
Bone Marrow Origin of Endothelial Progenitor Cells
Responsible for Postnatal Vasculogenesis in Physiological

and Pathological Neovascularization
Takayuki Asahara, Haruchika Masuda, Tomono Takahashi, Christoph Kalka, Christopher Pastore,

Marcy Silver, Marianne Kearne, Meredith Magner, Jeffrey M. Isner

Abstract—Circulating endothelial progenitor cells (EPCs) have been isolated in peripheral blood of adult species. To
determine the origin and role of EPCs contributing to postnatal vasculogenesis, transgenic mice constitutively
expressingb-galactosidase under the transcriptional regulation of an endothelial cell–specific promoter (Flk-1/LZ or
Tie-2/LZ) were used as transplant donors. Localization of EPCs, indicated byflk-1 or tie-2/lacZfusion transcripts, were
identified in corpus luteal and endometrial neovasculature after inductive ovulation. Mouse syngeneic colon cancer cells
(MCA38) were implanted subcutaneously into Flk-1/LZ/BMT (bone marrow transplantation) and Tie-2/LZ/BMT mice;
tumor samples harvested at 1 week disclosed abundantflk-1/lacZandtie-2/lacZfusion transcripts, and sections stained
with X-gal demonstrated that the neovasculature of the developing tumor frequently comprised Flk-1– or Tie-2–
expressing EPCs. Cutaneous wounds examined at 4 days and 7 days after skin removal by punch biopsy disclosed EPCs
incorporated into foci of neovascularization at high frequency. One week after the onset of hindlimb ischemia,
lacZ-positive EPCs were identified incorporated into capillaries among skeletal myocytes. After permanent ligation of
the left anterior descending coronary artery, histological samples from sites of myocardial infarction demonstrated
incorporation of EPCs into foci of neovascularization at the border of the infarct. These findings indicate that postnatal
neovascularization does not rely exclusively on sprouting from preexisting blood vessels (angiogenesis); instead, EPCs
circulate from bone marrow to incorporate into and thus contribute to postnatal physiological and pathological
neovascularization, which is consistent with postnatal vasculogenesis.(Circ Res. 1999;85:221-228.)
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I n the embryonic yolk sac, vasculogenesis involves growth
and fusion of multiple blood islands that ultimately give

rise to the yolk sac capillary network1; after the onset of blood
circulation, this network differentiates into an arteriovenous
vascular system.2 The integral relationship between the ele-
ments that circulate in the vascular system (the blood cells)
and the cells that are principally responsible for the vessels
themselves (endothelial cells [ECs]) is implied by the com-
position of the embryonic blood islands. The cells destined to
generate hematopoietic cells are situated in the center of the
blood island and are termed hematopoietic stem cells. Endo-
thelial progenitor cells (EPCs), or angioblasts, are located at
the periphery of the blood islands. In addition to this spatial
association, hematopoietic stem cells and EPCs share certain
antigenic determinants, including Flk-1, Tie-2, Sca-1, and
CD34. These progenitor cells have consequently been con-
sidered to derive from a common precursor, putatively termed
a hemangioblast.3–5

Circulating CD34 antigen–positive EPCs were recently
isolated from adult species; once adherent, these cells were
shown to differentiate in vitro.6 Heterologous, homologous,
or autologous EPCs administered systemically to animals
with operatively induced hindlimb ischemia were found to
incorporate into foci of neovascularization in ischemic mus-
cles of the affected hindlimb. These findings, together with
other recent studies,7–9 are consistent with the notion of
postnatal “vasculogenesis.”2,10

To determine the origin and role of EPCs contributing to
postnatal vasculogenesis, we established 2 murine models of
bone marrow transplantation (BMT). In each case, immune-
deficient mice underwent BMT from transgenic mice consti-
tutively expressingb-galactosidase (lacZ) transcriptionally
regulated by an EC-specific promoter, Flk-1 or Tie-2. Recon-
stitution of the transplanted BM yielded Flk-1/LZ/BMT or
Tie-2/LZ/BMT mice, in which expression of lacZ is restricted
to BM cells expressing Flk-1 or Tie-2; lacZ expression is not
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