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Abstract

This study demonstrated that xenogenic human marrow mesenchymal stem cells (hMSCs) could elicit

the regeneration of the sensory nerve after axotomy in the adult rats’ infraorbital nerves without

immunosuppression. For this, we evaluated the behavioral testing for functional recovery of the nerve

and histological findings at weeks 3 and 5 compared to controls. Xenogenic hMSCs did not evoke any

significant inflammatory or immunologic reaction after systemic and local administrations. HMSCs-

treated rats exhibited significant improvement on sensory recovery tested with von Frey monofilaments.

At 5 postoperative weeks, in the hMSCs treated nerve, expression of myelin basic protein (MBP),

neurofilament (NF) at the site of axotomy was higher than control. And mRNA expression of

neurotropin receptor Trk precursor (TrkPre), nerve growth factor receptor (NGFR) and neuropeptide

(NPY) in trigeminal ganglion were also higher. The number of myelinated nerve at distal stump and

cells in trigeminal ganglion were higher in hMSC treated rats. So it was supposed that transplanted

MSCs contributed to reducing post-traumatic degeneration and production of neurotrophic factors.

Immunofluorescence labeling showed small portion of hMSCs (<10%) expressed a phenotypic marker

of Schwann cell (S-100). Xenogenic or allogenic mesenchymal stem cells might have immune

privileged characteristics and useful tool for cell based nerve repair.

Key words: Mesenchymal stem cell, Nerve regeneration, Infraorbital nerve, Schwann cell



P
T

ol &

1

kel
=

AW el @
715 st 1E

J|

[
S wr

N
=S o]

Al A
7ol 2 o] o] & ¥ 7] &

1

R

. 7350l whebA

o))
¥ 2§ 2
o ) <
. 2= al - D
s 235 o : ;o
—_
) E I 200 g R
uoz g = k] S mm_ " ; :
A ; | . )
o o {E _ N = E a
: : : & s o = = 2 = g
- u ; - . - =y 8 =o No
: i : : 2 2 H XA O = =
T ﬁ — (0] 1 D : ;O
: : : o o< 3) e cy S of
: ; : - - ° T W < ww
; - o ? e m ) X B o T
~— on* HL B B ,DF X = EL
ﬁA 50 ‘LIE : NM ‘WA_H - = —
: ! ; L% = A i < S R
L ;
o ~ s % Mo £ ; ) M.T. E
T oF ar 2 3 E oy = - ;
A R o ol il E T G
- < et B/ el = 1 N 5 : :
- - G i = - 7 < o
- X = i fron NV = W ° °
— ® ¢
N - o ,.M% o @! M ,_.,m_a e 5 4
Sz T oE o= EOr 2 1
o o) o 7o ™ mo , : um :
() 50 _ ;& ‘.m_u AL NEH \@l ﬂ ‘l_ﬂl
WE o — ~ i ~ P "’ : :
~ = e < 3 2 = m :
o = ) 3 =0 % 2 o i . ﬁv_
B 3 o 9 = ° ; ; o i
-] : : : , 3 o ood .
o < o b & < : 2 :
i AR - A 2 7 % o
0 3 - : e m
N > BB e © i o o
— ~ O .
: : ﬁ M . * < ™ JE H
. 5 5= s 0 )
A B
—~ _,T lo ol 50 B : HI
: P : & & i cy oy
T - s 14
0 < X £ = : § A
o = N : w :
= W 2 =
(a9
O of

A A7 717

=

o

A 2] ol A

=

A

=



ol HEZ7F AR

=
(]

Ho
ol

oA, °olF =

49 W

Q}

wdo] itk webA o

Pew ke

=
T=

P eI GellA ofuE T

}olo
-

%

93 Aot} 1y} ofH kA T

o] Aol A

ATE BA @k

ki3

o <ol )

Z7AME

bl

N

ERE

1

bt

fo] <tolm 1z} &

= Gl s

o] 8ol nA

27)%



I 434 & ¥4

tel g4k 1 20cc

AAE o] g3

ol 4

Ea=d

99 <

A=1 I
= %

.
23

X9

=71A

ez
=

o 24 7

O
M

3

22 4 CD14,

A
it

wg ol

ke

B Ee

]

o

A,

%

o# 7 CD29, CD44, —18]3 CD1059

o
o
el

o

0

A

34, 459 &

to], 7F9=71A2E CFSE dye

EERIEE

o s _ " N
st & 0 FEoiE F

tol AzAP7E 718 el whel, A A (vital

2 °] 83

(Molecular Probes, Eugene, Oregon, US)

boteh.

J|

staining) S A A

Sprague-Dawley

2l

o
AF

Fol & AAIF T 200g Hele]l WY 7]Eo] A

J|

o, o 7]l 9

34

Z]

&Holl g} ketamine hydrochloride (80mg/kg,

A&t

A (Al 30vhel &

ul
<Ll

Ay

=
=

AL

A}gste] =

S
=

Fal)e}l xylazine (20 mg/kg, Rumpun®, Byel, Germany)

[e]
o

o
S

®

Ketara

Z]



wAe] erslel ARG wEs

ol
2
o
td
y
&
rtf
rlo
N
e,
%
o
&
e
et
=)
o,
ol
-3
>
>
09:“,
ol
2
£

—

rersl vlestd, Aot Avs, ¥ 3 rEE AE gepeE =9 & veEs MY

sto] Qrobdel wekahgich. QhshA Fol AAE AU S welste] vhE <ishel g

O

23 weaedr. delal TR Ushe 900 smm QARE nASEE A9E ol gael 2

-z

BEHL, 100 mylon© 2 AALTS 129k EitEke] 9AE FANAL. LA 5x10° A4
°17F 2+ =7 AE S 5 ul fibrinogen solution (Greenplast®, =41 2b)oll Yol Aekafo] o] 714
TFdstar, T2l 59 thrombin©] 23HE calcium chloride §91S =¥ 3} gelationS %
AT FEF BIE 98| ¥ES5A PTFE 9 (TefGen®, Biomend, USA)S. 2 Elo]5:9]

oo EE R ose] S8 B AASI, 48 FAA 2 AEAE Foldgn =@ 4

o 74zt 3x10hSl HENAEE el gsl YolA, v5 A

o
3
T
S
5
ol
_{

2

o

&t AAFARS Tt AAEAT F AETE S0 U0A 82 10pl9] fibrin gluest

PTFE U} o] §ate] Amalglth mat Farel 42442 A% shgn

oE WeAER BoAsslth @b A WAS ABS AN AE B ool 308 o4

AAANA Qe Agates ety AAAAE EF F9 F vibrissal pad T4 4o 1-

3% 7FA 2.2 von Frey monofilaments 33 HFHA|A, 3|9ug-& Hol= 9 71 filament®]
AR A1 S 3o, el A S SHe)



=5 570 MAE AT 2 vH F S F3l 3% buffered paraformaldehyde 2}

Qstel AFAL A Gk gtstatl AT F

2
=<
w2
o
@)
=
o
8
it
It
||\
S
>,
B
>,

o
=3

2 10% sucrose’} X §H¥ phosphate buffered saline (PBS)oll 3A]7F &<t
2 2]3}aL 20% sucrose PBS & Mol 4 °C sl A 1241 7F F<oF B39t Y EEAZVE
o] &3ste] 20 °C 3slollA 6um FAZR FES AZSlal silanee] ZYEHE fZF fol
FAA Y dd Ad Alefer AR AP F AAFAES 4°ColHM 1243 T
HES A AT AFEE Y3184 mouse monoclonal anti-neurofilament (NF) H 200kDa (1:2000,
Chemicon, Temecula, CA, USA), rat monoclonal anti-myelin basic protein (MBP, 82-87 region, 1:50,
Chemicon), mouse monoclonal anti-growth associated protein (GAP)-43 (1:200, Chemicon) “12] il
rabbit polyclonal anti-S —100 (1:200, Dako, Carpinteria, CA, USA) It} ¥H-g- & PBSZ 33| A% st
% fluorescein-conjugated secondary antibody IgG (Biomeda, USA)E WHS-AIZA T 22} SA 2=
FITC-conjugated antimouse IgG (Chemicon), rhodamine-conjugated antirat IgG (Biomeda,), Cy5-
conjugated antimouse IgG (Biomeda)”} AF-&5 it} FstA v stol A= #23sl7] 9134, ABC

Al oF (Endvision, USA)S. = 4 A5} a1, 3-diaminobenzidine tetrahydrochloride (DAB, Dacocytomation,



USA)Z  ZAAIFTE H3E  hematoxylin and  eosine (H&E) @M% o]  A]lsgslgivh

o>
2
>,
o,
i
o
=3
i
rlo

[0

AW Q1 paraffin-embedding -0l 2| %S A|2}elal, H&E 43}

5% cresyl violet G- Aldste] FAn A sholl Al ALl A Ao WatE #Estglth

3%

rlo
o

24 dAu|A 3 Ferdn g steA Zstar EA o] B agk 52 Image Pro Plus

Software (Media Cybernetics, Silver Spring, MD) & ©]-8-3}of 37135t}

2
fo
Kei)
o
P
o
-z
e}
=2
R
i
8

=]

rio
jubad
-z
o

A7AE HEF3F] 2.5% glutaraldehyde2} 0.5%

paraformaldehyde”} 2 3HE 0.1M PBS & <ol 12A1%F o]} @7b&Skt} o] 3 2% OSo, 829

A 7F Eob F AL AX
1l o T e} =

RS

o

=

i, Ax F Ad5H v d3g §902 A5t Epon 812

(Nisshin EM, Tokyo, Japan)oll vw3d}$itt. LKB ultratomesS ©]-83}o] 2749 HES wHEo],

SFU toluidine blueZ FAste] FatA w7 sl A #zelar, VA= lead citrate®} uranyl

acetate® A &to] SEM Ax}& 17 (JEOL JEM-100, Japan) 100081 ¢] hefg-o A #2a}gc).

Toluidine &A= 2] JAS Image Pro Plus 213002 FBA5lo] 94 I myelinated

axon®] & A4St

A F RNAS| FE3 A A Fdasvts (RT-PCR)

WANAEe AE F bz QAaidN JEAAL B RNAS FF % DNAY AEE

rr

A ZA} (Quiagen, Valencia, CA, USA)7} 3k whol] we} A8steich & RNAY ¥ %



spectrophotometer (260nm)°l| Al A3} 2™, 0.5 pg/ml ethidium bromideE - §3F= 1% agarose

gelol /] RNAS] A1)

i

srolalein). ol ol AEZA —80Col RESAT,

Trk precursor, NGF receptor, Neuropeptide Yol th3F RT-PCR& A3} t}. Primer?

A A= OLIGO 4.0 primer analysis software (National Biosciences, Hamel, MN, USA)E

AHESER AL, T o3 pdas Trk precursor(445bp):

TCTGGTGACTTCGTTGATGC(sense), ACCACACAAATCCTCCTGCT (antisense), NGF

receptor(508bp): GGTGCATAGCGTAATGTCCA(sense),

TGGCTGTGGTCTTATCTCCA(antisense), Neuropeptide Y (NPY, 370bp):

GCCATGATGCTAGGTAACAA(sense), TGGTTTCACGGATGAGATG(antisense). <A}

HE-S- o] 2ulE 0.5mM dNTP, 0.2uM primer, 1.25 units Taq polymerase, 40mM KCI, ~L

2lal 1.5mM MgCl®Z 4% PCR w¥h&&dd Y, AA &=Fo] 50u7t HA skt

oy

Denaturation: 94C, 1%, annealing: 55C, 2%, 18] 1 elongation: 72T, 3% Z@do=w
o]

AN FEANES 303 W3 PCR AHES 1.2% agarose gelsollA #7195 A7)

51, AS)AE obeel A Fedaheln.

6) FAAY

i}

AT fFo4d g0 #dlA SAS 6.0 EZIIFS o] 83}o] paired Student t-testE

AL pglel 0.05KTh Ze FS FolF Aow Brsg



. 23}

CEE

1=
o

1 7l

P
T=

1.39+0.287} 1.45+0.18°] % T}

T
4

B

ﬁo

T
A
o

N

K

o

;OU
<

filament (value 5.6)°l %= WH3-& X o]X

9 1FARAE A AL

ko3
T

A
2y

ki3

A ]

ZI M EE

1o

N

%

ato] 7}

3.56£0.170] Q3 hETFE 4.35:028F  <k7he]

1
R

al

2~
T

olo
jant

o
M
R
<

550l A A ET(2.0140.16)2] 7713 E0] o 21(3.45+0.21)0)

in

AR} (p<0.05) (Fig. 1).

o BN
s g F

SEE

014391 <]

270l A

H&E

ol
of)

—

_XU

o
P

Nlo

3R

LA

7ket

2

o] =

7%s

Foith. NFe MBPY

sols

A EE

o

ol 4

A2 AF oA

=13
=

ATH(Fig. 2, 3). HHHol GAP-432]

A YEFSECH(Fig. 4).

J|

o o

)

el

_i
b

557l

s
=5

EREER]

bo}

e}
R

10



b

AES0] o]AR9lel Aol sAlets Ao mol old® AMEsF Aelgeg o

ey o AEe] S ARl CPSEE wdEst: MES 10%  MwelSitiFig ).

AR AN A AT S AW (15.250£1325/mm?)e] )T (13,623£1936/mn?) KT

weko B4 felae givhFig 6,7).

3) AAdn

o,
[
)

AAEH A3} toluidine blue 4 FeAwE 2AdM DAZNAEE o] A& Aol A

%% myelinated axon®| §°7} 7458 + 226/mm’E TIET(5,388 + 312/mm)} Fo]F 2ol &

11
jale)
o
=)

&3 AT (p<0.05) (Fig. 8,9).
4) A7 Foll A1 9] Trk precursor, NGF receptor, Neuropeptide Y mRNA2] &

Al
=

roh

2]

offt
||V

DHAEVAEE 4 B3 Al em Fo AAkal7d A Trk precursor,

e

NGF receptor, Neuropeptide Y mRNAQ] @& o] B5F tfzvd H|a|A] =% tH(Fig. 10).

11



7}VeF =}

2

Dz

el
;00
@-O

E

1
R

o, A7 3] Eell wA

SRR

ST

X

ZFAE71A

OJ—E}_'

]

9%

getetAl ol

A o

3]

o

o, 1 7]

4] A

Aow

1
R

7HA]

1
R

el

A SRS A 5ol

37 =

714 S “danger model”Z dv

1
R

7}HA]

el

& T AEZE

%7

A atel A

9/]

A

e

X

Al

o] =
= o

o] 4139/ <]

ErE

= 7] A3

o
=

=N

b atel 7k glgivh

= vibrissal pad®] %

J|

of £X

=
=

von Frey filament

S Cuevas”7} H

ngEy, oz

12



e

= 9

2 dlof A

A7

1
R

el A

Aoz dHA 7] wzel o] Al Hel=

A o

o] Aol w4y

AN3E

von Frey monofilament A}=of X o]

‘S‘H]i

A &

ki3

)

A Aol o] GAP-432]

REEETE

o stsitks sloltt

H| &

s

UERd Aol th el Verze"9] el ]

ang

Aoz dHAdTh wEhA

1
R

v 5

pu

71l A

=

Bl

=13
=

GAP-439]

ol M=

i

7)1 M E7}

N

lgry

1o

~

o

23

0

A8

ol 3t

1
R

],

)
;&

2=

A Al

ﬁo
<7

]

1

=)

71 A E7}

N

lgry

Zl_o

el

o] AARAA}F (trophic factors)l F&71&

4 Q3

393

A Al

Zgol A &2 she o]

ki3

Atk ol

Shar

Hno=z 7HA

13



h

]

Q1A=

1
R

],

S

o

1

2]
il

-

o] djzxtol H

A Ayl
]Q,

9/]

= 24 (neuropeptide)'”

©

ko

-

DR IEE D

o

Al

o

i

7170 78

=i
=N

=

% thyrosine kinase precursor (TrkPre)®} neruopeptide Y (NPY)<]

PR A A A7 e A A

A
=
o}
=

714

N

lgry

Zl_o

e

A9

Ape,

=] -

],

S

=3}

1=}

=

A

-

frkA)

+7F

]

[e]

9/]

X

FA=71A

14 ekt

eheAe 3as

=
=

;&

e

5

A

3R

==

9/]

A, ol Ao] A4 A A o
270l Aol

A7}

i

0

™

el
KR

of

o]
"

B

5}7]

©

Z A
2

o

)

=

aL, Aefel A

=l Blal] W

i <47

X

IS5

14

Al

of ]

R

A

Z7)AIE

=

b w9 o

©

-

o

= o

X

Al
o] 7}

=

=
&

Atk o
3|

=
T

=]
=



15



7421 WA o

ol

A

. ol%e] AE7} o

14 3 7kal

3]

Fel of

1
R

16



VI F31%3

1. Tyndall DA, Gregg JM, Hanker JS: Evaluation of peripheral nerve regeneration following crushing or

transection injuries. J Oral Maxillofac Surg 1984;2:314-318.

2. Xu XM, Zhang SX, Li H, Aebischer P, Bunge MB: Regrowth of axons into the distal spinal cord

through a Schwann-cell-seeded mini-channel implanted into hemisected adult rat spinal cord. Eur J

Neurosci 1999;11:,1723-1740.

3. Dezawa M: Central and peripheral nerve regeneration by transplantation of Schwann cells and

transdifferentiated bone marrow stromal cells. Anat Sci Int 2002;77:12-25.

4. Dezawa M, Takahashi I, Esaki M, Takano M, Sawada H: Sciatic nerve regeneration in rats induced by

transplantation of in vitro differentiated bone-marrow stromal cells. Eur J Neurosci 2001;14:1771-1776.

5. Woodbury D, Schwarz EJ, Prockop DJ, Black IB: Adult rat and human bone marrow stromal cells

differentiate into neurons. J Neurosci Res 2000;61:364-370.

6. Deng W, Obrocka M, Fischer I, Prockop DJ: In vitro differentiation of human marrow stromal cells into

early progenitors of neural cells by conditions that increase intracellular cyclic AMP. Biochem Biophys

Res Commun 2001;282:148-152.

7. Black 1B, Woodbury D: Adult rat and human bone marrow stromal stem cells differentiate into neurons.

Blood Cells Mol Dis 2001;27: 632-636.

8. Zhao LR, Duan WM, Reyes M, Keene CD, Verfaillie CM, Low WC: Human bone marrow stem cells

17



exhibit neural phenotypes and ameliorate neurological deficits after grafting into the ischemic brain of

rats. Exp Neurol 2002;174:11-20.

9. Cuevas P, Carceller F, Dujovny M, Garcia-Gomez I, Cuevas B, Gonzalez-Corrochano R, Diaz-

Gonzalez D, Reimers D: Peripheral nerve regeneration by bone marrow stromal cells. Neurol Res

2002;24:634-638.

10. Waite PME, Tracey DJ: Trigeminal sensory system. In: Paxinos G, editor. The rat nervous system, 2™

edn., San Diego, CA: Academic Press 1995, pp. 705-724.

11. Gregg JM: A surgical approach to the ophthalmicmaxillary nerve trunks in the rat. J Dent Res

1973;52:392-394.

12. Bennett GJ, Xie YKA: Peripheral mononeuropathy in rat that produces disorders of pain sensation

like those seen in man. Pain 1988;33:87-107.

13. Vos BP, Strassman AM, Maciewicz RJ: Behavioral evidence of trigeminal neuropathic pain following

chronic constriction injury to the rat’s infraorbital nerve. J Neurosci 1994;14:2708-2723.

14. Liechty KW, MacKenzie TC, Shaaban AF, Radu A, Moseley AM, Deans R, Marshak DR, Flake AW:

Human mesenchymal stem cells engraft and demonstrate site-specific differentiation after in utero

transplantation in sheep. Nat Med 2000;11:1282-1286.

15. Matzinger P: An innate sense of danger. Semin Immunol 1998;10:399-415.

16. Anderson CC, Matzinger P: Danger: the view from the bottom of the cliff. Semin Immunol

18



2000;12:231-238.

17. Verze L, Paraninfo A, Viglietti-Panzica C, Panzica GC, Ramieri G: Expression of neuropeptides and

growth-associated protein 43 (GAP-43) in cutaneous and mucosal nerve structures of the adult rat lower

lip after mental nerve section. Ann Anat 2003;185:35-40.

19



Fig. 1. Evaluation of sensory function by von Frey filament. After 3 weeks, hMSCs treated rats showed

more favorable improvement in sensory function than the control group. Significant improvement was

showed in the hMSCs treated group. (p<0.005)
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Fig. 2. Expression of neurofilament. Both groups show good connection between two stumps of a

transected infraorbital nerve. Regeneration of NF in hMSCs-treated nerve (B, D) is more regular and

intense than non-treated nerve (A, C). A, B: expressed with DAB, C, D: expressed with FITC (Scale bar =

50pum).
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Fig. 3. Expression of myelin basic protein (MBP). Immunohistochemical staining with MBP shows

outlines of myelin. The number and density of myelin in hMSCs-treated nerve (B, D) is higher than non-

treated nerve (A, C). A, B: expressed with DAB, C, D: expressed with rhodamin. (Scale bar = 50um)
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Fig. 4. Expression of growth-associated protein 45 (GAP-45). Expressions of GAP-45 are generally weak

in both groups. But hMSCs-treated nerve shows scanty positive reaction of GAP-45. GAP-45 is usually

expressed at early stage of nerve regeneration. So it suggests that hMSCs accelerate the regeneration rate.

A, B: expressed with DAB, C, D: expressed with Cy-5. (Scale bar = 50pum)
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Fig. 5. Tracking of CFSE-labeled hMSCs and expression of S-100. Transplanted hMSCs could survive in

the regeneration site even after 5 weeks (A). Some of these cells (<10%) also expressed Schwann cell

marker, S-100 (B). A: expressed with FITC, B: expressed with rhodamin. (Scale bar = 50pum)
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Fig. 6. Cellular changes in ophthalmic division of trigeminal ganglion. More apoptotic cells (without

nucleus) are observed in the control group (A, C). Higher number of cells in hMSCs-treated trigeminal

ganglion is survived (B, D). A, B: H&E staining, C, D: Cresyl violet staining. (Scale bar = 50um).
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Fig. 7. Number of cells in ophthalmic division of trigeminal ganglion (cells/mm?).
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Fig. 8. Cross-sectional view of distal stump of post-transected infraorbital nerve. Density and number of

myelinated nerve are higher in hMSC-treated infraorbital nerve (B, D) than the control group (A, C). A,

B: toluidine blue staining (Scale bar = 100um). C, D: SEM (Scale bar = 10um), arrowhead: unmylinated

nerve, rectangular: Schwann cell, asterisk: myelinated nerve.
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Fig. 9. Number of myelinated nerve in cross-sectional distal stump of post-transected infraorbital nerve

(cells/mm?).
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Fig. 10. mRNA expression of Trk precursor (A), nerve growth factor receptor (NGFR, B), and

neuropeptide Y (NPY, C). All arrows: hMSCs-treated trigeminal ganglion. Expression of B-actin (D).
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