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Summary 

This work addresses the role of the Apelin signaling pathway in blood vessel 

development. In order to form the complex vascular network required to supply all organs 

and tissues with oxygen and nutrients, endothelial cells must leave existing vessels. These 

endothelial cells migrate along chemotactic and haptotactic signals and subsequently 

form new vessels. This process is called sprouting angiogenesis. During angiogenesis, 

specialized cells (tip cells) at the tip of the new vessel lead the way, while so-called "stalk 

cells" follow the tip cells and form the new lumen of the vessel.  

The Apelin signaling pathway has been shown to be involved in embryonic, regenerative 

and pathogenic angiogenesis. In zebrafish, the Apelin signaling pathway consists of two 

ligands (Apln and Apela) that bind to the G-protein coupled receptors Aplnra and Aplnrb. 

In particular, Apln and Aplnrb play a role in angiogenesis. Despite these findings, 

however, little is known about the intracellular signals by which the Apelin signaling 

pathway controls dynamic cell behavior during angiogenesis. Both the ligand Apln and 

the receptor are expressed by newly forming vessels, and Apln is particularly enriched in 

tip cells. Therefore, it was hypothesized that vascular Apln as an autocrine signal is a 

regulator of angiogenesis.  

In this work, we investigated the molecular and cellular mechanisms by which the Apelin 

signaling pathway controls cell behavior during vessel formation. For this purpose, we 

used embryonic zebrafish as a model for angiogenesis.  

By generating novel transgenic reporter lines, we were able to show that the ligand Apln 

is not only expressed in blood vessels, but also in neural stem cells in the dorsal neural 

tube. The combination of the new reporter lines with high-resolution time-lapse imaging 

of living embryos revealed that the tip cells elongate towards the apln-expressing neural 

stem cells and then migrate along them. These behaviors are lost in both apln and aplnrb 

mutants, in which the tip cells have a truncated morphology. To disprove the dogma that 

autocrine Apelin from the vasculature controls angiogenesis, we performed rescue 

experiments using newly generated transgenic lines. We were able to show for the first 

time that paracrine Apln from neural stem cells controls vascularization. 

During angiogenesis, tip cells form many dynamic membrane extensions (filopodia). 

These act like antennae to perceive signals from their environment and thereby control 

vascular growth. A detailed comparison of the cellular behavior of tip cells during vessel 
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formation in wild-type and in aplnrb mutants was performed by high-resolution time-

lapse imaging of the endothelial membrane and the cytoskeleton of transgenic embryos. 

Here we could show that tip cells form specialized protrusions that arise from filopodia 

and are crucial for cell migration when stimulated by apln from neural stem cells. We 

were thus not only able to further investigate the effect of the Apelin signaling pathway 

on vessel formation but were also able to describe the formation of a novel membrane 

protrusion induced by Apelin signaling that makes tip cell migration more efficient. 

Furthermore, by analyzing novel biosensors, we were able to investigate signal 

transduction at the single cell level in real time in living organisms. This enabled us to 

describe a positive regulation of ERK and PI3K enzyme activity in tip cells by the Apelin 

signaling pathway. By studying these biosensors, we also observed that tip cells exhibit 

higher ERK activity than stalk cells. This cell behavior is preceded by asymmetric cell 

division of tip cells. In aplnrb mutants, we were able to show that instead of asymmetric 

cell division, symmetric cell division occurs, whereby the higher ERK activity in tip cells 

is also lost compared to stalk cells. This "equalization" of tip cells and stalk cells means 

that the newly forming vessel always has alternating tip cells at the tip and no tip cell can 

assert itself. This results in very inefficient vessel growth. 

In summary, we were not only able to disprove the dogma of the autocrine function of 

apelin, but also demonstrated a new way of neurovascular communication through apelin 

signals that controls the vascularization of the neural tube. These results provide a deeper 

understanding of angiogenesis and tip cell biology, which may contribute to the 

development of new therapies for cardiovascular diseases.  
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Zusammenfassung 

Diese Arbeit behandelt die Rolle des Apelin-Signalwegs in der Blutgefäßentwicklung. 

Um das komplexe Gefäßnetzwerk zu bilden, das für die Versorgung aller Organe und 

Gewebe mit Sauerstoff und Nährstoffen erforderlich ist, müssen Endothelzellen 

bestehende Gefäße verlassen. Diese Endothelzellen wandern entlang chemotaktischen 

und haptotaktischen Signalen und bilden daraufhin neue Gefäße. Dieser Prozess wird als 

Angiogenese (ñsprouting angiogenesisñ) bezeichneten. Während der Angiogenese 

weisen spezialisierte Zellen (Tip-Zellen) an der Spitze des neuen Gefäßes den Weg, 

während sogenannte ñStalk-Zellenñ den Tip-Zellen folgen und das neue Lumen des 

Gefäßes bilden.  

Der Apelin-Signalweg ist an der embryonalen, regenerativen und pathogenen 

Angiogenese beteiligt. Im Zebrabärbling besteht der Apelin-Signalweg aus zwei 

Liganden (Apln und Apela), die an die G-Protein-gekoppelten Rezeptoren Aplnra und 

Aplnrb binden. Insbesondere Apln und Aplnrb spielen eine Rolle bei der Angiogenese. 

Trotz dieser Erkenntnisse ist jedoch nur wenig über die intrazellulären Signale bekannt, 

durch die der Apelin-Signalweg das dynamische Zellverhalten während der Angiogenese 

steuert. Sowohl der Ligand Apln als auch der Rezeptor werden von sich neubildenden 

Gefäßen exprimiert, und Apln ist insbesondere in Tip-Zellen angereichert. Daher wurde 

vermutet, dass vaskuläres Apln als autokrines Signal ein Regulator der Angiogenese ist.  

In dieser Arbeit wurden die molekularen und zellulären Mechanismen untersucht, durch 

die der Apelin-Signalweg das Zellverhalten während der Gefäßbildung steuert. Hierzu 

haben wir embryonale Zebrabärblinge als Modell für die Angiogenese verwendet.  

Durch die Erzeugung neuartiger transgener Reporterlinien konnten wir zeigen, dass der 

Ligand Apln nicht nur in Blutgefäßen, sondern auch in neuralen Stammzellen im dorsalen 

Neuralrohr exprimiert wird. Die Kombination der neuen Reporterlinien mit 

hochauflösenden Zeitrafferaufnahmen von lebenden Embryonen ergab, dass sich die Tip-

Zellen in Richtung der apln-exprimierenden neuralen Vorläuferzellen strecken und dann 

an diesen entlangwandern. Diese Verhaltensweisen gehen sowohl bei apln als auch bei 

aplnrb Mutanten verloren, in denen die Tip-Zellen eine abgestumpfte Morphologie 

aufweisen. Um das Dogma zu widerlegen, dass autokrines Apelin aus den Gefäßen die 

Angiogenese steuert, haben wir mit Hilfe von neu generierten transgenen Linien 

Rettungsexperimente durchgeführt. Wir konnten damit das erste Mal zeigen, dass 

parakrines Apln aus neuralen Stammzellen die Gefäßbildung steuert. 
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Während der Angiogenese bilden die Tip-Zellen viele dynamische Membranfortsätze 

(Filopodien) aus. Diese fungieren wie Antennen, um Signale aus ihrer Umgebung 

wahrzunehmen und dadurch das Gefäßwachstum zu steuern. Durch einen detaillierten 

Vergleich des zellulären Verhaltens der Tip-Zellen während der Gefäßbildung im 

Wildtyp und in aplnrb-Mutanten durch hochauflösende Zeitrafferaufnahmen der 

Endothelmembran und des Zytoskeletts von transgenen Embryonen durchgeführt. Hier 

konnten wir zeigen, dass Tip-Zellen spezialisierte Fortsätze bilden, die aus Filopodien 

entstehen und entscheidend für die Zellmigation sind, wenn sie durch Apln von neuralen 

Stammzellen stimuliert werden. Wir konnten somit nicht nur die Auswirkung des Apelin 

Signalweges auf die Gefäßbildung weiter untersuchen, sondern konnten auch die Bildung 

eines neuartigen, durch Apelin Signale induzierten Membranfortsatzes beschreiben, der 

die Migration von Tip-Zellen effizienter macht. 

Weiterhin konnten wir durch Analyse neuartiger Biosensoren die Signaltransduktion auf 

Einzelzellebene in Echtzeit im lebenden Organismus untersuchen. Dadurch war es uns 

möglich eine positive Regulierung der ERK- und PI3K-Enzymaktivität in den Tip-Zellen 

durch den Apelin-Signalweg zu beschreiben.  Durch Untersuchung dieser Biossensoren 

konnten wir auch beobachten, dass Tip-Zellen eine höhere ERK-Aktivität aufweisen als 

Stalk-Zellen. Diesem Zellverhalten geht eine asymmetrische Zellteilung der Tip-Zellen 

voraus. In aplnrb-Mutanten konnten wir zeigen, dass es anstatt einer asymmetrischen 

Zellteilung zu einer symmetrischen Zellteilung kommt, wodurch auch die höhere ERK 

Aktivität in Tip-Zellen im Vergleich zu Stalk-Zellen verloren geht. Diese "Angleichung" 

von Tip-Zellen und Stalk-Zellen führt dazu, dass das sich neu bildende Gefäß immer 

wechselnde Tip-Zellen an der Spitze hat und sich keine Tip-Zelle durchsetzen kann. 

Dadurch kommt es zu einem sehr ineffizienten Gefäßwachstum. 

Zusammenfassend konnten wir nicht nur das Dogma der autokrinen Funktion von Apelin 

widerlegen, sondern haben auch einen neuen Weg der neurovaskulären Kommunikation 

durch Apelin Signale nachgewiesen, der die Vaskularisierung des Neuralrohrs steuert. 

Diese Ergebnisse ermöglichen ein tieferes Verständnis der Angiogenese und der Biologie 

der Tip-Zellen, was zur Entwicklung neuer Therapien für kardiovaskuläre Erkrankungen 

beitragen kann.
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1 Introduction 

1 Introduction  

1.1 The model organism Danio rerio 

Danio rerio, also known as zebrafish, were first introduced as a model organism in the 

1970s (Streisinger et al., 1981). Zebrafish have several advantages over mammalian 

models such as the mouse and became a common model for embryonic development. Due 

to their smaller size and preference to live in schools, as well as their relatively low 

maintenance requirements, keeping zebrafish is comparatively inexpensive compared to 

other vertebrates. Zebrafish can be bred weekly to lay externally fertilized clutches of 

eggs from which several hundred embryos develop. The external fertilization of the eggs 

allow easy observation and manipulation of embryonic development (Streisinger et al., 

1981) and have made the zebrafish a unique and widely used model for in vivo drug 

discovery and testing in vertebrates (MacRae and Peterson, 2015; Phillips and 

Westerfield, 2014; Zon and Peterson, 2005). Furthermore, the optical transparency of the 

embryos and an abundance of transgenic lines labeling different cell types, makes the 

zebrafish an ideal model for studying cell behavior and organ development (Eberlein et 

al., 2021; Ellertsdóttir et al., 2010). Unlike mammals, adult zebrafish also have the innate 

ability to fully regenerate several organs, such as the heart (Poss et al., 2002) and spinal 

cord (Cigliola et al., 2020) after injury, making them the model of choice for this research, 

which entails the possibility of new therapeutic approaches.  

The teleost common ancestor likely underwent a whole genome duplication, the teleost-

specific genome duplication (TSD), which resulted in zebrafish possessing 26,206 protein 

coding genes (Howe et al., 2013). Overall, 71.4 % of human genes have at least one 

zebrafish ortholog, of which 47 % have a one-to-one relationship and 35 % have a one-

to-many relationship (Howe et al., 2013). This means that 35 % of the human genes 

possess multiple zebrafish genes (on average 2,28 copies), which is a result of the genome 

duplication (Howe et al., 2013). These duplicated gene versions are typically named a 

and b ï for example: the human gene VEGFA has the zebrafish orthologues vegfaa and 

vegfab. Since the pathways that drive organ development and regeneration are conserved 

among vertebrates and the benefits of speed and accessibility, this makes zebrafish an 

ideal model to study embryonic development and congenital disorders. 

1.2 The cardiovascular system  

The cardiovascular system consists of a complex tubular network through which the 

blood flows, driven by the beating heart. Starting from the heart, the blood eventually 
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reaches a network of capillaries in the organs via the large-caliber vessels and arterioles. 

There, the slow flow of blood enables the release of oxygen and nutrients into the tissue. 

From this network of capillaries, the blood flows back towards the heart through venules 

and larger veins. Often overlooked, a second vascular network, the lymphatic network, 

plays a critical role in fluid homeostasis by collecting interstitial fluid that accumulates 

in the tissues as lymph through capillary filtration and reintroducing it into the 

bloodstream (Karpanen and Alitalo, 2008). The lymphatic system is heavily involved in 

immune defense, as the lymph contains waste products and immune cells, primarily 

lymphocytes (Karpanen and Alitalo, 2008).  

The cardiovascular system is the first organ system to form during embryonic 

development. The cells of the cardiovascular system are of mesodermal origin. In a 

process called vasculogenesis, angioblasts first migrate to the embryonic midline to 

differentiate into endothelial cells (ECs) and form the inner lining of the first vessels, the 

aorta and cardinal vein (CV), and of the developing heart, the endocardium (Risau and 

Flamme, 1995). Subsequently, the lymphatic system arises from the venous endothelium, 

where venous endothelial cells (VECs) sprout from the cardinal vein and 

transdifferentiate into lymphatic endothelial cells (LECs). Given the central role of the 

cardiovascular system in maintaining homeostasis and organ function, cardiovascular 

diseases are the leading cause of death worldwide (source: WHO).  

In zebrafish, the heartbeat initiates as early as 24 hours after fertilization (hpf), and blood 

begins to flow through the aorta and cardinal vein and back to the heart (Isogai et al., 

2001; Kimmel et al., 1995). The remarkable ability of zebrafish larvae to survive up to 

five days without blood flow allows the study of genes involved in congenital heart 

disease (Sehnert et al., 2002; Stainier et al., 1996). The basic vascular structures of 

mammalian embryos are also present in the zebrafish embryo (Isogai et al., 2001); an 

overview of which can be found in Figure 1 (Eberlein et al., 2021). As an example, the 

intersegmental vessels (ISVs) grow out of the dorsal aorta (DA) to the dorsal side of the 

embryo where they form the dorsal longitudinal anastomotic vessel (DLAV) (Figure 1 d) 

(Eberlein et al., 2021). Next, some of the ISVs contact the posterior cardinal vein (PCV) 

and their connections to the DA prune, which establishes the basic vascular pattern 

necessary for blood flow in the trunk (Figure 1) (Eberlein et al., 2021). 
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Figure 1: The different vascular beds of the larval zebrafish.  (a ï g) Larval zebrafish vasculature 

labelled by the transgene Tg(kdrl:EGFP)s843. Developmental timepoint indicated in each panel. (a) 

Overview of the whole zebrafish larval vasculature. (b) the aortic arches; (c) the brain vasculature; (d) the 

trunk vasculature; (e) the posterior cardinal vein and vein plexus; (f) the common cardinal vein; (g) the 

subintestinal vein plexus. Scale bars: overview image 200 µm; all magnifications 100 µm. Modified from 

(Eberlein et al., 2021). 
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1.3 Vasculogenesis and its regulation by Apelin signaling 

The vasculature arises from the mesoderm, which prior to vasculogenesis, moves to the 

animal pole of the embryo during gastrulation. Recent studies found that Apelin signaling 

plays a key role in this process. Apela (also known as Toddler or Elabela), the early ligand 

of the G protein coupled receptor (GPCR) Apelin Receptor (Aplnr), is a key driver of 

mesodermal cell migration (Norris et al., 2017; Pauli et al., 2014; Stock et al., 2022). 

Here, Apelin signaling acts downstream of Nodal signaling, and embryos mutant for 

apela or aplnrb exhibit developmental defects like cardiac edema caused by the altered 

cell migration (Chng et al., 2013; Norris et al., 2017; Pauli et al., 2014; Scott et al., 2007; 

Zeng et al., 2007).  

Vasculogenesis describes the process at the onset of vascularization, where vessels form 

de novo from endothelial precursor cells termed angioblasts (Risau and Flamme, 1995). 

During late gastrulation the specification of endothelial and hematopoietic lineages is 

initiated by the master regulator cloche (Stainier et al., 1995). Mutants for cloche lack 

most endothelial cells (Stainier et al., 1995). It was recently discovered that the gene 

cloche corresponds to a transcription factor which the authors named neuronal PAS 

domain protein 4 like (Npas4l) (Reischauer et al., 2016). Npas4l initiates the expression 

of other key early endothelial markers like etv2 and tal1 (Reischauer et al., 2016). Apelin 

signaling is also regulating vasculogenesis itself. The specified angioblasts migrate 

towards the embryonic midline, following Apela signals from the notochord (Helker et 

al., 2015). Once the ECs reach the midline, VEGF signaling is required for arterial 

differentiation and segregation of the dorsal aorta and the posterior cardinal vein  from 

the common precursor vessel (Covassin et al., 2006). 

1.4 Sprouting Angiogenesis 

After the formation of the first vessels by vasculogenesis, another way of vessel formation 

predominantly takes place. In this process, known as sprouting angiogenesis, new vessels 

develop from existing mature vessels (see Figure 2). The quiescent/mature vasculature is 

surrounded by mural cells (pericytes and smooth muscle cells) as well as a basement 

membrane (Herbert and Stainier, 2011). To initiate angiogenesis, individual ECs that are 

part of the quiescent vessel wall are activated, begin to degrade the extracellular matrix 

(ECM), and migrate towards the sources of growth factors and chemokines (Herbert and 

Stainier, 2011; Napoleone Ferrara et al., 2003). Next, other cells of the vessel wall follow, 

and the cells arrange into a cord-like structure known as sprout (Gerhardt et al., 2003). 
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The major pathway initiating sprouting is the VEGF signaling pathway (Napoleone 

Ferrara et al., 2003), which will be further introduced in chapter 1.4.1.  

 

Figure 2: The steps of angiogenesis.  (a) The quiescent vasculature is surrounded by pericytes and ECM. 

(b) Upon stimulation by growth factors, ECs become activated. The vessel loses pericyte coverage at this 

site and activated cells begin degrading the ECM. Subsequently, a leading tip cell (TC) is selected. (c) The 

sprout invades avascular tissues led by a specialized tip cell that senses chemotactic cues such as VEGFA. 

Already during sprouting the follower cells (stalk cells) begin forming a lumen to connect to the 

bloodstream. (d) After connecting to other vessels or sprouts (anastomosis), the newly formed vessel 

matures to form a stable connection to the blood circulation. Modified from (Herbert and Stainier, 2011); 

Reproduced with permission from Springer Nature; License number: 5763651252355. 

The leading cells of the sprout are termed tip cells and display distinct characteristics 

from the follower cells, which are termed stalk cells (Gerhardt et al., 2003). Compared to 

stalk cells, tip cells form more thin, rod-like projections called filopodia (Gerhardt et al., 

2003) and exhibit a different gene expression profile (Del Toro et al., 2010). A high 

resolution confocal projection of a sprout with tip and stalk cells is shown in Figure 3 A. 

During formation of the trunk vasculature the ISVs develop by sprouting and dorsal 

migration of ECs from the dorsal aorta (Figure 3 B). These vessels migrate dorsally 

underneath the somites, first over the notochord and then the neural tube, where they then 

connect to neighboring ISVs to form the DLAV. This initial sprouting of arterial ISVs is 
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termed primary sprouting, whereas the later formation of venous connections and 

sprouting of LECs from the cardinal vein is termed secondary sprouting.   

 

Figure 3: Sprouting intersegmental vessel in the zebrafish trunk.  (A) High resolution image of an 

endothelial sprout. The cell membrane is trangenically labelled in white by Tg(kdrl:EGFP-CAAX); the EC 

nuclei are labelled in red by Tg(kdrl:NLS-mCherry). Note the many filopodia decorating the tip cell. (B) 

Illustration of a sprout and the surrounding tissue. The ECs begin leaving the dorsal aorta (da) under the 

somites (s). First, ECs migrate over the notochord (nc) in dorsal direction and then over the neural tube (nt) 

at the dorsal side of which they begin to anastomose with neighboring vessels. Modified from (Eberlein et 

al., 2021). 

Angiogenic sprouting is highly dependent on glycolytic metabolism, which is essential 

for tip cell function (De Bock et al., 2013; Helker et al., 2020; Wilhelm et al., 2016). ECs 

generally display high level of glycolysis, but a relatively low oxygen consumption rate 

(De Bock et al., 2013). The Hippo signaling pathway is a well-known regulator of organ 

growth and mediates its effects mainly through the transcriptional activators Yap and Taz. 

Downstream of VEGF signaling, Yap/Taz or their co-factors TEAD1, 2 and 4 play a vital 

role in sprouting angiogenesis (Kim et al., 2017; Ong et al., 2022). Here, Yap/Taz activity 

regulates sprouting and vascular barrier formation in both the mouse retina and the 

embryonic mouse brain by modulating the actin cytoskeleton and metabolic activity by 

increasing expression of the glycolysis promoting transcription factor c-MYC (Kim et al., 

2017). In addition, Yap/Taz signaling activates the transcription of amino acids 

transporters, which promotes growth activating mTORC1 signaling (Ong et al., 2022). 

Another glycolytic activator, which plays an important role in sprouting is PFKFB3 (De 

Bock et al., 2013). Importantly, PFKFB3 regulates F-actin and protrusion formation in 

tip cells and overexpression of PFKFB3 is able to overrule the angiogenesis-limiting 

Notch signaling pathway (De Bock et al., 2013).  
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1.4.1 VEGF signaling 

The best characterized and so far most important regulators of angiogenesis are the 

vascular endothelial growth factor (VEGF) ligands and receptors (Napoleone Ferrara et 

al., 2003). Several growth factors, Vegfa, Vegfc, Vegfd, have been identified, activating 

the receptors Kdr (Vegfr2, Flk1), Flt4 (Vegfr3) and Flt1 (Vegfr1) (Herbert and Stainier, 

2011; Napoleone Ferrara et al., 2003). While Vegfa activating Kdr, is essential in 

initiating arterial angiogenesis, venous and lymphatic sprouting are controlled by Vegfc 

activating Flt4 (Covassin et al., 2006; Herbert and Stainier, 2011; Hogan et al., 2009; 

Küchler et al., 2006). Since the sprouting ISVs, which are the focus of this study, are 

initially all of arterial origin, the focus in the 

following is on arterial sprouting. In zebrafish, the 

Kdr ortholog Kdrl is expressed in the aorta and 

activated by its ligand Vegfaa, which is expressed in 

the surrounding somites (Liang et al., 2001). This 

activates ECs in the dorsal side of the aorta, 

triggering them to leave the quiescent vessel wall 

and begin migrating. Relative levels of VEGF 

signaling and thus downstream effectors like 

Calcium fluctuations, ERK activity and Notch 

signaling determine which cell will become the 

leading tip cell of the ISV (Hellström et al., 2007; 

Leslie et al., 2007; Shin et al., 2016; Siekmann and 

Lawson, 2007; Suchting et al., 2007; Yokota et al., 

2015). Especially the impact of Notch signaling on 

tip-stalk cell selection during arterial sprouting has 

been studied extensively, leading to the widely 

accepted model in Figure 4 ï the concept of Notch-

dependent tip-stalk cell selection will be introduced 

in chapter 1.4.2. Another important target of VEGF 

signaling is the kinase ERK and, due to higher 

VEGF signaling in tip cells than stalk cells, tip cells 

have elevated ERK activity as well (Costa et al., 2016; Shin et al., 2016). Importantly, 

ERK, which plays an essential role in ISV sprouting, regulates the expression of Dll4, the 

Figure 4: Model of tip and talk cell 

architecture driven by VEGF and 

Notch signaling.   High Vegf signaling in 

tip cells triggers Dll4 expression, which 

activates Notch receptors in stalk cells. 

This prevents tip cell-like behavior of 

stalk cells by lowering Vegf signaling in 

stalk cells. Modified from  (Herbert and 

Stainier, 2011); Reproduced with 

permission from Springer Nature; 

License number: 5763651252355. 
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primary ligand for the Notch receptors in the endothelium, but not arterial differentiation 

(Shin et al., 2016).  

As mentioned before, tip cells form many dynamic filopodia. These filopodia sense and 

are guided by ECM bound Vegfa (Gerhardt et al., 2003). The filopodia formed by future 

tip cells also contribute to the tip cell selection process by speeding up Notch dependent 

selection (Zakirov et al., 2021). Interestingly, however, ISVs retain their dorsal migration 

when filopodia formation is chemically inhibited, albeit less efficiently (Phng et al., 

2013).  

Another group of kinases which are pivotal for vascular development are the PI3Ks. 

Specifically, the p110Ŭ isoform of the class 1 of PI3Ks (PIK3CA) acts downstream of 

VEGF signaling and contributes majorly to developmental angiogenesis (Graupera and 

Potente, 2013; Graupera et al., 2008). Other class I PI3Ks are the p110ɓ (PIK3CB) and 

p110ɔ (PIK3CG) isoforms. All of these have in common that they generate 

PtdIns(3,4,5)P3 (short PIP3), by phosphorylating PtdIns(4,5)P2 (Vanhaesebroeck et al., 

2010). This phosphorylation is reversed by the phosphatase PTEN (Vanhaesebroeck et 

al., 2010). While PIK3CA is primarily activated by receptor tyrosine kinases (RTKs), like 

the VEGFRs or TIE1/2, the beta isoform can additionally be activated by GPCRs and the 

gamma isoform is primarily activated by GPCRs (Vanhaesebroeck et al., 2010).  

Dysregulation of PI3K by constitutively active mutations are connected to tumor 

development, while PTEN acts as a tumor suppressor (Cantley and Neel, 1999). A study 

conducted in mice showed that PTEN acts downstream of Notch signaling to negatively 

regulate stalk cell proliferation (Serra et al., 2015) and loss of PI3K signaling antagonists 

Ptena/Ptenb causes a hypersprouting phenotype of the ISVs in zebrafish (Choorapoikayil 

et al., 2013). 

While the role of PIK3CA in developmental angiogenesis has been extensively studied 

and appears to be the major isoform in this process (Graupera et al., 2008), less is known 

about PIK3CB and PIK3CG. Possibly the most well-known target activated by PI3K 

signaling is the kinase AKT (sometimes named PKB) (Shiojima and Walsh, 2002). In 

mammals, there are three AKT isoforms (1 ï 3)  (Shiojima and Walsh, 2002). AKT is 

activated after selectively binding PIP3 at the plasma membrane in a process which also 

involves PDK1, PDK2 and mTORC2 (Shiojima and Walsh, 2002). In addition to growth 

factor receptors or GPCRs, focal adhesions (such as integrin receptors) activate AKT 

(Shiojima and Walsh, 2002). Active AKT then phosphorylates an array of factors such as 
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eNOS, mTOR, GLUT4 and FOXO transcription factors and thereby promotes cell 

growth, glucose metabolism and proliferation (Graupera and Potente, 2013; Shiojima and 

Walsh, 2002). AKT plays an important role in vascular development. Specifically, a study 

conducted in mice showed that Akt1 phosphorylates many downstream targets important 

for vascular development and that Akt1 mutant mice displayed vascular outgrowth defects 

and a less dense vascular network in the retina (Lee et al., 2014). However, the authors 

did not find a significant effect on tip cell filopodia formation (Lee et al., 2014). A recent 

preprint study published on bioRxiv showed that akt mutants, displayed defects in arterial 

specification and DA formation, which could explain the artery-vein segregation defects 

in vegfaa mutants (Zhou et al., 2020).  

1.4.2 Negative regulators of angiogenesis 

Dll4 expression is restricted to sprouts of arterial identity, such as the ISVs during primary 

sprouting, and its expression is highest in tip cells. As shown in Figure 4, tip cell derived 

Delta-like 4 (Dll4) activates Notch receptors in the stalk cell, thereby repressing tip cell 

fate (Hellström et al., 2007; Leslie et al., 2007; Siekmann and Lawson, 2007; Suchting et 

al., 2007). Interestingly, high mitogenic stimulation by VEGF and therefore high ERK 

activity, represses proliferation in tip cells (Pontes-Quero et al., 2019). Notch activation 

in stalk cells counteracts this signaling, enabling proliferation (Pontes-Quero et al., 2019). 

Surprisingly, Dll4 expression is not required for tip cell function and Dll4 deficient tip 

cells are not overtaken by Dll4 expressing stalk cells (Hasan et al., 2017; Pitulescu et al., 

2017). Instead, mosaic loss of the pro-angiogenic, Notch opposing Jag1 caused these cells 

to localize less frequently to the tip cell position (Pitulescu et al., 2017) (Figure 5).  

During arterial differentiation Notch signaling then restricts vessel growth by repressing 

Vegfa and Cxcr4 expression (Hasan et al., 2017; Pitulescu et al., 2017). High Vegfr2 

signaling maintains DLL4-Notch activity, thereby repressing c-MYC expression, cell 

growth and proliferation, which promotes the formation of arteries over veins (Luo et al., 

2021). Therefore, the metabolic activity and proliferation rate can influence the type of 

vessel formed during maturation. Furthermore, arterial blood flow is able to maintain 

Notch signaling, which prevents conversion of those arteries into veins (Weijts et al., 

2018). Notch signaling represses Vegfc/Flt4 signaling in arteries (Hogan et al., 2009), but 

is inactive during venous and lymphatic sprouting, which, as mentioned, require the 

Vegfc/Flt4 signaling pathway (Küchler et al., 2006).  
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Figure 5: Notch signaling Network to regulate tip cell selection and artery development.  During 

sprouting VEGF-A activates Cxcr4 and Dll4 expression in tip cells, which are characterized by the tip cell 

enriched ESM1 peptide (left). Sustained Dll4-Notch signaling directs these cells into becoming arteries 

during differentiation, whereas high Jag1 expression favors the progeny of these cells to remain as tip cells 

(middle, right). Modified from (Pitulescu et al., 2017) Reproduced with permission from Springer Nature; 

License number: 5763660296545. 

Additionally limiting blood vessel growth is the Sema3-PlexinD1 signaling axis (Torres-

Vázquez et al., 2004; Vieira et al., 2022; Zygmunt et al., 2011). Here, the endothelial 

expressed PlexinD1 receives Sema3 signals from the surrounding somites, which triggers 

the arterial expression of soluble Flt1 (Zygmunt et al., 2011). Interestingly, sFlt1 then 

acts as a decoy receptor for Vegfa, limiting VEGF signaling and thus preventing 

excessive proliferation, while promoting correct pathfinding of vessels (Krueger et al., 

2011; Zygmunt et al., 2011).  

Other repressors of sprouting and an important targets of AKT, which repress cell 

proliferation and thereby balances vascular network density, are the Forkhead box O 

(FOXO) transcription factors (Graupera and Potente, 2013). Phosphorylation of FOXOs 

by AKT induces nuclear export and preventing their DNA binding (Graupera and Potente, 

2013). Loss of endothelial FOXO1, causes a hyperproliferation phenotype of ECs, which 

leads to enlarged vessels and hyperplasia, while overexpression of FOXO leads to a 

thinned out vascular network (Wilhelm et al., 2016). FOXO1 mediates these effects by 

repressing MYC activity (Wilhelm et al., 2016). A recent study also reported that FOXO1 

additionally promotes endothelial quiescence by production of metabolites, specifically 

S-2-hydroxyglutarate (S-2HG) (Andrade et al., 2021).  
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1.4.3 Apelin signaling 

Besides its involvement in very early embryonic development, Apelin signaling has 

important functions during late development and adulthood. Apelin signaling is not only 

driving vasculogenesis, but is also important for angiogenesis across vertebrate species 

(Cox et al., 2006; Del Toro et al., 2010; Helker et al., 2020; Kälin et al., 2007; Kidoya et 

al., 2008). In zebrafish, the pathway consists of the two short peptide ligands Apela 

(apela) and Apelin (apln) as well as the two GPCRs Aplnra (aplnra) and Aplnrb (aplnrb). 

Whereas the early ligand Apela has an important function during gastrulation and 

vasculogenesis (Helker et al., 2015; Pauli et al., 2014), Apelin is mainly responsible for 

mediating the angiogenic effects of the pathway and is enriched in tip cells (Del Toro et 

al., 2010; Helker et al., 2020) (Figure 6 A, B). Unlike Apelin, the Aplnr, in zebrafish 

primarily Aplnrb, are not enriched in tip cells but expressed in the entire active sprout. 

During zebrafish ISV migration, Apelin signaling promotes a pro-angiogenic state in 

sprouting ECs and embryos mutant for apln or aplnrb display severe defects of ISV 

outgrowth (Helker et al., 2020) (Figure 6 C). Here, apln expression is restricted by Notch 

signaling and apln mutants do not exhibit the hypersprouting phenotype that is induced 

by dll4 knockdown in wild-type embryos (Helker et al., 2020). Furthermore, Apelin 

signaling enhances glycolytic metabolism by increasing c-Myc and Pfkfb3 levels, thereby 

likely providing the energy necessary for tip cells to migrate and undergo morphological 

changes (Helker et al., 2020). While mutants also display fewer EC numbers in ISVs, 

these effects are not severe, suggesting that the Apelin signaling pathway mediates its 

pro-angiogenic effects rather by promoting cell migration. (Helker et al., 2020). Indeed, 

aplnrb morphants display tip cell morphology defects, which appear more blunted and 

protrude fewer filopodia (Helker et al., 2020). The fact that both the aplnr and the ligand 

apln are expressed in the vasculature suggests a model of autocrine stimulation of tip cells 

by Apelin during ISV sprouting, which is restricted by Notch signaling (Figure 7).  

Importantly, Apln and its receptor are not only expressed in ECs during development, but 

their expression is re-activated during pathological angiogenesis and regenerative 

sprouting (Liu et al., 2015; Marín-Juez et al., 2019). During zebrafish heart regeneration, 

apln-expressing coronary sprouts invade the damaged tissue in a Vegfa and Cxcl12-

Cxcr4 dependent manner (Marín-Juez et al., 2019). Two recent studies identified Apelin 

signaling to be important for revascularization in during skeletal muscle regeneration (Le 

Moal et al., 2024; Lee et al., 2022) and to alleviate the phenotypes in mouse models of 

muscular dystrophy by promoting angiocrine signaling (Le Moal et al., 2024). Similarly, 
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Apln/r expression can be found in tumor associated vasculature and thus presents an 

additional target for anti-angiogenic therapy, which might be especially important for 

treatment of tumors that are resistant to classic VEGF signaling inhibitors (Kidoya et al., 

2011; Uribesalgo et al., 2019; Zhao et al., 2018). For example, in colorectal carcinomas, 

Apelin but not VEGF signaling drives endothelial cell migration, which is required for 

tumor perfusion and growth (Bernier-Latmani et al., 2022). 

 

Figure 6: apln and aplnrb are expressed in ECs and essential for sprouting angiogenesis.  (A) apln 

expression visualized by the transgenic BAC reporter TgBAC(apln:EGFP). Arrows label apln-expressing 

endothelial cells. (B) aplnrb expression visualized by the transgenic BAC reporter TgBAC(aplnrb:aplnrb-

sfEGFP). Arrows label aplnrb-expressing endothelial cells. (C) Mutants for the ligands apln and apela, as 

well as the receptors aplnra and aplnrb exhibit severe ISV sprouting defects. Embryos expressing vascular 

marker Tg(fli1a:EGFP). Arrowheads label stalled ISVs. Modified from (Helker et al., 2020). 

Besides sprouting angiogenesis, Apelin signaling also plays an important role in 

regulating heart development. Here, it controls heart field development and the formation 

of cardiac progenitors, which is mainly controlled by the ligand Apela likely linked to the 

migration defects of the mesoderm (see above) (Chng et al., 2013; Scott et al., 2007; Zeng 

et al., 2007). A recent study found a new role of Apelin signaling in regulating heart 

development. Apelin from the myocardium instructs endocardial cells, which express the 
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aplnrb, to form endocardial protrusions towards the myocardium (Qi et al., 2022). These 

protrusions are necessary for the thickening of the ventricular wall by trabeculation (Qi 

et al., 2022). As a GPCR, the Aplnr can also be activated by mechanical forces. A study 

by Kwon et al. reported the Aplnr is required for EC polarization in response to blood 

flow in perfused zebrafish vessels in a ligand independent manner (Kwon et al., 2016).   

 

Figure 7: Model of Apelin signaling during angiogenesis.  Tip cells display high levels of dll4 and apln 

expression. The Dll4 peptide then activates Notch receptors in the quiescent vasculature e.g. of the aorta, 

but also stalk cells to repress apln expression. This results in the tip cells experiencing the highest 

concentrations of Apelin peptide, which is sensed by the Aplnr expressed throughout the sprout. Modified 

from (Helker et al., 2020). 

Apelin signaling also plays an important role in adults. It regulates blood glucose levels 

by promoting glycolytic metabolism over fatty acid metabolism, which involves 

inhibition of Foxo1, a downstream target of AKT, and repression of the fatty acid binding 

protein Fabp4 expression (Hwangbo et al., 2017). Furthermore, Apelin supplementation 

has the ability to reverse age related loss of muscle mass in mice (Vinel et al., 2018).  

The Angiotensin-receptor II type 1 (Agtr1 / AT1) plays an important role in regulating 

vascular tone, by promoting vasoconstriction and thereby increasing blood pressure 

(Forrester et al., 2018). The Apelin receptor (previously called Agtrl1) antagonizes AT1 

signaling, lowering blood pressure and can even directly inhibit AT1 via allosteric trans-

inhibition (Siddiquee et al., 2013). A summary of the physiological effects of Apelin 

signaling can be found in Figure 8. 
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The molecular mechanisms through which the GPCR Aplnr acts are incompletely 

understood. What is known is that the Aplnr can couple to the G-protein subunit GŬi 

(Masri et al., 2002), which inhibits Adenylyl cyclase, thereby lowers intracellular cAMP 

levels and inhibits PKA activity (Heilker et al., 2009). GŬi mediated signaling leads to 

phosphorylation of the MAPK and PI3K downstream effectors ERK and AKT, 

respectively (Heilker et al., 2009; Kuba et al., 2019; Vanhaesebroeck et al., 2010). 

Importantly, inhibiting all GŬi signaling in zebrafish ECs via genetic PTX overexpression, 

prevents them from leaving the aorta and becoming part of the sprouting ECs in the ISVs 

(Helker et al., 2020). Therefore, GŬi signaling is required for sprouting of the ISVs in 

zebrafish.  

 

Figure 8: Summary of the diverse physiological and cellular effects of the Apelin signaling pathway.  

The Aplnr (here APJ) can be activated by either Apelin or Apela, which affects cardiovascular disease and 

embryonic development. Reprinted from (Kuba et al., 2019) with permission from Elsevier; License 

number: 5798950248559. 

1.5 Neuro-vascular interactions during vessel development 

As the central nervous system (CNS) has a high demand for oxygen and nutrients, it is 

not surprising that it is permeated by a dense network of blood vessels. The interactions 

between neural and vascular cells importantly mediate the pathfinding of both vascular 

sprouts and neural axons and are essential for the establishment of a functional neuro-

vascular unit.  
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Similar to angiogenesis outside of the brain, vessels in the CNS require VEGF and Cxcr4 

signaling for their formation (Bussmann et al., 2011; Fujita et al., 2011). In contrast, Wnt 

signaling drives the sprouting of BBB forming vessels in the brain, but is dispensable for 

angiogenesis in other tissues (Daneman et al., 2009; Stenman et al., 2008). Wnt7a and 

Wnt7b are expressed by the neuroepithelium and are required for the maintenance of the 

BBB by a mechanism that involves Reck, GPR124 (Stenman et al., 2008; Ulrich et al., 

2015; Vanhollebeke et al., 2015). A recent study published in Science unraveled the 

mechanism by which Wnt signaling uses ligand specific activation by coupling GPR124 

and Fz receptors (Eubelen et al., 2018). As this study, however, does not focus on the 

development of the brain vasculature, in the following a more in-depth view on the neuro-

vascular interactions during trunk vasculature formation will be given. 

VEGF signaling not only mediates the guidance of angiogenic sprouts, but also axonal 

guidance, for example the guidance of commissural axons in the developing spinal 

cord/neural tube (Ruiz de Almodovar et al., 2011). Here, Vegf expressed in the floor plate 

of the neural tube acts as an attractant that guides migration of commissural neuron axons 

to the midline (Ruiz de Almodovar et al., 2011). During later spinal cord development, 

HIF1Ŭ activates Vegf expression in the neural tissue, mediating the invasion of vascular 

sprouts into the motor neuron columns of the spinal cord (Himmels et al., 2017; Hogan 

et al., 2004; James et al., 2009). Simultaneously, the motor neurons balance vascular 

invasion by the expression of Flt1 (Himmels et al., 2017). Similarly, it was shown in the 

zebrafish that neuronal Vegfaa and soluble Flt1 balance each other to prevent 

hypersprouting of vessels at the level of the neural tube (Wild et al., 2017). Also the radial 

glial cells of the neural tube play a critical role mediating Flt1 dependent suppression of 

sprouting (Matsuoka et al., 2016) (see schemes Figure 9 below). These radial glia also 

provide a source of Vegfab, which is necessary for the formation of the bilateral vertebral 

arteries (VTAs) and subsequently the peri-neural vascular plexus (PNVP) that surrounds 

the neural tube (Matsuoka et al., 2017). Neural progenitor cells of the spinal cord were 

also shown to interact with endothelial cells in a bidirectional fashion (Paredes et al., 

2021). Here, floor plate-derived Shh induces the expression of pro-angiogenic Ang1 in 

neural progenitor cells, activates the Tie2 receptor on the surface of ECs, triggering them 

to release TGFɓ1, which induces the oligodendrocyte lineage in these neural progenitor 

cells (Paredes et al., 2021). Furthermore, the motor neurons of the spinal cord restrict 

vascular ingrowth by expressing Sema3C, which activates endothelial PlexinD1 (Vieira 
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et al., 2022). This restriction of vascular ingrowth is essential for motor neuron maturation 

(Vieira et al., 2022).  

 

Figure 9: Neuro-vascular interactions in the developing spinal cord. Early mouse spinal cord 

developing. Vessels surround the spinal cord, which at embryonic day E8.5 already involves the specialized 

roof and floor plate regions. At E9.5 the spinal cord, whose neural cell are continuing to differentiate into 

specialized clusters along the dorsoventral axis, is surrounded by vessels. New vessels will begin to sprout 

and invade into the neural tissue (FP, floor plate; NPC, neural progenitor cell; MN, motor neuron; PNVP, 

perineural vascular plexus; RP, roof plate). (B) In the zebrafish, neural progenitors (radial glia) act on 

neurons, which produce sFlt1 to balance VEGF signaling, preventing vascular hypersprouting into the 

neural tube. Reprinted from (Paredes et al., 2018) with permission from Elsevier; License number: 

5798730949455. 

1.5.1 Formation and patterning of the early neural tube 

For a better understanding of the different neural populations in the developing spinal 

cord, which will be important in the results, a brief introduction to the cellular domains 

of the neural tube is given below.  

After the initial formation of the neural tube by convergence and closure of the neural 

plate, the neural tube is patterned along the dorsal-ventral axis by distinct signals. The 

most important mediators of dorsal-ventral patterning are Shh, which is expressed in the 

ventral domains (including the most ventral domain ñfloor plateò) and notochord, as well 

as Wnt1 and Bmp7, which are expressed in the dorsal domains of the neural tube 

(including the most dorsal domain ñroof plateò) (Le Dréau and Martí, 2012) (Figure 10). 

All of these are secreted signals forming gradients along the dorsal-ventral axis and Wnt 

signaling antagonizes the ventralizing activity of Shh (Le Dréau and Martí, 2012).  
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Figure 10: Dorso-ventral patterning in the chick neural tube at different stages. (A) Sections of the 

chick neural tube; in situ hybridization at stages Hamburger and Hamilton (HH) 10 (33ï38 h of 

development) or HH24 (4 days of development). Sectiones stained with Shh and Wnt1 probes. Shh and 

Wnt1 antagonize each other, with Shh being expressed in the ventral neural tube and and notochord and 

Wnt1 being expressed in the dorsal neural tube. (B) Scheme showing cellular domains in the chick neural 

tube at HH24. At this stage, the neural tube can be divided into 11 progenitor populations lying in the center 

of the neural tube (right side, squares), which show specific gene expression profiles (left side, squares). 

These progenitors develop into several populations of interneurons (red/blue circles), as well  as 

motorneurons (MN/yellow circle) in the mantle zone (outer neural tube). Modified from (Le Dréau and 

Martí, 2012); Reproduced with permission from John Wiley and Sons; License number: 5763670390338. 

These signals ultimately establish subsets of different progenitor domains, which are 

further specified and characterized by specific transcription factor profiles (Figure 10 B 

left side; (Le Dréau and Martí, 2012)). These progenitor cells are located in the central 

part of the neural tube and give rise to different populations of interneurons and 

motorneurons (Figure 10 B right side).   

1.6 Cellular mechanisms of vessel formation 

1.6.1 The role of membrane protrusions in cell migration and angiogenesis 

As mentioned, tip cells form many needle-like cellular protrusions, named filopodia. 

These filopodia are generally thought to be formed by cells to sense guidance cues 

(Fischer et al., 2019; Rottner et al., 2017) (Figure 11). However, a recent publication also 

observed filopodia directly involved in force generation during collective cell migration 

in Drosophila (Bischoff et al., 2021). Filopodia formation involves linear actin bundles, 

which are formed by many factors working together (Pollard, 2016). For example MyoX 

is a protein that localizes to filopodia tips, where it aids the activation of integrin receptors 

(Miihkinen et al., 2021). In addition, Cdc42, Formins, IRSp53 and VASP are important 

mediators of filopodia formation (Pollard, 2016; Rottner et al., 2017).  
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Generally, however, lamellipodia are thought to be the major force generators at the 

leading edge of migrating cells (Rottner et al., 2017). Lamellipodia are broad protrusions 

that often span the entire cell edge in the direction of migration. They are formed by most 

migrating cell types in vitro, and by some cell types in vivo. The primary initiators of 

lamellipodia formation are Rac1 and the WAVE regulatory complex, which activate the 

Arp2/3 complex (Pollard, 2016; Rottner et al., 2017). The Arp2/3 complex then binds to 

existing actin filaments and initiates polymerization of a new filament at a 45° angle, 

causing a branched network to arise (Pollard and Borisy, 2003). Other proteins that are 

known to localize to lamellipodia are Cortactin and Coronin (Rottner et al., 2017). While 

F-actin assembly is pushing the leading edge of migrating cells forward, active 

disassembly is required to maintain sufficient pool of monomeric G-actin to be 

incorporated in the polymerizing filaments (ñtreadmillingò) (Pollard and Borisy, 2003). 

The best studied proteins for this process are the members of the ADF/Cofilin family 

(Pollard and Borisy, 2003).  

 

Figure 11: Polarization of a single migrating cell.  Filopodia arise from the lamellipodium, which spans 

the entire leading edge of the cell. In the lamellipodium, an F-actin meshwork is invaded by growing 

microtubules, whereas in the middle and rear of the cell bigger actin fibers, which are connected to mature 

focal adhesions, dominate. Modified from (Mayor and Etienne-Manneville, 2016); Reproduced with 

permission from Springer Nature; License number: 5763671022293 . 

As cells migrate through tissues, they need to interact and remodel the ECM. Therefore, 

they utilize other specialized protrusions named podosomes (Murphy and Courtneidge, 

2011). Podosomes are actin based, therefore they contain actin regulators like Cortactin 

and N-WASP, and to degrade the ECM they also contain matrix metalloproteases such 

as MMP14 (Murphy and Courtneidge, 2011). Podosomes also have important functions 
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in vivo. They are for example required for vessel branching during tumor angiogenesis 

(Seano et al., 2014). 

A form of migration that does not involve actin polymerization is by the formation of 

blebs (Fackler and Grosse, 2008). These blebs are protrusions formed by hydrostatic 

pressure and are formed for example by zebrafish primordial germ cells during migration 

(Reichman-Fried et al., 2004). However, as this form of migration is uncommon in 

angiogenesis it is not further introduced here. 

The role of filopodia in ISV tip cell migration was extensively studied by Phng and 

colleagues (Phng et al., 2013). The authors found that ISV tip cells form a dominant 

filopodium in dorsal direction, which expanded after displaying lamellipodia bursts (Phng 

et al., 2013). Interestingly, when filopodia formation was chemically inhibited, ISVs still 

showed proper directionality during migration and proceeded to form lamellipodia; 

however, migration was inefficient (Phng et al., 2013). In contrast, Cdc42-Fmnl3 driven 

filopodia formation is essential for the formation of the zebrafish caudal vein plexus 

(CVP), a transient ramified network of blood vessels (Wakayama et al., 2015).  In mice, 

depletion of Cdc42 results in vascular malformations during retinal angiogenesis due to 

defects in filopodia formation, cell migration, polarization, and tip cell selection, but not 

proliferation (Laviña et al., 2018). It was also reported that Cdc42 functions downstream 

of Nrp1 to drive cell rearrangements and vascular branching in vivo (Fantin et al., 2015). 

These effects could be mediated by lateral filopodia formed by sprouts in response to 

Rac1 and Cdc42 activity, which were shown to be required for lumen formation in vitro 

(Abraham et al., 2015). 

Recent observations in mice found that tip cells use specialized protrusions for migration 

termed dactylopodia (Figueiredo et al., 2021). These protrusions resemble features of 

both lamellipodia and filopodia (which they arise from), and their formation depends on 

Arp2/3 driven actin polymerization (Figueiredo et al., 2021) (Figure 12).  Formation of 

dactylopodia is balanced by Myosin II activity and consequently Myl9a mutants form less 

filopodia, but excessive dactylopodia, whereas Arpc4 mutants form more filopodia, but 

no dactylopodia (Figueiredo et al., 2021). This excessive dactylopodia formation may be 

due to reduced cortical stability and loss of protrusion retraction in sprouting ECs lacking 

myosin activity (Ma et al., 2020). Furthermore, the maturation of focal adhesions requires 

tension and local actin polymerization (Wu, 2007). During sprouting, this is regulated by 

Myosin II, which simultaneously inhibits Rac1-dependent local Arp2/3 activation 
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(Figueiredo et al., 2021). The outgrowth of zebrafish ISVs also requires focal adhesions, 

as Talin mutants (Talin couples the actin cytoskeleton to focal adhesions) display 

sprouting defects (Chau et al., 2022). Therefore, in tip cells local actin polymerization by 

Arp2/3 is balanced by Myosin II dependent contraction and focal adhesion maturation to 

control protrusion size (Figure 12).  

 

Figure 12: Model of filopodia and dactylopodia formation and contribution to angiogenesis.  In wild-

type embryos, filopodia form via Formin driven actin polymerization (ñWild Type ï early activationò). 

Next, Arp2/3 driven filopodia expansion causes dactylopodia to arise from filopodia (ñWild Type ï 

protrusion controlò). This is balanced via Myosin driven focal adhesion maturation. In Myosin (MIIA) 

mutants, this balancing mechanism is lost, causing excessive dactylopodia formation. By contrast, the 

filopodia expansion is lost in Arp2/3 mutants, leading to excessive filopodia formation. Adapted from 

(Figueiredo et al., 2021). Reproduced under Creative Commons Attribution License. 

During angiogenesis, tip cells undergo cell divisions. A zebrafish study described that 

these divisions are not symmetrical, but rather generate daughter cells of different size 

(Costa et al., 2016). This asymmetric division is initiated by positioning of the mitotic 

spindle towards the rear end of the tip cell and causes asymmetric partitioning of kdrl 
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(Vegfr2) mRNA (Figure 13; (Costa et al., 2016)). The asymmetric tip cell division also 

leads to a high asymmetry of ERK activity, which is abolished by Kdrl inhibition (Costa 

et al., 2016). The Kdrl inhibition then randomizes tip-stalk positioning (Costa et al., 

2016). By maintaining high signaling through asymmetric divisions, tip cells may reduce 

the effect of necessary cell divisions during arterial sprouting. Interestingly, inhibition of 

proliferation in venous ECs is rather beneficial for sprouting (Jerafi-vider et al., 2021). 

Here, VEGFC-Flt4 signaling increases the expression of p53 and the cyclin-dependent 

kinase (CDK) inhibitors p27 and p21 (Jerafi-vider et al., 2021).  

 

Figure 13: Illustration of asymmetric tip cell division.  After mitosis entry, the spindle is positioned 

towards the rear of the tip cell. This leads to an asymmetric tip cell division, which maintains the VEGF 

signaling imbalance of tip and stalk cells and thereby the lateral inhibition via Dll4-Notch signaling. 

Modifed from (Costa et al., 2016); Reproduced with permission from Springer Nature; License number: 

5763671375078 . 

1.6.2 The role of second messengers during cell migration and angiogenesis 

Phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3), abbreviated as PIP3, the 

product of class I PI3Ks, is enriched at the leading edge of migrating cells and associated 

with positive regulation of initiators of cell movement, such as Rac1 (Innocenti et al., 

2003; Insall and Weiner, 2001). Moreover, while PIP3 is enriched at the anterior 

membrane of eukaryotic cells, PTEN is enriched at the posterior end, strictly separating 

PIP3 and PTEN enriched compartments (Matsuoka and Ueda, 2018). In addition, a newly 

described PTENŮ (PTEN5) variant, possesses the ability to repress filopodia formation 

(Zhang et al., 2021). Another recent study described an additional mechanism for PI3K 

activity during blood vessel morphogenesis. Here, loss of Pik3ca activity causes EC 

hypercontractility, which leads to defects in junctional remodeling and anastomosis 

(Angulo-Urarte et al., 2018). Even though AKT is the best-known target of PI3K 
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signaling, many more proteins possess the PH domain necessary to bind PIP3 

(Jungmichel et al., 2014). For example, the aforementioned MyoX binds PIP3, but also 

the Rho guanine nucleotide exchange factors (GEFs) of the Dock family, which act 

upstream of the small GTPases Cdc42 and Rac1 and play a role in vascular development 

(Brugnera et al., 2002; Epting et al., 2010; Hernández-García et al., 2015; Jungmichel et 

al., 2014).  

Intracellular Ca2+ oscillations also play an important role in regulating cell migration. 

This has been studied extensively for axonal growth cones, where small and large 

elevations in Ca2+ levels were shown to act repulsively, whereas medium amplitude 

oscillations were shown to attract the growth cone (Gomez and Zheng, 2006). 

Intracellular Ca2+ levels are controlled by influx through membrane channels or release 

of Ca2+ from intracellular storage (at the endoplasmic reticulum) (Gomez and Zheng, 

2006). Local flickering of Ca2+ regulated by TRPM7 channels, also contributes to steering 

cell migration (Wei et al., 2009). In zebrafish ISV sprouting it was shown that Ca2+ 

oscillations are regulated by Vegfa-Kdrl signaling (Yokota et al., 2015). Ca2+ transients, 

caused by active VEGF signaling, are present during tip cell budding as well as tip cell 

selection, but are generally high in both tip and stalk cells that have fully migrated out of 

the aorta (Yokota et al., 2015). Suppression of Dll4-Notch signaling increased Ca2+ 

activity in the aorta before tip cell budding (Yokota et al., 2015). Tmem33 is a 

transmembrane protein that has been linked to a specific function in controlling 

endothelial Ca2+ oscillations by mediating store-operated calcium entry from the 

endoplasmic reticulum (Savage et al., 2019). Loss of tmem33 lead to loss of Ca2+ 

oscillations in sprouting ISVs, which caused defects in tip cell filopodia formation and 

EC migration (Savage et al., 2019). During angiogenic sprouting in the embryonic brain, 

it was shown that mechanosensitive Piezo1 channels mediate branch retraction or 

extension to ensure proper vessel patterning in the brain (Liu et al., 2020). In response to 

Piezo1 activation, fast Ca2+ oscillations lead to Calpain mediated vascular branch 

retraction, whereas slow oscillations lead to NOS mediated branch extension (Liu et al., 

2020) (Figure 14). This dose and frequency dependent behavior is similar to what was 

described for axonal growth cone steering (see above).  
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Figure 14: Regulation of brain vascular sprout extension and retraction by slow and fast oscillating 

Ca2+ waves downstream of the mechanosensitive channel Piezo1.  Reprinted from (Liu et al., 2020) with 

permission from Elsevier; License number: 5798730451327. 

1.6.3 Lumen formation 

The second step in vascular development is the formation of a lumen that enables 

circulation through the newly formed vascular loop. Several mechanisms during 

sprouting angiogenesis have been described, which involve either the formation of lumen 

in-between cells (cord hollowing) or within single ECs (cell hollowing) (Eberlein et al., 

2021; Herwig et al., 2011; Lenard et al., 2013). The stalk cells become lumenized during 

sprouting, first forming uni-cellular tubes to then build multicellular tubes allowing 

enlargement of the vessel diameter (Lenard et al., 2013). This endothelial cell interface 

elongation is driven by VE-Cadherin (Cdh5), which is a main component of endothelial 

cell-cell junctions (Sauteur et al., 2014). The process of cell hollowing involves the 

deformation of the apical cell membrane by haemodynamic pressure (Gebala et al., 2016). 

These deformations resemble inverse blebs and the process was thus termed inverse 

membrane blebbing (Gebala et al., 2016).  

Lumen formation also requires active remodeling of the actin cytoskeleton. Fmnl3 is not 

only required during CVP formation, but also for lumen formation during ISV 

development (Phng et al., 2015). Marcksl1, an actin bundling protein, was found to play 

a role in lumen formation and regulation of vessel diameter (Kondrychyn et al., 2020a). 
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Here, Marcksl1 forms linear actin patches that weaken the cell cortex and thereby enable 

lumen formation (Kondrychyn et al., 2020b). Intercellular endothelial junctions require 

both linear actin bundles and branched actin (Cao et al., 2017b; Paatero et al., 2018b; 

Phng et al., 2015). The branched actin forms structures similar to lamellipodia which were 

termed JBL (junction-based lamellipodia) or JAIL (junction associated intermittent 

lamellipodia) (Cao et al., 2017b; Paatero et al., 2018b). These structures, which are 

associated with F-actin, Arp2/3 and junctional proteins (VE-Cadherin, ZO-1), regulate 

adhesion and monolayer integrity during sprouting and cell re-arrangements during lumen 

formation (Cao et al., 2017a; Paatero et al., 2018a).  

The formation of large caliber vessels in the zebrafish embryo requires different 

mechanisms. The common cardinal vein (CCV), the largest embryonic vessel, forms by 

ñlumen ensheathmentò (Helker et al., 2013). Here, ECs migrate collectively as a sheet to 

engulf the blood-filled lumen (Helker et al., 2013). Another process to form lumen in 

large vessels was recently described for the formation of caudal vein (CV) (Weijts et al., 

2021). During CV formation, pillars of endothelial cells (ñendothelial strutsò) form to trap 

erythrocytes into compartments, which provides structural support to form the large 

lumen (Weijts et al., 2021). The struts are eventually  integrated into the vessel wall 

(Weijts et al., 2021).  
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1.7 Aim of the study  

The Apelin signaling pathway plays a role in both developmental angiogenesis and 

pathological angiogenesis. Our previous work has shown that the Apelin signaling 

pathway induces endothelial cells into a pro-angiogenic state and has an effect on 

filopodia formation in tip cells (Helker et al., 2020). Despite these findings, little is known 

about how the Apelin signaling pathway regulates sprouting angiogenesis on a cellular 

level. It has been demonstrated, that the ligand Apelin is highly express by vascular tip 

cells. However, Apelin is also expressed by other tissues like the heart, endocrine beta-

cells or the central nervous system. Within the central nervous system Apelin signaling 

has been shown to play a role during neurodevelopment and protection. Of interest, we 

and others have shown, that the receptor is mainly expressed in the vasculature. However, 

no function of neural-derived Apelin on vascular development has been described.  

Therefore, this work aims to analyze a possible role of Apelin signaling during the 

vascularization of the central nervous system. By genetic tissue-specific rescue 

experiments, we will describe the role of autocrine (vascular) Apelin signals in 

comparison with paracrine signals from central nervous system. 

The second aim of this work is to characterize how the Apelin signaling pathway regulates 

the cellular behavior of vascular tip cells. Using different transgenic reporter lines that 

label the cell membrane or the cytoskeleton, these dynamic cellular structures will be 

monitored in tip cells at subcellular resolution.   

In the last aim, we will analyze how the signals of the endothelial Apelin receptor are 

transmitted in the cell to control tip cell behavior. We will investigate various intracellular 

signaling pathways associated with G-protein signaling or sprouting angiogenesis. 

Therefore we will use novel biosensors, which visualize the Ca2+ oscillations, activity of 

enzymes involved in angiogenesis such as ERK, or PI(3,4,5)P3 localization in the 

vasculature and analyze them in vivo. 

These results will provide a more comprehensive understanding of the impact of the 

Apelin signaling pathway on sprouting angiogenesis, at a single cell resolution. 

Therefore, our findings could contribute to the development of future therapeutic 

approaches targeting sprouting angiogenesis.  
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2 Results 

2.1 apln is expressed in the dorsal neural tube during ISV sprouting 

During ISV sprouting, apln is expressed in tip cells of the ISVs, but also the notochord 

and neural tissue, whereas aplnrb expression is specific to sprouting ISV tip and stalk 

cells (see Figure 6 (Helker et al., 2020)). To better understand how Apelin signaling 

regulates ISV sprouting, the dynamics of apln and aplnrb expression were analyzed in 

detail. Therefore, a transgenic bacterial artificial chromosome (BAC) reporter was 

utilized. The advantage of a BAC reporter line is that also other upstream regulatory 

sequences of the endogenous locus are incorporated, which more accurately reflects the 

endogenous expression of the desired gene (Suster et al., 2011). The previously published 

BAC line was reporting apln expression by driving GFP (Helker et al., 2020). However, 

as the GFP fluorophore of the published line has a high half-life in cells (~26 hours) 

(Corish and Tyler-Smith, 1999), a new fluorescence reporter for apln expression was 

generated prior to this work by replacing the GFP coding sequence with the coding 

sequence of Venus fused to a PEST degradation sequence (Venus-PEST). Analysis of 

double transgenic embryos expressing the novel TgBAC(apln:Venus-PEST) reporter and 

the vasculature labeled by Tg(kdrl:Has.HRAS-mCherry) revealed that during ISV 

sprouting, which happens before 32 hpf, apln:Venus-PEST expression is strongest in cells 

located in the dorsal neural tube rather than the ISV tip cells (Figure 15 A). Expression 

in the vasculature only became apparent at 40 hpf and dominant by 48 hpf (Figure 15 A 

arrows), while at the same time neural apln:Venus-PEST expression faded (Figure 15 A, 

Figure S 1 B). Note that this is after the dorsal migration of tip cells ended and the DLAV 

has already formed. The TgBAC(apln:Venus-PEST) line displayed more dynamic 

changes of fluorophore expression, better reflecting the apln expression as determined by 

whole-mount in situ hybridization (WISH) than the previously published 

TgBAC(apln:EGFP) (Figure 15 A; Figure S 1 A, B). By 72 hpf apln:Venus-PEST was 

not detectable in the neural tube, whereas apln:EGFP expression was still faintly visible 

(Figure S 1 A arrows). Interestingly, the ISVs extended towards the apln:Venus-PEST 

expressing neural cells and began to migrate along the dorsal side of these cells. During 

their migration along this path tip cells maintained close contact to the apln:Venus-PEST 

expressing cells, which brought the tip cells of neighboring ISVs into proximity, after 

which they anastomosed and thus formed the DLAV (Figure 15 C).  
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Figure 15: During sprouting of the ISVs, apelin is expressed in a subpopulation of cells in the dorsal 

neural tube.  (A) Confocal projections taken from a time-lapse video of sprouting ISVs expressing 

TgBAC(apln:Venus-PEST)mr15; Tg(kdrl:HsHRAS-mCherry)s896. Arrowheads point towards apln:Venus-

PEST expression in the vasculature. (B) Representative confocal projections of Tg(aplnrb:aplnrb-tagRFP-

sfGFP)bns309; Tg(kdrl:HsHRAS-mCherry)s896 embryos at different timepoints.  Arrowheads point towards 

aplnrb reporter in actively migrating endothelial cells of the ISVs and DLAV. (C) Confocal projections of 

TgBAC(apln:Venus-PEST); Tg(kdrl:HsHRAS-mCherry). Tip cells contact apln:Venus-PEST-expressing 

neural cells (arrows). Yellow lines indicate transverse (1, 2) or frontal sections (3).  Scale bars: 30 µm (A), 

(B), 20 µm (C), 10 µm magnifications 1 ï 3 in (C). Adapted and modified from (Malchow et al., 2024). 

By contrast, the expression of the Apelin receptor (aplnrb), could be observed specifically 

in the actively sprouting ECs of the ISVs throughout their dorsal migration and DLAV 

formation (Figure 15 B, Figure S 1 B). Note that aplnrb-reporter expression is limited to 

active ECs but absent from the quiescent vasculature of the aorta and the cardinal vein 

(Figure 15 B). 
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Figure S 1: Validation of apln and aplnrb expression reporters.  (A) Comparison of the 

TgBAC(apln:Venus-PEST)mr15 reporter and the TgBAC(apln:EGFP)bns157 reporter at 48 and 72 hpf.  Arrows 

point towards signal in the neural tube, arrowheads point towards signal in the vasculature. (B) 

Representative images of whole-mount in situ hybridization of wild-type embryos stained with apln or 

aplnrb anti-sense probe at 24 or 48 hpf. Arrows in magnification highlight apln-expressing cells in the 

neural tube at 24 hpf. Scale Bars: 200 µm (B), 20 µm (A). Adapted and modified from (Malchow et al., 

2024). 
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2.2 The apln-expressing cells are neural progenitor cells located directly adjacent 

to the roof plate region of the neural tube  

Next, the apln-expressing cells were further characterized. From their location in the 

neural tube, it was very likely that these cells represent a population of neural cells. To 

test whether the apln-expressing cells are neurons, the apln reporter was crossed to the 

neuron labelling transgenic fish line Tg(elavl3:GAL4-VP16); Tg(UAS-E1B:NTR-

mCherry). Co-expression analysis by high resolution imaging at 30 hpf revealed that most 

apln:Venus-PEST-expressing cells are mCherry negative and therefore not differentiated 

neurons (Figure S 2). The apln:Venus-PEST-expressing cells lie ventrally and directly 

adjacent to the large Rohon-Beard sensory neurons (Figure S 2 A arrows), which do not 

express apln and form early during embryonic development (Cornell and Eisen, 2000). 

However, some Tg(elavl3:GAL4-VP16); Tg(UAS-E1B:NTR-mCherry) positive cells, 

which localized more ventrally, were indeed also positive for apln:Venus-PEST (Figure 

S 2 A, Aô arrowheads). 

 

Figure S 2: During sprouting of the ISVs few apln-expressing cells are differentiated neurons.  (A ï 

Aôô) Confocal images of TgBAC(apln:Venus-PEST); Tg(elavl3:GAL4-VP16); Tg(UAS-E1B:NTR-

mCherry) embryos at 30 hpf. Arrows point towards mCherry positive, Venus negative neurons. Arrowheads 

point towards double positive cells. (A) sagittal section. (Aô) frontal section. (Aôô) transverse section. Red 

dashed line outlines apln:Venus-PEST expression. Scale Bars: 30 µm (A), 20 µm (B), 10 µm (Aô), (Aôô). 

Adapted and modified from (Malchow et al., 2024). 
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Other neural cells that are in proximity of the neural tube at this time-point are the neural 

crest cells. However there was no overlap between apln:Venus-PEST-expressing cells 

and cells positive for the neural crest marker Tg(sox10:GAL4-VP16); Tg(UAS-E1B:NTR- 

mCherry) (Figure S 3). 

 

Figure S 3: apln-expressing cells are not neural crest cells.  Representative confocal projections of 

TgBAC(apln:Venus-PEST)mr15; Tg(sox10:GAL4-VP16)km6Tg; (UAS-E1B:NTR-mCherry)c264Tg transgenic 

embryos.  Arrows point towards mCherry positive, Venus negative cells.  Scale Bars: 20 µm. Adapted and 

modified from (Malchow et al., 2024). 

Radial glial cells are neural progenitor cells that can give rise to various types of neurons. 

They are abundant during embryonic stages, and some specialized radial glial (like) cells 

persist in vertebrates from the embryonic to adult stages (Miranda-Negrón and García-

Arrarás, 2022). In the embryonic and larval zebrafish neural tube, radial glial cells are 

one of the dominant cell types (Matsuoka et al., 2016), while other, differentiated glial 

cell types such as astrocytes have only been described to be present in the zebrafish neural 

tube recently and only after 2 dpf (Chen et al., 2020). To test whether the apln-expressing 

cells may be radial glial cells, the TgBAC(apln:Venus-PEST) line was crossed to the radial 

glial cell labelling TgBAC(gfap:GAL4FF); Tg(UAS-E1B:NTR-mCherry) transgenic line. 

Colocalization of the Apelin and Gfap reporters could be observed between 26 and 56 

hpf (Figure 16 A). Interestingly, at 26 hpf the most dorsally located apln:Venus-PEST-

expressing cells did not express mCherry and the mCherry negative cell population 

became smaller up to 34 hpf and disappeared completely at 56 hpf (Figure 16 A). Closer 

observation of the time-lapse data revealed that this increase in overlap of the reporters 

appeared however not to be due to an expansion of the Apln+ Gfap+ cell population, but 

rather a more rapid decline of apln:Venus-PEST fluorescence in Apln+ Gfap- cells.  
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Figure 16: During sprouting of the ISVs, apln is expressed in dorsal progenitors in the neural tube. 

Confocal projections of TgBAC(gfap:GAL4FF); Tg(UAS-E1B:NTR-mCherry); TgBAC(apln:Venus-PEST) 

transgenic embryos. apln:Venus-PEST expression is detectable in gfap:GAL4FF; UAS-E1B:NTR-

mCherry-expressing cells (colocalization channel). Only gfap:GAL4FF-expressing cells retain 

apln:Venus-PEST signal until 56 hpf. (B) Confocal projections of TgBAC(apln:Venus-PEST); Tg(-

2.1zic2b:mCherry) double transgenic embryos. apln:Venus-PEST expression is detectable in zic2b: 

mCherry-expressing cells (colocalization channel). Scale bars: 30 µm. Adapted and modified from 

(Malchow et al., 2024). 

The neural tube can be divided into compartments of specialized cells, the most dorsal of 

which is the roof plate. Since the apln-expressing cell population is located on the dorsal 

side of the neural tube, the next step was to test whether they are part of the roof plate. 

As there was no roof plate specific transgenic line available in the laboratory, a new 

transgenic line had to be generated that labels this specialized cell population. A known 

gene that labels the roof plate region is Zic2 (in zebrafish zic2a and zic2b) (Nagai et al., 

1997). To generate a roof plate reporter line, the short promoter (region upstream of the 

start codon until -2.1 kb) of the zic2b gene was cloned from cDNA and inserted upstream 

of the mCherry coding sequence. The resulting construct was injected and adult fish 

screened for germline integration to generate the stable Tg(-2.1zic2b:mCherry) transgenic 

line (for further information on selection, generation and screening of the transgenic line  

see 5.1.3 in the Methods section). Confocal imaging showed that zic2b:mCherry 

expressing cells localized to the most dorsal part of the neural tube (Figure 16 B). Further 

validation of the Tg(-2.1zic2b:mCherry) transgenic line confirmed strong expression of 
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mCherry in roof plate cells (Figure S 4 A ñcentral neural tubeò), which, matching 

published data, underwent ventral stretching morphogenesis (Kondrychyn et al., 2013) 

(Figure S 4 B) to give rise to the radial glial-like cells (Kridsada et al., 2018) (Figure S 4 

C) of the central canal that eventually become ependymal cells. Lastly, Tg(-

2.1zic2b:mCherry) also labels differentiating interneurons (Paixão et al., 2019), which 

localize at the neural tube margin (Figure S 4 A). 

 

Figure S 4: The zic2b short promoter drives strong fluorophore expression in roof plate cells and 

interneurons and weaker expression in dorsal neural progenitor cells.  (A) Confocal images of a 

TgBAC(apln:Venus-PEST); Tg(-2.1zic2b:mCherry) embryo at 48 hpf. Sagittal sections showing zic2b-

expressing interneurons in the outer neural tube and zic2b-expressing in roof plate cells in the central neural 

tube. (Aô) Transverse section. apln:Venus-PEST expressing cells outlined by red dashed line. N = 3 

embryos. (B) Sagittal sections from a time-lapse movie of TgBAC(apln:Venus-PEST); Tg(-

2.1zic2b:mCherry) embryos starting at 56 hpf. Yellow asterisks point to apln:Venus-PEST; zic2b:mCherry 

expressing cells; white arrow depicts ventral extension of the roof plate cells. (C) Confocal images of a 

Tg(-2.1zic2b:mCherry) embryo at 104 hpf injected with -2.1zic2b:EGFP. N = 4 embryos. Scale Bars: 20 

Õm (B), 10 Õm (A), (Aô), (C). Adapted from (Malchow et al., 2024). 
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Importantly, all apln:Venus-PEST positive neural cells coexpressed zic2b:mCherry 

(Figure 16 B). Specifically, between 26 and 48 hpf, all  apln:Venus-PEST positive cells 

localized ventrally to the cells that displayed the strongly zic2b:mCherry-expressing roof 

plate cells, colocalizing with cells that exhibited weaker zic2b:mCherry expression 

(Figure 16 B, Figure S 4 A, Aô). The apln:Venus-PEST-expressing neural cells localized 

to the center of the neural tube, where the domains of the progenitor cells are located 

(Figure S 4 A, Aô, B). Therefore, the apln-expressing neural cells likely represent a subset 

of dorsal progenitors in the developing neural tube. 

To ascertain that the apln-expressing neural cells are neural progenitors, a Cre-ERT2-

mediated lineage tracing strategy was applied (Figure S 5). Therefore, a transgenic BAC 

fish line that uses the same regulatory sequences of the apln promoter as the GFP and 

Venus fluorescent reporters to drive expression of the Cre-ERT2 fusion construct was 

used (Marín-Juez et al., 2019). The Cre-ERT2 fusion protein allows for efficient 

induction of Cre mediated recombination by treatment with 4-hydroxytamoxifen (4-

OHT). The TgBAC(apln:Cre-ERT2) fish line was then crossed to another transgenic line, 

which drives ubiquitous GFP fluorophore expression that is switched to mCherry 

expression upon Cre mediated recombination of the contained loxP sites Tg(-

3.5ubb:loxP-EGFP-loxP-mCherry) (hereafter referred to as ubi:switch) (Mosimann et al., 

2011). Treatment of apln:Cre-ERT2; ubi:switch embryos with 4-OHT from 25 to 30 hpf 

revealed many labeled/recombined cells localizing to the dorsal part of the neural tube at 

120 hpf (Figure S 5A). Upon closer inspection, the recombined cells localized to the 

central, but also marginal domains of the neural tube (Figure S 5 Aô). In addition, 

recombined ECs were found in the ISVs (Figure S 5 A' arrowheads) and DLAV. In optical 

transverse sections (Figure S 5 Aôô) it became more apparent that the recombined cells 

are primarily radial glial cells (arrows), but also interneurons (asterisks) and seldom 

ependymal cells (arrowhead). Overall, these data confirm the results of the fluorescence 

reporters and prove that the apln-expressing cells in the neural tube are dorsal progenitors 

that give rise to radial glial cells and interneurons. 



 

34 

 

34 Results 

 

Figure S 5: Cre-ERT2 mediated lineage tracing confirms that the apln-expressing cells are neural 

progenitors. (A) Confocal projection of a Tg(kdrl:TagBFP); TgBAC(apln:Cre-ERT2); Tg(-3.5ubb:loxP-

EGFP-loxP-mCherry) transgenic embryo at 120 hpf. Recombination was induced from 25 to 30 hpf by 

adding 4-OHT. Regions for magnification are marked by the yellow dashed box (Aô). N = 6 embryos. (Aô) 

Arrowheads point towards mCherry expressing ECs. Note the positive neurons in the margin and the 

positive progenitors in the center of the neural tube. (Aôô) Transverse section of the neural tube of a 

TgBAC(apln:Cre-ERT2); Tg(-3.5ubb:loxP-EGFP-loxP-mCherry) embryo at 120 hpf. Arrows point to 

projections of radial glia cells; arrowhead marks ventrally extending projection of radial glia-like roof plate 

cells; asterisks mark neurons. Scale bars 20 µm (A), 10 µm (Aô), (Aôô). Adapted and modified from 

(Malchow et al., 2024). 

 

2.3 Neural tube-derived Apln guides vascular sprouting 

As mentioned, Apln is a known tip cell enriched gene, whose expression is regulated by 

Dll4-Notch signaling in sprouting arteries (Del Toro et al., 2010; Helker et al., 2020). 

Thus, vascular Apln is believed to be an important regulator of sprouting. To test whether 

neural or vascular Apln control ISV sprouting, different experiments were conducted to 

manipulate the localization or putative gradient of Apln peptide.  
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Figure 17: Ubiquitous apln overexpression leads to sprouting defects and does not rescue the apln 

mutant phenotype.  (A) Model of apln overexpression strategy (B) Images of aplnwt/wt and aplnmu267/mu267 

Tg(kdrl:gfp)s843  embryos subjected to ubiquitous apln overexpression by Tg(hsp70l:apln)mu269 after heat 

shock. Arrows point to missing DLAV segments.  (C) Percentage of embryos which formed the DLAV 

from (B).  (D) Percentage of embryos displaying truncated ISVs from (B). (C, D) sibling control n = 36 

embryos, aplnmu267/mu2677 control n = 15 embryos, sibling hsp70l:apln n = 33 embryos, aplnmu267/mu2677 

hsp70l:apln n = 15 embryos from N = 4 experiments; P-values calculated by Anova with Tukeyôs test. 

Scale bars 30 µm. Adapted and modified from (Malchow et al., 2024). 

First, it was tested whether ISVs require a distinct Apln source for their directed 

migration. Therefore, the endogenous apln expression was overridden by utilizing a 

transgenic line that allows overexpression of apln using the heatshock inducible promoter 

Tg(hsp70l:apln) (Helker et al., 2020). In addition, the Tg(hsp70l:apln) transgenic fish 

were crossed to apln mutant fish, to test whether ubiquitous overexpression of apln can 

rescue the mutants phenotype (compare scheme in Figure 17 A). Observing the state of 

ISV migration at 32 hpf, revealed that Tg(hsp70l:apln) positive embryos, which were 

wild-type for endogenous apln expression, failed to form the DLAV by 32 hpf, which 

was completely formed in wild-type siblings negative for the transgene (Figure 17 Bô, 

Bôô, C). In addition, hsp70l:apln overexpression did not rescue the DLAV formation 

defect of embryos with a homozygous mutation in the endogenous apln locus (Figure 17 

Bôôô). Some of the ISVs in apln mutant display a truncated phenotype at 32 hpf, failing 

to reach the dorsal side of the trunk.  
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Figure 18: Neural Apelin signaling drives tip cell elongation and DLAV formation.  (A) Model of 

tissue-specific apln expression rescue strategy. (B) Images of aplnmu267/mu267 embryos (Bô (control), 

Tg(fli1a:GFP)y1) or aplnmu267/mu267 with restored vascular (Bôô, Tg(fli1a:GAL4FF)ubs4; Tg(UAS:LIFEACT-

GFP)mu271) or neural overexpression (Bôôô, Tg(elavl3:GAL4-VP16)psi1; Tg(fli1a:GFP)y1). Arrows point to 

missing DLAV segments. (C) Percentage of embryos which formed the DLAV from (E).  (D) Percentage 

of embryos displaying short (truncated) ISVs from (E).  (F, G) Control n = 58 embryos, neuronal 

overexpression n = 24 embryos, vascular overexpression n = 19 embryos. Embryos from N Ó 4 experiments. 

Scale bars 30 µm. Adapted and modified from (Malchow et al., 2024). 

While the ubiquitous hsp70l:apln overexpression was unable to rescue the DLAV 

formation defect, the percentage of apln mutant embryos displaying the truncated ISV 

phenotype were significantly reduced (Figure 17 D). 

As this experiment revealed that apln expression from a specific source is important the 

dorsal ISV migration and especially the subsequent formation of the DLAV, it was next 

tested whether these behaviors are controlled by autocrine signals from the tip cells or 

neural expressed apln (paracrine signaling) (Figure 18). Therefore, apln had to be tissue-

specifically overexpressed in apln mutant embryos. By cloning the apln coding sequence 

behind the UAS promoter and generating the stable Tg(UAS:apln) line, apln expression 

could be driven either in the neural tube by crossing with Tg(elavl3:GAL4-VP16) or in 

the vasculature by crossing with Tg(fli1a:GAL4FF) (see scheme Figure 18 A). As 

mentioned, apln mutant embryos fail to form the DLAV by 32 hpf (Figure 18 Bô, C).  
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Figure S 6: Behavior of tip cells during apln gain and loss of function.  (A, B) Still images taken from 

time-lapse videos of sprouting ISVs. (A)  aplnwt/wt embryos (control) and aplnwt/wt embryos with 

Tg(hsp70l:apln)mu269.  (B) aplnmu267/mu267 embryos (control) and aplnmu267/mu267 embryos with neuronal apln 

overexpression.  Scale bars 30 µm. Adapted and modified from (Malchow et al., 2024). 

Strikingly, this phenotype could not be rescued by vascular overexpression of apln 

(Figure 18 Bôô, C). However, vascular overexpression did, similar to the ubiquitous 

overexpression, significantly reduce the number of apln mutant embryos that displayed 

truncated ISVs (Figure 18 Bôô, D). Next, it was tested whether restoring apln expression 

in the neural tube could rescue the apln mutant phenotype. Unlike the vascular specific 

overexpression, the DLAV formation defect was rescued in over 50 % of the embryos 

with neural specific apln overexpression and, importantly, the truncated ISV phenotype 

was completely rescued (Figure 18 Bôôô, C, D). The effects of ubiquitous and neural 

specific apln overexpression on the migration behavior of tip cells/ISVs was further 

analyzed in detail by confocal time-lapse imaging (Figure S 6). At the cellular level, 

hsp70l:apln overexpression disturbed the pathfinding and delayed dorsal migration of tip 

cells (Figure S 6 A). In contrast, restoring neural apln expression in apln mutants rescued 

the dorsal migration of tip cells (Figure S 6 B).  

To summarize, Apelin signals from the neural tube regulate vascular migration and 

pathfinding, thereby enabling the dorsal migration of tip cells and formation of the 

DLAV.  

2.4 Apelin signaling is required for long filopodia formation and tip cell elongation 

To further characterize the effects of this paracrine crosstalk on ISV sprouting and tip cell 

behavior, high-resolution confocal time-lapse imaging was performed during the Apelin 

signaling dependent period (24 hpf to 30 hpf). As described in the introduction, 

endothelial tip cells are highly dynamic and extend many filopodia during migration.  
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Figure 19: ISV tip cells form long filopodia and elongate, once they reach the horizontal myoseptum.  

(A, B) Confocal maximum intensity projections of sprouting ISVs. (A) Still images taken from a time-lapse 

video of Tg(fli1a:GAL4ff)ubs4; Tg(UAS:LIFEACT-GFP)mu271;  Tg(kdrl:NLS-mCherry)is4 embryos.  During 

sprouting, tip cells undergo four characteristic morphological changes (I. - IV.).  Arrows point towards the 

leading edge/dominant filopodium, arrowheads mark tip cell nucleus. (B) High resolution image of 

sprouting stage II ISVs of an embryo expressing Tg(kdrl:EGFP-CAAX)mr19 and Tg(kdrl:NLS-mCherry)is4. 

Arrows point towards long filopodia. 20 µm (A), 10 µm (B). Adapted and modified from (Malchow et al., 

2024). 

To visualize these actin-dependent structures a transgenic fish line labelling F-actin 

(Tg(fli1a:GAL4ff); Tg(UAS:LIFEACT-GFP)) and the cell nuclei (Tg(kdrl:NLS-

mCherry)) in the vasculature was used  (Figure 19). Four distinct morphological stages 

could be classified (Figure 19 A): (I.) tip cells exhibit a compact morphology that is not 

markedly different from the stalk cells; (II.) after passing the dorsal edge of the notochord, 

tip cells form a long filopodium in dorsal direction; (III.) the cell body elongates dorsally, 

while the nucleus remains stationary; (IV.) the tip cells begin to stretch in anterior and 

posterior direction, forming the shape of a T, while the nucleus moves dorsally. 

Since the mCherry fluorophore expressed by Tg(kdrl:HsHRAS-mCherry) has drawbacks 

in terms of brightness and agglomeration, a new line using the GFP fluorophore was 

generated better visualize the membrane dynamics. High-resolution confocal imaging of 

the Tg(kdrl:EGFP-CAAX) transgenic line revealed the formation of one or two dominant, 

stable filopodia preceding tip cell elongation (Figure 19 B), which is in line with 

published findings (Phng et al., 2013).  

As Apelin signaling is required for the dorsal extension of the sprout, its effect on tip cell 

behavior and morphology was analyzed in detail (Figure 20). During early migration 

(Stage I.) tip cells of aplnrb mutant embryos exhibited only a weak phenotype forming 

short filopodia and wild-type-like migration (Figure 20 A, C 23 to 25.5 hpf). However, 

as wild-type tip cells entered Stage II., they began to form the long dorsal filopodium, 

which was absent in aplnrb mutants (Figure 20 A, Aô, Aôô).  
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Figure 20: Apelin signaling drives endothelial tip cell elongation.  (A) Still images of time-lapse videos 

comparing sprouting of tip cells in wild-type and aplnrbmu281/mu281 ISVs expressing Tg(kdrl:EGFP-

CAAX)mr19. Dashed boxes mark regions of interest for magnification (Aô, Aôô); small arrows in 

magnification mark filopodia.  (B) Polar histogram depicting filopodia length and angle relative to the aorta.  

(Bô) Average filopodia length in aplnrbmu281/mu281 in comparison to siblings. Siblings n = 111 filopodia from 

N = 13 embryos; aplnrbmu281/mu281 n = 39 filopodia from N = 9 embryos; p-values calculated by two-tailed 

t-test.  (C) Dorsal displacement of ISVs from t0 (23 hpf) in wild-type and aplnrbmu281/mu281 embryos over 

developmental time. Wild-type n= 10 ISVs, aplnrbmu281/mu281 n = 7 ISVs. Scale Bars: 20 µm (A), 10 µm 

(Aô), (Aôô). Adapted and modified from (Malchow et al., 2024). 

In fact, quantification of tip cell filopodia revealed that tip cells of wild-type embryos 

formed the longest filopodia at angle of 50 ° - 90 ° (relative to the dorsal aorta), whereas 

tip cell filopodia formed by aplnrb mutant embryos displayed a more random distribution 

(Figure 20 B). Furthermore, the average length of tip cell filopodia was reduced in aplnrb 

mutant embryos, with very long filopodia (> 20 µm in length) being completely absent 

(Figure 20 Bô). Next, tip cells of wild-type embryos underwent rapid dorsal elongation, 

which was severely impaired in tip cells of aplnrb mutant embryos (Figure 20 A, C). 

Importantly, while some tip cells of aplnrb mutant embryos eventually migrate dorsally, 

they never form the T-shape necessary for anastomosis with neighboring vessels (Figure 

20 A). Thus, even at two days the DLAV does not form in aplnrb mutant embryos (Data 

not shown). 
















































































































































































