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ABSTRACT

Tubular sprouting in angiogenesis relies on division of labour between endothelial tip
cells, leading and guiding the sprout, and their neighboring stalk cells, which divide and
form the vascular lumen. We previously learned how the graded extracellular distribu-
tion of heparin-binding vascular endothelial growth factor (VEGF)-A orchestrates and
balances tip and stalk cell behavior. Recent data now provided insight into the regulation
of tip cell numbers, illustrating how delta-like (DIl)4-Notch signalling functions to limit the
explorative tip cell behavior induced by VEGF-A. These data also provided a first answer
to the question why not all endothelial cells stimulated by VEGF-A turn into tip cells. Here
we review this new model and discuss how VEGF-A and Dll4/Notch signalling may
inferact dynamically at the cellular level to control vascular patterning.

Endothelial tip cells are characterized by their position at the very tip of angiogenic
sprouts and by their extensive filopodia protrusions directed towards attractive angiogenic
cues.!? In the developing mouse retina, tip cells are further distinguished from stalk cells
by higher levels of transcripts for certain genes including vascular endothelial growth
factor (VEGF) receptor (VEGFR) 2 and near selective expression of other genes like
platelet derived growth factor B (pdgf-b).”

Several observations suggest that the tip cell is not a permanent cell fate but rather
represents a transient endothelial phenotype that is induced and maintained by VEGF-A
stimulation. For instance, exposure of quiescent vessels to VEGF-A leads to new filopodia
formation and tip cell gene expression, while VEGF-A sequestration in vivo causes filo-
podia retraction, suggesting that the tip cell phenotype is reversible. Also conceptually,
when sprouts anastomose to form the next vessel loop, the exploratory tip cell behavior
must cease to allow for the new connection to stabilize.”!® We, and others, recently
showed that DIl4 signalling through the Notchl receptor negatively regulates the forma-
tion of endothelial tip cells.!%1> Genetic inactivation or pharmacological inhibition of
DIl4 or Notchl signalling leads to excessive formation of tip cells and as a consequence,
over-sprouting and a hyper dense vascular network!%!> with immature characteristics.'®
Conversely, activation of Notch signalling leads to a reduced number of tip cells and
a less dense vascular network.!12 Sainson et al. first proposed, based on observations
in a three-dimensional sprouting system of endothelial cell clusters in collagen gels, that
inhibition of Notch signalling leads to increased distal branching through division of
tip cells.'* Also, Siekmann and Lawson observed increased proliferation at the tip of
sprouting intersegmental vessels in zebrafish after knockdown of RBP]J/suh (required for
Notch signalling). This, together with time lapse studies where endothelial cell division
was closely monitored, led them to suggest that tip cells undergo stereotyped cycles of
sprouting and division.!?> However, using clonal analysis of individual cells from RBPJ/
suh knockdown embryos, they observed that Notch deficient endothelial cells appeared
much more frequently at the tip position while cells with constitutive Notch signalling
were excluded from the tip position in an otherwise normal vasculature. Our own mosaic
analysis in the mouse retina confirmed that cells deficient in Notchl more frequently
adopt the tip cell position and phenotype. Together, these data allow us to draw impor-
tant conclusions towards the mechanism of sprouting and the role of Notch signalling.
First, individual endothelial cells appear to compete for the leadership. Second, Notch
signalling determines which cell will gain competitive advantage among the endothelial
cells stimulated by VEGF-A. Third, while Notch may also influence cell division, this
effect alone cannot account for tip versus stalk positioning or the dramatic increase in tip
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cells after DII4/Notch inhibition during retinal angiogenesis. The
observation of single tip cells with RBP]/suh knockdown leading
sprouts in a wild type background zebrafish seems incompatible
with the idea of increased tip cell proliferation as the cause of hyper-
sprouting in Notch loss of function mutants. One would otherwise
expect to observe clusters of several knockdown cells to out-compete
their wild type endothelial cell siblings. However, Lawson cautioned
their data did not allow to unequivocally establish whether one or
more knockdown cells were situated at the tip of the intersegmental
sprouts in the transplant experiments (personal communication).
The use of nuclear localized green fluorescent protein (GFP) to mark
transplanted cells would help to solve this question in the future. In
addition, Lawson commented that loss of Notch signalling in their
study affected how many cells decided to proliferate rather than how
often individual cell proliferated (or how rapidly they do so). Thus,
clearly more work needs to be done to establish whether the increased
proliferation contributes to the competitive advantage of Notch defi-
cient cells for the tip position.

How then is competitive advantage achieved? During sprouting
angiogenesis in the retina, point sources of VEGF produced by
astrocytes act on the tip cells, which express high levels of VEGFR2.
Thus, spatial proximity to the point source could favor one cell over
the other as higher levels of ligand should lead to higher VEGFR2
signalling activity. However, tip cells also occur in more uniform
VEGEF environments suggesting that endothelial cells might have to
determine their leader in a tug of war. In theory, as a cell that has
more VEGFR2 signalling activity should be more likely to adopt the
tip position, DII4/Notch signalling could function to downmodulate
this pathway in trailing stalk cells thereby limiting their chances of
becoming a tip cell. Indeed, there is good evidence for the cross talk
between these two signalling pathways as VEGF-A induces DIl4,'7
and DII4-Notch signalling downregulates VEGFR2 in cultured
endothelial cells.!® Suchting and co-workers reported widespread
upregulation of VEGFR?2 in retinal vessels of early postnatal DII4*
mice, leading them to propose that increased tip cell formation from
stalk regions correlates with increased VEGFR2 signalling in these
regions. Accordingly, the normal function of Notch signalling could
be to limit VEGFR2 levels in the stalk in order to prevent ectopic
tip cell activity. If such a system was functioning in vivo, it would
generate a negative feedback loop, which should indeed be able
to select tip and stalk cells even in a uniform VEGF environment
(Fig. 1A). In an effort to understand the properties of such a feedback
loop and to investigate whether and how tip cell selection would
respond to different VEGF-A environment, Bentley and co-workers
recently established a computer simulation model of tip cell selec-
tion.!” The model illustrates that VEGFR2 regulation downstream
of Notch signalling is sufficient to promote stable selection of tip
and stalk cells, but only in a narrow window of VEGF-A concentra-
tion. Interestingly, the selection process is facilitated through tip cell
filopodia extension and a stable pattern is much more rapidly estab-
lished in non uniform VEGF environments. Several experimental
observations suggest that the regulatory mechanism involves addi-
tional components of the VEGF signalling pathway. While others
have not been able to detect changes in VEGFR2 mRNA levels
after DIl4/Notch inhibition,!%1215 VEGFR1 expression levels were
consistently reduced in DII4*/~ retinas and after inhibition of Notch
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signalling!®1> (and our unpublished observation). Conversely, forced
DIl4 expression in cultured endothelial cells leads to increased
levels of VEGFRI1 and sVEGFRI (soluble VEGFR1).2? This may
be another mechanism induced by Notch signalling to attenuate
sprouting activity since VEGFR1 functions as a decoy receptor by
limiting VEGFR2 activation (Fig. 1B).21?2 Our own unpublished
data further show strong upregulation of neuropilin-1 (Nrpl)
following inhibition of Notch signalling. As Nrpl is considered
a positive modulator of VEGFR2 signalling,?? regulation of net
VEGFR2 activity, not levels, could be achieved through Notch
mediated fine tuning of VEGF co-receptors VEGFR1 and Nrpl.
Siekmann and Lawson reported upregulation of yet another receptor
for the VEGF family, VEGFR3, in zebrafish following inhibition
of Notch signalling.!> VEGFR3 is primarily known for its essential
role in lymphangiogenesis where it acts as the key signalling receptor
for VEGF-C (reviewed in ref. 24). However, during development,
VEGEFR3 is also expressed in blood vascular endothelium and impor-
tant for development of the cardiovascular system.?> Interestingly,
also in the developing mouse retina, VEGFR3 is expressed at higher
levels in tip cells compared to stalk cells and inhibition of Notch
leads to an upregulation of VEGFR3 during retinal angiogenesis
(Tammela and Alitalo, personal communication). In line with this,
inhibition of VEGFR3 partially rescued normal tip cell patterning
after inhibition of Notch signaling in zebrafish!? and mouse retina
(Tammela and Alitalo, personal communication). Together, these
data reinforce the idea that modulation of VEGF signalling is the
key downstream effector of the DIl4/Notch signalling pathway in
the process of tip cell selection (Fig. 1C). Selective receptor activation
and inactivation, as well as clonal analyses will be necessary to deter-
mine the true involvement of the individual receptors and signalling
components in the tip cell selection process.

In order to further understand how the DIl4-Notch signalling
pathway regulates the sprouting process, we also need to consider
the dynamics of DII4 and Notch protein expression and activation
in the context of the endothelial cell behavior. In particular, it will
be important to decipher whether the “salt and pepper” pattern of
DIl4 expression reflects a spatial and/or a temporal regulation event,
and how Notch downstream components distribute and function
in a dynamic fashion. d//4 mRNA is most strongly expressed in the
sprouting region, but not entirely selective for tip cells. Instead Z//4
can be found in both tip and stalk cells, but almost never in directly
neighboring cells. This distinct “digital” or “black and white” pattern
of Dll4-positive (“white”) and negative (“black”) endothelial cells can
only partially be explained by DIl4 induction through VEGF and
subsequent Dll4-mediated suppression of VEGFR in neighboring
cells, as one would expect to still find some Dll4-expressing cells
(“grey”) neighboring each other in such a model where a graded
(analogue) VEGF signal is the input.!! Also, while the tip cell marker
pdgfb spreads over many neighboring cells when Notch signalling
is inhibited, d//4 remains to be distributed in the “salt and pepper”
pattern. This would argue that 4//4 is not directly regulated through
a Notch mediated negative feedback loop. Interestingly, antibody
staining for DIl4 showed that the protein was more widely expressed
than the 4//4 mRNA.'"15 This could suggest that other cells also
express dfl4 mRNA at very low levels not detected by in situ hybrid-
ization and that the DIl4 protein is far more stable compared to the
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mRNA, thus allowing the protein to
accumulate. Alternatively, the in situ
hybridisation images could potentially
reflect snapshots of high expression,
which fluctuates in alternating pulses
between neighboring endothelial cells.
Interestingly, such pulses or fluctua-
tions in expression are characteristic
of the dynamic behavior of Notch
pathway components in other devel-
opmental systems including vertebrate
somitogenesis and neural patterning,
reviewed in ref. 26. Although the
ligand DII1 (delta C in zebrafish) oscil-

27,28 the oscillations

lates in expression.
of Notch signalling are primarily regu-
lated by a negative feedback loop in
the Notch downstream targets Hes
(Fig. 1), in particular Hes7 and Hesl,
as well as lunatic fringe, a glycos-
yltransferase that modulates Notch
intracellular domain (NICD) activity,
reviewed in ref. 25. The main function
of Notch signalling is not to establish
these oscillations, but to synchronize
them between the cells in order to
achieve regular formation of somite
boundaries and axial symmetry. If these
cells are segregated, they loose synchro-
nization, but still oscillate individually,
however, with unstable periodicity.??
Hes1 oscillations have been observed
in many cell types including fibro-
blasts and neuroblasts. It appears that
periodic expression of Notch signalling
components is rather the rule than
a specialization, but usually they go
unnoticed because these oscillations
are not in phase (reviewed in ref. 26).
It is tempting to speculate that the
dynamic pattern of DIl4 expression
oscillates in individual endothelial
cells, and that we observe the “salt and
pepper” pattern because they are out
of phase between neighboring cells.
Interestingly, similar oscillations in
neuroblast differentation and neural
tube patterning fulfil two functions,
(a) boundary formation and (b) prolif-
eration control (reviewed in ref. 26).
Thus, the observed defects in “vascular
boundary” formation, i.e., the tip-stalk
distinction, and the observed loss of
proliferation control after inhibition of
Notch signalling in angiogenesis could
very well fit with such a model.
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Figure 1. Schematic illustration of possible mechanisms of tip cell selection through modulation of different
components of the VEGF signalling pathway following Notch signalling. Two adjacent endothelial cells are
depicted, light grey tip cell (activated by VEGF-A), dark grey stalk cell (inhibited through Notch signalling).
(A) VEGF-A (blue dimers) binds and activates VEGFR2 in the tip cell, leading to activation of the dll4 promoter
and also VEGFR2 promoter reinforcing high levels of VEGFR2 receptor. DIl4 (green) activates the Notch receptor
(brown) in the neighboring cell. Gamma secretase (GS) cleavage leads to release and translocation of the
Notch intracellular domain (NICD) into the nucleus, where it binds to the transcriptional co-repressor complex
including CBF1/RBPJ/suh. NICD binding leads to transcriptional activation of downstream targets of the
Hairy enhancer of split (Hes) family. Repression of the VEGFR2 promoter may be mediated by Hes members
or possible other direct effects of NICD. Net reduction in VEGFR2 protein in the stalk cell leads to competitive
advantage of the tip cell. (B) Additional pathway components are regulated by Notch signalling. VEGFR1
(orange) and soluble VEGFR1 lacking the transmembrane domain sequester VEGF-A in the extracellular
space, thus reducing signalling and activity through VEGFR2. NICD through unknown mechanism promotes
VEGFR1 promoter activity. (C) VEGFR3 (pink) and neuropilin-1 (NRP1, turquoise) expression is induced in tip
cells, promoting net activity of VEGF signalling. DIl4-Notch signalling leads to reduced expression of VEGFR3
and NRP1 in stalk cells. The regulation of VEGFR1 as in (b) augments the net difference in VEGF signalling
between tip (high) and stalk (low).
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A temporal model of such oscillations in angiogenesis would have
to suffice to coordinate repetitive cycles of sprouting, branching
and fusion. In the retina, the sprouting region advances roughly
250 um per 24 hours, corresponding to approximately four to five
new vascular loops. Thus, the average time it takes from sprout initia-
tion to anastomosis should be approximately six hours. In line with
this estimate, Notch inhibition using a y-secretase inhibitor for three
hours only led to increased and more widespread filopodia extension,
whereas six hours treatment led to increased branching density in the
front row of the advancing vascular plexus.!! Thus, DIl4 mediated
signals, if they oscillate, should cycle with a periodicity of six hours.
Unfortunately, current Notch reporter tools in the mouse use GFR,
which has a half life of more than 12 hours, and preclude therefore
detection of the true dynamic pattern of Notch activation in vivo.
Indeed, most images of retinas from these reporter mice illustrate
several neighboring cells with GFP signal, although often with
different signal intensity. This observation supports the idea that
signalling is bidirectional and likely more dynamic than what can be
resolved with GFP. Also, our finding of internalized localization of
DIl4 in neighboring cells during the sprouting process suggested that
signalling goes back and forth between endothelial cells at sprouting
front.!!

Looking ahead we anticipate that the analysis of dynamic Notch
signalling in the process of branching (tip cell formation), anas-
tomosis (tip cell fusion), the control of stalk cell quiescence and
maturation, and the cross-talk with other pathways will need to be
addressed in detail to further increase our understanding of vascular
morphogenesis.
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