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ABSTRACT 

Familial exudative vitreoretinopathy (FEVR) is a blinding disorder that results in 

incomplete peripheral retinal vascularization at birth and there is currently no treatment.  

Zebrafish were used as a model to mimic a FEVR-like phenotype in order to carry out a 

preliminary drug screen for novel therapeutic compounds.  A novel FEVR gene, cdh5, 

was knocked down using morpholino oligonucleotide and displayed a robust retinal 

phenotype and smaller eye size.  Sphinghosine-1 phosphate receptor-2 (S1PR2) is a 

known inhibitor of blood vessel development.  Several compounds predicted to interact 

with S1PR2 were screened using the cdh5 morphant zebrafish including an S1PR2 

inhibitor; JTE-013.  JTE-013 significantly improved eye size establishing that S1PR2 can 

be targeted in zebrafish.  “Compound 1” significantly decreased eye size, whereas 

“compound 2” had no effect.  Thus, S1PR2 is a possible pharmacological target for the 

treatment of FEVR. 
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CHAPTER 1: INTRODUCTION 

1.1 Human retinal development 

The retina is a light sensitive tissue located at the back of the eye and is 

considered a part of the central nervous system, specifically, an out-pouching of the 

diencephalon.  In a normal eye, light is focused on the retina by the cornea and lens, to 

construct a clear image for the brain to interpret.  When light hits the retina, signaling 

cascades are induced with the help of cells and neurons interconnected by synapses, 

including rod and cone photoreceptors (Kennis & Mathes, 2013).  These photoreceptors 

are sensitive to light rays.  Visual signals are eventually sent to the brain via optic nerve 

fibers and processed in various areas of the brain to allow for visual interpretation of the 

environment that one sees (Behnia & Desplan, 2015).  The retina is supplied with 

nutrients and oxygen early on in embryogenesis from several vascular networks that are 

highly complex and coordinated developmental events (Hughes et al., 2000).  If any step 

during development is compromised, this can consequently have a negative impact on 

visual acuity and may result in variety of retinal pathologies.     

The human ocular vascular system arises from mesoderm that surrounds the 

newly formed optic cup during embryogenesis (Saint-Geneiz & D’Amore, 2004). Prior to 

the initiation of retinal vascularization, at 4 weeks gestation, the primitive dorsal and 

ventral ophthalmic arteries branch from the internal carotid artery (Saint-Geneiz & 

D’Amore, 2004).  Hyaloid, retinal, and choroidal vasculature blood vessel networks arise 

from these vessels and are the three main networks that are necessary to supply the retina 

and are formed via angiogenesis, a process by which new blood vessels form from pre-

existing vessels (Saint-Geniez & D’Amore, 2004).  The hyaloid and choroidal vascular 
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systems begin development before the retinal vascular network and thus are initially 

responsible for nourishing retinal tissue in its earliest stages of embryogenesis.    

The hyaloid network is the first to form and nourishes the developing retina prior 

to blood vessels entering the retina.  The primitive hyaloid artery travels through the optic 

fissure during development and reaches the lens at the 7 mm stage (human developmental 

stage) where it branches into a close-knit vascular network around the lens (Saint Geniez 

& D’Amore, 2004).  The hyaloid vasculature exists only transiently and begins to regress 

at approximately 13 gestational weeks, corresponding to the onset of retinal vascular 

development (Saint Geniez & D’Amore, 2004), and is usually completely regressed by 

40 weeks, when retinal vascularization is complete (Gilmour, 2015). 

Vascularization of the neural retina itself begins at approximately 18 weeks 

gestation and is normally complete between 38 and 48 weeks gestation (Gilmour, 2015).  

Mesenchymal precursor cells from the vascular plexus (network) migrate to the nerve 

fiber layer and subsequently proliferate to form cords of endothelial cells, referred to as 

vasculogenesis (Garner & Klintworth, 2008).  The retinal vascular network is made up of 

a superficial primary and a deep secondary vessel system (Figure 1.1) (Hughes, 2000) 

that feed the inner and middle layers of the neural retina.  Primary vasculature matures 

into arteries and veins, undergoes pruning, and pericytes eventually wrap around 

endothelial cells, stabilizing new vessels (Bergers & Song, 2005; Hughes et al., 2000).    

Following vasculogenesis, angiogenesis occurs creating the secondary vascular network 

whereby new vessels form from pre-existing ones, increasing the network density 

(Hughes et al., 2000).  Patterning of the vascular endothelium is influenced by vascular 

endothelial growth factor (VEGF) providing guidance cues and is present in a spatio-
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temporal distinct manner and is also influenced by levels of oxygen (Garner & 

Klintworth, 2008). Retinal development is conveniently depicted using retinal whole 

mounts showing that the retinal vasculature emerges from the optic disk area, where the 

vessels project radially outward toward the periphery (Figure 1.1).  The retina undergoes 

further maturation after birth (Hughes et al., 2000; Garner & Klintworth, 2008).    

Retinal vascularization is a tightly regulated process that if disturbed at any step, 

may result in abnormal vascularization of the retina and subsequent vision loss or 

blindness.  Persistent fetal vasculature (PFV) occurs when the hyaloid artery fails to 

regress and a membrane or stalk connecting the optic nerve and lens remains, leading to a 

variety of visual consequences.  Retinopathy of prematurity (ROP) occurs when babies 

are born before the retina has time to fully develop, with the two major risk factors being 

the gestational age at birth and need for supplemental oxygen that suppresses growth 

factors and subsequently inhibits normal vessel growth, resulting in pathological retinal 

vascularization (Chen & Smith, 2007).  Failure of peripheral vascularization can occur as 

a result of genetic insult such as in familial exudative vitreoretinopathy (FEVR).  

Interestingly, microphthalmia (abnormally small eyes) is frequently associated with 

retinal vascular disorders such as ROP, PFV, and FEVR (Hu et al., 2016; Goldberg, 

1997; Robitaille et al., 2009).  In ROP, peripheral vascularization can be completely 

absent and is positively correlated to both the incidence and severity of refractive error 

(the inability of the eye to properly refract and focus light rays, resulting in blurry vision), 

as well as delays in eye growth (Fledelius & Fledelius, 2012; Ouyang et al., 2015; Wang 

et al., 2013).  PFV, ROP, FEVR and other retina vascular disorders such as Coat’s 

disease (characterized by retinal telangiectasis/dilation) and incontinentia pigmenti (IP- a 
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multi-system disorder possessing some ocular characteristics such as neovascularization) 

have overlapping phenotypes, and all can lead to blinding complications that may require 

enucleation of the eye in the most severe cases (Hu et al., 2016; Gilmour, 2015).  ROP is 

a leading cause of blindness in developed countries and an emerging problem in 

developing nations (Holmstrom et al., 1998).  It is estimated that blindness affects at least 

~20 000 prematurely born infants worldwide each year, of which at least 50% can be 

attributed to the severity of ROP (Blencowe et al., 2010).  FEVR is associated with a 

40% chance of vision loss in eyes of affected patients, with 50% of those patients 

becoming bilaterally legally blind, most often in early childhood years and despite 

treatment (Robitaille et al., 2011).  In 2007, the National Coalition for Vision Health 

reported that the total annual cost of vision loss in Canada was approximately $15.8 

billion and is projected to reach up to $30.3 billion in the year 2032 (www.cos-sco.ca).  

The Canadian National Institute for the Blind (CNIB) also reported that approximately 

half a million Canadians currently live with vision loss significant enough to negatively 

impact their quality of life.  This highlights the importance of visual research and the 

need to expand knowledge of the pathological mechanism, treatment, and management of 

such diseases contributing to these statistics, and to manage them as efficiently as 

possible while still providing optimal ocular care (www.cnib.ca). 

 

 

 

 

 

http://www.cos-sco.ca/
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Figure 1.1. Human retinal vasculature emerges from the optic disc to periphery 

during development. 

 

Human retinal vascular development is compared to that of macaque monkey retinal 

development through a retinal whole mount schematic. WG (human)- weeks gestation. 

Fd (monkey)- fetal day.  Black lines represent vessels from primary vasculature and pink 

shading represents deep secondary or deep vasculature.  The fovea (responsible for sharp, 

central vision) is indicated by a dot.  The primary vessels begin to develop near the optic 

disk and the secondary vessels sprout from this primary layer.  Vessels emanate from the 

optic disk to the peripheral retina (A-E).  The primary vessel development in macaque 

monkeys is faster than humans (grey shading in D).  Adapted from (Provis, 2001). 
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1.2 Familial exudative vitreoretinopathy (FEVR) 

FEVR is a hereditary, developmental retina vascular disorder that is characterized 

by incomplete peripheral retinal vascularization at birth in both eyes and was originally 

described by Criswick and Schepens in 1969 (Criswick & Schepens, 1969) as resembling 

ROP but lacking a history of premature birth.  In the first and earliest stage of FEVR, the 

retinal vessels fail to reach the ora serrata, a landmark of the eye described as the junction 

between the retina and ciliary body (Alvarez et al., 2007).  Individuals with FEVR 

manifesting as peripheral avascular retina may not experience visual symptoms and may 

not be aware that they have the condition, yet are at risk of having children who may 

become blind from the disease.  Visual complications occur when the second stage of 

disease begins.  The second stage is induced by retinal ischemia (reduced blood flow), 

caused by the peripheral avascular area leading to secondary neovascularization (ie. new, 

abnormal vessel growth).  This compensatory neovascularization phase is not specific to 

FEVR and occurs because of the presence of avascular retina.  Neo-vessels are not 

normal vessels and are characterized by increased permeability with associated leakage 

and hemorrhage and eventually scar and cause traction on the retina (Alvarez et al., 

2007).  Traction often involves the macula and may manifest as retinal dragging and with 

further traction, eventually lead to retinal folds and detachment. 

FEVR is phenotypically variable.  Although both eyes are typically affected, 

asymmetry between eyes and variability of disease severity between immediate family 

members may be present depending on the extent of the disease caused by the second 

stage of neovascularization (Gilmour, 2015).  FEVR is believed to have 100% penetrance 

and can be progressive later in life, adding to the variability and unpredictable nature of 
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the disease (Toomes et al., 2004; Shukla et al., 2003; Gologorsky, Chang, Hess, Berrocal, 

2013).  The prevalence of FEVR has been estimated at 1:10 000, but this is likely an 

underestimate as studies utilizing molecular testing reveal that, in some pedigrees, up to 

90% of individuals with FEVR may be asymptomatic (Toomes & Downey, 2011).  The 

resulting visual acuity deficits range from visual impairment to total blindness despite 

current treatments (e.g. laser and vitreoretinal surgery).  Approximately 21-64% of FEVR 

affected patients will experience a retinal detachment (van Nouhuys, 1991; Miyakubo, et 

al., 1984; Benson, 1995; Ranchod, et al., 2011; Shukla, et al., 2003).    In one study which 

looked at 32 patients (64 eyes) diagnosed with FEVR, 3% were observed to have no light 

perception, 16% were considered legally blind (defined as 6/15 visual acuity or worse), 

and 6% had some visual impairment with a visual acuity worse than 6/15 but better than 

20/200 (Robitaille et al., 2011).    

Imaging of the retina through the pupil, referred to as a fundus photo, can show a 

wide view of the retina and its corresponding vasculature.  Figure 1.2 compares the 

retinal phenotype of an unaffected person to that of a patient diagnosed with FEVR.  In 

the unaffected person, one can see that the retinal vessels are organized and clearly 

defined as they emerge from the optic disc (Figure 1.2A, arrow).  By contrast, the patient 

affected with FEVR has a severe form of the disease and displays a lack of organization 

with no visible retinal vessels, as well as a large fibro-vascular stalk emanating from the 

optic nerve (Figure 1.2B, arrow).  This patient with FEVR has an easily detectable 

pathological appearance, but this is not the case for all patients with FEVR: some will 

have a normal fundus as in Figure 1.2A and will require a fluorescein angiogram (FA) 
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that involves injecting a dye that highlights the retina vessels and enables the detection of 

the area of peripheral avascular retina.   

In those patients with low vision, there is also a risk of developing strabismus, 

otherwise known as abnormal alignment of the eyes (Figure 1.3), and microphthalmia, 

which further complicates patient management and introduces the potential need for 

multiple surgical interventions.  
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Figure 1.2. Comparison between normal retina and severe FEVR phenotype.  

 

A- Normal human fundus with retinal vessels emerging from the optic nerve and 

coursing outward toward the periphery.  Arrow indicates one of the many healthy vessels 

on this retina. B- Fundus of a patient with FEVR with a noticeable fibro-vascular stalk 

extending from the optic nerve (indicated by the arrow).  There are no visible retinal 

vessels.  Adapted from (Robitaille et al., 2009). 
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Figure 1.3. Strabismus in a severely affected FEVR patient.  

 

A view of the outside of the eyes shows the presence of leukocoria, or white pupil, due to 

a total retinal detachment in both eyes as a consequence of FEVR.  The eyes also appear 

to have strabismus, or an eye misalignment, when comparing the light reflexes in each 

eye.  This patient has an exotropia (ie. the eyes are deviated outward).  Adapted from 

(Toomes et al., 2004). 
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 A staging system has been proposed (Table 1.1) to describe the degree of severity 

of FEVR.  This system ranges from stage one manifesting (avascular periphery only) and 

being the least severe to stage five, the most severe (with total loss of vision secondary to 

a total retinal detachment) (Pendergast et al., 1998; Gilmour, 2015).  Older children and 

adults, whom the peripheral retina only is affected and no symptoms are present, are 

observed and need for treatment is unlikely (Laqua, 1980).  The more severe stages tend 

to occur early in childhood years.  Retinal dragging and detachment are difficult to treat 

and may require a vitrectomy, to remove the vitreous humor (the jelly-like substance 

occupying the space behind the lens in the eye) from the eye (Cruz-Inigo et al., 2014).  

All fibrovascular tissue would be removed from the eye to relieve traction and the 

vitreous would be replaced with a suitable substance (Cruz-Inigo et al., 2014).  Severe 

cases may also need scleral buckling, a technique used to close a retinal break and release 

traction (Laqua, 1980). 
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Table 1.1.  Clinical staging of FEVR. 

 

Stage Description 

1 Avascular periphery 

2 Retinal neovascularization 

 
A- without exudates 

 
B- with exudates 

3 Extra macular retinal detachment 

 
A- without exudates 

 
B- with exudates 

4 
Subtotal macula involving retinal 
detachment 

 
A- without exudates 

 
B- with exudates 

5 Total retinal detachment 
Adapted from (Pendergast & Trese, 1998; Gilmour, 2015) 
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Due to the significant phenotypic overlap between FEVR and ROP, a history of 

premature birth must be elicited before a diagnosis of FEVR can be entertained.  Other 

conditions in the differential diagnosis of FEVR include Norrie disease, an X-linked 

recessive condition associated with progressive deafness and mental retardation 

(Warburg, 1966), PFV, which presents unilaterally in an eye and is rarely inherited 

(Haddad et al., 1978), incontinentia pigmenti (IP), an X-linked dominant disorder of the 

skin with similar ocular manifestations to FEVR, osteoporosis pseudo-glioma (OPPG), 

which has the additional presence of osteoporosis that differentiates it from FEVR 

(Gilmour, 2015), microcephaly, lymphedema, chorioretinal dysplasia (MLCRD), Coat’s 

disease, which is frequently unilateral, rarely hereditary and with a male predilection  

(Warden et al.,  2007).  The ocular manifestations of FEVR are non specific and a 

thorough work-up that may include molecular testing is essential to make the correct 

diagnosis. 

 

1.3 Genetic etiology of FEVR 

Recent studies have focused on the genetic etiology of FEVR.  To date, six genes 

have been identified, and patients with suspected FEVR may now undergo genetic testing 

to confirm the diagnosis and rule out other forms of retinal vascular disease.  Mutations 

in Frizzled-4 protein (FZD4) (Robitaille et al., 2002), low density lipo-protein receptor 

related protein-5 (LRP5) (Gilmour, 2015), tetraspanin-12 (TSPAN12) (Gal et al., 2014), 

Norrie disease protein (NDP) (Rattner et al., 2014), kinesin family member-11 (KIF11) 

(Robitaille et al., 2014), and zinc finger protein-408 (ZNF408 ) (Collin et al., 2013; 

Gilmour, 2015) have all been linked to FEVR.  FEVR is genetically heterogeneous and is 
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most commonly inherited as an autosomal dominant (AD) trait (FZD4, LRP5, TSPAN12, 

ZNF408, KIF11), but may also follow X-linked recessive (NDP), or, autosomal recessive 

inheritance (FZD4, LRP5 and TSPAN12) (Muller et al., 1994; Robitaille et al., 2002; 

Norrie, 1927; Jaio et al., 2004; Poulter et al., 2010; Collin et al., 2013, Gilmour, 2015).  

Most reported cases of AD FEVR are associated with heterozygous mutations in FZD4 

(20%) or LRP5 (15%) (Toomes et al., 2004).  

Extraocular manifestations are rare with the exception of FEVR caused by LRP5 

and KIF11 mutations.  Pedigrees with heterozygous mutations in LRP5 were discovered 

to have reduced bone density and an increased incidence of bone fractures (Toomes et al., 

2004).  Interestingly, homozygous mutations in LRP5 have been identified in patients 

with osteoporosis-pseudoglioma syndrome, a condition characterized by severe loss of 

bone density and a gliomatous appearance in the eyes that represents an end-stage FEVR 

phenotype (Laine et al., 2011).  Those possessing KIF11 mutations appear to have FEVR 

ocular manifestations as well as frequent associations with microcephaly, lymphedema, 

and mental retardation (Hu et al., 2016).  Also, mutations in the NDP gene have been 

associated with Norrie disease, FEVR, or both (ie. some relatives with the same mutation 

exhibiting Norrie disease and others FEVR only) (Allen et al., 2006), highlighting the 

phenotypic variability of the disease.  

The FZD4 gene was originally identified as causative of FEVR in a 

multigenerational pedigree in 2002 (Robitaille et al., 2002).  Fzd4 
-/- 

knockout mice, the 

most thoroughly studied of the FEVR mouse models, recapitulate the human phenotype 

and  display delayed regression of the hyaloid vascular system as well as an overall 

retinal vascular disorganization and failure of complete vascularization (Xu et al., 2004; 
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Ye et al., 2009).  Interestingly, Fzd4 
-/- 

mice also show evidence of progressive cerebellar 

degeneration, a feature not found in humans with FEVR cause by FZD4 mutation (Wang 

et al., 2001).  Behavioural studies in FEVR mouse models have demonstrated that Fzd4 

mutations are associated with abnormal optokinetic reflex (innate reflex eye movements 

that may be used as a measure of the ability to see) (Ye et al., 2009).  Lrp5, Tspan12 and 

Ndp null mice also demonstrate abnormal retina vascular development as seen in human 

FEVR patients (Xia et al., 2008; Junge et al., 2009; Richter et al., 1998). 

  Four of the confirmed genes form a ligand/frizzled receptor/co-receptor 

complex: (NDP/FZD4/LRP5/TSPAN12).  Proteins encoded by these genes participate in 

the canonical-Wnt intracellular signaling pathway (Figure 1.4).  In general, the Wnt 

signaling pathway is involved in cell fate, i.e. how cells and tissues are instructed to 

develop, as well as the repair of adult tissues (Clevers, 2009).  In the eye, this pathway 

has emerged as a key player in the regulation of retinal vascular development (Xia et al., 

2010).  FZD4 is a 7 transmembrane domain receptor and belongs to the canonical norrin-

Wnt signaling pathway (Warden et al., 2007).   NDP produces norrin that acts as a non-

Wnt ligand with high specificity for Frizzled-4 at the cellular plasma membrane, and 

tetraspanin-12 aids Frizzled-4 to potentiate intracellular signaling (Xu et al., 2004).  

FZD4 and LRP5 act as co-receptors and are both necessary to initiate intracellular 

signaling (Xu et al., 2004).  Downstream events that occur in this pathway are not clearly 

defined and therefore may represent as yet unknown causes of FEVR pathology (Xu et 

al., 2004). Indeed, about 50% of FEVR cases do not have a genetic etiology, suggesting 

that more genes for FEVR remain unidentified (Seo et al., 2015). 
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Figure 1.4. FEVR genes play a role in the canonical Wnt pathway.   

 

A- Globally, Wnt ligands bind to their associated Frizzled receptors and the co-receptors 

Lrp5 or Lrp6 in organisms.  Upon activation by the ligand, β-catenin becomes activated 

downstream and further activates gene expression to regulate a variety of processes in 

both embryo and adults.  B- In the retina, vascular development is regulated by the 

binding of the ligand Norrin to the Frizzled-4 Wnt receptor and its Lrp5 co-receptor 

located on endothelial cells.  A complex is then formed with Tspan12, which activates 

downstream β-catenin signaling. 

Adapted from (Clevers, 2009).  
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1.4 CDH5- a novel FEVR gene 

CDH5, which codes for the VE-cadherin (vascular endothelial-cadherin) protein, 

is one such newly identified potential FEVR  gene (Dr. Johane Robitaille, personal 

communication, manuscript in preparation).  It was first identified in a French Canadian 

family that had no mutation in the known FEVR genes using whole exome sequencing.  

Cadherins are transmembrane proteins composed of an extracellular domain, which 

participates in cell-to-cell interactions, and a cytoplasmic tail, which interacts with 

catenins (Wheelock & Johnson, 2003).  VE- cadherin is the major cadherin present in the 

adherens junctions of endothelial cells, which line the vasculature (Wheelock & Johnson, 

2003).  It has an important role in maintaining adhesion of endothelial cells, restraining 

endothelial cell proliferation, and controlling vascular permeability (Breviario et al., 

1995; Caveda et al., 1996).  CDH5 also plays a role in regulating the availability of β-

catenin, the transcription factor activated by Wnt signaling, possibly by sequestering it, 

which may provide a link between this protein and the FZD4 signaling pathway and thus, 

the retinal pathology of FEVR (Wheelock & Johnson, 2003).  VE-cadherin binding to β-

catenin, allows for the association of cadherin with actin, providing support to the 

cytoskeleton (Wheelock & Johnson, 2003).  Homozygous inactivation of Cdh5 in mice 

has resulted in embryonic lethality due to severe cardiovascular defects, whereas 

heterozygous Cdh5
+/-

 mice were described as normal (Carmeliet et al., 1999; Gory-Faure 

et al., 1999).  Blood vessel integrity is defective in VE-cadherin knockout mice, which 

were isolated at various stages of gestation (Gory-Faure et al., 1999), and knockout mice 

show severely abnormal angiogenesis during development, implying that VE-cadherin 

may be involved in more than just cell-to-cell adhesion (Carmeliet et al., 1999).  A 
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vascular maintenance role has been shown in mouse embryos deficient in VE-cadherin 

in-utero (Gory-Faure et al., 1999).  Interestingly, suppression of Cdh5 by treating mice 

with tamoxifen to induce recombination resulted in hyper-sprouting of retinal vasculature 

(Gaengel et al., 2012).  In cdh5 zebrafish mutants, studies identified that there was overall 

disorganization of the actin cytoskeleton (Sauteur et al., 2014), and that cdh5 is important 

for structural support for polymerizing F-actin cables involved in endothelial cell 

elongation in zebrafish (Sauteur et al., 2014).  Sauteur and colleagues (2014) concluded 

that cdh5 is necessary for global blood vessel integrity and vessel sprouting.  

To date, no treatment is available to address the underlying pathology in FEVR 

prior to development of compensatory neovascularization and subsequent blinding 

complications.  Management depends on the stage/severity of FEVR and can range from 

continued lifelong observation to laser photocoagulation and vitreoretinal surgery.  

Surgical complications are frequently encountered, and success rates tend to be low in 

younger patients, highlighting the need to identify effective treatments that will foster 

normal vascularization of the peripheral retina in patients with FEVR, thus avoiding the 

difficulties of treating complications of secondary neovascularization with poor success 

rates.  It is possible that the FEVR phenotype could be reversed by targeting pathways 

that influence blood vessel development. 

Angiogenesis is controlled by multiple signaling pathways.  We were interested in 

exploring how altering other signaling pathways involved in angiogenesis might be used 

to reverse the underlying vascular pathology in FEVR.   
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1.5 Sphingosine-1-phosphate (S1P) receptors and JTE-013 

The S1P signaling pathway is known to play a role in angiogenesis via the S1P 

family of G-protein coupled receptors (S1PRs) and serves as an attractive target to treat 

vascular disease (S1PRs) (Skoura et al., 2007).  S1P is a blood borne lipid mediator that 

regulates multiple physiological processes including vascular morphogenesis and 

maturation (Hisano et al., 2015).   S1P (produced primarily by endothelial cells) interacts 

with S1PRs which then activate downstream signaling pathways (Hisano et al., 2015).  

S1PRs have 7 transmembrane domains with three extracellular loops (Hanson, 2012).  

Mammals possess 5 S1PRs but only S1PR1, 2 and 3 have been linked to vascular 

development and each binds to a different hetero-trimeric G-protein α-subunit (Kono et 

al., 2004; Hanson, 2012).  S1PR1 and 3 have been reported to have a similar role in blood 

vessel development, promoting vascular stability and increasing vascular migration upon 

S1P ligand binding (Kono et al., 2004).  In contrast, S1PR2 is an inhibitor of vascular 

development and therefore possesses an antagonizing effect against S1PR1 and 3 (Figure 

1.5).  S1PR2 would be a suitable candidate to test whether blocking this receptor might 

foster vessel growth in patients with FEVR. 
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Figure 1.5. S1PR2 inhibits vascular development while S1PR1 and S1PR3 promote 

vessel growth.   

 

Blocking receptor 2 could promote vascularization by preventing inhibition of vessel 

growth.  Adapted from (Takuwa et al., 2011). 

 

 

 

 

 

 

 

 

promotes inhibits promotes 
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S1pr2
-/-

 null mice develop normally (Skoura et al., 2007), suggesting that targeting this 

receptor as a treatment for FEVR might not have significant unwanted side effects.  

When exposed to ischemia-driven retinopathy (used to mimic ROP and diabetic 

retinopathy).  The S1pr2
-/-

 mice appear to be protected against the development of retinal 

vascular abnormalities (Skoura et al., 2007).  Offspring of S1pr2
-/-

 mice crossed with 

either Fzd4
-/-

 or Tspan 12
-/-

 mice show near normal retinal vascularization compared to 

Fzd4
-/-

 and Tspan 12
-/-

 mice (Mike Ngo, Dalhousie University, unpublished data). Taken 

together, this suggests that S1PR2 represents a valid, druggable target to inhibit 

pathological neovascularization in conditions such as FEVR. 

 The compound JTE-013 is a well-established S1P antagonist with a higher 

specificity for S1PR2 when compared to S1PR1 or 3 (Won et al., 2012).  Unfortunately, 

JTE-013 possesses several non-drug like properties (ie. rapid metabolism) thus, 

preventing its use in vivo.  The recent availability of the crystal structure of S1PR2 has 

enabled homology modeling to allow for accurate determination of the structure of the 

receptor family (Christopher McMaster, personal communication).  This has facilitated 

the prediction of drug-like compounds that have a high affinity for the S1PR2 receptor.  

The Cheminformatics Drug Discovery Lab (CDDL) at the IWK Health Centre run by Dr. 

Christopher McMaster and his team screened a proprietary database of 11.5 million drug-

like compounds to identify 15 compounds predicted to have high affinity for S1PR2 

(Table 1.2).   

Screening large numbers of compounds for their ability to target specific proteins 

and thus produce readable phenotypic outcomes is made easier by the use of animal 

models of specific diseases.  Mice have commonly been used for this purpose, however 
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this model has several limitations, including the high expense of maintenance, as well as 

low fecundity, which can limit the numbers of animals necessary for large-scale drug 

screens.  The introduction of the zebrafish into the realm of pre-clinical animal models of 

disease has streamlined and revolutionized the process of drug discovery ultimately 

improving efficiency. 
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Table 1.2.  Molecular modeling of S1PR2 binding pocket predicted this list of S1PR2 

antagonists. 

 

 

Compound Name 

 

Molecular Weight (g/mol) 

4-cyclopropyl-N-(3,4-dimethoxybenzyl)-1,3-
dimethyl-1H-pyrazolo[3,4-b]pyridine-6-carboxamide 

380.4 

N-[1-(1H-benzimidazol-2-yl)ethyl]-1,3,6-trimethyl-
1H-pyrazolo[3,4-d]pyrimidin-4-amine 

321.4 

2,6-dichloro-N-{[(3,4-
dichlorophenyl)amino]carbonyl}-4-methyl-5-
nitronicotinamide 

438 

2,6-dichloro-4-methyl-N-({[2-
(trifluoromethyl)phenyl]amino}carbonyl)nicotinamide 

392.2 

4-cyclopropyl-1,3-dimethyl-N-[4-
(trifluoromethyl)phenyl]-1H-pyrazolo[3,4-b]pyridine-
6-carboxamide 

374.4 

2,6-dichloro-N-[2-(3,4-diethoxyphenyl)ethyl]-4-
methylnicotinamide 

397.3 

2,6-dichloro-N-[(mesitylamino)carbonyl]-4-
methylnicotinamide 

366.2 

N-[(benzylamino)carbonyl]-2,6-dichloro-4-
methylnicotinamide 

338.2 

N-(4-chlorophenyl)-4-cyclopropyl-1,3-dimethyl-1H-
pyrazolo[3,4-b]pyridine-6-carboxamide 

340.8 

2,5,6-trichloro-4-methyl-N-{[(2-
phenylethyl)amino]carbonyl}nicotinamide 

386.7 

methyl (2S)-[(6-isopropyl-1-methyl-1H-pyrazolo[3,4-
d]pyrimidin-4-yl)amino](phenyl)acetate 

339.4 

2,6-dichloro-N-{[(2-ethylphenyl)amino]carbonyl}-4-
methylnicotinamide 

352.2 

2,6-dichloro-N-{[(2,5-
dichlorophenyl)amino]carbonyl}-4-
methylnicotinamide 

393.1 

N-benzyl-2,6-dichloro-N-ethyl-4-methylpyridine-3-
sulfonamide 

359.3 

4-cyclopropyl-N-(4-isoxazol-5-ylphenyl)-1,3-
dimethyl-1H-pyrazolo[3,4-b]pyridine-6-carboxamide 

373.4 
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1.6 Zebrafish as a preclinical FEVR model 

Zebrafish (Danio rerio) are an excellent pre-clinical vertebrate model due to their 

high fecundity rate, small size, external fertilization, optically transparent embryos, cost 

effectiveness compared to rodents, rapid embryogenesis and development.  In addition, 

they have a fully sequenced genome and this is constantly updated with new versions as 

part of the Zebrafish Genome Project  (Zon & Peterson, 2005).  Zebrafish reach sexual 

maturity by approximately three months, breed frequently, and produce 200-300 embryos 

per female per breeding (Jing & Zon, 2011; Zon, 1999). Organ development in zebrafish 

also closely resembles that of humans, with multiple organ systems being driven by the 

same genetic and physiological mechanisms (Williams & Hong, 2011).   

 

1.7 Zebrafish retinal development 

Zebrafish retinal development is more rapid and simple than in humans, with a 

functional retina presenting by 3 days post fertilization (dpf) (Easter & Nicola, 1996).  In 

contrast to human retinal development, the zebrafish embryonic vasculature is 

hypothesized to transition into a mature retinal network where vessels gradually move 

away from the lens and onto the retina as opposed to degenerating then re-generating into 

a mature vessel network (Kitambi et al., 2009).  Zebrafish do not have an avascular 

region corresponding to cone-enriched fovea as would be seen in mammalian eyes 

(Alvarez et al., 2007).  Another distinguishing feature of the zebrafish retina is the 

absence of intra-retinal capillaries that form within the inner and outer plexiform layers 

(Alvarez et al., 2007).  It is thought that this does not occur because the zebrafish retina is 
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considerably thinner than a human retina.  Despite these differences, there are also 

several similarities between humans and zebrafish that advocate the use of them as a tool 

in this study (Table 1.3).  The zebrafish eye can easily be viewed using histology (Figure 

1.6 A).  Both organisms have primitive retinal vasculature that branches via angiogenesis 

from a central retinal artery, both possess a hyaloid vascular layer tightly associated with 

the lens early in development (Figure 1.6 B), and both have vasculature enriched in 

pericytes (Alvarez et al., 2007). 

At approximately 18 hours post fertilization (hpf) the zebrafish embryo begins to 

form the choroid fissure and simultaneously, the eyecup begins to invaginate (Kitambi et 

al., 2009).  By 24 hpf, the presence of retinal cells in the choroid fissure can be detected 

and later, at 27 hpf, post mitotic ganglion cell progenitors indicate the beginning of 

neurogenesis of the retinal layers (Kitambi et al., 2009).  At 28 hpf, zebrafish endothelial 

cells start to move from the choroid fissure to an area behind the developing lens 

(Kitambi et al., 2009).  Finally at 48 hpf, blood vessels can be found surrounding the 

medial side of the developing lens followed by expansion and fusion into a ring vessel, 

which will eventually surround the lens during the next 24 hours (Kitambi et al., 2009).  

The blood vessel network in the mature zebrafish eye is comprised of three radial vessels 

referred to as nasal, dorsal, and ventral, which branch off from the ring vessel.  

Throughout the final stages of ocular embryogenesis in both humans and zebrafish, the 

vessels continue to undergo remodeling and become increasingly less convoluted 

(Kitambi et al., 2009).  Once the final plexus of blood vessels has surrounded the outer 

eye surface, blood circulation in the larval retina is visible at around 72 hpf/3 dpf 

(Kitambi et al., 2009). 
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Table 1.3.  Zebrafish and human retina share several similarities and differences.  

= indicates possession, = indicates absence. 

  

Retinal Characteristic Human Zebrafish 

vasculature rich in pericytes 

(contractile cells that wrap 

around the endothelial cells 

of capillaries) 



 


 

hyaloid vasculature tightly 

associated with lens early in 

development 



 


 
primitive retinal vasculature 

branches via angiogenesis 

from central retinal artery 



 


 
thin retina   

hyaloid vascular system 

transforms into mature 

retina vasculature, instead 

of completely regressing 



 


 

intra-retinal capillaries that 

form inner & outer 

plexiform layers 
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Figure 1.6.  WT zebrafish eye histology and vascular anatomy. 

 

A- Photomicrograph of a zebrafish eye at 36 hpf (LE-lens). Adapted from (Li et al., 

2000).  Neural tissue is seen surrounding the lens.  Similarities can be seen between 

anatomical landmarks between A and B.  B- Top red arrow indicates the outside border 

of the 3 dpf zebrafish eye and is referred to as “area outer eye” in future descriptions.  

The bottom blue arrow indicates the retinal vascular network tightly associated with the 

lens, referred to as “area inner eye” in future descriptions, which will eventually 

transition into a mature retinal network at the back of the eye.  Image captured using 

Zeiss Lightsheet Z.1 connected to two PCO edge 5.5 sCMO cameras. 
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1.8 Zebrafish gene manipulation to create mutants and morphants 

 
Another great utility of the zebrafish model is the availability of transgenic lines, 

which facilitate the visualization of developing structures by driving fluorescent protein 

expression under tissue-specific promoters.  For example, to aid in the visualization of 

vasculature in the zebrafish, including that of the retina, Tg(fli1a:EGFP) zebrafish can be 

used that express green fluorescent protein (GFP) driven by the presence of fli-1 proto-

oncogene, ETS transcription factor-a (fli1a) in the vascular endothelium (Lawson & 

Weinstein, 2002).  The fetal liver kinase-1 (flk1) promoter can also be used in place of the 

fli1a promoter to highlight the vascular endothelium (Gore et al., 2012).  Numerous 

vascular studies have used this transgenic line followed by gene manipulation to study 

vascular disease such as ROP, Coat’s disease, and general vascular development, as these 

embryos can be placed under a microscope and all vasculature will be highlighted by 

GFP (Wu et al., 2015; Collin et al., 2013; Hartsock et al., 2014).  

Approximately 70% of all human disease genes have a functional homolog in 

zebrafish and can be relatively easily genetically manipulated when compared to murine 

models (Langheinrich U., 2003; Howe et al., 2013).  For instance, the FEVR gene 

TSPAN12 in humans shares 70% of its identity with zebrafish, and Norrin orthologs share 

approximately 68.6% conservation (Junge et al., 2009).  The human genes CDH5 (39% 

homology) (Larson et al., 2004), FZD4 (84% homology) (BLASTP analysis, 

ensembl.org), and S1PR2 (60% homology) (BLASTP analysis, ensembl.org) all have a 

zebrafish counterpart. 

Gene-specific targeting using morpholino (MO) oligonucleotides is a standard 

technology used in zebrafish.  MO’s are synthetic molecules similar to DNA but possess 

http://ensembl.org/
http://ensembl.org/
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a morpholine backbone instead of a deoxyribose backbone and bind to complementary 

sequences of RNA.  When injected into embryos at the one cell stage, they transiently 

inhibit (“knock down”) the target gene and effects can typically last up to 4 dpf.  MO’s 

are the most widely used antisense knockdown tool in zebrafish and are frequently used 

to accelerate gene discovery, as they are less time consuming than creating a mutant line 

(Bill et al., 2009).    Permanent, targeted gene editing can also be performed in the 

zebrafish model by techniques, such as Zinc Finger Endonucleases (Foley et al., 2009), 

TALENs (Auer & Bene, 2014), and CRISPR/Cas9 (Prykhozhij et al., 2015).    Figure 1.7 

displays retinal whole mounts in adult WT and fzd4
-/-

 zebrafish.  A fzd4
-/-

 mutant 

zebrafish was generated in the Berman Zebrafish Lab (S. Prykhozhij) by transcription 

activator-like effector nuclease (TALEN) technology.  These adult fzd4
-/-

 zebrafish 

exhibit a FEVR-like phenotype displaying areas of vascular disorganization and hyper-

vascularization (Figure 1.7, red arrow), illustrating the successful use of zebrafish to 

study FEVR.  Therefore, it is likely that this mutant line could be utilized for a high 

throughput drug screen if a FEVR like phenotype is also displayed during the larval 

stages.   
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Figure 1.7.  Retinal whole mounts in adult fzd4 mutant zebrafish display a FEVR-

like phenotype. 

 

A wild type retinal whole mount on the right depicts an overall organized and non-

pathological retinal network.  However, in fzd4
 -/- 

zebrafish, there appears to be a robust 

difference in vascular organization highlighted by the red arrow. 

(Courtesy of Sergey Prykhozhij). 
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1.9 Drug screens utilizing zebrafish 

 
Due to the availability of large numbers of embryos, zebrafish can be used to 

screen thousands of chemicals simultaneously and be analyzed for phenotypic changes 

from the single cell stage up to larval stages (Zon & Peterson, 2005).  Due to their small 

size (up to 4 mm in length by 5 dpf), zebrafish larvae can be placed in the wells of a 96 

well culture plate and treated with small volumes of compounds dissolved in their 

aqueous medium, which increases throughput and minimizes the amount of compound 

needed for initial screens (Nusslein-Volhard & Dahm, 2002; Kitambi et al., 2009).  Small 

molecule screens have been carried out in zebrafish to identify chemicals affecting 

regeneration, metabolism, retinal angiogenesis, and embryogenesis (Mathew et al., 2007; 

Kitambi et al., 2009; Yu et al., 2008)   

 

1.10 Hypothesis and rationale 

Prior to my research, the TALEN fzd4
-/-  

mutant zebrafish model was created to 

use as a model for these drug screens.  In addition, the novel CDH5 gene was discovered, 

so preliminary studies were carried out by knocking down cdh5 in zebrafish via 

morpholino.  I hypothesize first that cdh5 and fzd4 loss of function in zebrafish will 

recapitulate a FEVR-like phenotype in the larval stage, allowing this model to be utilized 

for a preliminary drug screen in an attempt to reverse the underlying vascular pathology 

in FEVR.  Secondly, I predict that treatment of both zebrafish models with S1PR2 

antagonists will rescue or improve the FEVR-like phenotype in the zebrafish retina.  It is 

possible that if S1PR2, an inhibitor of vascular development, is blocked by an antagonist 
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the vascular disorganization found in the zebrafish FEVR models could recover or 

improve.  

  The objectives were to 1) characterize the phenotype found in zebrafish lacking 

fzd4 (a known FEVR gene) via TALEN technology (a model previously generated) and 

cdh5 (a novel FEVR gene) expression via morpholino knockdown and, 2) depending on 

the early characteristics of the disease in these two models, identify the model with the 

most easily and reliably quantifiable characteristic at the larval stage to 3) validate the 

S1PR2 receptor as a druggable target to treat the underlying pathology in our zebrafish 

FEVR model organism.  Furthermore, we want to carry out a preliminary small molecule 

drug screen in a higher throughput manner as compared to drug screens in FEVR mouse 

models. This will aid in determining which compound targets to pursue in mouse model 

studies of FEVR and possible human clinical trials in the future.  We use the cdh5 

knockdown zebrafish as an in-vivo model to mimic FEVR in order to measure the 

phenotypic changes in the zebrafish eyes induced by the selected S1PR2 antagonists in 

Table 1.2.  

We used multiple eye size parameters as a surrogate to analyzing retinal 

vasculature to quantify the phenotypic changes induced by the small molecules, in order 

to increase the efficiency of the drug screening method.  We also carried out a qualitative 

assessment of retinal vasculature in the zebrafish cdh5 knockdown model exposed to the 

predicted S1PR2 antagonists to determine if there were any effective drug targets in the 

list of 15 compounds predicted to antagonize S1PR2. 
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CHAPTER 2: MATERIALS & METHODS 

2.1 Zebrafish husbandry and housing 

 
Adult zebrafish (Danio rerio) were kept at 28.5°C under a standard 14 hour:10 

hour light:dark schedule (Westerfield, 2000), and were fed Gemma-Micro 300 (Skretting, 

Vancouver, BC, Canada) once daily.  Adult zebrafish were housed in a recirculating 

commercial zebrafish system (Pentair, Apopka, FL).  Zebrafish experiments were 

approved by the Dalhousie University Committee of Laboratory Animals (UCLA), under 

protocol #15-134.  

Embryos were collected (fzd4
-/- 

transgenic line and Tg(flia1a:EGFP) followed by 

cdh5 MO injection) and grown up at 28.5°C in E3 embryo medium (5mM NaCl, 0.17 

mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4).  Methylene Blue was added to E3 

embryo medium to halt the growth of fungus (1x10
-5

 [v/v]).  Embryos were permitted to 

be kept in egg water for up to seven days in Petri dishes, prior to being transported to 

adult zebrafish tanks.   In cases where pigmentation needed to be reduced, the egg water 

was supplemented with 0.003% (w/v) 1-phenyl-2-thiourea (PTU; Sigma-Aldrich, St. 

Louis, MO, USA).  Embryos requiring early dechorionation were treated with a 10 

mg/mL (100μL/1mL) stock of Pronase for approximately five minutes at 28°C. 

 

2.2 Morpholino oligonucleotide (MO) 

Morpholino oligonucleotides were purchased from Gene Tools LLC, Philomath, 

OR.  The cdh5 MO used blocked sites involved in splicing pre-mRNA (a splice blocking 

MO) (5’-TACAAGACCGTCTACCTTTCCAATC-3’) (Montero-Balaguer et al., 2009).  

A mismatch cdh5 MO was used as a control ( 5'-TAgAAcACgGTCTAgCTTTCgAATC-
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3') where lower case letters represent base pairs which have been replaced to create the 

mismatch MO.  MO’s were diluted with sterile water to 0.3 mM concentrations and 

heated at 65°C for 10 minutes.  Embryos were collected and pooled prior to injections.  

MO’s were then suspended in 0.05% (w/v) phenol red to aid in visualization of the 

injected volumes into tg(fli1a:EGFP) zebrafish embryos at the 1-4 cell stage.  

Approximately 1-2 μL of MO was injected into the yolk sac of each embryo using a 

micro-capillary glass needle connected to a PLI-100A Pico-injector microinjection 

system (Harvard Apparatus, Holliston, MA).  Embryos were maintained in 10 cm Petri 

dishes inside a 28°C incubator until phenotypic evaluation. Embryos were also screened 

for GFP expression in the vasculature and only those expressing GFP were used for 

experiments.  

 

2.3 Zebrafish imaging 

Fluorescent images (150X magnification) as well as screening to validate that 

embryos expressed GFP was carried out using a (Discovery.V20 stereo microscope) 

connected to a (Zeiss AxioCam 506 color camera) and recorded using Zen 2 pro software 

(v 2.0) (Carl Zeiss Microimaging, Oberkochen, Germany).  Zebrafish fzd4
-/-

 tail 

vasculature images were taken with a (Observer.Z1 microscope (10X objective)) 

connected to an (Zeiss AxioCam 506 color camera).  The same image acquisition settings 

were used for each experiment.  Zen Imaging Software was used to transfer and process 

all images.  Methylcellulose (3% w/v) was used in some cases to aid in imaging as 

needed to properly position embryos.  Zebrafish were also lightly anesthetized with 0.2% 

Tris-buffered tricaine prepared in E3 embryo medium for imaging. 
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Retinal whole mounts were visualized using Zeiss Axio Imager Z2 microscope 

(Carl Zeiss Microimaging GmbH, Gottingen, Germany) containing a digital stage and the 

MosaiX software program in Axiovision 4.8.  All analyses were performed on images 

captured at 10X magnification with the same acquisition settings. 

2.4 Toxicity curves 

 
 Zebrafish were exposed to compounds at 2 dpf up until 6 dpf (4 days of total 

exposure).  Compounds from Table 1.2 were prioritized in terms of the solubility of the 

compound in water (logSW) values due to the compounds being added to a water bath, to 

avoid issues with precipitation.  The tool compound JTE-013, an S1PR2 antagonist, was 

also included in the preliminary drug screen to determine if it produced a measurable 

reversal of the phenotype in the cdh5 morphants.  Compounds from Table 1.2 were 

purchased in powder form from ChemBridge Online Chemical Store 

(www.hit2lead.com).  In 2 dpf zebrafish, toxicity curves were carried out with JTE-013, 

methyl (2S) - [(6-isopropyl-1-methyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl) amino] (phenyl) 

acetate “compound 1”, N-[(benzylamino) carbonyl]-2,6-dichloro-4-methylnicotinamide 

“compound 2”, N-[1-(1H-benzimidazol-2-yl) ethyl]-1,3,6-trimethyl-1H-pyrazolo [3,4-d] 

pyrimidin-4-amine “compound 3”, and 2,6-dichloro-N-{[(2,5-dichlorophenyl) amino] 

carbonyl}-4-methylnicotinamide “compound 4”.  A stock solution of 10 mM in 2% 

DMSO of each compound was first made and serial dilutions were carried out to make 

the appropriate concentrations. For JTE-013, the concentrations used were 0, 6.25, 12.5, 

25, 50, 100, and 200 μM.  For compounds 1-4, the concentrations used were 0, 5, 10, 15, 

20, 50, and 100 μM.  To determine the toxicity of all compounds, Tg(fli1a:EGFP) 

zebrafish embryos at 2 dpf were placed individually into the wells of a 96 well plate in 

http://www.hit2lead.com/
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PTU egg water with 2% dimethylsulfoxide DMSO added.  A total of 18 larvae were used 

per group.  Next, 100 μL of the compound solution was added for a total of 200 μL of 

solution per well.  The presence or absence of zebrafish death was monitored over the 

next four days post treatment (dpt) and tallied.  All toxicity curves were repeated a 

minimum of two times to determine the max tolerated dose (MTD) using the % survival 

averages between the replicates.  The MTD was determined by the concentration at 

which 80% (+/- 5%) of the zebrafish survived by the endpoint.  The MTD-50, one half 

the MTD concentration, was the first compound dosage applied to the zebrafish in the 

preliminary drug screen.   

2.5 Preliminary drug screen 

 
The cdh5 morphant zebrafish were used for the preliminary drug screens.  We 

used the zebrafish eye size as a parameter (vertical outer length, horizontal outer length, 

vertical inner length, horizontal inner length, outer eye area (Figure 1.6 B, red arrow), 

inner eye area (Figure 1.6 B, blue arrow)) to gauge improvements in the retinal 

vasculature phenotype.  In addition, a qualitative relative vascular scale was used to 

correlate a change in eye size with a corresponding change in severity of retinal 

vasculature following treatment with compounds (described below). Tg(fli1a:EGFP) 

zebrafish injected with a cdh5 mismatch MO, both treated (with the MTD-50 for the 

corresponding compound) and untreated were used as controls.  Initially, μM rather than 

nM concentrations of JTE-013 were applied to a water bath containing the cdh5 

morphants in a similar method as described here.  A decision was made to focus the 

preliminary drug screen on lower compound doses, in the nM range as during preliminary 

analysis there was no noticeable phenotypic change with higher μM JTE-013 
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concentrations.  Although the tool compound JTE-013 is specific to S1PR2, it still 

possesses an affinity for the opposing S1PR’s, S1PR1 and 3.  JTE-013 does not inhibit 

S1PR1 up to a concentration of 10 μM and has a reported weak 4.2% inhibition of S1PR3 

at 10 μM in human umbilical vein endothelial cells (HUVEC) (Osada et al., 2002; Parill 

et al., 2004).  Thus at higher doses it could potentially be targeting the opposing S1PR1 

and 3, resulting in an unwanted drug response.  We believe this phenomenon may have 

been seen at μM doses. 

Increasing doses of each compound (20, 50, 100, 500, and 1000 nM) were added 

to the wells of a 96-well containing cdh5 morphant larvae at 2 dpf and the phenotype was 

assessed at 4 dpf by analyzing the JPEG photographs of the zebrafish eyes.  Ten zebrafish 

larvae were treated with each dose of compound. ImageJ eye size analyses was carried 

out on JPEG images of the fish eyes in each group, in Figure 2.1, highlighted by the 

yellow outlines.  ImageJ measured what was defined as the “vertical outer length”, 

“horizontal outer length”, “vertical inner length”, “horizontal inner length”, “area whole 

eye”, and “area inner eye”.  All of these measurements are represented by arbitrary units 

(Figure 2.1).  ImageJ analyses measuring eye size parameters for JTE-013, compound 1, 

and compound 2 was also carried out blinded experimenters to validate that the same 

trends were observed. 
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Figure 2.1.  Zebrafish eyes at 4 dpf displaying the six parameters used to measure 

eye size. 

 

Zebrafish (Tg(fli1a:EGFP)) were used in a preliminary drug screen where chemical 

compounds were added at 2 dpf and fluorescent photographs of the eyes were captured at 

4 dpf as an outcome measure.  Eye size was measured using ImageJ on JPEG files with 

six different parameters depicted by yellow lines, A-vertical outer length, B- horizontal 

outer length, C- vertical inner length, D- horizontal inner length, E-area whole eye, F-

area inner eye.  A similar method was also used to determine if there was an eye size 

difference between fzd4
-/- 

zebrafish and wildtype Tg(fli1a:EGFP) zebrafish. 

 

 

 

 

A B C 

D E F 
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2.6 Qualitative retinal vascular scale 

 
 To determine if a change in eye size was correlated with the severity in retinal 

vasculature in the cdh5 morphant fish, a subjective qualitative scale ranging from A-C 

was used.  Similar qualitative methods to evaluate zebrafish vasculature have been used 

successfully in the past (Wu et al., 2015).  A representative image from each of the 

categories are displayed in Figure 2.2 where category (A) represents the least severe 

retinal vasculature and shares similarities to a WT zebrafish retina, category (C) 

represents the point on the scale with the most severe retinal vasculature where the retina 

consists of a circular stalk of vasculature, and (B) represents a severity of retinal 

vasculature between (A) and (C) whereby the retina still shows vessels branching but 

they appear more disorganized and appear to have their vessel integrity compromised.  

These characteristics areas are highlighted by red arrows in Figure 2.2.  The average 

number of fish placed in each category between two blinded experimenters was 

calculated.   
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Figure 2.2. Representative images used in a qualitative retinal vascular scale. 

 

Zebrafish (cdh5 morphants, Tg(fli1a:EGFP)) at 4 dpf from each of the three JTE-013 

drug screen replicates were subjectively analyzed to see if the severity of their retinal 

vasculature correlated with changes in eye size induced by compound treatment.  Images 

(A-C) are representative photos used by blinded experimenters to categorize a vascular 

scale where (A) represents the least severe retinal vasculature and has similarities to a 

WT zebrafish retina, (C) represents the point on the scale with the most severe retinal 

vasculature where the retina consists of a circular stalk of vasculature, and (B) represents 

intermediate retinal vasculature between (A) and (C) whereby the retina still shows 

vessels branching but they appear more disorganized and appear to have their vessel 

integrity compromised.  These areas of interest are indicated by red arrows. 
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2.7 Zebrafish fzd4
-/-

 transgenic line construction & genotyping 

 
Previously, Dr. Sergey Prykhozhij of the Berman Zebrafish Laboratory designed a 

pair of TALENs to target the fzd4 gene in zebrafish to utilize in this research.  In brief, 

zebrafish eggs were injected with fzd4 TALEN mRNA’s, grown up to 3 dpf and genomic 

DNA was extracted.  Through PCR amplification and enzymatic digestion, it was 

confirmed that mutations were induced by the fzd4 TALEN proteins.  An insertion 

mutation of ten nucleotides successfully disrupted the reading frame of the fzd4 gene.  

Finally, batches of the injected zebrafish embryos were raised to adulthood and the first 

generation was screened for founders.  Those founders carrying the mutation were mated 

with Tg(fli1a:EGFP) zebrafish and raised to adulthood.  Pairs of fzd4 heterozygotes also 

expressing the GFP trangene were mated to produce 1/4 homozygotes (fzd4
-/-

), which 

were used as breeding stock for all subsequent fzd4 experiments and to maintain the fzd4
-

/-
 line. 

 

2.8 fzd4 
-/-

 eye size analyses 

 
 Mutant fzd4

-/- 
zebrafish were analyzed thoroughly at 3-7 dpf for any gross 

observable phenotype and in particular, the tail and retina were closely analyzed for any 

vascular abnormalities.  Eye size was also analyzed between fzd4
-/-

 zebrafish and 

wildtype Tg(fli1a:EGFP) zebrafish.  Fluorescent JPEG images were used in accordance 

with ImageJ software to compare six different eye size parameters, as depicted in Figure 

2.1 and was similar to the preliminary drug screen eye size analysis above (section 2.5) 

(Schindelin et al., 2012). 
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2.9 fzd4 
-/-

 retinal whole mounts 

 
Retinal whole mounts were isolated from both one month and three month old 

fzd4 mutant zebrafish (Mike Ngo, Dalhousie University).  One month old retinal whole 

mounts were taken from fzd4 
-/-

 zebrafish as well as wildtype Tg(fli1a:EGFP) zebrafish.  

For three month old zebrafish, retinal mounts were taken from fzd4
-/- 

zebrafish, with and 

without JTE-013 treatment, as well as wildtype Tg(fli1a:EGFP) zebrafish, with and 

without JTE-013 treatment. A concentration of 50 nM JTE-013 was used for the 

compound treatment.  As soon as possible after fertilization (one cell stage), 50 nM JTE-

013 in E3 embryo medium with 2% dimethlysulfoxide (DMSO) was added to 10 cm Petri 

dishes up until 5 dpf then subsequently transferred to standard isolated adult housing 

tanks in regular water without any compound application.  The JTE-013 compound 

treatment was replaced daily for the first five days following fertilization and embryos 

were incubated at 28°C. 

 At the appropriate time point, zebrafish at one month (no treatment) and three 

months (JTE-013 treatment) were overdosed with 0.2% Tris-buffered tricaine prepared in 

E3 embryo medium and eyes were carefully extracted using forceps and immediately 

placed into 4% paraformaldehyde (PFA) and left overnight for approximately 24 hours at 

4°C in an Eppendorf tube.  Both eyes were taken from each fish and kept separately.  

Retinas were washed three times with a phosphate buffered saline containing 0.1% Triton 

X-100 and each eye was flat mounted onto glass microscope slides (Fluoromont-G 

Sigma-Aldrich).  
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2.10 Statistical analyses 

Statistical tests (unpaired t-test) for fzd4
-/-

 eye size analyses were carried out using 

GraphPad Prism Software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical 

analyses for drug screen eye size parameters on cdh5 morphant zebrafish were carried out 

at the IWK Health Centre, Halifax, NS, CA with the help of the Perinatal Epidemiology 

Research Unit, Department of Pediatrics (Bryan Maguire).  R software (2016) was 

utilized.  A multivariate analysis of variance (MANOVA) was used to determine if eye 

size is statistically significant when all 6 measured parameters were taken into account.  

Furthermore, a general linearized model followed by a Welch Two Sample t-test was 

used to investigate JTE-013 and compound 1 with regards to one specific eye parameter, 

“area inner eye”. P-values less than 0.05 were considered significant. 
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CHAPTER 3: RESULTS 

3.1 cdh5 morphants display a robust decrease in retinal vasculature 

A MO targeting zebrafish cdh5 in was injected at the one cell stage to 

determine if this morphant could be used to model FEVR and subsequent 

preliminary drug screens.  There were no adverse phenotypes following injection 

of the cdh5 mismatch MO (Figure 3.1 A).  Following cdh5 MO injection into 

Tg(fli1a:EGFP) zebrafish, a robust retinal phenotype was observed.  

Approximately 80% of injected embryos displayed the phenotype depicted in 

(Figure 3.1 B).  Approximately 200 embryos were injected with the cdh5 MO and 

this was repeated at least three different occasions.  Retinal vasculature in cdh5 

morphants appears greatly reduced, with little to no branching of retinal vessels 

leaving a single vascular stalk.  Eye size is noticeably smaller in morphants with 

an appreciable amount of edema around the eye as well as the heart was noted.  

The phenotype was not present until 4 dpf, with the exception of a small number 

of morphants (~25%) displaying some cardiac edema at 3 dpf.   
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Figure 3.1.  Zebrafish at 4 dpf injected with cdh5 MO at the one cell stage display a 

robust decrease in retinal vasculature.  

 

Approximately ~80% of cdh5 morphants have retinal vasculature appearing as a single 

vascular stalk lacking vessels (B, red arrow) and have smaller eye size at 4 dpf. 
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3.2 Toxicity curves and MTD 

Toxicity curves for the following compounds were successfully carried out a 

minimum of two times: JTE-013, compound 1, 2, 3, and 4.  Some precipitation of the 

compounds was noted at higher doses during serial dilutions but these were not utilized in 

these curves.  The MTD and MTD-50, respectively, for each of the compounds are as 

follows (Figures 3.2-3.6): JTE-013- 10μM, 5μM; compound 1- 10μM, 5μM; compound 

2- 15μM, 7.5 μM, compound 3- 10μM, 5μM, and compound 4- 20μM, 10μM. 
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Figure 3.2.  Toxicity curve for JTE-013 with an MTD of 12.5 μM. 

n=18 zebrafish for each concentration. 
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Figure 3.3. Toxicity curve for compound 1 with an MTD of 10 μM. 

n=18 zebrafish for each concentration. 
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Figure 3.4. Toxicity curve for compound 2 with an MTD of 15 μM. 

n=18 zebrafish for each concentration. 
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Figure 3.5. Toxicity curve for compound 3 with an MTD of 10 μM. 

n=18 zebrafish for each concentration. 
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Figure 3.6. Toxicity curve for compound 4 with an MTD of 20 μM. 

n=18 zebrafish for each concentration. 
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3.3 Preliminary drug screen shows JTE-013 & compound 1 significantly affect “area 

inner eye”  

Statistics were carried out for JTE-013, compound 1, and compound 2 using data 

acquired from ImageJ analysis of the 6 eye size parameters.  This data is currently 

unavailable for compounds 3 and 4 and only toxicity curves for them were included in 

this study.  There were no significant changes to eye size when each compound was 

added to the mismatch cdh5 morphant group (at the corresponding MTD-50 

concentration).  For all untreated experimental groups, all 6 measured eye size parameters 

(vertical outer length, horizontal outer length, vertical inner length, horizontal inner 

length, area whole eye, area inner eye (Figure 2.1)) in cdh5 morphants were significantly 

different from that of the cdh5 mismatch morphants (control group), indicating the gene 

knockdown alone had an effect on these eye size parameters (p-value <0.05).  When all 

six eye size parameters are analyzed together, none of the tested compounds had a 

significant effect (MANOVA).  

For JTE-013, when each eye size parameter was statistically analyzed separately 

and compared to untreated cdh5 morphants, the “area inner eye” parameter had a p-value 

of 0.03.  All other parameters had p-values above 0.05.  This prompted further 

investigation into “area inner eye” specifically.  Figure 3.7 shows the data for “area inner 

eye” only, depicting that at concentrations of 20 nM (p-value= 0.02) and 50 nM (p-

value= 0.004), “area of inner eye” seems to improve significantly compared to untreated 

cdh5 morphants (using general linearized model and Welch Two Sample t-test).  

For compound 1, when each eye size parameter was statistically analyzed 

separately and compared to untreated cdh5 morphants, the “area inner eye” parameter 

had a p-value of 0.02 prompting a similar investigation to that of JTE-013.  Figure 3.8 
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shows data for “area inner eye” only, depicting that at concentrations of 20 nM (p-value= 

0.03) “area inner eye” seems to significantly affect eye size compared to untreated cdh5 

morphants (using a general linearized model).  However, upon closer evaluation of 

statistical data, it appears that at 20 nM concentrations of compound 1, this group had a 

lower mean compared to the untreated group.  Thus, compound 1 significantly made 

“area inner eye” smaller.  

Compound 2 did not improve eye size (p-values > 0.05, MANOVA) (Figure 3.9). 
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Figure 3.7.  JTE-013 significantly improves “area inner eye” in cdh5 morphants in a 

dose dependent manner. 

 

Control groups are zebrafish injected with a mismatch cdh5 MO.  At concentrations of 20 

nM (p-value= 0.02) and 50 nM (p-value= 0.004) of JTE-013 “area inner eye” 

significantly improves compared to the untreated morphant group (cdh5 MO).  

Significance is indicated by an asterisk.  The horizontal line in each box represents the 

median.  The box extends from the 25
th

 to 75
th 

percentiles. n=10 for each concentration.   
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Figure 3.8.  Compound 1 significantly decreases “area inner eye” in cdh5 

morphants. 

 

Control groups are zebrafish injected with a mismatch cdh5 MO.  At concentrations of 20 

(p-value= 0.03) of compound 1 “area inner eye” significantly decreases compared to the 

untreated morphant group (cdh5 MO) therefore making “area inner eye” smaller.  

Significance is indicated by an asterisk.  The horizontal line in box represents the median.  

The box extends from the 25
th

 to 75
th 

percentiles.  n=10 for each concentration.   
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Figure 3.9.  Compound 2 has no effect on eye size in cdh5 morphants. 

 

Control groups are zebrafish injected with a mismatch cdh5 MO.  At the above 

concentrations of compound 2, “area inner eye” does not significantly improve compared 

to the untreated morphant group.  The horizontal line in each box represents the median.  

The box extends from the 25
th

 to 75
th 

percentiles.  All p-values for all compound 2 

concentrations were above 0.05.  n=10 for each concentration.   
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3.4 Qualitative retinal vascular scale shows an improvement in “area inner eye” is 

associated with improved retinal vasculature 

The improvement in eye size upon addition of JTE-013 to cdh5 morphants 

at concentrations of 20 nM and 50 nM also appears to improve retinal vasculature 

(Figure 3.10).  The 20 nM and 50 nM groups had more morphants in category 

(A), the category which looks most similar to WT zebrafish retinal vasculature, 

compared to the other treatment groups as well as the untreated cdh5 morphant 

group.  The number (averaged) of zebrafish in category (C) is as follows: cdh5 

mismatch MO (control)=1.5, cdh5 MO untreated= 18.5, 20 nM= 10.5, 50 nM= 

12.5, 100 nM= 15.5, 500 nM= 14, 1000 nM= 18. 
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Figure 3.10. Retinal vasculature appears to be associated with improvements in 

“area inner eye”. 

 

Data represents pooled data from three separate JTE-013 preliminary drug screens.  

Categories: (A)- represents the least severe retinal vasculature and has similarities to a 

WT zebrafish retina, image (C) represents the point on the scale with the most severe 

retinal vasculature where the retina consists of a circular stalk of vasculature.  (B) 

represents a severity of retinal vasculature between (A) and (C) whereby the retina still 

shows vessels branching but they appear more disorganized and appear to have their 

vessel integrity compromised. n=30 for each concentration (some death in the 500 nM 

concentration). 
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3.5 fzd4
-/-

 mutants show no difference in eye size 

The fzd4
-/-

 mutant zebrafish were analyzed under a microscope to determine a 

larval phenotype that could be utilized in a drug screen.  fzd4
-/-  

phenotypic differences 

between WT Tg(fli1a::EGFP) were not observed at 2-7 dpf.  There was no gross 

observable phenotype in the retina (Figure 3.11, A and B, white arrows) and thus is not 

useful for a high throughput preliminary drug screen.  Tail inter-segmental vessels 

appeared organized and healthy (Figure 3.11, C and D, white arrows).  No obvious signs 

of cardiac edema were present.  No difference in eye size was observed between fzd4
-/-

 

mutant zebrafish and WT Tg(fli1a:EGFP) zebrafish at 4 dpf (considering the six eye size 

parameters measured) (Figure 3.12 A-F).  Error bars indicate standard error of the mean 

(SEM, n=10). 
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Figure 3.11.  WT and fzd4
-/- 

 Tg(fli1a:EGFP) zebrafish display organized retinal and 

tail vasculature at 4 dpf. 

 

Control WT Tg(fli1a:EGFP) as well as fzd4
-/-  

mutant zebrafish at 4 dpf display normal 

vasculature. A- white arrow highlights organized retinal vasculature in a control 

zebrafish. B- white arrow highlights organized retinal vasculature in fzd4
-/- 

mutants.  No 

obvious signs of avascular or hyper-vascular areas are present. C and D- white arrows 

indicate a normal inter-segmental vessel in the zebrafish tail vasculature in control and 

fzd4
-/ -

 mutants, respectively. 

 

Control fzd4
-/-

 

A B 

C D 



 61 

 

Figure 3.12.  Eye size is not significantly different between WT and fzd4
-/- 

Tg(fli1a:EGFP) zebrafish at 4dpf. 

 

Six eye size parameters (Figure 2.1) were compared between control WT 

Tg(fli1a::EGFP) and fzd4
-/-

 mutant zebrafish at 4 dpf.  Eye size parameters were 

measured using ImageJ with arbitrary units and were insignificant compared to WT 

(unpaired t-test).  Error bars represent standard error of the mean (SEM). n=10. 
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3.6 fzd4
-/-

 retinal whole mounts are difficult to interpret 

Retinal whole mounts of one month old WT and fzd4
-/- 

mutant zebrafish were 

used to determine if a phenotype was present at a time point between three months, which 

was previously established (Figure 1.6), and the larval stage to establish the utility of this 

model in a high throughput drug screen (Figure 3.13).  Representative images were 

chosen but unfortunately many retinal mounts suffered damage, complicating 

interpretation. The white arrow in Figure 3.13 shows a hyper-vascular area that appears 

similar to the FEVR-like phenotype found in three-month old adult fzd4
-/-

 mutant 

zebrafish (Figure 1.6).  Adult zebrafish retinal whole mounts at three months that had 

been exposed to a 50 nM concentration of JTE-013, the S1PR2 antagonist, in a water 

bath up to 5 dpf, did not display recovery of the FEVR-like phenotype.  Retinal whole 

mounts from each fish were kept separate so any differences between pairs of eyes could 

be observed (Figure 3.14).  Again, representative images of a large sample (7 eyes for 

one month old zebrafish and 8 eyes/4 fish for the three month old samples) are shown and 

some mechanical damage is evident.  If any compound effects exist, a more detailed 

method of quantification is needed in order to detect a difference. 
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Figure 3.13. Representative images of one month old zebrafish retinal whole mounts 

are difficult to interpret. 

 

Retinal whole mounts were taken of zebrafish at one month to determine if a FEVR-like 

phenotype was present at this time point.  Both the WT Tg(fli1a:EGFP) and fzd4
-/-

 

mutant retinal whole mounts appear to possess mechanical damage and this was 

consistent throughout other samples.  There appears to be hyper-sprouting in the 

periphery of fzd4
-/-

 (white arrow) (n= 7 eyes). 
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Figure 3.14.  Adult fzd4
-/-

 zebrafish retinal whole mounts at three months following 

JTE-013 treatment do not show any obvious signs of improvement. 

 

Pairs of eyes were carefully enucleated from adult zebrafish at approximately three 

months of age and retinas were mounted to compare phenotypic retinal vascularization 

following JTE-013 treatment.  WT Tg(fli1a:EGFP) and fzd4
-/-  

zebrafish were treated 

with 50 nM JTE-013 for 5 dpf and subsequently raised to adulthood.  Each row 

represents a pair of eyes from the same zebrafish.  A and B- control WT Tg(fli1a:EGFP) 

zebrafish retinas untreated.  C and D- control WT Tg(fli1a:EGFP) zebrafish retinas 

treated with JTE-013.  E and F- fzd4
-/-

 zebrafish retinas, untreated.  G and H- fzd4
-/-

 

zebrafish retinas treated with JTE-013. n= 8 eyes/4 zebrafish. 
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CHAPTER 4: DISCUSSION 

4.1 Summary 

The main goal of this study was to identify new effective treatments for the 

childhood blinding disease FEVR in an efficient, cost effective manner.  Several mouse 

models reveal impaired retinal vasculature following knockout of Fzd4, Tspan12, Lrp5, 

or Ndp FEVR genes (Luhmann et al., 2005; Xia et al., 2008; Xu et al., 2004; Gilmour, 

2015). 

 The objectives were to 1) characterize the phenotype found in zebrafish lacking 

fzd4 (a known FEVR gene) via TALEN technology and cdh5 (a novel FEVR gene) 

expression via morpholino knockdown and, 2) depending on the early characteristics of 

the disease in these two models, identify the model with the most easily and reliably 

quantifiable characteristic at the larval stage to 3) validate the S1PR2 receptor as a 

druggable target to treat the underlying pathology in our zebrafish FEVR model 

organism. 

We have demonstrated that zebrafish cdh5 morphants exhibit a robust retinal 

vascular phenotype, which is easily observable at the larval stage, and that eye size 

parameters can be used as a measure of phenotypic rescue for a high throughput screen, 

with our current data set.  We also show that JTE-013 has the ability to improve eye size 

in a significant manner in cdh5 morphant zebrafish indicating S1PR2 could potentially be 

a successful therapeutic target.  
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4.2 cdh5 morphants display a FEVR-like phenotype 

To determine whether CDH5, a novel FEVR gene, could be genetically 

manipulated in zebrafish to mimic a FEVR-like phenotype, a morpholino targeting cdh5 

was injected.  Zebrafish injected with cdh5 MO displayed a robust retinal vascular 

phenotype (Figure 3.1) characterized by failure of progression of ocular vascularization 

beyond the primitive hyaloid vessel, with complete failure of vascular branching from the 

main stalk. This provides strong evidence for a role for CDH5 in humans with FEVR 

(manuscript in preparation) in addition to providing a useful tool to evaluate the effects of 

novel therapeutics at a very early stage, thus enabling high throughput screening using 

zebrafish. 

 
4.3 Eye size can potentially be used as a surrogate of retinal vascular disease 

This study demonstrated that eye size may be an accurate predictor of severity of 

retinal vasculature.  Using the six different eye size parameters as a measure of the 

influence of the compounds predicted to interact with S1PR2 allowed for maximization 

of time, as opposed to quantifying retinal vascular phenotype. There is no known 

technique that measures axial length (the distance from the surface of the cornea to the 

back of the eye) in zebrafish in a manner similar to A-scan ultrasound biometry in 

humans.  Axial length could potentially be measured in zebrafish by using ImageJ 

analysis of larval eye images taken from a different angle than the images represented 

here.  Although axial length was not specifically measured in this study, it is likely that 

axial length changes  the eye size parameters and that measuring the other parameters 

such as diameter and circumference can reliably provide an alternative. 
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In humans, microphthalmia is frequently associated with conditions characterized 

by developmental retinal vascular insufficiency including ROP, PFV and FEVR (Hu et 

al., 2016; Goldberg, 1997; Robitaille et al., 2009). Several studies have shown a 

correlation between smaller eye size and severity of the retinal vascular pathology 

indicating that the pathological groups have an increased susceptibility to microphthalmia 

(Ouyang et al., 2015; Yang et al., 2013; Fledelius & Fledelius, 2012).  Specifically, 

infants with ROP have been demonstrated to have shorter axial lengths and myopic 

refractive error from increased corneal steepness and anterior positioning of the lens that 

correlated with the degree of prematurity and low birth weight (Ouyang et al., 2015; 

Chen et al., 2010).  One can hypothesize that zebrafish FEVR models may also possess 

these characteristics.   

I was able to determine that zebrafish injected with cdh5 morpholino also display 

evidence of microphthalmia.  Zebrafish injected with cdh5 MO displayed a retinal 

vascular phenotype and decrease in eye size which we uniquely quantified by measuring 

6 different eye size parameters (Figure 2.1).  The eye size parameter which was found to 

be significant, “area inner eye”, likely corresponds to the lens area as depicted in Figure 

1.6 A in the transverse section of the histological zebrafish eye.  The variability of the 

morphant phenotype may be a reflection of the morpholino injections themselves, despite 

the same concentration loaded into each capillary needle, the dosage is likely variable, 

even though a similar-sized bolus is injected. Alternatively, the zebrafish may display 

phenotypic variability in the same manner seen in human FEVR patients regardless of 

morpholino dosage. Those zebrafish injected with the control mismatch cdh5 MO did not 

display this variability. Despite this, we found that using eye size as a read out of severity 
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of retinal vasculature allowed for a more rapid analysis of the impact or effect of several 

compounds predicted to interact with S1PR2.   

Finally, zebrafish were observed at the same time point and in a lab-controlled 

environment where all fish were exposed to the same conditions.  However, it might be 

important to consider that only one eye from each fish was included in the drug screening 

quantitative analyses (except for the three month old zebrafish retinas treated with JTE-

013 where pairs of eyes were observed, Figure 3.14).  However, as FEVR is virtually 

always bilateral, the difference in eye size between the two eyes of the same zebrafish is 

not expected to vary significantly. 

 

4.4 S1PR2 can successfully be targeted in cdh5 morphant zebrafish 

This study shows that targeting S1PR2 significantly improves eye size in our 

zebrafish FEVR model, specifically the parameter “area inner eye”.  JTE-013 

significantly improved the “area inner eye” at concentrations of 20 nM and 50 nM.  

“Compound 1” had a significant effect on eye size at 20 nM concentrations but made the 

eyes of the cdh5 morphants even smaller. “Compound 2” appeared to have an 

insignificant effect and these compounds will not move to mouse studies.  It is important 

to note that the 15 compounds in Table 1.2 are not JTE-013 analogues so it may not be 

surprising that “compound 1” had opposite effects on eye size as compared to JTE-013.  

There are two basic approaches to the theory of drug design, 1) structure based, and 2) 

ligand based (Hruby, 2002).  The compounds tested here are based on the receptor 

structure of S1PR2.  It is possible that “compound 1” caused off target effects such that it 

may have had agonistic effects on S1PR2 (stimulating the inhibitor of angiogenesis), or 
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alternatively, an antagonistic effect on S1PR1 and 3 (blocking the promotion of 

angiogenesis).  The off target effects may not be limited to the S1P pathway and it is 

possible that compound 1 was stimulating or inhibiting some other intracellular signaling 

pathway that also regulates blood vessel development. These compounds were predicted 

by software to structurally fit the receptor, however this is not a guarantee that the 

compound will be active biologically.  There is little information known about the 

pharmacokinetics of the compounds predicted to interact with S1PR2 tested in this study.  

An additional value to identifying early the effects of compounds that are 

biologically active in our model is that it can help guide the development and choice of 

future compounds to be tested next.  Consultation with a chemist to synthesize JTE-013 

analogs (in addition to compounds predicted to interact with S1PR2) is currently 

underway in view of screening these new compounds using the cdh5 zebrafish platform 

established here. 

Due to the paucity of information regarding the properties of the new compounds, 

determining the MTD for each compound was utilized as a starting point.  As more 

details are known about the compounds being screened, less time will need to be 

allocated to adjust effective concentrations.  This leads to the ADME (absorption, 

distribution, metabolism, and excretion) concepts of drugs.  As mentioned previously, 

JTE-013 is rapidly metabolized, preventing its effective use as a drug.  Also, an ideal 

drug should also not be metabolized so slowly that it accumulates in tissues causing 

indirect consequences including toxicities.  It is not known what the best developmental 

time point to add the compound to the water bath.  It would be worthwhile adding the 

compounds of interest directly after fertilization and making comparisons to the results 
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we found after addition of each compound a 2 dpf.  We found that 4 dpf was an ideal 

endpoint because at this developmental point the retinal vasculature is clearly visible to 

capture images on a microscope.  

The specific parameter “area inner eye” is not currently measured in zebrafish as 

a research tool and can be used in high throughput screening of other candidate 

compounds to treat FEVR.   When all six eye size parameters were statistically analyzed 

together, none of the compounds appeared to have a significant effect.  This suggests that 

“area inner eye” is influenced to a greater extent compared to the other 5 parameters, 

when all parameters are analyzed simultaneously, the effects on the “area inner eye’ are 

lost in the combined measures. As the early vascular events that lead to retina vessel 

development involve a hyaloid system that wraps around the lens in both humans and 

zebrafish, a plausible explanation for the increased susceptibility of the “area inner eye” 

is that disruption at that phase in development will influence measures directly at level of 

the lens to a greater extent and earlier on than the outer ocular structures. 

Interestingly, Collin and colleagues (2013) used MO to knockdown znf408, a 

known FEVR gene in zebrafish, and discovered defects in the developing retina, 

specifically the dorsal, nasal, and ventral intraocular ring vessels, as well as trunk 

vasculature illustrating the utility of zebrafish in studying vascular disease.  The vascular 

defects seen in znf408 zebrafish morphants appear to be less dramatic than the retinal 

phenotype observed in cdh5 morphants in our study.  The intraocular ring vessels were 

not abnormal in the fzd4
-/-

 mutant zebrafish (data not shown) but would be another part of 

the eye vasculature to be aware of when screening for phenotypes in other FEVR fish 
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models. The compounds used in this preliminary drug screen could easily be tested using 

a similar protocol in other zebrafish genetic models of FEVR.   

To date, no other study has demonstrated a role for S1PR2 in the treatment of 

FEVR. Interestingly, with the majority of the FEVR genes playing a role in the Wnt 

pathway, there could be a genetic link to the S1P vascular pathway as well. 

 

4.5 fzd4
-/- 

mutant zebrafish do not possess an obvious early larval phenotype 

As LRP5 and FZD4 together are responsible for the majority (approximately 

40%) of FEVR cases in humans (Toomes et al., 2005) and the most detailed retina studies 

in mice are from Fzd4 mouse models (Wang et al., 2012; Wang et al., 2001; Xu et al., 

2004; Ye et al., 2009), we chose to study the phenotype induced by knocking out the 

Fzd4 gene in the zebrafish. Intriguingly, the fzd4
-/-

 mutant fish did not possess an obvious 

phenotype at an early larval time point, rendering it not usefiul for preliminary drug 

screen.  Retinal whole mounts of fzd4
-/-

 mutant zebrafish at the one-month time point 

(Figure 3.13) displayed similarities to the phenotype previously described in the Berman 

Zebrafish Laboratory at three months (areas of hyper-vascularity and overall 

disorganization) (Figure 1.7) and we were interested in testing the utility of this model to 

study the effect of candidate drugs/compounds directly on the retina vasculature in the 

zebrafish.  The treatment of larval fzd4
-/- 

mutant zebrafish with 50 nM JTE-013 was 

chosen as this was one of the concentrations in the JTE-013 preliminary drug screen in 

cdh5 morphant zebrafish found to improve early retinal vasculature.  In addition, the 

technique of carrying out retinal whole mounts on small organisms such as zebrafish 

proved to be technically difficult and results from this particular experiment likely need 
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further, more detailed quantification analyses. The role of zebrafish at this stage is 

unclear and needs to be balanced with the well-established mouse models of FEVR for 

further testing. 

 One theory why the fzd4
-/-

 mutant line did not appear to have a phenotype present 

in larval stages may be due to gene compensation, whereby genes compensate for other 

mutated genes, but this is unclear given that the phenotype does appear at later stages of 

development (Rossi et al., 2015).  There is also little known about the pharmacokinetics 

of JTE-013 specifically in fish.  It would be helpful to pursue pharmacokinetic studies to 

further guide the choices of compounds to pursue to make drug screening even more 

efficient.  The fact that there are several stages of retina vascular development suggest 

that disruption may occur at any point to result in delayed vascularization of the retina 

and disruption of normal vascular patterning. It is clear that normal FZD4 signaling is 

needed for normal vascular development. However, it is possible that the effects of loss 

of FZD4 signaling influence processes specific to angiogenesis and not vasculogenesis, 

the earlier phase of vascular development.  We tried to phenotype the earlier stages of 

FEVR in the fzd4
-/-

 zebrafish and although it is clear that a phenotype was present at the 

one-month zebrafish stage, retinal mounts on small organisms like the zebrafish are 

technically challenging and other techniques will be required to describe and quantify 

retina vascular development beyond the larval stage. To this end, we recently acquired a 

lightsheet microscope that will enable us to study the retina vasculature in these fish 

possibly eliminating the need for technically difficult flat mounts. The results of these 

studies may expand the utility of the FEVR zebrafish models in the development of novel 

therapeutics. 
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4.6 Potential significance for other retinal vascular disorders 

 Importantly, ROP is considered a major cause of blindness in children in high 

and middle-income countries highlighting the importance of retinal vasculature research 

(Holmstrom et al., 1998).    Interestingly, cases of ROP have been reported where both 

NDP and FZD4 are mutated, making the Wnt pathway a likely candidate to target for 

therapy (Dailey et al., 2015).  It is possible that therapeutics developed to treat FEVR, 

including those targeting S1PR2, may also be re-purposed for ROP as there is also 

evidence that mutations in FZD4 are present in some severe cases of ROP (Ells et al., 

2010).  Studies have linked defects in Wnt signaling to diabetes mellitus, again providing 

a broader justification for pursuing an orphan disease such as FEVR (Gilmour, 2015). 

4.7 Limitations 

Determining whether the eye size parameter “area inner eye” is clinically 

significant is necessary and should be further validated as more compounds are tested to 

see if the same parameters appear to be most affected.  The data taken from the 

preliminary drug screens in zebrafish are only meant to guide drug discovery studies in 

mouse models.  It would be difficult and inaccurate to make predictions regarding dosage 

and compound concentration in humans based on zebrafish studies. 

In light of future drug screens utilizing a water bath, compound solubility is likely 

to be an issue.  To note, DMSO and PTU are commonly used in zebrafish research and 

were used in the water bath in the preliminary drug screen.  It is not known if adding 

these reagents to the water bath potentially alter the effect of the compound being 

screened, however DMSO is known to permeate biological membranes and therefore its 
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likely that the DMSO added to the water baths increased the ability of the compound to 

enter the zebrafish (Kais et al., 2013; Karlsson et al., 2001). 

Interpretation of the fzd4
-/-

 retinal whole mounts proved to be difficult to draw any 

concrete conclusions.  Experiments would benefit from using a retina isolation procedure 

that does not damage the retina, such as lightsheet microscopy. 

 

4.8 Future Directions 

There are numerous avenues to pursue in an effort to identify novel effective 

therapeutics for FEVR.  For instance, a qualitative vascular analysis needs to be carried 

out on the cdh5 morphants which were treated with “compound 1”.  One would expect 

that if eye size is an accurate surrogate for severity of retinal vasculature, then those cdh5 

morphants in the 20 nM group should have worse retinal vasculature as well.  Finally, to 

ensure that measuring eye size is accurately depicting retinal vasculature severity, the 

remaining 13 compounds should be pursued as well as taking a ligand-based approach in 

drug design.  JTE-013 analogues can be tested using this drug screening platform in 

zebrafish to guide further mouse model studies. 

Alternative to focusing on targeting S1PR2, future research could also focus on 

synthesizing compounds predicted to be S1PR1 and 3 agonists, the promoters of vascular 

development in this pathway.  After screening a 100 000 compound library, SEW2871 

was identified as a selective S1PR1 agonist (Sanna et al., 2004). S1PR2 elicits an 

angiostatic effect via Rac and Rho (GTPases) (Figure 1.4) (Park et al., 2012).  Therefore, 

if a molecule was synthesized that could inhibit one of these GTPases, perhaps the 

vascular pathology would also be reversed.  For example, a Rho inhibitor, C3-exotoxin, 
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was used to protect against renal ischemic injury and functions by inhibiting Rho (Park et 

al., 2012).  A combination of computational software, multidisciplinary scientists, and 

experimental science is likely to lead to rapid drug discovery.  

As an alternative to the compound water bath, one could inject JTE-013 

intravenously in the common cardinal vein and subsequently grow the mutants to 

adulthood and analyze the retinal mounts.  Intravenous compound injections are an 

attractive route as an alternative to the current water bath method and could be pursued 

with the remaining compounds (Table 1.2).  If the compounds were injected 

intravenously, the amount of compound each zebrafish would have in circulation is more 

predictable.  This method is also more analogous to the method of administration a 

patient is likely to receive (e.g. ocular injections).   

Given the role VE-cadherin has in blood vessel integrity, it is likely that those 

morphants or mutants lacking this gene would show evidence of blood vessel leakage.  

Vessel leakiness is often diagnosed and monitored in humans using intravenous 

fluorescein angiography (IVFA).  A fluorescent dye is injected into the patient’s 

bloodstream and within seconds the dye will circulate its way to the retinal blood vessels 

at the back of the eye.  From this, hyper or hypo-flourescence can be observed indicative 

of areas of concern (Newsome, 1986).  IVFA is an invaluable tool to monitor the 

patient’s condition.  IVFA can reveal areas of avascularity, especially with wide-field 

FA, considering many cases of FEVR will have an avascular peripheral retina.. Dextran 

dye injections are a commonly used method to investigate the integrity of blood vessels 

in zebrafish but few studies have focused solely on retinal vasculature (Nasevicius et al., 

2000; Wu et al., 2015).  Therefore, it would be useful for future studies involving our 
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zebrafish models of FEVR to investigate retinal vessel leakage using these previously 

established methods as another measure of disease and whether novel treatments 

normalize retina vascular integrity.   

It would also be interesting to investigate whether the MTD is altered in zebrafish, 

which have been injected with a control saline, are used in toxicity curve experiments 

instead of WT zebrafish unexposed to injections because mortality is generally higher in 

zebrafish who have undergone the injection process (preliminary studies done in Berman 

Zebrafish Laboratory).  Laboratories that have the means to access technology such as the 

Biosorter (Union Biometrica), which will be coming soon to Dalhousie University, could 

also greatly increase drug screening efficiency and are well equipped to support zebrafish 

as a model organism and will be valuable to future drug discovery research.  A Biosorter 

has the ability to sort and dispense zebrafish (and other small model organisms) into 96 

well plates at a much faster rate as compared to pipetting by hand.  This could expand our 

capacity to screen novel drugs/compounds. 

Targeting other signaling pathways involved in blood vessel development is 

another avenue worth pursuing for therapeutic targets.  Although most studies focus on 

the canonical Wnt signaling pathway due to its involvement in endothelial cell growth, it 

is possible that the non-canonical pathway may also be involved by stimulating 

cytoskeletal rearrangement followed by expansion of endothelium to form new vessels 

(Sauter et al., 2014).  This was investigated with a Cdh5 cellular model.  Cdh5 was also 

observed to have a role in endothelial cell shape (Nelson et al., 2004).  Pursuing current 

and newly discovered signaling pathways, which affect blood vessel development, will 

aid in closing the gap of unknown genetic information about FEVR.  
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For example, glycogen synthase kinase 3 beta (Gsk3β) is a negative modulator in 

endothelial cells and participates in the phosphoinositide-3-kinase/protein kinase B 

(PI3K/AKT) intracellular signaling pathway that has a known role in vessel formation 

during development (Lee et al., 2014; Graupera et al., 2008). S1PR1 also promotes 

angiogenesis via the PI3K/AKT pathway (Takuwa et al., 2001).  Gsk3β encodes a 

protein kinase, which is ubiquitously expressed in many different model organisms (eg. 

yeast and mammals) (Lee et al., 2014). Following knockdown of Gsk3β by injecting an 

MO targeting Gsk3β into zebrafish or by loss of Gsk3β by addition of LiCl, results 

indicated decreased patterning of blood vessels as well as reduced vegf transcripts.  The 

paper by Lee and colleagues (2014) suggests a cross-talk may exist between the 

PI3K/AKT and Wnt/β-catenin signaling pathway providing another branch of the S1P 

signaling pathway to pursue therapeutically.  

Future studies should focus on the specificity and efficacy of the cdh5 MO.  

Given that CDH5 plays a role in β-catenin levels, one could monitor the presence, 

absence, or levels of β-catenin to correlate this effect with gene knockdown (Wheelock & 

Johnson, 2003).   

 

4.9 Conclusions 

This project contributes to the visual research field by confirming that zebrafish 

can serve as a valuable tool to study not only the morphology of a FEVR-like phenotype, 

but also to study the effects of compounds suspected of reversing the pathology of this 

genetic condition.  Compounds of interest found in this study may have potential to be 

used in other retinal vascular conditions such as diabetes mellitus and ROP.  Results from 
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this research will guide the choice of S1PR2 antagonists that will move forward to further 

testing in mouse models and potential human clinical trials.   

The idea of finding a therapeutic approach for such an orphan disease as FEVR is 

a highly attractive target as there is potential for drug repurposing for multiple other 

ocular vascular disorders, which have increased population prevalence.  Overall, the 

results from this study leave behind a concrete platform in the zebrafish model organism 

for screening compounds of interest, leading the way for an exciting avenue in 

therapeutic drug discovery of human vascular retinal disease. 
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