http://researchspace.auckland.ac.nz
ResearchSpace@Auckland
Copyright Statement
The digital copy of this thesis is protected by the Copyright Act 1994 (New
Zealand).
This thesis may be consulted by you, provided you comply with the provisions of
the Act and the following conditions of use:
•
•
•

Any use you make of these documents or images must be for research or
private study purposes only, and you may not make them available to any
other person.
Authors control the copyright of their thesis. You will recognise the
author's right to be identified as the author of this thesis, and due
acknowledgement will be made to the author where appropriate.
You will obtain the author's permission before publishing any material from
their thesis.

To request permissions please use the Feedback form on our webpage.
http://researchspace.auckland.ac.nz/feedback
General copyright and disclaimer
In addition to the above conditions, authors give their consent for the digital copy
of their work to be used subject to the conditions specified on the Library Thesis
Consent Form and Deposit Licence.

	
  
	
  
	
  
	
  
Utilising zebrafish as a model to
investigate lymphangiogenesis and its
contributions to disease

Kazuhide Shaun Okuda

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of
Philosophy in Molecular Medicine, The University of Auckland, May 2014.

Abstract
Lymphatic vessels play an important role in the regulation of tissue fluid homeostasis,
immune surveillance and dietary fat absorption. In addition, aberrant lymphatic development
is associated with tumour metastasis and forms of chronic inflammation such as
inflammatory bowel disease (IBD). Zebrafish are increasingly gaining importance in
lymphatic research as they allow real-time visualisation of lymphatic vessel development
(lymphangiogenesis). The aim of this work was to investigate the mechanisms of
developmental and disease-associated lymphangiogenesis using novel zebrafish lymphatic
reporter lines that utilised the promoter of lyve1, a gene previously shown to be expressed in
zebrafish lymphatic vessels. Using these lymphatic reporters, a map describing lymphatic
development in zebrafish up to 15 days post-fertilisation was established. This led to the
discovery of three previously uncharacterised lymphatic networks in zebrafish: the facial
lymphatics, the lateral lymphatics, and the intestinal lymphatics. Detailed characterisation of
facial lymphatic development revealed that this lymphatic network develops using a novel
mechanism, which involves vessel growth through a single vascular sprout followed by
recruitment of lymphangioblasts that are derived from different veins. Using the lyve1
transgenic lines, a newly isolated oedematous mutant F186, was demonstrated to lack all
lymphatic vessels. Subsequently, the causative mutation was shown to be a new mutant allele
of ccbe1, a gene previously shown to be essential for lymphangiogenesis. The newly
characterised intestinal lymphatic network was analysed to reveal that colitogenic challenge
induces IBD-associated lymphangiogenesis in the zebrafish intestine. This shows for the first
time that zebrafish can be used as a model for disease-associated inflammatory
lymphangiogenesis. Zebrafish macrophages, neutrophils, and intestinal epithelial cells were
shown to express vegfaa, vegfc, and vegfd. Finally, it was shown that Mycobacterium
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marinum-induced granulomas in larval zebrafish, an established model for tuberculosis,
induce ectopic lymphatic vessels to form from the existing trunk lymphatic vasculature. This
is the first description of lymphangiogenesis associated with tuberculous granulomas and
suggests that the lymphatic vasculature may be involved in the progression of tuberculosis. In
conclusion, the data and the tools generated in this study have expanded the zebrafish
lymphatic field and have contributed in revealing novel aspects of developmental, and
disease-associated lymphangiogenesis.
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Chapter 1 Introduction
1.1. The lymphatic vasculature
The lymphatic vasculature has three important physiological functions. Firstly, it regulates
tissue fluid homeostasis by absorbing the fluid and macromolecules that have leaked from the
arterial capillaries into the interstitial space, and subsequently returning them to the venous
circulation (Tammela & Alitalo, 2010). Secondly, the lymphatic vasculature contributes to
immune surveillance by serving as a route for immune cells to travel to the lymph nodes.
Finally, dietary fat and fat-soluble vitamins are absorbed through specific lymphatic
capillaries (lacteals) in the small intestine. Aberrant lymphatic growth plays an important role
in a number of pathological conditions including cancer metastasis and chronic inflammation
(Alitalo, 2011). In addition, the impaired function or abnormal development of lymphatic
vessels is associated with lymphoedema and obesity. Despite involvement in a range of
pathological conditions, lymphangiogenesis has not been as thoroughly investigated as the
development of blood vessels. Furthering our understanding of the molecular mechanisms
involved in developmental and pathological lymphangiogenesis has strong potential to lead to
the identification of novel targets for the therapy of lymphatic disorders.
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1.1.1. Brief history of lymphatic vasculature research
Lymphatic vessels were first described by Hippocrates in 400 B.C as vessels bearing “white
blood” (Loukas et al., 2011). Aristotle described these as vessels situated between blood
vessels and nerves and noted that they contained colourless fluid. Due to their thin walls and
colourless content, lymphatic vessels were difficult to study compared with arteries and
veins. More attention was given to the lymphatic vasculature after the 17th century and many
of its functions were gradually elucidated. The mesenteric lymphatic vessels were first
documented in 1627 by Gasparo Asellius who described them as lipid-filled “milky veins” in
the mesenterium of a “well-fed” dog. He also hypothesised that the content of the mesenteric
lymphatic vessels flows directly to the liver. This was later shown to be incorrect by Jean
Pecquet who characterised the thoracic duct (TD) and the cisterna chyli in 1651. He showed
that the lacteal capillaries empty their contents into the cisterna chyli which is located at the
lower end of the TD and that the TD is connected to the blood vasculature via the subclavian
vein. In 1653, Olaus Rudbeck and Thomas Bartholin independently described the wide
distribution of lymphatic vessels throughout the body. They also showed the functional
importance of lymphatic vessels by observing ascites and oedema resulting from lymphatic
vessel occlusion. To explain this, William Hunter, William Hewson and William Cruikshank,
in their publications between 1740 to 1787, proposed that the lymphatic vessels are
“absorbents” as they absorb liquid waste around the body and return it to the venous
vasculature. They also observed small particles in the lymph, which were later shown to be
lymphocytes. By the end of the eighteenth century, the anatomical locations of major
lymphatic vessels had been identified and atlases of the human lymphatic system were
published by William Cruikshank in 1786 and Paolo Mascagni in 1787. The discovery of the
first lymphatic marker, vascular endothelial growth factor receptor 3/fms-related tyrosine
kinase 4 (VEGFR-3/FLT4), in 1995 by Kaipainen and colleagues enabled proper molecular
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differentiation of lymphatic vessels from blood vessels for the first time (Kaipainen et al.,
1995). This was followed by the discovery of further lymphatic markers such as lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE1) (Banerji et al., 1999), prospero homeobox
1 (PROX1) (Wigle & Oliver, 1999), and podoplanin (PDPN) (Breiteneder-Geleff et al.,
1999). Since then, rapid progress has been made in discovering lymphatic modulators, further
elucidating the molecular mechanisms involved in lymphatic development.

1.1.2. Function and anatomy of the lymphatic vasculature
It is important for large multicellular organisms such as humans to have a functional blood
vasculature to distribute oxygen, macromolecules, and nutrients to, as well as removing
carbon dioxide and other metabolic waste products from tissues and organs (Alitalo et al.,
2005). When the plasma constituents filter from the arterial side of the capillary bed into the
interstitial space, the venous side of the capillary bed takes up approximately 90% of the
extravasated water (Foldi & Strossenreuther, 2004). However, the remaining 10% remains in
the interstitial space. The main function of the lymphatic vasculature is to take up this excess
interstitial fluid and return it back into the blood-flow to prevent fluid build up in tissues
throughout the body. Initially, the interstitial fluid flows into the lymphatic capillaries, which
are blind-ended, thin-walled, have little or no basement membrane, and are not ensheathed by
pericytes or smooth muscle cells (Leak & Burke, 1968). The lymphatic capillaries are
comprised of a monolayer of oak leaf-shaped lymphatic endothelial cells (LECs), which are
connected by discontinuous or button-like junctions (Baluk et al., 2007; Dejana et al., 2009).
This junction arrangement causes the formation of gaps (also referred to as flap valves),
which increase the permeability of lymphatic capillary walls (Butler et al., 2009; Dejana et
al., 2009). This unique junction arrangement assists entry of interstitial fluid and leukocytes
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into lymphatic capillaries (Schulte-Merker et al., 2011). The capillary LECs are connected to
the extracellular matrix (ECM) by fibrillin-containing anchoring filaments, which prevent the
lymphatic capillaries from collapsing during periods of high interstitial pressure (Leak &
Burke, 1968; Gerli et al., 2000). Because the anchoring filaments are attached to the collagen
fibres, the lymphatic capillaries become taut under conditions of high interstitial pressure or
tissue swelling. This causes the lymphatic vessel lumen to widen and the flap valves to open,
which leads to decreased intraluminal pressure, and increased uptake of tissue fluid (Leak &
Burke, 1966; Rossi et al., 2007).

Lymph moves from the lymphatic capillaries first to the pre-collecting and the collecting
lymphatic vessels. The pre-collecting lymphatic vessels have oak leaf shaped LECs, a
characteristic shared with lymphatic capillaries, and both valves and mural cells,
characteristics shared with collecting lymphatic vessels (Sacchi et al., 1997). Collecting
lymphatic vessels are covered with a basement membrane and consist of elongated LECs
connected by continuous zipper-like junctions. These features prevent lymph leakage through
the vessel walls (Baluk et al., 2007). Lymph backflow is prevented in the collecting
lymphatic vessels by intraluminal bileaflet valves (lymphatic valves) anchored to the ECM
(Lauweryns & Boussauw, 1973). Lymphatic valves open when there is a high lymph pressure
upstream of the valve to facilitate the flow of lymph, while reverse flow pushes the leaflets
against each other closing the valve and preventing the backflow of lymph. Lymph is
propelled through collecting lymphatic vessels by intrinsic contractility, provided by the
mural cells, and extrinsic contractility, from the surrounding skeletal muscles and peripheral
arteries (Muthuchamy & Zawieja, 2008; Zawieja, 2009). Finally, lymph moves into the TD
or into the right lymphatic trunk, which then drain into the left or right subclavian veins,
respectively (Choi et al., 2012).
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The lymphatic vasculature is also a critical component of the mammalian immune system.
Extravasated leukocytes, activated antigen-presenting cells, and soluble antigens use the
lymphatic network to travel from peripheral tissues to the regional lymph nodes, which are
distributed along the collecting lymphatic vessels (Tammela & Alitalo, 2010). Here, antigenpresenting cells enter the lymph node through the afferent lymphatic vessel and interact with
native lymphocytes to activate the adaptive immune response (Drayton et al., 2006).

Another function of the lymphatic vasculature is to absorb dietary lipids and fat soluble
vitamins through the lacteal capillaries located in the villi of the small intestine (Alexander et
al., 2010b). Dietary lipids are reorganised into water-soluble particles called chylomicrons in
the enterocytes before being absorbed by the lacteal capillaries (Tso & Balint, 1986). The
contents of the lacteal capillaries are then transported to the blood stream via the cisterna
chyli and the TD. Gastrointestinal lymphatic vessels are particularly important in immune
surveillance and tolerance in humans due to the immense gastrointestinal absorptive surface
area (>200m2) and the large bacterial population (approximately 1014 bacteria) (Alexander et
al., 2010b).

1.1.3. Origin of lymphatic vessels
The origin of LECs has been controversial and there are two opposing models proposed by
Florence Sabin and Huntington and McClure. Using dye injection methods in fetal pigs,
Florence Sabin proposed that the lymphatic vessels develop from primary lymph sacs which
bud from the venous endothelium (Sabin, 1902). These primary lymph sacs sprout to form
the peripheral lymphatic capillaries that surround tissues and organs. In contrast, Huntington

5

and McClure, using serial sections of cat embryos, proposed that primary lymph sacs
originate from mesenchymal progenitor cells, or lymphangioblasts, in a venous endotheliumindependent manner, and establish venous connections at a later stage of development
(Huntington & McClure, 1910; Maby-El Hajjami & Petrova, 2008). Currently, the
developmental model proposed by Sabin is more widely accepted and is supported by genetic
experiments. Wigle and colleagues showed the expression of the transcription factor Prox1, a
lymphatic vessel marker and master regulator, in a restricted subpopulation of venous
endothelial cells (VECs) that give rise to the lymphatic system by budding and spouting
(Wigle & Oliver, 1999). Tamoxifen-induced Cre/LoxP-based lineage tracing of Prox1expressing VECs confirmed that this population of cells are the earliest LEC progenitors that
contribute to the development of lymph sacs and peripheral lymphatics (Srinivasan et al.,
2007). In vivo time-lapse imaging of zebrafish TD development also showed the venous
origin of the lymphatic vessels (Yaniv et al., 2006).

The dual origin of lymphatic vessels from both embryonic veins and mesenchymal progenitor
cells has also been proposed, essentially combining the two models. In addition to the veins,
prox1-positive mesodermal precursor cell-derived lymphangioblasts, which share a common
origin with angioblasts, contribute to lymphatic vessel formation in Xenopus laevis tadpoles
(Ny et al., 2005). Additionally, grafting experiments in quail and chick embryos showed that
superficial parts of the jugular lymph sacs and the dermal lymphatics arise from local
lymphangioblasts, while deep parts of the lymph sacs are derived from adjacent veins
(Wilting et al., 2006). In mice, scattered mesenchyme cells located in the regions of new
lymphatic growth were shown to co-express leukocyte (cluster of differentiation 45 and
F4/80) and lymphatic endothelial markers such as LYVE1 and PROX1 (Buttler et al., 2006;
Buttler et al., 2008). These cells, which have characteristics of LECs and macrophages,
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appear to integrate into the lymphatic vessels, implicating a dual origin of lymphatic vessels
in mice. However, runt-related transcription factor 1 (Runx1) mutant mice, which have
defective haematopoiesis, do not have defective lymph sac formation (Srinivasan et al.,
2007). Additionally, lineage tracing of Runx1 expression in mice failed to confirm a
contribution from haematopoietic cells to lymphatic endothelium. Furthermore, lineage
tracing myeloid cells expressing macrophage colony stimulating factor 1 receptor (CSF1R),
receptor of growth factor CSF1 required for monocyte differentiation (Lieschke et al., 1994),
or lysozyme M, an enzyme highly expressed in macrophages (Cross et al., 1988), revealed
that LEC progenitors arise independently of the monocyte cell lineage (Gordon et al., 2010).
This does not mean that haematopoietic cells do not play a role in developmental
lymphangiogenesis. In agreement, mice lacking macrophages due to a mutation in Csf1 or
inhibition of its receptor CSF1R have reduced lymphatic density in the postnatal trachea and
ears (Kubota et al., 2009). Additionally, increased accumulation of spleen tyrosine kinase
(Syk)-positive monocytes/macrophages that highly express pro-lymphangiogenic factors such
as VEGF-C and VEGF-D (described in detail in Section 1.1.5.1), in skin of Syk mutant mice
results in hyperplastic dermal lymphatic vessels (Bohmer et al., 2010). Furthermore, primary
embryonic macrophages were shown to elevate LEC proliferation of primary embryonic
LECs in vitro (Gordon et al., 2010). Macrophage-conditioned media does not promote LEC
proliferation in vitro, indicating that macrophage-mediated LEC proliferation requires cellcell contact. Interestingly, mice lacking PU.1, a transcription factor required for myeloid
lineage cell differentiation (Scott et al., 1994), and CSF1R were shown to have hypoplastic
jugular lymph sacs, but hyperplastic dermal lymphatic vessels (Gordon et al., 2010).
Accordingly, increased levels of expression, proteolytic processing, and activity of prolymphangiogenic factors such as VEGF-C, and VEGF-D in the dermal microenvironment,
were observed in these mice. The mechanisms behind the increased activity of pro-
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lymphangiogenic factors in response to macrophage depletion are not known. Based on these
conflicting roles of macrophages in developmental lymphangiogenesis, it is hypothesised that
macrophages contribute to developmental lymphangiogenesis in a non-cell autonomous
manner by promoting or restricting lymphangiogenesis in a tissue specific manner (Harvey &
Gordon, 2012). Further research is required to elucidate the full function of macrophages in
developmental lymphangiogenesis.

1.1.4. Establishment of lymphatic commitment
Development of lymphatic vessels commences after the establishment of blood circulation at
about embryonic weeks 6-7 in humans and embryonic day (E) 9.0 in mice (Tammela &
Alitalo, 2010). Recent progress in lymphatic research has revealed the molecular mechanisms
involved in the establishment of lymphatic commitment (Figure 1.1).

1.1.4.1. LYVE1 and PROX1
A subset of VECs expresses LYVE1 at around E9.5 in a polarised manner giving the first
indication of lymphatic endothelial competence (Banerji et al., 1999; Oliver, 2004). LYVE1
is proposed to be important for transport of hyaluronan (Banerji et al., 1999), a
glycosaminoglycan expressed in the ECM, and leukocyte migration across the lymphatic
vessel wall (Jackson, 2004). However, the function of LYVE1 in lymphatic vessel
development is largely unknown, as the lymphatic vessels of LYVE1 deficient mice do not
exhibit any abnormal lymphatic phenotype (Gale et al., 2007). At approximately the same
time, PROX1 expression is also observed in a polarised manner on the anterior cardinal vein
and is considered to be a marker of
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Figure 1.1: Genes required for mammalian lymphatic development
Schematic diagram showing major events in mammalian lymphatic development and lists of
proteins that mediate these events. The schematic diagram at the bottom left corner shows the
protein interaction involved in VEGF-C/VEGFR-3 pathway-mediated lymphatic sprouting
that occurs during mammalian lymphatic development. CV, cardinal vein; ECM,
extracellular matrix; LEC, lymphatic endothelial cell; LV, lymphatic valve; LVV,
lymphovenous valve; SMC, smooth muscle cell.
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lymphatic endothelial lineage commitment (Wigle & Oliver, 1999; Wigle et al., 2002).
PROX1 is an important transcription factor for lymphatic vessel development as PROX1
deficient mice lack lymph sacs and lymphatic vessels, despite having normal blood
vasculature development (Wigle & Oliver, 1999; Wigle et al., 2002). PROX1 overexpression
in human blood endothelial cells (BECs) suppresses the expression of several blood vascular
endothelium markers and up-regulates the expression of LEC markers such as PDPN and
VEGFR-3, suggesting a role of PROX1 as a master regulator of lymphatic differentiation
(Hong et al., 2002; Petrova et al., 2002).

1.1.4.2. SOX18
Prior to detectable expression of Prox1, transcription factor sex-determining region Y box 18
(Sox18) is expressed in a subset of cardinal vein endothelial cells at E9.0 (Francois et al.,
2008). SOX18 directly induces the expression of Prox1 by binding to the SOX18 binding site
in the Prox1 promoter. Consistent with this, overexpression of Sox18 causes the Prox1
expression in mouse embryonic stem cells to increase in vitro. Conversely, Sox18 mutant
mice completely lack Prox1 expression and develop oedema due to blockage of lymphatic
differentiation in the cardinal vein. SOX18 mutation in humans causes lymphatic dysfunction
in hypotrichosis-lymphoedema-telangiectasia syndrome (Irrthum et al., 2003). SOX7 and
SOX17 can functionally substitute SOX18 in vitro and in vivo in a mice strain-specific
manner (Hosking et al., 2009). A recent study has shown that up-regulation of mitogenactivated protein kinase/extracellular signal regulated kinase (MAPK/ERK) signalling
component RAF proto-oncogene serine/threonine-protein kinase (Raf1) through the inhibition
of phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway results in an abnormal
expression level of Sox18 in the veins and the dorsal aorta in mice (Deng et al., 2013). This
results in an overexpression of Prox1 in these vessels, leading to lymphangiectasia
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characterised by the pathological dilation of lymphatic vessels. In agreement, Noonan
syndrome, an autosomal dominant congenital disorder with lymphangiectasia symptoms, is
associated with gain-of-function mutation of RAF1 (Herzog et al., 1976; Ozturk et al., 2000;
Pandit et al., 2007; Razzaque et al., 2007). Hence, the specific activation of the
RAF1/MAPK/ERK pathway may be responsible for the activation of SOX18 expression in
the cardinal vein (Deng et al., 2013).

1.1.4.3. COUP-TFII
Interestingly, Prox1 expression is not induced in embryonic arteries that also express Sox18
(Pennisi et al., 2000). In addition, Sox18 expression is downregulated at around E14.5, while
Prox1 expression persists, indicating that SOX18 is not important for the maintenance of
LEC identity (Francois et al., 2008). This shows that SOX18 is not sufficient in inducing
lymphatic commitment, and there should be other genes, which are venous-specific, that
control and maintain Prox1 expression. In addition to being a master regulator of venous
endothelial fate by inhibiting Notch arterial fate signalling (You et al., 2005), the orphan
nuclear receptor chicken ovalbumin upstream promoter transcription factor II/nuclear
receptor subfamily 2, group F, member 2 (COUP-TFII/NR2F2) directly binds to a conserved
site in the regulatory region of PROX1 to initiate and maintain its expression (Lee et al.,
2009; Yamazaki et al., 2009; Srinivasan et al., 2010). In agreement, a recent study has shown
that COUP-TFII homodimer binds to the promoter regions of the Notch target genes
Hairy/enhancer-of-split related with YRPW motif protein 1 and 2 (HEY1/2) to repress them,
whereas the COUP-TFII/PROX1 heterodimer induces or is permissive for the expression of a
sub-group of LEC-specific genes (Aranguren et al., 2013). Conditional deletion of COUPTFII in mouse embryos results in impaired lymphatic development and lymph sacs are
reduced in size and drastically mispatterned (Srinivasan et al., 2010). Based on these
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findings, it is proposed that the cooperative activity of COUP-TFII and SOX18 is important
for the initial phase of Prox1 induction, while the interaction between COUP-TFII and
PROX1 is required for the maintenance of Prox1 expression in early differentiating LECs
(Srinivasan et al., 2010).

1.1.4.4. Notch
Due to the importance of COUP-TFII in lymphatic specification through the suppression of
Notch activity (Aranguren et al., 2013), it has been speculated that the Notch pathway may
also play a role in lymphatic development. In agreement, ectopic expression of the activated
Notch receptor in cultured LECs results in the downregulation of LEC markers PROX1,
COUP-TFII, and PDPN through HEY1 and HEY2 in vitro (Kang et al., 2010). Similarly,
Notch ligands jagged 1 and delta-like 4 (Dll4) repress PROX1, COUP-TFII and PDPN
expression in LECs through HEY1 and HEY2 in vitro. A recent study has also shown that
either loss of NOTCH1 or reduced Notch signalling in PROX1 positive endothelial cells at
E9.75 lead to an increased LEC progenitor number and significant lymphatic overgrowth
resulting in failed lymphovenous separation in mice (Murtomaki et al., 2013).
Overexpression of constitutively activated NOTCH1 in PROX1 positive endothelial cells at
E9.75 represses Prox1, Pdpn, Lyve1, Coup-TFII, Vegfr3, and Vegfr2 expression in venous
vessels and lymph sacs in mice. In contrast, the expression levels of PROX1, VEGFR3,
LYVE1, and SOX18 increase when NOTCH1-expressing human VECs are treated with Dll4
in vitro (Geudens et al., 2010). These conflicting results show that the Notch pathway may
promote or inhibit LEC specification depending on the developmental stage or tissues
investigated.
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1.1.4.5. Lymphatic miRNAs
MicroRNAs (miRNAs) miR-181a (Kazenwadel et al., 2010) and miR-31 (Pedrioli et al.,
2010) have been shown to be important for the regulation of Prox1 expression. miRNAs are
endogenous, non-protein-coding small RNAs that control the post-transcriptional regulation
of target genes by regulating mRNA translation or stability in the cytoplasm (Bartel, 2009).
miR-181a inhibits translation of Prox1 mRNA by binding to the 3' untranslated region that
promotes transcript degradation (Kazenwadel et al., 2010). When miR-181a is introduced in
primary embryonic LECs, levels of Prox1 mRNA and protein are substantially reduced and
the lymphatic endothelial cells are reprogrammed towards a blood vascular phenotype in
vitro. Conversely, inhibition of endogenous miR-181a using a miR-181a antagomir in
primary embryonic BECs results in an elevated Prox1 expression in vitro. miR-181a
expression is significantly higher in embryonic BECs when compared with LECs, indicating
the importance of miR-181a in silencing Prox1 expression in BECs. Similar to miR-181a,
miR-31 has been shown to induce Prox1 degradation when miR-31 is upregulated in LECs in
vitro (Pedrioli et al., 2010). In support, overexpression of miR-31 in Xenopus laevis and
zebrafish impairs venous sprouting and lymphatic vascular development. A recent study has
shown that bone morphogenetic protein 2 (BMP2), a member of transforming growth factor
beta (TGFβ) superfamily, downregulates the formation of PROX1 via miR-31 and miR-181a
(Dunworth et al., 2014). In agreement, bmp2a overexpression increases miR-31 and miR181a expression in zebrafish, which results in impaired zebrafish TD development.
Additionally, morpholino mediated-knockdown of miR-31 and miR-181a reduces the
lymphatic defects in bmp2b overexpressed zebrafish embryos. Furthermore, treatment of
BMP2 was shown to inhibit VEGF-C-induced LEC differentiation in mouse embryonic stem
cell-derived embryoid bodies in vitro.
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1.1.5. Lymphatic sprouting
Once lymphatic commitment is established, LECs bud off from the veins to form the primary
lymph sac (Schulte-Merker et al., 2011). The VEGF-C/VEGFR-3 pathway has been shown to
be essential for lymphatic sprouting (Figure 1.1).

1.1.5.1. VEGF-C/D and VEGFR-3
VEGFR-3 is crucial for the initial budding of LECs from the veins and is considered to be the
major driving force of lymphangiogenesis (Oliver & Srinivasan, 2008). In agreement,
mutations in VEGFR-3 are linked to Milroy’s disease, a form of primary lymphoedema
(Irrthum et al., 2000; Karkkainen et al., 2000; Karkkainen et al., 2001; Gordon et al., 2013b).
In addition, Vegfr3 mutant mice, or Chy mice display cutaneous lymphoedema (Karkkainen
et al., 2001) and Vegfr3+/- mice display impaired lymphatic sprouting (Hagerling et al., 2013).
VEGFR-3 is also highly expressed in BECs during early stages of development (Kaipainen et
al., 1995). Due to its early BEC expression, mutation of VEGFR-3 in mice causes
cardiovascular failure, which results in the embryonic death at around E10.5 before lymphatic
vasculature development (Dumont et al., 1998). However, its expression gradually becomes
restricted to LECs because its expression is downregulated in BECs, while it is upregulated in
LECs by PROX1 (Kaipainen et al., 1995; Petrova et al., 2002; Wigle et al., 2002). In addition
to PROX1, transcription factor TBX1 was shown to bind to a conserved T-box-binding
element in the Vegfr3 promoter to activate Vegfr3 expression (Chen et al., 2010). In
agreement, endothelial cell specific deletion of TBX1 in mice results in reduced lymphatic
vessel density in the heart, diaphragm, and skin and lacks the entire mesenteric lymphatic
vasculature. VEGFR-3 expression is also controlled by RAC1 (D'Amico et al., 2009), a Rho
GTPase involved in the regulation of cell motility and protrusion formation (Ridley et al.,
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2003). In support, small interfering RNA (siRNA)-mediated knockdown of RAC1 in LECs
decreases the expression level of VEGFR-3 and RAC1 deficient mice display blood filled
lymphatic vessels because LEC progenitors fail to bud from the veins (D'Amico et al., 2009).

VEGF-C expressed by the mesenchymal cells adjacent to the sites of initial LEC sprouting
binds to and activates VEGFR-3 (Kukk et al., 1996). This in turn stimulates polarised
budding and migration of Vegfr3-expressing LECs (Karkkainen et al., 2004). In support,
virus mediated Vegfc gene therapy restores lymphatic development of Chy mice (Karkkainen
et al., 2001). Additionally, mutation in VEGFC is linked to inherited lymphoedema with
Milroy’s disease-like symptoms (Gordon et al., 2013a), while Vegfc mutant mice lack
lymphatic vessels as LECs fail to sprout from veins (Karkkainen et al., 2004; Hagerling et al.,
2013). Interestingly, heterozygous deletion of Vegfc in mice leads to severe lymphatic
hypoplasia and lymphoedema indicating a heterozygous haploinsufficient requirement of
VEGF-C for the proper development of lymphatic vessels (Karkkainen et al., 2004). VEGFD is also a ligand of VEGFR-3 but is considered to be not essential for developmental
lymphangiogenesis, as VEGF-D deficient mice display no gross lymphatic defects (Baldwin
et al., 2005). However, VEGF-D is able to rescue the lymphoedemic phenotype of Vegfc
mutant mice (Karkkainen et al., 2004), and knockdown studies in Xenopus laevis have shown
that Vegfd exhibits a subtle modifier role in embryonic lymphangiogenesis (Ny et al., 2008).
These results show that the role of VEGF-D in developmental lymphangiogenesis is still not
clear. Although VEGF-C and VEGF-D are the only known ligands of VEGFR-3, combined
deletion of both ligands in mice does not phenocopy the early embryonic lethality of Vegfr3
mutant mice (Haiko et al., 2008). This suggests a ligand-independent function of VEGFR-3.
Consistent with this, deletion of the VEGFR-3 ligand-binding domain inhibits
lymphangiogenic sprouting but does not alter lymph sac formation, whereas mutation in the
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tyrosine kinase domain of Vegfr3 inhibits both lymphangiogenic sprouting and lymph sac
formation (Zhang et al., 2010). Both VEGF-C (Joukov et al., 1997) and VEGF-D (Stacker et
al., 1999) increases their affinities to VEGFR-3 via proteolytic processing. Upon binding the
mature, proteolytically processed forms of VEGF-C and VEGF-D, VEGFR-3 can form
heterodimers with VEGFR-2 (Dixelius et al., 2003). Vegfr2 is also expressed by LECs but
activation of VEGFR-2 in lymphatic vessels is mainly associated with lymphatic enlargement
(Wirzenius et al., 2007). Interestingly, VEGF-C potently induces formation of VEGFR3/VEGFR-2 heterodimers on angiogenic tip cell filopodia in vitro, suggesting a role for
VEGFR-3/VEGFR-2 heterodimers in lymphatic sprouting as well (Nilsson et al., 2010).
However, how these heterodimers contribute to LEC sprouting is incompletely understood.
Rare alternatively spliced transcripts encoding soluble forms of VEGFR-2 and VEGFR-3
function as an endogenous inhibitor of lymphatic development to ensure that some tissues,
such as the cornea, stays alymphatic (Albuquerque et al., 2009; Singh et al., 2013).

1.1.5.2. Axonal guidance molecules and VEGFR-3 signalling
Neuropilins (NRPs) are a family of transmembrane receptors for class III semaphorins that
have important roles in axon guidance (Raimondi & Ruhrberg, 2013). NRP2 of the NRP
family of proteins is also important for lymphatic development as a co-receptor of VEGF-C
and VEGF-D (Karpanen et al., 2006). Nrp2 is expressed on the veins and the lymphatics and
its expression is upregulated by COUP-TFII (Lin et al., 2010). Nrp2 mutant mice fail to
develop small lymphatic vessels and capillaries (Yuan et al., 2002) and morpholino-mediated
knockdown of nrp2a, zebrafish orthologue of NRP2, impairs zebrafish TD development
(Hermans et al., 2010). Upon binding with VEGF-C and VEGF-D, NRP2 is internalised
together with VEGFR-3 and is proposed to collaborate with VEGFR-3 to increase the affinity
of LECs towards VEGF-C and VEGF-D (Karpanen et al., 2006). In agreement, antibodies
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that block VEGF-C/NRP2 interaction inhibit lymphatic sprouting in mice, and Vegfr3+/;Nrp2+/- mice show less lymphatic vessel sprouting and display decreased lymph vessel
branching in adult organs (Xu et al., 2010). These results show that the NRP2 functions as a
co-receptor of VEGF-C to facilitate VEGFR-3 signalling in LECs.

Another axonal guidance molecule ephrinB2 (Larrivee et al., 2009) is also important for
VEGFR-3 activity. LECs express both ephrinB2 and its receptor ephrin type-B receptor 4
(Makinen et al., 2005; Katsuta et al., 2013). Similar to Nrp2, ephrinB2 mediates the
internalisation of VEGFR-3 to facilitate its pro-lymphangiogenic activity (Wang et al.,
2010a). In support, mice with a defective C-terminal PDZ domain of ephrinB2 display
impaired lymphatic development (Makinen et al., 2005).

1.1.5.3. CCBE1
Collagen and calcium-binding epidermal growth factor domains 1 (Ccbe1) has been
identified in a forward genetic screen in zebrafish as a regulator of lymphatic vessel
formation (Hogan et al., 2009a). Mutation in CCBE1 is linked to Hennekam syndrome, a
human primary lymphoedema disease (Alders et al., 2009; Connell et al., 2010). The ccbe1
gene is co-expressed with vegfc during lymphatic sprouting in zebrafish (Hogan et al.,
2009a). Although Ccbe1 was shown to be expressed in Prox1 positive lymphatic precursor
cells in the anterior cardinal vein in mice using whole mount in situ hybridisation and
immunohistochemistry (Facucho-Oliveira et al., 2011), Bos and colleagues could not
reproduce this expression pattern using β-galactosidase (LacZ)-based lineage tracing
experiments (Bos et al., 2011). Instead, they showed that CCBE1 is expressed in close
proximity to nascent blood and lymphatic vessel in mice. Loss-of-function mutation of ccbe1

18

in zebrafish (Hogan et al., 2009a), and CCBE1 deficiency in mice (Bos et al., 2011;
Hagerling et al., 2013) result in impaired lymphatic sprouting leading to lack of lymphatic
development. This shows that in a manner similar to VEGF-C, CCBE1 is critical for the
budding and migration of LECs from the veins (Bos et al., 2011; Hagerling et al., 2013).
Although CCBE1 has little lymphangiogenic effect by itself, it strongly enhances the
lymphangiogenic effect of VEGF-C by increasing the amount of mature bioactive VEGF-C
that activates VEGFR-3 (Bos et al., 2011; Jeltsch et al., 2014; Le Guen et al., 2014). In
agreement, overexpression of CCBE1 enhances the level of mature bioactive VEGF-C in
trans in an in vitro context (Le Guen et al., 2014). In addition, overexpression of mature
bioactive VEGF-C, but not the full-length Vegfc rescues the ccbe1 loss-of-function
phenotype in zebrafish. A recent study has shown that CCBE1 indirectly activates VEGF-C
by enhancing the A disintegrin and metalloproteinase with thrombospondin motifs-3 protease
(ADAMTS3)-mediated cleavage and activation of VEGF-C (Jeltsch et al., 2014). This shows
a novel type of regulation of lymphatic development involving proteolytic cleavage and
activation of vascular growth factors. The expression of ccbe1 was recently shown to be
controlled by transcription factors E2f7 and E2f8 in zebrafish (Weijts et al., 2013). In
agreement, morpholino-mediated knockdown of e2f7/8 results in impaired zebrafish TD
development and reduced ccbe1 expression, which can be rescued by e2f7/8 overexpression.
E2F7/8 stimulates CCBE1 expression by directly binding to the promoter of CCBE1. E2F7/8
is also able to suppress VEGFR3 expression in a similar way. In support, morpholinomediated knockdown of e2f7/8 increases vegfr3 expression in zebrafish. Additionally, the
vascular hyperbranching phenotype observed in zebrafish embryos that overexpress vegfr3
(Hogan et al., 2009b) is reduced when e2f7/8 is overexpressed (Weijts et al., 2013).
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1.1.5.4. Signalling pathways downstream of VEGFR-3
Once VEGFR-3 is activated by VEGF-C, VEGFR-3 induces a cascade of downstream
signalling pathways. These include the Ras family of GTPase (H-RAS, N-RAS, KRAS)/RAF/MAPK/ERK pathway (Ichise et al., 2010), and the PI3K/AKT/mechanistic target
of rapamycin (mToR) pathway (Coso et al., 2012; Luo et al., 2012). VEGFR-3-mediated
activation of these pathways is required for mammalian lymphatic sprouting. In support, an
activating mutation in human AKT1 is associated with Proteus syndrome (Lindhurst et al.,
2011), characterised by general tissue overgrowth, as well as cutaneous lymphatic
malformations (Cohen, 2013). A somatic activating mutation in PI3KCA, a gene encoding the
class I PI3K isoform p110α, causes CLOVES and Klippel-Trenaunay-Weber syndromes,
associated

with

lymphatic

hyperplasia

(Kurek

et

al.,

2012).

Patients

with

cardiofaciocutaneous syndrome and Costello syndrome associated with activating mutations
of KRAS (Schubbert et al., 2006) and HRAS (Kerr et al., 2006; Lo et al., 2008), respectively,
display chylous ascites, chylothorax and lymphoedema. Hyperplastic cutaneous lymphatic
vessels are observed in patients with capillary malformation-arteriovenous malformation
syndrome associated with mutation of RASA1 (Boon et al., 2005; de Wijn et al., 2012;
Burrows et al., 2013), a negative regulator of Ras activity.

1.1.6. Pro-lymphangiogenic factors that have unclear roles in developmental
lymphangiogenesis
Growth factors such as VEGF-A, fibroblast growth factor 2 (FGF2), hepatocyte growth factor
(HGF), and platelet-derived growth factor BB (PDGF-BB, a homodimer of PDGF-B) are able
to stimulate lymphangiogenesis. However, the role of these growth factors in mammalian
developmental lymphangiogenesis is still unclear.
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1.1.6.1. VEGF-A
VEGF-A, a ligand of VEGFR-1/FLT1 and VEGFR-2, is mainly implicated in angiogenesis
(Hoeben et al., 2004). In addition to angiogenesis, the VEGF-A/VEGFR-2 pathway is able to
stimulate lymphangiogenesis in various pathological conditions (Cursiefen et al., 2004b;
Hirakawa et al., 2005; Halin et al., 2007). In support of the pro-lymphangiogenic property of
VEGF-A, a study done by Bjorndahl and colleagues has shown that implantation of VEGF-A
pellet in avascular mice cornea potently stimulate lymphangiogenesis without stimulating
angiogenesis in a VEGFR-3 independent manner (Bjorndahl et al., 2005). Additionally,
VEGF-A stimulates proliferation of LECs in vitro (Hirakawa et al., 2003). VEGF-A is also
able to indirectly stimulate lymphangiogenesis by promoting the recruitment of VEGFR-1expressing macrophages (Sawano et al., 2001) that secrete VEGF-C and VEGF-D (Cursiefen
et al., 2004b; Murakami et al., 2008). This raises the possibility that VEGF-A may
predominantly stimulate lymphangiogenesis indirectly. To study whether the VEGFA/VEGFR-2 pathway stimulates lymphangiogenesis without recruiting lymphatic growth
factor-secreting macrophages in vivo, Wirzenius and colleagues investigated whether VEGFE, a selective agonist of VEGFR-2 (Meyer et al., 1999) stimulates lymphangiogenesis
(Wirzenius et al., 2007). They showed that adenovirally transduced VEGF-E induces
postnatal lymphatic hyperplasia with limited lymphatic sprout formation in vivo and
inhibition of VEGFR-3 signalling pathway using anti-VEGFR-3 antibody does not inhibit
this lymphatic phenotype. These results indicate that the VEGF-A/VEGFR-2 signalling
pathway may directly stimulate lymphatic hyperplasia but not lymphatic sprouting in a
VEGFR-3-independent manner. However, a recent study showed that the Notch pathway in
LECs restricts the pro-lymphangiogenic property of VEGF-A (Zheng et al., 2011).
Suppression of Notch signalling using a soluble form of its ligand DII4 increases VEGF-Astimulated lymphangiogenesis in vitro and in vivo. Importantly, VEGF-C-induced
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lymphangiogenesis is unchanged by Notch inhibition, suggesting that the Notch pathway
only suppresses the pro-lymphangiogenic property of VEGF-A. Taken together, VEGF-A is a
pro-lymphangiogenic factor that directly and indirectly stimulates lymphangiogenesis in a
context dependent manner.

1.1.6.2. FGF2
FGF2, a growth factor involved in various biological processes such as angiogenesis and
wound healing (Turner & Grose, 2010), has been shown to induce lymphangiogenesis in a
mouse corneal model (Kubo et al., 2002; Chang et al., 2004; Cao et al., 2012). Although
FGF2 can promote corneal lymphangiogenesis by itself, VEGF-C and FGF2 were shown to
synergistically promote corneal lymphangiogenesis (Cao et al., 2012). Its receptor, FGF
receptor 1 (FGFR1), is expressed in LECs, and inhibiting FGFR1 activity using Fgfr1
siRNA, anti-FGFR1 antibody (Kazenwadel et al., 2012), or FGFR tyrosine kinase inhibitor
(Cao et al., 2012) suppresses FGF2-induced LEC proliferation in vitro. These results show
that the interaction between FGF2 and FGFR1 is important for FGF2-induced
lymphangiogenesis in vitro. Although FGF2 can also indirectly promote lymphangiogenesis
by upregulating VEGFC expression (Kubo et al., 2002), the VEGFR-3 pathway is not
essential for FGF2-induced LEC proliferation in vitro because neither anti-VEGFR-3
antibody (Kazenwadel et al., 2012) nor VEGFR-3 inhibitor (Cao et al., 2012) blocks this. A
recent study has shown that FGF2 is able to bind to LYVE1 (Platonova et al., 2013). The
FGF2-induced LEC proliferation and migration is inhibited in the presence of soluble
LYVE1 or siRNA-mediated LYVE1 knockdown in vitro. This shows that LYVE1 is essential
for FGF2-induced lymphangiogenesis. However, how the interaction between LYVE1 and
FGF2 contribute to developmental lymphangiogenesis is unclear.
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1.1.6.3. HGF
Similar to FGF2, HGF, a heparin-binding glycoprotein that stimulates epithelial cell
proliferation, motility, morphogenesis, and angiogenesis in various organs (Nakamura &
Mizuno, 2010), stimulates corneal lymphangiogenesis in mice (Cao et al., 2006). In addition,
subcutaneously implanted HGF-containing matrigels stimulate lymphangiogenesis in mice
(Kajiya et al., 2005). Furthermore, transgenic overexpression of HGF in mice results in
hyperplastic lacteals and higher density of dermal lymphatic vessels. Soluble VEGFR-3 is
able to partially inhibit HGF-induced corneal lymphangiogenesis, showing that HGF may
partly stimulate lymphangiogenesis via the VEGFR-3 pathway (Cao et al., 2006). HGF may
not have a function in developmental lymphangiogenesis as lymphatic vessels have little to
no Hgf-receptor (Hgf-r) expression (Kajiya et al., 2005; Cao et al., 2006). In contrast to
developmental lymphangiogenesis, Hgf-r expression is upregulated in regenerating lymphatic
vessels during tissue repair and lymphatic vessels under inflammatory stimulation in mice
(Kajiya et al., 2005). In addition, systemic blockade of HGF-R using anti-HGF-R antibody
prevents lymphatic enlargement during cutaneous inflammation. These results show that
HGF can directly stimulate lymphangiogenesis only in pathological conditions.

1.1.6.4. PDGF-BB
Similar to VEGF-A, FGF2, and HGF, PDGF-BB, a growth factor frequently overexpressed in
cancer (Coltrera et al., 1995), stimulates corneal lymphangiogenesis in mice (Cao et al.,
2004). Lymphatic vessels express PDGF-receptors (PDGFRs) and PDGF-BB-induced
corneal lymphangiogenesis is not VEGFR-3 dependent as anti-VEGFR-3 antibody or soluble
VEGFR-3 does not block PDGF-BB-induced lymphangiogenesis. This shows that PDGFBB/PDGFR acts directly on LECs to promote lymphangiogenesis. Interestingly, VEGF-C
was shown to induce PDGF-BB expression in vitro (Onimaru et al., 2009). Additionally,
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FGF2-induced VEGF-C upregulation is enhanced by PDGF-BB in a dose-dependent manner
in vitro. These results suggest that VEGF-C, FGF2, and PDGF-BB may work synergistically
to promote lymphangiogenesis.

1.1.7. Models of early lymphatic development
The lymphatic vessels in mice are most commonly visualised by immunostaining using
known lymphatic markers such as LYVE1, PROX1, podoplanin, and VEGFR-3 (Tammela &
Alitalo, 2010). However, this method relies heavily on two-dimensional analysis and lacks
the spatio-temporal resolution that can be obtained from in vivo live imaging. Three recent
studies have utilised high-resolution whole-mount confocal microscopy techniques to
perform detailed characterisation of early lymphatic development in mice to uncover the
developmental mechanisms of lymphatic sprouting and lymph sac formation (Figure 1.2).
Francois and colleagues live imaged the Prox1-EGFP mice and showed that Prox1 positive
LEC progenitors assemble in defined territories along the anterior-posterior axis of the
cardinal vein to form pre-lymphatic clusters (PLCs) (Francois et al., 2012). The Prox1
positive LEC progenitors increase their expression of Prox1 as they form the PLC. PLCs
subsequently give rise to primitive lymph sacs by a ballooning mechanism. This mechanism
involves outgrowth of the PLC that later pinches off to form a lymph sac. Lymph sac
formation starts at the anterior portion of the cardinal vein and progress towards the posterior
side. The aggregation of platelets is proposed to contribute to this ballooning mechanism.
Apart from the PLCs, clusters of Nrp2high Lyve1low LECs that sprout and migrate in streams
and clusters of a few cells, from the cardinal vein at around E10.0 were observed. Detailed
analysis done by Yang and colleagues using confocal and electron microscopy on vibratome
sections of Prox1lacZ/lacZ mice failed to visualise
24
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Figure 1.2: Current models of early lymphatic development in mice
(A-C) Schematic diagrams showing early lymphatic development proposed by Francois and
colleagues (A) (Francois et al., 2012), Yang and colleagues (B) (Yang et al., 2012b), and
Hagerling and colleagues (C) (Hagerling et al., 2013). (A) Francois and colleagues proposed
that LEC progenitors cluster together to form the PLC before forming the lymph sac via the
ballooning mechanism (Francois et al., 2012). This is the only model that requires platelet
aggregation for lymphovenous separation. In addition, NRP2 positive LECs sprout and
migrate in streams and clusters of a few cells from the cardinal vein. (B) Yang and colleagues
proposed that LEC progenitors bud from the cardinal vein and the intersomitic vessels (blue
arrows) (Yang et al., 2012b). These LEC progenitors maintain cell contacts and migrate to
form capillary-like lymphatic plexus. This structure develops into lumenised lymph sacs.
Both Francois and Yang showed that LEC progenitors that have bud from the cardinal vein
express high level of podoplanin (C) Hagerling and colleagues proposed that LEC
progenitors bud from the cardinal vein and the superficial lateral venous plexus (red arrows)
(Hagerling et al., 2013). These cells are loosely interconnected and strongly express Vegfr3
and Nrp2. These cells coagulate and reorganise to form two lumenised structures, the pTD
and the PLLV. Unlike the previous 2 models, podoplanin is only highly expressed when a
lumenised lymphatic structure is formed. CV, cardinal vein; iLEC, initial lymphatic
endothelial cell; ISV, intersomitic vessel; LEC, lymphatic endothelial cell; LS, lymph sac;
PLC, pre-lymphatic cluster; PLLV, peripheral longitudinal lymphatic vessel; pTD, primordial
thoracic duct.
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the ballooning mechanism (Yang et al., 2012b). Instead, they showed that the LEC
progenitors leave the cardinal vein by an active budding mechanism where VE-cadherin
expressing zipper-like junctions between the LEC ensures the integrity of the cardinal vein.
In addition to the cardinal vein, they showed that LEC progenitors also originate from
intersomitic vessels. Both sets of LEC progenitors merge together to form a capillary-like
network along the anterior-posterior axis at around E10.5 and this network reorganizes into a
lumenised lymph sac by E11.5. Both Francois and colleagues and Yang and colleagues have
shown that podoplanin is only expressed on LEC progenitors that have left the cardinal vein
(Francois et al., 2012; Yang et al., 2012b). A recent study by Hagerling and colleagues
examined the early lymphatic development in a carefully staged whole-mount mouse
embryos using a selective plane illumination-based ultramicroscopy and support the LEC
budding mechanism proposed by Yang and colleagues (Hagerling et al., 2013). However,
they show that LEC progenitors (termed initial LEC) leave the cardinal vein as streams of
loosely connected cells. The superficial lateral venous plexus was shown to be another source
of LEC progenitors. Migrating LEC progenitors undergo a squamous to spindle cell shape
transition and further increase their expression levels of Prox1, Vegfr3, and Nrp2 as they bud
from the cardinal vein. Instead of forming a single lumenised lymph sac, LEC progenitors
aggregate and reorganise to form two distinct lumenised lymphatic structures, the peripheral
longitudinal lymphatic vessel (PLLV) and the primordial TD (pTD) (described previously as
jugular lymph sac). LEC progenitors from the cardinal vein and the superficial lateral venous
plexus predominantly contribute to the formation of pTD and PLLV, respectively. Unlike the
previous 2 models, high podoplanin expression was observed only in these lumenised
structures. The pTD forms closer to the cardinal vein and later make direct contacts with the
cardinal vein. These contact points express high levels of Prox1 and are proposed to give rise
to the first lymphovenous valves (valves that form between the developing lymphatic vessels

27

and the jugular and subclavian veins (Srinivasan & Oliver, 2011)) (Hagerling et al., 2013).
The PLLV and pTD were hypothesised to give rise to superficial LECs with reduced Lyve1
expression that form superficial lymphatics. Although many observations overlap, there are
some discrepancies between the models proposed and therefore, additional studies are
required to determine which model faithfully recapitulates lymphatic sprouting in mice. It is
also possible that all these mechanisms occur simultaneously. Further advancements in
imaging capabilities in mice will assist this.

1.1.8. Lymphovenous separation
It is important for the developing lymphatic vessels to be physically separated from the blood
vasculature except for sites where lymph mixes with the blood in the subclavian veins.
Platelets are proposed to play an important role in the separation of lymphatic vessels from
blood circulation as transcription factor MEIS1 deficient mice, which lacks megakaryocytes
required for platelet development, or mice treated with diphtheria toxin that targets the
megakaryocyte/platelet lineage fail to form a separate blood and lymphatic vasculature
(Carramolino et al., 2010).

1.1.8.1. Podoplanin and CLEC-2
The interaction between podoplanin and C-type lectin-like receptor 2 (CLEC-2) is critical for
the activation of platelets (Kato et al., 2003; Kaneko et al., 2004; Suzuki-Inoue et al., 2007),
and platelet activation at the separation zone of lymph sac and the cardinal vein is proposed
to be essential for the separation of lymphatic-venous connections (Bertozzi et al., 2010;
Suzuki-Inoue et al., 2010; Uhrin et al., 2010; Osada et al., 2012) (Figure 1.1). Podoplanin, a
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small O- and N- glycosylated transmembrane protein, is an endogenous ligand of CLEC-2,
which is expressed by platelets (Suzuki-Inoue et al., 2007). Podoplanin is expressed in
budding Prox1 positive LECs at E10.5 in mice (Breiteneder-Geleff et al., 1999; Francois et
al., 2012; Yang et al., 2012b), and its expression is upregulated in LECs by PROX1 (Hong et
al., 2002). Both podoplanin deficient and CLEC-2 deficient mice, which have impaired
platelet activation, have blood filled lymphatic vessels due to abnormal blood-lymphatic
vessel separation leading to mortality at the embryonic/neonatal stage (Bertozzi et al., 2010;
Suzuki-Inoue et al., 2010; Uhrin et al., 2010). The interaction between CLEC-2 and
podoplanin is essential for the lymphovenous separation as mice that lack the endothelial cell
O-glycan that is required for the binding of podoplanin to CLEC-2 (Suzuki-Inoue et al.,
2007) also result in blood-lymphatic misconnections (Fu et al., 2008). In addition,
deficiencies in the downstream regulators of CLEC-2-podoplanin interaction such as Syk
(Poole et al., 1997; Abtahian et al., 2003; Finney et al., 2012), Src-homology 2 domaincontaining leukocyte protein of 76 kDa (SLP-76) (Clements et al., 1999; Gross et al., 1999;
Abtahian et al., 2003; Bertozzi et al., 2010), and phospholipase C gamma2 (PLC-µ2) (Ichise
et al., 2009) result in a blood filled lymphatic vessels and haemorrhages due to abnormal
lymphovenous connections. It was initially proposed that platelet aggregation at the site of
separation of the lymphatic and venous vasculature contributes to lymphovenous separation
(Uhrin et al., 2010; Francois et al., 2012). However, recent studies using high-resolution
ultramicroscopy (Hagerling et al., 2013) and electron microscopy (Yang et al., 2012b) failed
to show a connection between lymphatic and blood vessels when the LEC progenitors bud
from the cardinal vein. Additionally, mice deficient of αIIbβ3 and GPIb-IX-V, major platelet
receptors that support hemostasis, forms proper lymphovenous separation (Watson et al.,
2014). Therefore, platelet aggregation may not be required for lymphovenous separation
during lymphatic development. In addition to platelet aggregation, platelet activation induces
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the release of its granule content (Rendu & Brohard-Bohn, 2001), indicating that the granules
released from activated platelets may facilitate lymphovenous separation. In agreement,
Osada and colleagues have shown that platelets release anti-lymphangiogenic factors such as
TGFβ, angiostatins, platelet factor 4, endostatins, and BMP9 to inhibit LEC migration,
proliferation, and tube formation in vitro (Osada et al., 2012). The anti-lymphangiogenic
properties of platelets were inhibited when CLEC-2 is knocked out from these platelets. This
shows that platelets may secrete these anti-lymphangiogenic factors to facilitate
lymphovenous separation in a CLEC-2-dependent manner. Interestingly, a recent study done
by Hess and colleagues has shown that platelet aggregation is required to prevent backfilling
of the lymphatic network with blood from the TD/cardinal vein junction (Hess et al., 2014).
Fibrin-containing platelet thrombi are located at the lymphovenous valve and in the terminal
TD, and the number of these platelet thrombi increases when the lymphatic valves are not
functioning. In addition, CLEC-2 deficient mice lack these platelet thrombi. These results
reveal a novel role of platelet in modulating lymphatic backflow to prevent blood from
entering the lymphatic vessels. This finding suggests that the blood-filled lymphatics
observed in mouse mutants of platelet factors may not result from the failure in the initial
lymphovenous separation but instead, may be due to increased lymphatic backflow. Further
studies are required to conclusively determine the role of platelets in early lymphatic
development.

1.1.9. Maturation of lymphatic vessels
Once a lymph sac is formed, lymphatic vessels start to develop through centrifugal LEC
sprouting, proliferation, and migration, to occupy neighbouring tissues and organs
(Srinivasan et al., 2007). In mice, these lymphatic vessels reorganise into lymphatic
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capillaries, pre-collecting lymphatic vessels, and collecting lymphatic vessels by E15.5
(Schulte-Merker et al., 2011). Unlike lymphatic capillaries, collecting lymphatic vessels
possess lymphatic valves, lymphovenous valves, and are covered by smooth muscle cells.
Lymphatic maturation is mediated by forkhead box protein C2 (FOXC2), nuclear factor of
activated T cells 1 (NFATc1), angiopoietin-2 (ANG2), PROX1, connexin37, connexin 43,
calcineurin, integrin α9, fibronectin containing the EIIIA domain (FN-EIIIA), NRP2, Plexin
A1 (PlXNA1), semaphorin 3A (SEMA3A), EPHRINB2, BMP9, and GATA binding protein
2 (GATA2) (reviewed in Koltowska et al., 2013; Zheng et al., 2014), Reelin (Lutter et al.,
2012), and EMILIN1 (Danussi et al., 2013) (Figure 1.1).

1.2. Lymphatic vessels and diseases
Aberrant lymphangiogenesis or lymphatic dysfunction are involved in the pathogenesis of
various diseases (Norrmen et al., 2011). Until recently, the focus has been cancer metastasis,
lymphoedema, and inflammation. However, as the function of lymphatic vessels is elucidated
more, its unexpected contributions to diseases such as hypertension and late-onset obesity
have been revealed (Harvey et al., 2005; Machnik et al., 2009). As lymphangiogenesis does
not normally occur in adults, use of anti-lymphangiogenic therapies to treat cancer metastasis,
and pro-lymphangiogenic therapies to treat lymphoedema is gaining attention (Zheng et al.,
2014).

1.2.1. Lymphoedema
Impairment of lymphatic function due to abnormal lymphatic vessel development or
obstruction of the lymphatic vessels causes accumulation of interstitial fluid, leading to
31

chronic swelling of the limbs, or lymphoedema (Paskett et al., 2012). Although it is rarely
lethal, lymphoedema is a disfiguring and disabling lifelong condition with no curative
treatments available and therapy is directed at managing and reducing the swelling (Honnor,
2008; Honnor, 2009). The protein-rich interstitial fluid initiates a persistent inflammatory
response leading to tissue fibrosis, accumulation of subcutaneous fat, and increased
susceptibility to infection and cancers (Norrmen et al., 2011). Primary lymphoedema is
genetically inherited (Yang & Oliver, 2014), while secondary lymphoedema is most
commonly caused by damage to the lymphatic vessels, which results from surgery, radiation
therapy, and infection of the lymphatics by parasitic worms (filariasis) (Oremus et al., 2012).
Genetic mutations in genes linked to lymphatic development have also been proposed to
increase the risk of secondary lymphoedema (Newman et al., 2012). For example, a clinically
silent mutation of connexin 47 leads to increased risk of secondary lymphoedema following
breast cancer treatment (Finegold et al., 2012). Similarly, mutations in MET, a ligand of HGF
(Kajiya et al., 2005), and HGF were identified in some patients diagnosed with secondary
lymphoedema following breast cancer treatment (Finegold et al., 2008).

1.2.2. Cancer metastasis
Generally the cause of death in patients with cancer is due to the metastatic spread of tumour
cells through multiple routes (Achen et al., 2005). Tumour cells are able to travel through the
lymphatic vessels to metastasise to regional lymph nodes or distant organs. Many types of
tumour cells express the lymphangiogenic growth factors VEGF-A, VEGF-C and VEGF-D,
which stimulate tumour-induced lymphangiogenesis, leading to lymphatic invasion, lymph
node and distant metastasis (Senger et al., 1983; Ohta et al., 1999; Skobe et al., 2001a; Skobe
et al., 2001b; Stacker et al., 2001; Hirakawa et al., 2005; Sugiura et al., 2009). In addition,
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VEGF-A, VEGF-C and VEGF-D are secreted by tumour-associated macrophages (TAM),
which contribute to the increase in lymphatic vessel density and the frequencies of lymph
node metastasis (reviewed in (Riabov et al., 2014)). The extent of lymph node metastasis is
still used as an important parameter for staging and the prognosis of most human
malignancies, which often guides therapeutic decisions (Alitalo, 2011).

1.2.3. Inflammation
Inflammation is a protective response against injurious agents such as pathogens and
damaged cells (Kim et al., 2012). Vascular responses, migration and activation of leukocytes,
and systemic responses usually accompany inflammation. These responses are responsible
for destroying, diluting, and removing injurious agents, and are usually followed by a cascade
of events that contribute to tissue repair (Serhan & Savill, 2005; Bistrian, 2007).

1.2.3.1. Lymphatic vessels as a pathway for immune cells to travel
Lymphatic vessels participate in the regulation of inflammation by providing a pathway for
soluble antigens and antigen-presenting cells such as dendritic cells and macrophages to
travel from inflamed tissues to the lymph nodes (Serhan & Savill, 2005). Antigen-presenting
cells enter the lymphatic vessels through discontinuous endothelial junctions (Baluk et al.,
2007) or preformed portals (Pflicke & Sixt, 2009). At the paracortex of the lymph node,
antigen-presenting cells present recently acquired antigens to both T, and B cells to activate
the adaptive immune response (Qi et al., 2006; Hugues, 2010). It is very important for this
process to occur as efficiently as possible. The LECs assist this process by producing
chemokine (C-C motif) ligand 21 (CCL21), which is a ligand for chemokine (C-C motif)
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receptor 7 (CCR7) expressed by activated dendritic cells, T, and B cells (Forster et al., 2008;
Braun et al., 2011). Additionally, a subpopulation of LECs, which express low levels of
podoplanin and CCL21, express high level of CCL27, which are ligands for CCR10
expressed by T cells (Wick et al., 2008). In contrast, LECs expressing high levels of
podoplanin interact with CLEC-2-expressing dendritic cells to promote actin cytoskeleton
rearrangements that mediate the transmigration of dendritic cells into lymphatic vessels and
lymph nodes in vivo (Acton et al., 2012). The VEGF-C/VEGFR-3 pathway also mediates
dendritic cell migration across the lymphatic vessels by regulating CCL21 production in
LECs (Nykanen et al., 2010). In agreement, blocking VEGFR-3 signalling inhibits dendritic
cell migration from the tissue transplant to host lymph node in mouse models of cardiac
allografts and corneal transplants (Chen et al., 2004). Regulatory cell adhesion molecules
such as mannose receptor 1 (MSC1) (Irjala et al., 2001; Marttila-Ichihara et al., 2008) and
common lymphatic endothelial and vascular receptor-1 (CLEVER-1) (Salmi & Jalkanen,
2005) are also expressed by LECs and mediate leukocyte trafficking. Inflammatory cytokines
such as interleukin 1 (IL-1) and tumour necrosis factor α (TNF-α) also stimulate the
expression of leukocyte adhesion receptors intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), and E-selectin on LECs (Johnson et al., 2006;
Vigl et al., 2011). In addition, the inflammatory cytokine TNF-α induces upregulation and
secretion of CCL21 in LECs (Johnson & Jackson, 2010; Vigl et al., 2011), which accelerates
dendritic cell migration in LECs in vivo (Tal et al., 2011). D6, a chemokine scavenging
receptor expressed in LECs (Nibbs et al., 2001), mediates leukocyte entry into lymphatic
vessels in response to cutaneous inflammation in mice (Lee et al., 2011). Expression of D6 in
LECs is upregulated by inflammatory cytokines IL-6 and interferon gamma (IFN-γ) both in
vitro and in vivo (McKimmie et al., 2013) and D6 regulates leukocyte entry into lymphatic
vessels by scavenging chemokines and restricting the interaction between inflammatory
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leukocytes and lymphatic surfaces (Lee et al., 2011). In agreement, inflammatory stimulation
on D6 deficient mice results in excessive perilymphatic accumulation of leukocytes at
peripheral inflamed sites and draining lymph nodes leading to lymphatic congestion and
impaired migration of antigen-presenting cells from inflamed tissue to the lymph nodes. D6
also facilitates mature CCR7-positive dendritic cells against immature CCR7-negative
dendritic cells discrimination by LECs and contributes to the reduction of immature dendritic
cell adhesion to LECs (McKimmie et al., 2013). Accordingly, siRNA-mediated knockdown
of D6 increases immature dendritic cell adhesion to LECs displacing mature dendritic cell
recruitment to LECs in vitro.

1.2.3.2. Increased lymphangiogenesis in inflammatory diseases
Increased lymphatic vessel density is associated with inflammatory diseases such as
inflammatory bowel disease (Geleff et al., 2003; Kaiserling et al., 2003; Fogt et al., 2004;
Pedica et al., 2008), idiopathic pulmonary fibrosis (El-Chemaly et al., 2009), rheumatoid
arthritis (Wilkinson & Edwards, 1991; Xu et al., 2003; Zhang et al., 2007), chronic airway
inflammation (Baluk et al., 2005; Yao et al., 2010), atopic dermatitis, and psoriasis
(Kunstfeld et al., 2004; Kajiya et al., 2007; Sugaya et al., 2012). Inflammatory
lymphangiogenesis is mediated by VEGF-A, VEGF-C, and VEGF-D as these VEGFs have
been shown to stimulate inflammation-associated lymphangiogenesis in mouse models of
skin inflammation (Halin et al., 2007; Kataru et al., 2009; Tan et al., 2013), corneal transplant
rejection (Cursiefen et al., 2004a), chronic viral infection (Wuest & Carr, 2010), and psoriasis
(Kunstfeld et al., 2004). Although the intimate relationship between inflammation and
lymphangiogenesis is established, the role of lymphatic vessels in the pathogenesis of
inflammation is still controversial (Kim et al., 2014a). Increasing the lymphatic density may
promote the resolution of inflammation by increasing inflammation-associated oedema
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clearance. However, increased lymphatic density may promote more inflammatory cells to be
recruited

to

the

inflamed

site

thus

prolonging

the

inflammation.

Increasing

lymphangiogenesis by activating the VEGFR-3 pathway supresses the inflammatory response
in mouse models of inflammatory bowel disease (Jurisic et al., 2013) and skin inflammation
(Huggenberger et al., 2010; Huggenberger et al., 2011), while inhibiting lymphangiogenesis
by blocking the VEGFR-3 pathway significantly prolongs oedema and the inflammatory
response in mouse models of chronic airway inflammation (Baluk et al., 2005), rheumatoid
arthritis (Guo et al., 2009), and skin inflammation (Kataru et al., 2009; Huggenberger et al.,
2010; Huggenberger et al., 2011). Similarly, inhibiting VEGF-C/VEGFR-3, VEGFD/VEGFR-3, or VEGF-A/VEGFR-2 signalling delays inflammation resolution in mouse
models of skin inflammation (Kataru et al., 2009) and rheumatoid arthritis (Guo et al., 2009).
In contrast, anti-VEGF-A antibodies and VEGFR tyrosine kinase inhibitor, which block
angiogenesis and lymphangiogenesis, reduce both acute and chronic skin inflammation
(Halin et al., 2008; Schonthaler et al., 2009). Additionally, reducing inflammation-associated
lymphangiogenesis in a mouse model of psoriasis via anti-VEGFR-1 and VEGFR-2
antibodies potently inhibits inflammation (Kunstfeld et al., 2004). Further studies are required
to understand how lymphatic vessels contribute to the pathogenesis of each inflammatory
disease, to refine therapeutic choices according to the context of inflammation.

1.2.3.3. Immune cells and inflammation-associated lymphangiogenesis
One of the hallmarks of inflammatory diseases is the recruitment of immune cells to the
inflamed site. Various studies have shown that immune cells recruited to the inflamed site
contribute to inflammation-associated lymphangiogenesis by secreting pro-lymphangiogenic
factors (Ristimaki et al., 1998; Cursiefen et al., 2004b; Baluk et al., 2005; Angeli et al., 2006;
Kataru et al., 2009; Shrestha et al., 2010; Tan et al., 2013). Macrophages in particular are
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recruited to inflamed site by VEGF-A (Cursiefen et al., 2004b) and reducing their recruitment
by

neutralising

VEGF-A

inhibits

both

inflammation-associated

angiogenesis

and

lymphangiogenesis (Cursiefen et al., 2004b; Kunstfeld et al., 2004; Kataru et al., 2009).
Additionally, depletion of macrophages using liposomal clodronate results in reduced
inflammation-associated lymphangiogenesis in inflamed peripheral tissues and draining
lymph nodes (Cursiefen et al., 2004b; Maruyama et al., 2005; Kang et al., 2009; Kataru et al.,
2009; Kim et al., 2009). Similarly, mice deficient of CSF1R, or mice with inhibited CSF1R
activity, results in reduced inflammation-associated lymphangiogenesis (Kubota et al., 2009).
Macrophages are able to stimulate inflammation-associated lymphangiogenesis by secreting
VEGF-A, VEGF-C, and VEGF-D in mouse models of chronic airway inflammation (Baluk et
al., 2005), skin inflammation (Kataru et al., 2009), peritonitis (Kim et al., 2009), and keratitis
(Cursiefen et al., 2004b). In addition to being a source for lymphatic growth factors, cluster
of differentiation 11b+ macrophages have been shown to transdifferentiate into LECs when
inflammatory lymphangiogenesis is induced in the normally avascular cornea of mice
(Maruyama et al., 2005). Recent studies have supported this by showing that macrophages
are able to transdifferentiate into lymphatic vessels in mouse models of orchitis (Hirai et al.,
2013) and peritonitis (Hall et al., 2012). Additionally, macrophage transdifferentiation into
LECs is observed in transplanted kidneys in humans (Kerjaschki et al., 2006). However,
molecular mechanisms involved in macrophage to LEC transdifferentiation are unknown and
further studies are required to elucidate this. Apart from macrophages, B cells have been
shown to stimulate lymph node lymphangiogenesis by producing VEGF-A in mouse models
of lymph node hypertrophy-induced inflammation (Angeli et al., 2006) and bacterial
lipopolysaccharide-induced inflammation (Shrestha et al., 2010). Recently, the prolymphangiogenic roles of neutrophils in inflammatory conditions have been revealed.
Although studies have shown that neutrophils secrete VEGF-A (Taichman et al., 1997;
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Kasama et al., 2000; Gong & Koh, 2010) and VEGF-D (Baluk et al., 2005; Kataru et al.,
2009) in inflammatory conditions, an experimental evidence supporting the prolymphangiogenic role of neutrophils in inflammatory conditions was lacking. Tumourassociated neutrophils secrete ECM degradation enzymes matrix metallopeptidase 9 (MMP9)
and heparanase (Joyce et al., 2005; Nozawa et al., 2006). ECM degradation results in the
release of VEGF-A trapped in the ECM, stimulating tumour-associated angiogenesis. Tan
and colleagues have shown that neutrophils recruited to the inflamed site use the same
mechanism to increase the bioavailability of VEGF-A, stimulating inflammation-associated
lymphangiogenesis in mouse models of skin inflammation (Tan et al., 2013). VEGF-A, but
not VEGF-C, drives this inflammation-associated lymphangiogenesis, as an anti-VEGFR-3
antibody is not as effective as treatment with either an anti-VEGFR-2 or an anti-VEGF-A
antibody in impairing inflammation-associated lymphangiogenesis in this model. Neutrophils
were

also

shown

to

secrete

VEGF-D,

contributing

to

inflammation-associated

lymphangiogenesis to a lesser extent. Importantly, depleting neutrophils using NIMP-R14
monoclonal antibody (Lopez et al., 1984) results in reduced inflammation-associated
lymphangiogenesis, conclusively showing that neutrophils can stimulate inflammationassociated lymphangiogenesis (Tan et al., 2013).

1.2.3.4. Non-immune cells and inflammation-associated lymphangiogenesis
Apart from immune cells, inflamed epithelial cells have been shown to be a source of prolymphangiogenic factors in various inflammatory mice models. Epidermal keratinocytes have
been shown to be a source of VEGF-A, stimulating skin and lymph node lymphangiogenesis
in a mouse model of skin inflammation (Halin et al., 2007). In addition, strong expression of
VEGF-C was observed in the airway epithelial cells in a mouse model of chronic airway
inflammation (Baluk et al., 2005). Furthermore, epithelial cells express VEGF-A to induce
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corneal lymphangiogenesis in a mouse model of chronic viral inflammation (Wuest & Carr,
2010). In addition to epithelial cells, lymph node fibroblastic reticular cells that lie in close
proximity to the lymphatic vessels produce VEGF-A or deliver VEGF-A from inflamed
extranodal sites to induce inflammation-associated lymph node lymphangiogenesis in a
mouse model of skin inflammation (Tan et al., 2012).

1.2.3.5. Inflammatory cytokines and inflammation-associated lymphangiogenesis
Inflammatory cytokines such as IL-1β (Watari et al., 2008; Baluk et al., 2013), TNF-α (Baluk
et al., 2009), and IL-4 (Shi et al., 2012) indirectly stimulate inflammatory lymphangiogenesis
by promoting the recruitment of lymphatic growth factor-secreting macrophages to inflamed
sites. However inflammatory cytokines also directly stimulate inflammation-associated
lymphangiogenesis. In agreement, TNF-α stimulates ANG2 and TIE2 expression in human
LECs, and the combination of ANG2 and TNF-α but not ANG2 alone, stimulates
lymphangiogenesis but not angiogenesis in vitro (Yan et al., 2012). Additionally, both IL-1β
and TNF-α directly stimulate VEGF-C production in cultured fibroblast-like synoviocytes
from rheumatoid arthritis patients (Cha et al., 2007). IL-1β also cooperates with IL-17 to
collectively induce Vegfa, Vegfc, and Vegfd expression on corneal epithelial cells, stimulating
lymphangiogenesis (Chauhan et al., 2011). Furthermore, IL-6 stimulates differentiation and
tubular morphogenesis in cultured LEC (Fiorentini et al., 2011). Inflammatory cytokines
activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (Hayden &
Ghosh, 2004), a transcription factor that play a critical role in inflammation (Oeckinghaus &
Ghosh, 2009). NF-κB is constitutively expressed in LECs in some tissues such as the urinary
bladder, uterus, intestine, and the airways (Saban et al., 2004) and mutation of NF-κB
essential modulator (NEMO), which is required for the activation of NF-κB (Rothwarf et al.,
1998), is linked to a rare X-linked syndrome anhidrotic ectodermal dysplasia with
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immunodeficiency, osteopetrosis, and lymphoedema (Doffinger et al., 2001; Roberts et al.,
2010; Carlberg et al., 2013). Activation of NF-κB pathway in LECs leads to the up-regulation
of PROX1 and VEGFR3 expression both in vitro and in vivo (Figure 1.1). This is proposed to
increase the sensitivity of LECs towards VEGF-C and VEGF-D secreted by recruited
leukocytes in inflammatory conditions (Flister et al., 2010). NF-κB on LECs can also be
activated by lipopolysaccharides binding to Toll-like receptor 4 (TLR4), which is expressed
on LECs (Kang et al., 2009). This promotes leukocyte recruitment to LECs as it induces the
production of several chemoattractants such as CCL2, CCL5, and chemokine (C-X3-C motif)
ligand 1 (CX3CL1) from the LECs (Kang et al., 2009). This interaction likely contributes to
inflammation-associated lymphangiogenesis in mouse models of lipopolysaccharide-induced
inflammation such as chronic airway inflammation (Baluk et al., 2005), skin inflammation
(Kataru et al., 2009) and peritonitis (Kim et al., 2009). In contrast to IL-1β, TNF-α and IL-7,
inflammatory cytokines such as TGF-β1 and IFN-γ reduce inflammation-associated
lymphangiogenesis. Inhibition of TGF-β1 signalling enhances the pro-lymphangiogenic
effect of VEGF-C in mouse models of chronic peritonitis and pancreatic adenocarcinoma
xenograft (Oka et al., 2008), and reduces lymphoedema-induced chronic inflammation and
tissue fibrosis in a mouse tail lymphoedema model (Avraham et al., 2010). Similarly, IFN-γ
secreted by T cells in the lymph node inhibits lymph node lymphangiogenesis in a mouse
model of concanavalin A-induced inflammation (Kataru et al., 2011). Taken together, the
delicate balance of pro- and anti-lymphangiogenic activities of inflammatory cytokines is
likely important for inflammation-associated lymphangiogenesis and may hold a key in
future developments of therapeutic drugs for inflammation. For example, anti-TNF-α therapy
in asthmatic patients have led to improved lung function and quality of life, and reduced
airway hyperresponsiveness and exacerbation (Berry et al., 2006; Erin et al., 2006; Berry et
al., 2007).
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1.3. The relationship between inflammatory bowel disease and lymphatic vessels
1.3.1. Overview of inflammatory bowel disease
Crohn’s disease (CD) and ulcerative colitis (UC) are two forms of inflammatory bowel
disease (IBD), a disabling chronic inflammatory disease of the gastrointestinal tract (Khor et
al., 2011). CD is characterised by transmural inflammation that affect any part of the
gastrointestinal tract (most commonly the terminal ileum or the perianal region), while UC is
characterised by a transmucosal inflammation and is limited to the colonic mucosa (Hanauer,
2006). Symptoms include chronic abdominal pain, weight loss, diarrhoea, and blood loss per
rectum. IBD is most prevalent in the Western world but its incidence is rapidly increasing in
developing countries in Asia (Molodecky et al., 2012; Prideaux et al., 2012; Chuang et al.,
2013). In particular, a population-based study that was conducted in Canterbury, New
Zealand reports one of the highest prevalence of IBD in the world (estimated at 1 in 300)
(Gearry et al., 2006). IBD patients have a higher risk of developing colorectal cancer and this
risk increases after 8 or 10 years after establishment of diagnosis (Langholz et al., 1992;
Bernstein et al., 2001; Eaden et al., 2001; Winther et al., 2004; Jess et al., 2012).
Additionally, various studies have shown that patients with both IBD and colorectal cancer
have an increased mortality rate (Jensen et al., 2006; Bewtra et al., 2013; Ording et al., 2013).
Although various therapeutic strategies are available, these strategies are associated with
side-effects and is often not effective in maintaining long-term remission (reviewed in
Rutgeerts et al., 2009). To date, the only cure for IBD is surgical resection of the inflamed
tissue. However, disease can relapse in other parts of the gastrointestinal tract after surgery.
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1.3.2. Pathology of IBD
In IBD, leukocytes infiltrate the intestinal barrier and react with intestinal microbiota
(Abraham & Cho, 2009b). This leads to an inflammatory reaction that involves secretion of
pro-inflammatory mediators such as cytokines and tissue degradative enzymes by the
leukocytes. These pro-inflammatory mediators exacerbate existing lesions or facilitate
damage in the intestine leading to further contact between the intestinal microbiota and the
infiltrating leukocytes. The aetiology of IBD remains largely unknown. However, various
studies have shown that the pathology of IBD involves the interaction between genetic
susceptibility, external environment, intestinal microbial flora, and the immune function
(Zhang & Li, 2014).

1.3.2.1. Dysregulation of immune functions causes IBD
Genome-side association studies (GWAS) have identified 163 IBD susceptibility genes, of
which 110 are associated with both diseases, 30 are CD specific, and 23 are UC specific
(Jostins et al., 2012). The first IBD susceptibility gene that was identified is nucleotidebinding oligomerisation domain-containing protein 2 (NOD2) (Hugot et al., 2001; Ogura et
al., 2001). NOD2 is a cytosolic microbial pattern recognition molecule and modulates both
innate and adaptive immune responses (reviewed in Shaw et al., 2011). In agreement, human
and mice deficient of NOD2 function display decreased Paneth cell function leading to
dysregulated antimicrobial response in the intestine (Wehkamp et al., 2004; Kobayashi et al.,
2005). In addition, mice expressing an IBD-associated NOD2 variant result in increased
production of inflammatory signals due to over-stimulation of TLR2 (Maeda et al., 2005), a
membrane receptor important for pathogen recognition (O'Neill et al., 2013). Mutations in
various genes involved in the IL-23 pathway such as IL-23 receptor, IL-12B, janus kinase 2,
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and signal transducer and activator of transcription 3 are also associated with IBD (Duerr et
al., 2006; Anderson et al., 2011a). IL-23 pathway is involved in the expansion and
stabilisation of T helper (Th) 17 cells, which play an important role for the protective
immunity against intestinal pathogens and in various autoimmune diseases (reviewed in
Abraham & Cho, 2009a). Additionally, defects in the function of IL-10, a cytokine shown to
suppress Th17 cell differentiation (Heo et al., 2010), is associated with IBD (Glocker et al.,
2009; Glocker et al., 2010; Kotlarz et al., 2012). In support, IL-10 deficient mice
spontaneously develop colitis after 3 month of age (Kuhn et al., 1993). These findings show
that dysregulation of Th17 cell differentiation and proliferation may contribute to the
pathology of IBD. In summary, identification of susceptibility genes such as those described
above has contributed to our understanding of how immune dysregulation contributes to the
pathology of IBD.

1.3.2.2. External environment and IBD
Environmental factors such as smoking, diet, drugs, geography, social stress, and
psychological element are considered to play an important role in the pathology of IBD
(Loftus, 2004). For example, heavy smoking have been shown to contribute to lower rate of
relapse in UC, while smoking increases the risk of CD (Lakatos et al., 2007). Another
example is the correlation between low vitamin D level and increased risk of IBD (Leslie et
al., 2008). In agreement, vitamin D deficiency results in increased susceptibility to IBD, and
vitamin D supplements was shown to reduce the severity of intestinal inflammation in IL-10
deficient mice (Cantorna et al., 2000).
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1.3.2.3. Intestinal microbiota and IBD
Gut microbiota as a whole is necessary for the induction of IBD, as IL-10 deficient mice
without the gut microbiota do not develop spontaneous colitis (Sellon et al., 1998). Various
studies have shown that there is a shift in the gut microbiota composition between healthy
individuals and IBD patients, suggesting the presence of a colitis-inducing bacterial species
(Hold et al., 2014). The Firmicutes and Bacteroidetes phyla predominate in healthy intestine
and are important for the proper metabolic function of the intestine (Lay et al., 2005). In
contrast, the Proteobacteria phylum predominates in the intestine of both IBD patients and
animal models (Seksik et al., 2003; Gophna et al., 2006; Baumgart et al., 2007; Lupp et al.,
2007). Specifically, an increase in Escherichia coli (E. coli) has been reported in ileal UC
(Darfeuille-Michaud et al., 1998; Martinez et al., 2008; Willing et al., 2009) and CD (Martin
et al., 2004; Martinez-Medina et al., 2009) patients. In addition, several microorganisms have
been shown to induce IBD-like intestinal inflammation. For example, Fusobacterium
varinum infection have been found to be higher in UC patients and mice infected with
Fusobacterium varinum isolated from UC patients develop UC-like lesions in the intestine
(Ohkusa et al., 2003). Similarly, Klebsiella pneumoniae and Proteus mirabilis, predominantly
found in IBD mice models, induce colitis when transplanted to wild type mice (Garrett et al.,
2010). Due to the importance of intestinal microbiota in the pathology of IBD, administrating
antibiotics to IBD patients to either inhibit the growth of pathogenic bacteria, or to reduce the
overall number of intestinal microbiota have been shown to be effective in treating IBD
(Khan et al., 2011). However, treatment of IBD using antibiotics may increase the potential
for antibiotic resistant strains of pathogenic bacteria to develop. In addition, the contributions
of each bacterial species to the pathogenesis of IBD are not fully understood. For example,
prior infection to Helicobacter pylori has been shown to be protective against IBD (Higgins
et al., 2011; Luther et al., 2011), indicating that some intestinal microbiota protects the host
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against IBD. In addition, the usage of antibiotics in the first year of life has been shown to
increase the risk of getting paediatric IBD (Shaw et al., 2010). Hence, further studies are
required to fully understand how each bacterial strain contributes to IBD and to develop
strain-specific antibiotics to more efficiently treat IBD.

1.3.3. Involvement of lymphatic vessels in the pathology of IBD
Various studies have shown that lymphatic vessels are affected in IBD patients (Alexander et
al., 2010a). For example, lymphatic obstruction and submucousal oedema formation in the
intestine leading to dialated lacteals have been observed in IBD patients (Heatley et al., 1980;
Crohn et al., 2000; Pedica et al., 2008; Van Kruiningen & Colombel, 2008). In addition,
defective drainage capabilities of lymphatic vessels in IBD patients have been shown
(Heatley et al., 1980; Kovi et al., 1981; Tonelli et al., 2012). Furthermore, Tonelli and
colleagues have revealed that strictureplasty, which results in regression of inflammatory
lesion in IBD patients, leads to the recovery of normal lymphatic functions, showing a close
correlation between the pathology of IBD and lymphatic function (Tonelli et al., 2012).
Failure to transport lymph containing activated antigen-presenting cells, toxic bacterial
substances, and necrotic cell debris from the intestine to the lymph node have been proposed
to cause gastrointestinal inflammation (Tonelli, 2000). In support, mesenteric lymphatic
obstruction in pigs and rats via sclerotic agent injection induces regional enteritis highly
reminiscent to human IBD (Kalima, 1970; Kalima et al., 1976). It is important to note that
intestinal inflammation was induced in these models in the absence of any unique genetic
background or external challenge, showing that lymphatic obstruction alone can induce IBD.
Hence, lymphatic dysfunction can be considered another pathological factor for IBD (Van
Kruiningen & Colombel, 2008). Apart from lymphatic obstruction, increased lymphatic
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density is observed in IBD patients (Geleff et al., 2003; Kaiserling et al., 2003; Fogt et al.,
2004; Pedica et al., 2008; Rahier et al., 2011). This could be due to the limited lymphatic
function in IBD patients, leading to compensatory lymphatic formation in order to maintain
clearance of interstitial fluid and inflammatory infiltrate from the intestine. In agreement,
increased lymphangiogenesis was observed in a mouse model of post-surgical lymphoedema
(Tabibiazar et al., 2006). Hence, it is tempting to speculate that increased lymphatic density
in IBD is protective in nature at least in the acute phases of IBD. However, the role of
increased lymphangiogenesis in the pathology of IBD is still controversial. Increased
lymphatic densities are also observed in non-inflamed areas (areas without tissue damage and
infiltration of immune cells) of the intestine in IBD patients, suggesting that increased
lymphatic densities may contribute to intestinal inflammation by promoting inflammatory
cell migration to these uninflamed areas (Pedica et al., 2008; Rahier et al., 2011). In contrast,
reducing inflammatory lymphangiogenesis using a VEGFR-3 blocking antibody in an IBD
mouse model significantly increased inflammatory oedema and inhibited disease resolution
(Jurisic et al., 2013). Further studies are required to elucidate the role of lymphatic vessels in
the pathology of IBD.

1.3.4. Molecular mechanisms involved in IBD-associated lymphangiogenesis
Little

is

known

about

the

molecular

mechanisms

involved

in

IBD-associated

lymphangiogenesis (IBD-AL). A recent study has shown higher levels of VEGF-C, and
VEGF-D in the serum and the mucosa culture supernatant of IBD patients (Algaba et al.,
2013), indicating that these pro-lymphangiogenic growth factors may stimulate IBD-AL. In
agreement, the VEGFR-3 pathway is required for IBD-AL in IL-10 deficient mice (Jurisic et
al., 2013). Increased level of VEGF-A is also reported in the serum and the mucosa culture
46

supernatant of IBD patients (Bousvaros et al., 1999; Kanazawa et al., 2001; Duenas Pousa et
al., 2007; Pousa et al., 2008; Algaba et al., 2013). However, whether VEGF-A contributes to
IBD-AL is unclear. In addition to VEGFs, pro-lymphangiogenic genes such as ANG2, FGF2,
HGF, and PDGF-BB are suggested to contribute to IBD-AL. Higher levels of ANG2 and its
receptor TEK tyrosine kinase (TIE2) are detected in IBD patients (Koutroubakis et al., 2006;
Duenas Pousa et al., 2007; Pousa et al., 2008; Algaba et al., 2013) and Ang2 induces
inflammatory hemangiogenesis, lymphangiogenesis and neutrophil infiltration in dextran
sodium sulfate (DSS)-treated mice (Ganta et al., 2010). Increased serum level of FGF2 is
recorded in IBD patients (Thorn et al., 2000; Kanazawa et al., 2001) and FGF2 level
correlates with disease activity of IBD (Bousvaros et al., 1999; Thorn et al., 2000). Only one
study has shown increased serum levels of HGF in IBD patients (Srivastava et al., 2001).
However, administration of recombinant human HGF or HGF gene therapy significantly
reduces the severity of intestinal inflammation in 2,4,6-trinitrobenzenesulfonic acid (TNBS)treated mice, indicating that HGF may contribute to IBD resolution by improving lymphatic
function (Thorn et al., 2000). Similar to HGF, only one study has shown that PDGF-BB is
upregulated in serum and plasma of IBD patients (Krzystek-Korpacka et al., 2009).
Nevertheless, the level of PDGF-BB correlates with the severity inflammation and IBDassociated oxidative stress. In summary, not much in known about the molecular mechanisms
involved in IBD-AL and further studies are required to elucidate this.
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1.4. The relationship between tuberculosis and lymphatic vessels
1.4.1. Tuberculosis
The clinical presentation of tuberculosis (TB) varies from asymptomatic to systemic
symptoms such as fever, weight loss, and night sweats, and local consequences of the
infection such as thoracic lymphadenopathy and lung cavities (O'Garra et al., 2013). There is
a rise in TB incidence globally due to the lack of an effective vaccines and an increasing
prevalence of multi-drug resistant TB, with 8.6 million news cases of TB and 1.3 million
deaths in 2012 (Ramakrishnan, 2014). In 1882, Robert Koch identified Mycobacterium
tuberculosis (M. tuberculosis) as the causative agent of TB (Daniel, 2006). This important
discovery led to the production of the Bacillus Calmette-Guerin (BCG) vaccine in 1921. The
BCG vaccine offers some protection against miliary TB and TB meningitis, the two deadliest
forms of TB in children. However, it offers little protection against the more common
pulmonary form of TB. Although TB has been shown to occur in various organs such as
lymph nodes, bone, and meninges (Harisinghani et al., 2000), it is transmitted mainly through
aerosols coughed up from infected lungs, causing pulmonary TB. Despite continuous efforts,
development of a more protective vaccine has remained elusive (Kaufmann, 2012; McShane
et al., 2012).

Streptomycin was the first antibiotic to be introduced to treat TB in 1948 (Mitchison, 2005).
However, drug-resistant strains developed rapidly, rendering streptomycin ineffective. This
resulted in the use of 3-4 drug combinations to treat TB by the 1970s. However, a high
dosage and long-duration of treatment with each drug is required for effectiveness. In
addition, long-term treatment of TB with antibiotics increases the prevalence of multidrug-
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resistant M. tuberculosis strains (Pietersen et al., 2014). Without alternative treatment
strategies, TB may be as incurable as it was in the pre-antibiotic era.

1.4.2. Pathogenesis of TB
Aerosolized M tuberculosis bacilli are inhaled into the human lung where they first interact
with host phagocytic cells such as macrophages and neutrophils (Ramakrishnan, 2012). M
tuberculosis survives/disrupts phagocytic killing by host leukocytes establishing infection
within these cells (Jayachandran et al., 2007). M. tuberculosis then stimulates infected
phagocytes to release various cytokines and chemokines to recruit more immune cells
(Stanley et al., 2003; Guinn et al., 2004; Volkman et al., 2004). Infected antigen-presenting
cells travel to lymph nodes to trigger an adaptive immune response, stimulating recruitment
of T, B, and natural killer cells to the infection site (Ramakrishnan, 2012). This leads to the
formation of granulomas, an accumulation of various immune cells, which are a hallmark of
TB. The main cellular component of the M. tuberculosis-mediated granuloma is mature
macrophage. Macrophages either fuse together to form multinucleated giant cells (Helming &
Gordon, 2007), differentiate into lipid-rich foam cells (Peyron et al., 2008), or transform into
epitheloid cells, which links to the adjacent cells to form a tightly interdigitated cell
membrane (Adams, 1974). Necrotic cell death within the granuloma leads to the formation of
necrotic area known as caseum (Hunter, 2011). The M. tuberculosis-mediated granuloma is
proposed to be a host-defence mechanism which provides a physical and immune
microenvironment to contain and control the M. tuberculosis infection (Silva Miranda et al.,
2012). However, due to the complex structure of a granuloma, the granuloma also provides
the M tuberculosis with greater microbicidal capacity, promoting its long-term survival. M.
tuberculosis can undergo replicative arrest within the granuloma and become dormant.
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Hence, many TB patients remain asymptomatically infected for many years after a brief
primary infection that heals spontaneously (Hunter, 2011). This latent TB contributes to 32%
of the global population being infected with M. tuberculosis (Dye et al., 1999). Although
granulomas contribute to host protection by limiting M. tuberculosis infection, granulomas
also provide a niche for M. tuberculosis to remain dormant until the host is weakened and
susceptible to reactivation of infection. Over a lifetime, 5-10% of latent TB patients
reactivate TB (Vynnycky & Fine, 2000). It is well established that dormant M tuberculosis
within granulomas is the cause of reactivated TB rather than suprainfecting M. tuberculosis
(Lillebaek et al., 2003; Chan & Flynn, 2004). Stresses that contribute to the reactivation of
TB include old age (Lin & Flynn, 2010), tobacco smoke, indoor air pollution, alcoholism,
and immunodeficiency caused by immunosuppressive medical treatments (Sundaram et al.,
2008; Boubaker et al., 2013) or HIV infection (Corbett et al., 2003).

1.4.3. TB and the lymphatic vasculature
Antigen-presenting cells infected by M. tuberculosis can facilitate dissemination of M.
tuberculosis to the lymph nodes while attempting to carry antigen to prime the adaptive
immune response (Behr & Waters, 2014). Hence, the spread of M. tuberculosis to the lymph
node through the lymphatic vessel contributes to the pathology of TB. Consequently, the
lymphatic system is the most common site of TB after the lungs in humans. This shows that
the lymphatic system is not only a pathway for M. tuberculosis to travel to the lymph node,
but is also an important site of M. tuberculosis infection. In support, pulmonary lymphatic
vessels of guinea pigs infected with low dose aerosolized M. tuberculosis show the earliest
symptoms of M. tuberculosis infection such as the formation of inflammatory lesions,
increased recruitment of granulocytes, and lymphatic occlusion leading to lymphatic dilation
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(Basaraba et al., 2006). In addition, M. bovis infection of cattle (Palmer et al., 2007; Waters et
al., 2009) or white-tailed deer (Palmer et al., 2002), models of human TB, show the highest
bacterial burden per gram of tissue in the lymph nodes. A similar result was observed in mice
infected with aerosolized M tuberculosis (Wolf et al., 2008). In some cases, lymph node TB
may occur without any sign of M. tuberculosis infection in the lung. In support, autopsy
results show that some patients who died of conditions other than TB had lymph node TB
without any symptoms of pulmonary TB (Behr & Waters, 2014). Further studies are required
to elucidate the relationship between the lymphatic system and M. tuberculosis infection as
this relationship may provide additional therapeutic strategies for the treatment of TB.

1.5. Zebrafish as a model organism
In vitro models cannot fully recapitulate complex tissue homeostasis and interactions
between cells and their microenvironment. Hence, animal models of biological processes or
diseases are clearly required. One of the most important model organisms in biomedical
research is the mouse (Mus musculus). Being a mammalian model, the mouse model provides
various advantages when compared with other non-mammalian models. However, mouse
models also have limitations such as the high cost involved in maintaining a mice facility and
the technical difficulty involved in performing large-scale studies such as chemical and
genetic screens. In contrast, the zebrafish (Danio rerio) model is relatively inexpensive to
maintain, and its high fecundity rate resulting in 200-300 eggs per week makes it amenable to
large scale studies (Santoriello & Zon, 2012). In terms of biological complexity, zebrafish is
closer to humans than popular invertebrate models such as Caenorhabditis elegans and
Drosophila melanogaster, but is less technically challenging than mouse models. Zebrafish
embryos are optically transparent allowing easy visualisation of biological processes and they
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develop outside the body, which makes it easy to manipulate. Additionally, zebrafish
embryos develop rapidly when compared with mouse embryos, with most major organs
developed within the first two days of life (Kimmel et al., 1995). This makes it possible to get
biologically significant results in a relatively short time. It is important to note that at least
70% of human protein-coding genes have a zebrafish orthologue (Howe et al., 2013). This
indicates that most molecular mechanisms involved in normal biological processes or in
diseases are conserved in zebrafish.

1.5.1. Forward genetic screens in zebrafish
Forward genetic screens involve identification of a mutant phenotype to define and dissect a
particular molecular pathway without prior knowledge of the gene involved. Zebrafish is
particularly suited for forward genetic screening because the egg clutch size per mating pair
is large, and embryos develop rapidly. The most popular method for conducting a forward
genetic screening in zebrafish is to utilise the mutagen N-ethyl-N-nitrosourea (ENU) due to
its high mutation efficiency (Grunwald & Streisinger, 1992; Mullins et al., 1994; SolnicaKrezel et al., 1994) when compared with retroviral (Gaiano et al., 1996) or transposon-based
mutagenesis (Nagayoshi et al., 2008). Adult zebrafish males are first treated with ENU and
are outcrossed to wild type females to generate F1 progenies that contain a random set of
point mutations in their genome. These F1 progenies are propagated by further outcrossing
them to wild types to generate F2 families of heterozygous carriers. These F2 families are
then incrossed to generate F3 progenies that are analysed phenotypically for recessive
defects. The first large-scale forward genetic screens were performed in Boston and Tübingen
in 1996 (Driever et al., 1996; Haffter et al., 1996). These studies isolated zebrafish mutants
with mutant phenotypes in most organ systems, showing the strength of using the zebrafish as
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a platform to unbiasedly identify genes that are involved in organ development. Although a
huge library of mutants that are useful for biomedical research have been identified using this
method, identification of the causative genomic changes in mutants generated through
forward genetic screens remains a significant bottleneck for progress, resulting in a large
collection of mutants with unknown causative genes (Henke et al., 2013). The standard
method of identifying the causative mutation in a mutant is to perform bulk segregation
linkage analysis, in which the chromosomal location of a causative mutation of a mutant is
mapped by taking advantage of the random chromosome recombination events that take place
in diploid genomes (summarised in Zhou & Zon, 2011). The recombination frequency of the
locus that contains a polymorphic genomic marker, and the locus that contains the mutant
gene, are used to calculate the distances between them. Due to Mendelian segregation, two
loci from separate chromosomes in the parental genomes should randomly segregate into
genomes of the next generation at a 50% ratio. In contrast, two loci from the same
chromosome will have recombination frequencies that are smaller than 50%. Although this
method has contributed to identifying genes that are mutated in various zebrafish mutants
(Hogan et al., 2009a; Gupta et al., 2011; Schaub et al., 2012), this process is very labourintensive and time consuming. Furthermore, many markers are not polymorphic in particular
crosses or genetic background, reducing the resolution of the mapping. Recently, with the
advancement of next generation sequencing (NGS) technologies, whole genomic sequences
from a pool of mutant zebrafish can be directly sequenced and compared with the whole
genomic sequences of wild type siblings to identify the region harbouring the causative
mutation of the mutant (Henke et al., 2013). Accordingly, various research laboratories have
utilised the NGS technology to successfully identify the causative mutation of various
zebrafish mutants (Bowen et al., 2012; Leshchiner et al., 2012; Liu et al., 2012; Obholzer et
al., 2012; Voz et al., 2012; Hill et al., 2013; Miller et al., 2013). The concept used in NGS
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approaches is the same as bulk segregation linkage analysis. However, the NGS approach
allows the identification of a very dense set of informative markers and the actual genetic
mapping to be conducted in the same experiment due to the large genetic information
available from full genomic sequencing (Henke et al., 2013). This increases the resolution of
the mapping and assists in subsequent efforts on refining and identifying the causative
mutation of a mutant. Further advancements of NGS technology to allow better read qualities
and numbers, as well as reduction in cost, will allow rapid genetic screening of mutants to be
conducted in a time efficient and inexpensive manner in both zebrafish and mammals.
Importantly, combining NGS approaches of positional cloning and forward genetic screens in
zebrafish will accelerate future efforts of identifying novel genes that affect cellular processes
or organ development.

1.5.2. Reverse genetics in zebrafish
A major advantage of using zebrafish is the availability of various genetic tools to study the
function of a specific gene. Reverse genetic approaches such as morpholino antisense
oligonucleotides, which induce temporary reduction of target gene expression by either
inhibiting translation or affecting splicing, can be used to rapidly study the effect of knocking
down a gene in an in vivo manner (Nasevicius & Ekker, 2000). The zebrafish embryos
develop outside of the body so injection of the morpholino is technically simple.
Additionally, the high fecundity rate of zebrafish allows large number of gene knockdown
studies to be conducted simultaneously. Although morpholino-mediated gene knockdown
studies in zebrafish are technically simple, gene knockdown studies cannot be conducted in
later developmental stages due to morpholino dilution during development (Eisen & Smith,
2008). In addition, toxic morpholino side effects caused by tumour suppressor p53-mediated
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apoptotic cell death, or non-specific binding of morpholinos, may lead to phenotypes that do
not recapitulate the mutant phenotype of the gene (Robu et al., 2007; Eisen & Smith, 2008;
Karpanen & Schulte-Merker, 2011; Tao et al., 2011; van Impel et al., 2014). To overcome
this, the zebrafish research community took advantage of expertise developed for standard
ENU-mediated forward genetic mutagenesis to create targeting induced local lesions in
genomes (TILLING) libraries of mutagenised zebrafish genomes (McCallum et al., 2000;
Wienholds et al., 2002). These genomes are subsequently screened for mutations in genes of
interest using Cel1, an enzyme that cleaves heteroduplex DNA at all possible single
nucleotide mismatches (Colbert et al., 2001). Alternatively, direct resequencing of target
genes from single mutagenised fish can be conducted to identify a mutant of interest
(Wienholds et al., 2002). Once mutants harbouring a mutation in the gene of interest is
identified, they are recovered by breeding and tested for loss of function phenotypes (Moens
et al., 2008). Unlike morpholino-mediated knockdown strategies, TILLING-mediated
knockout strategies allow zebrafish researchers to study the function of a gene throughout the
lifetime of the mutant. Recently, new techniques that allow targeted mutant generation in
zebrafish have emerged such as transcription activator-like effector nuclease (TALEN) (Li et
al., 2011b; Sander et al., 2011), zinc-finger nucleases (Foley et al., 2009; Zhu et al., 2011),
and clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated
(Cas) system (Hwang et al., 2013). Unlike TILLING, a gene of interest can be specifically
mutated using these techniques, allowing efficient knockout studies to be conducted in
zebrafish.
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1.5.3. Transgenesis in zebrafish
Zebrafish embryos are optically transparent and embryonic development can be visualised
under a simple light microscope. To allow a specific organ or a cell population to be
visualised, zebrafish transgenic lines that express fluorescent proteins such as green
fluorescent protein (GFP) or red fluorescent protein (RFP) driven by promoters of genes that
are specifically expressed on an organ or a cell population can be generated (Higashijima et
al., 1997; Long et al., 1997; Meng et al., 1997; Lawson & Weinstein, 2002). The first
zebrafish transgenic was generated by injecting a linearized bacterial plasmid into single-cell
zebrafish embryos (Stuart et al., 1988). This resulted in an approximately 1% germline
success rate. Zebrafish transgenesis was greatly enhanced after Tol2 transposase, a
transposable element identified in the medaka fish (Koga et al., 1996), was applied to
zebrafish to generate germ line transgenesis at 50-80% efficiency (Kawakami et al., 2000;
Kawakami et al., 2004; Urasaki et al., 2006). In this method, synthetic transposase mRNA
and a transposon donor plasmid containing a Tol2 construct with a promoter and a gene
encoding a fluorescent protein are co-injected into single-cell zebrafish embryos. The
transposase protein is translated from the injected mRNA and facilitates the excision of the
transposon construct from the donor plasmid. This leads to a stable integration of the excised
DNA containing the promoter and the gene encoding a fluorescent protein into the zebrafish
genome. Subsequent generation of a Tol2 transposase kit that facilitates rapid construction of
promoter-fluorescent protein fusion through the Gateway technology (Kwan et al., 2007)
contributed to the generation of various zebrafish transgenic lines (Lecaudey et al., 2008;
Jopling et al., 2010; Ellett et al., 2011).
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Using the same concept, transgenic lines that overexpress a gene of interest in a organspecific manner can be generated as well (Hogan et al., 2008). For example, a recent study
have utilised the sonic hedgehog promoter and floor plate enhancer (Ertzer et al., 2007) to
overexpress ccbe1 and vegfc in the developing floor plate (Le Guen et al., 2014). Inducible
systems such as heat-inducible heat shock cognate 70-kd protein like (hsp70l) promoter
(Halloran et al., 2000), mifepristone-inducible LexPR system (Emelyanov & Parinov, 2008),
and tamoxifen-inducible Cre/loxP system (Thummel et al., 2005; Hans et al., 2011) can also
be utilised in zebrafish to generate transgenic lines that overexpress genes in an inducible
manner. Additionally, a dominant negative form of a gene can be overexpressed in an
inducible, organ-specific manner to investigate the effect of losing the gene function on the
development of an organ (Hogan et al., 2008). For example, Pyati and colleagues have
generated Tg(hsp70l:dominant negative (dn)Bmpr-GFP), a heat-inducible zebrafish
transgenic line that overexpresses a dominant negative form of Bmpr ubiquitously, to show
that Bmp signalling is important for cloaca formation in zebrafish (Pyati et al., 2006).

1.5.4. Zebrafish as a model for lymphangiogenesis
The difference in the proposed mechanisms in lymphatic sprouting highlights the technical
difficulties that are still involved in deep tissue live imaging in mice. Hence, an in vivo
lymphatic model, which allows deep tissue live imaging, was required. In 2006, two separate
studies conducted by Yaniv and colleagues (Yaniv et al., 2006) and Kuchler and colleagues
(Kuchler et al., 2006) identified a zebrafish TD that shares many characteristics with the
mammalian lymphatic vessels. The zebrafish TD expresses zebrafish orthologues of
mammalian lymphatic genes such as prox1b (Del Giacco et al., 2010), prox1a, nrp2 (Yaniv et
al., 2006), ang2 (Kuchler et al., 2006), lyve1 (Flores et al., 2010), vegfr3 (van Impel et al.,
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2014), and coup-TFII (Aranguren et al., 2011). In addition, known lymphatic genes required
for lymphatic sprouting such as vegfc (Kuchler et al., 2006), vegfr3 (Hogan et al., 2009b),
nrp2a (Hermans et al., 2010) and ccbe1 (Hogan et al., 2009a) are required for the
development of zebrafish TD. Importantly, the zebrafish TD lacks blood-flow and is able to
drain interstitial fluids into the venous system (Kuchler et al., 2006; Yaniv et al., 2006). A
growing number of lymphatic reporter lines are being generated in zebrafish (discussed in
Chapter 3). Due to the optical transparency of zebrafish embryos, these lymphatic reporter
lines can be used to observe the lymphatic development in a live embryo at a high resolution.
Taking advantage of this, Yaniv and colleagues provided the most definitive in vivo evidence
of a venous origin of lymphatic vessels at the time (Yaniv et al., 2006). Yaniv and colleagues
conducted a long term time lapse imaging of the friend leukaemia integration 1 a
(fli1a):nuclear EGFP (nEGFP) transgenic line, which marks endothelial cell nuclei to trace
the cell population that give rise to the zebrafish TD (Yaniv et al., 2006). They were able to
show in real time that the lymphangioblasts bud off from the posterior cardinal vein (PCV)
and migrate in a stereotypical manner to form the zebrafish TD (Yaniv et al., 2006). Although
the venous origin of lymphatic vessels was not conclusively accepted until it was
subsequently shown in the mammalian model (Srinivasan et al., 2007), the work done by
Yaniv and colleagues show that the zebrafish model is an alternative lymphatic model that
can be used to answer unanswered questions regarding early lymphatic development, which
are hard to study in mice due to its limited imaging capabilities.

1.5.5. Development of the zebrafish trunk lymphatic network
Since its discovery, zebrafish vascular biologists have measured the percentage of TD
fragments between the somites to quantify lymphatic development in zebrafish (Karpanen &
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Schulte-Merker, 2011). Therefore, the development of the trunk lymphatic network which
includes the zebrafish TD is well characterised (Figure 1.3). As in mammals, the zebrafish
lymphatic vasculature develops from the venous vasculature (Yaniv et al., 2006). Before
lymphatic sprouting begins, about 30 arterial intersegmental vessels (ISVs) are formed on
both sides of the embryo from the initial wave of angiogenic sprouting from the dorsal aorta
(DA) (Isogai et al., 2003). This is followed by a secondary wave of sprouting from the PCV
(the sprouts that form are termed secondary sprouts) at around 36 hours post-fertilisation
(hpf) (Isogai et al., 2003; Yaniv et al., 2006; Geudens et al., 2010). Approximately half of
these secondary sprouts connect to one of the basal stalk cells of a primary ISV to form the
venous ISV (Bussmann et al., 2010). The remaining secondary sprouts, now termed
lymphatic secondary sprouts, migrate dorsally towards the horizontal myoseptum and then
migrate horizontally to form parachordal lymphangioblasts (PLs) at around 48 hpf (Yaniv et
al., 2006; Hogan et al., 2009a; Bussmann et al., 2010; Geudens et al., 2010). By 60 hpf, PLs
migrate both ventrally and dorsally along the arterial ISV (Hogan et al., 2009a; Geudens et
al., 2010). Once the lymphangioblasts reach the DA and the dorsal lateral anastomotic vessel
(DLAV), the lymphangioblasts migrate horizontally. These lymphangioblasts eventually
form the trunk lymphatic network, which include the intersegmental lymphatic vessels
(ISLVs), the dorsal longitudinal lymphatic vessel (DLLV) and the TD by 5 dpf. The
development of the zebrafish TD and the DLLV involve bidirectional migration and fusion of
lymphatic fragments (Yaniv et al., 2006; Hogan et al., 2009a).
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Figure 1.3: Development of the trunk lymphatic network in zebrafish
Schematic diagram showing the formation of the trunk lymphatic network and a list of
lymphatic guidance factors required in each developmental stages. Secondary sprouts emerge
from the PCV at around 36 hpf. Half of these sprouts connect to the arterial ISV to form
venous ISV while the other half migrate towards the horizontal myoseptum to form PLs at
around 48 hpf. Motoneurons (Lim et al., 2011) and the chemokine (C-X-C motif) ligand 12a
(Cxcl12a)/chemokine (C-X-C motif) receptor 4a/b (Cxcr4a/b) pathway (Cha et al., 2012) are
required for the formation of PLs. At around 60 hpf, PLs migrate dorsally and ventrally along
the arterial ISV. Arterial ISV is required for this migration via the Notch pathway (Geudens
et al., 2010) and the Cxcl12b/Cxcr4a/b pathway (Cha et al., 2012). Lymphangioblasts migrate
horizontally along the DA or the DLAV once they reach the DA and the DLAV. The DA
contributes to lymphangioblasts migration along the DA via the Notch pathway (Geudens et
al., 2010) and the Cxcl12b/Cxcr4a/b pathway (Cha et al., 2012), while the PCV contributes
via the Cxcl12a/Cxcr4a/b pathway. By 5 days post-fertilisation (dpf), the lymphangioblasts
fuse in a bidirectional manner to form the trunk lymphatic network. aISV, arterial
intersegmental vessel; DA, dorsal aorta; DLAV, dorsal lateral anastomotic vessel; DLLV,
dorsal longitudinal lymphatic vessel; HM, horizontal myoseptum; ISLV, intersegmental
lymphatic vessel; PL, parachordal lymphangioblast; PCV, posterior cardinal vein; SS,
secondary sprouts; TD, thoracic duct; vISV, venous intersegmental vessel.
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1.5.6. Contribution of zebrafish to the lymphatic field
Since its characterisation, studies utilising the zebrafish lymphatic vasculature have greatly
contributed to the lymphatic field. In particular, the zebrafish model has been a useful model
in identifying new lymphatic genes and guidance factors.

1.5.6.1. Reverse genetics to identify novel lymphatic genes
Various studies have taken advantage of the ability to perform rapid morpholino-mediated
gene knockdown in zebrafish to identify new genes that are required for lymphatic
development. For example, morpholino-mediated knockdown of claudin-like protein of 24
kDa (clp24), a hypoxia-regulated transmembrane protein that had no known function, impairs
zebrafish TD and PL formation with minimal blood vascular defects (Saharinen et al., 2010).
CLP24 deficient mice display enlarged lymphatic vessels with abnormal smooth muscle
coverage, proving the important role of CLP24 in mammalian lymphatic vessel development
and maturation. CLP24 was shown to exert this lymphatic effect by interacting with VEGFR2 and VEGFR-3 and modulating its downstream phosphorylation in vitro. ArfGAP with
RhoGAP domain, ankyrin repeat and PH domain 3 (ARAP3), a GTPase activating protein
that was previously shown to modulate cell adhesion and migration (I et al., 2004; Krugmann
et al., 2006; Gambardella et al., 2011; Yagi et al., 2011), was also recently shown to be a new
lymphatic gene using morpholino-mediated gene knockdown in zebrafish (Kartopawiro et al.,
2014). Morpholino-mediated knockdown of arap3a, a zebrafish orthologue of ARAP3,
results in impaired zebrafish TD formation due to lack of PL formation. Conditional deletion
of Arap3 in LECs in mice results in abnormal dermal lymphatic vessel development. Arap3 is
expressed on LEC precursors that are actively sprouting from the cardinal vein in response to
VEGF-C and are co-expressed with Prox1 in mice. VEGF-C-dependent LEC migration is
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impaired when ARAP3 is knocked down using RNA interference in vitro. In addition,
morpholino-mediated knockdown of arap3a partially suppresses vegfc overexpressioninduced increase in PL and PCV cell number in zebrafish, showing genetic interaction
between vegfc and arap3a. These results indicate that ARAP3 contributes to lymphatic
development by mediating VEGF-C/VEGFR-3 pathway during LEC migration. Taken
together, these studies show that the zebrafish model can be utilised to rapidly investigate
whether a gene has a role in lymphatic development using morpholino-mediated gene
knockdown. Other new lymphatic genes that were identified using morpholino-mediated
gene knockdown in zebrafish include Apelin (Kim et al., 2014b), homeobox C9a, stabilin 1,
stabilin 2 (Stoll et al., 2013), Ras guanyl releasing protein 4 (Huang et al., 2013), and
lysophosphatidic acid receptor 1 (Lee et al., 2008). Although the mechanisms involved in the
lymphatic modulatory role of these genes are elucidated, mammalian LEC-specific knockouts
of these genes have not been conducted yet.

1.5.6.2. Forward genetics to identify novel lymphatic genes
Forward genetic screening is an unbiased way of identifying novel genes that are required for
various cellular processes (Driever et al., 1996; Haffter et al., 1996). One of the most
important findings in zebrafish lymphatic research was the identification of Ccbe1 as a novel
lymphatic gene (Hogan et al., 2009a). Hogan and colleagues performed a forward genetic
screen and identified a zebrafish mutant, full of fluid (fof), which develops oedema at the
lower intestine and around the eyes from 6 dpf. The fof mutant has no TD and PLs, while
blood vessels develop relatively normally. The fof mutant was shown to contain a mutation in
ccbe1, revealing a novel role of Ccbe1 in lymphatic development. In support, CCBE1
mutations were later linked to Hennekam syndrome, a human primary lymphoedema disease
(Alders et al., 2009). This proves that the molecular mechanisms involved in lymphatic
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sprouting in human and zebrafish are conserved and that zebrafish is an excellent tool to
model early lymphatic development in humans. A recent study done by Coxam and
colleagues showed that the lymphatic and cardiac defects 1 (lyc1) mutant lacks the TD and
develops oedema, while blood vessel development appears to be normal (Coxam et al.,
2014). PLs were shown to develop normally in lyc1 mutants showing that lymphatic
sprouting is not affected in lyc1 mutants. Using bulk segregation linkage analysis, polycystic
kidney disease 1 a (pkd1a), a zebrafish orthologue of PKD1 that is commonly mutated in
autosomal dominant polycystic kidney disease (Chapin & Caplan, 2010), was shown to be
mutated in lyc1 mutants, revealing a novel role of Pkd1a in lymphatic development (Coxam
et al., 2014). In support, LEC-specific deletion of Pkd1 results in defective dermal lymphatic
morphogenesis and branching in mice (Coxam et al., 2014; Outeda et al., 2014). Instead of
impaired lymphatic sprouting, these lymphatic phenotypes are caused by defects in the
morphology of migrating LECs. Taken together, studies conducted by Hogan and colleagues
(Hogan et al., 2009a) and Coxam and colleagues (Coxam et al., 2014) prove the usefulness of
forward genetic screens in zebrafish in elucidating novel mechanisms of lymphatic sprouting
and migration in mammals.

1.5.6.3. Identification of lymphatic guidance cues in zebrafish
The molecular mechanisms involved in the guidance of lymphangioblasts to form a mature
lymphatic network are still largely unknown. Using time-lapse imaging analysis, Bussman
and colleagues and Geudens and colleagues have shown that lymphatic progenitor cells that
form the trunk lymphatic network predominantly migrate along the arterial ISVs (Bussmann
et al., 2010; Geudens et al., 2010). In addition, Geudens and colleagues have shown that the
Dll4/Notch pathway is required for the guidance of lymphangioblasts along the arterial ISV
(Geudens et al., 2010). Morpholino-mediated partial knockdown of dll4 or notch-1b impairs
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lymphangioblast migration along the arterial ISV and Notch activity is enhanced on arterial
ISVs when lymphangioblasts are migrating along the arterial ISV. In addition, Notch activity
is enhanced on the DA as well, indicating that the Notch pathway may guide the
lymphangioblasts along the DA when the zebrafish TD is forming. Although notch-1b and
dll4 are expressed on arterial ISVs, whether migrating LECs express notch-1b or dll4 in
zebrafish was not shown. Hence, it is unclear if the Notch pathway directly or indirectly
stimulates LEC migration along the arterial vessels. Nevertheless, these studies showed that
arterial guidance cues are important for lymphatic guidance along arterial vessels.

The chemokine (C-X-C motif) ligand 12 (CXCL12)/chemokine (C-X-C motif) receptor 4
(CXCR4) pathway has been shown to stimulate lymphangiogenesis in vitro and in vivo (Zhuo
et al., 2012). A study done by Cha and colleagues showed that chemokine signalling also
plays a significant role in lymphangioblast guidance. Zebrafish lymphangioblasts express
cxcr4a/b and its ligand cxcl12a is expressed on the horizontal myoseptum where the PL
forms (Cha et al., 2012). Morpholino-mediated knockdown of the Cxcl12a/Cxcr4a/b pathway
impairs migration of lymphangioblasts along the horizontal myoseptum, resulting in the
absence of PLs. Cxcl12b is another ligand of Cxcr4a/b and it is expressed on arterial ISVs.
Accordingly, morpholino-mediated knockdown of the Cxcl12b/Cxcr4a/b pathway inhibits the
migration of lymphangioblasts along the arterial ISV. Additionally, ectopic expression of
cxcl12b results in ectopic migration of lymphangioblasts and ISLV formation on venous
intersegmental vessels, suggesting that Cxcl12b is both necessary and sufficient for ISLVISV guidance. At a later stage, cxcl12a and cxcl12b are expressed in the PCV and DA
respectively, suggesting the role of Cxcl12a/b-Cxcr4a/b pathway in lymphangioblast
migration in between the PCV and the DA to mediate the formation of the zebrafish TD.
Although the development of the DLLV follows a similar developmental mechanism to the
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TD, cxcl12a/b are not expressed on the DLAV, which suggest that an unidentified factor is
likely to be responsible for the migration of lymphangioblast along the DLAV. Interestingly,
cxcl12b expression in the DA gradually decreases, while cxcl12a expression in the PCV
gradually increases during zebrafish TD formation. This is proposed to prevent the
lymphangioblasts that form the zebrafish TD from migrating ventrally beyond the PCV.
Importantly, CXCR4 is expressed in mammalian LECs stimulated with VEGF-C, and
CXCL12a promotes LEC migration in vitro (Zhuo et al., 2012). This shows that the
requirement of chemokines in lymphatic guidance is likely conserved in mammals, however
the molecular mechanisms involved in the spatiotemporal expression of cxcl12a/b and
cxcr4a/b are still unknown.

Many guidance cues that direct early patterning of blood vessels and the nervous system
overlap (Melani & Weinstein, 2010). It is therefore possible that the nervous system may play
an important role in lymphatic development as well. Lim and colleagues have shown that
motoneurons are required for lymphatic development in zebrafish (Lim et al., 2011). To show
this, Lim and colleagues suppressed motoneuron formation along the horizontal myoseptum
via morpholino-mediated knockdown of netrin 1a (ntn1a), a zebrafish orthologue of
mammalian Netrin-1 that is required for neuronal exon guidance (Melani & Weinstein, 2010;
Lim et al., 2011). Netrin 1a and its receptor deleted in colorectal cancer (Dcc) are required for
the formation motoneurons along the horizontal myoseptum in zebrafish because ntn1a is
expressed in the muscle pioneers located at the horizontal myoseptum and guides the
formation of dcc-expressing motoneurons along the horizontal myoseptum. Impaired
motoneuron formation along the horizontal myoseptum results in impaired PL formation
leading to lack of zebrafish TD development. In support of this result, morpholino-mediated
knockdown of oligodendrocyte transcription factor 2 and insulin gene enhancer protein ISL66

1, genes necessary for motoneuron development (Lu et al., 2002; Park et al., 2002; Zhou &
Anderson, 2002; Hutchinson & Eisen, 2006), as well as laser ablation of motoneurons, also
impair PL formation in zebrafish (Lim et al., 2011). This shows that similar to blood vessels,
lymphatic vessels require guidance cues from the nervous system. Further studies are
required to identify the guidance factors that are secreted by the motoneurons that would
directly interact with the lymphangioblast.

1.5.7. Controversies in using the zebrafish as a model of mammalian lymphatic
development
1.5.7.1. Secondary vessel system
The secondary vessel system (SVS) is a unique feature of teleosts that arises from the
primary artery through an interarterial anastomoses and connects to the venous vasculature
(Vogel & Claviez, 1981; Steffensen et al., 1986; Vogel, 1986). Despite its connections to
blood vessels, the SVS rarely contains red blood cells and the function of the SVS is still
unclear. It is hypothesised that the SVS may have an immune sensing function because
secondary vessels contain immune cells and are enriched in regions close to the external
environment (fins, gills, and skin) (Rasmussen et al., 2013). Because zebrafish is a teleost,
zebrafish lymphatics have been proposed to be secondary vessels rather than true lymphatic
vessels (Vogel, 2010). Many features of zebrafish lymphatic vessels suggest however, that
these vessels are not part of the SVS. Firstly, the zebrafish trunk lymphatic network displays
no connections to the arteries (Yaniv et al., 2006), while secondary vessels always have an
arterial connection (Steffensen et al., 1986; Vogel, 1986). Secondly, unlike secondary
vessels, the zebrafish TD is able to take up interstitial fluid (Kuchler et al., 2006; Yaniv et al.,
2006). Finally, the zebrafish trunk lymphatic network originates from the cardinal vein
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instead of arteries (Yaniv et al., 2006). Although these evidences suggest that the zebrafish
lymphatic vessels are not secondary vessels, this does not exclude the possibility that
zebrafish possess a SVS. It is difficult however, to distinguish between lymphatic capillaries
and secondary vessels as they share structural characteristics such as large irregularly
outlined lumens, anchoring filaments that connect to their surroundings, and lack of basement
membranes and smooth muscle cells (Karpanen & Schulte-Merker, 2011). In addition, there
is no specific marker for the SVS making it difficult to identify and characterise the SVS in
zebrafish. One example of potential confusion is the study conducted by Dahl Ejby Jensen
and colleagues that showed blood perfusion into a putative lymphatic vessel in the adult
zebrafish tail fin in response to hypoxic conditions (Dahl Ejby Jensen et al., 2009). Here, they
failed to show the embryonic origin of this lymphatic vessel and no molecular experiments
other than prox1 labelling, which had questionable specificity due to its non-nucleus
labelling, were conducted to prove that the putative adult tail fin lymphatic that they have
described is a lymphatic vessel (Dahl Ejby Jensen et al., 2009; Karpanen & Schulte-Merker,
2011). Based on these evidences, Dahl Ejby Jensen and colleagues may have mistaken the
adult secondary vessel as a lymphatic vessel. Further studies are required to elucidate the
relationship between the SVS and the lymphatic vessel in zebrafish. As the zebrafish model
possesses both the lymphatic vessels and the SVS, it would be an ideal model to study this
relationship.

1.5.7.2. The differences in lymphatic specification between zebrafish and mammals
It was previously shown that prox1a (Yaniv et al., 2006), prox1b (Del Giacco et al., 2010),
coup-TFII (Aranguren et al., 2011) and sox18 (Cermenati et al., 2013), zebrafish orthologues
of mammalian genes required for lymphatic specification, are required for zebrafish TD
formation using morpholino-mediated gene knockdown. However, recent studies done by van
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Impel and colleagues and Tao and colleagues have shown that zebrafish mutants of these
genes display normal zebrafish TD development (Tao et al., 2011; van Impel et al., 2014).
These studies, using zebrafish mutants are more conclusive than the other studies that utilised
morpholino-mediated gene knockdown as the development of the zebrafish TD is sensitive to
toxic morpholino side-effects (Karpanen & Schulte-Merker, 2011). Apart from Prox1a/b,
Coup-TFII, and Sox18, the Notch pathway (Geudens et al., 2010) and the Bmp2a/miR31/181a pathway (Dunworth et al., 2014) are proposed to be essential for lymphatic
specification in zebrafish. However, knockout studies to confirm these findings have not been
conducted. Further research is required in elucidating the molecular mechanisms involved in
lymphatic specification in zebrafish. It is important to note however, that the mechanisms
involved in lymphatic sprouting and migration is conserved in zebrafish. Therefore, zebrafish
is still a useful model to investigate and identify genes that are required for lymphatic
sprouting and migration.

1.5.8. Zebrafish as a model of IBD
A number of mouse models of IBD have been developed (Mizoguchi, 2012). These include
chemically-induced colitis models such as mice treated with DSS (Dieleman et al., 1994),
TNBS (Neurath et al., 1995), and oxazolone (Boirivant et al., 1998). In addition, genetic
models that develop spontaneous colitis, such as Il-10 mutant mice (Kuhn et al., 1993) are
also available. These models have greatly contributed to our understanding of the pathology
of IBD. However, mouse models of IBD are associated with high cost and have limited
imaging capabilities. Therefore, an alternative vertebrate model of IBD, which maintains key
aspects of the disease such as the presence of innate and adaptive immunity, an intestinal
epithelial barrier, and intestinal microbiota, was required. In recent years, zebrafish have
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gained popularity as an alternative IBD model (Yang et al., 2014). Zebrafish processes a
functional immune system with the full repertoire of immune cells found in mammals
(Zapata et al., 2006; Renshaw & Trede, 2012). In addition, putative orthologues of
mammalian TLRs are present in zebrafish, showing conserved innate immune mechanisms
(Jault et al., 2004; Meijer et al., 2004; Hall et al., 2009). The zebrafish intestine is highly
analogous to mammals with the presence of absorptive enterocytes, mucus-producing goblet
cells, and enteroendocrine cells (Wallace et al., 2005; Wang et al., 2010b; Menke et al.,
2011). The gut microbiota composition of zebrafish and mammals are very similar (Rawls et
al., 2004; Rawls et al., 2006) and change in diet, feeding habits, and environment have been
shown to alter the composition of zebrafish gut microbiota (Semova et al., 2012; Sullam et
al., 2012; Wong & Rawls, 2012). Importantly, functional orthologues of IBD susceptibility
genes Nod1 and Nod2 have been found in zebrafish (Oehlers et al., 2011a). The conserved
features of the zebrafish intestine, microbiota, and the immune cell composition, make the
zebrafish an excellent alternative model to compliment the murine model in IBD research.

1.5.8.1. Chemically-induced IBD models in zebrafish
Similar to mammals, when zebrafish are exposed to oxazolone (Brugman et al., 2009), TNBS
(Fleming et al., 2010; Crawford et al., 2011; Oehlers et al., 2011b; Oehlers et al., 2012;
Geiger et al., 2013), or DSS (Oehlers et al., 2012), this results in an IBD-like intestinal
inflammation. Various aspects of mammalian IBD such as the upregulation of pro- and antiinflammatory cytokines, recruitment and infiltration of leukocytes to the intestine, and the
requirement of gut microbiota for the initiation of inflammation, have been shown to be
conserved in these models (Brugman et al., 2009; Oehlers et al., 2011b; Oehlers et al., 2012).
Recently, it was also shown that exposure of glafenine, a nonsteroidal anti-inflammatory drug
known to cause gastrointestinal damage in mammals (Bjarnason et al., 1993; Maiden et al.,
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2005; Watanabe et al., 2013), to zebrafish larvae induces ER stress-mediated intestinal injury
(Goldsmith et al., 2013). Defects in ER stress responses have been shown to cause
inflammation in the intestine in mammals (Deretic et al., 2013) and this study reveals that a
defect in the ER stress response also causes intestinal inflammation in zebrafish.

1.5.8.2. Advantages of using zebrafish as a model of IBD
Although chemically induced IBD models in zebrafish show many conserved features to that
of murine IBD models, zebrafish also provide advantages over the murine model in various
aspects. For example, previous work done in our laboratory has shown that DSS treatment
stimulates mucin production in the zebrafish intestine and that retinoic acid suppresses both
basal and DSS-induced mucin production, increasing the susceptibility of the larvae to
chemically induced enterocolitis (Oehlers et al., 2012). Dysregulation in mucin production
due to reduced goblet cell number has been linked to IBD pathology (Sheng et al., 2012).
DSS-stimulated mucin production is not observed in a DSS-induced IBD model in mice
(Faure et al., 2003). This makes the zebrafish DSS model a unique IBD model to investigate
mucin regulation by various agents. In addition, zebrafish possess functional orthologues of
mammalian CXCL8 (Oehlers et al., 2010; van der Aa et al., 2010), a chemokine implicated in
human and zebrafish neutrophil chemotaxis (Sarmiento et al., 2011; de Oliveira et al., 2013),
which is absent in mice (Zlotnik et al., 2006). The expression of cxcl8 is enhanced in TNBStreated larvae, showing that zebrafish may be a useful model to elucidate the Cxcl8 function
in intestinal inflammation (Oehlers et al., 2010). One of the advantages of using zebrafish as
a model of IBD is that zebrafish embryos are amenable to high content and high throughput
drug screenings (Miscevic et al., 2012). Treatment strategies for mammalian IBD such as µopioid receptor agonist DALDA (Goldsmith et al., 2011), antibiotics, and anti-inflammatory
drugs 5-aminosalicylic acid and prednisone (Rutgeerts et al., 2009), were shown to reduce
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intestinal inflammation in DSS (Oehlers et al., 2012), TNBS (Oehlers et al., 2011b), and
glafenine-treated zebrafish larvae (Goldsmith et al., 2013). In addition, a previous work in
our laboratory has shown that intestinal inflammation is rapidly quantifiable in zebrafish
either by counting the number of leukocytes that are recruited to the intestine, or the total
number of leukocytes present in the zebrafish (Oehlers et al., 2011b). These attributes make
the zebrafish an excellent platform to perform high-throughput drug screenings for novel
anti-inflammatory drugs to treat IBD.

1.5.9. Zebrafish as a model of TB
Infection with Mycobacterium Marinum (M. marinum), a close genetic relative to M.
tuberculosis (Tobin & Ramakrishnan, 2008), has been shown to cause granuloma formation
in zebrafish. M. marinum can also infect humans to cause peripheral granulomatous disease
(swimmer’s or fish tank granuloma), which is pathologically indistinguishable from dermal
M. tuberculosis infection. In the case of human infection, M. marinum remains local unless
the host is severely immunocompromised (Ramakrishnan, 1997), making it a safer alternative
to M .tuberculosis in studying the pathology of TB. M. marinum-infected zebrafish larvae
develop organised necrotic granulomas, which are structurally similar to the granulomas
formed in human TB (Pozos & Ramakrishnan, 2004; Swaim et al., 2006). Additionally, both
adaptive immunity and innate immunity are involved in the control of M. marinum infection
in adult zebrafish, showing that M. marinum-infected zebrafish are a valid TB model (Swaim
et al., 2006). Because zebrafish adaptive immunity takes several weeks to develop (Renshaw
& Trede, 2012), infection of zebrafish larvae is particularly useful in investigating the role of
innate immunity in the pathogenesis of TB. Taking advantage of this, mycobacterial
granuloma formation was shown to be driven primarily by innate immune cells (Davis et al.,
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2002). M. marinum is readily amenable to genetic manipulation, including the expression of
fluorescent transgenes for detection via live imaging. This allows the interaction between M.
marinum and innate immune cells to be visualised in zebrafish embryos by infecting a
immune cell zebrafish reporter line with a M. marinum expressing a fluorescent reporter
(Davis et al., 2002; Clay et al., 2007; Yang et al., 2012a; Cambier et al., 2014). Using this
powerful platform, several key discoveries were made that contribute significantly to the field
of TB research. For example, the zebrafish TB model has shown that the efflux pumps
expressed by M .tuberculosis upon macrophage entry are not only required for bacterial
growth in macrophages, but also mediate tolerance to anti-tubercular drugs through their
efflux mechanisms (Adams et al., 2011). In addition, the same study showed that verapamil, a
calcium channel blocking drug used to treat hypertension (Li & Nikaido, 2009), inhibits
efflux pump-mediated tolerance in M. marinum, indicating that efflux pump inhibition may
be a novel therapeutic strategy for TB. In support, a recent study has shown that co-treating
standard tuberculosis chemotherapy and verapamil shortens the treatment duration required to
prevent relapses in TB mouse models (Gupta et al., 2013). In contrast to longstanding beliefs,
M. marinum-mediated granulomas within the zebrafish larvae was shown to be highly
dynamic (Davis & Ramakrishnan, 2009). M. marinum-infected macrophages exit from
primary granuloma and travel through tissues or the bloodstream to seed secondary
granulomas throughout the zebrafish host. In addition, M. marinum-mediated granulomas
expand by recruiting circulating macrophages and these recruited macrophages continue to
move rapidly within the granuloma. Importantly, these observations were recently reproduced
in a macaque TB model using individually marked isolates of M. tuberculosis (Lin et al.,
2014). In this study, they showed that M. tuberculosis-mediated granulomas can expand,
disseminate, or regress within the same host. In conclusion, the zebrafish TB model is a
powerful platform to study how M. tuberculosis interact with its surrounding cells to
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contribute to the pathology of TB and may be useful in the development of future therapeutic
drugs.

1.6. Thesis outline
The cellular and molecular mechanisms involved in developmental and disease-associated
lymphangiogenesis are still not fully elucidated yet. Zebrafish is a relatively new model for
lymphatic research and provides many unique advantages as well as complementing murine
lymphatic models. However, due to the gaps in our knowledge of the zebrafish lymphatic
vessels, the full potential of the zebrafish lymphatic model has not been utilised yet. The aim
of this thesis was to increase the versatility of zebrafish as a developmental and diseaseassociated lymphangiogenesis model. To do this, novel lymphatic reporter lines using the
promoter of lyve1, a zebrafish orthologue of LYVE1 identified in our laboratory (Flores et
al., 2010) were generated. In Chapter 3, the lyve1 transgenics were utilised to study the
poorly characterised lymphatic vessels outside the trunk lymphatic network. This resulted in
the generation of the first zebrafish lymphatic atlas and revealed new mechanisms of
lymphatic development in zebrafish. In Chapter 4, the lyve1 transgenic lines were used to
characterise a previously uncharacterised zebrafish mutant potentially associated with
lymphoedema formation. In Chapter 5, zebrafish IBD models were used to investigate the
possibility of using zebrafish as an IBD-AL model. In addition, this model was used to
provide valuable insights into the molecular mechanisms involved in IBD-AL. In Chapter 6,
the relationship between lymphatic vessels and M. marinum-mediated granulomas in
zebrafish was investigated.
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Chapter 2 Materials and Methods
2.1. Materials and reagents
2.1.1. Primers
Sequences of primers used in this study are listed in Table 2.1. Primers for reverse
transcription polymerase chain reaction (RT-PCR) were designed using MacVector 11.0.2
(MacVector). Quantitative PCR (qPCR) primers were designed using Genscript RT-PCR
Primer Design online tool (http://www.genscript.com/ssl-bin/app/primer). Primers were
purchased from Life Technologies and were delivered as lyophilised powder stocks. These
stocks were resuspended in sterile water to a concentration of 100 µM and stored at -20 oC.
All qPCR primer pairs span an intron to control for contaminating genomic DNA. Each
qPCR primer pair was tested to confirm that only one product was amplified.

Gene, utility, and source

Primer sequence 5' to 3'

ccbe1 RT-PCR/sequencing

GCGCTGAACTTCAAGACTG

(Hogan et al., 2009a)

ATCATCCTCCAGGTAGAAGC

cdx1b RT-PCR

GACTTTACAGGATACCATCACG

(Flores et al., 2008)

CTCTTTCTCCAGCTCCAGACG

csf1ra RT-PCR

GTTGGTCTGAACCGCGGATC

(Mathias et al., 2009)

CTGCACCTCCGATTCTAGCG

ef1-a RT-PCR

ATCTACAAATGCGGTGGAAT
ATACCAGCCTCAAACTCACC
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ef1-a qPCR

TGCCTTCGTCCCAATTTCAG

(Oehlers et al., 2011b)

TACCCTCCTTGCGCTCAATC

Il1b qPCR

AATGAAGCAGTTGGTGAACG

This study

GTTCACTTCACGCTCTTGGA

mmp9 qPCR

TTTGACGCCATCACTGAAAT

This study

TTCGCAGAGATCATGAAAGG

mpo RT-PCR

GCTGCTGTTGTGCTCTTTCA

(Hsu et al., 2004)

TTGAGTGAGCAGGTTTGTGG

tnfb qPCR

GAAGACACTCGCTGCAGTTG

This study

TTCGTTTGGCTTCATCACAT

vegfaa RT-PCR/qPCR

GCTGTAAAGGCTGCCCACATAC

(Huang et al., 2008)

ACCAGCAGCTCTCGGGTCTT

vegfab qPCR

AAGGACCTGCAGATGTGACAAA

(Oehlers et al., 2011b)

TCCTTCATGTCCGTTCTCAAGTC

vegfc RT-PCR/qPCR

AAGGGCCCTAACAGAATGTC

This study

TTTGAATGAAGGGTGTCAGG

vegfd RT-PCR/qPCR

GCTGGACTTCACATGTTGCT

This study

CTCAGTTCCTGCTCCCACTT

Table 2.1: Primer sequences used in this study

2.1.2. Morpholinos
Sequences of the morpholinos used in this study are listed in Table 2.2. Antisense
morpholinos were purchased from Gene Tools, LLC (Oregon) and were delivered as
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lyophilised powder stock. These stocks were resuspended in nuclease-free water to a
concentration of 5 mM and stored at -20 oC.

Gene, target, and source

Sequence 5' to 3'

Concentration

Control morpholino

CCTCTTACCTCAGTTACAATTTATA

5-10 ng/embryo

ccbe1 ATG site

CGGGTAGATCATTTCAGACACTCTG

5 ng/embryo

CTCTTCATTTCCAGGTTTCAAGTCC

5 ng/embryo

GATATACTGATACTCCATTGGTGGT

10 ng/embryo

AATGTTTCGCTTACTTTGAAAATGG

10 ng/embryo

(Hogan et al., 2009a)
flt4 ATG site
(Hogan et al., 2009b)
pu.1 ATG site
(Rhodes et al., 2005)
irf8 ATG site
(Li et al., 2011a)
Table 2.2: Morpholinos used in this study

2.1.3. Drugs and antibiotic
The drugs and their corresponding solvents used in this study are described in Table 2.3

Drug name

Solvent

2,4,6-Trinitrobenzenesulfonic E3

Concentration

Source

50 µg/ml

Sigma-Aldrich

0.25% (w/v)

Affymetrix

acid (TNBS)
Dextran sodium sulfate

E3

(DSS) (500,000MW)
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5-aminosalicylic acid

E3

(5-ASA)

adjusted to

50 µg/ml

Sigma-Aldrich

Penicillin

Life Technologies

pH 7
Cell culture penicillin

E3

Streptomycin pre-mix

-100 units/ml
Streptomycin
-100 µg/ml

MS-222 (Tricaine)

Water

Table 2.6

Sigma-Aldrich

Tivozanib (AV951)

DMSO

2.5 nM

AVEO
Pharmaceuticals Inc

Table 2.3: Drugs and antibiotics used in this study

2.1.4. Buffers and solutions
The composition of buffers and solutions used in this study are listed in Table 2.4.

Name

Composition

1x Danieau buffer

58 mM sodium chloride
0.7 mM potassium chloride
0.4 mM magnesium sulphate
0.6 mM calcium nitrate
0.5 mM HEPES
adjusted to pH 7.6
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1kb+ DNA ladder

8% (v/v) loading dye, 30% (v/v) Gene
Ruler 1kb Plus DNA ladder 75-20,000
bp (Fermentas) in PBS

DNA Loading dye (6×)

0.25% (w/v) bromophenol blue
0.25% (w/v) xylene cyanol FF
30% (v/v) glycerol

dNTPs (10 mM)

10 mM deoxyadenosine 5'-triphosphate
10 mM deoxycytidine 5'-triphosphate
10 mM deoxyguanosine 5'-triphosphate
10 mM deoxythymidine 5'-triphosphate
10 mM Tris-HCL (pH 7.5)

E3

0.33 mM calcium chloride
0.33 mM magnesium sulphate
0.14 mM potassium chloride
5 mM sodium chloride

FACS digestion solution

1:1 dilution of 0.5% Trypsin-EDTA
(Gibco)
with PBS (pH 8.0)

FACS resuspension solution

0.9x PBS (pH 7.4)
5% (v/v) fetal calf serum
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CCMB80 buffer

10 mM potassium acetate
80 mM calcium chloride dehydrate
20 mM manganous chloride tetrahydrate
10 mM magnesium chloride
Hexahydrate
10% (v/v) glycerol (pH 6.4)

Phenol red

0.5% (w/v) phenol red in 0.2 M
potassium chloride

Phosphate-buffered saline (PBS)

4 mM potassium dihydrogen phosphate
150 mM sodium chloride
10 mM disodium hydrogen phosphate
adjusted to pH 7.2

Ringer’s solution (10x stock)

20 mM potassium chloride
15 mM potassium phosphate (dibasic)
10 mM magnesium sulfate
100 mM HERES
1.4 M sodium chloride

TAE buffer

40 mM Tris
1.14% (v/v) glacial acetic acid
1 mM EDTA

Table 2.4: Buffers and solutions used in this study
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2.2. Molecular biology methods
2.2.1. Total RNA extraction
Trizol (Life Technologies) extraction followed by chloroform isopropanol precipitation was
used to extract total RNA from zebrafish larvae. Up to 100 mg of zebrafish larvae were
transferred to a 1.5 ml microfuge tube and E3 was gently pipetted out. One ml of Trizol was
added, and specimens were homogenised by passing them through a 22-gauge needle. The
resulting homogenate could be stored at -80oC at this point up to 2 weeks. The homogenate
was incubated for 5 minutes at room temperature, and 0.2 ml chloroform per ml of Trizol
used was added for phase separation. The sample was mixed vigorously by hand shaking for
15 seconds and incubated at room temperature for 2-3 minutes. Following centrifugation at
12,000 revolutions per minute (RPM) in cold centrifuge (4 oC) for 15 minutes, the aqueous
layer was transferred to a new nuclease-free microfuge tube and precipitated with 500 µl of
isopropanol per ml of Trizol used. The sample was then incubated for 10 minutes at room
temperature, and RNA was pelleted by centrifugation at 10,000 RPM in a cold centrifuge for
10 minutes. Pelleted RNA was washed with 500 µl 70% ethanol and pelleted by
centrifugation at 8000 RPM in a cold centrifuge for 5 minutes. Pelleted RNA was rewashed
with 100 µl 100% ethanol and centrifuged at 8000 RPM in a cold centrifuge for 1 minute.
Subsequently, the supernatant was removed and the RNA pellet was resuspended using 20 µl
RNase-free water.

Trizol LS (Life Technologies) extraction followed by chloroform isopropanol precipitation
was used to isolate total RNA from fluorescence-activated cell sorting (FACS) sorted cells.
Approximately 20,000-40,000 cells were isolated into a 1.5 ml microfuge tube containing
750 µl of Trizol LS. The cells and the Trizol LS reagent were mixed by gently pipetting up
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and down for a few times. The resulting sample could be stored at -80oC at this point up to 2
weeks. The sample was incubated for 5 minutes at room temperature and 0.2 ml chloroform
per 750 µl of Trizol LS used was added for phase separation. The sample was mixed
vigorously by hand shaking for 15 seconds and incubated at room temperature for 15
minutes. Following centrifugation at 12,000 RPM in a cold centrifuge for 15 minutes, the
aqueous layer was transferred to a new nuclease-free microfuge tube and precipitated with
500 µl of isopropanol and 20 µg of RNase-free glycogen (Life Technologies) per 750 µl of
Trizol LS used. The sample was then incubated for 10 minutes at room temperature, and
RNA was pelleted by centrifugation at 12,000 RPM in a cold centrifuge for 10 minutes.
Pelleted RNA was washed with 1 ml 75% ethanol and pelleted by centrifugation at 12,000
RPM in cold centrifuge for 5 minutes. Supernatant was removed and the RNA pellet was
allowed to air dry for 10 minutes. The RNA pellet was resuspended using 10 µl RNase-free
water and was incubated in a water bath at 57 oC for 15 minutes.

2.2.2. Reverse transcription
Total RNA was reverse transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies). Up to 2 µg of total RNA isolated from zebrafish larvae
or 1 µg of RNA from FACS sorted cells was diluted with RNase-free water to make a 10 µl
solution. This solution was mixed with 10 × RT buffer, 10 × RT random primers, 25 ×
dNTPs (100mM), RNase inhibitor, multiscribe reverse transcriptase and RNase-free water
according to manufacturer’s instructions (Life Technologies). The reaction was carried out in
a Bio-Rad C1000 thermal cycler at 25 oC for 10 minutes, 37 oC for 2 hours, and 85 oC for 1
minute. The cDNA was stored at -20 oC until further use.
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2.2.3. Genomic DNA extraction
The DNeasy Blood and Tissue Kit (Qiagen) was used to extract genomic DNA from
zebrafish larvae. Twenty zebrafish larvae (approximately 20 mg tissue) at 7 dpf were used
per reaction. Twenty µl proteinase K (provided in the kit) was added to the sample, mixed
thoroughly by vortexing and incubated at 56 oC for 1-2 hours until lysis was complete. To
assist with the lysis, the sample was vortexed occasionally. After the lysis was complete, 20
µl RNase A (2 mg/ml) was added, mixed by vortexing, and incubated at room temperature
for 2 minutes. The subsequent steps were done using the protocol provided by the kit
(Qiagen).

2.2.4. Quantification of DNA and RNA
The concentration of RNA and DNA samples were quantified by measuring the absorbance
at 260 nm using a Nanodrop ND-1000-UV-Vis Spectrophotometer (Nanodrop Technologies).
The ratios of A260/A280 and A260/A230 were used to measure the purity of the samples.

For a more accurate measure of concentration, Qubit 2.0 Fluorometer (Life Technologies)
and the Qubit double-stranded DNA Broad Range Assay Kit (Life Technologies) were used
according to manufacturer’s instructions.

2.2.5. Polymerase chain reaction (PCR)
Platinum PCR Supermix (Life Technologies) was used for routine PCR amplification. One µl
cDNA and 1 µl of each primer was mixed with the supermix to make a 50 µl sample.
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Amplification was carried out on a Bio-Rad C1000 thermal cycler, with a thermal profile of
DNA denaturation at 94 oC for 2 minutes followed by at least 30 cycles of denaturation at 94
o

C for 30 seconds, primer annealing at primer specific annealing temperature for 30 seconds,

and elongation at 72 oC for 1 minute per kilobase of product. Subsequently, final extension
was carried out at 72 oC for 5 minutes, and the PCR product was maintained at 4 oC for longterm storage. PCR product was purified using PureLink PCR Purification Kit (Life
Technologies) according to manufacturer’s instructions.

2.2.6. Quantitative PCR
Transcript levels were quantified using PerfeCTa SYBR Green FastMix with ROX (Quanta
Biosciences) in an ABI PRISM 7900HT fast sequence detection system (Life Technologies).
cDNA was diluted at least 1:6 with nuclease free water before qPCR. The reaction mixture
with a total volume of 12 µl consisting of 3 µl primer mix at 1.5 µM concentration, 4 µl of
diluted cDNA, and 5 µl of PerfeCTa SYBR Green FastMix with ROX was assembled in 384well plates using an Epmotion 5070 liquid handling robot (Eppendorf). Four technical
replicates were allocated per primer pair.

ABI PRISM 7900HT Fast Sequence Detection System (Life Technologies) was used to cycle
the plates. PCR cycling conditions were 50 oC for 2 minutes, 95 oC for 2 minutes and 40
cycles of 95 oC for 15 seconds and 60 oC for 30 seconds. The qPCR data was analysed using
SDS software v2.3 (Life Technologies) to generate critical threshold (CT) values and
dissociation curves.
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The qPCR data was analysed using the comparative CT method, with eukaryotic translation
elongation factor 1 alpha 1 (ef1-a) as the endogenous control in Excel (Microsoft) as
described in the ABI PRISM 7900HT handbook (Life Technologies). First, variance between
the CT values from the technical replicates from a single primer pair reaction was calculated.
Variance was minimised to the smallest value (ideally down to ≤0.1) by removing outliers
(up to 2 outliers were removed per 4 technical replicates). After the outliers were removed,
the average CT value of technical replicates was calculated. Average CT values from
biological replicates (at least 3 biological replicates) were averaged to obtain the average CT
value of all biological replicates. This average CT value was used to calculate the ΔCT by
subtracting the average ef1-a CT value from the average target gene CT value. The –ΔΔCT
was calculated by subtracting the reference sample ΔCT from the ΔCT of the sample that is
being compared. The relative quantity (RQ) of mRNA was calculated as 2-(ΔΔCT).

2.2.7. Gel electrophoresis
DNA fragments were separated to analyse their size using gel electrophoresis. DNA samples
were mixed with DNA loading dye (1×) and loaded onto 0.8-1.5% (w/v) agarose (Life
Technologies) gel in TAE buffer. As a reference, 1kb+ DNA loading dye was loaded into the
same gel. Electrophoresis was carried out at 90-110 volts in a Bio-Rad Mini-Sub Cell GT
system. The DNA fragments were stained with 0.5 µg/ml ethidium bromide (Life
Technologies) in TAE buffer and visualised under ultraviolet illumination using the Bio-Rad
Gel Doc Imager with Bio-Rad Quantity One Software (v4.4.1).
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2.2.8. Gel extraction
To extract and purify DNA fragments from a gel, the DNA was visualised by ethidium
bromide staining under UV and the band of interest was manually excised from the gel. The
QIAquick Gel Extraction Kit (Qiagen) was used to purify DNA from the gel slice according
to manufacturer’s instructions.

2.2.9. Sequencing
DNA sequencing was carried out by the School of Biological Sciences, Centre for Genomics
and Proteomics (The University of Auckland), using BigDye version 3.1 terminator
chemistry on 9700 Gold Black thermal cyclers (Applied Biosystems), and CleanSeq magnetic
bead technology. The DNA sequences were analysed using MacVector 11.0.2 (MacVector).

2.2.10. Whole genomic sequencing for mutation mapping
Whole genomic sequencing was carried out by New Zealand Genomics Limited (Otago)
using the HiSeq 2000 sequencing system (Illumina). To have minimal inter-strain variation in
genomic sequences, the genomic DNA of the mutant embryos and its WT siblings were used
for comparison. The genomic DNA was required to be at a concentration of at least 20 ng/µl
(measured using Qubit fluorometer), A260/A280 ratio of 1.8-2.0, with a clear band on an
electrophoresis gel.

Once the whole genomic sequencing was complete, single nucleotide polymorphism (SNP)
track online software (http://genetics.bwh.harvard.edu/snptrack/) was used to reconstruct the
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DNA sequences into a whole genomic sequence and to locate a predicted area of the mutation
(Leshchiner et al., 2012).

2.3. Zebrafish husbandry and techniques
2.3.1. Ethics approval
Zebrafish husbandry was conducted following the standard operating procedures approved by
the University of Auckland Animal Ethics Committee (Approval number: SOP691). All
zebrafish experiments were approved by the University of Auckland Animal Ethics
Committee (Approval number: R903).

2.3.2. Stock and maintenance
Adult zebrafish (Table 2.5) were maintained in a custom designed zebrafish facility with a 14
hour light and 10 hour dark automated lighting cycle. Water conditions were maintained
between pH 7.2-7.6, conductivity of 250-500 µS, and temperature of 25.5-29.5 oC measured
with the CyberScan PC10 Combination pH/Conductivity Meter (EuTech Instruments).
Juvenile zebrafish (post-30 dpf) were fed with shell free artemia (INVE) supplemented with
tetramin (Tetra). Larval stage zebrafish (pre-30 dpf) was fed with powdered Hatchfry
Encapsulon Grade III (Argent Laboratories).
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Zebrafish line

Source

Wild type (AB line)

Zebrafish International Resource Center
(ZIRC), United States of America (USA)

ccbe1hu3613

Schülte-Merker laboratory, The Netherlands
Institute for Developmental Biology,
Netherlands
(Hogan et al., 2009a)

ccbe1nz186

Davidson laboratory, Harvard Medical
School, USA

Tg(flt1:yellow fluorescent protein)hu4624

Schülte-Merker laboratory, The Netherlands

(referred to as flt1:YFP)

Institute for Developmental Biology,
Netherlands
(Hogan et al., 2009a)

Tg(GATA binding protein 1a:Discosoma sp.

Zon laboratory, Howard Hughes Medical

red fluorescent protein)sd2

Institute, USA

(referred to as gata1:DsRed)

(Traver et al., 2003)

Tg(intestinal fatty acid binding

Wu laboratory, Laboratory of Marine

protein:RFP)as200

Molecular Biology and Biotechnology,

(referred to as i-fabp:RFP)

Taiwan ROC
(Her et al., 2004)

Tg(kinase insert domain receptor like (also

Stainier laboratory, University of California,

known as vegfr2):enhanced GFP)s843

USA

(referred to as kdrl:EGFP)

(Jin et al., 2005)
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Tg(kdrl:nuclear localising signal

Crosier laboratory, University of Auckland,

mCherry)nz49

New Zealand

(referred to as kdrl:nlsmCherry)

(Lam et al., 2010)

Tg(kdrl:RFP)la4

Lin laboratory, University of California, Los

(referred to as kdrl:RFP)

Angeles, USA
(Huang et al., 2005)

Tg(lysozyme C:EGFP)nz117

Crosier laboratory, University of Auckland,

(referred to as lyz:EGFP)

New Zealand
(Hall et al., 2007)

Tg(lyve1:DsRed2)nz101

This study

(referred to as lyve1:DsRed2)
Tg(lyve1:EGFP)nz150

This study

(referred to as lyve1:EGFP)
Tg(macrophage expressed 1:EGFP)gl22

Lieschke laboratory, Australian Regenerative

(referred to as mpeg1;EGFP)

Medicine Institute, Monash University,
Australia
(Ellett et al., 2011)

Tg(sagff27c;uas:gfp)

Kawakami laboratory, National Institute of

(referred to as sagff27c;uas:gfp)

Genetics, Japan
(Bussmann et al., 2010)

Table 2.5: Zebrafish lines used in this study
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2.3.3. Breeding and rearing
Adult zebrafish were paired late in the afternoon the day prior to spawning. On the day of
spawning, the water in the tank was replaced with fresh water as soon as the lights came on to
stimulate spawning. The zebrafish pair was allowed up to 2 hours to spawn. Eggs that were
collected were rinsed in cold tap water, and raised in Petri dishes with E3 and methylene blue
at 28.5 oC. Dead or unfertilised eggs were removed.

Larvae that were selected for rearing were moved to fry pots (Tecniplast) at 6 dpf, and
subsequently to the main zebrafish system at 30 dpf.

2.3.4. PTU treatment of zebrafish embryos
For imaging experiments, 24 hpf embryos were transferred to E3 containing 0.003% 1phenyl-2-thiourea (PTU) (Sigma-Aldrich) to inhibit pigmentation.

2.3.5. Morpholino microinjection
Morpholinos were diluted to optimised concentrations (concentration that is not toxic to the
zebrafish embryo (Table 2.2)) in 1x Danieau buffer with 0.2% (w/v) phenol red as an
injection marker. Prior to injection, morpholino solutions were centrifuged at 13,000 RPM
for 5 minutes and the supernatant was used for injections. A P-80 micropipette puller (Sutter
Instruments) was used to pull borosilicate glass capillaries (Warner Instruments) to make
microinjection needles. Tips of the needles were removed with forceps and 2 µl of
morpholino solution was backloaded. Injection volume was calculated by measuring the
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diameter of the injection droplet on a haemocytometer. A diameter covering just over 3 units
was approximately 2 nl of the morpholino mix. One nl of morpholino solution was injected
into the yolk of embryos up to the 8 cell stage. Narishige micromanipulator (type GJ)
connected to a MPPI-2 Milli-Pulses Pressure Injector (Applied Scientific Instrumentation)
was used to inject the 1-8 cell stage embryos. Injected embryos were grown in E3 at 28.5oC.

2.3.6. Zebrafish transgenesis
Prior to this study, a lyve1 promoter insert that contains 5.2 kb upstream of the start codon
and first exon of lyve1, was cloned into the pT2KXIGΔin (Kawakami et al., 2004) and
pT2KXIRΔin (Hall et al., 2007) vectors to make pT2K/lyve1:EGFP and pT2K/lyve1:DsRed2
constructs. To create lyve1:EGFP and lyve1:DsRed2 transgenics (see Figure 8.1 and Figure
8.2 in the Appendix), zebrafish embryos were microinjected at the 1 cell stage with the
p2TK/lyve1:EGFP and p2TK/lyve1:DsRed2 (30 pg/embryo) plasmid DNA (made by Pauline
Misa prior to this study) combined with in vitro transcribed transposase mRNA (50
pg/embryo) and 0.2% (w/v) phenol red. Injected embryos were grown in E3 at 28.5 oC and
screened for reporter expression under the Nikon SMZ1500 fluorescent microscope at 3 dpf.
These potential founders were grown to sexual maturity, and outcrossed to WT embryos. The
F1 progenies were screened for reporter expression and the potential founders that generated
a positive clutch were identified as germline transgenic founders. One founder was selected
per construct that faithfully recapitulated endogenous expression of lyve1 and had the highest
expression levels of the fluorescent genes.
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2.3.7. Isolation and quantification of zebrafish cells
2.3.7.1. Fluorescence-activated cell sorting
Zebrafish larvae were rinsed in Ringer’s solution for 15 minutes. Larvae were then
dissociated in 3 ml FACS digestion solution for two and a half hours at 28 oC with manual
dissociation through a 1000 µl pipette tip every 10 minutes. Dissociation was stopped by
adding 40 µl 100 mM calcium chloride (1 mM final concentration), 200 µl fetal calf serum
(5% final concentration), and 760 µl sterile water. Cells were transferred to 1.5 ml microfuge
tubes and centrifuged at 3000 RPM for 5 minutes at 4 oC. Cells were then resuspended in 1
ml ice-cold FACS resuspension solution and sequentially passed through six 40 µm cell
strainers (BD Falcon). FACS analysis was conducted using BD LSRII (Becton Dickinson)
and FACS-assisted cellular isolation was carried out using a FACSAria II (Becton
Dickinson). Cells that were analysed/isolated were chosen based on fluorescence expression
and forward and side scatter characteristics. Cells isolated for total RNA extraction were
isolated directly into Trizol LS. The i-fabp positive cells were sorted twice to purify the
population.

2.3.7.2. Quantification of neutrophils and macrophages
lyz:EGFP and mpeg1:EGFP transgenics were used to quantify neutrophils and macrophages,
respectively. lyz:EGFP and mpeg1:EGFP larvae were anaesthetised in tricaine (Table 2.6)
and mounted in 3% methylcellulose in E3 at 7 dpf. The number of fluorescent cells in the
intestine (from the anterior edge of the intestinal bulb through to the posterior edge at the
cloaca) was manually quantified under the Nikon SMZ1500. FACS-based quantification of
neutrophil or macrophage number was done as described in 2.3.7.1.

92

2.3.8. Imaging
2.3.8.1. Imaging of embryos
For fluorescence and light microscopy, live embryos were anaesthetised in tricaine and
mounted in 3% (w/v) methylcellulose in E3 (Table 2.6). Mounted embryos were imaged
either by the Nikon SMZ1500 or the Leica MZ16FA fluorescence stereomicroscopes fitted
with a DS-U2/L2 or DFC490 camera respectively.

For confocal microscopy, live embryos were anaesthetised in tricaine and mounted in 1%
(w/v) UltraPure low melting point (LMP) agarose (Invitrogen) in E3 medium mixed with
tricaine. Mounted embryos were imaged on a Nikon D-Eclipse C1 or Olympus FV1000
confocal microscope with 20× or 60× water immersion objectives. Z series stacks of 20 to 90
images were taken at 5 µm intervals. Two-dimensional image manipulations were carried out
using ImageJ (National Institutes of Health), Fiji image processing software (Schindelin et
al., 2012), and Photoshop CS5 (Adobe), while three-dimensional image manipulations were
conducted using Volocity 5.4 image analysis software (Improvision/PerkinElmer Life and
Analytical Sciences).

Age of embryo

Concentration of

Concentration of

Concentration of

tricaine used for

tricaine used for time- tricaine used for

microscopy (µg/ml)

lapse microscopy

TNBS/DSS treated

(µg/ml)

embryos (µg/ml)

1 - 2 dpf

160

120

n.a.

3 - 4 dpf

140

n.a.

120

93

5 - 7 dpf

140

n.a.

120

8 - 10 dpf

120

n.a.

n.a.

15 dpf

80

n.a.

n.a.

Table 2.6: Concentration of tricaine used in each developmental stage

2.3.8.2. Time-lapse confocal microscopy
Live embryos were mounted in 0.8% (w/v) UltraPure LMP agarose (Life Technologies) in E3
medium mixed with tricaine (Table 2.6) and 0.003% PTU. Mounted embryos were imaged on
an Olympus FV1000 confocal microscope with a temperature incubator set at 32 oC. Z series
stacks of 20 to 70 images were taken at 5 µm intervals every 10 minutes. The resulting stack
of images was processed using ImageJ (National Institutes of Health), Fiji image processing
software

(Schindelin

et

al.,

2012),

or

Volocity

5.4

image

analysis

software

(Improvision/PerkinElmer Life and Analytical Sciences), to construct an image sequence.

2.3.8.3. Microangiography
Fluoresceinated carboxylated latex beads (0.02 to 0.04 µm) (Molecular Probes) were diluted
1:1 in 2% (v/v) Bovine Serum Albumin (Sigma-Aldrich) in distilled water to make the bead
solution. The bead solution was sonicated for 10 cycles of 10 seconds each at maximum
power on a Branson sonifier equipped with a microprobe, on ice. The bead solution was then
centrifuged at 13,000 RPM for 5 minutes. This bead solution was backloaded into a
microinjection needle and 1 nl of the bead solution was injected into the pericardial space of
6 dpf embryos, which were anaesthetised in tricaine and mounted in 3% (w/v)
methylcellulose in E3. Injected embryos were transferred to E3 to recover, and were mounted
for confocal imaging on a Nikon D-Eclipse Eclipse C1 confocal microscope.
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2.3.8.4. Dye uptake assay
10 mg of 500 kDa fluorescein dextran (Life Technology) was resuspended in 1 ml distilled
water to make up a 10 mg/ml stock. This stock solution was further diluted to 2.5 mg/ml in
distilled water and was backloaded into a microinjection needle. One nl of this dye solution
was subcutaneously injected into the dorsal area of the facial lymphatic of 8 dpf
lyve1:DsRed2 embryos. Injected embryos were immediately mounted for confocal imaging
on a Nikon D-Eclipse C1 confocal microscope.

2.3.9. Analysis of lymphatic/blood vessel development
2.3.9.1. Quantification of the thoracic duct development
lyve1:DsRed2 embryos at 7 dpf were anaesthetized in tricaine and mounted in 3% (w/v)
methylcellulose in E3. The TD “segments” that formed in each somite from the 6th somite to
the 20th somites (from the anterior side) were manually counted under the Nikon SMZ1500 or
the Leica MZ16FA fluorescence stereomicroscopes

2.3.9.2. Quantification of the developing facial lymphatics
Lateral confocal images of the cranial region of the lyve1:EGFP embryos at 2-4 dpf were
taken. These images were used to measure the length of the developing lateral facial
lymphatic (LFL) by tracing the middle of the vessel from its origin at the common cardinal
vein (CCV) to the vascular tip, using the Volocity 5.4 image analysis software
(Improvision/PerkinElmer Life and Analytical Sciences).
.
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To measure the length of the developing ventral aorta lymphangioblasts (VA-Ls), ventral
confocal images of the cranial region of the lyve1:EGFP embryos at 2 dpf were taken. These
images were used to measure the length of the developing VA-L, which develops
perpendicular to the lateral facial lymphatic, using the Volocity 5.4 image analysis software
(Improvision/PerkinElmer Life and Analytical Sciences).

2.3.9.3. Quantification of intestinal lymphatic sprouts
The lyve1:DsRed2;kdrl:EGFP compound transgenic was used to quantify the zebrafish IBDAL. Lateral confocal images of the intestinal region of lyve1:DsRed2;kdrl:EGFP embryos at
7 dpf were taken. The total length of the intestinal lymphatic sprouts (ILSs) at the left side of
the zebrafish intestine anterior to the boundary of 7th and 8th somites was measured using the
Volocity 5.4 image analysis software (Improvision/PerkinElmer Life and Analytical
Sciences).

2.3.9.4. Quantification of ectopic lymphatic vessels in the trunk
Lateral confocal images of the trunk of lyve1:DsRed2;kdrl:EGFP larvae at 8 dpf were taken.
The total length of the ectopic trunk lymphatic vessels from the 6th somite to the 20th somites
(from the anterior side) was measured using the Volocity 5.4 image analysis software
(Improvision/PerkinElmer Life and Analytical Sciences). Trunk lymphatic vessels that
develop atypically and/or form along venous blood vessels were considered ectopic
lymphatic vessels.
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2.3.9.5. Quantification of venous intersegmental vessels
Lateral confocal images of the trunk of lyve1:DsRed2;kdrl:EGFP larvae at 7 dpf were taken.
The total number of venous ISV (ISV that connect to the PCV) from the 6th somite to the 20th
somites (from the anterior side) were counted using ImageJ (National Institutes of Health).

2.3.10. Chemically-induced enterocolitis experiments
2.3.10.1. Chemically-mediated induction of enterocolitis
For DSS treatment, DSS powder (Affymetrix) was dissolved to a stock concentration of 10%
(w/v) in E3. The stock solution was further diluted to a concentration of 0.25% (w/v) in E3 to
make 20 ml DSS working solutions. For TNBS treatment, 3.41 µl of 1 M TNBS dissolved in
nuclease-free water (Sigma-Aldrich) was added to E3 to make 20 ml of TNBS working
solutions with a TNBS concentration of 50 µg/ml. Batches of 15-20 embryos at 3 dpf were
segregated into petri dishes and DSS or TNBS working solutions were added to each petri
dish. Embryos were continuously monitored and dead embryos were removed daily to reduce
toxicity.

2.3.10.2. Drug and antibiotic treatment
Drugs (5-ASA and AV951) and antibiotics (cell-culture penicillin streptomycin pre-mix)
were added directly with E3, or with the DSS or TNBS working solution at 3 dpf at a
concentration listed in Table 2.3.
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2.3.11. Bacterial infection methods
2.3.11.1. Culture of bacteria for infection
M. marinum (TMC1218 strain) tagged with constitutively-expressed TdTomato or Wasabi
was grown from frozen glycerol stocks on Difco Middlebrook 7H11 agar (Becton Dickinson)
supplemented with BBL Middlebrook Oleic Albumin Dextrose Catalase (OADC) enrichment
(Becton Dickinson) and 50 µg/ml hygromycin B (Sigma-Aldrich) at 28 oC for a week.
Colonies were subsequently picked and grown for a week in Difco Middlebrook 7H9 broth
(Becton Dickinson) supplemented with BBL Middlebrook ADC Growth Supplement (Becton
Dickinson) and 50 µg/ml hygromycin B at 28 oC with 200 RPM shaking. The culture was
diluted 1:50 in a fresh broth and grown for four days at 28 oC with 200 RPM shaking to reach
late exponential phase.

E. coli (DH5α strain) from frozen CCMB80 buffer stocks was grown on LB agar at 37 oC
overnight. A single colony was picked and grown in LB broth at 37 oC with 200 RPM
shaking overnight.

2.3.12. Injection infection of embryos
Cultures of M. marinum or E. coli were pelleted by centrifugation, washed in sterile PBS and
resuspended in sterile PBS. The absorbance of this inoculum was measured at a wavelength
of 600 nm. Absorbance of one was considered approximately 5 x 108 colony forming unit
(cfu)/ml (based on previous experimentation done by Benedict Uy). This inoculum was
diluted down to approximately 2 x 102 cfu/nl in sterile 20% glycerol in PBS. This glycerol
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stock could be stored at -80 oC. The glycerol stock was diluted 1:1 (v/v) in sterile PBS. Ten
µl of this was mixed with 2 µl of phenol red to make an injection mixture.

The injection mixture was backloaded into microinjection needles and 1 nl of the injection
mixture was injected into the area near the DLAV and the neural tube of 2 dpf embryos.

2.3.13. Heat killing M. marinum
The glycerol stock of M. marinum was heat killed by incubating it in a waterbath at 80 oC for
20 minutes. This was then confirmed by plating.

2.3.14. Statistical methods
All statistical analysis and graph plotting was done using GraphPad Prism version 5.0d
(GraphPad Software).

For single comparisons, unpaired t test (equal variance) or Welch’s t test (unequal variance)
were used. An F test was performed to analyse the variance of each group. For multiple
comparisons, one-way ANOVA with Dunnett’s test (compare all data to one reference data)
or Turkey test (compare all data pairs) were used. P value of less than 0.05 was considered
statistically significant.
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Chapter 3 lyve1 expression reveals novel lymphatic vessels and new
mechanisms for lymphatic vessel development in zebrafish
3.1. Preface
Kuchler and colleagues and Yaniv and colleagues identified a lymphatic network in zebrafish
8 years ago (Kuchler et al., 2006; Yaniv et al., 2006). Since then, many researchers in the
lymphatic field have utilised the development of the zebrafish TD as a model of
lymphangiogenesis (Koltowska et al., 2013). This research has contributed immensely to our
understanding of how lymphatic vessels develop. However, because the lymphatic vessels in
other parts of the zebrafish are poorly characterised, most zebrafish lymphatic research
focused on the development of the zebrafish TD (Bussmann et al., 2010; Geudens et al.,
2010; Lim et al., 2011; Cha et al., 2012). This was partly due to the strong non-lymphatic
expression of available transgenic lines at the time, making it challenging to characterise the
lymphatic vessels outside the trunk. Hence, an alternative transgenic line that allows easy
visualisation of all the lymphatic vessels in the zebrafish was necessary. A zebrafish
orthologue of mammalian lymphatic marker LYVE1 was characterised in our laboratory
(Flores et al., 2010). Similar to mammalian LYVE1, zebrafish lyve1 is expressed in the
lymphatic vessels of the zebrafish. In this chapter, the promoter of lyve1 was utilised to
generate the lyve1:EGFP and lyve1:DsRed2 transgenic lines. Using these transgenic lines, the
development of lymphatic vessels outside the trunk was characterised. Additionally, detailed
characterisation of lymphatic vessel development in the zebrafish head revealed a novel
developmental mechanism of lymphangiogenesis in zebrafish, which involves the recruitment
of lymphangioblasts originating from multiple venous origins. The concept of lymphatics
arising from veins outside of the cardinal vein has since been proposed to occur in mammals
as well because mammalian lymphatic vessels were also shown to originate from veins other
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than the cardinal vein such as venous intersomitic vessels (Yang et al., 2012b) and superficial
lateral venous plexus (Hagerling et al., 2013).

The following section contains a reproduction of the article “lyve1 expression reveals novel
lymphatic vessels and new mechanisms for lymphatic vessel development in zebrafish”, coauthored by Kazuhide S. Okuda, Jonathan W. Astin, June P. Misa, Maria V. Flores, Kathryn
E. Crosier, and Philip S. Crosier (see Section 8.1 in the Appendix for the unaltered
reproduction of the article). This article was published in the journal Development, Volume
139, Issue 13, Pages 2381-2391. Development is published by the Company of Biologists and
is a leading primary research journal in the field of developmental biology. The journal had a
2011 impact factor of 6.60 and a five-year impact factor of 7.09. An image from this study
was selected as the front cover for the journal (see Figure 8.3 in the Appendix). This article
was highlighted on the Faculty of 1000. Data in Figure 1.1A-L (supplementary Figure S1A-L
in the article) and Figure 1.11A-D (supplementary Figure S6A-D in the article) was produced
by co-authors Jonathan W. Astin and June P. Misa.
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3.2. Abstract
We have generated novel transgenic lines that brightly mark the lymphatic system of
zebrafish using the lyve1 promoter. Facilitated by these new transgenic lines, we generated a
map of zebrafish lymphatic development up to 15 days post-fertilisation and discovered three
previously uncharacterised lymphatic vessel networks; the facial lymphatics, the lateral
lymphatics and the intestinal lymphatics. We show that a facial lymphatic vessel, termed the
lateral facial lymphatic, develops through a novel developmental mechanism, which initially
involves vessel growth through a single vascular sprout followed by the recruitment of
lymphangioblasts to the vascular tip. Unlike the lymphangioblasts that form the thoracic duct,
the lymphangioblasts that contribute to the lateral facial lymphatic vessel originate from a
number of different blood vessels. Our work has highlighted additional complexity of
lymphatic vessel development in the zebrafish that may increase its versatility as a model of
lymphangiogenesis.
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3.3. Introduction
Lymphatic vessels are important for the regulation of tissue fluid homeostasis, immune
surveillance and dietary fat absorption (Tammela & Alitalo, 2010). Aberrant lymphatic
growth is associated with pathological conditions including cancer metastasis and chronic
inflammation, while a malfunctioning lymphatic system results in lymphedema (Alitalo,
2011). Fuelled by the identification of lymphatic specific markers and growth factors,
extensive lymphatic research is being conducted with the hope of identifying therapeutic
targets for these lymphatic abnormalities (Norrmen et al., 2011).

Florence Sabin proposed the centrifugal growth of lymphatic vessels from the lymph sac,
which originates from the venous vasculature system (Sabin, 1902). The venous origin of the
lymph sacs has since been validated in mice and zebrafish (Kuchler et al., 2006; Yaniv et al.,
2006; Srinivasan et al., 2007). Although subsequent lymphatic vessel formation is proposed
to occur through both sprouting from the lymph sacs and from the direct delamination of
lymphatic endothelial cells from the cardinal vein (Francois et al., 2012), little is known
about how the lymph sacs remodel to form a complete lymphatic network. The optically
transparent zebrafish embryo provides an ideal platform to investigate this.

The formation of the thoracic duct, the major trunk lymphatic vessel in the zebrafish embryo,
has been established as a model of lymphangiogenesis (Kuchler et al., 2006; Yaniv et al.,
2006; Hogan et al., 2009a; Coffindaffer-Wilson et al., 2011). However, the remaining
lymphatic network in the zebrafish embryo is poorly characterised and little is known about
the development of lymphatic vessels outside the trunk.
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In this study, we generated transgenic lines using the zebrafish lymphatic vessel endothelial
hyaluronan receptor 1 (lyve1) promoter. LYVE1 is one of the most specific and widely used
mammalian lymphatic endothelial markers and its expression in a subpopulation of venous
endothelial cells located in the cardinal vein provides the first indication of lymphatic
endothelial commitment (Oliver, 2004; Tammela & Alitalo, 2010). Recently, we identified
the zebrafish orthologue of LYVE1; zebrafish Lyve1 displays 34% amino acid similarity to
human LYVE1 and is also expressed in the lymphatic vessels (Flores et al., 2010).

These novel lyve1 transgenics enabled us to identify previously uncharacterised lymphatic
vessels in the head, intestine and the superficial area of the trunk. The identification of these
new lymphatic networks increases the versatility of the zebrafish as a tool with which to
investigate lymphatic development. Using live-imaging approaches, we show that a facial
lymphatic vessel, termed the lateral facial lymphatic (LFL), develops in a manner distinct to
that previously described for the thoracic duct (TD). The LFL initially develops by the
migration of a vascular sprout at the tip of the developing vessel; lymphangioblasts are
recruited to this vascular tip to form a lymphatic vessel. Unlike the TD, we have shown that
the lymphangioblasts that contribute to the LFL do not derive from a single source, showing
that lymphatic vessel formation in zebrafish is more complex than previously thought.
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3.4. Results
3.4.1. lyve1 expression marks zebrafish lymphatic vessels
We generated novel transgenic lines using the promoter for lyve1, a gene previously
described as being expressed in zebrafish lymphatics (Flores et al., 2010), to drive the
expression of either enhanced green fluorescent protein (EGFP) or Discosoma sp. red
fluorescent protein 2 (DsRed2) in the developing lymphatic vessels. The spatiotemporal
expression of lyve1:EGFP is generally consistent with the endogenous expression of lyve1.
However, lyve1:EGFP expression has a slightly wider expression pattern than endogenous
lyve1, as gfp mRNA is observed in the primordial hindbrain channel at 1 dpf and in
secondary sprouts at 2 dpf (Figure 3.1A-L). The wider expression of lyve1:EGFP could be
due to the stronger gfp signal which allows detection of gfp in tissues where lyve1 is normally
difficult to visualise.

To confirm the lymphatic expression in our lyve1 transgenic lines, we crossed the
Tg(lyve1:DsRed2)nz101

line

with

a

known

marker

of

zebrafish

lymphatics,

SAGFF27C;UAS:GFP (Bussmann et al., 2010), and observed co-expression in the trunk
lymphatic

network

(Figure

3.1M-M'').

Fluorescent

protein

expression

in

the

Tg(lyve1:egfp)nz15 (referred to as lyve1:EGFP) and Tg(lyve1:DsRed2)nz101 (referred to as
lyve1:DsRed2) is completely overlapping and they both highlight the previously described
developmental steps in the formation of the trunk lymphatic vessel network (Geudens et al.,
2010) (Figure 3.1N-R'). In addition to expression in the lymphatic vessels, we also observed
lyve1 expression in the major venous vasculature such as the common cardinal vein (CCV),
posterior cardinal vein (PCV), and the caudal vein (CV). In addition, veins developing after
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Figure 3.1: The lyve1 promoter marks regions of endogenous lyve1 expression and
labelled trunk lymphatics develop in a pattern known to occur in the emergence of the
thoracic duct (supplementary Figure S1 in the article).
(A-L) lyve1 probe (A-D), gfp probe (E-H) and lyve1 (BM Purple) gfp (Fast Red) probes (I-L)
applied to lyve1:EGFP embryos at 1 dpf (A,B,E,F, I,J) and 2 dpf (C,D,G,H,K,L)
(A,C,E,G,I,K, lateral view; B,D,F,H,J,L dorsal view of anterior portion). Black arrows
indicate areas where gfp expression does not match endogenous lyve1 expression. (M-M'')
Lateral image of a lyve1:DsRed2;SAGFF27C;UAS:YFP transgenic at 5 dpf showing
SAGFF27C;UAS:YFP

expression

(M),

lyve1:DsRed2

(M')

and

overlapping

lyve1:DsRed2;SAGFF27C;UAS:YFP expression in the trunk lymphatic vessels (M''). (N-N'')
Lateral image of a lyve1:EGFP;lyve1:DsRed2 transgenic at 5 dpf showing lyve1:EGFP
expression (N), lyve1:DsRed2 (N') and overlapping lyve1:EGFP;lyve1:DsRed2 expression in
the trunk lymphatic vessels and PCV (N''). (O-Q) Lateral images of the developing trunk
lymphatics in the lyve1:EGFP transgenic at 1.3 dpf (O), 2 dpf (P) and 3 dpf (Q). (R,R')
Lateral image of the developed trunk lymphatics in lyve1:EGFP transgenic at 6 dpf (R).
Microangiography confirms that these vessels contain no blood-flow (R'). DA, dorsal aorta;
DLLV, dorsal longitudinal lymphatic vessel; ISLV, intersegmental lymphatic vessel; ISV,
intersegmental vessel; LSS, lymphatic secondary sprout; PCV, posterior cardinal vein; PL,
parachordal lymphangioblasts; TD, thoracic duct; vISV, venous intersegmental vessel. Scale
bar: 100 µm.
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blood circulation also display lyve1 expression, but in general this is not maintained and
expression is lost following vessel development - for example the intersegmental veins only
display lyve1:EGFP expression until 6 dpf (Figure 3.1O-R'). An exception to this is the
primary head sinus (PHS), which maintains lyve1:EGFP expression until at least 15 dpf
(Figure 3.2).

Taking advantage of the lack of lymphatic expression in the kinase insert domain receptor
like (kdrl) transgenic line (Hogan et al., 2009a), compound lyve1:DsRed2;kdrl:EGFP and
lyve1:EGFP;kdrl:RFP transgenic lines were generated to differentiate the lymphatic and
blood vasculature. As lyve1 positive venous endothelium is marked yellow due to the coexpression of red and green fluorescent proteins, the bonafide lymphatic vessels in these
compound transgenics are specifically marked by red and green fluorescent protein
respectively.

Montage

diagrams

of

the

entire

lyve1:DsRed2;kdrl:EGFP

and

lyve1:EGFP;kdrl:RFP transgenics at various time points were generated (Figure 3.2) and
were the basis of subsequent studies.

3.4.2. Zebrafish contain a facial lymphatic network that sprouts from the common
cardinal vein
Analysis of both the lyve1:EGFP;kdrl:RFP and lyve1:DsRed2;kdrl:EGFP transgenics
identified a previously uncharacterised lymphatic network that extends through the jaw,
otolith and branchial arch region of the zebrafish head in a bilateral manner (Figure 3.3A-E').
We have termed this group of lymphatic vessels the facial lymphatics (FLs), which include
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Figure 3.2: Atlas of lymphatic development in zebrafish from 2 dpf to 15 dpf
(supplementary Figure S2 in the article).
(A-H')

Montage

of

maximum

projections

of

Z

series

stacks

of

the

entire

lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP transgenics (lateral views) at 2-7 dpf
(A-F), 12 dpf (G), and 15 dpf (H), and their corresponding ventral images of the head and the
anterior intestine (A'-H'). DLLV, dorsal longitudinal lymphatic vessel; ICLV, intercostal
lymphatic vessel; ISLV, intersegmental lymphatic vessel; FLS, facial lymphatic sprout;
LAA1, first lymphatic branchial arch; LAA2, second lymphatic branchial arch; LAA3, third
lymphatic branchial arch; LAA4, fourth lymphatic branchial arch; LFL, lateral facial
lymphatic; LL-IL, lower-left intestinal lymphatic; LR-IL, lower-right intestinal lymphatic; LSIL, left supraintestinal vessel; PHS, primary head sinus; PLV, parachordal lymphatic vessel;
MFL, medial facial lymphatic; OLV, otolithic lymphatic vessel; TD, thoracic duct; UL-IL,
upper-left intestinal lymphatic; UR-IL, upper-right intestinal lymphatic. Scale bars: 300 µm.
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Figure 3.3: The facial lymphatics originate from the common cardinal vein to form a
complex network of vessels (Figure 1 in the article).
(A-E')

Lateral

images

of

head

vessels

in

the

lyve1:EGFP;kdrl:RFP

and

lyve1:DsRed2;kdrl:EGFP transgenics at 2-12 dpf (A-E), with schematic diagrams of arteries
(red), veins (blue), and lymphatics (green) at each stage (A'-E'). (F,F') 3D reconstruction of
the FLS in the lyve1:EGFP transgenic at 2 dpf (F), with schematic diagram (F'). (G,G')
Dorsolateral image of the JLV and its connection to the TD and the CCV (indicated in white
asterisk) in the lyve1:EGFP;kdrl:RFP transgenic at 5 dpf (G), with schematic diagram (G').
(H,I) Images showing the OLV branching at 6 dpf (H) (indicated by white asterisk), and
connecting to the remnant lyve1-expressing structure attached to the CCV at 15 dpf (12/16)
(I) in the lyve1:DsRed2;kdrl:EGFP transgenic. Panels A-E are montage images. Panel A used
3 Z series stacks and panels B-E used 2 Z series stacks. AA1, mandibular arch; CCV,
common cardinal vein; DA, dorsal aorta; FLS, facial lymphatic sprout; JLV, jugular
lymphatic vessel; LFL, lateral facial lymphatic; LAA, lymphatic branchial arches; LDA,
lateral dorsal aorta; MFL, medial facial lymphatic; OLV, otolithic lymphatic vessel; PCeV,
posterior cerebral vein; PCV, posterior cardinal vein; PFB, pectoral fin bud; PHS, primary
head sinus; VA, ventral aorta. Scale bars: 100 µm in A-G; 50 µm in H and I.
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the lateral facial lymphatic (LFL), the medial facial lymphatic (MFL), the otolithic lymphatic
vessel (OLV), and the first, second, third, and fourth lymphatic brachial arches (LAA1-4).
Although a facial lymphatic vessel has previously been described using lymphangiography in
5-week old zebrafish (Yaniv et al., 2006), we are not sure if this previously described vessel
is connected to, or derived from the FL network that we have identified. The FL network
originates from the CCV from a large vascular sprout visible at around 1.5 - 2 days post
fertilisation (dpf) (n = 62/62 embryos) (Figure 3.3F,F'). This vascular sprout was termed the
facial lymphatic sprout (FLS) and it extends along the primary head sinus (PHS) (Fig. 1A,A').
The FLS develops into the LFL that divert towards the mandibular arch (AA1) and tracks
around the eye towards the jaw (Figure 3.3A-E'). By 3 dpf, the OLV sprouts from the LFL
and develops parallel to the posterior cerebral vein over the otolith, but does not follow any
blood vessels. By 4 dpf, the MFL forms from the LFL and develops ventro-medially towards
the ventral aorta (VA) (Figure 3.3C-E'). Additionally, LAA1-4 sprout from the LFL and
develop along the first, second, third and forth brachial arches respectively (Figure 3.4). By 5
dpf, the FL network connects to the thoracic duct (TD) through the jugular lymphatic vessel
(JLV), which sprouts from the LFL and migrates along the lateral dorsal aorta (LDA) and
joins to the anterior end of the TD near its connection to the CCV (Yaniv et al., 2006) (Figure
3.3G,G'). The connection between the CCV and the LFL becomes thinner at around 4 dpf and
eventually disappears at around 5 dpf leaving a remnant lyve1-expressing structure attached
to the CCV (Figure 3.3C-D'). Interestingly, the OLV branches out towards this structure at
around 6 dpf and re-establishes a connection by 15 dpf (observed in 12/16 embryos) (Figure
3.3H,I).

We hypothesise that these blind-ended facial vessels are bonafide lymphatic vessels.
Supporting this, high molecular weight fluorescein dextran injected dorsal to the FL network
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Figure 3.4: The lymphatic branchial arches develop along the arterial branchial arches
(supplementary Figure S3 in the article).
(A,A')

Ventro-lateral

images

of

vessels

of

the

pharyngeal

area

in

the

lyve1:DsRed2;kdrl:EGFP transgenic at 7 dpf (A), with schematic diagram of arteries (red),
veins (blue), and lymphatics (green) (A'). (B, B') Ventral image of head vessels in the
lyve1:DsRed2;kdrl:EGFP transgenic at 7 dpf (B), with schematic diagram (B'). Panels A and
B are montage images of 2 Z series stacks. AA3, first branchial arch; AA4, second branchial
arch; AA5, third branchial arch; AA6, fourth branchial arch; LAA1, first lymphatic branchial
arch; LAA2, second lymphatic branchial arch; LAA3, third lymphatic branchial arch; LAA4,
fourth lymphatic branchial arch; LFL, lateral facial lymphatic; MFL, medial facial lymphatic.
Scale bars: 100 µm.
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was taken up by the FLs (Figure 3.5A-A''). As no erythrocytes were observed in the FLs of
the lyve1:EGFP;gata1:DsRed transgenic, we concluded that the FLs did not have blood-flow
(Long et al., 1997). (Figure 3.5B-C). Thus the FLs have functional characteristics that are
consistent with them being a network of lymphatic vessels.

3.4.3. Development of the intestinal lymphatics
A supraintestinal lymphatic vessel (SIL) has been previously identified in the zebrafish
(Coffindaffer-Wilson et al., 2011). Further investigation of the SIL using the
lyve1:DsRed2;kdrl:EGFP lymphatic vessel revealed that the SIL is actually two paired
vessels which we termed the right and left supraintestinal lymphatic vessels (R-SIL and LSIL). Both SILs are located either side of the PCV in the posterior portion of the intestine
(see Movie 3.1 in attached file). We also observed a previously uncharacterised lymphatic
vessel network that extends over the entire intestine. The first indication of this network is at
4 dpf when we observe lyve1–positive vessels that run alongside the anterior mesenteric
artery (AMA), supraintestinal artery (SIA) and the pancreatic anlage (Figure 3.6A,A'). By 5
dpf, these vessels extend to follow the SIA and the right subintestinal vein (R-SIV); the
branch following the SIA we termed the upper-right intestinal lymphatic (UR-IL) and the
branch following the R-SIV we termed the lower right intestinal lymphatic (LR-IL) (Figure
3.6B,B',D). Together, we term these vessels the right intestinal lymphatics (R-ILs). In
addition to the R-ILs we also observe two lymphatic vessels on the left side of the gut; one
vessel extends along the left subintestinal vein (L-SIV) which we termed the lower left
intestinal lymphatic (LL-IL), while the other vessel runs parallel to the UR-IL but does not
appear to follow any blood vessels (Figure 3.6B-D). While we believe that both the R-ILs
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Figure 3.5: Functional characterisation of the facial lymphatics (supplementary Figure
S4 in the article)
(A-A'') Lateral images of the lyve1:DsRed2 transgenic at 8 dpf showing the FL (A), its dye
uptake a few minutes after subcutaneous injection of high molecular weight fluorescein
dextran (n=10) (A'), and the merged image of A and A' (A''). (B-B'') Lateral images of lyve1
(B), gata1 (B'), and merged (B'') expression of the lyve1:EGFP:gata1:DsRed transgenic at 5
dpf showing no blood-flow in the FLs. (C) The lack of blood-flow is more clear in ventral
confocal image of the lyve1:EGFP:gata1:DsRed transgenic at 5 dpf. Panels B-C are montage
images of 2 Z series stacks. FL, facial lymphatics. Scale bars: 100 µm.

116

117

Figure 3.6: The intestinal lymphatics span the entire intestine and its development is
closely associated with the intestinal blood vasculature (Figure 2 in the article).
All the images used in this figure are generated from the lyve1:DsRed2;kdrl:EGFP
transgenic. (A,A') Lateral image of the right side of the embryo showing the initial lyve1positive vessel (indicated by asterisks) forming along the AMA, SIA, and the PA at 4 dpf
(A), with schematic diagram of arteries (red), veins (blue), and lymphatics (green) (A').
(B,B') Dorsolateral image of the right side of the embryo showing the UR-IL and the LR-IL
developing along the SIA and the R-SIV respectively (B), with schematic diagram (B').
(C,C') Lateral image of the left side of the embryo showing the UL-IL and the LL-IL that
develops along the L-SIV (C), with schematic diagram (C'). Asterisks indicate the connection
between the L-ILs and the R-ILs. The posterior portion of the SIA and the UR-IL are also
visible. (D) Schematic diagram showing the dorsal view of the intestinal vessels at 5 dpf.
Green dotted lines represent proposed vessel connections between the L-ILs and the R-ILs.
(E,E') Lateral image showing the connection (indicated by asterisks) between the SILs and
the TD at 5 dpf. Blue and black asterisk represents connections between the R-SIL and L-SIL
with the TD, respectively. (F,F') Ventral image showing a pair of LR-IL that forms in close
proximity along the R-SIV at 6 dpf (F), with schematic diagram (F'). (G-H') Lateral images of
the right (G), and the left (H) side of the embryo showing the intestinal vessels at 7 dpf, with
schematic diagrams (G',H'). The L-IL branch is labelled with an asterisk in H'. (I,I') Lateral
image of the left side of the embryo showing the L-IL branches (indicated by asterisks) and
branches extending from the R-ILs to the left side of the intestine (indicated by pink arrows)
at 15 dpf (I), with schematic diagram (I'). (J) Quantification of the number of L-IL branches
at 7 dpf (average 1.3, n=22) and 15 dpf (average 4.4, n=10). Error bar represents 95%
confidence interval. *** P<0.001. (K,K') Lateral image of the right side of the embryo
showing the intestinal vessels at 15 dpf (K), with schematic diagram (K'). Lymphatic vessels
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whose positions are variable between individual embryos are coloured in pink. Connection
between the L-IL and the R-IL is indicated with an asterisk. (L,L') Lateral image showing the
SIL branches (indicated by asterisks) at 15 dpf (L), with schematic diagram (L'). Only the
lyve1:DsRed2 expression was shown for clarity. Panels B,E,G,H,I,K,L are montage images.
Panels B,E,G,H,I used 2 Z series stacks, panel K used 6 Z series stacks, and panel L used 4 Z
series stacks. AMA, anterior mesenteric artery; CCV, common cardinal vein; DA, dorsal
aorta; DLLV, dorsal longitudinal lymphatic vessel; ISLV, intersegmental lymphatic vessel;
L-IL, left intestinal lymphatics; LL-IL, lower-left intestinal lymphatic; LR-IL, lower-right
intestinal lymphatic; L-SIL, left supraintestinal lymphatic vessel; L-SIV, left subintestinal
vein; PA, pancreatic anlage; PCV, posterior cardinal vein; R-IL, right intestinal lymphatics;
R-SIV, right subintestinal vein; SIA, supraintestinal artery; SIL, supraintestinal lymphatic
vessel; TD, thoracic duct; UL-IL, upper-left intestinal lymphatic; UR-IL, upper-right
intestinal lymphatic. Scale bars: 100 µm in A-H; 200 µm in I-L.
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and the left intestinal lymphatics (L-ILs), which include the LL-IL and the UL-IL, derive
from the same initial lyve1–positive vessels, the exact way in which they connect to each
other has been difficult to determine due to their location. Interestingly, several lymphatic
vessels that connect the TD and the left and right SIL were observed at 5 dpf (Figure 3.6E,E';
see Movie 3.1 in attached file). At 6 dpf, the LR-IL appears to bifurcate and form two
separate vessels that both run in close proximity to one another along the R-SIV. As it is
difficult to distinguish between these two branches, and as they both follow the R-SIV, we
have termed both of these vessels the LR-IL (Figure 3.6F,F'). Both the R-ILs and the L-ILs
extend caudally at 7 dpf (Figure 3.6G-H'). However, the L-ILs do not extend as far as the RILs; in the case of the LL-IL this is possibly due to the degeneration of the caudal portion of
the L-SIV (Isogai et al., 2001) (Figure 3.6F-H'). At 15 dpf, several lymphatic branches
develop along both the R-ILs and L-ILs (Figure 3.6I,I'). These branches were visible at 7 dpf
(Figure 3.6H,H'), but the number of the L-IL branches was significantly higher at 15 dpf
(Figure 3.6J). We hypothesize that these branches serve as a connection between and within
the L-ILs and the R-ILs. Consistent with this, branches extending from the R-ILs to the left
side of the intestine were visible at 15 dpf (9/10 embryos) (Figure 3.6I,I'). Furthermore,
connections between the R-ILs and L-ILs were observed (4/10 embryos) (Figure 3.6K,K').
Unlike the R and L-ILs that develop in a consistent pattern up to 15 dpf, the location of these
branches varies between individual embryos (Figure 3.6K,K'). Similar to the R-ILs and LILs, the SILs also form branches that extend ventrally toward the intestine at 15 dpf (Figure
3.6L,L'). Although we hypothesise that the SILs form connections with the R-ILs and the LILs at later stages, we rarely observed any connection by 15 dpf (not connected in 9/10
embryos).
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3.4.4. Development of the lateral lymphatics
Analysis of the lyve1:DsRed2;kdrl:EGFP transgenic at 5-15 dpf revealed a lateral lymphatic
(LL) network, which includes the parachordal lymphatic vessel (PLV) and the intercostal
lymphatic vessels (ICLVs). We believe the PLV to be analogous to the previously described
lateral lymphatic vessel in teleosts (Kampmeier, 1969; Yaniv et al., 2006; Deguchi et al.,
2012). The PLV sprouts from the ISLVs and migrates along the parachordal vessel (PAV)
(Figure 3.7A-C). The sprouts from neighbouring ISLVs fuse to form vessel fragments; a
mechanism of vessel development similar to that observed during TD formation (Figure
3.7C) (Yaniv et al., 2006). The PLV develop superficial to the intersegmental vessels (Figure
3.7D) and by 15 dpf, extend along the PAV both anteriorly and posteriorly (Figure 3.7E,F).
We propose that these vessel fragments will fuse to become a single PLV later in
development. In addition, the intercostal lymphatic vessels (ICLVs) sprout ventrally from the
PLV and develop along the intercostal vessel (Figure 3.7D,E).

3.4.5. Two distinct lymphangioblast populations contribute to the development of
lateral facial lymphatic
We noted that the FLs appeared to develop from one lymphatic sprout originating from the
CCV (Figure 3.3A-F). This unidirectional lymphatic vessel growth contrasted with the
previously described development of the TD, which forms through bidirectional migration
and fusion of lymphatic vessel fragments (Yaniv et al., 2006). To further investigate the
mechanism of FL development, we analysed the initial FLS development from the CCV at
1.5 to 2.5 dpf. At around 1.5 dpf the FLS was first observed sprouting from the CCV (Figure
3.8A,A'). At the same time-point we identified a number of lyve1-expressing structures that
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Figure 3.7: The lateral lymphatics sprout from the intersegmental lymphatic vessel and
form along the parachordal vessel and the intercostal vessel (Figure 3 in the article).
All the images used in this figure are generated from the lyve1:DsRed2;kdrl:EGFP
transgenic. (A) Lateral image of the trunk vessels at 5 dpf. (B) 3D reconstruction of the
white-dashed box in (A) showing the initial sprout of the PLV originating from the ISLV. (C)
Lateral image of the trunk vessels at 7 dpf, showing fusion of the PLV fragments. (D) Dorsal
image of the trunk vessels at 15 dpf. (E) 3D reconstruction of the trunk vessels at 15 dpf,
showing the dorsal migration of the ICLVs along the ICV. (F) Lateral image of the LL at 15
dpf. Panel F is a montage image of 8 Z series stacks. DA, dorsal artery; ICV, intercostal
vessel; ICLV, intercostal lymphatic vessel; ISLV, intersegmental lymphatic vessel; ISV,
intersegmental vessel; ISLV, intersegmental lymphatic vessel; LL, lateral lymphatic; PAV,
parachordal vessel; PCV, posterior cardinal vein; PLV, parachordal lymphatic vessel; TD,
thoracic duct. Scale bars: 100 µm in A,C,D ; 200 µm in F.
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Figure 3.8: Distinct lymphangioblast populations contribute to the development of the
LFL (Figure 4 in the article)
(A-D'') Lateral images of lyve1:EGFP expression (A-D) and both lyve1:EGFP and kdrl:RFP
expression (A'-D') of the lyve1:EGFP;kdrl:RFP transgenic at 1.5 dpf (A), 1.75 dpf (B), 2 dpf
(C), and 2.5 dpf (D), with schematic diagrams of arteries (red), veins (blue), and lymphatic
(green) at each stages (A''-D''). Lymphangioblast populations are indicated by asterisks. The
PHS-L is coloured pink, whereas the VA-L is coloured grey. Black asterisks indicate the
PHS-L, while blue asterisks indicate the VA-L. AA1, mandibular arch; CCV, common
cardinal vein; FLS, facial lymphatic sprout; LFL, lateral facial lymphatic; PHS, primary head
sinus; PHS-L, primary head sinus lymphangioblast; VA, ventral aorta; VA-L, ventral aorta
lymphangioblast. Scale bars: 100 µm.
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were distinct from the venous endothelium that could be potential lymphangioblasts (Figure
3.8A,A'). These included lymphangioblasts that appeared to originate from the PHS (PHS-L)
and another lymphangioblast that appeared to originate from near the ventral aorta, termed
the ventral aorta lymphangioblast (VA-L). All lymphangioblasts, including those described in
the trunk, co-expressed kdrl indicative of their vascular origin (Figure 3.8A-D; Figure 3.2A).
Further investigation revealed that while the VA-L co-expressed kdrl and lyve1, it did not
express flt1enh:YFP – a marker of arterial endothelium (Bussmann et al., 2010) suggesting it
has a venous origin (Figure 3.9). We believe the VA-L originates from an uncharacterised
vein near the VA. At 1.75 dpf the VA-L migrates dorsally along the VA and AA1 and the
FLS elaborates near the PHS (Figure 3.8B,B'). Between 2 – 2.5 dpf we observed the joining
of the VA-L to the FLS to form the LFL (n = 50/50 embryos) (Figure 3.8C-D'). To determine
how the FLS develops, and to establish the contribution of the PHS-L to the formation of the
LFL, we used confocal time-lapse imaging to follow the development of the FLS from
approximately 1.6 dpf to 2 dpf. To be able to observe the behaviour of single cells within the
FLS we took advantage of residual kdrl expression in developing lymphatics and imaged a
lyve1:EGFP;kdrl:nlsmCherry compound transgenic. We found that the FLS resembles a
dynamic vascular sprout. This sprout progresses anteriorly near the PHS and contains both
filopodia and lamellapodia-like structures at the growing tip (Figure 3.10A). Cells within the
FLS are continually migrating and we consistently observed a cell division during the timecourse (n= 5/5 movies) (Figure 3.10A'; see Movie 3.2 in attached file). We also observed
migratory behaviour in the PHS-Ls as they appear to bud off and migrate from the PHS (see
Movie 3.2 in attached file). Between 1.8 – 2 dpf we observed recruitment of these PHS-L to
the growing FLS (n = 3/3 movies) (Figure 3.10A,A'). We consistently observed an initial
recruitment of one PHS-L cell at around 1.8 – 1.95 dpf followed by the recruitment of around
6-10 PHS-L cells at around 1.9 – 2 dpf (n = 3 movies) (Figure 3.10A,A'). Interestingly once
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Figure 3.9: The Ventral aorta lymphangioblast is derived from a non-arterial vessel
near the ventral aorta (supplementary Figure S5 in the article)
(A,A') 3D reconstruction of the region where VA-L originates in the lyve1:EGFP;kdrl:RFP
transgenic at 1.5 dpf. The VA-L co-expresses kdrl indicating its vascular origins. (B,B')
Ventrolateral images of the kdrl:RFP;flt1:YFP transgenic at 1.5dpf. The VA-L does not have
flt1:YFP expression (B') indicating its non-arterial origin (n=13). VA, ventral aorta; VA-L,
ventral aorta lymphangioblast. Scale bars: 50 µm.
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Figure 3.10: The LFL develops from a vascular sprout with migration, duplication, and
recruitment of lymphangioblast populations to the vascular tip (Figure 5 in the article).
(A,A')
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the
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the

lyve1:EGFP;kdrl:nlsmCherry transgenic from 1.63 to 2 dpf (39 to 48 hpf). Lyve1 expression
shows the vascular tip of the FLS, which resembles a dynamic vascular sprout with filopodia
(red arrow) and lamellipodia (yellow arrow), and the migration and the recruitment of PHS
lymphangioblasts (indicated by white asterisk) to the vascular tip of the FLS (A). Nuclear
kdrl expression shows duplication of a lymphangioblast cell (yellow and red) within the FLS
(green outline), and the migration of lymphangioblast cells (yellow, red, blue, and beige), and
the recruitment of PHS-L (purple outline). (B,B') Still images from Movie 3 showing the
developing LFL in the same lyve1:EGFP;kdrl:nlsmCherry transgenic embryo as (A) from 2
to 2.5 dpf (48 to 60 hpf). lyve1 expression shows the migration and recruitment of another
PHS-L (white asterisk) and the VA lymphangioblast (yellow asterisk) to the growing tip of
the FLS to form the LFL (B). Nuclear kdrl expression shows duplication of lymphangioblast
cells (green and light blue) within the FLS (green outline), and the migration of
lymphangioblast cells from the PHS-L that have been recruited to the FLS (orange, green
light blue) to another PHS lymphangioblast (pink outline) and the VA lymphangioblast (red
outline) (B'). CCV, common cardinal vein; FLS, facial lymphatic sprout; LFL, lateral facial
lymphatic; PHS, primary head sinus; PHS-L, primary head sinus lymphangioblast. Scale bar:
50 µm.
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these PHS-Ls were added to the FLS, they become part of the vascular tip and drive further
migration (Figure 3.10). Further imaging from 2 to 2.5 dpf showed that the final group of
around 9-10 PHS-L cells fuse with the FLS at around 2 - 2.15 dpf (n=3 movies) while around
8-10 VA-L cells fused with the FLS at around 2.1 – 2.2 dpf (n=4 movies) to create the LFL
(Figure 3.10B,B'; see Movie 3.3 in attached file). Once the VA-L has fused, cells that
previously were at the tip of the FLS, now stop migrating.

3.4.6. flt4 and ccbe1 are required for FL, IL and LL development
flt4/vegfr3 and ccbe1 (collagen and calcium binding epidermal growth factor (EGF) domain
1) are required for the development of the thoracic duct in the zebrafish and both genes are
essential for mammalian lymphatic development (Karkkainen et al., 2000; Alders et al., 2009;
Hogan et al., 2009a; Hogan et al., 2009b). flt4 is expressed in the PCV and complementary
expression of it’s ligand, vegfc, in the trunk mesoderm, is known to cause migration of flt4expressing lymphatic endothelial cells from the PCV to form the secondary sprouts (Kuchler
et al., 2006; Hogan et al., 2009b). ccbe1 is also required for secondary sprout formation and it
is thought to be involved in the flt4 signalling pathway (Bos et al., 2011). We observed a
similar complementary pattern of flt4 expression in vessels in the head region and of vegfc in
the non-vascular region surrounding these vessels at 2 dpf (Figure 3.11A-D). This data
suggested that similar to the trunk lymphatics, flt4, and therefore ccbe1, could also be
required for the development of the FL network.

In support of this hypothesis, antisense morpholinos against flt4 and ccbe1 prevented the
initial FLS forming from the CCV at 2 dpf (Figure 3.12A-D; see Movie 3.4 in attached file).
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Figure 3.11: Ventral aorta lymphangioblast migration requires flt4 and ccbe1
(supplementary Figure S6 in the article).
(A-D) flt4 probe (A-B) and vegfc probe (C-D) applied to embryos at 1 dpf (A,C) and 2 dpf
(B,D) showing flt4 and vegfc expression in the head at 2 dpf (D) Quantification of the length
of the VA-L in control (n=22), flt4 (n=32) and ccbe1 (n=26) morpholino-injected embryos at
2 dpf. Error bar represents 95% confidence interval. *** P<0.001. VA-L, ventral aorta
lymphangioblast.

131

132

Figure 3.12: The development of the FLs, ILs and LLs requires flt4 and ccbe1 (Figure 6
in the article).
(A-C) Lateral images of the lyve1:EGFP transgenic, showing altered FLs and trunk
lymphatics development in flt4 (B) and ccbe1 (C) morpholino-injected embryos compared
with control morpholino-injected embryos (A) at 2 - 5 dpf. (D) Quantification of the length of
the developing LFL in control, flt4 and ccbe1 morpholino-injected embryos at 2, 3 and 4 days
post fertilisation. Error bar represents 95% confidence interval. *** P<0.001. (E-G') Lateral
images of the lyve1:DsRed2;kdrl:EGFP transgenic showing lack of IL and LL development
in flt4 (F) and ccbe1 (G) morpholino-injected embryos compared with the normal IL and LL
development in the control morpholino-injected embryos (E). Panels E'-G' are zoomed in
images of the white-dashed box in panels E-G. Panels E-G are montage images of 2 Z series
stacks. DLLV, dorsal longitudinal lymphatic vessel; FLS, facial lymphatic sprout; ISLV,
intersegmental lymphatic vessel; LFL, lateral facial lymphatic; PCeV, posterior cerebral vein;
PCV, posterior cardinal vein; PLV, parachordal lymphatic vessel; R-IL, right intestinal
lymphatics; R-SIV, right subintestinal vein; SIA, supraintestinal artery; TD, thoracic duct.
VA-L, ventral aorta lymphangioblasts. Scale bars: 100µm.
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This was not due to a morpholino-induced developmental delay as blood vessel development
proceeded normally in the morphant embryos. Quantification of the length of the LFL
sprouting from the CCV from 2 - 4 dpf revealed that ccbe1 morphants completely failed to
form a FLS (Figure 3.12C,D). However, flt4 morphants did display some FL development, as
from 3 dpf the FLS does form from the CCV, but this still fails to develop into a complete
facial lymphatic network (Figure 3.12B,D). By 5 dpf, flt4 morphants develop both the MLV
and the OLV (16/24 embryos), but the LAA rarely formed (1/24 embryos). Consistent with
this, the VA-L also failed to migrate in both flt4 and ccbe1 morphant embryos (Figure
3.11D). In addition, both ccbe1 and flt4 morphants lacked the IL network at 6 dpf and
likewise the initial LL network (PLV) failed to form due to the absence of trunk lymphatics
(Figure 3.12E-G') (IL and LL network were absent in 19/19 flt4 morphants and 20/20 ccbe1
morphants). Thus ccbe1 and flt4 are required for the development of all lymphatic vessels in
the zebrafish embryo.
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3.5. Discussion
The zebrafish is increasingly gaining importance as a model for lymphatic research.
However, the majority of this research has focused on the development of the trunk
lymphatics. In part, this is due to the lack of specific zebrafish lymphatic markers; initial
studies of zebrafish lymphatic development used a pan-endothelial marker (fli1a:EGFP),
(Kuchler et al., 2006; Yaniv et al., 2006). When fli1a:EGFP was crossed with the blood
vessel specific marker, kdrl:RFP the trunk lymphatic vasculature could be identified (Hogan
et al., 2009a) but due to strong expression of fli1a:EGFP in the head, it is difficult to identify
vessels in this area. Subsequent studies utilised either the stab1l:YFP or the
SAGFF27C;UAS:GFP lines, which are expressed in the lymphatic vasculature, but the
stab1l:YFP is only weakly expressed while the SAGFF27C;UAS:GFP has non-specific
expression, particularly in the intestine (Figure 3.1M) (Hogan et al., 2009a; Bussmann et al.,
2010). The lyve1 transgenic developed in this study shows strong expression in the lymphatic
vessels and a subset of veins. When co-expressed with the blood vessel specific marker kdrl,
lymphatic vessels are easily identified. Importantly, the low level of non-vascular expression
enabled the identification of lymphatic vessels that were not visible in previous transgenic
lines.

We have established a map of zebrafish lymphatic development up to 15 dpf and have
identified three new lymphatic networks; the FLs, the ILs, and the LLs (Figure 3.13A). The
FL network displays bilateral symmetry, develops from the CCV and extends through the
jaw, otolith, and branchial arch region of the zebrafish head
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Figure 3.13: Atlas of the zebrafish lymphatic system at 15 dpf and the comparison
between TD and LFL development (Figure 7 in the article).
(A) Schematic diagram of the identified lymphatic vessels of the entire zebrafish at 15 dpf
(see Fig. S2H in the supplementary material). (B) Model of FL formation (bottom), compared
with TD formation (top). The development of the LFL requires lymphangioblasts that
originate from the PHS/CCV intersection (FLS in indicated in green), PHS (green), and the
VA region (yellow). This is in contrast to the TD, which originates solely from the PCV
(Yaniv et al., 2006). AA1, mandibular arch; CCV, common cardinal vein; FLS, facial
lymphatic sprout; LFL, lateral facial lymphatic; LSS, lymphatic secondary sprout; PCV,
posterior cardinal vein; PHS, primary head sinus; TD, thoracic duct; VA, ventral aorta.
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(Figure 3.3A-E'). They connect to the TD by 5 dpf near its connection to the CCV (Figure
3.3G). The IL network includes the SIL, previously described (Coffindaffer-Wilson et al.,
2011) but also include a network of lymphatic vessels that develop in close proximity to the
intestinal blood vasculature. The LL network is an extension of the previously described
trunk lymphatic network, forming from the ISLVs following TD formation.

Arterial guidance cues have been shown to be essential for the development of the TD
(Bussmann et al., 2010). Consistent with this we observed that a number of our newly
characterised lymphatic vessels extend along arteries; the JLV, LAA1-4, UR-IL develop
along the LDA, AA1-4, and SIA respectively. However, during the construction of the
lymphatic atlas we noticed that not all lymphatic vessels appeared to develop along arteries.
For example, the LL-IL and the LR-IL vessels extend along the L-SIV and R-SIV
respectively (Figure 3.6F-H') while the SIL develops along the PCV (see Movie 3.1 in
attached file). Thus both arterial and venous guidance cues are utilised during lymphatic
vessel development. We also noted that the development of the OLV, MFL, LFL (Figure
3.3B-E'), and the UL-IL (Figure 3.6D) are partly or fully independent of the blood
vasculature. This data suggests that other guidance cues are important for lymphatic
development. One candidate non-vascular cue could be motoneurons, as these are implicated
in development of the zebrafish trunk lymphatic network (Lim et al., 2011).

The identification of lymphatic vessels associated with the zebrafish intestine raised the
possibility that the zebrafish lymphatic network could play a similar role in lipid uptake as is
observed in mammals (Coffindaffer-Wilson et al., 2011). In mammals, lipids that have been
absorbed in the lacteals in the small intestine are transported to the thoracic duct (Alexander
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et al., 2010b). In the zebrafish we observed several lymphatic vessels that connect the TD and
the SIL at 5 dpf and persist to 15 dpf (Figure 3.6E,E',L,L'; see Movie 3.1 in attached file).
These lymphatic vessels may serve as a link for lipid transportation in the zebrafish between
the intestine and the TD. The development and function of the ILs, in particular its
similarities to the mammalian lacteal capillaries, require further investigation.

To date, only the development of the zebrafish trunk lymphatic network has been
characterised in detail (Kuchler et al., 2006; Yaniv et al., 2006; Hogan et al., 2009a;
Coffindaffer-Wilson et al., 2011). The trunk lymphatics develop from secondary lymphatic
sprouts that originate from the PCV. These sprouts migrate dorsally towards the myoseptum,
becoming parachordal lymphangioblasts. The parachordal lymphangioblasts migrate both
dorsally and ventrally along the arterial ISVs to form the ISLVs, DLLV and the TD (Yaniv et
al., 2006; Hogan et al., 2009a; Coffindaffer-Wilson et al., 2011). Thus, the trunk lymphatics
are derived entirely from lymphangioblasts originating from the PCV. This is in contrast to
the development of the FL network, as we have shown that the LFL is derived from
lymphangioblasts that originate from at least two different vessels (Figure 3.8, Figure 3.10).
During early FL development, the facial lymphatic sprout (FLS) originates from the CCV and
as it develops, lymphangioblasts derived from the PHS, (which is contiguous to the CCV)
contribute to its development. Later, a lymphangioblast derived from an undefined vein near
the VA, fuses with the FLS to form the LFL. These results show that the development of the
FL involves dynamic and co-ordinated communication between different cell types from
various locations in the zebrafish head, which is in contrast to the formation of the TD that is
derived entirely from lymphangioblasts originating from the PCV (Figure 3.13B) (Yaniv et
al., 2006). The multi-vessel origin of the FL network is perhaps not surprising given that
there is no single vein that aligns along the course of FL development. It will be interesting to
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elucidate the molecular mechanisms involved in FL development, in particular, the
developmental cues that co-ordinate lymphangioblast budding and migration from different
vessels.

Time-lapse imaging revealed that the FLS was highly dynamic, containing filopodia and
lamellipodia structures. We also observed cell proliferation within the migrating FLS. Cells at
the tip of the FLS were migratory while cells further back were less so. This structure has
many features in common with the angiogenic sprout observed in various angiogenic models,
including the zebrafish (Isogai et al., 2003; Blum et al., 2008; Geudens & Gerhardt, 2011).
Angiogenic sprouts, like the FLS, contain a migratory leading tip cell while cells adjacent to
the tip, termed stalk cells, are less polarised, can undergo cell proliferation, and contribute to
the formation of the vascular lumen (Geudens & Gerhardt, 2011). Angiogenic tip cells also
contain filopodia, which help to guide the developing vessel (Isogai et al., 2003). Recently, it
has been shown that angiogenic tip and stalk cell fate is dynamic and cells can interchange
their fate as either a tip or a stalk cell (Jakobsson et al., 2010). Interestingly we noted that the
leading cell within the FLS often changed, although one key difference to an angiogenic
sprout is that this was often due to the addition of a new lymphangioblast cell(s) at the tip.

Many genes have been implicated in lymphatic development, particularly the vegfr3/flt4
receptor and the ccbe1 which when mutated in humans results in Milroy’s disease and
Hennekam syndrome respectively; both forms of primary lymphedema (Karkkainen et al.,
2000; Alders et al., 2009; Hogan et al., 2009a). FLT4-expressing lymphatic endothelial cells
migrate towards the FLT4 ligand, VEGF-C, expressed in the surrounding mesenchyme
(Tammela & Alitalo, 2010). Previous work has shown that silencing flt4 or ccbe1 prevents
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TD development in zebrafish due to a reduction in secondary sprout formation (Hogan et al.,
2009a; Hogan et al., 2009b). Consistent with this we find that both flt4 and ccbe1 morphants
do not form a FLS at 1.5-2 dpf and fail to develop a complete FL network (Figure 3.12). The
lack of FLS was not due to a morpholino-induced developmental delay as blood vessel
development proceeded normally (see Movie 3.4 in attached file). We did note that flt4
morphants did form an FLS later in development (3 dpf) but it did not extend as normal. flt4
and ccbe1 morphants also failed to develop the IL network and as the ISLV did not form in
the trunk, the LL network was also absent. Thus both vegfr3/flt4 and ccbe1 are required for
the formation of the entire lymphatic network in the zebrafish embryo. Interestingly, a ccbe1
mutant, full of fluid (fofhu3613), was reported to display oedema around the eye and the lower
intestine (Hogan et al., 2009b), which supports our hypothesis that ccbe1 is required for both
FL and IL development.

In summary, we have established a map of lymphatic development in the zebrafish up to 15
dpf. In the process we have identified novel lymphatic networks. We believe the
characterisation of these new lymphatic vessels will increase the versatility of the zebrafish as
a model for lymphatic vessel development and function. Our atlas now enables investigators
to test the role of genes in lymphatic vessel development outside of the trunk lymphatic
network, as we have done for both flt4 and ccbe1. In addition, we have shown that the facial
lymphatic network develops initially from a single lymphatic sprout that migrates from the
CCV; lymphangioblasts are added to the tip of this lymphatic sprout and drive further
migration of the developing vessel. Future work will focus on the molecular signals that
enable the co-ordinated budding and migration of these lymphangioblasts from different
veins in the head.
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Movie 3.1: The connection between the thoracic duct and the supraintestinal lymphatics
(movie 1 in the article).
Movie of a confocal Z stack, showing the connection (indicated by white asterisks) between
the thoracic duct, and the right and left supraintestinal lymphatic vessels (R-SIL and L-SIL)
at 5 dpf. Movie consists of 45 Z slices, each 5 µm apart, played at 5 frames per second. LSIL, left supraintestinal lymphatic vessel; PCV, posterior cardinal vein; R-SIL, rightsupraintestinal lymphatic vessel. Scale bar: 100 µm.

142

Movie 3.2: Time-lapse movie of the development of the lateral facial lymphatic from
1.63 – 2 dpf (movie 2 in the article).
Movie of the lyve1:EGFP;kdrl:nlsmCherry transgenic from 1.63 dpf to 2 dpf (39 hpf to 48
hpf, 9 hours total). The lyve1 channel (right) shows the migration of the FLS from the
common cardinal vein and the recruitment of PHS-Ls to the vascular tip of the FLS. The
nuclear kdrl channel (left) shows lymphangioblast cell duplication (indicated by yellow and
red asterisks) within the FLS, and the migration of lymphangioblast cells (indicated by
asterisks). Time-lapse image stacks were collected every 10 minutes. Movie was made at 7
frames per second. FLS, facial lymphatic sprout; PHS-L, primary head sinus
lymphangioblast. Scale bar: 50 µm.
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Movie 3.3: Time-lapse movie of the development of the lateral facial lymphatic from 2 2.5 dpf (movie 3 in the article).
Movie of the lyve1:EGFP;kdrl:nlsmCherry transgenic from 2 dpf to 2.5 dpf (48 hpf to 60
hpf, 12 hours total). The same embryo was used as in Movie 1. The lyve1 channel (right)
shows the migration of the FLS, and the recruitment of the final PHS-L and the VA-L to the
vascular tip of the FLS to form the lateral facial lymphatic. The nuclear kdrl channel (left)
shows lymphangioblast cell duplication (indicated by green and light blue asterisks) within
the FLS, and the migration of lymphangioblast cells (indicated by asterisks) from the FLS to
another PHS-L and the VA-L. Time-lapse image stacks were collected every 10 minutes.
Movie was made at 7 frames per second. FLS, facial lymphatic sprout; PHS-L, primary head
sinus lymphangioblast; VA-L, ventral aorta lymphangioblast. Scale bar: 50 µm.

144

Movie 3.4: A flt4 morphant embryo fails to form the facial lymphatic sprout (movie 4 in
the article).
Movie showing flt4 (left) and control (right) morpholino-injected lyve1:EGFP embryos from
1.63 dpf to 2 dpf (39 hpf to 48 hpf, 9 hours total). The FLS (indicated by yellow asterisk)
fails to form in the flt4 morphant embryo. Note that despite the lack of FLS, the pectoral fin
vessel and the posterior cerebral vein (indicated by red and white asterisks respectively) still
forms in the flt4 morphant, showing that blood vessel development is proceeding normally in
this embryo. Time-lapse image stacks were collected every 10 minutes. Movie was made at 7
frames per second. Scale bar: 50 µm.
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3.6. Correction
We were unaware of a zebrafish aldehyde dehydrogenase 1 family, member A2 mutant,
which was given the line number “nz15” by the Davidson laboratory (Wingert & Davidson,
2011). Hence, we have renamed Tg(lyve1:egfp)nz15 to Tg(lyve1:egfp)nz150. The Zebrafish
Model Organism Database was notified of the change and the necessary amendments were
made.

We have mistakenly described the flt1:YFP transgenic (Hogan et al., 2009a) as the
flt1enh:YFP transgenic. The only zebrafish transgenic line that uses the flt1enh promoter is the
flt1enh:RFP transgenic (Bussmann et al., 2010). Although both flt1:YFP and flt1enh:RFP are
early markers for arterial endothelial cells, flt1:YFP is upregulated in all BECs after the onset
of blood flow, making it a less efficient marker for arteries at later stages of development. In
contrast, flt1enh:RFP sustains its arterial-specific expression at later stages of development
because the flt1enh promoter is generated by combining two conserved non-coding regulatory
elements required for early flt1 expression in arterial endothelial cells and the flt1 proximal
promoter. This mistake does not change the result described in Section 3.4.5 and Figure 3.9
because the flt1:YFP expression is still enhanced in arteries at 1.5 dpf.
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3.7. Discussion
3.7.1. Significance and contribution
3.7.1.1. Generation of lyve1 transgenic lines
The largest contribution of this chapter to the lymphatic field is the generation of the
lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP compound transgenics, which mark the
lymphatic vessels with red and green fluorescent protein, respectively. A recent study
conducted by Kartopawiro and colleagues (Kartopawiro et al., 2014) and Coxam and
colleagues (Coxam et al., 2014) took advantage of these transgenic tools. In these studies, the
lyve1:DsRed2;kdrl:EGFP compound transgenic line was utilised to extract a cell population
that was predominantly LECs by isolating cells that solely expressed DsRed2 (Coxam et al.,
2014; Kartopawiro et al., 2014). The isolated LECs were used to test whether arap3a or
pkd1a are expressed on zebrafish embryonic LECs. They showed that arap3a is expressed in
zebrafish LECs at 3 and 5 dpf (Kartopawiro et al., 2014), while pkd1a is expressed in
zebrafish LECs at 3 dpf (Coxam et al., 2014). These timepoints correspond to when the
zebrafish lymphatic vessels are developing, indicating the importance of arap3a and pkd1a in
zebrafish lymphatic development. Importantly, these studies show that the lyve1 transgenics
can be utilised as a tool to isolate LECs from zebrafish.

3.7.1.2. Characterisation of facial, lateral, and intestinal lymphatic networks
Apart from the veins and lymphatics, lyve1 is not expressed in many other tissues allowing
the characterisation of the zebrafish FLs, LLs, and the ILs, which are difficult to observe with
other lymphatic reporter lines. These newly characterised lymphatic networks were recently
highlighted in a review article of vertebrate lymphatic development (Koltowska et al., 2013).
Importantly, these newly characterised lymphatic networks allow future lymphatic research
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to be conducted in lymphatic vessels other than the zebrafish TD. Detailed characterisation of
the developing LFL revealed that the FL network develops using a different mechanism to
that of the trunk lymphatic network. The discovery of lymphatic networks that develop using
different developmental mechanisms highlights the possibility that some lymphatic networks
may require a different set of “lymphatic genes” compared with other lymphatic networks. In
support, a recent study done by our group has shown that the Cxcl12a/Cxcr4a signalling
pathway is not required for the development of facial and intestinal lymphatic network in
zebrafish because morpholino-mediated cxcl12a and cxcr4a knockdown resulted in normal
FL and IL development (Astin et al., in press). Knockdown of cxcl12a and cxcr4a results in a
lack of PL formation, which inhibits the development of the trunk lymphatic network (Cha et
al., 2012). Astin and colleagues had also shown that relatively normal FL development was
observed in vegfc morphants and mutants, showing for the first time that Vegfc is not
required for all lymphatic development (Astin et al., in press). Vegfd was subsequently
shown to be able to compensate for the loss of Vegfc to support FL development,
highlighting a potential role of Vegfd in developmental lymphangiogenesis via Vegfc
compensation. It is not known if a different set of “lymphatic genes” are required for the
development of the mammalian lymphatic vessels depending on their physical location.
Nevertheless, it would be interesting to test if the genes implicated in lymphatic vessel
development in the zebrafish trunk (see Section 1.5.6) also affect development of the FL and
the IL.

3.7.1.3. The multi-venous origin of facial lymphatic network
When the early development of the LFL was followed in detail, it was revealed that multiple
lymphangioblasts originating from the CCV, the PHS and near the VA contribute to the
formation of the LFL. This was surprising as until this work was published, the cardinal vein
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was thought to be the sole provider of LECs in both mice (Srinivasan et al., 2007) and
zebrafish (Yaniv et al., 2006). The multi-venous origin of lymphatic vessels were later shown
to be conserved in mammals as recent studies involving detailed characterisation of
lymphatic sprouting in mice showed that venous intersomitic vessels (Yang et al., 2012b) and
superficial lateral venous plexus (Hagerling et al., 2013) were additional venous sources of
LECs. This similarity was also highlighted in a recent review by Martinez-Corral and
Makinen (Martinez-Corral & Makinen, 2013). The discovery that veins other than the
cardinal vein can contribute to lymphatic development in zebrafish has therefore changed our
perception of how lymphatic vessels develop.

3.7.1.4. An alternative approach to score lymphatic development in zebrafish
The majority of lymphatic research in zebrafish uses the development of the TD as a model to
test if a gene of interest is required for lymphatic sprouting. However, zebrafish TD
development is prone to toxic morpholino side-effects caused by tumour suppressor p53mediated apoptotic cell death (Robu et al., 2007; Karpanen & Schulte-Merker, 2011; Tao et
al., 2011). For example, recent studies have shown that lymphatic genes such as prox1a
(Yaniv et al., 2006), prox1b (Del Giacco et al., 2010), coup-TFII (Aranguren et al., 2011),
and sox18 (Cermenati et al., 2013), that were previously shown to be required for the TD
development in zebrafish via morpholino-mediated gene knockdown studies, do not effect
lymphatic development in more definitive gene knockout studies using zinc finger nuclease,
TALEN (van Impel et al., 2014), or TILLING (Tao et al., 2011) approaches. Whether the
zebrafish FLs and the ILs are more resistant to toxic morpholino side-effects needs to be
established so that the novel approaches used in this chapter to quantify lymphatic
development of lymphatic vessels other than the TD can be used to increase the accuracy and
reliability of the experiments involving morpholino-mediated knockdown of lymphatic genes.
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3.7.1.5. Identification of connections between supraintestinal lymphatic vessels and the
thoracic duct in zebrafish
Zebrafish is gaining popularity as an excellent model for lipid metabolism due to its optical
transparency, making it possible to observe lipid-processing events using fluorescently
labelled lipids (Anderson et al., 2011b; Walters et al., 2012). Additionally, zebrafish possess
many specialised cell types involved in lipid metabolism such as intestinal enterocytes,
adipocytes, and hepatocytes (Wallace et al., 2005). A previous study involving careful
ultrastructural studies and isotopic lipid labelling failed to identify lymphatic vessels
resembling the mammalian lacteal capillaries in the trout intestinal villi (Sire et al., 1981).
However, both this study and one done by Skinner and Rogie showed that teleosts are able to
esterify long chain fatty acids to produce chylomicrons, which contain largely similar
lipoproteins to mammalian chylomicrons (Skinner & Rogie, 1978; Sire et al., 1981).
Additionally, these chylomicrons are seen on the lumen of the lymphatic vessels in trout,
showing that teleosts may also utilise lymphatic vessels to transport lipids from the intestine
to the liver (Sire et al., 1981). In this chapter, an IL network that develops in close association
to the zebrafish intestine was identified. Because of the close association between the IL
network and the zebrafish intestine, the IL characterised in this chapter, along with the SIL
described before (Coffindaffer-Wilson et al., 2011) were suggested to be potential sites of
lipid transport in zebrafish. In humans, lipid is transported from the lacteal capillaries to the
TD via the cisterna chyli before entering the veins. Before lipid is drained into the cisterna
chyli, lipid in the lacteal capillaries flows into the intestinal lymph trunk. The connections
between the zebrafish TD and the SIL observed in this chapter may indicate that the SIL is a
zebrafish equivalent of the cisterna chyli. Although connections between the SIL and the IL
were rarely seen, it was hypothesised that these vessels connect at later stages in
development. Therefore, the IL may be a zebrafish equivalent of the mammalian intestinal
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lymph trunk. Taken together, these results show that similar pathways of lipid transportation
may be utilised in zebrafish and mammals. As lymphatic abnormalities in the intestine are
linked to obesity (Harvey et al., 2005), zebrafish may provide a useful model to investigate
the role of intestinal lymphatics in the initiation and progression of obesity.

3.7.2. Related research since the publication of this chapter
3.7.2.1. Homologue of human LYVE1 is required for thoracic duct development in
zebrafish
Due to a genome-wide duplication that occurred early in the evolution of teleosts after the
divergence of teleost and mammalian ancestors, many zebrafish genes are duplicated
(Postlethwait et al., 1998). This complicates the accurate assembly and annotation of a full
zebrafish genomic sequence (Howe et al., 2013). However, genomic duplication in zebrafish
can also provide advantages in investigating the function of genes that are embryonic lethal if
deleted in mammals. This is because genes that are duplicated often have separate gene
expression and functions, such that the combination of expression pattern and protein
functions of both zebrafish homologues are equivalent to the single orthologue in other
vertebrates (Force et al., 1999). Hence, the function of a mammalian gene can be partitioned
between duplicate fish orthologues, making it possible to study the non-embryonic lethal
function of the gene.

Recently, zLyve1, a zebrafish homologue of human LYVE1 was characterised (Chen et al.,
2013). In the Zebrafish Model Organism Database, zLyve1 is termed lyve1a and Lyve1 is
termed lyve1b. Lyve1a displays 22-45% amino acid similarity to various vertebrate LYVE1
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homologues. This is similar to Lyve1b, which displays 34% amino acid similarity to human
LYVE1 (Flores et al., 2010). However, unlike Lyve1b, the protein structure of Lyve1a was
shown to include highly conserved N-glycosylation sites on both sides of the Link modules
(Chen et al., 2013). Additionally, phylogenetic analysis of the protein structure indicates that
Lyve1a is evolutionarily closer to other vertebrate LYVE1 homologues than Lyve1b.
Furthermore, Lyve1a was shown to retain the hyaluronic acid binding activity of mammalian
LYVE1. Hence, Chen and colleagues suggested that Lyve1a is a zebrafish paralogue of
Lyve1b that more closely resembles the mammalian LYVE1. Surprisingly, morpholinomediated lyve1a knockdown results in the inhibition of TD development in zebrafish at 5 dpf.
Furthermore, the ability of the zebrafish TD to take up intramuscularly injected fluorescein
dextran was shown to be impaired in lyve1a morphants. The lymphatic phenotypes associated
with lyve1a knockdown are rescued when lyve1a morpholino is co-injected with a vector
expressing lyve1a and hyaluronic acid. As lyve1a gene was shown to be expressed
predominantly in the PCV, it was hypothesised that Lyve1a may contribute to lymphatic
development in zebrafish by activating PCV endothelial cells to become LEC precursors.
This is surprising as LYVE1 mutant mice display no lymphatic phenotypes (Gale et al., 2007;
Luong et al., 2009). It is possible that morpholino toxicity may have contributed to the lack of
lymphatic vessels in lyve1a morphants. To exclude this possibility, further experiments
investigating the affect of lyve1a knockdown in other zebrafish lymphatic networks, and the
generation of a lyve1a mutant are necessary. Whether Lyve1a, instead of Lyve1b more
closely resembles mammalian LYVE1 is not important for this study as the lyve1b transgenic
lines characterised in this chapter and previous in situ data (Flores et al., 2010) have shown
that lyve1b is expressed in lymphatic vessels, making it a useful marker for zebrafish
lymphatic vessels.

152

3.7.2.2. Additional lymphatic reporter lines
When this chapter was published, the lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP
compound transgenics were thought to be the best transgenic lines in differentiating the
lymphatic vessels from the blood vessels. Since then, 2 additional lymphatic reporter lines,
Tg(flt4BAC;mCitrine)hu7135
generated

by

van

and

Impel

Tg(prox1aBAC:KalTA4-4xUAS-E1b:unctagRFP)nim5,
and

colleagues

(van

Impel

et

al.,

2014).

were
The

Tg(flt4BAC;mCitrine)hu7135 transgenic uses the flt4 (vegfr3) promoter to drive the expression of
fluorescent protein mCitrine in all blood vessels up to 26 hpf. From 26 hpf, the expression
becomes progressively restricted to the veins. This transgenic line also marks the lymphatic
vessels after 36 hpf when the lymphatic vessels start sprouting from the venous vessels
(Yaniv et al., 2006). Similar to the lyve1 transgenic lines, Tg(flt4BAC;mCitrine)hu7135
transgenics have limited non-endothelial expression making it easy to visualise the trunk and
the facial lymphatic network (van Impel et al., 2014). However, the Tg(flt4BAC;mCitrine)hu7135
transgenic appears to also mark the intestinal blood vasculature, possibly making it
challenging

to

observe

the

IL

network.

The

Tg(prox1aBAC:KalTA4-4xUAS-

E1b:unctagRFP)nim5 transgenic uses the prox1a promoter to drive the expression of RFP in
the lens, retina, liver, neuromasts, myotome, and lymphatic vessels. Unlike the other
lymphatic reporter lines, the Tg(prox1aBAC:KalTA4-4xUAS-E1b:unctagRFP)nim5 transgenic
specifically marks the lymphatic endothelial compartment without marking other endothelial
cells at 5 dpf making it a reporter line that enables easy differentiation of lymphatic vessels
and

blood

vessels.

However,

the

strong

non-endothelial

expression

of

the

Tg(prox1aBAC:KalTA4-4xUAS-E1b:unctagRFP)nim5 transgenic could make it challenging to
selectively locate the lymphatic vessels without co-labelling them with other lymphatic
markers. Also, it was not reported if this line marks the IL network. In conclusion, the
Tg(flt4BAC;mCitrine)hu7135 and Tg(prox1aBAC:KalTA4-4xUAS-E1b:unctagRFP)nim5 transgenics,
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and the lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP compound transgenics
generated in this chapter are part of a new set of transgenics that have been recently
developed that will help improve the versatility of zebrafish as a lymphatic model.

3.7.3. Future directions
3.7.3.1. Dual origin of the facial and intestinal lymphatic networks
The venous origin of lymphatic vessels is widely accepted in the field and has been validated
in vivo both in zebrafish (Yaniv et al., 2006) and mice (Srinivasan et al., 2007). However,
alternative studies from Xenopus laevis (Ny et al., 2005), quail and chick (Wilting et al.,
2006), and mice (Buttler et al., 2006; Buttler et al., 2008) have suggested that in addition to
venous vasculature, mesenchymal cells may also contribute to the development of lymphatic
vessels. In this chapter, the zebrafish FL was shown to develop through the recruitment of the
“VA” lymphangioblasts, which originate near the VA. Although a venous origin for VA-Ls
was proposed due to their lack of arterial specific (Bussmann et al., 2010) flt1:YFP
expression, the specific vessel that serves as their source was not located. As the kdrl marker
also marks the angioblast mesenchymal cells (Risau, 1995; Nicoli et al., 2008), a mesoderm
derived blood vasculature precursor, the mesenchymal origin of the VA-L cannot be
excluded. Similarly, the origin of the IL could not be located because the initial IL sprout was
too deep, making it difficult to perform confocal time-lapse imaging. Further studies to locate
the vascular origin of the VA-L and the IL are needed to exclude the possibility of a dual
origin lymphatic vessel in zebrafish.
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3.7.3.2. Lymphatic valve and lymphovenous valve
In mammals, lymph flows through the collecting lymphatic vessels before entering the blood
circulation at the subclavian vein. Anatomically, the zebrafish TD and LFL/JLV can be
considered as collecting lymphatic vessels as they directly connect to the CCV, where lymph
is returned to the blood circulation. One of the characteristics of being a collecting lymphatic
vessel is to have lymphatic valves, which prevent lymph backflow (Tammela & Alitalo,
2010). However, a lymphatic valve-like structure was not observed along the zebrafish
lymphatic vessels up to 15 dpf. As expression of Lyve1 is downregulated in mammalian
lymphatic valves (Norrmen et al., 2009), the lyve1 transgenic lines may not mark the
lymphatic valves in zebrafish. Previous studies using fli1a:EGFP did not report any valves
(Kuchler et al., 2006; Yaniv et al., 2006). Similarly, lymphatic valves were not reported in a
recent study that characterised Tg(flt4BAC;mCitrine)hu715 and Tg(prox1aBAC:KalTA4-4xUASE1b:unctagRFP)nim5 transgenics (van Impel et al., 2014). It is also possible that lymphatic
valves only develop after 15 dpf. However, histological sections of adult zebrafish (12 weeks
post-fertilisation) marking the lymphatic vessels with Prox1 (Shimoda & Isogai, 2012) or
Ang2 (Kuchler et al., 2006) immunohistochemistry did not report any valves. More detailed
experiments involving histological sectioning of the whole zebrafish larvae at both
embryonic and adult stages are required to determine if lymphatic valves are present in
zebrafish.

Another characteristic feature of collecting lymphatic vessels is the lymphovenous valve
(Srinivasan & Oliver, 2011). The lack of blood backflow in the zebrafish lymphatic vessels
suggests that zebrafish possess a lymphovenous valve (Kuchler et al., 2006; Yaniv et al.,
2006). However, a lymphovenous valve was not observed in this study because the location
where the zebrafish TD and FL merge and connect to the CCV was too deep, making it
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difficult to image. A detailed characterisation of this area using histological sectioning is
required to verify the presence of a lymphovenous valve.

3.7.3.3. Non-lymphatic expression of lyve1
In addition to the venous and lymphatic vessels, the lyve1 promoter marked several nonvascular sites such as the fin and the chondrocranium, a primitive cartilaginous skeletal
structure of the skull. Further promoter optimisation by increasing or decreasing the promoter
size can be carried out to isolate a promoter region that is more lymphatic-specific

Interestingly, the lyve1 expression on the chondrocranium was also dependent on flt4 and
ccbe1 expression. It would be interesting to investigate if flt4 and ccbe1 are required for
chondrocranium development by staining the chondrocranium of flt4 and ccbe1 mutants
using Alcian blue, which stains glycosaminoglycans (Dingerkus & Uhler, 1977).

3.7.3.4. Lipid transport in zebrafish
It was suggested that the IL network in zebrafish may serve as a pathway for lipids to be
transported to the TD. However, it is still unclear if zebrafish utilise the lymphatic network to
transport lipid to the blood circulation. Further studies involving tracing of fluorescently
labelled lipids (Anderson et al., 2011b; Walters et al., 2012) are required to elucidate the
functional role of the zebrafish IL in lipid transport.
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3.7.3.5. Lymph nodes
The lymph node is suggested to first appear in birds and is thought to be absent in fish
(Kampmeier, 1969; Hofmann et al., 2010). Instead of lymph nodes, fish possess melanomacrophage centers in the kidney and the spleen, which are proposed to have an analogous
function to the mammalian lymph nodes (Agius & Roberts, 2003; Vigliano et al., 2006). In
agreement, zebrafish dendritic cells are found in the spleen, while zebrafish T, B, and
dendritic cells are found in the kidney (Langenau et al., 2004; Lugo-Villarino et al., 2010).
Consistent with previous reports, a lymph node-like structure was not observed along the
newly characterised lymphatic vessels in our study. Also, macrophage expressed gene 1
(mpeg1) positive macrophages were not observed within the zebrafish lymphatic vessels
(data not shown) (Ellett et al., 2011). These results indicate that the zebrafish lymphatic
system may not have a function in either adaptive or innate immunity. However, because the
lymphatic vessels were only characterised up to 15 dpf, the possibility that lymph nodes may
develop at later stages cannot be discarded, with zebrafish lymphatic vessels functioning in
immune cell transport. Further characterisation of the immune function of lymphatic vessels
using lyve1 transgenics outcrossed to transgenic lines marking antigen presenting cells (Ellett
et al., 2011; Wittamer et al., 2011), T cells (Langenau et al., 2003; Langenau et al., 2004),
and B cells (Page et al., 2013) is required.

3.7.3.6. Contribution of lymphangioblasts
Yang and colleagues and Hagerling and colleagues have reported that LECs that form
mammalian lymphatic vessels derive from veins other than the cardinal vein (Yang et al.,
2012b; Hagerling et al., 2013). Although Hagerling and colleagues have suggested that the
LECs arising from the superficial lateral venous plexus predominantly contributes to the
development of superficial lymphatics (Hagerling et al., 2013), how specific LECs
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originating from different veins contribute to the formation of mammalian lymphatic vessels
is still largely unclear. The multi-venous origin of the lymphangioblasts that contribute to
zebrafish FL development makes the zebrafish FL an excellent model to investigate this. A
transgenic line that uses the lyve1 promoter to express Kaede, a fluorescent protein that emits
green fluorescence that photoconverts to red in response to irradiation with UV or violet light
(Tomura et al., 2008), has been generated in our laboratory (Jonathan Astin, unpublished
data). This transgenic line can be used to perform lineage tracing of individual FL
lymphangioblast to investigate the specific contributions of each FL lymphangioblasts.
Alternatively, a zebrafish transgenic line expressing KillerRed, a fluorescent protein that
generates reactive oxygen species upon illumination (Carpentier et al., 2009; Pletnev et al.,
2009; Teh et al., 2010), driven by the lyve1 promoter can be generated to ablate specific
lymphangioblast populations to investigate their contribution to the FL development.

3.7.3.7. Lymphatic vessels in adult zebrafish
The lymphatic vasculature in zebrafish was characterised up to 15 dpf in this chapter.
However, the lymphatic vessel distribution beyond this point in zebrafish is largely unknown.
Yaniv and colleagues reported various lymphatic vessels in 5 weeks post-fertilisation
zebrafish larvae, such as the jugular lymphatic, facial lymphatic, and the lateral lymphatic
using lymphangiography (Yaniv et al., 2006). Although they have not conducted any
functional or molecular studies to confirm their lymphatic characteristics, anatomically, they
look similar to the FL network and the LL network characterised in this chapter. However,
whether these previously characterised lymphatic vessels are connected to, or derived from
the FL network and the LL network are not clear. Further characterisation of the newly
characterised lymphatic vessels beyond 15 dpf using the lyve1:DsRed2;kdrl:EGFP and
lyve1:EGFP;kdrl:RFP compound transgenics would not only show its relationship with the
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lymphatic vessels characterised by Yaniv and colleagues, but may also reveal a new array of
previously uncharacterised lymphatic vessels (Yaniv et al., 2006). One such example would
be the ovarian lymphatic vessels identified through Prox1 immunohistochemistry of adult
zebrafish (Shimoda & Isogai, 2012). Also, lymphatic capillaries that are connected to the
zebrafish collecting lymphatic vessels may be visible at this stage. A major challenge faced in
imaging the adult zebrafish is the abundance of pigmentation, making the adult zebrafish no
longer

optically

transparent.

To

overcome

this,

lyve1:DsRed2;kdrl:EGFP

and

lyve1:EGFP;kdrl:RFP compound transgenics can be outcrossed to nacre (Rawls et al., 2001)
and roy (Lister et al., 1999) mutants. Nacre is a microphthalmia-associated transcription
factor mutant that has a complete lack of melanocyte (Rawls et al., 2001). In contrast, roy
mutant lacks iridophores, another type of pigment cells found in zebrafish (Lister et al.,
1999), however, the gene mutated in the roy mutant is not known yet. Crossing the nacre and
the roy mutants results in the generation of a completely transparent adult zebrafish termed
casper (White et al., 2008). Hence, lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP
compound transgenics in a casper mutant background will allow easy visualisation of both
blood and lymphatic vessels in adult zebrafish.

3.7.3.8. Generation of lymphatic mutants using the lyve1 transgenic lines
Forward genetic screening using the fli1a:EGFP transgenic resulted in the identification of
novel lymphatic genes ccbe1 (Hogan et al., 2009a) and pkd1a (Coxam et al., 2014). However,
due to the non-lymphatic expression of fli1a:EGFP, lymphatic vessels other than the TD
cannot be differentiated in the fli1a:EGFP transgenic (Kuchler et al., 2006; Yaniv et al.,
2006). Hence, the fli1a:EGFP transgenic will only allow the isolation of lymphatic mutants
with defective TD development. In contrast, the lyve1 transgenic lines generated in this
chapter allow the visualisation of lymphatic vessels in the whole embryo. Future studies that
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involve the isolation of mutants that specifically affect a single lymphatic network via
forward genetic screens on lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP compound
transgenics will provide a unique opportunity to isolate novel lymphatic genes that regulate
lymphatic vessel development in an organ-specific manner.
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Chapter 4 Characterisation of a new ccbe1 mutant allele
4.1. Preface
Forward genetic screening is one of the most powerful and unbiased methods of identifying
novel regulatory genes that are required for cellular processes. Identification and the
characterisation of the fofhu3613 zebrafish mutant led to the discovery of a novel mammalian
lymphatic gene CCBE1, which was linked to Hennekam syndrome (Alders et al., 2009;
Hogan et al., 2009a). This highlights the strength of utilising zebrafish as a tool for lymphatic
research. Accordingly, many new lymphatic genes are being discovered through zebrafish
lymphatic research (see Section 1.5.6). However, the molecular mechanisms involved in
lymphatic development require further investigation.

Associate Professor Alan Davidson’s research group at Harvard Medical School previously
performed an ENU mutagenesis screen looking for mutants with defective kidney
development. Mutants that develop oedema by 7 dpf, a characteristic of kidney failure and
failed osmoregulation, were chosen. One of the mutants isolated was a new retinaldehyde
dehydrogenase 2 (aldh1a2) mutant aldh1a2nz15 (Wingert & Davidson, 2011). ALDH1A2 is
an enzyme required for retinoid acid synthesis (Zhao et al., 1996). Subsequent studies using
the aldh1a2nz15 mutant have revealed that retinoid signals contribute to proximo-distal
patterning of the pronephros in zebrafish by modulating the earliest spatial patterns of
transcription factors that specify the proximal tubule fates (Wingert & Davidson, 2011).

Another mutant isolated from the same mutagenesis screen was the F186 mutant. It was
named F186 as it was the 186th F1 progeny that was screened. F186 mutants developed
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oedema at a later stage (around 6 dpf) when compared with aldh1a2nz15 mutants (24-72 hpf)
and some were able to survive until adulthood but were not sexually viable (David Lum,
unpublished data). It was hypothesised that F186 mutants had a more subtle defect in kidney
function compared with aldh1a2nz15 mutants, however, histological analysis of the glomerulus
of F186 mutants using electron microscopy did not reveal any glomerular defects (David
Lum, unpublished data). Apart from mutants with kidney developmental defects, mutants that
lack lymphatic vessels, such as ccbe1hu3613 and flt4hu4602 also develop oedema (Hogan et al.,
2009a; Hogan et al., 2009b). Similar to F186 mutants, oedema in the ccbe1hu3613 and flt4hu4602
mutants is first visible at around 6 dpf, suggesting that the F186 is a lymphoedema mutant
(van Impel et al., 2014). Bulk segregation linkage analysis linked the F186 locus to
chromosome 11 (David Lum, unpublished data). No known zebrafish lymphatic genes were
present on chromosome 11 when this study was initiated. Known lymphatic genes that affect
zebrafish lymphatic development at the time were prox1a, prox1b, vegfc, vegfr3, and ccbe1,
which were located on chromosome 17, 7, 1, 14, and 17/21, respectively (Kuchler et al.,
2006; Yaniv et al., 2006; Hogan et al., 2009a; Hogan et al., 2009b; Del Giacco et al., 2010).
Hence, we were interested in mapping the gene that underlies the F186 mutant as it had the
potential of uncovering a novel lymphatic gene or identifying a new zebrafish mutant of a
known mammalian lymphatic gene.
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4.2. Results
4.2.1. The F186 mutant is a lymphoedema mutant
Lymphoedema mutants such as ccbe1hu3613 are characterised by the accumulation of fluid in
the intestine and around the eyes (Hogan et al., 2009a). Similarly, fluid accumulation in the
intestine and around the eyes was observed in larvae generated from an incross of F186
carriers (Figure 4.1A,B). The distribution of these phenotypes followed the expected
Mendelian distribution (26.5%, 54/204). To conclusively confirm that the F186 is a
lymphoedema mutant, F186 carriers were outcrossed to lyve1:DsRed2 and lyve1:EGFP
transgenics to generate F186+/-;lyve1:DsRed2 and F186+/-;lyve1:EGFP transgenics that were
incrossed to investigate the lymphatic development of the F186 mutant. TD development was
inhibited in 22.72% (50/220) of larvae generated from an F186+/-;lyve1:DsRed2 incross
(Figure 4.1C-E). Similarly, 24.55% (27/110) and 22.72% (50/220) of larvae generated from
F186+/-;lyve1:EGFP and F186+/-;lyve1:DsRed2 incrosses show impaired facial and intestinal
lymphatic development, respectively (Figure 4.2). All the larvae that develop these lymphatic
phenotypes were associated with oedema, showing that these lymphatic phenotypes are
linked to the F186 mutant. To investigate if blood vessel development was altered, F186
carriers were outcrossed to the lyve1:DsRed2;kdrl:EGFP transgenic to generate F186+/;lyve1:DsRed2;kdrl:EGFP transgenic. The blood vasculature of all the larvae generated from
an F186+/-;lyve1:DsRed2;kdrl:EGFP incross appeared normal (100%, 84/84), while 26.1%
(22/84) of larvae completely lacked lymphatic vessels and developed oedema (Figure 4.3).
These results show that F186 is a lymphoedema mutant with a complete lack of lymphatic
vessels in the entire embryo (Figure 4.3).
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Figure 4.1: Thoracic duct development is inhibited in the F186 mutant.
(A,B) Bright field images of larvae generated from an incross of F186 carriers with (26.5%,
54/204) (B) or without (73.5%, 150/204) (A) oedema around the intestine and the eye (black
arrowhead). (C,D) Fluorescent images of larvae generated from an F186+/-;lyve1:DsRed2
incross with (22.7%, 50/220) (D) or without (77.3%, 170/220) (C) oedema at 7 dpf. All the
oedemic larvae lacked the thoracic duct (D). (E) Quantification of thoracic duct development
at 7 dpf in oedemic and non-oedemic larvae generated from an F186+/-;lyve1:DsRed2 incross
(n≥50). Error bars, ± s.d. *** P<0.005, by Welch’s t test. Scale bars: 100 µm. PCV, posterior
cardinal vein; TD, thoracic duct.
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Figure 4.2: The development of facial and intestinal lymphatics is inhibited in the F186
mutant.
(A,B) Confocal images of the facial lymphatics at 3 dpf of embryos with (24.5%, 27/110) (B)
and without (75.5%, 83/110) (A) oedema at 7 dpf. Embryos were generated from an F186+/;lyve1:EGFP incross. All embryos that developed oedema at 7 dpf lacked the facial
lymphatics at 3 dpf. (C) Quantification of the length of the developing LFL at 3 dpf of
embryos with and without oedema development at 7 dpf. Embryos were generated from an
F186+/-;lyve1:EGFP incross. (D,E) Bright field images (D,E) and fluorescent images (D',E')
of the intestine of larvae with (22.73%, 50/220) and without oedema (77.27%, 170/220) at 7
dpf. Larvae were generated from an F186+/-;lyve1:DsRed2 incross. All oedemic larvae lacked
the intestinal lymphatics. Error bars, ± s.d. *** P<0.005, by Welch’s t test. Scale bars: 100
µm. LFL, lateral facial lymphatic; R-IL, right intestinal lymphatics.
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Figure 4.3: The blood vasculature in the F186 mutant appeared normal, while
lymphatic vessels were absent.
Montage of maximum projections from z series stacks of the entire larvae from an F186+/;lyve1:DsRed2;kdrl:EGFP incross with (26.2%, 22/84) (B) and without (73.8%, 62/84) (A)
oedema at 7 dpf. All oedemic larvae lack lymphatic vessels but the blood vessels appear
normal (B). A',B' shows the lyve1:DsRed2 expression of A,B. Scale bars: 300 µm. FL, Facial
lymphatics; IL, intestinal lymphatics; PCV, posterior cardinal vein; TD, thoracic duct.
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4.2.2. The F186 mutant has a lymphatic sprouting defect
The Vegfc/Vegfr3 pathway is required for the sprouting of lymphatic precursors (secondary
sprouts) from the cardinal vein and the subsequent formation of PLs in zebrafish (Kuchler et
al., 2006; Hogan et al., 2009a; Hogan et al., 2009b; Le Guen et al., 2014). To investigate if
lymphatic sprouting was inhibited in the F186 mutant, secondary sprout development was
studied in embryos generated from an F186+/-;lyve1:EGFP incross. Approximately 25%
(23.3%, 10/43) of embryos generated from an F186+/-;lyve1:EGFP incross lacked secondary
sprouts at 1.5 dpf (Figure 4.4A,B), showing that lymphatic migration from the venous
vasculature is inhibited in F186 mutants. Supporting this result, the number of venous
intersegmental vessels, which are formed from the secondary sprouts, were reduced in
oedemic larvae that lacked lymphatic vessels (28.8%, 17/59) generated from an F186+/;lyve1:DsRed2;kdrl:EGFP incross (Figure 4.4C-E). These results suggested that the gene
mutated in the F186 mutant is required for the lymphatic sprouting and may contribute to the
Vegfc/Vegfr3 pathway.

4.2.3. The F186 is a novel ccbe1 mutant
To pinpoint the causative mutation in the F186 mutant, whole genomic sequences of F186
mutants were compared with the whole genomic sequences from wild type siblings using the
SNPtrack software (Leshchiner et al., 2012). As it had been established that lymphatic
development of the F186 mutant was impaired, larvae generated from an F186+/;lyve1:DsRed2 incross were screened for F186 mutants based on the lack of the TD, while
the remaining embryos with a normal TD were considered to be wild type siblings. The
chromosomal region harbouring the mutation was determined to be on chromosome 21,
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Figure 4.4: The development of secondary sprouts from the posterior cardinal vein is
inhibited in the F186 mutant.
(A,B) Confocal images of the trunk of embryos generated from an incross of F186+/;lyve1:EGFP with (76.7%, 33/43) (A) and without (23.3%, 10/43) (B) secondary sprouts
(marked by red arrows) at 1.5 dpf. (C,D) Confocal images of the trunk vessels of larvae
generated from an incross of F186+/-;lyve1:DsRed2;kdrl:EGFP with (71.2%, 42/59) (C) and
without (28.8%, 17/59) (D) the thoracic duct. White arrows indicate venous intersegmental
vessels. (E) Quantification of intersegmental vessels that are venous intersegmental vessels in
larvae with and without the thoracic duct (n≥13). Larvae were generated from an incross of
F186+/-;lyve1:DsRed2;kdrl:EGFP. Error bars, ± s.d. *** P<0.005, by unpaired t test. Scale
bars: 100 µm. PCV, posterior cardinal vein; TD, thoracic duct.
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within an approximately 8 Mb genomic interval (Figure 4.5A,B). Further analysis of this
region revealed that ccbe1 was located within this genomic interval (Figure 4.5B'). Similar to
F186 mutants, ccbe1hu3613 mutants (27.3%, 18/66) lacked the TD (Hogan et al., 2009a), ILs,
and the FLs (Figure 4.6). To confirm that the F186 mutant contains a mutation in ccbe1, a
complementation test was conducted on F186 and ccbe1hu3613 mutants. Larvae generated from
an outcross of F186+/-;lyve1:DsRed2 and a ccbe1hu3613 carrier failed to complement each
other as approximately 25% of the F1 progeny were lacking lymphatic vessels (22.6%,
12/53) (Figure 4.5C,D). This shows that F186 is a ccbe1 mutant and it was renamed
ccbe1nz186. We next investigated the nature of the mutation in the ccbe1nz186 mutant by
sequencing the ccbe1 cDNA of ccbe1nz186 mutants (ccbe1nz186 mutants were selected based on
the lack of the TD) and comparing it to the ccbe1 cDNA sequence of wild type siblings (wild
type siblings were selected based on the presence of the TD) from larvae generated from an
F186+/-;lyve1:DsRed2 incross. Sequencing revealed a thymine insertion in codon 83, causing
the aspartic acid in codon 83 to be converted into a stop codon (GAC to TGA) in the
ccbe1nz186 mutant (Figure 4.7). This premature stop codon results in a predicted truncated
Ccbe1 protein, which completely lacks both the conserved calcium binding EGF domain,
previously shown to be required for the function of CCBE1 (Alders et al., 2009; Hogan et al.,
2009a) and the collagen domains (Figure 4.7C). Alternatively, it may be degraded via the
nonsense-mediated mRNA decay mechanism, a post-transcriptional mechanism used by
eukaryotic cells to prevent the formation of potentially deleterious truncated proteins
(Maquat, 2004). This is different from the ccbe1hu3613 mutant, which results from a point
mutation that converts the aspartic acid in codon 162 to a glutamic acid within the conserved
calcium binding EGF domain of Ccbe1 (Hogan et al., 2009a) (Figure 4.7C).
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Figure 4.5: The lymphatic gene ccbe1 is mutated in the F186 mutant.
(A,B) Screenshots from SNPtrack software showing that the mutation segregating with the
F186 mutant is located on chromosome 21 (A) within an approximately 8 Mb genomic
region (B), which includes the ccbe1 gene (B'). The purple square represents the approximate
genomic region where B' is located. (C,D) Confocal images showing larvae from an F186+/;lyve1:DsRed2 and ccbe1hu3613 carrier outcross with (77.4%, 41/53) (C) and without (22.6%,
12/53) (D) the facial (C,D) and the trunk (C',D') lymphatic networks. Scale bars: 100 µm. FL,
facial lymphatics; TD, thoracic duct.
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Figure 4.6: The F186 mutant phenocopies the ccbe1hu3613 mutant.
Confocal images of the trunk (top), intestine (middle), and the head (bottom) region of 7 dpf
larvae generated from an incross of ccbe1hu3613+/-;lyve1:DsRed2 with (27.3%, 18/66, right)
(C) and without (72.7%, 48/66, left) (D) oedema. Scale bars: 100 µm. FL, facial lymphatics;
TD, thoracic duct; R-IL, right intestinal lymphatics.
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Figure 4.7: A thymine insertion truncates Ccbe1 in the ccbe1nz186 mutant.
(A,B) Genomic sequencing of the forward and reverse sequence of ccbe1 reveal a thymine
insertional mutation in the ccbe1nz186 mutants compared with the ccbe1 sequence of wild type
(WT) siblings. (C) A schematic diagram showing the difference in the predicted protein
sequences of Ccbe1 in ccbe1hu3613 mutants. In the ccbe1nz186 mutant, the aspartic acid in
codon 83 is converted into a stop codon leading to the formation of truncated ccbe1 mRNA.
This either results in a truncated Ccbe1 protein, which is missing both the conserved calcium
binding EGF domain (yellow square) and the collagen domains (red square), or is degraded
via the nonsense-mediated mRNA mechanism. In the ccbe1hu3613 mutant, aspartic acid in
codon 162 is converted into glutamic acid within the conserved calcium binding EGF domain
(yellow square) of Ccbe1.
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4.2.4. The ccbe1nz186 mutant has putative zebrafish lymphatic capillaries at 3 dpf
Zebrafish lymphatic capillaries, which were labelled by subcutaneously injecting high
molecular weight rhodamine dextran, were previously identified in 18 dpf larvae (Yaniv et
al., 2006). Although it is unsure whether they are the same structure, putative zebrafish
lymphatic capillaries can also be labelled by either subcutaneous or intravenous injection of
Texas Red-linked low molecular weight dextran as early as 2 dpf (Hoffman et al., 2012).
Both zebrafish and human VEGF-C regulate the development of putative zebrafish lymphatic
capillaries. However, whether ccbe1 plays a role in the development of these putative
lymphatic capillaries is still unknown. To investigate this, high molecular weight rhodamine
dextran was injected subcutaneously into embryos generated from an ccbe1nz186+/;lyve1:EGFP incross. Similar to Texas Red-linked low molecular weight dextran,
subcutaneously injected high molecular weight rhodamine dextran labelled the putative
zebrafish lymphatic capillaries at 3 dpf (Figure 4.8). Surprisingly, even when lymphatic
sprouting was inhibited in ccbe1nz186 mutants, putative zebrafish lymphatic capillaries were
labelled (15/15) (Figure 4.8). This suggests that the development of putative zebrafish
lymphatic capillaries does not require ccbe1.
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Figure 4.8: Putative zebrafish lymphatic capillaries develop in ccbe1nz186 mutants.
(A,B) Confocal images of embryos of wild type (WT) (A) and the ccbe1nz186 mutant at 3 dpf,
subcutaneously injected with high molecular weight rhodamine dextran. A,B show both
lyve1:EGFP expression and putative zebrafish lymphatic capillaries (marked by white
arrows) labelled with rhodamine dextran, while A',B' show the zebrafish lymphatic capillaries
only. The parachordal lymphangioblast indicating lymphatic sprouting is marked by white
asterisk. Scale bars: 100 µm.
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4.3. Discussion
4.3.1. The difference in predicted chromosomal position of ccbe1 between this study and
the latest zebrafish genomic assembly (Zv9)
In this chapter we characterised the ccbe1nz186 mutant, a new ccbe1 allele with a premature
stop codon in codon 83 of the ccbe1 gene. Similar to the ccbe1hu3613 mutant, ccbe1nz186
mutants are characterised by an inhibition of lymphatic sprouting, resulting in a lack of
lymphatic development. The causative mutation in the ccbe1nz186 mutant was proposed to be
located on chromosome 21 when the whole genomic sequences of ccbe1nz186 mutants and
wild type siblings were analysed using the SNPtrack software. This was similar to the
ccbe1hu3613 mutant, which was mapped to chromosome 21 (Hogan et al., 2009a). However, an
Ensembl search of the ccbe1 gene showed that ccbe1 is located on chromosome 17
(ENSDARG00000060022) (searched on 20/3/2014). The current Ensembl uses the Zv9, the
final version of the zebrafish genome assembly assembled by the Zebrafish Genome
Sequencing Project (Howe et al., 2013). A dense de novo meiotic map and completely
sequenced large-insert clones were used to assemble the Zv9, making the Zv9 the most
accurate zebrafish genome assembly thus far. However, about 10% of the Zv9 is based on the
previous zebrafish genomic assembly (Zv8), which is limited by the quality of the physical
fingerprint contig (FPC) maps due to haplotypic duplication and the high level of
polymorphism among the zebrafish used to make the FPC maps. It is therefore possible that
there is an error in the current genomic location of ccbe1 in Ensembl. Further clarification of
the true genomic position of ccbe1 is required.
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4.3.2. The causative mutation in the ccbe1nz186 mutant is not located in chromosome 11
Preliminary studies suggested that the causative mutation in the ccbe1nz186 mutant was located
on chromosome 11 (based on bulk segregation linkage analysis, David Lum, unpublished
data). In a bulk segregation linkage analysis, a recombination frequency of less than 50%
indicates that the polymorphic marker is located near the causative mutation in a mutant that
is being tested (Zhou & Zon, 2011). Using this concept, the simple sequence length
polymorphism (SSLP) marker z20709 located on chromosome 11 was linked to the causative
mutation in the ccbe1nz186 mutant as it had a recombination frequency of 20.4% (22/108).
However, other SSLP markers directly upstream of z20709 gave approximately 50%
recombination frequencies. In addition, a distal marker associated with the ccbe1nz186 mutant
was not found. Based on these results, we hypothesise that the low recombination frequency
observed in SSLP marker z20709 was due to random chance and that a higher test number
would have given the expected 50% recombination frequency.

4.3.3. ccbe1nz186 is a ccbe1 mutant
The ccbe1nz186 mutant was shown to be a ccbe1 mutant because approximately 25% of the
larvae from an outcross of ccbe1nz186 and ccbe1hu3613 carriers lacked lymphatic vessels,
indicating that the mutations failed to complement one another. A recent study has shown
that approximately 25% of larvae generated from an outcross of ccbe1hu3613 and vegfchu5055
(vegfc zebrafish mutant) or vegfr3hu4602 carriers also result in a TD developmental defect
because Ccbe1 exerts its pro-lymphangiogenic effect through the Vegfc/Vegfr3 signalling
pathway (Le Guen et al., 2014). This raises the possibility that the ccbe1nz186 mutant may be a
vegfc or a vegfr3 mutant instead. However, unlike the complete or near complete lack of
lymphatic vessels observed in approximately 25% of larvae from an outcross of ccbe1nz186
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and ccbe1hu3613 carriers, the degree of the TD developmental defect was variable (TD with
less than 50% development was considered to be defective in the article) in ccbe1hu3613+/;vegfchu5055+/- and ccbe1hu3613+/-;vegfr3hu4602+/- larvae. Hence, we can safely conclude that the
ccbe1nz186 mutant is not a vegfc or a vegfr3 mutant. Genetic sequencing of ccbe1 mRNA from
the ccbe1nz186 mutant gave conclusive evidence that ccbe1nz186 is a ccbe1 mutant as a thymine
insertion in codon 83 of the ccbe1 gene was identified in the mutant. This results in truncated
Ccbe1 formation in the ccbe1nz186 mutant, resulting in the lack of lymphatic development. The
insertional mutation was also observed in whole genomic sequences of ccbe1nz186 (data not
shown). Another experiment that would have confirmed that ccbe1nz186 is a ccbe1 mutant is a
ccbe1 mRNA rescue assay. In this assay, wild type ccbe1 mRNA is injected into ccbe1nz186
mutants at one-cell stage and TD development is scored to investigate if ccbe1 mRNA is able
to rescue the ccbe1nz186 mutant phenotype (Hogan et al., 2009a). However, it was concluded
that this was unnecessary as the genetic mapping using whole genomic sequences, the
ccbe1nz186 and ccbe1hu3613 complementation test, and the ccbe1 cDNA sequencing data were
sufficient to conclude that ccbe1nz186 is a ccbe1 mutant.
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4.3.4. Contribution and significance
4.3.4.1. The difference between the ccbe1nz186 and ccbe1hu3613 mutants
The lymphatic gene ccbe1 was discovered in 2009 in a forward genetic screen in zebrafish
(Hogan et al., 2009a). A recent study has shown that CCBE1 mediates ADAMTS3 to
proteolytically cleave and activate VEGF-C in mammals, showing the therapeutic potential of
CCBE1 in various diseases such as lymphoedema and cancer metastasis (Jeltsch et al., 2014).
Although the pro-lymphangiogenic role of CCBE1 is starting to be elucidated, Hennekam
syndrome associated with CCBE1 mutation has many non-lymphatic phenotypes such as
mental retardation and unusual facial characteristics (Hennekam et al., 1989). How CCBE1
contributes to these phenotypes is still largely unknown. Furthermore, the expression of
CCBE1 in ovarian cancer cell lines and primary carcinomas is reduced (Barton et al., 2010),
suggesting a tumour suppressor role of CCBE1. Unlike the ccbe1hu3613 mutant, which results
from a loss-of-function mutation of ccbe1 due to a point mutation that converts an aspartic
acid to a glutamic acid within the conserved calcium binding EGF domain of Ccbe1, the
ccbe1nz186 mutant results in the formation of a truncated ccbe1 mRNA due to a premature
stop codon. This is either translated into a truncated Ccbe1 protein, or is degraded via the
nonsense-mediated mRNA decay mechanism (Maquat, 2004). The conserved calcium
binding EGF domain of Ccbe1 was shown to be important for the lymphatic function of
Ccbe1 (Alders et al., 2009; Hogan et al., 2009a). We also showed that this conserved calcium
binding EGF domain of Ccbe1 is important for the lymphangiogenic function of Ccbe1
because the lymphatic defects observed in ccbe1nz186 and ccbe1hu3613 mutants were almost
indistinguishable. However, the functions of other parts of Ccbe1, such as the collagen
domains, are still largely unknown. The truncated Ccbe1 in the ccbe1nz186 mutant lacks a huge
portion of the protein or is not present at all. Hence, the ccbe1nz186 mutant characterised in
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this chapter would likely be a more useful tool than the ccbe1hu3613 for future studies of Ccbe1
involving the calcium binding EGF domain-independent functions of Ccbe1.

4.3.4.2. Rapid Identification of novel genes using forward genetic screening and next
generation sequencing
One of the main advantages of using zebrafish as a genetic model is the ability to perform
forward genetic screens to identify genes that affect the development of an organ of interest
in an unbiased manner. However, identifying the causative mutation is a labour-intensive and
time consuming process, resulting in many unmapped mutants (Henke et al., 2013). The
ccbe1nz186 mutant is a good example of how complicated positional cloning can be, as
insufficient data led us to believe that the causative gene was located on chromosome 11. In
this chapter, the NGS technology was utilised to obtain whole genomic sequences, which
were subsequently analysed using the online software SNPtrack (Leshchiner et al., 2012).
This resulted in the rapid identification of a thymine insertion mutation in the ccbe1 gene as
the causative mutation for the ccbe1nz186 mutant phenotype. The protocol used in this chapter
will be useful for future forward genetic studies that may be conducted in our laboratory.

4.3.4.3. Previously described putative zebrafish lymphatic capillaries are not lymphatic
vessels
The ccbe1nz186 mutant characterised in this chapter is a complete lymphatic null mutant. The
presence of putative zebrafish lymphatic capillaries in this mutant was therefore unexpected.
Interestingly,

these

zebrafish

lymphatic

capillaries

are

not

marked

by

either

lyve1:DsRed2;kdrl:EGFP and lyve1:EGFP;kdrl:RFP compound transgenics up to 15 dpf,
which is surprising as the lymphatic capillaries retain high lyve1 expression in mammals
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(Makinen et al., 2005). It is possible that lyve1a (Chen et al., 2013), a homologue of human
LYVE1, may mark the zebrafish lymphatic capillaries instead (see Section 3.7.2.1). Another
possibility is that the putative zebrafish lymphatic capillaries reported by Hoffman and
colleagues (Hoffman et al., 2012) are not lymphatic capillaries but are instead a different
structure altogether. There are several lines of evidence that suggest that putative zebrafish
lymphatic capillaries are not lymphatic vessels. Firstly, putative zebrafish lymphatic
capillaries are visible as early as 2 dpf, which is when the PLs start to form in the zebrafish
trunk (Yaniv et al., 2006; Geudens et al., 2010). Zebrafish trunk lymphatic vessels are only
functional at approximately 5 dpf (van Impel et al., 2014), therefore, it is highly unlikely that
functional lymphatic capillaries, which are able to take up subcutaneously injected rhodamine
dextran, develop as early as 2 dpf. Secondly, a connection between putative zebrafish
lymphatic capillaries and zebrafish lymphatic vessels is yet to be reported. In mammals,
lymphatic capillaries drain their content into collecting lymphatic vessels (Alitalo, 2011).
Therefore, without a connection to zebrafish lymphatic vessels, putative zebrafish lymphatic
capillaries would not be able to function. Finally, Vegfc deficiency in zebrafish does not
result in the absence of putative zebrafish lymphatic capillaries at 2 dpf (Hoffman et al.,
2012). In addition, this chapter reports that ccbe1 deficiency in zebrafish does not inhibit the
development of putative zebrafish lymphatic capillaries at 3 dpf. If the putative zebrafish
lymphatic capillaries are truly lymphatic vessels, Vegfc or Ccbe1 deficiency, which results in
the lack of lymphatic sprouting (Kuchler et al., 2006; Hogan et al., 2009a), should result in
their complete absence. Based on these findings, we hypothesise that the reason why these
putative zebrafish lymphatic capillaries are present in ccbe1nz186 mutants at 3 dpf is because
they are not true lymphatic capillaries. Interestingly, the pattern of zebrafish neuromuscular
junctions labelled by conjugated fasciculin II and fluorescence-conjugated α-bungarotoxin,
neurotoxins that bind to acetylcholine receptors and acetylcholinesterase respectively
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(Karlsson et al., 1984), resembles the zebrafish lymphatic capillaries labelled by fluorescent
dextran at 2 and 3 dpf (Drapeau et al., 2001; Ibanez-Tallon et al., 2004). This suggests that
the putative zebrafish lymphatic capillaries may be synapses instead. In agreement,
fluorescence-conjugated α-bungarotoxin and fluorescent dextran used to detect putative
zebrafish lymphatic capillaries had been shown to completely co-localise (Jonathan Astin,
unpublished data).

4.3.5. Future directions
4.3.5.1. Further characterisation of the ccbe1nz186 mutant phenotype
Due to the importance of Ccbe1 in lymphatic development, previous characterisation of the
ccbe1hu3613 mutant has focused on how the lymphatic vessels develop (Hogan et al., 2009a).
Because lymphatic development is the theme of my thesis, the non-lymphatic phenotypes of
ccbe1nz186 were not characterised. As previously described, patients of Hennekam syndrome
are associated with the development of mental retardation and unusual facial characteristics
(Hennekam et al., 1989). Increasing number of evidence is showing that the interaction
between VEGF-C and VEGFR-3 is required for neurogenesis. Both VEGF-C and VEGFR-3
display overlapping expression in different territories of embryonic forebrain, midbrain and
hindbrain in mice and Xenopus laevis (Le Bras et al., 2006). Importantly, VEGFR-3
expression is detected in the neural progenitor cells in Xenopus laevis and mice embryos and
Vegfc deficiency results in the reduced proliferation of these neural progenitors. A number of
mouse studies have also shown that VEGFR-3 is expressed in adult subventricular zone cells
that harbour the neural stem cells capable of generating neurons and glia throughout life
(Choi et al., 2010; Calvo et al., 2011; Hou et al., 2011). Importantly, a study done by Calvo
and colleagues has shown that VEGF-C/VEGFR-3 signalling is required for neurogenesis by
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the VEGFR-3 expressing subventricular zone astrocytes in mice (Calvo et al., 2011). This
indicates that VEGF-C/VEGFR-3 signalling acts directly on neural stem cells to direct adult
neurogenesis. Ccbe1 is required for proper VEGF-C/VEGFR-3 signalling in zebrafish and
mice (Bos et al., 2011; Jeltsch et al., 2014; Le Guen et al., 2014). Hence, it would not be
surprising if CCBE1 is also required for neurogenesis, and this could explain the mental
retardation phenotype observed in Hennekam syndrome patients associated with CCBE1
mutation (Alders et al., 2009). Zebrafish is an established model for neurogenesis both in
embryonic and adult stages due to its optical transparency and conserved molecular
mechanisms (reviewed in Schmidt et al., 2013). Hence, it would be interesting to investigate
if neurogenesis in ccbe1nz186 mutants is impaired.

In addition to neurogenesis, zebrafish is also an established model for craniofacial
development (Yelick & Schilling, 2002). Various forward and genetic screens in zebrafish
have identified novel genes that are required for vertebrate craniofacial development
(Schilling & Le Pabic, 2009; Curtin et al., 2011; Weiner et al., 2012; Melvin et al., 2013).
Investigating the craniofacial development of the ccbe1nz186 mutant may elucidate how lack
of CCBE1 may contribute to the unusual facial characteristics observed in Hennekam
syndrome patients and highlight a novel mechanism involved in vertebrate craniofacial
development.

4.3.5.2. The development of zebrafish lymphatic capillaries in ccbe1nz186 mutants at 18
dpf
It was noted in this chapter that putative zebrafish lymphatic capillaries labelled by
subcutaneous injection of high molecular weight rhodamine dextran in 3 dpf zebrafish were
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present in ccbe1nz186 mutants. Because ccbe1 is required for lymphatic development (Hogan
et al., 2009a), it was concluded that putative zebrafish lymphatic capillaries reported by
Hoffman and colleagues (Hoffman et al., 2012) are not lymphatic vessels. It remains to be
investigated if the zebrafish lymphatic capillaries at 18 dpf reported by Yaniv and colleagues
(Yaniv et al., 2006) are the same as the putative zebrafish lymphatic capillaries at 2 dpf
reported by Hoffman and colleagues (Hoffman et al., 2012). It is possible that zebrafish
lymphatic capillaries at 18 dpf are not related to putative zebrafish lymphatic capillaries at 2
dpf and that the zebrafish lymphatic capillaries at 18 dpf are bona fide lymphatic vessels. To
investigate this, subcutaneous injection of high molecular weight rhodamine dextran into 18
dpf ccbe1nz186 mutant larvae can be conducted to show if ccbe1 is required for the
development of the zebrafish lymphatic capillaries at 18 dpf.
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Chapter 5 A zebrafish model of inflammatory bowel diseaseassociated lymphangiogenesis
5.1. Preface
It is well established that IBD patients have increased intestinal lymphatic density (Geleff et
al., 2003; Kaiserling et al., 2003; Fogt et al., 2004; Pedica et al., 2008; Rahier et al., 2011).
Although increased lymphangiogenesis is proposed to occur in response to decreased
mesenteric lymphatic function observed in IBD patients (Van Kruiningen & Colombel,
2008), the role of lymphatics in IBD is still unclear. Increased lymphatic density in the
intestine of IBD patients may stimulate recruitment of inflammatory cells initiating
inflammation in these areas. However, blocking inflammatory lymphangiogenesis using a
VEGFR-3 blocking antibody in an IL-10 deficient IBD mouse model leads to disease
exacerbation and inhibition of disease resolution (Jurisic et al., 2013), suggesting a protective
role of lymphatics in IBD. Increased levels of the lymphatic growth factors VEGF-A
(Bousvaros et al., 1999; Kanazawa et al., 2001; Duenas Pousa et al., 2007; Pousa et al., 2008;
Algaba et al., 2013), VEGF-C, and VEGF-D (Algaba et al., 2013) have been reported in the
serum and in mucosal cell culture supernatants of IBD patients. This indicates that similar to
lymphangiogenesis associated with other inflammatory diseases (Kim et al., 2012), VEGFs
may contribute to IBD-AL. Peripheral blood mononuclear cells (Griga et al., 1999a; Griga et
al., 1999c), intestinal mucosa (Griga et al., 1999a; Griga et al., 2002), adipose tissue
(Schaffler et al., 2006), and fibroblasts (Beddy et al., 2004) have all been shown to be a
source of VEGF-A in IBD. However, it is still unclear how lymphangiogenesis is stimulated
in the intestine of patients with IBD. Understanding how and why lymphatic vessels form in
IBD is essential as this may form the basis of identifying novel therapeutic strategies for IBD.
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Zebrafish larvae treated with colitogenic agents such as TNBS or DSS were shown to have
IBD-like characteristics which include; 1) the requirement of gut microbiota to trigger
inflammation, 2) responsiveness to anti-inflammatory medications, 3) increased expression of
pro-inflammatory cytokines, and 4) increased leukocyte recruitment to the intestine (Fleming
et al., 2010; Oehlers et al., 2011b; Oehlers et al., 2012). Although zebrafish is established as a
system to model aspects of human disease, very little work has been done to investigate the
response of zebrafish lymphatic vessels in pathological conditions. Because the zebrafish
intestinal lymphatics (ILs) are easily visualised in the lyve1 transgenic line, this transgenic
line is an ideal platform to investigate whether enterocolitis results in IL network expansion
in zebrafish. The zebrafish model also possesses a huge repertoire of transgenic reporter lines
that mark specific immune cell populations and organs (Her et al., 2004; Renshaw & Trede,
2012). These transgenic reporter lines can be used to investigate whether immune cells and
surrounding tissues contribute to zebrafish IBD-associated lymphangiogenesis (IBD-AL).

In this chapter, the lyve1:DsRed2;kdrl:EGFP compound transgenic was treated with either
TNBS or DSS to investigate if colitogenic challenge causes IL network expansion in
zebrafish. In addition, the mpeg1:EGFP, lyz:EGFP, and i-fabp:RFP transgenics, which mark
the zebrafish macrophages (Ellett et al., 2011), neutrophils (Hall et al., 2007), and intestinal
epithelial cells (Her et al., 2004) respectively, were used to investigate whether these cells
contribute to zebrafish IBD-AL. We plan to submit the following research to the journal
Disease Models and Mechanisms.
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5.2. Results
5.2.1. Colitogenic challenge stimulates development of intestinal lymphatic sprouts in
zebrafish
To investigate if colitogenic challenge induced by TNBS or DSS treatment causes IL network
expansion, lyve1:DsRed2;kdrl:EGFP embryos at 3 dpf were treated with either TNBS or
DSS and the total length of the intestinal lymphatic sprouts (ILSs) (previously described as IL
branches in Section 3.4.3 (Figure 5.1)) at the left side of the intestine was measured at 7 dpf.
ILSs are lymphatic sprouts that grow in between the major intestinal lymphatic vessels. In
Chapter 3, ILSs were shown to be rare on the left side of the zebrafish intestine at 7 dpf but
increase in number by 15 dpf (see Section 3.4.3). The lack of ILSs on the left side of the
larvae at 7 dpf makes it a good indicator for IL network expansion. When intestinal
inflammation was induced using either TNBS or DSS, the total length of the ILSs increased
at 7 dpf when compared with untreated larvae (Figure 5.2). Increased lymphangiogenic
activity was intestine-specific as there were no ectopic lymphatic vessels observed in the
trunk (Figure 5.2A'''-C''') and the head (data not shown). Blood vessel development in the
intestine appeared normal in TNBS and DSS-treated larvae (Figure 5.2A-C). To show that
the increased ILS formation was inflammation-driven, intestinal inflammation was
suppressed either by reducing gut microbiota by co-administrating the antibiotics penicillin
and streptomycin (Oehlers et al., 2011b), or by co-administrating an anti-inflammatory drug
5-aminosalicylic acid (5-ASA) used to treat IBD (Rutgeerts et al., 2009) with TNBS or DSS.
The length of the ILS was reduced when compared with TNBS and DSS-treated larvae
(Figure 5.2D,E), showing that increased ILS development is associated with intestinal
inflammation. Given that the increased ILS development is dependent on TNBS/DSSinduced IBD-like conditions in zebrafish, we termed this model zebrafish IBD-AL.
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Figure 5.1: Schematic diagram showing ILSs at the left side of the zebrafish intestine
Red, blue, green, and purple colour in the schematic diagrams represents the arteries, veins,
lymphatics, and the intestinal lymphatic sprouts (ILSs), respectively. Vessels with dotted
lines represent lymphatic vessels that may originate from the R-ILs. CCV, common cardinal
vein; DA, dorsal aorta; L-IL, left intestinal lymphatics; L-SIL, left supraintestinal lymphatic
vessel; L-SIV, left subintestinal vein; ILS, intestinal lymphatic sprouts; PCV, posterior
cardinal vein; SB, swim bladder; TD, thoracic duct.
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Figure 5.2: Colitogenic challenge is associated with increased ILS development
(A-C) Lateral images of both lyve1:DsRed2 and kdrl:EGFP (A-C), and lyve1:DsRed2 (A'C',A'''-C''') expression in the lyve1:DsRed2;kdrl:EGFP transgenic at 7 dpf treated with TNBS
(B), DSS (C) and untreated (A). Asterisks indicate intestinal lymphatic sprouts (ILSs). A-C''
shows the intestine and A'''-C''' shows the trunk vasculature. A''-C'' are schematic diagrams of
arteries (red), veins (blue), lymphatic vessels (green), and ILSs (purple) of A-C. (D,E)
Quantification of ILS development in TNBS (D) and DSS (E) treated larvae compared with
untreated, penicillin streptomycin pre mix (PenStrep) control, PenStrep co-treatment, 5aminosalicylic acid (5-ASA) control, and 5-ASA co-treatment (n≥20). Error bars, ± s.d. ***
P<0.05, by one-way ANOVA. DA, dorsal aorta; L-IL, left intestinal lymphatics; PCV,
posterior cardinal vein; TD, thoracic duct. Scale bars: 100 µm.
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5.2.2. 5-ASA may suppress TNBS-mediated zebrafish IBD-AL by reducing neutrophil
and macrophage recruitment
We next investigated the mechanisms behind the reduction of IBD-AL following 5-ASA
treatment. A previous study done in our laboratory has shown that TNBS treatment results in
increased neutrophil recruitment to the zebrafish intestine and increased total number of
neutrophils in the larvae, and that 5-ASA co-administration suppresses these phenotypes
(Oehlers et al., 2011b). These results were reproduced using the neutrophil-specific lyz:EGFP
transgenic line (Hall et al., 2007) (Figure 5.3), an alternative neutrophil reporter line to
Tg(myeloperoxidase (mpo):EGFP)i114 transgenic (Renshaw et al., 2006) used in the previous
study (Oehlers et al., 2011b). Mammalian neutrophils were recently shown to contribute to
inflammatory lymphangiogenesis in a skin inflammation model in mice (Tan et al., 2013).
The correlation between reduced neutrophil recruitment to the intestine and reduced IBD-AL
in TNBS and 5-ASA co-treated larvae indicates that zebrafish neutrophils may contribute to
zebrafish IBD-AL.

Apart from neutrophil recruitment, macrophage recruitment is an important component of
inflammation. Mammalian macrophages were shown to contribute to inflammatory
lymphangiogenesis in various inflammatory diseases and depletion of macrophages results in
reduced inflammatory lymphangiogenesis (Harvey & Gordon, 2012). It was hypothesised
that 5-ASA may also reduce zebrafish IBD-AL by suppressing macrophage recruitment to the
intestine. To show this, it was first necessary to investigate whether TNBS treatment
stimulates macrophage recruitment to the zebrafish intestine. Macrophage-specific
mpeg1:EGFP transgenic embryos (Ellett et al., 2011) at 3 dpf were treated with TNBS and
the number of mpeg1 positive macrophages in the left side of the intestine was manually
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Figure 5.3: 5-ASA treatment reduces TNBS-mediated neutrophil recruitment to the
zebrafish intestine
(A-C) Lateral images of untreated (A), TNBS-treated (B), and 5-ASA and TNBS co-treated
lyz:EGFP transgenic at 7 dpf (“E” represents the location of the zebrafish eye). The intestine
is outlined with a yellow dotted line. (D) Quantification of neutrophil number in the intestine
of TNBS treated larvae compared with untreated, and 5-ASA and TNBS co-treated larvae at
7 dpf (n=25). Error bars, ± s.d. *** P<0.05, by one-way ANOVA. Scale bars: 200 µm.
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counted at 7 dpf. The number of macrophages in the intestine of TNBS-treated larvae was
higher when compared with untreated larvae (Figure 5.4A,B,D). In addition, the total number
of EGFP positive macrophages in TNBS-treated mpeg1:EGFP larvae was quantified using
FACS and was shown to increase following TNBS treatment (Figure 5.4E). Taken together,
these results show that TNBS treatment induces macrophage recruitment to the zebrafish
intestine and also increases the total number of macrophage in the zebrafish larvae. Since it
was established that TNBS treatment induces macrophage recruitment to the intestine, we
next investigated whether 5-ASA suppresses macrophage recruitment to the zebrafish
intestine in TNBS-treated larvae. 5-ASA and TNBS treated larvae had decreased macrophage
recruitment to the zebrafish intestine when compared with TNBS-treated larvae (Figure 5.4AD). This shows that in addition to neutrophils, 5-ASA co-treatment reduces TNBS-mediated
macrophage recruitment to the zebrafish intestine. Therefore, 5-ASA treatment may also
reduce zebrafish IBD-AL by suppressing macrophage recruitment to the zebrafish intestine.

5.2.3. Zebrafish macrophages and neutrophils express lymphatic growth factors
Mammalian macrophages have been shown to contribute to inflammatory lymphangiogenesis
via the secretion of VEGF-A, VEGF-C, and VEGF-D in mouse models of inflammatory
diseases (Cursiefen et al., 2004b; Baluk et al., 2005; Zhang et al., 2007; Kataru et al., 2009;
Kim et al., 2009). To study whether zebrafish macrophages express lymphatic growth factors,
RT-PCR was used to investigate whether zebrafish macrophages express lymphatic growth
factors in TNBS-treated larvae. To achieve this, mpeg1 positive cells were collected from the
mpeg1:EGFP transgenic using FACS at 7 dpf. The isolated cell population was subsequently
confirmed to be macrophages as they strongly expressed the macrophage marker csf1ra with
little or no expression of the neutrophil marker mpo and the intestinal
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Figure 5.4: 5-ASA reduces TNBS-mediated macrophage recruitment to the zebrafish
intestine
(A-C) Lateral images of the intestine of untreated (A), TNBS-treated (B), and 5-ASA and
TNBS co-treated (C) mpeg1:EGFP transgenic at 7 dpf. Purple dashed lines indicate the
anterior part of the intestine. (D) Quantification of macrophage number in the intestine of
TNBS-treated larvae compared with untreated, and TNBS and 5-ASA co-treated larvae at 7
dpf (n≥21). (E) FACS analysis of EGFP positive cell counts of untreated and TNBS-treated
mpeg1:EGFP transgenic (n≥3, pools of 30-40 larvae). Error bars, ± s.d. *** P<0.05, by oneway ANOVA (D) or unpaired t-test (E). Scale bars: 100 µm.
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marker caudal type homeobox 1 b (cdx1b) (Flores et al., 2008; Meijer et al., 2008) (Figure
5.5A). Zebrafish macrophages expressed vegfaa, vegfc, and vegfd both in untreated and
TNBS-treated larvae (Figure 5.5A). A previous study has shown that the expression level of
vegfc in macrophages isolated from draining lymph nodes increases in a mouse model of skin
inflammation, contributing to the increased VEGF-C concentration in the inflamed site
(Kataru et al., 2009). To investigate if this occurs in zebrafish IBD, the expression level of
vegfc in zebrafish macrophages isolated from TNBS-treated larvae was compared with that of
untreated larvae using qPCR. The expression level of vegfc remained unchanged between
zebrafish macrophages from TNBS-treated and untreated larvae (Figure 5.5B).

Mammalian neutrophils were shown to contribute to inflammatory lymphangiogenesis in a
skin inflammation model in mice by modulating VEGF-A bioavailability and by secreting
VEGF-D (Tan et al., 2013). Although mammalian neutrophils were also shown to secrete
VEGF-A in inflammatory conditions (Taichman et al., 1997; Kasama et al., 2000; Gong &
Koh, 2010), the contribution of the neutrophil-secreted VEGF-A in inflammatory
lymphangiogenesis is unclear. To investigate whether neutrophils express lymphatic growth
factors, a similar strategy to zebrafish macrophages was used. Zebrafish neutrophils were
isolated by collecting lyz positive cells from the lyz:EGFP transgenic (Hall et al., 2007) using
FACS at 7dpf. The isolated cell population was subsequently confirmed to be neutrophils as
they strongly expressed mpo, with little or no expression of csf1ra and cdx1b (Figure 5.6).
Zebrafish neutrophils express vegfaa and vegfd in both untreated and TNBS-treated larvae
(Figure 5.6), suggesting a potential role of neutrophils in zebrafish IBD-AL. It was difficult
to produce a reliable band for vegfc, indicating that zebrafish neutrophils may not express
vegfc or express it at a lower level.
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Figure 5.5: Zebrafish macrophages express lymphatic growth factors
(A) RT-PCR of vegfaa, vegfc, vegfd, csf1ra, mpo, cdx1b, and ef1-a in control and TNBStreated mpeg1 positive zebrafish macrophages. The colours in the gel images are inverted.
(B) qPCR analysis of vegfc in TNBS-treated zebrafish macrophages relative to untreated
zebrafish macrophages (n=3). Error bars, ± s.d. n.s. P>0.05 by unpaired t test.
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Figure 5.6: Zebrafish neutrophils express lymphatic growth factors
RT-PCR of vegfaa, vegfd, csf1ra, mpo, cdx1b, and ef1-a in control and TNBS-treated lyz
positive zebrafish neutrophils. The colours in the gel images are inverted.
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5.2.4. Partial reduction of macrophage number does not decrease IBD-AL in zebrafish
To investigate if macrophages are required for zebrafish IBD-AL, interferon regulatory factor
8 (irf8) was knocked down using an antisense morpholino oligonucleotide. The irf8 gene
regulates macrophage verses neutrophil fate and irf8-depleted embryos have fewer
macrophages but increased neutrophils (Li et al., 2011a). To determine the efficacy of
morpholino-mediated irf8 depletion at 7 dpf, macrophage numbers in the left side of the
intestine of mepg1:EGFP larvae injected with control morpholino and irf8 morpholino were
compared. irf8 morphants displayed a partial reduction of macrophage number in the
intestine at 7 dpf when compared with control morphants (Figure 5.7A,B,D). This shows that
the irf8 morpholino is still partially effective at this stage. Partial reduction of macrophage
number did not inhibit the development of the IL (Figure 5.7A,B) and the TD (Figure
5.8A,B,D). There was no difference in IBD-AL between TNBS-treated irf8 morphants
compared with TNBS-treated control morphants (Figure 5.9A,B,D). As explained, the
neutrophil number in the zebrafish intestine was increased upon irf8 knockdown at 7 dpf
(Figure 5.10A,B,D). To investigate whether the increased neutrophil number in the intestine
is able to compensate for the reduced macrophage number in irf8 morphants, IBD-AL was
quantified in pu.1 (also known as spleen focus forming virus proviral integration oncogene
spi1b (spi1b) in zebrafish)-depleted larvae. Because PU.1 is required for myeloid cell
development (Scott et al., 1994), morpholino-mediated knockdown of pu.1 in zebrafish
results in fewer macrophages and neutrophils (Su et al., 2007). The pu.1 morpholino was still
effective at 7 dpf as pu.1 morphants displayed partial reduction in both macrophage (Figure
5.7A,C,D) and neutrophil (Figure 5.10A,C,D) number in the intestine at 7 dpf. The
development of the IL (Figure 5.7A,C) and the TD (Figure 5.8A,C,D) was normal in pu.1
morphants. However, similar to irf8 morphants, there was no difference in IBD-AL between
TNBS-treated pu.1
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Figure 5.7: Knockdown of irf8 and pu.1 partially reduces macrophage number in the
zebrafish intestine
(A-C) Lateral images of the lyve1:DsRed2;mepg1:EGFP transgenic at 7 dpf showing the
presence of the intestinal lymphatics (marked by white arrows) in control (A), irf8 (B), and
pu.1 (C) morphants. (D) Quantification of macrophage number in the intestine of control
morphants compared with irf8, and pu.1 morphants at 7 dpf (n≥22). Error bars, ± s.d. ***
P<0.05 by one-way ANOVA. Scale bars: 100 µm. MO, morpholino.
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Figure 5.8: Reduced macrophage and neutrophil number do not inhibit zebrafish TD
development
(A-C) Lateral images showing the trunk lymphatic network of lyve1:DsRed2 transgenic at 7
dpf injected with control (A), irf8 (B), and pu.1 (C) morpholino (MO). (D) Quantification of
TD development in control, irf8, pu.1 morphants at 7 dpf (n=29). Error bars, ± s.d. Statistical
analysis was done using one-way ANOVA. TD, thoracic duct. n.s. P>0.05 by one-way
ANOVA. Scale bars: 100 µm.
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Figure 5.9: Zebrafish macrophages and neutrophils may not be essential for zebrafish
IBD-AL
(A-C) Lateral images of lyve1:DsRed2 expression of control (A), irf8 (B), and pu.1 (C)
morphants treated with TNBS. Intestinal lymphatic sprouts (ILSs) are indicated with white
asterisks. (D) Quantification of ILS development in untreated control morphants compared
with control, irf8, and pu.1 morphants treated with TNBS (n≥19). Error bars, ± s.d. n.s.
P>0.05 *** P<0.05 by one-way ANOVA. Scale bars: 100 µm. MO, morpholino.
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Figure 5.10: Knockdown of irf8 and pu.1 have opposite effects on neutrophil number in
the zebrafish intestine
(A-C) Lateral images of lyz:EGFP transgenic at 7 dpf injected with control (A), irf8 (B), and
pu.1 (C) morpholino (MO). The intestine is outlined with a yellow dotted line. (D)
Quantification of neutrophil number in the intestine of control morphants compared with irf8,
and pu.1 morphants (n≥29). Error bars, ± s.d. *** P<0.05, by one-way ANOVA. Scale bars:
200 µm.
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morphants when compared with TNBS-treated control morphants (Figure 5.9A,C,D). Taken
together, these results raise the possibility that macrophages and neutrophils may not be
required for zebrafish IBD-AL and that other sources of lymphatic growth factors may be
present.

5.2.5. irf8 knockdown stimulates zebrafish intestinal lymphatic development
Interestingly, normal ILS development was modestly increased in irf8 morphants when
compared with control morphants (Figure 5.11). In contrast, pu.1 knockdown resulted in
normal ILS development when compared with control morphants (Figure 5.11). These results
suggest that neutrophils may be able to stimulate IL development but are not essential for
normal lymphatic development. However, irf8 could yet modulate IL development in a
neutrophil-independent manner.

5.2.6. Zebrafish intestinal epithelial cells express lymphatic growth factors
Epithelial cells have been shown to be a source of VEGF-A (Halin et al., 2007; Gong & Koh,
2010) and VEGF-C (Baluk et al., 2005) in mice models of inflammatory diseases, therefore it
was hypothesised that intestinal epithelial cells may be a non-immune cell source of
lymphatic growth factors in the zebrafish IBD-AL model. To investigate the role of zebrafish
intestinal epithelial cells in IBD-AL, i-fabp positive cells were isolated by FACS from the
intestinal epithelial cell-specific i-fabp:RFP transgenic line (Her et al., 2004) at 7 dpf, and the
expression of lymphatic growth factors were studied using RT-PCR. The isolated cell
population was subsequently confirmed to be intestinal cells as they strongly expressed
cdx1b, with little or no expression of csf1ra and mpo (Figure 5.12A). Zebrafish intestinal
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Figure 5.11: Knockdown of the irf8 stimulates IL development
Quantification of normal intestinal lymphatic sprout development in control, irf8, and pu.1
morphants at 7 dpf (n≥17). The data for control morpholino (MO) was reproduced from
Figure 5.9D. Error bars, ± s.d. n.s. P>0.05, *** P<0.05, by one-way ANOVA.
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Figure 5.12: Intestinal epithelial cells express lymphatic growth factors in TNBS-treated
larvae
(A) RT-PCR detection vegfaa, vegfc, csf1ra, mpo, cdx1b, and ef1-a in control and TNBStreated i-fabp positive zebrafish intestinal epithelial cells. The colours in the gel images are
inverted. (B,C) qPCR analysis of vegfc (B) and vegfaa (C) in TNBS-treated zebrafish
intestinal epithelial cells relative to untreated zebrafish intestinal epithelial cells (n=3). Error
bars, ± s.d. n.s. P>0.05 by unpaired t test.
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epithelial cells from both untreated and TNBS-treated larvae expressed both vegfaa and vegfc
(Figure 5.12A). It was difficult to produce a reliable band for vegfd, indicating that zebrafish
intestinal epithelial cells may not express vegfd or express it at a lower level. There was no
difference in the expression levels of vegfaa and vegfc in zebrafish intestinal epithelial cells
isolated from untreated and TNBS treated larvae, suggesting they do not play a role in IBDAL (Figure 5.12B,C). To determine whether zebrafish intestinal epithelial cells express
equivalent amounts of vegfaa and vegfc as zebrafish immune cells, qPCR was performed to
compare the relative expression of vegfaa and vegfc in intestinal epithelial cells and zebrafish
immune cells. The levels of vegfc expression in zebrafish macrophages and intestinal
epithelial cells in both untreated and TNBS-treated larvae were the same (Figure 5.13A).
However, zebrafish intestinal epithelial cells expressed more vegfaa when compared with
zebrafish neutrophils (untreated: 4.92 fold; TNBS: 9.3 fold) (Figure 5.13B) and macrophages
(untreated: 2.3 fold; TNBS: 6.01 fold) (Figure 5.13C) in both untreated and TNBS-treated
larvae.

5.2.7. The Vegfr pathway is essential for zebrafish IBD-AL
Because macrophages and neutrophils express vegfaa, vegfc, and vegfd in TNBS-treated
larvae, the Vegfr pathway was proposed to be essential for zebrafish IBD-AL. To determine
if the expression levels of vegfaa, vegfc, and vegfd increase upon colitogenic challenge in
zebrafish, qPCR analysis was done to compare the expression levels of these lymphatic
growth factors in TNBS-treated and untreated larvae. Whole embryo
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Figure 5.13: Comparison of expression levels of vegfc and vegfaa between zebrafish
intestinal epithelial cells and zebrafish macrophages or neutrophils.
(A) qPCR analysis of vegfc in untreated and TNBS-treated zebrafish intestinal cells relative
to untreated and TNBS-treated zebrafish macrophages (n=3) (B,C) qPCR analysis of vegfaa
in untreated and TNBS-treated zebrafish neutrophils (B) and macrophages (C) relative to
untreated and TNBS-treated zebrafish intestinal cells. (n=3) Error bars, ± s.d. n.s. P>0.05, **
P<0.05, *** P<0.005, by unpaired t test.
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expression of vegfc (1.51 fold) (Figure 5.14A) and the inflammatory markers, mmp9 (5 fold),
il1b (4 fold), and tnfb (3.6 fold) (Figure 5.14B), significantly increased following TNBS
treatment. In contrast, there was no change in the expression of vegfaa, vegfab, (vegfaa and
vegfab are duplicate orthologues of mammalian VEGF-A (Bahary et al., 2007)) and vegfd
(Figure 5.14A). To investigate whether the VEGFR pathway is required for zebrafish IBDAL, Tivozanib (AV951), a pan-VEGFR inhibitor that has been shown to work in zebrafish
(Nakamura et al., 2006; Buchanan et al., 2012), was co-administrated with TNBS and the
zebrafish IBD-AL was quantified. A treatment dose of 2.5 nM was chosen for Tivozanib as
this dose resulted in the development of normal blood vessels and lymphatic vessels (Figure
5.15; Figure 5.16C). In comparison, treatment of 3 dpf embryos with 50 nM Tivozanib
resulted in complete inhibition of TD and IL development (data not shown). TNBS cotreatment with 2.5 nM Tivozanib resulted in significantly reduced IBD-AL when compared
with the dimethyl sulfoxide (DMSO) and TNBS co-treatment vehicle control (Figure 5.16).
Taken together, these results indicate that the Vegfr pathway, particularly the Vegfc/Vegfr3
pathway, may be essential for IBD-AL in zebrafish.
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Figure 5.14: The expression level of vegfc is upregulated in TNBS-treated larvae
(A,B) qPCR analysis of lymphatic growth factors (A) and inflammatory markers (B) in 7 dpf
larvae exposed to TNBS relative to untreated controls (n≥5). Error bars, ± s.d. n.s. P>0.05, **
P < 0.05, *** P < 0.005, by unpaired t test.
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Figure 5.15: Tivozanib (AV951) at 2.5 nM does not affect the development of blood
vessels, intestinal lymphatics and the TD
(A,B) Lateral images showing the trunk vessels of both lyve1:DsRed2 and kdrl:EGFP (A,B),
and only lyve1:DsRed2 (A',B') expression of lyve1:DsRed2;kdrl:EGFP transgenic treated
with DMSO (A) or 2.5 nM AV951 (B) at 7 dpf. (C) Quantification of thoracic duct
development in DMSO and AV951-treated embryos (n=25). (D,E) Lateral images showing
the intestinal vasculature of both lyve1:DsRed2 and kdrl:EGFP (D,E), and only
lyve1:DsRed2 (D',E') expression of lyve1:DsRed2;kdrl:EGFP transgenic treated with DMSO
(D) or 2.5 nM AV951 (E) at 7 dpf. Error bars, ± s.d. n.s. P>0.05 by unpaired t test. R-IL, right
intestinal lymphatics; TD, thoracic duct. Scale bars: 100 µm.
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Figure 5.16: The Vegfr pathway is required for zebrafish IBD-associated
lymphangiogenesis
(A,B) Lateral images of intestine in the lyve1:DsRed2 transgenic at 7dpf exposed to DMSO
and TNBS (A), and 2.5 nM AV951 and TNBS (B). Asterisks indicate intestinal lymphatic
sprouts (ILSs). (C) Quantification of ILS development in DMSO and TNBS co-treated larvae
compared with DMSO control, AV951, and AV951 and TNBS co-treated larvae (n≥20).
Error bars, ± s.d. n.s. P>0.05, *** P<0.05, by one-way ANOVA. Scale bars: 100 µm.
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5.3. Discussion
5.3.1. TNBS and DSS-treated larvae develop IBD-associated lymphangiogenesis
Although the zebrafish TD was discovered nearly a decade ago (Kuchler et al., 2006; Yaniv
et al., 2006), very little work has been done to investigate whether zebrafish lymphatic
vessels respond to pathological damage. The only relevant study was done by Hoffman and
colleagues, who showed that transplantation of mouse melanoma cells results in increased
putative zebrafish lymphatic capillary development (Hoffman et al., 2012). This may not
represent a true tumour-associated lymphangiogenesis model as putative zebrafish lymphatic
capillaries were shown to be not lymphatic vessels in Chapter 4. The most important finding
in this chapter is that zebrafish undergoing colitogenic challenge is associated with
inflammatory-driven lymphangiogenesis. Increased intestinal lymphangiogenesis observed in
TNBS or DSS-treated larvae was confirmed to be inflammatory-driven, as reduction of
intestinal inflammation using IBD therapeutic agents such as antibiotics or 5-ASA suppressed
IBD-AL. This shows that zebrafish, like humans (Geleff et al., 2003; Kaiserling et al., 2003;
Fogt et al., 2004; Pedica et al., 2008; Rahier et al., 2011) and mice (Ganta et al., 2010; Jurisic
et al., 2013), display increased IL density upon intestinal inflammation. Increased ILS
development was used as an indicator for zebrafish IBD-AL in this study, however whether
this increased ILS development is due to ectopic ILS formation or accelerated development
of normal ILS formation was not determined. Nevertheless, this is the first report to
demonstrate that zebrafish lymphatic vessels respond to inflammatory stimulation and
establishes a zebrafish model to study the diseases that involve inflammatory-driven
lymphatic vessel growth. Because inflammatory lymphangiogenesis is associated with other
inflammatory diseases (Kim et al., 2014a), this finding could motivate vascular researchers to
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5.3.2. Zebrafish immune cells express lymphatic/angiogenic growth factors
Mammalian macrophages can secrete pro-lymphangiogenic/angiogenic factors VEGF-A,
VEGF-C, and VEGF-D to promote inflammatory angiogenesis/lymphangiogenesis
(Szekanecz & Koch, 2007; Harvey & Gordon, 2012). In addition, mammalian neutrophils can
secrete VEGF-A and VEGF-D to stimulate tumour-associated angiogenesis (Tazzyman et al.,
2013) and inflammatory lymphangiogenesis (Tan et al., 2013), respectively. Similar to their
mammalian counterparts, zebrafish macrophages were shown to express vegfaa, vegfc, and
vegfd, while zebrafish neutrophils were shown to express vegfaa and vegfd. These findings
suggest that zebrafish macrophages and neutrophils may have conserved roles in promoting
disease-associated angiogenesis/lymphangiogenesis. The zebrafish research community can
use this information to investigate the vascular-modulatory role of zebrafish macrophages
and neutrophils in various disease models.

5.3.3. Zebrafish intestinal epithelial cells express lymphatic growth factors
Intestinal epithelial cells isolated from untreated larvae were shown to express vegfc and
vegfaa. This is similar to mammalian intestinal epithelial cells, which have been shown to
express VEGF-A and VEGF-C (Griga et al., 1999b; Griga et al., 2002; Joory et al., 2006).
Zebrafish intestinal epithelial cells were shown to express an equivalent amount of vegfc to
zebrafish macrophages and express significantly higher level of vegfaa when compared with
both zebrafish macrophages and neutrophils. These
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Figure 5.17: The potential contributions of macrophages, neutrophils and intestinal
epithelial cells towards IBD-associated lymphangiogenesis
A model showing the potential contributions of macrophages, neutrophils and intestinal
epithelial cells towards normal zebrafish intestinal vascular development (A) and zebrafish
IBD-AL (B). In the absence of inflammation, vegfaa/c-expressing zebrafish intestinal
epithelial cells may contribute to vascular development in the intestine. In TNBS treated
larvae, the recruitment of vegfaa/c/d-expressing macrophages and vegfaa/d-expressing
neutrophils to the intestine may contribute to zebrafish IBD-AL.
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results suggest that intestinal epithelial cells may contribute to developmental
lymphangiogenesis and angiogenesis in the zebrafish intestine by secreting Vegfc and Vegfaa
(Figure 5.17A). The expression levels of vegfaa and vegfc in intestinal epithelial cells
remained unchanged following TNBS treatment, which suggests that intestinal epithelial cells
do not have a significant role in stimulating zebrafish IBD-AL.

5.3.4. The role of macrophages and neutrophils in zebrafish IBD-AL is still unclear
In this study, zebrafish macrophages and neutrophils isolated from TNBS-treated larvae were
shown to express lymphatic growth factors. Because macrophage and neutrophil numbers in
the zebrafish intestine increased following TNBS treatment, macrophages and neutrophils
may contribute to zebrafish IBD-AL by secreting lymphatic growth factors (Figure 5.17B).
When macrophage and neutrophil recruitment to the intestine was suppressed following 5ASA treatment, zebrafish IBD-AL was reduced. However, partial reduction of neutrophil
and/or macrophage number via morpholino-mediated irf8 or pu.1 knockdown did not inhibit
zebrafish IBD-AL. There are two possible explanations for these conflicting results. Firstly, it
is possible that TNBS-treated irf8 and pu.1 morphants may still recruit sufficient numbers of
macrophages and/or neutrophils to the intestine to stimulate zebrafish IBD-AL. To
investigate this possibility, macrophage and neutrophil numbers in the intestine of TNBStreated irf8 and pu.1 morphants need to be compared with TNBS-treated control morphants,
to investigate the true effectiveness of these knockdowns. Secondly, it is possible that
macrophages and neutrophils may not be required for zebrafish IBD-AL and that 5-ASA may
inhibit zebrafish IBD-AL by suppressing the expression of pro-lymphangiogenic
inflammatory cytokines (see Section 1.2.3.5). 5-ASA has been shown to inhibit the activity of
NF-κβ (Bantel et al., 2000), and this may result in reduced expression of other inflammatory
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cytokines (Hayden & Ghosh, 2011). In support, a previous study in our laboratory has shown
that 5-ASA co-administration suppresses TNBS-mediated upregulation of inflammatory
cytokines such as tnfa, il1b, and il8 in the whole larvae (Oehlers et al., 2011b). Further
studies using specific inhibitors of these inflammatory cytokines are required to investigate
the roles of these cytokines in zebrafish IBD-AL. In conclusion, the role of macrophages and
neutrophils in zebrafish IBD-AL is still unclear and an alternative method to completely
deplete these immune cell populations in TNBS-treated larvae is required.

5.3.5. Future directions
5.3.5.1. Elucidate the role of macrophages and neutrophils in zebrafish IBD-AL
As the true effectiveness of morpholino-mediated irf8 or pu.1 knockdown in reducing
neutrophil and/or macrophage recruitment to the intestine following TNBS treatment has not
been determine, whether macrophages and/or neutrophils are essential in zebrafish IBD-AL is
still unclear. To investigate if macrophages are required for zebrafish IBD-AL, larvae
completely lacking macrophages up to 7 dpf is required to investigate whether complete
depletion of macrophages inhibits zebrafish IBD-AL. One such zebrafish line is the pu.1hkz4
mutant, a hypomorphic pu.1 mutant that lack zebrafish macrophages but not neutrophils (Jin
et al., 2012). Alternatively, the csf1ra (c-fms):nfsB.mcherry transgenic, a transgenic zebrafish
line that drives the expression of fluorescent protein mCherry and nitroreductase (NfsB) in
the c-fms-expressing macrophage (Curado et al., 2008), can be used. When incubated with a
prodrug metronidazole, the nitroreductase expressed by zebrafish macrophages in the cfms:nfsB.mcherry transgenic converts the metronidazole into a cytotoxic metabolite
(Lindmark & Muller, 1976) resulting in the specific ablation of c-fms-expressing zebrafish
macrophages (Curado et al., 2008). This allows conditional, long-term ablation of zebrafish
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macrophages. To investigate whether complete depletion of neutrophils inhibits zebrafish
IBD-AL, lyz:nfsB.mcherry transgenic, a transgenic line that drives the expression of mCherry
and NfsB in lyz-expressing neutrophils, can be generated and used.

5.3.5.2. The expression levels of vegfaa, vegfc, and vegfd in TNBS-treated larvae needs
further investigation
qPCR analysis revealed that only vegfc is upregulated in TNBS-treated larvae. This suggests
that out of all the Vegfs, Vegfc may play the most significant role in promoting zebrafish
IBD-AL. Interestingly, expression levels of vegfaa and vegfd in the entire larvae did not
change despite the total number of vegfaa//d-expressing macrophages and neutrophils
(Oehlers et al., 2011b) increasing following TNBS treatment. This may be because the
expression levels of vegfaa and vegfd are already high in 7 dpf larvae making it difficult to
detect an increase in the expression levels of vegfaa and vegfd in the entire larvae. Although
the whole-embryo expression levels of vegfaa/vegfab and vegfd did not increase, this does not
exclude the possibility that Vegfaa and Vegfd may contribute to zebrafish IBD-AL, as it is
possible that the expression levels of vegfaa and vegfd in the intestine increased without
affecting the expression levels of vegfaa and vegfd in the entire embryo. To support this, the
number of vegfaa and vegfd-expressing macrophages and neutrophils in the intestine was
shown to increase in TNBS-treated larvae when compared with untreated larvae. To
investigate whether vegfaa, vegfc, and vegfd expression is upregulated in the zebrafish
intestine following TNBS treatment, qPCR analysis can be conducted to compare the
expression levels of vegfaa, vegfc, and vegfd between the intestines isolated from TNBStreated and untreated larvae.
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5.3.5.3. Investigate the role of Mmp9 in zebrafish IBD-AL
A previous study has shown that TNBS-treatment upregulates mmp9 expression and this
upregulation is suppressed by 5-ASA co-administration (Oehlers et al., 2011b). MMP9
secreted from mammalian neutrophils that have been recruited to an inflammatory site was
shown to increase the bioavailability and bioactivity of VEGF-A by degrading the ECM, thus
releasing the ECM-bound VEGF-A to stimulate tumour-associated angiogenesis (Bergers et
al., 2000; Nozawa et al., 2006). Recently, this mechanism was shown to also stimulate
inflammatory lymphangiogenesis in a mouse model of skin inflammation (Tan et al., 2013).
Similar to mammalian neutrophils (Pugin et al., 1999; Opdenakker et al., 2001; Tan et al.,
2013), zebrafish neutrophils have been shown to express mmp9 (Lewis et al., 2006; Yoong et
al., 2007; O'Sullivan et al., 2011). Hence, zebrafish neutrophils may also stimulate IBD-AL
by secreting Mmp9. To investigate this, MMPSense 645 FAST, an agent that produces a
fluorescent signal after cleavage by MMPs (Bremer et al., 2001), can be injected into TNBStreated lyz transgenic larvae to investigate whether neutrophils recruited to the intestine upon
colitogenic challenge secrete MMPs. In addition, a selective MMP9 inhibitor at a dose that
does not inhibit normal lymphatic and blood vessel development could be co-administered
with TNBS to investigate if MMP9 inhibition suppresses zebrafish IBD-AL.

5.3.5.4. Large scale drug screening to isolate drugs that specifically inhibit IBD-AL
One of the biggest advantages of using the zebrafish model is its amenability to large-scale
drug screenings (Miscevic et al., 2012). The TNBS system had been used by our group to
conduct a large-scale drug screen to isolate potential anti-inflammatory drugs (Stefan
Oehlers, unpublished data). The same setting can be used to isolate drugs that specifically
inhibit IBD-AL without affecting developmental lymphangiogenesis. Although the role of
IBD-AL in the pathology of IBD is unclear, other inflammatory conditions such as organ
225

transplant rejection (Hos & Cursiefen, 2014) are known to benefit from reduced
inflammatory lymphangiogenesis. Drugs that can specifically target inflammatory
lymphangiogenesis without affecting developmental lymphangiogenesis may be beneficial
for these conditions. Furthermore, the mechanism of action behind these drugs can be studied
to potentially reveal novel pathways for IBD-AL development.

5.3.5.5. The role of Fgf2, Ang2, Hgf, and Pdgf-bb in IBD-AL
Pro-lymphangiogenic genes FGF2, HGF, and PDGF-BB, are upregulated in serum or plasma
of IBD patients (Thorn et al., 2000; Kanazawa et al., 2001; Srivastava et al., 2001; KrzystekKorpacka et al., 2009). In addition, DSS-treated ANG2 deficient mice have reduced IBD-AL
when compared with DSS-treated wild type mice, indicating that ANG2 is essential for IBDAL (Ganta et al., 2010). Zebrafish possess orthologues for all these genes (Pham et al., 2001;
Haines et al., 2004; Lien et al., 2006; Itoh & Konishi, 2007; Latimer & Jessen, 2008). To
investigate if these genes are upregulated in TNBS-treated larvae, qPCR analysis can be
conducted to compare the expression levels of these genes between TNBS-treated and
untreated larvae. Subsequently, TNBS-treated larvae can be co-treated with FGF2, ANG2,
HGF, and PDGF-BB inhibitors at a dose that does not inhibit normal lymphatic and blood
vessel development to investigate whether inhibiting the activity of these genes reduces IBDAL in zebrafish.

5.3.5.6. Macrophage transdifferentiation in zebrafish
Apart from secreting lymphatic growth factors, macrophages have been shown to contribute
to disease-associated inflammatory lymphangiogenesis by directly transdifferentiating into
lymphatic vessels in inflammatory conditions in humans (Kerjaschki et al., 2006) and mice
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(Maruyama et al., 2005; Hall et al., 2012; Hirai et al., 2013). However, it is not known if this
mechanism is conserved in zebrafish. The availability of transgenic lines that mark
macrophages and lymphatic vessels and the optical transparency of zebrafish larvae, makes
the zebrafish an ideal in vivo model to observe and study macrophage to lymphatic
transdifferentiation. To do this, the lyve1:DsRed2;mpeg1:EGFP compound transgenic can be
treated with TNBS and the development of the zebrafish IBD-AL can be followed daily to
investigate whether any EGFP positive macrophages are integrated into the DsRed2 positive
lymphatic vessels in the intestine. This would potentially provide an alternative model for
macrophage to lymphatic vessel transdifferentiation and will be particularly useful in
studying the largely unknown molecular mechanisms involved in this process.

5.3.5.7. IBD-associated angiogenesis
Increased angiogenesis stimulated by increased VEGFA expression is another hallmark of
IBD (reviewed in Cromer et al., 2011). It was shown in this chapter that vegfaa-expressing
macrophages and neutrophils are recruited to the zebrafish intestine following TNBS
treatment. This result suggests that the bioavailability of Vegfaa in the zebrafish intestine
may increase following TNBS treatment. However, increased angiogenesis was not observed
in the intestine of TNBS and DSS-treated larvae. Nevertheless, the possibility of
inflammatory angiogenesis occurring cannot be excluded and future studies involving
detailed characterisation of the intestinal blood vasculature system of zebrafish following
TNBS or DSS treatment is required.
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5.3.5.8. Role of zebrafish macrophages and neutrophils in developmental
lymphangiogenesis
The role of macrophages in developmental lymphangiogenesis is still unclear (see Section
1.1.3). Studies involving lineage tracing in mice have shown that macrophages are not LEC
progenitors (Srinivasan et al., 2007; Gordon et al., 2010). However, macrophages are
required for the development of lymphatic vessels in the postnatal trachea and the ears
(Kubota et al., 2009). Additionally, hypoplastic lymph sacs were observed in mice deficient
of PU.1 and CSF1R1, showing that macrophages may be required for lymph sac
morphogenesis (Gordon et al., 2010). Although these results suggest that macrophages
stimulate developmental lymphangiogenesis, macrophages can also be a negative regulator of
developmental lymphangiogenesis as hyperplastic dermal lymphatic vessels were observed in
mice deficient of PU.1 and CSF1R1. Hence, macrophages may stimulate or inhibit
developmental lymphangiogenesis in a tissue specific manner (Harvey & Gordon, 2012). In
this chapter, zebrafish macrophages isolated from untreated larvae were shown to express
lymphatic growth factors. However, partial reduction of macrophage number did not inhibit
zebrafish TD and IL development. To conclusively study the role of macrophages in
developmental lymphangiogenesis in zebrafish, the pu.1hkz4 mutant (Jin et al., 2012) or the cfms:nfsB.mcherry (Curado et al., 2008) (see Section 5.3.5.1) can be outcrossed to the lyve
transgenics to investigate whether complete depletion of zebrafish macrophages affect
developmental lymphangiogenesis.

In contrast to macrophages, the role of neutrophils in developmental lymphangiogenesis have
not been investigated. Because PU.1 is a transcription factor required for myeloid cell
differentiation (Scott et al., 1994), PU.1 deficiency should also affect neutrophil
differentiation. Hence, the development of hypoplastic lymph sacs and hyperplastic dermal
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lymphatic vessels in PU.1 deficient mice may be partly due to the depleted neutrophil
population (Gordon et al., 2010). In this chapter, increased neutrophil number in the zebrafish
intestine was shown to promote IL development. In addition, zebrafish neutrophils isolated
from untreated larvae were shown to express lymphatic growth factors. These results indicate
that zebrafish neutrophils may contribute to developmental lymphangiogenesis. However,
partial reduction of zebrafish neutrophils did not inhibit zebrafish TD and IL development.
To conclusively study the role of neutrophils in developmental lymphangiogenesis in
zebrafish, the lyz:nfsB.mcherry transgenic (see Section 5.3.5.1) can be generated and
outcrossed to the lyve1:EGFP transgenic to investigate whether complete depletion of
zebrafish neutrophils affect developmental lymphangiogenesis.
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Chapter 6 Mycobacterium. marinum-mediated granuloma formation
induces lymphangiogenesis in zebrafish
6.1. Preface
The lymphatic vessels are thought to play an important role in the pathology of TB. Firstly,
lymphatic vessels provide a pathway for M. tuberculosis-infected macrophages to travel to
the lymph node to activate the adaptive immune response and promote immune cell
recruitment to the site of infection (Behr & Waters, 2014). Secondly, the lymphatic system
provides an alternative site for M. tuberculosis infection as the lymphatic system is the
second most common site of TB infection after the lungs in humans. Supporting this,
pulmonary lymphatic vessels are one of the first sites that display TB-like symptoms in
guinea pigs infected with low dose aerosolized M. tuberculosis (Basaraba et al., 2006).
Finally, although it has not been shown yet, the lymphatic system may provide a conduit for
M. tuberculosis-infected macrophages to disseminate within the host. This hypothesis is
based on a previous study that showed that M. marinum-infected macrophages are able to exit
from the primary granuloma and seed secondary granulomas in zebrafish (Davis &
Ramakrishnan, 2009). Taken together, it can be hypothesised that increased lymphatic
development around M. tuberculosis-mediated granulomas would be advantageous for the
pathology of TB by stimulating immune cell recruitment to the granuloma, providing
alternative sites of infection, or potentially promoting M. tuberculosis dissemination.
Although M. tuberculosis-mediated granulomas have been shown to be associated with periand intra-granuloma angiogenesis (Ridley et al., 1983; Matsuyama et al., 2000; Ulrichs et al.,
2005; Tsai et al., 2006; Aly et al., 2007), their ability to induce lymphangiogenesis is
unknown and require further investigation.
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It was shown in Chapter 5 that zebrafish lymphatic vessels can be promoted by pathological
stimulation. Taking advantage of this finding, the lyve1 transgenics developed in Chapter 3
and established methods to model TB in zebrafish (see Section 1.5.9) were combined to
determine if mycobacterial granulomas promote lymphangiogenesis in this chapter. We also
investigated if lymphatic vessels are required for the formation of M. marinum-mediated
granulomas (MmGs) in zebrafish. This was done because we intend to use the ccbe1nz186
mutant characterised in Chapter 4, which completely lacks lymphatic vessels, to investigate
whether lymphatic vessels are required for M. marinum dissemination within the zebrafish
host.

This study was done in collaboration with Dr Stefan Oehlers and Assistant Professor David
Tobin from the Department of Molecular Genetics and Microbiology, Duke University
Medical Center, who developed the method for M. marinum trunk injection in zebrafish that
was utilised in this chapter. The transgenic M. marinum were generated, maintained, and
provided by Benedict Uy, Dr James Dalton, and Dr Siouxsie Wiles from the University of
Auckland.
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6.2. Results
6.2.1. M. marinum-mediated granulomas are associated with increased
lymphangiogenesis
To study whether MmGs stimulate lymphangiogenesis in zebrafish, Wasabi (green) or
TdTomato (red)-labelled M. marinum were injected into the area near the dorsal lateral
anastomotic vessel (DLAV) and the neural tube of lyve1:DsRed2;kdrl:EGFP or
lyve1:EGFP;kdrl:RFP embryos at 2 dpf. This resulted in the development of MmGs in the
dorsal half of the trunk (Figure 6.1A), where the dorsal longitudinal lymphatic vessel
(DLLV), parachordal lymphatic vessel (PLV), and the intersegmental lymphatic vessels
(ISLVs) develop (Figure 6.1A). We observed non-stereotypical lymphatic formation around
the MmGs at 6 days post infection (dpi). These include lymphatic vessels that appear to
sprout from the trunk lymphatic vessels (ISLV, PLV, DLLV) towards the MmGs (Figure
6.1A,C). Additionally, lymphatic vessels were also observed along the venous ISV from both
the DLLV (see Movie 6.1 in attached file) and the PLV towards the MmGs (Figure 6.1A, see
Movie 6.2 in attached file). This is unusual because the trunk lymphatic vessels were shown
to predominantly form along arterial vessels (Bussmann et al., 2010; Geudens et al., 2010).
Therefore, lymphatic vessels were considered ectopic if they didn’t align with stereotypical
patterns and/or formed along venous blood vessels. lyve1:DsRed2;kdrl:EGFP embryos
injected with PBS, heat killed M. marinum, or Escherichia coli (E. coli) did not promote
ectopic lymphatic vessel formation (Figure 6.1B,C), showing that this lymphatic phenotype is
not an artefact of damage caused by injection of foreign particles or another infectious
organism.
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Figure 6.1: M. marinum-mediated granuloma promotes lymphangiogenesis
(A,B) Confocal images of the trunk vessels of 8 dpf (6 dpi) lyve1:DsRed2;kdrl:EGFP larvae
injected with either M. marinum-Wasabi (A) or PBS (B). A,B show both green and red
channels while A',B' show the red channel. The MmG is marked by a purple arrow (A).
Asterisks indicate ectopic lymphatic vessels. Yellow asterisk indicates the ectopic lymphatic
vessel that grows along a venous ISV. (C) Quantification of ectopic lymphatic vessels in the
trunk of M. marinum-Wasabi injected larvae compared with PBS, heat killed M. marinum,
and E. coli injected larvae. Error bars, ± s.d. n.s. P>0.05 *** P<0.05, by one way ANOVA.
Scale bars: 100 µm. DLLV, dorsal longitudinal lymphatic vessel; ISLV, intersegmental
lymphatic vessel; PLV, parachordal lymphatic vessel; vISV, venous intersegmental vessel.
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6.2.2. M. marinum-mediated granulomas form in the absence of lymphatic vessels in
zebrafish
To investigate whether the lymphatic vessels are required for MmG formation, M. marinumTdTomato was injected into ccbe1nz186;lyve1:EGFP embryos (selected based on lack of
secondary sprouts) at 2 dpf. Similar to wild type siblings (data not shown),
ccbe1nz186;lyve1:EGFP larvae developed stereotypical MmGs along the dorsal half of the
trunk by 5 dpi (Figure 6.2). This shows that lymphatic vessels are not required for MmG
formation in zebrafish.
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Figure 6.2: Lymphatic vessels are not required for M. marinum-mediated granuloma
formation
Confocal image of the trunk of ccbe1nz186;lyve1:EGFP larvae at 7 dpf (5 dpi) injected with
M. marinum-TdTomato. M. marinum-injected larvae developed MmGs (marked by purple
arrow). Scale bar: 100 µm. PCV, posterior cardinal vein.
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Movie 6.1: M. marinum-mediated granuloma stimulates ectopic lymphatic growth from
the DLLV along the venous ISV towards the granuloma
Movie of a confocal Z stack, showing ectopic lymphatic development (marked by yellow
arrow) along the venous ISV (marked by purple arrow) towards the MmG (marked by blue
arrow) in a 8 dpf (6 dpi) lyve1:EGFP,kdrl:RFP compound transgenic infected with M.
marinum-TdTomato. This ectopic lymphatic vessel originates from the DLLV. The movie
shows the red channel on the left, both the red and green channels in the middle, and only the
green channel on the right. Movie was made at 5 frames per second. Scale bar: 100 µm.
DLLV, dorsal longitudinal lymphatic vessel; PCV, posterior cardinal vein; vISV, venous
intersegmental vessel.
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Movie 6.2: M. marinum-mediated granuloma stimulates ectopic lymphatic growth from
the PLV along the venous ISV towards the granuloma
Movie of a confocal Z stack, showing ectopic lymphatic development (marked by white
arrow) along the venous ISV (marked by purple arrow) towards the MmG (marked by yellow
arrow) in a 8 dpf (6 dpi) lyve1:DsRed2,kdrl:EGFP compound transgenic infected with M.
marinum-Wasabi. This ectopic lymphatic vessel originates from the PLV. The movie shows
the red channel on the left, and both the red and green channels on the right. Movie was made
at 5 frames per second. Scale bar: 50 µm. PLV, parachordal lymphatic vessel; PCV, posterior
cardinal vein; vISV, venous intersegmental vessel.
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6.3. Discussion
6.3.1. Contribution and significance
6.3.1.1. M. marinum-mediated granuloma promote lymphangiogenesis
It has been shown in this chapter that MmGs are associated with ectopic lymphatic
development from trunk lymphatic vessels. Most of these ectopic lymphatic vessels grew
towards the granuloma showing that MmGs may promote lymphangiogenesis. Some of the
ectopic lymphatic vessels from the DLLV and the PLV grew along the venous ISV. This is
unusual as the development of trunk lymphatics was shown to require arterial rather than
venous guidance cues (Bussmann et al., 2010; Geudens et al., 2010). A similar observation
was reported by Cha and colleagues who showed that ectopic expression of cxcl12b in
endothelial cells induces ectopic ISLV formation along the venous ISV (Cha et al., 2012).
Similarly, MmGs or the surrounding tissues may secrete pro-lymphangiogenic factors such as
Cxcl12b to promote lymphatic vessel development along the venous vessels towards the
MmG.

The growth of lymphatic vessels towards the MmG appears to be similar to tumourassociated lymphangiogenesis, which can involve ectopic lymphatic growth towards the
tumour cells (Stacker et al., 2014). Tumour-associated lymphangiogenesis promotes tumour
metastasis as tumour cells are able to spread to remote sites via the tumour lymphatic vessels.
Similarly, the ectopic lymphatic formation observed around the MmG may enhance the
dissemination of M. marinum-infected macrophages from the primary MmG to a remote site.
Alternatively, M. marinum-infected macrophages from the primary MmG may infect the
lymphatic vessel to form secondary MmGs in the lymphatic vessel. This has important
therapeutic implications as M. tuberculosis-mediated granulomas in TB patients may
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similarly stimulate lymphangiogenesis to promote the dissemination of M. tuberculosis
within the host. The lymphatic involvement in human TB warrants further investigation.

6.3.1.2. M. marinum-mediated granuloma formation happens independently of
lymphatic vessels
MmGs appear to form normally in zebrafish lacking lymphatic vessels, indicating that
lymphatic vessels are not required for mycobacterial granuloma formation. This is not
surprising because the formation of MmGs was shown to be largely driven by macrophages
that are already present at the site of infection and do not rely on adaptive immune response
(Davis et al., 2002). This result shows that lymphatic-null mutants such as ccbe1nz186 mutants
can be used to investigate whether lymphatic vessels are required for M. marinum
dissemination.

6.3.2. Future directions
6.3.2.1. Investigate the molecular mechanisms involved in M. marinum-mediated
granuloma-associated lymphangiogenesis.
Although it has been shown that MmGs promote lymphangiogenesis, the molecular
mechanisms involved in this process are largely unknown. MmGs in zebrafish larvae were
shown to be composed of macrophages and neutrophils (Yang et al., 2012a). Zebrafish
macrophages and neutrophils were shown to express pro-lymphangiogenic factors in Chapter
5. Based on this new knowledge, zebrafish macrophages and neutrophils recruited to MmGs
may secrete pro-lymphangiogenic factors such as Vegfaa, Vegfc, and Vegfd to promote
lymphangiogenesis around the granuloma. To investigate this, in situ hybridisation can be

240

conducted to investigate the expression of vegfaa, vegfc, and vegfd within the MmGs.
Additionally, expression levels of vegfaa, vegfc, and vegfd of M. marinum-infected larvae can
be compared with PBS-injected larvae at 7 dpf (5dpi) to determine if these prolymphangiogenic factors are upregulated in M. marinum-infected larvae. Furthermore, a
VEGFR inhibitor such as AV951 (Nakamura et al., 2006) can be used at a suboptimal dosage
(the same dosage as Section 5.2.7) to investigate whether VEGFR inhibition suppresses
MmG-associated lymphangiogenesis. Among the listed pro-lymphangiogenic factors, Vegfaa
may have the highest possibility of contributing to granuloma-associated lymphangiogenesis
as the serum (Matsuyama et al., 2000; Abe et al., 2001; Alatas et al., 2004), pleural fluid
(Hamed et al., 2004; Kiropoulos et al., 2005), and cerebrospinal fluid (Matsuyama et al.,
2001) of TB patients were reported to have elevated levels of VEGFA. Cxcl12b, another
lymphatic growth factor (Zhuo et al., 2012), may warrant investigations as it has been shown
to induce ectopic lymphatics in a similar way to those observed in MmG containing zebrafish
(Cha et al., 2012). This suggests that MmGs may secrete Cxcl12b to promote cxcr4a/bexpressing LECs to migrate towards the MmGs in a similar manner observed in tumourinduced lymphangiogenesis (Zhuo et al., 2012). A similar strategy to VEGFs can be utilised
to investigate this.

6.3.2.2. Investigate whether M. marinum-infected zebrafish macrophages utilise
lymphatics for dissemination
One of the main functions of mammalian lymphatic vessels is to provide a pathway for
immune cells to travel to and from the lymph node (Tammela & Alitalo, 2010). However, M.
marinum-infected macrophages were not observed within the lymphatic vessels after M.
marinum infection in zebrafish (data not shown). This shows that larval zebrafish lymphatic
vessels may lack the function to transport macrophages. Alternatively, M. marinum-infected
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macrophages may not use the lymphatic route to disseminate within the host. A more
definitive experiment to show whether M. marinum-infected macrophages utilise the
lymphatics to disseminate would be to investigate if lack of lymphatics reduces M. marinum
dissemination within the zebrafish host. The ccbe1nz186 mutant will be a useful platform to
investigate this because ccbe1nz186 completely lacks lymphatic vessels (see Section 4.2.1) and
M. marinum-infected ccbe1nz186 mutants were shown to develop MmGs. First, ccbe1nz186
mutants and wild type siblings can be infected with MD2, a M. marinum strain labelled by
Kaede (Davis & Ramakrishnan, 2009). Subsequently, a primary MmG can be photoconverted
and MD2-infected larvae can be followed for a few more days to quantify the number of
secondary MmGs that originate from the photoconverted primary MmG (based on the colour
of the MmG). The number of the secondary MmGs originating from the photoconverted
primary MmG can then be compared between ccbe1nz186 mutants and wild type siblings to
investigate whether lack of lymphatic vessels decreases M. marinum dissemination.

6.3.2.3. Confirmation of results in human TB
Tuberculous granulomas have been shown to be highly vascularised with blood vessels both
within and around the granuloma (Ridley et al., 1983; Matsuyama et al., 2000; Ulrichs et al.,
2005; Tsai et al., 2006; Aly et al., 2007). However, it is not known if increased lymphatic
expansion is associated with mammalian TB. Similarly, it is not reported if prolymphangiogenic factors other than VEGF-A (Matsuyama et al., 2000; Abe et al., 2001;
Matsuyama et al., 2001; Alatas et al., 2004; Hamed et al., 2004; Kiropoulos et al., 2005) are
upregulated in TB patients. To investigate this, levels of pro-lymphangiogenic factors in the
serum, pleural fluid, and cerebrospinal fluid of TB patients can be measured to investigate if
pro-lymphangiogenic factors are upregulated in TB patients. Additionally, the relationship
between the levels of pro-lymphangiogenic factors and the disease activity of TB can be
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measured to determine if these pro-lymphangiogenic factors are important biomarkers of TB
pathogenesis. Furthermore, various mammalian TB models (Padilla-Carlin et al., 2008;
Kaushal et al., 2012) can be used to investigate if increased lymphatic expansion is associated
with M. tuberculosis-mediated granuloma.
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Chapter 7 Conclusion
Although the cellular and molecular mechanisms involved in lymphatic development are
beginning to be elucidated, there remain many gaps in our knowledge of how this important
vascular system develops and its role in various disease. The zebrafish has become important
in the lymphatic research field starting when the TD in zebrafish was first identified (Kuchler
et al., 2006; Yaniv et al., 2006). The zebrafish is still a relatively new lymphatic model and
considerable progress is being made in this field. In this thesis new zebrafish lymphatic
reporter lines were generated using the promoter of lyve1, a gene previously shown to be
expressed in zebrafish lymphatic vessels. Using these transgenics, we have 1) characterised
three lymphatic networks outside the trunk: the facial lymphatics, the lateral lymphatics, and
the intestinal lymphatic; 2) characterised a new developmental mechanism of lymphatic
development in zebrafish where vessels grow through a single vascular sprout followed by
recruitment of lymphangioblasts from multiple venous origins; 3) established a new zebrafish
model for IBD-AL; and 4) showed that MmGs stimulate lymphangiogenesis.

7.1. lyve1 lymphatic reporter lines will be useful to the lymphatic field
The lyve1:EGFP;kdrl:RFP and lyve1:DsRed2;kdrl:EGFP transgenics generated in Chapter 3
are powerful tools for lymphatic research. A new lymphatic atlas, which includes the newly
identified facial, intestinal, and lateral lymphatic network, was generated and published using
these transgenic lines. This atlas has since become a useful resource in the zebrafish research
community and has been the basis of showing that the trunk and the facial lymphatic network
develop using different developmental mechanisms. This suggests that mammalian lymphatic
vessels located at different physical locations may develop using different developmental
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mechanisms. The lyve1 transgenic lines would therefore be useful in comparing the cellular
and molecular mechanisms involved in the development of different lymphatic networks in
zebrafish. The lyve1 transgenics were the first lymphatic reporter lines that allow
visualisation of all lymphatic networks in the same fish. This will in the future allow
zebrafish lymphatic researchers to investigate how a gene can affect lymphatic development
using the lymphatic vessels in the whole zebrafish instead of focusing on the zebrafish TD.

7.2. The ccbe1nz186 mutant can be used to study the non-lymphatic roles of ccbe1
In Chapter 4 the ccbe1nz186 mutant was shown to be a new mutant allele of ccbe1. The
previously characterised ccbe1hu3613 mutant has impaired Ccbe1 activity due to a point
mutation in the conserved calcium binding EGF domain (Hogan et al., 2009a). The ccbe1
gene in the ccbe1nz186 mutant contains a premature stop codon, which results in the formation
of a truncated ccbe1 mRNA. This truncated ccbe1 mRNA is either translated into a truncated
Ccbe1 that lacks both the conserved calcium binding EGF domain and the collagen domains,
or is degraded via the nonsense-mediated mRNA decay mechanism. Because the Ccbe1
protein in the ccbe1nz186 mutant lacks a large portion of the protein or is absent, the ccbe1nz186
mutant will be useful in studying the calcium binding EGF domain-independent functions of
Ccbe1. It was also shown in this chapter that putative zebrafish lymphatic capillaries are not
lymphatic vessels.

7.3. Zebrafish can be used to study IBD-AL
IBD patients have increased IL density (Alexander et al., 2010a). Increased intestinal
lymphangiogenesis is also observed in mouse models of IBD (Ganta et al., 2010; Jurisic et
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al., 2013). In Chapter 5, TNBS and DSS-treated zebrafish larvae were shown to have
inflammatory-driven IL network expansion (termed zebrafish IBD-AL). This work
demonstrates that zebrafish lymphatic vessels can also respond to inflammation. This is
important for lymphatic researchers as it introduces another model of disease-associated
inflammatory lymphangiogenesis. In this model, macrophages and neutrophils were shown to
express lymphatic growth factor transcripts. These findings show conserved roles of zebrafish
macrophages and neutrophils in expressing lymphatic/angiogenic growth factors and that
these cells could potentially contribute to inflammatory lymphangiogenesis/angiogenesis.
The zebrafish research community can use this information to investigate the vascularmodulatory role of zebrafish macrophages and neutrophils in various disease models.

7.4. M. marinum-mediated granulomas stimulate lymphangiogenesis
Although increased angiogenesis is observed in and around M. tuberculosis-mediated
granulomas (Ridley et al., 1983; Matsuyama et al., 2000; Ulrichs et al., 2005; Tsai et al.,
2006; Aly et al., 2007), as to whether TB promotes lymphangiogenesis is currently unknown.
In Chapter 6, it was revealed that MmGs stimulate lymphangiogenesis. This raises the
possibility

that

M.

tuberculosis-mediated

granulomas

may

similarly

stimulate

lymphangiogenesis. Mycobacterial granulomas have been shown to disseminate within the
host (Davis & Ramakrishnan, 2009; Lin et al., 2014) and M. marinum-infected macrophages
are vehicles of M. marinum dissemination from the primary granuloma to secondary sites in
zebrafish (Davis & Ramakrishnan, 2009). Because M. tuberculosis-infected macrophages can
travel through the mammalian lymphatic system, increased lymphangiogenesis around the M.
tuberculosis-mediated granulomas could promote the dissemination of M. tuberculosisinfected macrophages through lymphatic vessels to another site, where M. tuberculosis246

infected macrophages can seed secondary granulomas. Alternatively, increased number of
lymphatic vessels around the M. tuberculosis-mediated granulomas may promote M.
tuberculosis-infected macrophages from the primary granuloma to form secondary
granulomas in the lymphatic vessel. Further investigations involving the newly characterised
ccbe1nz186 mutants, human TB patients, and mammalian TB models are required to confirm
this. If this is shown, TB can be added to the growing list of diseases that involve diseaseassociated lymphangiogenesis. More importantly, anti-lymphatic therapies can be tested to
investigate if they are effective in treating TB, a disease that is becoming increasingly more
challenging to treat due to the expanding number of multi-drug resistant M. tuberculosis
strains.
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Chapter 8 Appendix

Figure 8.1: Schematic diagram of the pT2K/lyve1:EGFP construct
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Figure 8.2: Schematic diagram of the pT2K/lyve1:DsRed2 construct
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8.1. Unaltered reproduction of Okuda et al., 2012
The following section contains an unaltered reproduction of the article “lyve1 expression
reveals novel lymphatic vessels and new mechanisms for lymphatic vessel development in
zebrafish”, published in the journal Development, Volume 139, Issue 13, Pages 2381-2391.
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Figure 8.3: Front cover image of the journal Development, Volume 139, Issue 13
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