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Background and Objectives: Stem cell therapy is a promising strategy for treating neurological diseases but its effective-
ness is influenced by the route of administration and the characteristics of the stem cells. We determined whether 
neural induction of mesenchymal stem cells (MSCs) was beneficial when the cells were delivered intra-arterially through 
the carotid artery.
Methods and Results: MSCs were neurally induced using a retroviral vector expressing the neurogenic transcription 
factor neurogenin-1 (Ngn1). The LacZ gene encoding bacterial β-galactosidase was used as a control. Ischemic stroke 
was induced by transluminal occlusion of the middle cerebral artery and 3 days later the MSCs were delivered in-
tra-arterially through the internal carotid artery. Magnetic resonance imaging analysis indicated that compared to MSCs 
expressing LacZ (MSCs/LacZ), MSCs expressing Ngn1 (MSCs/Ngn1) exhibited increased recruitment to the ischemic 
region and populated this area for a longer duration. Immunohistochemical analysis indicated that compared to 
MSCs/LacZ, MSCs/Ngn1 more effectively alleviated neurological dysfunction by blocking secondary damage associated 
with neuronal cell death and brain inflammation. Microarray and real-time PCR analysis indicated that MSCs/Ngn1 
exhibited increased expression of chemotactic cytokine receptors, adherence to endothelial cells, and migration ability. 
Conclusions: Neural induction with Ngn1 increases the homing ability of MSCs, enhancing their engraftment efficiency 
in the ischemic rat brain. Intra-arterial delivery of neurally induced MSCs/Ngn1 3 days after ischemic injury blocks 
neuronal cell death and inflammation, and improves functional recovery. Thus, intra-arterial administration of stem 
cells with neural properties may be a novel therapy for the treatment of ischemic stroke.
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Introduction 

  Stroke, which is caused by a reduction or blockage in 
the blood supply to the brain, is one of the leading causes 
of death worldwide (1). The timely restoration of cerebral 
blood flow using recanalization techniques is the most ef-
fective strategy for salvaging the ischemic penumbra that 
is not infarcted but remains highly vulnerable to secon-
dary waves of inflammation (2-4). However, this re-
perfusion therapy has a short therapeutic time window, 
thus stroke remains a leading cause of long-term disability 
worldwide (5). Therefore, the continued development of 
new treatments for stroke remains imperative. 
  Stem cell-based therapy has emerged as a promising 
candidate to alleviate neurological deficits in stroke pa-
tients. Mesenchymal stem cells (MSCs) have been identi-
fied firstly from the bone marrow as non-hematopoietic 
stem cells (6) and now can be isolated from adipose tissue, 
umbilical cord blood, and Wharton’s jelly of umbilical 
cord. MSCs are easily scalable in vitro and their ther-
apeutic effects are mostly ascribed to the paracrine func-
tions by suppressing inflammatory response and providing 
trophic support. MSCs are thought to be relatively safe 
due to their low tumorigenic and immunogenic properties 
compared to other types of stem cells (7-9). For these rea-
sons, MSCs are the first stem cells to have been tested in 
clinical studies for the treatment of stroke. Preclinical 
studies demonstrated that administration of MSCs via in-
tracerebral (10, 11), intravenous (12-14), intra-arterial (15, 
16), and intraventricular/intrathecal routes (17) showed 
therapeutic benefits of MSCs in animal models of acute 
stroke (18). Although intravenous administration of autol-
ogous MSCs from bone marrow was found to be safe and 
well tolerated in ischemic stroke patients (19-22), no sig-
nificant improvement was observed in neurological out-
comes following intravenous administration of allogeneic 
MSCs (23). This lack of improvement may be partly as-
cribed to the entrapment of the cells in the liver and 
lungs, lowering the stem cell dose in the ischemic brain 
(24, 25).
  Compared to intravenous or intra-cisternal admin-
istration, direct (intracerebral) administration proximal to 
the ischemic area may be advantageous to achieve the 
maximum dose without transplanted cell loss. In such 
case, Neurally induced MSCs expressing the neurogenic 
transcription factor neurogenin 1 (Ngn1) were more effec-
tive at alleviating neurological deficits in an animal model 
of acute stroke than parental MSCs when intracerebrally 
injected into the ischemic area (11). This increased effec-
tiveness was partly ascribed to the neuronal differentiation 

of Ngn1-expressing MSCs (MSCs/Ngn1) – these cells sur-
vive longer and integrate into host neural circuits in the 
ischemic stroke model. In contrast, parental MSCs give 
rise to glial cells only (11). Interestingly, MSCs/Ngn1 are 
also effective when delivered intra-arterially via the car-
otid artery (26). However, it is not yet clear how neural 
induction is advantageous for intra-arterial administra-
tion, since the cells inside the vascular lumen need to un-
dergo trans-endothelial migration to exert therapeutic 
effects. More specifically, it is not known whether neural 
induction enhances cell recruitment to the infarcted area 
of the brain. If this is the case, the mechanism by which 
neural induction increases the trans-endothelial migration 
of endovascular stem cells to injured sites also remains 
unknown.
  In this study, we investigated the effect of neural in-
duction on the intra-arterial delivery of MSCs for the 
treatment of stroke. By longitudinal analysis using mag-
netic resonance imaging (MRI), we showed that MSCs/ 
Ngn1 exhibit increased recruitment to the ischemic brain 
and populate this area for a longer period of time com-
pared to parental MSCs. We also showed that compared 
to parental MSCs, MSCs/Ngn1 exhibit increased adher-
ence to brain endothelial cells and increased migration to-
wards the ischemic site. These findings are well correlated 
to the higher expression of chemotactic cytokine receptors 
in MSCs/Ngn1. We propose that neurally induced stem 
cells delivered intra-arterially exhibit enhanced recruit-
ment to the endangered brain area and, once grafted in 
the brain, survive longer by partly transdifferentiating to 
neuronal cells.

Materials and Methods

Study approval
  All experimental protocols using MSCs were approved 
by the Institutional Review Board of the Ajou University 
Hospital (AJIRB-GEN-SMP-11-187) and all animal proto-
cols were approved by the Institutional Animal Care and 
Use Committee of the Ajou University School of Medicine 
(2015-0012). 

Cell culture and genetic modification
  Human MSCs were isolated from bone marrow aspi-
rates and cultured in vitro, as previously described (27). 
Briefly, mono-nucleated adherent cells were collected and 
maintained in Dulbecco’s modified Eagle’s medium (Wel-
gene, Gyeongsan, South Korea) supplemented with 10% 
fetal bovine serum (GE Healthcare Life Sciences, Queens-
land, Australia) 100 U/ml penicillin, 100 mg/ml strepto-
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mycin (Invitrogen, Carlsbad, CA, USA) and 10 ng/ml ba-
sic fibroblast growth factor (PeproTech, Rocky Hill, NJ, 
USA). MSCs/Ngn1 were prepared using a retroviral vector 
encoding Ngn1 as previously described (11). MSCs/LacZ 
were prepared using the same retroviral vector encoding 
bacterial LacZ instead of Ngn1 and used as a negative 
control. The cells were used 3∼6 passages after trans-
duction during the exponential growth phase. To dis-
tinguish them from bEnd.3 cells (CRL-2299, ATCC, 
Manassas VA, USA) in the attachment test, MSCs/LacZ 
or MSCs/Ngn1 were additionally transduced with pLL3.7, 
a lentiviral vector expressing green fluorescent protein 
(GFP) (Addgene, Watertown, MA, USA).

Surface antigen analysis
  MSCs/LacZ and MSCs/Ngn1 were harvested with 
0.25% Trypsin-EDTA (Invitrogen, Carlsbad, CA, USA) 
and were resuspended in PBS containing 1% bovine se-
rum albumin (Sigma-Aldrich, St. Louis, MO, USA). The 
cells were stained with fluorochrome-conjugated anti-
bodies against CD90, HLA-ABC, CD45, CD29, CD73, 
HLA-DR, CD34, STRO-1, CD105, CD-11b, CD49a, 
CD117, and CD140b or isotype controls (Biolegend, San 
Diego, CA, USA) for 15 min at 22℃. After washing with 
PBS containing 1% BSA, the cells were analyzed with a 
BD FACSVantage (BD Bioscience, San Jose, CA, USA). 
All assays included unstained and isotype controls.

Microarray analysis
  The mRNA profiling experiments and analyses using 
microarray were performed by Macrogen (Seoul, Korea; 
http://www.macrogen.co.kr). Briefly, the quantity and pu-
rity of total RNA were first validated using a NanoDrop 
spectrophotomer (NanoDrop Technologies, Wilmington, 
DE, USA) and the RNA integrity was assessed with a 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 
For each technical replicate, 100 ng of total RNA were am-
plified and labeled using the GeneChip WT (Whole 
Transcript) Amplification kit as described by the manu-
facturer (Affymetrix, Santa Clara, CA, USA). Affymetrix 
GeneChip Human Gene 2.0 ST arrays were hybridized 
with 5.5 μg of labeled sense DNA, washed, stained, and 
scanned. Affymetrix data were extracted, normalized, and 
summarized with the robust multi-average method im-
plemented in the Affymetrix Expression Console software. 
The up-regulated and down-regulated genes were identi-
fied based on fold change values and statistical test p val-
ues, and enrichment analysis using the Gene Ontology 
(GO, http://geneontology.org/) database was performed for 
these differentially expressed genes. 

Transient middle cerebral artery occlusion model and 
cell transplantation
  Transient focal ischemia was induced by intraluminal 
filament occlusion of the middle cerebral artery (MCAo) 
according to a modified procedure originally described by 
Longa et al. (28). Briefly, male Sprague Dawley rats 
weighing 250∼270 g (Koatech, Pyeongtaek, Korea) were 
anesthetized with 5% isoflurane in 70% N2O and 30% O2 
in an induction chamber and maintained at 3% isoflurane 
with a nose cone. The right common carotid artery (CCA), 
external carotid artery (ECA), and internal carotid artery 
(ICA) were exposed. A 4-0 monofilament nylon suture 
with a silicon-coated tip (Doccol Co., Sharon, MA, USA) 
was advanced from the ECA lumen into the ICA until it 
blocked the bifurcating origin of the MCA. Two hours af-
ter MCAo, animals were re-anesthetized and reperfusion 
was performed by withdrawing the suture until the tip 
cleared the lumen of the ECA. Three days after MCAo, 
the animals were anesthetized as mentioned previously. 
After the CCA was ligated, a 28-gauge catheter (Vygon 
GmbH & Co. KG, Prager Ring 100, Aachen, Germany) as 
inserted into the ICA bifurcation point through the ECA 
stump. After the blood flow from the CCA to the ICA was 
recovered by the release of the CCA occlusion, 1×106 cells 
in 1.2 ml saline were injected via the catheter over the 
course of 5 min. During the infusion, the pterygopalatine 
artery was ligated temporarily and was then released after 
cell transplantation. Blood flow in the ICA was main-
tained during the administration. An equal volume of sal-
ine was used as a control, and the ECA was then perma-
nently ligated. 

Assessment of neurological deficits
  All animals were trained for one week before surgery. 
Rotarod and adhesive-removal tests were conducted to as-
sess the sensory motor function of the rats 1, 7, 14, 21, 
and 28 days after the MCAo procedure, as previously de-
scribed (11, 29). Briefly, a rotarod cylinder (Ugobasile, Co-
merio, Italy) was accelerated from 4 to 40 rpm within 5 
min, and the length of time that each animal remained 
on the rotarod cylinder was measured with a cut-off time 
of 300 sec. Data are presented as the mean latency to fall 
calculated from three trials. For the adhesive removal test, 
two square dots of adhesive-patch (100 mm2) were used 
as bilateral tactile stimuli occupying the distal-radial re-
gion on the wrist of each forelimb. The time taken for 
each animal to remove the adhesive dot was recorded with 
a cut-off time of 300 sec. Data are presented as the mean 
time to remove the dots calculated from three trials.
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Measurement of infarct volume
  MRI scanning was performed at Ajou University Hos-
pital (Suwon, Korea) using a 3.0 Tesla whole-body MRI 
scanner (Achieva 3.0T X-Series Qasar Dual, Philips 
Healthcare, Amsterdam, Netherlands) equipped with a 
gradient system capable of 35 milliteslas/m. A fast-spin 
echo imaging sequence was used to acquire T2-weighted 
anatomical images of the rat brain in vivo using the follow-
ing parameters: repetition time, 3,000 milliseconds (msec); 
effective echo time, 120 msec; field of view, 55×55 mm2; 
image matrix, 256×256; slice thickness, 1.5 mm; flip an-
gle, 90°; pixel size, 0.21×0.21 mm2. A 300-mm diameter 
quadrature 16-ring birdcage coil arrangement was used for 
radio frequency excitation, and a 40-mm diameter saddle 
coil was used for signal detection A total of 15 slices were 
scanned to cover the whole rat brain. For each slice, the 
ischemic area from each T2-weighted image was marked 
manually and calculated using Osiris software (University 
of Geneva, Geneva, Switzerland). Relative infarct volume 
(RIV) was normalized as described by Kim et al. (11) and 
Neumann-Haefelin et al. (30) using the equation RIV= 
(LT−(RT−RI))×d, where LT and RT represented the 
areas of the left and right hemispheres in mm2, re-
spectively, RI was the infarcted area in mm2, and d was 
the slice thickness (1.5 mm). RIV was expressed as a per-
centage of the right hemispheric volume.

In vivo tracking of superparamagnetic iron 
oxide-labeled cells
  MSCs/LacZ and MSCs/Ngn1 were labeled using Feridex 
(Feridex IV, TaeJoon Pharmaceuticals, Yongsan, Seoul, 
Korea) and protamine sulfate (Sigma-Aldrich, St. Louis, 
MO, USA) according to the procedure described by Arbab 
et al. (31, 32). Feridex incorporation was verified by 
Prussian blue staining (26). The superparamagnetic iron 
oxide (SPIO)-labeled cells were injected as described 
above and their distribution was monitored 30 min, 1 day, 
and 25 days after injection with MRI analysis. MRI was 
performed using a 4.7-T animal MRI scanner (Biospec 
47/40; Bruker, Karlsruhe, Germany) located in the Korea 
Basic Science Institute (Ochang, Korea). The animal was 
placed on a non-magnetic holder equipped with a nose 
cone for administration of anesthetic gas containing 2% 
isoflurane in 70% N2O and 30% O2. T2-weighted images 
were obtained using the following parameters: repetition 
time (TR), 5,000 msec; echo time (TE), 90 msec; average, 
4; acquisition matrix, 256×256; 15 slices with 1-mm thick-
ness; flip angle, 180°. T2*-weighted multi-slice images 
were acquired using the following parameters: TR, 561 
msec; TE, 20 msec; average, 4; acquisition matrix, 

256×256; 15 slices with 1-mm thickness; flip angle, 30°. 
The images were analyzed with Para-Vision Acquisition 
5.1 (National Instruments, Austin, TX, USA).

Assessment of in vivo distribution of transplanted cells 
by quantitative PCR
  Quantification of engrafted cells was conducted by hu-
man Alu-based real-time PCR at 1 day after the trans-
plantation of MSCs/LacZ and MSCs/Ngn1. Genomic 
DNA was prepared from the right and left brain hemi-
spheres of the animals using the DNeasy Blood & Tissue 
Kit (QIAGEN, Hilden, Germany). The human Alu-specif-
ic primers utilized were 5’-CACCTGTAATCCCAGCA-
CTTT-3’ (forward) and 5’-CCCAGGCTGGAGTGCAGT-3’ 
(reverse). Real-time PCR was performed in quadruples in 
20 μl volume containing 10 μl Power SYBR Green PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA), 
8 μl genomic DNA and 1 μl (5 pmol) each primer using 
StepOnePlus (Applied Biosystems). The PCR protocol 
consisted of 2 min of denaturation at 95℃ followed by 
40 cycles of 95℃ for 15 sec, 65℃ for 30 sec, and 72℃  
for 30 sec. A standard curve was created using a serial di-
lution of human genomic DNA (0.001 ng∼100 ng) and 
this was used to extrapolate the amount of human ge-
nomic DNA from the engrafted cells in the rat brain. This 
experiment was conducted in three animals per group and 
the data are presented as mean±standard error of the 
mean (S.E.). 

In vitro migration and adhesion assays
  Migration assays were performed in a in a 6-well Trans-
well cell culture chamber with 8-μm pore polycarbonate 
membrane insert (Corning Costar, Cambridge, MA, USA). 
Cells were placed in the upper compartment of the cham-
ber at a density of 1×104 cells in 500 μl of assay media 
(DMEM with 2% fetal bovine serum (FBS)). The lower 
compartment was loaded with 500 μl DMEM and 100 
μg/ml brain ischemic extract (IE). To prepare this IE, 3 
days after MCAo, the ipsilateral hemisphere was homo-
genized in PBS (150 mg tissue/ml) and centrifuged at 
12,000 ×g at 4℃, and the supernatant was then harvested. 
After the transwell apparatus was incubated for 4 h at 
37°C in 5% CO2, the cells adhering to the upper side of 
the membrane were removed with a cotton swab, and 
transmigrated cells at the bottom side of the membrane 
were visualized with Hoechst 33258 dye (Invitrogen, 
Carlsbad, CA, USA) using an Olympus IX71 microscope 
(Olympus Optical Co. Ltd., Shinjuku, Tokyo, Japan). The 
average number of cells from four random fields of view 
(100×) was calculated for each well. The results from 
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Table 1. Primers for quantitative real-time PCR

Gene Primer sequence

CCR1 F : GACTATGACACGACCACAGAGT
R : CCAACCAGGCCAATGACAAATA

CCR2 F : CCACATCTCGTTCTCGGTTTATC
R : CAGGGAGCACCGTAATCATAATC

CXCR4 F : ACTACACCGAGGAAATGGGCT
R : CCCACAATGCCAGTTAAGAAGA

VLA-4 F : TACAGATGCAGGATCGGAAAGA
R : AGGTTCTCCATTAGGGCTACC

CD44 F : CTGCCGCTTTGCAGGTGTA
R : CATTGTGGGCAAGGTGCTATT

TGF-β F : GGCCAGATCCTGTCCAAGC
R : GTGGGTTTCCACCATTAGCAC

GAPDH F : GTCTCCTCTGACTTCAACAGCG
R : ACCACCCTGTTGCTGTAGCCAA

CCR1: C-C chemokine receptor type 1, CCR2: C-C motif chemo-
kine receptor 2, CXCR4: C-X-C motif chemokine receptor 4, 
VLA-4: very late antigen-4 (integrin alpha4betal), TGF-β: trans-
forming growth factor-β.

3three independent experiments are presented as mean± 
S.E.
  To assess the adhesion of MSCs to endothelial cells in 
vitro, a mouse brain endothelial cell line, bEnd.3 was 
grown to confluence in growth medium (DMEM with 10% 
FBS) in a 6-well plate. To mimic ischemic conditions, 
bEnd.3 cells were stimulated with 10% IE in 1 ml growth 
medium for 3 h. 2.5×104 GFP-labeled MSCs/LacZ or 
MSCs/Ngn1 were added to the monolayer cultured bEnd.3 
cells and allowed to attach for indicated time up to 4 h. 
The monolayer culture was washed with PBS twice and 
fluorescent images of the remaining GFP-labeled cells 
were acquired with an Olympus IX71 microscope. The 
average number of GFP-positive cells from four random 
visual fields (100×) was calculated for each well. The re-
sults from three independent experiments are presented as 
mean±S.E. 

Real-time PCR analysis 
  Total RNA was extracted from MSCs/LacZ and MSCs/ 
Ngn1 using RNAzol B (Tel-Test; Friendswood, TX, USA), 
and cDNA was synthesized from 1 μg total RNA using 
the First Strand cDNA Synthesis Kit (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s recom-
mendations. Real-time PCR was performed to quantify the 
expression of chemokine receptors using StepOnePlus 
Real-Time PCR system (Applied Biosystems). Each 20 μl 
reaction mixture contained 5 pmol of each primer, 10 μl 
Power SYBR Green PCR Master Mix (Applied Biosys-
tems), and 100 ng cDNA. The PCR protocol consisted of 
2 min of denaturation at 95℃ followed by 40 cycles of 
95℃ for 15 sec, 65℃ for 30 sec, and 72℃ for 30 sec. The 
primer sequences utilized are summarized in Table 1.

Histological analysis
  For immunohistochemical analysis, animals were anes-
thetized with ketamine (100 mg/kg) /xylazine (10 mg/kg) 
(Yuhan Co. Ltd., Seoul, Korea), perfused transcardially 
with ice-cold saline, and then fixed with 10% neutral buf-
fered formalin (NBF). The brains were post-fixed in 10% 
NBF and embedded in paraffin. The paraffin blocks were 
serially sectioned to produce 5-μm thick sections, which 
were then deparaffinized and placed in boiled citrate buf-
fer (pH 6.0) for 10 min. After blocking in 10% normal 
serum, the sections were incubated with antibodies against 
neuronal nuclei (NeuN; 1：500, Merck Millipore, Burling-
ton, MA, USA), microtubule-associated protein 2 (MAP2; 
1：500, Sigma-Aldrich, St. Louis, MO, USA), human mi-
tochondrial antigen (1：100, Merck Millipore), GFP (1：
500, Abcam, Cambridge, UK), RECA-1 (1：50, Abcam), 

and ED1 (1：200, AbD Serotec, Kidlington, UK) at 4°C 
overnight. Antibody reactions were visualized using an 
ABC kit (Vector Laboratories, Burlingame, CA, USA) ac-
cording to the manufacturer’s instructions. A Prussian 
blue staining method (31) was used to identify Feridex in-
corporation in the MSCs/LacZ and MSCs/Ngn1. Apoptot-
ic cells were analyzed with the In Situ Cell Death Detec-
tion Kit (Roche Diagnostics, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. Alternatively, 
brains were removed after perfusion and cryoprotected in 
30% sucrose in 0.1 M phosphate buffer (pH 7.4) overnight. 
The cryopreserved brains were sectioned to produce 30 
μm-thick sections which were then incubated with Alexa 
Fluor 488- or 568-conjugated anti-IgG secondary anti-
bodies (Life Technologies, Carlsbad, CA, USA).
  For quantification of terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling- (TUNEL-), ED1-, and 
NeuN-positive cells in the ischemic penumbra, 5 μm co-
ronal sections from the ischemic core (Antero-Posterior, 
＋1.2 mm to −0.8 mm from the bregma) were prepared 
from three animals. Light microscopic images were ac-
quired using an AxioScan.Z1 slide scanner (Zeiss, Jena, 
Germany), and the total number of immuno-reactive cells 
in 1 mm2 regions of interest in the peri-infarct area of the 
cortex and striatum were counted using ZEN software 
(Blue Edition, Zeiss). To trace GFP-positive cells, 30 μm 
coronal sections from the ischemic central region were 
scanned with an AxioScan.Z1 equipped with an HBO 
lamp (HXP 120V, LEJ, Jena, Germany). The total number 
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of GFP-positive cells in the ischemic hemisphere was 
counted in 10 serial sections per animal. The results from 
three animals are presented as mean±S.E.

Statistical analysis
  Statistical analyses were carried out using Sigmaplot 
(Systat Software Inc, San Jose, CA, USA). Data were ana-
lyzed by Student’s t-test or one-way analysis of variance 
(ANOVA). Significant differences were further evaluated 
using Tukey’s honest significant difference post-hoc test. 
A p value ＜0.05 was considered statistically significant. 
All data are expressed as mean±S.E.

Results

Differentially expressed genes between MSCs/LacZ 
and MSCs/Ngn1 
  Following the transduction of MSCs with a retroviral 
vector encoding Ngn1, the expression of Ngn1 was exam-
ined at the mRNA level. MSCs expressing β-galactosidase 
(LacZ) were used as controls (Fig. 1A). The cell surface 
characteristics of MSCs/LacZ and MSCs/Ngn1 were ana-
lyzed by flow cytometry analysis. MSCs/LacZ and MSCs/ 
Ngn1 were positive for CD90, HLA-ABC, CD29, CD49a, 
CD73, and CD105, but negative for STRO-1, CD34, 
HLA-DR, CD11b, CD117, and CD140b (Supplementary 
Table S1). This similarity indicates that Ngn1 does not 
alter the general surface antigenicity of MSCs. 
  To compare the overall gene expression profiles of 
MSCs/Ngn1 and MSCs/LacZ, microarray analyses were 
performed. This comparison revealed significant changes 
in a total of 292 genes between MSCs/Ngn1 and MSCs/ 
LacZ (140 up-regulated and 152 down-regulated) with a 
fold change ＞1.5 (Fig. 1D). To identify the key biological 
processes associated with these differentially expressed 
genes, GO enrichment analysis was conducted. The key 
GO terms significantly enriched were cell motility (GO: 
0048870) and locomotion (GO:0040011). The commonly 
up- or down-regulated genes were significantly associated 
with the following GO terms: movement of cell or sub-
cellular component, localization of cell, extracellular struc-
ture organization, extracellular matrix organization, cell 
adhesion, biological adhesion, response to virus, response 
to type I interferon, interferon-gamma-mediated signaling 
pathway, response stimulus, and immune system process 
(Fig. 1E). Although some of these might be ascribed to 
retroviral transduction, the GO enrichment analysis ulti-
mately indicated that the predominant effects of MSCs/ 
Ngn1 were on cell migration and extracellular matrix 
organization. RT-PCR analysis indicated that MSCs/Ngn1 

expressed higher levels of CCR1, CCR2, CXCR4, VLA-4, 
and CD44 than MSCs/LacZ. The mRNA level of trans-
forming growth factor beta (TGF-β) was comparable be-
tween MSCs/LacZ and MSCs/Ngn1 (Fig. 1C), suggesting 
that MSCs acquire molecular tools for increased migration 
following Ngn1 transduction. 

Enhanced adhesion and migration activity of 
MSCs/Ngn1
  To determine whether the increased expression of che-
mokine receptors in MSCs/Ngn1 correlated with enhanced 
migratory and endothelial cell adhesion ability, transwell 
migration and endothelial cell adhesion assays were 
conducted. To mimic ischemic conditions, brain IE was 
added to the assay (Fig. 2A). In the transwell migration 
assay, MSCs/Ngn1 migrated towards the IE placed in the 
lower chamber at a faster rate than MSCs/LacZ (Fig. 2B, 
2C). A monolayer culture of bEnd.3 endothelial cells was 
primed with IE and GFP-labeled MSCs/LacZ or MSCs/ 
Ngn1 were added to the culture. A higher number of 
GFP-labeled MSCs/Ngn1 adhered to the bEND.3 cells 
than GFP-labeled MSCs/LacZ (Fig. 2D, 2E). These results 
suggest that the increased expression of chemokine re-
ceptors in MSCs/Ngn1 may lead to enhanced migration 
and endothelial cell adhesion in the presence of brain IE. 

Engraftment of MSCs/Ngn1 in the acute ischemic 
brain
  To test whether neural induction with Ngn1 enhanced 
the homing activity of MSCs in vivo, longitudinal MRI 
analysis was conducted. To track the transplanted cells, 
the cells were labeled with SPIO, an MRI dye (Fig. 3A). 
SPIO-labeled MSCs/LacZ and MSCs/Ngn1 were injected 
into the ischemic brain via the right ICA and the cells 
were detected as hypointense signals in T2-weighted im-
ages (Fig. 3B). Ultimately, 30 min after intra-arterial in-
jection, a technically earliest time point, similar levels of 
both cell types were scattered throughout the ipsilateral 
side of the brain. Hypointense SPIO signals gradually dis-
appeared in both groups, but this reduction occurred at 
a lower rate in the MSCs/Ngn1 group compared to the 
MSCs/LacZ group. Indeed, 25 days after intra-arterial in-
jection, the signals remained only in the MSCs/Ngn1 
group. To confirm the increased engraftment of MSCs/ 
Ngn1, the cells were labeled with GFP and the number 
of surviving GFP-positive cells in the entire ischemic 
hemisphere encompassing the striatum was counted. The 
number of GFP-positive cells was similar between the 
groups 4 h after intra-arterial injection. However, 1 day 
after injection, the number of GFP-positive cells was high-
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Fig. 1. Comparison of the gene expression profile of mesenchymal stem cells expressing LacZ (MSCs/LacZ) and mesenchymal stem cells 
expressing neurogenin 1 (MSCs/Ngn1). (A) Expression of neurogenin 1 (Ngn1) in MSCs/Ngn1 was verified by real-time PCR analysis. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Quantitative assessment of Ngn1 mRNA ex-
pression in MSCs/Ngn1. MSCs/LacZ were used as negative controls for transduction. (C) Relative mRNA expression of chemokine receptors 
and transforming growth factor beta (TGFβ) in MSCs/LacZ and MSCs/Ngn1. (D) Microarray analysis showing differentially expressed genes 
with a fold change ＞1.5 in MSCs/Ngn1 compared to MSCs/LacZ. (E) Gene Ontology (GO) enrichment analysis revealed that the key 
GO terms were leukocyte migration, cell motility, and locomotion. Data are presented as mean±S.E. Statistically significant differences 
between MSCs/Ngn1 and MSCs/LacZ are indicated (**p＜0.01, ***p＜0.001; Student’s t-test).
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Fig. 2. Enhanced adhesion and mi-
gration activity of mesenchymal stem
cells expressing neurogenin 1 (MSCs/
Ngn1). (A) Schematic diagram show-
ing the experimental procedures of 
the adhesion and transwell migration
assays. (B) Transwell migration assay 
showing Hoechst-stained mesen-
chymal stem cells expressing LacZ 
(MSCs/LacZ) and MSCs/Ngn1 in the 
bottom layer. (C) Quantification of 
Hoechst-stained cells that migrated 
to the bottom compartment contain-
ing the brain ischemic extract (IE) 
over a 4 h period. (D) Florescence 
image showing green fluorescent 
protein- (GFP-) positive MSCs/LacZ 
and MSCs/Ngn1 adhering to IE-stimu-
lated bEnd.3 cells. (E) Quantification 
of GFP-positive cells following a 4 h 
adhesion assay. At least four random 
fields were used to obtain the num-
ber of adherent cells. Data are pre-
sented as mean±S.E. from three in-
dependent experiments. Statistically 
significant differences between MSCs/
Ngn1 and MSCs/LacZ are indicated 
(*p＜0.05, **p＜0.01, ***p＜0.001;
Student’s t-test).

er in the MSCs/Ngn1 group (Fig. 3C, 3D). GFP-positive 
cells were mostly detected in the vascular lumen at 4 h 
but extravasated into the brain parenchyma 1 day after 
transplantation (Supplementary Fig. S1). 

  To further verify the tissue distribution of transplanted 
cells, real-time PCR analyses were conducted using hu-
man Alu-specific primers (Fig. 3E, 3F). To extrapolate the 
genomic DNA derived from human MSCs, a standard 
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Fig. 3. Enhanced engraftment of mesenchymal stem cells expressing neurogenin 1 (MSCs/Ngn1) in the acute ischemic brain. (A) Prussian 
blue (PB) staining of superparamagnetic iron oxide (SPIO)-labeled mesenchymal stem cells expressing LacZ (MSCs/LacZ) and MSCs/Ngn1 
in vitro. (B) T2* magnetic resonance imaging was used to assess the distribution and engraftment of intra-arterially injected MSCs/LacZ 
in the ischemic brain over a period of 25 days after transplantation. (C) Quantification of engrafted MSCs/LacZ and MSCs/Ngn1 in the 
ischemic hemisphere by green fluorescent protein (GFP) fluorescence 4 h and 1 day after injection. The data were obtained from 10 serial 
sections of 3 independent animals and are presented as mean per section±S.E. (***p＜0.001 compared to MSCs/LacZ group; Student’s
t-test). (D) GFP-positive cells were prominent in the vascular lumen 4 h after transplantation, and were found in the perivascular area 
of the brain parenchyma in the MSCs/Ngn1 group. (E) Human Alu-specific PCR analysis revealed enhanced engraftment of MSC/Ngn1 
compared to MSCs/LacZ 1 day after transplantation. Experiment was conducted in three animals per group and the data are presented 
as mean±standard error of the mean (S.E.). (***p＜0.001 compared to right hemisphere of MSCs/LacZ group; Student’s t-test). (F) A standard 
curve with human Alu-specific PCR was used to extrapolate the amount of human DNA in the rat brain. (G) Prussian blue staining revealed 
SPIO-labeled MSCs/Ngn1 25 days after injection (blank arrowheads). Immunostaining for human mitochondria antigen (hMT) or ED1 along 
with Prussian blue staining revealed MSCs/Ngn1 or cells engulfed by phagocytic cells in the penumbra 25 days after injection, respectively 
(filled arrowheads).



136  International Journal of Stem Cells 2020;13:127-141

Fig. 4. Neuroprotective effects of mesenchymal stem cells expressing neurogenin 1 (MSCs/Ngn1 cells). (A) Low magnification light micro-
scopy showing cortical and striatal ischemic penumbra region used for quantification of terminal deoxynucleotidyl transferase dUTP nick 
end labeling- (TUNEL-), ED1- and neuronal nuclei- (NeuN-) positive cells. (B) Representative photographs of TUNEL staining and ED1 im-
munostaining 4 days after cell transplantation and NeuN immunostaining 25 days after cell transplantation. Quantification of TUNEL-, ED1, 
and NeuN- positive cells are illustrated in (C∼E), respectively. Results from three animals are presented as mean±S.E. (*p＜0.05, ***p
＜0.001 compared to saline group and #p＜0.05, ##p＜0.01 compared to MSCs/LacZ group; One-way Anova).

curve was created using a serial dilution of human ge-
nomic DNA from MSCs with a limit of detection of 1 pg 
human DNA in 100 ng rat DNA (Fig. 3F). One day after 

injection, human genomic DNA was detected higher by 
5.3-fold in the ischemic right hemisphere of the MSCs/ 
Ngn1 group than the MSCs/LacZ group (Fig. 3E). The 
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Fig. 5. Improved functional recovery 
and tissue integrity following mesen-
chymal stem cells expressing neuro-
genin 1 (MSCs/Ngn1) transplanta-
tion. Behavioral performance in the 
rotarod (A) and adhesive removal 
tests (B) up to 28 days after ische-
mia. Data were collected from at 
least five animals per group and are 
presented as mean±S.E. (C) Repre-
sentative magnetic resonance image 
showing the infarcted area. (D) Quan-
tification of magnetic resonance im-
ages from days 2∼28 reveals the in-
farct volume as mean±S.E. (*p＜0.05,
***p＜0.001 compared to saline 
group and #p＜0.05, ##p＜0.01 com-
pared to MSCs/LacZ group; One-way
Anova).

level of genomic DNA of MSCs were minimal in the con-
tralateral hemisphere, indicating the specificity of our 
PCR assay. Furthermore, 25 days after cell injection, the 
MSCs/Ngn1 were detected as Prussian blue-positive cells 
(Fig. 3G) which were co-localized with a human-specific 
mitochondrial antigen. Although few surviving MSCs/ 
Ngn1 differentiated into NeuN- or MAP2-positive neuro-
nal cells (Supplementary Fig. S2), most Prussian blue-pos-
itive cells were co-localized with ED1-positive cells, in-
dicating that transplanted MSCs/Ngn1 were mostly en-
gulfed by ED1-positive phagocytic cells. Taken together, 
these results indicate that compared to MSCs/LacZ, 
MSCs/Ngn1 exhibit a higher extravasation rate and re-
main stable in the ischemic brain while maintaining neu-
ronal differentiation potential for 25 days after trans-
plantation (28 days after MCAo). 

Neuroprotective effects of MSCs/Ngn1 
  To determine the paracrine effects of MSCs/Ngn1 in 
acute stroke, we assessed apoptotic cell death, inflam-
mation, and neuroprotection with TUNEL-, ED1-, and 
NeuN-specific staining in the ischemic penumbra, respec-
tively. In the MSCs/Ngn1 group, the number of TUNEL- 
positive apoptotic cells was significantly reduced com-
pared to the MSCs/LacZ group (Fig. 4B, 4C) 4 days after 
intra-arterial injection. Similarly, immunohistochemical 
staining for ED1, a marker of macrophage infiltration in 

the ischemic penumbra, revealed significantly reduced in-
filtration of ED1-positive cells in the ischemic penumbra 
of the MSCs/Ngn1 group compared to the MSCs/LacZ 
group (Fig. 4B, 4D). To investigate if this reduction in 
apoptotic cell death and inflammation in the ischemic pe-
numbra promoted neuronal survival, we stained for NeuN 
in the ischemic penumbra 4 weeks after the ischemic 
injury. We observed that the number of NeuN-positive 
cells was significantly higher in the ischemic penumbra 
of MSCs/Ngn1-injected animals compared to MSCs/LacZ- 
and saline-injected animals (Fig. 4B, 4E). These results in-
dicated that transplantation of MSCs/Ngn1 exerts greater 
neuronal protection, which, at least in part, correlates with 
increased engraftment of the cells in the ischemic brain.

Improved functional recovery with MSCs/Ngn1 
  To test whether the increased homing ability of MSCs/ 
Ngn1 and the enhanced neuroprotection associated with 
their transplantation correlated with improved behavioral 
function and brain tissue integrity, rotarod and adhesive 
removal tests and MRI analysis, respectively, were con-
ducted. In the rotarod and adhesive removal tests, the sal-
ine-treated animals showed spontaneous recovery to a lim-
ited degree in the 28 days following MCAo (25 days after 
intra-arterial injection). Compared to saline, transplan-
tation of MSCs/LacZ induced greater functional recovery. 
Importantly, the greatest functional recovery was observed 
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following transplantation of MSCs/Ngn1 (Fig. 5A, 5B). 
We also assessed the structural integrity of the ischemic 
brain over the same 28-day period using MRI. The hyper- 
intense areas in T2-weighted images over the central eight 
images (1.5-mm-thick section) were combined to obtain 
the infarct volume (Fig. 5C, 5D). This analysis showed 
that 2 days after MCAo, the initial infarct volume was 
56.7±11.8% of the intact contralateral hemisphere. In the 
saline-injected group, the infarct volume decreased spon-
taneously to 39.9±11.1% at day 7 and then remained con-
stant up to 28 days (36.7±6.3%). Seven days after MCAo, 
the infarct volumes of the MSCs/LacZ and MSCs/Ngn1 
groups were similar (27.1±1.9% and 27.7±7.5%, re-
spectively). However, while the infarct volume remained 
constant (28.2±2.0%) up to 28 days in the MSCs/LacZ 
group, it continued to decrease to 21.7±7.7% in the 
MSCs/Ngn1 group. These results indicate that intra-arte-
rial transplantation of MSCs/Ngn1 in acute stroke (3 days 
after MCAo) effectively blocks neuronal cell death and 
brain inflammation, and consequently preserves tissue in-
tegrity and enhances behavioral recovery. 

Discussion

  Although the therapeutic potential of MSCs is widely 
accepted, it is challenging to efficiently deliver these cells 
proximal to injury or disease sites. The most convenient 
delivery method is systemic administration, which is less 
invasive than direct administration to the damaged or pe-
numbral parenchyma, and is thus preferred for acute 
stroke therapy. However, intravenous administration dis-
tributes MSCs mostly in the lungs, spleen, and liver (25, 
33), which lowers the effective dose in the damaged brain. 
  In this study, we investigated the effect of neural in-
duction on the efficacy of intra-arterial delivery of MSCs 
for the treatment of stroke. Microarray analysis of the 
gene expression profiles of parental MSCs/LacZ and 
MSCs/Ngn1 yielded 292 differentially expressed genes 
(140 up-regulated and 152 down-regulated). GO enrich-
ment analysis revealed that these differentially expressed 
genes were associated with cell motility and migration 
pathways (Fig. 1E). Quantitative RT-PCR analysis vali-
dated that the expression of the chemokine receptors 
CCR1, CCR2, and CXCR4 was higher in MSCs/Ngn1. 
Given that the cognate ligands for these receptors, namely 
macrophage inflammatory protein-1 (34), monocyte che-
moattractant protein-1/cytokine (C-C motif) ligand 2 (35), 
and stromal cell-derived factor-1 (36) are upregulated in 
the ischemic brain, it is very likely that MSCs/Ngn1 have 
a higher tendency to be recruited to the damaged brain 

(Fig. 3). In vitro migration assays revealed that MSCs/ 
Ngn1 exhibited higher tropism from the upper chamber 
towards the brain IE in the bottom chamber (Fig. 2B, 2C). 
To exit the vascular lumen and populate the damaged tis-
sue, a series of processes is required including tether-
ing/rolling, adhering, and trans-endothelial migration. 
MSCs/Ngn1 exhibited increased adherence to IE-primed 
brain endothelial bEnd.3 cells (Fig. 2D, 2E). These in vitro 
data correlate well with the increased recruitment of 
MSCs/Ngn1 to the infarcted area, as shown in Fig. 3.
  SPIO-enhanced MRI analysis revealed that the cells in-
jected through the ECA sequentially flowed into the ICA, 
ACA, and MCA, and were then widely distributed in the 
ipsilateral hemisphere (Fig. 3). Whether these cells are pa-
rental MSCs (MSCs/LacZ) or neurally induced MSCs 
(MSCs/Ngn1) does not seem to be of importance with re-
spect to destination, since the SPIO-enhanced MR signal 
intensity 30 min after injection was similar between the 
two groups (Fig. 3B). It has previously been shown that 
injection through the portal vein yields increased MSC en-
graftment in the liver than injection through the tail vein 
(33, 37). These results together with ours indicate that 
MSC delivery through the vasculature near the target site 
is advantageous by preventing the cells from being en-
trapped in the lung. The SPIO signals are dramatically 
reduced at 1 day after injection with a lower deceleration 
rate for MSCs/Ngn1 (Fig. 3B). Thus, more of MSCs/Ngn1 
cells remain compared to MSCs/LacZ as tested by histo-
logical analysis for GFP-labeled cells in the ischemic brain 
(Fig. 3C, 3D) and by quantitative PCR analysis conducted 
with human specific-Alu primers (Fig. 3E, 3F). Eventual-
ly, most SPIO signals disappear at 25 days after injection. 
Immuohistochemical analysis reveals that remnant SPIO 
signals are due to the ferridex particles taken up by ED1＋ 
phagocytic cells although rare MSCs/Ngn1 cells could be 
found as NeuN＋ cells (Supplementary Fig. S2A). Impor-
tantly, a slow infusion rate (0.24 ml/min) and low cell 
dose (1×106 cells) of MSCs used in our study did not ag-
gravate stroke damage which is consistent with the report 
by Janowski et al. (38). When delivered intra-arterially 3 
days after ischemic injury, MSCs/Ngn1 more effectively 
alleviated neurological dysfunction than MSCs/LacZ (Fig. 
5A, 5B). The enhanced motor function seen after MSCs/ 
Ngn1 delivery is, at least in part, a result of the greater 
suppression of neuronal cell death and brain inflam-
mation (Fig. 4). In a prior study, MSCs transplanted di-
rectly into the ischemic penumbra 3 days after ischemic 
injury effectively suppressed the infiltration of ED1-posi-
tive inflammatory cells from systemic blood via the secre-
tion of TGF-β1, subsequently ameliorating neurological 
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dysfunction (39). Since the expression of TGF-β1 in 
MSCs/LacZ and MSCs/Ngn1 was similar (Fig. 1C), it is 
likely that the anti-inflammatory effect is not cell 
type-specific but rather proportional to the number of re-
populating cells in the ischemic brain. After trans-endo-
thelial migration to the ischemic penumbra, MSCs/Ngn1 
populate this area and secrete TGF-β1 for a longer period 
of time. However, it remains to be clarified whether 
MSCs/Ngn1 secrete other cytokines or neurotropic factors 
which exert beneficial effects. 
  In summary, intravenous injection of naïve MSCs is 
popular for the treatment of stroke (23, 40). The ther-
apeutic effects observed in clinical studies have been pri-
marily attributed to the immunomodulatory functions of 
MSCs. Less invasive routes such as intravenous trans-
plantation may not be appropriate for the treatment of 
brain diseases such as stroke. Here, we provide evidence 
that the systemic delivery of stem cells through the ICA 
could efficiently deliver cells proximal to the ischemic 
area and bypass the shortcomings of intravenous delivery. 
Given that the same route has been utilized to deliver 
thrombolytic agents such as tissue plasminogen activator 
in hyper-acute stroke patients, the intra-arterial delivery 
of stem cells may be practically feasible. In this case, neu-
rally induced MSCs may be more advantageous than naïve 
MSCs. 
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