex. NeuN+DAPI+ cells were stained both red and blue in the nucleus (white arrows). a-e 
indicate the N + PBS, MCAO + PBS, N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups in the cortex. The scale 
bar is 20 μm and is labeled in each figure. f indicates the bar chart, which shows the percentage of NeuN+DAPI+ 
cells to the contralateral side in the cortex. Error bars show standard deviation, *P < 0.01 versus the MCAO + PBS 
group, #P < 0.01 versus the MCAO + BMSCs group. B. NeuN/DAPI immunofluorescence staining in the striatum. 
g-k indicate the N + PBS, MCAO + PBS, N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups respectively in the 
striatum. The scale bar is 20 μm and is labeled in each figure. l indicates the bar chart, which shows the percentage 
of NeuN+DAPI+ cells to the contralateral side in the striatum. Error bars show standard deviation, *P < 0.01 versus 
the MCAO + PBS group, #P < 0.01 versus the MCAO + BMSCs group.
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tion, Santa Cruz Biotechnology) or GAPDH 
(1:2000, proteintech Group) at 4°C overnight. 
The membrane was washed with 10% Tween 
PBS and then incubated with the appropriate 
HRP-conjugated second antibodies at room 
temperature for 2 h. After thorough washing, 
the positive band was revealed using ECL 
detection reagents and autoradiography film. 
The relative concentration of AQP4 or IL-1β pro-
tein is expressed as the ratio of the optical den-
sity (OD) of AQP4 or IL-1β to that of GAPDH.

Statistical analysis

Data are presented as mean ± standard devia-
tion (SD). Analysis of variance (ANOVA) was 
used to compare mean values among the 
groups. P < 0.05 was considered significant. 
Statistical differences between groups were 
examined by the Newman-Keuls method. 

Results

Decreased infarct volume

The effects of BMSCs transplantation on infarct 
volume were assessed by TTC staining. There 
was no infarct area observed and all the brain 
slices were stained red in the N + PBS and N + 
BMSCs groups. The infarct volume was signifi-
cantly reduced in the MCAO + BMSCs group as 
compared with the MCAO + PBS group (P < 
0.01). The infarct volume was lowered in the 
MCAO + IL-1ra group as compared to the MCAO 
+ PBS (P < 0.01) and the MCAO + BMSCs 
groups (P < 0.01) (Figure 1). 

Qantification of NeuN+DAPI+ cells in the cortex 
and striatum

Fewer NeuN+DAPI+ cells were identified in the 
injured cortex and striatum in the MCAO + PBS 
group compared with the N + PBS group (P < 
0.01). There were more NeuN+DAPI+ cells in the 
cortex and striatum in the MCAO + BMSCs (P < 
0.01) and MCAO + IL-1ra (P < 0.01) groups than 
in the MCAO + PBS group. There was no differ-
ence in the NeuN+DAPI+ cells in both the cortex 
(P > 0.05) and striatum (P > 0.05) between  
the N + PBS and the N + BMSCs groups. 
Furthermore, there were more NeuN+DAPI+ 
cells in the MCAO + IL-1ra group compared with 
the MCAO + BMSCs group in both the cortex (P 
< 0.01) and striatum (P < 0.01) (Figure 2). 

Magnetic resonance imaging

T2-weighted imaging: There were no abnormal 
signals in either cerebral hemisphere of the N + 
PBS or N + BMSCs groups. Six hours after 
transplantation, abnormal signals were obser- 
ved in the MCAO + PBS and MCAO + BMSCs. 
Infarct regions were also identified in the MCAO 
+ PBS, MCAO + BMSCs, and MCAO + IL-1ra 
groups both 24 and 48 hours after transplan- 
tation. 

Diffusion-weighted imaging and ADC analysis

The ADC values of the ischemic area were lower 
in the MCAO + PBS group than in the MCAO + 
BMSCs (P < 0.05) or N + PBS groups (P < 0.01) 
6 hours after transplantation. The ADC values 
24 hours and 48 hours after transplantation 
were higher in the MCAO + BMSCs group than 
in the MCAO + PBS group (P < 0.01). There 
existed no difference in the ADC values 
between the N + PBS and the N + BMSCs 
groups 24 hours (P > 0.05) and 48 hours  (P > 
0.05) after transplantation. Forty-eight hours 
after transplantation, the ADC values were 
higher in the MCAO + IL-1ra group compared 
with the MCAO + BMSCs group (P < 0.05) 
(Figure 3).

Effects of BMSC transplantation on water con-
tent and AQP4 protein

There was no difference in the water content 
between the N + PBS and N + BMSCs groups 
24 hours after transplantation (P > 0.05). Water 
content was lower in the MCAO + BMSCs group 
than in the MCAO + PBS group (P < 0.01). The 
water content was also lower in the MCAO + 
IL-1ra group compared with the MCAO + BMSCs 
group (P < 0.05) (Figure 3).

More AQP4+DAPI+ cells were found in the MCAO 
+ PBS group than in the N + PBS group (P < 
0.01). There was no difference in the 
AQP4+DAPI+ cells between the N + PBS and the 
N + BMSCs groups 24 hours after transplanta-
tion (P > 0.05). There were fewer AQP4+DAPI+ 
cells in the MCAO + BMSCs group than in the 
MCAO + PBS group (P < 0.01). There were fewer 
AQP4+DAPI+ cells in the MCAO + IL-1ra group 
compared with the MCAO + BMSCs (P < 0.05) 
and MCAO + PBS groups (P < 0.01) (Figure 4).

Both IL-1β and AQP4 protein expression were 
higher in the MCAO + PBS group than in the N + 
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Figure 3. Effects of BMSC transplantation on infarct volume, edema and its relationship with IL-1β protein. A. Effects 
of BMSC transplantation on infarct volume on T2WI of MRI. a-e indicate the MRI-T2WI of the N + PBS, MCAO + PBS, 
N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups respectively. White arrows show the abnormal signals in 
the injured brains of all groups. B. Effects of BMSC transplantation on infarction volumes in DWI of MRI. g-k indicate 
ADC images of the N + PBS, MCAO + PBS, N + BMSCs, and MCAO + BMSCs, MCAO + IL-1ra groups respectively. C. 
Bar chart of ADC values of the infarct area in each group. D. Effects of BMSC transplantation on brain water content 
in each group. Error bars show standard deviation, * indicates P < 0.05 vs. the MCAO + PBS group, # indicates P < 
0.05 vs. the MCAO + BMSCs group.
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PBS group (P < 0.01). The MCAO + BMSCs 
group showed lower IL-1β (P < 0.01) and AQP4 
(P < 0.05) protein expression than that in the 

MCAO + PBS group. There was no difference in 
both IL-1β and AQP4 protein expression 
between the N + PBS and the N + BMSCs 

Figure 4. Effects of BMSC transplantation on AQP4 protein in the cortex and striatum. A. AQP4/DAPI immunofluo-
rescence staining in the cortex. The AQP4+DAPI+ cells were stained green in the cytoplasm and blue in the nucleus 
(white arrows). The scale bar is 20 μm and is labeled in each figure. a-e indicate AQP4/DAPI immunofluorescence 
staining of the N + PBS, MCAO + PBS, N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups in the cortex. The 
scale bar is 20 μm and is labeled in each figure. f indicates the bar chart of the number of AQP4+DAPI+ cells in the 
cortex. Error bars show standard deviation, * indicates P < 0.05 vs. the MCAO + PBS group, # indicates P < 0.05 vs. 
the MCAO + BMSCs group. B. AQP4/DAPI immunofluorescence staining in the striatum. g-k indicate the AQP4/DAPI 
staining of the N + PBS, MCAO + PBS, N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups in the striatum. The 
scale bar is 20 μm and is labeled in each figure. l indicates the bar chart of the number of AQP4+DAPI+ cells in the 
striatum. Error bars show standard deviation, * indicates P < 0.05 vs. the MCAO + PBS group, # indicates P < 0.05 
vs. the MCAO + BMSCs group.
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ischemic rats. However, the mechanism under-
lying the BMSCs treatment is still uncertain. It 
is of great importance to clarify the underlying 
mechanism. 

As the inflammatory response contributes to 
the pathogenesis of ischemic brain damage, 
anti-inflammatory treatment becomes one pos-
sible key treatment for cerebral ischemia [16]. 
IL-1β, an important inflammatory factor, is 
closely relevant to brain edema and damage 

groups (P > 0.05). AQP4 protein expression was 
lower in the MCAO + IL-1ra group than in the 
MCAO + BMSCs group (P < 0.05) (Figure 5).

Discussion

In the present study, we investigated the effects 
of BMSCs transplantation on the transient focal 
brain injury in a MCAO rat model. Our results 
showed that an enlargement of infarct volume 
consistent with the increasing abnormal signal 

in the MR-T2-Weighted imag-
ing and reduction of NeuN-
positive cells in the cortex 
and striatum of the cerebral 
hemisphere in MCAO rat mod-
els, which indicated that we 
have set up the MCAO model 
successfully. And less infarct 
volume and abnormal signal 
were observed, so were less 
NeuN positive cells in MCAO 
rats after BMSCs transplan- 
tation, which indicated that 
BMSCs transplantation was 
neuroprotective and could 
alleviate cerebral infarction, 
thus repair the injured brain. 

Brain ischemia could result in 
not only cerebral infarction, 
but also the brain edema, 
especially at the early period. 
In this study, the changes of 
brain edema were observed 
by MRI - DWI, brain water con-
tent and AQP4 staining. 
Results showed that lower 
ADC value, higher brain water 
content and more AQP4 posi-
tive cells were observed, 
which proved that focal brain 
ischemia could result in brain 
edema, and it was in accor-
dance with previous findings 
[18]. After BMSCs transplan-
tation, higher ADC value, low- 
er brain water content and 
less AQP4 positive cells were 
observed, which all indicated 
that BMSCs could alleviate 
brain edema. All the results 
above indicated that BMSCs 
transplantation could reduce 
brain injury in focal cerebral 

Figure 5. Effects of BMSC transplantation on AQP4 and IL-1β proteins in the 
injured cerebral hemisphere. A. Western blot analysis of the expression of 
AQP4 and IL-1β proteins in all groups. Lanes 1-5 denote the N + PBS, MCAO 
+ PBS, N + BMSCs, MCAO + BMSCs, and MCAO + IL-1ra groups, respectively. 
B. The bar chart of AQP4/GAPDH from each group. C. The bar chart of IL-1β/
GAPDH from each group. Error bars show standard deviation. * indicates P < 
0.05 vs. the MCAO + PBS group, # indicates P < 0.05 vs. the MCAO + BMSCs 
group. 
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[17], but it was unknown whether the neuropro-
tective effects of BMSCs transplantation were 
correlated to IL-1β. In this study, the expression 
of IL-1β was elevated in MCAO rats compared 
with normal control rats, which was in accor-
dance with previous findings [18]. After BMSCs 
transplantation, expression of IL-1β were 
reduced in the MCAO + BMSCs group than in 
the MCAO + PBS group, in accordance with the 
alleviation of brain edema and cerebral infarc-
tion volume, which indicated that the neuropro-
tective effects of BMSCs might be associated 
with the down-regulation of IL-1β in focal cere-
bral ischemic rats. To prove our hypothesis, the 
antagonist of IL-1β, IL-1ra protein, was injected, 
both brain edema and cerebral infarction was 
greatly alleviated. This implied that the brain 
injury after transient focal cerebral ischemia 
was associated with the increasing of IL-1β in 
the injured brain hemisphere, and the blockade 
of IL-1β or decline of IL-1β had the neuroprotec-
tive effect on focal cerebral ischemia. And as 
the BMSCs transplantation has the same 
effects as the IL-1ra, we conferred that neuro-
protective effect of BMSCs transplantation was 
correlated with down-regulation of IL-1β.

In conclusion, the data presented here indicate 
that BMSCs transplantation was neuroprotec-
tive, alleviated the expression of AQP4 protein 
and brain edema, and reduced brain damage 
by down-regulation of IL-1β, thus repaired the 
injured brain in MCAO rats.
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