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Abstract: Over the last two decades, it has become clear
that classical molecules that regulate neurodevelopment
also play an important role in directly regulating the
development of the vascular system and vice versa. The
prototypical angiogenic ligand vascular endothelial
growth factor (VEGF) is by now also regarded as a molec-
ular regulator of different neurodevelopmental processes,
such as neuronal progenitor proliferation, migration and
differentiation, dendritic and axonal branching and syn-
aptogenesis. The direct effect of other classical angiogenic
factors, such as angiopoietins and its receptor Tie2, on
neurodevelopmental processes remains less defined.
Recent work from our group indicates that the
angiopoietin-Tie2 pathway does not only regulate blood
vessel formation and stabilization but also simultaneously
affect neuronal dendritogenesis in a cell-autonomous
manner. In this mini-review, we will integrate our find-
ingswithin the current understanding of the neurovascular
link and within the previous knowledge of the potential
effects of angiopoietins in the neuronal context.
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Zusammenfassung: Während der letzten beiden Jahr-
zehnte hat sich gezeigt, dass Moleküle die bekanntermaßen
die neuronale Entwicklung regulieren, auch eine wichtige
Rolle bei der Entwicklung des vaskulären Systems spielen.
Der prototypische angiogene Wachstumsfaktor Vascular
Endothelial Growth Factor (VEGF) wird heute auch als
molekularer Regulator verschiedener neuronaler

Entwicklungsprozesse angesehen, welche von der Prolife-
ration, Migration und Differenzierung neuronaler Vor-
läuferzellen bis hin zur Verzweigung von Dendriten und
Axonen sowie der Bildung von Synapsen reichen. Der
direkte Effekt von anderen klassischen, angiogenen Fakto-
ren, wie beispielsweise Angiopoietine und deren Rezeptor
Tie2, auf die neuronale Entwicklung ist sehr viel weniger
untersucht. In einer aktuellen Studie unserer Gruppe
konnten wir zeigen, dass der Angiopoietin-Tie2 Signalweg
nicht nur das Blutgefäßwachstum sondern simultan auch
die neuronale Dendritogenese in einer zell-autonomem
Weise reguliert. In diesem Mini-Review wollen wir unsere
Ergebnisse in die heutigen Erkenntnisse über die Neu-
rovaskuläre-Wechselwirkung sowie die bekannten Effekte
von Angiopoietinen im neuronalen Kontext einbinden.

Schlüsselwörter: Angiopoietine; dendritische Verzwei-
gung; Neurone; Neurovaskuläre-Wechselwirkung; Tie2.

The concept of the neurovascular
link

Research of the past decades highlighted the term neuro-
vascular link, as a research concept trying to understand
the similarities and parallelisms between the vascular and
the nervous system. Powered by advancing technologies
and increasing experimental sensitivity, a number of
research studies have demonstrated that both the neuronal
and the vascular systems havemanymore similarities than
previously anticipated. Signaling pathways that were
classically discovered in either the vascular or the neuronal
context are today known to be cross-expressed and func-
tionally affect the respective other one (Paredes et al., 2018;
Walchli et al., 2015). In particular, from the vascular
perspective, the best-studied molecule is the prototypic
angiogenic factor vascular endothelial growth factor
(VEGF). Extensive research at the interface of neuro and
vascular biology has shown that VEGF is able to directly act
on neural cells and participate in the regulation of different
neural-related processes (Carmeliet and Ruiz de Almodo-
var, 2013). Work from us and other research groups
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contributed to the characterization of VEGF as a factor
regulating neurogenesis, axon guidance, neuronal migra-
tion, motoneuron vascularization and hippocampal den-
dritic and axon branching (Erskine et al., 2011; Harde et al.,
2019; Himmels et al., 2017; Luck et al., 2019; Mackenzie and
Ruhrberg, 2012; Ruiz de Almodovar et al., 2010, 2011;
Schwarz et al., 2004). Particularly for the latter, with the
support from the Schram Foundation, we were able to
characterize that the VEGF receptor VEGFR2 is expressed in
CA3 hippocampal neurons and that a direct VEGF/VEGFR2
signaling is required for proper CA3 axon branching during
development (Luck et al., 2019).While the function of VEGF
in the nervous system is starting to be well understood,
little is known about whether other essential angiogenic
pathways, such as the angiopoietin-Tie pathway, can act as
potential factors signaling directly on neural cells, or as
neurovascular communication signals.

The angiopoietin-Tie pathway

The Tie (Tyrosine kinase receptors with Immunoglobulin-
like and EGF-like domain) receptors, Tie1 and Tie2, were
first described in the 1990s to be highly expressed in the
vascular system (Dumont et al., 1992; Partanen et al.,
1992; Tanaka et al., 1993). Their amino-terminal ectodo-
main is composed of two Ig-like domains, followed by
three epidermal growth factor (EGF)-like repeats, one Ig-
like domain and three fibronectin-type III domains
(Figure 1A) (Barton et al., 2006; Fiedler et al., 2003;
Macdonald et al., 2006). Shortly after the discovery of the
receptors, researchers identified specific ligands for Tie2
named angiopoietins, with the main two being Ang1 and
Ang2 (Davis et al., 1996; Maisonpierre et al., 1997; Reiss
et al., 2007). Angiopoietins are glycosylated, secreted
proteins composed of a N-terminal superclustering
domain followed by the coiled-coil oligomerization
domain and the C-terminal fibrinogen-like domain
(Figure 1C) (Davis et al., 2003; Kim et al., 2005). Even
though Tie1 and Tie2 share a high sequence homology, it
is only Tie2 that can bind directly and signal via angio-
poietins (Barton et al., 2006). Tie1 on the other hand is
important for modulating the signaling properties of Tie2
by forming a heterodimeric complex (Figure 1B) (Sahar-
inen et al., 2005; Seegar et al., 2010). Tie1 additionally
controls Tie2 surface presentation (Savant et al., 2015),
and it further modulates Tie2 signaling via regulated
cleavage of its extracellular domain (Kim et al., 2016;
Korhonen et al., 2016) Until recently, Tie1 was considered
an orphan receptor that acts as a coreceptor for Tie2.
However, leukocyte cell-derived chemotaxin 2 (LECT2)

was recently identified as a functional ligand of Tie1 (Xu
et al., 2019). The crucial role of Tie receptors in the
vascular system is highlighted in studies performed with
knockout mice. The complete knockout of Tie2 leads to
severe vascular and venous malformations, and mutant
embryos die early (E10.5) due to defects in cardiac
development (Chu et al., 2016; Dumont et al., 1994; Katoh
et al., 1995). Similarly, in the absence of Tie1 mice have an
increased and leaky vascular network and die latest at
birth due to respiratory failure (Katoh et al., 1995; Puri
et al., 1995; Yuan et al., 2007). In the adult, vascular loss of
Tie receptors does not cause lethality but leads to reduced
angiogenic sprouting and vascular density in case of Tie1
and to reduced arterial angiogenesis and increased
venous sprouting in case of Tie2 (Chu et al., 2016).

Angiopoietins in the vascular system

Here we just give a brief overview of the main and classical
roles of Ang1 and Ang2 signaling via Tie2 in the vascular
system. However, it is important to mention that in the
vascular system, angiopoietins can also signal in a
Tie2-independent manner via integrins (Bae et al., 2020)
For further details, we refer the reader to excellent reviews
in the topic (Eklund and Saharinen, 2013; Koh, 2013;
Saharinen et al., 2005, 2017). In the angiogenic context, the
spatiotemporal expression and role of angiopoietins has
been extensively characterized. Vascular endothelial cells
comprise the predominant source of Ang2 (Fiedler et al.,
2006); however, recent studies have shown that other cell
types also express and signal via Ang2, including adipo-
cytes (Bae et al., 2020) and tumor cells (Abdul Pari et al.,
2020). On the other hand, Ang1 expression and secretion
can be detected from various cells in the proximity of blood
vessels, including pericytes and astrocytes (Acker et al.,
2001; Davis et al., 1996; Kim et al., 2000). Angiopoietin
ligands affect the vascular system in an opposing fashion,
with Ang1 and Ang2 showing agonistic and antagonistic
functions, respectively (Figure 1D). These opposing roles
have been unraveled in studies performed both in vivo and
in vitro. More specifically, Ang1 stimulation of endothelial
cells in vitro has a proangiogenic effect, leading to a time-
and dose-dependent phosphorylation of Tie2 receptors
(Bogdanovic et al., 2006). Thus, Tie2 activation through
Ang1 reduces vascular leakage and induces endothelial
quiescence (Oh et al., 2015). In this line, Ang1-knockout
mice show severe vascular malformations and die embry-
onically, resembling the phenotype observed upon Tie2
loss of function (Suri et al., 1996). Ang2, however, seems to
act as a partial agonist. Ang2-knockout animals are
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generally viable and are characterized by a reduced in-
flammatory response (Benest et al., 2013). The excess of
Ang2 activates endothelial cells and induces angiogenesis,
whereby it can counteract the effect of Ang1 (Maisonpierre
et al., 1997; Witzenbichler et al., 1998). Therefore, the
overexpression of Ang2 causes a phenotype similar to the
loss of function of Ang1 and Tie2 (Maisonpierre et al., 1997).

Angiopoietins in the nervous
system

Ang/Tie2 in neurogenesis and neuronal
survival

In vitro studies show that Ang1 stimulation leads to prolif-
eration and differentiation in neural progenitor cells (NPCs)
and neuronal survival in sensory and cortical neurons (Bai

et al., 2009; Lim et al., 2015; Rosa et al., 2010; Valable et al.,
2003). In adulthood, NPCs of the subventricular zone (SVZ)
neurogenic niche express Ang1, whichwas shown to act as a
proneurogenic factor and regulate stem cell dynamics by
promoting stem cell proliferation and differentiation in a
Tie2-dependent manner (Rosa et al., 2010). Ang2 is
expressed in the developing cortex, and specific knockdown
ofAng2 in the cortexduring embryonicdevelopment leads to
impaired radialmigration of cortical neurons (Marteau et al.,
2011). In a pathological setting, Ang2 becomes more highly
expressed in endothelial cells (Beck et al., 2000) and inNPCs
after stroke and leads to endothelial cell proliferation (Beck
et al., 2000) and neuronal differentiation in a Tie2--
dependentmanner (Androutsellis-Theotokis et al., 2009; Liu
et al., 2009).

In summary, there is accumulating evidence suggest-
ing that the angiopoietin-Tie2 pathway contributes to
physiological neurogenesis as well as regulates disease
progression in the adult central nervous system (CNS)

Figure 1: The angiopoietin-Tie2 signaling pathway. (A) The molecular structure of Tie2 (Tyrosine kinase receptors with Immunoglobulin-like and
EGF-likedomain) is composedof twoN-terminal Ig-likedomains, followedby threeEGF-like repeats, one Ig-likedomain and threefibronectin-type
III domains. The C-terminal endo-domain shows kinase activity. (B) The Tie2 receptor can form homodimers (I.) or heterodimers with Tie1 (II.) as
well as with integrins (III.), what changes its affinity to bind angiopoietin ligands and the downstream signaling. (C) Angiopoietins are glyco-
sylated, secreted proteins containing three main domains, the N-terminal superclustering domain followed by the coiled-coil oligomerization
domain and the C-terminal fibrinogen-like domain. (D) The balance of Ang1/Ang2 is indicative for the angiogenic potential in the vascular system.
Ang1 induces vascular quiescence, whereas Ang2 promotes angiogenesis through endothelial destabilization. BV: blood vessels.
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(Figure 2). Future experiments will be needed to better
understand its function and its effect in pathology.

Ang/Tie2 in neuronal maturation

The contribution of Ang–Tie2 signaling to later neuro-
developmental processes, such as dendritogenesis and
synaptogenesis, has so far received little attention. In this
line, it was shown that Ang1 stimulation promoted neurite
outgrowth of dorsal root ganglia in vitro in a
Tie2-dependent (Kosacka et al., 2005) or Tie2-independent
manner (Chen et al., 2009). Consistently, Ang1 over-
expression in forebrain neurons during development
resulted in increased dendritic length as well as qualitative
changes in dendritic morphology, suggesting a possible
regulatory function of angiopoietins during later stages of
neuronalmaturation (Ward et al., 2005). However, whether
physiological levels of Ang1 would also regulate den-
dritogenesis and whether a direct signaling via Tie2 in
neurons might be responsible for these observations are
still open questions (Figure 2).

With the support of the Schram Foundation, our work
contributed to answer these open questions as we identi-
fied a role for angiopoietin-Tie2 signaling in dendrito-
genesis of hippocampal neurons and Purkinje cells (PCs)
during development. During development, astroglia cells

in the hippocampus and cerebellum express Ang1,
whereas Tie2 expression is found in CA1 pyramidal neu-
rons and in PCs (Luck et al., unpublished). In the hippo-
campus, neural cell-specific deletion of Ang1 resulted in
aberrant dendritic development with reduced branch
complexity of CA1 neurons, which is in line with the above-
mentioned studies where Ang1 was administrated or
overexpressed (Kosacka et al., 2005; Ward et al., 2005).
Interestingly, the role of Ang1 during dendritogenesis does
not seem to be restricted to hippocampal neurons as den-
dritic branching in PCs of the cerebellum was also affected
in neural-specific Ang1-knockout mice. PC dendrites are
unique, as they show a particular high degree of arbori-
zation that is characterized by a strong planar orientation

and dendritic self-avoidance. Neural loss of Ang1 caused a

reduced dendritic complexity of PCs with aberrant den-

dritic planarity and dendritic self-avoidance, suggesting a

more general role of Ang1 on dendritic development

(Figure 2). Consistently, specific deletion of Tie2 in PCs in

vivo caused a reduced PC-dendritic development. Simul-

taneously, Ang2 is expressed in endothelial cells and

Ang2-knockout mice present a similar PC branching

phenotype (Luck et al., unpublished). This study showed

that angiopoietins do not just regulate early angiogenesis

and progenitor development but also contribute to later

processes of differentiation and cellular maintenance.

Figure 2: The role of angiopoietins in the CNS. The table summarizes the effect of Ang1 and Ang2 on neural cells of the CNS during
development and adulthood. CNS is shown in red. NPCs: neural progenitor cells; PCs: Purkinje cells; CNS: central nervous system.
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Concluding remarks

Research of the last decade has highlighted that to un-
derstand CNS development and functionality, one should
study not only neuronal function but also other cellular
components of the CNS, such as glia cells and blood ves-
sels. Indeed, there are many examples where neuro-
vascular communication is essential for proper CNS
formation and function. Thus, understanding the inter-
cellular communication and the molecular pathways of
such interactions, among them VEGF and angiopoietins
signaling pathways in neural cells, will bring further in-
sights into the complex regulation of CNS formation and
function.
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