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Adult vasculogenesis occurs through in situ recruitment, proliferation, and
tubulization of circulating bone marrow–derived cells
Oren M. Tepper, Jennifer M. Capla, Robert D. Galiano, Daniel J. Ceradini, Matthew J. Callaghan, Mark E. Kleinman,
and Geoffrey C. Gurtner

Ischemia is a known stimulus for vascu-
lar growth. Bone marrow (BM)–derived
endothelial progenitor cells (EPCs) are
believed to contribute to new blood ves-
sel growth, but the mechanism for this
contribution is unknown. To elucidate how
BM cells are able to form new blood
vessels, a novel murine model of soft
tissue ischemia was developed in lethally
irradiated mice with BM reconstituted
from either tie2/lacZ or ROSA/green fluo-
rescent protein (GFP) mice (n � 24). BM-
derived EPCs were recruited to ischemic
tissue within 72 hours, and the extent of

recruitment was directly proportional to
the degree of tissue ischemia. At 7 days,
there were persistently elevated levels of
vascular endothelial growth factor (VEGF)
(2.5-fold) and circulating VEGF receptor-2/
CD11� (flk-1�/CD11�) cells (18-fold) which
correlated with increased numbers of BM-
derived EPCs within ischemic tissue. The
cells were initially located extravascu-
larly as proliferative clusters. By day 14,
these clusters coalesced into vascular
cords, which became functional vessels
by day 21. In vitro examination of human
EPCs from healthy volunteers (n � 10)

confirmed that EPC proliferation, adhe-
sion, and chemotaxis were all signifi-
cantly stimulated in hypoxic conditions.
We conclude that BM-derived cells pro-
duce new blood vessels via localized
recruitment, proliferation, and differentia-
tion of circulating cells in a sequence of
events markedly different from existing
paradigms of angiogenesis. (Blood. 2005;
105:1068-1077)
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Introduction

Progenitor cells have been identified in adult bone marrow cells that
possess the ability to replace resident cells throughout the human body.1

Tissues in which bone marrow–derived stem cells have been identified
include liver, brain, heart, and skeletal muscle.2-5 While the contribution
of progenitor cells is variable, it is becoming increasingly clear that
regeneration in adults occurs by both differentiated resident cells and the
recruitment of cells from the circulation.

New blood vessel growth (neovascularization) is a process
currently being re-evaluated in light of recent advances in progeni-
tor biology. With the identification of circulating endothelial
progenitor cells (EPCs),6,7 neovascularization is now believed to
occur via 2 possible mechanisms: the sprouting of pre-existing
resident endothelial cells (angiogenesis) or the recruitment of bone
marrow–derived EPCs (vasculogenesis).8 The participation of
EPCs has been well documented in a number of conditions
requiring neovascularization, including peripheral vascular dis-
ease,9 myocardial ischemia,10 stroke,11,12 wound healing,9,13 retinop-
athy,14 and tumor growth.9,15 This has led to the examination of
EPC transplantation in the treatment of ischemic conditions.16-19

Since human trials have already been initiated to investigate the
therapeutic20 and diagnostic21,22 utility of EPCs, it is important that
their mechanism of action be more fully understood.

One of the most potent stimuli for neovascularization is
hypoxia, which induces new blood vessel growth to restore
adequate oxygen (O2) delivery to ischemic tissue.23 Ischemia

initiates a number of angiogenic processes, including the release of
cytokines,24,25 up-regulation of surface markers,26,27 and prolifera-
tion of mature endothelial cells.28,29 However, little is known
regarding the effects of ischemia on EPC biology and how
circulating cells are recruited and incorporated into blood vessels
within ischemic tissue.9-11,13-15

In the present study, we used a novel and reproducible in vivo
model of graded vascular ischemia to examine how bone marrow–
derived cells produce new blood vessels and whether this repre-
sents true in situ vasculogenesis. We demonstrate that hypoxia
initiates a cellular cascade with localized migration and prolifera-
tion of bone marrow–derived EPCs in vitro and in vivo, with the
eventual production of new blood vessels consisting entirely of
bone marrow–derived cells. This mechanism does not resemble
any existing models of angiogenesis and more closely resembles
the sequence of events occurring during the inflammatory cascade.

Materials and methods

In vivo models of ischemia and wound healing

A novel model of soft tissue ischemia was developed that consisted of
lateral skin incisions (2.5 cm in length and 1.25 cm apart) created on the
dorsal surface of mice, penetrating the skin, dermis, and underlying adipose
tissue. The overlying skin was undermined, and a 0.13-mm–thick silicone
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