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Abstract

BACKGROUND: Mannitol increases blood–brain barrier permeability and can improve the efficiency of systemically

administered stem cells by facilitating stem cell entry from the periphery into the injured brain. The aim of this study was

to elucidate the neuroprotective effects of a combination of mannitol pretreatment and stem cell transplantation on stroke-

induced neural injury.

METHODS: The experimental rats were randomly assigned to three groups 24 h after middle cerebral artery occlusion

and reperfusion. One group received intravenous (IV) injections of phosphate-buffered saline (vehicle), another group

received IV injections of human adipose-derived stem cells (hADSCs), and the last group received IV injections of

hADSCs 10 min after IV mannitol injections. Neurobehavioral functions and infarct volume were compared. Immuno-

histochemistry (IHC) analyses were performed using antibodies against ionized calcium binding adapter-1 (IBA-1), rat

endothelial antigen-1 (RECA-1), and bromodeoxyuridine/doublecortin (BrdU/DCX).

RESULTS: PKH-26 labeling revealed no difference in the number of stem cells that had migrated into the injured brain,

and hADSC transplantation did not improve the infarct volume. However, neurobehavioral functions improved in the

mannitol group. IHC showed higher numbers of RECA-1-positive cells in the peri-infarcted brain and BrdU-/DCX-

colocalized cells in the subventricular zone in the mannitol group. IBA-1-positive cell number decreased in the hADSC-

only and mannitol-pretreatment groups compared with the vehicle group even though there was no difference between the

former two groups.

CONCLUSION: Combinatorial treatment with mannitol and hADSC transplantation may have better therapeutic potential

than hADSC monotherapy for ischemic stroke.
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1 Introduction

Acute ischemic stroke is one of the most frequent causes of

disability and death worldwide, and enormous social and

financial costs result from rehabilitation, long treatment

duration, and loss of productivity [1–3]. Current treatment

strategies, including intravenous thrombolysis and

mechanical thrombectomy, are extremely time-dependent.

The mainstay of the current ischemic stroke treatment is a

narrow time window of a few hours even though it has

widened over time [4–6]. This narrow window eventually
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results in a high treatment failure rate and neurological

sequelae. To overcome this limitation, new therapeutic

strategies have been explored to target the restorative stage

in place of the existing narrow therapeutic window,

including cell-based therapy.

The development of stem cell biology has accelerated

considerably in recent decades [7], and stem cell grafting

after ischemic stroke has been postulated to significantly

extend the period of intervention and target the subacute as

well as the chronic phases of stroke. Although the trans-

plantation of stem cells promotes substantial functional

recovery from stroke, several limitations may impede its

clinical application.

The blood–brain barrier (BBB) protects the central

nervous system (CNS) by preventing the entry of immune

cells and serum proteins, thereby creating an immune-re-

stricted zone. In addition, it helps in the maintenance of

homeostasis in the brain by selectively transporting mole-

cules and cells across the barrier [8]. The BBB poses a

major challenge for drugs or stem cell treatments of stroke.

Various methods have been developed to increase BBB

permeability, but they are associated with adverse side

effects and are therefore, not clinically applicable [9].

Mannitol has been used for controlling intracranial pres-

sure (ICP) for many decades, and has been proven to be

safe for use. BBB permeabilization via mannitol can thus

be utilized as a therapeutic agent (e.g. drugs) delivery

system [10] as it facilitates the entry of therapeutic bio-

logics, including stem cells [11], into the brain [8].

Direct administration of stem cells into CNS lesions can

cause adverse effects, including immunologic rejection,

arrhythmia during injection, vascular occlusion, and sei-

zure [12], and may be dangerous for patients with neuro-

logical sequelae from stroke. Furthermore, IV

administration is associated with a disadvantage of reduced

transplantation efficiency due to stem cell entrapment in

the capillary system in the lungs, liver, and spleen [13, 14].

In addition, because of their relatively large size, stem cells

cannot cross the BBB as the barrier action is dependent on

the molecular size [15]. Thus, various methods were ana-

lyzed for enabling the migration of stem cells across the

BBB and into the brain, including hyperventilation,

hypothermia, and hypoperfusion [15, 16]. One of the

methods for increasing the number of stem cells across the

BBB is mannitol pretreatment [8, 16, 17]. As described

above, it is expected that the administration of mannitol

prior to IV administration of stem cells will increase the

permeability of the BBB, helping more stem cells migrate

from blood vessels into CNS lesions, resulting in increased

therapeutic efficacy of stem cell transplantation in stroke

patients. This study was conducted to elucidate the neu-

roprotective effects of a combination of IV mannitol

injection and stem cell transplantation on stroke-induced

neural injury.

2 Materials and methods

2.1 Animal model of ischemic stroke

All animal experiments were approved by the Institutional

Review Board of Korea University (Seoul, Korea; KUIA-

CUC-20140709-3) and performed in accordance with the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals (NIH publication No. 80-23, revised in

1996).

Adult male Sprague–Dawley rats weighing 300–320 g

(Orient Bio Inc., Seongnam, Korea) were used in this

study. Acute stroke was induced using the standard middle

cerebral artery occlusion (MCAO) method as previously

described [18]. Animals were anesthetized with 5%

isoflurane and maintained under anesthesia with 1.5%

isoflurane prepared in a mixture of 70% N2O and 30% O2.

After exposure of the common carotid artery, a 4-0 sili-

cone-coated monofilament (Doccol Corp., Sharon, MA,

USA) was inserted into the internal carotid artery to

occlude the ipsilateral middle cerebral artery. The occlu-

sion was maintained for 90 min, and the monofilament was

subsequently removed. Each rat was tested for spontaneous

circling, and the tail-lifting test was also performed. In this

experiment, the subacute stage cerebral infarction was

reached 24 h after the onset of cerebral infarction.

2.2 Preparation of hADSCs

Human adipose-derived stem cells (hADSCs) were pro-

vided by K-STEMCELL (previously RNL Bio) Co., Ltd.

(Seoul, Korea). They were harvested from human subcu-

taneous fat tissue obtained by liposuction from healthy

donors with informed consent. The hADSCs were expan-

ded and characterized as previously described [19]. Live

hADSCs were allowed to grow to 90% confluency in

100 mm diameter culture dishes using Keratinocyte-serum-

free medium (SFM; Invitrogen, Carlsbad, CA, USA) con-

taining 0.2 mM ascorbic acid, 0.09 mM calcium, 5 ng/mL

rEGF, and 5% fetal bovine serum. The hADSCs were

harvested from passages 5 and 6. For PKH-26 labeling, the

cells were detached using trypsin–EDTA and incubated

with PKH-26 dye (Sigma-Aldrich, St. Louis, MO, USA)

according to manufacturer’s instructions.

2.3 Experimental groups

Twenty-four hours after MCAO reperfusion, the experi-

mental rats were randomly assigned to three groups. The
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vehicle group (n = 7) received IV injections of phosphate-

buffered saline (PBS). The hADSC group received IV

injections of hADSCs (2 9 106 in PBS). The mannitol pre-

treatment group (n = 7) received IV injections of hADSCs

(2 9 106 in PBS) 10 min after receiving mannitol (1.5 g/kg

IV; JW Pharmaceutical Corp., Seoul, Korea) pretreatment.

2.4 Neurobehavioral tests

Neurobehavioral functions were evaluated on days 1, 4, 8,

11, and 15 after MCAO, using the modified Neurological

Severity Score (mNSS) [17]. The mNSS is a composite of

motor (muscle status and abnormal movement), sensory

(visual, tactile, and proprioceptive), and balance tests.

Neurological function was graded on a scale of 0–18

(normal to maximum deficit).

2.5 Tissue preparation and immunohistochemistry

Fifteen days after MCAO, the rats were anesthetized with

Zoletil 50 (30 mg/kg) and xylazine (5 mg/kg) and perfused

transcardially with saline, followed by fixing with 4%

paraformaldehyde in 0.1 mol/L phosphate buffer. After

perfusion, the rat brains were removed and fixed in a 4%

paraformaldehyde solution overnight at 4 �C, then placed in

a 30% sucrose solution for cryoprotection. The frozen brains

were sliced into 20 lm-thick coronal sections using a cryo-

stat vibratome (CM3050S; Leica Microsystems, Wetzlar,

Germany) and stored at - 80 �C until further processing.

For immunohistochemistry (IHC), the tissue sections

were treated with 2 N HCl for 30 min at 37 �C followed by

neutralization with immersion in 0.1 mol/L borate buffer

(pH 8.5). Non-specific binding was blocked by incubating

the sections with 10% horse serum in PBS. The sections were

then incubated with primary antibodies overnight at 4 �C.

The primary antibodies and dilutions used for IHC were

as follows: ionized calcium-binding adapter molecule 1

(IBA-1; 1:400; Wako Chemicals USA, Inc., Dallas, TX,

USA), rat endothelial cell antigen-1 (RECA-1; 1:400; Bio-

Rad Laboratories, Hercules, CA, USA), bromod-

eoxyuridine (BrdU; 1:50; Roche, Basel, Switzerland), and

doublecortin (DCX; 1:100; Santa Cruz Biotechnology Inc.,

Dallas, TX, USA). The following secondary antibodies

were used: Alexa Fluor 488 anti-mouse IgG (1:400;

Invitrogen), Alexa Fluor 594 anti-goat IgG (1:800; Invit-

rogen), Alexa Fluor 488 anti-rabbit IgG (1:400; Invitro-

gen), and Rhodamine Red-X-conjugated anti-Mouse IgG

(1:100; Jackson ImmunoResearch Inc., West Grove, PA,

USA). Next, sections were counterstained with DAPI

(Thermo Fisher Scientific, Waltham, MA, USA), and

staining was visualized using a fluorescence microscope

(BX61; Olympus Corp., Tokyo, Japan).

Immunofluorescence images were acquired using a Zeiss

LSM 700 confocal laser microscope (Carl Zeiss, Oberko-

chen, Germany).

2.6 Measurement of cerebral infarction volume

For infarct volume measurement, the brain sections were

stained with 0.1% crystal violet (Nissl method). Images were

acquired using a 4 9 objective lens under a bright-field

microscope (BF53; Olympus). The areas of infarction were

quantified using ImageJ software (National Institutes of

Health [NIH], Bethesda, MD, USA), and the infarct volume

was calculated by multiplying the sum of the infarct area by

the distance between sections. After correcting for edema,

the infarction volume was calculated as follows:

Corrected infarct volume %

¼ contralateral hemisphere volume½
� ipsilateral hemisphere volume � infarct volumeð Þ�=

contralateral hemisphere volume � 100:

2.7 Quantification and statistics

To count the total number of BrdU- and DCX-positive cells,

6 sections were obtained every 280 lm beginning with a

section 1.2 mm rostral to the bregma, and IHC and quan-

tification analyses in the subventricular zone (SVZ) were

performed to confirm neurogenesis. IBA-1-positive cells

were counted under a fluorescence microscope (BX61;

Olympus) in 3 microscopic fields of the peri-infarct area of

each section. RECA-1-positive vessel density was evaluated

in images captured from ischemic hemispheres using

MetaMorph imaging software (version 7.8.1; Molecular

Devices, San Jose, CA, USA). Six sections from each animal

were averaged, and the data were presented as mean ± s-

tandard error of the mean (SEM). Results were analyzed

using one-way analysis of variance (ANOVA) followed by

Tukey’s honest significant difference post hoc comparison.

For behavioral data, one-way analysis of variance was per-

formed, and a Bonferroni post hoc comparison was used to

analyze the treatment differences between groups. P val-

ues\ 0.05 were considered significant.

3 Results

3.1 Effect of mannitol on stem cell migration

into the host brain

PKH-26 labeling was performed on all prepared specimens

for evaluation of the effect of mannitol on stem cell
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migration into the host brain. PKH-26 labeling was per-

formed in the penumbra zone of MCAO rats and counted in

each brain section as previously described. The number of

PKH-26-positive cells observed in both the hADSC-only

and mannitol pretreatment groups was below 10 in every

section, which was very low compared to the number of

stem cells administered to the rats (2 9 106 in PBS).

Furthermore, there was no significant difference between

the hADSC-only and mannitol pretreatment groups

(p[ 0.05; Fig. 1).

3.2 Measured infarction volumes

between the hADSC-only and mannitol

pretreatment groups

Cerebral infarctions were found in the cerebral hemisphere

ipsilateral to the occlusion in all rats (Fig. 2). The average

infarct volume was 66.7 ± 2.50% in the vehicle group.

Calculated infarct volumes of the hADSC-only and man-

nitol pretreatment groups decreased, however, and pre-

sented no significant difference (p[ 0.05, hADSC-only

group: 46.5 ± 10.2%; mannitol pretreatment group:

48.8 ± 14.1%).

3.3 Role of mannitol in stem cell therapeutic effects

on neurobehavioral outcomes

Using an MCAO rat model, we evaluated the effects of

hADSC transplantation on the recovery of behavioral

functions using the mNSS test. Before MCAO, neurologi-

cal scores were similar among the vehicle, hADSCs-only,

and mannitol pretreatment groups. One day after hADSC

transplantation, there was no significant difference between

the groups; however, as time passed, lower mean mNSS

scores were observed in the hADSC-only group (P\ 0.001

on the 15th day), and a further decrease were observed in

the mannitol pretreatment group (P\ 0.001 on the 15th

day). Figure 3 demonstrates chronological mNSS score

improvements in the vehicle, hADSC-only, and mannitol

pretreatment groups.

3.4 IHC analyses

3.4.1 Neuronal proliferation in the SVZ

Significantly greater numbers of BrdU- and DCX-positive

cells were found in the SVZ in both the hADSC-only and

mannitol pretreatment groups compared to the vehicle

group (Fig. 4). In addition, significantly increased presen-

tation of BrdU-/DCX-double-positive cells was observed in

both the hADSC-only (p = 0.014) and mannitol pretreat-

ment groups (p\ 0.001). This finding suggests that

hADSC transplantation promotes neuronal proliferation in

injured brains after subacute stage of cerebral ischemia.

Furthermore, the significance was stronger in the mannitol

pretreatment group compared to the hADSC-only group,

implying that neuronal proliferation is enhanced by man-

nitol pretreatment.

3.4.2 Inhibition of microglial activation in the ischemic

hemisphere

Based on IHC analyses, the hADSC-only (p = 0.04) and

mannitol pretreatment groups (p = 0.04) presented fewer

IBA-1-positive cells compared to the vehicle group

(Fig. 5), suggesting that MCAO-induced accumulation of

microglia-positive cells in ischemic brain regions is

attenuated by hADSC transplantation. This observation

suggests that hADSC transplantation could suppress the

inflammatory reaction that occurs in stroke. However, no

additional reduction in IBA-1-positive cells following

mannitol pretreatment was observed (p = 0.87), indicating

that mannitol provides no additional anti-inflammatory

effects.

3.4.3 Angiogenesis in the peri-infarcted area

of the ischemic hemisphere

IHC analyses revealed significantly higher numbers of

RECA-1-positive cells in the peri-infarcted area of the

ischemic hemisphere in both the hADSC-only and man-

nitol pretreatment groups compared to the vehicle group

(Fig. 6). This finding suggests that hADSC transplantation

promotes angiogenesis in the peri-infarcted area after the

subacute stage of cerebral ischemia. The mannitol pre-

treatment group (p = 0.02) presented a much lower p value

Fig. 1 Demonstration of PKH-26 labeling in the hADSC-only and

mannitol pretreatment groups. The number of PKH-26-positive cells

(red) counted in the MCAO rat SVZs in both groups is below 10 and

presents no significant difference (p[ 0.05). DAPI staining (blue)

indicates stained nucleus of every cell of the section. Scale bar = 20

lm. hADSC human adipose-derived stem cell, Mann mannitol

pretreatment, PKH PKH-26-positive cells, MCAO middle-cerebral

artery occlusion, SVZ subventricular zone, DAPI 40,6-diamidino-2-

phenylindole

698 Tissue Eng Regen Med (2020) 17(5):695–704

123



than the hADSC group (p = 0.028). Thus, we presume that

mannitol pretreatment could enhance the therapeutic effi-

cacy of hADSC transplantation.

4 Discussion

Mature neural tissue possesses weak potential for intrinsic

repair following different types of neural injury [20],

therefore, transplantation of stem cells into the injured

brain may have a neuroprotective effect on stroke-induced

brain injury [21]. The hADSCs are mesenchymal stem cells

that can be isolated from a wide variety of sources by

minimally invasive procedures [22–24]. The therapeutic

efficacy of hADSC transplantation in stroke models has

been demonstrated in numerous studies, but the mecha-

nisms underlying this effective therapy are not well known

[25]. One such therapeutic mechanism is angiogenesis.

When hemorrhagic or ischemic stroke transforms into the

chronic type, the injured regions lack blood vessels to

supply nutrients and maintain cell survival. Thus, vascular

endothelial growth factor (VEGF) may be a possible

solution to protect neurons from cell death [26]. Reports

also suggest that hADSCs could restore brain function

through the secretion of VEGF to promote angiogenesis in

the injured region. Another possible mechanism for the

Fig. 2 Representative sections

of the brain stained with cresyl

violet. Scale bar = 1 mm.

hADSC human adipose-derived

stem cell, Mann mannitol

pretreatment
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therapeutic effect of hADSC transplantation is neurogen-

esis. Transplantation of hADSCs to injured regions induces

neuronal differentiation and stimulates brain repair markers

associated with neurogenesis, eventually resulting in the

recovery of brain function. It is known that hADSCs dif-

ferentiate into neuron-like or glia-like cells that express

neuronal nuclei (NeuN), nestin, or glial fibrillary acidic

protein (GFAP) [27, 28]. Mesenchymal stem cells can

modulate local and systemic inflammation [29], and

hADSCs have also been reported to reduce post-stroke

inflammation following gliosis in the infarct boundary.

Activated microglia and macrophages secrete inflamma-

tory cytokines and lead to astrocyte stimulation. Such

inflammatory reactions promote neuronal cell death and

fibrotic scar formation, subsequently preventing neuronal

regeneration during the healing stage after stroke

[24, 30, 31]. Our study suggests that transplantation with

hADSCs significantly improves neurobehavioral deficits

after cerebral ischemia and measured infarct volume, and

these improvements are enhanced by mannitol pretreat-

ment. Furthermore, immunofluorescence staining revealed

that rats treated with hADSCs presented a significantly

lower number of IBA-1-positive cells, higher number of

RECA-1 in the peri-infarcted brain region as well as sig-

nificantly higher numbers of BrdU- and DCX-positive cells

in the subventricular zone (SVZ), regardless of mannitol

pretreatment. These findings demonstrate that hADSC

transplantation reduces inflammation, promotes angiogen-

esis, and increases neurogenesis in an ischemic rat model.

Mannitol is a hyperosmolar extracellular agent that has

been used to increase ICP stemming from various causes

for many decades and remains the osmotic agent of choice

[8, 32]. It induces osmotic-driven fluid movement into

intravascular space from cerebral tissue, which conse-

quently results in the shrinkage of endothelial cells along

the BBB and increases BBB permeability [11, 33]. Thus,

mannitol enhances the migration of hADSCs across the

BBB into the brain, thereby increasing the therapeutic

efficacy of hADSC transplantation. In our study, there was

no evidence that mannitol pretreatment enhances stem cell

migration into the host brain across the BBB. We

hypothesized that the number of stem cells migrating into

the brain across the BBB was relatively small owing to the

IV delivery of stem cells, and no statistically significant

difference was found. Further studies with alternative

administration routes are needed to further evaluate the

optimal stem cell delivery route and subsequent effects of

mannitol on stem cell migration across the BBB. Our study

also revealed lower mNSS scores and calculated infarct

volumes in the hADSC transplantation with mannitol pre-

treatment group compared to the hADSC-only group.

Furthermore, IHC analyses revealed greater numbers of

BrdU-/DCX-positive cells and RECA-1-positive cells in

the SVZ, and this phenomenon was enhanced by mannitol

pretreatment. Although no evidence was found that man-

nitol increased stem cell migration in our study, we con-

cluded that the mannitol pretreatment group displayed

more improvements in neurological deficits and increased

neuronal proliferation based on the IHC analyses. We

hypothesized that this is due to the increased migration of

trophic factors secreted by stem cells from the blood to the

brain when permeability increases. Mesenchymal stem

cells themselves do not usually differentiate into neural

cells [34]. Stem cells themselves may have therapeutic

effects, but the trophic factors (various cytokines and

growth factors with both paracrine and autocrine effects)

secreted by them suppress local immune responses to

reduce fibrosis, inhibit apoptosis, promote angiogenesis,

and stimulate mitosis and differentiation of tissue-intrinsic

repair or stem cells. However, in our study, no difference in

microglial activity was observed between the hADSC-only

and mannitol pretreatment groups. Some reports suggest

that increased BBB permeability mediates the exacerbation

of injury caused by increasing inflammation at the injury

site. When stroke occurs, inflammation plays a major role

in secondary damage to the brain tissue. While mannitol

Fig. 3 Demonstration of the chronological change in mNSS in the

experimental groups. Chronological decrease in the mNSS of the

vehicle and hADSC transplantation groups after MCAO was

observed. The graph demonstrates improvements in neurobehavioral

function after MCAO and hADSC transplantation. *p = 0.048,

**p = 0.002, ***p\ 0.001, #p\ 0.001, mNSS modified neurological

severity score, hADSC human adipose-derived stem cell, MCAO
middle cerebral artery occlusion, Mann mannitol pretreatment, SE
standard error
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increases BBB permeability and passage of hADSCs, it

also promotes passage of systemic inflammatory factors,

resulting in increased neural injury caused by inflamma-

tion. Borlongan et al. [17] provide a possible solution,

which is to inhibit the nuclear factor j-light chain enhancer

of B-cell (NF-jB) activation. It is possible to limit NF-jB

expression by using a similar oligonucleotide to compete

with and limit the binding of NF-jB and thus prevent

additional inflammation.

As far as we know, there was no determined optimal

timing of mannitol-facilitated transient opening of BBB.

For example, Yasuhara et al. [35] used mannitol immedi-

ately after transplantation of stem cells and Cosolo et al.

[36] used an intra-arterial mannitol injection and

investigated the intracerebral methotrexate level. However,

an IV mannitol injection is more practical in the clinical

field, and we used mesenchymal stem cells, which are

distinct from chemical drugs such as methotrexate and

Evans blue. Thus, we conducted a preliminary study to

deduce the optimal time interval between IV mannitol

injection and stem cell transplantation. Although there was

no statistical significance, a stem cell injection 10 min after

mannitol pretreatment tended to show better efficacy (data

are not shown). Based on these preliminary data, we con-

ducted the main experiment with a 10-min time interval

between mannitol pretreatment and hADSC

transplantation.

Fig. 4 Immunohistochemistry

in ischemic rat brains.

Neurogenesis after hADSC

transplantation was examined

using BrdU (green) and DCX

(red) immunostaining. A BrdU-

and DCX-positive cells in SVZs

on the 15th day after MCAO.

White arrows indicate BrdU-/

DCX-double-positive cells.

Scale bar = 20 lm. B Counts of

BrdU-/DCX- double-positive

cells in SVZs. The number of

BrdU-/DCX-double-positive

cells is significantly higher in

the hADSC transplantation

(p = 0.014) and hADSC

transplantation with mannitol

pretreatment (p\ 0.001)

groups. Data are expressed as

mean ± SEM. BrdU
bromodeoxyuridine, DCX
doublecortin, hADSC human

adipose-derived stem cell, Mann
mannitol pretreatment, SVZ
subventricular zone, MCAO
middle cerebral artery

occlusion, SEM standard error

of the mean
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Fig. 5 Decreased microglial activation after hADSC transplantation.

A Representative images of IBA-1 immunostaining in the ischemic

hemisphere on the 15th day after MCAO. A decreased number of

IBA-1-positive cells was observed. Scale bar = 20 lm. B Count of

IBA-1-positive microglia. The number of IBA-1-positive cells

decreased in the hADSC transplantation as well as in the hADSC

transplantation with mannitol pretreatment groups. Data are expressed

as means ± SEMs. IBA-1 ionized calcium-binding adapter molecule-

1, hADSC human adipose-derived stem cell, Mann mannitol pretreat-

ment, MCAO middle cerebral artery occlusion, SEM standard error of

the mean

Fig. 6 Increased angiogenesis

after hADSC transplantation.

A Representative images of

RECA-1-positive vessels in

ischemic rat brains on the 15th

day after MCAO. Scale

bar = 50 lm. B Analysis of

RECA-1 immunoreactivity

using six cryosections.

Immunostaining reveals an

increased vessel area in the

hADSC transplantation as well

as in the hADSC transplantation

with mannitol pretreatment

groups. Data are expressed as

percentages of

immunoreactivity in the control

groups compared to the vehicle

group. RECA-1 rat endothelial

cell antigen-1, hADSC human

adipose-derived stem cell, Mann
mannitol pretreatment, MCAO
middle cerebral artery occlusion
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There are some limitations in this study. The sample size

was relatively small, and we failed to show that mannitol

can increase migration of the IV-injected stem cells into

the brain. We could not investigate whether mannitol can

increase the permeability of trophic factors from the

injected hADSCs. Additionally, more experimental group

categories could have been used. In our study, mannitol

was administered 10 min before hADSC transplantation,

but further detailed studies may be needed to confirm the

optimal time interval between the mannitol injection and

stem cell transplantation.

In conclusion, our study demonstrates that IV trans-

plantation of hADSCs improves neurobehavioral status

after stroke, promotes neurogenesis and angiogenesis, and

inhibits inflammatory reactions, suggesting that hADSC

transplantation could be used as a promising therapeutic

modality for ischemic stroke. The addition of mannitol

injection could enhance the therapeutic effects of system-

ically transplanted hADSCs through increased vascular

permeability, although the anti-inflammatory activity of

mesenchymal stem cells may be neutralized by increased

pro-inflammatory factors. We hypothesized that this is due

to increased trophic factors migrating into the brain

through mannitol pretreatment rather than the increased

number of stem cells. Further studies with larger and more

delicately categorized experimental groups are needed.
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