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Abstract

Objective

Intra-arterial stem cell transplantation exerts neuroprotective effects for ischemic stroke.
However, the optimal therapeutic time window and mechanisms have not been completely
understood. In this study, we investigated the relationship between the timing of intra-arte-
rial transplantation of allogeneic mesenchymal stem cells (MSCs) in ischemic stroke model
in rats and its efficacy in acute phase.

Methods

Adult male Wistar rats weighing 200 to 2509 received right middle cerebral artery occlusion
(MCAO) for 90 minutes. MSCs (1x10°cells/ 1ml PBS) were intra-arterially injected at either
1, 6,24, 0r48 hours (1, 6, 24, 48h group) after MCAOQO. PBS (1ml) was intra-arterially
injected to control rats at 1 hour after MCAQ. Behavioral test was performed immediately
after reperfusion, and at 3, 7 days after MCAO using the Modified Neurological Severity
Score (MNSS). Rats were euthanized at 7 days after MCAO for evaluation of infarct
volumes and the migration of MSCs. In order to explore potential mechanisms of action, the
upregulation of neurotrophic factor and chemotactic cytokine (bFGF, SDF-1a) induced by
cell transplantation was examined in another cohort of rats that received intra-arterial
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transplantation at 24 hours after recanalization then euthanized at 7 days after MCAO for
protein assays.

Results

Behavioral test at 3 and 7 days after transplantation revealed that stroke rats in 24h group
displayed the most robust significant improvements in mMNSS compared to stroke rats in all
other groups (p’s<0.05). Similarly, the infarct volumes of stroke rats in 24h group were
much significantly decreased compared to those in all other groups (p’s<0.05). These
observed behavioral and histological effects were accompanied by MSC survival and
migration, with the highest number of integrated MSCs detected in the 24h group. More-
over, bFGF and SDF-1a levels of the infarcted cortex were highly elevated in the 24h group
compared to control group (p’s<0.05).

Conclusions

These results suggest that intra-arterial allogeneic transplantation of MSCs provides post-
stroke functional recovery and reduction of infarct volumes in ischemic stroke model of rats.
The upregulation of bFGF and SDF-1a likely played a key mechanistic role in enabling
MSC to afford functional effects in stroke. MSC transplantation at 24 hours after recanaliza-
tion appears to be the optimal timing for ischemic stroke model, which should guide the
design of clinical trials of cell transplantation for stroke patients.

Introduction

Ischemic stroke is a major cause of morbidity and mortality, with only a few therapeutic
options. Stem cell transplantation has emerged as a new approach of treatment for ischemic
stroke [1-5]. To date, intracerebral, intravenous and intra-arterial routes of transplantation of
stem cells are effective for ischemic stroke [3, 5-23]. The advantage of intracerebral transplan-
tation is the targeted deposition of stem cells into the lesioned brain, compared to intra-arterial
or intravenous transplantation resulting in majority of the cells being lodged in peripheral
organs [9, 24]. However, intravascular (intra-arterial or intravenous) transplantation is less
invasive than intracerebral transplantation, allowing grafting of cells without creating new
injury of brain tissue, thus means less trauma to the stroke patient. Furthermore, while not
locally deposited into the discrete ischemic regions, such peripheral route might guide stem
cells to wider distribution into the stroke brain (albeit throughout the penumbra region). Thus,
intravascular transplantation is considered as relatively simple, safe, and effective method of
delivering stem cells to stroke brain [9]. To this end, intra-arterial transplantation may resolve
the main problem of intravenous transplantation, with which transplanted cells must pass
through the systemic and pulmonary circulation systems, ultimately many of the grafted cells
being lodged into the peripheral organs and few cells reaching the injured brain [1, 9]. Recent
studies indicate that intra-arterial stem cell transplantation for ischemic stroke could induce
functional recovery in ischemic stroke animals (3, 8,9, 12, 13, 16, 19, 20, 21, 25, 26], with a clin-
ical phase I/1I trial demonstrating its safety and feasibility in stroke patients [4].
Neuroprotective effects of mesenchymal stem cells (MSCs) transplantation have been dem-
onstrated in animal models of stroke [1-3, 6, 8, 12, 14, 15, 19, 20, 23, 26-29]. MSCs can differ-
entiate into endothelial cells or neuronal cells [2, 27], although controversial. Alternatively, the
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benefits of MSC transplantation has been ascribed to the secretion of neurotrophic factors or
chemotactic cytokines such as vascular endothelial growth factor (VEGF), nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF) and
stromal cell-derived factor-1o (SDF-1a) from transplanted MSCs [1, 2, 22, 27, 29]. In addition
to the secretory function, migration of MSCs into the infarct lesion and reduction of the infarct
volumes after transplantation may mediate the neuroprotective effects [1-3, 12, 27]. However,
it remains unclear how the timing of intra-arterial MSC transplantation to ischemic stroke
affects the functional recovery.

In this study, we examined the acute therapeutic window of intra-arterial allogeneic MSC
transplantation in ischemic stroke model in adult rats. Furthermore, we investigated whether
the optimal timing of transplantation was associated with the postulated neuroprotective
mechanisms of stem cell therapy by focusing on the secretory function of MSCs.

Materials and Methods
Ethics statement

This study was conducted in accordance with the guidelines of the Institutional Animal Care
and Use Committee of Okayama University Graduate School of Medicine. The protocol was
specifically approved by the Institutional Animal Care and Use Committee of Okayama Uni-
versity Graduate School of Medicine (protocol #OKU- 2014282). Adult male Wistar rats were
used in this study. For euthanasia, pentobarbital was used. MCAO was carried out under gen-
eral anesthesia (1% halothane in 69% N20O and 30% O2). All efforts were made to minimize
suffering.

Animals

Adult male Wistar rats (CLEA JAPAN, Inc., Tokyo, Japan; n = 82) weighing 200 to 250g at the
beginning of the experiment were used in this study, according to approved guidelines of the
Institutional Animal Care and Use Committee of Okayama University. They were singly
housed per cage in a temperature- and humidity-controlled room, maintained on a 12-hour
light/dark cycle, with free access to food and water.

Culture of MSCs

Rats were euthanized by sodium pentobarbital (200mg/kg) with subsequent removal of the
femoral bones (n = 12). After the femoral bone marrow was flushed, cells were cultured at
2x10* cells/cm® in DMEM (Gibco, Cergy Pontoise, France) supplemented with 10% fetal calf
serum (Gibco) and 1% (v/v) penicillin/streptomycin (Gibco). Cells were cultured at 37°Cin a
fully humidified atmosphere with 10% CO, for 2 weeks. The medium was changed twice a
week. The MSCs were isolated on the basis of their ability to adhere to the culture plates [18,
22]. After second passage, MSCs were used for transplantation.

Transient Middle Cerebral Artery Occlusion

MCAOQ was carried out according to the intraluminal suture method (n = 62) [3, 12, 20].
Under general anesthesia (1% halothane in 69% N,O and 30% O,), the right common carotid
artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA) were exposed.
Subsequently, the ECA was cut with a microscissor and a 4-0 monofilament nylon suture with
silicone-coated tip (Xantopren L blue & ACTIVATOR Universal Liquid, Heraeus Kulzer
GmbH & Co. KG, Hanau, Germany) was inserted through an arteriotomy of the right ECA
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into the right MCA. After MCAO for 90 minutes, the filament was withdrawn and ECA was
ligated with 3-0 silk suture.

Cell Labeling and Intra-arterial MSC Transplantation

Before cell transplantation, MSCs were labeled with Q-Tracker 625 Cell Labeling kit (Q-dot
nanocrystal, a red fluorescent marker; Invitrogen, Carlsbad, CA) for characterization of MSCs
according to the manufacturer’s protocol. Once MSCs were cultured using Q-Tracker 625 Cell
Labeling kit, Q-dot nanocrystals were delivered into the cytoplasm of MSCs. We evaluated cell
labeling rate at 2 hours after cell labeling using counterstaining with 4,6-diamidino-2-phenylin-
dole (DAPI) in vitro. Thereafter, cells were detached with 0.05% trypsin-EDTA, and one mil-
lion cells were diluted with 1ml of phosphate-buffered saline (PBS). The procedures of intra-
arterial transplantation in rats (n = 45) were as follows. Under general anesthesia (1% halo-
thane in 69% N,O and 30% O,), proximal part of the right CCA was ligated by 5-0 silk suture
and distal part of the right ICA was clamped by temporary clip. Subsequently, a 23G winged
needle (Terumo, Tokyo, Japan) was inserted upward through an arteriotomy in the ICA. Then,
ICA was declamped and cells were injected very slowly (1ml/ 2min) into ICA through the nee-
dle. After transplantation, the distal part of the ICA was ligated by 5-0 silk suture for hemosta-
sis due to block the blood flow of ICA including an arteriotomy. Rats were divided into 4
groups by manipulating the timing of cell transplantation, in that transplantation was initiated
at either 1, 6, 24, or 48 hours after recanalization. Rats in control group received 1ml PBS into
the right ICA at 1 hour after recanalization as shown in Fig 1A.

Behavioral Test

Behavioral test was performed immediately after reperfusion, and at 3 and 7 days after MCAO
using the Modified Neurological Severity Score (mNSS) (n = 62). The mNSS was used to assess
motor function, sensory disturbance, reflex, and balance. In this score, one score point is
awarded for the inability to perform the test or for the lack of reflex. Therefore, the higher
score indicates more severe injury. Neurological function was graded on a scale of 0 to 18 (nor-
mal score: 0; maximal deficit score: 18) [19, 27, 28]. Rats showed 8-12 points in the mNSS
immediately after reperfusion were used in this study.

Histological analyses

Measurement of the infarct volumes. Rats were euthanized under deep anesthesia using
pentobarbital (100 mg/kg) with following saline perfusion and brains were quickly removed at
7 days after MCAO for 2,3,5-triphenyltetrazolium chloride (TTC) staining. Thereafter, two
serial coronal sections of 2-mm thickness (at 0 and 2 mm anterior to the bregma) were pre-
pared. Brain slices were incubated in a 0.2% solution of TTC (Kanto Chemistry Co., Tokyo,
Japan) in phosphate buffered saline (PBS) at 37°C for 30 min and fixed by immersion in 4%
buffered formaldehyde solution. The normal area of brain was stained dark red based on intact
mitochondrial function, whereas infarct area remained unstained. Infarct area was measured
using a computerized image analysis using Image ] software. We evaluated infarct area ratio by
the following method. Infarct area ratio = LT—(RT—RI) / LT %, where LT is the area of the
left hemisphere in mm?, RT is the area of the right hemisphere in mm? and RI is the infarct
area in mm?. We evaluated the mean infarct area ratio of 2 sections (n = 29) [11, 30, 31].

Detection of integrated MSCs in vivo. At 7 days after MCAO, rats were euthanized and
brains were removed. Coronal sections were cut at 30pum-thickness with a freezing microtome
(-20°C) at the level of -2, 0, 2 mm anterior to the bregma. Three sections were counterstained
with 4,6-diamidino-2-phenylindole (DAPI) and then were visualized with fluorescence
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Fig 1. Time course. A: Schematic diagram showing overall experimental design. B: Schematic diagram showing experimental design for protein assay.
doi:10.1371/journal.pone.0127302.g001

microscopy (Keyence, Osaka, Japan) to detect MSCs labeled by Q-dot. We counted total num-
ber of nuclei of labeled MSCs in three sections, and calculated the mean number of nuclei of 3
sections. Then, we compared the mean number of nuclei of MSCs in each transplanted groups
(n=32).

ELISA analyses

For protein assay, fresh brains from rats of control and 24h groups were quickly removed after
decapitation using anesthesia with an overdose of pentobarbital (100 mg/kg, i.p.) at 7 days after
MCAO. Brains were sliced at the thickness of 2 mm. The brain tissues of bilateral penumbra
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area of the cortex and bilateral striatum were punched out using a biopsy punch tool (3 mm-
hole, Kai corporation and Kai industries co., Itd, Tokyo, Japan). Brain tissues were then homog-
enized in T-PER (Pierce, Rockfold, IL, USA) and centrifuged at 10,000G for 10 minutes at 4°C,
and the supernatant was obtained. The bFGF and SDF-10a. levels of tissues were measured by
the usage of rat bFGF ELISA assay kit and mouse SDF-1a. ELISA assay kit (R&D Systems,
USA) (n = 8) as shown in Fig 1B.

Statistical Analyses

Data are presented as the mean + S.E. The data of the mNSS were statistically evaluated using
repeated measures ANOV A followed by post hoc Fisher’s test. The data of histology, and
ELISA were evaluated using one-factor ANOV A, followed by post hoc Fisher’s test. Statistical
significance was preset at p value< 0.05.

Results
Detection of labeled MSCs in vitro

After cell labeling, MSCs were visualized with fluorescent microscope on the culture plate.
Cytoplasm of MSCs stained in red dye in vitro (Fig 2A and 2B). The cell labeling rate was
71.4+5.7% at 2 hours after dye treatment.

Amelioration of neurological deficits after intra-arterial MSC
transplantation

ANOVA revealed significant treatment effects in mNSS (repeated measures ANOVA;

F (4, 57y = 5.5, p = 0.0008). Posthoc analyses revealed that neurological function in 24h and 48h
groups significantly recovered compared to control group at 3 and 7 days after MCAO (control
group: 7.8+0.4 and 6.2+0.6; 1h group: 6.6+0.8 and 4.8+0.6; 6h group: 7.5+0.5 and 5.6+0.6;

24h group: 4.9+0.5 and 2.3+0.5; 48h group: 6.3+0.4 and 5.0+0.7, at 3 and 7 days after MCAO
respectively, p’s<0.05, Fig 3 and S1 Data). Interestingly, stroke rats in 24h group exhibited

Fig 2. Detection of labeled MSCs in vitro. A, B: Photographs of labeled MSCs in vitro. Fluorescent microscope detected MSCs with red-colored cytoplasm.
Scale bar: A: 40um; B: 20um. The cell labeling rate was 71.445.7% at 2 hours after cell labeling (n = 12).

doi:10.1371/journal.pone.0127302.9002
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Fig 3. Intra-arterial MSC transplantation ameliorates stroke-induced neurological deficits. Neurological performance as revealed by mNSS shows that
intra-arterial MSCs at 24h and 48h transplantation groups was better than that of control group. Rats in 24h group showed significant recovery, compared to
all other groups at 3 and 7 days after MCAO (* p value<0.05 vs. control; ** p value<0.05 vs. all other groups, n = 17 in control group, 10 in 1h group, 11in 6h
group, 12 in 24h group, 12 in 48h group, respectively).

doi:10.1371/journal.pone.0127302.9003

significant improvements in neurological function compared to all other groups at 3 and
7 days after MCAO.

Reduction of infarct volumes after intra-arterial MSC transplantation

ANOVA revealed significant treatment effects in infarct volume outcomes (one-factor
ANOVA;F (4, 24y = 3.16, p = 0.03). Posthoc analyses revealed that the infarct area ratio of stroke
rats in 24h group significantly decreased compared to stroke rats in control, 1h, and 6h groups
at 7 days after MCAO (control group: 22.1+3.3; 1h group: 20.9+5.1; 6h group: 20.9+3.4; 24h
group: 4.6+1.5; 48h group: 9.9+7.0%, at 7 days after MCAO respectively, p’s<0.05, Fig 4C and
S2 Data). There was no significant difference of infarct area ratio between rats in 24h and 48h
groups (p = 0.41). The infarct area ratio of rats in 48h group showed a trend of reduction in
infarct volume compared to control group, 1h group, and 6h group, but there was no statistical
differences detected (p = 0.068 vs. control; p = 0.11 vs. 1h; p = 0.099 vs. 6h group; p’s >0.05).
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Fig 4. Reduction of infarct volumes after transplantation. A, B: Photographs of coronal brain sections of rats in control group (A) and 24h group (B) with
2,3,5-triphenyltetrazolium chloride (TTC) staining. C: Bar graph showing infarct volumes in each group. The infarct volumes of rats in 24h group significantly
decreased compared to rats in control, 1h, and 6h groups at 7 days after MCAO (* p<0.05, n = 6 in control group, 5 in 1h group, 6 in 6h group, 6 in 24h group,
6 in 48h group, respectively). The infarct area ratio of rats in 48h group tended to decrease compared to control group, 1h group, and 6h group, but there was
no statistical difference.

doi:10.1371/journal.pone.0127302.9004
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Correlation between neurological function and infarct volumes

There was significant correlation between neurological function at 3 and 7 days after MCAO
and infarct volumes (3 days after MCAO: Y = 5.283+0.091*X, RA2 = 0.287, correlation effi-
ciency: 0.536, p = 0.0015; 7 days after MCAO: Y = 2.302+0.143*X, RA2 = 0.449, correlation effi-
ciency: 0.670, p = 0.0012, Fig 5).

Migration of integrated MSCs in vivo

ANOVA revealed treatment effects on MSC migration (one-factor ANOVA; F (5 25y = 4,251,
p = 0.0135). MSCs were detected in the brain of all transplanted groups at 7 days after MCAO
(Fig 6A and 6B). MSCs mainly migrated into the ischemic penumbra. Posthoc analyses
revealed that the number of integrated MSCs was significantly higher in stroke rats of 24h
group than that of all other groups. (1h group: 170.3+29.7; 6h group: 203.0+29.8; 24h group:
332.9+34.9; 48h group: 212.5+45.5 cells/slice, at 7 days after MCAO respectively, p’s<0.05,
Fig 6C and S3 Data).

Protein assay for neurotrophic factor and chemotactic cytokine

ANOVA revealed significant treatment effects on bFGF cortical expression (one-factor
ANOVA;F (3, 32) = 2.628, p = 0.0361). Posthoc analyses revealed that the bFGF level of the
infarcted cortex of stroke rats in 24h group significantly increased compared to the infarcted
cortex of rats in control group and the contralateral intact cortex of stroke rats in 24h group
and control group at 7 days after MCAO (24h group: infarcted cortex 262.2+37.3, intact cortex
176.3%25.6; control group: infarcted cortex 190.3+9.6, intact cortex 193.3+15.0 pg/ml, respec-
tively, p’s<0.05, Fig 7A and S4 Data). In contrast, ANOVA revealed no significant treatment
effects on bFGF striatal expression (one-factor ANOVA; F (5 24y = 0.395, p = 0.7575) indicating
that the bFGF level of the infarcted striatum of stroke rats in 24h group did not increase com-
pared to that of control group and the intact striatum of rats in both groups (Fig 7B and S4
Data).

ANOVA revealed significant treatment effects on SDF-1a cortical expression (one-factor
ANOVA;F (5, 56) = 3.658, p = 0.0253). Posthoc analyses revealed that the SDF-1a level of the
infarcted cortex of stroke rats in 24h group significantly increased compared to the infarcted
cortex of rats in control group and the contralateral intact cortex of stroke rats in 24h group
and control group at 7 days after MCAO (24h group: infarcted cortex 0.2940.052, intact cortex
0.18+0.002; control group: infarcted cortex 0.18+0.004, intact cortex 0.19+0.004 ng/ml, respec-
tively, p value<0.05, Fig 7C and S5 Data). On the other hand, ANOVA revealed no significant
treatment effects on SDF-1o striatal expression (one-factor ANOVA;F (3 5, = 1.609,

p = 0.216), indicating that the SDF-1a level of the infarcted striatum did not increase compared
to that of control group (Fig 7D and S5 Data).

Discussion

The present study demonstrated that intra-arterial allogeneic MSC transplantation in ischemic
stroke model of rats induced functional recovery with transplantation at 24 hours after MCAO
being most effective. The robust behavioral recovery exhibited by stroke rats in the 24h trans-
planted group was paralleled by reduced infarct volumes and a high number of integrated
MSCs successfully migrating towards the ischemic cortex and coinciding with elevated levels of
bFGF and SDF-1a in the infarcted cortex.
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Fig 5. Correlation between mNSS and infarct volumes. The graph demonstrates that improvement in neurological performance as revealed by mNSS at
Day 3 (A) and Day 7 (B) positively correlated with reduced infarct volumes.

doi:10.1371/journal.pone.0127302.g005
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Fig 6. Migration of integrated MSCs in vivo. A, B: Photographs showing integrated MSCs in the brain. Integrated MSCs were mainly detected in the
ischemic penumbra at 7 days after MCAQ. Scale bar: 20 um. C: Bar graph showing the number of integrated MSCs in the brain of rats in each group. The
number of MSCs was significantly higher in 24h group than other transplantation groups (* p value<0.05, n =10 in 1h group, 5 in 6h group, 9 in 24h group, 8
in 48h group, respectively).

doi:10.1371/journal.pone.0127302.9006

Functional effects of intra-arterial MSC transplantation

To date, the efficacy of intravenous MSC transplantation has been well-documented in animal
models of ischemic stroke [9, 12, 14, 15, 23, 27, 28]. The neuroprotective effects of intravenous
transplantation have been mainly ascribed to secretion of neurotrophic factors but not migra-
3,7, 32]. Recently, intra-arterial MSC transplantation in animal models of ische-
mic stroke has been similarly shown to induce functional recovery [3, 8, 9, 12, 13, 16, 19, 20,
21]. Interestingly, the migration of intra-arterially delivered cells to the stroke brain has been
implicated as a pivotal factor in the observed therapeutic effects. Comparing intra-arterial and
intravenous bone marrow mononuclear cells (BMMCs) transplantation following ischemic

tion of cells

—
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Fig 7. Results of ELISA analyses for bFGF and SDF-1a. A: The bFGF level increased in the infarcted cortex of rats in 24h group. There was significant
difference of the bFGF level between the infarcted cortex and the intact cortex of rats in 24h group and the infarcted and intact cortex of rats in control group.
B: In the infarcted striatum, bFGF level did not increase by the transplantation (C-infarct: the infarct side of rats in control group; C-intact: the intact side of rats
in control group; 24h-infarct: the infarct side of rats in 24h group; 24h-intact: the intact side of rats in 24h group, *p value<0.05, n = 8, respectively). C: SDF-1a
level significantly increased in the infarcted cortex of rats in 24h group, compared to all other regions. D: In the infarcted striatum, SDF-1a level did not
increase by the transplantation (* p value<0.05, n = 8, respectively).

doi:10.1371/journal.pone.0127302.9007

stroke in rats, results revealed that intra-arterial transplantation resulted in less infarct vol-
umes, better functional recovery, and higher number of BMMCs surviving in the stroke brain
than intravenous transplantation [12]. Similarly, a much higher number of human MSCs
migrated into the infarct lesion with intra-arterial transplantation than that with intravenous
transplantation, further lending support to the notion that the migration of cells to the injured
brain contributes to the functional recovery [3]. In the present study, we showed that many
integrated MSCs migrated to the infarct lesion, especially in the 24h transplanted group that
coincided with functional recovery in stroke rats. Along this line of investigations, intracerebral
transplantation could result in higher number of cells deposited into the ischemic brain than
intravenous and intra-arterial transplantation [2, 9]. However, intracerebral transplantation is
most invasive transplantation method, and there are some risks of hemorrhage or injury of tis-
sue due to transplantation. On the other hand, intravascular transplantation offers a minimally
invasive transplantation method. Unfortunately, with intravenous transplantation, many
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peripherally transplanted cells get trapped in peripheral organs, including the liver, spleen, and
lungs [1, 2, 9, 33], indicating that intravenous transplantation does not ensure satisfactory
migration of cells into the stroke brain. In this regard, intra-arterial transplantation while also a
relatively less invasive intravascular transplantation method, can promote the deposition of a
large number of peripherally delivered cells directly into the lesion site. Nevertheless, intra-
arterial transplantation carries the risks of cerebral embolism and reduction of cerebral blood
flow associated with microstrokes [33]. Similar to intracerebral stereotaxic guided surgical pro-
cedure, intra-arterial transplantation may require a certain level of skill to safely and effectively
perform the procedure. Despite these limitations, additional studies are warranted to optimize
intra-arterial transplantation as a promising transplantation method from the viewpoint of aid-
ing in the successful migration of peripherally integrated cells into the stroke brain.

Therapeutic window of intra-arterial MSC transplantation

Because the primary cerebral infarct triggers multiple secondary cell death processes in the
stroke brain over time, including inflammation, oxidative stress, and endothelial dysfunction,
the timing of cell transplantation should be carefully considered [3, 9]. Intra-arterial MSC
transplantation at 1 and 4 days after MCAO in rats at led to neuroprotective effects, but trans-
plantation at 7 days after MCAO was less effective [3]. The efficacy of this early transplantation
was thought to involve cell migration, reactive astrocyte enhancement, angiogenesis, and
reduced inflammatory response. In our study, we further characterized the acute therapeutic
time window of intra-arterial transplantation in stroke, and showed that transplantation at 24
hours after MCAO significantly improved neurological function and reduced infarct volume.
The highest number of MSCs that migrated to the ischemic brain was also detected in the brain
of stroke rats in 24h transplanted group. On the other hand, the number of integrated MSCs
was relatively low in 1h and 6h groups, resulting in observable no reduction of infarct volumes.
That the supra-acute timing post-stroke was not amenable to MSC migration into the stroke
brain suggests that blood-brain-barrier (BBB) may still be intact immediately after cerebral
infarct and may be prohibitive to the entry of peripherally delivered MSCs. Indeed, the BBB
has been implicated as one of the major limiting factors obstructing MSCs from reaching
injured regions of the brain [18, 34]. MSCs delivered by intra-arterial injection need to pass
through the BBB before they can successfully migrate and survive into an injured site [18, 35].
Previous studies reported that the approximate time estimate of BBB disruption from onset of
ischemia was around 3.8 hours [36, 37]. In view of this observation, the initiation of intra-arte-
rial MSC transplantation after BBB disruption has progressed may be advantageous if the
desired goal is to facilitate the engraftment of MSCs towards functional recovery in stroke.

Neurotrophic factors secreted by transplanted MSCs and their
neuroprotective effects

Several neurotrophic factors have been demonstrated to contribute to the therapeutic outcomes
of stem cell therapy in experimental stroke. bFGF is one of the most potent neurotrophic fac-
tors for the protection of neurons [1, 2, 27, 29, 38]. We previously demonstrated that grafting
of encapsulated bFGF-secreting cells protected against ischemic injury after MCAO in rats by
directly exerting cytoprotection through suppression of apoptosis in tandem with enhanced
angiogenesis at the border of ischemic infarct [38]. Functional recovery after intravenous MSC
transplantation in ischemic stroke rats also details the secretion of bFGF from MSCs, which
reduces apoptosis and promotes proliferation of endogenous stem and progenitor cells within
the peri-infarcted tissue [27, 29]. Intravenous MSC transplantation was reported to promote
the production of endogenous bFGF in ischemic stroke model in rats [29]. On the other hand,
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intravenously transplanted MSCs might be able to secret bFGF in the brain and provide func-
tional recovery [27, 29]. In the present study, bFGF increased in the infarcted cortex of rats in
24h transplanted group, which showed the most robust migration of cells, suggesting that
MSCs that migrated to the injured brain secreted bFGF, and in turn reduced lesion volume and
contributed to functional recovery. Additionally, SDF-10o. also significantly increased in the
infarcted cortex of rats in 24h transplanted group. SDF-1a is one of the chemotactic cytokines
and the unique ligand for a CXC chemokine receptor (CXCR4) [22, 39]. In addition, SDF-1o
may exert neuroprotective effects, in that rats that received intracerebral administration of
SDF-1a displayed functional recovery coupled with reduced infarct volumes through upregula-
tion of anti-apoptotic proteins [40]. The expression of SDF-1a increase in the ischemic penum-
bra due to stroke-induced activation of astrocytes and locally produced SDF-1a. induced the
migration of intravenously transplanted MSCs into the ischemic hemisphere in ischemic stroke
model in rats [40, 41]. On the other hand, several reports suggested that bone marrow stromal
cells might secrete SDF-1o. [22, 39, 40]. We previously reported that MSCs secreted SDF-1o in
vitro and intravenous transplantation of MSCs engineered to secrete SDF-1a led to neuropro-
tective effects through anti-apoptotic mechanisms in a Parkinson’s disease model of rats [22].
For these reasons, we speculate that the combination of bFGF and SDF-1a likely secreted by
the intra-arterially transplanted MSCs, which successfully honed in the ischemic brain, might
have contributed to the observed therapeutic outcomes. However, there is a possibility that
intra-arterially transplanted MSCs promoted the production of endogenous bFGF and
SDE-1o.

Clinical application of intra-arterial MSC transplantation for ischemic
stroke

Clinical studies have been initiated to evaluate stem cell therapy in patients with ischemic
stroke. Transplantation of bone marrow mononuclear cells (BMMCs) for ischemic stroke has
been initiated [4, 42-44]. Preliminary results [4, 42, 43] have shown that intra-arterial trans-
plantation of autologous BMMC:s in ischemic stroke patients at subacute phase was safe and
feasible without adverse events, death, and stroke due to procedure in follow up time. In one
study [43], patients with moderate to severe ischemic stroke were treated within 3 to 7 days,
with no observable complications, and 40% of patients showed good clinical outcome at
chronic phase. However, the optimal time window is unclear. Because the condition of patients
with ischemic stroke remarkably changes over time, determining the therapeutic window is
important for improving stroke treatments. Autologous transplantation in acute phase may be
indicated, but in clinical settings the time-consuming expansion of autologous MSCs presents
as a challenge, although the safety of intra-arterial cell transplantation has been reported [4, 42,
43]. Alternatively, autologous MSC stem cell banking (e.g., from umbilical cord or placenta)
and allogeneic cell transplantation may be options for intra-arterial transplantation in patients
with ischemic stroke in acute phase. Clearly, more basic and clinical studies are needed to con-
firm the safety and efficacy of intra-arterial transplantation of MSCs within the acute time win-
dow of stroke.

Conclusions

This study demonstrates that intra-arterial allogeneic MSC transplantation in rats exposed to
transient ischemic stroke model improves neurological function and reduces infarct volumes,
likely due to robust migration of peripherally delivered cells into the ischemic brain resulting
in upregulated CNS levels of bFGF and SDF-1c. Intra-arterial transplantation at 24 hours after
MCAO may be optimal timing for stroke.

PLOS ONE | DOI:10.1371/journal.pone.0127302 June 15,2015 14/17



@’PLOS ‘ ONE

MSC Transplantation for Ischemic Stroke Model in Rats

Supporting Information

S1 Data. Modified Neurological Severity Score (mNSS) (score).
(DOCX)

S2 Data. Infarct volumes (%).
(DOCX)

S3 Data. Migration of integrated MSCs in vivo (number of cells).
(DOCX)

S4 Data. ELISA analyses bFGF level (pg/ml).
(DOCX)

S5 Data. ELISA analyses SDF-1a level (ng/ml).
(DOCX)

Acknowledgments

We thank Masako Arao and Natsuki Uemori for their technical assistance, and Naoki Tajiri
for helpful comments.

Author Contributions

Conceived and designed the experiments: AT TY MK ID. Performed the experiments: AT TY
MK ]JM HT FW TS SS AS TW MO AK TA. Analyzed the data: AT TY CB ID. Wrote the paper:
ATTY CBID.

References

1. Shinozuka K, Dailey T, Tajiri N, Ishikawa H, Kaneko Y, Borlongan CV. Stem cell transplantation for neu-
roprotection in stroke. Brain Sci. 2013; 3: 239-61. doi: 10.3390/brainsci3010239 PMID: 24147217

2. YasuharaT, Borlongan CV, Date . Ex vivo gene therapy: transplantation of neurotrophic factor-secret-
ing cells for cerebral ischemia. Front Biosci. 2006; Jan 1; 11:760-75. PMID: 16146768

3. Ishizaka S, Horie N, Satoh K, Fukuda Y, Nishida N, Nagata . Intra-arterial cell transplantation provides
timing-dependent cell distribution and functional recovery after stroke. Stroke. 2013; 44(3): 720-6. doi:
10.1161/STROKEAHA.112.677328 PMID: 23362081

4. Moniche F, Gonzalez A, Gonzalez-Marcos JR, Carmona M, Pinero P, Espigado |, et al. Intra-arterial
bone marrow mononuclear cells in ischemic stroke: a pilot clinical trial. Stroke. 2012; 43(8): 2242—4.
doi: 10.1161/STROKEAHA.112.659409 PMID: 22764211

5. Borlongan CV, Glover LE, Sanberg PR, Hess DC. Permeating the blood brain barrier and abrogating
the inflammation in stroke: implications for stroke therapy. Curr Pharm Des. 2012; 18(25): 3670-6.
PMID: 22574981

6. BaoX,Weid, FengM, Lu S, Li G, Dou W, et al. Transplantation of human bone marrow-derived mesen-
chymal stem cells promotes behavioral recovery and endogenous neurogenesis after cerebral ische-
mia in rats. Brain Res. 2011; 7; 1367: 103—13. doi: 10.1016/j.brainres.2010.10.063 PMID: 20977892

7. Borlongan CV, Hadman M, Sanberg CD, Sanberg PR. Central nervous system entry of peripherally
injected umbilical cord blood cells is not required for neuroprotection in stroke. Stroke. 2004; 35(10):
2385-9. PMID: 15345799

8. Brenneman M, Sharma S, Harting M, Strong R, Cox CS Jr, Aronowski J, et al. Autologous bone marrow
mononuclear cells enhance recovery after acute ischemic stroke in young and middle-aged rats. J
Cereb Blood Flow Metab. 2010; 30(1): 140-9. doi: 10.1038/jcbfm.2009.198 PMID: 19773802

9. Guzman R, Choi R, Gera A, De Los Angeles A, Andres RH, Steinberg GK. Intravascular cell replace-
ment therapy for stroke. Neurosurg Focus. 2008; 24(3—4): E15. doi: 10.3171/FOC/2008/24/6/E13
PMID: 18518743

10. Horie N, Pereira MP, Niizuma K, Sun G, Keren-Gill H, Encarnacion A, et al. Transplanted stem cell-
secreted vascular endothelial growth factor effects poststroke recovery, inflammation, and vascular
repair. Stem Cells. 2011; 29(2): 274-85. doi: 10.1002/stem.584 PMID: 21732485

PLOS ONE | DOI:10.1371/journal.pone.0127302 June 15,2015 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127302.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127302.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127302.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127302.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127302.s005
http://dx.doi.org/10.3390/brainsci3010239
http://www.ncbi.nlm.nih.gov/pubmed/24147217
http://www.ncbi.nlm.nih.gov/pubmed/16146768
http://dx.doi.org/10.1161/STROKEAHA.112.677328
http://www.ncbi.nlm.nih.gov/pubmed/23362081
http://dx.doi.org/10.1161/STROKEAHA.112.659409
http://www.ncbi.nlm.nih.gov/pubmed/22764211
http://www.ncbi.nlm.nih.gov/pubmed/22574981
http://dx.doi.org/10.1016/j.brainres.2010.10.063
http://www.ncbi.nlm.nih.gov/pubmed/20977892
http://www.ncbi.nlm.nih.gov/pubmed/15345799
http://dx.doi.org/10.1038/jcbfm.2009.198
http://www.ncbi.nlm.nih.gov/pubmed/19773802
http://dx.doi.org/10.3171/FOC/2008/24/6/E13
http://www.ncbi.nlm.nih.gov/pubmed/18518743
http://dx.doi.org/10.1002/stem.584
http://www.ncbi.nlm.nih.gov/pubmed/21732485

@’PLOS ‘ ONE

MSC Transplantation for Ischemic Stroke Model in Rats

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Kameda M, Shingo T, Takahashi K, Muraoka K, Kurozumi K, Yasuhara T, et al. Adult neural stem and
progenitor cells modified to secrete GDNF can protect, migrate and integrate after intracerebral trans-
plantation in rats with transient forebrain ischemia. Eur J Neurosci. 2007; 26(6): 1462—78. PMID:
17880388

Kamiya N, Ueda M, Igarashi H, Nishiyama Y, Suda S, Inaba T, et al. Intra-arterial transplantation of
bone marrow mononuclear cells immediately after reperfusion decreases brain injury after focal ische-
mia in rats. Life Sci. 2008; 12; 83(11-12): 433—-7. doi: 10.1016/}.1fs.2008.09.015 PMID: 18930067

Keimpema E, Fokkens MR, Nagy Z, Agoston V, Luiten PG, Nyakas C, et al. Early transient presence of
implanted bone marrow stem cells reduces lesion size after cerebral ischaemia in adult rats. Neuro-
pathol Appl Neurobiol. 2009; 35(1): 89—102. doi: 10.1111/j.1365-2990.2008.00961.x PMID: 19187061

Komatsu K, Honmou O, Suzuki J, Houkin K, Hamada H, Kocsis JD. Therapeutic time window of mesen-
chymal stem cells derived from bone marrow after cerebral ischemia. Brain Res. 2010; 2; 1334: 84-92.
doi: 10.1016/j.brainres.2010.04.006 PMID: 20382136

Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Kobune M, Hirai S, et al. BDNF gene-modified mesen-
chymal stem cells promote functional recovery and reduce infarct size in the rat middle cerebral artery
occlusion model. Mol Ther. 2004; 9(2): 189-97. PMID: 14759803

Mitkari B, Kerkela E, Nystedt J, Korhonen M, Mikkonen V, Huhtala T, et al. Intra-arterial infusion of
human bone marrow-derived mesenchymal stem cells results in transient localization in the brain after
cerebral ischemia in rats. Exp Neurol. 2013; 239:158-62. doi: 10.1016/j.expneurol.2012.09.018 PMID:
23059455

Moisan A, Pannetier N, Grillon E, Richard MJ, de Fraipont F, Remy C, et al. Intracerebral injection of
human mesenchymal stem cells impacts cerebral microvasculature after experimental stroke: MRI
study. NMR Biomed. 2012; 25 (12): 1340-8. doi: 10.1002/nbm.2806 PMID: 22539476

Okuma Y, Wang F, Toyoshima A, Kameda M, Hishikawa T, Tokunaga K, et al. Mannitol enhances ther-
apeutic effects of intra-arterial transplantation of mesenchymal stem cells into the brain after traumatic
brain injury. Neurosci Lett. 2013; 25; 554: 156—61. doi: 10.1016/j.neulet.2013.08.058 PMID: 24016413

Shen LH, LiY, Chen J, Zhang J, Vanguri P, Borneman J, et al. Intracarotid transplantation of bone mar-
row stromal cells increases axon-myelin remodeling after stroke. Neuroscience. 2006; 137(2): 393-9.
PMID: 16298076

ShenLH, LiY, Chen J, Cui Y, Zhang C, Kapke A, et al. One-year follow-up after bone marrow stromal
cell treatment in middle-aged female rats with stroke. Stroke. 2007; 38(7): 2150-6. PMID: 17525391

Walczak P, Zhang J, Gilad AA, Kedziorek DA, Ruiz-Cabello J, Young RG, et al. Dual-modality monitor-
ing of targeted intraarterial delivery of mesenchymal stem cells after transient ischemia. Stroke. 2008;
39(5): 1569—74. doi: 10.1161/STROKEAHA.107.502047 PMID: 18323495

Wang F, Yasuhara T, Shingo T, Kameda M, Tajiri N, Yuan WJ, et al. Intravenous administration of mes-
enchymal stem cells exerts therapeutic effects on parkinsonian model of rats: focusing on neuroprotec-
tive effects of stromal cell-derived factor-1alpha. BMC Neurosci. 2010; 26; 11:52. doi: 10.1186/1471-
2202-11-52 PMID: 20420688

Wang LQ, Lin ZZ, Zhang HX, Shao B, Xiao L, Jiang HG, et al. Timing and dose regimens of marrow
mesenchymal stem cell transplantation affect the outcomes and neuroinflammatory response after
ischemic stroke. CNS Neurosci Ther. 2014; 20(4): 317-26. doi: 10.1111/cns.12216 PMID: 24393245

JinK, Sun'Y, Xie L, Mao XO, Childs J, Peel A, et al. Comparison of ischemia-directed migration of neu-
ral precursor cells after intrastriatal, intraventricular, or intravenous transplantation in the rat. Neurobiol
Dis. 2005; 18(2): 366—74. PMID: 15686965

Rosenblum S, Wang N, Smith TN, Pendharkar AV, Chua JY, Birk H, et al. Timing of intra-arterial neural
stem cell transplantation after hypoxia-ischemia influences cell engraftment, survival, and differentia-
tion. Stroke. 2012; 43(6): 1624—-31. doi: 10.1161/STROKEAHA.111.637884 PMID: 22535265

Guzman R, De Los Angeles A, Cheshier S, Choi R, Hoang S, Liauw J, et al. Intracarotid injection of fluo-
rescence activated cell-sorted CD49d-positive neural stem cells improves targeted cell delivery and
behavior after stroke in a mouse stroke model. Stroke. 2008; 39(4): 1300—6. doi: 10.1161/
STROKEAHA.107.500470 PMID: 18309158

Wakabayashi K, Nagai A, Sheikh AM, Shiota Y, Narantuya D, Watanabe T, et al. Transplantation of
human mesenchymal stem cells promotes functional improvement and increased expression of neuro-
trophic factors in a rat focal cerebral ischemia model. J Neurosci Res. 2010; 88(5): 1017-25. doi: 10.
1002/jnr.22279 PMID: 19885863

Chen J, Sanberg PR, Li Y, Wang L, Lu M, Willing AE, et al. Intravenous administration of human umbili-
cal cord blood reduces behavioral deficits after stroke in rats. Stroke. 2001; 32(11): 2682—8. PMID:
11692034

PLOS ONE | DOI:10.1371/journal.pone.0127302 June 15,2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/17880388
http://dx.doi.org/10.1016/j.lfs.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/18930067
http://dx.doi.org/10.1111/j.1365-2990.2008.00961.x
http://www.ncbi.nlm.nih.gov/pubmed/19187061
http://dx.doi.org/10.1016/j.brainres.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20382136
http://www.ncbi.nlm.nih.gov/pubmed/14759803
http://dx.doi.org/10.1016/j.expneurol.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23059455
http://dx.doi.org/10.1002/nbm.2806
http://www.ncbi.nlm.nih.gov/pubmed/22539476
http://dx.doi.org/10.1016/j.neulet.2013.08.058
http://www.ncbi.nlm.nih.gov/pubmed/24016413
http://www.ncbi.nlm.nih.gov/pubmed/16298076
http://www.ncbi.nlm.nih.gov/pubmed/17525391
http://dx.doi.org/10.1161/STROKEAHA.107.502047
http://www.ncbi.nlm.nih.gov/pubmed/18323495
http://dx.doi.org/10.1186/1471-2202-11-52
http://dx.doi.org/10.1186/1471-2202-11-52
http://www.ncbi.nlm.nih.gov/pubmed/20420688
http://dx.doi.org/10.1111/cns.12216
http://www.ncbi.nlm.nih.gov/pubmed/24393245
http://www.ncbi.nlm.nih.gov/pubmed/15686965
http://dx.doi.org/10.1161/STROKEAHA.111.637884
http://www.ncbi.nlm.nih.gov/pubmed/22535265
http://dx.doi.org/10.1161/STROKEAHA.107.500470
http://dx.doi.org/10.1161/STROKEAHA.107.500470
http://www.ncbi.nlm.nih.gov/pubmed/18309158
http://dx.doi.org/10.1002/jnr.22279
http://dx.doi.org/10.1002/jnr.22279
http://www.ncbi.nlm.nih.gov/pubmed/19885863
http://www.ncbi.nlm.nih.gov/pubmed/11692034

@’PLOS ‘ ONE

MSC Transplantation for Ischemic Stroke Model in Rats

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Chen J, Li Y, Katakowski M, Chen X, Wang L, Lu D, et al. Intravenous bone marrow stromal cell therapy
reduces apoptosis and promotes endogenous cell proliferation after stroke in female rat. J Neurosci
Res. 2003; 73(6): 778-86. PMID: 12949903

Baba T, Kameda M, Yasuhara T, Morimoto T, Kondo A, Shingo T, et al. Electrical stimulation of the
cerebral cortex exerts antiapoptotic, angiogenic, and anti-inflammatory effects in ischemic stroke rats
through phosphoinositide 3-kinase/Akt signaling pathway. Stroke. 2009; 40(11): e598—605. doi: 10.
1161/STROKEAHA.109.563627 PMID: 19762690

Sato K, Kameda M, Yasuhara T, Agari T, Baba T, Wang F, et al. Neuroprotective effects of liraglutide
for stroke model of rats. Int J Mol Sci. 2013; 14(11): 21513-24. doi: 10.3390/ijms141121513 PMID:
24177570

LiY, Chen J, Chen XG, Wang L, Gautam SC, Xu YX, et al. Human marrow stromal cell therapy for
stroke in rat: neurotrophins and functional recovery. Neurology. 2002; 27; 59(4): 514—23. PMID:
12196642

Chua JY, Pendharkar AV, Wang N, Choi R, Andres RH, Gaeta X, et al. Intra-arterial injection of neural
stem cells using a microneedle technique does not cause microembolic strokes. J Cereb Blood Flow
Metab. 2011; 31(5); 1263-71. doi: 10.1038/jcbfm.2010.213 PMID: 21157474

Seyfried D, Han Y, Lu D, Chen J, Bydon A, Chopp M. Improvement in neurological outcome after
administration of atorvastatin following experimental intracerebral hemorrhage in rats. J Neurosurg.
2004; 101(1): 104—7. PMID: 15255259

Seyfried DM, Han Y, Yang D, Ding J, Savant-Bhonsale S, Shukairy MS, et al. Mannitol enhances deliv-
ery of marrow stromal cells to the brain after experimental intracerebral hemorrhage. Brain Res. 2008;
11; 1224:12-9. doi: 10.1016/j.brainres.2008.05.080 PMID: 18573239

Khatri R, McKinney AM, Swenson B, Janardhan V. Blood-brain barrier, reperfusion injury, and hemor-
rhagic transformation in acute ischemic stroke. Neurology. 2012; 25; 79(13 Suppl 1): S52—7. PMID:
23008413

Warach S, Latour LL. Evidence of reperfusion injury, exacerbated by thrombolytic therapy, in human
focal brain ischemia using a novel imaging marker of early blood-brain barrier disruption. Stroke. 2004;
35(11 Suppl 1): 2659-61. PMID: 15472105

Fujiwara K, Date I, Shingo T, Yoshida H, Kobayashi K, Takeuchi A, et al. Reduction of infarct volume
and apoptosis by grafting of encapsulated basic fibroblast growth factor-secreting cells in a model of
middle cerebral artery occlusion in rats. J Neurosurg. 2003; 99(6): 1053—-62. PMID: 14705734

Haribabu B, Richardson RM, Fisher |, Sozzani S, Peiper SC, Horuk R, et al. Regulation of human che-
mokine receptors CXCR4. Role of phosphorylation in desensitization and internalization. J Biol Chem.
1997; 272(45): 28726-31. PMID: 9353342

ShyuWC, Lin SZ, Yen PS, Su CY, Chen DC, Wang HJ, et al. Stromal cell-derived factor-1 alpha pro-
motes neuroprotection, angiogenesis, and mobilization/homing of bone marrow-derived cells in stroke
rats. J Pharmacol Exp Ther. 2008; 324(2): 834—49. PMID: 18029549

Wang Y, Deng Y, Zhou GQ. SDF-1alpha / CXCR4-mediated migration of systemically transplanted
bone marrow stromal cells towards ischemic brain lesion in a rat model. Brain Res. 2008 Feb 21;
1195:104—12. doi: 10.1016/j.brainres.2007.11.068 PMID: 18206136

Battistella V, de Freitas GR, da Fonseca LM, Mercante D, Gutfilen B, Goldenberg RC, et al. Safety of
autologous bone marrow mononuclear cell transplantation in patients with nonacute ischemic stroke.
Regen Med. 2011; 6(1): 45-52. doi: 10.2217/rme.10.97 PMID: 21175286

Friedrich MA, Martins MP, Araujo MD, Klamt C, Vedolin L, Garicochea B, et al. Intra-arterial infusion of
autologous bone marrow mononuclear cells in patients with moderate to severe middle cerebral artery
acute ischemic stroke. Cell Transplant. 2012; 21 Suppl 1:S13-21. doi: 10.3727/096368912X612512
PMID: 22507676

Savitz S, Misra V, Kasam M, Juneja H, Cox CS Jr, Alderman S, et al. Intravenous autologous bone
marrow mononuclear cells for ischemic stroke. Ann Neurol. 2011; 70(1): 59—69. doi: 10.1002/ana.
22458 PMID: 21786299

PLOS ONE | DOI:10.1371/journal.pone.0127302 June 15,2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/12949903
http://dx.doi.org/10.1161/STROKEAHA.109.563627
http://dx.doi.org/10.1161/STROKEAHA.109.563627
http://www.ncbi.nlm.nih.gov/pubmed/19762690
http://dx.doi.org/10.3390/ijms141121513
http://www.ncbi.nlm.nih.gov/pubmed/24177570
http://www.ncbi.nlm.nih.gov/pubmed/12196642
http://dx.doi.org/10.1038/jcbfm.2010.213
http://www.ncbi.nlm.nih.gov/pubmed/21157474
http://www.ncbi.nlm.nih.gov/pubmed/15255259
http://dx.doi.org/10.1016/j.brainres.2008.05.080
http://www.ncbi.nlm.nih.gov/pubmed/18573239
http://www.ncbi.nlm.nih.gov/pubmed/23008413
http://www.ncbi.nlm.nih.gov/pubmed/15472105
http://www.ncbi.nlm.nih.gov/pubmed/14705734
http://www.ncbi.nlm.nih.gov/pubmed/9353342
http://www.ncbi.nlm.nih.gov/pubmed/18029549
http://dx.doi.org/10.1016/j.brainres.2007.11.068
http://www.ncbi.nlm.nih.gov/pubmed/18206136
http://dx.doi.org/10.2217/rme.10.97
http://www.ncbi.nlm.nih.gov/pubmed/21175286
http://dx.doi.org/10.3727/096368912X612512
http://www.ncbi.nlm.nih.gov/pubmed/22507676
http://dx.doi.org/10.1002/ana.22458
http://dx.doi.org/10.1002/ana.22458
http://www.ncbi.nlm.nih.gov/pubmed/21786299

