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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. Thes
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, wiuiddiesd "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 angiogenedis.zebrafishthe Apelin signaling pathway consists of two
ligands (Apin and Apela) that bind to thepgBotein coupled receptors Aplnra and Apinrb.

In particular, Apln and Apinrb 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 Apin and
the receptor are expressed by newly forming vessels, and Apln is particularly enriched in
tip cells. Therefore, it was hygeesized 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 Apin
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 figgolution timeapse imaging

of living embryos revealed that the tip cells elongate towardapeexpressing neural

stem cells and then migrate along them. These behaviors are lost apladhdapinrb
mutants, in which the tip cells have a truncated morphologyispoaVe 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 Apin 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 durisglves

Vi



formation in wildtype and inaplnrb mutants was performed by higasolution 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 migratiowhen stimulated bypln from neural stem cells. We

were thus not only able to further investigate the effect of the Apelin signaling pathway
on vesseformation butwere also able to describe the formation of a novehbmane

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 tHmApe
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. Inaplnrb mutants, we were able to show that instebdsymmetric

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

development of new therapies for cardiovascular diseases.

VIi



Zusammenfassung

DieseArbeit behandelt die Rolle de&pelin-Signalweg in der BlutgefalRentwicklung.

Um das komplexe Gefal3netzwerk zu bilden, das fir die Versorgung aller Organe und
Gewebe mit Sauerstoff und Nahrstoffen erforderlich ist, missen Endothelzellen
bestehende Gefal3e verlassBiese Endothelzellen wandeemtlangchemotaktischen

und haptotaktischen Signaland bilden daraufhin neue GefaBeeser Prozess wirdls

Angi ogenese (Asprout i ng Wahmegd deg Angiegenesefi ) be:
weisenspezialisierteZellen (Tip-Zellen) an der Spitze des neuen GefalRes den,Weg

wahrend sogenanntéStalk-Zellemi den Tip-Zellen folgen und das neue Lumen des

Gefal3es bilden.

Der Apelin-Signalweg ist an der embryonalen, regenerativen und pathogenen
Angiogenese beteiligt. Im Zebrabarbling besteht der Ag®igmalweg aus zwei
Liganden (Apln und Apela), die an die3oteingekoppelten Rezeptoren Aplnra und
Aplnrb binden. Insbesondere Apln und Agdrspielen eine Rolle bei der Angiogenese.
Trotz dieser Erkenntnisse ist jedoch nur wenig Uber die intrazellularen Signale bekannt,
durch die deApelin-Signalwegdas dynamische Zellverhalten wéhrend der Angiogenese
steuert.Sowohlder Ligand Apln als auchder Rezeptorwerden vonsich neubildenden
GefalRenexprimiert, und Apln ist insbesondereTip-Zellenangereichert. Dahevurde

vermutef dass vaskulares Aphis autokrines Sign&lin Regulator der Angiogenese ist.

In dieser Arbeitwurdendie molekularen und zellularen Mechanismen untersucht, durch
die derApelin-SignalwegdasZellverhaltenwdhrend der Gefal3bildurgjeuert. Hierzu
haben wir embryonale Zelirarblingeals Modell fur die Angiogenese verwendet.

Durch die Erzeugung neuartiger transgener Reporterlinien konnten wir zeigededass
LigandApln nicht nur in Blutgefal3en, sondern aucimeuralerStamnzellen im dorsalen
Neuralrohr exprimiert wird. Die Kombination der neuen Reporterlinien mit
hochauflosenden Zeitrafferaufnahmen von lebenden Embryonen ergab, dassBjeh die
Zellenin Richtung deapln-exprimierenden neuralen Vorlauferzellen strecken und dann
an diesen entlangwandern. Diese Verhaltensweisen gehen sowablrbals auch bei
aplnrb Mutanten verloren, in denen diEp-Zellen eine abgestumpfte Morphologie
aufweisenUm das Dogma zu widerlegen, dass autokrines Apelin aus den Gefél3en die
Angiogenese steuert, haben wir mit Hilfe von neu generierten transgenen Linien
Rettungsexperimente durchgefuhrt. Wir konnten damit das erste Mal zeigen, dass

parakrines Apin aus neuralen Stammzellen die Gefa3bildung steuert.
VI



Wahrend der Angiogenese bilden dig-Zellen viele dynamische Membranfortsatze
(Filopodien) aus Diese fungieren wie Antennemm Signale aus ihrer Umgebung
wahrzunehmemind dadurch das GefaBwachstum zu steugunch einen detaillierten
Vergleich deszellularen Verhaltens derTip-Zellen wahrend der Gefal3bildung im
Wildtyp und in aplnrb-Mutanten durch hochauflésende Zeitrafferaufnahmen der
Endothelmembran und des Zytoskeletts von transgenen Embryonen durchgefuhrt. Hier
konnten wir zeigen, dasEp-Zellen spezialisierte Fortsatze bilden, daisFilopodien
entstehen und entscheidend fiur dedmigation sind, wenn sie durdpln von neuralen
Stamnzellenstimuliert werdenWir konnten somit nicht nur die Auswirkung des Apelin
Signalweges auf die Gefal3bildung weietersuchersonderrkonnten auch die Bildung
einesneuartige, durch Apelin Signale induziertddembranfortsatzs beschreiberder

die Migrationvon Tip-Zelleneffizientermacht

Weiterhin konnten wir durch Analyse neuartiger Biosensdre®ignaltransduktiomuf
Einzelzellebene in Echtzeit ilebendenOrganismus untersuchen. dachwar es uns
maglich eingoositive Regulierung der ERKind PI3KkEnzymaktivitat in den ip-Zellen
durch denApelin-Signalwegzu beschreiben Durch Untersuchung diesBiossensoren
konnten wir auclibeobachten, dagdp-Zelleneine hoher&ERK-Aktivitat aufweiserals
StalkZellen. Diesem Zellverhalten geht eimsymmetrischeZellteilung der Tip-Zellen
voraus In aplnrb-Mutanten konnten wir zeigen, dass es anstatt esywnmetrische
Zellteilung zu einer symmetrischen Zellteilung kommtdurchauch dieh6hereERK
Aktivitat in Tip-Zellen im Vergleich zistalk-Zellenverloren gehtDiese "Angleichung”
von Tip-Zellen und StalkZellen fihrt dazu, dass das sich neu bildende Gefal3 immer
wechselndeTip-Zellen an derSpitze hat und sich keindip-Zelle durchsetzen kann.

Dadurch kommt es zu einem s@meffizientenGefalRwachstum.

Zusammenfasserannten wir nicht nur das Dogma der autokrinen Funktion von Apelin
widerlegensondern haben auch einen neuen \@f@meurovaskularen Kommunikation
durch Apelin Signale nachgewieseader die Vaskularisierung des Neuralrohrs steuert.
Diese Ergebnisse ermdglichen ein tieferes Verstandnis der Angiogenese und der Biologie
derTip-Zellen was zur Entwicklung neuer Therapien fur kardiovaskuléare Erkrankungen

beitragen kann.



Introduction

1 Introduction

1.1 The model organismDanio rerio

Danio rerio, also known as zebrafish, were first introduced as a model organism in the
1970s(Streisinger et al., 1981Febrafish have several advantages over mammalian
models such as timouse antbecame 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 vertebrateZebrafish 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 andamipulation of embryonic developme{8treisinger et al.,
1981)and have made the zebrafish a unique and widely used modal ¥ivo drug
discovery and testing in vertebratéslacRae and Peterson, 2015; Phillips and
Westerfield, 2014; Zon and Peterson, 206&jrthermore, 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 develoatmtein et

al., 2021; Ellertsdottir et al., 2010)nlike mammals, adult zebrafish also have the innate
ability to fully regenerate several organs, such as the (i@t et al., 2003nd spinal
cord(Cigliola et al., 2020after 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 genegHowe et al., 2013)Overall, 71.4 % of human genes have at least one
zebrafish ortholog, of which 47 % have a d@o@ne relationship and 35 % have a-one
to-many relationshigHowe 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 bi for example: the human geM&EGFAhas the zebrafish orthologuesgfaaand

vegfab Since the pathways that drive organ development and regeneration are conserved
among vertebrateand thebenefitsof speed and accessibilitthis makeszebrafishan

ideal modelto studyembryonic development amtngenitaldisorders

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
1



Introduction

reaches a network of capillaries in the organs via the-lzatjeervesselsand arterioles

There, the slow flow of blood enables the release of oxygen and nutrients into the tissue.
From this network of capillariethe blood flows back towards the heart throughules

and larger veingOften 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 andhtreducing it into the
bloodstrean{Karpanen and Alitalo, 2008The lymphatic system is heavily involved in
immune defense, as the lymph contains waste products and immune cells, primarily

lymphocytegKarpanen 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
differentiae into endothelial cells (ECs) and form the inner lining of the first vessels, the
aorta and cardinal vein (CV), and the developing heart, the endocardi(iRisau 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 systenm 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(lsemyai et al.,

2001; Kimmel et al., 1995)T'he 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., 199B)e basic vascular structures of
mammalian embryos are also present in the zebrafish enilsogai et al., 2001)an
overview of which can be found figurel (Eberlein et al., 2021)As anexample, 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 (DLEA§)rel d)
(Eberlein et al., 2021Next, 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 trunkigurel) (Eberlein et al., 2021)



Introduction

Figure 1: The different vascular beds of the larval zebrafish. (a1 g) Larval zebrafish vasculature
labelled by the transgen&g(kdrl:EGFP¥83 Developmental timepoint indicated in each pana). (
Overview of the whole zebrafish larval vasculatubg.tbe aortic archesg) the brain vasculaturegl) the
trunk vasculature;d) the posterior cardinal vein and vein plexu3;the common cardinal veing) the
subintestinal vein plexus. Scale bars: overview image 200 um; all magnifications 10@ogified from
(Eberlein et al., 2021)
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1.3 Vasculogenesisind 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 Elabekgrithkgand

of the G protein coupled receptor (GPCR) Apelin Receptor (Aplnr), is a key driver of
mesodermal cell migratio(Norris et al., 2017; Pauli et al., 2014; Stock et al., 2022)
Here, Apelin signaling acts downstream of Nodal signaling, and embryos mutant for
apelaor apinrb exhibit developmental defects like cardiac edema caused lajténed

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 novadfrom endothelial precursor cells termed angiobléRisau and Flamme, 1995)
During late gastrulation the specification of endothelial and hematopoietic lineages is
initiated by the master regulatoloche(Stainier et al., 1995Mutants forclochelack

most endothelial cell§Stainier et al., 1995)lt was recently discovered that the gene
cloche corresponds to a transcription factor which the authors named neuronal PAS
domain protein 4 like (Npas4{Reischauer et al., 2018)pas4linitiates the expression

of other key early endothelial markers lig&2andtall (Reischauer et al., 2016pelin
signaling is alsoregulating vasculogenesis itself. The specified angioblasts migrate
towards the embryonic midline, following Apela signals from the notoclidetker et

al., 2015) Once the ECs readie midline, VEGF signalingis required for arterial
differentiation and segregation of the dorsal aorta and the posterior cardindramin

the common precursor vesg€lovassin et al., 2006)
1.4 Sprouting Angiogenesis

After the formation of the first vessels by vasculogenesis, anwthasf vessel formation
predominantly takes plack this process, known as sprouting angiogenesis, new vessels
develop from existing mature vessgdseFigure2). The quiescemtaturevasculature is
surrounded by mural cells (pericytes and smooth muscle cells) as well as a basement
membrandHerbert and Stainier, 201T)o initiate angiogenesis, individual ECs that are
part of the quiescent vessel wall are activated, begin to degradgttheellular matrix
(ECM), and migrate towasdthesources of growth factors and chemokiftdsrbert and
Stainier, 2011; Napoleone Ferrara et al., 2088xt, other cells of the vessel wall follow,
and the cells arrange into a cdikk structure known as spro(®erhardt et al., 2003)

4



Introduction

The major pathway initiating sprouting is tMEGF signalingpathway (Napoleone
Ferrara et al., 2003yvhich will be furthelintroducedn chapter 4.1.

a Quiescent vessels b TC selection
Growth factor

Lateralinhibition | (VEGFA, VEGFC,

of TC formation (ANG2)
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Pericyte degradation
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Figure 2: The steps of angiogenesiqa) The quiescent vasculature is surrounded by pericytes and ECM.

(b) Uponstimulationby growth factorsECs become activated. The vessel loses pericyte coverage at this
site and activated cells begin degrading the ECM. Subsequently, a leading tip cell (TC) is se)etied. (

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 comecting to other vessels or sprouts (anastomosis), the newly formed vessel
matures to form a stable connection to the blood circulatifmdified from (Herbert and Stainier, 2011)
Reproduced with permission from Springer Natlieense number5763651252355

The leading cell®f the sproutare termed tip cells and display distinct characteristics
from the follower cells, which are termed stalk c€Bgrhardt et al., 2003 ompared to
stalk cells, tip cells form more thin, rditke projections called filopodiéGerhardt et al.,
2003) and exhibit a different gene expression profel Toro et al., 2010)A high
resolution confocal projection of a sprout with tip and stalk eekfhown inFigure3 A.
During formation of the trunk vasculature the ISt¥svelopby sprouting and dorsal
migration of ECs from the dorsal aortBiqure 3 B). These vessels migrate dorsally
underneath the somitdgst over the notochord and then the neural tube, where they then

connect to neighboring ISVs to form the DLAVhis initial sprouting of arterial ISVs is
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termed primary sprouting, whereas the later formationverious connections and

sprouting of LECdrom the cardinal vein is termed secondary sprouting.

B |

Figure 3. Sprouting intersegmental vessel in the zebrafish trunk.(A) High resolution image of an
endothelial sprout. The cell membrane is trangenically labelled in whitgtkgr:EGFRCAAX) the EC

nuclei are labelled in red big(kdrl:NLSmMCherry) Note the many filopodia decorating the tip cel) (
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 lego anastomose witneighboring vesseldlodified 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., 206}
generallydisplay high level of glycolysis, batrelatively low oxygen consumption rate
(De Bock et al., 2013)'he Hippo signaling pathway is a wéthown regulator of organ
growth and mediates its effects mainly through the transcriptional activators Yap and Taz.
Downstream oVEGF signaling Yap/Taz or their cdactors TEAD1, 2 and glay a vital

role in sprouting angiogenegisSim et al., 2017; Ong et al., 202} ere, Yap/Taz activity
regulates sprouting and vascular barrier formation in both the mouse retirtheand
embryonic mouse brain by modulating the actin cytoskeleton and metabolic activity by
increasingexpression of the glycolysis promoting transcription factbhC (Kim et al.,

2017) In addition, Yap/Taz signaling activates the transcription of amino acids
transporters, which promotes growth activating mTORC1 signédmg et al., 2022)
Another glycolytic activator, which plays an important role in sprouting is PFKBEB3
Bock et al., 2013)Importantly, PFKFB3 regulates&ctin and protrusion formation in

tip cells and overexpression BFKFB3 is able to overruldhe angiogenesiimiting

Notch signalingpathway(De Bock et al., 2013)



1.4.1VEGEF signaling

Introduction

The best characterized and so far most important regulators of angiogendsis are

vascular endothelial growth factor (VEGF) ligands and recegiapoleone Ferrara et

al., 2003) Several growth factors, Vegfa, Vegfc, Vegfd, have been identified, activating
the receptors Kdr (Vegfr2, Flk1), Fit4 (Vegfr3) and Flt1 (Vegfidgrbert and Stainier,
2011; Napoleone Ferrara et al., 2008Jhile Vegfa activating Kdr, is essential in

initiating arterialangiogenesisvenousand lymphaticsproutingare controlled by Vegfc
activating Flt4(Covassin et al., 2006; Herbert and Stainier, 2011; Hogan et al., 2009;

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

o =D =Dl =DE =5

Figure 4: Model of tip and talk cell
architecture driven by VEGF and
Notch signaling. High Vegf signaling i
tip cells triggers DIll4 expression, wh
activates Notchreceptors in stalk cel
This prevents tip celike behavior ¢
stalk cells by lowering Vegf signaling
stalk cells.Modified from (Herbert an
Stainier, 2011) Reproduced wi
permission from Springer Natu
License numbel5763651252355

initially all of arterial origin, the focus in the
following is on arterial sproutingn zebrafish, the
Kdr ortholog Kdrl is expressed in the aorta and
activated by its ligand Vegfaa, which is expressed in
the surrounding somited.iang et al., 2001)This
activates ECs in the dorsal side of the agrta
triggering them to leave the quiescent vessel wall
and begin migrating. Relative levels oVEGF
signaling and thus downstream effectors like
Calcium fluctuations, ERK activity and Notch
signaling determine which cell will become the
leading tip cell of the IS(Hellstrém 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 iRigure4 i the concept of Noteh
dependent tigstalk cell selection will be introduced
in chapter 1.4.2Anotherimportant target oWEGF
signaling is the kinaseERK and, die to higher
VEGF signalingn tip cellsthan stalk cellstip cells

have elevated ERK activity as wéosta et al., 2016; Shin et al., 2018y portantly,

ERK, which plays an essential role in ISV sprouting, regutheexpression ddll4, the
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primary ligand for the Notch receptors in the endothelibat not arterial differentiation
(Shin et al., 2016)

As mentionedefore tip cells form many dynamic filopodia. These filopodia sense and
are guided bYCM boundVegfa(Gerhardt et al., 2003Yhe filopodia formed by future

tip cells also contribute to the tip cell selection process by speeding up Notch dependent
selectionZakirov et al., 2021)nterestingly, however, ISVs retain their dorsal migration
when filopodia formation is chemically inhibited, albeit less efficieiffyang et al.,

2013)

Another group of kinases which apevotal for vascular development are the PI3Ks.
Specifically, the p110isoform of the class 1 of PI3K®K3CA acts downstream of
VEGF signalingand contributes majorly to developmental angiogen&iaupera and
Potente, 2013; Graupera et al., 20@)her class | PI3Ks are the pBl®PIK3CB) and

p 11 O0PRK3C(E isoforms. All of these have in common that they generate
Ptdins(3,4,5)P (short PIP3), by phosphorylatirgtdins(4,5)R (Vanhaesebroeck et al.,
2010) This phosphorylation is reversed by the phosphatase FVERhaesebroeck 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 GPCR&#anhaesebroeck et al., 2010)
Dysregulation of PI3K by constitutively active mutasoare connected to tumor
development, while PTEN acts as a tumor suppré&sortley and Neel, 1999 study
conducted in mice showed that PTEN acts downstream of Notch signaling to negatively
regulate stalk cell proliferatiofBerra et al., 2015nd loss of PI3K signaling antagonists
Ptena/Ptenb causes a hypersprouting phenotype of the ISVs in ze{@afishapoikayil

et al., 2013)

While the role of PIK3CA in developmental angiogenesis has been extensively studied
and appears to be the major isoform in this pro@@ssupera et al., 2008ess is known

about PIK3CB and PIK3CG. Possibly the most vkelbwn target activated by PI3K
signaling is the kinase AKT (sometimes named PK&)iojima and Walsh, 2002)n
mammals, there athree AKT isoforms (17 3) (Shiojima and Walsh, 2002RKT is
activated after selectively binding PIP3 at the plasma membrane in a process which also
involves PDK1, PDK2 and mTOR{S3hiojima and Walsh, 2002n addition to growth

factor receptors or GPCRs, focal adhesions (such as integrin receptors) activate AKT
(Shiojima and Walsh, 2002Active AKT then phosphorylates an array of factors such as

8
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eNOS, mTOR, GLUT4 and FOXO transcription factors and thereby promotes cell
growth, glucose metabolism and proliferat{@raupera and Potente, 2013; Shiojima and
Walsh, 2002)AKT plays an important role in vascular development. Specifically, a study
conducted in mice showed that Aktl phosphoedatany downstream targdtaportant

for vascular development and tiAdtl mutant mice displayedasculaoutgrowth defects

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

did not find a significant effect on tip cell filopodia formatiuee et al., 2014 recent
preprint study published on bioRxiv showed thigtmutants, displayed defects in arterial
specification and DA formation, which could explain the ariegin segregation defects

in vegfaamutants(Zhou et al., 2020)

1.4.2 Negative regulators of angiogenesis

Dll4 expression is restricted to sprouts of artedaihtity, such as the ISVs during primary
sprouting and its expressiois highest in tip cellsAs shown inFigure4, tip cell derived
Deltalike 4 (DIl4) activates Notch receptors in the stalk cell, thereby repressing tip cell
fate (Hellstrom et al., 2007; Leslie et al., 2007; Siekmann and Lawson, 2007; Suchting et
al., 2007) Interestingly,high mitogenic stimulatioly VEGF and therefore high ERK
activity, repressegroliferation in tip cell§fPontesQuero et al., 2019Notch activation

in stalk cells counteracts this signaling, enabling prolifergtfmmtesQuero et al., 2019)
Surprisingly,DIl4 expression is not required for tip cell function dbit¥ deficient tip

cells are not overtaken 14 expressing stalk cell#asan et al., 2017; Pitulescu et al.,
2017) Instead, mosaic loss of the pangiogenic, Notch opposidgglcaused these cells

to localize less frequently to the tip cell positi@itulescu et al., 201{Figureb).

During arterial differentiation Notch signaling then restricts vessel growth by repressing
Vegfaand Cxcr4 expressionHasan et al., 2017; Pitulescu et al., 20High Vegfr2
signaling maintaindDLL4-Notch activity, therebyrepressig c-MYC expression cell
growth and proliferation, whichromotegheformation of arteries over veirfsuo et al.,
2021) Therefore the metabolicactivity and proliferation rate can influence the type of
vessel formed during maturatioRurthermore, derial blood flowis able tomaintain
Notch signaling, which prevents conversion of those arteries into (Mlasts et al.,
2018) Notch signaling represses Vegfc/Flt4 signaling in art€kiegan et al., 2009put

is inactive during venous and lymphatic sprouting, which, as mentioaqdire the
Vegfc/Flt4 signaling pathwafKtchler et al., 2006)
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Figure 5: Notch signaling Network to regulate tip cell selection and artery developmentDuring
sprouting VEGFA activatesCxcr4andDIl4 expression in tip cellsvhich arecharacterizedby the tip cell
enriched ESM1 peptid@eft). Sustained DII4Notch signaling directs these cells into becoming arteries
during differentiationwhereas higllaglexpression favors the progeny of these cells to remain as tip cells
(middle, right). Modified from (Pitulescu et al., 201 Reproduced with permission from Springer Nature
License numbei5763660296545

Additionally limiting blood vessel growth is the Sema@xinD1signalingaxis(Torres
Vazquez et al., 2004; Vieira et al., 2022; Zygmunt et al., 2044)e, the endothelial
expressed PlexinD1 receives Semad signals from the surrounding somites, which triggers
the arterial expression of solubl&ltl (Zygmunt et al., 2011)Interestingly, sFltl then

acts as a decoy receptor for Vegfa, limitifgeGF signalingand thus preventing
excessive proliferation, while promoting correct pathfinding of veggelseger et al.,

2011; Zygmunt et al., 2011)

Other repressors of sprouting and inportant target of AKT, which repress cell
proliferation and thereby balances vascular network dereigythe Forkhead box O
(FOXO) transcription factoréGraupera and Potente, 201Bhosphorylation of FOXOs

by AKT induces nuclear export apdeventingheirDNA 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 netwofkVilhelm et al., 2016)FOXO1 mediates these effects by
repressing MY Gctivity (Wilhelm et al., 2016)A recent study also reported that FOXO1
additionally promotes endothelial quiescence by production of metabolites, specifically
S-2-hydroxyglutarate (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, big alsoimportantfor angiogenesis across vertebrate species
(Cox et al., 2006; Del Toro et al., 2010; Helker et al., 2020; Kéalin et al., 2007; Kidoya et
al., 2008) In zebrafish, the pathway consists of the tslmrt peptiddigands Apela
(apelg and Apelin &pln) as well as the twGPCRsApInra(aplnra) and Apinrb &plinrb).
Whereas the early ligand Apela has an important function dwasgrulation and
vasculogenesifHelker et al., 2015; Pauli et al., 201A)pelin ismainly responsible for
mediating the angiogenic effects of the pathwaglis enriched in tip cell§Del Toro et

al., 2010; Helker et al., 202Qrigure 6 A, B). Unlike Apelin, the Aplinr, 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-angiogenic state in
sprouting ECs and embryos mutant &pin or aplnrb display severe defects of ISV
outgrowth(Helker et al., 2020)Figure6 C). Here,apln expression is restricted by Notch
signaling andapln mutants do not exhibit the hypersprouting phenotype that is induced
by dll4 knockdown in wildtype embryogHelker et al., 2020)Furthermore Apelin
signaling enhances glycolytic metabolism by increasiMyc and Pfkfb3 levels, thereby
likely providing the energy necessary for tip cells to migrate and undergo morphological
changeqHelker et al., 2020)While mutants alsdlisplay fewer EC numbers in ISVs,
these effects are not seveseggesting that thApelin signaling pathway mediates its
pro-angiogenic effects rather by promoting cell migratigtelker et al., 2020)ndeed
aplnrb morphantsdisplay tip cell morphology defects, which appear more blunted and
protrude fewer filopodigHelker et al., 2020)The fact hat boththeaplnr and the ligand
aplnare expressed in the vasculature suggastsdel of autocrine stimulation of tip cells

by Apelin duringISV sprouting, which is restricted by Notch signal{fggure?).

Importantly,Aplnand its receptor are not only expressed in ECs during development, but
their expression is ractivated during pathological angiogenesis and regenerative
sprouting(Liu et al., 2015; MarirJuez et al., 2019Puring zebrafish heart regeneration,
apln-expressing coronary sprouts invade the damaged tissue in a Vegfa and- Cxcl12
Cxcrddependent mannéMarin-Juez et al., 2019Ywo recent studies identified Apelin
signaling to be important for revascularization in during skeletal muscle regen¢kation
Moal et al., 2024; Lee et al., 202&)d to alleviate thehenotypesn mouse modelsf

muscular dystrophigy promoting angiocrine signalirfge Moal et al., 2024)Similarly,
11
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Apln/r expression can be found tumor associated vasculature and thus presents an
additional target for antatngiogenic therapy, which might be especially important for
treatment of tumors that are resistant to clag&GF signalingnhibitors(Kidoya et al.,
2011; Uribesalgo et al., 2019; Zhao et al., 20E8y examplein colorectal carcinomas,
Apelin but notVEGF signalingdrives endothelial cell migration, which is required for
tumor perfusion and growi{BernierLatmani et al., 2022)

A B

| ligand | | receptor

Tg™(apin:EGFP) Tg*(apln:EGFP) Tg®< (aplnrb-apinrb-sfEGFF) Tg¥< (aplnrb-aplnrb-sfEGFP)
Tg(kdr:HsHRAS-mCherry) Tg(kdrl:HsHRAS-mCherry) Tg(kdn:HsHRAS-mCherry) Tg(kdr:HsHRAS-mCherry)
’ ’

Figure 6: apln and aplinrb are expressed in ECs and essential for sprouting angiogenesi®) apin
expression visualized by the transgenic BAC repadrtgBAC(apIn:EGFP)Arrows labelapln-expressing
endothelial cells.E) aplnrb expression visualized by the transgenic BAC repdrtgBAC(aplnrb:apinrb
sfEGFP).Arrows labelapinrb-expressing endothelial cell€C)Y Mutants for the ligandapln andapelg as
well as the receptoeplnraandaplnrb exhibit severe ISV sprouting defedinbryos expressing vascular
markerTg(flila:EGFP) Arrowheads labettalled ISVsModified from (Helker et al., 2020)

Besides sprouting angiogenesis, Apelin signalalgo plays an important role in
regulating heart development. Here, it controls heart fielc&clopment and the formation
of cardiac progenitors, which is mainly controlled by the ligand Aldeéy linked tothe
migration defects of the mesoderm (see ab(®@bihg 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 myocard@net al., 2022)These
protrusions are necessary for the thickening of the ventricular wall by trabeci@tion
et al., 2022)As a GPCR,he Aplinr 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 métwen et al., 2016)

= Tip cell

Apelin  Aplnr
concentration distribution
C——————
low high

— Stalk cells

 —

hl—j Apetin

Figure 7: Model of Apelin signaling during angiogenesis.Tip cells display high levels all4 andapin
expression. The DIl4 peptide then activates Notch receptors muthscent vasculature e.g. of the aorta,
but also stalk cells to represpln expression.This results in thetip cells experiencing the highest
concentrationsf Apelin peptide which issensed by the Aplrexpressedhroughout thesprout.Modified
from (Helker et al., 2020)

Apelin signaling also plays an important role in aduttsegulates 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
proteinFabp4expressior{Hwangbo et al., 2017} urthermore, Apelin supplementation
has the ability to reverse age related loss of muscle mass in(Mieel et al., 2018)

The Angiotensirreceptor Il type 1 (Agtrl / AT1) plays an important role in regulating
vascular tone, by promoting vasoconstriction and thereby increasing blood pressure
(Forrester et al., 2018Jhe Apelin receptor (previously called Agtrll) antagonizes AT1
signaling, lowering blood pressure and can even directly inhibit AT1 via allosterie trans
inhibition (Siddiquee et al., 20137 summary of the physiological effects of Apelin

signaling can be founid Figure8.
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The molecular mechanisms through which tBBCR Aplinr acts are incompletely
understood. What is known is that the Apt@an coupleto the Gprotein subunit G

(Masri et al., 2002)which inhibits Adenylyl cyclase, thereby lowers intracellular cAMP
levels and inhibits PKA activityHeilker et al., 2009)Gy 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, nhibitingall Gy 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, G signaling is required for sprouting of the ISVs in
zebrafish.

ACE2
Apelin-13 (\ ELABELA / Toddler / Apela

RO —. g @%@@@m&m@@@e@e@w
132 \‘ ( SRR EREEERED 324

Cardiovascular disease Embryonic development

+ Vasodilatory effects * Endoderm differentiation

* Inotropic effects + Migration of mesodermal cells

+ Cardioprotective effects + Vascular formation in yolk sac

» Cardiac hypertrophy| * Embryonic vascular development
« Cardiac fibrosis| « Cardiomyocyte differentiation

* Blood pressure| * Heart morphogenesis

+ Angiogenesis? + Coronary vessel formation

Atherosclerosis|

Figure 8: Summary of the diverse physiological and cellular effects of the Apelin signaling pathway.
The Apinr (here APJ3an be activated by either Apelin or Apelich affects cardiovascular disease and
embryonic developmenReprinted from(Kuba et al., 2019)with permission from ElseviglLicense
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 veBselmteractions
between neural and vascular cells importantly mediate the pathfinding of both vascular
sprouts and neural axons aak 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 formatiofBussmann et al., 2011; Fujita et al., 201d)contrast, Wnt
signaling drives the sprouting BBB forming vessel the brain, but is dispensable for
angiogenesis in other tissu@3aneman et al., 2009; Stenman et al., 2008)t7aand
Wnt7bare expressed by the neuroepithelium and are required for the maintenance of the
BBB by a mechanism that involves Reck, GPR{Z2#nman et al., 2008; Ulrich et al.,
2015; Vanhollebeke et al., 2015 recent study published iScienceunraveled the
mechanism by which Wnt signaling uses ligand specific activation by coupling GPR124
and Fz receptorEubelen et al., 2018As this studyhowever, does not focus on the
development of the brain vasculature, in the following a medepth view on the newro

vascular interactions during trunk vasculature formation will be given.

VEGEF signalingnot only mediates the guidance of angiogenic sprouts, but also axonal
guidance, for example the guidance of commissural axons in the developing spinal
cord/neural tubéRuiz de Almodovar et al., 201Blere, \egfexpressed 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., 2011puring later spinal cord development,
HIF1U activatesvegfexpression in the neural tissue, mediating the invasion of vascular
sprouts into the motor neuron colosof the spinal cor¢Himmels et al., 2017; Hogan

et al.,, 2004; James et al., 2009jmultaneously, the motor neurons balance vascular
invasion by the expression of Fiilimmels et al., 2017)Similarly, it was shown in the
zebrafish that neuronal Vegfaa and soluble Fltl1 balance each other to prevent
hypersprouting of vessels at the level of the neuralie et al., 2017)Also the radial

glial cellsof the neural tube play a critical role mediating Flt1 dependent suppression of
sprouting(Matsuoka et al., 201§see schemeBigure9 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 gegural vascular plexus (PNVP) that surrounds
the neural tubéMatsuoka et al., 2017Neural progenitor cellsf the spinal cord were

also shown to interact with endothelial cells in a bidirectional fas{iamedes et al.,
2021) Here, floor platederived Shh induces the expression of-@ngiogenicAnglin

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

to release TG, which induces the oligodendrocyte lineage in these neural progenitor
cells (Paredes et al., 20215urthermore, the motor neurons of the spinal cord restrict
vascular ingrowth by expressing Sema3C, which activates endothelial Plgxirdra
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et al., 2022)This restriction of vascular ingrowth is essential for motor neuron maturation
(Vieira et al., 2022)

A B Wildtype

PNVP Angiogenic
sprouting

Figure 9: Neuro-vascular interactions in the developing spinal cord.Early mouse spinal cord
developing. \éssels surround the spinal cord, which at embryonic dayaii@&dyinvolves the specialized
roof and floor plate regions. At E9.5 the spinal cordpséhneural cell are continuing to differentiate into
specialized clusters along the dorsoventral axis, is surrounded by vBsselgessels will begin to sprout
and invade into the neural tissueP( floor plate; NPC, neural progenitor cell; MN, motor neuron; PNVP,
perineural vascular plexus; RP, roof p)at@B) In the zebrafishpneural progenitors (radial glia) act on
neurors, which producesFltl to balanceVEGF signaling preventingvascular hypersproutingnto the
neural tube Reprinted from(Paredes et al., 2018yith permission from ElsevigiLicense number:
5798730949455

1.5.1Formation 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 patterrdldng the doral-ventral axisby distinct signalsThe

most important mediators of dai-ventral patterningireShh,whichis expressed in the
ventral domaingincluding themost ventral domaififloor plated) and notochordas well

as Wntl and Bmp7 which are expressed in the dorsal domains of the neural tube
(includingthemo st d o r sraof pla®p(lne &réau arid Marti, 2012Figure10).

All of theseare secreted signals forming gradients aloegdibr&l-ventralaxisand Wnt

signaling antagonizes the ventralizing activity of $lbdr Dréau and Marti, 2012)
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Figure 10: Dorso-ventral patterning in the chick neural tube at different stages(A) Sections of the
chick neural tubejn situ hybridization at stage$lamburger andHamilton (HH) 0 (33i38 h of
developmentor HH24 (4 days of developmen8ectiones stained witBhh and Writ probes. Shh and
Wntl antagonize each other, wiiihh being expressed in the ventral neural tube and and notochord and
Wntl being expressed in the dorsal neural tuBeSgcheme showingellular domains in the chick neural
tube at HH24At this stage, the neural tuban be divided into 11 progenitor populatidyiag in the center

of the neural tubéright side,square} which show specific genexpression profilegleft side, squares).
These progenitorgdevelop into several populations of interneurongred/blue circles) as wdl as
motorneurongMN/yellow circle) in the mantle zoneo(iter neural tubeModified from (Le Dréau and
Marti, 2012) Reproduced with permission from John Wiley and Saonense number5763670390338

These signals ultimately establish subsets of different progeddorains which are
further specifiedand characterized by specific transcription factor profitegufe 10 B

left side (Le Dréau and Marti, 201R)These progenitor cells are located in the central
part of the eural tube and give rise to different populations of interneurons and
motorneurongFigure10 B right side)

1.6 Cellular mechanisms of vessel formation

1.6.1The role of membrane protrusions in cell migration and angiogenesis

As mentioned, tip cells form many needile 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., 20@Hyurell). Howevera recenpublication 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 togettiollard, 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 formatio(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 cel[Rottner et al., 2017} amellipodia are broad protrusions

that often span the entire cell edge in the direction of migration. They are foymemzkt
migrating cell typesn vitro, and by some cell types vivo. The primary initiators of
lamellipodia formation are Racl attte WAVE regulatory complex, which activate the
Arp2/3 complexPollard, 2016; Rottner et al., 201 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 aripellard and Borisy, 2003ther proteins that are
known to localize to lamellipodia atortactin and Coroni(Rottner et al., 2017While

F-actin assembly is pushing the leading edge of migrating cells forward, active
disassembly is required to maintain sufficigmiol of monomeric Gactin to be

i ncorporated in the pol yrPellaidand Baisy,f200B)a ment s (
The best studied proteins for this process are the members of the ADF/Cofilin family
(Pollard and Borisy, 2003)

a Direction of F-actin:
migration Dorsal fibre
Transverse arc
Actin meshwork

Lamellipodium

Centrosome
Filopodium

Focal adhesion |Focal complex

Rear - - » Front
Polarity axis

Figure 11: Polarization of a single migrating cell. Filopodia arise from thiamellipodium, which spans
the entireleading edge of the celln the lamellipodium, arF-actin meshworkis invaded by growing
microtubuleswhereas in the middle and rear of the bajger actin fibers, which are connected to mature
focal adhesions, dominat®lodified from (Mayor and Etienndlanneville, 2016) Reproduced with
permission from Springer Naturkeicense number5763671022293

As cells migrate through tissues, they need to interactanddelthe ECM. Therefore,

they utilize other specialized protrusions named podos¢Mesphy and Courtneidge,
2011) Podosomes are actin based, therefloeg contain actin regulators lik€ortactin

and NWASP, and to degrade the ECM they also contain matrix metalloproteases such
as MMP14(Murphy and Courtneidge, 2011jodosomealso have importarfunctions
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in viva. They are for exampleequired 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, 2008Jhese blebs are protrusions formed by hydrostatic
pressure and are formed for example by zebrafish primordial germ cells during migration
(ReichmanrFried et al., 2004)However, as this form of migration is uncommon in

angiogenesis it is not further introduced here.

The role of filopodia in ISMip cell migration wasextensivelystudied byPhng and
colleagueqPhng et al., 2013)The authors found that ISV tip cells form a dominant
filopodium in dorsal direction, which expandafierdisplaying lamellipodia burs{®hng

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 inefficielPhng et al., 2013)n contrast Cdc42FmnI3 driven
filopodia formation is essential for the formation of the zebrafish caudal vein plexus
(CVP), a transient ramified network of blood vesg@mkayama et al., 2015)n mice,
depletion of Cdc42 results in vascular malformatidagngretinal angiogenesis due to
defects in filopodia formation, cell migration, polarization, anctéfp selection, but not
proliferation(Lavifa et al., 2018)it was also reported that Cdc42 functions downstream
of Nrpl to drive cell rearrangements and vascular branchinigo (Fantin et al., 2015)
These effects could be mediated by lateral filopodia formed by sprouts in response to
Racl and Cdc42 activity, which were shown to be required for lumen formtamo
(Abraham et al., 2015)

Recent observations in mice found that tip cells use specialized protrusions for migration
termed dactylopodidFigueiredo 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 polymerizatior{Figueiredo et al., 202XFigure12). Formation of
dactylopodia is balanced by Myosin Il activity aswhsequentlivlyl9amutants form less
filopodia, but excessive dactylopodiahereasArpc4 mutants form more filopodjebut

no dactylopodigFigueiredo et al., 2021Thisexcessive dactylopodia formation may be
dueto reduced cortical stability and loss of protrusion retraction in sproutindekiag
myosin activity(Ma et al., 202Q)Furthermore,iie maturation of focal adhesions requires
tension and local actin polymerizatiQivu, 2007) During sprouting, this is regulated by

Myosin I, which simultaneously inhibits Raclependent local Arp2/3 activation

19



Introduction

(Figueiredo et al., 2021The outgrowth of zebrafish ISVs also requires focal adhesions,
as Talin mutants (Talin couples the actin cytoskeleton to focal adhesions) display
sprouting defect@Chau et al., 2022 herefore, in tip cells local actin polymerizatioyn
Arp2/3is balanced by Myosin Il dependent contraction faedl adhesion maturation to

control protrusion sizéigurel12).

regulation of filopodia and dactylopodia in sprouting angiogenesis

Wild Type - early activation Wild Type - protrusion control
. . filopodia
filopodia (guldance?)
non-vascular
ECM dactylopodia
(Invaslon)
VEGFA  immature mature
VEGFAgg immature basement immature
FAs (B1) i — FAs (B1) ® Fas (pm FAs (p1)
NRP1 NFiF'1
Arpi'S A
A ppmmnac1 AN A
(contractility) (contractility)
s
© E formins formins
E (:; Cdca2 (mDIA/FMNLs) Cdc42 (mDIA/FMNLs)
5 SRF

MIIA KO Arp2/3 KO

absence of filopodia oxcessive filopodia
excessive dactylopodia absence of dactylopodia
immature immature mature
?® e 1; R 1) b FAs BD

BPIX/Racl BPIX/Racl T
(contractility)
formins
Cdcd2 (

férmins
(mDIA/FMNLs)

SRF

Cdea? mDIA/FMNLs)

Figure 12 Model of filopodia and dactylopodia formation and contribution to angiogenesisin wild-

type embryos, filopodia form via Fbeailny dad¢ tviema taicdn i)
Next, Arp2/ 3 driven filopodia expansion causes dact)
protrusion control o). T hfocal adhesionbmatlrationc la Myosini (MIIA)My osi n dr

mutants, this balancing mechanism is lost, causing excessive dactylopodia formation. By contrast, the
filopodia expansion is lost in Arp2/3 mutants, leadingexcessive filopodia formatiorAdapted from
(Figueiredo et al., 2021Reproduced under Creative Commons Attribution License

During angiogenesis, tip cells undergo cell divisiohszebrafishstudy described that
these divisions are not symmetrical, but rather generate daughter cells of different size
(Costa et al., 2016)rhis asymmetric division is initiated by positioning of the mitotic

spindle towards the rear end of the tip cell and causes asymmetric partitioridid of
20



Introduction

(Vegfr2) mRNA Figurel3; (Costa et al., 201%) The asymmetric tip cell division also
leads to a high asymmetry of ERK activity, which is abolished by Kdrl inhibfmsta

et al., 2016) The Kdrl inhibition then randomizes tgialk 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 sprouiregafivider et al., 2021)
Here, VEGFCFIt4 signaling increases the expression of p53 and the ayependent
kinase (CDK) inhibitors p27 and p2Jeraftvider et al., 2021)

Entry into Asymmetric Cell size Vegfr DIl4-Notch

mitosis spindle  asymmetry asymmetry lateral
positioning inhibition

A A

N A<

Y » ﬁ

P B P N P

Figure 13 lllustration 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 maintavisGfe
signalingimbalance of tip and stalk cells and thereby the lateral inhibition via-NDil4h signaling.
Modifed from (Costa et al., 2016Reproduced with permission from Springer Natlrieense number:
5763671375078

1.6.2The role of second messengers during cell migration and angiogenesis
Phosphatidylinositol (3,4,H5yisphosphate (Ptdins(3,4,5)P3bbreviated a®IP3, the
product of class | PI3Ks, is enriched at the leading edge of migrating cells and associated
with positive regulation of initiators of cell movement, such as Rbauiocenti et al.,

2003; Insall and Weiner, 20Q1Moreover, while PIP3 is enriched at the anterior
membrane of eukaryotic cells, PTEN is enriched at the posterior end, strictly separating
PIP3 and PTEN enriched compartmgiMatsuoka and Ueda, 2018) addition, a newly
described PTEN(PTENS) variantpossesses the ability to repréifspodia formation
(Zhang et al., 2021 Anotherrecent 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 bekhown target of PI3K
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signaling, many more proteins possess the PH domain necessary to bind PIP3
(Jungmichel et al., 2014lror example, the aforementionddlyoX binds PIP3, but also

the Rho guanine nucleotide exchange factors (GEFs) of the Dock family, which act
upstream of the small GTPases Cdc42 and Racl and play a role in vascular development
(Brugnera et al., 2002; Epting et al., 2010; Hernar@®arcia et al., 2015; Jungmichel et

al., 2014)

Intracellular C&" oscillations also play an importarole in regulating cell migration.
This has been studied extensively for axonal growth cowbsre small and large
elevations in C# levels were shown toact repulsively, whereas medium amplitude
oscillations were shown tattract the growth conédGomez and Zheng, 2006)
Intracellular C&" levels are controlled binflux through membrane channelsretease

of C&* from intracellular storage (at trendoplasmic reticuluin(Gomez and Zheng,
2006) Local flickering of C&" regulated byfRPM7channelsalso contributes to steering
cell migration(Wei et al., 2009)In zebrafish ISV sprouting it was shown that?Ca
oscillations are regulated by Vegfalrl signaling(Yokota et al., 2015)C&" transients
caused by activ EGF signaling arepresent duringip cell buddingas well adip 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 oDIl4-Notch signalingincreasedCa’*
activity in the aorta before tip cell buddin@rokota et al., 2015)Tmem33 is a
transmembrane protein that has been linkeda specific function in controlling
endothelial C& oscillations by mediating stor@perated calcium entryjrom the
endoplasmic reticulun{Savage et al., 2019).0oss oftmem33lead to loss of Ca
oscillations in sprouting ISVs, whiataused defects in tip cell filopodia formation and
EC migration(Savage et al., 2019puring angiogenic sprouting in the embryonic brain,
it was shown that mechanosensitive Piezol chanmeldiate branch retraction or
extensiorto ensure proper vessel patterning in the bflainet al., 2020)In response to
Piezol activation, st C&* oscillations lead to Calpain mediated vascular branch
retraction, whereas slowscillations lead to NOS mediated branch extendianet al.,
2020) (Figure14). Thisdose and frequency dependéehavior is similar tavhat was

described for axonal growth cone steering (see above).
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e Ca%
3¢ Piezo1

Figure 14: Regulation of brain vascular sprout extension and retraction by slow and fast oscillating
Ca?* waves downstream of the mechanosensitive channel Piez&eprinted fron{Liu et al., 2020Wwith
permission from Elsevieticense number5798730451327

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 lodpeveral mechanisms during
sprouting angiogenesis have been described, which involve either the formation of lumen
in-between cells (cord hollowing) or within single ECs (cell hollowitif)erlein et al.,

2021; Herwig et al., 2011; Lenard et al., 20I3)e stalk cells become lumenized during
sprouting, first forming uncellular tubes to then build multicellular tubes allowing
enlargement of the vessel diamefieenard et al., 2013)This endothelial cell interface
elongation is driven by ViEadherin (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 pre§zeivala et al., 2016)
These deformations resemble inverse blebs and the process was thus termed inverse
membrane blebbinfGebala et al., 2016)

Lumen formation also requires active remodeling of the actin cytoskeleton. FmnlI3 is not
only required during CVP formation, but also for lumen formation during ISV
developmen{Phng et al., 2015Marcksl1, an actin bundling protein, was found to play

a role in lumen formation and regulatiohvessel diametgiKondrychyn 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)ntercellular endothelial junctions require

both linear actin bundles and branched a@@iao et al., 2017b; Paatero et al., 2018b;
Phng et al., 2015The branched actin forms structures similar to lamellipodia which were
termed JBL (junctiorbased lamellipodia) or JAIL (junction associated intermittent
lamellipodia) (Cao et al.,, 2017b; Paatero et al., 2018H)ese structuresvhich are
associated with factin, Arp2/3 and junctional proteins (MEadherin, ZGL1), regulate
adhesion and monolayer integrity during sprouting and celtnangements during lumen

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

The formation of large caliber vessels in the zebrafish embryo requires different
mechanismsThecommon cardinal vei(CCV), the largest embryonic vessel, forms by

Al umen e n s(telkex ét BlL.POIBHare, ECs migrate collectively as a sheet to
engulf the bloodilled lumen (Helker et al., 2013)Anotherprocesso form lumen in

large vessels was recently described for the formation of caudal veir(\\@¥)s et al.,

2021) During CV formationpi | | ar s of endothelial cell s
erythrocytes into compartments, which provides structural support to form the large
lumen (Weijts et al., 2021)The strutsare eventually integrate 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 angiogenesi©ur previous work hashown that the Apelin signaling
pathway induces endothelial cells into a-prgiogenic state anbas an effect on
filopodia formation in tip cell§Helker et al., 2020Despite these findings, little is known
about how the Apelin signaling pathway regulates sprouting angiogemeaigellular
level. It has beerdemonstratedthat he ligandApelin is highly express by vasculdip
cells However,Apelin is also expresselly other tissuesike the heart, endocrine beta
cells or thecentral nervous systerithin the central nervous systefipelin signaling

has been shown to play a role durmeyirodevelopment and protectiddf interestwe

and others have shown, that the receptor is mainly expressed in the vasditateneer,

no function of neuratlerived Apelin on vascular development has been described.
Therefore,this work aimsto analyze a possible role of Apelin signaling during the
vascularization of the central nen® system.By genetic tissuespecific rescue
experiments we will describethe role of autocrine (vascular) Am signalsin

comparison wittparacrine signals frormentral nervous system.

The second aim of this work is to characterize hovAibelin signaling pathway regulates
the cellular behavior of vascular tip celldsing different transgenic reporter lines that
label the cell membrane or the cytoskeletonséttynamiccellular structuresvill be

monitoredin tip cellsat subcellular resolution.

In the last aim, we will analyze how the signals of the endothelial Apelin receptor are
transmitted in the cell to contryp cell behaviorWe will investigaterarious intracellular
signaling pathways associated withp@tein signaling or sprouting angiogenesis.
Therefore wewill use novelbiosensors, which visualize the Lascillations, activity of
enzymes involved in angiogenesis suchERK, or PI(3,4,5)R localization in the

vasculatureand analyze thenm vivo.

These results will provide a mommprehensive understandiof the impactof the
Apelin signaling pathway on sprouting angiogenesis,a single cell resolution
Therefore, our findings couldontribute to the development of future therapeutic

approaches targeting sprouting angiogenesis.
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2 Results

2.1 aplnis expressed in the drsal neural tube during ISV sprouting

During ISV sproutingapln is expressed in tip cells the ISVs, but also the notochord
and neural tissue, whereapinrb expression is specific to sprouting ISV tip and stalk
cells GeeFigure 6 (Helker et al., 2020) To better understand how Apelin signaling
regulates ISV sprouting, the dynamicsapin andaplnrb expression were analyzed in
detail. Therefore, atransgenic bacterial artificial chromosome (BAC) repomers
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 ¢8uaster et al., 2011 he previously published
BAC line was reportingapln expression byriving GFP(Helker et al., 2020However,

as the GFP fluorophore of the published lineas a high halfife in cells (~26 hours)
(Corish and TylesSmith, 1999) a new fluorescence reporter fapln expression was
generatedorior to this workby replacing theGFP coding sequence with the coding
sequence o¥enusfused to aPESTdegradation sequenc¥dnusPEST). Analysis of
double transgenic embryos expressingriteel TgBAC(apln:Venu®EST)reporterand
the vasculature labeled byg(kdrl:Has.HRASnCherry) revealed that during ISV
sproutingwhich happenbefore32 hpf,apln:VenusPESTexpression is strongest in cells
located in the dorsal neural tube rather than the ISV tip d&tisiie 15 A). Expression

in the vasculature only became apparent at 4@hgfdominant by 48 higFigurel15 A
arrows) while at the same time neurapln:VenusPESTexpression fade(Figure15A,
Figure S1 B). Note that this is after the dorsal migration of tip cefised and the DLAV
has already formedThe TgBAC(apln:Venu$’EST) line displayed more dynamic
changes of fluorophore expression, better reflectingpheexpression as determined by
wholemount in situ hybridization (WISH) than the previously published
TgBAC(apIn:EGFP)Figure15 A; Figure S1 A, B). By 72 hpfapln:VenusPEST was
not detectable in the neural tylvehereaspln.EGFP expression was still faintly visible
(Figure S1 A arrows).Interestingly,the ISVs extended towards thpln:\VenusPEST
expressingieuralcellsandbegn to migrate along the dorsal sidkthesecells During
their migrationalong this pathip cells maintained close contact to #@En:VenusPEST
expressing cells, whichroughtthe tip cells of neighboring ISVs into proximjtgfter
which theyanastomosednd thus formed the DLAYigurel15 C).
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A : : TgBAC(apin:Venus-PEST) Bl 1o8ACIaninrbeaninrb-sfGEP TgBAG(apinrb.apinrb-siGFF)
TgBAC(apin: Venus-PEST) ” Tg(kdri:Hsa.HRAS-mCherry) | ’ 0BAG(apinrb:ap )

Tq(kdrl:Hsa. HRAS-mCherry)

1 pm transverse section
10 pm frontal section

Figure 15: During sprouting of the ISVs, apelinis expressed in a subpopulation of cells in the dorsal
neural tube. (A) Confocal projectiongaken from a timdapse video of sprouting ISVs expressing
TgBAC(apIn:Venu®ESTY"S Tg(kdr:HsSHRASMCherryj®€ Arrowheads point towardapln:Venus
PESTexpression in the vasculaturB) Representative confocal projectionsigfapinrb:apinrbtagRFR
sfGFPYs3%9 Tg(kdrl:HsSHRASMCherryy®% embryos at different timepoints. Arrowheads point towards
apinrbreporter in actively migrating endothelial cells of the ISVs and DL&S).Confocal projections of
TgBAC(apIn:VenuwEST) Tg(kdrl:HsHRASMCherry) Tip cells contactipln:VenusPESTFexpressing

neural cells (arrows). Yellow lines indicate transverse (1, 2) or frontal sections (3). Scale bars: 30 um (A),
(B), 20 um (C), 10 um magnificationsil3 in (C).Adapted and modified frortMalchow et al., 2024)

By contrast, the expression of the Apelin recempir(rb), could be observed specifically

in the actively sprouting ECs of the ISVs throughout their dorsgtationand DLAV
formation(Figurel15 B, Figure S1 B). Note thataplnrb-reporter expression is limited to
active ECs but absent from the quiescent vasculature of the aorta and the cardinal vein
(Figurel5B).
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A | Ta(kdrl:Hsa.HRAS-mCherry) |

apln

apinrb

Figure S 1. Validation of apln and aplnrb expression reporters. (A) Comparison of the
TgBAC(apin:Venu®ESTY*reporter and th&gBAC(apIn:EGFPYs®"reporter at 48 and 72 hpArrows
point towards signal in the neural tube, arrowheads pmwards signal in the vasculatureB)(
Representative images of whateount in situ hybridization of wildype embryos stained withpln or
aplnrb antisense probe at 24 or 48 hpftrows in magnificatiorhighlight apln-expressing cells in the

neural tube at 24 hpScale Bars: 20@m (B), 20 um @). Adapted and modified frorMalchow 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, theapln-expressing cells were further characterized. From their location in the
neural tube, it was very likely that g cellsrepresent @opulation of neural cellS.o

test whether thapln-expressing cells are neurons, #y#n reporter was crossed to the
neuron labelling transgenic fish lingg(elavi3:GAL4VP16); Tg(UASE1B:NTR
mCherry) Co-expression analysis by high resolution imaging at 30 hpf revealed that most
apln:VenusPESTexpressing cells are mCherry negative and therefore not differentiated
neurons [figure S2). Theapln'VenusPESTexpressing cells lie ventrally and directly
adjacent to the large Rohd@eard sensory neuronBigure S2 A arrows), which do not
expressapln and form early during embryonic developmé@brnell and Eisen, 2000)
However, someTg(elavi3:GAL4VP16); Tg(UASE1B:NTRmCherry) positive cells
which localized more ventrallyvere indeed also positive fapln:VenusPEST Figure
S2A, A6 arrowheads).

A TgBAC(apln:Venus-PEST)
Tg(elavi3:GAL4-VP16); Tg(UAS-E1B:NTR-mCherry) TgBAC(apin:Venus-PEST) Tg(elavi3:GAL4-VP16); Tg(UAS-E1B:NTR-mCheiry)

0,5 pym sagittal section

TgBAC(apin:Venus-PEST) Tg{gfé‘?,‘gfé?,ﬁ,':;j;‘%ﬁw

1um transverse section

Figure S2: During sprouting of the 1ISVs fw apln-expressing cells are differentiated neurons(A i

Ab)b Confocal images ofTgBAC(apln:Venu$EST) Tg(elavi3:GAL4VP16) Tg(UASE1B:NTR
mCherry)embryos at 30 hpf. Arrows point towards mCherry positive, Venus negative neurons. Arrowheads
point towards double positive cell®\)(sagittal section.A§ frontal section. A6 )adransverse section. Red
dashed line outlineapln:VenusPEST expression. Scale Bars: 30 um (A), 20 pm (B), 10 atn YA 6 () .
Adapted and modified frorMalchow et al., 2024)
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Other neural cells thaire in proximity of the neural tube at this thpeint are the neural
crest cellsHoweverthere was no overlap betweapln:VenusPESTexpressing cells
and cells positive for the neural crest markg{sox10GAL4VP16); TQ(UASELB:NTR
mCherry)(Figure S3).

JOF ¥ Vernu EST)
’ Tg(sox10:GAL4-VP16); Tg(UAS-E1B:NTR-mCherry) | TgBAC(apin. Venus-PEST) || Tg(sox10:GAL4-VP16); Tg(UAS-E1B:NTR-mCherry) |

N
2
[=2]
[=
@

Figure S 3: apln-expressing cells are nonheural crest cells. Representative confocal projections of
TgBAC(apin:Venu®ESTYI™> Tg(sox10:GALA/P16}™9; (UASE1B:NTRmCherryy?54T9 transgenic
embryos. Arrows point towards mCherry positive, Venus negative cells. Scal@®ara: Adapted and
modified from(Malchow et al., 2024)

Radial dial cellsare neural progenitor cells that can give rise to various types of neurons.
They areabundanturing embryonic stages, and some specialized radial glial (like) cells
persist in vertebrates from the embryonic to adult st@geandaNegron and Garcia
Arraras, 2022)In the embryonic and larval zebrafish neural tube, radial glial cells are
one of the dominant cell typé€Matsuoka et al., 2016hile other, differentiated glial

cell types such as astrocytes have only been destalbedoresent in the zebrafish neural
tuberecently and only after 2 dp€hen et al., 2020Y o test whether thapln-expressing

cells may beadialglial cells, theTgBAC(apIn:Venu®EST)ine was crossed to thadial

glial cell labellingTgBAC(gfap:GAL4FF); Tg(UAE1B:NTRmCherry transgenic line.
Colocalization of the Apelin and Gfap reporters could be observed between 26 and 56
hpf (Figure16 A). Interestingly at26 hpf themost dorsallylocatedapln:VenusPEST
expressingcells did not expressnCherry and the mCherry negative cell population
became smaller up to 34 hpf and disappeared completely at Feidynfe16 A). Closer
observation of the timapse data revealed that timerease in overlap of the reporters
appeared however not to be due to an expansion of thé Gfdp" cell population, but

rather a more rapid decline @bIn:VenusPEST fluorescence in AplrGfap cells.
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Figure 16: During sprouting of the ISVs, apln is expressed in dorsal progenitors in the neural tube.
Confocal projections ofgBAC(gfap:GAL4AFF); TQ(UAE1B:NTRmCherry) TgBAC(apin:Venu®EST)
transgenic embryosapln:VenusPEST expression is detectable giapGAL4FF, UASE1BNTR-
mCherryexpressing cells (colocalization channel). Onbfap.GAL4FFexpressing cells retain
apln:VenusPEST signal until 56 hpf. (B) Confocal projections BBAC(apIn:Venu$EST) Tg(-
2.1zic2b:mCherry)double transgenic embryospln:VenusPEST expression is detectable Zic2h
mCherryexpressing cells (colocalization channel). Scale bars: 30 Aslapted and modified from
(Malchow et al., 2024)

The neural tube can be divided into compartments of specializedivellmpst dorsal of
which is the roof plateSince theapln-expressing cell population is located on the dorsal
side of the neural tube, the next step was to test whigtbygrarepart of theroof plate

As there was no roof plate specifi@nsgenic line available in the [@aatory, a new
transgenidine had to be generated thabels this specialized cell populatidnknown
gene that labels the roof plate regioZiis2 (in zebrafishzic2aandzic2b (Nagai et al.,
1997) To generate a roof plate reporter line, shert promotefregionupstream othe
start codon unti2.1 kb of thezic2bgene wasloned from cDNA and inserted upstream
of the mCherrycoding sequencelhe resulting construct wasjectedand adult fish
screened for germline integratitmgenerat¢he stabl@ g(-2.1zic2b:mCherrylransgenic
line (for further information on selection, generation and screening of the transgenic line
see 5.1.3 in the Methods section)Confocal imaging showed thatic2ZamCherry
expressing cells localized to the most dorsal part of the neurg|Riguee16 B). Further

validation of theTg(-2.1zic2b:mCherryjransgenic line confirmed strong expression of
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mCherry in roof plate cellsFigure S4 A ficentr al neur al tubeo),
published data, underwent ventral stretching morphoge(iesigdrychyn et al., 2013)

(Figure $4 B) to give rise to the radial glidike cells(Kridsada et al., 2018§Figure $4

C) of the central canal that eventually become ependymal cells. Lagily,
2.1zic2b:mCherryplso labels differentiating interneuro(i®aixéao et al., 2019)which

localize at the neural tube margkigure S4 A).

I TgBAC(apin:Venus-PEST); Tg(-2.1zic2b:mCherry) }

(3/3)
48 hpf

: TgBAC(apin:Venus-PEST);
A Tg(-2.1zic2b-mCherry)

TgBAC(apin:Venus-PEST) I ‘ Tg(-2.1zic2b:mCherry)

1 um transverse section

B TgBAC(apin:Venus-PEST); Tg(-2.1zic2b:mCherry)
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[Tar-2.1zic2b:mCherry); -2.1zic2b:EGFP | | Tg(-2.1zic2b:mCherry) |l -2.1zic2b:EGFP

‘ 20 um transverse section |

‘ 5 um sagittal section |

Figure S 4: The zic2bshort 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(apIn:VenuwEST) Tg(-2.1zic2b:mCherry)lembryo at 48 hpf. Sagittal sections showizig2b
expressing interneurons in the outer neural tubezgx2trexpressing in roof plate cells in the central neural
tube. @ d Transverse sectiorapln:VenusPEST expressing cells outlined by red dashed line. N = 3
embryos. B) Sagittal sections from a tirlapse movie of TgBAC(apln:VenuwPEST) Tg(-
2.1zic2b:mCherrymbryos starting at 56 hpf. Yellow asterisks poirdapgbn:VenusPEST;zicz:mCherry
expressingells; white arrow depicts ventral extension of the roof plate c€lsCpnfocal images of a
Tg(-2.1zic2b:mCherryembryo at 104 hpf injected witl2.1zic2b:EGFPN = 4 embryosScale Bars: 20
Om (B), 10 Omndaptéd)fromMalehdwy et al.(202)).
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Importantly, all apln:VenusPEST positive neural cells coexpressedc2imCherry
(Figure 16 B). Specifically, etween 26 and 48 hpdll apln:'VenusPESTpositive cells
localized ventrally to the cells that displayed the stipag2lhmCherryexpressing roof
plate cells colocalizing with cells that exhibited weakeic2hbmCherry expression
(Figurel6 B, Figure S4 A, ).AhleaplnVenusPESTFexpressing neural cells localized
to the center of the neural tube, where the domairthe progenitor cells are located
(Figure AA, A GherefBrgtheapln-expressing neural celi&ely represena subset

of dorsal progenitors in the developing neural tube

To ascertairthat theapln-expressing neural cells are neural progenitors, aERE>-
mediated lineage tracing strategy was appliedure S5). Thereforea transgenic BAC
fish line that usedhe same regulatory sequences ofdpt promoteras the GFP and
Venusfluorescentreportersto drive expression of th€reERT2 fusion construcivas
used (MarinrJuez et al., 2019)The CreERT2 fusion protein allows for efficient
induction of Cre mediated recombination by treatment withydroxytamoxifen (4
OHT). The TgBAC(aplIn:CreERT2)fish linewas then crossed mother transgenic line
which drives ubiquitous GFP fluorophore expresstbat is switched to mCherry
expression upon Cre mediated recombination of tbatained loxP sitesTg(-
3.5ubb:loxREGFP-loxP-mCherry (hereafter referred to as ubi:swij¢Mosimann et al.,
2011) Treatment ofpln:Cre-ERTZ2; ubi:switch emtyos with4-OHT from 25 to 30 hpf
revealednany labeledecombined cells localizing the dorsal part of the neural tudte
120 hpf(Figure S5A). Upon closer inspectiorthe recombined celldocalized to the
central, but also marginal domains of the neural tlgufe S5 A 6 )n.addition,
recombined ECs were found in the IS¥F&ure S5 A" arrowheads) and DLAMN optical
transverse sectior(&igure S5 A 6 @ hecane more apparent that the recombined cells
are primarily radial glial cells (arrows), but algsgerneurons (asterisks) and seldom
ependymal cells (arrowhead)verall, these data confirm the results of the fluorescence
reportersand prove that thapln-expressing cells in the neural tube are dorsal progenitors

that give rise to radial glial cells and interneurons.
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Figure S5: Cre-ERT2 mediated lineage tracing confirmsthat the aplin-expressing cells are neural
progenitors. (A) Confocalprojection of arg(kdrl:TagBFP); TgBAC(apIn:CrHERT2); Tg(-3.5ubb:loxP
EGFP-loxP-mCherry)transgenic embryo at 120 hpf. Recombination was induced from 25 to 30 hpf by

adding 40HT. Regions for magnification are marked by the yellow dashedA®X(. N = B6)embr yos.

Arrowheads point towards mCherry expressing ECs. Note the positive neurons in the margin and the
positive progenitors in the center of the neural tubdé § ) Transverse section
TgBAC(apIn:CreERT2); Tg{3.5ubb:loxREGFP-loxP-mCherry)embryo at 120 hpf. Arrows point to
projections of radial glia cells; arrowhead marks ventrally extending projection of radiikgliaof plate

cells; asterisks mark neurons. Scale bars 20 g 10 um A9, (AE. Adapted and modified from
(Malchow et al., 2024)

2.3 Neural tube-derived Apln guides vascular sprouting

As mentioned, Apin is a known tip cell enriched gene, whose expression is regulated by
Dll4-Notch signalingin sprouting arterie¢Del Toro et al., 2010; Helker et al., 2020)
Thus, vascular Aplin is believed to be an artpnt regulator of sprouting. To test whether
neural or vascular Apln control ISV sprouting, different experiments were conduocted

manipulatethelocalizationor putative gradierf Apln peptide
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Figure 17: Ubiquitous apln overexpression leads to sprouting defects and does not rescue #pn

mutant phenotype. (A) Model ofapln overxpression strategiB) Images ofplnt andaplnmu267/mu267

Tg(kdrl:gfpy®*® embryos subjected to ubiquitoapln overexpression bfg(hsp70l:apin)v?*after heat

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

from (B). @) Percentage of embryos displaying truncated 1SVs from (B). (C, D) sibling control n = 36
embryos,aplnmu267/mu2677control n = 15 embryos, siblingsp70l:apinn = 33 embryosaplnmu267/mu2677

hsp70l:aplnn = 15 embryos from N = 4 experimentsyRal ues <cal cul ated by Anova wi
Scale bar80 um. Adapted and modified frortMalchow et al., 2024)

First, it was tested whether ISVs require a distinct Apln source for their directed
migration. Therefore, the endogenoain expression wasveridden by utilizing a
transgenic line that allows overexpressioaghusing the heatshock inducible promoter
Tg(hsp70l:apin)(Helker et al., 2020)In addition the Tg(hsp70l:apIn)transgenic fish
were crossed tapln mutant fish, to test whethebiquitous overexpression apln can
rescue the mutants phenotype (compare scherrigiime 17 A). Observing the state of
ISV migration at 32 hpf, revealed thag(hsp70l:apln)positive embryos, which were
wild-type for endogenouapln expression, failed to form the DLAV by 32 hpf, which
was completely formed in wittype siblings negative for the transgefégre 17 B 6
Bo606, C) . hbp7Olapindoderekpression did not rescue the DLAV formation
defect of embryos with a homozygous mutation in the endogapducus Figurel?

B 6 6Smme of the ISVs iapln mutantdisplay a truncated phenotype at 32, Hailing

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

tissuespecific apln expression rescue strategyB) (Images ofapln™267mui267empryos Bo (control),

Tg(flila:GFPY?Y) or aplnmu267/mu26iyith restored vasculaB@ ,dg(flila:GAL4FFY®s4 Tg(UAS:LIFEACT

GFP)™27) or neuraloverexpressionBo 6T@(elavi3:GAL4VP16ys% Tg(flila:GFPYY). Arrows point to

missing DLAV segmentsQ) Percentage of embryos which formed the DLAV from (B)) Percentage

of embryos displaying short (truncated) ISVs from (E). (F, G) Control n = 58 embryos, neuronal
overexpression n = 24 embryos, vascular overexpressionn=19entbrpdsr yos from N O 4 exper
Scale bar80 um. Adapted and modified frortMalchow et al., 2024)

While the ubiquitoushsp70iapin overexpression was unable to rescue the DLAV
formation defect, the percentageagin mutant embryos displaying the truncated ISV
phenotype were significantly reducdeldurel7 D).

As this experiment revealed tregtin 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 autagignalsfrom the tip cells or
neural expresseapln (paracrine signaling)Higure18). Thereforeaplnhad to be tissue
specifically overexpressed apln mutant embryoBy cloning theapln coding sequence
behind the UAS promotend generating the stablg(UAS:apln)line, apln expression
could be driven either ithe neural tubdy crossing withTg(elavi3:GAL4VP16)or in

the vasculature by crossing wiffig(flila:GAL4FF) (see schemd-igure 18 A). As
mentionedapln mutant embryos fail to form tHeLAV by 32 hpf (Figurel8B 6C).
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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 ISV$A) apIn*™ embryos (control) andapln™ embryos with
Tg(hsp70l:apInyU2%% (B) apln™267mu26lempryos (control) andpln™267/mui26embryos with neuronalplin
overexpressionScale bar80um. Adapted and modified frorgfMalchow et al., 2024)

Strikingly, this phenotype could not be rescued by vascular overexpressemnof

(Figure18 B0 0 , C) . However, vascul ar overexpress,|
overexpression, significantly reduce the numbeagh mutant embryos that displayed

truncated ISVsKigure1l8B 6 0 , D) . Next, i t vaplrsexptessiort ed whet
in the neural tube could rescue #y@n mutant phenotypéJnlike the vascular specific
overexpression, the DLAV formation defect was rescued in 50X of the embryos

with neural specifi@apln overexpressiomand, importantly, the truncated ISV phenotype

was completely rescuedrigure18 B 6 6 6 , THe effedds)ofubiquitous and neural

specific apln overexpressioron the migration behaviorof tip cells/ISVswas further

analyzedin detail by confocal timéapse imagingKigure S6). At the cellular level,

hsp70lapln overexpressiodisturbed the pathfinding ami#layed dorsal migration of tip

cells Figure S6 A). In contrastyestoring neurahpln expression impln mutantsescued

the dorsal migration of tip cell§igure S6 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, higkresolution confocal timdapse imaging was performed during the Apelin
signaling dependenperiod (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 IS\Ag. $till images taken from a tirdapse
video of Tg(flila:GAL4ffy*s* Tg(UAS:LIFEACTGFP)"27* Tg(kdrl:NLSmCherry¥* embryos During
sprouting, tip cells undergo four characteristic morphological changel®/(). Arrows point towards the
leading edge/dominant filopodium, arrowheads mark tip cell nucl®)sH{gh resolution image of
sprouting stage Il ISVs of an embryo expressiggkdr:EGFRCAAX)"® and Tg(kdrl:NLSmCherry¥.
Arrows point towards long filopodi20 um @), 10 um 8). Adapted and modified frortMalchow et al.,
2024)

To visualize these actidependent structures a transgefish line labelling Factin
(To(flila:GALA4ff); Tg(UAS:LIFEACIGFP)) and the cell nuclei(Tg(kdrl:NLS
mCherry) in the vasculature was use@riqure 19). Four distinct morphological stages
could be classifiedHigure19 A): (1.) tip cells exhibit a compact morphology that is not
markedly different from the stalk cells; (11.) after passing the dorsal edge of the notochord,
tip cells form a londilopodium in dorsal direction; (lIl.) 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 ggkdrl:HsHRASMCherry)has drawbacks

in terms of brightness and agglomeration, a new line using the GFP fluorophore was
generatedbetter visualize the membrane dynamidgh-resolution confocal imagingf
theTg(kdrl:EGFRCAAX)transgenic lingevealed the formation of one or two dominant,
stable filopodia preceding tip cell elongati¢Rigure 19 B), which is in line with
published findinggPhng 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 defaidjfre 20). During early migration
(Stage 1.) tip cells oéplnrb mutant embryos exhibited only a weak phenotype forming
short filopodia and wilgype-like migration Figure20 A, C 23 to 25.5 hpf). However,

as wildtype tip cells entered Stage Il., they began to form the long dorsal filopodium,

which was absent iaplnrb mutants Figure20A, A6, A0 0) .
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Figure 20: Apelin signaling drives endothelial tip cell elongation.(A) Still images of timdapse videos

comparing sprouting of tip cells in wiliype andaplnrb™28/mu28l|iSys expressingTg(kdr:EGFR

CAAX)"° Dashed boxes mark regions of interest for magnificatidl® (A6 6 ) ; smal | arrows
magnification mark filopodia.R) Polar histogram depicting filopodia length and angle relative to the aorta.

(BO Average filopodia length iaplnrb™v28/mu28jn comparison to siblings. Siblings n = 111 filopodia from

N = 13 embryosaplinrb™28¥muz8n = 39 filopodia from N =9 embryos; pralues calculated by twiailed

t-test. C) Dorsal displacement of ISVs from t0 (23 hpf) in wilgbe andapinrb™28¥mui28lempryos over

developmental time. Wildype n= 10 ISVsapInrbm28i/muz8y = 7 |SVs,Scale Bars20 pm (A), 10 pm

(A6 ) Ad 6Adapted and modified frorfMalchow et al., 2024)

In fact, quantification of tip cell filopodia revealed that tip cells of wjide embryos
formed the longest filopodia at angle of 5090 ° (relative to the dorsal aorta), whereas
tip cell filopodia formed byplnrb mutant embryos displayed a more random distribution
(Figure20B). Furthermore, the average length of tip cell filopodia was reducgannb
mutant embryos, with very long filopod{a 20 um in length) being completely absent
(Figure20 B 6 \Next, tip cells of wildtype embryos underwent rapid dorsal elongation,
which was severely impaired in tip cells ablnrb mutant embryosHigure 20 A, C).
Importantly, while some tip cells @fplnrb mutant embryos eventually migrate dorsally,
they never form the -Bhape necessary for anastomosis with neighboring veBsglsg
20A). Thus, even at two days the DLAV does not formapinrb mutant embryos (Data

not shown).
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