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Two critical events in the development of the vascular system: pruning
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Abstract

The cardiovascular system is the first functional organ system to develop in the vertebrate embryo. The primitive heart and
primitive vascular plexus are formed through vasculogenesis and thereafter through angiogenesis. After the establishment
of new connections within the vascular network, a pruning and remodeling process occurs after which some branches are
stabilized, whereas others regress. The aim of this article is to describe the most common pruning and remodeling forms,

which take place during organogenesis in the experimental and human systems.
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The development of the cardiovascular
system

The cardiovascular system is the first functional organ sys-
tem to develop in the vertebrate embryo. The developing
heart arises from lateral plate mesoderm early in embryo-
genesis and begins to emerge shortly after gastrulation. The
primitive heart and primitive vascular plexus are formed
through vasculogenesis, i.e., the formation of vessels from
endothelial cells differentiating in situ from CD34" meso-
dermal cells (angioblasts), and thereafter through angio-
genesis, i.e., the new formation, sprouting of vessels from
pre-existing ones [1-4]. Initiation of sprouting requires the
specification of endothelial cells into tip and stalk cells
bearing different morphologies and functional properties.
Endothelial tip cells primarily migrate but proliferate only
minimally, in contrast to endothelial stalk cells, which do
proliferate [5]. Tip cells express delta-like ligand 4 (DLL4),
which binds Notch receptors on neighboring cells, inducing
stalk cell formation. DLL4 signaling induces Notch-intracel-
lular domain (NICD) to be cleaved in stalk cells, which then
reprograms the cell to produce vascular endothelial growth
factor receptorl (VEGFR1) instead of VEGFR2 [6]. When
two adjacent tip cells come in contact, they can fuse and a
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lumenized, perfused vessel is formed. The leading tip cell
responds to a VEGF gradient by migrating outward from the
parent vessel up the gradient [7]. VEGF induces the forma-
tion and extension of filopodia as well as the expression of
DLLA4 in the tip cells, and filopodia engage with those of a
nearby tip cell to form a *‘bridge’” and the formation of a
new vessel [8]. Upon maturation of the vessel, endothelial
cells then regain a quiescent non-proliferative phenotype,
corresponding to phalanx cells, with high VEGFRI1 levels
[9].

The dorsal aorta originates through vasculogenesis type
I in which angioblasts arise at the site of vessel formation,
whereas the endocardium, ventral aorta, and posterior car-
dinal veins form through vasculogenesis type II from angio-
blasts which originate at distant site and migrate as indi-
vidual cells and small groups to the site of vessel formation
[10]. Vasculogenesis is positively regulated by mesodermal-
derived factors and negatively by ectodermal factors [11].

Further organogenesis during development is depend-
ent on the delivery of oxygen and nutrients facilitated by
a functional circulatory system, and major defects in the
developing vasculature led to early embryonic lethality.
Oxygen can be considered a repellent, while the lack of oxy-
gen is a strong attractant for vessel sprouting. Hypoxia acti-
vates hypoxia-inducible transcription factors (HIFs) which
turn on the expression of angiogenic genes such as VEGF,
inducing vessels to branch toward the hypoxic tissue [12].
Thus, when HIF-dependent VEGF expression is genetically
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dysregulated, organs fail to grow and function normally,
because of insufficient vessel branching and growth [13].

After the establishment of new connections within the
vascular network, a pruning and remodeling process occurs
after which some branches are stabilized, whereas others
regress. Once mature, the vasculature consists of a system
of arteries, arterioles, capillaries, venules, and veins that
promotes the circulation of oxygenated blood between the
heart, lung, and other organs.

Pruning

Pruning was first described in the embryonic retina and
involves the removal of supernumerary blood vessels from
redundant channels [14]. The development of the retinal
vasculature proceeds in two phases: formation of nascent
vascular plexus by sprouting angiogenesis and remodeling
of the nascent vascular plexus into a mature vascular
tree displaying organization of larger trunks and smaller
branches [15]. A critical role in this process is played by
retinal astrocytes, which control endothelial growth and
apoptosis, morphologically manifested as regulation of
vascular pruning and capillary caliber [16]. In the retina,
oxygen supply is a key factor in blood vessel pruning.
Elevated oxygen levels induce vascular pruning [17]. Studies
have highlighted the key role of oxygen and VEGF in the
formation and remodeling of the retina vasculature [18,
19]. Hyperoxia suppresses VEGF production and leads to
obliteration by apoptosis of vessels [20]. Vascular pruning
is the initiating event in the pathogenesis of retinopathy of
prematurity (ROP), a blindness-causing disease induced in
premature infants placed in oxygen chambers, and VEGF
protects retinal vessel from hyperoxia-induced obliteration
in an experimental model of ROP [21].

Another model of vascular pruning is provided by
modification of pulmonary vascularization under certain
conditions, including chronic hypoxia, responsible for an
increased total pulmonary vessel length, volume, endothelial
surface area, and number of endothelial cells [22]. Moreover,
chronic hypoxia leads to the development of increased
pulmonary vascular resistance and pulmonary hypertension
[23, 24]. The structural changes that are thought to underline
the increased vascular resistance depend on remodeling
of the walls of the pulmonary resistance vessels and
pruning in the number of lung blood vessels [24, 25]. The
changes include increased medial thickness of muscular
arterioles, adventitial hypertrophy, and deposition of matrix
components in the vascular walls [25, 26].

A structural alteration caused by chronic hypoxia is
loss of small blood vessels [25, 27, 28]. Flow might affect
vessel pruning, which, due to low wall shear stress, is highly
sensitive to the pressure drop across a vascular network. In
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fact, the degree of pruning increases as the pressure drops
increase [29]. Blood flow generally ceases in these excess
capillaries, the lumina are obliterated, and the endothelial
cell retracts toward adjacent capillaries. Recent advances
have elucidated key mechano-transduction pathways,
including Notch-DLL4 signaling, Piezol mechano-sensing,
endothelial Kriippel-like factor 2 (KLF2) activation that
regulate vessel stabilization or regression. Notch signaling
is required for remodeling the primary plexus into the
hierarchy of mature vascular beds and maintaining arterial
fate and is essential for the homeostatic functions of
differentiated arteries. Notch/DLL4 signaling stimulates
vessel pruning by shifting the expression of vasoactive
genes toward a vasoconstricting phenotype and inducing
endothelial cell apoptosis [30, 31]. Inhibition of Notch/
DLLA4 pathway prevents retinal capillary regression in the
mouse retina regulating vasoconstriction and blood flow
[31]. One of the key roles of Piezol in the endothelium is
the regulation of nitric oxide (NO) release, as mice with
endothelial-specific Piezol deficiency lack flow-induced
NO formation and vasodilation [32]. The expression and
activation of Piezol correlate with repression of KLF2
transcript and protein levels [33]. Hear stress induces AKT
signaling, resulting in KLLF2 activation and upregulation of
NO-synthase and superoxide dismutase, and consequent
endothelial cell survival and NO-dependent vasodilation
[33].

Intussusception may also contribute to pruning by
formation of asymmetrically localized pillars at the
branching points of larger vessels. As a result, daughter
branches become partially obstructed or totally separated
from the mother vessels [34]. This process hence was termed
intussusceptive branching remodeling (IBR). IBR leads to
modification of the branching geometry of supplying vessels,
optimizing pre- and post-capillary flow properties, and leads
to the removal of branches by pruning in response to changes
in metabolic request.

Remodeling

Developmental remodeling involves multiple regulated
processes, including recruitment of mural cells, regulation
of vascular calibers, and regression of excess microves-
sels. Remodeling angiogenesis refers to a wide array of
changes in vascular architecture, including changes to
existing vessels that range from expansion in vessel diam-
eters, to regression and disappearance of vessels, fusion of
smaller vessels to larger ones, and splitting of the larger
vessels into smaller ones [35, 36]. These alterations are
induced by changing flow of blood, with higher flow
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inducing expansion of vessels, while reduction of flow
resulting in regression of vessels.

As the vascular system develops, the initial plexus
becomes remodeled into a complex and heterogeneous
array of blood vessels, including larger vessels such as
arteries and veins, and smaller vessels such as venules,
arterioles, and capillaries. Remodeling involves the
growth of new vessels and the regression of others, as
well as changes in the diameter of vessel lumen and
vascular wall thickness. The developing vasculature
responds dynamically to the growing needs of the embryo
by remodeling vessels that is required to adapt to the
changing hemodynamic and metabolic influences and to
create a more efficient angioarchitecture. Some vessels
may fuse to form a larger one, as occurs with fusion
of the paired dorsal aortae, or they may establish new
connections such as the coronary vessels that connect to
the aorta [37]. It is likely that only a small number of
embryonic blood vessels persist in adulthood [38], with
most capillaries of the embryonic plexus regressing at
some time in development to allow the differentiation of
other tissues. The gross anatomy of the vascular system is
characterized by highly reproducible branching patterns,
with primary and secondary branches forming at precisely
designed sites and with organ-specific architecture.

Angiogenesis in the corpus luteum of the cycling
ovary, in which there are rapid changes in the vasculature,
is illustrative of vascular remodeling [39]. Regression of
the corpus luteum involves programmed cell death of
endothelial cells and steroidogenic cells [40].

Other examples include the regression of capillaries
in prechondrogenic regions to allow the differentiation of
cartilage [41], the regression of the hyaloid vasculature
to allow the development of the vitreous body in the eye
[42] and the retinal vasculature, which undergoes dramatic
vascular remodeling during the formation of the mature
vasculature [43].

During embryological development, in the human
vitreous the primary (vascular) vitreous is gradually replaced
by the secondary (avascular) vitreous. With aging, the
human vitreous undergoes slowly progressive remodeling,
characterized by the gradual formation of collagenous
condensations and liquefied spaces in the gel structure.
The vitreal vasculature is a model of vascular remodeling,
maturation, and regression. Formation and maturation of the
vitreal vasculature involves initial vasculogenesis followed
by angiogenesis, accompanied by pruning and remodeling
of the maturing vitreal vessel network [44-47]. Tubedown-1
(tbdn-1) expression in endothelial cells is downregulated
during the formation of capillary-like structures in vitro.
Paradis et al. [48] showed that tbdn-1 was expressed
highly in the vitreal vascular network during the pruning
and remodeling phases, indicating that the developing

vasculature responds to the growing needs of the embryo
by remodeling vessels.

Vascular remodeling occurs during the formation of the
aortic arches [49]. The major vessels that take blood away
from the heart and deliver it to the arms and the head take
their origin from the aortic arch and are derived from the
arteries formed within the embryonic pharyngeal arches.
These pharyngeal arch arteries, initially symmetrical,
form in a cranial to caudal sequence within the pharyngeal
mesenchyme and undergo a process of remodeling to
produce the asymmetrical brachiocephalic arteries. It is
important to note that the existence of the fifth pharyngeal
arch artery remains controversial in human embryology.
Despite the ever-increasing number of reported cases,
convincing supportive developmental evidence remains
elusive [50]. A complex interaction between the tissues of
the pharyngeal arches and the genes they express is required
to ensure that arterial formation and remodeling can proceed
normally. In early development six paired pharyngeal arch
arteries form sequentially to connect the two dorsal aortae to
the truncal aortic sac. The first and the second pair of arches
form and substantially regress, although they eventually
contribute to the formation of the maxillary artery and the
stapedial and hyoid arteries, respectively. The third, fourth,
and sixth arches contribute to the common carotid, portions
of the subclavian arteries, and the left aortic arch. The fifth
arch is a subject of some debate, as it forms but regresses
completely without forming functional vessels [50, 51]. The
sixth arch gives rise to the left and right pulmonary arteries
as well as the ductus arteriosus, which will regress steadily
1-3 days after birth. The coordinated pattern of regression
leads to the proper formation of the carotid and subclavian
arteries and a single left-sided aortic arch. Normally, the
aortic sac divides into two horns: one on the right that
develops brachiocephalic artery and the other on the left
that makes the proximal segment of the aortic arch. The
right horn makes the proximal segment of the right aortic
arch, and the left horn is of unusually large caliber and
is of abnormally long length. In addition to the extensive
abnormal remodeling of the left brachiocephalic artery, the
appearance of the dual ascending aortas due to persistence
of the left ventral aorta between the origin of the sixth and
the origin of the third aortic arch takes place.

If these regressions do not occur, or if regression occurs
on the wrong side, many anomalies can occur, where vessels
under arterial pressure impinge upon the bronchi and the
esophagus, which can cause stridor, wheezing, esophageal
obstruction, and failure to thrive [52, 53]. Aortic arch
anomalies are common in patients with Di George syndrome
[54].

By the fourth week of gestation in humans, a primitive
venous system has developed, with paired left and
right umbilical and vitelline veins draining into the
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sinus venosus at the base of the developing heart tube.
Subsequently, the right vitelline vein regresses, whereas
the left ones persist. Over the next 8 weeks, the entire right
umbilical vein and the cranial portions of the left umbilical
vein will regress, as the left umbilical vein is incorporated
into portions of the vitelline vein. The umbilical vein,
carrying oxygenated blood from the placenta, thus largely
bypasses the liver to reach the newly formed inferior vena
cava (IVC) via the ductus venosus [55]. The increasing
venous flow from the developing organs of the gut directs
the maintenance and expansion of a select hemodynamic
path through the left and right vitelline veins and their
connections. The superior and inferior mesenteric veins
join the splenic, pancreatic, and duodenal veins to
create the portal vein, which enters the liver. The portal
vein promptly ramifies into the different hepatic lobes,
delivering the products of these organs for processing and
modification.
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