
Introduction
Therapeutic neovascularization is an important strat-
egy to salvage tissue from critical ischemia (1–5). Neo-
vascular formation in adults has been considered to
result exclusively from the proliferation, migration,
and remodeling of preexisting mature endothelial cells
(ECs), a process referred to as angiogenesis (6–7). In
contrast, vasculogenesis, a term defined as the forma-
tion of blood vessels from endothelial precursor cells
(EPCs) or angioblasts during embryogenesis (8–11),
begins as formation of blood islands that comprise
EPCs at the periphery and hematopoietic stem cells
(HSCs) at the center (12). Because EPCs and HSCs
share several cell-surface antigens including KDR, Tie-
2/Tek, and CD34, these premature cells should derive
from common mesodermal precursor cells (i.e., heman-
gioblasts) (12–14). Asahara et al. (15) recently discov-
ered that peripheral blood of adult species contains
progenitor ECs that presumably derived from CD34-
positive mononuclear cells (MNCCD34+) and that the
transfused EPCs participated in neovascular formation
in mature immunodeficient animals. However, little is
known as to whether in vivo transplantation of EPCs
quantitatively augments neovascular formation in
ischemic tissue in adults, a strategy consistent with
“therapeutic vasculogenesis” (16).

Human umbilical cord blood has been shown to con-
tain a large number of hematopoietic colony-forming
cells (17). In contrast to adult bone marrow–derived
HSCs, cord blood progenitors have distinctive prolifera-
tive advantages, including the capacity to form a greater
number of colonies, a higher cell-cycle rate, and a longer
telomere (18–20). All of these properties should favor the
growth of the cord blood progenitors compared with
adult peripheral blood or bone marrow progenitors
(21–25). In addition, cord blood can be obtained nonin-
vasively, in contrast to invasive bone marrow isolation.
Accordingly, we tested our hypothesis that (a) human
cord blood may be an alternative and novel source for
isolating EPCs, and that (b) transplantation of cord
blood–derived EPCs may participate in and effectively
augment postnatal neovascularization in vivo.

Methods
Human umbilical cord blood. Human umbilical cord
blood samples (50–140 mL each; n = 102) were collect-
ed in sterile blood packs (SC-200; Terumo Corp.,
Tokyo, Japan) containing citrate-dextrose solution as
the anticoagulant. Written informed consent was
obtained from all mothers before labor and delivery.
Protocols for sampling human umbilical cord blood
were approved by the Institutional Review Board.
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Endothelial precursor cells (EPCs) have been identified in adult peripheral blood. We examined whether
EPCs could be isolated from umbilical cord blood, a rich source for hematopoietic progenitors, and
whether in vivo transplantation of EPCs could modulate postnatal neovascularization. Numerous cell
clusters, spindle-shaped and attaching (AT) cells, and cord-like structures developed from culture of
cord blood mononuclear cells (MNCs). Fluorescence-trace experiments revealed that cell clusters, AT
cells, and cord-like structures predominantly were derived from CD34-positive MNCs (MNCCD34+). AT
cells and cell clusters could be generated more efficiently from cord blood MNCs than from adult
peripheral blood MNCs. AT cells incorporated acetylated-LDL, released nitric oxide, and expressed
KDR, VE-cadherin, CD31, and von Willebrand factor but not CD45. Locally transplanted AT cells sur-
vived and participated in capillary networks in the ischemic tissues of immunodeficient nude rats in
vivo. AT cells thus had multiple endothelial phenotypes and were defined as a major population of
EPCs. Furthermore, laser Doppler and immunohistochemical analyses revealed that EPC transplanta-
tion quantitatively augmented neovascularization and blood flow in the ischemic hindlimb. In con-
clusion, umbilical cord blood is a valuable source of EPCs, and transplantation of cord blood–derived
EPCs represents a promising strategy for modulating postnatal neovascularization.
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Enumeration of MNCCD34+. Enumeration of MNCCD34+

in whole blood samples (50 µL) of cord blood and adult
peripheral blood was performed by flow cytometry
(26). The method was a two-tube assay. The first tube
contained (a) an FITC-conjugated nucleic acid binding
dye to identify nucleated cells; (b) anti-CD45 mAb with
peridinin chlorophyll protein (PerCP) to discriminate
progenitor cells from mature lymphoid, neutrophil,
erythroid, and monocytic cells; (c) a mouse IgG1 con-
jugated with phycoerythrin (PE) to rule out nonspecif-
ic staining; and (d) a known number of fluorescent
beads to determine absolute counts of cells. In the sec-
ond tube, the IgG1-PE was replaced by an anti-CD34
mAb with PE (8G12; Becton Dickinson, San Jose, Cali-
fornia, USA) to identify MNCCD34+.

Isolation of MNCCD34+. MNCs were isolated from umbil-
ical cord blood or adult peripheral blood using the
Histopaque-density centrifugation method (15). The
MNC layer was collected, washed twice with 1 mM EDTA
in PBS, and suspended in degassed PBS with 0.5% BSA
and 2 mM EDTA. MNCCD34+ were separated from 1–1.5
× 108 MNCs by a magnetic bead separation method
(MACS; Miltenyi Biotec, Gladbach, Germany). In brief,
MNCCD34+ were labeled with a hapten-conjugated mAb
against human CD34 (clone QBEnd/10), followed by an
anti-hapten Ab coupled with microbeads. The bead-pos-
itive cells (MNCCD34+) were enriched on positive-selection
columns set in a magnetic field. Flow-cytometric analysis
of purified cells using a different clone (8G12) of FITC-
conjugated anti-CD34 mAb showed that 79% (± 5%) of
the selected cells were positive for CD34.

Cell culture. The medium used for cell culture exper-
iments was Medium-199 supplemented with 20% FBS,
bovine pituitary extract as an EC growth supplement,
heparin (100 µg/mL), and antibiotics (standard medi-
um; Life Technologies, Grand Island, New York, USA).
MNCCD34+, MNCCD34–, or total MNCs were cultured
on human fibronectin-coated plastic plates (BIO-
COAT; Becton-Dickinson). At days 4, 8, and 12 of cul-
ture, medium was replaced. The numbers of spindle-
shaped and attaching (AT) cells and cell clusters were
counted under a phase-contrast microscope at days 7
and 14 of culture. Five randomly selected microscop-
ic fields were evaluated, and mean numbers of AT cells
and cell clusters were calculated in each cord blood or
adult peripheral blood sample. The numbers of devel-
oped AT cells and cell clusters (per square millimeter)
were compared between adult peripheral blood and
cord blood. In some experiments, either selected
MNCCD34+ or MNCCD34– were labeled with a green flu-
orescent marker, PKH2-GL (Sigma Chemical Co., St.
Louis, Missouri, USA), as described previously (27),
and these labeled cells were cocultured with their un-
labeled counterpart at a cell count ratio of 1:100
(MNCCD34+/MNCCD34–). Human umbilical vein ECs
(HUVECs) were obtained from the American Type
Culture Collection (Rockville, Maryland, USA) and
were cultured in the standard medium. HUVECs in
passages between 3 and 18 were used.

Immunocytochemistry. Spindle-shaped and AT cells at
day 7 of culture were subjected to immunocytochem-
istry to analyze the expression of von Willebrand factor
(vWF), KDR/Flk-1, CD31, and ecNOS. In brief, cells
were grown on chamber slides and fixed with cold
methanol. Endogenous peroxidase was inactivated
with 3% hydrogen peroxide. Nonspecific mAb binding
was blocked by incubation with 10% horse serum. Pri-
mary mAb’s directed against human vWF (clone F8/86;
DAKO, Glostrup, Denmark), KDR (clone A-3; Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA),
CD31 (JC/70A; DAKO) or ecNOS (clone 3; Transduc-
tion Laboratories, Lexington, Kentucky, USA) were
then applied. These mAb’s were all mouse IgG1, and
thus negative control slides were incubated with appro-
priate dilution of MOPC-21 (Sigma), a nonimmune
mouse IgG1. After two washes with PBS, a biotinylated
horse anti-mouse IgG1 Ab was applied, which was fol-
lowed by the avidin-biotin immunoperoxidase treat-
ment (Vector Laboratories, Burlingame, California,
USA). To visualize the final immunoreaction products,
3-amino-9-ethylcarbazole (Histofine; Nichirei, Tokyo,
Japan) was used.

Flow cytometry. Cord blood–derived AT cells at day 7
of culture (n = 8) were subjected to flow cytometric
analysis to examine surface expression of KDR, VE-cad-
herin, CD31, CD34, and CD45. AT cells were isolated
from culture plates at day 7 of culture by incubation
using PBS with 1 mM EDTA (pH 7.4) for 15 minutes at
37°C. Cells were fixed in 1% paraformaldehyde for 10
minutes at 4°C. Aliquots of cells were then stained with
primary mAb’s directed to KDR/Flk-1 (clone KDR-1;
Sigma Chemical Co.), VE-cadherin (clone BV6; Chemi-
con International, Temecula, California, USA), CD31
(clone L133.1), CD34 (clone 8G12), and a common
leukocyte antigen, CD45 (clone 2D1; Becton-Dickin-
son). All mAb’s recognize the extracellular domain of
each molecule. After staining, cells were fixed with 1%
paraformaldehyde and analyzed by flow cytometry.

Cellular uptake of acetylated LDL. We investigated incor-
poration of acetylated LDL (Ac-LDL) by AT cells, one
of the characteristic features of cells in endothelial lin-
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Figure 1
Enumeration of MNCCD34+ in umbilical cord blood and adult human
peripheral blood. Umbilical cord blood contained 10-fold excess of
MNCCD34+ compared with adult human peripheral blood. AP < 0.001.



eage (15, 28, 29). AT cells cultured on fibronectin were
incubated in medium containing 15 µg/mL DiI-labeled
Ac-LDL (DiI-Ac-LDL; Molecular Probes, Eugene, Ore-
gon, USA) for 24 hours at 37°C. Cells were then exam-
ined under a fluorescence microscope.

Detection of nitric oxide formation. Intracellular nitric
oxide (NO) formation was analyzed using diamino-
fluorescein-2 diacetate (DAF-2 DA; Daiichi, Tokyo,
Japan), a membrane-permeable NO-specific fluores-
cence indicator (30). When DAF-2 DA reacts with free
NO, the compound yields the green-fluorescent tria-
zole (lower detection limit of NO = 5 nM) (30). AT cells
were gently washed twice with Ca2+-free PBS, and then
bathed in Krebs-Henseleit buffer containing L-argi-
nine (1 mM) and DAF-2 DA (10 µM). Cells were incu-
bated at 37°C for an additional 15 minutes, and
recombinant human VEGF165 (50 ng/mL) (Genzyme
Pharmaceuticals, Cambridge, Massachusetts, USA)
was added to the wells. NO formation in the cells, as
detected by nitrosylated DAF-2 DA, was examined
under a fluorescence microscope.

In vitro angiogenesis model: endothelial network formation
in basement matrix gel. At day 7 of culture, cord
blood–derived AT cells were isolated from culture
plates by incubating them with 1 mM EDTA in PBS for
15 minutes at 37°C. Cells were labeled with PKH2-GL
and cocultured with unlabeled HUVECs on basement
membrane matrix gel (Matrigel; Becton-Dickinson). At
day 3 to day 7 of culture, formation of angiogenesis-like
EC networks and incorporation of the fluorescent-
labeled AT cells into the EC networks were examined
under a fluorescence microscope.

In vivo angiogenesis model: unilateral hindlimb ischemia in
immunodeficient nude rats. A rat model of surgically
induced hindlimb ischemia was employed to determine
whether transplanted cord blood–derived AT cells par-
ticipated in postnatal neovascularization in vivo. For
transplantation of human cells, immunodeficient

(F344/N rnu/rnu) nude rats were chosen to avoid graft-
versus-host disease. In the first series of experiments,
eight male nude rats were subjected to severe limb
ischemia by resection of the left femoral artery and vein
under anesthesia with sodium pentobarbital (50 mg/kg,
intraperitoneally). Rats were then transplanted with flu-
orescence-labeled AT cells (3 × 105 cells/rat) intramus-
cularly in the ischemic thigh area using a 26-gauge nee-
dle. Two weeks after surgery, the animals were sacrificed
with an overdose of pentobarbital. Ischemic skeletal
muscles were isolated, embedded in OCT compound
(Tissue-Tek; Miles Inc., Eckhart, Indiana, USA), and
snap-frozen in liquid nitrogen. Multiple 6-µm frozen
sections were cut from each specimen so that the mus-
cle fibers were oriented transversely. Fluorescence
microscopy was used to detect transplanted labeled AT
cells. In adjacent sections, alkaline phosphatase stain-
ing was performed using an indoxyl-tetrazolium
method to detect viable capillary ECs as described pre-
viously (31). All animal protocols were approved by the
Institutional Animal Care and Use Committee.

Efficacy of AT cell transplantation for postnatal neovascu-
larization in vivo. We investigated whether local trans-
plantation of cord blood–derived AT cells or adult
peripheral blood–derived AT cells augmented neovas-
cular formation in ischemic hindlimbs of nude rats
(i.e., therapeutic vasculogenesis). Twenty-one addi-
tional nude rats were subjected to unilateral hindlimb
ischemia. At day 3 after induction of limb ischemia,
rats were injected in their ischemic adductor muscle
area with either adult peripheral blood–derived AT cells
(3 × 106 cells/animal, n = 6), cord blood–derived AT
cells (3 × 106 cells/animal, n = 8), or saline (as a control,
n = 7). Regional blood perfusion and histological cap-
illary density were evaluated thereafter.

Laser Doppler perfusion image of the hindlimb blood flow.
We measured the ratio of the ischemic (left)/normal
(right) limb blood flow using a laser Doppler perfusion
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Figure 2
Comparison of numbers of AT cells and cell clusters between umbilical cord blood and adult human peripheral blood. Greater numbers of
AT cells (a) and cell clusters (b) developed from similar numbers of MNCs from cord blood (n = 10) than from adult peripheral blood (n =
7) examined at both days 7 and 14 of culture. AP < 0.001. Representative photomicrographs of AT cells and a cell cluster developed from
cord blood MNCs are shown at the top of each panel.



image (LDPI) analyzer (Moor Instruments, Devon,
United Kingdom) (32). When laser scanning is per-
formed, moving blood cells shift the frequency of the
laser light according to the Doppler principle. Change
in the frequency is displayed as a color-coded image rep-
resenting blood flow (i.e., blood cell movement). Low to
no flow is displayed as dark blue, whereas high flow is
displayed as red to white. Before initiating laser scan-
ning, rats were placed on a heating plate kept at 37°C to
minimize data variations due to body temperature. At
predetermined time points (before and on postopera-
tive days 7, 14, and 21), we performed two consecutive
scans over the same region of interest (legs and feet) in
each animal and found essentially no difference
between the two scans. After scanning them twice, the
stored images were subjected to computer-assisted
quantification of blood flow, and the average flow of
the ischemic and nonischemic feet were calculated. To
minimize data variables due to ambient light and tem-
perature, the LDPI index was expressed as the ratio of
left (ischemic) to right (nonischemic) limb blood flow.

Histological capillary density. Capillary densities of
both ischemic and nonischemic skeletal muscle tis-
sues were analyzed for specific evidence of vascularity
at the level of the microcirculation. Ischemic and non-
ischemic hindlimb skeletal muscles were isolated and
fixed in methanol overnight. Tissues were then
embedded in paraffin and 5-µm-thick sections were
prepared. Anti-vWF mAb (clone F8/86) was used to
identify ECs. Ten microscopic fields from three dif-
ferent sections from each animal were counted, and
capillary density was expressed as the number of cap-
illaries per square millimeter.

Statistics. All values are presented as the means plus or
minus SE. All data were subjected to ANOVA followed
by the Fisher’s analysis for comparison between two
means. Probabilities less than 0.05 were considered to
be statistically significant.

Results
Enumeration of MNCCD34+. Flow cytometric analysis
revealed that umbilical cord blood (n = 12) contained a
10-fold excess of MNCCD34+ when compared with adult
peripheral blood (n = 9; P < 0.001) (Figure 1).

Development of cell clusters and sprouting of spindle-shaped
and AT cells from MNCs. When cord blood MNCs 
(n = 20) were cultured on fibronectin, a number of cell
clusters appeared within 48 hours, and numerous
spindle-shaped and AT cells sprouted from the edge
of the cell clusters at day 3 of culture (Figure 2). The
spindle-shaped AT cells were observed as either iso-
lated cells or linear cord-like structures. These mor-
phological structures resembled those of endothelial
progenitor cells developed from adult human periph-
eral blood, which we reported recently (15). Much
greater numbers of AT cells and cell clusters devel-
oped from MNCs of cord blood (n = 10) than from the
same amount of MNCs of adult peripheral blood 
(n = 7; P < 0.001) (Figure 2).
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Figure 3
Development of spindle-shaped and AT cells, and cord-like struc-
tures from MNCCD34+. (a) When labeled MNCCD34– alone were
plated on fibronectin, most of the cells did not attach to
fibronectin and had a round shape. (b) When labeled MNCCD34+

alone were plated on fibronectin, only limited numbers of cell
clusters and AT cells appeared within 7 days. (c) When green flu-
orescence-labeled MNCCD34– were coplated with unlabeled
MNCCD34+, fluorescence-positive MNCCD34– participated in cell
cluster formation, but they were located only at the center of the
clusters. AT cells and cord-like structures were mostly fluores-
cence negative. (d) Conversely, when fluorescence-labeled
MNCCD34+ were coplated with unlabeled MNCCD34–, the AT cells,
cell clusters, and cord-like structures were mostly positive for the
fluorescence. (e, f) From coculture of fluorescence-labeled
MNCCD34+ and unlabeled MNCCD34–, numerous fluorescence-pos-
itive cell clusters developed, and some of the cell clusters con-
nected together to form linear cord-like structures. Bars: 20 µm
in a–d, 100 µm in e and f. (g) Bar graphs showing the numbers
of AT cells and cell clusters developed from four different condi-
tions of cell culture (1,000 cells/mm2). A limited number of AT
cells and cell clusters appeared from MNCCD34+ alone. The num-
bers of developed AT cells and cell clusters were greatly enhanced
by coculture of MNCCD34+ with MNCCD34– when compared with
culture of MNCCD34+ alone. The numbers of AT cells and cell clus-
ters derived from coculture of MNCCD34+ and MNCCD34– were
comparable to those from total MNCs.



MNCCD34+ developed into AT cells and cord-like structures.
Because CD34 is expressed on both hematopoietic and
endothelial cell lineages, we tested whether selected
MNCCD34+ could give rise to AT cells. MNCCD34+ were
separated from cord blood MNC by a magnetic-bead
method. Flow cytometric analysis revealed that 79% 
(± 5%) of the selected MNCCD34+ expressed CD34 
(n = 12), whereas less than 0.5% of the remaining cells
(MNCCD34–) expressed CD34. In the first set of experi-
ments, we labeled MNCCD34– with a green fluorescent
marker and cultured them on fibronectin. From the
labeled MNCCD34– alone, most of the cells did not attach
to the plates (Figure 3a) when examined for up to 4
weeks. We next labeled MNCCD34+ with the fluorescence
marker. From labeled MNCCD34+ alone, limited num-
bers of cell clusters appeared and AT cells were observed
only sporadically (Figure 3b). When fluorescence-
labeled MNCCD34– were cocultured with unlabeled
MNCCD34+, AT cells and cord-like structures were most-
ly negative for the fluorescence (Figure 3c). However,
labeled MNCCD34– could be identified at the center of
the cell clusters (Figure 3c). Conversely, when MNCCD34+

were fluorescence-labeled and cocultured with unla-
beled MNCCD34–, AT cells, cell clusters, and cord-like
structures were fluorescence positive. These fluores-
cence-trace experiments suggest that a population of
MNCCD34+ gave rise predominantly to AT cells, cell clus-
ters, and cord-like structures. Cell clusters comprised
round cells at the center and spindle-shaped AT cells at
the periphery (Figure 3,c–e). These morphological char-
acteristics and cellular organization might resemble the
structure of blood islands observed in dissociated quail
epiblast cultures that gave rise to primary vascular net-
works (12). The cell clusters occasionally connected with
each other to form linear cord-like structures (Figure 3f)
that might mimic the blood-island fusion and forma-

tion of a primordial vascular network in the embryo
(8–10). Interestingly, coculture of MNCCD34+ with
MNCCD34– much increased the number of AT cells
(threefold) and cell clusters (sixfold), compared with
culture of MNCCD34+ alone (Figure 3g), indicating that
the development of AT cells seems to require certain
interactions between MNCCD34+ and MNCCD34–.

AT cells had multiple endothelial phenotypes. To examine
whether AT cells have endothelial phenotypes, AT cells
were subjected to immunocytochemistry. AT cells were
positively stained (> 98%) for vWF, CD31, and KDR
(figures not shown). In addition, more than 95% of the
AT cells at day 7 of culture took up DiI-ac-LDL (Figure
4a), one of the characteristic functions of ECs (28). AT
cells at day 7 of culture were positively stained for
endothelial constitutive NO synthase (ecNOS) (Figure
4b). Because VEGF mediates endothelial NO release
through the KDR/Flk-1 receptor tyrosine kinase (33,
34), and because the AT cells expressed KDR in the
present study, we examined whether recombinant
human VEGF165 (hVEGF165) stimulated NO release
from AT cells. Addition of hVEGF165 (50 ng/mL) into
cell culture plates containing AT cells in Krebs-Hense-
leit buffer greatly enhanced NO release as assessed by a
fluorescent NO indicator, DAF-2 DA (Figure 4, c and
d). The evidence of hVEGF-induced NO release con-
firmed that the AT cells can functionally respond to
VEGF through activation of its receptor tyrosine kinase
followed by activation of the ecNOS (35–38). These
findings suggest that AT cells express several endothe-
lial markers and have endothelial functions, and thus
AT cells have endothelial phenotypes.

We further performed flow cytometric analyses of AT
cells at day 7 of culture to examine the expression of
KDR, VE-cadherin, CD34, and CD31, as markers for
endothelial lineage, and CD45 as a common leukocyte
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Figure 4
AT cells had EC-like functions and expressed cell surface markers in vitro. At day 7 of culture (a) AT cells took up DiI-ac-LDL. (b) AT cells
were positive for endothelial constitutive NO synthase (ecNOS) immunostaining. (c and d) Incubating AT cells with DAF-2 DA, a NO-spe-
cific fluorescence indicator, showed that hVEGF165 (50 ng/mL) (d), but not saline (c), induced NO release from AT cells. Bars, 50 µm in c
and d. (e) Flow cytometric analyses of AT cells at day 7 of culture (n = 8). Horizontal bars indicate positive antigen gates as determined by
an isotype-matched IgG control study. AT cells were positive for KDR (52 ± 5%), VE-cadherin (62 ± 2%), CD34 (62 ± 7%), and CD31 (57 ±
9%), but not for CD45 (7 ± 3%). Data are percentage of positive cells.



antigen. AT cells (n = 8 in cord blood) were stained pos-
itive for KDR, VE-cadherin, CD34, and CD31 (Figure
4e), whereas only few AT cells expressed CD45, a com-
mon leukocyte antigen (Figure 4e).

Cord blood–derived AT cells participated in EC networks in
vitro. To examine whether cord blood–derived AT cells
participated in endothelial network formation in vitro,
AT cells were collected at day 7 of culture, fluorescence
labeled, and cocultured with unlabeled HUVECs on
basement membrane matrix gel. Within 24 hours of
coculture, the labeled AT cells started to contact
HUVECs (Figure 5a). Within 3 days, incorporation of
fluorescence-labeled AT cells was identified within the
HUVEC networks (Figure 5b). However, when AT cells
alone were cultured on the matrix gel, EC networks
were poorly organized (figure not shown). These results
suggest that AT cells actively form endothelial net-
works when they were cocultured with mature ECs on
matrix gel in vitro, indicating that interaction between
AT cells and mature ECs may facilitate EC-directed dif-
ferentiation of AT cells in vitro.

Transplanted cord blood–derived AT cells partici-
pated in neovascularization in the ischemic hindlimb
of immunodeficient nude rats in vivo. We examined
whether transplanted cord blood–derived AT cells par-
ticipated in postnatal neovascularization in immun-
odeficient adult animals in vivo. AT cells were isolated
at day 7 of culture and were fluorescence labeled. Uni-
lateral hindlimb ischemia was surgically induced in
the nude rats. Three days after surgery, rats (n = 8) were
injected with fluorescence-labeled cord blood–derived
AT cells (3 × 105 cells/animal) in the ischemic thigh
skeletal muscles. At day 14 after induction of limb
ischemia, frozen tissue sections were prepared from

the ischemic tissues. Fluorescence microscopic exam-
ination revealed that numerous labeled AT cells were
incorporated and arranged into EC capillaries among
the preserved skeletal myocytes in the ischemic
hindlimbs (Figure 5, c–f). Moreover, transplanted AT
cells often formed tubular structures with a round
lumen (Figure 5, d and e). When adjacent sections were
stained for alkaline phosphatase to identify viable ECs
(23), capillary ECs were detected at the exact same
locations where fluorescence-positive cells were iden-
tified (Figure 5, f and g). Thus, transplanted AT cells
survived (stained positive for alkaline phosphatase)
and were incorporated into the capillary networks in
the ischemic hindlimb of nude rats in vivo. Because
cord blood MNC-derived AT cells expressed multiple
endothelial lineage markers and functions (NO release
and ac-LDL incorporation) and because AT cells par-
ticipated in neovascular formation both in vitro and
in vivo, we defined AT cells as being a major popula-
tion of EPCs that derived from cord blood.

Transplantation of EPCs quantitatively augmented
ischemia-induced neovascularization in nude rats. Finally
we examined whether in vivo transplantation of EPCs
might quantitatively augment postnatal neovascular-
ization in the ischemic hindlimb in nude rats. Unilat-
eral (left) limb ischemia was created in 21 additional
animals, and EPCs isolated at day 7 of culture were
locally transplanted into the ischemic thigh muscle
area (3 × 105 EPCs/rat) at four different injection
points. In these in vivo experiments, we also compared
the efficacy of therapeutic neovascularization by EPC
transplantation between adult human peripheral
blood and cord blood. Serial LDPI analyses revealed
significantly augmented ratios of the ischemic/nor-
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Figure 5
Participation of cord blood–derived AT cells in neovas-
cularization in vitro and in vivo. (a) The phase-contrast
(left) and fluorescent (right) photomicrographs at the
same microscopic field are shown. Green fluorescence-
labeled AT cells contacted unlabeled HUVECs on matrix
gel within 24 hours of coculture. (b) The labeled AT cells
were incorporated into the EC network formed on the
basement matrix gel within 3 days after coculture. (c–g)
Frozen sections of tissues harvested from the ischemic
hindlimb of nude rats 2 weeks after transplantation of
fluorescence-labeled cord blood–derived AT cells. The
labeled AT cells were sprouting from a place near the cell
injection site indicated by * (c). AT cells further migrat-
ed into the interstitial regions among preserved skeletal
myocytes (indicated by M). Numerous labeled AT cells
were incorporated into and formed capillary-like net-
works (arrows in e and g), as well as tubular structures
with a round lumen (arrowheads d–g). (f) Green fluo-
rescence signals indicate localization of transplanted AT
cells forming numerous capillary-like networks (arrows).
(g) The phase-contrast photomicrograph of an adjacent
section histochemically stained with alkaline phos-
phatase (AP) shows viable capillary ECs (dark blue col-
ors) at identical locations of the incorporated AT cells
seen in f. Bars, 50 µm.



mal hindlimb blood flow in the EPC-transplanted
groups compared with saline-treated controls at post-
operative days 7, 14, and 21 (Figure 6, a and b). Trans-
plantation of cord blood-derived EPCs or adult
peripheral blood–derived EPCs augmented the
ischemic/normal blood flow ratio almost equally (Fig-
ure 6, a and b). At postoperative day 14, immunohis-
tochemical analysis of vWF and histochemical stain-
ing for alkaline phosphatase in the ischemic tissues
revealed a significant increase in the capillary density
by transplantation of either cord blood or adult
peripheral blood EPCs compared with the saline con-
trols (Figure 6, c and d). The capillary densities did
not statistically differ between the cord blood EPC–
and adult peripheral blood EPC–transplanted group.
No significant difference in the capillary densities was
observed among the three groups in the contralateral
nonischemic right hindlimb (Figure 6d). Therefore, as
long as similar amounts of EPCs (3 × 105 cells/animal)
from either origins (i.e., adult peripheral blood or

cord blood) are transplanted, ischemia-induced neo-
vascularization and blood flow increase seemed to be
similarly augmented in vivo.

Discussion
Human umbilical cord blood contains a large amount
of hematopoietic progenitors (17, 18). The present study
demonstrates that angioblast-like EPCs can also be iso-
lated from cord blood. In addition, greater numbers of
EPCs developed from cord blood MNCs than from same
amount of adult peripheral blood MNCs. Isolated EPCs
were incorporated into HUVEC networks on matrix gel
in culture, and transplanted EPCs participated in post-
natal neovascularization in the ischemic hindlimb in
vivo. Moreover, EPC transplantation quantitatively aug-
mented ischemia-induced neovascularization and
regional blood flow in immunodeficient animals in vivo.

Recently, EPCs have been identified in peripheral
blood of adult humans and mature animals (15). EPCs
may reside in the adult bone marrow and are mobilized
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Figure 6
Augmented neovascularization by local transplantation of either umbilical cord blood–derived (UCB-derived) or adult peripheral
blood–derived (APB-derived) EPCs in the ischemic hindlimb of immunodeficient nude rats. (a) Unilateral (left) hindlimb ischemia (arrow-
heads) was surgically induced in nude rats. Either APB-derived EPCs (3 × 105 cells/animal, n = 6), UCB-derived EPCs (3 × 105 cells/animal,
n = 8), or saline (control, n = 7) were locally transplanted into the ischemic hindlimb at postoperative day 3. Representative serial LDPI analy-
ses showed progressive increases in blood flow in the ischemic hindlimb (red to white color) of rats injected with EPCs obtained from APB
or UCB. In contrast, recovery of blood flow was retarded in the ischemic limb (blue to green color) in a control animal. (b) Computer-assist-
ed quantitative analyses of hindlimb blood flow demonstrated significantly enhanced ischemic/normal limb blood perfusion ratios in rats
injected with EPCs of either origin (APB or UCB) compared with controls. AP < 0.001. (c) Capillary ECs were identified in the sections of
ischemic tissues under a light microscope after immunohistochemical staining for vWF (brown reaction products) and alkaline phosphatase
(AP) staining (blue reaction products). Light microscopy revealed increased capillary densities in rats receiving EPCs of either origin (APB or
UCB) compared with controls. Bars, 50 µm. (d) Quantitative analyses showed increased capillary densities in the ischemic hindlimb tissues
of the two EPC-transplanted groups as compared with control animals examined 14 days after induction of limb ischemia. AP < 0.001.



into the peripheral circulation in response to cytokines
or tissue ischemia (39, 40). Umbilical cord blood has
been used as an alternative source for isolation of HSCs
(21–25). In contrast to adult bone marrow progenitors,
cord blood progenitors have distinctive proliferative
advantages (18–20). This property should favor the
engraftment and growth of the cord blood progenitor
cells. The present study demonstrates that EPCs can
develop from cord blood MNCCD34+ in culture. More-
over, a greater number of EPCs and cell clusters devel-
oped from cord blood MNCs than from similar amount
of adult peripheral blood MNCs (Figure 2), which was
consistent with our flow-cytometric analysis showing
that cord blood contained much greater amounts of
MNCCD34+ than adult peripheral blood (Figure 1). Thus,
umbilical cord blood seems to be a much more robust
source for isolating not only HSCs but also EPCs.

Cell surface molecules such as CD34, KDR, Tie-
2/Tek, and VE-cadherin are expressed by ECs at the
early stage of vasculogenesis (41–48). CD34 is also
expressed by mature ECs in adults (49, 50). Similarly,
HSCs express CD34, KDR, and Tie-2/Tek on their sur-
face (51–53). CD34, however, is lost by HSCs as they
differentiate into mature blood cells (54–56). In an
early study, Rafii et al. demonstrated colonization of
the flow surface of the titanium housing of left ven-
tricular assist devices with CD34+ EC-like cells 6
months after the devices were removed (57). More
recently, Shi et al. (58) showed that transplanted bone
marrow–derived CD34+ cells participated in the
endothelialization of impervious Dacron grafts in vivo.
Therefore, we consider that the CD34 antigen is one of
appropriate landmark molecules for isolation of puta-
tive EPCs from circulating blood. This strategy was also
employed in our previous study (15).

To examine whether MNCCD34+ might develop into
EPCs in vitro, we performed fluorescence-labeled cell
trace experiments. When MNCCD34+ were fluorescence
labeled and cocultured with unlabeled MNCCD34–, AT
cells, cell clusters, and cord-like structures were mostly
fluorescence positive, indicating that MNCCD34+ might
predominantly differentiate into AT cells (Figure 3d).
Interestingly, when MNCCD34+ and MNCCD34– were
remixed and coplated, a greater number of cell clusters
and AT cells developed compared with cultures of
MNCCD34+ alone (Figure 3g). Thus, MNCCD34+ seem to
require either a cell-to-cell interaction with MNCCD34–

or exposure to soluble factors released from MNCCD34–,
or both, to differentiate into AT cells in vitro. To further
examine how MNCCD34– interact with MNCCD34+ during
AT cell development, MNCCD34– were conversely fluo-
rescence labeled and cocultured with unlabeled
MNCCD34+. Although fluorescence-labeled MNCCD34–

participated in cell cluster formation, they were located
only centrally in the clusters. AT cells at the edge of clus-
ters and cord-like structures were mostly fluorescence
negative (Figure 3c). These fluorescence-trace experi-
ments suggest that (a) AT cells and cord-like structures
likely developed from MNCCD34+ fraction and that (b)

MNCCD34– might support EPC differentiation from
MNCCD34+ through an interaction with MNCCD34+.
Because MNCCD34– were located only in the center of the
clusters (i.e., blood island–mimicking structures), some
MNCCD34– might play a role in hematopoietic reconsti-
tution as reported recently (59).

Currently, there has been no exclusive marker for
EPCs (60). Our present findings, however, suggest that
AT cells sprouting from cell clusters are likely a major
population of EPCs for several reasons. First, immuno-
cytochemical and flow-cytometric analyses revealed
that AT cells expressed multiple (not single) molecules
such as KDR, CD31, vWF, CD34, and VE-cadherin,
which are commonly used for identification of ECs (28,
41). In particular, KDR, CD34, and VE-cadherin have
been used as markers for identification of progenitor
ECs (14, 15, 41). Second, AT cells expressed ecNOS pro-
tein and were able to release NO in response to VEGF.
We showed previously that VEGF but not placenta
growth factor, the ligand that exclusively binds to Flt-
1, stimulated NO release in human ECs (33). Thus, the
current evidence that VEGF stimulates NO release
from AT cells confirms the presence of the functional
VEGF-KDR-ecNOS pathway in AT cells. AT cells also
took up ac-LDL. Thus, AT cells have multiple EC mark-
ers and functions. Third, AT cells sprouted from clus-
ters of MNCs at a delayed time course (about 7 days) of
culture in the present study. This outgrowth pattern of
AT cells differs from that of cell outgrowth from
mature ECs in culture. Fourth, fluorescence-labeled AT
cells participated in an angiogenesis-like endothelial
network formation with HUVECs on matrix gel in cul-
ture. Finally, transplanted AT cells formed capillary-
like structures and tubular structures with a round
lumen in the ischemic hindlimb tissues of nude rats in
vivo. Based on these characteristics of AT cells, we
defined AT cells as being a major population of EPCs
in the present study. While this manuscript was in
preparation, Peichev et al. reported that MNCKDR+AC133+

within the fraction of MNCCD34+ represented putative
EPCs in humans (61). Discovery of such identification
markers for EPCs would further facilitate isolation and
therapeutic use of EPCs in the future.

The presence of mature circulating ECs (CECs) is also
possible. Solovey et al. (62), however, demonstrated
that the number of CECs in peripheral blood was low
(i.e., 2 to 4 cells/mL of blood). Mutin et al. (63) also
showed that the numbers of CECs were very few
(almost zero) in healthy subjects, and ranged from 10
to 40 cells/mL in patients with acute myocardial infarc-
tion. However, the numbers of EPC that outgrew from
culture of cord blood-MNCs in the present study were
much greater (i.e., 500 to 1,000 cells/mL blood in our
calculation) than numbers of CECs that reported pre-
viously (62, 63). Therefore, we consider that expanded
outgrowth of EPCs from cord blood MNCs were not
likely derived from CECs in the present study. Recent-
ly, Lin et al. (64), employing sex-mismatched bone mar-
row transplantation patients, also showed that delayed
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and expanded outgrowth of ECs from culture of adult
peripheral blood should derive from circulating EPCs
that originated from bone marrow. A possible reason
of the more rapid outgrowth of EPCs from umbilical
cord blood (about 7 days) in the present study com-
pared with the study by Lin et al. (about 27 days) might
be due to the fact that cord blood progenitors have pro-
liferative advantages (e.g., longer telomeres and higher
cell-cycle rate) compared with adult bone marrow pro-
genitors (18, 19). Currently, it is unknown whether
EPCs in the umbilical cord blood derived from fetal
bone marrow. In fact, the umbilical cord is also a
unique site of hematopoiesis and EC development. In
the mouse embryo, for example, the endothelium of
the proximal portion of the umbilical arteries displays
a rounded morphology with clusters of MNCCD34+

bound to the luminal surface (65). This pattern may
mimic that described for the paraaortic hematopoietic
sites in the avian embryo (66). The umbilical cord itself
may comprise sites in which both EPCs and HSCs
develop and are released into the fetal circulation.

In the present study, EPCs were incorporated into
HUVEC networks formed on basement matrix gel in
vitro (Figure 5, a and b). Our in vivo study further indi-
cated that transplanted cord blood–derived EPCs were
incorporated into the capillary networks among the
preserved skeletal myocytes in the ischemic limb of
immunodeficient nude rats. The fact that transplant-
ed cells were costained with alkaline phosphatase (Fig-
ure 5g) provides evidence that the transplanted EPCs
survived in the ischemic tissues because positive alka-
line phosphatase staining depends on vital enzymatic
activity within capillary ECs (31). More importantly,
both the LDPI and histological capillary density analy-
ses showed that local transplantation of EPCs into the
ischemic limb quantitatively augmented neovascular
formation and blood flow in the ischemic limb in vivo.
To our knowledge, this is the first study demonstrating
that transplantation of EPCs quantitatively enhanced
neovascularization in adult tissues, a notion consistent
with therapeutic vasculogenesis (16).

It has been reported that cord blood is a much robust
source for isolating HSCs compared with adult periph-
eral blood or bone marrow. We thus compared the
numbers of developed AT cells (major population of
EPCs) and cell clusters between the cord blood and
adult peripheral blood. Greater numbers of AT cells
and cell clusters developed from cultures of cord blood
MNCs than from an equal amount of peripheral blood
MNCs (Figure 2). Thus, umbilical cord blood seems to
be a much more robust source for isolating EPCs than
adult peripheral blood. We also compared the efficacy
of therapeutic neovascularization in the ischemic limb
of nude rats between cord blood EPC and peripheral
blood EPC transplantations (3 × 105 cells/animal).
Transplantation of either cord blood EPCs or periph-
eral blood EPCs almost equally augmented the
ischemic/normal blood flow ratios and capillary den-
sities. These results suggest that the efficacy of thera-

peutic neovascularization is comparable between cord
blood and peripheral blood EPCs as long as similar
amounts of EPCs are transplanted. Our results are con-
sistent with a very recent study by Kalka et al. (67), who
showed that transplantation of adult peripheral blood-
derived EPCs significantly augmented ischemia-
induced neovascularization in the hindlimb and pro-
moted limb salvage in nude mice. However, considering
the fact that cord blood is a much more robust source
for EPCs than adult peripheral blood, cord blood may
still be a novel source for EPCs. Moreover, cord blood
can be isolated noninvasively compared with adult
bone marrow isolation.

In summary, our findings suggest that umbilical cord
blood is a precious source for isolating EPCs, and trans-
plantation of EPCs significantly augmented postnatal
neovascularization (16). While this manuscript was in
preparation, Crisa et al. (68) also reported that trans-
planted cord blood progenitors sustained not only T
lymphocytes but also induced angiogenesis in the
implanted human thymus in the kidney of NOD/SCID
mice. Our present findings further raise several impor-
tant clinical implications. First, homologous or autol-
ogous transplantation of cord blood–derived EPCs
may augment postnatal neovascularization in ischemic
tissues (i.e., therapeutic vasculogenesis). Second, the
fact that transplanted EPCs were incorporated into
sites of neovascularization in adult tissues suggests a
potential use of EPCs as cell vectors for gene delivery to
angiogenic sites in vivo.
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