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Although intravenous administration of mesenchymal stem cells (MSCs) can enhance functional recovery
after spinal cord injury (SCI), the underlying mechanisms have to be elucidated. In this study, we explored
the mechanisms for functional recovery in SCI rats after intravenous transplantation of MSCs derived from
human umbilical cord blood. Sprague-Dawley rats were randomly assigned to receive either MSCs (1 x 10°
cells/0.5 ml) or PBS into the tail vein immediately after SCI. They were then evaluated by the Basso-Beattie-
Bresnahan (BBB) locomotor rating scale weekly for 8 weeks and by somatosensory evoked potentials
(SSEPs) 8 weeks after transplantation. MSC-treated rats showed a modest but significant improvement in
BBB scores and latencies of SSEPs, compared with PBS controls. When human-specific Alu element was
measured in the spinal cord, it was detected only 1 h after transplantation, suggesting transient engraftment
of MSCs. Inflammatory cytokines were also determined using RT-PCR or Western blot in spinal cord ex-
tracts. In MSC-treated rats, the level of proinflammatory cytokine IL-1f was decreased, but that of anti-
inflammatory cytokine IL-10 was increased. MSCs also immediately suppressed IL-6 at 1 h posttransplanta-
tion. However, the response of IL-6, which has an immunoregulatory role, was increased 1-3 days after
transplantation. In addition, we quantified microglia/macrophage stained with Iba-1 around the damaged
spinal cord using immunohistochemistry. A proportion of activated microglia and macrophages in total Iba-
1+ cells was significantly decreased in MSC-treated rats, compared with PBS controls. These results suggest
that early immunomodulation by intravenously transplanted MSCs is a potential underlying mechanism for
functional recovery after SCI.
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INTRODUCTION

Currently, there is no effective treatment for spinal
cord injury (SCI), although it can lead to permanent neu-
rological deficits because of poor regenerative potential
and the spread of secondary tissue damages. Secondary
damages, which can occur following SCI, include ische-
mia, edema, glutamate excitotoxicity, free radical injury,
and inflammatory reactions (13,16,34,47). While the in-
flammation eliminates damaged cells, excessive inflam-

mation could cause further damage and exacerbate the
disease process (13). An in vitro experiment shows that
proinflammatory cytokines are produced by activated
microglia (35). In vivo conditions also show that inter-
leukin (IL)-1 and tumor necrosis factor-o. (TNF-a) are
well correlated with the severity of immune-mediated
diseases (14,36). The inflammatory cytokines or chemo-
kines are often increased in serum and spinal cord after
SCI (9,13).

Mesenchymal stem cells (MSCs) are multipotent
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cells that can differentiate into a variety of cell types
and have a large capacity for self-renewal. However, the
therapeutic mechanisms after transplantation of MSCs
seem to have been derived from paracrine effects rather
than cell replacement in a previous study (6). The para-
crine effects from transplanted MSCs can be divided
into trophic factor secretion and immunomodulation by
cytokines (33). Recent investigations have shown that
MSCs can act as an immune modulator to prevent the
activation of microglia (22) and the proliferation of lym-
phocytes (8,24,38). MSCs also play an inhibitory role in
the differentiation, maturation, and phenotype mainte-
nance of dendritic cells (20,31,38,40,41). As a result, im-
munomodulation can have beneficial effects on func-
tional outcomes of locomotor behavior by suppressing
secondary inflammatory reactions (32).

Therefore, we investigated whether intravenous trans-
plantation of MSCs derived from human umbilical cord
blood (hUCB) can enhance functional recovery in a rat
model of SCI, and explored the underlying mechanisms
such as neurotrophic effects and immunomodulation by
MSCs. We found that MSCs expressed immunomodula-
tory effects during the acute phase after SCI, which con-
tributes to functional recovery in chronic phase.

MATERIALS AND METHODS
Isolation, Culture, and Characterization of MSCs

This study was approved by the Institutional Review
Board (IRB), and all samples were obtained with the
informed consent. MSCs were isolated and cultured as
previously described (7,25,50). Briefly, mononuclear
cells were isolated from hUCB using Ficoll-Hypaque
density gradient centrifugation (Histopaque-1077; Sigma-
Aldrich, St. Louis, MO). Cells were seeded in T25 cul-
ture flasks (Nalge Nunc, Naperville, IL) at a density of
3 x 10° cells/cm? in low glucose Dulbecco’s modified
Eagle’s medium (LG-DMEM; Invitrogen-Gibco, Rock-
ville, MD) containing 10% fetal bovine serum (FBS; In-
vitrogen-Gibco) and 100 U/ml penicillin/streptomycin
(Invitrogen-Gibco). The cells were incubated in a hu-
midified atmosphere at 37°C with 5% CO,. Adherent
cells were then resuspended with 0.05% trypsin-EDTA
(Invitrogen-Gibco) and reseeded at 2 x 10° cells/cm? and
expanded under the same culture conditions. The MSCs
were harvested at passages 3 to 4 for transplantation.
For flow cytometry, a total of 5 x 10° cells were resus-
pended in 0.2 ml PBS and incubated with fluorescein
isothiocyanate (FITC)- or phycoerythrin (PE)-conju-
gated antibodies for 20 min at room temperature. The
flurorescence intensity of the cells was evaluated by
flow cytometry (FACScan; Becton Dickinson, Franklin
Lakes, NJ).
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Animals

A total of 98 male Sprague-Dawley (SD) rats weigh-
ing 300-350 g were used. For behavioral testing, 25 ani-
mals were randomly grouped into SCI rats treated with
MSCs (n = 12) or PBS (n = 13) to investigate the func-
tional outcomes after intravenous transplantation of MSCs.
In other set of genomic DNA PCR study, SCI rats
treated with MSCs (n = 15) or PBS (n = 15) were used
to evaluate the presence of human-specific element 1 h,
1 day, 2 days, 3 days, and 7 days (n =3 each) after
transplantation. Another two SCI rats were used 7 weeks
after transplantation to evaluate the long-term presence
of human Alu, and two rats not subjected to SCI were
also used as negative controls. In additional set of re-
verse transcriptase (RT)-PCR or Western blot analysis,
30 SCI rats were also used to evaluate the expression of
neurotrophic factors and inflammatory cytokines at se-
rial time points (n = 3 each). Among the rats for behav-
ioral testing, 18 SCI rats were used for immunohisto-
chemistry (n =3 / group) or electrophysiological study
(n =6/ group) 8 weeks after transplantation. Three SCI
rats were used for additional immunohistochemistry to
investigate survival and differentiation of grafted cells 4
weeks after transplantation. Another six SCI rats were
used to compare the proportion of activated microglia
between groups 1 day after administration of MSCs or
PBS (n =3 each). All rats were given food and water ad
libitum with the 12/12-h light/dark cycle, and housed in
a facility accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAA
LAC). The Institutional Animal Care and Use Commit-
tee (IACUC) approved the experimental design.

Spinal Cord Injury

As previously described (6,7), all rats were anesthe-
tized with pentobarbital sodium (50 mg/kg, IP) and ad-
ministrated prophylactic atropine sulfate (0.8 mg/kg, IP)
to reduce tracheal secretions. Laminectomies were per-
formed at the T9 level, leaving the dura mater intact.
SCI was induced by dropping a 10-g impact rod from a
25-mm height onto the exposed dorsal surface of the
spinal cord of the rats using the NYU impactor (New
York University, NY). Postoperative care included blad-
der expression once or twice daily until the animals re-
covered bladder function. Prophylactic kanamycin (1
mg/kg) was administered to all rats for 1 week after sur-
gery or until they were sacrificed.

Cell Transplantation

The SCI rats were randomly assigned to two groups
without bias right after inducing SCI: MSC- and PBS-
treated groups. Thereafter, a total of 500 pl of cultured
MSCs (1 x 10° cells) or PBS was injected into the tail
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vein immediately after SCI. During the recovery period,
their body temperature was maintained at 37°C in the
heating chamber. As previously described (6,7), all rats
received cyclosporine A (10 mg/kg, IP) daily from 2
days before the transplantation until the completion of
this experiment in order to prevent rejection of the trans-
planted cells.

Behavioral Assessment

The Basso, Beattie, and Bresnahan (BBB) locomotor
rating scale was used to measure motor recovery of the
SCI rats. This scale measures hindlimb movements with
scores ranging from 0 (no observable movement) to 21
(normal movement) with a higher score given for im-
proved movement of individual joints, limb coordina-
tion, and weight-supported stepping. Two independent
investigators, blinded to the animal groups, observed the
hindlimb movements in an open field for 5 min after the
rats were gently adapted to the field. Locomotor func-
tions were scored once a week from 1 day to 8 weeks
after cell transplantation. The final score was obtained
by averaging those of both sides of the limbs.

Electrophysiological Study

As previously described (6,7), somatosensory evoked
potentials (SSEPs) were measured 8 weeks after trans-
plantation. To record SSEPs, the rats were randomly as-
signed without any indication of the extent of the lesion.
The animals were anesthetized with urethane (1.25 gm/
kg, IP). They were also treated with atropine sulfate (0.8
mg/kg, IP) to reduce tracheal secretions, and pancuro-
nium bromide (1.0 mg/kg, IP) to induce muscle relax-
ation. The rats were then intubated with a tracheostomy
and artificially respired using an animal respirator (Har-
vard Apparatus, South Natik, MA). The left sciatic nerve
was exposed, and a pair of electrodes was hooked around
the nerve. A single square pulse of electrical stimulation
was delivered with a stimulus isolator (A365, World
Precision Instruments, New Haven, CT), which was
driven by a pulse generator (Pulsemaster A300, World
Precision Instruments, New Haven, CT) with a 0.1-ms
pulse duration of stimuli and a 6-mA intensity at 1-4
Hz. For the SSEP recording, a 4 X 4-mm-sized craniec-
tomy was performed in the contralateral frontoparietal
area. A recording electrode (NE-120, Rhodes Medical
Instruments, Tujunga, CA) was fixed on the sensorimo-
tor cortex at a point 2 mm posterior to bregma and 2
mm lateral to the sagittal suture after craniectomy. Each
evoked potential consisted of an average of 100 single
sweep epochs.

Tissue Preparation

A separate set of animals was anesthetized with pen-
tobarbital sodium (50 mg/kg, IP) and perfused trans-
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cardially with ice-cold PBS for DNA, RNA, and protein
extraction. The spinal cords were immediately removed,
20-mm-sized transverse segments of the injured region
of the thoraco-lumbar spinal cord were dissected and
stored in a freezer at —70°C for extraction. All proce-
dures were performed according to animal use protocol
approved by the IACUC.

Genomic DNA PCR of Human Alu Element

Genomic DNA was extracted from the spinal cords,
lungs, and spleen using a commercial genomic DNA kit
(Promega, Madison, WI) according to the manufactur-
er’s instructions. The human Alu gene, the most abun-
dant repetitive element in the human genome but not
present in rats, was amplified by PCR using specific
primer pairs for the Alu element: forward 5-GGCGCG
GTGGCTCACG-3’ and reverse 5-TTTTTTGAGACG
GAGTCTCGCTC-3'. PCR was performed using Taq
polymerase (BioQuest, Korea) in conditions as follows:
35 cycles consisting of a presoak for 4 min at 94°C,
denaturation for 30 s at 94°C, annealing for 30 s at
63°C, and extension for 1 min at 72°C, with an addi-
tional 7 min of incubation at 72°C after completion of
the cycle. Amplified DNA fragments were electropho-
resed on a 2% agarose gel, stained with ethidium bro-
mide, and photographed under an ultraviolet light trans-
illuminator (Bio-Rad, Hercules, CA).

Analysis of Cytokines Under In Vitro Condition

MSCs were seeded at 1 x 10* cells/cm? in six-well
plates in 2 ml LG-DMEM. The supernatants were col-
lected 48 h later, and frozen at —70°C. Multiplex human
cytokine detection kit (Upstate, Waltham, MA) was uti-
lized to measure the production of inflammation-related
cytokines such as TNF-o, IL-1p, IL-6, and IL-10 in the
supernatant of MSCs (n = 3). This was performed on a
chemiluminescence detector (Luminex Corp., Austin,
TX) according to the manufacturer’s instructions.

Reverse Transcriptase-PCR Analysis

Total RNA was extracted from spinal cords using
TRIzol Reagent (Gibco-BRL, Maryland, MD), and 2 ug
of RNA was reverse-transcribed with avian myeloblast-
osis virus (AMV) reverse transcriptase XL (Takara,
Shiga, Japan) for 90 min at 42°C. PCR was performed
with Taq polymerase for 30 cycles using the specific
RT-PCR probe sequences to analyze the expression of
rat- or human-specific nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), glial cell-line
derived neurotrophic factor (GDNF), neurotrophin-3
(NT-3), TNF-o, IL-1pB, IL-6, and IL-10 (Table 1). The
amplified cDNA fragments were electrophoresed on a
1% agarose gel, stained with ethidium bromide, and
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Table 1. Primer Sequences Used for Reverse Transcriptase-PCR Analysis

Species Target Primer Sequence
Neurotrophic factors
Human
NGF forward 5-ATACAGGCGGAACCACACTCAG-3’
reverse 5-GTCCACAGTAATGTTGCGGGTC-3’
BDNF forward 5-AGAGGCTTGACATCATTGGCTG-3’
reverse 5-CAAAGGCACTTGACTACTGAGCATC-3’
GDNF forward 5-CACCAGATAAACAAATGGCAGTGC-3’
reverse 5-CGACAGGTCATCATCAAAGGCG-3’
NT-3 forward 5-GGGAGATCAAAACGGGCAAC-3’
reverse 5-ACAAGGCACACACACAGGAC-3
Rat
NGF forward 5-ATCCACCCACCCAGTCTTCCACAT-3’
reverse 5-GGCAGCCTGTTTGTCGTCTGTTGT-3"
BDNF forward 5-AGCCTCCTCTGCTCTTTCTGCTGGA-3’
reverse 5-CTTTTGTCTATGCCCCTGCAGCCTT-3’
GDNF forward 5-ACTCCAATATGCCCGAAGATTATCCTG-3’
reverse 5-CCAAACCCAAGTCAGTGACATTTAAGTG-3’
NT-3 forward 5-TTTCTTGCTTATCTCCGTGGCATCC-3’
reverse 5-GGCAGGGTGCTCTGGTAATTTTCCT-3’
Pro-/anti-inflammatory cytokines
Human
TNF-o forward 5-ATCTACTCCCAGGTCCTCTTCAA-3’
reverse 5-GCAATGATCCCAAAGTAGACCT-3’
IL-1B forward 5-TTGACGGACCCCAAAAGATG-3’
reverse 5-AGAAGGTGCTCATGTCCTCA-3’
1IL-6 forward 5-GTAGCCGCCCCACACAGACAGCC-3’
reverse 5-GCCATCTTTGGAAGGTTC-3’
1L-10 forward 5-ATCCAAGACAACACTACTAA-3’
reverse 5-TAAATATCCTCAAAGTTCC-3’
Rat
TNF-o forward 5-GTAGCCCACGTCGTAGCAAAC-3’
reverse 5-TGTGGGTGAGGAGCACATAGTC-3’
IL-1B forward 5-CACCTTCTTTTCCTTCATCTTTG-3’
reverse 5-GTCGTTGCTTGTCTCTCCTTGTA-3’
IL-6 forward 5-AAGTTTCTCTCCGCAAGAGACTTCCAG-3’
reverse 5-AGGCAAATTTCCTGGTTATATCCAGTT-3’
IL-10 forward 5-CTGCTATGTTGCCTGCTCTTAC-3’

reverse

5-TCATTCTTCACCTGCTCCACT-3’

NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic
factor; NT-3, neurotrophin-3; TNF, tumor necrosis factor; IL, interleukin.

photographed under an ultraviolet light transilluminator
(Bio-Rad, Hercules, CA).

Western Blot Analysis

Spinal cords were lysed in 500 pul of cold RIPA
buffer [SO mM Tris-HCI, pH 7.5, 1% Triton X-100, 150

mM NaCl, 0.1% sodium dodecyl sulfate (SDS), and 1%
sodium deoxycholate] with a protease inhibitor cocktail
(Sigma). Tissue lysate was centrifuged at 13,709 x g for
10 min at 4°C. The supernatant was harvested, and pro-
tein concentration was analyzed using a protein assay
kit (Bio-Rad, Hercules, CA). For electrophoresis, 40 Lg
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protein was dissolved in sample buffer (60 mM Tris-
HCI, pH 6.8, 14.4 mM B-mercaptoethanol, 25% glyc-
erol, 2% SDS, and 0.1% bromophenol blue), boiled for
5 min, and separated on a 10% SDS reducing gel. Sepa-
rated proteins were transferred onto polyvinylidene
difluoride (PVDF) membranes (Amersham Pharmacia
Biotech, UK) using a trans-blot system (Bio-Rad). Blots
were blocked for 1 h in Tris-buffered saline (TBS) (10
mM Tris-HCI, pH 7.5, 150 mM NaCl) containing 5%
nonfat dry milk (Bio-Rad) at room temperature, washed
three times with TBS, and incubated at 4°C overnight
with an anti-IL-1 (1:1000, Chemicon), anti-TNF-o (1:
1000, Chemicon), anti-IL-6 (1:500, SantaCruz Biotech),
anti-IL-10 (1:500, SantaCruz Biotech), or anti-B-actin
(1:1000, SantaCruz Biotech) antibody in TBST (10 mM
Tris, pH 7.5, 150 mM NaCl, and 0.02% Tween 20) con-
taining 3% nonfat dry milk. On the next day, blots were
washed three times with TBST, and incubated for 1 h
with horseradish peroxidase-conjugated secondary anti-
bodies (1:2000, SantaCruz Biotech) in TBST containing
3% nonfat dry milk at room temperature. After washing
three times with TBST, protein was visualized with an
ECL detection system (Amersham Pharmacia Biotech).

Immunohistochemistry

Animals were transcardially perfusion fixed with ice-
cold PBS and 4% paraformaldehyde. The spinal cords
were immediately removed, 20-mm-sized transverse
segments of the injured region of the thoraco-lumbar
spinal cord were dissected and stored in the same fixa-
tive overnight, and tissues were serially immersed in
6%, 15%, and 30% sucrose until they sank down. The
tissues were frozen and cryosectioned longitudinally
into slices 12 wm thick using a cryomicrotome (Microm/
HM500V, Walldorf, Germany). Immunostaining was
performed on 10 sections over a range of 192 um. Indi-
vidual sections were stained overnight with the human
nuclear protein HuNu (mAb 1281, 1:200, Chemicon,
CA, USA) and one of the following markers: 1) BIII-
tubulin (1:400, Covance, NJ, USA), 2) microtubule-
associated protein2 (MAP2, Chemicon), 3) glial fibril-
lary acidic protein (GFAP, Chemicon), 4) myelin basic
protein (MBP, Chemicon). Double-labeled cells were as-
sessed by confocal imaging. Sections were then stained
for ionized calcium binding adaptor molecule-1 (Iba-1,
1:600, Biocare) overnight to evaluate the microglia/mac-
rophage. The sections were incubated with Alexa 563
secondary antibodies at 1:400 for 1 h, then washed,
mounted on glass slides with fluorescent mounting me-
dium containing 4’,6-diamidino-2-phenylindole (DAPI;
Vectorshield, Vector). The sections were examined un-
der a fluorescence microscope (BX51, Olympus, Tokyo,
Japan) or an argon and krypton laser scanning confocal
imaging system (LSM 510, Zeiss, Gottingen, Germany)
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to visualize double-labeled cells at a magnification of
600x, demonstrating colocalization of Iba-1 and DAPI.
The colabeled cells were investigated 5 mm rostrally
and caudally from the epicenter of the necrotic cavity
derived from contusional injury. The evaluating area
was obtained using the MetaMorph Imaging System
(Molecular Device, Sunnyvale, CA), and converted to
the volume (area X 12 pum); the number of colabeled
cells was quantified as the density (/mm?®). The Iba-1*
cells were divided into ameboid form representing acti-
vated microglia and macrophages (26), and ramified
form representing resting microglia. The proportion of
activated microglia and macrophages in total Iba-1* cells
was calculated one day after transplantation when the
inflammatory cascades reached a peak (13).

Statistical Analysis

An independent #-test was used to compare BBB lo-
comotor rating scores between MSCs- and PBS-treated
groups at each time point of 1-week interval using SPSS
version 18.0. The latencies and amplitudes of SSEPs and
the proportion of activated microglia and macrophages
were also compared between the groups using an inde-
pendent #-test. Values of p < 0.05 were accepted as sig-
nificant.

RESULTS

Characterization and Differentiation of MSCs
Into Mesenchymal Lineage Cells

We characterized spindle-shaped, fibroblastic cells
obtained from hUCB (25,50) (Fig. 1A, B). The cells
could differentiate into mesenchymal lineage cells such
as osteoblasts stained by alkaline phosphatase, adipo-
cytes stained by oil red O, and chondrocytes stained by
toluidine blue as previously described (25,50). In addi-
tion, these cells were strongly positive for MSC-specific
markers such as CD105, CD73, CD44, and CD29, but
negative for CD14, CD31, CD34, and CD45 by flow
cytometry (Fig. 1C).

Functional Recovery of Hindlimb Locomotion

The SCI rats treated with MSCs exhibited a gradual
improvement over time (Fig. 2A). They showed a mod-
est but significant improvement in locomotor function 7
weeks (day 49) after transplantation, compared with
PBS controls (p < 0.05). The BBB score of MSC-treated
rats continued to increase to a final score of 11.56 + 0.53,
while the score of PBS-injected animals was maintained
to 9.06 = 0.50 at 8 weeks (day 56) posttransplantation
(p <0.05). The score of MSC-treated rats indicated a
gait pattern characterized by frequent weight-supported
plantar steps and occasional forelimb and hindlimb coor-
dination, while that of PBS controls indicated a hind-
limb dysfunction characterized by plantar placement of
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Figure 1. Characterization of MSCs. (A) MSCs were isolated from hUCB and cultured under LG-DMEM containing 10% FBS
and 100 U/ml penicillin/streptomycin. Scale bar: 100 um. (B) Spindle-shaped fibroblastic cells were characterized in high magnifi-
cation. Scale bar: 100 pum. (C) Cells were labeled with FITC- and PE-conjugated antibodies and examined by flow cytometry.
hUCB, human umbilical cord blood; MSCs, mesenchymal stem cells; LG-DMEM, low glucose Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; PE, phycoerythrin.

the paw with weight support in only stance phase but no
plantar stepping.

Improvement in Electrophysiological Findings

Eight weeks after transplantation, MSC-treated rats
showed a significantly shortened N1 latency (15.88 + 4.04
ms) compared with PBS controls (35.55 £ 8.60 ms) (p <
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0.05). In addition, P1 latency (31.73 £ 4.99 ms) was sig-
nificantly shorter in rats treated with MSCs than those
treated with PBS controls (68.53 £ 10.63 ms) (p < 0.05)
(Table 2). Although MSC-treated animals exhibited no
significant improvement in amplitude of SSEPs, they had
a strong tendency to show representative findings of greater
amplitudes compared to the PBS controls (Fig. 2B).
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Figure 2. Locomotor and somatosensory assessment after intravenous transplantation of MSCs. (A) When locomotor performance
was evaluated using the BBB locomotor rating scale, SCI rats treated with MSCs exhibited a gradual improvement over time.
Namely, MSC-treated rats showed a modest but significant improvement in locomotor function 7-8 weeks (D49-D56) after trans-
plantation, compared with PBS controls (¥p < 0.05). (B) In addition, MSC-treated rats showed a representative finding of the
shortened N1 latency and P1 latency of SSEPs compared to PBS controls. Values are mean + SE. BBB, Basso-Beattie-Bresnahan;
D, day; MSCs, mesenchymal stem cells; PBS, phosphate-buffered saline; SSEPs, somatosensory evoked potentials.
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Table 2. Electrophysiological Findings in Rats Treated
With MSCs or PBS 8 Weeks After Transplantation

tSSEP MSC (n=6) PBS (n=06)
Latency
Initial (ms) 8.90 £2.36 1123+ 2.79
N1 (ms) 15.88 +4.04* 3555+ 8.60
P1 (ms) 31.73 £ 4.99* 68.53 +10.63
Amplitude
Negative peak (LV) 4.54 £2.99 396+ 1.18
Positive peak (LV) 7.51+4.53 6.54+ 1.63
Peak to peak (LV) 12.05+7.52 1051+ 2.80

Values are mean — SE. SSEP, somatosensory evoked potential; MSC,
mesenchymal stem cell; PBS, phosphate-buffered saline.
*p < 0.05 compared with PBS by independent #-test.

Identification of Human-Specific Element

When evaluated with genomic DNA PCR from in-
jured spinal cord extractions after intravenous transplan-
tation of MSCs derived from hUCB (Fig. 3A), the hu-
man Alu gene, which is the most abundant repetitive
element in the human genome but not present in rats,
was detected only 1 h after transplantation. However,
human Alu was not detected 1 day, 2 days, 3 days, and
7 days after transplantation, suggesting transient engraft-
ment of MSCs disappeared within 1 day. We could not
find the human Alu 7 weeks after transplantation either
(data not shown). In negative controls, human Alu was
never detected at any serial time points after administra-
tion of PBS, supporting that Alu expression is specific
to transplanted hUCB-derived MSCs (Fig. 3A).

On the contrary, the human-specific Alu was clearly
detected in the lung and spleen 1 h and 1 day, but not

Spinal cord

PBS MSC
M 1h 1d 2d 3d 7d (+) M 1h 1d 2d 3d 7d (+)

ovclo _ _
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thereafter, after intravenous transplantation of MSCs
(Fig. 3B). The expression of the Alu element in the lung
was relatively higher than in the spleen, demonstrating
that transplanted cells were largely infiltrated into the
lungs (Fig. 3B).

Expression of Neurotrophic Factors

When neurotrophic factors released from transplanted
MSCs derived from hUCB were evaluated 1 h, 1 day, 2
days, 3 days, and 7 days after transplantation by RT-
PCR, human NGF, human BDNF, human GDNF, and
human NT-3 were not detected in all SCI rats treated
with MSCs or PBS (data not shown). On the other hand,
when endogenous neurotrophic factors after intravenous
transplantation of MSCs were evaluated by RT-PCR, rat
NGF and rat BDNF were detected. However, there were
no significant differences between the groups (data not
shown).

Expression of Pro-/Anti-inflammatory Cytokines

For in vitro experiment, the culture supernatants were
analyzed using a luminex multiplex detection system to
determine the level of inflammation-related cytokines
secreted by MSCs. As a result, IL-6 (153.93 + 12.87 pg/
ml) was highly secreted by the MSCs, compared with
TNF-o (5.10 £ 5.10 pg/ml), IL-1B (0.97 £ 0.61 pg/ml),
and IL-10 (0.57 £ 0.43 pg/ml) (Table 3).

For in vivo experiment, inflammatory mediators re-
leased from hUCB-MSCs were evaluated by RT-PCR,
and human TNF-o, human IL-1f, human IL-6, and hu-
man IL-10 were not detected in the spinal cord extrac-
tions of SCI rats treated with MSCs or PBS. On the
other hand, an endogenous anti-inflammatory cytokine,
rat IL-10, was increased in MSC-treated rats especially

Lung
CYCIO —
_ o

cyclo

Figure 3. Genomic DNA PCR of human Alu element after intravenous transplantation of MSCs. (A) To determine the engraftment
of intravenously injected MSCs in the spinal cord, expression of human Alu gene was examined at the indicated time points after
MSC transplantation. The human-specific Alu was detected in injured spinal cord extractions only 1 h after transplantation but not
detected thereafter, suggesting that MSCs disappeared after transient engraftment. (B) On the contrary, the human Alu gene was
clearly detected in the lungs and spleen 1 h and 1 day after transplantation of MSCs, but not 7 days after transplantation. hUCB,
human umbilical cord blood; MSCs, mesenchymal stem cells; PBS, phosphate-buffered saline; hAlu, human Alu; Cyclo, cyclophi-
lin; M, marker. (+): positive control, the human hepatoma Hep3B cells.
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Table 3. The Levels of Cytokines Released by hUCB-Derived
MSCs In Vitro

Cytokines MSC (n=3)
TNF-a (pg/ml) 5.10x 5.10
IL-1B (pg/ml) 097+ 0.61
IL-6 (pg/ml) 153.93 £ 12.87
IL-10 (pg/ml) 0.57%+ 043

Values are mean = SE. hUCB, human umbilical cord blood; MSC,
mesenchymal stem cell; TNF-o., tumor necrosis factor-o; IL-1f, inter-
leukin-1p; IL-6, interleukin-6; IL-10, interleukin-10.

1 day after transplantation (Fig. 4A). Endogenous inflam-
matory cytokines were also confirmed by Western blot,
and rat IL-10 was highly expressed in MSC-treated rats
until at least 2 days after transplantation (Fig. 4B). In
addition, an endogenous proinflammatory cytokine, rat
IL-1B, was modestly decreased after transplantation of
MSCs, and endogenous TNF-a seemed to be downregu-
lated 3 days after transplantation (Fig. 4B). Expression
of proinflammatory cytokine, IL-6, was also suppressed
1 h after transplantation. However, both RT-PCR and
Western blot assay showed increased response of rat IL-
6, which also has an immunoregulatory role, 1-3 days
after intravenous administration of MSCs (Fig. 4A, B).

Immunohistochemistry

Eight weeks after the transplantation, injured tissues
showed no significant difference in the mean area of
cavitary lesion per section between MSC-treated rats
and PBS controls, although MSC-treated rats (1.41 £
0.19 mm?) had a tendency to show a smaller lesion cav-

PBS MSC

N 1h 1d 2d 3d 1h 1d 2d 3d
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ity than PBS controls (1.60 + 0.09 mm?) (Fig. 5A, B).
When we also performed immunostaining with human-
specific HuNu and neural-lineage markers in animals
treated with MSCs, only a few cells were suspected to
be double-labeled with MBP 4 weeks after transplanta-
tion (Fig. 5C). Additionally, we did not find grafted cells
differentiated into neurons, astrocytes, or myelin-form-
ing oligodendrocytes colabeled with BIII-tubulin, MAP2,
GFAP, or MBP 8 weeks after transplantation (data not
shown).

Modulation of Microglial Activation

In order to evaluate a proportion of the activated mi-
croglia and macrophages among total Iba-1* cells in the
injured spinal cords, the tissue sections of SCI rats
treated with MSCs and PBS were costained for DAPI
and Iba-1, which are largely expressed in micoglia/mac-
rophage. Iba-1* cells were divided into ramified form
as resting microglia (Fig. 5D, E) and ameboid form as
activated microglia and macrophages (Fig. SF, G). One
day after transplantation when the inflammatory cas-
cades temporally peaked, we compared the proportion
of ameboid cells in total Iba-1* cells between the groups
(Fig. SH-K). We found significantly lower expression
of activated microglia and macrophages in MSC-treated
rats (24.45 £ 6.23%) compared with PBS controls
(56.00 £ 8.72%) (p < 0.05) (Fig. SL) (Table 4).

DISCUSSION

The most common method to deliver cells to SCI in
animal models is direct transplantation into the injured
lesion, which allows a delivery of a larger number of
cells (17,21,30). However, the method of intralesional

PBS MSC
N th  1d 2d  ad th 1d  2d  3d

TNF-o e TR S -
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Figure 4. Expression of inflammatory cytokines after intravenous transplantation of MSCs. (A) RT-PCR study showed an increase
of anti-inflammatory cytokine IL-10 in MSCs-treated rats especially 1 day after transplantation. (B) In Western blot results, IL-10
was highly expressed in MSC-treated rats until at least 2 days after transplantation. In addition, proinflammatory cytokine IL-1[3
was modestly decreased after transplantation of MSCs. TNF-a seems to be downregulated 3 days after transplantation. MSCs also
immediately suppressed proinflammatory cytokine IL-6 at 1 h after transplantation. However, the response of rat IL-6, which has
an immunoregulatory role as well, was increased 1-3 days after intravenous administration of MSCs. MSCs, mesenchymal stem
cells; PBS, phosphate-buffered saline; TNF, tumor necrosis factor; IL, interleukin; N, normal spinal cord.
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A MSC I B

maMSC
oPBS

Ramified microglia Ameboid microglia

Figure 5. Immunohistochemistry after intravenous transplantation of MSCs. (A, B) When we investigated the injured tissues in
MSC-treated rats (A) and PBS controls (B) 8 weeks after transplantation, there was no significant difference in the mean area of
cavitary lesion per section between them. Scale bars: 500 um. (C) When we also performed immunostaining with human-specific
HuNu and neural-lineage markers in animals treated with MSCs, only a few cells were suspected to be double-labeled with MBP
at posttransplantation 4 weeks. Scale bar: 10 um. (D—G) The sections of SCI rats treated with MSCs (D, E) and PBS (F, G) were
costained for DAPI and Iba-1, which are highly expressed in microglia/macrophage. Scale bars: 10 um. (H-K) The Iba-1* cells were
divided into two groups: ramified form representing resting microglia (H, I) and ameboid form representing activated microglia and
macrophage (J, K). Scale bars: 10 um. (L) When we compared the proportion of activated microglia/macrophage among total Iba-
1+ cells between the groups 1 day after transplantation when the inflammatory cascades temporally peaked, a proportion of the
activated microglia/macrophage was significantly suppressed in MSC-treated rats, compared with PBS-treated controls (*p < 0.05).
MBP, myelin basic protein; Iba-1, ionized calcium binding adaptor molecule-1; DAPI, 4’,6-diamidino-2-phenylindole; MSCs, mes-
enchymal stem cells; PBS, phosphate-buffered saline.
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Table 4. Histological Findings in Rats Treated With MSCs or PBS 1 Day

After Transplantation

MSC (n=3)

PBS (n=3)

Number
Total Iba-1" cells (/mm®)
Ramified cells (/mm®)
Ameboid cells (/mm®)
Proportion
Ramified cells (%)
Ameboid cells (%)

9233.09 £ 787.58
6602.62 + 683.58%*
2630.47 + 851.50

75.55 £ 6.23*
24.45+6.23

11713.78 £ 1326.04
3117.09 + 627.06
8596.69 + 1743.22*

44.00 £ 8.72
56.00 = 8.72*

Values are mean + SE. MSC, mesenchymal stem cell; PBS, phosphate-buffered sa-
line; Iba-1, ionized calcium binding adaptor molecule-1.
*p < 0.05 between groups by independent r-test.

injection harbors a risk of further injuring the spinal cord
(31). Noninvasive or less invasive methods of cell deliv-
ery, therefore, should be developed for clinical applica-
tion. The intravenous administration method can de-
crease the risk and perform serial transplantation over a
planned design (31). Recently, intravenous transplanta-
tion of MSCs has been shown to home to the injured site
and enhance functional recovery in SCI (28,42), cerebral
ischemia (18,48), and Parkinson’s disease (33,46). As a
beneficial source, MSC is able to increase neurotrophic
factors such as BDNF and NT-3 (2,28) and has an im-
munomodulatory effect that blocks a secondary injury
cascade (27). Intravenous administration will be an ideal
and preferable minimally invasive method to deliver cell
transplants for clinical translation if the therapeutic ef-
fect is superior or at least similar to direct intralesional
injection.

Previous studies demonstrated that grafted cells even
survived for at least several weeks following intravenous
transplantation of MSCs in animal models of SCI
(19,38). In clinical trials, intravenous transplantation of
autologous bone marrow stem cells has been performed
in SCI patients (5,37). However, published data show a
discrepancy in detection of bone marrow stromal cells
or neural stem cells after intravenous administration. In
contrast to the effects seen following the intravenous ad-
ministration of MSCs (19,38), few grafted cells were
detected at the site of injury after the intravenous trans-
plantation in other studies (3,10,31,39,45). Grafted cells
were primarily trapped in the lung, and then secondarily
in the spleen, liver, and kidney (11,15,39). In this study,
we detected the human Alu gene in the lung and spleen
after intravenous administration of MSCs, which was
similar to previous results. The presence of foreign cells
can also induce a systemic immune response, resulting
in elevated levels of inflammatory cytokines and im-
mune cells (31). Since intravenously delivered MSCs
are vulnerable to immune cells circulating in the blood,

elimination of MSCs by the host immune system might
explain the markedly lower efficiency of engraftment at
the site of SCI compared with direct intralesional admin-
istration (10). In our study, only a few cells differenti-
ated into oligodendrocytes 4 weeks after transplantation,
but they did not survive thereafter. These results suggest
that MSCs that immediately homed to the injured site
on the spinal cord did not survive for a long term in the
hostile environment of damaged host tissue (13,31,39).
In behavioral and electrophysiological tests of this
study, MSC-treated rats showed a significant improve-
ment of A 2.5 score in BBB locomotor function, and
A 36.8 ms in P1 latency of SSEPs relative to those of
the PBS controls. In respect to the previous study using
the same type of MSCs derived from hUCB (7), func-
tional recovery after intravenous delivery was found to
be similar or slightly better than intralesional injection
in SCI rats. It suggests that the method of direct injec-
tion into the parenchyma may further damage already
compromised tissue, even though it allows a delivery of
a large number of stem cells (31). In addition, the human-
specific element was present only for a short while, and
it was not detected at the time when the locomotor func-
tion was significantly improved compared to the PBS
controls. Thus, the positive effect derived from intrave-
nous transplantation cannot be ascribed to cell replace-
ment and substitution of damaged tissue (4). MSC-
treated rats also showed a comparative motor recovery
in a relatively early stage, 2 weeks after transplantation,
demonstrating that treatment during acute phase after
SCI has a major influence on the final functional recov-
ery. Therefore, we investigated exogenous neurotrophic
factors released by transplanted MSCs and endogenous
neurotrophic factors stimulated by MSCs as a possible
therapeutic mechanism based on a previous study (29).
However, we did not detect any expression of human-
specific neurotrophins in both groups. Neither did we
find any difference in the expression of rat-derived neu-
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rotrophic factors between the groups. It seems that there
were no viable MSCs releasing a variety of neurotrophic
factors or stimulating adjacent cells to produce neuro-
trophic factors in the injured spinal cord, although hu-
man Alu was detected 1 h after transplantation.

Finally, we evaluated exogenous inflammation-related
cytokines released from hUCB-MSCs, and endogenous
cytokines released from the microglia stimulated by
MSC:s in the injured spinal cord. Whereas IL-6 was largely
secreted by MSCs under in vitro condition, human-
specific inflammatory cytokines released from grafted
MSCs were not detected after intravenous transplanta-
tion, suggesting that temporary presence of MSCs in the
damaged tissue could not change the in vivo level of
anti-inflammatory cytokines. On the other hand, an en-
dogenous anti-inflammatory cytokine, rat IL-10, in-
creased in MSC-treated rats, especially until 2 days after
transplantation. On the contrary, proinflammatory cyto-
kine, IL-1p, levels were modestly decreased after trans-
plantation of MSCs during the same period.

While IL-6 is originally considered as a proinflam-
matory cytokine and a B cell differentiation factor (44),
it also has anti-inflammatory characteristics as well (43).
Namely, IL-6 inhibits activation of T cells and differen-
tiation of monocytes and dendritic cells (12,23). It also
regulates growth and differentiation of immune cells by
inhibiting IL-1B and TNF-o (43). In our study, intrave-
nous administration of MSCs immediately suppresses
IL-6. The MSC-induced IL-6 expression, thereafter, in-
creased. Delayed response of IL-6 may inhibit TNF-o.
expression 3 days after transplantation as described by
Aderka et al. (1). These results suggest the existence of
a balanced network of proinflammatory cytokines and
anti-inflammatory cytokines after transplantation of MSCs,
which was determined by the response of resident cells
at a particular time point after SCI. In a previous in vitro
experiment, we demonstrated that MSCs derived from
hUCB effectively suppressed mitogen-induced T-cell
proliferation and reduced the levels of interferon (IFN)-
v and TNF-a produced by activated T-cells (50).

In this in vivo study, we found that intravenous trans-
plantation of MSCs suppressed activated microglia and
inflammatory cytokines, increased anti-inflammatory cy-
tokines, and consequently promoted functional recovery
in SCI rats, even though we could not detect any differ-
ence in human-specific inflammatory factors or neuro-
trophic factors between the MSCs-treated animals and
controls. As underlying mechanisms of therapeutic ef-
fects, we suggest that grafted MSCs in acute phase can
alter cytokines secreted from the host immune cells such
as microglia and macrophages (22). Although this study
did not demonstrate a significant difference in the area
of cavitary lesion between MSC-treated rats and PBS
controls, intravenous transplantation of MSCs might
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modulate local signals from these immune cells, reduc-
ing further prominent damage of the spinal cord in the
animals (49).

In a future study, to overcome limitations of this
study, intravenous transplantation of autologous MSCs
rather than human MSCs should be tried, because intra-
peritoneal injection of cyclosporine A might be insuffi-
cient to suppress undesirable immune response. Delayed
transplantation of MSCs 1 week after SCI rather than
immediate transplantation should be also tried, because
the hostile environment immediately after injury has a
lot of secondary tissue damages and no clinical rele-
vance as sufficient cells would be available for treatment
SO soon.

Taken together, our data confirmed the established
link between microglial activation and inflammatory cy-
tokines, and demonstrated that functional recovery might
be attributed to immunomodulatory effects rather than
cell replacement itself. In conclusion, early attenuation
and modulation of excessive inflammatory reactions by
intravenously transplanted MSCs could mediate func-
tional recovery in chronic phase after SCI.
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