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Engraftment of Human Mesenchymal Stem Cells

in a Rat Photothrombotic Cerebral Infarction Model :
Comparison of Intra-Arterial and Intravenous Infusion
Using MRI and Histological Analysis

Jun Soo Byun, M.D., Ph.D., Byung Kook Kwak, M.D., Ph.D., Jae Kyun Kim, M.D., Jisung Jung, M.S., Bon Chul Ha, M.S., Serah Park, B.S.
Department of Radiology, Chung-Ang University College of Medicine, Seoul, Korea

Objective : This study aimed to evaluate the hypotheses that administration routes [intra-arterial (IA) vs. intravenous (V)] affect the early stage mi-
gration of transplanted human bone marrow-derived mesenchymal stem cells ((BM-MSCs) in acute brain infarction.

Methods : Male Sprague-Dawley rats (n=40) were subjected to photothrombotic infarction. Three days after photothrombotic infarction, rats were
randomly allocated to one of four experimental groups [IA group : n=12, IV group : n=12, superparamagnetic iron oxide (SPIO) group : n=8, control
group : n=8]. All groups were subdivided into 1, 6, 24, and 48 hours groups according to time point of sacrifice. Magnetic resonance imaging (MRI)
consisting of T2 weighted image (T2WI), T2* weighted image (T2*WI), susceptibility weighted image (SWI), and diffusion weighted image of rat brain
were obtained prior to and at 1, 6, 24, and 48 hours post-implantation. After final MR, rats were sacrificed and grafted cells were analyzed in brain
and lung specimen using Prussian blue and immunohistochemical staining.

Results : Grafted cells appeared as dark signal intensity regions at the peri-lesional zone. In 1A group, dark signals in peri-lesional zone were more
prominent compared with IV group. SWI showed largest dark signal followed by T2*WI and T2WI in both IA and IV groups. On Prussian blue stain-
ing, IA administration showed substantially increased migration and a large number of transplanted hBM-MSCs in the target brain than IV adminis-
tration. The Prussian blue-positive cells were not detected in SPIO and control groups.

Conclusion : In a rat photothrombotic model of ischemic stroke, selective IA administration of human mesenchymal stem cells is more effective
than IV administration. MRI and histological analyses revealed the time course of cell migration, and the numbers and distribution of hBM-MSCs de-
livered into the brain.

Key Words : MRI - Mesenchymal stem cell - Photothrombotic cerebral infarction - Superparamagnetic iron oxide - Intravascular.

INTRODUCTION

Human bone marrow-derived mesenchymal stem cells (hBM-
MSCs) transplantation following experimental stroke promotes
functional recovery in animal models*®%”. The transplanted
may potentially mediate recovery through differentiation into
functional neuronal cells (microglia, new neural stem cells,
neurons, oligodendrocytes, and astrocytes)!**6>%, induction of
neurogenesis'**”, synapse formation (synaptogenesis)*”, and
neuroprotection (inhibition of apoptosis, inflammation and de-
myelination while promoting astrocyte survival)!33%), By
promoting angiogenesis'?, the hBM-MSCs may help to restore

cerebral blood flow and the blood brain barrier®. Perhaps un-
derlying these diverse mechanisms is the capacity of hBM-MSC
to promote endogenous repair and regeneration through in-
duction of cytokines and trophic factors such as brain-derived
neurotrophic factor, insulin-like growth factor-1, nerve growth
factor, fibroblast growth factor-2, vascular endothelial growth
factor and stromal cell-derived factor-1 (SDF-1)3!31617204056)
The route chosen for delivery of cells may influence the mi-
gration and final destination of the transplanted cells. Direct in-
tracerebral®?), intravascular'*!>!#*>¥), intrathecal*”, and intra-
ventricular’? delivery of cells for transplantation have been tested.
Intravascular delivery presents such advantages as safety and
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wide distribution of stem cells within
the ischemic penumbra as compared to
other method. Intravascular transplan-
tation may proceed by either intra-arte-
rial (TA) or intravenous (IV) delivery.
Experimentally, the IV*1>19, and TA%)
routes have been used to investigate
homing capabilities and mechanisms of
the MSCs, and to show that IV admin-
istration results in greater cell trapping
by systemic organs such as lung, liver,
spleen than IA injection. These obser-
vations may be relevant to achieving
therapeutic densities of hBM-MSCs in a rats photothrombotic
cerebral infarction model***”. IA administration of stem cells to
the injured or ischemic brain was may be significantly more ef-
fective in achieving delivery of cells than by the IV route?**2.
Previous studies have demonstrated that IA administration of
stem cells to the injured brain or ischemic brain was significant-
ly more effective than the IV route, however, there was no study
that showed MRI and pathologic correlation analysis. In pres-
ent study, we evaluated the migration and distribution of hBM-
MSC:s transplanted by IA and IV injection routes into the pho-
tothrombotic cerebral infarction region of the rat during 48
hours after cell transplantation (5 days after infarction). Here,
we present the magnetic resonance imaging (MRI) and patho-
logic analyses performed in parallel with the treatment.

MATERIALS AND METHODS

Ethical statement

Rats were maintained in accordance with guidelines of the
Institutional Animal Ethics Committee at our institution. The
Institutional Review Board of CAUH (CAUMD 11-0020) ap-
proved this study.

Cell culture and labeling

Adult bone marrow contains two types of prototypical stem
cells, the hematopoietic and the MSCs?". Also referred to as
bone marrow stromal cells, the MSC may under specific condi-
tions differentiate into osteocytes, chondrocytes, adipocytes,
and myocytes”*®. MSCs may alternatively differentiate into
neuronal cells, including astrocytes, neurons, and endothelial
cells in the brain'**¥. We used commercially available hBM-
MSC (HMSC-bm #7500; ScienCell Research Laboratories,
Carlsbad, CA, USA) that were isolated from human bone mar-
row. The cells were confirmed to express the CD 13, 29, 44, 73,
90, 105, and 106 surface antigen and to lack CD 14, 34, 106, and
133 expression.

The hBM-MSC were cultured in a humidified atmosphere
with 5% CO: at 37°C in Dulbeccos modified Eagle’s medium
(DMEM,; Invitrogen, Carlsbad, CA, USA) that was supple-
mented with 10% fetal bovine serum, 200 mM L-glutamine, 1%

Fig. 1. In vitro cell staining. A : Non-labeled human mesenchymal stem cell, Prussian blue staining,
original magnification x400. B : Labeled hMSC, Prussian blue staining, original magnification x400.
C : Combined staining with antimitochondrial antibody-Prussian, original magnification x400.

Fig. 2. Rat brain 5 days after photothrombotic infarction in right frontopari-
etal lobes. Whole cerebrum of rat brain (A) and coronal cross section (B).

penicillin and streptomycin. The medium was replaced every 3
days and the cells were sub-cultured at 80-90% growth conflu-
ence. Cells were labeled overnight with superparamagnetic iron
oxide (SPIO) nanoparticles.

We used a clinically approved SPIO (Feridex IV, ferumoxide;
Advanced Susceptibility Inc., Cambridge, MA, USA). The SPIO
are characterized by a 5-nm iron core and hydrodynamic diam-
eter of 80-90 nm, including the dextran coating®”. Ferumoxide
is provided as an SPIO solution with a total iron content of 11.2
mg/mL and is approved for clinical use in liver imaging. By re-
ducing the transverse relaxation time (T2) on T2-weighted im-
ages, the SPIO nanoparticles cause labeled cells to appear as re-
gions of dark signal intensity. To facilitate endocytosis of SPIO
by the hBM-MSCs, the polyamine poly-L-lysine hydrobromide
(PLL; Sigma-Aldrich Corp., St. Louis, MO, USA) was used™.
To obtain a final PLL concentration of 375 ng/mL and 25 ug/
mL of SPIO in the medium, the PLL at 750 ng/mL and SPIO at
50 ug/mL were mixed with culture medium and gently shaken
for 60 minutes at room temperature. The hBM-MSCs were la-
beled with SPIO by incubation overnight in medium contain-
ing SPIO-PLL complex at 37°C in a 5% CO: humidified atmo-
sphere. The viability of the SPIO-labeled hBM-MSCs before
transplantation was assessed at greater than 85% by trypan blue
exclusion. Before injection into rats, the labeled cells were pre-
pared in phosphate-buffered saline (PBS). Nearly 100% labeling
of hBM-MSCs with SPIO was achieved, as shown by Prussian
blue and immunohistochemical staining, and cellular MRI per-
formed in vitro (Fig. 1A, B). Mitochondria and iron were de-
tected in the hBM-MSC by combined staining with anti-mito-
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chondrial antibody and Prussian blue (Fig. 1C).

Photothrombotic infarction model

Photothromobotic infarction was induced in 40 male Sprague-
Dawley rats (250-280 g). Anesthesia was induced with 5% isoflu-
rane (Aerane Solution; Ilsung-medicine, Seoul, Korea) in Oz, and
maintained with 1.5-2% isoflurane by inhalation. The rat was
placed in supine position on the table and its head was fixed to a
stereotactic system (Stoelting Co., Wood Dale, IL, USA). The
skull was exposed by a scalp incision along the midline and an
optical fiber guide from the cold light generator (Fiber-Lite MI-
150; Dolan-Jenner Industries, Inc., Boxborough, MA, USA) with
a 5-mm aperture was positioned onto the skull 2.5 mm right
lateral to the midline and 2.5 mm posterior to the bregma.
Wavelength of the light was 400-670 nm, and its color tempera-
ture was 3200°K. After intravenous injection of the photosensi-
tive Rose Bengal (20 mg/kg, Sigma-Aldrich Co., St. Louis, MO,
USA) through the tail vein, photoillumination was performed
for 15 minutes. Focal activation of the photosensitive Rose Ben-
gal induces free-radical injury to endothelial cells, platelet ag-
gregation leading to microvascular thrombosis and occlusion of
the vessel, causing circumscribed cortical infarctions®. The
scalp was sutured with 4-0 blue-nylon and rats were allowed to
wake up from the anesthesia. During the procedure, the rectum
temperature of rats was monitored with a homeothermic blanket
control unit (Harvard Apparatus, Holliston, MA, USA) and
maintained between 36.5 and 37°C with a feedback-controlled
heating pad. Photothrombotic infarc-
tion was successfully induced in all of
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Ansan, Korea) at 10 mg/kg. In the IV group, 2.5x10° cells/mL
of SPIO-labeled hBM-MSCs were prepared in the medium,
and slowly injected into the tail vein for 90 seconds with the
24-G needle (Introcan Celto; B. Braun Melsungen AG, Melsun-
gen, Germany). For IA injections, the ipsilateral carotid artery
was exposed, the external carotid artery was ligated with 6-0
silk, and 2.5x10° cells/mL of SPIO-labeled hBM-MSCs were in-
jected into the internal carotid artery through the common ca-
rotid artery using a 24-G needle. In the SPIO group, 25 ug/mL
of SPIO were prepared in the medium, and slowly injected into
the tail vein for 90 seconds with the 24-G needle.

In vitro cellular MRI

To determine the relationship between cell numbers and MRI
signal intensities, in vitro cellular MRI was done. The SPIO-la-
beled hBM-MSCs were washed with PBS to remove unlabeled
SPIO and treated with 0.25% trypsin-EDTA for 3 minutes. The
labeled cells were counted and transferred to 0.5 mL tubes filled
with normal saline, to provide cell counts of 6.3x10%, 1.3x107,
2.5x10° and 5.0x10° cells, and centrifuged for 3 minutes at
12000 rpm to make pellets. Tubes containing 5x10° cells/mL of
unlabeled hBM-MSCs and 0.5 mL of normal saline without
cells were also prepared as controls. MR imaging of phantoms
was performed using a wrist coil (SENSE-wrist-4 channel; Phil-
ips, Eindhoven, the Netherlands) and 3T MRI (Philips, Eind-
hoven, the Netherlands) using T2-weighted (T2WI), T2*-
weighted (T2*WI), and susceptibility-weighted (SWI) imaging.

Table 1. Table of study design with animal group

the experimental rats. The location of Groups No. of cells MRI (hrs) Endpoint (hrs) ~ Specimen
infarction was the right frontoparietal A
lobe (Fig. 2). 1hr 2.5x10° Pre, 1 1 3
Cell T lantat 6hr 2.5x10° Pre, 1,6 6 3
ell Iransplantation 24 hr 2.5x10° Pre, 1,6,24 24 3
Animals were randomly assigned to .
48 hr 2.5x10 Pre, 1, 6,24, 48 48 3
the IA (n=12), IV (n= 12), SPIO (n=8),
v
and control groups (n=8). Three days :
. L . 1hr 2.5x10 Pre, 1 1 3
following photothrombotic infarction, .
rats allocated to the IA group received 6 hr 2'5X105 Pre, 1,6 6 3
internal carotid artery injections of 24hr 2.5x10 Pre, 1,6, 24 24 3
5
SPIO-labeled hBM-MSCs and the IV 48 hr 2.5x10 Pre, 1,6,24,48 48 3
group received tail vein injections of SPIO
SPIO-labeled hBM-MSCs. Rats assigned Lhr No, SPIO IV Np 1 2
to the SPIO group received tail vein in- 6 hr No, SPIO IV Np 6 2
jections of 25 ug/mL of SPIO only and 24 hr No, SPIO IV Np 24 2
the control group received nothing after 48 hr No, SPIO IV Pre, 1,6, 24, 48 48 2
photothrombotic infarction (Table 1). Control
Rats were anesthetized before trans- 1hr No Np 1 2
plantation by intramuscular injection of 6 hr No Np 6 2
a mixture of Ketara® (ketamine hydro- 24 hr No Np 24 5
chloride; Yuhan Corporation, Seoul, 48 hr No Pre, 1, 6,24, 48 48 5

Korea) at 100 mg/kg and Rompun® (xy-
lazine hydrochloride; Bayer Korea, Ltd.,

IA: intra-arterial, IV : intravenous, SPIO : superparamagnetic iron oxide, pre : previous cell injection, 72 hrs after
photothrombotic infarction, np : not performed, endpoint : sacrificed point after cell injection
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For T2WI, the sequence parameters were repetition time (TR)
2706 msec, echo time (TE) 80 msec, flip angle 90°, field of view
(FOV) 250%x250 mm, matrix size 700x641, thickness 1 mm, gap
1 mm, and NEX 3. For T2*WI, sequence parameters were TR
525.9 msec, TE 9.2 msec, flip angle 30°, FOV 250x250 mm, ma-
trix size 676x674, thickness 1 mm, gap 1 mm, and NEX 3. For
SWI, sequence parameters were TR 35 msec, TE 45 msec, flip
angle 10°, FOV 250x250 mm, matrix size 485x485, thickness 1
mm, and NEX 3.

MRI obtained at 6.3x10%, 1.3x10%, 2.5x10° and 5.0x10°, cells
showed that ferumoxide-labeling caused signals to become
dark in a dose-dependent manner. Among the pulse sequences,
SWI showed the maximum susceptibility effect of SPIO fol-
lowed by T2*WT and T2WI. No significant susceptibility effect
was noted in unlabeled hBM-MSCs or normal saline on MRI
(Fig. 3).

In vivo MRI

For MR, rats were anesthetized by intramuscular injection of
a mixture of Ketara™ at 100 mg/kg body weight and Rompun®
at 10 mg/kg. Animals were imaged at 3 days after photothrom-
botic infarction (before cell transplantation), and at 1, 6, 24, and
48 hours after cell transplantation. The 3T MRI (Philips) and a
wrist coil (SENSE-wrist-4 channel; Philips) were used. The
brain MRI was taken with sequence parameters set for T2ZWI
(TR 4279 msec, TE 80 msec, flip angle 90°, FOV 500x500 mm,
matrix size 200x200, thickness 1 mm, gap 1 mm, and NEX 3),
T2*WI (TR 719 msec, TE 23 msec, flip angle 18°, FOV 500x
500 mm, matrix size 200x200, thickness 1 mm, gap 1 mm, and
NEX 3), SWI (TR 31 msec, TE 44 msec, flip angle 15°, FOV

©

Fig. 3. In vitro cellular MRI of PBS phantoms containing suspensions of
different concentrations of SPIO labeled hBM-MSCs. A : T2 weighted im-
age. B : T2* weighted image (GRE). C : Susceptibility weighted image. (a)
6.3x10°* cells/mL, (b) 1.3x10° cells/mL, (c) 2.5x10° cells/mL, (d) 5.0x10°
cells/mL, (e) unlabeled hMSC 5.0x10° cells/mL, (f) no cells (normal sa-
line). PBS : phosphate-buffered saline, hBM-MSCs : human bone mar-
row-derived mesenchymal stem cells, SPIO : superparamagnetic iron
oxide, hMSC : human mesenchymal stem cell.

500x500 mm, matrix size 128x128, thickness 0.5 mm, and
NEX 3), and diffusion weighted image (DWTI : TR 4000 msec,
TE 97 msec, flip angle 90°, FOV 500x500 mm, matrix size
64x55, thickness 1 mm, gap 1 mm, and NEX 4). The animal
was placed in supine position.

We evaluated dark signal intensities in the infarcted regions
after administration of the hBM-MSCs by IA and IV, and com-
pared groups using the ImageJ program (from the U.S. Nation-
al Institutes of Health, Bethesda, MD, USA) to quantify the
dark spots in pixels.

Tissue preparation and pathology

Animals from each group were euthanized at 1, 6, 24, and 48
hours after cell transplantation. The brain of each animal was
evaluated by counting transplanted cells in coronal brain sec-
tions stained with Prussian blue. Rats were anesthetized before
sacrifice by intramuscular injection of a mixture of Ketara® at
100 mg/kg body weight and Rompun® at 10 mg/kg. Intracar-
dial perfusion of ice-cold heparinized saline was followed by
4% paraformaldehyde perfusion. After removal of the brain
and overnight postfixation, coronal sections were taken from
rostral to caudal at 3-mm intervals. Coronal sections 5 um
thick were obtained from each block using a microtome (Leica
Instruments, Leica Instrument, Heidelberg, Germany) and
embedded in paraffin. To analyze the number of cells in the
brain, two different sections at midline of the infarction were
analyzed. All transplanted cells in the whole ipsilateral hemi-
sphere of each section were counted. After removal and over-
night postfixation of both the right upper and lower lobes of
the lung, coronal sections of 5 um were obtained from each
block embedded in paraffin using a microtome. Cells were
counted in randomly chosen sections from three different
lobes of the lung.

Hematoxylin and eosin staining

Hematoxylin and eosin staining was performed for anatomic
orientation and evaluation of tissue hemorrhage. Sections were
fixed in 4% paraformaldehyde and immersed in a solution of
xylene and ethanol for deparaffinization and rehydration. After
washing briefly in distilled water, sections were stained in Har-
ris hematoxylin solution for 8 minutes. The stained sections
were washed in running tap water, rinsed in 95% ethanol and
counterstained in eosin-phloxine solution for one minute.

Prussian blue staining
Prussian blue staining was performed in order to localize the
iron particles in SPIO-labeled hBM-MSCs.

In vitro staining

The cells were washed twice with PBS to remove excess con-
trast agent (PLL-SPIO mixture), fixed with 4% paraformalde-
hyde, washed again and incubated with 2% potassium ferrocya-
nide (i.e., Perls reagent) in 2% hydrochloric acid for 30 minutes.
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After three washes with dextrose water, the cells were counter-
stained with nuclear fast red.

In vivo staining

The sections were washed twice with PBS to remove excess
contrast agent, washed again and fixed with 4% paraformalde-
hyde. Sections were immersed in a solution of xylene and etha-
nol for deparaffinization and rehydration, and then incubated
with 2% potassium ferrocyanide in 2% hydrochloric acid for 30
minutes. The sections were washed three times with dextrose
water and counterstained with nuclear fast red.

Combined staining with anti-mitochondrial antibody and
Prussian blue

Anti-human-mitochondrial antibody recognizes a 60 kDa
nonglycosylated protein component of mitochondria found in
human cells. It can be used to stain mitochondria in cells, tis-
sues and biochemical preparations, and can be used as a mito-
chondrial marker in subcellular fractions. Combined staining
with anti-mitochondrial antibody and Prussian blue was per-
formed to co-localize mitochondria of human origin and iron
particles in SPIO-labeled hBM-MSCs.

In vitro staining

The cells were fixed with 4% paraformaldehyde. To detect an-
tigen, cells were heated for 12 minutes in citrate buffer (pH 6.0)
that had been preheated for 3 minutes. The cells were treated
with 0.3% H-O: for 10 minutes to remove endogenous peroxi-
dase activity, washed with PBS and incubated overnight at 4°C
with anti-mitochondrial antibody (clone 113-1, Chemicon,
Temecula, CA, USA) as the primary antibody. After washing
with PBS, the cells were treated with secondary antibody (En-
Vision System-HRP; Dako, Copenhagen, Denmark) for 30
minutes at room temperature. Immunoreactivity was visualized
with a diaminobenzidine tetrachloride kit (Dako, Copenhagen,
Denmark) using a treatment time of 1-5 minutes. Prussian blue
staining was performed as described above.

In vivo staining

After fixation in 4% paraformaldehyde, sections were im-
mersed in a xylene and ethanol solution for deparaffinization
and rehydration. To detect tissue antigen, the sections were
heated for 12 minutes in citrate buffer (pH 6.0) that had been
preheated for 3 minutes. The specimens were treated with 0.3%
H:0: for 10 minutes to remove endogenous peroxidase activity,
washed with PBS and incubated overnight at 4°C with anti-mi-
tochondrial antibody as the primary antibody (clone 113-1,
Chemicon). After washing with PBS, the specimens were treat-
ed with secondary antibody (EnVision System-HRP; Dako) for
30 minutes at room temperature. Immunoreactivity was visual-
ized by treatment with diaminobenzidine tetrachloride for 1-5
minutes. Prussian blue staining was performed as described
above.
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Statistical analysis

Pixel counts from the brain MRI and engrafted-cell counts
from pathological analysis of brain and lung were compared be-
tween the IA and IV groups using analysis of variance followed
by the Mann-Whitney test. Data are presented as means+SE.
The significance level was set at 0.05.

RESULTS

In vivo MRI

On MR, the brain infarction presented high signal intensity
on T2WI On T2WI, T2*WI, and SWI, grafted cells appeared as
dark signal intensity at the ischemic boundary. In the IA group,
dark signal intensity in the zone surrounding the infarction in-
creased substantially over time. SWI showed largest dark signal
intensity regions followed by T2*WTI and T2WT in all groups. In
the IV group, dark signal intensity were also observed in the
peri-lesional zone but were less prominent than in correspond-
ing images from the IA group. Distributions of dark signal in-
tensities in peri-lesional zones were similar in both IA and IV
groups (Fig. 4). Linear parenchymal low-signal intensities sug-
gestive of veins were noted in all groups on SWI. On T2WT and
DWI, a high signal intensity lesion was seen in deep gray mat-
ter of brain suggestive of acute infarction and probably caused
by a cluster of cells. On SWI the pixel counts of dark signal inten-
sity in the peri-lesional zone were significantly larger in groups
that received IA administration (p<0.05). Mean dark signal in-
tensity pixel numbers of 478.6+9.0, 570.4+22.2, 789.7+21.1, and
722.5+9.3 were detected in the brain at 1, 6, 24, and 48 hours,
respectively, after IA injection vs. 205.3+20.7, 240.7+11.1,
374.2428, and 380.8+38.5 after IV (Fig. 5).

Pathology of brain

Prussian blue staining

Intravascular transplantation of SPIO-labeled hBM-MSCs in
this photothrombotic model resulted in cerebral engraftment
detected by Prussian blue staining. The distribution of trans-
planted cells varied in different cerebral regions. The highest cell
density was detected in the peri-lesional zone, although some
cells were detected at distances from the infarction. The dark
signal intensity regions observed on MRI were found to corre-
spond to grafted regions as determined by Prussian blue stain-
ing (Fig. 6A, B). Counting of SPIO-labeled hBM-MSCs showed
that significantly greater numbers of cells were engrafted at 48
hours in groups treated by IA administration (p<0.05) (Fig.
6C). At 48 hours after IA injection, the mean cell number ob-
served within the cerebrum was 52.8 as compared to 25.4 after
IV. At 1, 6, and 24 hours, only rare transplanted cells were ob-
served in either the IA or IV groups. Mean cell numbers of 5.8,
7.2, and 8.3, respectively, were detected within the brain at these
times after IA injection vs. 1.0, 1.8, and 3.3 after IV, but these dif-
ferences between IA and IV groups were not significant. In both



J Korean Neurosurg Soc 54 | December 2013

IA injection

72 hr PTCI 1hr 6 hr 24 hr 48 hr
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DWI
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Fig. 4. Serial brain MRI after regions IA (A) and IV (B) administration after photothrombotic infarction
of rat model. Acute infarction are located on the right side of the brain (the left side of the images).
Dark signal intensity regions increased over time especially in peripheral portion of infarction. SWI
shows largest dark signal intensity regions following T2*WI and T2WI (arrows). Linear parenchymal
low-signal intensities suggestive of veins are noted in all groups on SWI (double arrows). In the 1A
group, dark signal intensity in peripheral portion of infarction are more prominent than incorrespond-
ing images from a the IV group. PTCI : photothrombotic cerebral infarction, IA : intra-arterial, IV : intra-
venous, T2*WI : T2* weighted image, T2WI : T2 weighted image, SWI : susceptibility weighted im-
age, DWI : diffusion weighted image.

groups, cell engraftments at 48 hours was significantly superior
than those at one hour after cell infusion (p<0.05). Engrafted
cells were not detected in SPIO and control groups.

photothrombotic model resulted in ce-
rebral engraftment as detected by com-
bined anti-mitochondrial antibody and
Prussian blue staining (Fig. 6D). The
highest cell density was detected in the
peri-lesional zone.

Pathology of the lung

Prussian blue staining analysis of the
lung showed that hBM-MSC entrap-
ment were significantly larger in the IV
group than in the IA group at 1 hour time
point (p<0.05) (Fig. 7). Mean cell num-
bers of 5.7 and 1.0 were detected within
lung parenchyma after IV and IA injec-
tion, respectively, at 1 hour. This was a
first-pass effect, in that no trend was ob-
served in the groups at 6, 24, 48 hours.

DISCUSSION

In this study, we compared the selec-
tivity of IA and IV in transplantation of
stem cells to the brain in a rat photo-
thrombotic model of ischemic stroke.
Quantitative analysis by MRI at all time
points and by pathology at 48 hours
showed that IA transplantation was sig-
nificantly more effective than IV. At 1, 6,
24 hours, we observed a trend toward a
larger number of engrafted cells in the
IA groups as compared to the IV groups.
Analysis of the lung showed a first pas-
sage effect that resulted in significantly
greater engraftment of cells by IV than
by IA administration at 1 hour. The IA
route showed greater effectiveness for
specific delivery of stem cells to the brain
following acute infarction.

There was difference in time distribu-
tion of stem cells between MRI and his-
tological analysis. On MRI study, the
peak mean pixel number of dark signal
was noted at 24 hours in IA group, and
at 48 hours in IV group. However, on
histological analysis, the peak cell count

was seen at 48 hours both in IA and IV groups. This could be ex-
plained by perilesional hemorrhage of photothrombotic model
in IA group which resulted in false outcome in 24 hour IA group,

but could not be identified on histological specimen. We think

Combined staining with anti-mitochondrial antibody and
Prussian blue
Intravascular transplantation of labeled hBM-MSC in this
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the peak time of stem cell arrival is actually similar in IA and IV
group, and the main cause of cell count difference between two
groups is pulmonary circulation (first passage effect).



A common characteristic of ischemic stroke is the inflamma-
tory response, with recruitment of leukocytes to the site of inju-
ry**. Ischemia results in activation of the endothelium, and of
chemokine-producing astrocytes and microglia. Inflammatory
cytokines [e.g., vascular cell adhesion molecule-1, intercellular
adhesion molecule-1, C-C chemokine ligands (CCL)2, CCL3,
CClL4, CCL5, and C-X-C mortif ligand 12a] increase vascular
permeability and may thereby facilitate stem cell engraftment***.
Stem cells, like leukocytes, express intergrins such as CD49d and
the chemokine receptors such as chemokine receptors CCR1,
CCR2, CCR5, CXCR3, and CXCR4**. Various types of stem
cells may use extravasation mechanisms to those of immune
cells, such as adhesion, chemoattraction, and transendothelial
migration®*). Well known pairs of cytokine ligand/cytokine re-
ceptor are vascular cell adhesion molecule-1/CD49d, CCL2/
CCR2, and SDF-1/CXCR4*¥76,

Functional recovery may be achieved through various routes
of MSC administration, including intracerebral, IA, and
[V13151826345559) TIntracerebral and intravascular administration
provide the best chance to engraft MSCs to the brain. Intravascu-
lar delivery is less invasive than intracerebral stereotactic delivery.
In the field of experimental endovascular transplantation, IV infu-
sion has been tested more extensively than A administration.
However, recent studies have demonstrated an unfavorable dis-
tribution of cells after IV infusion®**). One study using biolu-
minescence imaging (BLI) of neural stem cells after middle cere-
bral artery occlusion (MCAQ) showed a
BLI signal from the brain that was 12
times higher in IA-injected than in IV-
injected animals. After IA injection, 69%
of the total luciferase activity emerged
from the brain early after transplantation
and 93% at 1 week. After intravenous in-
jection, 94% of the BLI signal was de-
tected in the lungs followed by an overall

M
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tially trapped in the pulmonary capillaries and removed from
circulation in the first passage effect?*”. The first passage effect in
lung differs significantly between IA and IV administration.
Cells administered by IA generate higher local concentrations,
have shorter blood stream exposure, and suffer less mechanical
stress before reaching the target site’. In agreement with the
previous studies, we found significantly more stem cells residing
in the brain after IA administration than with the IV route and
higher total entrapment of cells in the lung after IV as compared
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Fig. 5. Quantitative analysis of MRI. Graph depicting mean (+SE) num-
ber of pixel count of dark signal intensity on SWI after either selective in-
tra-arterial (IA) or intravenous (IV) transplantation in a rat model of pho-
tothrombotic infarction (*p<0.05). SWI : susceptibility weighted image.

signal loss of 94% at 1 week; thus the

cells failed to survive outside the brain®. 0
Another study using immunohisto- 607
chemical analysis of engrafted MSCs . 0
transplanted after brain injury detected a E 40
significantly higher number of trans- ;, 30
planted MSCs in the injured brain after 204
IA as compared to IV administration at 104
both 1 day and day 5 after transplanta- o

tion*. Use of Prussian blue staining and Lhr

6 hr 24 hr

48 hr © @

MRI of labeled neural progenitor cells
after MCAO showed significantly great-
er cell migration, wider distribution, and
a larger number of transplanted neural
progenitor cells in the target brain area
following IA administration than by IV
or intracisternal administration®. The
majority of administered MSCs are ini-

Fig. 6. MRI of rat brain (IA 48 hr), SPIO-labeled hBM-MSCs directly grafted into a rat brain, and
Prussian blue-stained cells and antimitochondrial-Prussian blue stained cells in a rat brain. A :
Implanted cells are visualized as low signal intensity on SWI of MRI. B : Hypointense areas [square
in (A)] represent massive invasions by Prussian blue stained cells (original magnification x200,
x400). C : Graph showing the mean (+SE) number of engrafted cells in brain after either selective
IA or IV transplantation (*p<0.05). D : Among these cells antimitochondrial-Prussian blue stained
cells are noted (arrows, original magnification x400). 1A : intra-arterial, IV : intravenous, SPIO : su-
perparamagnetic iron oxide, SWI : susceptibility weighted image, hBM-MSCs : human bone mar-
row-derived mesenchymal stem cells.
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8- producible size with well-defined

* —o—LungIA b daries b he inf: d
7 & Lung IV oundaries between the infarct and nor-
6 mal tissues'-*>¢Y, Unlike the MCAO
2 P model, which showed a diffuse stem cell
‘g g 4 distribution by IA infusion and a local-
S 5] ized pattern by IV infusion®, the photo-
2 thrombotic infarction model showed
1 % similar patterns of stem cell distribution
0 . . . ‘ following IA and IV infusions, in the

(A Lhr 6 hr 24hr 48 hr peripheral zone of the infarction.

Fig. 7. Prussian blue-stained cells in lung specimen and graph showing the mean (+SE) number of
engrafted cells after either selective intra-arterial (A) or intravenous (IV) transplantation. A : Several
Prussian blue-stained cells are noted in alveolar wall (arrows, original magnification x400). B :
hBM-MSC entrapment were significantly larger in the IV group than in the IA group at 1 hour time
point (*p<0.05). hBM-MSCs : human bone marrow-derived mesenchymal stem cells.

The value of MRI in monitoring and
tracking stem cells injected into the
brain is established with various cell
types, including MSCs*”, neural progen-
itor cells®, myogenic precursors®, and

embryonic stem cells”. SPIO nanoparti-
cles provide the most sensitive markers
for labeling stem cells for MRI'?. SWI is
the most sensitive MRI pulse sequence
for detecting iron content in the brain.
SWI exploits the magnetic susceptibility
differences between tissues*?. The SWI
technique uses a fully velocity-compen-
sated, RF spoiled, high-resolution, 3-D

Fig. 8. Aggregated MSCs at arterial lumen in IA rat model on combined Anti-mitochondrial anti-
body-Prussian blue staining. Note aggregated cells (arrows) which are positive on Anti-
mitochondrial antibody (brown color) and Prussian blue staining (blue color).

to IA administration. However, more animals were assigned to
the IA group than to the IV group, because carotid artery injec-
tion resulted in high mortality, possibly through distal emboliza-
tion of intraluminal plaques®*). Several rat treated by IA in the
present study showed MSC aggregates in the arterial lumen on
combined staining with anti-mitochondrial antibody and Prus-
sian blue (Fig. 8). These findings suggested that intracarotid in-
fusion may cause further ischemia or thrombosis in humans. In
this respect, the intravenous infusion of MSCs may prove to be
the safer and more feasible route for stem cell therapy in stroke
patients®*13),

Cerebral ischemia is induced experimentally by transient or
permanent occlusion of the middle cerebral artery (MCA) with
an intraluminal filament'*". But this MCAQO model requires
delicate microsurgical skills and the size of the infarction is high-
ly dependent on the vascular anatomy of the MCA and collater-
al vessels™. In addition, the size of infarction corresponding to
the MCA territory and the resulting neurologic deficits are too
extensive for use to study a healing process*”. Cortical focal pho-
tothrombosis in the brain is a well-established model of stroke
that uses photosensitive dyes such as Rose Bengal®. Light-acti-
vated Rose Bengal induces free-radical injury to endothelial cells,
aggregation of platelets and finally occlusion of the injured vessel.
Advantages of the Rose Bengal photothrombotic model included
the non-invasiveness of the operation and resulting lesions of re-

modified gradient-echo T2*-weighted
sequence?®*>* that accurately presents
the iron content, paramagnetic blood
products, and the venous vasculature in
the brain®*.

We are aware of limitations in our study. First, the number of
animals in each group was relatively small. It is possible that with
larger numbers the differences between IA and IV groups would
have been more significant. Second, we used hBM-MSCs in im-
munocompetent rats. It may cause that the engrafted MSCs will
be targeted by immune cells and decrease the survival rate of
cells. Third, sensitivity of MRI in detecting magnetically labeled
cells is affected by various factors, including the magnetic field
strength of the MR instrument and the MR imaging software™.
Therefore, our imaging measurements at 3T may have lacked the
sensitivity to detect small numbers of cells or tiny cell clusters that
migrated into the host brain. Fourth, photothrombotic infarct
model may cause perilesional hemorrhage which mimics SPIO
containing stem cells on MRI. As a result, our data may have
shown difference in time distribution of stem cells between MRI
and histological analysis.

CONCLUSION

In a rat photothrombotic model of ischemic stroke, selective
intra-arterial administration of human mesenchymal stem cells
is more effective than intravenous administration. MRI and
pathologic analyses revealed the time course of cell migration,
and the numbers and distribution of hBM-MSCs delivered into
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the brain. Intra-arterial endovascular procedure could be a
novel way in the stem cell treatment of cerebral infarction.
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