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The molecular mechanism of vascular
lumen formation

The cardiovascular circulatory system is
pivotal for embryonic development, homeo-
static regulation in the adult and is involved
in various pathological situations such as
atherosclerosis and cancer. In mammals, the
circulatory system is composed of endotheli-
al cells (ECs) that form multicellular tubes
with a central vascular lumen. The process of
vascular lumen formation in the developing
aorta is called vasculogenesis, since this
blood vessel forms de novo from ECs. In con-
trast, the formation of secondary blood ves-
sels, for example the intersomitic vessels, is
called angiogenesis, because these blood
vessels form from pre-existing vessels (i.e.
the aorta). Interestingly, lumen formation
during both vasculogenesis and angiogenesis
involves three distinct steps: (i) formation of
a multicellular EC cord (Fig. 1A), (i) forma-
tion of a central vascular lumen in this cord
(Fig. 1B), and (iii) initiation of blood flow
through the vascular lumen (Fig. 1C). In lar-
ger blood vessels, the latter step is subse-
quently followed by further expansion and
remodeling of the blood vessel (Fig. 1D).

Several proteins have been identified as
important for blood vessel lumen formation.
In particular, deletion of one allele of the
vascular endothelial growth factor VEGF-A
results in formation of blood vessels with no
vascular lumen (Carmeliet et al., 1996: Fer-
rara et al., 1996). Besides VEGF-A, the vascu-
lar endothelial-cadherin (VE-cadherin) is

also required for blood vessel lumen forma-
tion (Carmeliet et al., 1999). This cadherin is
exclusively expressed on ECs and deletion,
similar to the deletion of VEGF-A, results in
embryonic death.

The mechanism by which EC cords form a
vascular lumen has been debated (Blum et
al., 2008; Kamei et al., 2006; Nelson and Bei-
tel, 2009). For many decades, lumen forma-
tion was believed to result from intracellular
vacuole coalescence (Folkman and Hauden-
schild, 1980; Kamei et al., 2006; Sabin,
1920). According to this model, each EC
within an EC cord forms a large intracellular
vacuole through fluid up-take, called pinocy-
tosis, and the vacuoles from adjacent ECs
subsequently coalesce to form a continuous
vascular lumen (Kamei et al., 2006). This
model received some support from in vivo
imaging of intersomitic vessels in zebrafish
embryos (Kamei et al., 20086), since vacuole-
like structures were observed at the onset of
lumen formation in these vessels. However,
two years later, Blum and colleagues re-
investigated lumen formation in these blood
vessels and found that the vascular lumen
does not develop from intracellular vacuoles,
but instead forms extracellularly between
adjacent ECs (Blum et al, 2008). Taken
together, so far neither model (vacuole coa-
lescence versus extracellular vascular lumen
formation) explained the molecular mecha-
nism underlying blood vessel lumen forma-
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Figure 1: Transition from non-lumenized vascular cord to lumenized blood vessel

Confocal images of a series of sections through the developing mouse aorta are shown. From the left to
the right, the aorta starts its development as an endothelial cell cord (A) that develops a central vascular
lumen (B), which is slowly filled with red blood cells (C) and expands further (D). Cell nuclei are shown in
blue, and endothelial cells are shown in black.

tion and thus did not explain the roles of
VEGF-A and VE-cadherin in this important
process.

In the present study, we used the developing
mouse (dorsal) aorta as a model system to
investigate the molecular mechanism of vas-
cular lumen formation. The aorta is the first
and largest arterial blood vessel to develop in
all mammals and allows precise temporal
and spatial staging of the transition from a
non-lumenized EC cord to a vascular lumen
(see Fig. 1) (Strilic et al., 2009). In addition,
embryos isolated prior to lumen formation of
the aorta and those injected with interve-
ning substances, can be used to study in vivo
the process of vascular lumen formation
(Strilic et al., 2009). These whole embryo cul-
tured (WEC) embryos develop a functional
circulatory system, fully lumenized aortae
and a beating heart under control condi-
tions. The aorta thus offers several advanta-
ges over in vitrosystems, which are known to
be prone to artifacts and often do not repre-
sent the mammalian in vivo situation
(Kucera et al., 2009).

Using this model system, we found that at
embryonic day (E) 8.0 at the 1-2 somite (S)
stage of mouse development, the aortic EC
cords have not yet formed a vascular lumen,
whereas at the 6-8S stage all cords have for-
med a vascular lumen larger than 5 pm in
diameter (Strilic et al., 2009). This shows that
in the aorta the transition from a non-
lumenized cord to a lumenized blood vessel
only takes several hours and can be staged,
depending on the number of somites (Strilic
et al., 2009). More importantly, by careful
analyses using single plane illumination
microscopy (SPIM), confocal light microsco-
py and electron microscopy we found that
lumen formation in the aorta occurs in the
absence of intracellular vacuoles. Instead,
our data suggested that the lumen develops
extracellularly at the cell-cell contact bet-
ween adjacent ECs (Strilic et al., 2009).
Since the formation of specialized luminal
plasma membranes is thought to be a key
step during lumen formation in epithelial
cells (reviewed by (Bryant and Mostov, 2008;
Lubarsky and Krasnow, 2003)), we checked
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Figure 2: Localization of CD34-sialomucins, phospho-moesin, F-actin and nm-myosin Il at the endothelial cell-cell contact at the onset of vascular lumen forma-

tion

Confocal images of transverse sections through the developing aortae are shown. Arrows point to the endothelial cell-cell contact. Asterisks mark the developing

lumen. En, endoderm; Mes, mesenchyme.

At the cord stage, during onset of vascular lumen formation, the molecules CD34 (A), PODXL (B), phospho (p)-moesin (C), F-actin (D) and some nm-myosin Il (E)
localize at the endothelial cell-cell contact. All molecules remain enriched at the plasma membrane facing the developing lumen (F-J). Scale bars, 5 um. Image

adopted from (Strilic et al., 2009).

for CD34-sialomucins at the endothelial
cell-cell contact at the onset of vascular
lumen formation. CD34-sialomucins are
transmembrane proteins with a highly glyco-
sylated and negatively charged extracellular
domain, and are commonly used as an api-
cal/luminal cell surface marker in epithelial
cells (Meder et al., 2005). In line with the
notion that the vascular lumen develops at
the endothelial cell-cell contact, we obser-
ved that the CD34-sialomucins CD34 and
podocalyxin (PODXL) localized at the endo-
thelial cell-cell contact at the cord stage
(Fig. 2A and B) and remained localized at the
luminal plasma membrane thereafter (Fig. 2F
and G). CD34-sialomucins can furthermore
link the luminal plasma membrane to the
underlying F-actin cytoskeleton via adapter
molecules (for review see (Bretscher et al.,
2002)), and these adapter molecules were
shown to be required for epithelial tubuloge-
nesis (Gobel et al., 2004; Van Furden et al.,
2004). In addition, we found the activated
adapter molecule phospho (p)-moesin toget-
her with F-actin localized at the apical pole
interface between adjacent ECs (Fig. 2C and
D) and at the luminal plasma membrane (Fig.
2H and 1). Furthermore, F-actin is known to
interact with non-muscle (nm) myosin Il to
induce cell shape changes in different cell
types, including ECs (Furman et al., 2007).
Similarly, nm-myosin Il was enriched at the
endothelial cell-cell contact before (Fig. 2E)
and during initial vascular lumen formation
(Fig. 2J). Together, our data suggested that

negatively charged CD34-sialomucins initi-
ally separate the ECs from each other and
subsequently, an apical actomyosin complex
consisting of F-actin and nm-myosin |l
exerts the physical force to further separate
the ECs from each other, giving rise to a vas-
cular lumen.

Despite the detailed morphological data on
vascular lumen formation in the aorta, we
still did not understand the molecular
mechanism and in particular we did not
know when and how VE-cadherin and VEGF-
A are involved in this process. To address
these questions, we used several genetic and
pharmacologic approaches. We first investi-
gated the role of VE-cadherin, since cad-
herins are known to induce cell polarity in
epithelial cells (Nejsum and Nelson, 2007),
and establishment of polarity was important
in vascular lumen formation (see Fig. 2).
Interestingly, mice deficient for VE-cadherin
failed to form a proper lumen in the aorta,
and this defect was not due to a decreased
number of ECs or an increased rate of apop-
tosis (Strilic et al., 2009). Instead, these
embryos failed to localize the above-mentio-
ned molecules (CD34-sialomucins, p-moesin,
F-actin and nm-myosin Il) at the endothelial
cell-cell contact (Strilic et al., 2009). There-
fore, we could show that VE-cadherin, possi-
bly via the phosphatase and tensin homolog
(PTEN), is required for establishing endothe-
lial cell polarity and vascular lumen forma-
tion. This data is also in line with other data
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showing that cadherins associate with PTEN
(Vogelmann et al., 2005) and that PTEN is
necessary for establishing apical cell polarity
and lumen formation in epithelial cells (Mar-
tin-Belmonte et al., 2007).

Since PODXL and moesin were the first
molecules to localize at the endothelial cell-
cell contact, we asked whether these mole-
cules were required for vascular lumen for-
mation. To this end, we analyzed mice that
were deficient for either PODXL or moesin.
Interestingly, analysis of each individual
knockout mouse revealed that lumen forma-
tion in the aorta was delayed and that
lumens were significantly smaller (Strilic et
al., 2009). Importantly, in both cases, F-actin
was not enriched at the endothelial cell-cell
contact, providing genetic evidence that the
CD34-sialomucin PODXL and the adapter
molecule moesin are both required for lin-
king the luminal plasma membrane to the F-
actin cytoskeleton and for vascular lumen
formation.

Next, we asked how the activation of moesin
is requlated, since only phosphorylated moe-
sin links CD34-sialomucins to the F-actin
cytoskeleton (for review see (Bretscher et al.,
2002)). Using several inhibitors against pan-
PKC- or ROCK I/ll-mediated signaling, we
found in vitro that inhibition of PKC preven-
ted phosphorylation of moesin, but did not
affect phosphorylation of myosin light chain
(MLC), another known target downstream of
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PKC signaling. In contrast, inhibition of ROCK
I/l prevented phosphorylation of MLC, but
did not affect phosphorylation of moesin.
This data was confirmed in vivo using WEC.
ECs of developing aortae from mice injected
with either PKC- or ROCK-inhibitors were
normally polarized (i.e. PODXL was localized
at the endothelial cell-cell contact). Howe-
ver, in mouse embryos injected with the PKC
inhibitor, p-moesin, F-actin and nm-myosin
were not enriched at the endothelial cell-cell
contact (Strilic et al., 2009). In contrast,
embryos injected with the inhibitor against
ROCK, showed normal phosphorylation of
moesin and F-actin localization at the end-
othelial cell-cell contact, but failed to posi-
tion nm-myosin Il to F-actin (Strilic et al.,
2009). In both cases, vascular lumens formed
to a lesser extent. This data showed that
PKC-signaling is required for phosphoryla-
tion of moesin, recruitment of F-actin to the
cell-cell contact and vascular lumen forma-
tion, while ROCK-mediated signaling is
required for phosphorylation of MLC, nm-
myosin Il recruitment to the F-actin cytoske-
leton at the cell-cell contact and vascular
lumen formation.

VEGF-A is known to regulate ROCK activity
and is required for embryonic blood vessel
formation (Carmeliet et al., 1996; Ferrara et

al., 1996). Similar to the results that we
obtained after injection of ROCK-inhibitors
into mouse embryos, mice that were haplo-
insufficient for VEGF-A showed correct pola-
rization, phosphorylation of moesin and
localization of F-actin at the endothelial
cell-cell contact but failed to position nm-
myosin Il to the latter complex (Strilic et al.,
2009). Importantly, this defect was not due
to decreased endothelial cell proliferation or
an increased rate of apoptosis.

Since the analyzed mouse embryos still har-
bored half of the endogenous VEGF-A, it was
likely that this reduced amount of VEGF-A
was sufficient for moesin phosphorylation
and F-actin recruitment. For this reason, we
tested two differentially acting inhibitors
against VEGF-A-mediated signaling both in
vitro and in vivo in WEC (FIt1-Fc and
SU5416). The data confirmed that in the
absence of VEGF-mediated signaling polarity
establishment and moesin phosphorylation
were normal, but MLC phosphorylation was
reduced, nm-myosin Il was absent from the
endothelial cell-cell contact and lumen for-
mation was impaired.

Conclusively, this study for the first time pro-
poses a model that explains how ECs form a
vascular lumen on a molecular level and
integrates key players such as VE-cadherin

and VEGF-A. We could show that the aortic
lumen develops extracellularly at the endo-
thelial cell-cell contacts between ECs, rather
than through coalescence of intracellular
vacuoles. Furthermore, we identified a mole-
cular pathway comprising CD34-sialomu-
cins, (p)-moesin, F-actin and nm-myosin I1.
These proteins are localized to the endo-
thelial cell-cell contacts to define the lumi-
nal cell surface and to trigger cell shape
changes required for aortic lumen formation.
More precisely, CD34-sialomucins localize to
EC contacts in a VE-cadherin dependent-
manner, and the repellent activity of these
CD34-sialomucins initiates lumen formation
(Fig. 3A to B). The CD34-sialomucins are also
required for the recruitment of moesin, a
step that is driven by the activation and
phosphorylation by PKC (Fig. 3B to C).
Moesin helps to stabilize the F-actin network
at the cell-cell contact. Importantly, VEGF-A
and ROCK are not involved in the early steps
of vascular lumen formation (i.e. polarization
and moesin phosphorylation), but recruit
nm-myosin |l to the cortical F-actin network
by phosphorylating MLC, and furthermore
requlate cell-shape changes required for
vascular lumen formation (Fig. 3C to D).
Finally, components of this pathway are also
present during blood vessel formation in
other organ systems and tumors (Strilic et
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Figure 3: Molecular mechanism of in vivo vascular lumen formation in the developing aorta
(A) Adjacent endothelial cells (ECs) adhere to each other via junctions at multiple positions along the endothelial cell-cell contact.

(B) VE-cadherin is required for localizing of CD34-sialomucins to the endothelial cell-cell contact, possibly via its interaction with PTEN. The anti-adhesive CD34-
sialomucins are involved in separating apical endothelial cell surfaces from each other.
(C) PKC activity is required for phosphorylating moesin, which is involved in recruiting F-actin to the endothelial cell-cell contact.

(D) VEGF-A activates ROCK, which is required for myosin light chain (MLC) phosphorylation and recruitment of nm-myosin Il to the apically enriched F-actin.
VEGF-A and ROCK are required for fully separating apical endothelial cell surfaces from each other, for EC shape changes and for vascular lumen formation. Since
the developing lumen (asterisk) is leaky, extravascular interstitial fluid (Fig. 3D, grey dots) passively enters via paracellular openings. Image from (Strilic et al.,

2009).
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al., 2009), suggesting that this model may
represent a general mechanism for vascular
lumen formation.
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