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GFP-mouse-derived bone marrow stromal cells maintain green fluarescence
from (a) initial plating {40 %, magnification) through (b 8 weeks (200 X, magni-

fication).
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M1 GFP-mouse-derived bone marrow cell {200 X, magnification) (= %0 Color Gravure £IH)

GEP-mouse-derived BM stromal cells contract synchronously with rat CMs
(200 X. magnification), (2} Brignt field. (b) Bright field with filter (Nikon G-2A).
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FE?2 GFP-mouse-derived bone marrow cells contract with cardiomyocytes (day 2, 200 %,
magnification) (- %38 Color Gravure )

5 B

¢

PPy T OB BN L SHE D TS
X, FRETOGEEETETEL0T
Hpoyv-v, Lhl, RHRETSHD

IR T TH 5. WHEMEE L
Tid, HiNaEE ., |MEUESH B OB
gy, 7ok chemokine &
ENEAGNS,

ATIE DL OrOEMEHT S,
¥ GFP-BMCAVE & - EDIRNE

THRENHIEE LTHETASENT
2, FOEBLOFEMEDENTS S
A BET2 ML LD, B
HOCM & OBIR 2 HET 5 2 L AT
Ef, $2212, GFP-BMCI3HIC GFP
FRELTWA 78, GFP(—)#Hllz

BYES BFSEERSARE Vol2Nol 67




tik 21 HICOBERRR R -

ERNFTBZEMNTES, TDIH,
il & DRALEET L GFPBMCD
REALATEE Ko h, 272, SO
HNaDHAEHEE, Ty b &'?'?z <
Td 5w RO LT 55 By
mmmwmnium«@mmmm»u.
HER & FEAET 3 A%, 130781z é,Uf
RELHTH S, '

P AR A FT T OREHET

BIEETLERGERHBH v W
IZILI53E %17 5 O A TERHNED AN
HEERLADIR, KIFELIHTT
&5, GFPBMCi3CM L FIMMLEL |
Isoproterenol (25nM) (3 CULSHE 2L
A100[E - sHicimMLAz, ok %
BHIHARO LA SHE R LRI & DR

WA in vivol= BT 4B T

EMFSGELIGRBY, o
IR—T1, 2tﬁmur.‘ .
73@&LMM%¢E%#&5Q*~“
EnG, MIEHE ORI BT
BU%EE->TNB T aﬁi<Théh
7= F7, Gnmmcmuf%mfu
ARIEATZELA S B Z LA 5 Az h o
2o ZOPT, HTTRTOEARE
MiaDEAMET 30 LT,
ANP 3 —T$I9IZFatE & 2 5 22485 H
LM S LA, ANP (2054 M0 .0
BRIZBOWTEELRAEE-T0 5
EVbhNThw, ZOANPOHE
3, GFP-BMCAALEAASME L 727
BEE&=RIEL T 5,
oL —F1, 2ThADLMEMESME
L E b o RHEBELLO,ELS
15, B OB T 38RO
HHIEIFEEEERMENT ST

68 RS OFBLEmMPauE VoliNod

B Mg —

LTnaa, dalLdflsrmr)

¥ — mﬁmammtbhaHHWfﬁ*
A=72T GFP- BMCU):L\ﬁTﬁfBﬁ‘ﬂ”
gahaug, RS 7
;%ﬁféanv_&tﬁéﬁ,

1T¥Tﬁ}ﬁW&HAbh&#
fw i KBIAHEL B ODp
Dbmfm%mmgﬁﬁw A

R SOTRRETHS,
%“!?k/ﬂi. GFP-BMC L iz 3L
ERBELBAN, TORREBEEN,
Bel, BICHiEE Rz 4232 L5<
heterogenous ZfMlaft 2 fim L /= 7=
&, WHWIRAEDED 54 E
ELEEM I EMERZOAS, &
b -/EISEIP‘I@&@EQ?R'T«?&??.K

by 2: Drﬁg'cﬁﬁaﬂlﬂ‘wﬁ;éft'i‘%'jﬁ‘a
ﬁ&tﬂFaBné

7, o B PRERITE DT
v—%‘-&:b h‘ZafP:‘JEH:b*EEEE&&oTn

=7

S, iMaRh& 2 ESHITE & B fidm
feDMTRID, ZD&S BN
PRI DRTE £ k=it 218 6 L

TVd, hORER, HERLTS
Z e RS, B IRIRIINE At A N

EEEEZAELAZETRELTY
L, AR T Z0MiEia o
FEMERTBETE L LM, RLDHLN
FH2.5%THADIHLT.

Terada & O T2 2~11 clones /

_-'-_:10“ bone marrow cells (0.0002 ~
<0, 0011%) L‘IﬂBI! Br=brdy, +
'”«fﬁﬂ%MAﬁeiuruaamx
ADg)f".‘f i

“&&mﬁLt.éﬁ;homammb

T, BERANaEHIS e MbRdaitin
LEEE & kAWE % in vitroT
MEHE+ 3 Z L A TfiEE Fioh 3,

X ®

1) Tomita S, Li RK, Weise] RD, et al ;
Autologous transplantation of bone mar-
row cells improves damaged heart func-
tion. Circulation 100 (19 Suppl) : I 247-
T 256, 1999

2) Tomita S, Mickle DA, Weisel RD, et a :
Improved heart function with myogene-
sis and angiogenesis after autologous
porcine bone marrow stromal cell trans-
plantation. ] Thorac Cardiovasc Surg
123 (6) : 11321140, 2002

3) Wang JS, Shum-Tim D, Galipeau J, et
al : Marrow stromal cells for cellular
cardiomyoplasty ; feasibility and poten-
tial clinical advantages. ] Thorac
Cardiovasc Surg 120 (5) : 999 1006,
2000

4} Orlic D, Kajstura J, Chimenti S, et a] :
Bone marrow cells regenerate infarcted
myocardium. Nature 410 (6829) : 701-
705, 2001

5) Jackson KA, Majka SM, Wang H, et al :
Regeneration of ischemic cardiac mus-
cle and vascular endothelium by adult
stem cells. J Clin Invest 107 (11) : 1395-
1402, 2001

6) Saito T, Kuang JQ, Bittira B, et al :




Henotransplant cardiac chimera ;
immune tolerance of adult stem cells.
Ann Thorac Surg 74 (1) : 19-24, 2002

7) Liechty KW, MacKenzie TC, Shaaban
AF, et al : Hutman mesenchymal stem
cells engraft and demonstrate site-spe-
cific differentiation after in utero trans-
plantation in sheep, Nat Med 6 (11) :
1282-1286, 2000

8 ) Okabe M, Ikawa M, Kominami K, et at :
‘Green mice’ as a source of ubquitous
green cells, FEBS Lett 407 (3) : 313-319,
1997

) Wakitani S, Saito T, Caplan Al : Myo-
genic cells derived from rat bone mar-
row mesenchymal stem cells exposed to
S-azacytidine. Muscle Nerve 18 (12) :
1417-1426, 1995

DI E DIIBRIC & BB BERO DL

10) Tomita S. Nakatani T, Fukuhara 5, et
al : Bone marrow stromal cells contract
synchronously with cardiomyocytes in a
coculture system. Jpn J Thorac
Cardiovasc Surg 50 :321-324, 2002

11) Sakai T, Li RK, Weisel RD, et al : Fetal

cell transplantation ; a comparison of
three cell types. J Thorac Cardiovasc
Surg 118 (4) : 715724, 1999

12} Makino S, Fukuda K, Miyoshi S, et al ;
Cardiomyocytes can be generated from
marrow stromal cells in vitro, J Clin
Invest 103 (5) : 697-705, 1999

13) Koide M, Akins RE, Harayama H, et al :
Atrial natriuretic peptide accelerates
proliferation of chick embryonic car-
diomyocytes in vitre. Differentiation 61
(1) : 1-11, 1996

——— "

- |
Regeherative
Me.d‘;i'(:ine

el A

e

14) Terada N, Hamazaki T, Oka M, et al :
Bone marrow cells adopt the phenotype
of other cells by spontaneous cell
fusion. Nature 416 (6880) : 542-545,
2002

15) Ying QL, Nichols J, Evans EP, et al :
Changing potency by spontaneous
fusion. Nature 416 (6880) : 545-548,
2002

16} Jiang Y, Jahagirdar BN, Reinhardt RL,
et al : Pluripotency of mesenchymal
stem cells derived from adult marrow,
Nature 418 (6893) : 41-49, 2002

17) Lagasse E, Connors H, Al Dhalimy M,
et al : Purified hematopoietic stem cells
can differentiate into hepatocytes in
vivo, Nat Med 6 (11) : 1229-1234, 2000

BEER B+s5LEMPSHE Vol2Not g9



£2003. 3)

X @ 133(641)

= =]

® K i

it

BB R RS L U R R
i & B0

“EEEREL L 7 — BEEELS R R BB i
= @m @ " o4 ® R

B ORI T B ¥ A G L L CHIIBREEANER £ 5
HTWD, NEH ST OB A5t RiERERBE L,
WAL A BMEIc L OB EEY BIETHEERMAROT X}
O—L?2ENELLRTWVE., ZORT, LEARKETRE
EREEEESL LTV I ENTFRINZPFHFHITHTHS.
A TIREHBAEZZATINS 3 HIID2WTIENS,

HAESRE O EERMN LT EEZ IR LT, CEBHIEED2E
FETH B, FF—FREOADIZEMAIEE L GIFRSINTV 5.

INITRF—ARMENDH S SERHRI R ENTELN, =&

&b D,

B R R L AV LU NBIE L 70354, BER At
AL, DSEAUET IO TERVRE VI RHEO D L2, BEEA
ST A EEBEOTENA Y — L RACEMREO KR
BRI THLI L DO, ZFhIfebh 2 HRECREENEAT
H5,

%o — KLAEEE, BEME. SEERAREME, MEERRE
REAET




1341642) RAEROFRIR (A1) —BEERCMBERE— Rt - 384 - 3 INITHS

WD Y — AL LTERMINE £ 27254, BRI RS
DHEEET S, BMEMIIER LEEFHE LTI CISHT SA,
BT TH S O REEERG Y AR L 2, BEMICHES AR
HIEETH 5.

BREOFITIEN B & & b IMBERBMIEIFET S L S h,
B FHIZLDE - BE - BB EFENTREE 2 o720,
EMERERAEREL TV L, BEESEOBENSEIILE %
IZRRE SR, SEEEIIZUS, WY CTHERRERT 2 A0E
RLand, ERNCEENENELT S LY, HERGMIICS
TRARBAFELRVI L2 ED D, ZOFFOEEIERLTVS,

1999 12, BRI S LHMI~FEHESND &) HE
AERY, LSBEOBLEHAROIBENERL o7 X51C
HEHIE, TYEFNTELELEL BHOLHIGEOSRES, I
oL Y% MIBI (" Tc¢ sestamibi SPECT imaging) |ZTHEEEZL
75, MRS TIERELE,» SEHAREBELASE, OHER~
BRI AN, LHREAMET B EFRENLY. £2F
BB S BEARASE LRI L R VWEE, BRB L Y OFE
7- 7238 El (phenotype) ~F{kT 5 kAEiEsh s, HEAOLHE
(5E, BE, $) PRAMIOEHICLVREZEDIIZ DL
FE bR, EHELRHEIELLS.

BETHELISENEMETHS Lin-C-kit” #15" % SP
(side population} #El2" (2 A2.LH LV HRES N, BHLHEIS
FOHEICRONTER, Lr LBERTIE, b MEMMEY SR
B CUDSFERE, H5\VI38Mim e BN LIS 28R s hT
Wby,

KRR ME FF—OBAMESICL )Ry THELZNETS Z LidE
MBHOBREETHLY, RELIBELAIEEEonHILT
AEROFHRICLZLIEVIHIMBALERE IR TS, 75020
Menasche 513, HOBRHFEMIEZ BV 2RI OH~OMIBFEHEIC
A4 24 T MBI 28T LyaA%, 10 fI5 4 fICH LT OSRH




(2003.3)

* B 135(643)

VT) BB - AR (AICD) BEoAAM it L.
:03% %HH&H‘%O)& iz, é P 7 #ﬂﬂtcliﬁ%%*%%ﬁf iriud
mbpw

SrEnIoT v sterl f'ce(i T EA

Pas s Lt
PEELEDAT ann
= - - - =

e
I ]

&A@m%ﬂwu wﬁﬁéﬁwmmut% ,whﬁiéufw
LROGHEELONTEL. 1998 ﬁtﬁﬁ‘b Anversa B35, B AR
m%itﬁawmfa>woﬁﬁaﬁm%ﬁkutw. ZOBER,
I EET 2R (REEREI) °E 2 BELHBERERT
LOELTEB STV A, %Eﬁﬂmtﬁth,%ﬂM$m ot
PGS X B ORI TETH 2 2o, ARIEWEELOh
b, SOREESHROBE E ABIIIRELT 2 I LA7TE UL,
LIRS 5 ORI L W ) FERITEIIL A TR EHOT
Wwah,

Orlic &7%, = O®MIERELT 57201, FHEI o= —HH
BT (G-CSF) :&MBETF (SCF) %#7Y ARBELHEEET L
TirE Lk D, OBEONRE, EEEORBLHELL. Ly
L. Bl SA70EA0R R b OO BERSEHERENIDVTORHE
ERECHD. FITRAIR, CONERSREEEHMERTHD L
W RB AT 5720, GFP BETFAAIE <Y AHRE RN
(GFP-BMC) #* Fis# a5 Co7b6 w7 AIIBMEL, FAT~<
MR BB LA, OHEE L » B&I0E, G-CSF 58Iz snT,
EHEROYEEMIED bR, G-CSF HERIIBOT, LHFEE

R, GFP-BMC o>y ruo—LECRLFEEIZEML .
20O GFP-BMC @95, $520% M ruR=rIH{EMERTH- L.
F7 RAFVEERELSEEDS. SOWMERENL, BEOH
DIRIEN—D LB TH ), G-CSF 2L ) ZOWREAEH S
3 LR RN |

Lo, BEsSRAaREBELEETSL. THEIIC L 2 05HEE
HHREEFBERLELTELZ bR, L OFELHEFLHLEFI
I OEES EE S5 BT OEREEOLORONITHTH
3. $7, CHLOERAGSLELGEEETFATHY, BloER




136(644)

RAEROGAR (FIR) —BEERLBREL— AR - 58%% - 3 JIHITI

Ed 1Bl (BM, Kt(n) A

R LI (CM) & LR
AY 452 RN DG L 7.
TAS (% 200)

Yot

s .’&.1' :
i B8 L'*,_‘;‘m'a

PRI B E I H L TR T 5.,

$7:, Sata bi, EMBPARASBRECICHES TS LB|E LAY,
KROHRELET LS 2 BEE, 2AECHRELEE-T V2 S
ERELGNDY, I, WEESMEALEG Y EET 2 KE, Bk
BRI EELT 7 — Wi e KT RERELIESATVUADTHA
¥, REZMETHS.

AEESEROEEE, S0k 2ERNTOESRROBRN LT
72ART, TNEIFLaPI—ALTWL I ENKRTTH S,

BROME™ T, BRBOLHHIBY 2 REEFOREM S
EHEATV S, LiL, BEETETSHS.

FELWE, 7y MIERLEMBEESZ OO (CM) kL,
GFP~BMC Z Bl L RX T, REEFO—2»MEFA+0E
BEATHHLVIRALLT, HERERREERLL. GFP-
BMC #5545 GFP-BMC & CM & ORIZFEEEZ B\ double
chamber ¥ T, GFP-BMC 245 IcZ (kIR bt o 7. &h
i L, GFP-BMC & CM #BELAREERTH, 55
GFP-BMC i, 2 B4 CM & FSIIVGE % BIET 5 & 02T 2w
(1), %7, REEBLEETIE, myosin heavy chain-slow (1 H#%
mh), ARFYY 43 LUBHTF FY Y ARIRATF K (ANP) (2
H#EPS), PERSC T (4B 5) SUEIIICRB L L2,




{(2003.3)

x5 137(645)

5 H#%1213 myosin heavy chain-slow FiEflf2ids X £ 25% (2
ot TORKER, BEROLH/MECE, R MOOHHERBEOE
BHENEELREEZRLL TSI LI L.

2002 4E1Z, #RAREE (cell fusion) DREIREAS 2 AFFEHGERZ A HEIIFIZ
M/, ES 4L GFP v ABEFHMiaL oE®Iz L
h, —R GFP #REIL/MRMXG(LEHETLLIIIRLEN, TO
MIADEAIZIE ES MABED DNA b EATVDEV) LDTH
B, TOWREICLY, UEBARITERMFINRALINL, S1LE,
WHEEOTEICBWT, $50TIEhVwrE )y BEbLELhE L)
2o, L L, BECEHROAT, REHHMIROTHEELELEE
ETALHDIIIBEBMETHZ. 5%, NHEETHNIEETHNI, £
NHDMBAAILENTER MR E ED L) hdb ) 2o T
TLEOPRKRDHLLEIATHE.

X ik

1) Marelli D. et al: Cell transplantation for myocardial repair: an experimental
approach. Cell Transplant 1 (6): 383-390. 1992,

2) Pittenger MF. et al: Multilineage poterntial of adult human mesenchymal
stem cells. Science 284 (5411): 143-147, 1999. '

3) Makino S. et al: Cardiomyocytes can be generated from marrow stromal
cells in vitro. J Clin Invest 103 (5): 697-705, 1999.

4) Tomita S, et al; Autologous transplantation of bone marrow cells improves
damaged heart function. Circulation 100 (19 Suppl): I1247-I1256, 1999

5) Tomita S, et al: Improved heart function with myogenesis and angiogenesis
after autologous porcine bone marrow stromal cell transplantation. ] Thorac
Cardiovase Surg 123 (6): 1132-1140, 2002,

6) Bittner RE. et al: Recruitment of bone-marrow-derived cells by skeletal and
cardiac muscle in adult dystrophic mdx mice. Anat Embryol (Berl) 199 (5):
391-396. 1999.

7) Orlic D. et al: Bone marrow cells regenerate infarcted myocardium. Nature
410 (6829): 701-705. 2001,

8) Jackson KA. et al: Regeneration of ischemic cardiac muscle and vascular
endothelium by adult stem cells. ] Clin Invest 107 (11) 1395-1402, 2001.

9) Menasche P, et al: Myoblast transplantation for heart failure. Lancer 357
{9252); 279-280, 2001.

10) Beltrami AP, et al: Evidence that human cardiac myocytes divide after my-
ocardial infarction. N Engl ] Med 344 (23) 1750-1757. 2001.



1381646} RRERORMR (18) —BEEREBREE— L IEREF: - 58%% - 3 JTHITY 3

1)

i2)

13}

14)

15)

16}

Orlic D. et al: Mobilized bone marrow cells repair the infarcted heart. im-
proving function and survival. Proc Natl Acad Sci USA 98 (18) 10344—
10349, 2001.

Fukuhara S, et al G-CSF Promoted Bone Marrow Cells to Migrate into Infarct-
ed Heart and Differentiate into Cardiomyocytes. Circulation 103 [suppl I}:
A. 2002

Sata M. et al: Hematopoietic stem cells differentiate into vascular cells that
participate in the pathogenesis of atherosclerosis. Nat Med 8 {4): 403-409,
2002,

Wang J S. et al: Marrow stromal cells for cellular cérdiomyoplast_v: feasibility
and potential clinical advantages. ] Thorac Cardiovasc Surg 120 (3} 993
1606, 2000.

Tomita S. et ak Bone marrow stromal cells contract synchronously with
cardiomyocytes in a coculture system. Jpn J Thorac Cardiovasc Surg 50:
321-324. 2002

Terada N. et al: Bone marrow cells adopt the phenotype of other cells by
spontaneous cell fusion. Nature 416 (6880); 542-545, 2002.

Regeneration of Myocardium by Using Exogenou—Stem—Cells

and Endogenou—Stem—Cells Derived from Bone Marrow

Shinji Tomita', Takeshi Nakatani®

' Department of Regenerative Medicine and Tissue Engineering.

National Cardiovascular Center

* Departmerit of Organ Transplantation National Cardiovascular Center

o .'A-‘.é::.#" &

R

-
]

e et

o R

B

i

Teoer en

e e A

TL cpe e ak ot e e

NPy T T A - p——

PER PR

s

B e T el
VELE

ey




e d e — s

e TR L A e )

{

T

322 BUAREZRVELHHEERR

Regeneration of Myocardium by Using Bone Marrow Cells

EEHF(ELIEREBRtYF—) PARRM SREC XEEE SBET
UN

BEA T

FH BESR BSHk UARNE R0

Shinji TOMITA. National Cardiovascular Center, Takeshi NAKATANI, Shinya FUKUHARA,
Yoshinori OHTSY, Michiko ISHIDA, Masaki HAMAMOTO, Yosuke HISASHI,
Toshiya FUJISATO, Chikac YUTANI, Kazuhiko YAMADA, Soichiro KITAMURA

Key Word : regeneration, heart, bone marrow cell

| B VY- 5T s

FRVEM MO BERMOOTEBE A LT, UIESHIT
HHREMRETHIMN, Fr—TROLDICFERFIMEEL
CEBENTVD, SHETFF—TRRHEOLDEELE
BRI ENTE M, BE22LOIRV,
%%H%mmuxwum%bbﬁW«ﬁﬁbt%%\%ﬁ
WAL L, DEENEET IO TRV LV SRR
oL Lz, BEF2MoT2MEBHAOMEAAF—FL
0, EAUCHEEOREERITIETHIILNE,
IR D ERECERNBATH D,

2. AR AR B «

MISBEEDY —R b LCRMERE S X LEE, Bl
B DR EEET S, BHENIBEFEEEEFELLT
FTeIRTAR, BEIMETH S HRFIERRIGE @ L
x. REMICMELCHANTETSH D,

BLOPITII 0BG L & bIMERBMENTFET S
LEh, EEI2RET X0 - 8F - BEIBIR~ LA
THEL 2 o=@, BRI LTV LEREERE
DI M ARSI B BRI RE S, BREFRIIEl, W
P 3" MEZRME" *SUER LR IMR, BHMHIRE
REMELT D2 £, MERBERIIHTIRENTFEL
B LR EhG, ZOSTFOERSMERTVD,

1999 41z, BEHALOHEISLHBEEND LV I RENL
N0 LEEEORLRHE~RDIHENERL R,

HOIEEBIL, T EFATELERKE BEOURFILGE
RokECY, LRXERYE MIBI(* Tc sestamibi SPECT
inaging) D THEELAY, S TIHKEOE AL RIEEHER
ABRELAEE. LRBRA~BIEMENRYAEh, LB

_Mﬁﬁ&fa:tﬁ%éhtm,é%ﬁ%@m%%ﬁﬁ@ﬁ

B2 TR L2V igs. BOHREREDTER phenotyr
~et Az ENERENS, BIEMNORE (HE., BE,
#) R A MUIORERLEVRERERD I3 b0 & &1
h. BERRESEERD,

BECIREGIBEQCHRETHS LinChkit+HAR"M-
SP(side population) HEEE 4z L A LEH{EFHBE &, #]
eEhbRVEERICIRLNTEL, LHLEENTIE, &
B bR L LAFSFARRE, H DV ILIRAEAE R ER
trak 43 AT T h Ty sz,

TR b EFF—0BROBRICEY HrTRELWET
ol REBECH AN, TRACEALED
PEoMFIT LTREROBRIZZD LV I MBS LIEHE
nTWa, 75 A0 Menasche biL, BB RIHIFMMRY.
VB O TS~ OIS BT BT BRI Phase T % 8%
L7eAs, 10 b 4 PUIS 3T LT VTSRO 05 AICD 12iA T
BHEAF L™, TORBREEETTIOCH, 6205
MREREFELThERLARWY,

3. AN L B LRE

BAQLGEIRE—EEEYRTER LGS, R
FLABVEEVEELENRTE S, 1998 FELEH D Anversa
#, BAOIFAE b £ RIQTET D LV B ARIERY
e - OB, ERIEEET B (NENER
Mz LA CLEEEREETRTLOL LTEBEER TV
AEEERE R, ABRMFER, FREEE IO
BEFECHILDBI, AAEEEVEZA6hD, I0
B EIanBE # ARBIRERT 5 2 st CEhil,
2ReSER A b OO &\ 5 FIEMA TR ER A2 BT helE

@HTID,

O AAES (No02-35) BISEAS A= y=7 Y w2 IBHRE WA (03. 1. 21, 22 XfR)
—269—




LoRMAYRELTIADIC,
-CSF (Granulocyte—colony stimulating facter) & SCF{Stem
cell factor) 22V ABMLBHEEETFVICRELEEL 3,
DEEORE, EFRORELRELEY, Lol BEE
hre LR R b OOHEEESBRIESRESIZ OV TOREL
FACHDZ. TIT, bhiohut, ZoEERAEITERE
BETHD EVIRIRAIERT I, FP BETHIEZ
< & A 3B BEAANE (GFP-BMC) & HRABAT£ D C57b6 =
ACBHEL, ¥ AT ARERLAY, DFEEI v B
(TiE. G-CSF BEMIIRNT, £FFEOHREHEAABHLN
o, G-CSF HESBHIHWVT, LBEERRENIIL, GFP-BMC
gt b — AR LEEIZEMN L., %0 GFP-BNC @
5%, #20%A5 Troponin I BB{4fIaCH o, E7=, Nestin
BHEAENS L E BB O, ZOREERNG, BELHOME
BOUGLEDIEEHTHD, CCSF IR D FoDRAHEES
AEMTEERT,
Laal, SRR ENS~ZBEALTFETS, FHMRIZLS
LGEERASIZFERELTRA RN, ThonBELE
HLEm eI ARFRIT LY EE SR 5T OEKRE
LD RONTRTHD, B, IhLOOEBRRRSMEL
HEEEFA-THY, @BEoRaE T2+ 27MEIR
ILTRAHTH D,
L1, Sata Gk, EOFHABIENEIRELCIIFS T2 LRSS
0, RELHEEEREIT LI AT, 254ITHIR
LTV A I EXRZALhDMN, Wi, NEMERIR
L BETIRE. BRECRIIEEL TSI HEY
T RREERLATVWEOTHRE, K& 2BBETH S,
MEMEMIANEAI., 20X 3RERTOEHERONMRE
JE{TR2HIAT, TAESEC b= LTI
BXRETH D,

orlic & A%,

-
3

eference

1y Marelli D, Desrosiers C, el Alfy M, et al. Cell trapsplantation for
myocardial repair: an experimental approach. Cell Transplant

1993; 1(6):383-390.

(2)Pitienger MF, Muckay AM, Beck SC, et al. Multilineage potential of
adult human mesenchymal siem cells. Science 1999;

284(5411):143-147,

M

4

)

(6)

]

(&)

®

(10)

(n

Makino §, Fukuda K, Miyoshi S, et al. Cardiomyocytes can be
generated from marrow stromal eells in vitre. J Clin Invest 1999,

103(5):697-705.

Tomita 8, Li RK, Weisel RD, ¢t al. Autalogous transplantation of [
bone marrow cells iniproves damaged heart function. Circulation

1999: 100(19 Suppl):11247-11256.

Tomita 8, Mickle DA, Weisel RD, et al. Improved heart function
with myogenesis and angiogenesis after autologous porcine bone
marrow stromal cell transplantation. J Thorac Cardiovase Surg

2002; 123(6):1132-1140.

Bitiner RE, Schofer C, Weipoltshammer K, ¢t al. Recruitment of
bone-marrow-derived cells by skeletal and cardiac muscle in adult

dystrophic mdx mice! Anat Embryal (Berl) 1999; 199(5):391-396.

Orlic D, Kojstura J, Chimenti 8, ¢t al. Bone marrow cells
regenerate infarcted myocardium. Nature 2001; .

410(6829):701-705.

Jackson KA, Majka SM, Wang H, et ol. Regeneration of ischemic
cardiac muscle and vascular endothelium by adult stem cells. J

Clin Invest 2001; 107(11):1395-1402,

Menasche P, Hagege AA, Scorsin M, et al. Myoblast

transplantation for heart failure, Lancet 2001; 357(9252):279-280.

Beltrami AP, Urbanek K, Kajstura J, et al, Evidence that human
cardine myocytes divide afier myocardial infarction. N Engl I vfed

2001; 344(23):175C-1757.

Orlie D, Kajstura J, Chimenti 8, et al. Mobilized bone marrow
cells repair the infarcted heart, improving function and survival,

Proc Natl Acad Sci U S A 2001; 98(18):10344-10349,

(12) Fukuhara 8, Tomita §, Olitsu Y, et al. G-CSF Promoted Bone Marrow

Cells to Migrate into Infarcted Heart and Differentiate inle

Cardiomyoceytes. Circulation. 103 [suppl {]:A ,2002

(13) Sata M, Saiura A, Kunisato A, e al. Hematopoietic stem celis

differentiate into vascular celis that participate in the palﬁogenesis of

atherosclerosis. Nat Med 2002, 8(4):403-409,

—270—




Technic_al Note

Alternating gene expression in fibroblasts adhering to multilayers of

chitosan and dextran sulfate

Takeshi Serizawa,® Miyuki Yamaguchi,! Akio Kishida,* Mitsuru Akashi®

Department of Nanostructured and Advanced Materi
University, 1-21-40 Korimoto, Kagoshima 890-0065, Japan

als, Graduate School of Science and Engineering, Kagoshima

2Department of Biomedical Engineering, National Cardiovascular Center, 5-7-1 Fujishiro-dai, Suita,

Osaka 565-8565, Japan

Received 17 March 2003; revised 20 May 2003; accepted 20 May 2003
Published online 29 October 2003 in Wiley InterScience (www.interscience.wiley.com). DOL 10.1002/jbm.a.10150

Abstract: - The alternating compatibility. of fibroblast cells
adhering to multilayers of chitosan and dextran sulfate
(Dex) on a substrate was analyzed at the gene expression
level. A greater number of round-shaped cells adhered to
the films with an outermost surface composed of Dex, al-
though the total number of adherent cells was independent
of the film surface. Greater expression of heat-shock protein
70B mRNA was demonstrated in cells adhering to films with

the Dex surface. It was found that analysis of gene expres-
sion was a powerful tool for evaluating the bioactivity of
multilayers. © 2003 Wiley Periodicals, Inc. ] Biomed Mater
Res 67A: 1060-1063, 2003 '

Key words: multilayer; layer-by-layer assembly; cell adhe-
sion; gene expression; heat-shock protein

INTRODUCTION

Fabrication of ultrathin polymer films on material
surfaces improves surface characteristics without any
change in the mechanical properties of the materials,
Conventional spin coating and solution casting meth-
ods for fabrication of the films are simply performed;
however, it is difficult to delicately regulate assem-
bling structures of the films. Layer-by-layer (LbL) as-
sembly readily fabricates polyelectrolyte multilayers
based on alternate immersion of solid substrates into
aqueous solutions of oppositely charged polyelectro-
lytes.! Variously shaped materials can be applied to
LbL assemblies because multilayers can be prepared
by simple immersion of the materials into polymer
solutions. . B .

‘Because pblyelécﬁolytes are occasionally bioactive,
the multilayers prepared on material surfaces have
potential biomedical applications, which are depen-
dent on the outermost polyelectrolyte species as well
as the bulk physicochemical properties. Interactions of
living cells with the multilayers have been recently

Correspbndence to: M. Akashi; e-mail: akashi@apc.
kagoshima-u.ac.jp

© 2003 Wiley Pericdicals, Inc.

investigated.>® For instance, human fibroblast cells
did not adhere to cell-adhesive material surfaces after
coating with multilayers composed of polylysine and
alginate, resulting in a bioinert surface.”* Pro versus
anticoagulation of human whole blood has been ob-
served for multilayers composed of alternating layers
of chitosar and dextran sulfate (Dex).>”> Specific re-
sponses of murine melanoma cells against a small
peptide hormone covalently bound to polyelectrolytes
in/on multilayers composed of polylysine and poly-
(glutamic acid) have been analyzed.® Influences of the
outermost layer, the presence of proteins, the number
of layers,” the polymer species,” and the swelling or
charge compensation of films® on cell interactions
with the multilayers has also been evaluated in detail.
Furthermore, time-controlled desorption of the multi-
layers have been demonstrated by spontaneous'® and
alternating enzymatic'''? degradation of biodegrad-
able constituents.

Although these previous studies’? demonstrated
the potential of multilayers in biomedical applications,
fundamental investigations to evaluate the bioactivity
of multilayers remain to be performed. Furthermore, it
is sometimes difficult to understand cytophilic/cyto-
phobic properties exclusively on the basis of the num-
ber and shape of adherent cells. Analysis of gene
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expression'>® in relation to the properties of multi-

layer assemblies is another method of evaluating the
potential applications of multilayers. In the present
article, the fibroblast cell compatibility of chitosan-
Dex multilayers*™® prepared by LbL assembly on a
poly(ethylene terephthalate) (PET) film was demon-
strated by evaluating heat-shock protein 70B (HSP
70B) mRNA as a model cytokine gene. The fibroblasts
recognized minor differences in surface components
of the multilayer af the gehe expression level, al-
though the number of adherent cells did not change
with changes in the surface components. Greater
amounts of HSP 70B mRNA were expressed in the
cells adhering to multilayers with an outermost sur-
face composed of Dex. .

MATERIALS AND METHODS

Preparation of multilayers

Chitosan (MW 1,200,000} (Wako, Japan) with 20% chitin
units and Dex (MW 500,000) {Wako, Japan) were used with-
out further purification. A disk of 13.5-mm diameter, which
was normally utilized as a cell-culture plate prepared from
poly(ethylene terephthalate), was used as a solid substrate
and as a positive control for cell adhesion. The assembly
process was essentially as described in previous studies.*
In brief, the substrate was alternately immersed into aque-
ous chitosan (1 mg mL™?) and Dex solutions (1 mg mL™?) of
25%-HCOOH (pH of solution = 1) and water {pH of solu-
tion = 6), respectively, at ambient temperature. The assem-
bly was initiated with chitosan as the odd assembly step.
The mean thicknesses at the chitesan and Dex steps were
estimated to be 1.1 * (.3 and 0.6 = 0.3 nm, respectively. The
multilayers obtained remained stable on the substrate under
cell culture conditions.

Cell culture

" The substrates coated with the chitosan-Dex multilayers
were placed in 24-well tissue culture plates. A suspension of
mouse fibroblasts (1929, donated by Japanese Cancer Re-
search Resources Bank, Foundation for Promotion of Cancer
Research, Tokyo, Japan) at a concentration of 3 X 10* cells
mL~! was added to each well, and then incubated for 24 h
at 37°C under a 5% CO, atmosphere in Eagle's minimum
essential medium (Eagle’s MEM]} containing 10% fetal calf
serum (GIBCO Laboratories). Adherent cells were counted
using a colorimetric assay (Cell Counting Kit: Dojindo Lab.,
Kumamoeto, Japan), The cells were treated with hormalin
and with hematoxylin-eosin staining, and then photo-
graphed.

mRNA isolation and RT-PCR

Isolation of mRINA and the reverse transcription-poly-
merase chain reaction (RT-PCR} were performed by meth-
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Figure 1. Number of fibroblasts adhering to a cell disk and
to chitosan-Dex films with different cutermost surfaces.

ods described in previous studies.’>'® RNA was isolated
from fibroblasts by an acid guanidine method and reverse
transcribed to cDNA. The cDNA was then amplified using
PCR, and separated by electrophoresis in agarose hydrogels.
The 162 base-pair band corresponding to HSP ¢DNA, rela-
tive to a 566 base-pair band for B-actin cDNA as an internal
standard were visualized by staining with ethidium bro-
mide, and then detected by an image analyzer.

RESULTS AND DISCUSSION

Before analysis of gene expression, the number and
shape of adherent cells were evaluated. Figure 1
shows the number of cells adhering to the cell disk
surfaces and to the chitosan-Dex multilayers prepared
in five to eight steps. This number of steps was se-
lected because it resulted in regular assembly based on
previous ana1y51s In all cases, approximately 3 X
10* cells mL~! were counted and this number was
almost the same as that added initially, indicating that
the cells were readily cultured on the multilayers. The
cell number was independent of the surface compo-
nent of the multilayers. Figure 2 shows photographs
of cells adhering to the multilayers. The cells adhered
with either extended or rounded shapes. The percent-
age of round-shaped cells against extended ones for
the cell disk and the five- to eight-step multilayers
were 12, 47, 59, 43, and 54%, respectively. Accord-
ingly, a slightly greater number of cells with a round
shape adhered to the multilayers with a Dex surface,
indicating difficult extension. These observations indi-
cate that the number of adherent cells was indepen-
dent of the outermost layer of the chitosan and Dex
multilayers, but that more cells with a round shape
adhered to the films with an outermost surface com-
posed of Dex.

It is further significant to analyze the slight differ-
ences in the responses of the cells, because these short-
term cell responses would affect long-term use in a
biclogical environment. HSP 70B is a sensitive maker
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Figure 2. Photographs of fibroblasts adhering to a cell disk and to chitosan-Dex films with different outermost surfaces.

for analyzing cell-material interactions caused by
physicochemical stimulation of the cells. In other
words, expression of mRNA corresponding to HSP
70B suggests cell stress due to contact with the mate-
rials. We ~previously demonstrated that HSP 70B
mRNA was expressed when fibroblasts adhered to the
surfaces of lipid films artificially constructed on solid
substrates, dependent on minor differences in the
chemical structure of the lipids.'*!5 Accordingly,
evaluation of HSP 70B mRNA expression of fibro-
blasts adhering to the chitosan-Dex multilayers pro-
vides significant insights into alternating bioactivity.
Figure 3 shows the amounts of HSP 70B mRNA ex-
pressed in cells adhering to the multilayers with an
outermost surface composed of either chitosan (seven-
step) or Dex (eight-step), relative to those adhering to
the cell disks. The relative amount of HSP 70B mRNA
expressed in the cells adhering to the outermost chi-
tosan surface was the same as that in cells on the cell

cell disk

7-step {chitosan)

<005

8-step (Dex) -

) 05 1 15 2
Relatlve expression
Figure 3. HSP 70B mRNA expression in fibroblasts adher-

ing to a cell disk and to chitosan-Dex films with different
outermost surfaces.

disk. However, that in cells adhering to the outermost
Dex surface was approximately two times greater than
that of cells on the cell disk or the chitosan surface,
indicating greater stress in cells cultured on the Dex
surface. '

It is hard to explain why the cells adhering to the
films with an outermost surface composed of Dex
expressed greater amounts of HSP 70B mRNA.
Greater numbers of cells with a round shape were also
evident on the films with the Dex surface, as previ-
ously shown. Because serum was added to the present
culture medium, proteins related to cell adhesion
should adsorb onto the film surfaces. Picart et al.
demonstrated that anionically charged serum proteins
adsorbed electrostatically onto the cationic outermost
layer, resulting in the cell-adhesive multilayer sur-
face.” In other words, the anionic surface resisted ad-
sorption of serum proteins. The observations in the
present study suggest that interactions of the extra
cellular matrix with the Dex surface are a possible
trigger for greater expression of HSP 70B mRNA.
However, serum proteins were similarly adsorbed
onto the chitosan-Dex multilayers, independent of the
outermost layer. In addition, there was a slight differ-
ence in the physicochemical properties of the chi-
tosan-Dex assembly. The zeta potentials were +55
and +23 mV, respectively, for the chitosan and Dex’
surfaces, thus indicating the overall surface charges to
be cationic. Although both polymers could be assem-
bled on solid substrates, the amount of Dex assembled
was half that of chitosan (see Experimental section),
resulting in the overall charges. In fact, anticoagula-
tion of human blood was not observed on the Dex
surface of multilayers prepared on the present condi-
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tions.>® On the other hand, greater amounts of H5P
70B mRNA have similarly been expressed in fibro-
blasts cultured on lipid films, when the cells had dif-
ficulty adhering. to . the. films./"?® Because greater

numbers of round-shaped cells:adhered to the. Dex -
surface, more HSP 70B mRNA' might be expressed.” -
However, all of thése parameters cannot reasonably *
sults . nolecular level.-Re-: - .
{nique proteins may
the surface, leading to -

explain the present, results’

gardless of surface charge, so
be adsorbed onto the Dex ‘on
the present observations. Furthermore, the swelling
properties of the real surface of the multilayers® might
also be changed by deposition of Dex, accounting for
the present differences. To'un
model polymer systems_ af

study indicated that cells recognize minor differences

in the assembly structures “of :

flms, and that cell compatibility can be evaluated by, . -
analysis of gerie expres- -

gene expression, Accordingly,

sion is an important methodology in the investigation

of the biomedical activities of multilayers.
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ABSTRACT .

=_'I'he abxhty of nanopamdes havmg surface hydrophilic polymenc chams to enhancc the oral
. absorpnon of human calcitonin was ‘examined in rats. The oral relative bloavallablhty of
' calcxtonm agamst its subcutaneous administration was 0.01% without nanoparticles, but
"mcrcascd srgmﬁcantly when it was administered with nanoparhclcs ‘Nanoparticles havmg
cationic poly(vinylamine)- (PVAm) chains on their surfaces had~a relatively strongcr
enhancing effect than did other nanoparticles. When divinylbénzene was added to the
nanoparticle preparation, PVAm nanoparticles with a erosslinked hydrophobic poelystyrene
core were synthesized. The addition of divinylbenzene tesulted in nanoparticles with larger
zeta. potential through the efficient accumulation of hydrophilic PVAm chains on their
surfaces; however, inadequate amounts decreased. the zeta potential. Changes in the:
bicavailability proportional to the zeta potential indicated that -the cationic : moiety is
indispensable for inducing the siguificant enhancement of calcitonin . absorption. The
chemical structure of nanoparticles could be opumlzcd by mtmducmg nonionic
poly(N-isopropylacrylamide) (PNIPAAm) or anmionic poly(mcthacryhc acid) chains onto
the PVAm nanoparticle surface to effectively further improve the absorptron-cnhancmg
function of PVAm nanopa.rhcles Finally, the maximum bioavailability of 1.1% ‘was

achieved -after oral administration of calcitonin® with PVAm-PNIPAAm nanoparticles
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whose components, VAm macromonomer, N-isopropylacrylamine (NIPAAm) macromono-
mer, and styrene were copolymerized in the molar ratio of 1.5:0.5: 10.

Key Words: Nanoparticle; Graft copolymer; Oral delivery; Human calcitb:;in; Peptide,

INTRODUCTION

It is well known that the bioavailability of peptide and
protein drugs after oral administration is very low because
of their instability in the gastrointestinal (GI) tract and low
penmeability through the intestinal membranc.F"zl Conse-
quently, injectable 'dosage forms ‘are currently used to
obtain their therapeutic effects. Since injections, however,
are poorly accepted by patients, it is indispensable to
develop alternative means such as oral, nasal, buccal, rectal,
vaginal, pulmonary, and transdermal routes.?! A number of
nasal formulations, for instance, -showed therapeutical
plasma levels of derivatives of oligopeptide hormones,
and the bioavailability after their nasal administration in
man was in the range 0f 2 to 10%."! Nevertheless, the most
convenient route for patients would be oral administration
of a suitable dosage form. Several approaches including
chemical modification,™ the use of an absorption enhan-
cer,l! the use of a protease inhibitor,'® colon delivery
systcms,”'al
particulate drug delivery systems(!®"2 havé been investi-
gated in order to achieve oral peptide delivery.

We also demonstrated previously that nanoparticles

composed of novel graft copolymers having a hydropho-

bic polystyrene backbone and hydrophilic polyvinyl
branches are useful as carriers for peptide drugs.!'>-*!
These nanoparticles were prepared by the free radical
copolymerization between hydrophilic macromonomers
terminating in vinylbenzyl ‘groups and styrene.[**-*)
Their surfaces were covéred with hydrophilic polymeric
chains®®*) and their diversity was controlled by designing
and synthesizing different functional macromonomers.*%

These nanoparticles enhanced the absorption of
salmon calcitonin (sCT) in rats via the GI tract.['*] The
absorption enhancement was affected by the chemical
structure of the hydrophilic polymeric chains. Nonionic
thermosensitive poly(N-isopropylacrylamide) (PNIPAAm)
groups on the nanoparticle surface were essential for
significantly enhancing sCT absorption. Nanoparticles
having cationic poly(vinylamine) (PVAm) or anionic
poly(methacrylic) acid (PMAA) on their surfaces. also
somewhat improved sCT absorption, although to a degree
less than that by PNIPAAm nanoparticles.

We further developed nanoparticles having two
kinds of hydrophilic: polymeric chains on - their
surfaces by copolymerizing styrene with two different
macromonomers.'® The introduction of PVAm chains

mucoadhesive drug delivery systems®!% and -

synergistically enhanced sCT absorption by PNIPAAm
nanoparticles, and this effect was improved further by
increasing the ratio of the respective macromonomers to
styrene in the copolymerization, The ability of nanopar-
ticles to enhance sCT absorption depended greatly on
their chemical structure, which was relevant to their
surface characteristics.” That optimization Yielded excel-

- lent enhancement of sCT absorption.

The optimal chemical structure of nanoparticle prob-
ably varies according to the characteristics of the peptide

. drugs. being delivered.: In- this paper, we examine

the effect of the chemical structure of manoparticles on
the. absorption of human calcitonin (hCT), which is
partially homelogous to sCT,

EXPERIMENTAL
o Matgrials

Human calcitonin and rabbit antiserum against hCT
were prepared and identified in Suntory Ltd. (Oseka,
Japan),”>?) Rabbit 1gG and anti-rabbit IgG goat serum
were purchased from UCB Bioproducts (Cambridge, MA)
and JIMRO (Gunma, Japam), respectively, N-vinylace-
tamide (NVA) monomer was supplied by Showa Denko
Co. (Tokyo, Japan). N-isopropylacrylamide (NIPAAm) and
t-butyl methacrylate (BMA) moncimers were obtained from
Kohjin Co. (Tokyo, Japan). p-Chloromethyl styrene (p-
CMSt) was furnished by Nippon Oil and Fats Co. (Tokyo,
Japan). Divinylbenzene was purchased from Sigma Che-
mical Co, (St. Louis, MO).. All other chemicals were
commercial products of reagent grade. These materials
were purified in the usual manner when necessary,?"-3%

Preparation of Nanoparticles
Macromonomer

Nonionic NIPAAm, NVA, and BMA macromono-
mers were prepared according to the procedures reported
in our earlier articles.'”’*% Oligomers were prepared by
the free radical polymerization of monomers (NIPAAm,
NVA, and BMA) by using 2,2'-azobisisobutyronitrile
(AIBN)} as initiator in the presence of 2-mercaptoethanel
as a chain transfer agent. The resulting hydroxy! group-
terminated oligomers -were reacted with p-CMSt to




