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The Role of Bone Marrow Mononuclear Cells in Angiogenesis in
Mouse Hind Limb Ischemic Model
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Background: Angiogenesis is enhanced in the ischemic tissues after the injection of bone marrow cells
(BMCs). However the exact mechanisms for this are not yet fully understood.

Methods: A unilateral ischemic limb was surgically induced in mice and then BMCs were injected into
the ischemic area. We measured the capillary/muscle ratio. Fluorescence-labeled BMCs were injected into
the ischemic tissues and then the locations of the cells were examined by using a confocal microscope.
Recruitment of bone marrow-derived cells into the ischemic tissue was examined in a sex-mismatched
bone marrow transplantation (BMT) setting by identifying the Y chromosome with using the FISH
technique. The expressions of VEGF, MMP-9, SDF-1 and CXCR-4 were measured by Western blot
analysis.

Results: The capillary/muscle ratio was more increased in the BMC-injected group than in the control
group (P<0.05). Florescence-labeled BMCs, which had been directly injected into ischemic tissue, were
not detected in the tissue. In the sex-mismatched bone marrow transplantation models, the ischemic tissues
of the BMC-injected group recruited a much greater number of Y chromosome-positive bone marrow-
derived cells, as compared to the control group. The expressions of VEGF and MMP-9 were increased
after injection of BMCs. SDF-1 was expressed on the seventh day in the BMC-injected group and
CXCR-4 was highly expressed until 12 weeks in the BMC-injected group.

Conclusion: We suggest that the injection of BMCs into ischemic tissue recruits CXCR-4-positvie cells
from the bone marrow via the up-regulation of VEGF, MMP-9 and SDF-1, and these CXCR-4-positive
cells may play a role in neovascularization. (Korean J Hematol 2007;42:106-113.)
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Ik 2l Adlelrel AR A
23} 2o @779 29lo] 2A Bojen, A vy
Aol 2} (vascular endothelial growth factor, VEGF)<] &
do| 714 F83 95 3t} VEGFE endothelial ni-
tric oxide synthase (eNOS)2] 2H-8© 2 nitric oxide (NO)
& gAolel AIIAEY 24 Ao, el
T & SV 53] eNOSe 93l A== NO
+ Cyclic guanosine monophosphate (cGMP) 74 2%
shod & A 29| A EAFE AHapoptosis) & A &l 3k,
TEIH @ A #oste AEES 518 T =
A2 5 9tk 2ol 24 o)A VEGFE @A
FERE AP BoAst= MEEY oF
Arte AoEo] BuHwA Y AMEH A4
Al VEGFe] i3 =+ 348743 Al
Aol 7 ZF 3 9tk VEGF o] ¢lol F4A]
A= FHote A2 duzl 242 1AM X
2912} 1 (stromal cell-derived factor 1, SDF-1)9]
OF9 SDF-1.& 41 frobAl vk A A el 4 2
™, chemokine receptor-4 (C-X-C motif receptor 4,
CXCR-4) FAAE Eo]H oz w-gaith VEGFe
A2 229 Aag Al 271ee,” 27 o
4 o SRAZ BLAL 53] CXCRA H4 A
9 o5& F/AA NG ARl Tof e}V
T ZFANEAA EH|E+= metalloproteinase-9
(MMP-9)-2 VEGFdl| 98] f=¥n, 4 WelA solu-
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ol A oo} th2 A7 o] FA| 71Tt
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ofd AlxEo] 1@ F-99 Aol o AR
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FAELE FUT SFAXFATCZ Y7o] 2QE#
A @ AN BHEE VEGF, SDE-1, CXCR-49}+

CIE, PKHRZ ¥A| 3

e AT 785, 577/ 20g H=e] 54 °
o

A7F gl CSTBL/6PH-2E5 FRI(L g dEnto] 9,
3

CREl , d7d
124 7H(light/dark) ZH 2719 23712 AA A&
o] &35

2. otA| ofe =& M=%

Zoletil50 (M= 2o} rompun (vlo]dF o)<
3:19 Hl&R 4olA mhg-29] thEFo FAH2mI/
kg)sto] wEHAIZ] &, G olA #HS dEsHe F
& et 75 Attt =T 7AFe o
HE FYste] 3~0 A EFAIE AFsta, tE s

(i

3 Eehgulo] RASE ARAX v dte] oEF
7 ANe 22§ 2 Aele] R eI

s
S
(phosphate buffered saline; Gibco BRL, MD, USA) & &
TAAAN E24E AP o] 98 YA H stk
AN ES A Ae ¥, Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco BRL)©.2 A|E F-FA & wHET
100 ym nylon meshs SHAA 22 = FAES A A
o AT 28 £ (170mM NHCL, 10mM KHCO,
0.lmM EDTA)= Z7tste] 475 8447 v €
A EElste] 73 AEZTE 2R, AE sk AEE
S Ef @5 F(trypan blue) g o2 g9l 518
FEFete AP T (0=3)3 =FAEE 58
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FEFE 109 Fd 318 H9 T8 AR ZFAE
FUTE(n=3)2.2 o] 239}
4. MM MM BHE

Fder H99o AdZ(adductor muscle) 2} ¥k
(semlmembranous muscle) S E2]5le] OCT compound
A g2 F AR FE FARL 200N 5
| ‘ﬂ%é}ﬁi\:‘r. HAE 22 ARE slide glassell #¢]
Th& acetones ©] 838t A7) a1, Aolle S
=73}7] 94l akaline phosphatase &A1Y 2|85} ).
WA} alkaline dye mixture (Sigma-Aldrich Co., MO,
USA)E THE7] 9all, ImL f3td A&l 1mL FRV-
alkaline &8 410JA] 2o 283 A F, 45
mLY ZF5E A7} diazonium salt §AS TSI o]
o)l 1mL naphthol AS-BI alkalineg % 7}8F & Coplin
jarol] ¥lt) thS o 2 £glo]=E (Citrate-acetone-form-
aldehyde 1173 8o 30x7F G7lFo] A7 = 557

T2 AF 3 o]ZS 2ol 1587t alkaline dye
mixture 9} ¥HS-A17] a1, 28 SRGE o] &3te] AFH
S 3}3 hematoxylin &4 o 2 JAslgith Batdn A
o2 g AATY Al LHle] el 2008 Aok Blol A

ARG ASste] BAEH/ZS] v &R e
FA8H3

5. 7t IFNEO| 55
Foa FFAEE A BZE] Y8l 97 C5TBL/
6ol A &

2]t ZFA| 2 S PKH2 green fluorescent cell
linker kit (Sigma-Aldrich Co.)& A}-&35}e] A3t 3
d 59 250 FAFSIATE 15mL & 2ok FHA
2x10'709] FFAEE 931 10mL DMEMO. 2 A % &
3k 5 15419 o] ImL Diluent AS Y11 & 4J0F
Tk PKH2 442k Diluent AR 4X10°% 34 g
H A2 4o PKH2E dAsta, dAE Z54

22§38 59 25 2ASAT. 2YE A
F2ABLE 99 457 Fol Y 29 252 52

Z3|
&le] diamidino-2-phenylindole 2 HCl (DAPL Vector
laboratories, CA, USA)E g M3ty 22 0] &3
< Y= PKH2 A E 55 24 delAd +
A} & "] 7 (confocal laser scanning microscope; Carl Zeiss,
Jena, Germany) S 2 #2319

6. M 22X 20|14 Y Y-HMA| fluorescence
in situ hybridization (FISH)

CS57BL/6 A& 6MV XA A3 7}47](Clinac 2100

CD, Varian Medical Systems Inc., CA, USA)E o] &3}
0.65Cy/% &#o g AL WA 24 F 47
C57BL/6 mh$-20] S4A| 225 via g 2x 10704 me
el FAkste, JEYA| F50] 2 S Al gTh o]

3F Zo Y-9 A polymerase chain reaction (PCR)<

Aldste] £ 2FAE RS Eelsta, #5 HEF
W AAFES ’\]835}03 L TE AT T S8R9

ZEE S5um FAZ TAYH, ol E 13 E ofek2
= 3 A2 H, o Eréﬁ FAR 20%23F 30°CoAA A
g3t 25349 S 7121 & Y-probe (Labs Inc., London,
UK)E AAl 12~16A17F ¥H-gA1Z1 F, DAPIL # 2] 3}
% du|Fd oz A AT

7. VEGF, SDF-1, CXCR4 % MMP-90{| CH&t
Western blot £

799 A2 W Lelstel sy
NE 24S A 275 d Z RIPA ¥ H (1% Noidet
P-40, 100mM NACI, 20mM Tris-HCI, 10mM Naf, 1mM
sodium orthovanadate, 30nM Na-glycerophosphate, and
protein inhibitor mixture) 2 Al X E &8 A)Zl &, SDS-
PAGE® M&EE dA5A171 ?‘%ﬂ PVDF 9ol &7]31, 5%
skim milkel] 1A]7F blocking &2 A7 5 anti-VEGEF,
anti-SDF-1, anti-CXCR-4%} anti-MMP-9 (Santa cruz bi-
othechnology Inc., CA, USA)ZE 1A 7F SoF vFS- A Zi T}

3_]6301:

Horse radish peroxidase”} ZAdtd Z+zbe] 2xF 3hA|
(Zymed laboratories, CA, USA)S Z+7} 1A 7F SoF ¥h-&-
AIZ E XA Eol A AA ZF Ao dig vhg-&
gelstd
8. 84 24

T ot BAE /S v]9] abolzk QlEAld digh
SAA 42 SPSS 120 o] 43 H|R4A oz
Student t-testE o]-&3}3 o™ Pgho] 0.05 o]l A%

2 EAgdor golsttn #3314

| f

1 AN Emol A

818 59 vield 2x10709 2FAEE FHsta
alkaline phosphatase AL A Pste] BAE /S H
& goli it EFAEFYTANE EAEHES
o] vl &o] = 1 FY 2, 4, 125 T 137+
0.09, 1.1+0.14, 1.07+0.09% % Hon, oz
Me 2 AldA Y RAE RS9 HlEo] 44
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Fig. 1. The injection of bone
0 s © z s o 5 . TS TS ' marrow cells into the ischemic
£ “ - e 2o Sz Sz ez ez limb increased angiogenesis. Is-
(] — © ™ — . . ! .
z £ £ £ €8s €s £ S g; £C  chemia was induced in the hind
S < 2 g oo oa o om limb of mouse, and bone mar-
2 3 3] c + o+ o+ o+ o + . . .
= 2 2 ) 2 ) 2 row cells injected into the lesion

Control

0.59£0.01, 0.70£0.08, 027+0.092 =3 = o], 2AE

B2 v o] TFEAZFYTANE FH =
7HE AL L F AATHP<0.05). B3] FFAE FY
3 ?‘%1 oln] o] AAo| F7FHAL, ZFAE
TS 125 /A A&AH 02 e v Fo] A #F

o] PKH2E EA8 2FA2E FUT
T4 dolA FAF dr7d g PKH2 FA
stk FUe =5 Al 29 86%7F PKH29 G4
919.111 AE F9 45 Fol] T2 dAnjdoz B

522 YoM & DAPIZ 949 theo] o] B
Qc}i U 2240 g3 JeER)E PKH2 X EE
HEHA & doh(Fig. 2).

(P<0.05) 10 days after the induction. (A)
The capillary/muscle ratio was
more increased in the bone mar-
row cell-injected group than in the
control group (P<0.05). (B) Pho-
tomicroscopic examination find-
ings of the lesions which were
stained with alkaline phospha-
tase also showed highly increa-
sed angiogenesis in the bone
marrow cell-injected group. Blue
spots show the viable endothe-
lial cells at 4 weeks after the in-
duction of ischemia. Maginficati-
on, x200. Control, control group;
BM, bone marrow cell-injected

group.

3. FISHO| 2|8t Y QM A &0l

BEAR] B5o A& AYF plg2oA S P FE 4
F Fol Y G444 FISHE Aldat 23, s|d ol e
318 B9 28N T Y GAA % AErt BF
=9 tHFig. 3A). S5AH E3 2ol A = 8 8o v]et
o 0% 37H o Y GAA G4 Azt BEE o
(Flg 3B) T EFAE FUCE T B2 T

FHA AEF FLEAES € F AU

4. VEGF, MMP-9, SDF-12} CXCR42| 28

Western blot 24243} FEFAME sdRY 2
oAl VEGFe] @& o] 3z ekgtovt F4542F
TAE FFAE FY F 2450 VEGFe] 23 o]
glatA B ATh MMP-9L 8 f % 5U 3} 7Y A

A3, BFFY 29 Fol 2| Frhslo] ehg

i) -{Fx' o Ho
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ThFig. 4A). SDF-1 2L |8 ToA e fe &
Ao} 3dAe] Yepgon 1 o)F2e A &

U, EFAEFATAE 2FAE A F TIA

Fig. 2. The Localization of transplanted cells in the ische-
mic limb. Fluorescence-labeled bone marrow cells were in-
jected into the lesion 10 days after the induction of ische-
mia and the presence of the cells were examined using
confocal laser scanning microscope at 4 weeks after the
bone marrow cells injection. The DNA of nucleus was
stained with DAPI (arrows, blue). Fluorescence-labeled
bone marrow cells were not detected in the ischemic tis-
sues, Magnification, x200. Abbreviation: M, muscle.

SDF-19] &l o] TA] Uebstth(Fig. 4A). SFA 25
Fo A= CXCR-4 ¥Hlo] fz7Ht} o Z7hso] U
Ehs ¥ ol 25 A E 35 R2F7HA] A EH o
“2 = A h(Fig. 4B).
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zHo] 8d Jejrt W SF2RH olFd AET}
AREH A Bl VEGFE FAH-9]0 A
RIS A5T vk ohe} FFAEE FFAA
TR ol FAA AER P& Freshe B2

ald o AEE AR YA Qo] VEGFY <
ol i A77F Aol st 53 HA2lle 98
FE7E obd ke 54 A7Iu 23 ¢ VEGFE 4t
st7ut VEGFO] d& S7HA7|H S5 25 E A X
9] olgo] FrlEte AT AFEo|"Y RuEwA,
VEGF7} Z5A 9] o] Fd| 217 A oz Fojdtte A}
o] FHESIth 53] 458 VEGFe 25f# AlE

-‘l

o] o] 52 T/ B ofye}t A frofAl £ A SDF-1
o] S F7MAA CXCR-4 FHALE sl &
A E FYE o] EA ]711’4— B A% Ao e A 2o
2] Zo)a] Tof| 28 ZAof|A] A&t FISH 2 I}l A
Y A -FA A 147} & H9 Fgo] AtHow ¥
x50} glo] AtEFERY FUE A2} PR
Z olFato] AN Ed Ao FolF APLE & & gl

A tH(Fig. 3A). 3FA|HF 31 E 232] Western blot 2 3}

Fig. 3. The increased recruitment of autologous bone marrow cells by injected bone marrow cells. Ischemia was induced
in the hind limb of sex-mismatched bone marrow transplanted mouse (A), and bone marrow cells were injected into the
lesion 10 days after the ischemia induction (B), and the cells immunoreacitve to Y chromosome were examined 4 weeks
after the bone marrow cell-injection using FISH method. Bone marrow cell-transplanted group (B) showed much higher num-
ber of Y chromosome-positive bone marrow cells than control group (A), Magnification, x200.
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Fig. 4. The expressions of VEGF, MMP-9, SDF-1 and
CXCR-4 in the ischemic limb. (A) The expressions of VEGF,
MMP-9, and SDF-1 were examined at the indicated times
in both ischemic control and bone marrow cell-injected
groups using western blot analysis. The expression of
VEGF was not detected in the ischemic control group, but
it was transiently increased on the second day after the
transplantation. The expression of MMP-9 was detected on
the fifth and seventh days after the induction of ischemia
and on the second day after the injection of bone marrow
cells. The expression of SDF-1 was detected on the sec-
ond and third days in the ischemic control group, and it
was increased on the seventh day after the transplantation.
Actin and tubulin were used as a loading control. (B) The
expression of CXCR-4 was examined at the indicated times
in both ischemic control and bone marrow cell-injected
groups using western blot analysis. CXCR-4 was increased
on second week in the ischemic control group, but it was
continuously increased after bone marrow cells injection.
Actin was used as a loading control. Abbreviations: N, nor-
mal; FAL, femoral artery ligation; BMCs |, bone marrow
cells injections.
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