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Introduction
The maintenance of constant tissue perfusion is neces-

sary for physiological organ function.  Under certain patho-
logical conditions, however, vascular supply can be reduced
to such an extent that tissue necrosis results.  Various angio-
genic approaches have already been widely explored to
revascularize ischemic tissue in animal models of ischemia
and in clinical trials[1–5].  Most interventions involve the de-
livery of angiogenic growth factors such as vascular endot-
helial growth factor, basic fibroblast growth factor genes
encoding these proteins to the ischemic tissue to stimulate
the growth of new vessels.  In recent years, ample evidence
has established that bone marrow-derived endothelial pro-
genitor cells (EPC) are present in the systemic circulation,

are augmented in response to certain cytokines and/or tis-
sue ischemia, and home to as well as incorporate into sites of
neovascularization (which is defined as postnatal vasculo-
genesis)[6–9].  Experimental studies have shown that bone
marrow-derived or blood-derived EPC may contribute to the
regeneration of ischemic tissues and enhance the neovascula-
rization of ischemic hind limbs or myocardium[10–14].  Therapeu-
tic vasculogenesis in which EPC are actively involved is a
new strategy for ischemic disease.  Allogenetic or heteroge-
netic transplantation of EPC into ischemic animals has pro-
duced promising results, and thus brought attention to the
possibility of using such treatments clinically.

To use EPC safely in a clinical setting for ischemic disease,
autologous EPC are the first choice.  Circulating EPC are at a
very low level in adults, and the number is insufficient for
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transplantation unless they are enriched in some way[15,16].
The use of expanded EPC is one solution to the problem.
Therefore, we investigated the feasibility of using intramus-
cular injections of autologous expanded endothelial progeni-
tor cells to treat rabbits with hind limb ischemia.

Materials and methods
Hind limb ischemia model  Twelve male New Zealand

white rabbits (weighing 2.8–3.2 kg) were used for this study.
The initial surgery to induce hind limb ischemia has been
described by others[17].  Briefly, the rabbits were first anes-
thetized with sodium pentobarbital (30 mg/kg, iv), then un-
der sterile surgical conditions, a longitudinal incision was
made on the medial thigh of one hind limb, extending from
the inguinal ligament to a point just proximal to the patella.
After the skin incision, the entire femoral artery and all its
major branches including the inferior epigastria, deep femoral,
lateral circumflex and superficial epigastria arteries were dis-
sected free.  The external iliac artery and all of the arteries
listed were ligated.  Finally, the femoral artery was excised
from its proximal origin as a branch of the external iliac artery,
to the point distally where it bifurcates into the saphenous
and popliteal arteries.  As a consequence, blood flow to the
ischemic limb became completely dependent upon collateral
vessels issuing from the internal iliac artery. The incision
was closed in three layers with 3.0 silk.  All rabbits were
closely monitored by veterinary staff and received an antibi-
otic (20 mg/kg gentamycin sulfate, im) for 3 d.  The experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee of Shanghai Second Medical
University, Shanghai.

Mononuclear cell isolation and culture  Samples of pe-
ripheral blood (12–15 mL) from the central auricular artery of
rabbits were harvested 1 h before surgery and anticoagu-
lated with heparin.  The isolation and culture of mononuclear
cells has been described previously[18].  In brief, peripheral
blood mononuclear cells (PB-MNC) were isolated by den-
sity-gradient centrifugation and resuspended in Iscove’s
Modified Dulbecco’s Medium (IMDM, Gibco Invitrogen,
Shanghai, China) supplemented with 20% fetal calf serum
(FCS; CCT, Cansera Internationa, Ontario, Canada).  The cells
were then seeded into 48-well plates (Sumilon, Sumitomo
Bakelite, Osaka City, Japan) at a density of 1×106 cells per
well and cultured at 37 °C and 5% CO2.  The medium was
replaced completely at d 3 or d 4.

To confirm EPC phenotype, the adherent cells were incu-
bated with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbo-
cyanine perchlorate-labeled acetylated low density lipopro-

tein (LDL) (DiI-Ac-LDL, 10 mg/mL; Biomedical Technologies,
Stoughton, USA) at 37 °C for 2 h at d 7 in culture.  Then the
cells were fixed with 2% paraformaldehyde for 10 min and
incubated with fluorescein isothiocyanate-labeled Ulex
europeus agglutinin (UEA-1 lectin, 10 mg/mL; Sigma, St
Louis, USA) for 1 h.  The lectin binding is a marker of endot-
helial cell (EC) lineage and the incorporation of acLDL is a
characteristic function of EC[13].  Nearly all adherent cells
(>97%) were DiI-acLDL(+) UEA 1-lectin(+) as analyzed by a
fluorescence-activated cell sorter (FACS).

Experimental groups and EPC transplantation  After
femoral artery excision, the rabbits were randomly assigned
to one of 2 groups: (a) control group (n=6, receiving vehicle
PBS); (b) EPC group (receiving expanded EPC, n=6).

At d 7, EPC in culture were trypsinized and collected for
transplantation.  EPC in 0.6 mL of phosphate-buffered saline
(PBS) were injected im into 6 different sites of the ischemic
thigh skeletal muscles (100 mL to each site) with a 22-gauge
needle.  The control group received 0.6 mL PBS.  Overall, a
mean of 2.11×106±0.51×106 EPC were injected per rabbit.

To elucidate in vivo differentiation to endothelial lineage,
2×106 EPC from autologous PB-MNC were labeled with fluo-
rescent carbocyanine 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine perchlorate (DiI, Molecular Probes
(Eugene, Oregon, USA) and were injected via a 22-gauge
needle to the ischemic thigh muscles 7 d after surgery.  Four
weeks after cell transplantation, 5 mg of UEA-1 lectin (Sigma)
was infused intravenously before the rabbits were killed by
an overdose of pentobarbital.  Ischemic hind limb thigh
muscles were embedded in OCT compound and snap-frozen
for fluorescence microscopy to examine the incorporation of
transplanted cells into foci of neovascularization.

Calf blood pressure ratio  Calf blood pressure was mea-
sured at the posterior tibial artery before surgery and at 7, 14,
21, 28, and 35 d in both hind limbs using a Doppler Flowme-
ter (Model ALF 2100, Advance Advance Co, Tokyo, Japan)
and a cuff (PC 2.5 cm×12 cm, Hokanson, Bellevue, USA)
connected to a pressure manometer as described by others[2].
The calf blood pressure ratio (BPR) was defined for each
rabbit as the ratio of systolic pressure of the ischemic hind
limb to that of the normal hind limb.

Intra-iliac arterial angiography  The collateral arteries
in the medial thigh region of the ischemic limb originate from
the internal iliac artery[19,20].  Digital subtraction angiogra-
phy (DSA; Model Advantx-LC-DLX, General Electronic) of
the hind limb was performed on postoperative d 35 to obtain
an anatomical measurement of the growth and development
of the larger conduit vessels in the medial portion of the
upper limb.  Each animal was anesthetized, and the right
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common carotid artery was exposed.  A 4-F polyethylene
catheter (Cordis, Corporation, Miami Lakes, USA) was intro-
duced into the right common carotid artery through a small
cutdown and the tip of the catheter was positioned just proxi-
mal to the point where it bifurcates into the right and left
common iliac arteries under fluoroscopic guidance.  Immedi-
ately following an intra-arterial bolus injection of the vasodi-
lator sodium nitroprusside (300 µg in 1 mL saline), iodinated
contrast media (Huaihai Pharmaceutical Company, Shanghai,
China) was infused intra-arterially at a rate of 1 mL/s for 5 s
using an automated angiographic injector (LF, Liebel-
Flarsheim Co, Cincinnati, OH, USA).  Perfusion of the hind
limb was observed on a monitor in real time and a series of
angiographic images were taken after the start of contrast
media infusion.

The angiograms at 4 s were quantified by image analysis
using Qwin software (Leica, Bensheim, Germany).  In brief,
the area occupied by all small visible arteries in the medial
thigh, including the branches of the femoral artery and col-
lateral vessels from the intra-iliac artery (excluding the intra-
and extra-iliac, femoral, saphenous and popliteal arteries) was
calculated.  The angiographic score was calculated by a
single observer who was blinded to the treatment regimen,
and the score was defined for each rabbit as the ratio of the
area occupied by vessels of the ischemic thigh to that of the
normal thigh.

Histological determination of capillary density  Immedi-
ately after angiography, the rabbits were killed, then the hind
limbs were dissected, and samples of the adductor muscle
and the semimembranous muscle were removed for histo-
logical evaluation.  The tissues were placed in plastic cas-
settes and covered with OCT compound (Tissue-Tek, Sakura
Finetechnical Co, Tokyo, Japan) before being snap frozen in
liquid nitrogen.  Multiple frozen sections were cut (10 mm
thickness) on a cryostat (CM 3050, Leica) and placed on
glass slides.  Tissue sections were stained for alkaline phos-
phatase using the indoxyl-tetrazolium method[21] to detect
capillary endothelial cells, and were counterstained with
eosin.  The number of capillaries was counted under a
20×objective lens using an image analysis system (Qwin,
Leica) by a single observer blinded to the treatment regimen.
Capillaries in 15 randomly selected fields were analyzed.  Cap-
illary density was calculated as the number of capillaries per
mm2 of muscle.

Clinical assessment  All rabbits were clinically evalu-
ated for the incidence of distal limb ulcers and necrosis by
macroscopic examination during the study; this was consid-
ered significant if a skin ulcer or necrosis was observed at
the leg, foot or ankle.

Statistical analysis  All data are reported as mean±SEM.
Differences between control and EPC groups were analyzed
by using the paired Student’s t-test.  A value of P<0.05 was
considered statistically significant.

Results

Characterization of EPC expanded ex vivo  Freshly iso-
lated PB-MNC were round and small, but became larger with
more cytoplasm on the second day.  Large round adherent
cells appeared from d 2–d 3, then they assumed a spindle-
shaped, endothelial cell-like morphology.  Significant prolif-
eration was observed from d 3, and the adherent cells were
almost convergent at d 6–d 7.  The morphology of the adher-
ent cells is shown in Figure 1A,1B; >97% of the adherent
cells had taken up acetylated LDL (red fluorescence) and
had bound the lectin (green fluorescence) (Figure 1C, 1D).
The percentage of EPC in freshly isolated PB-MNC was much
less than that in the adherent cells in culture (data not shown).

The incubation of PB-MNC in vitro resulted in a 100- to
200-fold increase in differentiating EPC which were DiI-acLDL
(+) UEA 1-lectin (+).  This calculation is based on our find-
ings that freshly isolated PB-MNC had much fewer (about
0.06%) EPC (data not shown).  We were able to obtain
1.07×105±0.33×105 EPC/1×106 MNC after 7 d of the ex vivo
culture, thus yielding a 100- to 200-fold increase in EPC
number.

Effect of transplanted autologous EPC on neovascula-
rization

Calf blood pressure ratio  The systolic blood pressure
of the ischemic hind limb showed a tendency to increase
after surgery in both the EPC and control groups.  EPC trans-
plantation promoted the recovery of blood perfusion to the
ischemic hind limb, as by the greater ischemic/normal calf
blood pressure ratio than that observed in the control group.
The ischemic/normal calf blood pressure ratio measured at d
28 and d 35 was 0.47±0.02 and 0.52±0.02, respectively, for
the EPC group, which are significantly higher than those of
the control animals (0.38±0.01 and 0.42±0.03; Figure 2).  Thus,
EPC transplantation significantly increased the ischemic/
normal calf blood pressure ratio, suggesting augmented per-
fusion in the EPC-treated group compared to control rabbits.

Angiographic analysis  Collateral vessel development
in the medial thigh was assessed by digital subtraction an-
giography as described earlier.  There were more collateral
vessels in the EPC group compared with the control.  The
angiographic score at d 35 in the EPC group was signifi-
cantly higher than that of the control group (control=0.98±
0.08; EPC=1.44±0.06; P<0.01; Figure 3).
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Histological evaluation of capillary density   Histo-
logical staining of alkaline phosphatase was performed to
identify capillaries in ischemic muscles on d 35 after surgery.
Tissue sections retrieved from the medial thigh muscles of
the ischemic hind limbs showed a marked increase in capil-
lary number in EPC-treated animals.  Capillary density in the
EPC group was significantly greater than that in the controls
(control=169.4±6.4/mm2;  EPC=195.2±5.4/mm2; P<0.05;
Figure 4).

Transplanted autologous EPC incorporate into foci of
neovascularization Four weeks after autologous EPC
transplantation, tissue sections from the ischemic thigh
muscles were examined under fluorescence.  Transplanted
autologous EPC marked with DiI fluorescenced red, whereas

Figure 3.  Effect of transplanted endothelial progenitor cells (EPC) on collateral vessel development in ischemic hind limbs of rabbits at d 35
post-surgery.  (A) Representative angiograms of ischemic hind limbs.  (a) Control rabbits receiving PBS; (b) Rabbits receiving EPC transplantation.
(B) Effect of EPC transplantation on angiographic score compared with control (angiographic score is defined in the text).  n=3.  Mean±SEM.
cP<0.01 vs control.

Figure 2.  Time-course of the calf blood pressure ratio in the hind
limbs of rabbits treated with transplanted EPC.  Results are presented
for animals receiving PBS (control) or transplanted EPC at d 7, 14,
21, 28, and 35 post-surgery.  n=6. Mean±SEM. cP<0.01 vs control.

Figure 1.   Characteristics of peripheral blood EPC in
culture at (A) d 4 and (B) d7 (×10).  Cultivated EPC
were incubated with DiI-acLDL (red fluorescence) and
stained with lectin (green fluorescence), viewed by (C)
confocal microscopy and (D) analyzed by FACS.
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Discussion
The present study describes for the first time autolo-

gous transplantation with expanded EPC from peripheral
blood in hind limb ischemia.  We found that the transplanta-
tion of EPC was associated with a significant increase in the
calf blood pressure ratio, collateral vessel development, and
muscle capillary density, suggesting a beneficial effect on
neovascularization.

Postnatal EPC have been implicated in the neovasculariza-
tion associated with postnatal vasculogenesis.  In animal
experiments, allogenetic or heterogenetic transplantation of
blood-derived cells containing EPC into ischemic animals
have been shown to regenerate infarcted myocardium and
coronary capillaries, thus limiting functional impairment af-
ter myocardial ischemia.  Enhanced neovascularization by
EPC was also observed in animals with hind limb ischemia.

After favorable results were found in studies of alloge-
netic and heterogenetic transplantations of EPC, studies
were carried out to investigate the efficiency of autologous
transplantation of EPC in animals and humans[15,16,22–28] to
overcome the limitations of immunorejection, but these stud-
ies did not answer the crucial questions such as cell popula-
tions for transplantation, delivery method, and therapy time
for cell transplantation, which are important for efficient
transplantation.

In the present study, we used expanded EPC for trans-
plantation based on the following considerations.  First, the
number of EPC after expansion greatly exceeds the number
of EPC in freshly isolated cells, which need mononuclear cell
apheresis to enrich the EPC-containing cell population.
Second, expanded EPC are pure and uncontaminated, and
are exempt from the potential inflammatory response induced
by other cells from a hematopoietic lineage.  In the present
study, EPC expanded 100- to 200-fold in number after 7 d of
culture in vitro.  Kalka et al reported a 80- to 90-fold expan-
sion of EPC when cultured in a fibronectin-coated dish in a
commercial medium (EBM-2) supplemented with a cocktail
of growth factors including VEGF, bFGF, insulin-like growth
factor (IGF), and epidermal growth factor (EGF) [13].  Our study
used a simple medium supplemented with FCS, but which
did not compromise the expansion potential.  The culture
conditions used in the present study are much more eco-
nomical and accessible than those used by Kalka et al.  Our
findings regarding autologous expanded EPC transplanta-
tion are consistent with those of Shintani et al, in which
autologous expanded EPC from bone marrow promoted
neovascularization in hind limb ischemia[22].  However, ex-
panding EPC from peripheral blood is clearly less invasive
than aspirating bone marrow.  The culture-expanded EPC

Figure 5. Histological identification of epithelial progenitor cells
(EPC) incorporation in vivo.  Tissue sections were retrieved from
ischemic muscles. (A) Red fluorescence marks autologously trans-
planted DiI-labeled EPC. (B) Green fluorescence indicates UEA-1
lectin binding identifying endothelial cells (×10).

Figure 4.  Histological evaluation of capillary density in ischemic
hind-limb muscle on d 35 post-surgery.  (A) Representative images of
alkaline phosphatase-stained capillaries (×20).  (a) Control rabbits
receiving PBS; (b) Rabbits receiving transplanted EPC.  (B) Quantita-
tive analysis of capillary density.  n=6.  Mean±SEM. bP<0.05 vs
control.

the rabbit vasculature, stained by a premortem administra-
tion of UEA-1 lectin, were identified by green fluorescence
in the same tissue section.  DiI-labeled EPC were distributed
principally in the ischemic area of the hind limb neovasculari-
zation and incorporated into tubular structures and
capillaries, which is consistent with neovasculature (Figure
5).  Thus, locally transplanted EPC were incorporated into
the foci of neovascularization and differentiated into mature
endothelial cells in the ischemic hind limbs.

Clinical assessment  All animals were conscious within
1 h of the surgery, and they developed a limp in their hind
limbs.  Two animals from the control group developed skin
ulcers at the knees of the ischemic limb.  Animals from the
EPC group did not have any skin ulcers or necrosis.
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may consist of EPC at different stages of differentiation de-
pending on the culture conditions or duration.  Recently,
Hur et al sequentially cultured total mononuclear cells from
a source of adult peripheral blood and found 2 types of EPC:
early and late EPC.  However, there was no difference in the
contributions of the 2 types to neovascularization in ischemic
limbs[29].

The incorporation rate of transplanted cells is greatly
influenced by the delivery method.  When infused intra-
venously, the number of infused cells incorporated in is-
chemic vasculature was much less than that being  injected
near the ischemic zone.  To deliver the EPC efficiently, we
directly injected the cells into the ischemic thigh muscle to
ensure a maximum available concentration of EPC at the site
of the ischemic hind limb.  The optimal time for cell trans-
plantation is also a primary concern; to mimic ischemic events
in a clinical setting, and using the course of events after
myocardial ischemia for reference, we set the time point for
EPC injection at d 7 after ischemia.

A limitation of the present study is that no control cells
were used to demonstrate the advantage of expanded EPC.
In a heterogenetic transplantation study with human EPC,
Murasawa and Aahara used either human microvascular EC
(HMVEC) or medium as a control in a nude mouse model of
hind limb ischemia.  They found that the outcomes in the
mice receiving control cells (HMVEC) and those receiving
the medium were similar[30].  The appropriate control cells for
the present study would have been mature vascular EC.
However, preparation of vascular EC for autologous trans-
plantation is not feasible, so we had to use saline for the
control.

In conclusion, we found that neovascularization was
enhanced by autologous expanded EPC from peripheral blood
when injected intramuscularly at the site of ischemia at d 7
after hind limb ischemia in rabbits.  Our data indicate that
autologous expanded EPC from peripheral blood may be an
important and novel therapeutic approach for ischemic dis-
ease via enhancing neovascularization.
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