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Abstract 

The lymphatic vasculature is essential for maintaining tissue fluid homeostasis, immune 

surveillance, and lipid absorption. Aberrant lymphatic vessel growth has been implicated in 

cancer metastasis and graft rejection, while insufficient lymphatic development results in fluid 

buildup known as lymphoedema. The correct patterning and development of lymphatic vessels 

relies on lymphatic guidance structures and molecular cues; however, these are not well 

defined. Zebrafish are influential in studying lymphatic development due to conserved 

molecular mechanisms and the ability to directly observe vessel growth in live embryos. This 

study focuses on a zebrafish lymphatic vessel within the inner ear (otic vesicle) termed the 

otolithic lymphatic vessel (OLV). Previously, two mutants with abnormal OLV development 

were identified from a forward genetic screen. The first mutant was mapped to loss-of-function 

mutations in patched-1 (ptch1), a negative regulator of Hedgehog signalling. The ptch1 mutant 

has a hyperbranched OLV and subtle otic vesicle defects. The second, unmapped mutant, 

termed olvless, has reduced OLV growth, pigmentation, and severe otic vesicle defects. This 

study aimed to identify the candidate mutation in olvless and validate the role of the disrupted 

genes in OLV development. Morpholino-mediated knockdown of ptch1 phenocopied the OLV 

and otic vesicle defects observed in the ptch1 mutant. Furthermore, the ptch1 mutant could be 

rescued with cyclopamine, an inhibitor of Hedgehog-signalling. Additionally, overexpression 

of the Hedgehog ligand sonic hedgehog, disrupted otic vesicle and OLV development. 

Together this data confirmed that ptch1 is required for OLV development. Whole genome 

sequencing mapped the olvless mutant to a likely null allele of SRY-box transcription factor 10 

(sox10), a gene with known roles in both pigmentation and otic vesicle development. 

Morpholino knockdown of sox10 impaired OLV growth, otic vesicle development and 

pigmentation, suggesting that the olvless phenotype is caused by a loss of sox10. However, 

wild type sox10 mRNA did not rescue the olvless mutant. In conclusion, this study validated 

the ptch1 mutant and indicated that lack of sox10 function may cause the olvless phenotype. 

Future studies will further validate the olvless mutant, determine how ptch1 and olvless are 

involved in OLV development and use the mutants to uncover novel guidance mechanisms.  
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1 Introduction 

1.1 Lymphatic vasculature  

1.1.1 Lymphatic structure and function 

The lymphatic vasculature system is a circulatory network that plays a major role in 

maintaining tissue fluid homeostasis (Oliver et al., 2020). Hydrostatic pressure causes blood 

plasma to be continuously filtered from cardiovascular capillaries into interstitial spaces 

(Stewart, 2020). While most of the fluid is reabsorbed by the capillaries, the remaining 10-15% 

of fluid starts to accumulate within the interstitial space (Hedrick et al., 2013). The lymphatic 

system prevents fluid build-up by absorbing the excess fluid through initial lymphatics and 

transporting this fluid back to the blood circulation through collecting lymphatic vessels. 

The structural features of the initial lymphatics (capillaries) permit the passage of interstitial 

fluid and large macromolecules within it. The initial lymphatics are blind-ended vessels made 

up of a single layer of oak-leaf shaped lymphatic endothelial cells (LECs) with little to no 

basement membrane (Alitalo, 2011). The LECs are loosely connected by discontinuous button-

like junctions (Baluk et al., 2007). Flow of fluid into the initial lymphatics is uni-directional 

due to the overlapping edges of the LECs forming flap valves that stop fluid flowing out 

(Trzewik et al., 2001). The permeability of the capillaries is regulated by anchoring filaments 

that connect the capillaries to the surrounding extracellular matrix (ECM) that is attached to 

collagen fibres (Trzewik et al., 2001). In response to increases in interstitial fluid pressure, the 

anchoring filaments become taut pulling apart the junctions between LECs and allowing for 

the opening of the flap valves (Bazigou et al., 2014). This controlled opening allows for excess 

fluid and larger molecules and cells to enter lumen of the vessel without leakage. Once fluid is 

within the lymphatics it is termed lymph.  

The lymph is then transported from the initial lymphatics to pre-collecting and larger collecting 

lymphatic vessels. The transport of lymph is supported by tight zipper junctions between the 

lymphatic endothelial cells and a continuous basement membrane to prevent leakage (Baluk et 

al., 2007). Lymph is propelled within lymphatic vessels by the contractile activity of a 

surrounding muscle layer, unlike the blood vasculature that also uses a pump (Muthuchamy & 

Zawieja, 2008). The presence of intraluminal valves in collecting lymphatic vessels prevents 

the back flow of lymph (Shin & Lawson, 2021). The lymph is then drained into the thoracic 
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duct and the right lymphatic duct via lymphovenous valves which delivers the fluid into large 

veins, allowing for recirculation in the blood vasculature (Oliver et al., 2020).  

In addition to the maintaining tissue fluid homeostasis the lymphatic vasculature system aids 

lipid metabolism. Long chain fatty acids are too large for absorption by blood capillaries and 

are instead taken up as chylomicrons by initial lymphatics within the intestinal villi termed 

lacteals (Cifarelli & Eichmann, 2018). The absorbed lymph containing chylomicrons is then 

transported to the blood circulation for metabolism.  

The lymphatic vasculature plays an integral role in immunity with immune surveillance and 

trafficking. Foreign antigens and pathogens present in the interstitial fluid can be absorbed by 

the initial lymphatics. Sites of the body that encounter these foreign macromolecules, like the 

skin and mucous membranes, are enriched with lymphatic vessels (Alitalo, 2011). As lymph is 

transported through collecting vessels it is filtered through lymph nodes. Lymph nodes are 

specialised tissues with a high number of immune cells that can mount an immune response 

when in contact with the absorbed foreign particles from the lymph (Randolph et al., 2017). In 

addition to foreign macromolecules, lymphatic vessels can also be used to traffic immune cells 

from peripheral tissues to the lymph nodes (Liao & von der Weid, 2015). Lymph nodes are not 

present in all vertebrates including teleost fish such as zebrafish, thus the role of lymphatics in 

immunity may be restricted to certain clades (Hofmann et al., 2010).  

1.1.2 Abnormal lymphatic vessel growth and disease 

The importance of the lymphatic vasculature system to an organism’s survival is highlighted 

when there is abnormal development. Insufficient growth or function of the lymphatic 

vasculature results in excessive accumulation of interstitial fluid known as lymphoedema 

(Oliver et al., 2020). The prominent phenotype is the swelling of extremities which can be 

disfiguring, painful and disabling to the individual. A person with lymphoedema can have poor 

function of their immune system, resulting in impaired wound healing and susceptibility to 

infection (Oliver et al., 2020). There are two types of lymphoedema, one of a genetic origin 

(primary) and one that is acquired (secondary). Primary lymphoedema disorders such as 

Nonne-Milroy disease (Brice et al., 2005) and Hennekam syndrome (Alders et al., 2009), 

appears at birth or adolescence and is the result of mutations in genes that regulate lymphatic 

development (lymphangiogenesis).  
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In contrast, damage to the lymphatic vasculature results in secondary lymphoedema, the most 

common form of lymphoedema. Lymphatic filariasis is a secondary lymphoedema that is 

caused by infection from a parasitic nematode and disproportionally affects millions of people 

in developing countries (Pfarr et al., 2009). Radiation therapy and lymph node dissection as 

part of breast cancer treatment can also cause secondary lymphoedema, occurring in 20% of 

breast cancer survivors who receive such treatment (DiSipio et al., 2013). Currently there is no 

cure for lymphoedema, instead the majority of treatment is symptom-based such as with 

complex decongestive physiotherapy (CDPT) and a massage technique termed manual 

lymphatic drainage (MLD) both used to promote lymphatic flow and reduce swelling (Rockson 

& Rivera, 2008). Surgical treatment of lymphoedema includes lymphovenous bypass and 

vascularised lymph node transplant. However, there are inevitable challenges such as the 

invasive nature of the procedures, limited donor tissue and risk of developing necrosis and/or 

secondary lymphoedema at the donor site (Kareh & Xu, 2020). The delivery of 

lymphangiogenic growth factors such as vascular endothelial growth factor C (VEGF-C) to 

promote lymphatic vessel growth has been tested in animal models (Yoon et al., 2003; Ferrão 

et al., 2019) and there are current clinical trials (Hartiala et al., 2020).  

While insufficient growth of lymphatic vasculature is implicated in disease, aberrant growth of 

lymphatic vasculature also poses a problem in terms of tumour metastasis and allograft 

rejection. The leading cause of mortality in cancer patients is the spread of tumour cells around 

the body, known as metastasis. Lymphatic and blood vessels can be utilized as a route for 

tumour metastasis. Tumours and cells in the microenvironment secrete lymphangiogenic 

growth factors driving the development of new lymphatics as well as the enlargement of 

existing lymphatics in and around solid tumours (Stacker et al., 2014). Lymphatic remodelling 

promotes metastasis by favouring the entry and dissemination of tumour cells into the 

lymphatic vasculature. Metastatic spread via lymphatics is associated with poor patient 

prognosis and relapse in melanoma, lung cancer, breast cancer and colorectal cancer (Suresh 

et al., 2020; Ryu et al., 2021; Rahman & Mohammed, 2015; Zhang et al., 2020). Additionally, 

lymphangiogenesis can occur in response to an organ transplant, leading to allograft rejection 

by promoting an immune response. Aberrant lymphatic growth has been linked to rejection of 

kidney (Kerjaschki et al., 2004) and corneal transplants (Diamond et al., 2019).  

Lymphatic remodelling and dysfunction has also been associated with chronic inflammatory 

conditions including inflammatory bowel diseases (IBD) and rheumatoid arthritis (Schwager 

& Detmar, 2019). Reduced lymphatic function during chronic inflammation results in the 
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accumulation of cytokines and immune cells which exacerbates chronic inflammation 

(Alexander et al., 2010). In Crohn’s disease, insufficient lymphatic function is reported to 

contribute and be a consequence of chronic inflammation of the gastrointestinal tract (Li et al., 

2016). Blocking the function of the major lymphangiogenic receptor, vascular endothelial 

growth factor 3 (VEGFR-3) in mice has shown to further aggravate IBD (Jurisic et al., 2013).  

Research is still uncovering novel roles of lymphatics in a range of diseases including obesity 

(Cao et al., 2021), cardiovascular disease (Zhou et al., 2020) and neurological disorders (Da 

Mesquita et al., 2018). A recent hypothesis is that subtle and often asymptomatic changes to 

the morphology and function of the lymphatic vasculature may drive the body’s varied 

responses to pathological conditions (Oliver et al., 2020). A deeper understanding of the genes 

and signalling pathways involved in lymphatic development is critical to advancing diagnosis, 

prognosis, and treatment for the range of pathologies that involve or centre around lymphatic 

abnormalities.  

1.2 Lymphatic development  

The generation of the hierarchical and specialized lymphatic vasculature network involves a 

remarkable transformation of a small pool of lymphatic progenitors undergoing specification, 

migration, proliferation, and maturation. These series of events are orchestrated by multiple 

molecular pathways as well as cell-cell interactions, interactions with the surrounding ECM 

and mechanisms that are autonomous to LECs. Studies using mice and zebrafish have been 

influential to our understanding of lymphatic vasculature development and the molecular 

mechanisms that regulates it. 

1.2.1 Origin of lymphatic endothelial cells 

The embryonic origin of LEC progenitors has long been debated with two dominate theories. 

The centrifugal model claims that LECs arise from veins as lymph sacs (Sabin, 1902) while 

another model suggests that LECs arise de novo from non-venous sources (Huntington & 

McClure, 1910). Advances in imaging and genetic tools have helped to address this debate. 

Genetic lineage tracing in mice (Srinivasan et al., 2007) and in vivo imaging in zebrafish (Yaniv 

et al., 2006) supported the centrifugal theory that LECs arise from veins. However, recent 

studies suggest that LEC origin is more complex with contributions from additional non-

venous sources. In mice it has be shown that populations of LECs that originate from 
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hemogenic EC-derived cells contribute to mesenteric lymphatic vessels (Stanczuk et al., 2015)  

and cells within the dermal blood capillary bed are a source of LECs for the dermal lymphatic 

network (Pichol-Thievend et al., 2018). Additionally, non-venous sources of LECs are also 

shown to contribute to the cardiac lymphatics (Klotz et al., 2015; Maruyama et al., 2019; Lioux 

et al., 2020). Furthermore, in zebrafish lymphatic progenitors that contribute to the facial 

lymphatic network are derived from three sources, one of which is non-venous (Eng et al., 

2019). It appears that LECs predominantly sprout from veins, however other non-venous 

sources are likely contributors of LECs that give rise to organ specific lymphatics. These 

current insights and emerging research further highlight the gaps of knowledge in lymphatic 

development.  

1.2.2 Lymphatic endothelial cell specification 

Specification is the process by which cells become committed to a specific cell fate. In 

lymphatic development, specification involves the expression of lymphatic specific genes in a 

subset of endothelial cells allowing them to become LECs (Francois et al., 2011). The initiation 

of prospero homeobox factor 1 (PROX1) expression is the molecular switch that drives LEC 

specification (Wigle & Oliver, 1999). PROX1 is seen as the ‘master-regulator’ of LEC 

specification as well as a marker of LEC identity. The transcription factors SRY-related HMG-

box 18 (SOX18) (François et al., 2008) as well as chicken ovalbumin upstream promoter-

transcription factor II (COUP-TFII) (Yamazaki et al., 2009) induce and regulate the expression 

of PROX1. The function and expression of PROX1 is conversed between mammals and 

zebrafish, with lymphatics failing to develop in Prox1 null mice and in zebrafish that lack 

maternal and zygotic prox1a (Wigle & Oliver, 1999; Koltowska, Lagendijk, et al., 2015). 

PROX1-positive cells show upregulation of lymphatic vessel hyaluronan receptor-1 (LYVE-

1) and vascular endothelial growth factor receptor-3 (VEGFR-3), both which are lymphatic 

markers (Tammela & Alitalo, 2010). In zebrafish the lyve1b promoter was used to create a 

transgenic line that marks the lymphatic and venous vasculature (Okuda et al., 2012). Not only 

is PROX1 needed to specify LECs it is also needed to maintain LEC identity, which is 

supported by a feedback loop between PROX1 and VEGFR-3 signalling (Srinivasan et al., 

2014).  
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1.2.3 LEC Sprouting and migration 

The sprouting and migration of LECs is driven by vascular endothelial growth factor c 

(VEGFC) signalling via VEGFR3 (Oliver et al., 2020). The VEGFR3/VEGFC signalling axis 

is conserved in mammals and zebrafish, with LECs failing to sprout from embryonic veins in 

Vegfc-null mice and vegfc zebrafish morphants and mutants (Karkkainen et al., 2004; Küchler 

et al., 2006; Villefranc et al., 2013). Mutations in both VEGFC and VEGFR3 have been 

associated with Milroy disease, a primary lymphoedema condition (Gordon et al., 2013; Brice 

et al., 2005). When secreted active VEGFC binds to VEGFR3 on LECs, it triggers the 

dimerisation of the receptor with another VEGFR3 or VEGFR2 (Deng et al., 2015). Another 

receptor of VEGFC is neuropilin 2 (NRP2); NRP2 interacts with VEGFR3 to mediate LEC 

sprouting by regulating the behaviour of tip cells (Xu et al., 2010). The activation of the 

VEGFR3 induces downstream mitogen-activated protein kinase/extracellular signal-regulated 

kinase (MAPK/ERK) and AKT intracellular signalling pathways that drive LEC growth, 

migration, and survival (Mäkinen et al., 2001; Deng et al., 2015). The deletion of key tyrosine 

residues in the cytoplasmic domain of Vegfr3 that are needed for Erk phosphorylation resulted 

in the failure of LEC sprouting and formation of zebrafish trunk lymphatics (Shin et al., 2016). 

Interestingly, these deletions in Vegfr3 did not impact zebrafish facial lymphatics. Instead it 

was shown that the loss of Vegfr3/Vegfc signalling can be compensated by Vegfr2 and Vegfd 

for facial lymphatic development (Astin et al., 2014; Bower et al., 2017; Vogrin et al., 2019). 

Recently, it was shown that during zebrafish trunk lymphangiogenesis, LEC sprouting was 

driven by cell cycle arrest in endothelial cells caused by the Vegfc/Vegfr3/Erk signalling axis 

(Jerafi-Vider et al., 2021). Another effector downstream of Vegfc is yes1 associated 

transcriptional regulator (Yap1) which induces LEC proliferation, yap1 mutants displayed 

abnormal sprouting and reduced number of LECs emerging from the cardinal vein (Grimm et 

al., 2019). VEGFC is secreted as a pre-protein which requires proteolytic cleavage to be active, 

this is achieved by collagen and calcium binding EGF domains 1 (CCBE1), an extracellular 

matrix protein and a disintegrin and metalloproteinase with thrombospondin motifs 3 

(ADAMTS3), a metalloprotease (Le Guen et al., 2014; Jeltsch et al., 2014). Ccbe1 was first 

identified in a zebrafish forward genetic screen with embryos lacking lymphatic vessels leading 

to severe edema (Hogan et al., 2009). This work in zebrafish lead to mutations in human 

CCBE1 being associated with Hennekam syndrome, a primary lymphoedema syndrome 

(Alders et al., 2009; Bos et al., 2011). 
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In mammals, PROX-1 positive cells at the dorsal wall of the cardinal vein become polarized 

and sprout in response to VEGFC (Wigle & Oliver, 1999). These sprouting LECs migrate to 

form primitive lymph sacs from which LECs continue to sprout from to generate a network of 

lymphatics that undergoes extensive growth, remodelling, and maturation. The maturation of 

lymphatic vessels is controlled by transcription factors forkhead box C2 (FOXC2) and v-maf 

avian musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) (Norrmén et al., 2009; 

Rondon-Galeano et al., 2020). The development of the trunk lymphatics in zebrafish is a similar 

process, however lymphangiogenesis and secondary angiogenic sprouting occurs at the same 

time in response to Vegfc. Around half of the sprouting cells from the posterior cardinal vein 

(PCV) will form venous intersegmental vessels, while the other half retains prox-1 expression 

and migrates to the horizontal myoseptum (HM) to become parachordal lymphangioblasts 

(Bussmann et al., 2010). The migration of sprouts to the HM is mediated by growth factor 

receptor-bound protein 2b (Grb2b), an adaptor protein that acts downstream of Vegfr3 (Mauri 

et al., 2021). The migration of lymphangioblasts out of the HM is driven by Vegfc-Vegfr3 

signalling as well as the downstream transcription factors mafba and polycystic kidney disease 

1a (pdk1) (Koltowska et al., 2015; Coxam et al., 2014). LECs migrate out from the HM and 

follow guidance cues to form the thoracic and the rest of the trunk lymphatic vasculature.  

1.2.4 Guidance of lymphatic growth 

LECs migrate in a coordinated manner to form mature lymphatic vessels by following extrinsic 

guidance factors. In the absence of guidance factors, lymphatic vessels become mis-patterned 

and malformed, impairing lymphatic function (Grimm & Hogan, 2021). Prior to research in 

zebrafish, little was known about what molecular mechanisms were involved in lymphatic 

vessel guidance. Zebrafish studies have shown that blood vessels, fibroblast cells, motor 

neurons and the extracellular matrix are involved in guiding lymphatic growth.  

The alignment of lymphatic vessels to arteries was first noted in mammalian and chick embryos 

(Clark & Clark, 1937; Oh et al., 1997; Sabin, 1902). However, the basis of this co-alignment 

was unknown. A similar co-alignment is observed in the zebrafish trunk between arterial 

intersegmental vessels (aISV) and the intersegmental lymphatic vessels (ISLV) (Geudens et 

al., 2010). Live-imaging demonstrated that as LECs depart from the HM they migrate 

exclusively along the aISVs in dorsal and ventral directions to form the trunk lymphatics 

(Bussmann et al., 2010). Investigation using kinase insert domain receptor like (kdrl) mutants 

which had defective arterial patterning provided further evidence that the aISV directs LEC 
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migration. The kdrl mutants had residual primary angiogenic sprouts resulting in small arterial 

sprouts ventral of the HM. LECs migrated ventrally along the residual aISV to form the thoracic 

duct, but the defective arteries meant LECs did not migrate dorsally leading to no formation of 

the dorsal longitudinal lymphatic vessel (Bussmann et al., 2010). This suggested that the aISVs 

guide LEC migration. The guidance of LECs along the aISVs was thought to involve delta-

like-4 (Dll4)/Notch signalling as knockdown of either the Dll4 ligand or Notch-1b or Notch-6 

receptors impaired LEC migration (Geudens et al., 2010). However, it appears that Notch 

signalling along with an adaptive flow mechanism determines whether intersegmental vessels 

will adopt a venous or arterial fate (Geudens et al., 2019). Chemokine signalling was identified 

as the guidance mechanism used by aISVs (Cha et al., 2012). LECs express two chemokine 

receptors C-X-C motif chemokine receptor type 4 (cxcr4a) and cxcr4b while their ligands C-X-

C motif chemokine ligand 12 (cxcl12a) and cxcl12b are expressed in tissues along the LEC 

migration path. Chemokine signalling directs lymphatic precursors to the HM and then LECs 

along the aISV. The Cxcl12a ligand is secreted from cells by the HM which binds to Cxcr4a 

on sprouting lymphatic precursors, which triggers the dorsal migration of precursors to the HM 

(Cha et al., 2012). The knockdown of cxcl12a and cxcr4a led to the loss of the parachordal 

lymphangioblasts and the thoracic duct. The second chemokine ligand Cxcl12b was found to 

be secreted by the aISVs attracting cxcr4b expressing LECs to migrate dorsoventrally along 

the aISVs. Both cxcl12b morphants and mutants displayed normal formation of parachordal 

lymphangioblasts but defects in the development of the thoracic duct. Later in trunk 

lymphangiogenesis, Cxcl12a and Cxcl12b are expressed in the PCV and dorsal aorta 

respectively, likely acting to guide the positioning of the thoracic duct. The over-expression of 

the chemokine ligands resulted in LECs migrating towards tissues with ectopic expression of 

one of the ligands, supporting chemokine signalling being a guidance cue for LECs (Cha et al., 

2012). Recently, mural cells have been identified around the intersegmental arteries, the 

absence of these cells slows LEC migration and the trunk lymphatic vasculature fails to form 

(Peng et al., 2022). The arterial mural cells appear to guide LECs by providing chemokine 

ligands Cxcl12a and Cxcl12b, Vegfc and Ccbe1. Interestingly, chemokine signalling appears 

to be only required for the development of the trunk lymphatic network in zebrafish, as 

morpholino knockdown of cxcl12a and cxcr4a did not affect the development of the facial 

lymphatic and intestinal lymphatic networks (Astin et al., 2014). Furthermore, cultured mouse 

LECs expressing CXCR4 migrate to a source of CXCL12a in-vitro (W. Zhuo et al., 2012). The 

in vivo inhibition of CXCR4/CXCL12 signalling blocked lymphangiogenesis in sutured mice 
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corneas (Du & Liu, 2016). This suggests that chemokine signalling is a conserved lymphatic 

guidance factor but may work in a tissue dependent manner.  

As previously mentioned in section 1.2.3, the Vegfc/Vegfr3 signalling axis drives the 

sprouting, migration, and proliferation of LECs. Recent work in the zebrafish trunk elucidated 

the cellular sources of Vegfc and its processing components around the path of LEC migration 

(Wang et al., 2020). Vegfc is processed by Ccbe1, Adamts3 and Adamts14 to activate 

lymphangiogenesis (Jeltsch et al., 2014; Le Guen et al., 2014; Wang et al., 2020). Analysis of 

adamts3 and adamts14 expression revealed that these proteases were provided by motor 

neurons around the path of LEC migration and a group of cells around the HM (Wang et al., 

2020). Motor neurons have been previously detected in the HM and shown to be important for 

LEC migration by laser ablation and morpholino knockdown of neuronal genes 

oligodendrocyte lineage transcription factor 2 (olig2) and ISL LIM homeobox 1a (islet1) 

resulting in the loss of parachordal lymphangioblasts and thoracic duct formation (Lim et al., 

2011). The expression of adamts3 and adamts14 proteases by motor neurons indicates their 

mechanism in guiding LEC migration (Wang et al., 2020). Cell transplantations of neuronal 

and non-neuronal sources of adamts3 or adamts14 into adamts3; adamts14 mutants resulted 

in a rescue of the mutant sprouting defects with the formation of parachordal lymphangioblasts. 

The non-neuronal source of the proteases was determined by single cell sequencing to be a 

subpopulation of fibroblast cells. These fibroblast cells were found to be around the HM and 

were not only sources of Adamts3 and Adamts14, but they also provided Ccbe1 and Vegfc. 

Thus the activation of Vegfc in this area guides the migration of lymphatic precursors to the 

HM where they will go on to form parachordal lymphangioblasts (Wang et al., 2020).  

The extracellular protein Polydom/Svep1 is another factor shown to be involved in guiding 

LEC migration. Live-imaging of zebrafish embryos revealed that Polydom/Svep1 is expressed 

outside of, but in close proximity to, migrating LECs (Karpanen et al., 2017). Polydom/Svep1 

was found to be secreted from mesenchymal cells around the DA, ISVs, and the HM. Zebrafish 

svep1 mutants displayed reduced numbers of secondary sprouts and parachordal 

lymphangioblasts that failed to migrate out of the HM resulting in the loss of thoracic duct 

formation (Karpanen et al., 2017). Furthermore, the role of Polydom/Svep1 in 

lymphangiogenesis was investigated in mice. Polydom/Svep1 mutant mice developed severe 

edema in utero due to defective lymphatic remodelling and valve formation (Morooka et al., 

2017; Karpanen et al., 2017). While there appeared to be normal sprouting of Prox1+ cells 

from the cardinal vein in Polydom/Svep1 mutants, the lymphatic plexus failed to remodel into 



 

22 

collecting lymphatic vessels. Mesenteric lymphatic structures in the mutants also did not 

undergo remodelling and lacked valves (Karpanen et al., 2017). The remodelling defects were 

associated with reduced expression of Foxc2 (Morooka et al., 2017). The requirement of 

Polydom/Svep1 in zebrafish and murine lymphangiogenesis suggest it is a conserved 

mechanism.  

As LECs migrate through the embryonic environment they interact with components of the 

extracellular matrix including collagen. Recently it was found that the secretion of Collagen2a1 

aids the migration of LECs in the zebrafish trunk (Chaudhury et al., 2020). A forward genetic 

screen identified two mutants with defects in LEC migration, these mutants were mapped to 

membrane bound transcription factor pepitdase, site 1 (mbtps1) and sec23a homolog a 

(sec23a), components of the COP-II protein secretory pathway (Chaudhury et al., 2020). Live 

imaging of the mutants showed that lymphatic precursors depart from the PCV but LECs stall 

at the HM, failing to form the trunk lymphatic vasculature. The mutants failed to secrete 

Collagen2a1 (Col2a1) by notochord sheath cells (NSCs) that were located at the HM. A 

col2a1a mutant generated by Clustered Regularly Interspaced Short Palindromic Repeats 

(CRIPSR) displayed reduced motility of LECs and impaired lymphangiogenesis. Interestingly, 

a structure in the zebrafish otic vesicle that informs the growth of the otolithic lymphatic vessel 

(OLV) appears to express type II collagen (Geng et al., 2013). Zebrafish mutants with abnormal 

OLV development also appeared to have dysregulated expression of Col2 within the otic 

vesicle (Yang, 2020).  

Semaphorin ligands and Plexin receptors have known roles in blood vessel guidance and are 

starting to be implicated in lymphangiogenesis (Torres-Vázquez et al., 2004). Plexin receptors 

can form a complexes with the Neuropilin receptors, that are important to LEC specification 

by facilitating Vegfc/Vegfr3 signalling (Xu et al., 2010). Furthermore, mouse Sema3A, 

Plexina1 and Nrp1 mutants have abnormal development of lymphatic valves (Bouvrée et al., 

2012). Interestingly, Semaphorin 3G is expressed in arteries as a repulsive guidance cue to 

LECs during the patterning of the mouse dermal lymphatic network (Liu et al., 2016). More 

recently, Sema3E-PlexinD1 signalling has been shown to be important to the development of 

coronary stem and cardiac lymphatics in the mouse model (Maruyama et al., 2021). The role 

of this signalling mechanism in lymphatic development, as well as the guidance of lymphatic 

growth more generally continues to be an emerging area of research.  
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1.3 Zebrafish 

1.3.1 Zebrafish as a model organism 

Zebrafish (Danio rerio) is a powerful model organism to study vertebrate development and 

genetic basis of human disease. The zebrafish genome is fully sequenced revealing that 70% 

of human genes have a zebrafish orthologue (Howe et al., 2013), thus using zebrafish to study 

gene pathways is highly relevant to understand the same processes in humans. Zebrafish 

produce a high number of offspring (up to 200-300) through external fertilisation, and the 

embryos develop rapidly with most major organs including the heart developed by 2 days post 

fertilisation (dpf) (Kimmel et al., 1995). The development of embryos ex utero provides the 

ability to observe and manipulate early developmental processes, which is much more difficult 

to do so for mammalian models that develop in utero. Microinjection of early embryos allows 

for easy genetic manipulation including creating mutants with CRISPR and Transcription 

Activator-Like Effector Nucleases (TALENs), knocking down gene expression with 

morpholinos and making transgenic reporter lines. A morpholino (MO) is an antisense 

oligomer that binds to a target gene to block either translation or splicing (Stainier et al., 2017). 

Thus, MOs can disrupt gene function without causing alterations to the DNA sequence. MOs 

can be easily injected into the yolk of 1-4 cell stage zebrafish embryos. MOs have been widely 

used in zebrafish research and have been able to phenocopy well-characterized mutants. 

Transgenic zebrafish couple the activation of a gene promoter to the expression of a fluorescent 

protein, which is harnessed to label specific organ systems. The optically transparent nature of 

the larvae in conjunction with transgenic expression allows for direct observation and imaging 

of cellular processes, such as cell migration and the growth of different structures in vivo 

(Lieschke & Currie, 2007). Zebrafish also are used for drug screens as larvae can absorb small 

molecules placed in the media and then resulting phenotypic changes can be screened for 

(MacRae & Peterson, 2015). Furthermore, large scale forward genetic screens can be more 

easily conducted using zebrafish than mammals, as the fish can be kept at higher density and 

with lower maintenance costs. 

1.3.2 Forward genetic screens in zebrafish as gene discovery tool  

 Forward genetic screens are a powerful and unbiased tool to discover genes that drive 

developmental processes. Forward genetic screens involve creating mutants with observable 

phenotypes and then subsequently working out the genetic cause (Lawson & Wolfe, 2011). 
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Unlike, reverse genetic techniques such as CRISPR and TALENs that targets a known gene of 

interest and then looks for the resulting phenotype. Zebrafish are an ideal organism for 

conducting forward genetic screens because of low maintenance costs, small size, and the 

capability to observe phenotypes that present internally. The first large-scale forward genetic 

screens using zebrafish was conducted by Haffter et al. (1996) and Driever et al. (1996) which 

identified 894 and 695 mutants respectively that were assigned to hundreds of genetic loci. 

This led to the discovery of a multitude of genes and pathways involved in early development 

including pigmentation, fin development and circulation. 

 The first step of a forward genetic screen is creating heritable mutations using mutagens. The 

most commonly used chemical mutagen in zebrafish forward genetic screens is an alkylating 

agent named N-ethyl-N-nitrosourea (ENU), as it is highly efficient at inducing mutations in 

premeiotic germ cells with the resulting phenotype being linked to lesions in one gene (Solnica-

Krezel et al., 1994). Adult male zebrafish acquire germline mutations through exposure to ENU 

in their water, then these males are outcrossed to generate a F1 families (Lawson & Wolfe, 

2011). Members of the F1 generation are typically out-crossed and the subsequent F2 families 

are in-crossed to produce a final F3 generation that will contain homozygous mutants for 

phenotypical analysis. Whole genome sequencing can be used to map and identify causative 

mutations of mutants by using single nucleotide polymorphisms (SNPs) and homozygosity 

algorithms (Leshchiner et al., 2012).  

There are limitations to forward genetic screens which include having to rely on an observable 

phenotype, as well as the time and space it takes to conduct them, especially the breeding 

schemes and phenotypical analysis. Furthermore, as ENU-mutagenesis creates random 

mutations it is essential to validate that candidate mutation(s) are causative, to rule out the 

possibility that the phenotype is a result of other mutations in closely linked genes. However, 

forward genetic screens in zebrafish have provided a wealth of knowledge in terms of genes 

critical to development including lymphatic development. In addition to the identification of 

ccbe1, forward genetic screens have uncovered many novel genes involved in lymphatic 

development including DEAD-box helicase 21 (ddx21), grb2b, pdk1 and mafba (Hogan et al., 

2009; Koltowska et al., 2021; Mauri et al., 2021; Coxam et al., 2014; Koltowska, Paterson, et 

al., 2015). This current study characterises two mutants that were isolated from a forward 

genetic to study lymphatic development. The rationale behind the forward genetic screen was 

to find mutants with defective patterning of lymphatic vessels. 
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1.3.3 Zebrafish lymphatics  

This study uses zebrafish as a model organism to study lymphatic development. The zebrafish 

lymphatic vasculature was first described in 2006 (Küchler et al., 2006; Yaniv et al., 2006) and 

since then has been extensively studied. The morphology and function of the lymphatic 

vasculature in zebrafish is like other vertebrates. Zebrafish have a functional lymphatic system 

distinct from the blood vasculature. The lymphatic vessels that are lined with endothelial cells, 

lack erythrocytes and can absorb fluid from surrounding interstitial spaces (Küchler et al., 

2006; Yaniv et al., 2006). While zebrafish do not possess lymph nodes, they do have lymphatic 

valves that have the same conserved mechanisms to aid unidirectional lymphatic flow (Shin, 

et al., 2019). There have been several transgenic zebrafish developed to label lymphatic vessels 

and visualize their growth in vivo. The transgenic line used in this study uses the zebrafish 

lymphatic vessel endothelial hyaluronan receptor 1b (lyve1b) promoter to drive the expression 

of DsRed (Okuda et al., 2012).   

1.3.4 Zebrafish lymphatic development 

1.3.4.1 Trunk lymphatics  

The trunk lymphatic network is the most studied lymphatic network in zebrafish. The 

development of the trunk lymphatics begins around 32 hours post fertilisation (hpf) with 

endothelial cells sprouting from the posterior cardinal vein (PCV) (Küchler et al., 2006). Half 

of the venous sprouts migrate dorsally to the horizontal myoseptum, where a chain of 

parachordal lymphangioblasts (PLs) form. At around 60 hpf, PLs migrate dorsally and 

ventrally along arterial intersomitic vessels (aISV) to form the trunk lymphatic network 

(Bussmann et al., 2010). The whole trunk lymphatic network is developed by 5 days post 

fertilisation (dpf) including the main collecting vessel, the thoracic duct (Koltowska et al., 

2013).  

1.3.4.2 Facial lymphatics 

This study is focused on a vessel within the facial lymphatic network. The facial lymphatic 

network was first identified in 2012 with the development of a transgenic line that used the 

lyve1b promoter to mark the lymphatics (Okuda et al., 2012). The network is developed by 5 

dpf, and is made up of the lateral facial lymphatic (LFL), medial facial lymphatic (MFL), 

otolithic lymphatic vessel (OLV) and four lymphatic brachial arches (LAA1-4) (Figure 1.1D) 
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(Okuda et al., 2012). Development of the facial lymphatics begins around 1.5 dpf when the 

facial lymphatic sprout (FLS) arises from the common cardinal vein (CCV). There are three 

distinct populations of lymphangioblasts that contribute to the growth and formation of the FLS 

through a relay of cell fusion events (Eng et al., 2019). The FLS matures into the lateral facial 

lymphatic (LFL), the major vessel in the network from which the rest of lymphatic vessels 

sprout from. At 3 dpf, the otolithic lymphatic vessel (OLV) sprouts from the LFL (Figure 

1.1B). The OLV grows within the inner ear (otic vesicle) and is the focus of this study. The 

OLV grows and extends dorsally in an arched shape and parallel to the posterior cerebral vein 

(PCeV). When the OLV reaches the middle of the otic vesicle a new branch splits from the 

distal end of the vessel and grows antero-ventrally, while the main vessel extends dorsally. 

Often there is also another branch that grows off in a postero-ventral direction before the distal 

branches. While the OLV is growing, at 4 dpf the MFL sprouts from the anterior part of LFL 

and grows ventrally (Figure 1.1C). By 5 dpf, the OLV and the rest of the facial lymphatic 

network are developed (Okuda et al., 2012).  

The growth of the OLV is of interest as while it always grows in typical pattern, it does not 

grow along any known lymphatic guidance structures such as blood vessels or neurons. 

Previous studies did show the OLV aligns to a sensory neuron termed the middle lateral line, 

which implied that the lateral line and neuromasts were acting as guidance structures (Misa, 

2015). However, morpholino-mediated knockdown of genes involved in sensory neuron 

development as well as laser ablation of the middle lateral line and neuromasts did not impair 

OLV growth (Yang, 2018). This study will examine two mutants with defects in both OLV and 

otic vesicle development.  
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Figure 1.1: Zebrafish facial lymphatic development 

(A) Development of the facial lymphatics begins around 1.5 hpf with the emergence of the facial lymphatic sprout 

(FLS) from the common cardinal vein, the FLS grows along the primary head sinus (PHS) at 2 dpf. (B) The FLS 

matures into the lateral facial lymphatic (LFL) and around 3 dpf the otolithic lymphatic vessel (OLV) sprouts 

from the LFL. (C) The OLV grows dorsally parallel to the posterior cerebral vein (PCeV), by 4 dpf the medial 

facial lymphatic (MFL) and the four lymphatic brachial arches (LAA) start to emerge from the LFL. (D) By 5 dpf 

the OLV and surrounding facial lymphatics are fully developed. The facial lymphatics are marked in red. Figure 

adapted from (Okuda et al., 2012). Abbreviations: FLS- facial lymphatic sprout, CCV- common cardinal vein, 

PHS- primary head sinus, PCeV- posterior cerebral vein, OLV- otolithic lymphatic vessel, LFL- lateral facial 

lymphatic, MFL- medial facial lymphatic, LAA- lymphatic brachial arches, dpf- days post fertilisation.  
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1.4 Ear development 

1.4.1 Inner ear structure and function 

The vertebrate inner ear is a specialized and intricate sensory organ that responds to sound, 

gravity and movement for the functions of hearing and balance (Whitfield, 2015). The 

mammalian ear is divided into three interconnected parts: the outer, middle, and inner. The 

outer ear funnels sound from the environment to the tympanic membrane (eardrum), causing it 

to vibrate. The vibrations at the eardrum are then passed via a chain of three small bones in the 

middle ear called ossicles, these sound waves are then transmitted to the inner ear (Ekdale, 

2016). The mammalian inner ear is made up of the cochlea, the primary auditory structure, and 

the vestibular system which is dedicated to balance. The sound waves that reach the cochlea 

are converted to neural impulses in a structure called the organ of Corti (Driver & Kelley, 

2020). The organ of Corti contains hair cells with stereocilia, the movement of these cells 

triggers the opening of ion channels and the release of neurotransmitters to connecting neurons. 

While zebrafish do not have the outer, middle ear or a cochlea, the inner ear still functions for 

hearing and balance (Abbas & Whitfield, 2010). For hearing, zebrafish use otolithic organs as 

well as the Weberian ossicles that connect to the swim bladder and are functionally equivalent 

the ossicles of the mammalian middle ear (Bang et al., 2001; Bird & Hernandez, 2009). An 

additional sensory system in zebrafish is the lateral line which detects changes in water flow, 

with neuromasts that contain mechanosensory hair cells similar to the hair cells of the inner ear 

(Haddon & Lewis, 1996).  

The otolithic organs and semicircular canals of the vestibular system detect rotational 

movement and maintain balance (Ekdale, 2016). The otolithic organs, also termed the macular 

organs, consist of the saccule and utricle, which contain a bed of sensory hair cells and 

supporting cells termed the maculae (Johnsson & Hawkins, 1967). These hair cells are covered 

with an otolithic membrane that contains calcium carbonate crystals called otoconia. 

Movements of the head causes the otoconia and membrane to shift which thereby moves and 

excites the connected hair cells. Like the hair cells of the cochlea, this movement leads to the 

transmission of neural messages which help detect linear accelerations and gravity. A similar 

process occurs in zebrafish, but instead of otoconia two biomineralised stones of calcium and 

protein deposits called otoliths move and excite the hair cells in the underlying maculae 

(Murayama et al., 2002). In vertebrates, rotational movement is detected by three fluid-filled 

semicircular canals (lateral, anterior and posterior) (Ekdale, 2016). At the base of each canal is 
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a mound of sensory epithelium called crista that contains hair cells, fluid movement within the 

canal impinges on the crista and thus excites the hair cells (McLaren & Hillman, 1979).  

1.4.2 Zebrafish otic vesicle development 

The zebrafish inner ear transitions from the otic placode to a transitional embryonic structure 

termed the otic vesicle, to the adult ear through a series of morphogenic events (Alsina & 

Whitfield, 2017). Inner ear development begins with the formation of the otic placode, an 

ectodermal thickening that originates from the preplacodal region (PPR). The PPR is present 

at 10 hpf, the end of gastrulation, and surrounds the neural plate. Otic placode induction is 

driven by signals from surrounding tissues acting on the PPR and is visible by 16 hpf (Haddon 

& Lewis, 1996). Following this at 18 hpf, the otic placode forms a vesicle with a lumen through 

cavitation. This differs from birds and mammals whereby vesicle formation occurs by 

invagination (Alvarez & Navascués, 1990; Morsli et al., 1998). In addition to a small 

contribution from the neural crest, all inner ear structures develop from the otic vesicle 

epithelium (Dutton et al., 2009; Whitfield, 2015). Sensory hair cells of the maculae begin to 

develop at the anterior and posterior poles of the vesicle, and by 21.5-25 hpf small otolith 

precursors anchored to the hair cells are visible at either end (Tanimoto et al., 2011). As the 

otic vesicle develops, the two otolith precursors grow to become the anterior and posterior 

otoliths. Neurogenesis of the inner ear begins at 22 hpf with neuroblasts starting to delaminate 

from ventral floor of the vesicle to form the statoacoustic ganglion (Schwarzer et al., 2020). 

The three semi-circular canals form later between 50 hpf – 4 days post fertilisation (dpf) 

through epithelium projecting into the vesicle and subsequently fusing (Abbas & Whitfield, 

2010; Waterman & Bell, 1984). At this time a dorsolateral septum grows and divides the 

anterior and posterior canals. Another structure present in the otic vesicle is the superficial-

three prong structure (STPS) which begins to appear at 3 dpf (Yang, 2020). By 5 dpf, all the 

structures of the otic vesicle are present and as the zebrafish grows the otic vesicle will mature 

into the adult inner ear.  

1.4.2.1 Otic placode induction 

Otic placode induction, the first step of otic vesicle development is driven by inducing signals 

from surrounding tissues and the expression of competence factors within the PPR (Alsina & 

Whitfield, 2017). All cranial placodes including the otic placode emerge from the PPR, a horse 

shoe-shaped region of ectoderm that is adjacent to neural plate and lateral to the neural crest 
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(Kozlowski et al., 1997). Otic placode induction is a progressive process with the PPR being 

first segregated into different fates including the otic-epibranchial precusor domain (OEPD), a 

precursor domain that will give rise to both the otic placode and epibranchial placode. At 11 

hpf, fibroblast growth factor (Fgf) signalling from the neural tube and mesoderm induces the 

expression of paired box 2a (pax2a), pax8, SRY-box transcription factor 2 (sox2) and sox3 

marking the formation of the OEPD (Padanad & Riley, 2011; Gou et al., 2018). In addition to 

the external signalling, the expression of Forkhead box i1 (Foxi1) and distal-less homeobox 

3b/4b (Dlx3b/4b) within the PPR is required for the commitment to an otic fate (Hans et al., 

2007). The segregation of OEPD into the two placodes is driven by a gradient of Pax signalling, 

with high levels promoting otic fate and low levels specifying the epibranchial placode 

(McCarroll et al., 2012).  

1.4.2.2 Otic vesicle patterning  

The correct patterning of the otic vesicle is controlled by a complex interplay of signalling 

pathways. A key pathway involved in otic vesicle patterning is the Hedgehog (Hh) signalling 

pathway. Hh signalling is required and sufficient for inducing a posterior otic identity in the 

zebrafish otic vesicle and is also needed for cochlear development in mammals (Hammond et 

al., 2003; Riccomagno et al., 2002). During zebrafish otic vesicle development, the Hh 

signalling ligands are expressed from the notochord and floorplate between otic placode and 

early otic vesicle stages (Hammond et al., 2003). Within the otic epithelium are components of 

Hh reception and transduction, including the Patched1 (Ptch1) receptor, ptch1 expression is 

restricted to the posterior region by 22 hpf (Hammond et al., 2003). The restriction of Hh 

signalling to the posterior regions of the developing ear is mediated by the Hh inhibitor Hip 

(Hammond & Whitfield, 2009). The role of Hh signalling in anterior-posterior patterning is 

highlighted by the contrasting effects of reduction and over-activation of the pathway. The loss 

of Hh signalling leads to the loss of posterior otic domains, the otic vesicle instead has a 

duplication of anterior structures. This was exhibited with two Hh mutants and phenocopied 

by over-expressing ptch1, a negative regulator of Hh signalling (Hammond et al., 2003). The 

Ptch1 receptor inhibits Hh signalling in the absence of Hh ligands by binding to the Smoothed 

(Smo) receptor (Ingham et al., 1991). Over-activation of Hh signalling through shh 

overexpression had the reverse effect in the otic vesicle, with the loss of anterior structures and 

duplication of posterior regions (Hammond et al., 2003). Furthermore, Hh signalling also needs 

to be repressed for the correct determination of dorsolateral cell fates (Hammond et al., 2010). 
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In addition to otic patterning, Hh signalling is needed for the formation of hair cells in the 

posterior macula as well as controlling the specific patterns of innervation of the maculae 

(Sapède & Pujades, 2010). 

In parallel with Hh signalling, Fgf signalling is required for the acquisition of the anterior otic 

identity. The role of Fgf signalling in anterior-posterior patterning is distinct and temporally 

separable from its role in otic placode induction (Hammond & Whitfield, 2011). The role of 

Fgf in otic vesicle patterning was first implicated using the mafba mutant. In this mutant the 

expanded expression of fgf3 beyond the hindbrain rhombomere r4 to into r5 and r6 is associated 

with the posterior expansion of anterior markers and the reduction of posterior markers in the 

otic vesicle (Kwak et al., 2002). The expansion of anterior otic markers has been observed in 

another mutant that also had overexpression of hindbrain fgf3 (Lecaudey et al., 2007). In 

contrast to fgf3 overexpression, the inhibition of Fgf signalling leads to the loss of anterior 

structures and duplication of posterior domains, opposite to the loss of Hh signalling 

(Hammond & Whitfield, 2011). Interestingly, while the gain of Fgf signalling and loss of Hh 

signalling produce similar anteriorized ears, these phenotypes arise through different gene 

expression patterns (Hartwell et al., 2019). Thus, it appears that Fgf signalling and Hh 

signalling work independently through different pathways in the specification of the anterior-

posterior region of the otic vesicle.  

Fgf signalling alongside retinoic acid (RA) signalling controls the patterning of ventral otic 

identities. The ventral otic epithelium gives rise to sensory and neurogenic domains, thus 

correct patterning of gene expression is crucial for inner ear development (Maier & Whitfield, 

2014). Fgf signalling and RA signalling act in a feedback loop with opposing roles, as high Fgf 

signalling restricts sensory fates and promotes non-neural fates while RA signalling promotes 

sensory fates and restricts non-neural fates (Maier & Whitfield, 2014). Other genes important 

to ventral otic vesicle patterning include EYA transcriptional coactivator and phosphatase 1 

(eya1), T-box transcription factor 1 (tbx1) and otx1b. At 18 hpf, eya1 expression is restricted 

to the ventral otic epithelium (Sahly et al., 1999), where it  controls the development of ventral 

structures including sensory cristae, neuroblasts and the statoacoustic ganglion, all of which 

are absent without eya1 expression (Haddon & Lewis, 1996). The posteroventral expression of 

tbx1 restricts neurogenesis to the posterior otic regions, zebrafish tbx1 and mouse Tbx1 mutants 

exhibit expansion of neurogenic domains from anteroventral to posterior otic regions (Raft et 

al., 2004; Radosevic et al., 2011). The role of TBX1 in inner ear development appears to be 

conserved in humans as mutations in this gene are associated with DiGeorge syndrome, an 
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auditory and developmental (Vitelli & Baldini, 2003). Overall, this shows that otic vesicle 

patterning is controlled by many different gene pathways which is needed for the correct 

development and positioning of otic vesicle structures.  

1.4.2.3 Semi-circular canal formation 

The semi-circular canals and their associated cristae of the vertebrate inner ear detect rotational 

movements (Whitfield, 2015). Disruptions to the development of the canals results in vestibular 

dysfunctions. During zebrafish otic vesicle development semi-circular canal development 

begins around 45-50 hpf with finger-like epithelial projections arising from the anterior and 

posterior poles. Outgrowth of the projections is driven by the production of the extracellular 

matrix component glycosaminoglycan hyaluronan (HA), without HA production outgrowth is 

blocked (Busch-Nentwich et al., 2004). As the epithelial projections extend into the centre of 

the lumen the tips touch and fuse to form a lateral pillar; this process is mediated by the G 

protein-coupled receptor 126 (gpr126) (Geng et al., 2013). A third projection extends from the 

ventral portion of the lateral pillar and by 3 dpf the pillars fuse to develop into the three semi-

circular canals (Geng et al., 2013). 

1.4.2.4 The role of sox10 in otic vesicle development  

SRY-box transcription factor 10 (sox10) is a neural crest transcription factor that has a diverse 

role in otic vesicle development from otic placode induction to regulating several genes needed 

for the correct patterning and development of otic structures. The expression of sox10 begins 

at the 1 somite stage in neural crest cells, then is strongly expressed in the otic placode and the 

otic vesicle. The expression of sox10 in the otic vesicle is maintained by sox E genes: sox9a, 

sox9b and sox10 (Dutton et al., 2009). sox10 regulates fgf8 which together with fgf3 controls 

the expression of pax2a/pax8 needed for proper otic placode induction (Phillips et al., 2001). 

Additionally, sox9a and sox9b expression which is also regulated by sox10 is needed for otic 

placode specification (Liu et al., 2003). In sox10 (colourless) mutants, otic placode derivatives 

are not lost but their organisation is severely disrupted. This includes the patterning and 

development of sensory patches, semi-circular canals, and otic neurons (Dutton et al., 2009). 

The observed otic phenotypes are largely dependent on sox10’s regulation of several otic 

marker genes rather than in otic placode induction. Within the otic vesicle sox10 controls the 

patterning of key otic genes including fgf8, pax5a, bone morphogenetic protein 4 (bmp4), 

follistatin a (fsta) and aldehyde dehydrogenase 1 family, member A3 (aldh1a3) (Dutton et al., 
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2009). In the colourless mutant two connexin genes were also not expressed. These genes are 

important to the formation of gap junctions and hemichannels needed for the ionic and 

biochemical coupling of the inner ear (Dutton et al., 2009; Wan et al., 2013). Mutations in 

human connexin genes are associated with auditory and balance disorders (Todt et al., 2005). 

During semi-circular canal development sox10 is needed for both the specification of canal 

tissue and the fusion of epithelial projections as the activity of gpr126 is dependent on sox10 

(Geng et al., 2013). Additionally, the expression of anterior gradient 2 (agr2) within the semi-

circular canals and the supporting cells of sensory cristae has been found to be regulated by 

sox10 (Tang et al., 2014).  

The sox10 mutants also have defects in pigment cells and cranial neurons due the role of sox10 

in the specification of non-ectomesenchymal lineage from the neural crest (Dutton et al., 2001; 

Kelsh & Eisen, 2000). Mutations in the human SOX10 gene have been implicated in an auditory 

and pigment disorder called Waardenburg Syndrome Type IV (WS4), suggesting the role of 

SOX10 in inner ear and neural crest development is conserved (Bondurand et al., 2007). 

Deafness in the WS4 disorder has been attributed to the loss of neural-crest derived 

melanoctyes in the cochlea (Bondurand et al., 2007). However, the contribution of neural crest 

cells to the zebrafish otic vesicle is small and transient, therefore deafness in WS4 patients with 

mutations in SOX10 may be also due to inner ear abnormalities (Dutton et al., 2009). 

1.5 Otic vesicle and OLV development 

The zebrafish otolithic lymphatic vessel (OLV) grows within the developing otic vesicle. At 3 

dpf the OLV has yet to sprout but the otic vesicle is predominantly formed, with two otoliths 

present and fusion of the semi-circular canals almost complete. Live imaging demonstrated 

that the OLV grows along a structure within the otic vesicle (Yang, 2020). This structure was 

termed by the Astin lab as the superficial three prong structure (STPS). Tanya Whitfield first 

noted the presence of a three prong structure in a Zebrafish Information Network entry (ZFIN 

ID: ZDB-IMAGE-001220-1) and stated that the dorsal prong aligns with the dorsal lateral 

septum. The STPS has also been shown to express type II Collagen (Geng et al., 2013). The 

STPS appears as rudimentary structure at 3 dpf and forms a triangular shape by 4 dpf (Figure 

1.2). The OLV sprouts from the LFL between 3-4 dpf, anterior to the venteroposterior prong 

of the STPS. As the OLV extends dorsally it aligns to the STPS structure, with the arched shape 

of the OLV aligning with the underlying STPS (Figure 1.2). By 5 dpf, the OLV is fully 

developed and all the major structures of the otic vesicle are present. The alignment of the OLV 
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to the STPS lead to the hypothesis that the STPS acts a guidance structure for OLV growth. 

This hypothesis has been supported by correlations between STPS defects and OLV defects in 

mutants and laser ablation of the STPS blocking OLV growth (Yang, 2020). How the STPS 

directs the growth of the OLV remains unknown.  
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Figure 1.2: Otic vesicle and OLV development 

Schematic of otic vesicle and OLV development adapted from (Alsina & Whitfield, 2017; Geng et al., 2013; 

Yang, 2020). Early otic vesicle development begins with the otic placode arising from the PPR and then 

undergoing cavitation to form the otic vesicle with a lumen and otolith precursors. As the otic vesicle grows, 

epithelial projections fuse to form the semi-circular canals. At 3 dpf, the OLV is yet to sprout from the LFL but 

the otic vesicle is formed with a rudimentary STPS. As the OLV extends dorsally it aligns to the STPS. OLV and 

otic vesicle development is complete by 5 dpf. Abbreviations: NP- neural plate, Nt- notochord, NCC- neural crest 

cells, PPR- preplacodal region, STPS- superficial three-prong structure, LFL- lateral facial lymphatic, PCeV- 

posterior cerebral vein, OLV- otolithic lymphatic vessel, hpf- hours post fertilisation, dpf- days post fertilisation.  
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1.6 Zebrafish OLV and otic vesicle mutants 

To uncover novel lymphatic guidance factors the Astin lab conducted a forward genetic screen 

isolating zebrafish mutants with lymphatic vessel patterning defects, from which two mutants 

with abnormal growth of the OLV and concomitant otic vesicle defects were identified. The 

two mutants have an abnormal STPS, a phenotype which segregated with the OLV defects 

(Yang, 2020). Further investigation and validation of the mutants is required and will be 

undertaken by this study. The phenotypes of the two OLV mutants are further described in 

detail below.  

1.6.1 ptch1 mutant 

The first mutant is a putative patched1 (ptch1) mutant. The ptch1 mutant has abnormal OLV 

shape and overgrowth of the vessel with ectopic branches (Figure 1.3H). The presence of 

ectopic OLV branches often result in looped structures that contrast the typical arched OLV 

shape in wild type embryos (Figure 1.3G). Apart from the OLV, all other lymphatic vessels 

including the surrounding facial lymphatics and trunk lymphatics in the ptch1 mutant develop 

normally (Figure 1.3K). The otic vesicles in mutants are largely intact but display subtle STPS 

defects. Instead of the typical triangular shaped STPS (Figure 1.3D), the ptch1 STPS is 

abnormal in shape with mispositioned prongs (Figure 1.3E). Previously, the position of the 

aberrant STPS was shown to correlate with the position of ectopic OLV branches in the ptch1 

mutant, suggesting the STPS defect is misguiding the OLV growth (Yang, 2020). The ptch1 

otic vesicle defect appears to resemble the otic phenotype of a previously reported ptch1 mutant 

termed leprechaun. The ptch1 mutant largely develops normally until 6 dpf without oedema or 

gross body abnormalities (Figure 1.3B), but do not survive to adulthood.  

The ptch1 mutant was previously mapped to a region in chromosome 8 that contained the ptch1 

gene through whole genome sequencing of mutant and wild type siblings. The ptch1 gene was 

sequenced to confirm the presence of two causative mutations, A752T and G1385S, these non-

synonymous amino acid changes likely damage the function of Ptch1 (D.Britto, Personal 

communication). Ptch1 is a receptor and negative regulator of the Hedgehog signalling (Hh) 

pathway (Ingham et al., 1991), thus Hh signalling is likely over-active in the ptch1 mutant. 
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1.6.1.1 Patched1  

Patched (Ptch) is a 12 transmembrane receptor that is part of the Hedgehog signalling (Hh) 

pathway. Hh signalling is involved in a wide variety of vertebrate developmental processes 

including organogenesis, body plan patterning, cell proliferation, differentiation and survival 

(Sasai et al., 2019). There are two Ptch receptors, Ptch1 and Ptch2, both interact with Hh 

ligands and instigate the same downstream pathway but have distinct expression patterns 

(Holtz et al., 2013). However, it appears that Ptch1 is the major regulator of Hh signalling as 

lack of Ptch1 is embryonic lethal in mice, while Ptch2-/- mice are viable and fertile (Goodrich 

et al., 1997; Nieuwenhuis et al., 2006). Ptch1 is a negative regulator of Hh signalling, as in the 

absence of Hh Ptch1 represses the activity of Smoothened (Smo), thus blocking the 

downstream pathway (Ingham et al., 1991). During Hh signalling a Hh ligand is secreted from 

a cell and binds to the Ptch1 receptor on a neighbouring cell. This triggers ptch1 to be 

endocytosed with Smo being free to transmit a cascade of signalling proteins within the cell 

activating genes involved in proliferation and patterning (Ingham et al., 1991). As Ptch1 

functions to repress Hh signalling, loss of Ptch1 will lead to aberrant Hh signalling. Mutations 

in Ptch1 associated with over-active Hh signalling have been implicated in eye abnormalities 

such as anophthalmia and microphthalmia (Chassaing et al., 2016) and various cancers 

including breast, skin and gastrointestinal (Wang et al., 2019; Martinez et al., 2019; Banerjee 

et al., 2019). ptch1 is expressed within the zebrafish otic vesicle, ptch1 mutants have subtle 

otic vesicle defects because of the functioning of Hh signalling in the patterning of the tissue 

(Koudijs et al., 2005; Hammond et al., 2003).   

1.6.1.2 ptch1 (leprechaun) mutant 

Zebrafish ptch1 mutant alleles were first isolated from a forward genetic screen that was 

conducted to uncover genes involved in fin formation (van Eeden et al., 1996). First termed the 

leprechaun mutant, these mutants displayed enlarged pectoral fins with an abnormal fold in the 

dorsal portion and the adult fish appeared small in size (van Eeden et al., 1996). The leprechaun 

also had eye defects with a reduction in pupil size and a degenerating lens (Heisenberg et al., 

1996). A secondary ear defect phenotype was then described for leprechaun mutants as 

‘abnormal ear structuring’ (Whitfield et al., 1996). The leprechaun mutant was mapped to 

mutations in ptch1, predicted to be a null allele (Koudijs et al., 2005). Morpholino-mediated 

knockdown of ptch1 phenocopied the leprechaun eye and ear phenotypes, additionally these 

mutant phenotypes were rescued with cyclopamine, a Hh inhibitor (Koudijs et al., 2005). A 
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more detailed description of the ear phenotype of the ptch1/leprechaun mutant was provided 

by Hammond et al. (2010). At 4 dpf, the ptch1 mutant otic vesicle displays subtle defects in 

the dorsolateral septum and semi-circular canals. The dorsolateral septum is malformed and 

mispositioned and the semi-circular canals have thin and spindly anterior and posterior pillars 

while the ventral pillar is enlarged and dysmorphic. The abnormal ventral pillar was found to 

express high levels of Collagen type II and raldh3 (Hammond et al., 2010). Apart from a small 

reduction of the lateral cristae, all other otic structures develop normally including the otoliths 

and maculae. The shape and size of the otic vesicle is also normal. Interestingly, ptch1-/-;ptch2-

/- have far more severe otic defects than the ptch1 mutant, with ventralised and medialised ears 

that have a duplication of posterior structures (Hammond et al., 2010). 

1.6.2 olvless mutant 

While the ptch1 mutant has overgrowth of the OLV, the second mutant olvless, lacks the vessel.  

The olvless mutant displays little to no growth of the OLV (Figure 1.3I). While the OLV fails 

to grow in the olvless mutant, the other lymphatic vessels are unaffected including the 

surrounding facial lymphatics and the trunk lymphatics (Figure 1.3L). The mutants have 

severe otic vesicle defects with the otic vesicle often appearing small and misshapen, and 

lacking internal otic structures including the semi-circular canals and STPS (Figure 1.3F). The 

two otoliths are also reduced in size and are often fused together. Previously, in the olvless 

mutants it was found that more severe STPS defects correlated with a reduction in OLV length 

(Yang, 2020). An interesting phenotype of the olvless mutant is a lack of pigmentation due to 

a reduction in xanthophores, iridophores and melanophores (Figure 1.3C). This allows the 

mutant to be distinguished from wild type siblings from 2 dpf. Additionally, the olvless mutants 

exhibit poor swimming behaviour compared to wild type larvae. Apart from these phenotypes, 

the olvless mutant develops normally to 6 dpf with no oedema or body deformities but like the 

ptch1 mutant they do not survive until adulthood. The pigmentation and otic vesicle phenotypes 

of the olvless mutant strongly resembles a sox10 mutant termed colourless, thus sox10 is 

predicted to be a candidate gene of the olvless mutant. The olvless mutant has not been mapped 

to a causative mutation(s) and this will be conducted as a part of this research.  

1.6.2.1 sox10 (colourless) mutant 

The zebrafish colourless mutant was isolated from two early forward genetic screens that were 

conducted to find genes involved in pigmentation and inner ear development (Kelsh et al., 
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1996; Malicki et al., 1996). The defining phenotypes of the colourless mutants are 

pigmentation defects and a severely disrupted otic vesicle. The colourless mutant survives until 

10-11 dpf (Kelsh et al., 1996). The colourless mutants have fully pigmented retinal epithelium 

but have a severe reduction in the number of the three pigment cells/chromatophores in the 

body including melanophores (black), iridophores (silver) and xanthophores (yellow) (Kelsh 

et al., 1996). In addition to the extensive loss of pigment cells, the colourless mutants have 

neuronal and glia defects with reductions to the enteric neurons and Schwann cells (Kelsh & 

Eisen, 2000), these phenotypes suggested a neural crest defect. However, the ectomesenchymal 

lineage (craniofacial and fin mesenchyme) of the neural crest pathway is un-affected in the 

colourless mutant which proposes that the colourless gene is important to the specification, 

proliferation, or survival of non-ectomesenchymal derivatives from the neural crest. This idea 

lead to the mapping of the four colourless mutant alleles to lesions in sox10, the role of these 

mutations in the colourless phenotypes were validated by morpholino knockdown and mRNA 

rescue (Dutton et al., 2001a; Dutton et al., 2001b). All the mutant alleles are recessive and 

appear to be null or hypomorphs. In the colourless mutant, neural crest cells that form non-

ectomesenchymal fates failed to migrate and died by apoptosis thus leading to the extensive 

loss of pigment cells, neurons, and glia (Dutton et al., 2001a). Additionally, the survival and 

migration defects of melanophores are due to disruption to the expression of melanocyte 

inducing factor a (mitfa) (Elworthy et al., 2003).  

Like the olvless mutant, the colourless mutants display severe otic vesicle abnormalities. By 5 

dpf, the otic vesicle is both misshapen and smaller than wild type ears, with rudimentary thin 

semi-circular canals and two very small otoliths that are spaced close together (Dutton et al., 

2009; Malicki et al., 1996). This otic phenotype is very variable among the colourless mutants 

with the otic vesicle either remaining very small or becoming grossly distended. As described 

in section 1.4.2.4, several otic genes needed for otic vesicle patterning are dysregulated in the 

colourless mutant due to the lack of sox10 function. At 5 dpf, the organisation of sensory hair 

cells in the mutant is abnormal, forming a single sensory patch rather than the five separate 

patches that are found in the wild type otic vesicle (Whitfield et al., 1996). The neurogenic 

domain in the otic vesicle is expanded in the mutant marked by an increase in the expression 

of ngn1 and neuroD, however there is no increase in the number of statoacoustic ganglion 

neurons due to an increase in cell death (Dutton et al., 2009).  
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Figure 1.3: The ptch1 mutant and the olvless mutant have abnormal OLV and otic vesicle 
development 

(A-C) Brightfield photos of wild type (A), ptch1 (B) and olvless (C) mutants at 6 dpf. The blue box in (A) 

highlights the otic vesicle that contains the otolithic lymphatic vessel, while the red box shows where the trunk 

lymphatics are. (D-F) DIC images of otic vesicles in wild type (D), ptch1 (E) and olvless (F) mutant embryos at 

6 dpf. The STPS structure is outlined in yellow dotted lines. The ptch1 mutant have abnormal STPS structure 

while olvless lacks otic vesicle structures including the STPS. (G-I) Confocal images of the otolithic lymphatic 

vessel and surrounding facial lymphatics marked by lyve1b:DsRed at 6 dpf. The wild type OLV shown in (D). 
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Ectopic OLV branches seen in ptch1 mutants are marked by yellow asterisks in (E) while the lack of OLV 

development in olvless is marked by a red asterisk in (F). (J-L) Confocal images of the trunk lymphatics marked 

by lyve1b:DsRed at 6 dpf. The trunk lymphatics are unaffected in the mutants shown by the presence of the 

thoracic duct marked by blue arrowheads in (J-L).  

Scale bars: 500 µm in brightfield picture and 50 µm in confocal and DIC images. Abbreviations: OLV – otolithic 

lymphatic vessel, STPS- superficial three-prong structure, dpf- days post fertilisation.  

1.7 Rationale for research 

Proper guidance of lymphatic vessel growth ensures the correct patterning and function of the 

lymphatic vasculature. Lymphatic guidance continues to be an emerging area of research with 

still much to be learned. Studies in the zebrafish trunk have identified various lymphatic 

guidance structures and factors, but guidance of the facial lymphatic network is unknown. The 

growth of the OLV is not dependent on any known lymphatic guidance structures such as blood 

vessels or motor neurons (Yang, 2018), therefore OLV guidance is likely to involve novel 

guidance mechanisms.  

The ptch1 mutant has overgrowth of the OLV and an abnormal STPS, while an un-mapped 

mutant termed olvless lacks both the OLV and STPS. This led to the hypothesis that the STPS 

acts as a guidance structure for the growth of the OLV (Yang, 2020). To support this 

hypothesis, these mutants require further validation to ensure the disrupted genes are involved 

in STPS development and not directly involved in lymphangiogenesis. This research aims to 

investigate the role of ptch1 and olvless gene in OLV and otic vesicle development. The aims 

of this research are two-fold, one for each mutant. One, to confirm that the loss of function 

mutations in ptch1 cause the ptch1 mutant phenotype and two, to uncover the causative 

mutation(s) of olvless and confirm their role in the mutant phenotype. Three approaches will 

be used to investigate each aim.  

Aim 1.1: Attempt to phenocopy the ptch1 mutant through morpholino-mediated knockdown 

of ptch1. 

Aim 1.2: Attempt to rescue the ptch1 mutant with cyclopamine application prior to and after 

otic vesicle development.  

Aim 1.3: Alter Hh signalling levels in wild type embryos through overexpression of shha 

mRNA.  
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Aim 2.1: Identify the putative causative mutation(s) of the olvless mutant by whole genome 

sequencing. 

Aim 2.2: Attempt to phenocopy the olvless mutant through morpholino-mediated knockdown 

of the candidate gene.  

Aim 2.3: Attempt to rescue the olvless mutant with injection of wild type mRNA of the 

candidate gene.  

This research will provide further understanding of how the otic vesicle informs the growth of 

the OLV, expanding our knowledge of lymphatic guidance. The validation of the two mutants 

will allow for the mutants to be used in the future to uncover the lymphatic guidance factors 

provided by the STPS.  
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2 Materials and Methods 

2.1 Materials and Reagents 

2.1.1 Buffers and solutions 

The buffers and solutions used during this study are detailed in Table 2.1. 

Name Composition 

1kb+ DNA ladder 1 x loading dye, and 1 x Gene RulerTM 1kb 

Plus DNA ladder (Thermo Fisher Scientific) 

in sterile water  

1-phenyl-2-thiourea (PTU) 1-phenyl-2-thiourea (Merck) 0.003% (w/v) 

in E3 medium 

Agarose gel 1-2% (w/v) UltraPure AgaroseTM in 1x 

TAE 

E3 medium  

 

25 mM NaCl, 0.17 mM KCI, 0.33 mM 

CaCl2 and 0.33 mM MgSO4 in sterile water, 

pH 7.2 

Loading dye (6x) 0.25% (w/v) Bromophenol blue, 0.25% 

(w/v) xylene cyanol FF, 30% (w/v) glycerol 

in sterile water 

Low melting point (LMP) agarose for gel 

extraction 

 

1.5% (w/v) UltraPure LMP AgaroseTM 

(Invitrogen) in 1x TAE 

Low melting point (LMP) agarose for live 

imaging 

1% (w/v) UltraPure LMP AgaroseTM 

(Invitrogen) in E3 

Methyl cellulose  3% (w/v) Methyl cellulose (Merk) in E3 

medium. 
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TAE buffer (50x) 40 mM Tris-acetic acid, 50 mM EDTA, pH 

8.0 

Tricaine (100x) 2% (w/v) Tricaine (Sigma-Aldrich), 20 mM 

Tris-HCl, pH 7.0 

Phenol red 0.5% phenol red (w/v) and 200 mM KCl in 

sterile water 

Table 2.1 Buffers and solutions 

2.1.1 PCR primers 

Sequence of primers and sizes of products are detailed in Table 2.2. Forward and reverse 

primer pairs made in this study were designed in and ordered from Integrated DNA 

Technologies (IDT). Primer specificity was checked through BLAST on Ensembl (release 99).   

Gene Direction Sequence 5’-3’ Product 

size  

(bp) 

Use  Source 

elf1α 

 

Forward ATCTACAAATGCGGTGG
AAT 

301 Positive 

control for RT-

PCR 

(Okuda 

et al., 

2014) 

Reverse ATACCAGCCTCAAACTC
ACC 

 

ptch1 Forward GTGGAGAAACTCTGGGT

AGAAG 

383 RT-PCR for 

MO validation  

This 

study 

Reverse GGTTTGCCAGGGAGATA

GAA 

 

sox10 Forward CTCGAGACCTACCGAAG

TCACCTGTGG 

1607 Cloning rescue 

mRNA 

construct 

This 

study 

Reverse TCTAGAGTTTGTGTCGA

TTGTGGTGC 
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shha Forward CTCGAGAACACCGCAGCG
AGATTC 

 

1385 Cloning 

mRNA 

construct for 

overexpression 

This 

study 

Reverse TCTAGACTCTCTCACTCT

CGCTCTCT 

Table 2.2  RT-PCR primers 

2.1.2 Sequencing primers 

Sequence of primers used for Sanger sequencing are detailed in Table 2.3. Primers made in 

this study were designed in and ordered from Integrated DNA Technologies (IDT). Primer 

specificity was checked through BLAST on Ensembl (release 99).   

Gene/ 

Target 

Name Direction Sequence 5’-3’ Source 

pGEM-T 

Easy Vector 

M13 

forward 

Forward GTAAAACGACGGCCAGT Massey 

University 

genome 

service 
M13 

reverse 

Reverse GGAAACAGCTATGACCATG 

sox10 FB Forward CTGAACGGGTACGACTGGAC 

 

Wenxuan 

Chen 

RC Reverse AGGAGAAGGCGGAGTAGAGG 

 

shha F1-

Internal 

Forward CTCGCCTACAAGCAGTTCATA This study 

R1- 

Internal 

Reverse CGTAACAGGACGCCAGTATT 

Table 2.3 Sequencing primers 
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2.1.3 Plasmid vectors 

The plasmid vectors used in this study are described in Table 2.4. 

Plasmid maps are in Appendix.   

Cloning vector Use Source 

pGEM-T Easy Cloning PCR products. Promega 

pCS2+ Synthesis of mRNA Addgene 

Table 2.4 Plasmid vectors 

2.1.4 Bacterial strains 

The bacterial strains used in this study are described in Table 2.5. 

Species Strain Use Source 

E. coli DH5α Transforming 

pGEM-T easy 

vectors 

In-house 

E. coli TOP10 Transforming 

pCS2+ vector 

Invitrogen 

Table 2.5 Bacterial strains 

2.1.5 Bacterial growth media and supplements 

The bacterial growth media and supplements are described in Table 2.6. 

Name Composition 

Ampicillin 100 mg/mL in 50% ethanol 

Isoproyl β-D-1 thiogalactopyranoside 

(IPTG) 

25 mg/mL in sterile water 
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Luria broth (LB) (Life Technologies premix) 1% (w/v) Peptone 140, 0.5% (w/v) Yeast 

extract and 171.11 mM NaCl  

LB agar (Life Technologies premix) 1% (w/v) Peptone 140, 0.5% (w/v) Yeast 

extract, 85.56 mM NaCl and 1.2% (w/v) 

Agar 

Super Optimal Broth with catabolite 

suppression (SOC) 

(Life Technologies) 

2% Tryptone, 0.5% yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10mM 

MgSO4 and 20 mM glucose 

X-Gal  20 mg/mL in dimethylformamide 

Table 2.6 Bacterial growth media and supplements 

2.2 Methods  

2.2.1 Zebrafish husbandry 

2.2.1.1 Ethics approval 

Zebrafish husbandry was carried out following the standard operating procedures approved by 

the University of Auckland Animal Ethics Committee. To work with genetically modified fish 

the HSNO approval APP202708 was followed. 

2.2.1.2 Stock and maintenance 

Zebrafish (Danio rerio) were maintained in a Tecniplast zebrafish housing facility with a light 

cycle that was automated to be 14 hours of light and 10 hours of dark. The facility’s water was 

treated using mechanical filters (50 microns), carbon filters and UV light. Water conditions 

were automatically maintained and monitored to be 25.5°C, 250-500 µS conductivity and at a 

pH of 7.0-8.2. The feeding schedule for adult zebrafish was three times daily in the week and 

once in the weekend. The feed consisted of live artemia (INVE) that was supplemented with a 

dry mix that was made up of two specially formulated hatchery diets: NRD 3/5 (INVE) and 

O.Range (INVE) and zooplankton, Cyclop-eeze (Argent). The health and welfare of the fish 

was check daily. Dead fish were removed and fish that presented with abnormalities such as 

dropsy, injury and dysmorphia were euthanised in an ice bath. The fish lines used in this study 

are described in Table 2.7. 
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Zebrafish line Source 

Wild type (AB line) Zebrafish International Resource Center 

(ZIRC), United States of America (USA) 

Tg(lyve1b:DsRed)nz101 referred to as 

lyve1b:DsRed 

Crosier laboratory, University of Auckland, 

New Zealand (Okuda et al., 2012) 

ptch1 (ptch1+/-;lyve1b:DsRed) a  mutant with 

hyperbranched OLV that has mutations in 

ptch1. Isolated from a forward genetic screen 

conducted by the Astin lab. 

Astin lab, University of Auckland, New 

Zealand 

olvless (olvless+/-; lyve1b:DsRed), a mutant 

that has impaired OLV development. 

Isolated from a forward genetic screen 

conducted by the Astin lab. 

Astin lab, University of Auckland, New 

Zealand 

Table 2.7 Zebrafish lines 

2.2.1.3 Spawning and rearing 

The afternoon before spawning, adult zebrafish were placed in spawning tanks with males and 

females being separated by a divider, the ratio of males to females in the tank was 1:2. A large 

1.7 L beach style breeding tank was used for spawning between 4-9 fish. While for spawning 

between a pair, a Dura-Cross breeding tank was used. The following morning, the water in the 

breeding tanks were replaced with fresh system water and the divider between males and 

females were removed. To aid spawning for a pair in the Dura-Cross tank, a gradient was 

created by propping one end of the tank on some blocks. Adult zebrafish were not spawned 

more than once a week.  

Embryos were collected from breeding tank using a tea strainer and were rinsed with water 

before being transferred into petri dishes containing E3 supplemented with methylene blue. 

Embryos were raised in an incubator set at 28.5°C. The embryos were monitored daily, and 

dead and unfertilised embryos removed.  
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2.2.2 Embryo manipulation 

2.2.2.1 Anaesthesia of embryos 

Embryos were anaesthetised in E3 media containing 120 µg/mL tricaine (Eng & Astin, 2018). 

The Tricaine used was diluted in E3 medium from the 100x stock to 1x Tricaine. 

2.2.2.2 1-phenyl-2-thiourea (PTU) treatment 

PTU was used to inhibit pigmentation of embryos for better optical transparency for imaging. 

When embryos were 1 dpf, 0.003% (w/v) PTU was added to the E3 medium in their petri dish. 

2.2.2.3 Microinjection of embryos 

Microinjection needles were created through pulling borosilicate glass capillaries (Warmer 

Instruments) with a P-80 micropipette puller (Sutter Instruments). Using a micropipette, 3µL 

of injection mixture was backloaded into the needle. The needle was then attached to the 

Narishige micromanipulator (Type GJ). Under observation through the Lecia MZ12 

stereomicroscope, the tip of the needle was cut using tweezers or a razor blade. On a 

haemocytometer, a bolus of 1 nL was generated in immersion oil by adjusting the pressure and 

pulse length using the MPPP1-2 Pressure Injector (Applied Scientific Instrumentation) until 

the bolus had a diameter of around 2.5 of the smallest squares. For morpholino injections, 

embryos were arrayed in the grooves of a plastic tray with a small amount of E3, then the 

injection mixture was injected directly into the yolk. For mRNA injections, an injection plate 

was prepared by setting 1.2% agarose with arranged borosilicate glass capillaries to create 

grooves. Embryos were arranged in these grooves with supplemented E3, then the injection 

mixture was directly injected into the cell.  

2.2.2.4 Morpholino knockdown 

Antisense splice blocking and control morpholinos (MO) were ordered from GeneTools. The 

morpholinos and their concentrations used are described in Table 2.8. A 5 mM stock solution 

for each morpholino was made using UltraPure (Invitrogen) water and was stored at -20°C 

until use. Injection mixtures of varying morpholino concentrations were made with UltraPure 

water and 50% (w/v) phenol red as a marker. An optimal dose of injection mixture (highest 

concentration with minimal toxicity) was directly injected as described in 2.2.2.3, into the yolk 
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of 1-4 cell stage lyve1b:DsRed embryos. At 1 dpf embryos were treated with PTU as described 

in 2.2.2.2 and at 6 dpf embryos were imaged as described in 2.2.3.2 and 2.2.3.3.  

To test the efficiency of splice-blocking for the ptch1 MO, RNA was extracted from 1 dpf 

embryos that were injected with either a control MO or a splice-blocking MO as described in 

2.2.6.1. The RNA was then made into cDNA through reverse transcription as described in 

2.2.6.2. From this cDNA, the area around the splice-blocking MO binding site was amplified 

with PCR (2.2.6.3). The resulting PCR product was then purified through gel extraction as 

described in 2.2.6.5, and cloned into a pGEM-T Easy vector with the cloning steps described 

in 2.2.8. The vectors containing the PCR products were then sequenced as described in 2.2.8.5.  

Morpholino Sequence 5’-3’ Concentration 

injected 

References 

Control  CCTCTTACCTCAGTTACAATTTATA 0.5 pmol GeneTools 

ptch1 CTAGCAAATAAGCCATACCTGTTGT 2.5 pmol (Koudijs et 

al., 2005) 

(Chassaing et 

al., 2016) 

sox10 ATGCTGTGCTCCTCCGCCGACATCG 

 

0.2 pmol (Dutton et al., 

2001b) 

(Tang et al., 

2014) 

(Asad et al., 

2016) 

Table 2.8 Morpholinos 

2.2.2.5 mRNA rescue of oll mutant 

sox10 mRNA 50 ng/µL - 75 ng/µL injection mixtures were made with UltraPure water and 

50% (w/v) phenol red as a marker. Embryos were spawned from olvless+/- in-cross and 1-2 nL 

of the injection mixture was directly injected into the cell of embryos at the one cell stage as 

described in 2.2.2.3. Un-injected embryos were kept as a control. Embryos were not treated 
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with PTU to visualize any changes in pigmentation. At 6 dpf, embryos were imaged as 

described in 2.2.3.1 and 2.2.3.2.  

2.2.2.6 shha overexpression  

shha mRNA 75 ng/µL – 100 ng/µL injection mixtures were made with UltraPure water and 

50% (w/v) phenol red as a marker. 1-2 nL of the injection mixture was directly injected into 

the cell of one cell stage lyve1b:DsRed embryos. Un-injected embryos were kept as a control. 

At 1 dpf, embryos were treated with PTU as described in 2.2.2.2. At 6 dpf, embryos were 

imaged as described in 2.2.3.1 and 2.2.3.2.  

2.2.3 Microscopy 

2.2.3.1 Light microscopy 

To image whole embryos and otic vesicles, 6 dpf embryos were anaesthetised with 1x Tricaine 

and mounted laterally in 1% (w/v) LMP agarose as described by Eng & Astin., 2018. A Lecia 

MZ16FA stereomicroscope with a DFC490 camera was used to take images and images were 

adjusted using ImageJ (National Institutes of Health). After imaging, the embryos were 

retrieved from the agar and revived by putting in fresh E3 before being placed back in their 

petri dish.  

2.2.3.2 Confocal microscopy 

To observe and image otic vesicle structures and vascular structures embryos were viewed 

using a 20X water immersion lens on a Nikon D-Eclipse confocal microscope. Embryos were 

anaesthetised and mounted laterally in methyl cellulose to score phenotypic animals, while 

embryos were anaesthetised and mounted in agarose as described in 2.2.3.1 for imaging and 

subsequent quantitation. When imaging a series of optical Z-stacks comprised of 20 to 40 

images were taken at 5 µm intervals and the images are formed by projecting the stacks 

together. ImageJ (National Institutes of Health) and Volocity 6.1.1 (Perkin Elmer) was used to 

manipulate and analyse the images.  

2.2.3.3 Differential interference contrast (DIC) microscopy 

DIC microscopy was used to image the otic vesicles of 6 dpf embryos at a higher contrast. As 

described in 2.2.3.1, embryos were anaesthetised and mounted. Imaging was carried out on an 
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Olympus FV1000 confocal microscope with a 20X water immersion objective lens using 

transmitted light and a polarising filter. To form the image a series of optical Z-stacks were 

taken and projected together. ImageJ (National Institutes of Health) was used to manipulate the 

images. 

2.2.4 Image analysis 

2.2.4.1 Quantification of OLV length 

Total OLV length was measured from confocal images of 6 dpf embryos obtained as described 

in section 2.3.2. Measurements were taken in Volocity 6.1.1 (Perkin Elmer) image analysis 

software by tracing the total length of the OLV from its origin at the lateral facial lymphatic to 

the end of the vessel including all its branches (Figure 2.1).  

2.2.4.2 Quantification of ectopic branches  

Ectopic branches were defined as extra branches that are not the normal two branches that 

come off the main vessel of the OLV (Figure 2.1). Extra branches at the top of the OLV were 

not counted as ectopic due to variability in this area in the wild type OLV pattern. Number of 

ectopic branches were counted either from images obtained from confocal microscopy or in 

observation of embryos mounted in methyl cellulose as described in 2.2.3.2.  

Figure 2.1: Quantification of OLV length and ectopic branches.  

Confocal images of wild type and ptch1 OLV and surrounding facial lymphatics marked by lyve1b:DsRed 

expression at 6 dpf. The length of the wild type OLV is traced, the main vessel is outlined in red, and the two 

*

Wild type OLV ptch1 OLV
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branches are outlined in green. The ptch1 mutant has abnormal OLV shape and ectopic branches. The main vessel 

is outlined in red, and the branch outlined in green is considered a normal OLV branch that would be typically 

seen in wild type embryos. A yellow asterisk marks the OLV branch that would be considered ectopic. Scale bar= 

50 µm. Abbreviations: dpf- days post fertilisation, OLV- otolithic lymphatic vessel.  

2.2.4.3 Quantification of thoracic duct formation 

Thoracic duct formation was quantified at 6 dpf as described by Astin et al., 2014. First 

embryos were mounted as in 1% (w/v) UltraPure LMP agarose as described in 2.2.3.1. Under 

the Nikon D-Eclipse C1 confocal microscope, the trunk of the embryos was scanned across 

counting the presence of the thoracic duct in each somite segment from somites 4 to 20 resulting 

in the percentage of thoracic duct formation.   

2.2.4.4 Quantification of STPS defects 

The mutants used in this study have defects in the structure of the otic vesicle termed the 

superficial three-pronged structure. To characterize STPS defects a quantification system made 

by Yang (2020) was used. The severity of STPS defects is categorised by the number of touch 

points the STPS makes with the otic vesicle wall. The STPS defect categories include mild= 3 

touch points with abnormal shape, moderate= 2 touch points, moderately severe= 1 touch point, 

severe= no touch points/no STPS (Figure 2.2). 

 

Figure 2.2: STPS defect quantification. 

Schematic representations of the STPS defect categories. The STPS is outlined in blue and the touch points to the 

otic vesicle are marked in red. As severity increases the number of touch points decreases. Abbreviations: STPS= 

superficial three-pronged structure. Figure adapted from (Yang, 2020).  

Wild type Mild Moderate Moderately-severe Severe

Number of touch points to otic vesicle wall

3 3 2 1 0
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2.2.5 Drug treatments 

2.2.5.1 Cyclopamine rescue of ptch1 mutants 

A cyclopamine rescue experiment was based on the experiment conducted in Koudijs et al. 

(2005). Embryos were spawned from ptch1 carriers and at 5.5 hpf they were separated into 

dishes that contained either 3 µM of cyclopamine (Selleckchem) in E3 with 0.003% (w/v) PTU 

or the vehicle control 0.0003% (w/v) ethanol in E3 with 0.003% (w/v) PTU. A day later the 

medium was replaced with fresh medium containing the same treatment (cyclopamine or 

control). The embryos were kept in this medium until 6 dpf, when they were mounted in methyl 

cellulose as described in 2.2.3.2. In each treatment group the number of ptch1 phenotypic 

embryos and the number of ectopic branches were counted under the Nikon D-Eclipse C1 

confocal microscope.  

2.2.5.2 Late-stage cyclopamine  

To investigate the role of ptch1 on OLV growth separate to otic vesicle development, the 

cyclopamine experiment was repeated at a later point in development. Embryos from ptch1 

carriers were kept in medium containing 0.003% (w/v) PTU until 3 dpf. Embryos were then 

mounted in methyl cellulose and those that did not yet having any OLV growth were selected 

for under the Nikon D-Eclipse C1 confocal microscope. These embryos were then separated 

into dishes containing cyclopamine or the vehicle control as previously described (2.2.5.1), 

with the medium being replaced the next day. Again at 6 dpf, embryos were mounted in methyl 

cellulose and the number of ectopic branches and ptch1 phenotypic embryos were counted for 

in each group under the Nikon D-Eclipse C1 confocal microscope.  

2.2.6 Molecular biology methods 

2.2.6.1 RNA extraction 

RNA was extracted from around 30 dechorionated 1 dpf embryos using TRIzol Reagent 

(Invitrogen). 1 mL of TRIzol reagent was added to the sample tube of embryos and vortexed 

thoroughly. The tissues were homogenized with a 22-gauge insulin needle (Terumo) by 

drawing the solution up and down until no more tissue could be seen. The homogenized sample 

was then incubated for 5 minutes at room temperature before 200µL of chloroform (Sigma) 

was added and vortexed for 15 seconds. At room temperature, the sample was incubated for a 
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further 3 minutes and then centrifuged at 12,000 g at 4°C for 15 minutes. After centrifugation 

the aqueous phase was transferred into a fresh 1.5 mL tube. To precipitate the RNA, 500 µL of 

isopropyl alcohol was added to the sample and mixed through pipetting up and down. The 

sample was then incubated for 10 minutes at room temperature. The sample was then 

centrifuged at 12,000 g at 4°C for 10 minutes, after this the RNA forms as a pellet on the side 

and bottom of the tube. The supernatant was then carefully removed, and the pellet was washed 

gently with 1 mL of 75% ethanol. The sample was then centrifuged at 7,500g at 4°C for 5 

minutes. Again, the supernatant was carefully poured out and the pellet was left to air dry at 

room temperature for 10 minutes. The dried RNA pellet was then resuspended in 20 µL of 

DEPC water, the final concentration was determined by Nanodrop as per section 2.2.7.1. The 

RNA was stored at -80°C if not used immediately.  

2.2.6.2 cDNA synthesis 

cDNA was synthesized using 250 ng of RNA and the SuperScript III Reverse Transcriptase kit 

(Invitrogen). First a reaction mixture of 250 ng of total RNA (from 2.2.6.1), 1 µL of random 

primers or 1 µL of oligoDT primer, 1 µL of dNTP and nuclease-free water to make up to 13 

µL was made. This reaction mixture was incubated at 65°C for 5 minutes then put on ice for 1 

minute. After this 4 µL of 5X First Strand Buffer, 1µL of 0.1 M DTT, 1 µL of RNAse inhibitor 

and 1 µL of SuperScript III Reverse Transcriptase was added and the mixture was mixed by 

pipetting up and down. The reaction mixture was then incubated at 25°C in a water bath for 5 

minutes. The reaction was then transferred into PCR tubes and the rest of the reaction was 

carried out in the Mastercycler® Nexus Eco (Eppendorf) with the following conditions: 50°C 

for 60 minutes and 70°C for 15 minutes to inactivate. The resulting cDNA was then transferred 

into a 1.5 mL microcentrifuge tube and stored at -20°C if not used immediately.   

2.2.6.3 Polymerase chain reaction (PCR) 

Taq DNA polymerase (Roche) was used to perform PCR amplification. Primers used for PCR 

were diluted to 10 µM working solutions. The PCR tubes consisted of a 20 µL reaction mixture 

made up of 2 µL of 10x buffer, 1 µL of dNTP, 0.5 µL MgCl2, 0.5 µL each of forward and 

reverse primer, 0.3 µL Taq polymerase, 1 µL of cDNA (from 2.2.6.2 and diluted to 1/25) and 

14.2 µL of UltraPure water. The PCR reaction was carried out in the Mastercycler® Nexus Eco 

(Eppendorf) with the following conditions: 2 minutes at 94°C for initial template denaturation, 

35 cycles of 15 seconds at 94°C for template denaturation, 40 seconds at 5°C lower than the 
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Tm of the primer (56°C- 60°C) for primer annealing, 1 minute per kb at 72°C for elongation 

and a final elongation at 5 minutes at 72°C. If the resulting PCR products were not used 

immediately, they were stored at -20°C.  

2.2.6.4 Gel electrophoresis 

A 1-2% agarose gel with 1x SYBRSafe stain (Invitrogen) in TAE buffer was made and loaded 

into a Mini-Sub Cell GT Cell (Bio-Rad). 4 µL of 6x loading dye was added to the 20 µL PCR 

product from which 3-8 µL was loaded into the wells of the gel alongside 1 µL of 1kb+ Ladder 

(GenePlus) in the first well. To separate the nucleic acid bands the gel ran at 65-100V until the 

dye reached 4-5 cm from the bottom of the gel. Then the gel was imaged using the Bio-Rad 

Gel Doc EZ Imager (BioRad) and the images were analysed on the ImageLab v6.0.1 (BioRad) 

software. 

2.2.6.5 Gel extraction 

PCR products ran on a 1.5% LMP Agarose gel with 1X SYBR Safe stain in 1 x TAE buffer at 

65V for around an hour or until the dye ran about 4-5 cm from the bottom of the gel. Using a 

Dark Reader® transilluminator (Clare Chemical Research) the nucleic acid band of interest 

was visualized. To excise out the band of interest a clean scalpel was used. The PCR product 

was purified from the piece of agarose gel by using the QIAquick® Gel Extraction Kit (Qiagen) 

according to the manufacturer’s instructions. The presence of the PCR product of interest was 

re-confirmed by running 20 ng/µL on an 1-2% agarose gel and the concentration was 

determined by comparing the intensity of the band to the known molecular weights of the 1kb+ 

DNA ladder and by nanodrop as described in 2.2.7.1.  

2.2.7 Nucleic acid quantification 

2.2.7.1 Nanodrop 

Nucleic acid concentration was measured using the Nanodrop One C Microvolume UV-Vis 

spectrophotometer (Thermo Fisher Scientific). First the machine was blanked with 1 µL of the 

sample suspension medium, then 1 µL of the sample was applied. Absorbance ratios of 260 

nm/280 nm and 260 nm/230 nm were used to measure nucleic acid concentration. The machine 

was wiped cleaned in between different samples/the blank as well as before and after use.  
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2.2.7.2 Qubit 

The Qubit Broad-Range assay was also used to measure the concentration of dsDNA. 1 µL of 

sample DNA was diluted in 199 µL of buffer and analysed with two standards (10 µL of either 

standard 1 or 2 in 190 µL of buffer). The sample DNA along with the two tubes of the standards 

were vortexed and incubated at room temperature for 3 minutes before they were analysed on 

the Qubit 3.0 fluorometer (Molecular probes, Life Technologies).  

2.2.7.3 Tapestation  

To separate and quantify dsDNA of different molecular weights the Agilent 2200 TapeStation 

was used. 1 µL of the sample was mixed with 3 µL of the supplied dye, this was run in the 

TapeStation machine along with the ladder according to the manufacturer’s instructions. 

2.2.8 Cloning 

2.2.8.1 Ligation 

2.2.8.1.1 pGEM-T Easy ligation 

The pGEM-T Easy (Promega) vector was used to clone PCR products, including full length 

sox10, shha and a portion of ptch1. The pGEM-T Easy ligation mixture consisted of 5 µL 2x 

Rapid Ligation Buffer (Promega), a 1:3 ratio of vector to PCR product (calculated with the 

Biomath calculator, Promega), 1 µL of T4 ligase (Promega) and nuclease free water to make 

up to 10µL. This ligation mixture was incubated over night at 4°C.  

2.2.8.1.2 pCS2+ ligation  

The pCS2+ vector (addgene) was used to generate sox10 and shha mRNA. Sequenced open 

reading frames of sox10 and shha were transferred from pGEM-T Easy vectors to pCS2+ 

vectors by restriction digest. The RT-PCR primers used to initially amplify the genes from 

cDNA added flanking restriction sites with XhoI at the 5’ end and XbaI at the 3’ end. These 

enzymes were used to excise sox10 and shha from the pGEM-T Easy cloning vector and to 

double-digest the recipient pCS2+ vector, as described in 2.2.8.4. After the excised genes were 

purified (2.2.6.5), they were ligated into the cut pCS2+ vector using the Quick ligase kit (NEB). 

The Quick ligase mixture consisted of 10 µL 2x Quick Ligase Reaction Buffer (NEB), a 1:3 

ratio of vector to insert DNA (calculated with the NEBiocalculator), nuclease free water to 
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make up 20 µL and 1 µL of Quick Ligase. The reaction mixture was incubated at room 

temperature for 5-10 minutes. 

2.2.8.2 Transformation 

Chemically competent E. coli were transformed with plasmids using heat shock for their 

amplification. The bacteria were firstly thawed on ice for 10 minutes, then 2 µL of the ligation 

mixture or purified plasmid was added. This mixture was then incubated on ice for 25 minutes. 

To heat shock the bacteria, the mixture was placed in a 42°C water bath for 30 seconds then 

placed back on ice for 2 minutes. Following this 250 µL of SOC medium was added to the 

transformed bacteria and the mixture was incubated at 37°C with shaking at 200 rpm. The 300 

µL inoculum was divided and plated onto two plates containing ampicillin as a selective 

antibiotic and 40 µL of IPTG and X-Gal for bacteria that were transformed with pGEM-T Easy 

ligation mixtures. The plates were incubated at 37°C overnight. Bacterial colonies containing 

recombinant vectors were identified through ampicillin selection and blue/white colony 

selection for recombinant pGEM-T Easy vectors. Then single identified colonies were selected 

and re-streaked on ampicillin plates, again containing IPTG and X-Gal for selection of 

recombinant pGEM-T Easy vectors. The re-streaked plates were incubated at 37°C overnight.  

2.2.8.3 Plasmid purification 

Individual transformed colonies were isolated by picking them up with a sterile pipette tip 

which was then inoculated in 3 mL LB containing 3 µL of ampicillin. The colony was grown 

overnight at 37°C with shaking at 200rpm. To purify out the plasmid the QIAprep Miniprep 

kit (Qiagen) according to the protocol from the manufacturer. For higher yields of plasmids, 

the ZymoPURE II Plasmid Midiprep kit (Zymo Research) was used following the 

manufacturers protocol. The resulting plasmid DNA was eluted with UltraPure water and the 

concentration was determined using the Nanodrop 1000 spectrophotometer (Thermo Fisher 

Scientific) as per section 2.2.7.1. The plasmid DNA was stored at -20°C unless immediately 

used.  

2.2.8.4 Restriction digest 

Restriction enzyme digests were carried to make mRNA template vectors and to determine the 

orientation of inserts in vectors. A reaction mixture consisted of an appropriate amount of 

plasmid and 10x buffer with a maximum of 10% (v/v) of restriction enzyme. The digest 
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reaction was incubated for 1-2 hours at 37 °C. To visualize the digest reaction, 3-8 µL was 

loaded onto the 1-2 % agarose gel as described in section 2.2.6.4.  

2.2.8.5 Sanger Sequencing 

Sanger sequencing of plasmids was performed by Massey University Genome Service. 300 ng 

of purified plasmid was sent either with 4.0 pmol of forward or reverse internal primer in 

UltraPure water to make up 20 µL, or just in UltraPure water to make up 19 µL if Massey’s 

primers were selected. The primers used for sequencing are described in Table 2.3.  

2.2.8.6 in vitro transcription 

pCS2+ vectors containing sox10 and shha with the correct sequence and gene orientation were 

used to generate sense mRNA. First, the template vectors were linearized using restriction 

digest as described in 2.2.8.4. The vector containing shha was linearized with ApaI, while the 

vector containing sox10 was linearized with SacII. Efficient cutting was checked by running 2 

µL on an agarose gel as described in 2.2.6.4. The cut vectors were purified using the Purelink 

PCR Purification Kit (Invitrogen) and the final concentration was determined using Nanodrop 

(2.2.7.1). In vitro transcription of the linearized vectors was carried out using the mMESSAGE 

mMachine SP6 Transcription kit (Ambion) following the manufacturer’s protocol. The 

concentration of the resulting mRNA was determined using Nanodrop (2.2.7.1). To check 

mRNA quality, 1 µL of mRNA was added to 2 µL of 6x loading dye and 10 µL of formamide, 

this mixture was incubated at 70°C for 10 minutes then was run on an agarose gel as described 

in 2.2.6.4. Unless used immediately, the rest of the mRNA was aliquoted and stored at -80°C.  

2.2.9 Whole Genome Sequencing 

Whole Genome Sequencing of the olvless mutant and wildtype embryos was conducted to find 

putative causative mutation(s) of the olvless phenotype. The steps are described below.  

2.2.9.1 Embryo collection 

Carrier olvless fish were crossed pairwise as described in 2.2.1.3, with the spawning pairs kept 

separate after for subsequent spawning. At around 3-4 dpf the same number of mutant embryos 

and wild-type sibling embryos were anaesthetized as described in 2.2.2.2, and placed in 

different sterile 1.5 mL microcentrifuge tubes using different sterile 1 mL pipettes. olvless 
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mutant embryos were distinguished from wild type siblings based on the lack of pigmentation. 

Without losing any embryos, as much E3 media as possible was removed, then the tubes were 

stored at -80°C until a desired number of embryos from one carrier pair was reached (33 mutant 

and wild type embryos for this study). 

2.2.9.2 Genomic DNA extraction 

The pooled samples of mutant and wild type embryos were removed from -80°C storage and 

thawed at room temperature. Then the embryos were mechanically broken down by tapping 

the samples twice with separate sterile polypropylene pellet pestles. To ensure no sample was 

lost the pestles were scraped against the side of the tube and the cap, then the tubes were briefly 

centrifuged. Genomic DNA extraction was performed using the DNeasy Blood & Tissuse Kit 

(Qiagen) following the instructions of the Purification of Total DNA from Animal Tissues 

(Spin-Column Protocol). The resulting genomic DNA were analysed by running 1.5 µL each 

on a 1.7% gel as described in 2.2.6.4 and concentrations were quantified by Nano drop and 

Qubit as described in 2.2.7.1 and 2.2.7.2.  

2.2.9.3 Genomic library preparation 

The genomic libraries of the olvless mutant and wild type siblings were prepared using the 

SureSelect XT Library Prep kit ILM following the manufacturer’s protocol and with assistance 

from the Bohlander lab. Alterations to the protocol included the addition of 16 µL of betaine 

to each sample at the ‘Pre-capture Herculase II PCR’ and the ‘Indexing and post-capture PCR’ 

steps. The concentrations and quality of samples were measured using Qubit and Tapestation 

as described in 2.2.7.2 and 2.2.7.3. The final genomic libraries were correctly labelled with 

GeneID, index and date and stored at -20°C until they were sequenced. 

2.2.9.4 Next Generation Sequencing 

The genomic libraries of the olvless mutant and wild type siblings were sequenced using the 

Illumina NextSeq®500 desktop sequencer by Dr Purvi Kakadiya (Department of Molecular 

Medicine and Pathology, University of Auckland). 60 million reads per library were conducted 

using paired end reads. Then the genomes were assembled and aligned to the Zv9 reference 

zebrafish genome (Howe et al., 2013). 
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2.2.9.5 SNP track analysis 

The sequenced genomes were uploaded to a website named “SNP track”, 

(http://genetics.bwh.harvard.edu/snptrack/) (Leshchiner et al., 2012). SNP track uses a 

homozygosity algorithm to map a mutation to a small area of the genome and identifies 

potential causative mutations from the sequence data. A candidate mutation for the olvless 

mutant was identified by filtering for SNPs that were homozygous in the mutant sequences 

while heterozygous in the wild type sequences as well as non-conservative amino acid changes 

and the presence of STOP codons. 

2.2.10 Statistical analysis 

Statistical analyses were carried out on GraphPad Prism 8.0. First normality was tested through 

the Shapiro-Wilk test and D’Agostino & Pearson test. To test for significance an unpaired t test 

was performed for normally distributed data while a Man-Whitney test was performed for data 

that was not normally distributed. A p value of less than 0.05 was considered as statistically 

significant for all tests.
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3 Results – Confirming the role of ptch1 and Hh signalling in 
otic vesicle and OLV development 

3.1 ptch1 mutant 

The patched1 (ptch1) mutant was initially isolated from a forward genetic screen conducted by 

the Astin lab to find mutants with lymphatic patterning defects. The otolithic lymphatic vessel 

(OLV) of the ptch1 mutant is abnormal in shape and is hyperbranched. The hyperbranched 

phenotype includes extra branches off the main vessel of the OLV often forming looped OLV 

structure rather than the typical arched shape. The quantification of ectopic branches is 

described in section 2.2.4.2. All other lymphatic vessels in the mutant including the other facial 

lymphatics are normal. The ptch1 mutant has subtle otic vesicle defects, including a 

mispositioned STPS. The STPS defects in the ptch1 mutant correlates with the mis-patterning 

of the OLV (Yang, 2020).  

Whole genome sequencing of the ptch1 mutant and wild type siblings mapped the mutant to a 

region in chromosome 8 containing the ptch1 gene. Sequencing of the ptch1 gene confirmed 

the presence of two mutations that resulted in amino acid changes that are likely damaging the 

function of Ptch1 (D.Britto, Personal communication). Ptch1 is a receptor in the Hedgehog 

(Hh) signalling pathway which negatively regulates Hh signalling in the absence of Hh ligands 

(Hammond et al., 2010). The loss of function mutations found in the ptch1 mutant is likely 

leading to the over-activation of the Hh signalling pathway. Hh signalling and ptch1 have 

known roles in otic vesicle patterning but no known roles in lymphatic vessel development 

(Hammond et al., 2003). This chapter will work to validate that the mutations in ptch1 cause 

the mutant phenotypes by morpholino knockdown of ptch1, rescue of the ptch1 phenotypes 

using a Hh inhibitor and overexpression of Hh in wild type embryos.  

3.2 Morpholino-mediated knockdown of ptch1 

3.2.1 Introduction  

If the loss of function mutations in ptch1 cause the observed OLV and otic vesicle phenotypes, 

then morpholino knockdown of ptch1 expression should phenocopy that mutant OLV and otic 

vesicle phenotypes. The ptch1 MO used in this research binds across the boundary of exon 3 

and intron 3-4 (Figure 3.1A), and therefore disrupts splicing of the pre-mRNA by blocking the 
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spliceosome machinery. This MO has been previously used by both Koudijs et al. (2005) and 

Chassaing et al. (2016). The ear and eye phenotypes of the leprechaun mutant were 

successfully phenocopied in wild type embryos using the ptch1 MO (Koudijs et al., 2005). RT-

PCR analysis performed by Chassaing et al. (2016) showed that the ptch1 MO lead to the partial 

suppression of ptch1 expression.  

3.2.2 Morpholino efficacy 

One to four cell stage wild type embryos were injected with either 2.5 pmol of the ptch1 MO 

or 0.5 pmol of a control MO that does not target any genes. For the ptch1 MO, a range of doses 

from 0.5-3 pmol were tested, 2.5 pmol was the highest tolerated dose with minimal MO 

toxicities such as oedema, developmental delay, and death and the ptch1 otic vesicle phenotype 

observed at a high frequency. This dose is the same as used by Koudijs et al. (2005).  To test 

the splice-blocking efficacy of the ptch1 MO, RT-PCR was performed. RNA was extracted 

from 1 dpf ptch1 morphants, control morphants and un-injected embryos, from which cDNA 

was made using reverse transcription. The ptch1 region containing the ptch1 MO binding site 

was PCR amplified with flanking primers (Figure 3.1A). The PCR product from control 

morphant and un-injected larvae was the predicted size of 383 bp indicating that normal 

splicing of mRNA had occurred (Figure 3.1B). However, in ptch1 morphants two different 

PCR products were obtained, one that was 469 bp and one that was 295 bp, confirming that the 

ptch1 MO resulted in aberrantly spliced ptch1 mRNA. As no wild type product was detected 

in ptch1 morphants, it suggest that the majority of ptch1 mRNA is mis-spliced. Thus, the splice-

blocking mechanism of the ptch1 MO has high efficacy at 1 dpf.  

The splice products of the ptch1 morphants was cloned and sequenced. This revealed that the 

469 bp splice product contained all of intron 3-4 (86 bp), while the 295 bp splice product was 

missing the last 87 bp of exon 3 as well as 1 bp of exon 4 (Figure 3.1B). Both the retention of 

an intron and the removal of an exon portion led to the addition of a premature STOP codon in 

the sequence and thus a predicted non-functional protein. This validated that the ptch1 MO 

blocks splicing of ptch1 mRNA with high efficacy.   
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Figure 3.1: ptch1 MO leads to aberrant splicing of the mRNA 

 (A) Schematic representation of the ptch1 gene from exons 1-6 (blue boxes= exons and lines= introns) showing 

the binding sites for the splice-blocking MO (red box) and primers (arrows). (B) Image of an agarose gel with 

RT-PCR products from 1 dpf RNA from un-injected, control and ptch1 morphants. Negative control= no cDNA. 

Arrows point to schematic representations of the PCR products that were determined by Sanger sequencing, the 

469 bp product contains intron 3-4 while the 295 bp splice product is missing the MO binding site of in exon 3.  

Abbreviations: MO- morpholino, PCR- polymerase chain reaction, bp- base pairs.  
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3.2.3 Phenotypic analysis of ptch1 morphants 

To determine the effect of the ptch1 MO on OLV and otic vesicle development, lyve1b:dsRed 

embryos injected with either 2.5 pmol ptch1 MO or 0.5 pmol control MO were imaged at 6 

dpf. The OLVs of ptch1 morphants were abnormal in morphology and contained ectopic 

branches (yellow asterisks) (Figure 3.2B), while the control morphants had normal OLV 

growth (Figure 3.2A). There was a 13-fold increase in the average number of ectopic OLV 

branches in the ptch1 morphants compared to the control morphants (Figure 3.3B) 

Due to the presence of ectopic branches, the average OLV length of the ptch1 morphants (421 

µm) were significantly longer than those of the control morphants (369 µm) (Figure 3.3A). 

The otic vesicles of the ptch1 morphants were also abnormal with subtle defects in the STPS 

shape and position of the prongs (Figure 3.2F). The otic vesicles and STPS were normal in 

control morphants (Figure 3.2E).   

The OLV and otic vesicle phenotypes of the ptch1 morphants are equivalent to those of the 

ptch1 mutant. This includes the hyperbranched OLV with concomitant otic vesicle defects with 

abnormal STPS structure (Figure 3.2B, 3.2F, 3.2D & 3.2H). In support of this, there is no 

significant difference in either the OLV length between the ptch1 morphants (421 µm) and 

ptch1 mutants (454 µm) (Figure 3.3A) or in the average number of ectopic branches (Figure 

3.3B).  

The growth of the surrounding facial lymphatic vessels including the MFL and LFL appeared 

normal in the ptch1 morphants (Figure 3.2B). However, there was a small reduction in thoracic 

duct (trunk lymphatic vessel) development in the ptch1 morphants (Figure 3.3C).  

As for the ptch1 mutant, abnormal OLV development in the ptch1 morphants strongly 

correlated with the presence of otic vesicle defects. Only 1/25 ptch1 morphants and 3/14 ptch1 

larvae with otic vesicle defects had normal OLV development, while abnormal OLV 

development was never observed in larvae with normal otic vesicles. The ptch1 morpholino 

data further supports the idea that otic vesicle development is necessary for OLV growth.  

 This experiment shows that the ptch1 MO can phenocopy both the OLV and otic vesicle 

defects of the ptch1 mutant and provides strong evidence that the loss-of-function mutations in 

ptch1 are responsible for the mutant phenotype.  
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Figure 3.2:  ptch-1 morphants phenocopy the ptch1 mutant 

(A-D) Confocal images of the OLV and surrounding facial lymphatics labelled by lyve1b:DsRed expression in control morphant (A), ptch1 morphant (B), wild type (C) and 

ptch1 mutant embryos at 6 dpf. Yellow asterisks (B&D) mark the ectopic OLV branches in ptch1 morphant and mutant animals. (E-H) DIC images of the otic vesicle in control 

morphant (E), ptch-1 morphant (F), wild type (G) and ptch1 embryos at 6 dpf. Note fish in E-H are different animals to those imaged in A-D. The STPS is marked by yellow 

dotted lines, abnormalities in the shape of this structure are seen in the ptch1 morphant and ptch1 mutant. Scale bars: 50 µm. Abbreviations: OLV – otolithic lymphatic vessel, 

dpf- days post fertilisation, STPS- superficial three-pronged structure, MO-morpholino.
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Figure 3.3: Quantifications of the ptch1 morphant vs the ptch1 mutant 

(A-C) Graphs of measurements for the control morphant, ptch1 morphant, ptch1 mutant and wild type embryos 

at 6 dpf. (A) Total OLV length measurements. (B) Number of ectopic branches. (C) Thoracic duct formation. 

Number of embryos (n)= 30= control morphants, n=32= ptch1 morphants, n=16= wild type, n=17= ptch1.  

n.s P>0.05, * P<0.05, ** P<0.01, *** P<0.001. Significance was assessed using unpaired t test and Mann-Whitney 

test.  Abbreviations: OLV- otolithic lymphatic vessel, dpf- days post fertilisation, MO- morpholino.  
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3.3 Cyclopamine rescue of the ptch1 mutant 

To further validate that the loss of function mutations in ptch1 cause OLV and otic vesicle 

defects, cyclopamine was used to rescue the ptch1 phenotype. Cyclopamine is a chemical 

inhibitor that binds to the Smoothened receptor, thus disrupting downstream Hh signalling 

(Taipale et al., 2000) and can therefore be used to normalise the over-active Hh signalling 

present in a ptch1 mutant. A low dose of cyclopamine has been previously used to rescue the 

ptch1 mutant leprechaun; the ear defects of the leprechaun mutant including a mispositioned 

dorsolateral septum and disrupted ventral pillar were rescued following 3 µM cyclopamine 

treatment at 5.5 hpf with no effect on the wild type siblings  (Koudijs et al., 2005). Preliminary 

cyclopamine rescue experiments of our ptch1 mutant using the Koudijs et al. (2005) procedure 

were promising (Yang, 2020) and this research aims to further confirm the role of ptch1 in 

OLV development by confirming that cyclopamine can rescue the OLV phenotype. 

Embryos were spawned from an incross of ptch1+/-;lyve1b:DsRed animals and then at 5.5 hpf 

were randomly separated into two groups, one group of embryos were treated with 3 µM of 

cyclopamine, while the vehicle control group were treated with ethanol. The medium was 

replaced with fresh drug treatment at 1 dpf, and then at 6 dpf the embryos were imaged to 

observe the effect of the treatments on otic vesicle and OLV development (Figure 3.4A). As 

the loss-of-function mutations in ptch1 are inherited in a Mendelian manner 75% of the larvae 

will be a mixture ptch1+/+ and ptch1+/-; while 25% will be ptch1-/-. If ptch1 is responsible for 

the OLV phenotype then, in the cyclopamine treatment group, all embryos should appear 

phenotypically wild type. These results were replicated in this research with 43/43 of the 

cyclopamine embryos having both normal OLV growth (Figure 3.4B) and STPS structure 

(Figure 3.4E).  In the vehicle control group the ptch1 phenotype including the hyperbranched 

OLV (Figure 3.4D) and abnormal STPS (Figure 3.4G) segregated in the expected Mendelian 

manner, with OLV phenotypes present in 10/49 embryos (20%) and the 39/49 remainder (80%) 

appearing wild type (Figure 3.4C&F). Due to the presence of the ptch1 phenotype in the 

ethanol group, there was a 2.5-fold increase in the average number of ectopic OLV branches 

in the ethanol group compared to the cyclopamine group (Figure 3.4H) 

The ability of cyclopamine to rescue the ptch1 mutant provides strong evidence that the loss 

of function mutations in ptch1 and subsequent Hh over-activation cause the OLV and otic 

vesicle defects. 
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Figure 3.4: Cyclopamine treatment from 5.5 hpf rescues the ptch-1 mutant 
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(A) Schematic of the cyclopamine experiment. (B-D) Confocal images of the OLV and surrounding facial 

lymphatic vessels labelled by lyve1b:DsRed expression and DIC images of otic vesicle (E-G) in 6dpf embryos 

from a ptch1+/- in-cross treated with either 3µM cyclopamine (B&E) or ethanol (C,D&G) at 5.5 hpf. Embryos in 

E-G are different animals to those imaged in A-D. The wild-type OLV phenotype is represented in A and B, while 

the mutant phenotype is showed in C with ectopic branches marked by a yellow asterisk. The otic vesicle defects 

found in a proportion of embryos in the ethanol group is highlighted by the abnormal shape of the STPS (marked 

with yellow dotted lines). (H) Graph showing the number of ectopic OLV branches in the cyclopamine vs ethanol 

group, n= cyclopamine= 59, n= 50=ethanol. 

Scale bars: 50 µm. * P<0.05. Significance was assessed using Mann-Whitney test. Abbreviations: OLV – otolithic 

lymphatic vessel, hpf= hours post fertilisation, dpf- days post fertilisation, STPS- superficial three-pronged 

structure.  

3.3.1 Cyclopamine application after otic vesicle development  

It is not clear from our data whether Ptch1 activity is required within lymphatic cells or if it 

acts indirectly to direct OLV growth. Hh signalling has known roles in otic vesicle patterning 

(Hammond et al., 2003), but has well established roles in lymphatic vessel development. 

Therefore, it is most likely that ptch1 is required indirectly, perhaps in the formation of otic 

vesicle structures like the STPS that are required for OLV growth. In the previous experiment, 

the cyclopamine treatment was initiated at 5.5 hpf (Koudijs et al., 2005), a timepoint prior to 

both otic vesicle and lymphatic development.  

To gain further insight into the role of ptch1 and Hh signalling in OLV and otic vesicle 

development, the cyclopamine experiment was repeated but with the treatment initiated at 3 

dpf, a timepoint when the otic vesicle (including STPS) is largely formed but the OLV is yet 

to develop. Therefore, if cyclopamine added at 3 dpf no longer rescues the OLV defect in ptch1 

mutants, it suggests that ptch1 is not acting directly in OLV development.  

ptch1+/-;lyve1b:DsRed fish were in-crossed and at 3 dpf the larvae were randomly separated 

into two groups, one receiving 3 µM cyclopamine and other having the ethanol vehicle control 

(Figure 3.5A). Like the previous experiment the medium was replaced with fresh drug 

treatment a day later, and at 6 dpf the two groups were imaged to observe the effect of the 

treatments on otic vesicle and OLV development. It was found that the ptch1 phenotype 

including hyperbranched OLV (Figure 3.5C&E) and the abnormal STPS structure (Figure 
3.5C`&E`) was present in both the cyclopamine and ethanol groups, seen in 7/51 (14%) and 

5/44 (11%) embryos respectively. The remaining 44/51 (86%) and 39/44 (89%) embryos had 

normal OLV growth (Figure 3.5B&D) and otic vesicle development (Figure 3.5B`&D`). The 
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lack of cyclopamine rescue is supported by the fact there was no significant difference in the 

average number of ectopic branches between the two experimental groups (Figure 3.5F). 

Therefore, cyclopamine application after otic vesicle development and prior to OLV growth 

was not sufficient to rescue the ptch1 phenotype which suggests ptch1 is likely indirectly 

guiding the growth of the OLV. 
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Figure 3.5: Cyclopamine treatment from 3 dpf is unable to rescue the ptch1 mutant.  
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(A) Schematic of the late stage cyclopamine experiment. (B-E) Confocal images of the OLV and surrounding facial lymphatic vessels labelled by lyve1b:DsRed expression in 

6 dpf embryos from a ptch1+/- in-cross treated with either 3µM cyclopamine (A&B) or ethanol (C&D) at the same volume at 3 dpf before OLV sprouting. (B’-E’) Corresponding 

DIC images of the otic vesicles. The ptch-1 phenotype represented by ectopic OLV branches (marked by yellow asterisks) and abnormal STPS structure (out-lined with yellow 

dotted lines) is present in a proportion of embryos in both groups. (F) Graph of number of ectopic branches in the cyclopamine vs the ethanol group, n=30= cyclopamine, 

n=27= ethanol.  

Scale bar: 50 µm. n.s P>0.05. Significance was assessed using Mann-Whitney test. Abbreviations: OLV – otolithic lymphatic vessel, hpf= hours post fertilisation, dpf- days 

post fertilisation, STPS- superficial three-pronged structure. 
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3.4 shha overexpression  

3.4.1 Introduction  

To further confirm that over-active Hh signalling causes the ptch1 otic vesicle and OLV 

defects, Hh was overexpressed in wild type embryos. The Hh signalling pathway includes three 

Hh ligands that bind to Patched; Sonic-Hedgehog (Shh), Indian-Hedgehog (Ihh) and Desert-

Hedgehog (Dhh), of which Shh is most studied (Carballo et al., 2018). For this research we 

aimed to increase Hh signalling levels in wild type embryos by overexpressing shha through 

injection of mRNA into single cell embryos. 

3.4.2 Cloning strategy 

To create shha mRNA for injection, full-length shha was sub-cloned into the pGEM-T Easy 

vector and then into the pCS2+ vector for expression of mRNA. First shha was PCR amplified 

from wild type cDNA around the protein coding region using primers with restriction sites for 

XhoI and XbaI (Figure 3.6A). The expected 1391 bp PCR product was then cloned into the 

pGEM-T Easy using TA cloning (Figure 3.6B) and confirmed by restriction digest using XhoI 

and XbaI (Figure 3.6C). The shha sequence was also confirmed by Sanger Sequencing with 

the m13_forward, F1, R1 and m13_reverse sequencing primers (Figure 3.6B) to confirm that 

no protein damaging mutations were in the cloned shha sequence.  

The shha insert was then excised from the pGEM-T Easy vector using XhoI and XbaI and sub-

cloned into the pCS2+ vector that was cut with the same enzymes (Figure 3.7A) and confirmed 

by XhoI and XbaI digest (Figure 3.7B). Restriction digest of the plasmid with AvaI and BsaI 

(Figure 3.7C) showed that the shha insert was in the correct orientation to create sense mRNA 

using the Sp6_primer (Figure 3.7A). After linearisation of the plasmid with ApaI (Figure 

3.7A), shha mRNA was made by in vitro transcription using the Sp6_primer (Figure 3.7D). 

75-150 pg of shha mRNA was injected into the cell of one cell stage lyve1b:DsRed embryos. 

This range of doses were used as they were the highest tolerated doses with minimal toxicity 

and displayed expected shha overexpression phenotypes including eye and ear defects.  
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Figure 3.6: Cloning shha into pGEM-T Easy vector 

 (A) Schematic of the amplification of the shha coding region from cDNA using primers with restriction enzyme 

sites for XhoI and XbaI. Exons are numbered and shown as boxes, and the shaded region refers to coding region 

that is translated into the protein sequence. (B) Vector map of pGEM-T Easy containing the open reading frame 

of shha. Arrows labelled m13_forward, F1, R1 and m13_reverse indicate the primers used for Sanger sequencing. 

(C) The 1391 bp shha insert can be excised from pGEM-T Easy vector with XhoI and XbaI enzymes. 
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Figure 3.7: Cloning shha into pCS2+ 

(A) Vector map of pCS2+ containing the open reading frame of shha cloned from pGEM-T Easy. (B) Double 

digest of plasmid with XhoI and XbaI confirms the presence of the 1391 bp shha insert. (C) Digest of the plasmid 
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with AvaI and BsaI confirms the shha insert is in the correct orientation (D) shha sense mRNA made through in 

vitro transcription with Sp6 primer after linearization of plasmid with ApaI.  

3.4.3 shha overexpression results 

The overexpression of shha in wild type embryos resulted in broad range of phenotypes (Table 

3.1). The most common phenotype was eye defects which was observed in 64% of embryos 

(Figure 3.8B&D). There was a range of severity for eye defects, with severe defects including 

missing eye to more subtle defects like one smaller eye (Table 3.1, Figure 3.8). Additionally, 

there were craniofacial defects in 9% and defects affecting body shape and size in 10% of the 

embryos (Table 3.1). The eye defects were expected as they have been reported in other shha 

overexpression studies in both zebrafish and cavefish (Jackman et al., 2010; Yamamoto et al., 

2004). This suggests that shha has been successfully overexpressed in the injected embryos.  

Otic vesicle defects were observed in a small number of the injected embryos (Table 3.1). The 

otic vesicle defects included abnormal STPS and otolith development as well as disruptions to 

other otic structures. A small number of animals had defects in OLV growth that appeared to 

correlate with underlying abnormalities in the otic vesicle and STPS development. These 

include no OLV growth in an embryo with very abnormal STPS structure (Figure 3.9B&B`), 

a mispositioned hyperbranched OLV in an animal with a mispositioned STPS structure (Figure 

3.9C&C`) and a thin underdeveloped OLV in an embryo with a misformed STPS (Figure 

3.9D&D`).  

While otic vesicle defects were rare and not a strong phenocopy of the ptch1 mutant, the results 

suggest that Hh signalling needs to be tightly controlled for normal otic vesicle development 

and OLV growth.   
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Figure 3.8: shha overexpression replicates known eye defects.  

(A-D) Brightfield images of un-injected (A&C) and shha mRNA injected embryos (B&D) at 6 dpf. 81/126 

embryos injected with shha mRNA display eye defects shown marked by red triangles in (B&D). The lateral view 

in (B) shows an abnormal eye. The dorsal view of an embryo (D) shows one eye being smaller than the other. The 

eyes in un-injected fish are normal (A&C).   

Scale bars= 500 µm. Abbreviations= shha- sonic hedgehog signalling molecule a, mRNA- messenger ribonucleic 

acid. 
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Figure 3.9: shha overexpression results in a broad range of otic vesicle and OLV defects. 

(A-D) Brightfield images of otic vesicles and confocal images (A’-D’) of the OLV and surrounding facial lymphatic vessels labelled by lyve1b:DsRed expression of un-
injected (A) and shha mRNA injected embryos with otic vesicle defects (B-D) at 6 dpf. STPS structures are marked by yellow dotted lines. The range of otic vesicle defects 
of shha mRNA injected larvae correlate with a range of OLV defects. Lack of OLV growth in (B’) is marked by a blue asterisk. Ectopic OLV branch in (C’) is marked by a 
yellow asterisk. Scale bars: 50 µm. Abbreviations= OLV-otolithic lymphatic vessel, STPS- superficial three prong structure, dpf- days post fertilisation.
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Table 3.1: Phenotypes of shha injected and un-injected embryos. 
Table of phenotypic abnormalities recorded from shha mRNA injected and un-injected embryos at 6 dpf. The total number of un-injected embryos= 58 and injected= 126. *Not 
analysed due to a lack of fluorescence.   

Dose 
(pg) 

OLV defects 

 

Otic vesicle defects Eye defects Craniofacial 
defects 

Body defects With 
swim 

bladder 

Total 

(n) 

 

No 
OLV 

 

Mispositioned 

 

Ectopic 
branches 

 

No 
STPS 

 

Abnormal 
STPS 

 

Fused/small 
otoliths 

 

Missing 
eye 

 

One 
eye 

 

Both 
eyes 

Stunted curved  

0 

un-
injected 

0 0 0 0 0 0 0 0 0 0 0 0 36 

(62%) 

58 

75 0 1 

(2%) 

0 0 1 

(2%) 

0 0 23 

(49%) 

3 

(6%) 

5 

(10%) 

3 

(6%) 

3 

(6%) 

31 

(66%) 

47 

100 * * * 2 

(6%) 

0 2 

(6%) 

2 

(6%) 

16 

(46%) 

8 

(23%) 

9 

(26%) 

1 

(3%) 

1 

(3%) 

14  

(40%) 

35 

150 1 

(2%) 

1 

(2%) 

1 

(2%) 

0 4 

(9%) 

2 

(5%) 

7 

(16%) 

14 

(32%) 

8 

(18%) 

11 

(25%) 

1 

(2%) 

5 

(11%) 

18 

(40%) 

44 

Total 
injected 

1 

(.8%) 

 

2 

(1%) 

1 

(.8%) 

2 

(1%) 

5 

(4%) 

4 

(3%) 

9 

(7%) 

53 

(42%) 

19 

(15%) 

25 

(9%) 

5 

(4%) 

8 

(6%) 

63 

(50%) 

126 
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4 Results - Mapping the olvless mutant and confirming the 
role of mutations in phenotype 

4.1 Introduction  

The olvless mutant was isolated from an ENU-mutagenesis forward genetic screen conducted 

by the Astin lab. The defining phenotype of this mutant was the lack of growth of the otolithic 

lymphatic vessel (OLV) with normal development of the other facial lymphatics and of the 

trunk lymphatics. In addition to the OLV phenotype, the olvless mutant has several other co-

segregating phenotypes which include severe otic vesicle defects often with no internal 

structures including the STPS, a defect in pigmentation and poor swimming behaviour. The 

mutant phenotype is recessive, and larvae do not survive into adulthood. The causative 

mutation(s) of the olvless mutant is unknown. This chapter will work to uncover candidate 

mutation(s) through whole genome sequencing and begin to validate the role of the mutation 

in the mutant phenotypes using morpholino-knockdown and mRNA rescue.  

4.2 Mapping olvless 

To uncover the causative mutation(s) of the olvless mutant, whole genome sequencing of 

mutant and wild type siblings was conducted. The mapping and sequencing methods followed 

the same procedure that successfully mapped the ptch1 mutant (Figure 4.1). A single pair of 

olvless+/- fish were crossed multiple times to collect 33 olvless mutant and 33 wild type sibling 

embryos. The embryos were examined at 3-4 dpf and the mutant embryos were identified by 

their lack of pigmentation and swimming activity. After embryo collection, the genomic DNA 

was extracted from the two samples and was used to construct genomic libraries, resulting in 

short 150 bp adaptor ligated reads of DNA. These reads were sequenced using the Illumina 

NextSeq®500 desktop sequencer with around 60 million reads per library, resulting in 12.8-

fold genome coverage. The genomes then were assembled and aligned to the Zv9 reference 

zebrafish genome (Howe et al., 2013). The sequencing, assembly and alignment of the 

genomes was carried out by Dr Purvi Kakadiya (Department of Molecular Medicine and 

Pathology, University of Auckland). To map the olvless mutant, the sequenced genomes of the 

mutants and wild type siblings were uploaded to a web-based homozygosity tool named “SNP 

track”, (http://genetics.bwh.harvard.edu/snptrack/) (Leshchiner et al., 2012). SNP track can 
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map the mutation to a small area of the genome using a homozygosity algorithm and the 

sequence data can then be interrogated to identify potential causative mutation(s).  
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Figure 4.1: Strategy used to identify the causative mutation(s) in olvless. 

Schematic diagram with representative icons of the order of methods carried out to map and sequence the olvless 

mutant and wild type embryos.  
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4.2.1 SNP track results 

SNP track was used to identify candidate mutation(s). The initial output from SNP track is the 

homozygosity scores across the chromosomes and this revealed a high peak in the end of 

chromosome 3 (Figure 4.2A&B). This peak reflects an area of genome that lacks genomic 

diversity in the mutant sample which has the highest probability to be the region that harbors 

the candidate mutation(s). SNP track fine mapped the mutation position to an 8 Mb 

mapping/maximum likelihood interval (Figure 4.2B) using a hidden Markov model that 

utilises recombination rates and recombination points of chromosomes (Leshchiner et al., 

2012).  

To identify the mutation within the mapping interval, filters were applied that used information 

from the sequence data. As the olvless mutant phenotype is inherited in a Mendelian manner, 

the mutant allele will be homozygous in the mutant sample while present in some of wild type 

sample due to a mixture of olvless+/- and olvless+/+ genotypes. Therefore, damaging single 

nucleotide polymorphisms (SNPs) that were homozygous in the mutant sample while 

heterozygous in the wild type sample were filtered for. By applying these filters, a SNP was 

found at position 2,556,458, a single nucleotide change of a thymine (T) to an adenine (A) 

which caused a premature STOP codon within the sox10 gene (Figure 4.2C&D). Alignment 

of the sequence reads showed good coverage around this region with 24 reads in the mutant 

sample (Figure 4.2D). As expected, this SNP was homozygous in the mutant sample while 

only appearing in 2 of the 11 reads in the wild type sample (Figure 4.2D). Furthermore, the 

otic vesicle and pigmentation defects of olvless closely resembles the phenotypes of the 

colourless mutant, a previously reported sox10 mutant (Dutton et al., 2001a), supporting that 

the identified mutation in sox10 is a good candidate mutation.  
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Figure 4.2: SNP track analysis reveals olvless contains a mutation in sox10. 

(A-D) Screenshots of results from SNP track (http://genetics.bwh.harvard.edu/snptrack/) of the sequenced 

genomic libraries of olvless mutants and wild type siblings. (A) Mapping scores (homozygosity scores) across the 

chromosomes with a high peak at the start of chromosome 3. (B) Log likelihood analysis (red line) reveals a 8 

Mb interval in chromosome 3 where the olvless mutation is likely to be. (C) Magnification of this region to reveal 
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the sox10 gene. (D) Alignment of sequence reads in the olvless and wild type samples with the highlighted SNP, 

an adenine at position 2556458 that reflects a STOP codon within sox10. 

4.2.2 Confirming the presence of the mutation in sox10 

To confirm the presence of the identified nonsense mutation in sox10 from the SNP track 

analysis, the coding region of sox10 was Sanger Sequenced from olvless and wild type cDNA. 

This was performed by Wenxuan Chen (Astin lab). By comparing the wild type and olvless 

sequences the mutation from the SNP Track analysis was found, a single nucleotide change of 

a thymine (T) to an adenine (A) resulting in the amino acid leucine at position 164 being 

changed to a STOP codon (Figure 4.3A). These single nucleotide change mutations are 

expected for mutants from forward genetic screens using ENU mutagenesis (de Bruijn et al., 

2009). This mutation is within the DNA-binding domain of sox10 known as high mobility 

group box (HMG) domain and the impacted leucine is a highly conserved amino acid (Figure 

4.3B). This premature STOP codon is likely to have very damaging effects on both protein 

structure and function. In structural terms, the protein is severely truncated with a small part of 

the HMG domain missing as well as all the transactivation domain (Figure 4.3C). The wild 

type protein is 485 amino acids, while the olvless Sox10 protein is predicted to be 163 amino 

acids long (Figure 4.3C). One of the colourless mutant alleles tw2/tw11, a reported sox10 null 

allele (Dutton et al., 2001a), has an introduced STOP codon much later in the sequence than 

olvless (Figure 4.3C). Therefore, the loss of a significant portion of protein sequence and 

comparisons to other known sox10 mutant null alleles, suggests the olvless is likely a null allele 

of sox10.  
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Figure 4.3: The L164* mutation in sox10 is likely a null allele.  

(A) The L164* mutation in the Sanger sequence of sox10, the red triangle indicates the base pair change and with 

the triplet encoding an amino acid also outlined. The normal nucleotide in the wild type sequence (T) is indicated 

with a black triangle. (B) Sequence alignment to other species with the impacted amino acid leucine in red. (C) 
Schematic representation of the effect of the L164* mutation on the Sox10 protein compared to the wild-type 

protein and null alleles of the colourless mutant. The red box refers to the DNA binding domain known as the 

high mobility group (HMG) domain and the blue box refers to the transactivation domain.  
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4.3 Confirming the role of sox10 in otic vesicle and OLV development 

4.3.1 Morpholino-mediated knockdown of sox10 

If the mutation in sox10 causes the observed pigmentation, OLV and otic vesicle phenotypes 

in olvless, then morpholino knockdown of sox10 expression in wild type embryos should 

phenocopy olvless. Unlike the splice-blocking ptch1 MO previously used in this research, the 

sox10 MO used in this study binds across the start codon of sox10 thus interfering with the 

ribosomal machinery that initiates its translation. This MO was first used by Dutton et al. 

(2001b) where it successfully phenocopied the colourless mutant phenotypes including the otic 

vesicle defects and lack of pigmentation. Additionally, this MO was used to investigate the role 

of sox10 in the regulation of anterior gradient 2 (agr2) expression in the semi-circular canals 

of the otic vesicle (Tang et al., 2014).  

A range of doses were initially tested, from 0.1-1.5 pmol. The sox10 MO was quite toxic with 

0.2 pmol being the highest tolerated dose with injected animals displaying minimal MO 

toxicities such as oedema, developmental delays, and death. 1-4 cell stage wild type 

lyve1b:dsRed embryos were injected with either 0.2 pmol of the sox10 MO or 0.5 pmol of a 

control MO that does not target any genes. Embryos were imaged at 6 dpf to determine the 

effect of the MO on otic vesicle and OLV development as well as pigmentation.  

The sox10 morphants appeared to be less pigmented than the control morphants with less 

melanophores around the head (Figure 4.4E &F), as well as a paler appearance due to a 

reduction in xanthophores that contribute to the yellow tint in larvae (Figure 4.4A & B). The 

effect on iridophore pigment cells was not recorded as these ‘silver’ cells are difficult to 

observe. There was still a difference in pigmentation when comparing control morphants to 

older sox10 morphants (7 dpf) (data not shown), suggesting the reduction in numbers of 

melanophores and xanthophores is not a developmental delay. There is no difference in 

pigmentation for the control morphants vs wild type embryos (Figure 4.4A, E, C &G). While 

the sox10 morphants appear to be less pigmented they still contain more melanophore and 

xanthophore pigment cells than the olvless mutants (Figure 4.4B, F, D &H). The sox10 

morphants also appeared to have poor swimming behaviour like the olvless mutants.  
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The sox10 morphants displayed both OLV (Figure 4.4J) and otic vesicle (Figure 4.4J`) 

defects. The growth of the OLV was significantly reduced with an average of 201 µm compared 

to the control morphant OLV that averaged 359 µm (Figure 4.5A). The control morphants 

displayed both normal OLV growth (Figure 4.5I) and otic vesicle development (Figure 4.4I`) 

like wild type embryos (Figure 4.4K&K`). While the OLV length is reduced in sox10 

morphants, they are still significantly longer than the OLV lengths of the olvless mutants 

(average of 201 µm vs 93 µm) (Figure 4.5A). This difference is likely due to there being a 

broad range in OLV lengths for the sox10 morphants (Figure 4.5A). The range in OLV lengths 

correlates with a range in otic vesicle defects, in particular different levels of disruptions to the 

STPS (Figure 4.5B). Using the method devised by Yang (2020), the severity of STPS defects 

in the sox10 morphants was quantitated. The characterization of the different STPS defect 

categories is described in section 2.2.4.4 and Figure 2.2. As the number of STPS touch points 

decreases, the severity of STPS disruption increases. An increase in severity of STPS 

disruptions correlated with a reduction in OLV length (Yang, 2020). Severe STPS defects (no 

touch points) is often observed with no growth of the OLV, as is observed in olvless mutants 

(Figure 4.4L& L`). While severe STPS defects were observed in 5/28 of the sox10 morphants, 

and majority (10/28) had moderate STPS defects (2 touch points) (Figure 4.4J) with some 

OLV growth (Figure 4.4J`). When the sox10 MO data was separated into the STPS categories 

it replicated the same trend as seen in the olvless mutants, with more severe STPS defects being 

associated with less OLV growth (Figure 4.5C). This trend supports the hypothesis that the 

STPS structure informs OLV growth. Furthermore, there was no significant difference in OLV 

length when comparing between the same STPS defects for sox10 morphants and olvless 

(Figure 4.5C). The growth of the surrounding facial lymphatic vessels including the MFL and 

LFL appeared to be normal in the sox10 morphants (Figure 4.4J).  

Overall, the morpholino-mediated knockdown of sox10 in wild type embryos led to a reduction 

in pigmentation and OLV length, and defects in otic vesicle development. While it was not a 

strong phenocopy of the olvless mutant, these phenotypes still in part resembles the mutant. 

This provides evidence that the mutation in sox10 may be responsible for the olvless 

phenotypes. As the efficacy of the MO is unknown, the knockdown of sox10 might not be 

complete and the MO dose is relatively low, explaining the differences between the sox10 

morphants and the olvless mutant.
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Figure 4.4: The sox10 MO partially phenocopies the olvless mutant 

(A-H) Brightfield images of the control morphant (A&E), sox10 morphant (B&F), wild type (C&G) and olvless (D&H) at 6 dpf. (E-H) Dorsal view images to show the pattern 

of melanophores around the head. (I-L) Confocal images of the otolithic lymphatic vessel (OLV) and surrounding facial lymphatics marked by lyve1b:DsRed and brightfield 

images (I’-L’) of corresponding otic vesicles at 6 dpf. The wild type OLV growth is shown in (I&K). OLV growth is disrupted in sox10 morphants (J) and olvless mutants (K). 

The little OLV growth is marked by a yellow asterisk in (J) while no OLV growth is marked by blue asterisk in (K). The normal STPS structure is outlined in yellow dotted 

lines in (I’&K’). olvless mutants have severe otic vesicle defects often with no STPS structure present (L’). The sox10 morphants display a variety of STPS defects. The STPS 

normally has 3 touch points to the otic vesicle wall and has a typical triangular shape seen in (I’&K’). Moderate STPS defects are seen in 10/28 of the sox10 morphants (J’).  

Scale bars: 1mm in brightfield whole fish pictures and 50 µm in confocal and brightfield pictures of otic vesicles. Abbreviations: OLV – otolithic lymphatic vessel, STPS- 

superficial three-prong structure, MO- morpholino, dpf- days post fertilisation.  
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Figure 4.5: sox10 MO quantifications  

(A-C) Graphs of measurements for the control morphants, sox10 morphants, olvless mutants and wild type 

embryos at 6 dpf. (A) Total OLV length measurements. (n=27=control morphants, n=28=sox10 morphants, 

n=34=wild type,n=35= olvless). (B) Thoracic duct formation is reduced for both morphants. (C) Total OLV 

lengths by STPS defect categories for sox10 morphants and olvless mutants. The STPS defect data for olvless 

mutants is from (Yang, 2020). The STPS defects seen in the sox10 morphants include wild type=2, mild= 8, 
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moderate= 10, moderately severe= 3, severe= 5. STPS defects for olvless mutants include wild type=0, mild=0, 

moderate=4, moderately-severe= 8, severe= 11. 

n.s P>0.05, ** P<0.01, *** P<0.001. Significance was assessed using unpaired t test and Mann-Whitney test.  

Abbreviations: OLV- otolithic lymphatic vessel, dpf- days post fertilisation, STPS- superficial three-prong 

structure, MO- morpholino.  

4.3.2 Attempting to rescue the olvless mutant 

To further validate that lack of sox10 function is causes the pigmentation, otic vesicle and OLV 

defects of the olvless mutants, wild type sox10 mRNA was used to attempt to rescue the olvless 

phenotypes. In a previous study, the colourless mutant (sox10 null allele) was able to be rescued 

with wild-type mRNA under heat shock control (Dutton et al., 2001). This mosaic rescue 

resulted in the presence of 1-40 melanophores in 48% of the injected colourless mutants. 

However, there were no reported effects on otic vesicle development. If sox10 mRNA can 

successfully rescue the olvless phenotypes the injected embryos would all appear 

phenotypically wild type, or in the case of a weak rescue there may be ameliorations to the 

pigmentation, otic vesicle and OLV defects in olvless mutants 

4.3.2.1  Cloning strategy 

Wild type sox10 mRNA was created using the same cloning strategy previously used in this 

research to make shha mRNA. First sox10 was amplified from wild type cDNA (made from 

RNA extracted at 2 dpf) containing the Sox10 protein coding region using primers with 

restriction sites for XhoI and XbaI (Figure 4.6A). The expected 1616 bp sox10 PCR product 

was then cloned into pGEM-T Easy vector using TA cloning (Figure 4.6B) and confirmed by 

restriction digest with XhoI and XbaI (Figure 4.6C). The sox10 sequence was also confirmed 

by Sanger Sequencing using the m13_forward, FB, RC and m13_reverse sequencing primers 

(Figure 4.6B) to confirm no protein damaging mutations were in the cloned sox10 sequence. 

The sox10 insert was then excised from the pGEM-T Easy vector using the XhoI and XbaI 

enzymes, and sub-cloned into the pCS2+ vector that was digested with the same enzymes 

(Figure 4.7A) and then confirmed by a double digest with XhoI and XbaI (Figure 4.7B). 

Digest of the sox10_pCS2+ with the ApaI enzyme gave a predicted pattern of bands (Figure 

4.7B), suggesting the sox10 insert was in the correct orientation to create sense mRNA with 

the Sp6_primer (Figure 4.7A). After linearisation of the sox10_pCS2+ plasmid with SacII 
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(Figure 4.7A), sox10 mRNA was made by in vitro transcription using the Sp6_primer (Figure 

4.7C).  

  

Figure 4.6: Cloning sox10 into pGEM-T Easy 

(A) Schematic of the amplification of the sox10 coding region from cDNA using primers with additional 

restriction enzyme sites for XhoI and XbaI. Exons are numbered and shown as boxes, and the shaded region refers 

to coding region that is translated into the protein sequence. (B) Vector map of pGEM-T Easy vector containing 

the open reading frame of sox10. Arrows (m13_forward, FB, RC and m13_reverse) show where primers used to 

Sanger sequencing bind. (C) The 1616 bp sox10 insert can be excised from pGEM-T Easy vector with XhoI and 

XbaI enzymes. 
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Figure 4.7: Cloning sox10 into pCS2+ 
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(A) Vector map of pCS2+ containing the sox10 open reading frame cloned from pGEM-T Easy. Sites of used 

restriction enzymes are labelled. (B) Double digest of plasmid with XhoI and XbaI confirms the presence of the 

1616 bp sox10 insert and digest with ApaI determines the sox10 insert is in the correct orientation. (C) sox10 

sense mRNA made through in vitro transcription with Sp6 primer after linearization of the plasmid with SacII.  

4.3.2.2 sox10 mRNA rescue results 

To attempt to rescue the olvless mutants, wild type sox10 mRNA was injected into the cell of 

one-cell stage embryos from an olvless+/- in cross. 50-200 pg of sox10 mRNA was injected per 

embryo, as these doses were the highest tolerated doses with minimal off-target toxicities 

including oedema, developmental delays, and death. If no rescue occurred, then approximately 

25% of the embryos would display the olvless phenotype. The olvless phenotype remained in 

24/103 (23%) of the embryos injected with sox10 mRNA (Figure 4.8B), a similar proportion 

to the un-injected embryos which had 18/65 (28%) being olvless (Figure 4.8A). These 

proportions reflect the normal Mendelian ratio of mutant inheritance, suggesting that the 

olvless mutant has not been rescued.  

In addition to the olvless phenotypes remaining in the injected embryos there was no difference 

in how these phenotypes presented compared to un-injected olvless mutants at 6 dpf (Figure 

4.8). The injected embryos with the olvless phenotypes appeared to have a lack of pigmentation 

(Figure 4.8B) like the olvless mutants (Figure 4.8A). The OLVs displayed very little to no 

growth (Figure 4.8D), again resembling the olvless mutants (Figure 4.8C). This is supported 

by there being no significance difference in OLV length of olvless embryos injected with 100 

pg of sox10 mRNA and un-injected olvless mutants (Figure 4.8F). The otic vesicles of injected 

olvless embryos appeared to have severe STPS defects (Figure 4.8D`) like the olvless mutants 

(Figure 4.8C`). Overall, the presence of the olvless phenotypes in sox10 mRNA injected 

embryos show that the sox10 mRNA was not sufficient to rescue the olvless mutant. This 

challenges the hypothesis that mutation in sox10 causes the olvless phenotypes which was 

previously supported by the morpholino experiment. 
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Figure 4.8: sox10 mRNA does not rescue the olvless mutant 

(A-D) Images of the embryos with the olvless phenotypes from a carrier in cross that has either been injected with sox10 mRNA (B, D&D’) or have not been injected (A, 
C&C’) at 6 dpf. (A&B) Brightfield show a lack of pigmentation. (C&D) Confocal images of the otolithic lymphatic vessel (OLV) and surrounding facial lymphatics marked 

by lyve1b:DsRed and brightfield images (C’&D’) of the otic vesicles  at 6 dpf. The lack of OLV growth is marked by a blue asterisk. (E) Graph showing the percentage of 

embryos that were phenotypically mutant and wild type in un-injected embryos and injected embryos, n= 65=un-injected, n= 21=50 pg, n=21= 75 pg, n= 50=100 pg, n= 11= 

200 pg (F) Graph of OLV length of embryos injected with 100 pg sox10 mRNA with the mutant phenotype compared to the olvless mutants, n=7= injected with olvless 

phenotype n=10= olvless mutants.  

Scale bars= 1mm in brightfield whole fish pictures and 50 µm in confocal images and brightfield images of otic vesicle. n.s P>0.05. Significance was assessed using unpaired 

t test. Abbreviations: OLV- otolithic lymphatic vessel, dpf- days post fertilisation, sox10- SRY-box transcription factor 10, mRNA- messenger ribonucleic acid.  
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5 Discussion 

5.1 Role of ptch1 and Hh signalling in OLV and otic vesicle development 

5.1.1 Loss of function mutations in ptch1 are responsible for the ptch1 mutant 
phenotype 

This research has provided evidence that the loss-of-function mutations in ptch1 causes the 

hyperbranched OLV and abnormal STPS phenotypes of the ptch1 mutant. Knockdown of ptch1 

in wild type embryos using a splice-blocking morpholino led to a strong phenocopy of both the 

OLV and STPS defects of the ptch1 mutant (Figure 3.2 & 3.3). The splice blocking mechanism 

of the morpholino was shown to have high efficacy through RT-PCR, as only aberrantly spliced 

mRNA products were detected early in ptch1 morphants (Figure 3.1). This confirmed that the 

ptch1 morphant OLV and STPS were due to a loss of Ptch1 function. Interestingly, this 

morpholino previously resulted in a weak phenocopy of the leprechaun mutant, a reported 

ptch1 null allele (Koudijs et al., 2005). The transient morpholino knockdown likely better 

resembles reduced Ptch1 function, which is predicted in the ptch1 mutant, in contrast to the 

predicted lack of function in the leprechaun mutant. Furthermore, the ptch1 phenotypes were 

able to be rescued with a low dose of cyclopamine, a Hh signalling inhibitor (Figure 3.4). This 

experiment was originally used to rescue the ear and eye phenotypes of the leprechaun mutant 

(Koudijs et al., 2005). It was hypothesized that a low dose of cyclopamine would normalise 

the over-active Hh signalling levels in the ptch1 mutant, leading to the absence of the ptch1 

phenotype in the cyclopamine treated group. Early application of cyclopamine to a clutch of 

embryos from a ptch1+/- in-cross resulted in all embryos having normal OLV growth and STPS, 

further confirming that over-active Hh signalling causes the phenotypes in the ptch1 mutant.  

To further investigate the role of aberrant Hh signalling in otic vesicle and OLV development, 

the Hh ligand shha was overexpressed in wild type embryos by injection of mRNA. shha 

overexpression in zebrafish embryos was previously used to show that Hh signalling is required 

for specifying posterior otic vesicle domains, as overexpression resulted in a ‘posteriorised’ 

ear with fused or small otoliths and variable semi-circular canal defects (Hammond et al., 

2003). The most common phenotype of shha-injected embryos in this research were eye defects 

(Figure 3.8). This is a known shha overexpression phenotype for both zebrafish and cavefish, 

and therefore indicated that shha was successfully overexpressed (Jackman et al., 2010; 
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Yamamoto et al., 2004). Otic vesicle defects with concomitant OLV defects were observed in 

a small number of shha injected embryos (Figure 3.9).  

The low frequency of otic vesicle defects in the injected embryos may be due to degradation 

of shha mRNA, prior to the requirement of Hh signalling in otic vesicle development, as the 

injection at the one-cell stage will result in broad overexpression very early in development. 

Typically, shha acts in otic vesicle development through expression from the notochord and 

floorplate between 16.5 hpf and 30 hpf (Hammond et al., 2003). Otic vesicle defects because 

of shha overexpression were also expected to be more severe than the ptch1 mutant as it likely 

more resembles a ptch1-/-;ptch2-/- mutant scenario (Koudijs et al., 2008; Hammond et al., 2010). 

In support of this, the small number of shh-injected embryos that did display otic vesicle defects 

appeared more severe than the ptch1 mutant. While the otic vesicle defects were rare and 

variable it still suggests that Hh signalling needs to be tightly regulated for normal otic vesicle 

and OLV development. In combination the morpholino, cyclopamine and shha mRNA 

experiments provided evidence that the mutations in ptch1 were causative of the ptch1 OLV 

and STPS phenotypes.  

5.1.2 ptch1 is likely to indirectly guide OLV growth 

The correlation between STPS defects and OLV defects in the ptch1 mutant raises questions 

about what role ptch1 has in the guidance of the OLV. Previously, the STPS was identified as 

a guidance structure for the OLV; the ptch1 mutant supported this hypothesis, as the position 

of ectopic OLV sprouts in the mutant aligned with the disrupted prongs of the STPS (Yang, 

2020). In this research, the ptch1 OLV phenotype was never observed with a normal STPS, 

thus supporting the notion that otic vesicle and STPS development are necessary for OLV 

growth. Furthermore, all other lymphatic vessels in the ptch1 mutant develop normally, 

suggesting that ptch1 acts locally within the otic vesicle rather than as a global, intrinsic 

regulator of lymphatic growth. ptch1 and Hh signalling have known roles in otic vesicle 

development, in particular in otic vesicle patterning (Hammond et al., 2003, 2010), and these 

roles likely impact the development of the STPS. In contrast, the role of ptch1 and Hh 

signalling in lymphatic development is far less established. Hh signalling has previously been 

implicated in angiogenesis by inducing the expression of Vegf-a and Angiopoietin-1 and 2 in 

mice, and in zebrafish Shh establishing arterial endothelial differentiation through the Notch 

pathway (Pola et al., 2001; Lawson et al., 2002). More recently, in mice Hh signalling has been 

linked to lymphangiogenesis with Shh promoting lymphatic endothelial cell (LEC) 
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proliferation in response to kidney injury ( Zhuo et al., 2019). In this research the Hh inhibitor 

cyclopamine was used to investigate whether ptch1 was acting directly within LECs or was 

indirectly guiding the growth of the OLV by being involved in STPS development. In the 

original cyclopamine experiment used to rescue the ptch1 mutant, cyclopamine was applied to 

embryos at 5.5 hpf, a timepoint prior to both otic vesicle and OLV development. To determine 

if ptch1 mutations directly influence OLV growth cyclopamine was applied at 3 dpf to embryos 

from a ptch1+/- in-cross. At 3 dpf, the otic vesicle is mostly formed with the presence of a 

rudimentary STPS while the OLV is yet to sprout from the LFL. If ptch1 is acting within LECs, 

or as a direct guidance factor, then normalising Hh signalling as the OLV sprouts and grows 

should result in normal OLV growth in the mutants. However, the application of cyclopamine 

at 3 dpf was not sufficient to rescue the ptch1 phenotypes, with the hyperbranched OLV and 

mispositioned STPS still present in 14% of the cyclopamine treated embryos (Figure 3.5). This 

suggested that ptch1 is indirectly guiding OLV growth with its role in otic vesicle patterning, 

and the development of STPS informing how the OLV grows. Future experiments to confirm 

that ptch1 is indirectly guiding OLV growth are described in section 5.3.2. 

A model can then be proposed for the role of ptch1 in OLV development (Figure 5.1A). The 

mutations in ptch1 cause over-active Hh signalling, which lead to disruptions to development 

of the otic vesicle including subtle defects in the STPS. It is these STPS defects which then 

misguides the growth and patterning of the OLV. This supports the hypothesis that the STPS 

is a guidance structure of the OLV and produces guidance cues that allows for a permissive 

environment for OLV growth.  
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Figure 5.1: Model of the ptch1 and olvless phenotypes.  

(A) The ptch1 mutant has reduced function of ptch1 and over-active Hedgehog (Hh) signalling. Typically, Hh 

signalling is tightly controlled for correct anterior to posterior patterning of the otic vesicle. This research predicts 

that abnormal patterning of the otic vesicle in the ptch1 cause the observed STPS defects, indirectly misguiding 

the OLV. (B) The olvless mutant was mapped to a nonsense mutation in sox10. The predicted lack of sox10 

function in olvless mutants likely dysregulates several otic genes causing severe otic vesicle defects as seen in the 

colourless mutant (Dutton et al., 2009). The lack of the STPS in the olvless mutants results in reduced OLV 

growth. As both ptch1 and olvless are hypothesised to indirectly guide the OLV, the STPS guidance mechanism 

is unknown. Abbreviations: dpf- days post fertilisation, A- anterior, P-posterior, STPS- superficial three-pronged 

structure, OLV- otolithic lymphatic vessel.  
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5.2 Role of sox10 in OLV and otic vesicle development 

5.2.1 The olvless phenotypes are likely caused by loss of sox10  

The underlying mutation(s) that caused the lack of OLV growth, otic vesicle structures and 

pigmentation in the olvless mutant were unknown prior to this research. This study identified 

a putative causative mutation in the gene sox10. The nucleotide change of a thymine (T) to an 

adenine (A) resulted in the leucine in the HMG domain (position 164) being changed to a STOP 

codon. The resulting Sox10 protein is predicted to be severely truncated and therefore non-

functional (Figure 4.3). The olvless mutant very closely resembles the colourless mutant, a 

reported sox10 null allele (Dutton et al., 2001a). The colourless mutant have reduced 

pigmentation and severe otic vesicle defects, lacking internal otic structures often with only 

small otoliths (Dutton et al., 2001a). These pigmentation and otic vesicle phenotypes are 

identical to the phenotypes of the olvless mutant, providing further evidence for olvless being 

a sox10 null allele. 

SOX10 is a part of the SOX gene family, a group of transcription factors that share a DNA-

binding domain termed the high mobility group (HMG) box/domain (Pingault et al., 2022). 

The HMG domain is homologous to the DNA-binding domain of sex-determining region Y 

(SRY), the gene on the mammalian Y chromosome that drives male sex determination (Prior & 

Walter, 1996). Based on the degree of identity between the HMG domain, the SOX genes are 

classified into different groups with SOX10 belonging to group E along with SOX8 and SOX9 

(Prior & Walter, 1996). The SOX genes are crucial to development with SOX10 having a 

conserved role in neural crest development. The neural crest is a transient and multipotent cell 

population that gives rise to a multitude of cell derivatives (Tang & Bronner, 2020). Zebrafish 

sox10 specifies the non-ectomesenchymal lineage of the neural crest which includes neurons, 

glia, and pigment cells (Carney et al., 2006; Dutton et al., 2001a). The role of sox10 in pigment 

cell development is conserved across vertebrates with the specification of melanophores, 

melanin producing pigment cells, relying on SOX10’s activation of microphthalmia-related 

transcription factor a (MITFA) (Goding, 2000). During zebrafish otic vesicle development 

sox10 regulates several genes that are part of otic placode induction, otic vesicle patterning and 

the development of otic structures (Dutton et al., 2009). Mutations in  human SOX10 have been 

associated with several neural crest disorders including Waardenburg Syndrome Type IV 

(WS4), an auditory and pigment disorder and Hirschsprung’s disease, an intestinal nerve 
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disorder (Bondurand et al., 2007; Pingault et al., 1998). There are no known roles for sox10 in 

lymphatic development.  

To confirm that the nonsense mutation in sox10 is responsible for the olvless phenotypes, sox10 

expression was knocked down in wild type embryos and the sox10 mRNA was used to attempt 

to rescue olvless mutant. Knockdown of sox10 using a translation-blocking morpholino (MO) 

resulted in a weak phenocopy of the olvless mutant (Figure 4.4 & 4.5); sox10 morphants 

displayed a reduction in pigment cells including melanophores and xanthophores, otic vesicle 

defects with mainly moderate STPS defects and a reduction in OLV length compared to control 

morphants. The sox10 morphant phenotypes were not as strong as olvless mutants that lack 

pigment cells, have severe otic vesicle defects often with no STPS, and have little to no growth 

of the OLV. There are several possibilities for the phenotypic differences between the sox10 

morphants and olvless mutants. Firstly, the efficacy of the MO is unknown and could be too 

low to phenocopy the olvless mutant. Future testing of MO efficacy is outlined in section 5.3.1. 

In addition to the efficacy of the MO being unknown, the MO used was found to be very toxic 

and was therefore injected at a relatively low dose of 0.2 pmol per embryo. Importantly, this 

dose has been previously reported to only induce a weak phenocopy of the colourless mutant. 

(Dutton et al., 2001b). Therefore, the weak phenocopy of the olvless mutant by the sox10 MO 

is likely due to poor efficacy of the translation blocking mechanism, likely due to the low dose 

used. Nonetheless, the pigmentation, otic vesicle and OLV phenotypes of the sox10 morphants 

still resembles the olvless mutant and supports the hypothesis that the mutation in sox10 is 

responsible for the olvless phenotypes.  

To further validate that the nonsense mutation in sox10 causes the olvless phenotypes, wild 

type sox10 mRNA was injected to attempt to rescue the olvless mutant. The injection of wild 

type sox10 mRNA into the one cell stage of embryos from an olvless+/- in-cross was not 

sufficient to rescue the olvless phenotypes (Figure 4.8). There are various reasons why the 

injection of sox10 mRNA could not rescue the olvless phenotypes. Firstly, it may be that sox10 

is not the candidate gene of olvless. However, the previous morpholino experiment and the 

clear similarity of olvless phenotypes to sox10 phenotypes challenges this idea. Thus, it is more 

likely the failure of the rescue is due to insufficient expression of sox10. The production of 

sox10 mRNA used the same cloning strategy that was employed in the successful shha 

overexpression experiment. Eye defects, a known phenotype, were used as a marker of shha 

overexpression in shha injected embryos, however there were no visible developmental 

abnormalities to confirm sox10 overexpression. Therefore, future work is needed to confirm 
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sox10 overexpression and a new rescue strategy may need to be employed, which is described 

in section 5.3.1.  

Whole genome sequencing uncovered that the olvless mutant has a nonsense mutation in sox10 

and role of this mutation in the olvless phenotypes was supported by morpholino-mediated 

knockdown of sox10. However, further experiments are needed to validate the mutant and are 

described in section 5.3.1. 

5.2.2 sox10 likely indirectly guides OLV growth 

Like the ptch1 mutant, the olvless mutant was previously used to identify the STPS as a putative 

guidance structure of the OLV (Yang, 2020). The olvless mutant has major otic vesicle defects 

often lacking the STPS or with severe disruptions to the structure. Like the ptch1 mutant, all 

other lymphatic vessels including the surrounding facial lymphatics and trunk lymphatics 

develop normally in the olvless mutant, suggesting that the lack of OLV growth is due the 

absence of something acting locally within the otic vesicle. By quantifying the level of STPS 

defects in the olvless mutants it was found that severity of STPS defects correlated with a 

reduction in OLV length (Yang, 2020). This was also observed in this study using sox10 

morphants (Figure 4.5C), further supporting the hypothesis that STPS is guiding OLV growth 

and that sox10 is needed for STPS development.  

sox10 has extensive roles in otic vesicle development and is expressed in the otic placode and 

otic vesicle epithelium (Dutton et al., 2009). The severe otic vesicle defects of the colourless 

mutant are attributed to the dysregulation of several otic genes including fgf8, pax5a, bmp4, 

fsta, aldh1a3, gpr126, agr2 and connexin genes that are needed for the correct patterning and 

development of otic structures including the semi-circular canals, otoliths, macula, cristae, and 

neurogenic domains (Dutton et al., 2009; Tang et al., 2014). Due to the extensive role of sox10 

in the development of the otic vesicle structures and the lack of STPS in the olvless mutant, it 

is highly likely that sox10 is also required for the correct development of the STPS. 

Additionally, sox10 has no known roles in lymphangiogenesis, suggesting that sox10 is likely 

not acting directly within lymphatic cells. However, further testing of this hypothesis is 

required, as described in section 5.3.2. The olvless OLV phenotype is therefore likely due to a 

lack of Sox10 function causing severe disruptions to the development of the otic vesicle, 

leading to the OLV not forming due to the absence of growth cues from the STPS (Figure 

5.1B). To support this hypothesis the olvless mutant requires further validation, this is 
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described in section 5.3.1. If sox10 is indirectly guiding the OLV, then the guidance mechanism 

provided by the STPS also needs to be uncovered, future work to do so is described in section 

5.3.3.  

Other zebrafish mutants with both otic vesicle defects and OLV abnormalities further support 

the hypothesis that OLV growth is dependent on proper otic vesicle development. The foxi1 

mutant was previously used to identify the STPS, this mutant had a broad range of STPS defects 

with increased severity being associated with reduced OLV growth (Yang, 2020). foxi1 acts 

during otic placode induction by regulating the expression of pax8, and  has no known roles in 

lymphatic development (Solomon et al., 2003). The mafba mutant also has otic vesicle defects 

and abnormal OLV growth. Interestingly, mafba has roles in both otic vesicle patterning and 

in lymphatic development (Kwak et al., 2002; Chen et al., 2021; Koltowska, Paterson, et al., 

2015). While mafba mutants have reduced formation of lymphatic vasculature in the trunk and 

facial lymphatics, the OLV in contrast has increased number of LECs, presumed to be because 

of altered tissue patterning in the otic vesicle (Koltowska, Paterson, et al., 2015). These mutants 

like the ptch1 mutants and olvless mutants demonstrate that abnormal otic vesicle development 

likely disrupts OLV growth.  

5.3 Future work 

5.3.1 Further validation of the olvless mutant 

As the olvless mutant was generated by ENU-mutagenesis it is essential to validate that 

observed phenotypes are a result of the identified mutation in sox10 and not due to other 

mutations in closely linked genes. This study started to confirm the role of sox10 by morpholino 

knockdown and mRNA rescue, but further validation experiments are needed. The otic vesicle 

and pigmentation defects in the olvless mutant very closely resembles the phenotypes of the 

colourless mutant, a previously described sox10 mutant (Dutton et al., 2001a). Therefore, a 

complementation test could be performed between olvless and colourless to determine whether 

mutations in sox10 cause the olvless phenotype. Complementation tests are a gold standard 

assay used across model systems that determine whether recessive mutants with similar 

phenotypes have mutations in the same gene by crossing mutants or carriers (Pontecorvo, 

1958). To perform a complementation test for olvless, colourless+/- fish could be ordered. 

olvless+/- and colourless+/- fish would be crossed and the resulting embryos would be examined 

at 2 dpf. If olvless and colourless have the same disrupted gene, sox10, then a crossing of the 
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two mutant carriers would result in a clutch of embryos that are 25% mutant. The mutants 

would be distinguished from wild type embryos by a lack of pigmentation at 2 dpf. However, 

if the nonsense mutation in sox10 is not the causative mutation of olvless phenotypes, then a 

crossing of olvless+/- and colourless+/- fish would result in a clutch of embryos that all appear 

phenotypically wild type.  

Another way to validate that the olvless phenotypes are a result of lack of sox10 function would 

be to generate a sox10 mutant using CRISPR-Cas9. CRISPR technology is a reverse genetic 

technique that has been adapted from a defensive mechanism used by bacteria (Wiedenheft et 

al., 2012). Mutations can be created with CRISPR by a designed single guide RNA (sgRNA) 

directing the endonuclease Cas9 to a specific site where it will induce a double strand break in 

the DNA. The break in DNA will then be repaired by error prone non-homology end repair 

(NHEJ) which induces insertion or deletions (indels) (Hsu et al., 2014). Zebrafish mutants have 

been successfully generated using CRISPR (Hwang et al., 2013). A sox10 mutant can be 

created by designing a sgRNA for sox10 or using a previously published sgRNA (Charlton-

Perkins et al., 2019). The sgRNA is co-injected with Cas-9 mRNA into one-cell stage wild type 

lyve1b:DsRed embryos. This will result in the addition of indel mutations in the sox10 gene 

sequence that result in a loss-of-function of sox10. To generate a stable sox10 mutant line, the 

injected F0 embryos are raised to adulthood where they are outcrossed to wild type fish to 

generate a F1 generation, adult F1 carrier fish are in-crossed to generate mutants for analysis 

(Sorlien et al., 2018). Screening for effective mutagenesis is conducted by the T7 assay which 

involves amplifying the targeted region of sox10 by PCR and digesting the product with a T7 

endonuclease, effective mutagenesis is determined by the presence of heteroduplexes on an 

agarose gel (Huang et al., 2012). The T7 assay is conducted at multiple stages of mutant line 

generation: to screen injected F0 embryos, identify potential adult F0 founders, confirm 

germline transmission in F1 embryos and identify adult F1 carriers. Additionally, the targeted 

region is sequenced to determine the effect of the indels. If the generated CRISPR mutant has 

the same pigmentation, otic vesicle and OLV defects as the olvless mutant then the olvless 

phenotypes can be confidently attributed to a lack of sox10 function. The CRISPR mutant 

carriers can also be crossed with the olvless carriers for a complementation test if the colourless 

carriers cannot be ordered.  

This research attempted to confirm the role of the sox10 mutation in the olvless phenotypes by 

morpholino (MO) knockdown and mRNA rescue, however further work is needed for both 

experiments. The weak phenocopy of the olvless mutant by the sox10 MO was suggested to be 
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due to low dose and unknown MO efficacy. To test the efficacy of a translation blocking MO, 

immunohistochemistry or western blot would be needed to detect the level of Sox10 protein 

expression. Immunohistochemistry is more attractive approach than western blot as there are 

cross-reacting primary rabbit Sox10 antibodies that have been previously used in zebrafish 

(Carney et al., 2006). This approach has been used in 24 hpf sox10 morphants which showed 

a dramatic reduction in protein levels (Asad et al., 2016).  

In this research injection of sox10 mRNA into the one-cell stage embryos from an olvless+/- in-

cross was not sufficient to rescue the olvless phenotypes (Figure 4.8). As previously 

mentioned, the lack of rescue is likely attributed to insufficient sox10 expression and markers 

of sox10 expression need to be first used to determine this. To address whether injection of the 

sox10 mRNA is inducing sox10 overexpression, injected vs un-injected wild type embryos 

could be stained with a Sox10 antibody to detect any changes in protein expression. 

Additionally, changes to the expression of direct transcriptional targets of sox10 could be 

investigated through quantitative PCR (qPCR). mitfa and dopachrome tautomerase (dct) are 

known transcriptional targets of sox10 that function in melanophore development (Elworthy et 

al., 2003; Jiao et al., 2004). Therefore, qPCR could be performed using primers for mitfa and 

dct as well as elf1a as control from RNA extracted from sox10-injected and un-injected 

embryos. These experiments would confirm successful expression of sox10 and could also be 

conducted at different time points to monitor the duration of effect. If these experiments show 

no changes in sox10 expression or activity, then a new rescue strategy should be employed. 

The colourless mutant was partially rescued by the mosaic expression of a heat shock sox10 

construct (Dutton et al., 2001a). This rescue was indicated by only 48% of the injected mutants 

having 1-40 wild type melanophores, with no effects on otic vesicle development reported. 

Replicating this experiment will likely not be sufficient to rescue the OLV and otic vesicle of 

the olvless mutant, thus a more controlled approach should be used such as generating a stable 

heat shock transgenic line. Heat shock transgenic lines allow for temporal control of gene 

expression by the hsp70 promoter driving the expression of a target gene in response to 

incubation of embryos at 38°C (Shoji & Sato-Maeda, 2008). A hsp70:sox10 construct with 

Tol2 elements for genome integration and a fluorescent marker could be generated by Gateway 

cloning. Once a stable transgenic line is established, transgenic fish could be outcrossed into 

the olvless line. To induce sox10 expression in olvless mutants, embryos from a olvless+/-

;hsp70:sox10  in-cross would be heat shocked at 13 hpf, slightly prior to otic placode induction 

and between 20-48 hpf, during otic vesicle development (Dutton et al., 2009). Additionally, 
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the expression of sox10 could be restricted to the otic vesicle by creating a transgenic line that 

expressed sox10 under an otic vesicle promoter or by using laser activation of the heat shock 

promoter directed at the otic vesicle. starmaker is a gene that has specific expression 

throughout the otic vesicle after otic placode induction, therefore its promoter could be used to 

generate a transgenic line that expressed sox10 within the otic vesicle upon activation (Thisse 

et al., 2001). This line would be crossed into the olvless line to drive the expression of sox10 

within the otic vesicle of olvless mutants. If these sox10 rescue strategies resulted in normal 

otic vesicle and OLV development in olvless mutants, it would confirm that lack of sox10 

function is responsible for the olvless phenotype.  

An additional experiment to validate the olvless mutant as a sox10 mutant would be performing 

qPCR of target genes of sox10 such as fgf8 and mitfa, genes that are dysregulated in the 

colourless mutant (Dutton et al., 2009). This experiment would involve extracting RNA from 

2 dpf olvless and wild type siblings, followed by qPCR using primers for fgf8 and mitfa, as 

well as ef1a as a positive control. If the olvless mutant lacks sox10 function, then the levels of 

fgf8 and mitfa will be downregulated in the mutant sample compared to the wild type. 

Furthermore, the colourless/sox10 mutant is reported to have an expanded neurogenic domain 

in the otic vesicle and this could be investigated in the olvless mutant. Whole mount in situ 

hybridisation (WISH), a technique that visualises mRNA expression using RNA probes was 

used to compare the expression of two markers of delaminating neuroblasts neurogenin1 

(ngn1) and neuroD at 30 hpf in colourless and wild type embryos (Dutton et al., 2009). In wild 

type embryos, both ngn1 and neuroD were found to be expressed in the nascent statoacoustic 

ganglion as well as ngn1 expression found in otic sensory neuron precursors prior to 

delamination. neuroD was rarely expressed in the otic epithelium (Dutton et al., 2009). 

Whereas the colourless mutant had much higher levels of ngn1 and neuroD expression in 

nascent statoacoustic ganglion, neuron precursors and the otic epithelium compared to wild 

type embryos (Dutton et al., 2009). The WISH of ngn1 and neuroD at 30 hpf could be 

replicated for the olvless mutant and if the patterns of expression resemble the colourless 

mutant it will suggest that olvless is a sox10 mutant.  

5.3.2 Confirming that ptch1 and olvless are indirectly influencing OLV development 

This research suggests that ptch1 and olvless, likely sox10, are not directly involved in the 

development of the OLV, however future work is needed to test this. Firstly, the spatiotemporal 

expression of ptch1 or sox10 mRNA can be examined in relation to the developing OLV using 
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double Whole mount in situ hybridisation (WISH) (Jowett, 2001). ptch1 is known to be 

expressed within the posterior region of the otic vesicle around 24 hpf but expression within 

the otic vesicle has not been reported between 3-5 dpf (Hammond & Whitfield, 2009). sox10 

is also expressed within the otic vesicle, from the otic placode stage around 16 hpf to within 

the otic epithelium between 1 dpf to 2 dpf and up until 3 dpf where it is expressed within the 

semi-circular canals (Dutton et al., 2009; Tang et al., 2014). If ptch1 and sox10 are not acting 

within the LECs of the OLV, then there should be no overlap in expression between the ptch1 

or sox10 with the OLV. Furthermore, fluorescent-activated cell sorting (FACs) could be used 

to determine whether ptch1 or sox10 are expressed within lymphatic vessels (Manoli & 

Driever, 2012). Using FACs, DsRed labelled LECs can be isolated from lyve1b:DsRed 

zebrafish around OLV development between 3 dpf-5 dpf, then RNA can be extracted from 

these cells and synthesized into cDNA. Using primers for ptch1 and sox10, expression within 

LECs can be determined by reverse transcription PCR (RT-PCR).  

Another way to test if ptch1 and sox10 do not act in a cell-autonomous manner within the LECs 

of OLV would be with cell transplantations. To perform a cell transplantation, blastula cells 

from a lyve1b:DsRed-expressing ptch1 or olvless mutant would be transferred into a wild type 

lyve1b:EGFP host, and vice versa. If a gene acts in a non-cell autonomous manner, then 

transplanted mutant cells will contribute to the wild type phenotype, while wild type cells in a 

mutant host will have a mutant phenotype due to the function of the gene in cells in the 

surrounding environment (Carmany-Rampey & Moens, 2006). In the context of the ptch1 and 

olvless mutants, transplanted DsRed cells are expected to contribute to wild type OLV growth 

alongside the EGFP labelled cells of the wild type host. However, if the disrupted genes of the 

mutants do act within LECs, then transplanted DsRed cells will not contribute to the OLV in a 

wild type host.  

A hypothesis formed by this research is that the disrupted genes of the ptch1 and olvless 

mutants indirectly guide the OLV by functioning in the development of the STPS, thus are 

likely not guidance factors provided by the STPS. As mentioned in section 5.1.2, the late-stage 

cyclopamine experiment suggested that ptch-1 indirectly guides the OLV, as cyclopamine 

application after otic vesicle development and prior to OLV growth was not sufficient to rescue 

the ptch1 OLV defects (Figure 3.5). A similar rescue experiment could be performed for the 

olvless mutant, after further validation that sox10 is the candidate gene then sox10 mRNA could 

be expressed in olvless mutants after otic vesicle development but prior to OLV growth. This 

would involve making a stable heat shock sox10 transgenic line as described in 5.3.1 that would 
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be crossed into the olvless;lyve1b:DsRed background. At 3 dpf and 4 dpf the embryos would 

be heat shocked to drive the expression of sox10 mRNA and then the effect on OLV 

development would be analysed at 6 dpf. If sox10 is not a guidance factor, then expression of 

sox10 mRNA at these time points will not rescue the growth of the OLV in olvless mutants. 

5.3.3 Investigating lymphatic guidance mechanism employed by the STPS  

The STPS has been identified as a guidance structure for OLV but how it informs OLV growth 

is unknown. Collagen may be a potential mediator involved in OLV growth as it is a known 

regulator of lymphatic growth and is found to be expressed within the STPS (Chaudhury et al., 

2020; Geng et al., 2013). Defective LEC migration in the trunk was observed in two mutants 

(sec23a and mbtps1) of the COP-II protein secretory pathway that had failed to secrete 

Collagen2a1 (Col2a1) and in a generated col2a1a mutant (Chaudhury et al., 2020). The sec23a 

and mbtps1 mutants also displayed reduced growth of vessels in the facial lymphatic network 

including the MFL, LAA and OLV, this was attributed to craniofacial cartilage defects. 

Interestingly, the facial lymphatic network still developed normally in the col2a1a mutant, 

suggesting this collagen isoform does not mediate OLV growth (N.Bower, personal 

communication). Additionally, a sec24d mutant identified in the Astin lab also has craniofacial 

cartilage defects but OLV growth is normal (W.Chen, personal communication). Antibody 

staining of Collagen type II (Col2) in wild type otic vesicles at 5 dpf appeared to mark the 

STPS (Geng et al., 2013). Importantly, the expression of Col2 was found to be dysregulated in 

the otic vesicles of ptch1 and olvless mutants (Yang, 2020). The ptch1 mutant was found to 

have increased Col2 expression, particularly in the ventral semi-circular canal, which mimics 

the expression in the leprechaun mutant (Yang, 2020; Hammond et al., 2010). The olvless 

mutant which often lacks the STPS, had no Col2 expression in the otic vesicle (Yang, 2020). 

The expression of Col2 in the STPS and disruptions in expression in the OLV mutants suggest 

that Col2 provided by the STPS may mediate OLV growth. However, analysis of the col2a1a 

mutant rules out Col2a1 as a OLV guidance cue. It is important to note that the anti-Col2 

antibody labels all type II Collagens, therefore other isoforms may mediate OLV development 

and could be investigated in the future. A potential Col2 isoform to investigate is col2a1b, to 

determine whether col2a1b is involved in OLV guidance it could be knocked down with a 

morpholino or a mutant could be generated by CRISPR. It may be that loss of col2a1b is not 

sufficient to disturb OLV growth, and potentially both col2a1b and col2a1a may need to be 

knocked down in a double mutant scenario. Additionally, to test if overexpression of col2a1b 
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alone or with col2a1a results in overgrowth of the OLV, a heat shock transgenic line could be 

generated to induce expression of each collagen genes separately or together around OLV 

growth at 3 dpf and 4 dpf.  

To identify other candidate guidance factors involved in OLV growth, the transcriptomes of 

the ptch1, olvless and wild type embryos could be compared in a 3-way RNA-seq analysis. 

This experiment would involve dissecting otic vesicles from 3 dpf ptch1, olvless and wild type 

embryos from which RNA would be extracted for sequencing. Bioinformatic analysis would 

be used to identify genes that differentially expressed between the mutants and wild type 

samples. Due to the opposing OLV phenotypes in the ptch1 and olvless mutants, candidate 

guidance factors would likely be highly expressed in the ptch1 mutants while lowly expressed 

in the olvless mutants. Once candidate guidance factors are identified they will be validated 

through overexpression experiments and generating mutants.  

The ptch1 and olvless mutants can also be used as tools to identify the cellular identity of the 

STPS. It is important to understand what cells make up the STPS to study its role in OLV 

guidance and to help distinguish the STPS from other otic vesicle structures. In both mutants 

the STPS is not the only disrupted otic vesicle structure, therefore further investigation of the 

STPS is needed to rule out the role of other otic vesicle structures in the growth of the OLV.  

To determine the cellular composition of the STPS single cell RNA-sequencing (scRNA-Seq) 

can be used. scRNA-Seq can identify cell populations by clustering groups of cells based on 

transcriptome similarity (Grün & van Oudenaarden, 2015). This approach was used to identify 

a population of fibroblast cells in the zebrafish trunk as sources of Vegfc processing 

components (Wang et al., 2020). The scRNA-Seq experiment would involve dissecting otic 

vesicles from 3-5 dpf ptch1, olvless and wild type embryos. The cells of the otic vesicle are 

then dissociated. Libraries are generated and then sequenced with the transcriptomes clustered 

to identify related cell populations. Multiple cell clusters present in the wild type sample are 

expected to be absent in the olvless sample due to the severe otic vesicle defects. By comparing 

to the ptch1 sample, a clustering of cells that likely represents the STPS may be observed as an 

expanded population or one with subtle differences to the wild type sample. Furthermore, 

cellular markers could be used to help isolate the STPS population. The STPS is known to 

express Col2 and therefore could be used a marker to identify the STPS cell cluster (Yang, 

2020). However, the semi-circular canals may also express Col2 especially in the ptch1 sample. 

Therefore, to distinguish the STPS from the semi-circular canals known canal markers could 

be used such as aldh1a3, bmp7b, sox9b and agr2 (Geng et al., 2013; Tang et al., 2014). 
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Furthermore, the STPS cell population may express known lymphangiogenic factors such as 

vegfc, vegfd, ccbe1, adamts3, adamts14, Cxcl12a and Cxcl12b. The transcriptional signature 

of the STPS cells could help to identify what type of cells it contains and therefore the nature 

of this structure. To confirm the identified STPS cell population, WISH would be performed 

using probes for genes that were found to be enriched in the STPS transcriptome, which should 

label the STPS. Additionally, these genes could be used to generate a transgenic STPS reporter 

line, allowing for the imaging of STPS development and specific disruptions to the structure 

to confirm the mechanism of STPS-directed lymphatic guidance.  

Uncovering the guidance mechanism of the OLV will expand current knowledge of lymphatic 

development and help to identify molecules that may be targeted as therapies to treat 

dysregulated lymphatic vessel growth.  

5.4 Conclusion  

This study investigated the genetics of two zebrafish mutants that displayed abnormal growth 

of the otolithic lymphatic vessel (OLV) and concomitant otic vesicle defects. The two mutants 

were previously used to identify the superficial three-pronged structure (STPS) of the otic 

vesicle as a potential guidance structure of the OLV (Yang, 2020), however their genotype and 

phenotype relationships required further investigation. 

A mutant with overgrowth of the OLV and subtle STPS defects was already mapped to two 

damaging mutations in the gene ptch1, a negative regulator of Hh signalling. This study 

confirmed that the loss-of-function mutations in ptch1 caused the mutant phenotypes. 

Knockdown of ptch1 in wild type embryos with a splice-blocking morpholino phenocopied the 

hyperbranched OLV and STPS defects seen in the ptch1 mutant.  The ptch1 mutant phenotypes 

were also successfully rescued with a low dose of the hedgehog-signalling inhibitor, 

cyclopamine. However, application of cyclopamine after otic vesicle development, but prior to 

OLV growth was not sufficient to rescue the mutant, suggesting that ptch1 indirectly guides 

the growth of the OLV by functioning in otic vesicle and STPS development. The role of Hh 

signalling in otic vesicle development was further confirmed by the overexpression of shha 

mRNA disrupting otic vesicle development with subsequent OLV defects.  

The second mutant termed olvless has little to no growth of the OLV, severe otic vesicle defects 

often lacking the STPS, and reduced pigmentation. This study used whole genome sequencing 

to map the olvless mutant to a nonsense mutation in the gene sox10. To validate the identified 
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mutation, sox10 was silenced in wild type embryos through a translation-blocking morpholino. 

Knockdown of sox10 resulted in OLV, otic vesicle and pigmentation defects which resembled 

a weak phenocopy of the olvless mutant. Rescue of the olvless mutant through injection of 

sox10 mRNA was attempted but was not successful. Further validation of the olvless mutant 

including validation with another sox10 mutant allele or a better designed rescue experiment is 

required.  

This study supports the hypothesis that the STPS acts a guidance structure for OLV growth 

and suggests that the disrupted genes of the ptch1 and olvless mutants are likely required for 

the proper development of the otic vesicle and STPS, thus indirectly guiding the OLV. Future 

work includes testing the hypothesis that ptch1 and olvless do not act within LECs or as 

guidance factors of the developing OLV. Importantly, the ptch1 and olvless mutants can be 

used as tools in the future to uncover the cellular identity of the STPS and mechanisms by 

which it directs lymphatic vessel development. 
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6 Appendix 

 

Figure 6.1: pGEM-T Easy Vector map 

Schematic map of the pGEM-T Easy vector. The f1_origin (yellow) is the origin of DNA replication. Ampicillin 

resistance gene (red, arrow= promoter).  LacZ_a  (purple, arrow= promoter) encodes β-galatosidase enzyme used 

as a marker of recombination with blue-white colony screening. The black arrows refers to m13_forward and 

m13_reverse sequencing primers. 

LacZ_a

f1_origin 

Ampicillin

m13_reverse

m13_forward

pGEM-T Easy Vector

3016 bp
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Figure 6.2: pCS2+ vector map 

Schematic map of the pCS2+ vector. Ampicillin resistance gene (red, arrow= promoter). Sp6_primer (black 

arrow) was used for in vitro transcription of insert DNA. The pCS2+ vector was double digested with restriction 

enzymes XhoI and XbaI for insertion of shha and sox10 products. The SV40_PA_terminator (orange) used for 

termination of in vitro transcription and addition of PolyA tail to generated mRNA.  

Sp6_primer

SV40_PA_terminator
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