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ABSTRACT

Effects of the Human-Mesenchymal Stem Cells
transplantation on spinal cord injury of the rats

Park, Young-Lan
Advisor : Prof. Kim, Jong-Joong, Ph.D.
Department of Medicine

Graduate School of Chosun University

Two sources of adult stem cells that have occured great interest are
human bone marrow-derived mesenchymal stem cells (hMSCs) and human
umbilical cord blood cells. The hMSCs have been reported to maintain
their differentiation capacity into the neuronal-lineages cells in
central nervous system. Therefore, thransplantation of  hMSCs
represented an attractive new form of cellular therapy for clinical
application in the spinal cord injury(SCI). The aim of this study is to
investigate that the transplanted hMSCs by the venous circulation moved
into target zone on compression injury of spinal cord and ameliorated
the behavioral impairments associated with SCI.

The SCI of the rats was induced by compressing the spinal cord for 30
second with an aneurysm clip. Cholera toxin subunit B conjugated to
fluorescein isothiocyanate (CTX-FITC) prelabeled hMSCs were injected
intravenously through the tail vein or directly on SCI site using a
27-gauge needle. Suspensions of hMSCs collected from the human adult
were delivered at concentrations in 1 or 5 day after SCI(1x 10°/200u0
for I.V. injection).

After transplantation of hMSCs, the area of SCI displayed some
endogenous background fluorescence, but CTX-FITC prelabeled hMSCs were

clearly identifiable. The prelabeled hMSCs observed in injured areas,



but not in noninjured areas and the observed hMSCs were usually round
or slightly elongated with a prominent nucleus. The number of hMSCs
found in the spinal cord in each case was not plentiful, but the number
of cells in the SCI1 + hMSCs group were found more than in the SCI5 +
hMSCs. Also, this study demonstrated that transplanted hMSCs were
reaffirmed wusing antisera recognizing human specific nuclei or
mitochondia. The result of double immunofluorescence analysis showed
some neuronal and glial marker expression in the lesion of SCI.
Behavioral test scores of spinal cord injured rats treated with hMSCs
at 1 days were significantly improved as compared to scores of rats
similarly injured but treated at 5 day as well as the otherwise
untreated injured group.

These results suggest that hMSCs are beneficial in reversing the
behavioral effects of SCI, even when infused 1 day after injury. Thus,
hMSCs may be a viable source of stem cells for treatment of

neurological disorders.
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HjolZ 7] M E (embryonic stem cell)= FF2174 A% (central nervous
system: (NS)9] o] & H-9fo oA HAS o EFZQA 2ddES 7 o
F AEE FIE 5 Ae FEE ML e ol sFAELY IFS
ol #3®th (Lundberg 5, 19965 Qi-lin 5, 2001). 18y wjol=7] M
© ¥4 (Jansen 5, 1997; Borlongan 5, 1998; Ulrica %, 2002)°]4 4173
E 384 28 (Kordower %, 1995; Defer %, 1996)2] L4A# 5o o]&=d 7}
sl 5= E7etn &HAdHN =24 A4 WEel 443 8ol vy
Agtd ol et wjot=7]A 29 o]H g dHe BT F e AA=E7]
AES FTHFE7IAE (mesenchymal stem cells; MSCs)oll th
FAIE R K P TR

=79 HE=d oA E3 MSCs7t 7HE wol AFHoAL 9ler NSCs
= HjotE 71 A EL}t vp7tAIZ W (bone)9t AE (catilige), HFTHAHE
(cardiac myocyte), AZAAME (neuron)2} Al7Fo}WAHE (glia)} L o g
OE F39 AEERE 23 F vk (Pittenger &, 1999; Toma 5, 2002;
Kobune 5, 2003). ZFollA #&l® MSCs& SH2, SH3 &9 (Pittenger %,
1999) 3 CD29', CD44', CD90', CD105'¢} #& Hold MEZIWIAL 7HA 1
Rl ZFEAMEY SolFozE FEE F dow, AFoAEZFHE v
gt g8 "WiEe gA 22918 F Ao (Tocei 5, 2003; Javazon &,
2004). EF NSCsw= € ZFolA EdEJAT AW =4, HEEY
(umbilical cord blood), ¥xd, & Z
ANE H gt g MEESo] EEl®Et (Jiang 5, 2002; Wolfgang 5,
2005). ol=lgk MSCs= €Al #2818 &+ A= A4 (accessibility), AEE
A e A (expandability) ¥ B4d Axz 23 ¢ A
Ths A (multipotentiality)S BT 7FA 1 ¢lo] Ao ste] 8o mj¢ &
A

A#EL 7FR 12 o} (Pittenger 5, 1999; Andrea, 2004).
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MSCsE= interleukin (IL)-6, IL-11, leukemia inhibitory factor (LIF)<}
granulocyte-macropharge colony stimulating factor (GM-CSF)¢} &
cytokines #H] (Manas &, 1998)% ¥ olyel x5 ZIHE 7FA| = brain
derived neurotrophic factor (BDNF)©} wvascular endothelial growth
factor (VEGF) &¢ J&UAE &8t} (Chen &, 2002). o2& A=
R 7F MSCs7F &=74+8 ONSell o4 =™ 2 7]5o] 24dstHe] WAd AEE
= BHIsAY E40E A% AZE NAFoEA 78 2AES TaA
ot (Chen &, 2001; Lu &, 2001). =g vj/i2dE o] &sto] o8 FHIA
= AMHEFAFETIAIE (WSCs)ol Fd st o R o]F
=5 fidtes 59 FHdAAE (gene therapy)ol Wi &8
1 AT (Kazuhiko 5, 2005).

ZTo A &2 g NSCs7 CNSe] &4d F9

=]
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of AAEe &I N F doen DA
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ol

ol
N,
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ol
o,
k1

=

X

NAOtWAE T WolwAME (astrocyte), FE7]o}mAHE  (oligodendro-
ATk (Woodbury &, 2000; Akiyama & 2002). ¥+ CNS9
=0 NSCsE &4F-Ho AR ol AstAY AWM FAL
g A5 AFH 2T 715H Mol o™ (Chen &, 2001; Sasaki &,
2001) o] EdFFHYE Edd FFAE o2 ¥ A7 #AaAZ

2z ZAA7Y (Kuroxumi =, 2004; Iihochi %,
2004). T3 ol FEE (demyelination)¥} #H4<EAF (spinal cord injury;

SCI) RdAE To]lAAHA (remyelination)S A 712 SCI9 715 3

SCIe AZEH 9 AL 4o JFS A Fox ¥hgo wet et
T AZgAet s2E28g 58 TS ohge Yy wale] Ycle] Hrt
(Behrmann &, 1992). ol SCIol olg H2&7]9 AF3% A4 A
Abolo] Az zgo] #e B B (Cai 5, 1999; Lu 5, 2002)7F dor}

FA4E719 A 2H BT AL Arle A=A oI AER
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1) 4858 ¢ F5&A
AHEEL =7 313 (sprague dawley-rat) <F 8 F#H 30 »}g] (240 ~
260gm)E o] &ttt AP AFTHEAST AldT 7 (L0), HFTHEA
=S AP F hSCsES ol A1g & (L0 + hNMSCs), HFgtubEadmts A3t
T (SCI0), HFgurEa 193 hMSCs FYF (SCI1 + hMSCs), =8lx
dutEA 5 AF hiSCs FUT (SCI5 + hMSCs) o & BRFad o zb Fo A}

H
43 dAAs 44 ertEdit. 2 A9 AR (2 m/kg)e FHSHol

ook BE AT fol FEHC] ARHYOA & F 5 A AL FUA
Q AZHEFEE (5ug/300m) & 5 3 ZEHFASL SRl 2 Y Wi
A7,

2) hMSCs &H] ¢} ©]4]
=5 ARG AHATB E7|AE AT2)EFE Eddol ARl
hMSCs ] #2¢F #]-2 Haynesvorth 5(1992)9] H o] 7] %34t WA £
= 0.01M phosphate buffer saline (PBS; pH 7.4)& &
e o2 T F ALoA 900 rpm, 10 37+ AAEste st
AEZES Al FFAIA Ficoll (Sigma) &Hol =HoA 900 rpmell A 30 &3t
oAl A EZIEFS] mononuclear cell layer® EF3odch. 22 H

o%
i
rlo
i
-
L
ng
4

mononuclear celle A BIA  (dulbecco's eagles medium low glucose
(DMEM-LG;  Gibco), 10% fetal bovine serum (FBS; Gibco)&t 1%
penicillin-streptomycin (Gibco))ol F+FA1Z1 & Z& wix=2 23 AAFS]

o}, #2]8 hMSCs+= T-75 flaskol] HiAE H7Fsto] 37C, 5% COp v} 7)ol A



ksl viA = 3~4 4 Fo st ¢k 90% confluenceZb FWH 0.25%
trypsin-EDTA (Gibco)E ol &3&to] AlthulctE stalet. & Aol = A
& oA HA O] hSCsE AFESFlal 88 AMEE glucose-salined] 2~3 3]
Aol thS fluorescent isothiocyanate (FITC)7F ZAgE o] U&= 20 ug/ml
cholera toxin subunit B (CTX-FITC; Sigma)E Ao 15 & FoF Hk-gA
AT, hMSCsE oA et7] Hel Axo =& AE &5 F<lstr] Hsto

AN A =4 7] (hematocytometer) <gfol=o AEE

T

FFol 2F 1x10°70/200 F A 1ml FA7 0l o] FHIES o A E 9]
BEELS O 95%%th. CIX-FITC EA hMSCse F4& Ad ol wa AES
Yol & (tail access rodent restrainer)< ©o| &3l W E TAHAAZ &
°F 40T ALY =AL EE ngE AM ngAYS Fol wg FHH

WISCsE 27 gauge FAHME S ol §3hol MM FYSHAL,

3) FHsHy &4

AN F, hSCsE 77 1 43 5 ol o]4ske] 1, 2, 3, 7 &

ol B3td AFAe FFA Pl B AAE APAMNAH. dFF=2 ketamin

o2 wHAN F g4F AAde Foto] AYYdEsE dRAHSFL 0.1
A&

Mol =91 4% paraformaldehyde® #HF 1A

O % Z2AL 4CAA 30% sucrose (0.1M PB) &o] 24 A7+ I AXA 7 the
Y5 d A7) (cryostat microtome)E ©]&3Fe] 25~30 me FA=Z Zeh detE

Jute Zetol= 9ol 29 H BubEe o gs) Aol & TA F

=
E 24@WE ST WX 200 BaE,



FEEVFH A9z 9H

& Ao ngAddes Fall o4 T hMSCs7t HFo &4 F4

ekt 149 AAL Agste] 0.010 PBS (pi

7 2
d ot 249 F718 AASn dFedes dEEI A% FAEAA

FENEE FFArAE FFZUT. I F o5 9A IS 5o
A =ASHA BAE g5 54 0.0IM PBSE 10 &4 2 3 Ao
10% normal goat serum (NGS)Z} 0.5% bovine serum albumin (BSA; Sigma)E&
=33 0.01M PBol A-ZelA 1A7F WA 5 Al 12k A Q] monoclonal
human-nuclei  (MAB1281;  Chemicon)$®}  monoclonal  human-mitochondria
(MAB1273: Chemicon)& 2% NGS7} H7Fe 0.01M PBS&<o] Z+z 1 @ 5002
o143t 4ToA 24~48 A|ZF WESAIZS. thed 22 dAl= 0.0IM PBSE
1024 3 3 AW T 23 AT goat anti-mouse rhodamine (TRITC;
Sigma)¥} FITC (Sigma)E 2% NGS7}F H7FE 0.01M PBSol 1 : 80022 3|43}
of Ao dHoA 1 A ¥AIZ £ 10 &4 3 3 Aol ¥ Fdstd
=

human-nuclei®t human-mitochondria® UAIRFSS FFdu| 4o kY

puL

i
ol
o,
32

(
—

i

T ABAER Z3st=A #Asty] 9s Table 13 E2 LAk A&

FH|gE 22& PBSE Z Aol & 10% NGSOl

05

oA 1 AZF ¥ke-A 71 3 A 1z A monoclonal human-nuclei £}t
Tableloll %7]9 polyclonal SAE Bv]Eo] 23 F Ao 3 Asle] 4Tl A

AT, o2 & 0.01M PBS& o=z 10 &4 3 3 Aol &

S

24~48A1 2 WG
22 &A= goat anti-mouse FITC®}t goat anti-rabbit texas-red (Vector)<

2% NGS7} H7F" 0.01M PBSEHol] 1 : 80007 3|A3dlo] 2o obao]A 1
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Table 1. Primary antibodies used in this study.

. . Working

Antibody Characteristics dilution

. . . Grafted cell .
Mouse—anti—hMitochondia (human specificity) 1:100
Grafted cell
Mouse—anti—hNuclei (nuclear protein, human 1: 50
specificity)

. . Glial fibrillary acidic .
Rabbit—anti-GFAP protein 1: 200
Rabbit-anti-MAP2 Neuronal marker 1 :1000
Mouse—anti-MOSP Myelin/oligodendrocyte 1: 500

specific protein

* h; Human, mono; Monoclonal, poly; Polyclonal

Source

Chemicon

Chemicon

Sigma

Chemicon

Chemicon



Table 2. BBB Scores.

Incline

© 00 N O s W N = O

: No leg lift, no placement

: Attempts leg lift, no weight bearing

: Leg lift, placement, no weight bearing

: Leg lift, placement, weight bearing

: Leg lift, placement, weight bearing with extension
: Some climbing with hind limbs, no grasping

. Some climbing with hind limbs, with grasping

: Climbing slowly, no grasping

: Climbing slowly with grasping

: Climbing normally

Open field

g e W N = O

: No hind limbs movement, no weight bearing

! Slight movement of 1-2 joints, no weight bearing

. Extensive movement of 1 joints, no weight bearing

: Extensive movement of 2 joints, may take 1 or 2 steps
: Slight movement of all joints (hip, knee, ankle)

! Normal walking




CTX-FITC ¥A hMSCs®] &A
FZ hNSCse] M XgoA] CTX-FITCE F3A EX"E AL #BEsgor
(Fig. 1-A), CTX-FITC A hMSCsE o]4&tx &2 L0 &3 SCI0 oA &

A" FYolA WAHPHFEZo] #AFEFHJL (Fig. 1-B,0) FFEAEZO]
FESH gAdF e MEE #TEHA k. 28y SCI + hMSCsT 2] SCI &
ol A CTX-FITC XA hMSCs7F #&EHJ EAHA e F Yo A= hMSCs

7F Aol #EE A &ttt In vivooll A #HEH CIX-FITC EA hMSCs= % &
o] WARPFEZ " In vitro FollA &ld ®EFe] FITCY] =R <l
H A etk SCI % hMSCs ©]4] & 1 949 A% CIX-FITC A hMSCs7F 4
F HAENL, 2 dFHe F o Bol YERIL 3 ¥ Fellv E4 BS F
o] CIX-FITC EA hMSCse] #ZHAw (Fig. 1-D-F). 28y 7 o Fof
CTX-FITC &EA hMSCse] & dAsHA ZaFHdn. &3k SCIE & 1 drbd
hMSCsE ol 4%t & 7 dA =i F3 SCIE & 5 4o hiSCsE o] 43 &
7 4A HEe g ¥ue Ay F 7 25 CIX-FITC EA hMSCs7t F A1
o] TEH AT}

SCIFE-Yel A BZE CIX-FITC EA hiSCstE L¥txgo=w T Eool} e
Aol ol HAol °%F 10~18 mAtel e A7

=]
=
XJ o=z o]/\lg /11]4‘:_/] /\‘— g].NO].;ﬂ _ﬁj].o s} H]—Hélo] gj\mxpg‘ ij,}iL

= [e}

¢

[
o
A
e
w2
=

2
HA e Bole CIX-FITC 4] hMSCso =A& &g 23, (& &+ 1 ¢
ghll hMSCsE ol A g F 7 A HE TolA SCIE F 5 el hiSCsE ©
g 3 7 dA He TEO 4L o B2 AEESo] #EHJUY (Fig. 2-A,
B).
a8 2 AgdAMe FEAEY AMEAMAEE FES T
monoclonal anti-human nucleiE TRITC (1 : 800)& o]&3l] #&AT F ¢

A=Y (Fig. 2-D) ©] nuclei-YAFFEA EE0] CTX-FITC ¥ A hMSCset ¢ X

_10_



WA hMSCsE AWMUl A& st 1 5, 4 F7F Ad & &S 2, A
o] E4E FEA GFAPF NucleiZb Ao Zd® AEE AT F AU
ARk wfe =EA Jebgth (Fig. 3-A~C, G~1). E3F GFAP} NucleiZ} FA4]
o HE MEES 1 F9 4 Fo vus] B 25 IS 7Y A7
AEAA EFAoR Yeivdes 2AAE7E FAFA @k, 2 F9ay
o] 2o Al GFAPE Hd3t= hMSCs7F &4d FHdA Fas=E o A
ol2g A (Fig. 3-D-F)9 HwE &sitt. 1 A7, nucleio] EX4€
hiSCs= Aol net €4 B2 7 BZHAAR GFAPS Nuclei7b F A

]

of 2" hMSCst A o= B8k lth. Map29t NucleiZb &4l Ldd g
Aol e A3 HERA Gkal A7 o]
3]

AFEH 1 Fehe o457 A9 ATL ol @

FEAFEY

L0 T TEEL2 A 3 5d Wi H £ ¥4 G& vE FEH
Fol o 7|54 A= YEUA FUth. L0 + hiSCs ¢ 4% L0 &
2 Fol7k YElA ekgkth. SCI& we RE FEEE Aot vhHE
AAe] A8t AR SCI0 FolME 4 1 FY F
o dvrere] gdol A A FEFAe] oft #AFATH. 2Ry Aztol A
=1

=% 5nele] AA7 dmoz sgolAe A4t of
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ot
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el
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A YEbA = &kh. 284y hiSCsE

Ho
= =

A= FPou SCI0 ol H]

o)
552 B9 &
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=
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hMSCs

-
T

9] BBB score

ATE

2

]

a4z

o
i = vt Aoz A4 Yebgd. 2E

3]

=
T

ARo=z 4

%

d

o

3l #Eo] SCI0 o H

149

o

53] SCI1 + hMSCs el A& SCI5 + hMSCs

=
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)
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Aol AAA
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A9 tesidelr FFAlEe o4 E4d FH AVE #H2A

P A3tS MAHAZT (Chen 5, 2001; Kurozumi 5, 2004). o]2lg A

A
EIES WAL AxY AEZES FAAI7IAL (Chen &, 2002) &89 F4+9
Dol A AHA (Kato 5, 2000; Akiyama 5, 2001, 2002 a, b)3} #Z& A7 A

e FA9Y. £ AT Ade £F FANN ASHA o 254

- h IS - =
H35xe g2 7FEtE (Daniel 5, 2004; Satoshi S, 2004).

A EER ol oA ZFEg MSCsolld e AAFEAAE LF S

EHlstal o4 E NSCsol ola] A=d AlAotuAEE GNF (Glial cell
line-derived neurotrophic factor), BDNF (Brain-derived neurotropic
factor)9t NGF (Nerve growth factor)®} #2 <lxE2] FEH]
(Chen 5, 2002). o]2d o8 AAFIAAEL AGAEL 2
Esteh Aol Bt E4E dydA zYgEHe 2Ed A4S B
F sttt (Schabitz 5, 1997; Hirouch &, 2002). o] E&AE gt A HEE
7122 free radical A, FAEZAE LA FdF B4 Tol Ud

(Hirouch =, 2001). =28l ZEFAXEE Flt-3 ligand, interleukins

macrophage colony-stimulating factor®} stem cell factor® EH]
(Majumdar %, 1998)3t™, Al7d=dzol Jid3 #-HHE VEGF, bFGFeF Z#&

angiogenic growth factor® A|&3t1 (Hamano &5, 2002) WA

o
F A SRS gt (Bernstein 5, 1998). ©]# 3 EuHld &

-

42 A% o] 4® BFALE 9YIF ANE o AEHORRE HojsFa

_13_



W 32047 2 2 AARIENE 1D AR AtEn T4

2 MSCs= colony-stimulating factor—-1, bone morphogenetic proteins,

5z

matrix bound cytokine, IL-1, IL-6, ZZ8]3l cell-cell contact proteins=
AFste] Y FFH AAAAESE FIAIY (Prockop &, 1997, Li &,
2002) .

SCI o o] 48 MCs7h Eab| ool EAsE AREe] a4 ol
AE EAQAD GRAPZF BASAR AAAE EAAAE 2R gD
(Daniel &, 2004) ®oluAxE Aet#] Z3vta B a¥Att (Wehner &,
2003). 28]al Chen 5(2001)& &8 FHoA o] 47k NSCs7F B2 &
of A AAMES HoluwMER RF EshEtii (Chen F, 2001;
Satoshi %, 2004; Honma %, 2005). ¥ ATFoA= o]2 gk hMSCs7t A 7
A7A olgstel EAst WAAAAE 2A @dE ZHANE @S A
SFUAR 4 F74A Mol EABTE AL FAGow o Fo Fe Ft A
olmAEY EAGMAL FAPT} LAACT AAHE EADHA Map2E

Sa BERL FARAT. oA tFE ATAIY Ao FL UCsF o]

A
)
o
o
S
Y
N
BY
_l
o
N
N
>
o
)
b
At
o
2
)
_?L
N
N
3

+ 93 d blood brain barrier® E3] E°7}7] w&olt} (Satoshi 5,
2004). TS 3 dAAE & 3A17F EHE blood brain barrier?d F 34 o]
7} 1 (Hatashita 5, 1990) <©A® (NSo XZHHE =71 YJA A xS 35

- 14 -



2437 monocyte chemoattractant protein-13} T2 383 d EZ S AH
Ho g2 FHsto] (NSO &4d FHE o2 d MSCso o]l&F

5, 1996; Satoshi 5 2004). ZzHA AWM HolaL2 A=z QAT 23 &4
glo] MEE oA F 1 FIE FHo AxY olsx #=ET F U7 H
ol @A ®ol AFHL Ak, B AFAAE o)A CTX-FITC EA hMSCs
7b SCI 9ol ®ol #EHJL &40 ¥HA ¥ 249 Fods A &

57 gtk a3 SCIE AAHOE BYAN F AT o] o]4F T

I

do
=,
2
ry

>3
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Figure 1. Identification of hMSCs cells (In vitro and In vivo). A; hMSCs,
prelabeled with FITC-conjugated cholera toxin in vitro, B; Laminectomy
only, C; Spinal cord injury only. The hMSCs cells prelabeled with
FITC-conjugated cholera toxin were injected into the tail vein after

compression injury. D — 1 days; E - 2 days; F - 3 days post-injection

Figure 2. Identification of hMSCs cells in compressed spinal cord. The
hMSCs  cells prelabeled with FITC-conjugated cholera toxin were
injected into the tail vein 1day(A), 5 day(B) after compression
injury. A - 7 days; B - 7 days post—injection, C (CTX-FITC prelabeled
hMSCs), D (Human nuclei), E (Merged)

Figure 3. Differentiation of hMSCs cells in compressed spinal cord
(Colocalization of hNuclei and GFAP). A, B, C: 1 week after
intravenouse transplantation; D, E, F: 1 week after direct
transplantation in compressed spinal cord; G, H, I: 4 week after
intravenouse transplantation. Conforcal images show the

differentiation of the transplanted hMSCs into astrocytes.

Figure 4. Differentiation of hMSCs cells in compressed spinal cord
(Colocalization of hNuclei and Map2); lweek after transplantation. A:
Human Nuclei; B: Human Nuclei + Map2 (merged); C: Map2 (neuron
specific marker) Conforcal images show the expression of neuronal

marker in the transplanted hMSCs.
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Figure 5. Behavioral outcome of hMSCs transplant(Incline locomotor
behavior). BBB scores for the LO animals exhibited no locomotor
deficit and scored a perfect 9. In this study, behavoral scores for
SCI1 + hMSCs animals were significantly better than those of SCI5 +
hMSCs or SCI only groups. Behavoral scores for SCI only animals

slightly decreased over the 3-week test period. (*P<0.05, 1t P<0.005)

Figure 6. Behavioral outcome of hMSCs transplant (Open—-field locomotor
behavior). BBB scores for the LO animals exhibited no locomotor
deficit and scored a perfect 5. Behavoral scores for SCI1 + hMSCs and
SCI5 + hMSCs animals were significantly better than those SCI only
groups. Behavoral scores for SCI only animals slightly decreased over

the 3-week test period. (¥P<0.05)
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