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What are the cellular and molecular mechanisms that regulate new vessel formation and maturation? This question
identifies several fundamental issues of vascular biology related to the development of the vasculature via
vasculogenesis and angiogenesis. Early investigations of vasculature were largely descriptive (1, 2). The advent of
methods for the isolation and maintenance of vascular cells in tissue culture led to assay systems aimed at recreating the
initial events of the angiogenic process, including endothelial cell protease production, migration and proliferation.
However, less attention has been directed to the later stages of vascularization, such as investment of vessels with mural
cells (pericytes or smooth muscle cells), production of basement membrane, induction of vessel bed specializations or the
process of vascular regression. The final stages of vessel formation might also be referred to as “remodeling” and appear
to define a process through which a forming vasculature becomes a stable, mature vessel bed. These steps may also be
taken advantage of to develop antitumor strategies, as suggested by Benjamin et al. in this issue (3). What regulates the
phenotypic changes that occur between forming and mature vessels? A number of clinical and experimental observations
support the concept that the association between the vascular tube and the mural cells mediates vessel stabilization or
maturation. Ultrastructural studies of vascularization during wound healing revealed a temporal […]
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What are the cellular and molecular
mechanisms that regulate new vessel for-
mation and maturation? This question
identifies several fundamental issues of
vascular biology related to the develop-
ment of the vasculature via vasculogene-
sis and angiogenesis. Early investigations
of vasculature were largely descriptive (1,
2). The advent of methods for the isola-
tion and maintenance of vascular cells in
tissue culture led to assay systems aimed
at recreating the initial events of the
angiogenic process, including endothe-
lial cell protease production, migration
and proliferation. However, less atten-
tion has been directed to the later stages
of vascularization, such as investment of
vessels with mural cells (pericytes or
smooth muscle cells), production of
basement membrane, induction of ves-
sel bed specializations or the process of
vascular regression. The final stages of
vessel formation might also be referred
to as “remodeling” and appear to define
a process through which a forming vas-
culature becomes a stable, mature vessel
bed. These steps may also be taken
advantage of to develop antitumor
strategies, as suggested by Benjamin et al.
in this issue (3).

What regulates the phenotypic changes
that occur between forming and mature
vessels? A number of clinical and experi-
mental observations support the concept
that the association between the vascular
tube and the mural cells mediates vessel
stabilization or maturation. Ultrastruc-
tural studies of vascularization during
wound healing revealed a temporal cor-
relation between pericyte investment of
the capillary and the cessation of vessel
growth. This observation led the authors
of this study to state: “The incorporation
of pericytes within the basement mem-
brane of proliferating capillaries is pro-
posed as the mechanism for inhibition of
capillary proliferation” (4). 

Clinical observations are consistent

with a role for mural cells in stabilizing
vessels. The vessel proliferation that char-
acterizes proliferative diabetic retinopathy
is preceded by a stage characterized by the
selective loss of pericytes (5). Similarly, the
new vessels that form as a complication of
the retinopathy of prematurity arise from
immature microvessels that have yet to be
invested by pericytes (6). Thus, the physi-
cal association between the nascent vas-
cular tube and mural cells appears to sig-
nal vessel stabilization.

Earlier work from Stone and Keshet
indicates that vessels are dependent upon
exogenous survival factors, e.g., VEGF (7)
(Fig. 1), for a critical period of time dur-
ing their development. The current study
by Benjamin et al. in this issue (3) further
suggests that the association of forming
vessels with the mural cells marks the
end of this period of growth factor
dependence. Two aspects of vessel stabi-
lization are addressed in this study. The
first is that in the absence of associated
pericytes or smooth muscle cells, the nas-
cent endothelial cell tube is unstable and
is prone to regression. The second is the
notion that the nascent endothelial tube
requires VEGF for survival. In normal
development, the time for overlap of
these events is terminated by the arrival
of the mural cells. The tumor vascula-
ture, on the other hand, appears to be
trapped in a cycle where high levels of
growth factors can induce and sustain
immature vessels in the relative absence
of mural cells. The chronic immaturity of
tumor vessels has led Dvorak to charac-
terize a tumor as a “wound that never
heals” (8). At the same time, these fea-
tures make tumor vessels viable targets
for antitumor therapies. Benjamin et al.
(3) demonstrate that removal of growth
factors leads not only to the cessation of
new vessel growth, but also to regression
of the immature tumor vasculature (3).

Although recent evidence suggests that
endothelial cell–mural cell contact and

VEGF-dependence are pivotal junctures
during vessel maturation, questions
regarding the molecular basis of vessel
maturation remains unanswered. Using
tissue culture models, we have previous-
ly shown that endothelial cells recruit
mural cell precursors via the secretion of
PDGF-BB. Consistent with this predic-
tion, mice null for PDGF B lack pericytes
in some microvascular beds (10). Fur-
thermore, coculture studies reveal that
endothelial cell–mural cell contact leads
to the activation of TGF-β (9,11), a
pleiotrophic growth factor that has been
shown to mediate differentiation of a
variety of cell types. In the context of the
microvasculature, we speculate that
TGF-β functions at multiple steps lead-
ing to vessel stabilization, including inhi-
bition of endothelial cell proliferation
and migration, as well as induction of
pericyte/smooth muscle cell differentia-
tion (12) (Fig. 1). Once tube formation
occurs, flow commences and local oxy-
gen levels increase, resulting in a decrease
in VEGF levels. The reduction in VEGF is
coincident with pericyte/smooth muscle
cell association. In addition, TGF–β can
alter integrin profiles and stimulate base-
ment membrane production and accu-
mulation (for review) (13). 

In support of this idea, ultrastructur-
al studies document that a basement
membrane is deposited only after
endothelial cell–mural cell association
has occurred (4). Thus, the presence of
basement membrane may provide a
long-term signal that supports vessel
stabilization. Furthermore, recent evi-
dence suggests that the angiopoietins
play a role in vessel stabilization (for
review) (14). Angiopoietin-1 is associat-
ed with developing vessels and its
absence leads to defects in vessel remod-
eling. On the other hand, angiopoietin-
2, which antagonizes the actions of
angiopoietin-1, appears to play a role in
the destabilization of existing vessels.
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Although the precise role played by each
of these factors is not clear, their exis-
tence suggests yet another level of con-
trol during vessel maturation (Fig. 1).
Thus, vessel stabilization results from a
balance between stimulators (such as
VEGF) and inhibitors (such as TGF-β),
all acting in the context of the vessel
microenvironment.

The idea that cell–cell interactions
mediate differentiation and stabilization
of developing tissues is not restricted to
the vasculature. Similar interactions have
been described in the developing kidney
(15), lung (16), mammary gland (17), and
heart (18) where there are heterotypic
interactions between epithelial and mes-
enchymal cells, associated in many cases,
with the local production of members of
the TGF-β superfamily. An additional
parallel can be drawn to the developing
nervous system, where heterotypic inter-
actions between an innervating neuron
and its target cell effect the survival
and/or differentiation of both cell types
(19). Thus, heterotypic cell–cell interac-
tions may be a universal mechanism for
the local regulation of cell-type specifica-
tion and differentiation.

Whereas the earliest studies of the vas-
culature described cell behavior in situ,
and the past two decades have focused
on dissecting the function of isolated
vascular cells in culture, we are now at a
transition point which recognizes the
complexity of the microvasculature (20).
Most importantly, the importance of
heterotypic cell–cell interactions, local
control of growth factor expression (e.g.,
hypoxic regulation of VEGF, local acti-
vation of TGF-β), and the signaling
potential of the basement membrane are
acknowledged and being investigated. As
a result, new questions continue to arise.

Is vessel assembly controlled similar-
ly in all vascular beds? Studies involving
PDGF B-deficient mice suggest there
are tissue-specific differences, since not
all microvascular beds in these mice
lacked pericytes.

What is the relevance of the fact that
different microvessel beds have different

levels of coverage by pericytes? Many
prostatic vessels have few pericytes, reti-
nal and brain microvessels have exten-
sive coverage, lymphatic vessels have no
mural cells at all, and pericytes presence
in tumor vessels is variable.

What is the nature of the heterotypic
cell–cell interactions between endothe-
lial cells and mural cells? Is there a role
for gap junctions and/or signaling via
adhesion molecules? Which diffusible
factors are involved in this communica-
tion (e.g., angiopoietins, VEGFs, PDGFs,
TGF-family members, etc.)?

What is the role of growth factors in
the adult vasculature? Why is there
continued production of VEGF in
adult tissues if mature vessels are
VEGF-independent? Are there other
survival factors? Does TGF-β play a
role in vessel maturation? What is the
role of the basement membrane?

Understanding the cellular and molec-
ular basis of vessel maturation is central
to delineating the full “life cycle” of
blood vessels and lays the groundwork
for developing effective pro-angiogenic
and anti-angiogenic therapies.
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Figure 1
Vessel maturation: vessel development proceeds
from a stage of growth-factor dependence
where  loss of a survival factor leads to apopto-
sis. Vessel stabilization is marked by investment
with mural cells, local activation of TGF-β, and
basement membrane production. The angiopoi-
etins are clearly implicated, though their precise
roles are yet to be determined. 


