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SUMMARY 
 
Endothelial cells form the inner layer of blood vessels. There, they retain the potential to de-

velop into new vessels through a process known as sprouting angiogenesis. In order to do 

that, endothelial cells change their shape, polarity and gene expression patterns to allow pro-

gression through the different stages of vessel development. Microtubule targeting drugs in-

hibit tumour-associated angiogenesis in cancer patients, suggesting a role of microtubule dy-

namics in this process. The fine-tuned microtubule dynamics are modulated by tubulin post-

translational modifications such as microtubule detyrosination, catalysed by the carboxypep-

tidase Vasohibin-1. Interestingly, this enzyme is important during regenerating, tumour and 

physiological angiogenesis in several animal models. The role of the microtubule dynamics 

and detyrosination in angiogenesis remains elusive.  

The aim of this or my research is to increase the understanding of the role of microtubule dy-

namics and stability in vessel development and maturation by studying and manipulating the 

microtubule dynamics in vessel morphogenesis and homeostasis in the trunk of the zebrafish 

embryo.  

I show that microtubules grow faster and for shorter periods in sprouting cells, and stabilise 

over time, in a flow-dependent manner. Detailed analysis of dynamic centrosomal-microtu-

bules revealed cell-wide homogenous growth speed and trajectories. Dynamic centrosomal 

microtubules established a density polarity towards the cell front in most cells except arterial 

cells. Functional studies showed that microtubule dynamics are necessary for the correct 

vessel morphogenesis, by playing a role in endothelial cell elongation and proliferation. In 

contrast, microtubules were dispensable for the maintenance of mature vessels.  

Vasohibin-1 detyrosinates α-tubulin and is highly expressed in the endothelium of zebrafish. 

Using antibody stainings, I found that endothelial tubulin is predominantly detyrosinated in 

sprouting vessels from the posterior cardinal vein of the zebrafish. In these secondary 

sprouts, Vasohibin-1 loss-of-function led to an overall decrease of microtubule detyrosination 

resulting in abnormal sprouting behaviour. High resolution imaging revealed increased cell 

division and cell numbers in Vasohibin-1 deficient secondary sprouts. These cells then failed 

to build the lymphatic vessels and instead populate superfluous connections between veins. I 

propose that vasohibin-1 mediated tubulin detyrosination specifically controls cell division of 

secondary sprouting to achieve adequate formation of venous and lymphatic vasculature in 

the zebrafish trunk. 
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ZUSAMMENFASSUNG 
 
Die innerste Schicht von Blutgefäßen wird durch Endothelzellen geformt. Dort haben sie das 

Potential neue Blutgefäße durch einen Prozess Namens Angiogenese zu bilden. Um ein 

Fortschreiten durch die verschiedenen Stadien der Gefäßentwicklung zu ermöglichen, verän-

dern Endothelzellen ihre Form, Polarität und Genexpressionsmuster. In Krebspatienten 

wurde gezeigt, dass Medikamente, die auf Mikrotubuli zielen, die tumorassoziierte Angioge-

nese hemmen. Diese Erkenntnis lässt auf eine Rolle der Mikrotubuli-Dynamik im Prozess der 

Angiogenese schließen. Die fein abgestimmte Mikrotubulus-Dynamik wird durch posttransla-

tionale Tubulinmodifikationen, wie die durch die Carboxypeptidase Vasohibin-1 katalysierte 

Mikrotubuli-Detyrosinierung, moduliert. Interessanterweise ist dieses Enzym in verschiede-

nen Tiermodellen äußerst wichtig, um die Regeneration, sowie die tumorassoziierte und phy-

siologische Angiogenese zu kontrollieren. Dennoch sind die Rollen der Mikrotubuli-Dynamik 

und -Detyrosinierung während der Angiogenese noch nicht verstanden.  

Das Ziel meiner Forschung war es, durch Untersuchung und Manipulation der Mikrotubuli-

Dynamik bei der Gefäßmorphogenese und Homöostase im Zebrafischembryo, das grundle-

gende Verständnis über die Rolle der Mikrotubuli-Dynamik und -Stabilität während der Ent-

wicklung und Reifung von Blutgefäßen zu verbessern.  

Ich konnte zeigen, dass Mikrotubuli in aussprossenden Zellen schneller und für kürzere Zeit 

wachsen, und dass sie in Abhängigkeit vom Blutfluss stabilisiert werden. Eine detaillierte 

Analyse der dynamischen zentrosomalen Mikrotubuli ergab zellweit homogene Wachstums-

geschwindigkeiten und Bewegungsabläufe. Dynamische zentrosomale Mikrotubuli stellten in 

den meisten Zellen, mit Ausnahme der arteriellen Zellen, eine gerichtete Polarität der Dichte 

zur Zellfront hin, her. Funktionelle Studien haben gezeigt, dass die Dynamik der Mikrotubuli 

eine Rolle bei der Streckung und Proliferation von Endothelzellen spielt und dadurch für die 

korrekte Gefäßmorphogenese notwendig ist. Im Gegensatz dazu, waren Mikrotubuli für die 

Aufrechterhaltung ausgereifter Gefäße entbehrlich. Vasohibin-1 detyrosiniert α-Tubulin und 

wird im Endothel von Zebrafischen stark exprimiert. Mithilfe von Antikörperfärbungen habe 

ich herausgefunden, dass endotheliales Tubulin vorwiegend in aussprossenden Gefäßen der 

hinteren Kardinalvene detyrosiniert wird. Bei sekundären Aussprossungen führte der Funkti-

onsverlust von Vasohibin-1 zu einer allgemeinen Abnahme der Mikrotubuli-Detyrosinierung, 

was zu einem abnormalen Sprossungsverhalten führte. Hochauflösende Mikroskopie zeigte, 

dass es unter Verlust von Vasohibin-1 eine vermehrte Zellteilung und eine erhöhte Zellzahl in 

sekundären Aussprossungen gibt. Infolge dessen scheitern diese Zellen daran die Lymphge-

fäße zu bilden und bauen stattdessen überschüssige Verbindungen zwischen den Venen.   

Meine Erkenntnisse lassen vermuten, dass die Vasohibin-1-vermittelte Tubulin-Detyrosinie-

rung spezifisch die Zellteilung in den sekundären Aussprossungen kontrolliert, um die Bil-

dung der venösen und lymphatischen Gefäße im Zebrafisch-Schwanz zu erreichen.  
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Chapter 1. INTRODUCTION 
 

1.1 The vascular circulatory system: cardiovascular and lymphatic networks 
 
 
The vascular circulatory system consists of the combination of the cardiovascular and the 

lymphatic vascular systems. Together, they ensure that living vertebrates grow and survive 

(Monahan-Earley et al., 2013). These highly complex networks contribute for the system’s 

homeostasis by providing and collecting gas and nutrients, temperature regulation, hormonal 

transport and immune response. 

 

1.1.1 Organization and function of the circulatory system 
 
1.1.1.1  The cardiovascular system 
 
The cardiovascular system is a closed vascular network which delivers oxygen and nutrients, 

and collects carbon dioxide and other waste products in vertebrates bodies (Figure 1.1). In 

addition, the cardiovascular system is also responsible for hormone circulation, important for 

homeostasis as well as in disease-fighting by enabling immune cells to spread.  

In order to provide nutrients and oxygen to all cells, and collect the waste such as carbon di-

oxide, the blood is firstly pumped from the heart to be oxygenated in the lungs. Oxygenated 

blood travels through the body via arteries, arriving at the tissues for nutrient and gas ex-

change in the capillary networks. The de-oxygenated blood travels back to the heart through 

veins, leading the way to the lungs, where the blood will be oxygenated. There, the cycle re-

starts. 

The cardiovascular system is composed by arterial and venous vessels as well as capillaries. 

These different vessels have distinct structural properties that allow them play their role in 

the circulation process. Arteries are surrounded by smooth muscle cells, which are essential 

to maintain the elasticity and contractile activity at high blood pressure when the blood leaves 

the heart. Arteries branch until arterioles are formed, which in turn branch until the microvas-

culature is a thin, single-cell layer of endothelium in close contact with the tissue. The capil-

lary bed enables distribution of needed nutrients and oxygen to, and collection of metabolic 

waste from, the tissues. The capillaries feed into venules, which in turn feed into veins. In 

veins, the blood travels at lower pressure which is achieved with the aid of valves. The veins 

finally connect back to the heart and the blood continues towards the lungs  

Capillaries are composed by a single layer of endothelial cells (ECs) surrounded by peri-

cytes. They are able to regulate their permeability and adapt to metabolic and homeostatic 

needs of the tissue by modulating their cell junctions, basement membrane and pericyte cov-

erage. The walls of higher diameter vessels such as arteries and veins are surrounded by 
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multiple layers of vascular smooth muscle cells (vSMC) and connective tissue, which adapt 

the diameter to ensure efficient transport of high blood pressure and volumes. This intricate 

hierarchy andstructural specialization of vessels is key to an efficient resource distribution. 

   

Pulmonary artery

Pulmonary veins

Left atrium
Right atrium

Right ventricle
Left ventricle

Thoracic aorta

Inferior vena cava

Superior vena cava

Aorta

Capillaries

Artery/arteriole

Vein/venule

Carotid artery

Figure 1.1 The cardiovascular system

The cardiovascular system of vertebrates is a closed network of distributing 
(arteries and arterioles) and collecting (veins and venules) vessels, the capi-
laries and the heart.Taken from (Gebala, V.M. 2016).with permission. 
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1.1.1.2 The lymphatic system 
 
The lymphatic system is composed of a network of lymphatic vessels and lymph nodes. They 

transport and filter lymph. Lymph is composed of interstitial fluid, immune cells, pathogens 

and metabolites. The lymphatic system contributes to the system homeostasis, absorption of 

fatty acids and immune surveillance (Tammela & Alitalo, 2010;Oliver et al., 2020; Schulte-

Merker et al., 2011). 

In order to ensure collection, filtering and return of interstitial liquid to the tissues, lymphatic 

vessels are in close contact with blood vessels. Blood plasma leaves the capillaries to the in-

terstitial space becoming interstitial fluid. There, it is taken up by lymphatic capillaries (also 

known as initial lymphatics). They conduct the newly collected lymph into pre-collecting and 

collecting lymphatic vessels such as the right lymphatic duct and the thoracic duct, until it 

reaches the subclavian veins. Collecting vessels bring the lymph to the lymph nodes. There, 

the lymph is filtered to remove debris and pathogens and enriched with immune cells. Ulti-

mately, lymph returns to the lymphatic vasculature and re-enters the blood stream via the 

subclavian veins (Matthew G. Butler, Sumio Isogai, 2009) (Figure 1.2). 

Similarly to blood vessels, the morphology of lymphatic vessels reveals their roles and expe-

rience with shear stress from lymph flow. Larger lymphatic vessels are surrounded by a con-

tinuous basal membrane and smooth muscle cells. Smooth muscle cells provide contractile 

activity to assist lymph flow. Intraluminal valves inside the collecting lymphatic vessels aid the 

lymph to flow unidirectionally. 

The cells that make up the inner layer of lymphatic vessels and the single layer of lymphatic 

capillaries are called lymphatic endothelial cells (LECs). LECs interact with the extracellular 

matrix to detect changes in interstitial pressure to modulate the uptake of fluid, immune cells 

and metabolites.  

 

1.1.2 Vessel formation in embryonic development 
 
In order to form functional vessels of the cardiovascular and lymphatic system, ECs and 

LECs differentiate and migrate to form a functional network of connected tubes.  

The first ECs form through differentiation of mesodermal cells into angioblasts. The angio-

blasts migrate and coalesce to form the aorta and the cardinal vein, in a process of de novo 
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vessel formation called vasculogenesis (Hogan & Schulte-Merker, 2017; Walls et al., 2008). 

 

Angiogenesis is the process of vessel formation from pre-existing vessels, such as the ones 

formed by vasculogenesis. The vertebrate vasculature is mainly formed through this process.  

There are two types of angiogenesis: sprouting and intussusceptive angiogenesis. Sprouting 

angiogenesis is characterized by migrating sprouts of ECs branching off from the vessel to-

wards an angiogenic stimulus to vascularize tissues devoid of blood vessels. Intussusceptive 

angiogenesis is the splitting of one vessel into two vessels, though the invagination of the 

vessel wall (Caduff et al., 1986; Patan et al., 1997).  

Hypoxic tissues release pro-angiogenic factors, initiating sprouting angiogenesis (Potente et 

al., 2011). As ECs detect the factors, they become active by adopting a migratory and prolif-

erative cell behaviour. These responses allow ECs to collectively sprout away from the 

mother vessel. Sprouts lumenise to allow blood to flow and fuse with each other and make 

the first vascular loops. Vascular loops are remodelled in a pros involving cell migration. ECs 

Figure 1.2 The lymphatic system

The lymphatic vasculature is an open system. Initial lymphatics (lymph capillaries) 
absorb the fluid that leaks from the blood capilary and drain lymph into larger caliber
afferent collecting lymphatics. Lymph is filtered through the lymph nodes and go 
through the efferent collecting lymphatics such as thoracic duct, which return the 
lymph to the blood circulation.

Taken from (Oliver, G. 2020) with permission under license nr. 4910261117776. from  Elsevier. 
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mature and differentiate into capillary, arterial, venous and lymphatic, making up the ex-

panded functional network. Dynamic changes in cell cytoskeleton, axial cell polarity and cell 

signalling are essential to achieve the mentioned steps (Potente et al., 2011), described fur-

ther in the following sections and illustrated in Figure 1.3. 

 
1.1.2.1 Endothelial cell activation 
 
During embryonic development and growth, tissues increase their metabolic needs and re-

quire higher oxygen supply. Low oxygen – hypoxic - tissue drives embryonic and tumour an-

giogenesis via stabilisation of hypoxia-inducible transcription factors (HIF) by decrease activ-

ity of prolyl-hydroxylase domain containing enzymes (PHD1 and PHD2) (Greer et al., 2012; 

Krock et al., 2011). Upon regular levels of oxygen, PHD1 and PHD2 hydroxylate HIF, which 

is targeted by the von Hippel-Lindau tumour suppressor protein (pVHL), ubiquitilated by the 

pVHL E3 ubiquitin ligase complex and degraded by the 26S proteasome (Epstein et al., 

2001; Ivan et al., 2001; Jaakkola et al., 2001; Maxwell et al., 1999; Ohh et al., 2000). The 

prolyl-hydroxylation by the PDHs is oxygen dependent. Therefore  in case of hypoxia, HIF 

remains stable and triggers a signaling cascade leading to the expression of pro-angiogenic 

genes. Briefely, HIF translocates tot he nucleus where it binds to hypoxia-response elements 

(HRES) and Creb-binding protein (CBP) to induce expression of specific genes (Arany et al., 

1996). Among these genes are pro-angiogenic genes such as vascular endothelial growth 

factors (VEGF), angiopoetins (Ang-1 and Ang-2), platelet-derived growth factor (PDGF) and  

basic fibroblast growth factor (bFGF2) (Krock et al., 2011). The growth signals are secreted 

throughout the extracellular matrix generating a gradient, detected by growth factor receptors 

on the surface membrane of the EC, such as vascular endothelial growth factor receptors 

(VEGFRs). Briefly, VEGF/VEGFR signalling trigger several phosphorylation cascades that 

ultimately lead to the exit from quiescence and activation of ECs.  

VEGFRs are receptor tyrosine kinases. VEGF-A, C and D bind to VEGFR2, resulting in 

changes to receptor conformation and autophosphorylation of the tyrosine residues (Koch & 

Claesson-welsh, 2012). The phosphorylated residues become binding sites for several sig-

nalling mediators such as phospholipase C γ-1 (PLC γ-1) and lead to subsequent activation 

of several proteins such protein kinase C (PKC) and sphingosine kinase (SPK) (Figure 1.4) 

(Cunningham et al., 1997; Shu et al., 2002; Takahashi et al., 2001). In turn, SPK acti-

vates the RAS/RAF/ERK/MAPK pathway, leading to DNA synthesis and promotes increased 

cell proliferation (Koch & Claesson-welsh, 2012; Meadows et al., 2001). Simultaneously, Src 

kinase activates by binding to the phosphorylated VEGFR2 leading to the activation of Src 

homology-2 domain adapter protein B (SHB) and Focal adhesion kinase (FAK) cascade, reg-

ulating cell attachment and migration (Holmqvist et al., 2004). Src also triggers the activation 

of the phosphatidylinositol 3’-kinase (PI3K)-Akt pathway, which leads to increased endothe-

lial-cell survival. Additionally, another member of the Src family - proto-oncogene tyrosine-
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protein kinase Fyn - is recruited to VEGFR2 which leads to a series of phosphorylation culmi-

nating in the activation of Cdc42 and p38-MAPK signalling (Lamalice & Huot, 2006). Ulti-

mately, these events lead to actin reorganization, essential for migration of ECs. 

 

1. Endothelial activation
Detachment of pericytes and digestion 
of basement membrane

2. Tip/stalk cell selection and 
sprout elongation
Tip cell migration and stalk cell 
proliferation
Notch/Dll4 pattern generator

3. Anastomosis and lumen formation
Actin filopodia connections
Lumen formation dependent on flow 
and actomyosin

4. Vessel maturation
Entry to EC quiescence
Reestablishment of baement membrane 
and attatchement of pericytes

Pericyte

Basement membrane

Endothelial cell

Tip cell

Stalk cell

VEGF gradient

Figure 1.3 Sprouting angiogenesis: the journey of the endothelial cells

Modified from (Potente, 2011), with permission under license nr. 4914230113647.
from  Elsevier. 
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Additionally, VEGF-C and -D bind to VEGFR3 (Flt4) in ECs (Figure 1.4). The activation of 

VEGF-C depends on its proteolytic cleavage, achieved by calcium-binding EGF domains 

1 (Ccbe) and metalloproteinase Adamts3 (Jeltsch et al., 2014). Upon binding, VEGFR3 is 

phosphorylated and induces RAS activity and cell proliferation. Additionally, it activates the 

PI3K/AKT pathway, critical for cell migration (Ma et al., 2001). The activation of VEGFR3 

leads to the expression of Prospero homeobox protein 1 (Prox1) and  an auto-regulatory loop 

between the two that controls the early specification of lymphatic EC (LEC) progenitors in the 

vein (Srinivasan et al., 2010).  

The activated ECs are free of basement membrane and pericytes (Ghajar et al., 2008), avail-

able and prepared for an increased degree of motility towards the hypoxic tissue and the pro-

angiogenic signals. 

 

  

from  Springer 
Nature. 
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1.1.2.2 Cell behaviours in the sprout 
 
Upon activation, ECs migrate collectively, forming a multicellular sprout that remains con-

nected at its base to the mother vessel. The sprouts migrate towards the pro-angiogenic sig-

nals, led by the tip cell and followed by stalk cells. Tip and stalk ECs exhibit distinct morpho-

logical and behavioural phenotypes (Gerhardt et al., 2003a). Tip cells are characterized by 

their numerous filopodia and other membrane protrusions. Stalk cells exhibit shorter and 

fewer membrane protrusions, elongate, and proliferate at a higher rate than tip cells (Dejana 

et al., 2009; Gerhardt et al., 2003a; Sauteur et al., 2014). The differences in morphology led 

to the accepted model that tip cells sense the surroundings with the actin protrusions, and 

guide the stalk cells, which contribute mainly to the growth and elongation of the sprout and 

future vessel (Gerhardt et al., 2003b). However, live imaging of zebrafish embryos without 

filopodia revealed that filopodia facilitate but are not necessary for EC migration in primary 

sprouts (Phng et al., 2013). Despite having different genetic signatures and morphologies 

(Claxton & Fruttiger, 2004; Gerhardt et al., 2003a; Phng & Gerhardt, 2009a; Suchting et al., 

2008), tip-cell/stalk-cell identities are not deterministic, but rather dynamic, as cells have 

been shown to exchange positions during sprouting, suggesting that cells compete for the tip 

position (Bentley et al., 2008; Jakobsson et al., 2010; Pelton et al., 2014).  

The tip cell phenotype is achieved upon a series of signalling cascades and enhanced by the 

mechanism of lateral inhibition (Hellström et al., 2007). Delta-like ligand-4 (DLL4) is the main 

endothelial transmembrane ligand of Notch1 receptor (Hofmann & Iruela-arispe, 2007) and 

master regulator of the acquisition of tip phenotype in sprouting ECs (Blanco & Gerhardt, 

2013; Hellström et al., 2007; Phng & Gerhardt, 2009b). VEGF/VEGFR signalling triggers the 

upregulation of DLL4 in variable extents in all ECs. The ECs present DLL4, which will bind 

the extracellular domain of the NOTCH1 receptor in a neighbouring EC.  When the binding 

occurs, triggers a series of cleavage events of the receptor by several enzymes, including 

ADAM metalloproteases and γ-secretases. Upon cleavage, the Notch intracellular domain 

(NICD) is released into the cytoplasm from where it translocates to the nucleus (Hofmann & 

Iruela-arispe, 2006). In the nucleus, NICD displaces transcriptional co-repressor complexes 

from the signal-binding protein for immunoglobin-kappa J region (RBP-Jκ). This allows the 

downstream activation of Notch target genes Hairy/enhancer of split (Hes) and Hes-related 

proteins (Hey/HRT/HERP). Consequently, it down-regulates VEGFR2, contributing to a de-

creased sensitivity to VEGF and leads to a stalk cell phenotype. In the absence of NICD, 

RBP-Jk remains connected to the co-repressor complexes which repress the expression of 

Notch target genes. This leads to an increase of their VEGFR2 and consequent increase in 

sensitivity to VEGF, and ultimately to the activation the tip cell phenotype. The process of lat-

eral inhibition amplifies initially small differences in Notch signalling between ECs to drive the 

acquisition of distinct phenotypes (Phng & Gerhardt, 2009b). Briefly, ECs expressing higher 
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levels of DLL4 will become stalk cells, which will increase the Notch signalling in the neigh-

bouring cells to become stalk cells. 

 

1.1.2.3 Anastomosis and lumen formation 
 
Neighbouring sprouts eventually meet and fuse, in a process named anastomosis. Tip cells 

from adjacent sprouts establish cell-cell contacts. Initially, these contacts are mediated by 

transient filopodia, and are further stabilized by establishment and elongation of cell junctions 

of the ECs (Herwig et al., 2011; Lenard, Ellertsdottir, Herwig, & Krudewig, 2013; Phng et al., 

2013). Studies using live imaging in zebrafish embryos showed that anastomosis occurs 

upon formation and elongation of filopodia-like cell contacts populated with discrete cell junc-

tional protein complexes.  

Briefly, the initial contact site recruits Zona Occludens 1 (ZO1), Ve-cadherin and F-actin junc-

tional spots, which turn into rings as the connecting surface increases  (Blum et al., 2008; 

Herwig et al., 2011; Lenard, Ellertsdottir, Herwig, & Krudewig, 2013; Phng et al., 2013; 

Sauteur et al., 2017). This process is ve-cadherin dependent, as zebrafish without VE-cad-

herin (cdh5 loss-of-function) fail to form a mature junctional ring. Newly connected segments 

will open their lumens by invagination  of the apical membrane and form a new multicellular 

lumen (Herwig et al., 2011; Lenard et al., 2013). The opening of the lumen allows for blood to 

flow and completes the first steps towards a functional primitive vascular loop. 

Simultaneously, sprouts will expand their lumens from the mother vessel. Recently, Gebala 

and colleagues showed that sprouts open their lumens in a blood flow-dependent manner 

(Gebala et al., 2016). Hemodynamic forces induce the formation of membrane invaginations 

into the cell body in a process named inverse blebbing. Blebs are distributed through the cell 

membrane but persistent at the top of the growing lumen, allowing lumen expansion. Their 

persistence and retraction is controlled by actomyosin (Gebala et al., 2016). Inhibiting acto-

myosin contraction led to excessive and uncoordinated blebbing, resulting in collapse of the 

lumen.  

 
1.1.2.4 Vessel maturation 
 
Newly formed vessels further maturate into stable vasculature composed of quiescent ECs. 

A gradual increase of regular blood flow, as well as recruitment of mural cells promote struc-

tural support for the vessel.   

Shear stress exerted by blood flow leads to activation of Alk1/ENG signalling, cell prolifera-

tion and recruits mural cells to the vessel (Baeyens et al., 2016). Moreover, the secretion of 

PDGF-BB by ECs induces the recruitment, proliferation and differentiation of pericytes upon 

stimulation through the PDGFB-PDGF receptor β pathway (Lindblom et al., 2003). Secretion 
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of transforming growth factor (TGF) – β stimulates vSMC differentiation and attachment to 

the vessel (Dijke & Pardali, 2010).  In turn, mural cells provide signalling cues to the EC, driv-

ing them to quiescence (Jain, 2003; Potente et al., 2011).   

Additionally, quiescence is maintained by a collection of factors, such as forkhead box O 

(FOXO1). This factor reduces glycolysis and mitochondrial respiration in EC decreasing the 

metabolic activity of previously active ECs (Wilhelm et al., 2016).  

ECs therefore transition from active to quiescent state with the help of intrinsic and extrinsic 

factors that maintain the quiescence.  

 

1.1.2.5 Vascular remodeling 
 
The first capillary networks are a homogenous matrix of vessels, without a hierarchical or-

ganization in their branches. In order to achieve highly organised vascular branches with dif-

ferent sized vessels, the plexus remodels. This is achieved by pruning many superfluous 

vascular connections, as well as by increasing the diameter of some vessels. Cell migration 

allows the remodelling of the vascular plexus into a highly hierarchical vascular network 

(Franco et al., 2015; Lenard et al., 2015; Phng et al., 2009; Ricard & Simons, 2015). In order 

to remodel, ECs polarise axially and migrate away from superfluous vascular connections. 

ECs migrate in the opposite direction to the blood flow, towards high flow experiencing vas-

cular branches. These branches, in turn, are stabilised in response to shear stress transmit-

ted by blood flow, and increase their diameter due to the influx of cells (Franco et al., 2015). 

Vascular branches experiencing low shear stress regress, leaving empty collagen sleeves 

behind. Ultimately, remodelling increases the calibre of the vessels experiencing high blood 

flow, and drives the pruning of the vascular segments experiencing low blood flow.  

 

1.1.2.6 Arterial-venous specification 
 
Arteries and veins are functionally and structurally different. Arterial vessels transport oxy-

genated blood from the heart to the organs and experience high blood pressure. In contrast, 

venous vessels experience a lower blood pressure. Arterial and venous ECs (aEC and vEC) 

have specific molecular signatures (Adams & Alitalo, 2007). For instance, Notch signalling 

activity is high in arteries and low in veins (Geudens et al., 2010; N. D. Lawson et al., 2001; 

Nathan D Lawson & Weinstein, 2002). In fact, disruption of Notch signalling leads to loss of 

arterial markers and an adoption of venous identity (Gridley, 2010; Swift and Weinstein, 

2009), suggesting that the Notch signalling pathway represses the venous identity. Addition-

ally, the transmembrane protein ephrinB2 is specifically expressed in aECs and its receptor 

EphB4 in vECs  (Torres-Vázquez et al., 2003; H. U. Wang et al., 1998). The mentioned Eph-

Ephrin family members’ expression are modulated by the Notch pathway (Torres-Vázquez et 
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al., 2003). The nuclear receptor COUP-TFII actively represses Notch activity in vECs (Swift 

and Weinstein, 2009) (You et al., 2005), being one of the venous markers that contribute to 

venous identity. 

Experiments in avian models support the hypothesis that arterial and venous EC identity de-

pends on blood flow, remains plastic and can be reversed with flow manipulation. Firstly, a 

study including experiments where blood flow is decreased in chick embryos demonstrated 

that a pool ECs do not differentiate without blood flow (le Noble et al., 2004). The authors fur-

ther demonstrated that upon change in flow direction using incision and ligation, some pre-

formed arteries were incorporated into venular networks and vice-versa, suggesting their dif-

ferentiation is plastic and flow dependent. Secondly, in a study where arteries were isolated 

from quail embryos to be grafted in chick embryo hosts, ECs from the graft were found to col-

onise both arteries and veins in the host during embryonic development (Moyon et al., 2001). 

Finally, another research team isolated both arteries and veins from quail and grafted them 

into chick embryos. Independently of their origin, grafted cells that integrated into arteries ex-

pressed ephrin-B2, a marker of arterial vasculature (Othman-Hassan et al., 2001). These 

data show that despite their previous identity, arterial-venous differentiation remains plastic 

and EC can alter their identity in a mechanism potentially influenced by blood flow. Recent 

studies in the zebrafish trunk monitored Notch NICD expression as a proxy for Notch signal-

ling activity. The authors showed that ECs of future arterial inter-segmental vessels (ISVs) 

exhibited higher Notch signalling activity than future venous ISVs (Weijts et al., 2018; 

Geudens et al., 2019), supporting the idea of fate determination. However, a reduction in 

blood flow enabled ECs with low Notch activity - normally venous ECs - to integrate arteries 

(Geudens et al., 2019). This suggests that ECs with lower Notch signalling pathway activity 

are plastic to flow-mediated adaptation. Therefore, an integration between the pre-specifica-

tion and haemodynamic forces ensures the correct patterning of arteries and veins in the 

whole organism. 

It is possible hemodynamic factors and pre-determined specification co-determine arterial 

and venous cell fate. Recent studies in the zebrafish trunk monitored Notch NICD expression 

as a proxy for Notch signalling activity, upon blood flow changes. The authors showed that 

ECs of future arterial inter-segmental vessels (ISVs) exhibited higher Notch signalling activity 

than future venous ISVs (Weijts et al., 2018; Geudens et al., 2019), supporting a determinis-

tic fate determination. However, a reduction in blood flow induced a shift of the Notch signal-

ling ECs towards an arterial fate, measured (Geudens et al., 2019), towards an arterial fate. 

This could mean that ECs with lower Notch signalling pathway activity are potentially more 

plastic to flow-mediated adaptation. Therefore, a balance between genetic signatures and 

blood flow is needed to ensure a correct patterning of arteries and veins in the whole organ-

ism. 



 32 

1.1.2.7 Lymphatic specification 
 
Cells that contribute to the developing lymphatic system derive from pre-existing veins 

(Oliver et al., 2020; Sabin, 1902). VEGF-C /VEGFR3 signalling activates ECs and induces 

Prox1 expression, a landmark of lymphatic EC specification, in ECs of the cardinal vein. The 

expression of Prox1 leads to budding and sprouting of LECs to form lymph sacs (Wigle & Oli-

ver, 1999). In mammals, a regulatory feedback loop between VEGFR3 and Prox1 is neces-

sary not only to regulate the number of LEC progenitors but also to maintain their lymphatic 

identity (Srinivasan et al., 2007). The nuclear hormone receptor Coup-TFII binds to Prox1 in 

venous ECs, activating and maintaining Prox1 expression during early stages of LEC specifi-

cation and differentiation. 

In zebrafish, the function of Prox1a in lymphatic specification is controversial. Studies have 

shown that prox1a expression increases in ECs prior to a cell division, and that one of the 

daughter cells adopts a lymphatic fate (Koltowska et al., 2015; Nicenboim et al., 2015). How-

ever, in zebrafish embryos with a prox-1a and prox-1b knock-out, lymphangiogenesis pro-

ceeded normally (Impel et al., 2014; Tao et al., 2011), suggesting it is dispensable in this 

model organism.  

     

1.1.3 Models for angiogenesis research  
 
There are plenty of in vivo and in vitro models used to study angiogenesis. Examples of ECs 

used in culture for in vitro assays are human umbilical vein ECs (HUVECs) and Bovine aorta 

ECs (BAECs). Examples of in vivo models of sprouting angiogenesis are retina, matrigel plug 

and dermal wound repair in the mouse model, the chorioalantoic membrane (CAM) in chick 

embryo and the zebrafish embryo. In vitro models were instrumental for investigation of spe-

cific cellular behaviours (Ayata et al., 2015). However, they lack the context and complexity 

of a functional vascular system, such as the supporting cells, the extracellular matrix, and the 

physiological components and shear stress of the blood (Staton et al., 2004). In contrast, in 

vivo models offer the advantage of the functional analysis of the vascular network and the 

consideration of all molecular and cellular players, with large limitations on live-imaging and 

controlled conditions.  

The zebrafish larvae model offers a merge of positive aspects of in vivo and in vitro models, 

such as the ability to study spatiotemporal cell dynamic events in a live vertebrate system 

(Okuda et al., 2020). 
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1.1.3.1 Zebrafish embryo model 
 
The zebrafish (Danio rerio) is a small freshwater fish native from south Asia. In the 1930s, 

this small fish started being used as an animal model for development and embryology. 

There are many advantages of this model for developmental studies. Firstly, they are easy to 

maintain, have a short life cycle, and produce large numbers of embryos. Secondly, they are 

amenable to genetic and pharmacological manipulation, allowing labelling of specific cell 

types or proteins, and loss-of-function studies. Thirdly, their optical transparency until 2 days 

post fertilization (dpf) and external fertilisation and development allow for non-invasive imag-

ing. Recent microscopy advances allowed unprecedented high spatio-temporal imaging of 

cellular processes in vivo (Okuda et al., 2020). Finally, several studies showed evidence of 

biologically conserved processes between zebrafish and other vertebrates such as Humans, 

which opens the possibilities for translation research (Lieschke & Currie, 2007). 

In the early 2000s, injection of tracers into the zebrafish embryonic circulation enabled a 

characterization of the vascular network at different stages of development (S Isogai et al., 

2001) (Figure 1.5). The generation of genetic transgenic lines expressing fluorescent pro-

teins under endothelial promoters such as fli1a, flk1/kdrl/vegfr2 broadened possibilities for 

tracking sprouting angiogenesis, across time in developing embryos (Nathan D Lawson & 

Weinstein, 2002). A deeper investigation of the model led to the identification and characteri-

zation of lymphatic vessels (Küchler et al., 2006; Yaniv et al., 2006). The described ad-

vantages of this model together with the technological developments made it invaluable for 

the study of vascular development, unravelling new gene functions and conserved molecular 

mechanisms, including mechanisms of disease (Hogan & Schulte-Merker, 2017).  

 

1.1.3.2 Angiogenesis and lymphangiogenesis in the trunk of the zebrafish embryo 

The vasculature of the zebrafish trunk is composed mainly by the dorsal aorta (DA) and the 

posterior cardinal vein (PCV), inter-segmental vessels (ISVs) and the dorsal longitudinal 

anastomotic vessel (DLAV) (Figure 1.5 and 1.6). The lymphatic vasculature is composed by 

the thoracic duct (TD), the intersegmental lymphatic vessels (ISLVs) and the dorsal longitudi-

nal lymphatic vessel (DLLV). 

The DA - PCV is the first vascular loop to develop in the zebrafish trunk. Angioblasts migrate 

and coalesce from the lateral plate mesoderm (LPM) at 19.5 hours post fertilization (hpf). 

This process forms a single vascular cord which lumenises and becomes the DA at 22 hpf 

(Ellertsdóttir et al., 2010; Nathan D Lawson & Weinstein, 2002). The PCV is formed by ven-

tral sprouting of a subset of ECs from the DA. Starting about 22 hpf, (Herbert et al., 2009).  

ISVs and the primordial lymphatic cells develop by sprouting angiogenesis from the mother 

vessels DA and PCV. Cells sprout from the DA in a primary sprouting wave, at 22hpf (Figure 
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1.6 A). 10 hours later, venous cells sprout from the PCV in a secondary sprouting wave (Fig-

ure 1.6 B) (Sumio Isogai et al., 2003).    

A

B

0.5 mm

C

Figure 1.5 Zebrafish vasculature at different developmental stages

Microangiography reveals vasculature of 1.5 (A), 2.5 (B) and 5.5 dpf old zebrafish 
embryos. AA- aortic arch, ACV- aterior cardinal vein, CA- caudal artery, CCV- 
common cardinal vein, CtA- central nartery, CV- caudal vein, DA-dorsal aorta, DLAV- 
dorsal longitudinal anastomotic vessel, DLV- dorsal longitudinal vein, H- heart, IOC- 
inner optic vesicle, MCeV- middle cerebral vein, MsV- mesencephalic vein, NCA- 
nasal ciliary artery, LDA- lateral dorsal aorta, MtA- metencephalic artery, PCeV- 
posterior cerebral vein, PHBC- primordial hindbrain channel, PHS- primary head 
sinus, PMBC- primordial midbrain channel, PPrA- primordial midbrain channel, PPrA- 
primitive prosencephalic artery, PrA- prosencephalic artery, ISV- intersegmental 
vessel, SIV- subintestival vein, VA- ventral aorta. In bold, the abbreviations used in 
this disseration.
Pictures were taken from the Interactive Atlas of Zabrafish Vascular Anatomy (Isogai, 
2001), with permission under license nr. 4914231126444.

ISV

ISV

ISV

from  Elsevier. 
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Primary sprouting angiogenesis is induced at about 22 hpf by VEGF-A/Kdr/Kdrl, which ac-
tivate a subset of ECs of the DA to sprout dorsally between the somites (Sumio Isogai et al., 

2003). This sprouting wave ultimately forms the primitive arterial ISVs and the DLAV (Figure 

1.6 A).   

The sprouts are composed of tip and stalk ECs. The ECs migrate collectively, protruding ac-

tin filaments, elongating and proliferating. The majority of sprouting ECs emerging from the 

DA are in the S/G2/M phase and undergo cell division (Fukuhara et al., 2014). About a third 

of tip cells of sprouts undergo asymmetric mitosis leading to differences in daughter cell 

sizes. This is presumably key to a quick reestablishment of their tip-stalk cell phenotype in a 

Notch/Dll4 independent fashion, due to a possibly differential cytoplasmic redistribution in 

Vegfr activity in the daughter cells (G. et al., 2016). The sprouting cells migrate dorsally be-

tween the somites and the notochord and neural tube. Sprouts open their lumens in an acto-

myosin and flow-dependent manner (Gebala et al., 2016). Adjacent sprouts eventually anas-

tomose in a filopodia, ZO-1 and VE-cadherin dependent manner (Herwig et al., 2011; Lenard 

et al., 2013; Phng et al., 2013), to form the DLAV. This process completes at about 32hpf, 

with a simple vascular loop network of primary arterial ISVs (aISVs), connected to the DA 

and the DLAV (Figure 1.6 A).  

Secondary sprouting angiogenesis starts at 32-34 hpf by VEGF-C-promoted activation of 
ECs in the PCV. The secondary sprouting wave ultimately forms the venous ISVs (vISV) and 

the trunk lymphatic vasculature of the zebrafish larvae (Sumio Isogai et al., 2003) (Figure 1.6 

B).  

Shortly before sprouting, ECs migrate dorsally in the PCV. There, a subset of ECs of the 

PCV express prox1a prior to a cell division event. One of the daughter cells is activated and 

starts to sprout (Koltowska et al., 2015; Nicenboim et al., 2015). The secondary sprouts mi-

grate dorsally in between the somites, connect with the previously formed ISV of the same 

somite and become transiently lumenised, creating a three-way shunt through which blood 

can flow (Geudens et al., 2019). EC axial polarization as well as previous Notch specification 

determines EC migration direction and therefore which connection of the shunt is resolved or 

stabilized. If the connection with the DA is resolved, the secondary sprout-ISV connection 

forms a vISV. Conversely, if the connection to the PCV is resolved, the primary ISV remains 

arterial and the secondary sprout further migrates to the horizontal myoseptum where it fur-

ther develops into parachordal lymphangioblasts (PLs) (Geudens et al., 2019) (Figure 1.6 B). 

The PLs migrate further to form the longitudinal and intersegmental lymphatic vessels, the 

thoracic duct (TD), the intersegmental lymphatic vessels (ISLVs) and the dorsal longitudinal 

lymphatic vessel (DLLV) (Bussmann et al., 2010; Hogan et al., 2009) Although the positions 

are variable from embryo to embryo, the proportion of venous and arterial ISVs is 50:50.  
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1.2 Microtubule dynamics during embryonic development 

 
Microtubules (MTs) are cytoskeleton polymers present in all eukaryotic cells. They assemble 

from the MT organizing centres (MTOC), such as the centrosome. MTs exhibit fast dynamic 

behaviours which are tightly regulated by post-translational modifications (PTMs), such as 

detyrosination, and by MT associated proteins (MAPs). MT dynamics and detyrosination play 

crucial roles in many cellular processes including during development.  

Figure 1.6 Sprouting angiogenesis in the zebrafish trunk.

The zebrafish trunk vasculature is formed by two waves of sprouting of endothelial 
cells from the dorsal aorta (DA) - primary sprouting (A) - and the posterior cardinal 
vein (PCV) - secondary sprouting (B). Primary sprouting leads to initial set of arterial 
inter-somite vessels (ISVs) and the dorsal longitudinal anastomotic vessel (DLAV). 
Secondary sprouts connect to the primary ISV to make a transient three-way 
connections. One of the vascular branches of the connection remodels into venous 
ISVs (vISV) or parachordal lymphangioblast (PLs) leading to the trunk lymphatic 
vasculature, next to arterial ISVs (aISV). Modified from (Geudens, I. 2019).

Primary sprouting 
Arterial sprouts migrate dorsally from the DA and anastomose into the DLAV

24 hpf20 hpf 30 hpf

34 hpf 37 hpf 42hpf

PL

Primary
ISV

Primary sprouts

aISV

vISV

Secondary sprouts Three way connection

DLAV

Secondary sprouting 
Venous sprouts migrate from the PCV, connect transientely to ISVs and make vISVs or PLs

(DA)

(DA)

(PCV)

(PCV)

B

A

DLAV

 permission under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/    
with 
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1.2.1 Microtubules are highly dynamic polymers 
 
MTs are made of α- and β- tubulin subunits which are assembled into a sheet of protofila-

ments that associate laterally to form a hollow tube. Tubulin subunits nucleate and start poly-

merizing in MTOCs such as centrosomes, the Golgi apparatus, the basal bodies of cilia and 

flagella, and spindle pole bodies and kinetochores of cells during cell division. MTOCs con-

tain the γ-tubulin ring complex (γ-TuRC) which promotes the polymerisation of α-β-dimers. At 

the MTOC, tubulin subunits bound to GTP are added to the plus-end of the MT, in a process 

dependent on their cytoplasmic concentration. Once the tubulin subunits are added to the 

MT, the GTP of β-tubulin hydrolyzes to GDP. Since β-tubulin is exposed on the plus-end and 

the α-tubulin in the minus-end direction, the MT filaments acquire a structural polarity, with a 

fast growing plus-end and a slow (negligible in vivo) growing minus-end. During interphase, 

the MT cytoskeleton organizes radially from the centrosome, where most minus-ends are an-

chored, to the periphery of the cell, where plus-ends explore the intracellular space and cell 

cortex.  

MT undergo repeated cycles of growth and shrinkage, a process known as dynamic instabil-

ity (Desai & Mitchison, 1997; Mitchison & Kirschner, 1984; Walker et al., 1988). Key to the 

dynamic instability phenomenon is the GTP and GDP binding of tubulin. During MT growth, 

the GTP bound to a newly added β-tubulin subunit is hydrolysed to GDP (Nogales, 2000). 

However, this does not occur immediately, conferring the MT with a GTP cap in its plus-end, 

protecting it from shrinking. When the hydrolysis process is faster than tubulin polymeriza-

tion, the GTP cap is lost, the MT is no longer protected, tubulin depolymerizes and the MT 

starts to shrink. The transition from growing MTs to shrinking MTs is named catastrophe. 

GTP-bound tubulin can be added again providing a new protecting GTP cap which prevents 

the MT from shrinking, which is a rescue event (Mitchison & Kirschner, 1984).  

 

1.2.2 Microtubules dynamics are modulated by post translational modifications 
 
MT are heterogenous polymers. Not only are they formed by different tubulin isoforms, but 

tubulin can also be post-translationally modified (PTM). PTMs accumulate in long-lived MT, 

contributing to different dynamic properties of the MT. Genes coding for the PTM catalyzing 

enzymes are differentially expressed and were suggested to have important functions during 

development, including for angiogenesis. 

Although MT appear to be homogenous filaments at the optical microscope resolution, a 

closer look into tubulin structure unravelled a plethora of tubulin isoforms, which can experi-

ence a diverse number of evolutionary conserved, reversible post-translational modifications 

(PTMs) throughout their life (Janke, 2014; Roll-mecak, 2020). This way, a single MT can be 
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composed of a mix of tubulin types, which in turn can be differently modified. The most com-

mon tubulin PTMs are detyrosination, methylation, palmitoylation and removal of glutamates 

of α-tubulin, as well as acetylation, glutamylation, polyamination, polyglycylation, phosphory-

lation of α- and β- tubulin. Differential spatio-temporal expression of tubulin isoforms, in neu-

rons and platelets for example, as well as differential PTM regulation during development 

(Song & Brady, 2015; Yu et al., 2015) suggest specialized functions and highlight the rele-

vance of this molecular, structural and chemical tubulin properties in biological processes. 

Consistently, perturbations in PTMs, or the enzymes that catalyse them, are associated with 

several pathologies such as cancer and neurodegenerative disorders (Garnham & Roll-Me-

cak, 2012; Magiera et al., 2018).  

Different isoforms and tubulin PTMs can lead directly or indirectly to different MT dynamic. 

Direct influence occurs when MT dynamics are influenced by the intrinsic properties of the 

isoforms and the PTMs. For example, MT assembled from isoforms β I, II or IV polymerize 

faster than those containing β-III tubulin (Pamula et al., 2016; Vemu et al., 2015). Another 

example is acetylation of β-tubulin, which directly impairs MT polymerization (Chu et al., 

2011). 

MT associated proteins (MAPs) modulate MT dynamics. MAPs are recruited and interact dif-

ferentially with the tubulin isoforms and their post-translationally modified aminoacids, indi-

rectly contributing to modulating their dynamics. An example is Spastin – a MT-severing en-

zyme. Its MT severing activity decreases with an increased tubulin glutamination (Valenstein 

et al., 2016), suggesting that glutamination protects MTs from Spastin.  

Given these data, the “tubulin code” hypothesis was formulated. It postulates that the men-

tioned tubulin diversity influences, shapes and regulates MT properties, such as their dynam-

ics and mechanics, which in turn influence functional cellular behaviours. Simply, that an in-

creased amount of tubulin PTMs increase the stability of a given MT (Figure 1.7).  

 
1.2.2.1 Tubulin detyrosination: a dynamic post translational modification 
 
Detyrosination is the proteolytic removal of the last tyrosine of the C-terminus of α-tubulin, 

exposing a glutamate. This PTM was the first discovered tubulin PTM (H.S.Barra & 

C.A.Arce’, 1974). Long-lived MTs are highly detyrosinated, but causality between detyrosina-

tion and MT stability has not been demonstrated. After decades of research, vasohibin-1 and 

2 (VASH1 and VASH-2) were recently identified as the enzymes that catalyse this reaction 

(Aillaud et al., 2017; Nieuwenhuis et al., 2017).   
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1.2.2.1.2 The effect of microtubule detyrosination in microtubule stabilisation 
 
The tubulin tyrosination-detyrosination cycle is strongly connected to MT dynamics. Tubulin 

is “born” tyrosinated, and remains tyrosinated when it is incorporated in the MT (Gregg G. 

Gundersen et al., 1987; D. R. Webster et al., 1987a). Early experiments with biotin labelled 

tubulin showed that dynamic MTs remain tyrosinated, and most of the long-lived MT exhibit 

detyrosination (Schulze et al., 1987) in different cell types. This led to the hypothesis that MT 

become progressively detyrosinated, as well as accumulate other PTMs, throughout their 

lives. The same study showed direct evidence that the MT population composed of detyro-

sinated tubulin exhibits a slow turnover (Schulze et al., 1987). There is also data from ax-

onemes, centrioles and basal bodies showing that these stable MT structures are highly 

detyrosinated (Gundersen and Bulinski, 1986). Additionally, cells treated with taxol, which in-

creases the number of stable long-lived MT, show an increase in amount of MT detyrosina-

tion (Gregg G. Gundersen et al., 1987). Furthermore, detyrosinated MT are more resistant to 

depolymerizing agents such as nocodazole and detergent, although not to cold treatment 

Figure 1.7 Microtubules dynamic instability and the tubulin code.

Microtubules grow and shrink in cycles. The speed at which they grow and shrink, 
as well as number of times they are rescued and catastrophe is influenced certain 
ttubulin post translational modifications. Microtubule associated proteins (MAPs) 
interact with the diverse modified tubulin to read the tubulin code and further 
stabilize and/or destabilize the microtubule.

Rescue

Growing/
PolymerisingShrinking/

     Depolymerising

Catastrophe

Stabilization

PTMs
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(Khawaja et al., 1988), and were observed to not incorporate tubulin in their plus-ends (D. R. 

Webster et al., 1987b). These early experiments support that long-lived MTs are detyro-

sinated, and suggest that this PTM stabilises MTs.  

Although the tight correspondence between stable and detyrosinated tubulin populations was 

observed in different cell types, detyrosination alone is not sufficient to stabilize MT in several 

cell types such as embryonic chick fibroblasts (Schulze et al., 1987;), nor are dimers required 

to be tyrosinated to polymerize into the MT filaments (Valiron et al., 2010; Daniel R Webster 

et al., 1990) indicating a lack of universal correlation and causation.  

Most evidence for detyrosination having an influence in MT dynamics comes from interac-

tions with specific MAPs. MT-destabilizing kinesins of the kinesin-13 family, Mitotic-Centro-

mere Associated Kinesin (MCAK), and Kinesin-like protein KIF2A (KIF2A) have higher affin-

ity towards tyrosinated tubulin (Peris et al., 2009). Several cytoskeleton-associated protein-

glycin-rich (CAP-Gly) domain-containing proteins, such as cytoplasmic linker protein of 170 

kDa (CLIP-170) and p150Glued, interact with tyrosinated tubulin (Bosson et al., 2012; Peris et 

al., 2006; Q. Wang et al., 2014). The increase of the expression of the mentioned MAPs re-

sults in a higher frequency of catastrophes, and fast growth rates of MTs containing tyro-

sinated tubulins. In the cases mentioned, the binding of the MAPs is abolished by tubulin 

detyrosination. Therefore, detyrosination indirectly promotes MT stability and longevity by 

preventing these MAPs from accessing tubulin. 

Given all this direct and indirect evidence, I believe there is enough data for a careful corre-

spondence between stable, long-lived MT and their high level of detyrosinated tubulin, which 

can easily be assessed by immunostainings. 

 

1.2.2.1.3 Cellular role of tubulin detyrosination-cycle  
 
MT detyrosination has been implicated in several physiological and pathological cellular pro-

cesses such as cell division, trafficking, neuro- and myogenesis, and myocardium stiffening 

in heart failure.  

Recent studies have shown that detyrosination of spindle MTs is essential for correct chro-

mosome alignment and chromosome segregation during mitosis (Barisic et al., 2015; S. Liao 

et al., 2019). Chromosome transport towards the metaphase plate is mediated by the dynein-

dynactin complex, and centromere protein E (CENP-E), which have high affinity for detyro-

sinated MTs (Barisic et al., 2015; McKenney et al., 2016). Moreover, MT detyrosination has 

been shown to play an important role in asymmetric cell division and cell fate between 

daughter cells during meiosis (Akera et al., 2017; Barisic et al., 2015; Laloraya, 2018). Fur-
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thermore, fibroblasts with increased detyrosination showed a misposition of the spindle (Pe-

ris et al., 2006). These data suggest that a balance of tyrosination-detyrosination is relevant 

for fidelity of spindle positioning under specific conditions.  

There is evidence that membrane trafficking is modulated by MT detyrosination and tyrosina-

tion. In one study, the increase of tyrosinated MT in epithelial cells disrupted the establish-

ment of a monolayer, as cells isolated from each other (Zink et al., 2012). In these cells, 

membrane trafficking was decreased. This suggests that detyrosinated MTs might serve as a 

track for specific cargo in a polarising epithelium. Another publication showed that mitochon-

dria and lipid droplets are transported by detyrosinated MTs during nutrient starvation 

(Herms et al., 2015). 

Detyrosination was found to be relevant in myocardium development. Inhibition of MT detyro-

sination during cardiac development blocked morphological differentiation of cardiomyocytes, 

preventing them from elongating and fusing, and expressing markers of myogenic differentia-

tion (Chang et al., 2002). In fact, additional hallmarks of cardiac differentiation such as mech-

anotransduction and contraction speed  were found to be modulated by tubulin detyrosina-

tion (Kerr et al., 2015).  In that study, detyrosinated MT led to increased cytoskeleton stiff-

ness which prevented contractile behaviour. Super resolution microscopy of cardiomyocytes 

from failed human hearts reveals increased detyrosinated MT networks (C. Y. Chen et al., 

2018). Pharmacological suppression of MT detyrosination partially restored the contractility, 

offering future possibilities for improving cardiac function in failing human hearts.  

MT detyrosination and tyrosination was found to be relevant in neuronal development. Early 

reports showed that parallel fiber axons in the cerebellum of rat pups are preferentially dety-

rosinated during axonal maturation (Cambray-Deakin & Burgoyne, 1987; Cumming et al., 

1984). Loss-of-function studies of Tubulin-tyrosine-ligase (TTL) and vasohibins, the enzymes 

that tyrosinate and detyrosinate MTs, respectively, showed severe neuronal differentiation 

defects. TTL mutant mice exhibited underdeveloped neuronal networks in the cortex which 

leads to perinatal death (Erck et al., 2005). Vasohibins knockdown in vitro led to severe neu-

ronal differentiation defects (Aillaud et al., 2017; Nieuwenhuis et al., 2017). Mouse mutants 

for vasohibin-1 exhibited disrupted neuronal migration in the developing neocortex (Aillaud et 

al., 2017). These results illustrate the crucial role of both tyrosinated and detyrosinated MTs 

in neuronal development. 

To summarise, these data suggest a specific role of the tyrosination-detyrosination cycle in 

multiple cellular contexts. 
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1.2.3 Functions of microtubule dynamics in development 
 
MT have been shown to change and adapt their dynamics depending on the cell cycle, cell 

events and when responding to extra-cellular signals. In fact, MT dynamics play roles in sev-

eral generally ubiquitous cellular processes during development such as in cell migration and 

cell division. In the past decades, the role of MTs during neuronal development was eluci-

dated and thoroughly studied, which served as an inspiration for making the hypothesis of 

this thesis.  

 

1.2.3.1 Microtubule dynamics in cell migration: the growth cone as an example 
 
Cell migration is involved in many physiological and pathological processes during develop-

ment, tissue regeneration, and immunological surveillance. Most cells polarize their orga-

nelles and cytoskeleton, including dynamic MTs, in the direction of migration. Migrating cells 

respond to stimuli and undergo intracellular rearrangements to polarise in the direction of mi-

gration (Kaverina & Straube, 2011). In most migrating cells, such as fibroblasts and neurons, 

the centrosome precedes the nucleus, polarizing the cell towards a migratory front (G. W. G. 

L. and G. G. Gundersen, 2011). As a result, dynamic MT number are increased in the migra-

tory front, contributing to the cell polarization (Jolly et al., 2010)(Kaverina & Straube, 2011). 

This asymmetry is largely sustained by kinesins: while Kinesin-4 stabilizes MT in the migra-

tory front, Kinesin-13 and MCAK triggers MT disassembly in the cell rear (Braun et al., 2014; 

Morris et al., 2014). Collectively, these and many other studies suggest that MT dynamics 

are involved in cell migration. However, some cells, such as small cells migrating in 2D, do 

not seem to require MT dynamics to migrate (Kaverina & Straube, 2011). In this case, MT 

dynamics seem to only facilitate migration. On the other hand, larger cells migrating in three 

dimensional directions, such as fibroblasts, motile epithelial cells and neurons, do seem to 

require MT dynamics for directional trafficking of required components, adhesion turnover 

and actin dynamics (Kaverina & Straube, 2011). 

A well-studied example for a cell structure that requires MT dynamics for migration and de-

velopment is the growth cone. The growth cone is the tip of the extended developing axon 

which extends from the cell body to establish a functional neuronal network, responding to 

external stimuli to guide its way. Although actin filaments probe the surroundings and rapidly 

remodel in response to cues, the growth cone cannot migrate without MT. The MT dynami-

cally sense, steer and advance the structure towards the cues (Lowery & Van Vactor, 2009). 

When kept in culture, cerebral cortical neurons have quiescent growth cones during which its 

MT are stable and bundled. When growing, a population of MT break off and start undergo-

ing dynamic instability and explore the periphery(Dent & Kalil, 2001). The number of explora-

tory, dynamic MT increases locally with adhesive cues (Aih & Suter, 2008), suggesting their 
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sensing function. Further evidence confirmed this theory:  inhibiting MT dynamics prevented 

the growth cone from turning in response to guidance factors(Buck & Zheng, 2002). Addition-

ally, these experiments showed that MTs are required for the adhesion-localized accumula-

tion of active Src family kinase signalling that is necessary for growth cone steering (Mech, 

2014). In order to advance and migrate, stable MTs populate the new explored area of 

growth, consolidating axonal direction (Buck & Zheng, 2002). These mechanisms were 

mainly unravelled by using drugs, such as nocodazole and taxol, that inhibit MT dynamics or 

stabilize MT. In conclusion, not only dynamic but also stable MTs are relevant for neuronal 

development. 

 

1.2.3.2 Microtubule dynamics in cell division 
 
Eukaryotes transmit their genetic information through successive generations by duplicating 

their chromosomes distributing them between the daughter cells during cell division. MTs are 

essential to achieve cell division, as they are a fundamental part of the mitotic spindle.  

The mitotic spindle is a bipolar array of mostly highly dynamic MT, responsible for chromo-

some attachment, alignment and segregation during cell division (Wordeman, 2015). In cul-

tured mammalian cells, the average half-life of a MT during interphase is about 5 minutes, 

but decreases to 5 seconds when they integrate the mitotic spindle. (Saxton et al., 1984). 

This illustrates that MT dynamics can rapidly adapt to the cell’s behaviour. The spindle is 

composed of several MT, each with their own role. On the one hand, highly dynamic MT are 

necessary for a correct spindle formation and successful cell division. Dynamic MTs grow 

and shrink at fast speeds, and have an increased frequency of catastrophe events (Hirst et 

al., 2020). On the other hand, there is an important population of stable MT, assembling from 

the kinetochore. This population is necessary for correcting chromosomal instability (Ertych 

et al., 2014). In conclusion, a balance between dynamic and stable MT is necessary for cell 

division.  

Antibody stainings of a variety of dividing cells revealed that the majority of dynamic spindle 

MT – of all classes of spindle fibers - are tyrosinated. Additionally, a low number of detyro-

sinated, presumably stable, MTs are found between centrioles and are absent in astral fibers 

(Akera et al., 2017; Geuens et al., 1986; G. G. Gundersen & Bulinski, 1986). This illustrates 

the need of both tyrosinated – dynamic - and detyrosinated – stable - MT populations in cell 

division.  
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1.2.4 Microtubule dynamics in vascular development 
 
MT dynamics have been implicated in physiological and pathological angiogenesis, in a vari-

ety of in vitro models from basic biology research and clinical descriptive observations. Vaso-

hibin-1 has very recently been identified to detyrosinate tubulin in long lived, stable MT. Inter-

estingly, a decade of earlier research showed that Vasohibin-1 is anti-angiogenic, together 

leading to the hypothesis that MT detyrosination plays a role in angiogenesis.  

 

1.2.4.1 Microtubule dynamics participate in vessel formation: the hints  
 
1.2.4.1.1 Insights from basic biology studies 
 
Basic research has shown that loss- or gain-of-function of MAPs or enzymes that catalyse 

PMTs often result in vascular phenotypes. Even though many of these studies did not inves-

tigate MT dynamics directly, they exhibit indirect evidence that MT dynamics are important 

for EC polarisation, elongation and migration.  

 

1.2.4.1.1.1 Microtubule associated proteins 
 
Plus-end binding MAPs, such as plus-binding proteins, have been suggested to contribute to 

cell polarization and elongation. CLIP-associating protein-2 (CLASP-2), a plus-end MT stabi-

lizer protein (Lawrence et al., 2018), is expressed in the tip of MT visiting protrusions. Upon 

its phosphorylation, CLASP-2 localisation was no longer restricted to cell protrusions in a 3D 

angiogenesis assay (Lyle et al., 2012). In another report, CLIP-170, a plus-end MAP which 

promotes MT polymerization (Brunet et al., 2004), was investigated since it is enriched in 

ECs in tumour associated angiogenesis(Sun et al., 2013). A scratch wound assay showed 

that CLIP-170 is necessary for polarized centrosome positioning and increased tubulin den-

sity towards the cell migratory front. This affected EC polarisation and migration but, im-

portantly, not proliferation.  The same authors also showed in a 3D in vitro sprouting assay, a 

spheroid assay and in an in vivo matrigel plug, that vessel formation was decreased in the 

absence of CLIP-170 (Sun et al., 2013, Xie et al 2014). Mitotic centromere-associated kine-

sin (MCAK) is a plus-end MAP that promotes MT disassembly during interphase(Lee et al., 

2008). It has also been implicated in angiogenesis, by having a role in decreasing MT growth 

time in the rear of the EC in a scratch wound assay, with critical consequences for directional 

EC migration when its expression is disrupted (Braun et al., 2014). The expression of other 

plus-end MAPs such as CLASP-1, EB1 and p150Glued is increased during sprouting, reaching 

highest levels at lumen formation (Kim et al., 2009).  

Kinesin-5 (KIF-11, Eg-5) is a MT motor which has also functions in promoting MT polymeri-

zation by increasing growth speed and decreasing catastrophe (Y. Chen & Hancock, 2015). 
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This kinesin has been implicated in tumour and physiological angiogenesis since pharmaco-

logical inhibition of its activity or KD led to a failure of ECs to elongate, migrate and prolifer-

ate in a mouse glioma model, and in chick and zebrafish embryos (Exertier et al., 2013). In-

terestingly, insights from lymphoedema patients, with developmental anomalies associated 

with autosomal dominant KIF11 mutations, suggest that this protein is required for the devel-

opment of normal retinal and lymphatic vessels (Ostergaard et al., 2012). 

Finally, Formin-like protein 3 (FMNL3), a MT stabilizer and actin nucleator protein, is also im-

plicated in sprouting angiogenesis. Briefly, FMNL3 localizes preferentially to the tip of MT 

protrusions, and promotes parallel MT rearrangements in a 3D angiogenesis assay (Hether-

idge et al., 2012). FMNL3 loss-of-function led to a loss of EC elongation in the sprouting con-

text in vitro and in vivo (Hetheridge et al., 2012). 

 

1.2.4.1.1.2 Post translation modifications and their catalysers 
 
There is evidence showing post-translationally modified MT in ECs, in vitro. One study re-

ports high levels of detyrosinated tubulin organized in parallel to the axis of elongation of ECs 

during sprouting in a 3D in vitro sprouting assay, but not in cells in a monoculture (Hether-

idge et al., 2012). Another study reports a late increase of detyrosinated tubulin, which coin-

cides with a stabilisation of the vessels and maturation of ECs in a sprouting assay (Martile 

et al., 2020). Two studies revealed that MT become rapidly highly acetylated upon exposure 

to shear-stress in vitro, increasing for 24 hours after shear-stress is applied (Hikita et al., 

2018; McCue et al., 2006). Another study uses pharmacological inhibition of the lysine 

acetyltransferase, the enzyme that acetylates MT, to reduce MT acetylation. This led to a re-

arrangement of MT from elongated to accumulating in the perinuclear region in ECs, and im-

paired angiogenesis in vivo (Martile et al., 2020). Another study using a 3D sprouting assay 

reveals that acetylated tubulin increases with sprouting time culminating in lumenisation, and 

KD of the deacetylases HDAC6 and SIRT2 lead to an increased number of vessels, suggest-

ing a complex role and balance of acetylation in angiogenesis (Kim et al., 2009). These stud-

ies suggest that MT become long-lived and stable when the ECs mature and are exposed to 

blood flow. 

 

1.2.4.1.2 Insights from the clinic: microtubule targeting drugs 
 
MT targeting drugs are among the most effective classes of chemotherapeutics to prolong 

survival in cancer patients (Giannakakou et al., 2000). A large proportion of these drugs, both 

those currently used and those in ongoing clinical trials, not only decreases tumour cell prolif-

eration, but also prevents sprouting of new vessels towards the tumour and induces collapse 

of recently formed tumour-associated vessels (Figure 1.8). Interestingly, they do so while not 
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affecting the mature, healthy vessels of the patient (Kanthou & Tozer, 2009; Schwartz, 

2009), suggesting differential MT properties in ECs undergoing tumour-induced sprouting an-

giogenesis and healthy mature ECs. Taxanes, colchicines, combretastatins and vinca alka-

loids induce the collapse of newly developed tumour vessels, and/or block tumour-induced 

angiogenesis (Bayless & Johnson, 2011). Different drugs were used with different cancer 

types, in different concentrations making it challenging to associate their mode of action with 

the effects they have on MT. In any case, this suggests that the MT cytoskeleton is relevant 

for the development and maintenance of new vessels. 

In order to understand these clinical observations, in vitro experiments using these drugs in 

HUVECs and BAECs were performed. The authors titrated the drugs to non-toxic, sub-mi-

cromolar concentrations, to affect MT dynamics in vitro, (Galmarini et al., 2018; Pasquier et 

al., 2005; Pourroy et al., 2006; Vacca et al., 1999), without appreciatively depolymerizing the 

MT cytoskeleton at the investigated resolution (Kanthou & Tozer, 2009; Tozer et al., 2002). 

Since there was a direct effect of the treatment on the EC migration and marginal effects on 

proliferation, they proved the cell-autonomous effect.  

There are also reports of mislocalized MAPs, such as End-binding-1 (EB1) (Honoré et al., 

2008), after treatment with MT-targeting drugs, although it is not clear whether this effect is 

actively due to the drug or due to a stabilization of MT directly. Some MT targeting drugs 

such as 2ME-2, taxon, vinblastine, M410, epothilone B also reduce the nuclear accumulation 

of HIF-1 and HIF-2α (Bayless & Johnson, 2011; Escuin et al., 2005), which suggests a MT-

independent mode of anti-angiogenesis. On the other hand, a study about Stathmin, a MAP 

promoting MT depolymerization, showed that HIF-1 translocation in ECs (several cell lines) is 

Stathmin-dependent (Yoshie et al., 2009), suggesting that HIF-1 translocation may be de-

pendent on MT dynamics.   

These results support an endothelial-autonomous effect of the MT dynamics depletion in the 

ECs during angiogenesis. Further studies in vivo have shown that MT-targeting drugs affect 

physiological angiogenesis as well, although they do not address its cellular and intra-cellular 

mechanisms (Dordunoo et al., 1995; Y.-W. Shi et al., 2016; Y. W. Shi et al., 2016).  

Given the efficient vascular disrupting effects and the fact they are currently in use in the 

clinic, MT-targeting drugs represent not only an opportunity to understand biological mecha-

nisms of angiogenesis but also an opportunity to optimise their clinical usage to achieve 

more desired results. 
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1.2.4.1.3 Other roles of microtubules in angiogenesis: cilium and vesicle transport 
 
Even though this thesis focuses in microtubule dynamics, it would be lacking if it didn’t sum-

marise other important functions of the microtubule network such as vesicle transport and 

specialised structures like the cilium. 

The primary cilium is composed of an array of stabilized MT – the axoneme – surrounded by 

the ciliary membrane where many receptors, ion channels and transporter proteins are em-

bedded (Satir et al., 2010). In ECs, the primary cilium extends into the lumen of the vessels 

and has been shown to bend in response to blood flow and local changes of mechanical 

forces, and to be required for flow sensing in ECs in vitro and in both physiological and 

pathological conditions in vivo (Dinsmore & Reiter, 2016; Goetz et al., 2014; Surya et al., 

2008). In the mouse model, endothelial specific loss of cilia results in inappropriate and 

Figure 1.8  Tumor angiogenesis occurs with similar steps as physiological 
angiogenesis and can be inhibited by microtubule targeting drugs.

Upon chemotherapy treatment with microtubule targeting drugs (MTDs) such as 
combrestatins, paclitaxel or vinblastin, tumors are less vascularized – either by 
inducing the collapse of newly formed tumor associated vessels  (step 6) and/or 
by preventing angiogenesis (steps 3-5). The remaining mature vasculature 
network of the patients is selectively kept intact.
Modified from https://resources.tocris.com/pdfs/literature/product-guides/-
cancer-guide-2016.pdf

MTDs

with permission from Tocris Biosciences. 
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premature regression in the retina vasculature (Vion et al., 2018). The general loss of cilia 

components leads to increased incidence of cranial aneurysm (Liu et al., 2018). In zebrafish, 

loss of cilia leads to mis-morphogenesis of the caudal plexus and intracranial hemorrhage 

phenotypes (Eisa-Beygi et al., 2018; Goetz et al., 2014; Kallakuri et al., 2015), suggesting a 

conserved function of this structure in vertebrates. Although the cilium is a structure com-

posed of MT with an unquestionable role for vessel regression, its study is beyond the scope 

of this thesis. 

Since VEGFR2 and 3 are concentrated at the tip cell leading edge in a sprout in vivo, it is 

postulated that the polarized distribution of this receptor is important for sensing the gradient 

correctly (Gerhardt et al., 2003a; Nilsson et al., 2010). Intracellular VEGFR2 seems to be 

transported by the MT cytoskeleton in vitro (Czeisler & Mikawa, 2013) and in vivo (internal 

communication, unpublished). These data make it tempting to speculate that MT are neces-

sary for polarized traffic of the receptors as well as the activation of its signalling cascades. 

This hypothesis is further supported by reports stating that very low concentrations of MT-

targeting drugs interfere with VEGFR2 expression in ECs in vitro (Meissner et al., 2008). 

   

 

1.2.4.2 Vasohibin-1 detyrosinates tubulin and inhibits angiogenesis 
 
Vasohibin-1 (VASH1) is a protein with dual face. It was discovered, and has mostly been 

studied, in the context of angiogenesis in vitro and in vivo. There it functions as an anti-angi-

ogenic factor that regulates angiogenesis. However, its molecular role remained unknown 

until recently. Aillud and Nieuwenhuis and colleagues published evidence that vasohibin-1 is 

a carboxypeptidase that catalyses the proteolytic removal of the last tyrosine at the C-termi-

nus of α-tubulin. The two identities of vasohibin-1 have not been connected in research so 

far. 

 
1.2.4.2.1 Vasohibin-1 catalyses tubulin detyrosination 
  
Detyrosination was the first discovered tubulin PTM (H.S.Barra & C.A.Arce’, 1974). It is cata-

lysed by the carboxypeptidases Vasohibin-1 and -2 (VASH1 and VASH-2) (Aillaud et al., 

2017; Nieuwenhuis et al., 2017). These enzymes are evolutionarily conserved from unicellu-

lar early-branched eukaryotes - with a single VASH protein - to humans (van der Laan et al., 

2019). Detyrosination can be reversed by the enzyme Tubulin tyrosine ligase (TTL) (Ersfeld 

et al., 1993), in cycles of tyrosination-detyrosination (Figure 1.9). Detyrosination is occurs 

only in tubulin, preferentially when integrated in MT filaments (Aillaud et al., 2017; Li et al., 

2020; Nieuwenhuis et al., 2017) and all α-tubulin isoforms encoding for a C-terminal tyrosine 

or phenylalanine can be detyrosinated or dephenylalaninated by VASH1 (Aillaud et al., 2017; 
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Nieuwenhuis et al., 2017). Vasohibin-1 (VASH1) works efficiently when in a complex with the 

small vasohibin binding protein (SVBP),, as only their co-overexpression increased the levels 

of detyrosinated tubulin in different cell types (Adamopoulos et al., 2019; Aillaud et al., 2017; 

Li et al., 2020; Nieuwenhuis et al., 2017).  

The VASH1 catalytic activity is dependent on the conserved cysteine-histidine-serine triad 

predicted in silico (Sanchez-Pulido & Ponting, 2016), and validated in several cell types 

(Adamopoulos et al., 2019; Nieuwenhuis et al., 2017). Recent studies further unravelled the 

aminoacids necessary for VASH1 to detect and bind α-tubulin’s tyrosine and glutamate, as 

well for catalyzing the proteolytic reaction (Adamopoulos et al., 2019).  

 

 
 
 
1.2.4.2.2 Vasohibin-1 is anti-angiogenic  

 
Most of the knowledge about Vasohibin-1 comes from research in the context of angiogene-

sis research. Vash1 was discovered in 2001. Its expression is increased  in response to 

VEGF-A stimulation of HUVECs (Abe & Sato, 2001). In this study, the authors show that 

Vash1 expression increased not only with VEGF-A stimulation, but also with EC confluency 

in vitro (Watanabe et al., 2004). Further research showed that Vash1 is highly expressed in 

the endothelium in mouse, chick and human embryos (Kimura et al., 2009; Watanabe et al., 

2004) (Shibuya et al., 2006), with lower expression in adulthood (Takeda et al., 2016). This 

body of evidence suggests a role of Vash1 in vessel development in vivo. Additionally, anti-

body stainings revealed VASH1 in tumour-associated vessels (Hosaka et al., 2009) and upon 

Figure 1.9 The carboxy-tails of α-tubulin can be detyrosinated by Vasohibin-1 

Vasohibin-1 (Vash1) catalyses the proteolytic removal or a tyrosine in the end of the 
α-tubulin carboxy-tail. A-tubulin can be re-tyrosinated by the enzyme Ttl.

α

β Serine
Valine

Glutamate
Glycine

Tyrosine

Carboxy-tail

Vash1 Ttl
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skin injury in a mouse regenerative model (Kimura et al., 2009), suggesting a role in tumour 

and tissue repair associated angiogenesis.  

Functional studies using Vash1 KD or over-expression, as well as administrating the protein 

directly to the tissue, have shed light on the function of this protein. Administration of VASH1 

recombinant protein in a matrigel sprouting assay (Watanabe et al., 2004), in spheroids or 

the Chick chorioallantoic membrane (CAM) (Kern et al., 2009) inhibited angiogenesis. Specif-

ically, it reduced vessel diameter during CAM development, potentially due to remodelling 

defects. Viral overexpression of Vash1 dramatically reduced endothelial and lymphatic vas-

cular networks in a Lewis lung carcinoma mouse model (Heishi et al., 2010). Conversely, 

Vash1 loss-of-function was found to be associated with increased vascularisation of tumours. 

Similar results were obtained in a murine skin injury-regeneration model (Kimura et al., 

2009): viral overexpression induced failure of vessels to regenerate towards the injured zone. 

Conversely, Vash1 knock-out induced ectopic angiogenesis in a typically quiescent vascular 

area upon injury, in a dose dependent manner. Loss-of-function also increased angiogenesis 

and the amount of small diameter vessels in the CAM model (Kern et al., 2009). These stud-

ies show a complex function of VASH1 in sprouting angiogenesis, possibly involving cell mi-

gration, proliferation and vessel regression. They also suggest VASH1 acts as an angiogenic 

modulator, preventing vessels to sprout and keeping cells quiescent (Figure 1.10).  

Although these studies demonstrated that VASH1 is necessary for controlling angiogenesis 

in a tumour and injury onset in vivo, they don’t shed light on the cellular and molecular mech-

anisms behind it. The role of VASH1 derived MT detyrosination in the context of angiogene-

sis remain unknown. 
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Figure 1.10 vash1 is mainly expressed in endothelial cells upon VEGF stimula-
tion, controlling angiogenesis in a negative feedback loop.

The current model of VASH1 expression and function is that the expression of Vash1 
increases upon VEGF stimulation, in sprouting context, but in neighbooring vessels 
(B). When Vash1 is overexpressed, vasculature does not form upon sprouting cues 
(A). Upon loss-of-function vessels hypersprout, including from normally quiescent 
areas (C). 
Modified from (Wong, B 2017), with permission under license nr. 4914230713857.

. 

VASH1
vessel maturation

VASH-1

vash1 over-expression
reduced vascularized area upon sprouting

vash1 regular expression
Triggered by pro-angiogenic cues, expressed in mature vasculature

VASH1

vash1 loss-of-function
Pleiotropic vessel sproutingVASH1

from John Willey and Sons. 



 52 

  



 53 

RESEARCH QUESTIONS, AIMS AND SIGNIFICANCE 
 

1.3 Research questions 

1.3.1 Do microtubule dynamics have a function in vessel formation in vivo? 

Oncologists who treat cancer patients undergoing chemotherapy with MT targeting drugs fre-

quently observe that the tumour-associated vasculature of these patients is selectively re-

duced upon treatment, while the healthy vessels of the patient remain unchanged.   

Although suggested by some authors, it has not yet been demonstrated that the anti-angio-

genic effect of MT targeting drugs is due to an effect on MT dynamics of ECs, in vivo.  

It is postulated that tumour and physiological angiogenesis include similar cellular behaviors. 

It will therefore be interesting to test whether MT-targeting drugs affect physiological angio-

genesis in zebrafish. 

Another question that I have from these observations is: how are the mature vessels of the 

patients kept intact upon these treatments?  I hypothesize that either the mature vasculature 

is insensitive to MT-targeting drugs, or that MT dynamics are also affected in the mature ECs 

but the maintenance of MT dynamics is not required to maintain the structure of mature ves-

sels.  

The first questions of my project arise: Do MT dynamics have a function in physiological ves-

sel formation and/or maturation in vivo? If there is a function: what are the mechanisms be-

hind it? Is the mature vasculature insensitive to MT targeting drugs or are MT dynamics not 

necessary for their maintenance? 

 

1.3.2 Is tubulin detyrosination necessary for vessel formation and maturation in vivo? 

It was recently shown that VASH1 is a carboxypeptidase that detyrosinates tubulin in neu-

rons in vitro and in vivo. It was also shown that VASH1 is expressed in the endothelium in 

vivo, and that it is needed to regulate angiogenesis by contributing to the termination of angi-

ogenesis and to trigger the entrance of the ECs into quiescence. However, in these studies 

the molecular function of VASH1 in the endothelium remained elusive.  

How does VASH1 control angiogenesis? Which vessels, cell behaviours and mechanisms 

are affected by VASH1 loss of function? Is VASH1 driven tubulin detyrosination the mecha-

nism behind VASH1 function in angiogenesis in vivo?  

Although already shown to be expressed in many vertebrates, Vash1 expression was never 

shown in zebrafish. Is Vash1 expressed and is its function conserved in the zebrafish em-

bryo?  
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The last and ultimate questions I am asking in this section is: Is endothelial tubulin detyro-

sination necessary for vessel formation and maturation in vivo? If so, how?  

 

1.4 Aims 

In my PhD project, I aim to: 

1. characterise MT dynamics in vessel morphogenesis and homeostasis in vivo; 

2. elucidate the cellular role of the MT dynamics in vessel morphogenesis and homeo-

stasis in vivo; 

3. elucidate the function of Vash1 in ECs during vessel formation in zebrafish; 

4. understand if Vash1 driven tubulin detyrosination has a role in angiogenesis in 

zebrafish. 

 

1.5 Significance 

Angiogenesis occurs mainly physiologically during embryonic development, and by the time 

adulthood is reached the vessels are comprised of mature and quiescent endothelium. How-

ever, ECs maintain their potential of sprouting during regenerative situations as well as in 

pathological processes such as tumour angiogenesis. Angiogenesis and lymphangiogenesis 

occurs mainly during development,  but can also occur during adulthood following infection 

and inflammation, enhancing immune responses, wound healing, tumour metastasis and 

transplant rejection(Tammela & Alitalo, 2010).  

Numerous pathologies have been associated with defects in vascular and lymphatic develop-

ment. There are different ways in which pathologies can be problematic for the health of the 

patients: enhanced development of excessive vasculature, abnormal functionality and hierar-

chy of vascular network, and decrease of physiological angiogenesis. For example, inflam-

matory diseases, diabetes, multiple sclerosis and cancer are normally associated with ectopi-

cally enhanced angiogenesis. In the case of tumour angiogenesis, blood vessels hypersprout 

towards the tumour and form a chaotic, unorganized and poorly functional network that allow 

tumours to access to nutrients, oxygen, and provide roads for metastasis (Potente et al., 

2011). Pathological angiogenesis and lymphangiogenesis also include abnormally low angio-

genesis in cases of ischemic heart disease, preeclampsia, inflammation, wound healing and 

atherosclerotic lesions in human coronary arteries (Carmeliet, 2003; Nakano & Nakashima, 

2005; Potente et al., 2011), which leads to a failure in healing and chronic diseases. 
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Research of cellular and molecular mechanisms during vessel development contributes to 

clarification of pathways towards discovering therapeutic solutions of aberrant angiogenesis 

and lymphangiogenesis. Although many advances were made in the past for development of 

anti-angiogenic drugs, their inefficiency and secondary effects revealed the scientific commu-

nities’ knowledge gaps in their mechanisms of action in endothelium and other cells. In order 

to improve the drug development, posology and patient outcomes, it is important to deepen 

the understanding of cellular and molecular mechanisms of angiogenesis. 

Specifically, although MT dynamics are currently targeted in chemotherapeutical treatments 

with proven effectiveness against many cancer types, there are significant problems such as 

dose limited toxicities and development  of resistance (H. Chen & Miller, 2019). Interestingly, 

a study in vivo with bFGF-induced angiogenesis in matrigel implants, showed anti-angiogenic 

and anti-cancerous results upon treatment with doses 20 to 40 fold lower than its maximal 

therapeutic dose (Kruczynski et al., 2006). Investigating their mechanism of action in vivo, 

specially at low doses, could open a window of opportunity to optimize the doses of these 

drugs to normalize and control tumour angiogenesis in cancer patients.  

Finally, Vasohibin-1 gain-of-function has been implicated in reduction of blood and lymphatic 

vasculature, in cancer onsets (Heishi et al., 2010; Hosaka et al., 2009). Understanding the 

mechanisms behind it might give an opportunity to modulate uncontrolled, unwanted angio-

genesis.  
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Chapter 2. MATERIAL AND METHODS 
 

2.1 Zebrafish transgenic lines 
 
2.1.1 Zebrafish maintenance and transgenic lines 

 
Zebrafish (Danio rerio) were raised and staged as previously described (Kimmel et al., 1995). 

For growing and breeding of transgenic lines, we complied with regulations of the animal 

ethics committees at MDC Berlin and with FELASA guidelines  (Aleström et al., 2019).  

The following transgenic lines were used: Tg[fli1a:EGFP]y1 (Lawson & Weinstein, 2002) 

labels all endothelial cells (ECs), Tg[fli1a:nEGFP]y7 labels all EC nuclei (Roman et al., 2002), 

Tg[kdr-l:ras-Cherry]s916 (Hogan et al., 2009) labels EC membranes, Tg[fli1ep:EGFP-DCX] 

(Phng et al., 2015) and Tg[fli1ep:mCherry-DCX] (unpublished) label endothelial doublecortin 

(DCX), a MT associated protein which labels MT lattice (Bechstedt et al., 2014), 

Tg[fli1ep:EB3:EGFP] and Tg[fli1ep:EB3:mCherry] (unpublished) label endothelial MT End 

Binding protein 3 (EB3), which localizes to the MT growing ends, also referred as plus tips 

(Kleele et al., 2014). Embryos were kept in E3 buffer (60 μg/mL Instant Ocean Sea Salts 

(Cat. #SS15-10) in H20 at 28.5 °C. 

 

2.1.2 Cloning and Tol2 transgenesis 
 
The coding sequence (CDS) for human EB3 was a gift from the Köster lab (Distel et al., 

2010). The plasmid pTol2-fli1ep:EB3-GFP, pTol2-fli1ep:EB3-Cherry and pTol2-

fli1ep:mCherry-DCX were assembled using the Multisite Gateway system (Life 

Technologies) into destination vectors from the Tol2Kit (Kwan et al., 2007), to allow for 

transgenesis in the zebrafish embryo (Figure 2.1).  

The Tol2 system was developed based on the naturally occurring autonomous transposon 

encoding a functional transposase in the medaka fish (Oryzias latipes). Nowadays, the Tol2 

system allows for efficient random integration of any DNA sequence into the zebrafish 

genome. Plasmid DNA with a sequence of interest flanked by Tol2 regulatory sequences is 

co-injected with Tol2 mRNA into 1-cell stage embryos.The Tol2 mRNA translates into the 

transposase that integrates the DNA construct into the zebrafish genome. 

The tol2 mRNA was generated by in vitro transcription from the pCS-TP plasmid (Kawakami 

et al., 2004) using a SP6 mMESSAGE mMACHINE kit (Life Technologies). 1-cell stage 

zebrafish embryos were injected by Russ Collins with 100 pg of tol2 mRNA and 40 pg of 

DNA construct.  

In this project, embryos with mosaic and stable of EB3 integration were analyzed. All other 

analyzed transgenes were from stable lines. Mosaic integration refers to random integration 

and therefore expression in a subset of cells of injected embryos. Stable integration refers to 
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an equal amount of EB3 gene copy numbers integrated in all cells of the embryo of a 

transgenic line. Selection for transgenic embryos is achieved by sorting for positive 

fluorescently green or red labeled MTs, and outcrossed with wild-type zebrafish.  

 

 

  
  

Yolk

Cell

35-hpf embryo

3. Random integration of the transgene into the genome

Tol2 transposase 
mRNA Tol2 cis element

Coding DNA sequence
(EB3, DCX)

Promoter
(Fli1a)

Transgene-expressing cell

2. Injection into one-cell stage embryo

5. Search for founders and raising of
transgenic line

Genomic DNA

Genomic DNA

4. Expression of the transgene in single
cells throughout the embryo

Figure 2.1 Experimental procedure to generate transgenic zebrafish line

Modified from (Kimmel et al. 1995), (Kawakami, 2007) and (Gebala, V. 2016) with 
permission under license nr. 4914240366684 and 4914240562739.
.

1. Cloning the construct into a Tol2 plasmid

from Springer Nature 
and John Willey and Sons, respectively. 
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2.2 Imaging 
 
2.2.1 Immunofluorescence  
 
2.2.1.1 Immunostaining and imaging 
 
Embryos were treated with 0,003% 1-Phenyl-2-thiourea (PTU) from 24 hours post fertilization 

(hpf) to prevent pigment formation. Embryos were fixed with 4% Paraformaldehyde (PFA) for 

10h at 4°C, and kept for a maximum of 4 days in Phosphate-buffered Triton-X (PBTX) at 

4 °C. Embryos were permeabilised by dehydrated at room temperature (RT) in methanol 

(MtOH) solutions (diluted in water) of increasing concentrations for 5 minutes each - 25%, 

50%, 75% and 100%.  The samples were incubated for 1 h at -20 °C and kept for at least 1 

day, before being rehydrated in RT, in MtOH solutions (diluted in water) of decreasing 

concentrations, for 5 minutes each - 75%, 50% and 25%. The embryos were then washed 

three times with PBTX and post-fixed with 4% PFA for 10 minutes (min). The embryos were 

incubated for 2 hours (h) at RT in Blocking buffer (10% heat-inactivated horse serum, 1% 

DMSO, 100mM maleic acid in 0,1% PBTX).  Embryos were incubated at 4 °C overnight with 

primary antibodies (indicated below) diluted in blocking buffer. The embryos were then 

washed 4 times for 30 minutes with a solution containing 1 % DMSO and 100mM maleic acid 

in 0,1 % PBTX (wash solution) at RT. The samples were blocked for 30 min with Blocking 

buffer before incubated at 4 °C overnight with secondary antibodies diluted in blocking buffer. 

Embryos were washed in wash buffer for 6 times 20 min, fixed with PFA 4 % for 30 min at 

RT, washed in PBST once and stored at 4 °C in PBST until mounted.  

In order to be mounted, the embryos were placed in 75% glycerol (diluted in water), and then 

100% glycerol where their heads and yolks were removed with a scalpel. Their trunks were 

transported with a forceps to slides and covered with 100% glycerol. The slides are let dry 

before imaged, and stored at 4 °C. 

The embryos were imaged with an upright 3i Spinning Disk Confocal using a Zeiss Plan-

Apochromat 40x NA water dipping objective. SlideBook imaging software (3i intelligent 

imaging) was used to acquire the Z-stacks. 

Throughout this study, tubulin detyrosination was assessed by  antibody staining against the 

glutamate residue of α-tubulin, which becomes available after the tyrosine residue is 

removed by Vash1 (illustrated in Figure 2.2). MTs detected by this antibody are referred to in 

this thesis as detyrosinated (dTyr) MTs. Used antibodies are described in table 1. 
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Antibody Host Dilution Reference 

Anti-detyrosinated (dTyr) tubulin rabbit 1:600 (Liao et al., 2019) 

Anti- α-tubulin (DM1 α) mouse 1:200 Sigma, ref. T6199  

Anti-GFP FITC conjugate mouse 1:200 Abcam, ref. ab6662 

Anti-rabbit Alexa Fluor 568 donkey 1:200 Invitrogen ref.A10037 

 
Table 1. Antibodies used for immunostaining in zebrafish embryos. 

 

2.2.1.2 Immunofluorescence quantifications 
 
Substacks containing single ISVs were cropped manually from images of whole 

Tg[fli1ep:EGFP-DCX] embryos stained with anti- dTyr antibody. To estimate the background, 

which varied locally due to autofluorescence of the embryos, each image was filtered with a 

large Gaussian filter (radius = 50 pixels) and subtracted from the original image. A maximum 

intensity projection of the DCX channel was used to manually segment endothelial MTs, with 

particular care to exclude the neurons. The resulting mask was applied to background 

corrected, sum intensity projections of DCX and dTyr channels. Mean intensity was extracted 

and plotted, to quantify the normalised and direct differences of tubulin detyrosination 

intensity in different experimental groups. The analysis was performed in Fiji.  

 

  

α

β Serine
Valine
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Glycine
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Detyrosinated tubulin
antibody

Carboxy-tail

Figure 2.2 Immuno-staining enables detection of microtubules composed by 
detyrosinated tubulin.

Schematics of the microtubule and a closeup to its tubulin dimers showing the 
antibody affinity to the available glutamate aminoacid in the carboxy-tail, upon 
tubulin detyrosination.
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2.2.2 Live imaging 
 
2.2.2.1 Embryo preparation for live imaging 
 
Zebrafish embryos were selected on the following pre-established criteria: normal 

morphology, beating heart, and flowing blood. The experiments were not randomized and we 

were not blinded during experiment and analysis. All embryos imaged in this project 

exhibited no apparent visual phenotype. 

Embryos with expression of the transgene of interest were identified using a Leica M205 FA 

fluorescent stereomicroscope and then dechorionated with a pair of forceps (Fine Science 

Tools Cat. #11254-20). Embryos were anaesthetized with 0.16 mg/mL tricaine ethyl 3-

amminobenzoate methanesulfonate diluted in E3 buffer (referred to as 1x Tricain, Tricaine 

Pharmaq 1000mg/g, PHARMAQ Limited). Embryos were then mounted in the bottom of a 6-

cm petri dish (94x16 mm - Sarstedt Ref. 82.1473) in drops of 40°C 0.8% UltraPure Low 

melting point agarose  dissolved in E3 buffer (Life Technologies, Cat. #16500-500) and 

oriented to their side under a stereoscope, using forceps, before the agarose fully sets 

(Figure 2.3). Once the agarose sets, embryos were immersed in 20 ml E3 buffer (5 mM 

NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, TrisHCl pH= 9) with 1x tricaine and 1x 

PTU. The embryos were imaged at 28.5°C with an upright 3i Spinning Disk Confocal using a 

Zeiss Plan-Apochromat 63x, 40x or 20x/1.0 NA water dipping objective. SlideBook imaging 

software (3i intelligent imaging) was used to acquire the Z-stacks and time-lapse movies. 

 

Mounting for imaging

0.8% low melting point agarose with 1x tricaine

E3 buffer with 1x tricaine

View from the topView from the side

Figure 2.3 Preparation of the zebrafish embryo for live imaging

The embryos are anaesthesized with 1x tricain, and dropped into a previously 
melted 0,8% agarose, and oriented sideways under a stereoscope using forceps.
Once the agarose sets, the embryo is immersed in E3 buffer with tricain and PTU.

Taken from (Gebala, V. 2016). with permission. 
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2.2.2.2 Vessel imaging and analysis 
 
Upon imaging in the Spinning disk confocal, images or time-lapse movies were exported to 

TIFF format and analyzed in Fiji software (Schindelin et al., 2012). Z-stacks were flattened by 

Maximum intensity projection (MIP) and fluorescence bleaching was corrected by histogram 

matching. All images presented in this thesis are representative of the analyzed data. 

 

2.2.2.2.1 Primary sprouting  
 
To measure the speed of migration of sprouting ISVs, the speed was calculated by dividing 

the migrated distance of the most dorsal position of the sprouts until the final dorsal position 

was reached, by time taken to reach this position, in Tg[kdrl-l:ras-Cherry] zebrafish embryos. 

Diameter irregularity was calculated by the difference between the longest and the shortest 

ISV diameter, normalized by their sum. 

 

2.2.2.2.2 Secondary sprouting  
 
The number of secondary sprouts was quantified from time-lapse movies of Tg[kdrl-l:ras-

Cherry,fli1a:nEGFP] embryos imaged from 24 to 60 hpf with a frame rate of 15 min. The 

number of nuclei was assessed in each secondary sprout just prior to connection to the pre-

existing ISV. Cell divisions in secondary sprouts were quantified by summing nuclear 

(nEGFP) divisions from the time of emergence, until the resolution of the 3-way connection 

with pre-existing ISVs. The duration of the 3-way connection was quantified in the same 

embryos from the moment it connects to the primary ISV and lumenises, until the 3-way 

connection is resolved.  

 

2.2.2.2.3 Lymphatics: parachordal lymphangioblasts and thoracic duct quantifications 
 
Parachordal lymphangioblasts (PLs) and Thoracic durct (TD) segments were quantified by 

examining Z-stacks of 52 hpf and 4 days post fertilization (dpf) Tg[fli1a:EGFP] y1 embryos 

and counting their presence/absence in each somite, starting from the fifth most anterior ISV. 

6 to 7 somites per embryo were analysed. The number of PLs associated with venous ISVs 

were identified by a connection to a venous ISV at 52 hpf in vash1 morphants and control 

siblings.  
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2.2.2.3  Microtubule analysis 
 
2.2.2.3.1 Microtubule tracking and speed analysis 
 
Time-series of 2.5 min, with frame rate of 5 sec, were acquired of Tg[fli1ep:EB3-EGFP] 

embryos in different conditions and developmental stages. The acquired time-lapse was 

flattened to 2D by using a maximum intensity projection (MIP) in Fiji. To study the detailed 

dynamics of MT growth movement, EB3-GFP positive MT plus-tip particles of endothelial 

MTs were manually tracked from each EC using the MTrackJ plug in in Fiji (Meijering et al., 

2012) and their (x,y) coordinates over time exported as Excel spreadsheet. Growth speed 

per MT was calculated by averaging instant speeds between each 2 points of the tracked 

MT. MT growth speed per cell was calculated by the average speed of all MTs tracked in 

each cell.  

Front and rear of each cell was defined as the half of the cell in the  putative direction of 

migration and against, respectively. The migration directions were assumed based on 

previously published analysis, as the following: arterial ISV ECs migrate ventrally, venous 

ISV ECs migrate dorsally (Geudens et al., 2019), and sprouting ECs migrate dorsally (Isogai 

et al., 2003). MTs growing towards the cell front were defined as forward moving, and MTs 

growing towards the rear of the cell were defined as backward moving. 

 

2.2.2.3.2 Microtubule speed analysis before and after flow depletion 
 
Time-lapse movies of EB3-EGFP were aquired as described in the section 2.2.3.1 before 

and 30 minutes after blood flow decrease for each cell.  In order to decrease blood flow, 3 x 

tricaine was added to the E3 buffer in order to lower the heart rate as previously done 

(Gebala et al., 2016; Lenard, Ellertsdottir, Herwig, Krudewig, et al., 2013). Flow decrease 

was confirmed by absent circulation of blood cells, detected with bright-field. 
 

2.2.2.3.3 Microtubule trajectory analysis  
 
A custom-made Python script was written to analyze the MT growth trajectories, using the 2D 

tracking from above data as input. Each trajectory was described by 2D points at  discrete 

time points , denoting the start of imaging (x0,y0) and the time between consecutive images. 

The effective projected distance (leff) of the particle at the end of the tracking is given by:	

𝑙𝑒𝑓𝑓 = &(𝑥𝑁 − 𝑥0)2 + /𝑦𝑁 − 𝑦01
2
 

while the total length of the trajectory (l) can be higher and depends on the individual 

distances: 	

𝑙 = 2 3(𝑥456 − 𝑥4)7 + (𝑦456 − 𝑦4)7
489..;<6
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Straightness was calculated by dividing the total length of the trajectory by the effective 

projected distance. The closest the ratio is to 1, the straightest the MT trajectories are. 

 

2.2.2.3.4 Microtubule plus-tip particle number analysis 
 

The number of EB3-GFP positive MT plus-tip particles were counted in 5 different frames of 

each time-lapse and averaged, per cell. The MT plus-tip particles were then categorized 

respectively to their intracellular location: in the cell-half towards migration direction (forward 

growing MT) or in the cell-half in the rear (backward growing MT). The same amount of area 

in both directions in each cell-half was analyzed. The migration directions were assumed 
based on previously published analysis, as the following: arterial ISV ECs migrate ventrally, 
venous ISV ECs migrate dorsally (Geudens et al., 2019), and sprouting ECs migrate dorsally 
(Isogai et al., 2003).  

 

2.2.2.3.5. Microtubule organising center analysis 
 

Tg[fli1ep:EB3:EGFP] embryos were used to identify the position of the MT organising center 

(MTOC) in migrating ECs. The MTOC was identified as the point where most EB3-GFP plus 

tips emerge during the time-lapse. In each EC, the MTOC position was categorized 

respectively to their position in the cell front or rear, or sideways. 

 

2.2.3 Statistical analysis 

 
In order to decide if we should use a parametric or non-parametric test to compare different 

experimental groups, we assessed whether the population was normally distributed, by 

Anderson-Darling test. Populations with a normal distribution were analysed using  t-test and 

ANOVA,  populations without normal distribution were analysed using Mann-Whitney and 

Kruskall-Wallis tests. 
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2.3 Gene expression  
 
Endothelial gene expression was assessed by in situ hybridization and by qPCR on cDNA 

transcribed from RNA extracted from FAC-sorted ECs (Figure 2.4) as described in detail 

below. 

 

 

 

2.3.1 cDNA production from endothelial cell RNA  
 
2.3.1.1.Cell isolation for gene expression analysis 
 
Tg[fli1a:nEGFP]y7 were outcrossed  to WT and their GFP-positive progeny collected using a 

fluorescent stereoscope. GFP-negative siblings were also collected, to serve as GFP 

negative control during cell sorting, and to aid the gating. Embryos were treated with 1x PTU 

when from 24 hpf. The embryos were dechorionated by adding pronase (1mg/ml) in the plate 

for 10 minutes at 28.5 °C and swirled until the embryos are free from the chorion. The 

Tg[fli1a:nEGFP]

FACS

nEGFP+
cells

nEGFP-
cells

RNA extraction
and reverse transcription

qPCR
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A
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SSC-A GFP

YG
-5
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Figure 2.4 Optimised FACS sorting  pipeline allows for isolation of zebrafish 
Flie-EGFP+ endothelial cells and further gene expression analysis.
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embryos were placed in E3 buffer without pronase and washed twice, and anaesthetized 

with 1 x  tricaine. 250 embryos were transferred to a 1.5 ml tube. To remove the yolk sac, 

embryos were centrifuged two times (or until the solution was clear) at 2000rpm at 4°C 5 min 

in Calcium ringer solution. The embryos were then resuspended in 1 ml of Protease solution 

(0.07 mg/ml of Liberase in DPBS- ThermoFisher)  with 0.4 U/ml DNAse I (Invitrogen). To 

dissociate the cells,  embryos were incubated at 28,5 °C for 10 min for embryos < 48 hpf, or 

20min for embryos > 48 hpf, and pipetting up and down with 200 μl tip at half of incubation 

time. The reaction was stopped by placing the cell suspension on ice and adding CaCl2 to a 

final concentration of 1-2 mM and 0.5 % FBS. The cells were centrifuged at 2000rpm for 5 

min at 4°C, the supernatant was discarded and the pellet resuspended in 1ml DPBS+EDTA 

solution (DPBS with 2 mM EDTA, 0.4 U/ml DNAseI and 0.5 % FBS) to prevent cells from 

clumping together. The cells were strained through a 40 uM strainer into a 50ml falcon tube 

containing 500μl DPBS solution. The strainer was washed with 500 μl of the same solution. 

The cells were centrifuged at 2000 rpm for 5 min at 4°C, and resuspended in 500 μl of 

DPBS+EDTA solution. The cell solution was transferred to a 5ml polypropylene (Falcon) 

dedicated test tube and kept on ice until FAC-sorting. Cells were sorted and filtered against 

triplets and droplets. Negative control cells (from nEGFP negative siblings) were used to 

define the GFP positive collection window and to filter against auto-fluorescence. nEGFP 

positive and negative cells from green Tg[fli1a:nEGFP]y7 embryos were collected in different 

1.5 ml eppendorf tubes containing 350 μl Trizol.  

 

2.3.1.2 RNA extraction 

Cell lysates from above were vortexed for 15 seconds (s), spun down briefly and incubated 

at RT for 5 min. 0,5 μl glycoblue, a nucleic acid coprecipitant was added to the lysed solution 

to aid visualising the precipitated RNA. 50μl chloroform was added to each tube, which were 

shaken vigorously for 15 s, and incubated at RT for 5 min. Tubes were centrifuged at 12.000 

RPM for 15 min at 4 °C. The upper aqueous phase, containing the RNA, was carefully 

recovered with a pipetted and transferred to a to a LoBind 5 ml eppendorf tube.125 μl of 

EtOH was added to the aqueous phase and the tube was shaken vigorously for 15s. The 

solution was incubated at -20°C overnight. The solution was then centrifuged at 12.000 RPM 

for 10 min for 4 °C and a small blue RNA pellet is visible at this point. The supernatant was 

then removed, leaving the RNA pellet that  was washed with 500 μl of 75 % ethanol, shaken 

and centrifuged at 7.500 RPM for 5 min at 4 °C. The supernatant was discarded and the 

pellet air dried until no liquid was left. The pellet was resuspended in 13 μl of DEPC water 

and the concentration and purity was measured in a Nanodrop 2000 (ThermoScientific) 

Reverse transcription proceeded for samples with an RNA concentration above  20 ng/μl and 

a 260/280 ratio greater than 1.8.   
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2.3.1.3 Reverse transcription 
 
The kit Superscript IV First-Strand cDNA synthesis reaction (ThermoFisher) was used for the 

reverse transcription reaction, using random hexamer primers. The reaction was incubated 

for 1 hour. The final reaction was diluted in water 1:10 and kept at -20°C. 

 

2.3.2 Gene expression analysis  
 
2.3.2.1 in situ hybridization 
 
2.3.2.1.1 Riboprobe production 
 
Primers used to amplify templates for riboprobe production were designed to span exon/exon 

junction and are presented below. All probe template cDNAs were amplified by PCR from 

WT cDNA from mixed developmental stages, with primers indicated in table 2. After the size 

was confirmed by agarose gel, AAA- overhangs were added to the PCR product by 

incubating the insert for 10 min at 72 °C with 50mM DNTPs and Taq polymerase (NEB), in 

order to perform TA cloning into a PCR4 TOPO vector (ThermoFisher). Insertion was 

confirmed by sequencing and checked for 5’ to 3‘ orientation. Plasmids were linearised with 

NotI, column purified (Promega, A2893). Anti-sense transcripts were in vitro transcribed 

using 20U/μl T7 polymerase (Promega). The transcription was done with 5x Transcription 

buffer (Promega P118B), DTT 0,1M (Promega P1171), digoxigenin labeling mixes (Roche), 

40U/μl RNAsein (Promega), for 2 h at 37°C. The plasmid was removed by adding 2 μl of 

RNase free DNase I and 18μl sterile water, mixed and incubated for 30 min at 37 °C. 

The RNA product, the riboprobe, was purified with RNA easy kit (QIAGEN) and diluted to 

1ng/μl in Hyb+ buffer (Thisse et al., 1993). 

 

Primer name Sequence 

vash1-probe fw GAGACCTGCCCAAGATTCCAG 

vash1-probe rev GGCCGCTTCTCTACTGATGG 
 

Table 2. Primers used to make the vash1 probe for in situ hybridization. 
 

2.3.2.1.2 in situ hybridization procedure 

 
Zebrafish embryos were fixed in buffer containing 4% PFA in PBS, dehydrated in a series of 

rising MtOH concentration solutions - 25%, 50% and 75% -, incubated at -20°C until use. 

Embryos were then rehydrated in descending MtOH concentration solutions - 75%, 50% and 



 68 

25% and treated with proteinase K (Pk) in PBST (PBS, 0.1% Tween-20) at RT, at the 

concentrations and time described in the table 3. 

 

Developmental stage Concentration Pk Time incubated 

24 hpf 0,01mg/mL 5 min 

32 hpf 0,01mg/mL 8 min  

48 hpf  0,02 mg/ul 30 min 

 
Table 3. Pk treatment conditions for embryos for in situ hybridization.  
 

In situ hybridization was performed essentially as described in (Thisse et al., 1993, Habeck 

et al., 2002). The embryos were incubated in NBT/BCIP staining solution (Roche, ref. 

11681451001) either 2 h at RT or left overnight at 4°C. The reaction was stopped by washing 

with PBS-T three times, fixed for 20 min in PFA, dehydrated in MtOH, mounted and imaged 

within a week, in glycerol. 

The imaging was performed with Zeiss Stemi CV11 stereoscope equipped with an AxioCam 

and processed using the software AxioVision Rel. 4.5. 

 

2.3.2.2 qPCR 
 

The primers were designed using Primer blast (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/) to have Tm of 60 °C and to span exon-exon junctions to avoid amplification of 

genomic DNA. Primer sequences are indicated in table 4. Each reaction was set in a 20 μL 

volume, mix containing 10 μl of SYBR-green qPCR mix (Roboklon), 0,8 μl cDNA (1:50 

dilution), 0,45 μl of carboxyrhodamine (ROX) and 0,25 μl uracil-N-glycosylase (UNG) from 

Roboklon and primers to a final concentration of 300 μM, three technical replicates of each 

sample were added. Amplification was performed in triplicate in 384 well plates (Applied 

Biosystems) with the following thermal cycling conditions: initial UDG treatment 50 °C for 10 

min, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C. Control reactions included a no 

template control (NTC). qPCR was performed in Quantstudio6Flex machine (Life-

technologies). Amplification curves were analyzed to confirm the presence of a single PCR 

product, and outliers excluded when one of the Ct values was very different from the other 

two. qPCR data was analyzed by using the Pfaffl method (Pfaffl, 2001) that integrates primer 

amplification efficiency, determined by LinReg software (Ruijter et al., 2009).  

Samples were normalised against 4 endothelial housekeeping genes- rpl13, rps29, hprt1 and 

ef2a, primer sequences indicated in table4 . The geometric average of the housekeeping 



 69 

genes was used for normalisation of gene expression as performed elsewhere (Coxam et al., 

2014).  

 

 

Primer name Sequence 

vash1-1 fw GGGACATGAGGCTCAAGATTGG 

vash1-1 rev GTCGCTCTGGCTGTTCTTGC 

vash1-2 fw ATCATTAACAGGGGCGGCCT 

vash1-2 rev GGTACTGGAATCTTGGGCAGGT 

rpl13 fw CATCTCTGTTGACTCACGTCG 

rpl13 rev CATCTTGAGCTCCTCCTCAGTAC 

rps29 fw TTTGCTCAAACCGTCACGGA 

rps29 rev ACTCGTTTAATCCAGCTTGAC 

hprt1fw ATCATGGACCGAACTGAACG 

hprt1rev AGCGATCACTGTTGCGATTA 

ef2a fw CTGGAGGCCAGCTCAAACAT 

ef2a rev ATCAAGAAGAGTAGTACCGCTAGCATTAC 

 
Table 4. Primer sequences used for qPCR.  
 

2.4 Protein analysis 
 
2.4.1 Protein extraction for protein analysis 
 
35 embryos were dechorionated by adding pronase as described in section 3.1.1. Embryos 

were then anaesthetised with 1 x tricaine. Yolk sacs were removed with 2 rounds of 

centrifugation in Calcium ringer solution at 2000 rpm, 4 °C, for 5 min and removed all liquid 

until only a dry pellet of embryos is left in the tube. Pellets were flash frozen with liquid 

nitrogen and kept at -80 °C for at least 20 min. To extract proteins  the pellet was resuspend 

with 40 μl of lysis buffer (1 M Tris-HCl, 0,5M EDTA, 10% Brij 96, 10% NP-40) and 0,4 μl of 

protease inhibitor cocktail (ThermoFisher), homogenised with a pestle (Starlab), and 

centrifuged at 4 °C for 15 min. The concentration of the protein extracts were measured with 

the BCA protein assay kit (ThermoFisher). 
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2.4.2 Westernblot 
 
50 μg of protein lysate was mixed with sample buffer  at 1 protein : 4 buffer volumes (sample 

buffer composed of 250 μl NuPAGE LDS #NP0007 mixed with 100 μl Mercapoethanol) and 

heated for 5 min at 95 °C to denaturate proteins. The proteins were separated by 

electrophoresis using a 4-12 % Bis-Tris gel (NuPAGE ref. NP0335)  for 1 h at 150 V and 

subsequently transferred onto MtOH activated polyvinylidene fluoride membranes (GE 

Healthcare). Equal loading was assessed  using Ponceau red solution (Sigma P170). 

Membranes were blocked with Blocking solution (5 % nonfat dry milk in TBS-T) for 1,5 h at 

RT and then incubated with primary antibody against Vash1 (1:500, Proteintech, ref. 12730-

1-AP), overnight at RT. After incubation with primary antibody, the membranes were washed 

4 times in TBS-T and then incubated with secondary antibody for 1 h  at RT (HRP anti-rabbit 

1:4,000; GE Healthcare) and washed 3 times with TBS-T. Immunodetection was performed 

using a chemiluminescence kit (SuperSignal West Dura; Pierce), and bands were imaged 

using the Las-4000 imaging system. After initial immunodetection, membranes were stripped 

of antibodies by using the Stripping kit (ThermoFisher) at 56°C for 40 min and re-probed with 

anti– β-actin antibody for 1h (1:1000, Sigma, ref. A5441). 

 

2.5 Functional experiments 
 
2.5.1 Drug experiments 
 
To determine the Nocodazole (Sigma, M1404) concentration to be used, MT growth speed 

and MT cytoskeleton were monitored. Zebrafish embryos of stages 24 hpf, 2 dpf and 4 dpf 

were dechorionated, anaesthetized with 1x tricaine, mounted in 0,8% agarose, immersed in 

E3 buffer and imaged in a spinning disk confocal. In order to monitor MT dynamics upon 

nocodazole exposure, I acquired time-lapse acquisitions in Tg[fli1ep:EB3-EGFP] embryos as 

previously described, every hour for 4 hours. In order to monitor MT cytoskeleton 

depolymerization, I acquired pictures of Tg[fli1ep:EGFP-DCX] embryos every two hours 

during 8 h or until the blood flow ceases, usually due to cardiac arrest.  One EB3 time-lapse 

movie and DCX picture was taken before the nocodazole was added.  

The doses used for the experiments in this thesis are specified in the table 5. 

In order to block cell cycle in a MT independent manner, embryos were treated with 75 μM 

Aphidicolin (Sigma) (Revenu et al., 2014), which blocks DNA replication and prevents entry 

to S-phase. 
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Developmental stage MT dynamics-depleting Nocodazole dose 

24 hpf 0.8 μM 

2 dpf 1.3 μM 

4 dpf 1.3 μM 

 
Table 5. Nocodazole concentration applied to embryos in order to deplete MT dynamics 

without depolymerizing the MT cytoskeleton. 

 

2.5.2 Morpholino knockdown experiments 
 
In order to know the function of Vash1, vash1 was knocked down (KD) with several 

morpholinos (MO). 

The MOs used were designed to inhibit splicing between intron-exons junctions 

intron 3 – exon 4 (MO 1) and intron 4 – exon 5 (MO 2) (Figure 2.5). MOs sequences and 

concentrations used are indicated in table 6. 

Dosage curves were assessed to find the appropriate dose to inject (Figure 2.6).  1-cell stage 

embryos were injected wuth 1 nl of MOs diluted in water at the indicated concentration. The 

injection mix included 0,4 % phenol red. The amount of Control MO injected was the same 

as the total amount of experimental MO injected. MO against plcδ  was used as previously 

described (Hogan et al., 2009). 

 

MO against Sequence 5’ to 3’ Amount injected 

vash1 MO 1 ATTAATCTGAGGAGCACACGGCAGT 3 ng 

vash1 MO 2 GTAACTGAGCCATCGCAGGAGTTAA 3,5ng 

plcδ  MO ATTAGCATAGGGAACTTACTTTCG 10ng 

Control MO CCTCTTACCTCAGTTACAATTTATA The same as 

experimental MOs 

 
Table 6. Sequences and concentrations of MOs. 
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2.5.3 Rescue experiment 
 
vash1 full length coding sequence (EMSEMBL ENSDART00000143819.3) was synthesised 

by GenScript. AAA overhangs were added by incubating the insert for 10 min at 72 °C with 

50mM DNTPs and Taq polymerase (NEB), in order to perform TA cloning into a PCR4 

TOPO vector (ThermoFisher). Integration was confirmed by sequencing. In order to 

transcribe the cDNA into RNA, the construct was linearised by NotI and the vash1 mRNA 

was in vitro transcribed for 4 h using the T3 Megascript kit (LifeTechnologies). The RNA was 

purified by Lithium-Chloride precipitation to a concentration of 500 ng/μl. Aliquots were kept 

at -80 °C until further usage.  For rescue experiments, 1nl of 150 pg RNA was injected into 

embryos already injected with MOs against vash1 or control. 

 

  

Morpholino 2 
(MO2) I4-E5

vash1 immature mRNA

A

Morpholino1
(MO1) I3-E4

5’ 3’

B

+ vash1 
mature mRNA

Ctrl MO2Ctrl MO1

Vash1

α-Actin

Figure 2.5 Morpholinos against Vash-1 enable downstream functional investi-
gation of the role of Vash1 in zebrafish

Morpholinos target splicing of exon 3-4 (MO1), exon4-5 (MO2) and the ATG transla-
tion site of vash1 RNA, which can be rescued by mature mRNA without the target 
sites (A). Morpholinos show efficient reduction of Vash1 protein (B).
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Chapter 3. RESULTS part 1: microtubule dynamics 
 

3.1 Contributions  
 
The cloning of the constructs for and generation of the zebrafish transgenic lines 

Tg[fli1ep:EB3-EGFP], Tg[fli1ep:EB3-mCherry] and Tg[fli1ep:tdTomato-DCX]  was performed 

by Russ Collins, a post-doc in the lab.  

The python script used for intracellular MT analysis of sections 2.3 and 2.4 was developed by 

Silvanus Alt, a post-doc in the lab. 

The primers to generate the riboprobes for in situ hybridization were designed by Baptiste 

Coxam, a post-doc in the lab. 

The FACS sorting protocol was optimised by Baptiste Coxam and Katja Meier. The cells 

were collected and sorted by myself and Katja Meier. 

The RNA-rescue injections of section 6.5 were performed by myself and Simone Jung. 

 

The written and graphic content of section 3.3.3.2, chapter 4 and 5 is included in the follow-

ing article: Marta Bastos de Oliveira, Katja Meier, Simone Jung, Eireen Bartels-Klein, Bap-

tiste Coxam, Ilse Geudens, Anna Szymborska, Renae Skoczylas, Ines Fechner, Katarzyna 

Koltowska, Holger Gerhardt; Vasohibin 1 selectively regulates secondary sprouting and lym-

phangiogenesis in the zebrafish trunk. Development 15 February 2021; 148 (4): dev194993.  

 

 

3.2 Transgenic lines labelling EB3 and DCX can be used to study microtubules in vivo 
 
3.2.1 Introduction 
 
In this thesis, I aim to characterize and elucidate the role of endothelial MTs in angiogenesis.  

One of the challenges to study MT dynamics by live imaging is the capture of the signal: of-

ten tubulin transgenic lines are not bright enough to image MT dynamics at an appropriate 

temporal resolution in living tissue. In addition, tubulin is ubiquitously expressed, making it 

challenging to visualize tubulin in the cells of interest. The low signal-to-noise ratio between 

filamentous (in the MT) and cytosolic tubulin add an additional challenge to imaging the cur-

rently available lines (Asakawa & Kawakami, 2010). Using zebrafish transgenic lines with flu-

orescently labelled MT-associated proteins (MAPs) - Doublecortin (DCX) and End-binding 

protein 3 (EB3) expressed under an endothelial promotor – Fli1a (Lawson & Weinstein, 

2002) - aims at solving these challenges. With these lines, I am able to image bright MTs, 

only in ECs.  

For these lines to be used as models to study angiogenesis, the overexpression of these pro-

teins should not affect the MT dynamics, nor the cell behaviours. Since previous studies 
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showed that a plethora of MAPs play important roles in MT dynamics and angiogenesis 

(Braun et al., 2014; Y. Chen & Hancock, 2015; Kim et al., 2009; Lawrence et al., 2018; Lee 

et al., 2008; Sun et al., 2013), I aimed to first validate the mentioned transgenic lines in terms 

of expression and potential interference with normal angiogenesis. 

 

3.2.2 Distinct localization of DCX and EB3 in endothelial microtubules 
 
3.2.2.1 DCX labels the lattice of endothelial microtubules 
 
Zebrafish embryos from the transgenic line Tg[fli1ep:EGFP-DCX;CryA-EGFP] express Dou-

blecortin (DCX), a lattice binding MAP (Ettinger et al., 2016), fused to EGFP in its N-termi-

nus. In this transgenic line, EGFP-DCX expression is driven by the promoter Fli1a, active in 

the endothelium (Lawson & Weinstein, 2002). This line includes an eye marker – CryA-EGFP 

- for facilitation of embryo sorting. For simplification, the line Tg[fli1ep:EGFP-DCX;CryA-

EGFP] will be mentioned as Tg[fli1ep:EGFP-DCX] in this thesis. 

In order to characterize DCX labelled MTs in this transgenic zebrafish line, immuno-stainings 

against α-tubulin in Tg[fli1ep:EGFP-DCX] zebrafish embryos was performed. α -tubulin signal 

was detected in most of the embryo (Figure 3.1 A and B), particularly strong in the neural 

tube, an embryonic structure fundamental for further central nervous system development. 

EGFP-DCX was mostly detected in the endothelial MTs (Figure 3.1 B and C), as expected 

since its expression is driven by the endothelial Fli1a promotor. The EGFP-DCX signal 

seems to be filamentous (Figure 3.1 B’), suggesting that DCX is attached to MTs, like in in 

other cell types (Ettinger et al., 2016). It is also possible to detect EGFP-DCX signal in the 

single endothelial MT organising centre (MTOC, Figure 3.1 B’). α -tubulin and EGFP-DCX 

signals overlap for most of the endothelial MTs (Figure 3.1 B,B’). Since it was published pre-

viously that Doublecortin (DCX) recognizes preferentially curved segments of MTs 

(Bechstedt et al., 2014), particular care was put into the analysis of these segments. In the 

DCX-EGFP embryos analysed, this did not seem to be the case as I observed continuous 

DCX expression in labelled straight MTs (Figure 3.1 B).  

At this resolution, no α-tubulin labelled endothelial MTs could be found that are not EGFP-

DCX positive, making this line appropriate for visualizing endothelial MTs in vivo.  
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3.2.2.2 EB3 labels microtubules  plus-tips and can be used to assess growing speed  
 
The transgenic line Tg[fli1ep:EB3-EGFP] expresses End Binding 3 (EB3) MAP fused with 

EGFP in the endothelium. This well characterized MAP is present at the plus-tip of growing 

MTs and is commonly used as a marker for growing dynamic MTs (Alieva et al., 2010; Kleele 

et al., 2014b; Smal et al., 2010). This transgenic line was designed to allow visualizing grow-

ing MTs in all ECs in vivo, visible as sparse comet-like particles (Figure 3.2 A,B,D,E), as de-

scribed in other EB labelled cell lines and transgenic animals (Distel et al., 2010; Matov et al., 

2010).  

In order to address whether this signal is situated at the tip of the MTs, ECs were live-imaged 

from embryos of the double transgenic line Tg[fli1ep:EB3-EGFP;fli1ep:tdTomato-DCX]. Like 

Tg[fli1ep:EGFP-DCX], Tg[fli1ep:tdTomato-DCX] transgenic line expresses a fluorophore-

DCXDM1α DCX DM1α
A CB

B’

DCX DM1α

Figure 3.1 DCX expressed under the Fli1a promotor labels microtubules of 
endothelial cells in zebrafish.

A-C Tg[fli1ep:EGFP-DCX] zebrafish embryo trunk at 24 hpf, fixed and stained against GFP and α 
-tubulin. A,B, α-tubuline signal detected by DM1α antibody in black (A) and magenta (B) on a 
zebrafish embryo. Arrow head shows spinal chord. B,C Microtubules of endothelial cells are 
labeled in green (B) and black (C) by anti-GFP antibody detecting EGFP-DCX, in intersegmental 
vessels and dorsal aorta. B’  magnification of boxed areas in B.

non- endothelial MT

endothelial MTOC

endothelial MT
DCX and DM1α+

5 μm
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fused DCX under the Fli1a promoter, and labels MT filaments as well as the MTOC in ECs 

(Figure 3.2 B,C,E,F). It was possible to detect EB3-EGFP signal (Figure 3.2 A’,B’,D’,E’) 

closely attached to the filaments labelled with tdTomato, which correspond to the MT lattices 

(Figure 3.2 B’,C’,E’,F’).  In concordance with the reported expression in other cell types 

(Ettinger et al., 2016), the two MAPs do not overlap in the MT lattice: the EB3 is restricted to 

its growing plus-tip and DCX is attached to the MT excluding the growing tip (Figure 3.2 

B’,E’). These results led to the conclusion that DCX and EB3 are appropriate markers of, re-

spectively, MT lattices and growing tips in the ECs of zebrafish embryos. 

 

In order to verify whether EB3 could be used to assess MT dynamics, MT plus-tips were im-

aged in ECs of Tg[fli1ep:EB3-EGFP] transgenic line. The advantage of using a stable trans-

genic zebrafish line is that the same amount of integrated copies of EB3 is present in all ECs. 

However, given that ECs are in close contact with each other and partially overlap, the label-

ling of all ECs makes it challenging to determine to which cell the imaged EB3 belongs. 
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Figure 3.2 DCX and EB3 label distinct microtubule structures in endothelial 
cells

A-F, Tg[fli1ep:Tdtomato-DCX;fli1ep:EB3-EGFP] zebrafish embryo endothelial cells at 48 
hpf. Tdtomato-DCX (black and green) and EB3-GFP (black and magenta) co-ex-
pression. A-C, Endothelial cell of intersegmental vessel (ISV). A’-C’, magnification 
of boxed areas in A-C. DCX labels microtubules’ lattices and EB3 labels microtu-
bules plus tips (red arrow heads in B‘ and E’). D-F, Endothelial cell of Posterior 
cardinal vein. D’-F’, magnification of boxed areas in D-F. 
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Therefore, I also assessed MT dynamics in embryos carrying transient EB3-EGFP expres-

sion, by injecting the expression construct directly in the 1-cell stage embryo and imaging the 

injected embryos. By using the latter methodology, the integration is mosaic and often few 

isolated ECs exhibit EB3 expression. This allows for analysis of all MTs in individual cells. 

The disadvantage of this methodology is that cells can integrate different EB3 copy numbers, 

and at different locations in their genome, potentially influencing MT growth speeds and thus 

potentially confounding the validity of comparison between cells.   

In both methodologies, it was possible to acquire time-lapse movies of EB3-EGFP fusion 

proteins in a single EC at intervals of 4 to 5 seconds in zebrafish embryos in different devel-

opmental stages. This frame rate was appropriate to manually track the MT plus-tips (Figure 

3.3 A,B) and to extract MT growth speeds from a whole EC. It is not surprising that the cells 

with transiently expressed EB3 exhibited a higher variability in average growth speeds than 

both of the established lines, suggesting that overexpressing EB3 can modulate MT growth 

speed in a dose dependent manner (Figure 3.3 C,D).  

 

n.s.

MT growth 
speed

 (μm/sec)

A

n.s.
MT growth 

speed
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Figure 3.3 EB3 expression level does not influence average microtubule 
growth speed.

A-B, Plus tips from growing microtubules with EB3-GFP signal in 24hpf (A) and 4dpf 
(B) old endothelial cells, before and after manual tracking. C-D. Averaged dynamic 
microtubule growth speed per cell in different EB3 expression transgenic lines at 
24hpf, C, and 4dpf, D. Transient EB3 refers to transiently expressed EB3 by injection 
of Fliep:EB3-EGFP construct, UAS:EB3 referst to the transgenic line Tg[fli:-
gal4,UAS:EB3-EGFP] with high stable expression of EB3-GFP and F1 EB3 refers to 
the transgenic line Tg[fliep:EB3-GFP] with regular stable EB3-GFP expression. Each 
point is one cell, data are average +/- SD. p-value was calculated using Kruskal 
Wallis test. n.s.= non significative difference. 
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However, the average growth speed of endothelial MTs in cells with transiently expressed 

EB3 does not differ from that of MTs in ECs in both established lines at 24 hpf (Figure 3.3 C) 

and 4dpf (Figure 3.3 D), suggesting the copy number integrated are normally distributed. 

To proceed with the analysis with the same copy number of EB3, I acquired time-lapse mov-

ies of EB3-EGFP from the established line Tg[fli1ep:EB3-EGFP]. To make sure I tracked 

MTs from the same cell, I only acquired MTs growing from the MTOC.  

 

3.2.3 Trunk sprouting angiogenesis occurs normally in zebrafish with DCX and EB3 over-
expression 
 
Since embryos from the transgenic lines exhibited the desired expression of DCX and EB3 in 

endothelial MTs, I questioned whether their overexpression would have any impact on EC 

behaviour and angiogenesis. 

To address this question, I imaged sprouting angiogenesis of ISVs in Tg[kdr-l:ras-

Cherry]s916 transgenic embryos with labelled endothelial membranes, as illustrated in Figure 

3.4 A. The sprouting speed in single Tg[kdr-l:ras-Cherry]s916  transgenic embryos was com-

pared with sprouting speed in double transgenic embryos of the lines Tg[kdr-l:ras-Cherry; 

fli1ep:EB3-EGFP] and Tg[kdr-l:ras-Cherry; fli1ep:EGFP-DCX], with overexpressed EB3 and 

DCX respectively. Over-expression of EB3 and DCX did not affect the average instant pri-

mary sprouting speed of the ISVs in these double transgenic lines (Figure 3.4 B and C). Ad-

ditionally, there was no apparent gross difference in overall vascular morphology.  
These results allow to proceed using the transgenic lines to observe MT lattices and growth 

behaviour in the zebrafish trunk.  

 

3.2.4 Conclusion 
 
The transgenic reporter lines used in this thesis express two MAPs under an endothelial pro-

motor enabling the bright visualization of different MT structures - EB3 labels the plus-tip and 

DCX the MT filament - in ECs. Importantly, these MAPs are not observed in the cytosol, ex-

hibiting a high signal-to-noise ratio. Specifically, the line Tg[fli1ep:EB3-EGFP] allows detec-

tion of EB3-EGFP plus tips acquired in time-lapse, enabling the tracking of growing MTs.  

From an imaging point of view, these transgenic reporter lines are an improvement to the 

available techniques to study MTs in vivo. Importantly, there were no significant differences 

in sprouting migration in zebrafish embryos with over-expressed DCX and EB3. This encour-

aged me to work further and use them as models to ask questions about MT dynamics in an-

giogenesis. 
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3.3  Microtubule dynamics during vessel formation and maturation. 
 

3.3.1 Introduction 
 
Diverse ECs exhibit different behaviours. For instance, sprouting ECs migrate faster than 

quiescent ECs, tip ECs drive migration of sprouts and are followed by tightly connected stalk 

ECs and finally venous ECs exhibit a more active migratory behaviour than arterial ECs. 

Moreover, primary sprouts and secondary sprouts are seemingly similar, but originate from 

arterial and venous vasculature, respectively. Finally, MT targeting drugs are able to induce 

the collapse of newly formed tumour vessels but not established vessels, suggesting a differ-

ence between endothelial MTs in newly formed and mature vessels. For these reasons it 

would be interesting to compare and characterize the MT dynamics in ECs from different 

vessels and developmental stages, in vivo. 
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Figure 3.4 Vessel development occurs normally in transgenic zebrafish lines 
with DCX and EB3 over-expression.

A, Illustration of primary sprouting at 24hpf. B,C, Averaged instant migration speed of 
sprouting endothelial cells of the new zebrafish transgenic lines Tg[kdr-l:ras-Cherry;-
fliep:EB3:GFP] (B) and Tg[kdr-l:ras-Cherry;fliep:EGFP-DCX] (C) compared with the 
migration speed of the single positive mCherry syblings. Sprouts were tracked from 
24hpf until the final dorsal position was reached, using the membrane marker CAAX-
:mcherry. Each point is one sprout, data are average +/- SD. n=26-32 sprouts from 4 
zebrafish embryos/ group. p-value was calculated using unpaired t-test. n.s.= non 
significative difference. 

Modified from (Geudens, I. 2019).
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ECs are axially polarised, with the golgi apparatus aligned in the direction of migration, rela-

tive to the nucleus (Franco et al., 2015). Upon flow exposure, ECs polarise and migrate 

against the blood flow direction. For these reasons, it would be interesting to better under-

stand the intracellular distribution of dynamic MTs, in respect to their front-rear polarisation 

and related to flow.  

MT plus-tips labelled with EB3-EGFP of the generated transgenic line Tg[fli1ep:EB3-EGFP] 

allow acquisition of growth parameters of growing MTs. On the other hand, the EB3-EGFP 

signal is not suitable to acquire MT life-time and judge how stable MTs are. Tubulin detyro-

sination occurs generally in long-lived MTs, traditionally used as a marker of MT stability 

(Magiera & Janke, 2013; Song & Brady, 2015). One way of detecting stable, detyrosinated 

MTs is by antibody labelling of the glutamate left available upon detyrosination. For simplic-

ity, I refer to MTs labelled by this antibody as detyrosinated (dTyr) MTs.  

In the following sections, I describe the analysis the EB3-labelled dynamic MTs in developing 

and mature ECs of Tg[fli1ep:EB3-EGFP] zebrafish embryos, to assess their growth speed 

and lifetime, as well as the presence and absence of dTyr MTs, to assess their stability in de-

veloping and mature ECs.  

 
 
3.3.2 Investigation of dynamic microtubules in endothelial cells  
 
3.3.2.1 Endothelial microtubules are highly dynamic during sprouting  
 
To investigate the growth speed of MTs during vessel development and maturation, time-

lapse movies of EB3-EGFP from ECs in ISVs of Tg[fli1ep:EB3-EGFP; kdrl-l:ras-Cherry] 

zebrafish embryos were imaged and tracked. I focused on three different stages of vessel 

development: sprouting, nascent and mature ISVs. Primary sprouting takes place between 

24-30 hpf (Figure 3.5 A,B,C), nascent and mature vessels refer both to lumenised and per-

fused vessels. Nascent vessels refer to newly formed ISVs, imaged at 2 dpf (Figure 3.5 

D,E,F), and mature vessels refer to established ISVs at 4 or 5 dpf (Figure 3.5 G,H,I).  

MT growth rates are significantly higher during sprouting angiogenesis (0.30 ± 0.05 μm/sec) 

compared to nascent (0.22 ± 0.05 μm/sec ) and mature vessels (0.22 ±0.03 μm/sec ) (Figure 

3.5 J). Concomitantly, MTs of sprouting ECs grow for shorter periods of time (29.3 ±7.6 sec) 

compared to those of nascent (38.9 ± 15.6 sec) and mature ECs (39.2 ± 10.5 sec) (Figure 

3.5 K), suggesting faster growing-shrinking cycles at the sprouting stage. No difference of 

growth rate and growth time between endothelial MTs in nascent and mature vessels was 

observed. Additionally, MTs of tip and stalk cells grow at similar speed, (Figure 3.5 L), as well 

as MTs of arterial and venous ECs (Figure 3.5 M). 

Therefore, newly formed endothelial MTs grow at an average of 0.22 μm/sec  except during 

sprouting angiogenesis where MTs increase their speed by 33 % and decrease their growth 

time by 25 %.  
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Figure 3.5 Endothelial dynamic microtubules grow faster in sprouting vessels 
than in nascent and mature vessels.

A-I, Endothelial cells of ISVs’ labeled with EB3-GFP (black and green, microtubule 
tips) and CAAX (black and magenta, membrane), in three different stages of devel-
opment: sprouting vessel (A,B,C, 24hpf); nascent vessel (D,E,F’, 2dpf) and mature 
vessel (G,H,I, 5dpf). Flow is present in nascent and mature vessels, but not in 
sprouting vessels. Scale bar: 10μm. J-M, Instant growth speed (J,L,M) and growth 
time (K) of microtubule tips labeled with EB3-GFP averaged per cell in different 
developmental stages (J,K), in tip and stalk ECs (L), in venous and arterial ECs (M). 
J,K,L,M Each datapoint represents the average of 30 to 50 microtubules in an 
endothelial cell. n= 26-40 ECs. Tip and Stalk refer to tip and stalk cells of a sprout at 
sprouting stage, vISV and aISV refer to venous and arterial ISV. p-value was calcu-
lated using Kruskall-Wallis test. ****, p<0.0001, *,p<0.0332  n.s.= non significative 
difference. 
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3.3.2.3 Dynamic microtubules respond to decrease in blood flow 
 
Given the strong difference of MT dynamics growing properties in sprouting ECs compared 

to later stages of development, I focused on a major difference between sprouting and estab-

lished vasculature: blood flow. Blood flowing through the lumens of vessels promotes stability 

and quiescence in ECs (Baeyens et al., 2016). I therefore asked whether blood flow is di-

rectly responsible for the decrease in MT growth speed in ECs. In order to test this, I applied 

3x tricaine treatment  to lower the heart rate and thereby reduce blood flow (Lenard, 

Ellertsdottir, Herwig, Krudewig, et al., 2013), and measured the MT growth speed before and 

30 minutes after the treatment. Interestingly, the decrease in blood flow increased endothelial 

MT growth speed in nascent vessels (Figure 3.6 A) but not in mature vessels (Figure 3.6 B). 

Therefore, endothelial dynamic MTs respond differently to blood flow in nascent and mature 

vessels, suggesting that flow impacts directly MT growth speed. This data also suggests 

there are differences in cellular behaviours between the two developmental stages. 

  

 

 
3.3.2.4 Dynamic microtubules growth is similar inside polarised endothelial cells 
 
We questioned if the dynamic MT growth speed and trajectory was polarised towards the 

front or rear intracellular compartments of ECs, as shown in other cell types (Kadir et al., 

2011). Front and rear of each cell was defined as the half of the cell in the  putative direction 

of migration and against, respectively. The migration directions were assumed based on 

previously published analysis, as the following: arterial ISV ECs migrate ventrally, venous 

ISV ECs migrate dorsally (Geudens et al., 2019), and sprouting ECs migrate dorsally (Isogai 
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Figure 3.6 Dynamic microtubules in nascent and mature vessels respond 
differently to decrease in blood flow.

A,B. Growth speed of microtubules of same cells with regular or after 1h of low flow 
(3x Tricain treatment) in nascent (A) and mature (B) vessels. n=8 cells from 4 
different embryos in nascent vessels and n=11 cells, from 4 embryos in mature 
vessel. p values were calculated using paired t-test.* p<0.05, **, p<0.01. 
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et al., 2003). MTs growing towards the cell front were defined as forward moving, and MTs 

growing towards the rear of the cell were defined as backward moving (Figure 3.7 A, forward 

MTs are indicated in orange, backward MTs are indicated blue). 

MT speed (Figure 3.7 B) and trajectory straightness (Figure 3.7 C) were compared in the 

front and rear of several EC types: tip and stalk cells (24 hpf), ECs in vISV and aISVs, ECs 

from PCV and DA (2-4 dpf).  

We found that both parameters were comparable between the two tested intracellular com-

partments in all tested cell types (Figure 3.7 B,C). In fact, we found irrespective of stage and 

vessel type, all MT are relatively straight.  Altogether, this suggests that the tracked EB3-la-

belled MTs are a single homogenous population, and their growth speed and trajectory are 

controlled cellularly.  

 
 
 
 
 

 
 
3.3.2.5 Microtubules density is asymmetric in the front and rear of polarised endothelial cells 
 
Although the MT growth speed and trajectory is similar in the front and rear cell compart-

ments, I asked whether MTs grow in homogenous numbers in the front and rear. To test this, 

B

C

MT growth 
speed 

(μm/sec)

Straightness 
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Figure 3.7 Dynamic microtubules growth speed is similar in the front and rear 
of axially polarized endothelial cells.

A Scheme of a sprouting cell migrating with microtubules growing in the direction of 
cell migration in orange and in the direction of the rear in blue. B,C MT growth 
speed (B) and straightness (C) does not differ according to cell migration direction 
nor flow direction. Forward refers to direction of microtubule growth from the centro-
some to the periphery of the leading edge (orange MTs in A,B and C), backword 
refers to the rear (blue in A,B and C). Straighteness refers to the difference between 
the analysed MT trajectory and its displacement (final position minus initial position).
n= 40 tip cells, n= 23 stalk cells, n=17 arterial ISVs cells, n= 27 venous ISVs cells, 
n= 4 PCV cells, 7 Dorsal Aorta cells.
Modified from ( Szymborska, A. 2017). with permission from Cold Spring Harbor Laboratory 
Press. 
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the number of forward and backward MTs were counted. To avoid biases related to different 

size of front or rear, selections of the same size of the cell were analysed. 

I found that EB3-EGFP labelled MTs do not grow homogenously. There is a higher propor-

tion of dynamic MTs detected in the putative migration front of the cell in sprouting (62 ± 7%) 

and venous ISV ECs (56 ± 6%, Figure 3.8 A). However, this was not the case for arterial ISV 

cells (Figure 3.8 A). Surprisingly, dynamic MTs in arterial ECs have a slight, but statistically 

significant preference for the putative rear in these cells (44 ± 5%).  

Since MTs are typically more dense in the intracellular region where the MTOC is (Kirschner 

& Mitchison, 1986), I hypothesized that the MTOC of arterial ECs is situated in the rear of the 

cells. To test this, the position of the MTOC was analysed in ECs of aISVs and vISVs. The 

MTOC position was defined by the position from which multiple EB3-EGFP labelled MT plus 

tips emerge. I found that the MTOC position of arterial and venous ECs does not change 

through time (Figure 3.8 B). In arterial ECs, the MTOC is mostly positioned on the ventral 

side of the embryo, and in the venous cells the MTOC is positioned on the dorsal side (Fig-

ure 3.8 B and C). In other words, the MTOC is situated in the EC compartment in the putative 

direction of cell migration in venous and arterial ECs.   

Therefore, there is a higher density of dynamic MTs in the migration front compartment of 

most ECs, except arterial ECs where the MT density is higher in the compartment that does 

not contain the MTOC, in the rear of the cell.  
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Figure 3.8 Dynamic microtubule density is different in the front and rear of 
axially polarized endothelial cells.

A.There are more forward than backword microtubules in sprouting and vISVs cells 
but not in aISVs, line at equal distribution in front and rear intracellular compart-
ments of cell migration. p-value was calculated using ANOVA test. ****, p<0.0001, *, 
p<0.05. n= 8 sprouting cells, n= 21 venous ISV cell, n=32 arterial ISV cell B. Centro-
somes are located in the direction of cell migration in nascent and mature vessels of 
aISV (ventral) and vISV (dorsal). Dorsal, side and ventral positions refer to the 
intracellular position of centrosome in the context of the vessels of the zebrafish 
embryo. n=12-18 cells analysed for nascent vessels and n=5 cells for each group of 
mature vessels. C Schematics of the ISVs of zebrafish embryos, with centrosome in 
direction of migration in both arterial ISV (ventral) and venous ISVs (dorsal). Arrows 
mean cell migration direction. DLAV refers to Dorsal Longitudinal Anastomotic 
Vessel, DA refers to dorsal aorta, PCV refers to posterial cardinal vein.

Modified from ( Szymborska, A. 2017). with permission from Cold Spring Harbor Laboratory  
Press. 
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3.3.3 Investigation of stable microtubules in endothelial cells 
 

3.3.3.1 Endothelial microtubules are differently detyrosinated during development 
 
In order to assess whether endothelial MTs are detyrosinated, immuno-stainings against 

dTyr α-tubulin were performed in Tg[fli1ep:EGFP-DCX] embryos, in primary sprouts (Figure 

3.9 A-F) and in nascent vessels (Figure 3.9 G-I). It is possible to detect many strongly la-

belled structures, such as neural tube, motorneurons, cilia and centrosomes (defined by their 

size and shape, not confirmed by counter-staining). Using the EGFP-DCX signal to guide the 

location of endothelial MTs, it is possible to observe that the detyrosination signal was mainly 

absent from early primary sprouts (Figure 3.9 B,C,C’). Upon closer inspection, it was possi-

ble to detect a faint detyrosination signal in late primary sprouting (Figure 3.9 F,F’) and 

shortly after lumen formation and perfusion, in nascent vessels (Figure 3.9 I,I´).  

Therefore, I could demonstrate that endothelial MTs are variably detyrosinated and this PTM 

increases through time.  

 

Figure 3.9 Endothelial microtubules are detyrosinated.

A-I, Immuno-stainings of Tg[fli1ep:EGFP-DCX]  embryos detect the glutamate aminoacid of 
detyrosinated microtubules (dTyr MT black in D,G and magenta in C,F). Endothelial cells of 
ISVs’ identified by DCX-GFP signal (black B, E and magenta C, F) in sprouting vessels 
(B,C,D 24hpf) and nascent vessel (E,F,G 2dpf). scale: 20um. D´and G´are magnified boxes 
of D and G, where detyrosinated endothelial microtubules can be identified. 
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3.3.3.2 Microtubules of secondary sprouts are selectively and strongly detyrosinated 
 
In order to investigate whether MT detyrosination is absent from all endothelial sprouts in the 

zebrafish trunk, immuno-stainings against dTyr MTs were performed in Tg[fli1ep:EGFP-

DCX] fixed embryos. Two stages of development were analysed: 24 hpf (Figure 3.10 A-C) 

and 34 hpf (Figure 3.10 D-I), when primary and secondary sprouting occur respectively. Alt-

hough the MTs of the majority of primary sprouts were barely or not detected by the dTyr tu-

bulin antibody (Figure 3.10 C and C’), MTs of the vast majority of secondary sprout cells were 

strongly labelled (Figure 3.10 F and F’, red arrows). In fact, MTs from the secondary sprouts 

are the strongest endothelial dTyr MTs detected throughout this thesis. In order to quantify 

this observation, I compared the intensity of the detyrosination signal, normalized by the 

EGFP-DCX signal in several sprouting ECs. Due to the proximity to ISVs, measuring the 

detyrosination intensity level in secondary sprouts was technically challenging. To overcome 

this challenge, a MO against plcƔ was injected (Hogan, Bos, et al., 2009). This MO blocks 

primary sprouting and thus prevents ISV formation without affecting secondary sprouting 

(Figure  3.10 G-I). The dTyr signal was 3-fold higher in secondary sprouts of PlcƔ morphants 

than in primary sprouts of embryos injected with a control MO (Figure  3.10 J).  As the dety-

rosination status of tubulin potentially interferes with MT dynamics, I asked whether MT grow 

at slower speeds in secondary sprouts. Upon tracking growing MTs in primary and secondary 

sprouts of Tg[fli1ep:EB3-EGFP] embryos, dynamic MT growth speed was similar in ECs of pri-

mary and secondary sprouts (Figure 3.10 K). 

In contrast to primary sprouts MTs, MTs of secondary sprouts are strongly detyrosinated.    

 
3.3.4 Conclusion 
 
Taken together, my analysis demonstrates that there are both fast growing dynamic MTs as 

well as stable detyrosinated MTs in ECs. The fastest MT growing speeds were seen in angi-

ogenic sprouts, likely coupled to a role during development. Stable, dTyr MTs were mostly 

absent from primary sprouts but present in mature vasculature, where ECs migrate slower 

and form stable, perfused vessels. The introduction of blood flow is potentially a driver of the 

MT stabilisation, as MT growth speed responds to it. Additionally, I conclude that venous, 

secondary sprouts exhibit a selectively high amount of dTyr MT, suggesting a specific role of 

this PTM in this process.  

Finally, I conclude that MT growing speed is controlled cellularly, as all MTs assemble at sim-

ilar speeds inside the tested ECs. However, their density is polarised towards the cell front in 

most ECs, with the exception of arterial ECs. 
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Figure 3.10 Microtubules of secondary sprouts are selectively detyrosinated  
but grow at similar growth speeds.

A-I Immunostainings using antibody detecting the glutamate aminoacid of detyrosi-
nated microtubules (dTyr) during primary (A-C) and secondary (D-F) sprouting in 
uninjected Tg[fli1ep:EGFP-DCX] embryos, labelling all endothelial microtubules 
(DCX).C’, F’, I’, magnification from indicated region in C,F,I, respectively.  
plcγ KD embryos (G-I) show reduced primary sprouting, facilitating the visualization 
and quantification of dTyr signal specifically in secondary sprouts. J Quantification of
the proportion of dTyr/DCX signal intensity in primary sprouts of control morpholino 
injected embryos, and secondary sprouts from plcγ MO injected embryos. 
N= 52 control primary sprouts from 18 embryos and N= 24 γ KD secondary sprouts  
from 7 embryos. p-value was calculated using Mann-Whitney test. *****<0.00001.
K. Upon tracking EB3-GFP microtubules plus tips, growing speeds were calculated 
per cell in primary and secondary sprouts. N=20-21 cells/experimental group, from 5
embryos/group. n.s.= non. significant, p-value calculated with t-test.
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3.4 Microtubule dynamics are necessary for vessel formation and dispensable for 
vessel maturation. 
 
3.4.1 Introduction 
 
MT targeting drugs are able to induce the collapse of newly formed tumour vessels as well 

as sprouting vessels, leaving the mature vasculature intact. These studies suggest either a 

particular need for MT dynamics during vessel sprouting and their establishment and matura-

tion, or an insensitivity to MT targeting drugs by mature ECs. This led me to ask: are the fast 

growing dynamic MTs necessary during physiological sprouting angiogenesis?  

In order to answer this question, nocodazole was used to target tubulin and MTs. Tradition-

ally, this drug is used to depolymerize the MT cytoskeleton (Kuhn, 1998), by sequestering tu-

bulin dimers (Downing, 2000). In recent studies, nocodazole was also used as a tool to re-

duce and deplete MT dynamics in several cell types, including ECs (Matov et al., 2010; 

Pourroy et al., 2006; Stepanova et al., 2003). In low doses, nocodazole induces the disloca-

tion of plus-tip binding MAPs, important for MT growth, in several cell types (Akhmanova et 

al., 2001; Perez et al., 1999). At these concentrations, nocodazole decreases the number 

and growth speed of the existent MTs, decreases the number of newly formed MTs without 

inducing depolymerisation. This makes it possible to assess the role of MT dynamics. 

 

3.4.2 Nocodazole depletes microtubule dynamics by decreasing growth speed and density 
 
In order to address the function of dynamic MTs in ECs, the nocodazole dose was titrated to 

the lowest possible to deplete MT dynamics without depolymerizing MTs. Labelled MTs of 

Tg[fli1ep:EB3-EGFP] and Tg[fli1ep:EGFP-DCX] embryos were tracked, upon treatment with 

several dosages of nocodazole (not shown). Treatment of 24 hpf embryos with 0.80 μM no-

codazole successfully decreased EB3 labelled MT number and growth speed to zero in three 

hours (Figure 3.11 A,B). Treatment of 2 dpf embryos with a concentration of 1.5 μM de-

creased the growth speed (Figure 3.11 F) and number (Figure 3.11 G) of dynamic MTs in 

three hours. In both developmental time points, the MT cytoskeleton did not depolymerize af-

ter 6 hours of nocodazole treatment at the mentioned dosages at the used magnification 

(Figure 3.11 C,D,E,H,I,J). Importantly, the intensity of the EGFP-DCX signal shows no differ-

ence between untreated and treated conditions at both 24 hpf and 2 dpf stages of develop-

ment, as quantified in different imaged ECs in Figure 3.11 E,F.  

This allowed me to proceed and use the previously mentioned doses of nocodazole to de-

plete MT dynamics in vivo, and to dissect and better understand its role in sprouting angio-

genesis and vessel maturation. 
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Figure 3.11 Nocodazole depletes microtubule dynamics by decreasing 
microtubule growth speed and density.

A-J Nocodazole decreases microtubule growth speed (A,F) and number of 
growing microtubules (B,G) in sprouting EC at 0,8uM (A-E) and nascent vessel 
EC at 1,5uM (F-J). n= 3 cells for sprouting EC, n=6 cells for nascent vessel EC. 
Endothelial microtubules labeled with DCX-GFP of Tg[fli1ep:EGFP-DCX]  
embryos at 24hpf (C,D) and 2dpf (H,I), before (C,H) and after (D,I) nocodazole 
treatment show comparable microtubule cytoskeleton, quantified by DCX-GFP 
signal intensity in several points (E,J).
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3.4.3 Dynamic microtubules are required for cell migration, proliferation and elongation in 
sprouting angiogenesis 
 
Sprouting angiogenesis of ISVs in Tg[kdr-l:ras-Cherry]s916 transgenic embryos was imaged, in 

different conditions:  treated with DMSO as control and nocodazole. After 7 hours of treat-

ment, control sprouts successfully formed the ISVs and exhibit anastomosis between differ-

ent loops (Figure 3.12 A). However, sprouts exposed to 0,8 μM nocodazole do not form ISVs 

after 7 hours of treatment (Figure 3.12 B). These sprouts exhibit tremendous amounts of filo-

podia, rounded vessel segments as well as extremely thin ones and dorsal ECs do not anas-

tomose. Surprisingly, nocodazole-treated sprouts were able to migrate from the DA. How-

ever, sprouting occurred slower in these conditions (0,05 ± 0,03 μm/min) compared to 

DMSO-treated sprouts (0,07 ± 0,04 μm/min) (Figure 3.12 C). This suggests that MT dynam-

ics are not absolutely necessary, but facilitate EC migration during sprouting angiogenesis in 

vivo. 

In contrast to the DMSO-treated condition, a third of sprouts in nocodazole-treated embryos 

showed a persistent rounded phenotype and subsequently underwent apoptosis (Figure 3.12 

B asterisk, quantified in 3.12 D), which did not occur in control embryos (Figure 3.12 A). In 

fact, rounded cells exhibited a centrosome duplication prior to rounding (labelled by EB3-

EGFP, not shown), suggesting a cell-cycle arrest and subsequent apoptosis upon attempting 

to divide.  

Additionally, the shape of nocodazole-treated sprouts was irregular in comparison with con-

trols (Figure 3.12 A,B). Their diameter irregularity was quantified by subtracting the lowest 

from the highest diameter in a single ISV, divided by their sum (Figure 3.12 B blue and red 

arrows refer to example locations of highest and lowest ISV diameter). The lack of elongated 

ECs and presence of bulky rounded high diameter ECs in the ISVs (Figure 3.12 E) suggests 

that MT dynamics are required for sustaining the elongated shape of ECs at this stage.  

To summarize, MT dynamics facilitate sprout migration, enable cell division and adequate 

cell elongation, necessary to form a stable ISV. 
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Figure 3.12 Dynamic microtubules are required for cell migration, proliferation 
and elongation in sprouting angiogenesis.

A-B, ISVs of 32 hpf old Tg[kdr-l:ras-Cherry] zebrafish embryos, where the CAAX 
endotheliel membrane is labeled with mCherry in black, upon 7 hours of administra-
tion of DMSO- control- (A) and 0,8uM nocodazole (B). Asterix labels rounded cell 
and blue and red line label highest and lowest diameter of an ISV. C-F, Quantifica-
tions of the DMSO and nocodazole exposed ISVs such as ISV migration speed (C), 
number of rounded cells (D), cell nuclei/ISV (E) and diameter irregularity (F). ISV 
migration speed refers to average speed, for 7 hours of sprouting (C); diameter 
irregularity refers to the difference between the highest (blue) and lowest (red) 
diameter of the ISV (F), normalised by their sum. All p values were calculated using 
Mann Whitney test. Data are average +/- SD. n.s.= non significative difference. * 
p<0.05, **, p<0.01. Shown ISVs are representative.
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3.4.4 Inhibition of cell proliferation does not recapitulate the phenotype of microtubule 
dynamics depletion in sprouting angiogenesis 
 
Since MT dynamics depletion led to a decrease of proliferation, I questioned whether this 

fully explains the lower sprouting speeds, as well as the diameter irregularity observed in the 

nocodazole-treated ISVs. In order to test this, aphidicolin was administered. This drug is a 

MT-independent proliferation inhibitor that blocks DNA synthesis and arrests cells in early S-

phase (Mizenina & Moasser, 2004). Upon 8 hours of aphidicolin treatment, the ECs were 

able to sprout and form ISVs to some extent (Figure 3.13 B,B’), exhibiting no differences in 

migration speed (Figure 3.13 C) and shape (Figure 3.13 D) to the controls. Importantly, aphi-

dicolin-treated Tg[fli1ep:EGFP-DCX; kdr-l:ras-Cherry] embryos exhibited an intact MT cyto-

skeleton (Figure 3.13 A’,B’).  

This data suggests that cell proliferation inhibition alone does not explain the phenotype of 

nocodazole-treated sprouts, and that MT dynamics facilitate cell migration and cell shape 

maintenance. 

 

3.4.5 Dynamic microtubules are not necessary for nascent and mature vessel maintenance 
 
Nocodazole was administered at 2 dpf and 4-5 dpf, when ISVs are newly formed and ma-

tured respectively.  After a 6 hour nocodazole treatment of 2 dpf (Figure 3.14 B) and 4-5 dpf 

embryos (Figure 3.14 D) their ISVs were morphologically comparable to the respective con-

trols (Figure 3.14 A and C). In both cases, the vessels were intact and functional as blood 

was flowing (not shown). The treatment duration was set to 6 hours since after that time the 

heart and thus blood flow stopped. 

These results indicate that MT dynamics are not necessary for vessel maintenance in the 

zebrafish trunk at the tested developmental stages.  

 

3.4.6 Conclusion 
 
The results of these analyses demonstrate that adequately titrated nocodazole decreases 

MT growth speeds, as well as the number of newly assembled MTs in vivo, without inducing 

MT depolymerisation. I can therefore conclude that the consequences of this treatment in the 

vasculature are due to a decrease or absence of MT dynamics and lack of newly assembled 

MTs. MT dynamics facilitate, but are not strictly necessary for sprout migration in ECs, as 

ECs are able to slowly migrate until the dorsal position. MT dynamics are therefore neces-

sary for sprouting angiogenesis, by keeping the correct shape of the vessel and for ensuring 

the cell numbers necessary to making a lumenised elongated vessel.  Finally, MT dynamics 

are not structurally essential during vessel maturation nor for vessel homeostasis, as noco-

dazole-treated ISVs exhibited no phenotype in later stages of development. 
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Figure 3.13 Reduced cell proliferation does not recapitulate the microtubule 
depleted phenotype in sprouting angiogenesis.

A-B, ISVs of 32hpf embryos with labeled with CAAX (magenta and black, mem

-

brane) and DCX-GFP (green in A’-B’, microtubules’ lattices) upon administration of 
aphidicolin, a DNA synthesis inhibitor. Microtubules lattices (DCX- green) are not 
depolymerised by the aphidicolin in B’ nor by the DMSO in A’. C-D, Quantifications 
of ISV migration speed (C) and diameter irregularity (D) in control and aphidicolin 

 treated embryos. P-values were calculated using Mann Whitney test.  n.s.= non 
significative difference. * p<0.05, **, p<0.01. Shown ISVs are representative. 
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Chapter 4. RESULTS part 2: Vasohibin-1 
 
4.1 Endothelial microtubules are detyrosinated by Vasohibin-1 (Vash1) 
 
4.1.1 Introduction 
 
α-tubulin carries a tyrosine residue that can be removed post-translationally by the carbox-

ylpeptidase Vasohibin-1 (Vash1) (Aillaud et al., 2017; Nieuwenhuis et al., 2017), in a reaction 

referred to as tubulin detyrosination, which plays a role in several cellular behaviours such as 

cell division (Barisic et al., 2015; Liao et al., 2019) . Interestingly, VASH1 was previously 

identified as a VEGFA-inducible gene in vitro (Abe & Sato, 2001). Vash1 is expressed in the 

developing  endothelium in vivo (Hosaka et al., 2009; Kern et al., 2009; Shibuya et al., 2006; 

Watanabe et al., 2004), and regulates sprouting angiogenesis (Kern et al., 2009; Watanabe 

et al., 2004). 

These findings led me to investigate the role of Vash1 detyrosinated MTs in angiogenesis in 

zebrafish.  

 

4.1.2 vash1 is predicted to be conserved in the zebrafish, in silico 
 
In order to find out whether zebrafish could be a suitable model to study the role of Vash1 

driven MT detyrosination, I first analysed the conservation of Vash1 protein variants from 

zebrafish and human, in silico. The CLUSTAL-O (Uniprot) analysis indicated that zebrafish 

Vash1 and human VASH1 are of similar length and 65,24% identical (Figure 4.1 A). Most im-

portantly, the identified conserved amino-acids included the identified residues necessary for 

tubulin tyrosine and glutamate recognition and the catalytic active site Cys-His-Ser triad (Fig-

ure 4.1 B) (Adamopoulos et al., 2019; Nieuwenhuis et al., 2017; Sanchez-Pulido & Ponting, 

2016). 

 

4.1.3 vash1 is highly expressed in endothelial cells during vessel formation  
 
In order to determine whether vash1 is expressed in the zebrafish endothelium, I used two 

different techniques: qPCR to quantify the amount of mRNA extracted from ECs and com-

pare it with other tissues, and in situ hybridization, to observe where vash1 mRNA is ex-

pressed in the embryos. 

ECs were sorted from Tg[fli1a:nEGFP]y7  embryos at 24 and 48 hpf, their mRNA extracted 

and reverse transcribed to cDNA. qPCR on the cDNA showed dynamic expression of vash1 

during zebrafish development (Figure 4.2 A). During sprouting (24 hpf), vash1 expression 

was 5-7 times higher in ECs than in non-ECs, decreasing at 48 hpf (Figure 4.2 A). Although 

these differences are not statistically significant, they were independently confirmed with a 
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second primer set. This result allows to conclude that vash1 expression is variable, and 

highly present in ECs.  

 

  Figure taken from (Bastos Oliveira et al, 2021). 

 

In situ hybridization on fixed wild-type embryos of 24, 34 and 48 hpf showed constant ex-

pression in the embryo head (Figure 4.2 B-D), and a variable expression in the trunk (Figure 

4.2 E-H). It is possible to detect expression in trunk at 24 and 34 hpf but not at 48 hpf (Figure 

4.2 D). Upon 2 hours of incubation with the developing media, it is possible to detect expres-

sion on the ventral side of the trunk, potentially in the aorta, at 24 and 34 hpf (Figure 4.2 

E,G). However, when developed overnight, other peri-vascular tissues show expression of 

vash1 (Figure 4.2 F,H), suggesting a lower mRNA copy number in these tissues. 

A

B
CLUSTAL O  pairwise sequence alignment

Residues :
Active site
Tyrosine recognition
Glutamate recognition

VASH1/VASH1
vash1/Vash1

 Figure 4.1. Vash1 protein is predicted to be conserved in zebrafish.

A-B Aminoacid sequence alignment by CLUSTAL O (Uniprot) of human and zebrafis Vash1 
showing 65,24% sequence similarity (A), including in the residues necessary for tubulin 
detyrosination (B).
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In summary, vash1 is expressed in the zebrafish endothelium and the amino-acids responsi-

ble for the carboxypeptidase function are conserved between zebrafish and human. 
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Figure 4.2 vash1 is highly expressed in zebrafish’ endothelial cells such as in 
the dorsal aorta and peri-vascular areas.

A-H vash1 expression detected by qPCR (A) and in situ hybridization (B-H). 
Each data point of the qPCR is one experiment, averaged by 3 technical replicates 
and each developmental stage has 3 biological replicates. Mann-Whitney test.  
ns= non significant. B-H vash-1 expression detected by in situ hibridization 
at 24 (B,E,F), 34 (C,G,H) and 48 (D) -hpf old WT embryos. The embryos were  
incubated with staining solution 2 h at RT (B-G) or overnight at 4 °C.
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4.1.4 Microtubule detyrosination is attenuated upon vash1 knockdown in vivo 
 
In order to find out if Vash1 enzymatic function is conserved in zebrafish, and assess the role 

of dTyr tubulin in secondary sprouting, I performed knockdown (KD) experiments. This was 

achieved by injecting a splice-site interfering MO against the boundary between intron 3 and 

exon 4 of immature vash1 mRNA into Tg[fli1ep:EGFP-DCX], and compare it to standard con-

trol MO injected embryos.  

The control embryos exhibited an intense array of dTyr tubulin in their neural tube, cilia, 

MTOCs, motor-neurons (not confirmed by counterstaining, figure 4.3  A,B) and ECs (Figure 

4.3  B’). The vash1 morphants exhibited an overall decrease in dTyr tubulin in the neural 

tube and motor neurons (Figure 4.3 C,D), as well as in the ECs (Figure  4.3 D’). This obser-

vation was confirmed by quantification of the ratio between dTyr tubulin and EGFP-DCX sig-

nal intensities, in sprouts from control and vash1 depleted embryos (Figure 4.3  E). This dif-

ference is even more pronounced when comparing only the detyrosination signal (Figure 4.3  

F). The EGFP-DCX signal is similar in both conditions, suggesting that overall MT cytoskele-

ton is not affected by the vash1 KD (Figure 4.3  G). Interestingly, the detyrosination level in 

cilia does not appear to be affected (Figure 4.3  B’ and D’, not quantified). 

Embryos show decreased detyrosinated signal upon vash1 KD. Thus, Vash1 detyrosinates 

tubulin in zebrafish cells, including the endothelium. This model can be appropriately used to 

study the role of dTyr MTs in sprouting angiogenesis.  

 

4.1.5 Conclusion 
 
In this section, I conclude vash1 is present and dynamically expressed in the endothelium in 

zebrafish. The protein Vash1 is conserved, including the amino-acids necessary for its tubu-

lin carboxypeptidase function. Its KD led to an attenuation of MT detyrosination in the whole 

embryo, including ECs, which supports that the tubulin carboxypeptidase function of Vash1 is 

active in this model.    
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          Figure taken from (Bastos Oliveira et al, 2021), with permission under CC BY 4.0. 
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Figure 4.3 Endothelial microtubules are detyrosinated by Vash1 in zebrafish.

A-D Immuno-stainings of 48 hpf Tg[fli1ep:EGFP-DCX] embryos detect detyrosinated 
microtubules (referred as dTyr, A,B,C,D) and GFP-DCX labelled microtubules 
(referred as DCX, A,C). B,B’ shows immmunostaining of dTyr upon vash1 KD 
compared with the control MO injected sibling embryos (D,D’). Arrows (B,D) indicate 
neural tube, with typically detyrosinated microtubules (B), reduced upon vash1 KD 
(D). Arrow heads indicate endothelial detyrosinated microtubules, only present in 
control embryos (B,B‘). Asterisks (B,D) indicate motoneurons exhibiting high dTyr 
signal in control embryos (B,B‘) and decreased dTyr signal in vash-1 KD embryos 
D,D’). Pictures are representative of 3 biological replicates. E-G Quantifications of 
dTyr/DCX (E), deTyr (F) and DCX (G) signal intensity of each ISV in control and 
vash1 KD groups. AU stands for arbitrary units. Each data point is one ISV, N=108 
from 7 embryos (control) and 150 ISVs from 9 embryos (vash1 KD) were quanti -
fied. Data quantified from 1 immunostaining, p-values from Mann-Whitney test. * 
p<0.05, **, p<0.01. n.s.=not significant. 
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4.2 Vash1 regulates secondary sprouting and formation of trunk lymphatic vasculature 
 
4.2.1 Introduction 
 
Secondary sprouting from the PCV starts around 30-32 hpf (Hogan, Bos, et al., 2009; 

Koltowska et al., 2015; Yaniv et al., 2006) and most of the sprouts connect to the primary 

ISVs to form a lumenised shunt – the 3-way connection – with a venous and arterial branch 

connected to the PCV and DA respectively (Geudens et al., 2019). About half of these struc-

tures prune the venous branch of this transient connection and sprout further to the horizon-

tal myoseptum (HM) to form a subset of parachordal lymphangioblasts (PLs), the lymphatic 

progenitors of the zebrafish trunk, at 48 hpf. The other half of the 3-way connections remodel 

the aISVs into vISV, pruning the arterial branch. The remaining PLs are formed by branching 

off from vISVs. From their initial position at the horizontal myoseptum, they migrate ventrally 

to shape the main trunk lymphatic vessel, the thoracic duct (TD) (Bussmann et al., 2010).  

Since I observed a strong MT detyrosination specifically in secondary sprouts, I focused my 

analysis on this sprouting event in the vash1 KD embryos, as well as the vessels formed by 

this process.  

 
4.2.2 Vash1 deficient embryos exhibit aberrant secondary sprouting 
 
Live-imaging of sprouting angiogenesis in Tg[kdrl-l:ras-Cherry, fli1a:nEGFP] embryos 

showed comparable primary sprouting and intersegmental vessel (ISV) network formation in 

control and vash1 KD embryos (Figure 4.4 A-F). However, secondary sprouting progressed 

abnormally in vash1 KD embryos. In control conditions, each secondary sprout finds its ISV, 

with very few occurrences of two secondary sprouts reaching to the same ISV. In the vash1 

KD embryos, there were 5,75 fold more of these occurrences, with single sprouts reaching to 

two different ISVs (Figure 4.4 F,G). In order to know whether there was an increase of sec-

ondary sprouts, the number of sprouts from their origin in the PCV were quantified. There is 

a non-significant tendency to a higher number of secondary sprouts from the PCV (Figure 

4.4 H).  

I inquired whether EC proliferation was affected in these sprouts. I quantified the number of 

nuclei in the secondary sprouts prior to connecting to the ISVs. The vash1 KD secondary 

sprouts exhibited an increased number of ECs (Figure 4.5 B,C) compared to control second-

ary sprouts (Figure 4.5 A,C) of Tg[kdrl-l:ras-Cherry, fli1a:nEGFP] embryos. The vast majority 

(76%) of secondary sprouts of control embryos exhibit 1 nuclei per sprout, the remaining 

(24%) comprising a maximum to 2 nuclei per sprout. In contrast, only 48% vash1 KD sprouts 

exhibited 1 nuclei per sprout. The majority (52%) of vash1 KD sprouts comprised 2 to 4 nu-

clei.  

Quantification of nuclear divisions from time lapse movies acquired between 30-60 hpf re-

vealed 2 times more nuclear divisions in the vash1 KD secondary sprouts and venous 
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branch of 3-way connection than in controls (Figure 4.5 D). This difference in proliferation 

was not detected in ISV ECs (not shown). 

Together, these results suggest that vash1 regulates secondary sprouting, at least in part by 

controlling cell division. 

 
    Figure taken from (Bastos Oliveira et al, 2021) with permission under CC BY 4.0, 
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Figure 4.4 Vash1 deficient embryos exhibit aberrant secondary sprouting.

A-G Primary and secondary sprouting in control and vash1 KD Tg[kdr-l:ras-Cherry] zebrafish
embryos, with labelled blood vessels. Primary sprouting occurs from the dorsal aorta (DA) at  
24–30 hours post fertilization (hpf) (A,B,C) and form inter-segmental vessels (ISVs) (D,E,F).  
Secondary sprouting occurs from the posterior cardinal vein (PCV) at 34-60 hpf (D,E,F). Red -
arrowheads label secondary sprouts (E,F), yellow arrowhead labels protrusion from a secondary 
sprout (F). Images are representative. G. Quantifications of number of secondary sprouts reaching
an ISV. H. Quantification of number of sprouts per field of view. Data points come from 26-30
embryos, from 3 biological replicates. Mann-Whitney test, ** = p<0.0021, n.s.= non significative. 
A and D modified from (Geudens, I. 2019).
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   Figure taken from (Bastos Oliveira et al, 2021), with permission under CC BY 4.0. 
 

4.2.3 Vash1 deficient 3-way-connections exhibit a wide range of times to resolve 
 
Secondary sprouts connect to the arterial ISVs to make transient 3-way connections between 

the ISV, DA and the PCV (Geudens et al., 2019) (Figure 4.6 A-B). I questioned whether the 

resolution of these 3-way connections was perturbed upon vash1 KD. I found that 3-way con-

nections from both control and vash1 KD embryos took variable amount of time to resolve. 

Although the vash1 KD 3-way connections seem to require on average longer time to resolve 

(12,4 ± 1,3 hours in comparison with 8,9 ± 1 hours of the control), this difference is not signif-
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icant due to the high variability. However, the distribution of time needed for resolution is sig-

nificantly different. In vash1 KD embryos, 46 % of the 3-way connections that take longer to 

resolve than the average, in comparison to 26 % of the controls (Figure 4.6 C). Since this 

temporary structure resolves by migrating ECs, I hypothesize that there is a disturbed cell mi-

gration mechanism, or a surplus of cells in these structures that do not allow for it to resolve 

as fast.   

 
 
4.2.4 Vash1 is necessary for lymphatic vasculature formation 
 
Since secondary sprouting is perturbed in vash1 KD embryos, I inquired whether this per-

turbance results in trunk lymphatic vasculature defects. To test that, I quantified the number 

of PLs – the zebrafish trunk lymphatic progenitors - in control and vash1 KD Tg[fli1a:EGFP] y1 

embryos. At 52 hpf, the number of PLs emerging as lymphatic progenitors at the horizontal 

myoseptum was dramatically reduced in vash1 KD (24%± 27, Figure 4.7 B) compared to 

control embryos (83%±22, Fig 4.7 A), quantified in Figure 4.7 C.  

In normal conditions, PLs migrate to form the TD, one of the mature lymphatic vessels of the 

zebrafish trunk. The TD locates between the DA and the PCV at 4 dpf and is identified in the 

as an eGFP positive and mCherry negative vessel (Figure 4.7 D,D’) in Tg[fli1a:EGFP,kdr-

l:ras-Cherry]  transgenic embryos. In order to investigate the presence of this structure, 

Tg[fli1a:EGFP] 4 dpf embryos were examined. Control embryos showed almost complete TD 

formation along the trunk (Figure 4.7  D,D’, arrowhead), whereas in vash1 morphants the TD 
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Figure 4.6 Vash1 deficient 3-way connections exhibit higher variability of 
connected time

A-C A transient 3-way connection is formed when the secondary sprout connects 
with the primary ISV and lumenises (A), schematically illustrated in B. Quantification 
of 3-way connection duration in control and vash-1 MO injected embryos (C). Data 
points come from 39-45 ISVs from 20-25 embryos/experimental group, from 4 
biological replicate. p-value was calculated using Kolmogorov-Smirnov test, ** = 
p<0.002. Modified from (Geudens, I. 2019).
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was mostly absent (Figure 4.7 E,E’). Quantification revealed a significant reduction in the 

percentage of somites with a TD fragment in vash1 KD embryos (20% ± 4,2) compared to 

controls (78 % ±4,4) (Figure 4.7 F).  

In summary, vash1 zebrafish morphants show a decrease in lymphatic progenitors and as a 

consequence, a decrease in mature lymphatic vasculature of the trunk. Detyrosinated MTs 

are potentially necessary for lymphatic development.  

 

    Figure taken from (Bastos Oliveira et al, 2021). 

 

4.2.5 Vash1 loss of function experiments are validated  
 
In order to validate the morphant phenotype, a second MO targeting a different splicing re-

gion of immature vash1 mRNA was injected in Tg[fli1a:EGFP] transgenic embryos. Addition-

ally, vash1 mRNA was also injected to potentially rescue the MO phenotype (Figure  4.8 A). 

The number of somites with PLs were quantified at 52 hpf in all experimental groups. The 

second MO induced a similar decrease in PL number in comparison to the control, including 

several embryos completely lacking PLs (Figure  4.8 B). Finally, the phenotype of the first 

Figure 4.7 Vash1 regulates formation of trunk lymphatic vasculature

A-C Parachordal lymphangioblasts (PLs) are lymphatic progenitors and are formed 
by 52 hpf. Tg[fli1a:EGFP]y1 labels PLs (*) of control (A) and vash-1 KD embryos (B), 
quantified (C) per control and vash-1 morpholino injected embryos. D-F Zebrafish
trunk of 4 dpf Tg[kdr-l:ras-Cherry,fli1a:EGFP] zebrafish embryos. The main axial lymphatic
in the zebrafish trunk – thoracic duct (TD) - is GFP-positive, mCherry-negative (D,D’, arrow) 
labelled by an arrow), absent in the vash-1 KD embryo (E,E‘), quantified per embryo in G.  
For all quantifications (C,F), the amount of somites quantified varied from 6-8, P- value  
was calculated using Mann-Whitney test. ****, p<0.0001, **=<0.02.  

*

* * * *
*

52
hp

f
4 

dp
f

Ctrl MO vash1 KD

*

BA

D E

D’ E’

PLs

y1
Tg

[
, k

dr
-l:

ra
s-

Ch
er

ry
]

C

C

F

 %

****

Somites with 
TD segment

0

50

100

Control 
MO

vash1  
KD

****

 %

Somites with PLs 

Control 
MO

vash1  
KD

0

50

100

50 μm 50 μm

with permission under CC BY 4.0. 
 



 109 

MO was partially rescued, as the PL numbers increased with the injection of vash1 mRNA 

(Figure  4.8 C), indicating that the observed lymphatic defects are indeed caused specifically 

by loss of Vash1 function.  

These experiments increase the confidence that vash1 is necessary for lymphatic develop-

ment. 

 
   Figure taken from (Bastos Oliveira et al, 2021), with permission under CC BY 4.0. 
 
4.2.6 Vash1 is necessary for venous diameter regulation 
 
Most vash1 KD embryos exhibited irregular vessel diameter. Specifically, the diameter of ve-

nous vessels of the zebrafish trunk (vISVs and the PCV) is 20 % wider in vash1 KD embryos 

(10,3 ± 2 μm Figure  4.9 B) in comparison with their control siblings (8,6 ± 2 μm Figure  4.9 

A). This was quantified by measuring the diameter of vISVs (Figure 4.9 C) and PCV (Figure 
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4.9 D) in KD and control embryos. I hypothesized that the wider diameter is explained by an 

increase in cell number in the vash1 KD vISVs. However, quantification of nuclei number in 

each vISV revealed less cells in the vash1 KD ISVs (Figure  4.11 E). This leaves room to an-

other explanation for the increased diameter of the vash1 depleted veins. One possibility is 

that the cell shape is altered in venous ECs, due to a lack of deytosinated MTs. 

To summarise, veins in the trunk of zebrafish vash1 morphants exhibit an increased diameter 

and less cells. This points to a possible function of Vash1 and dTyr MTs in cell shape at 4 

dpf. 
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Figure 4.9 Vash1 is necessary for venous diameter regulation.

A-B, ISVs labeled with Fli-GFP of control (A) and vash1-KD embryos (B) at 4dpf 
(A,B). From each experimental group a venous ISV (vISV), and the posterial caudal 
vein (PCV) are labeled. The diameter of both these vessels are higher in the 
Vash1-depleted vessels (B) than in the control (A). The orange line depicts vISV 
diameter and the red line depicts PCV diameter. C-E, Quantifications of the pheno-
type of the Vash1 KD comparing with control of vISV diameter (C), PCV diameter 
(D) and number of cells/ISV. 3 biological replicates were done. C,E Each point 
correspond to each ISV diameter, n=7 ISVs per embryo, 10-12 embryos analysed 
per experiment. D. Each point correspond to a single PCV diameter from each 
embryo, n=10-12 embryos oper experiment. p-value was calculated using 
Mann-Whitney test.* p<0.05;**p<0.002 **** p<0.0001. 

vash1 KD Control MO 

vash1 
KD
 

Control 
MO 

vash1 
KD

Control 
MO 

vash1 
KD

Control 
MO 

50 μm 50 μm



 111 

 
4.2.7 Vash1 deficient embryos exhibit aberrant number vascular connections 
 
A small proportion of vash1 morphant embryos exhibited an increased amount of aberrant 

connections in the trunk vasculature (Figure  4.10 B), not usually present in control embryos 

(Figure  4.10 A). These structures occurred mainly between vISVs, at 4 dpf. Some of these 

connections can also be found in control embryos albeit to a lesser extent, such as unre-

solved 3-way connections. This was quantified in Figure 4.10 C. 

This result suggests that vash1 controls angiogenesis and maintains EC quiescence.  
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4.2.8 Vash1 deficient embryos show underdeveloped intestinal vascular system 
 
The sub-intestinal venous plexus (SIVP) forms from 2,5 to 4 dpf by angioblasts that migrate 

out of the PCV to coalesce into the supra-intestinal artery (SiA) and sub-intestinal vein (SiV), 

and their branches in between (Koenig et al., 2016). This vascular system supplies the diges-

tive system and is therefore an important vascular plexus of the zebrafish. 

vash1 KD embryos showed an underdeveloped intestinal vascular system of variable sever-

ity. Control embryos exhibit an SiA, SiV and around 12 arches (Figure  4.11 A). Although ex-

hibiting SiA and SiV, the morphants exhibited a shorter distance between these vessels (Fig-

ure  4.11 B,C, quantified in D). More importantly, morphants exhibited three-fold fewer 

arches (Figure 4.11 B), very commonly absent (Figure 4.11 C) in comparison with control 

embryos (Figure 4.11 A, quantified in Figure  4.11 E). Therefore, Vash1 is necessary for the 

correct development of the SIVP in the zebrafish trunk. 

 

4.2.9 Conclusion 
 
I conclude in this section that Vash1 is specifically important to control the number of cells 

sprouting from the PCV, as well as their behaviour. Sprouts from vash1 KD exhibited longer, 

more persistent branches than the controls, atypically reaching two different ISVs. ECs in 

these 

sprouts – and not in the ISVs – divide more often and produce multi-nucleated sprouts, sug-

gesting a disruption in cell division control in these ECs. Further to the aberrant secondary 

sprouting, there is a decrease in lymphatic progenitors and in mature lymphatic vasculature 

in the zebrafish trunk. Vash1 seems to act as inhibitor of EC sprouting and cell division, as 

well as a factor for lymphatic fate determination, during secondary sprouting. 

Additionally, Vash1 is necessary for venous vessel diameter regulation, as well as for the de-

velopment of the intestinal vascular system. I conclude that Vash1 is particularly important 

regulating behaviour and homeostasis in venous ECs and vessels.  
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 Figure taken from (Bastos Oliveira et al, 2021), with permission under CC BY 4.0. 
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Figure 4.11 Vash1 deficient embryos show underdeveloped intestinal vascular 
system.

A-C ISVs labeled with Fli-GFP of control (A) and vash1-KD embryos (B,C) at 4dpf. 
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with t-test (D) and Mann-Whitney test (E). *p<0.03, ****p<0.0001
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Chapter 5. DISCUSSION 
 
5.1 Summary of the findings 
 
In this thesis, I used temporal and spatial high-resolution live imaging combined with immu-

nofluorescence and gene expression analysis to investigate the role of MT dynamics in the 

development of the trunk vasculature of zebrafish embryos. By focusing on intracellular, cel-

lular and tissue-level I could deeply characterize and unravel cellular mechanisms behind 

sprouting angiogenesis and lymphangiogenesis.  

I discovered that endothelial MT are dynamic and short-lived during development of a new 

vessel, similarly to many other developing cells (Kleele et al., 2014a). Just one day later, en-

dothelial MT growth speed drops to a third and exhibit more detyrosination, indicating MTs in 

these cells are long-lived. Since MT respond to lack of flow by increasing their speed, I pro-

pose blow flow as a stimulus inducing the stabilization of the MT. Additionally, I detected a 

higher density of dynamic MTs in the cell front in all cells except in arterial cells. This asym-

metry is observed in other migratory cell types (Garcin & Straube, 2019).   

By reducing MT dynamics and inhibiting MT formation de novo, I demonstrate that dynamic 

MTs are necessary for sprouting angiogenesis. Despite being able to migrate without dy-

namic MTs, developing ECs are not able to sustain their shape and divide, open lumen and 

fully develop into functional vessels. Surprisingly, mature vessels did not show any effect 

from losing their dynamic MT. These findings are in accordance with the observations from 

the clinic that MT targeting drugs are anti-angiogenic (Honore et al., 2005), and further un-

ravels the commonality between that tumor and physiological angiogenesis.  

Additionally, I found that tubulin is predominantly detyrosinated in ECs sprouting from the 

main vein of the zebrafish trunk. Using a KD approach, I demonstrate that the MT detyrosina-

tion is catalyzed by the carboxypeptidase Vasohibin-1, similarly as in mice and in vitro 

(Aillaud et al., 2017; Nieuwenhuis et al., 2017). Mechanistically, the role of Vash1 in this con-

text is to control the persistence and number of cell branches and proliferation in these 

sprouts. Altogether, loss of vash1 selectively leads to morphogenic defects in secondary 

sprouts, superfluous ISV-to-ISV connections, and impedes the lymphatic development. Fi-

nally, the underdevelopment of the intestinal vascular system suggests that overall venous 

sprouting from the PCV might be impaired. I propose in this thesis that Vash1 controlled en-

dothelial tubulin detyrosination supports differential endothelial specification through control-

ling cell division and branching to achieve venous and lymphatic vessels in the zebrafish 

trunk. 
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5.2 Cellular and intracellular microtubule dynamics in vessel formation and maturation 
in vivo 
 

5.2.1 Microtubules are highly dynamic during sprouting angiogenesis and stabilize with time 
 

All ECs studied, including quiescent ECs from mature vasculature, exhibited fast MTs grow-

ing from the MTOC, uncommon in differentiated cells (Muroyama & Lechler, 2017). The en-

dothelial MT growth speed in ECs of the zebrafish trunk is consistent with the order of magni-

tude reported in vitro in other cell types (Matov et al., 2010; Salaycik et al., 2005) as well as 

HUVECs (Braun et al., 2014; Lyle et al., 2012).  

The fact that MTs grow faster during sprouting than in perfused vessels suggests that fast, 

dynamic MTs could be important for angiogenesis, for example by sensing and/or steering of 

the migration process during sprouting, similarly to what has been reported for neuronal 

growth cones (Challacombe et al., 1997). It was previously published that endothelial MTs 

grow faster in protrusions in comparison with the rest of the cell body (Lyle et al., 2012), and 

since sprouting cells have more protrusions, this could explain the difference of MT growing 

speeds in the different developmental time points. However, since my analysis of the growth 

speed of forward (protrusion rich) in comparison backward (less protrusions) growing MTs 

did not catch any differences, this hypothesis is not supported by my data all together.  

Overall, there was a drop in MT growth speed as well as an increase of detyrosinated, stable 

MTs, with time. MT growth speed plunges to a third upon lumenisation and exposure to 

blood flow. I hypothesised that blood flow modulates and stabilises MT growth rate. Interest-

ingly, dynamic MTs in vessels of different age responded differently to blood flow depletion, 

suggesting there are mechanical, behavioural and possibly metabolic differences between 

the ECs in these conditions. Nascent vessels are 12 hours old and mature vessels are 4 

days old. Only nascent vessel endothelial MTs increased their growth speed to a value 

equivalent to when the vessel was sprouting. Therefore, it could be that ECs from nascent 

vessels have not yet fully entered their process of quiescence, facilitated by continuous flow 

(Baeyens et al., 2016; Mullen et al., 2013; Schlereth et al., 2018). In fact, the ECs from the 

nascent vessels will still engage in arterial/venous specification and are therefore more active 

than the ECs from mature vessels. It is possible that these ECs retain the potential to easily 

get triggered and sprout if the right cues would occur. However, if blood flow would be a true 

modulator of MT growth speed, MTs from vessels that experience high blood flow, such as 

arterial MTs, would grow at slower speeds. However, such differences were not observed in 

this study.  
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5.2.2 Microtubule density is always higher in the cell front – except in arterial cells 
 

Most analysed ECs – such as venous and sprouting ECs - show an increased MT density in 

the cell front. This is in agreement with previous findings in other motile cells such as fibro-

blasts and neurons (Kaverina & Straube, 2011). Interestingly, most literature reporting 

such asymmetric nucleation of MTs identifies non-centrosomal MTs as mechanism to 

achieve such asymmetry (Efimov et al., 2007). This has also been reported in HUVECs 

(Martin et al., 2018). Since I strictly analysed MTs nucleated from the single MTOC of ECs, 

likely the centrosome, I show that centrosomal MTs alone are able to establish a MT density 

polarity in ECs. There are two possible explanations on how this could be achieved. On one 

hand, a signal could be relayed to the MTOC leading to a directed nucleation of MTs, per-

haps where most MTs are needed. On the other hand, signals in the periphery of the cell 

(front or rear) could affect the distribution of MTs directly. This could be achieved by capping 

MT ends against depolymerisation by specific MAPs present in the cell front or the polarised 

distribution of destabilizing MAPs in the cell rear collapse of most rear MTs. In fact, stathmin, 

a severing MAP, has been shown to be active at the cell rear of amphibian migratory cell line 

(Niethammer et al., 2004), suggesting a stathmin gradient as a mechanism that drives MT 

asymmetry in these cells. It would be interesting to investigate the intracellular distribution of 

active stathmin in sprouting EC.  

 

In arterial ECs, the MT densities were slightly polarised towards the putative rear of the EC. 

There are a few different possibilities to explain these results: 

I. The context of the zebrafish trunk. MT density is polarised towards the dorsal side of 

all ISV ECs tested. I hypothesize that angiogenic cues (such as VEGF) could be sent 

from the dorsal side of the zebrafish embryo at all time points tested. This would be 

consistent with evidence that dynamic MTs respond to VEGF in vitro (Cao et al., 

2017). Furthermore, there is evidence that VEGF can drive cell polarization even in 

cells exposed to flow upon regenerative response in the mouse aorta (McDonald et 

al., 2018). To test this hypothesis, I measured the MT density of ECs in vessels 

aligned in the anterial-posterial axis, such as DA and PCV. If the VEGF cues are sent 

from the dorsal area of the zebrafish embryo, and are able to increase the MT density 

in their direction, ECs in DA and PCV would exhibit a higher MT density towards dor-

sal direction. Endothelial MTs in DA and PCV do not polarize dorsally, but rather in 

the anterior direction (not shown). Therefore, I can reject the hypothesis of VEGF 

driving MT density towards the dorsal side. Interestingly, arterial MTs exhibited the 

same characteristics as observed in the aISVs: centrosomal MTs assembled prefer-

entially in the cell rear, showing a consistency between arterial ECs in different loca-

tions.  
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II. The assumption that the MTOC is always polarised towards cell front is not true in ar-

terial ECs. The Golgi position is extensively used as a proxy for cell migration (G. W. 

G. L. and G. G. Gundersen, 2011; Mellor, 2004), including in HUVECs, mice (Franco 

et al., 2015) and zebrafish ISVs (Geudens et al., 2019; Kwon et al., 2016). In the 

mentioned publications, it was shown that the nucleus-to-Golgi vector in ECs was 

consistently pointing against the direction of blood flow, suggesting that ECs migrate 

against the flow. Even though the centrosome and the Golgi are normally in close 

contact (Tormanen et al., 2019), this has not been systematically studied in ECs. Fur-

thermore, some studies report centrosome positions in ECs of pig and rabbit thoracic 

aorta and vena cava  that are not consistent with the cell polarisation against the flow 

(Kiosses & Kalnins, 1993). This led me to question and test my initial assumption that 

the MTOCs are positioned in the migration front in all ECs in zebrafish. Having tested 

that, I observed that the MTOC is mostly located in the cell front in arterial and ve-

nous ECs. This means most tested mature ECs in ISVs are polarised against the 

flow, in respect to the MTOC position, which indicates the original assumption was 

correct. MT numbers of arterial ECs are in fact polarised towards the cell compart-

ment that does not contain the MTOC, in the cell rear.  

III. Arterial EC-specific intrinsic or extrinsic properties. Arterial ECs are the least migra-

tory cells of all tested ECs. Therefore, arterial ECs might not need a higher density in 

the front compartment. Arterial ECs exhibit a characteristic transcriptional signature 

such as Notch signalling, exposure to high shear-stress and higher pericyte/smooth 

muscle coverage. It is possible that the arterial ECs express specific tubulin isotypes, 

MAPs and enzymes which modulate PTMs. This could potentially modulate MT dy-

namics differently from the other more migratory cell types. 

Arterial ECs are the most polarised ECs in the mouse retina (Franco et al., 2015), due to 

their exposure to high blood flow. The fact that their dynamic MTs are polarised in the oppo-

site direction of the MTOC is fascinating and deserves further attention. Given the abun-

dance of evidence for intracellularly polarised MAPs, modulating the distribution of dynamic 

MTs (Akhmanova et al., 2001; Niethammer et al., 2004), I believe that my last hypothesis is 

the most likely. It would be interesting to analyse the expression of MAPs on arteries and 

compare it with other cell types. However, ultimately the intracellular distribution would have 

to be assessed by labelling of the MAP or by other techniques that allow for detected of 

phosphorylated forms of MAPs, such as Forster resonance energy transfer (FRET).  
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5.2.3 Dynamic microtubules are necessary for sprouting angiogenesis but not for vessel 
maturation: context from the clinic 
 

The MT dynamic-depleted ECs migrated slower than their controls, but mostly reached their 

end position. This result leads me to conclude that MTs contribute to, but are not essential 

for EC migration. In a study where filopodia formation was inhibited during ISV sprouting, EC 

migration was reduced to a similar extend (Phng et al., 2015), suggesting potentially similar 

mechanisms. Actin polymerises in ECs to make filopodia, extending the cell membrane to-

wards many directions of cell migration (Lamalice et al., 2007). Nocodazole-treated ECs had 

in fact higher numbers of filopodia than controls (not quantified), therefore the migration 

speed decrease cannot be explained by a lack of filopodia. Together, I hypothesize that dy-

namic MTs visiting filopodia facilitate EC migration by stabilizing specific protrusions in the 

direction of migration, as in growth cone migration (Schaefer et al., 2002). So, in the case of 

absence of filopodia, as well as dynamic MTs, cells will miss this mechanism for faster guid-

ance and stabilisation of the main protrusions in the cell migration direction. 

The most impressive result of the nocodazole experiments is the deterioration of the ISV 

elongated shape upon decrease of dynamic MTs. Since MTs may play a mechanical role 

controlling cell shape in soft 3D surroundings (Bouchet & Akhmanova, 2017; Martins & 

Kolega, 2012). This leads me to believe dynamic MTs are required to sustain the correct cell 

shape and maintain the tension from the centre (MTOC) to the EC cortex, in the periphery of 

the EC. The observed diameter irregularity is likely a consequence of lack of MT dynamics 

exerting tension on the cell cortex to spread its area. ECs do not sustain their elongated 

shape and ultimately, retract. Since there are hardly any newly formed MTs in these cells, I 

can say that the shape of sprouting ECs is mainly sustained by dynamic MTs.   

Sprouting ECs proliferate (Costa et al., 2016). The question whether cell proliferation is nec-

essary for angiogenesis has been controversial in the angiogenesis field. Many reports show 

that cell proliferation is not necessary for angiogenesis to occur (Sholley et al., 1984; Ubezio 

et al., 2016), some others suggest that it is (Costa et al., 2016; Schoors et al., 2015). Since 

nocodazole-treated ECs are not able to proliferate and even exhibit persistent cell rounding, 

a hallmark of mitosis and cell-arrest (Cadart et al., 2014), I hypothesized that cell proliferation 

is necessary for correct angiogenesis and obtaining the correct ISV shape and even for cell 

migration. Upon cell proliferation inhibition, I found that this alone does not explain the lower 

ISV migration speed nor their diameter irregularity. The sprouts could indeed form pre-ISVs 

and DLAV, although I did not observe lumen formation in these vessels. Therefore, I could 

conclude that cell proliferation is independent of cell migration, elongation and anastomosis 

and that vessels are able to form to some extent with a limited number of ECs. 

Together, these results lead me to conclude that the exploratory behaviour of dynamic MTs 

in the periphery of the cell act first as guidance sensors, facilitating migration, as a cell prolif-

eration enablers and finally as keepers of cell shape. 
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Dynamic MTs are not necessary for vessel maintenance and function during the time tested. 

In fact, it was published before that mature vessels are functional without MT cytoskeleton 

altogether (Phng et al., 2015). This suggests that once lumenised and under shear stress, 

vessels do not require this cytoskeleton nor their dynamics to be functional, even though 

some of these ECs change shape (not shown). These results are in accordance with clinical 

observations in which MT-targeting drugs induce the collapse of tumour associated sprouting 

vessels, but not  the vascular system of the patients (Čermák et al., 2020; Schwartz, 2009). I 

observed that dynamic MTs in vessels react to nocodazole by decreasing their growth rate 

and growing numbers. However, the vessels kept intact. This gives me a hint to interpret that 

the mature vasculature of the patients keep their structure not because they are insensitive 

to MT-targeting drugs, but rather because MT dynamics are dispensable. In this thesis, I 

show that nascent, newly formed vessels of zebrafish are stable and immutable to the de-

crease of MT dynamics, comparable to mature vasculature in the zebrafish. In contrast, tu-

mour-associated newly formed vessels collapse under MT-targeting drugs treatment. I hy-

pothesized the difference may lie in differences between healthy and tumour-associated vas-

culature. While physiological vessels are organised and perfused, tumour-associated nas-

cent vessels are poorly organised and exhibit an heterogenous blood flow (Baluk et al., 

2005). Besides, endothelial junctions are often disrupted in tumour-associated vasculature, 

leading to enhanced permeability (Hashizume et al., 2000). I observed that blood flow affects 

MT dynamics in early stages of vessel stabilisation. Altogether, I hypothesize the lack of ho-

mogenous blood flow in tumour-associated vasculature might drive a compensatory mecha-

nism of MT dynamics dependency in order to sustain the shape of the vessel in an irregular-

flow context.  

 

5.2.4 Secondary sprout microtubules are strongly detyrosinated: marker of stability? 
 

During arterial sprouting, endothelial MTs exhibit low to no detyrosination, increasing in late 

sprouting stage and when vessels are formed. This in accordance with the theory that long-

lived MTs are stable and accumulate PTMs such as detyrosination, with time (Magiera & 

Janke, 2013; Peris et al., 2009; Schulze et al., 1987). In contrast, MTs of venous secondary 

sprouts exhibit a specifically high degree of detyrosination, standing out among neighbouring 

vessels. A high level of detyrosination in migration direction has also been observed in other 

migrating cells (G. G. Gundersen & Bulinski, 1988), normally interpreted as stable MTs. 

Since ECs from secondary sprouts are highly active migrating and proliferating, with an ob-

served high MT turnover, I hypothesize that it is unlikely that these MTs lived long enough to 

accumulate the high amounts dTyr tubulin. I rather hypothesize a specific increase of this 

PTM, with a specific function of detyrosination in this context.  



 121 

Interestingly, authors from a previous publication investigated MT detyrosination in a sprout-

ing co-culture and HUVEC monolayer, and observed dTyr MTs only in the sprouting context 

(Hetheridge et al., 2012). HUVECs are of venous origin, as well as the secondary sprouts in 

zebrafish. Altogether, I hypothesize that particularly venous MTs exhibit detyrosination, with 

potentially a specific role. The fact that HUVEC monolayers barely exhibited dTyr MTs 

(Hetheridge et al., 2012) contrasts with my findings that MTs from mature ECs are detyro-

sinated. This disparity could be explained by the different models used. Even though it has 

been suggested that an in vitro monolayer of ECs is equivalent to a stable sheet of aligned 

ECs in a vessel in vivo (McCue et al., 2006), many factors are missing from this model, such 

as blood flow and the EC microenvironment. As I have evidence supporting blood flow as a 

possible modulator of MT growth dynamics, this could be an important factor to induce MT 

detyrosination, absent in the in vitro models of this publication.   

Since MT growth rate drops at a similar time point that MT detyrosination increases, I won-

dered if MTs are detyrosinated while growing, leading to the decrease of growth speed upon 

detyrosination. Surprisingly, it was never tested (or published) whether growth and shrinking 

dynamic properties are influenced by tubulin detyrosination. It would be extremely interesting 

to assess this in vitro. The fact that secondary sprouts, and not primary sprouts, are highly 

detyrosinated, provided an interesting test case for this hypothesis. The MT growth rate of 

primary and secondary sprouts were comparable. Therefore, the strong MT detyrosination 

did not lead to the decrease of growing speed in secondary sprouts. Most likely, the detected 

deTyr MTs are a different MT population from the EB3-labelled dynamic MTs.  

 

5.3 Vasohibin-1 detyrosinates microtubules and is necessary for lymphatic 
development in vivo 
 
5.3.1 The molecular mechanism: Vash1 detyrosinates endothelial microtubules  
 
There is a high expression level of vash1 in the endothelium in comparison with all other 

cells during both sprouting wave development stages. This is in accordance with the litera-

ture that shows vash1 is highly expressed in angiogenic vessels, healthy or tumour associ-

ated, in vitro and in vivo (Watanabe et al., 2004) as well as in arteries (Shibuya et al., 2006). 

The expression seems to come from the aorta and perivascular space exclusively during 

both sprouting wave developmental times, and it stops at 48 hpf. Previous research showed 

that despite induction by VEGF, vash1 is mostly expressed in quiescent endothelium, adja-

cent to the sprouting front (Kimura et al., 2009), potentially to control the amount of sprouting 

cells. This could explain the expression in the DA. It  has been shown that HUVECs secrete 

VASH1 upon VEGF stimulation, being potentially uptaken via a not yet identified receptor 

(Watanabe et al., 2004). It could be that cells in the perivascular space of the zebrafish trunk 

express vash1, and potentially secrete Vash1.  
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Upon effective vash1 KD, it is possible to detect a decrease of the detyrosination signal not 

only in the ECs but everywhere in the embryo. This suggests Vash1 detyrosinates not only 

endothelial MTs but also MTs of many other cell types, such as neurons as previously sug-

gested (Aillaud et al., 2017). Here, I observed detyrosinated motorneurons, cilia and MTOCs 

in the zebrafish vash1 morphants, which are likely not detyrosinated by Vash1, since this 

protein is efficiently depleted with the MO. This would likely be explained by Vash2 function 

or a further unidentified carboxypeptidase (Aillaud et al., 2017; Nieuwenhuis et al., 2017). 

 

5.3.2 The cellular mechanism: detyrosinated microtubules control cell division in secondary 
sprouts 
 
Secondary sprouts are selectively detyrosinated, and also particularly affected by Vash1 de-

pletion. Vash1-deficient secondary sprouts are morphologically different, as well as behave 

differently from the controls, revealing a selective role in these cells. Besides comprising 

more cells and increased cell divisions, it seems like the secondary sprouts are more inva-

sive and aggressive towards connecting to multiple ISVs. And although many of them re-

solve, not all do (not shown). This potentially leads to superfluous vascular connections later 

in development. Therefore, Vash1 and MT detyrosination have a role in the stabilization and 

quiescence of venous ECs, controlling cell division in sprouting angiogenesis.  

Since ECs from Vash1 depleted secondary sprouts divide 1,8 times more than in control, I 

hypothesize that cell division is not properly regulated in these cells. The fact that the 3-way 

connections take longer to resolve in vash1 KD embryos could be a result of more cells pop-

ulating the venous branch of the 3-way connection.  

Secondary sprouting is triggered by VEGF-C and activation of VEFGR3 in a subpopulation of 

ECs in the PCV (Bussmann et al., 2010; Hogan, Herpers, et al., 2009) resulting in an in-

crease in prox1a expression prior to starting a cell division (Koltowska et al., 2015). The cell 

division leads to asymmetric identity acquisition by the daughter cells, as one cell remains in 

the PCV and one daughter cell sprouts from the PCV towards the ISV (Koltowska et al., 

2015). I observe an increase of sprouting ECs and persistent branches in secondary sprouts 

of vash1 morphants, which can be due to a disturbance in the cell division leading to the 

sprouting of both daughter cells instead of just one. MT detyrosination was shown to be nec-

essary for spindle formation (Liao et al., 2019). Since there are numerous examples of acqui-

sition of different fates and/or behaviours by daughter cells after a cell division in develop-

mental context (Boone & Doe, 2008; G. et al., 2016; Yu et al., 2006), including of the lym-

phatic precursors in the PCV (Koltowska et al., 2015), I hypothesize that a lack of dTyr MTs 

interferes with the asymmetric cell division. This leads both daughter ECs to activate and mi-

grate through the same sprout.  
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5.3.3 The consequences: affected lymphatic development in the vash1 knockdown zebrafish 
trunk 
 

I found that more cells sprout in vash1 KD embryos, so I would have expected more PLs and 

perhaps a bigger or hypersprouted thoracic duct. However, in vash1 KD embryos, the TD 

was reduced by a factor 4 compared to the control situation, likely due to the decrease in PLs 

in vash1 morphant embryos. Vegf-c/Vegfr3 signaling and Prox1 contribute to sprouting and 

fate of mammalian lymphatic lineage (Wigle & Oliver, 1999). In zebrafish, Vegfr3 activates 

prox1a expression in a EC precursor in the PCV. The prox1 expression precedes a cell divi-

sion in a precursor cell in the PCV and the sprouting of one of the daughter cells. In this 

case, the daughter cell with higher prox1a expression sprouts, suggesting an asymmetric cell 

division in regards to this factor. Additionally, sprouting cells with high amounts of Prox1 fac-

tor develop into PLs in the zebrafish trunk (Koltowska et al., 2015). Interestingly, mutant em-

bryos of a lymphangiogenesis factor Nova2 exhibit super-numerous PLs that fail to differenti-

ate into TD, due to a premature increase of Vegfr3 and Prox1 (Baek et al., 2019). This sug-

gests that the disturbance of Vegfc/Vegfr-3 signalling and consequent disturbance of prox1a 

expression levels could affect the differentiation of vascular ECs into LECs. Similarly, the 

loss-of-function of the arterial-specific Notch ligand Dll4 in mouse (Benedito et al., 2008) and 

zebrafish (Siekmann & Lawson, 2007) leads to an increase of VEGFR-2 and -3 in arterial 

aortic ECs, and a failure to differentiate into functional arterial ECs. Therefore, an increased 

Vegfr-3 and homogenous distribution of Prox1 in daughter cells could explain the increase of 

sprouting EC number. In this theory, none of the daughter cells would have high enough 

Prox1 factor to differentiate into LECs. Therefore, it would be extremely interesting to assess 

the prox1a expression by immunostaining in the PCV in vash1 morphants. 

Although there is evidence that Vash1 is not expressed in lymphatic vasculature in vivo 

(Hosaka et al., 2009), a report shows the importance of VASH1 for lymphangiogenesis in the 

mouse cornea (Heishi et al., 2010). This supports the possibility of Vash1 having a specific 

role in the formation of lymphatic vasculature due to cellular and molecular disturbances in 

the activation, proliferation and differentiation of vascular ECs into LECs not only in the 

zebrafish, but across species.  

The SIVP is formed from the venous PCV (Goi & Childs, 2016). I found that this vasculature 

is underdeveloped in vash1 morphant embryos. It therefore seems that Vash1 plays a role in 

the formation of this vascular system to a variable degree, possibly related to the efficiency of 

MO expressivity. The fact that in vash1 KD embryos primary sprouting, which derives from 

an artery, is not affected but secondary sprouting is, as well as the SIVP underdevelopment 

– which also sprouts from a vein – might be an indication that venous sprouting overall is af-

fected by the lack of Vash1.  
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     Figure taken from (Bastos Oliveira et al, 2021), with permission under CC BY 4.0. 
 
5.4 Conclusions 
 
I conclude that there are dynamic and detyrosinated MT in the zebrafish endothelium, and 

they have specific functions in different developmental stages. Particularly, MT are more dy-

namic in the context of angiogenesis in comparison when the cells are quiescent. MT growth 

speed and trajectory behaviour is homogenous cellularly. On the other hand, their assembly 

shows a preference typically towards the direction of cell migration. Arterial MTs are the ex-

ception, by exhibiting a different preference towards the rear. The role of dynamic MTs 

seems to be specific to angiogenesis, and related to cell migration and elongation, as well as 

proliferation. 

MT detyrosination seems to accumulate in long lived MTs in quiescent ECs of mature ves-

sels. These MTs are potentially stable and long-lived. Additionally, MT detyrosination occurs 

specifically and strongly in EC that sprout from the PCV, in a secondary wave of sprouting 

angiogenesis. My work identifies the Vash1 enzyme, and consequent MT detyrosination, as 

controllers of cell division and branching, with a role in secondary sprouting and lymphatic 

cell specification and formation. I propose that Vash1 maintains a balance of the number of 

sprouting ECs from the cardinal veins, via MT detyrosination.     
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Figure 5 Vash1 detyrosinates endothelial microtubules and enables controlled secondary 
sprouting and lymphangiogenesis.  
 
A-C In WT conditions, Vash1 removes the tyrosine (A) of endothelial microtubules in sec-
ondary sprouts (B). Secondary sprouting occurs normally, leading to the formation of para-
chordal lymphangioblasts and thoracic duct (C). D-E In vash1 loss-of-function, microtubules 
of secondaru sprouts are not detyrosinated by vash1 (D,E). Secondary sprouting occurs with 
anomalies such as higher proliferation rates and more stabilised protrusions reaching sev-
eral ISVs. Less parachordal lymphangioblasts and thoracic duct sections form (F).  
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