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The Retinal Pigment Epithelium (RPE) is a specialized monolayer of pigmented 

cells in the back of the eye that forms a functional unit with photoreceptor cells in the 

retina and is critical for photoreceptor function and eye development. As a flat sheet of 

progenitor cells develops, a series of complex morphogenetic changes occur which 

require coordinated changes in cellular morphology, cell cycle and motility. To aid the 

study of these processes, I have generated ten novel GAL4-inducible zebrafish 

transgenics that enable the tissue-specific modulation of Rho GTPase activity and 

demonstrated the utility of these lines in studying eye development. Diseases disrupting 

the normal pigmentation of the RPE, known as albinism, cause defects in retinal 

development and vision. Although many different alleles of albinism have been 

identified, it is likely that undiscovered loci responsible for causing albinism exist. To 

learn more about the genetic underpinnings of albinism, I have characterized two novel 

zebrafish albino mutants and found they result from mutations in the gene encoding N 

ethyl maleimide-sensitive factor B (nsfb) and have established a role for nsfb in the 

maturation of pigment in zebrafish RPE. Finally, diseases affecting the adult RPE have 
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dire consequences for vision. Geographic Age-related Macular Degeneration (AMD) is 

the third leading cause of blindness worldwide, and occurs when atrophy of the RPE 

causes irreversible death of underlying photoreceptors. Despite advances in stem-cell 

based RPE replacement therapies, very little is known about the process by which RPE 

cells can successfully regenerate and integrate into damaged retinal tissue. To study this 

process, I established a novel zebrafish model of AMD whereby specific ablation of the 

RPE leads to rapid degeneration of underlying photoreceptors. Using this model, I 

demonstrated for the first time that the zebrafish RPE is capable of regenerating after 

widespread damage and provide evidence that RPE ablation provokes a robust 

proliferative response during which cells from the periphery move into the injury site and 

contribute to regeneration, and that these cells likely derive from unablated RPE. This 

model provides a platform for supporting the development of AMD therapies. 
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Chapter 1: Introduction to the Development, Pigmentation and 
Regeneration of the Retinal Pigment Epithelium 

1.1: DEVELOPMENT AND FUNCTION OF THE RETINAL PIGMENT EPITHELIUM 

This dissertation focuses on the development and regeneration of the Retinal 

Pigment Epithelium (RPE) in zebrafish. The eye is a fantastically complex organ whose 

function is to sense and convert light from the environment into electrochemical signals 

and transmit them to the brain. The RPE is a polarized monolayer of hexagonal pigment-

containing cells posterior to the retina whose apical surface is closely interdigitated with 

photoreceptive neurons called photoreceptors. Photoreceptors are responsible for the 

conversion of light into electrochemical signals, and ultimately form a functional unit 

with the RPE. The basal RPE surface abuts and helps form a multilaminar basement 

membrane known as Bruch’s Membrane (BM), which helps create a barrier between the 

retina and nourishing vasculature called the choriocapillaris. Because RPE is critical for 

many crucial processes in eye development and visual function, any disruption to RPE 

development or integrity has dire consequences for vision.  
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Table 1.1: Common Abbreviations 

Retinal Pigment Epithelium RPE 

Neural Retina NR 

Retinal Progenitor Cells RPCs 

Ciliary Marginal Zone CMZ 

Müller glia-derived progenitor cells MGPCs 

Interphotoreceptor Retinol Binding Protein IRBP 

Bruch’s Membrane BM 

Age-Related Macular Degeneration AMD 

Proliferative Vitreoretinopathy PVR 

Photoreceptor Outer Segments POS 

Choroidal Neovascularization CNV 

Outer Plexiform Layer OPL 

Outer Nuclear Layer ONL 

 

1.1.1 Early Development 

To fully understand RPE development, it is necessary to start at the beginning: the 

eye field. The eye field is a single patch of neuroepithelial cells located in the medial 

anterior plate, from which both the RPE and the neural retina derive. Despite minor 

differences, the genetic and morphogenetic mechanisms by which this single flat sheet of 

cells ultimately develops into two complex light sensing organs is well conserved 

between zebrafish and human (Chow and Lang, 2001; Fuhrmann, 2010; Schmitt and 

Dowling, 1994).  
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The eye field first forms in the medial anterior neural plate shortly after forebrain 

specification (Bailey et al., 2004; Mathers et al., 1997), and is defined by the co-

expression of a group of transcription factors known as eye-field transcription factors 

(EFTFs) which are often both necessary and sufficient for proper eye development. These 

factors include rx, rx3, lhx2, pax6, six3 and optx2 (Zuber et al., 2003). For example, Pax6 

mutants completely lack eyes in mouse (Quinn et al., 1996), and medaka (Loosli et al., 

2001) while ectopic expression of Pax6 (Hill et al., 1991), six3 (Lagutin et al., 2003), and 

others leads to the formation of ectopic retinae (Bailey et al., 2004; Zuber et al., 2003). 

While the series of events that result in eye field specification are incompletely 

understood, research indicates that gradients of morphogens such as Wnt (Cavodeassi et 

al., 2005), Shh (Macdonald et al., 1995), and FGF (Moore et al., 2004) induce forebrain 

specification and create a competency state that enables the stabilization of EFTF 

expression via a self-regulating network (Zuber et al., 2003). Illustrating this, six3 is 

initially expressed across the anterior neural plate in both mouse and zebrafish, where it 

drives forebrain specification by inhibiting canonical Wnt signaling before becoming 

restricted to the eye field (Lagutin et al., 2003). EFTFs are only capable of directing the 

formation of ectopic retinae in regions that express otx2, a transcription factor first 

involved in forebrain induction and specification (Chuang & Raymond, 2002, Chow 

1999, Martinez 2001). The transcription factors Otx2 and Sox2 are required for forebrain 

induction, and directly regulate Rx gene expression (Danno et al., 2008). rx3 expression 

in zebrafish facilitates the partitioning of eye field cells from different forebrain 

compartments via Eph/Ephrin signaling (Cavodeassi et al., 2013). Otx2 also activates 

critical transcription factors in the zebrafish EFTF network such as lhx2 (Kennedy et al., 

2004), which plays a role in future RPE development. Zebrafish possess three rx genes as 

opposed to the single rx gene in mammals (rx1-3) (Chuang et al., 1999) and rx1-2 appear  
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to play a instructive role enabling eye field formation, while rx3 is required for cell 

movements directing later eye morphogenetic events (Chuang and Raymond, 2001; 

Fuhrmann, 2010) . 

Shortly after eye field formation, the first of two major sequences of 

morphogenetic movements occurs, ultimately resulting in the bisection of the eye field 

and morphogenesis of optic vesicles (Fuhrmann, 2010). This process, known as optic 

vesicle evagination, occurs during neurulation, a process whereby the neural plate folds 

about the midline to create the neural tube. In zebrafish, evagination occurs during neural 

keel formation, which is analogous to neurulation in mammals (Lowery and Sive, 2004; 

Papan and Campos-Ortega, 1994). Two major events occur coincidentally with optic 

vesicle formation: caudally-located diencephalon cells move rostrally to replace anterior 

eye field cells as they move laterally, and the telencephalon folds toward the midline to 

seal the neuropore and facilitate the migration of eye precursors into the optic vesicles 

(England et al., 2006). It was initially thought that these movements drive evagination by 

bisecting the eye field and forcing eye field cells laterally (eg. Varga et al. 1999; Li et al. 

1997). However, other time-lapse analyses revealed that eye precursor cells migrate in a 

cell-autonomous fashion. These analyses revealed that eye precursor cells initially move 

toward the midline before changing direction and moving laterally into the forming optic 

vesicles, and that lateral migration is dependent upon rx3 (Rembold et al., 2006). This 

phenotype likely results from misregulation of cell adhesion proteins, such as as nlcam, 

that sensitize eye precursor cells to attractive cues from the midline (Brown et al., 2010). 

More recently, it was shown that eye field cells display different types of cell 

morphologies, with peripheral eye field cells precociously organizing into a polarized 

neuroepithelium into which centrally located migratory cells intercalate via a MET-like 

mechanism to drive evagination (Ivanovitch et al., 2013).  
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As the optic vesicles continue to evaginate and approach the overlying surface 

ectoderm, heretofore-multipotent optic vesicle cells become specified into RPE, NR, and 

optic stalk (Fig 1A-B) (Fuhrmann, 2010). RPE specification is initiated by the expression 

of the bHLH transcription factor Mitf and homeobox domain transcription factor otx2 

(Fuhrmann et al., 2014). Mitf is one of the earliest genes specifically demarcating RPE 

from NR, and is a critical regulator of RPE pigmentation and differentiation. First 

identified in mouse (Hertwig, 1942; Hodgkinson et al., 1993), mutations of mitf result in 

microphthalmia (hence microphthalmia-associated transcription factor) and defects in the 

pigmentation and maturation of RPE cells. In mice, mitf is initially expressed throughout 

the optic vesicle before becoming restricted to the presumptive RPE when FGF signals 

from the surface ectoderm induce the expression of vsx2 in the distal optic cup (Nguyen 

and Arnheiter, 2000). vsx2, which is the earliest gene specifically demarcating NR from 

RPE, suppresses mitf expression (Zou and Levine, 2012) in the presumptive NR, leading 

to its restriction to dorsal optic vesicle cells. In contrast to mouse, mitf is not broadly 

expressed throughout the optic vesicles before becoming restricted to the presumptive 

RPE region in chick and zebrafish. In chick, Mitf is expressed in distal optic vesicle cells 

and becomes restricted to the dorsal optic cup (Müller et al., 2007), while in zebrafish, 

the two paralogs of mitf, mitfa and mitfb, are specifically expressed in the presumptive 

RPE, never having a broad expression domain in the optic vesicle (Lister et al., 2011). 

Otx2, the other transcription factor critical for RPE specification, has a similar expression 

pattern to Mitf in chick—after initially being broadly expressed throughout the optic 

vesicle, it too is restricted to the presumptive RPE (Bovolenta et al., 1997), where it 

regulates pigmentation during RPE development (Martínez-Morales et al., 2004, 2003). 

Zebrafish possess three orthologs (otx1a, otx1b, and otx2) of the two mammalian Otx 

genes (otx1 and otx2) (Li et al., 1994; Mercier et al., 1995), which are restricted to the 
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presumptive RPE in early eye (Li et al., 1994). Interestingly, in zebrafish, otx signaling is 

necessary for RPE development while mitf signaling appears to be dispensable: 

mutations of both mitfa and mitfb do not cause major defects in RPE development (Lane 

and Lister, 2012). Otx and mitf transcription factors interact and positively regulate each 

other’s activity (Martínez-Morales et al., 2003). Beyond this, the mechanisms regulating 

mitf expression are poorly understood, though lhx2 and rx genes play a prominent role. 

rx3 is required both for otx2 and mitfa expression in zebrafish (Rojas-Muñoz et al., 

2005), while Lhx2 is required for Mitf expression in mice (Yun et al., 2009). During 

optic cup morphogenesis, extraocular mesenchyme is critical for induction of the RPE in 

mouse, via the TGFβ-family cytokine Activin (Fuhrmann et al., 2000) and BMP 

(Steinfeld et al., 2013). In addition to TGFβ, Wnt, (Fujimura et al., 2009; Westenskow et 

al., 2009), and Hippo (Miesfeld et al., 2015) signaling are also critical for RPE 

specification in the dorsal optic vesicle.  
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Figure 1.1: Vertebrate retinal morphogenesis. (A) As the optic vesicles evaginate and 
interacts with surrounding tissues, it becomes specified as RPE, retina or 
optic stalk. (B)Invagination of the optic vesicle forms the optic cup, with a 
lens-averse RPE layer and lens-facing retina layer. Image adapted from 
Fuhrmann 2010. (D) Cartoon representation of the retina, RPE and 
choroidal tissues contained in the red box. From proximal to distal: 
choriocapillaris, RPE, cone and rod photoreceptor cells, horizontal cell, 
bipolar cell, Müller Glia, amacrine cell, and retinal ganglion cell.  
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1.1.2: Maturation and Pigmentation  

RPE maturation initiates during optic cup morphogenesis, which is the second 

series of major morphological changes that occur during the formation of the eye. After 

the optic vesicle and surface ectoderm make contact, the surface ectoderm involutes and 

begins forming the lens, while the optic vesicle invaginates to form bilayered optic cups 

with cells in the lens-facing layer comprising the neural retina (NR) and RPE cells 

comprising the lens-averse layer (Schmitt and Dowling, 1999). As the neural retina 

invaginates around the lens, it undergoes a marked increase in surface area and expands 

its cell population significantly. 4D analyses revealed that an epithelial flow of cells from 

the lens-averse layer into the lens-facing layer explains these changes (Heermann et al., 

2015; Kwan et al., 2012; Li et al., 2000). As optic cup formation proceeds and the RPE 

monolayer and NR are brought into close proximity, a small amount of optic cup lumen 

becomes trapped between them. This lumen remnant is then filled by extracellular matrix 

and visual cycle proteins to form the interphotoreceptor matrix (Gonzalez-Fernandez, 

2003; Stenkamp et al., 1998). Concurrent with interphotoreceptor matrix formation, 

(Tachibana, 2000) RPE cells begin terminal differentiation: they cease proliferating, 

transition from pseudostratified epithelium into flattened epithelial cells, and express 

tyrosinase. It is possible that this change in cell morphology provides the mechanical 

impetus to drive epithelial flow. As RPE cells transition from columnar pseudostratified 

epithelium to a flattened epithelium, they significantly increase their surface area and 

move in conjunction with presumptive NR cells, suggesting that this increase in surface 

area may drive epithelial flow. These findings are intriguing, as a significant body of 

literature posits that RPE tissue maintains bipotency late into optic cup morphogenesis 

and can trans-differentiate into NR (Araki et al., 2002; Bankhead et al., 2015; Sakaguchi 

et al., 1997). These findings raise the possibility that some of these phenotypes could 
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instead arise from a failure of cell migration rather than transdifferentiation of RPE into 

NR.  

The formation of black pigment, known as melanogenesis, marks a critical step in 

the differentiation of RPE cells. Hypopigmentation of the RPE can lead to defects in 

retinal development (Grønskov et al., 2007) and abberrent routing of retinal ganglion 

axons in the optic nerve tract (Jeffery, 1997). During melanogenesis, black eumelanin 

pigment is synthesized and aggregated in lysosomal-related organelles called 

melanosomes (Seiji et al., 1963b; Videira et al., 2013). Tyrosinase, which is 

transcriptionally regulated in part by mitf (Yasumoto et al., 1994), pax6 (Raviv et al., 

2014) and otx2 (Reinisalo et al., 2012), is an iron-containing membrane metalloenzyme 

that gets trafficked to developing melanosomes and performs the rate-limiting steps in the 

conversion of tyrosine to melanin (Korner and Pawelek, 1982). Immature melanosomes 

first form as early endosomes and become progressively more pigmented as they mature. 

Vesicles from the Golgi network are then trafficked to the early endosome and deliver 

melanogenic enzymes, cofactors and melanin precursors to developing melanosomes. 

Proper transport and sorting of these precursors is critical for melanogenesis, and depends 

in part on the action of small GTPase Rab38 and in multi-protein biogenesis of 

heteromeric lysosome-related organelle complexes (BLOCs). Rab38 has been found to 

mediate transport of tyrosinase to the melanosome in mice (Lopes et al., 2007; Wasmeier 

et al., 2006), while mutations in many BLOC components produce hypopigmentation 

defects in human (Huizing et al., 2008), mouse (Wei, 2006) and zebrafish (Daly 2013). 

Chapter 3 will address the stages of melanosomal maturation, and the requirement for 

proper vesicular fusion for melanogenesis, in greater detail. Once melanogenic precursors 

and enzymes are trafficked to the melanosome, the intracellular environment in 

melanosomes is tightly regulated to facilitate melanin synthesis and stability (d’Ischia, 
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2013). For example, regulation of pH is critical for melanin synthesis, (Ancans et al., 

2001; Nuckels et al., 2009; Puri et al., 2000; Watabe et al., 2004). 

After optic cup morphogenesis, the pseudostratified epithelium of the NR consists 

of rapidly proliferating retinal progenitor cells (RPCs). Interactions between the RPE and 

developing NR play critical roles in each tissue’s development. For example, during RPC 

proliferation, RPE cells release ATP, which diffuses through the interphotoreceptor 

matrix to modulate the proliferation rate of RPCs (Martins and Pearson, 2008). RPE cells 

also continue to mature in two major ways: by further establishing apico-basal polarity 

and secreting growth factors to regulate retinal development. The basal RPE surface 

begins depositing collagen, which integrates with basement membrane from overlying 

endoderm, to create the Bruch’s Membrane (Olson, 1979; Takei and Ozanics, 1975). 

Meanwhile, the apical surface begins to develop microvilli, and tight junctions between 

individual RPE cells form and mature, restricting membrane mixing across the 

apical/basal border and establishing a blood-retinal border. RPE cells also secrete growth 

factors that play major roles in directing RPC development, such as PEDF which in 

Xenopus is required for proper photoreceptor formation (Jablonski et al., 2000; Oetting 

and King, 1999). 

As they proliferate, RPCs ultimately respond to environmental signals by 

differentiating and forming six retinal cell types (Agathocleous and Harris, 2009). This 

process terminates with the creation of three nuclear laminae, with photoreceptor cells 

populating the outermost layer adjacent to the RPE, bipolar, amacrine and horizontal cells 

in the inner nuclear layer, and retinal ganglion cells and displaced amacrine cells making 

up the innermost lamina (Fig I.1D-C). As specified photoreceptor cells interact with 

maturing RPE, both tissues undergo terminal differentiation in a cooperative fashion—

RPE cells extend apical microvilli into the subretinal space and photoreceptors begin to 
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grow structures filled with tightly-stacked membrane disks containing phototransduction 

proteins called photoreceptor outer segments (POS). After interdigitation between POS 

and RPE microvilli, RPE cells express critical phototransduction proteins and this 

expression correlates with commencement of light responsiveness in photoreceptors 

(Bakall et al., 2003).   

At this point, RPE development is largely complete. The RPE is now a highly 

polarized pigmented monolayer with membrane infoldings on its basal surface abutting 

the BM and microvilli extending from its apical surface to interdigitate with 

photoreceptor POS.  

1.1.3 Function  

During development, the RPE and photoreceptors establish themselves into a tight 

functional unit. One of the most illustrative examples of this is the role the RPE plays in 

the visual cycle, or the conversion of light to electrochemical information. cis-retinal is 

the light-sensing subunit of the rhodopsin complexes concentrated in photoreceptor POS. 

Upon absorbing a photon, cis-retinal isomerizes to all-trans-retinol, resulting in 

rhodopsin activation and phototransduction (Kuksa et al., 2003). Photoreceptors lack the 

requisite isomerases to recycle all-trans-retinal back to cis-retinal, so all-trans-retinal 

must be transported to the RPE. All-trans-retinal is exported from photoreceptors and 

binds interphotoreceptor retinol-binding protein (IRBP) (Edwards and Adler, 1994) as it 

is transported across the interphotoreceptor matrix to the RPE. Once it is in the RPE, the 

RPE-specific protein RPE65 performs the rate-limiting step in the retinoid cycle, which 

results in the conversion of all-trans-retinal to cis-retinal (Hamel et al., 1993; Redmond et 

al., 1998) Afterward, regenerated cis-retinal is exported, binds to IRBP in the subretinal 

space and is returned to the photoreceptors. Even with support from the retinoid cycle, 
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POS are constantly bombarded by light, progressively damaging their phototransduction 

machinery, which produces deleterious byproducts such as reactive oxygen and 

lipofuscin. Photoreceptors therefore constantly synthesize new outer segments and, in 

order to maintain outer segment length, shed photodamaged outer segment disks. These 

are phagocytosed by the RPE, which digests and eliminates toxic byproducts and recycles 

important phototransduction components back to the photoreceptors.  

The RPE acts as the primary regulator of transport between the retina and 

circulatory system. Due to its apposition to Bruch’s Membrane and tight junctions 

between RPE cells, the RPE creates the blood-retina barrier between the eye and the 

fenestrated endothelium of the choriocapillaris, as well as immune privilege in the eye 

(Streilein et al., 2002). Being a tight epithelium, the RPE transports water (Hamann, 

2002), ions (Joseph 1991), and nutrients, such as glucose (Ban, 2000). The RPE also 

protects the retina from photo-oxidation and reactive oxygen, through absorption of light 

by its pigment and by expressing antioxidant enzymes (Cai, 2000). Finally, the RPE 

secretes a number of factors that are critical for the function and continued health of the 

retina, such as vascular endothelial growth factor (VEGF) (Adamis et al., 1993; Ford et 

al., 2011), PEDF  (Dawson et al., 1999), and multiple FGF proteins (Strauss, 2005).  

 

1.2: REGENERATION OF THE RETINAL PIGMENT EPITHELIUM.  

Due to its many critical and lifelong roles in maintaining retinal function and 

survival, diseases of the RPE result in debilitating consequences. This dissertation 

primarily focuses on two common diseases affecting the RPE: albinism and Age-Related 

Macular Degeneration. This section will detail the pathogenesis of these diseases, the 
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state of the field in their treatment and what is known about the extent to which the 

mammalian RPE is capable of repairing injuries.  

1.2.1 Common diseases 

Albinism refers to a group of inherited recessive autosomal genetic diseases 

characterized by a reduction or abrogation of melanogenesis in the skin and eyes 

(oculocutaneous albinism, OCA) or specifically in ocular structures including the RPE 

(ocular albinism, OA) (Dessinioti et al., 2009). There are currently seven known types of 

OCA, each associated with genes that regulate pigment synthesis. The two most common 

forms of OCA are OCA1 and OCA2, which respectively are caused by mutations in 

tyrosinase (Tomita, 1989) and the P (pink) protein, which is involved in in the transport 

and stabilization of tyrosinase (Orlow and Brilliant, 1999; Toyofuku et al., 2002). 

Albinism is associated with ocular defects that include nystagmus, foveal hypoplasia, and 

low acuity (Levin and Stroh, 2011). Hypopigmentation is also present in more severe 

syndromic diseases, such as Chediak-Higashi Syndrome and Hermansky-Pudlak. These 

diseases are caused by mutations in genes that regulate the formation of lysosomal related 

organelles and result in systemic phenotypes beyond albinism (Sitaram and Marks, 

2012). Chediak-Higashi syndrome is characterized by the formation of giant intracellular 

granules, bleeding diasthesis and defects in immune system function, and is usually lethal 

during infancy. Hermansky-Pudlak syndrome is associated with classic features of 

albinism as well as defective platelet formation, bleeding diasthesis and pulmonary 

fibrosis (Huizing et al., 2008).  

Age-related macular degeneration (AMD) is one of the leading causes of 

blindness worldwide, and is the leading cause of blindness in industrialized countries 

(Klein et al., 2011; Resnikoff, 2008; Wong et al., 2014). AMD is characterized by the 
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degeneration of the macula. The macula is a pigmented region within the central primate 

retina that contains the fovea. The fovea lies near the center of the macula, has no 

overlying inner retinal cell layers, and provides high-acuity vision. The most common 

form of AMD is geographic atrophy, or “Dry AMD,” which is characterized by the 

degeneration of RPE cells in the macula, which leads to loss of the closely-apposed 

photoreceptors and loss of central field vision (Curcio et al., 1996; Lim et al., 2012a). A 

less-common, but more acute, variant of AMD is exudative, or “Wet AMD,” is 

characterized by the invasion and exudative neovascularization of the choriocapillaris 

into the subretinal space (Lim et al., 2012a). Although peripheral vision is usually 

maintained in patients, since photoreceptors throughout the rest of the retina are 

unaffected, this blindness is still acutely debilitating. Onset of geographic AMD is most 

commonly scored by the appearance of Drusen, which form as membrane-rich deposits 

between the RPE and BM. These Drusen are primarily made of up of lipofuscin, a 

yellowish aggregation of photodamaged lipids and proteins which derive from 

phagocytosed photoreceptor material that the RPE cell was unable to effectively 

metabolize (Crabb et al., 2002; Mazzitello et al., 2009). The underlying causes of AMD 

are unclear, and controversy exists whether the disease is caused by pathology in 

photoreceptors, the RPE, the choroid, an autoimmune response, or whether multiple 

discrete diseases converge to cause AMD. Currently, the most well-accepted theory holds 

that AMD results from chronic inflammation, likely from accumulated oxidative stress 

from photoreceptors (Gnanaguru et al., 2016; Parmeggiani et al., 2012).  

1.2.2: Current therapies for treating Retinal Pigment Epithelial degeneration 

In most cases of albinism, symptoms are manageable with effective palliative 

care, such as protecting unpigmented skin from overexposure to the sun or using 
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corrective lenses to mitigate low visual acuity or nystagmus (Levin and Stroh, 2011). 

Since albinism is primarily a genetic disease, current research focuses either on gene 

therapy or pharmaceutical strategies to stimulate pigmentation, with the ultimate goal to 

rescue pigmentation during development to prevent developmentally related 

hypopigmentation. To this end, researchers are focusing on two routes: gene therapy to 

replace defective melanogenic machinery (Gargiulo et al., 2009; Surace et al., 2005) and 

pharmaceutical augmentation of melanin synthesis (Onojafe et al., 2011), although this 

work is still in its early stages.  

The current standard of care for treating dry AMD relies upon early detection 

followed by administration of vitamin supplements to slow disease progression (Chew et 

al., 2012). Injection of VEGF inhibitors has proven to be an effective therapy controlling 

most forms of wet AMD, though this treatment relies upon routine and intrusive vitreal 

injections (Rofagha et al., 2013; Wykoff et al., 2014). No treatments currently exist that 

can replace RPE cells once they are lost, however one intriguing new study provides 

evidence that high doses of statins to treat Drusen halts progression and, in some rare 

cases, leads to the regression of drusenoid deposits (Vavvas et al., 2016). After initial 

failures (Binder et al., 2007), recent advances in stem cell technology have enabled 

researchers to differentiate RPE in vitro and begin experimenting with its implantation 

(Blenkinsop et al., 2013; Gamm et al., 2008; Haruta, 2004; Hu and Bok, 2001; Idelson et 

al., 2009; Krohne et al., 2012; Maminishkis et al., 2006; Zhu et al., 2013). Positive results 

in animal models, coupled with reports that stem cell-derived RPE implantation in 

primates does not elicit a damaging immune response (Schwartz et al., 2012) have led to 

multiple clinical trials examining the efficacy of transplants in humans. Indeed, 

physicians in Korea (Shim et al., 2017) and Japan (Kamao et al., 2017) have reported the 
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successful transplantation of hESC-derived RPE cells into dry AMD patients with no ill 

effects, and are currently moving toward expanding clinical trials.  

1.2.3: Endogenous repair  

Although researchers have long noted a limited endogenous capacity for repair of 

the RPE in mammals, little is known about the genetic mechanisms underlying the 

process by which RPE cells respond to and repair damage. A deeper understanding of 

these mechanisms is integral for developing therapies aimed at reversing RPE damage 

that occurs in diseases like AMD, and to facilitate a better understanding of the molecular 

underpinnings of stem-cell derived RPE formation and transplantation/integration into 

damaged tissue.   

Studies in mammals indicate that the RPE fails to regenerate a functional 

monolayer following widespread damage. Photic maculopathy studies in rhesus monkeys 

noted that the RPE proliferated to form multilaminar structures post-injury (Tso, 1973). 

While multilaminar structures were capable of limited function, a fully functional RPE 

never formed, and the reasons for this are unknown.  Similar results have been observed 

in penetrating trauma and retinal detachment paradigms (Cleary and Ryan, 1979a, 1979b; 

Machemer and Laqua, 1975). In these cases, the RPE response involves 

overproliferation, formation of multilaminar structures and RPE migration into the 

subretinal space, behaviors indicative of a potentially misregulated repair mechanism. 

Overproliferation of RPE is also a hallmark of proliferative vitreoretinopathy (PVR), a 

condition resulting from rhegmatagenous retinal detachment (Hiscott et al., 1999; 

Machemer et al., 1978; Weingeist et al., 1982). Although mammals fail to repair large 

injuries, they can regenerate functional RPE following small lesions. For example, the 

mammalian RPE is capable of generating new RPE following debridement, but newly-
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formed RPE displays hypopigmentation and hyperplasia (Lopez 1995), or degradation of 

the choriocapillaris (Priore et al., 1995), which could result from overproliferation of 

RPE cells. Other studies using selective photocoagulation found that the RPE regained 

function within weeks (Negi and Marmor, 1984; Roider et al., 1992).  Some noted a 

proliferative response surrounding the lesion, and it was presumed that daughter cells 

from these proliferative events migrated into the injury to effect regeneration. In earlier 

studies targeting damage to the RPE, researchers injected sodium iodate into rabbits to 

damage RPE in a patchy, but RPE-wide manner (Murray, 1953; Nilsson et al., 1977). 

Follow-up studies noted a slow electrophysiological recovery of RPE (Mizota and 

Adachi-Usami, 1997), which could either be the result of proliferating RPE cells, or that 

retinal glial cells replaced damaged tissue (Machalińska et al., 2013). One theory 

explaining the disparity between these findings is that the extent of RPE damage informs 

the nature of the response (Grierson et al., 1994), suggesting a model in which RPE cells 

are able to expand their size to fill in small lesions, but proliferate in response to large 

lesions. To date, the only study to use genetic ablation of RPE as an injury model 

expressed diphtheria toxin in the mouse RPE and assayed the effects on RPE recovery 

and function (Longbottom et al., 2009). Results showed that undamaged RPE expanded 

to encompass the area vacated by ablated cells; however, the expanded RPE was 

insufficient to support normal retinal function, and the authors hypothesized that the 

expanded cells were unable to meet the metabolic needs of an increased number of 

photoreceptors.  

In contrast to mammals, the RPE in other vertebrates has higher regenerative 

capacity. In newt (Lopashov 1964, Haynes 2004) and embryonic chick (Luz-Madrigal et 

al., 2014; Spence et al., 2004, 2007), RPE cells are capable of regeneration and also of 

transdifferentiating and regenerating the entire neural retina after traumatic injury. 
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Studies in Xenopus revealed that a subpopulation of RPE cells delaminate from the 

Bruch’s Membrane, and, in a process reminiscient of PVR, migrate to the retinal vascular 

membrane where they transdifferentiate and regenerate the neural retina (Yoshii et al., 

2007). The newt RPE does not dissociate from Bruch’s Membrane, but rather forms a 

bilayer reminiscent of an optic cup, with the retinal-facing layer proliferating to reform an 

intact retina as the BM-adherent layer regenerates the RPE (Chiba, 2014; Chiba et al., 

2006; Susaki and Chiba, 2007). In both species, these processes seem to be dependent 

upon FGF signaling via the MEK-ERK pathways (Casco-Robles et al., 2016; Susaki and 

Chiba, 2007). Recently, a subpopulation of quiescent human RPE cells, termed RPE stem 

cells, was identified that can be induced to proliferate in vitro and to differentiate into 

either RPE or mesenchymal fates (Salero et al., 2012; Stern and Temple, 2015). The 

authors hypothesize that these RPE stem cells exist in vivo, and could potentially be 

harnessed for RPE regeneration. These findings are intriguing, particularly because they 

suggest that a population of human RPE cells might be capable of becoming induced to 

produce new RPE. However, the reason these cells are not able to trigger regeneration 

after injury is unknown.  

As detailed above, many groups are exploring the implantation of RPE stem cells 

into diseased retina to reverse RPE degeneration. The majority of early research 

supporting these efforts focused on the Royal College of Surgeons rat model which lacks 

a critical enzyme for photoreceptor outer segment phagocytosis, leading to 

RPE/photoreceptor degeneration (Cruz et al., 2000). In a proof-of-concept study, healthy 

RPE transplanted into Royal College of Surgeons rats was able to attach to the retina and 

phagocytose POS (Jiang and Hamasaki, 1994; Lopez et al., 1989). Embryonic stem cells 

from mouse (Davis et al., 2016), human (Aoki et al., 2006; Little et al., 1998; Meyer et 

al., 2006) and primate (Haruta, 2004) sources, as well as iPSCs (Carr et al., 2009), have 
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been shown to restore some visual function in rat and murine models. Although these 

results provide support for the possible efficacy of RPE transplantation, there are caveats 

in their interpretation. In addition to the fact that rats lack a macula, completely unrelated 

cell populations such as Schwann cells rescue photoreceptor function upon 

transplantation (Lawrence et al., 2000; Pinilla et al., 2009), indicating that there may be 

confounding factors that cloud conclusions from these studies. In mouse experiments, 

researchers were able to chemically ablate RPE with sodium iodate, and transplanted 

hESC-derived RPE cells formed functional monolayers (Carido et al., 2014).  

Although researchers have begun unraveling the signals required to differentiate 

RPE from stem cells, and have discovered a possible source of endogenous RPE stem 

cells, virtually nothing is known regarding the mechanisms by which RPE cells 

regenerate a functional monolayer, nor is it understood why mammalian systems possess 

only a modest ability to regenerate damaged RPE.   

1.3: ZEBRAFISH AS A MODEL FOR TREATING BLINDING DISEASE  

Research in this dissertation utilizes zebrafish to study RPE development and 

regeneration. Zebrafish represent an ideal tool for several key reasons. The development, 

structure and function of the retina and RPE are similar to human.  Indeed, unlike 

rodents, which lack a cone-rich region analogous to the human macula, the zebrafish 

retina is cone-dense (Raymond et al., 1995) and therefore more analogous to the human 

macula. There is also a wealth of genetic tools available to aid in the interrogation of 

developmental and regenerative pathways in zebrafish. Most importantly, they possess a 

robust ability to regenerate damaged neural tissue, most notably the retina (Goldman, 

2014), brain (Kizil et al., 2012), and spine (Becker et al., 1997). During retinal 

regeneration, two populations of adult stem cells contribute to the regenerative response. 
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The primary source of regenerated cells derive from Müller Glia, which respond by 

dedifferentiating, proliferating and giving rise to neuronal progenitor cells which migrate 

to the injury site and differentiate to regenerate lost tissue (Fausett and Goldman, 2006; 

Thummel et al., 2009). The zebrafish eye also contains a specialized population of adult 

stem cells in the eye periphery called the Ciliary Marginal Zone, which generates new 

retinal neurons throughout the life of the animal (Raymond et al., 2006), and contributes 

to the regenerative response in the periphery. In contrast, nothing is known about the 

response of the zebrafish RPE after widespread ablation.  

In the first Chapter, a novel toolkit was generated which will aid the zebrafish 

community in investigation of eye development. The second Chapter characterizes a 

novel zebrafish model of oculocutaneous albinism and establishes a role for N-ethyl 

maleimide-sensitive factor B in melanosomal maturation. Finally, Chapter 3 establishes a 

novel zebrafish model of AMD, demonstrates that the zebrafish RPE is capable of 

regenerating an acute widespread injury, and characterizes the regenerative response.  

These results enable the identification of the genetic underpinnings of RPE regeneration, 

and will supplement the development of therapies to treat RPE degeneration.  
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Chapter 2: Generation and Validation of a GAL4-Inducible Toolkit for 

the In Vivo Modulation of Rho GTPase Activity in Zebrafish 

Portions of this chapter are modified with permission from the authors. Hanovice, 
N.J., McMains, E., Gross, J.M., 2016. A GAL4-inducible transgenic toolkit for the in 

vivo modulation of Rho GTPase activity in zebrafish. Dev. Dyn. 844–853. JMG, 
NJH and EM concieved experiments and interpreted data. NJH and EM performed 

experiments and collected data. 

2.1: INTRODUCTION: 

Rho GTPases, a subfamily of Ras GTPases, are small monomeric G-proteins that 

play key roles in a myriad of cellular processes, including cell cycle progression, 

cytoskeletal dynamics, cellular polarity, and membrane trafficking (Etienne-Manneville 

and Hall, 2002; Takai et al., 2001). Rho GTPase activity depends upon a binary 

molecular switch: when bound to GTP, Rho GTPases are active, when bound to GDP, 

they are inactive. This switch is tightly regulated within the cell (Boguski and 

McCormick, 1993; Jaffe and Hall, 2005), as Rho proteins regulate numerous downstream 

processes through their interactions with a diverse array of effector proteins. Most studies 

of Rho GTPases have focused on the Rho subfamily proteins: Cdc42, Rac1 and RhoA. 

Cdc42 was first discovered in Saccharomyces cerevisiae as a protein required for proper 

cell polarity during budding (Adams et al., 1990). Since its discovery, Cdc42 has been 

shown to regulate membrane trafficking, actin filament polymerization to form filopodia, 

and numerous other cellular processes (Erickson and Cerione, 2001). Rac1 stimulates the 

assembly of lammellipodia and mediates the formation of cell adhesion structures (Bosco 

et al., 2009; Ridley et al., 1992). RhoA activity leads to the formation of actin stress 
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fibers (Hall, 1998), maturation of focal adhesions (Luo, 2002) and contraction of the 

cytokinesis furrow (Lai et al., 2005; Piekny et al., 2005). All three proteins are required 

for cell cycle progression (Olson et al., 1995).  Rho GTPases are also involved in diverse 

developmental and pathological processes, including axon pathfinding (Bashaw and 

Klein, 2010; Jin et al., 2005), cell migration (Kardash et al., 2010; Raftopoulou and Hall, 

2004), and oncogenesis (Ellenbroek and Collard, 2007; Sahai and Marshall, 2002).  

However, these analyses have predominantly utilized cell culture or in vitro 

methods, limiting insight into how Rho GTPases function in vivo. Indeed, in vivo 

investigations of the molecular functions of Rho GTPases during animal development 

have been relatively rare, owing to the need for tissue specific approaches to manipulate 

their activity.  For example, knockout of Cdc42 (Chen et al., 2000) or Rac1 (Sugihara et 

al., 1998) in mice results in severe pleiotropic defects and early embryonic lethality. 

Analysis of Rho GTPase activity and function in vivo therefore requires experimental 

approaches that allow modulation of activity in specific tissues or cell populations, and at 

specific time points (e.g. Chew et al., 2014; Govek et al., 2005; Heasman and Ridley, 

2008; Heynen et al., 2013; Jackson et al., 2011; Luo et al., 1996; Ruchhoeft and Ohnuma, 

1999; Wong and Faulkner-Jones, 2000; Xiang and Vanhoutte, 2011).    

Zebrafish provide an excellent model for investigation of the molecular function 

of vertebrate Rho GTPases in vivo (Kardash et al., 2010; Lai et al., 2005; Salas-Vidal et 

al., 2005; Zhu et al., 2006). Previous studies of Rho GTPase function in developing 

zebrafish employed microinjection of mRNA to drive global overexpression of wild-type, 

constitutively active or dominant negative versions (Hsu et al., 2012; Xu et al., 2014; Yeh 



 23 

et al., 2011; Zhu et al., 2008, 2006), or morpholino oligos for transient disruption of Rho 

GTPase expression (Hsu et al., 2012; Srinivas et al., 2007). Due to the central role of Rho 

GTPases in early embryogenesis, approaches that modulate global Rho GTPase activity 

must focus on events occurring very early during zebrafish development, and thus, have 

not been effective in analyzing the functions of these proteins during later developmental 

events. Following the development of highly efficient transgenesis techniques in 

zebrafish (Kwan et al., 2007), transgenic lines have been generated in which the 

expression of constitutively active and dominant negative versions of different Rho 

GTPase family members are driven by cell-type-specific promoters (Chew et al., 2014; 

Choe et al., 2013; Jung and Leem, 2013). Although these tools restrict Rho GTPase 

construct expression to specific cell and tissue types and, dependent on the promoter, 

allow functional investigations at later stages in development, systematic comparisons of 

functional roles of different Rho GTPase members in different tissues is limited to a 

small number of extant cell-type-specific promoter Rho GTPase transgenic lines (Chew 

et al., 2014; Choe et al., 2013; Jung and Leem, 2013). Moreover, this strategy 

necessitates the generation and validation of a new line for each desired promoter and/or 

Rho GTPase combination, an inefficient and time-consuming approach. The GAL4/UAS 

system is a powerful transgenic system for enabling the temporal-spatial control of 

transgene expression (Brand and Perrimon, 1993; Fischer et al., 1988; Ornitz et al., 1991; 

Scheer, 1999). In this system, a promoter fragment drives expression of the yeast 

transcription factor GAL4. GAL4 then binds an upstream activating sequence (UAS) to 

drive transgene expression. Gal4/UAS is widely used in zebrafish, and there are now 
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hundreds of published GAL4 drivers and UAS constructs listed on www.zfin.org. The 

strength of this system lies in its flexibility: a single GAL4 transgene can be used to drive 

expression of multiple UAS constructs, enabling researchers to express multiple 

transgenes within a defined cellular or tissue context. 

  Taking advantage of this approach, we have created a versatile transgenic toolkit 

that enables spatial and temporal modulation of Rho GTPase activity in zebrafish. In this 

Chapter, we generated and validated ten GAL4-inducible transgenic lines that express 

dominant negative, constitutively active, and wild type versions of Cdc42, RhoA, and 

Rac1, as well as a fluorescent protein marker to highlight expressing cells. We have 

confirmed GAL4-specific expression of these transgenes, and have demonstrated 

transgene functionality by reporting reproducible lens phenotypes in induced embryos. 

These lines now enable systematic tissue-specific investigation of the molecular function 

of Rho GTPases in vivo.  

2.2: RESULTS:  

2.2.1: Generation of GAL4-Inducible Rho GTPase Transgenics 

 

To generate transgenic lines for GAL4-driven expression of Rho GTPases, we 

first designed and assembled transgenic constructs encoding wild-type (WT), dominant 

negative (DN) and constitutively active (CA) human Cdc42, RhoA, and Rac1 (Figure 

2.1). An additional DN cdc42 was generated using Xenopus Cdc42F37A which has recently 

been utilized in vivo (Kieserman and Wallingford, 2009) and is 98% identical to human 
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Cdc42. We selected the 10X UAS element (Kwan et al., 2007) for our constructs due to 

this promoter’s  strong, GAL4-specific expression (Gabriel et al., 2012; Kwan et al., 

2007). Although recent research has raised concern over multigenerational silencing of 

the repeat-heavy UAS element (Akitake et al., 2011; Goll et al., 2009), other reports have 

postulated that silencing may be reduced when UAS lines are maintained separately from 

GAL4 drivers (Choe et al., 2012). Cdc42 and RhoA constructs were assembled with the 

monomeric and highly photostable mCherry fluorescent protein (Shaner et al., 2004), 

while EGFP was chosen as the fluorescent reporter for Rac1 transgenics. A myc-tag was 

also added to enable detection of each Cdc42 and RhoA isoform, and there is a 

significant amount of literature reporting the use and effective function of C-terminal tags 

of Rho GTPases (Choe et al., 2012; Disanza et al., 2006; Hussain et al., 2001; Kim et al., 

2008; Kroschewski et al., 1999; Lee et al., 2004; Sakurai-Yageta et al., 2008).  

Furthermore, our constructs were engineered using cDNAs that have been shown to be 

expressed and functional (Kieserman and Wallingford, 2009; Nobes and Hall, 1995). 

Nucleotide sequence encoding the self-cleaving viral peptide F2A was inserted between 

fluorescent reporters and Rho GTPase cDNA sequences to allow bicistronic expression 

of the fluorescent protein and the GTPase. Rather than requiring a second ribosomal 

binding event, as is the case for IRES, F2A peptides lead to two protein products via a 

ribosomal skipping mechanism (Donnelly and Luke, 2001; Szymczak et al., 2004), and 

when compared to IRES, F2A leads to more efficient bicistronic expression (Chan et al., 

2011; Wang et al., 2011).  With this rationale, we created three types of constructs: 

10xuas:mCherry-F2A-myc-Cdc42XX for the expression of mCherry-F2A and myc-Cdc42, 
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10xuas:EGFP-F2A-Rac1XX to express EGFP-F2A and Rac1, and 10xuas:mCherry-F2A-

myc-RhoAXX, to express mCherry-F2A and myc-RhoA (Figure 2.1A). In all, we created a 

total of ten new transgenic constructs as elaborated in Figure 2.1B. All constructs include 

the cmlc2:egfp transgenesis marker to allow easy visualization of the presence of 

constructs. Germline transmission, scored by the appearance of offspring with 

ubiquitously GFP-positive hearts, occurred in outcrosses of roughly 25% of injected F0 

fish.  
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Figure 2.1: Overview of transgenic constructs. (A) myc-tagged Cdc42 and RhoA 
constructs are placed downstream of mCherry and the self-cleaving viral 
peptide f2a, enabling their bicistronic expression following activation of the 
10xuas promoter. 10xuas activation leads to the bicistronic expression of 
egfp-f2a and Rac1. Each construct includes cmlc2:egfp oriented in reverse 
orientation (B) Chart detailing each specific isoform of Rho GTPase, with 
its predicted activity and species of origin.   
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To determine the spatial expression of F1 alleles while minimizing the potential 

for severe phenotypes arising from early induction, we crossed F0 adults with 

hsp70l:gal4 zebrafish, globally heat shocked all transgenic embryos at ~54 hours post 

fertilization (hpf), and imaged reporter expression at 72hpf. Each line displayed robust 

and ubiquitous transgene expression following global heat shock (data not shown). No 

leakiness of transgene expression was observed before heat shock. PCR genotyping 

confirmed that fluorescent marker-positive embryos were also GAL4-positive and non-

fluorescent embryos were GAL4-negative (data not shown), indicating that UAS-driven 

transgene expression was restricted to fish expressing GAL4 and that there was no 

observable leaky activation of the UAS promoter.  

2.2.1: Validation of Transgene Expression and GAL4 Sensitivity 

Non-equimolar expression of the second cistron following F2A ribosomal 

skipping has been reported (Chan et al., 2011). Because Rho GTPase function is 

dependent upon prenylation at the C-terminus, Rho GTPase sequence could not be placed 

upstream of the F2A element, as that would have resulted in the C-terminal fusion of the 

F2A peptide and the disruption of protein trafficking. Thus, to confirm that Gal4-

mediated transgene induction results in expression of both the Rho GTPase and reporter 

proteins, we performed Western blot analyses of heat shocked F1 embryos of Cdc42 and 

RhoA constructs (Figure 2.2). GAL4-induced embryos displayed high levels of myc-

tagged protein while no myc-tagged protein was observed in GAL4-negative embryos. 

This confirms that the F2A peptide is functioning properly by enabling bicistronic 
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expression of mCherry and myc-tagged Rho GTPase protein, both of which are only 

inducible by GAL4. Western blot analysis of heat shocked F1 embryos of Rac1 

constructs using human Rac1 antibody showed strong Rac1 staining in both GFP+ and 

GFP- siblings, indicating that the Rac1 antibody also detects endogenous Rac1, an 

unsurprising result considering that human Rac1 protein sequence is 93% identical to 

zebrafish (data not shown).  

 

 

 



 30 

 

Figure 2.2: Induced embryos express myc-tagged protein. (A) Western blot analysis of 
myc-tagged cdc42 and β-actin in hsp70l:gal4-positive and negative Cdc42 
transgenic embryos. Myc-labeled protein at the expected size of Cdc42 
appears only in gal4-induced embryos. (B)Western blot analysis of myc-
tagged RhoA and β-actin for each RhoA transgenic shows the presence of 
myc-RhoA only in gal4-induced embryos. 
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To confirm that the transgenes are spatially and temporally responsive to GAL4, 

F0 uas:mcherry-f2a-cdc42WT transgenics were crossed to pou4f3:gal4, which express 

GAL4 in a subset (<20%) of retinal ganglion cells (RGCs), (Xiao and Baier, 2007a). To 

determine if Cdc42 expression is confined to RGCs in the retina, we cryosectioned 4dpf 

transgenic embryos and imaged the retina for mCherry fluorescence (Figure 2.3). 

mCherry fluorescence is confined to the RGC layer in a pattern consistent with previous 

studies utilizing the pou4f3:gal4 driver (Xiao et al., 2005), indicating our construct 

expression is restricted to RGCs, and that our transgenic constructs are amenable to cell-

specific expression. To determine if cells expressing mCherry also express myc-Rho 

GTPase, we immunostained for myc in uas:mCherry-f2a-myc-Cdc42WT embryos both 

with and without the hsp70l:gal4 transgene. Following heat shock, immunostaining 

reveals strong induction of both mCherry and myc throughout the retina (Figure 2.4A), 

which is entirely absent in mCherry-negative siblings (Figure 2.4B). Next, we crossed 

uas:GFP-f2a-Rac1WT to ptf1a:gal4, a driver expressing GAL4 in amacrine cells and 

horizontal cells (Parsons et al., 2009), and stained retinal sections for human Rac1 

(Penzes et al., 2000). Rac1 staining was detected throughout the retina, further supporting 

our hypothesis that this antibody detects endogenous Rac1. However, there does appear 

to be a higher degree of Rac1 signal in GFP-positive cells (Figure 2.4C), supporting 

ptf1a:gal4-driven cell specific induction of the construct. Similarly, immunostaining of 

hsp70l:GAL4;UAS:mCherry-f2a-RhoAWT showed mCherry and myc colocalization only 

in mCherry-expressing cells (Figure 2.4D,E). 
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Figure 2.3: Tissue-specific control of transgene expression. Driven by pou4f3:gal4, 
mCherry (A,A’) is specifically expressed in the RGC layer (B,B’) of 4dpf 
pou4f3:gal4;uas:mcherry-f2a-cdc42WT embryos. (A’-C’) are magnified 
images taken from the boxed regions in (A-C).  Scale bars=20µm. 
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Figure 2.4: Antibody validation of transgene expression. (A) myc colocalization with 
mCherry expression in heat-shocked hsp70l:gal4;uas:mCherry-F2A-myc-
Cdc42WT embryos. (B) No signal for mCherry or myc was detected in 
uas:mCherry-F2A-myc-Cdc42WT transgenics missing the hsp70l:gal4 
transgene. (C) Rac1 antibody staining in ptf1a:gal4;uas:gfp-f2a-Rac1WT 
embryos. (D) myc colocalization with mCherry expression in heat-shocked 
hsp70l:gal4;uas:mCherry-F2A-myc-RhoAWT retinae. (D) No signal for 
mCherry or myc was detected in uas:mCherry-F2A-myc-RhoAWT 
transgenics missing the hsp70l:gal4 transgene. Scale bar = 10μm. 
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Finally, we sought to validate transgene function by determining whether 

transgene expression leads to distinct morphological phenotypes. The majority of 

transgenics heat shocked at 3dpf did not display an overt phenotype by ~18 hours post 

heat shock, with two notable exceptions: induced Cdc42CA and RhoACA embryos 

displayed widespread tissue disorganization and cardiac defects (data not shown). Such 

phenotypes are not surprising, as RhoA is required for cardiac development in chick 

(Kaarbø et al., 2003), and has been shown to be critical for proper heart morphogenesis 

and contractile function (Phillips et al., 2005; Sah et al., 1999), while cdc42 regulates 

sarcomere assembly during cardiomyocyte development (Nagai et al., 2003). Because 

heat shock in these cases occurred late during embryonic development, we reasoned that 

heat shocking embryos earlier during development will likely lead to more pronounced 

phenotypes. Therefore, we heat shocked F1 transgenics outcrossed to hsp70l:GAL4, at 

~26hpf. At 50hpf, embryos were examined for overt embryonic phenotypes and 

transgene expression, and then were fixed, sectioned and stained for F-actin and DAPI to 

examine the structure of the eye.  (Figures 2.5-7).  

While no overt phenotype was detected in Cdc42WT embryos, the lens epithelium 

was thicker and lens fibers appeared mildly disorganized (Figure 2.5A). Cdc42CA-

expressing embryos displayed heart defects and edema, and they were microphthalmic. 

Cryosectioning revealed severe lens fiber disorganization (Fig. 2.5B). Despite the lack of 

gross morphological defects in embryos expressing either of the Cdc42DN isoforms, 

cryosections revealed severe lens fiber disorganization in both (Fig. 2.5C,D). RacWT-

expressing embryos were microphthalmic but lens formation appeared largely normal 
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(Figure 2.6A). RacCA-expressing embryos displayed obvious morphological defects, 

including microphthalmia and cardiac edema, and severe disruption of lens fiber 

organization (Figure 2.6B).  RacDN-expressing embryos display lower levels of cardiac 

edema, but sections revealed notable lens fiber disorganization (Figure 2.6C). Finally, 

overexpression of RhoAWT resulted in mild lens fiber disorganization (Figure 2.7A). 

RhoCA-expressing embryos were microphthalmic and possessed heart defects, mild 

cardiac edema and severe lens fiber disorganization (Figure 2.7B).  Embryos expressing 

RhoDN were also microphthalmic and lens fibers were disorganized (Figure 2.7C). 
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Figure 2.5: Construct expression and phenotypes of GAL4-positive and negative 
embryos of Cdc42 transgenics. Transgenic F1s were outcrossed to 
hsp70l:gal4 zebrafish, and cmlc2:egfp+ embryos were heat shocked at 
~26hpf and imaged at ~50hpf. Gross morphology, transgene expression and 
lens structure of hsp70l:gal4-positive and –negative (A) Cdc42WT, (B) 
Cdc42CA (C) Cdc42T17N, (D) Cdc42F37A embryos.. Scale bar = 25μm. 
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Figure 2.6: Construct expression and phenotypes of GAL4-positive and negative 
embryos of Rac transgenics. Transgenic F1s were outcrossed to hsp70l:gal4 
zebrafish, and cmlc2:egfp+ embryos were heat shocked at ~26hpf and 
imaged at ~50hpf. Gross morphology, transgene expression and lens 
structure of hsp70l:gal4-positive and –negative (A)Rac1WT, (B) Rac1CA (C) 
Rac1DN embryos. Scale bar = 25μm. 
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Figure 2.7: Construct expression and phenotypes of GAL4-positive and negative 
embryos of RhoA transgenics. Transgenic F1s were outcrossed to 
hsp70l:gal4 zebrafish, and cmlc2:egfp+ embryos were heat shocked at 
~26hpf and imaged at ~50hpf. Gross morphology, transgene expression and 
lens structure of hsp70l:gal4-positive and –negative (A) RhoAWT, (B) 
RhoACA (C) RhoAT17N. Scale bar = 25μm. 
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2.3: DISCUSSION: 

These validated transgenic lines represent a versatile toolkit for the temporal-

spatial modulation of Cdc42, RhoA and Rac1 activity. To our knowledge, these are the 

first UAS-inducible transgenic lines for the bicistronic expression of Rho GTPases and a 

fluorescent reporter. Furthermore, myc tags on Cdc42 and RhoA allow direct 

determination of protein expression, and potential experiments assaying the altered 

cellular localization and behaviors of mutant Rho GTPases. However, due to the 

requirement of Gal4 induction for construct expression and the inherent time delay 

therein, these transgenic lines are not optimal for studying Rho GTPase function during 

early developmental processes; their utility lies in modulating Rho GTPase activity 

during later development, during time points and in tissues that have been inaccessible 

using previous approaches.  

While expression of all constructs was induced, Cdc42F37A displayed a higher 

level of expression than the other Cdc42 alleles. One potential explanation for this result 

is that Xenopus Cdc42F37A has greater stability in zebrafish compared to human Cdc42. 

However, there also appears to be higher expression of mCherry in Cdc42F37A embryos 

(Figure 2.5, data not shown). Our bicistronic constructs result in the expression of two 

separate proteins; mCherry should not display any species-dependent enhancement of 

stability. Tol2 transgenesis often leads to allelic quality differences between founders due 

to random integration events into the genome; therefore, a more likely explanation is that 

uas:mCherry-f2a-myc-Cdc42F37A is a particularly well-expressed allele due to its genomic 

location. 
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Cdc42, Rac1 and RhoA are all expressed in the lens (Chen et al., 2006), and have 

been implicated to play a critical role during lens formation in several studies. For 

example, knockout of RhoA and Rac1 in the mouse lens disrupts lens development, and 

defects include disorganization of the actin cytoskeleton within lens fibers (Maddala et 

al., 2011, 2004), and Cdc42 is required for lens pit invagination and early lens 

development (Chauhan et al., 2009; Muccioli et al., 2016). Thus, the lens phenotypes 

detailed here provide strong evidence that our transgenes express functional Rho GTPase 

proteins. However, it is important to note that numerous additional experiments must still 

be performed to definitively establish the role of Rho GTPases in lens and retinal 

development during these developmental windows, as it is equally plausible that the 

defects reported here arise indirectly from pleitropic disruption of general embryonic or 

ocular development following widespread modulation of GTPase function throughout the 

embryo and thus do not reflect a direct function of these RhoGTPase proteins during lens 

development.  

As detailed in Chapter 1, an incredibly complex series of morphogenic changes 

occur in which eye progenitor cells must exert exquisite control over their morphology, 

directional migration and proliferation to ultimately produce a functional eye. Rho 

GTPases are critical modulators of these processes and therefore these transgenics will 

enable the future interrogation of the cell and molecular mechanisms underlying eye 

morphogenesis. For example, these tools will find immediate utility in studying a critical 

process during optic cup formation: choroid fissure closure (Bibliowicz et al., 2011; 

Graw, 2003). During optic cup morphogenesis, a transient opening forms in the ventral 
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surface of the optic cup that must be sealed to properly enclose the retina and RPE within 

the eye. A critical step in this process is the breakdown of basement membrane on the 

two opposing surfaces of the optic cup, which enables their fusion (James et al., 2016). 

These lines will enable the further interrogation of the pathways which regulate this 

process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

Chapter 3: N-ethylmaleimide-sensitive factor b (nsfb) is required for 
normal pigmentation of the zebrafish retinal pigment epithelium 

Portions of this chapter are modified with permission from the authors. Hanovice, 
N.J., Daly, C.M.S., Gross, J.M., 2015. N -Ethylmaleimide–Sensitive Factor b (nsfb) 
Is Required for Normal Pigmentation of the Zebrafish Retinal Pigment Epithelium. 

Investig. Opthalmology Vis. Sci. 56, 7535. NJH, CMD and JMG conceived 
experiments and interpreted data. NJH and CMD performed experiments and 

collected data. 

3.1: INTRODUCTION: 
Albinism is a congenital disorder that affects roughly 1 in 17,000 people 

worldwide (Gargiulo et al., 2011; Grønskov et al., 2009; Hutton and Spritz, 2008) 

characterized by a complete or partial deficiency of melanin. Ocular defects associated 

with albinism include nystagmus, foveal hypoplasia, low acuity and photophobia 

(Grønskov et al., 2007; Levin and Stroh, 2011). Hypopigmentation can occur in the eyes 

and skin (oculocutaneous albinism, OCA), eyes only (ocular albinism, OA) or can be 

accompanied by more severe phenotypes in the relatively rare syndromic forms of 

albinism, such as Hermansky-Pudlak and Chediak-Higashi Syndromes. In all known 

forms of albinism, hypopigmentation results from mutations in genes encoding proteins 

involved in melanin synthesis (melanogenesis) (reviewed in (Grønskov et al., 2007; 

Sitaram and Marks, 2012)) or in melanosome transport (e.g. Bahadoran et al., 2001; 

Griscelli et al., 1978).  

In the eye, albinism affects the Retinal Pigment Epithelium (RPE), a layer of 

pigmented cells closely apposed to the photoreceptors at the back of the retina.  Proper 

pigmentation of the RPE is critical for normal retinal development and occurs during a 

process called melanogenesis, whereby pheomelanin and eumelanin pigments are 
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synthesized within specialized lysosome-related organelles called melanosomes (Jeffery, 

1998). Pigmented melanosomes in the RPE aid the visual system by absorbing stray 

photons to prevent light scatter and focus light onto the photoreceptors and are also 

believed to aid in the breakdown of POS in phagosomes (Strauss, 2005). The process of 

melanogenesis requires the trafficking of melanogenic enzymes and substrates to forming 

melanosomes, and these drive melanosomal maturation by facilitating pigment synthesis 

and deposition. Melanosomal maturation occurs through several well defined stages 

(Abramowitz et al., 1977; Seiji et al., 1963a, 1963b; Turner et al., 1975) (Fig 3.1). In 

mammals, Stage I premelanosomes, which are still a part of the endocytic pathway, begin 

maturing by undergoing membrane invaginations to form intralumenal vesicles, and also 

by developing a proteinaceous fibril meshwork. This meshwork becomes fully formed in 

Stage II melanosomes. Melanin precursors and enzymes are trafficked to Stage II 

melanosomes, and melanin aggregates on the surface of the meshwork, generating a Stage 

III melanosome with characteristic pigmented striations. Melanin aggregation continues 

until the organelle is completely filled in and becomes a mature Stage IV melanosome. 

This process is well conserved amongst vertebrates, the only notable difference being that 

in fish melanin aggregates on the surfaces of intralumenal vesicles instead of on the 

striated meshwork (Navarro et al., 2008).  
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Figure 3.1: Overview of zebrafish melanogenesis. (A) Cartoon depicting the historical 
model of zebrafish melanosomal maturation based on TEM imagery. As 
melanosomes mature, melanin aggregates on intraluminal vesicle surfaces 
and they become progressively filled in. Adapted from Turner et al, 1975. 
(B) Representative TEM image of melanosomes at various stages of 
maturation. Scale bar = 1μm. 

 

Melanogenesis depends upon proper vesicular targeting and membrane fusion. 

Indeed, mutations in the genes encoding a number of components of the endocytic 

pathway result in albinism (Huizing et al., 2008; Sitaram and Marks, 2012). Despite the 

number of albinism causing mutations identified in human patients and animal models, 

there remain a significant number of cases for which no mutation has yet been identified, 

suggesting that our understanding of the proteins involved in melanogenesis may be 

incomplete.  Forward genetic screens in animal model systems can be very useful in this 

regard by utilizing a high throughout and unbiased screening approach to identify 

mutations in a process of interest.  Highlighting this utility, our laboratory previously 

reported a forward genetic screen that identified ~20 mutations with defects in eye 
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development (Lee et al., 2012).  Of this collection, two mutants presented with 

oculocutaneous albinism and in this study, we report the cloning and characterization of 

these mutations and identify them as mutant alleles affecting the N-ethylmaleimide-

sensitive factor (nsfb) gene.  

 N-ethylmaleimide-sensitive factor (Nsf) is a critical regulator of membrane 

fusion. NSF was initially identified in yeast as an enzyme required for protein transport 

between Golgi stacks (Block et al., 1988; Melançon et al., 1987), and has since been 

identified as a AAA superfamily (ATPase Associated with various cellular Activities) 

protein that consists of three domains: two ATPase domains (D1 and D2) and an N-

terminal domain (NSF-N) (Nagiec et al., 1995; Tagaya et al., 1993; Whiteheart et al., 

1994). NSF protomers form a hexamer, and this constitutes part of the Soluble NSF 

Attachment Protein (SNAP) complex, which mediates vesicular fusion by disassembling 

SNARE (SNAP-Receptor) complexes. SNARE complexes form when SNARE proteins 

on different membranes interact and provide the requisite energy for membrane fusion by 

forming four-helix bundles and bringing the membranes into close apposition (Jahn and 

Scheller, 2006). As a part of the SNAP complex, NSF couples hydrolysis of ATP with the 

disassembly of SNARE complexes following membrane fusion, freeing individual 

SNARE proteins to participate in future vesicular fusion events (Banerjee et al., 1996; 

May et al., 2001; Whiteheart et al., 1994). Zebrafish possess two nsf genes: nsfa and nsfb 

(Kurrasch et al., 2009). nsfa is required for myelination of axons (Woods et al., 2006), the 

secretion of trophic factors during the maturation of hair cell synapses (Mo and Nicolson, 

2011) and neuropeptide-dependent visually mediated background adaptation (Kurrasch et 
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al., 2009). In contrast, very little is known about nsfb. In this Chapter, we demonstrate that 

nsfb mutants display hypopigmentation of the RPE resulting from a defect in 

melanogenesis.  

 

3.2: RESULTS: 

3.2.1:  au13 and au18 mutants display oculocutaneous albinism 
 

au13 and au18 mutants were isolated from an ENU mutagenesis screen for 

recessive mutations affecting eye development in zebrafish (Lee et al., 2012). Both au13 

and au18 mutations are fully penetrant and strikingly similar in phenotype (Figure 3.2). 

au13 fails to complement the au18 mutation (data not shown), suggesting that the 

mutations affect the same gene. Phenotypically, hypopigmentation is noticeable in mutant 

embryos by 48hpf (Figure 3.2A,C), and the degree of hypopigmentation varies in severity, 

with mild and severe mutants present in the same clutch of embryos. Both severity classes 

are globally hypopigmented; in mild mutants, small areas of the RPE are completely 

devoid of pigment while others appear largely normal. Meanwhile, RPE in severely 

affected mutants contains numerous large regions lacking pigmentation. By 72hpf, 

severely affected mutants begin to display early signs of degeneration, and this includes 

brain necrosis and a slightly curved body axis.  
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Figure 3.2: au18 and au13 mutants are oculocutaneous albinos. (A,B) lateral and dorsal 
whole embryo images of phenotypically wildtype sibling, mild, and severe 
au18 mutants at 48hpf and 72hpf. (C,D) Images of phenotypically wild-type 
sibling, mild, and severe au13 mutants at 48hpf and 72hpf. In both lines, 
severe mutants display large regions devoid of pigment in the RPE.  
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Given the likely allelic relationship between au13 and au18 mutants, and their 

phenotypic similarity, we focused our efforts on further characterizing the eye phenotype 

of au18 mutants at 24, 48, 58, and 72 hpf. au18 mutant embryos are histologically 

indistinguishable from WT siblings at 24hpf (Fig 3.3). At 48hpf, au18 retinae are slightly 

microphthalmic, and appear to have fewer melanosomes in their RPE when compared to 

wild-type siblings (Fig. 3.3A-F). This difference in pigmentation becomes more 

pronounced over time; by 72hpf the mutant RPE contains markedly fewer melanosomes 

than that of wild-type siblings (Figure 3.3M-R). Beyond RPE hypopigmentation and mild 

microphthalmia, some of the most severely affected mutants possessed lens defects where 

the posterior of the lens was epithelialized (Fig. 3.3L,R). All other aspects of eye 

development appeared to be relatively normal in both mutants.  
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Figure 3.3: au18 is histologically indistinguishable from sibling at 24hpf. Transverse 
histological sections of sibling and mutant embryos at 1 dpf reveal that 
homozygous nsfbau18 mutant retinae are histologically normal when 
compared to WT siblings (A,B). Scale bar = 20 μm. Additionally, there does 
not appear to be any reduction in pigmentation of the RPE (A’,B’). Scale bar 
= 10 μm.  
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Figure 3.4: The RPE is disrupted in au18 mutants. Images of sibling and mutant 
embryos show that the RPE of au18 embryos is hypopigmented at 48 (A, C, 
E), 58 (G, I, K), and 72 hpf (M, O, Q). Transverse histologic sections of 
sibling and mutant embryos at 48 (B, D, F)58 (H, J, L), and 78 hpf (N, P, R) 
reveal that au18 eye is microphthalmic, but overall retina structure appears 
to be normal. Areas devoid of pigment are marked by white arrowheads. 
Scale bar: 20 μm. (B0, D0, F0, H0, J0, L0, N0, P0, R0) Magnified images of 
RPE show that RPE proximal to the optic nerve was consistently 
depigmented in au18 and confirm that au18 RPE appears to have fewer 
melanosomes than wild-type siblings. The posterior lens also appears to be 
cataractous in severe au18 mutants (F, L, R). Scale bar:10 μm.  
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3.2.2:  au13 and au18 phenotypes are caused by mutations in nsfb 
 

To identify the causative mutation in au18, we performed next-generation 

sequencing followed by SNP-mapping using the MegaMapper analysis pipeline (Obholzer 

et al., 2012). Whole-genome sequencing of au18 mutants generated ~11X average 

coverage of the zebrafish genome. MegaMapper analysis identified a 6-megabase window 

on chromosome 12 as the likely location of the causative mutation. Within this window, a 

C-to-A transversion mutation at nucleotide 893 (C893T) of the nsfb coding sequence was 

predicted to be the mutation underlying the au18 phenotype. This mutation is predicted to 

cause a premature stop codon at amino acid 297, truncating nsfb by 60% (S297X). cDNA 

sequencing confirmed the presence of this mutation in homozygous au18 mutant embryos 

and its absence in wild-type embryos (Figure 3.4A). Nsfb contains three major domains: a 

N-terminal binding domain required for its association with SNAP-complex proteins, and 

two ATPase domains, D1 and D2 (Figure 3.4A). The first ATPase domain is required for 

overall ATPase activity of the protein, while the second ATPase mediates hexamerization 

during complex formation (Sumida et al., 1994; Whiteheart et al., 1994; Yu et al., 1999). 

The early stop codon in au18 is predicted to truncate the protein within the first ATPase 

domain (red dotted line, Figure 3.4A), likely resulting in nonfunctional nsfb protein. To 

confirm that this mutation is causative of the au18 phenotype, we performed an mRNA 

rescue experiment by injecting full-length nsfbWT and nsfbau18 mRNA into homozygous 

mutant au18 embryos. Injection of nsfbWT rescued pigmentation in au18 mutant embryos 

(131/132), while nsfbau18 failed to rescue the mutant phenotype (74/94) (Figure 3.4B,C). 
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Phenotypic rescue of homozygous nsfbau18 mutants was confirmed by genotyping in a 

subset of injected embryos (data not shown) (Neff et al., 1998). Based on these data, we 

conclude that au18 possesses a nonsense mutation in nsfb and hereafter refer to this allele 

as nsfbau18 in accord with zebrafish nomenclature guidelines. 

As mentioned above, au13 fails to complement the nsfbau18 mutation, suggesting 

that they possess mutations in the same gene. However, we were unable to identify a 

causative mutation in the coding sequence of nsfb in au13 mutants (data not shown). 

Injection of nsfbWT mRNA rescued the mutant phenotype in embryos from an au13 

heterozygous incross (145/148), while injection of nsfbau18 failed to rescue the 

pigmentation phenotype in these clutches (46/60).  Given the non-complementation 

between nsfbau18 mutants and au13 mutants, and these rescue data, the most parsimonious 

explanation is that au13 possesses a mutation in a regulatory region of nsfb that alters 

transcript expression. To test this possibility, we performed qPCR analysis of nsfb in au13 

and nsfbau18 mutants, which revealed that nsfb expression was reduced ~2.4-fold in both 

nsfbau18 and au13 relative to wild-type embryos (Figure 3.4D). Thus, we conclude that the 

au13 phenotype also results from a mutation in nsfb, and hereafter refer to this line as 

nsfbau13.  



 53 

 

Figure 3.5 
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Figure 3.5: au13 and au18 phenotypes are likely caused by mutations in nsfb. (A) 
Schematic of the nsfb protein. There are three major domains: the Nsf-N, 
ATPase domain 1 (D1), and ATPase domain 2 (D2). The mutation occurs at 
nucleotide 893 (C893T), and the dotted red line indicates the location of the 
premature stop codon at amino acid 297 (S297X) in au18 mutants. This 
mutation is predicted to truncate the protein by 60%. (B) Graph illustrating 
the percentage of phenotypically mutant embryos in each clutch following 
injection of vehicle, nsfbWT, and nsfbau18 mRNA. Both au13 and au18 mutant 
phenotypes are rescued by injection of nsfbWT, whereas injection of nsfbau18 
mRNA failed to rescue either the au13 or au18 mutant phenotype. (C) 
Representative images of WT, au18-/+, and au18-/- embryos following nsfbWT 
injection. (D) Quantitative PCR quantification of the relative fold change of 
nsfb in nsfbau13 and nsfbau18 embryos at 48 hpf. Transcript levels were 
normalized to act2b. Error bars indicate SEM of five technical replicates for 
each experiment. N = 3 biological replicates.  
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3.2.3:  nsfb is a ubiquitously expressed paralog of human NSF 
 

The zebrafish genome contains two paralogs of human NSF: nsfa and nsfb, which 

likely arose from a genome duplication event in teleosts (Amores et al., 1998). 

Phylogenetic analysis of nsf genes suggests that nsfb is more distantly related to human 

NSF than nsfa (Figure 3.5A). nsfa is primarily expressed in the nervous system (Woods et 

al., 2006), but the expression pattern of nsfb is unknown. In situ hybridization revealed 

widespread expression, with apparently higher levels of expression in the somites at 

24hpf. At 48hpf, nsfb mRNA expression appears to be more restricted to the anterior half 

of the embryo, with some enrichment in the otic vesicle and pectoral fins (Figure 3.5B).  
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Figure 3.6: nsfb is a paralog of human NSF and is ubiquitously expressed during early 
embryo development. (A) Phylogenetic analysis of the relationship between 
nsf in vertebrates. This analysis was constructed using Geneious Tree 
Builder, based on an alignment of nsf amino acid sequences from human, 
chimpanzee, mouse, Xenopus, zebrafish, Drosophila, C. elegans and yeast. 
Origin recognition complex subunit 1 (ORC1) is an outgroup. Numbers at 
nodes represent bootstrap values after 1000 replicates. (B) In situ 
hybridization reveals that nsfb expression is widespread at 24hpf, with 
higher levels of staining in the somites and nervous system. At 48hpf, nsfb 
remains widely expressed in the head, with high levels of expression in the 
otic vesicle and pectoral fins, but is less apparent in the somites and 
posterior trunk. Lateral and dorsal views of embryos stained for antisense 
probe are on top and sense controls are on bottom. Scale bar: 200 μm.  
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3.2.4:  Melanosome formation and maturation is disrupted in nsfbau18 mutants 
 

Due to the importance of membrane trafficking and vesicular fusion during 

melanogenesis, we hypothesized that loss of nsfb function results in an arrest in 

melanosome maturation in nsfbau18 RPE. To test this hypothesis and assess melanogenesis 

in the nsfbau18 RPE, we performed TEM of nsfbau18 mutant and sibling RPE at 48, 58 and 

72hpf, quantifying several aspects of melanosome formation from TEM images taken 

from the dorsal, central and ventral regions of the RPE (Figure 3.6A,B). Because 

hypopigmentation varies in nsfbau18 mutants, we continued to separate nsfbau18 embryos 

into mildly- and severely- hypopigmented cohorts to determine if there were quantitative 

differences in phenotypes between these groups. Quantification of melanosome density 

revealed that density increased between 58hpf and 72hpf in phenotypically wild-type 

sibling embryos (p=0.001). The average density of nsfbau18 mutants was significantly lower 

than sibling at all time points, and did not display a significant change over time (Figure 

5C). Moreover, severely hypopigmented nsfbau18 mutants contained significantly fewer 

melanosomes than mild nsfbau18 mutants at 48 and 72hpf (p<0.0001).  

Since melanosomes accumulate more pigment as they mature (Seiji et al., 1963a), 

the percentage of each melanosome containing pigment was quantified and this measure 

was used as a proxy for melanosome maturity. These analyses revealed that nsfbau18 

melanosomes were significantly less mature than phenotypically wild-type siblings at all 

time points examined (Figure 3.6D), and melanosomes in severe nsfbau18 mutants were less 

mature than those in mild nsfbau18 mutants at 58 and 72hpf. While phenotypically wild-type 
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melanosomes grew more mature over all time points (p<0.0001), overall melanosomal 

maturity decreased between 48hpf and 58hpf in mildly affected (p=0.0004) and in 

severely affected embryos (p<0.0001).  

Finally, quantification of melanosomal perimeter (Figure 3.6E) revealed that the 

average perimeter of melanosomes in phenotypically wild-type siblings did not 

significantly differ from mild nsfbau18 mutants. Melanosomal perimeter also increased 

significantly in sibling and mildly affected mutants between 48-58hpf (p<0.0001). 

However, the perimeter of melanosomes in severe nsfbau18 mutants was significantly 

reduced compared to sibling at 58 and 72hpf (p<0.0001).  Also, unlike in phenotypically 

wild-type and mildly affected embryos, melanosomal perimeter decreased significantly 

between 48 and 58hpf in severely affected mutants (p<0.0001) (Figure 3.6E). 
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Figure 3.7 
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Figure 3.7:  Melanosome formation and maturation is disrupted in nsfbau18 mutants. (A) 
Cartoon schematic showing the dorsal, central, and ventral regions of the 
RPE that were analyzed. RPE between 20° and 40° clockwise from an 
imaginary line (dotted line) drawn between the center of the lens and the 
center of the optic nerve was defined as central, whereas RPE 80° to 100° 
was defined as dorsal. Finally, RPE contained within a box 30° to 50° 
counterclockwise was defined as ventral. (B) Representative TEM images of 
central RPE for sibling, mild, and severe nsfbau18 RPE at 48, 58, and 72 
hours after fertilization. Images oriented distal (choroid) up, proximal 
(retina) down. Scale bar: 1 μm. (C) Quantification of the average number of 
melanosomes per square micrometer of RPE indicates that nsfbau18 mutants 
contained significantly fewer melanosomes than sibling at all time points, 
and severe nsfbau18 mutants contained significantly fewer melanosomes than 
mild nsfbau18 mutants at 48 and 72 hpf. (D) The graph depicting the average 
percentage of melanosomes containing pigment reveals that nsfbau18 
melanosomes were significantly less mature than sibling at all time points 
and that severe mutants were less mature than mild. (E) Graph depicting the 
average perimeter of melanosomes. Although the average perimeter of 
melanosomes in sibling and mild nsfbau18 mutants was not significantly 
different, severe nsfbau18 melanosomes were significantly smaller than 
sibling. Furthermore, although melanosomal perimeter increased in sibling 
and mild RPE, severely affected mutant melanosomes decreased over time. 
(Mann-Whitney U test, *P < 0.01, **P < 0.001, ***P < 0.0001).  
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3.3: DISCUSSION: 
 

Albinism results from mutations in a diverse collection of genes that regulate 

melanogenesis or melanosome trafficking (Oetting and King, 1999); however, data from 

human and animal studies suggest that we do not yet know the full complement of genes 

required for normal pigmentation. For example, although seven genetic subtypes of OCA 

have so far been identified: OCA1A and OCA1B (MIM 203100, 606952), OCA2 (MIM 

203200), OCA3 (MIM 20390), OCA4 (MIM 606574), OCA5 (615312), OCA6 (MIM 

113750), and OCA7 (MIM 615179,) the genes underlying OCA5-7 were discovered only 

very recently (Kausar et al., 2013; Montoliu et al., 2014), highlighting the probability that 

there are other undiscovered loci responsible for albinism. Here we report two novel 

zebrafish oculocutaneous albino mutants and establish a role for nsfb in melanogenesis. 

Patients with albinism disorders often present with varying degrees of ocular 

defects, and these include foveal hypoplasia, nystagmus and improper retinal axon 

decussation (Grønskov et al., 2007; Levin and Stroh, 2011). Despite our growing 

understanding of the genetic etiology of OA, OCA and the syndromic types of albinism, 

we know comparatively less about the molecular and cellular underpinnings of these 

diseases, or how pigmentation affects the visual system. Zebrafish are a powerful model 

organism for gene discovery and mechanistic analysis of protein function during ocular 

development and disease due to tractable genetics and ability to perform a diverse array of 

molecular, biochemical, anatomical and behavioral studies (Gross and Perkins, 2008; 

Lieschke and Currie, 2007). Many pigmentation mutants have been identified and 
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characterized in zebrafish (Amsterdam et al., 2004; Daly et al., 2013; Golling et al., 2002; 

Haffter et al., 1996; Kelsh et al., 1996; Neuhauss et al., 1999; Ng et al., 2009; Nuckels et 

al., 2009; Odenthal et al., 1996; Streisinger et al., 1981), some of which directly model 

existing human pathologies (e.g. Krauss et al., 2014; Page-McCaw et al., 2004), while 

others presage the identification of human mutations. For example, the causative mutation 

of OCA6, SLC24A5, was identified in a zebrafish pigmentation mutant (Lamason et al., 

2005) prior to in the mouse (Vogel et al., 2008) or in human patients (Wei et al., 2013). 

Thus, the zebrafish system represents a potent tool for studying the molecular and cellular 

regulation of melanogenesis, as well as identifying novel albinism genes in vertebrates.  

Here, we report the cloning and characterization of two novel oculocutaneous 

albino mutants that result from mutations in nsfb: nsfbau18, which results from a nonsense 

mutation, and nsfbau13, whose causative mutation is unknown but is likely located in a 

noncoding regulatory region. Indeed, qPCR analysis demonstrated that nsfb expression is 

reduced in nsfbau13 embryos, supporting this possibility. Interestingly, a comparable 

reduction of nsfb expression was also observed in nsfbau18 mutant embryos. It is likely that 

this occurs via nonsense-mediated mRNA decay, a molecular phenotype frequently 

observed in zebrafish for genes that possess nonsense mutations (e.g. Fricke et al., 2001; 

Lamason et al., 2005; Obholzer et al., 2012; Xiao and Baier, 2007b).  

nsfb mutants are oculocutaneous albinos and they are first identifiable at ~2dpf 

based on their hypopigmentation phenotype. nsfb is one of the two zebrafish nsf paralogs; 

Nsf is ubiquitously expressed in mammals (Magdaleno et al., 2006; Visel et al., 2004), 

though enriched in the nervous system (Betz, 1994). nsfa expression is limited to the 
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nervous system (Woods et al., 2006), while nsfb has more widespread expression (our 

data), suggesting that it may be more orthologous in function to nsf than nsfa. 

Interestingly, however, our phylogenetic analysis indicates the protein sequence of nsfa is 

more closely related to human NSF than is nsfb (Figure 4). Thus, while nsfb diverged 

evolutionarily from mammalian Nsf, it possibly retained its system-wide functions, while 

nsfa evolved to hold more limited or specialized functions.  

Unlike nsfa, virtually nothing is known about the in vivo function(s) of nsfb. Here 

we demonstrate a critical requirement for nsfb in pigmentation and in regulating the 

maturation of melanosomes in the RPE. Defects in melanosomal maturation are 

accompanied by reductions in melanosome number (Figure 5). While phenotypes in both 

nsfb alleles were fully penetrant, there were differences in the expressivity of the 

pigmentation phenotype, with mildly- and severely- affected mutants detected within the 

same clutch of homozygous embryos. These data suggest that while melanogenesis is 

disrupted in both classes of mutants, it proceeds to a limited extent in mildly affected 

mutants, while it is significantly impaired in severely affected mutants.  It is common in 

zebrafish to have variability in expressivity of a phenotype (e.g. Hartsock et al., 2014; Lee 

et al., 2008; Lee and Gross, 2007) and often this variability is ascribed to differing levels 

of maternal rescue in each embryo resulting from the deposition of mRNAs and proteins 

in the developing oocyte(Abrams and Mullins, 2010). More work is necessary to 

understand the molecular basis of this phenotypic variability in nsfb mutants, and, more 

generally, how maternal rescue contributes to phenotypic variability in recessive zebrafish 

mutants. 
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Our quantitative TEM data suggest a model in which nsfb activity is required for 

the maturation of melanosomes in the RPE. Although we limited our characterization to 

the RPE hypopigmentation phenotype, nsfb mutants possess widespread CNS 

degeneration by 3dpf, have reduced circulation, and typically die by 4dpf. Given the 

expanded and systemic severity of the phenotypes over those found in ocular albinism or 

oculocutaneous albinism patients, the nsfb phenotypes are more similar to those 

pathologies observed in patients with syndromic albinism.  Indeed, patients with HPS or 

CHS often have additional, systemic defects such as pulmonary fibrosis and blood clotting 

defects, in addition to their albinism. Although mutations in NSF have not yet been linked 

to albinism in human, misregulation of NSF is linked to psychiatric diseases (Imai et al., 

2001). It will be interesting to screen through existing albinism patients for whom a 

causative mutation has not yet been identified, and particularly those with more syndromic 

pathologies, to determine if mutations in NSF underlie their phenotypes. In summary, this 

Chapter identifies a role for nsfb during melanogenesis in the RPE, establishing an 

additional, and novel oculocutaneous albinism mutant in zebrafish through which the 

molecular and cellular underpinnings of melanogenesis can be further elucidated.   

 

 

 

 

 

 



 65 

Chapter 4: Regeneration of the retinal pigment epithelium in a novel 
zebrafish model of macular degeneration 

This chapter has contributions from other authors. Hanovice, N.J., Slater, K., 
Romanowicz, D.K., Collery R., Link, B., Gross, J.M., 2017. Regeneration of the 
zebrafish retinal pigment epithelium in a novel model of macular degeneration. In 

preparation. NJH and JMG conceived experiments and interpreted data. NJH, KS 
and DR performed experiments and collected data. RC and BL provided materials 

and technical advice. 

4.1: INTRODUCTION 

The Retinal Pigment Epithelium (RPE) is a polarized monolayer of hexagonal 

pigment-containing cells posterior to the retina whose apical surface is closely 

interdigitated with photoreceptive neurons called photoreceptors (Strauss, 2005). 

Photoreceptors are responsible for the conversion of light into electrochemical signals 

and form a functional unit with the RPE. The basal RPE surface abuts and helps form a 

multilaminar basement membrane known as Bruch’s Membrane (BM), which helps 

create a barrier between the retina and overlying vasculature, known as the 

choriocapillaris. Due to its importance in visual system function, diseases affecting the 

RPE have serious consequences for vision. Age-related Macular degeneration (AMD) is 

the third leading cause of blindness in the world and the leading cause of blindness in 

industrialized countries (Klein et al., 2011; Resnikoff, 2008; Wong et al., 2014). AMD is 

divided into two types: geographic and exudative. In geographic AMD, RPE cells in the 

macula progressively degenerate, leading to the death of closely-apposed cone 

photoreceptors and debilitating loss of high-acuity vision (Curcio et al., 1996; Lim et al., 

2012a). Exudative AMD is preceded by geographic atrophy and is marked by the 

invasion and neovascularization of the choroidal vasculature into the subretinal space, 

which is termed choroidal neovascularization (CNV) and accelerates retinal degeneration 

(Bird et al., 1995; Lim et al., 2012a). In both types, retinal degeneration from AMD is 
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irreversible and there are no FDA-approved therapies that are capable of recovering 

vision once it is lost.  

A particularly attractive possibility for treating AMD is the transplantation of 

healthy RPE. In a proof-of-concept study, healthy RPE transplanted into Royal College 

of Surgeons rats was able to attach to the retina and phagocytose POS (Jiang and 

Hamasaki, 1994; Lopez et al., 1989). However, transplantation studies in human patients 

at first met mixed results due to factors such as rejection (Algvere et al., 1999, 1994; 

Algvere, 1997; Peyman et al., 1991), or from age-related defects in autologous RPE 

grafts . Advances over the past decade in stem cell technology have opened the 

possibility of the transplantation of stem-cell derived RPE cells (Choudhary et al., 2016; 

Leach and Clegg, 2015; Uygun et al., 2009), which could provide a non-immunogenic 

source of healthy RPE grafts. Experiments in rat and murine models demonstrated an 

improvement in visual function after the successful transplantation of embryonic stem 

cell-derived RPE from multiple sources, including human embryonic stem cells (hESC) 

(Aoki et al., 2006; Little et al., 1998; Meyer et al., 2006) and induced pluripotent stem 

cells (iPSC) (Carr et al., 2009). Aided in part by further developments in RPE cell 

scaffolds (Kamao et al., 2014), clinical trials are currently underway with promising early 

results (Kamao et al., 2017; Shim et al., 2017). Although this progress is encouraging, 

only rudimentary knowledge exists about the genetic and molecular mechanisms 

underlying the process by which RPE cells may respond to and successfully repair 

damage. In order for RPE transplantation to truly deliver on its promise, it of critical 

importance to improve our understanding of the process by which RPE cells can 

regenerate and reintegrate with retinal tissue. 

The mammalian RPE is capable of limited regeneration but the success of 

regeneration is highly sensitive to the extent of the injury. Generally, mammalian RPE 
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cells respond to damage in one of two ways: they can regenerate small lesions by 

expanding to fill the open space, but fail to regenerate larger insults and often instead 

create further damage by overproliferating (Grierson et al., 1994). For example, 

mammalian RPE cells are capable of limited regeneration following small RPE 

debridement (Lopez et al., 1995; Priore et al., 1995)  However, following large injuries 

such as retinal detachment, RPE cells respond by overproliferating to produce 

multilaminar structures while generating migratory cells that invade the subretinal space, 

behaviors indicative of what may be a misregulated repair mechanism (Cleary and Ryan, 

1979a, 1979b; Machemer and Laqua, 1975). This proliferative response to injury can 

become deleterious and lead to Proilferative Vitreoretinopathy (PVR), during which RPE 

cells lose epithelial characteristics, overproliferate and migrate into the subretinal space, 

leading to further retinal detachment and blindness (Stern and Temple, 2015).  

In contrast to mammals, the RPE of newt and embryonic chick has the remarkable 

capacity both to regenerate itself and to transdifferentiate and regenerate the neural retina 

(Barbosa-Sabanero et al., 2012; Haynes and Del Rio-Tsonis, 2004). Studies in Xenopus 

revealed that a subpopulation of RPE cells delaminate from the BM, and in a process 

reminiscent of PVR migrate to the retinal vascular membrane, where they 

transdifferentiate and regenerate the neural retina. The newt RPE does not dissociate 

from BM following injury but proliferates to forms a BM-attached bilayer which gives 

rise to a regenerated retina and RPE (Chiba, 2014; Chiba et al., 2006; Susaki and Chiba, 

2007). Interestingly a subpopulation of quiescent human RPE cells, termed RPE stem 

cells, was recently identified in culture that can be induced to proliferate and differentiate 

into either RPE or mesenchymal fates (Salero et al., 2012; Stern and Temple, 2015), 

suggesting the existence of an analogous subpopulation of human RPE cells that could be 

induced to successfully regenerate retinal injuries. However, research in newt has to our 
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knowledge been mainly focused on the process of RPE-to-retina regeneration, while the 

specific molecular events underlying RPE-RPE regeneration are not well understood. 

Zebrafish are highly amenable to forward and reverse genetic manipulation, have 

a fully sequenced genome and offer a wealth of genetic and in vivo imaging technologies. 

Importantly, zebrafish also possess a robust ability to regenerate damaged neural tissue, 

such as the brain (Kizil et al., 2012), spine (Becker et al., 1997) and retina (Goldman, 

2014). In response to retinal injury, zebrafish Müller glia dedifferentiate and generate 

retinal progenitor cells, which then migrate to the injury site to replace lost neurons 

(Fausett and Goldman, 2006; Nagashima et al., 2013). In contrast, virtually nothing is 

known about the response of the zebrafish RPE to injury, or whether it is capable of 

regeneration following ablation. Here, we describe the establishment of a novel model of 

AMD using a zebrafish transgenic enabling the specific ablation of the RPE and 

demonstrate, for the first time, that the zebrafish RPE is capable of regeneration 

following widespread acute injury. We provide evidence that regeneration involves a 

robust proliferative response during which cells from the periphery move to the injury 

site and contribute to regeneration, and that these cells likely derive from uninjured RPE.   

 

4.2: RESULTS 

4.2.1 Specific ablation of the Retinal Pigment Epithelium leads to photoreceptor 
degeneration and blindness  

 To study the events underlying RPE regeneration in zebrafish, we obtained 

rpe65a:nfsb-GFP transgenic zebrafish from Dr. Brian Link (Medical College of 

Wisconsin). This transgenic uses a promoter element from rpe65a gene, which encodes a 

critical enzyme in the visual cycle (Hamel et al., 1993; Redmond et al., 1998), to drive 
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expression of the Nfsb-EGFP fusion protein specifically in mature RPE (Collery et al., 

2016) (Fig 3.1A). Nfsb is an E. coli nitroreductase that converts the ordinarily benign 

prodrug metronidazole (MTZ) into a potent DNA crosslinking agent, leading to apoptosis 

in expressing cells (Bridgewater et al., 1995; Knox et al., 1988). The nitroreductase 

ablation system has been extensively validated in zebrafish as allowing for inducible 

ablation of target cells with limited bystander effect (e.g. Curado et al., 2007; Fraser et 

al., 2013; Hsu et al., 2010; Johnson et al., 2016; Li et al., 2012; Montgomery et al., 

2010a; Pisharath et al., 2007; Shimizu et al., 2015; White and Mumm, 2013; White et al., 

2011).  

To ablate the RPE, rpe65a:nfsb-GFP outcrosses were prepared for ablation via 

treatment with the tyrosinase inhibitor phenylthiourea (PTU) (Westerfield, 2007), 

between 1-5dpf to suppress pigmentation of choroidal melanocytes, which interfere with 

analysis. Transgene expression is variable within each outcross clutch (data not shown). 

We screened out low-expressing embryos from each clutch and selected embryos with 

high transgene expression in the eye based upon GFP fluorescence. By 5dpf, eye 

formation and differentiation are complete and zebrafish have entered the larval stage of 

development (Kimmel et al., 1995). In the larval eye, nfsb-GFP is expressed specifically 

within the RPE layer apposed to the central retina (Fig 4.1B) and nicely labels RPE cell 

bodies and apical microvilli (Fig 4.1B, arrows). To ablate the RPE, larvae were removed 

from PTU treatment and then exposed to 10mM MTZ for 24 hours before being 

transferred to untreated fish system water to recover. After MTZ treatment, GFP+ apical 

microvilli are absent, and the GFP+ RPE monolayer becomes disrupted in the central 

two-thirds of the eye (Fig 4.1D). This disrupted area also fails to re-pigment after 

removal of PTU, indicating that RPE cell function is disrupted in ablated RPE cells (Fig 

4.1F, compare to Fig 4.1C). Interestingly, nuclei in the outer nuclear layer (ONL) 
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immediately adjacent to ablated RPE become disorganized, some appearing to 

delaminate and become pyknotic (Fig 4.1D, arrows) while outer segment morphology 

degrades (Fig. 4.1F, compare to Fig 4.1C).  

Although embryos were rigorously screened for high level of transgene 

expression prior to ablation, some variability in ablation severity was observed (data not 

shown), likely from variations in transgene expression and ablation efficiency. To 

mitigate this variability we screened ablated larvae at 2dpi and selected those with high 

levels of GFP signal disruption in the eye for further study. Mildly ablated larvae were 

excluded from analysis.  
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Figure 4.1: Paradigm of RPE ablation. (A) Cartoon depicting the rpe65a:Nfsb-GFP 
transgene and treatment course of unablated embryos. (B,B’) Transverse 
cryosection of GFP and nuclei in an unablated 6dpf larva. GFP expression is 
strongest in the central two-thirds of RPE. Arrowheads indicate apical 
microvilli. (C,C’) DIC channel. (D) Cartoon depicting nitroreductase-
mediated ablation. (E,E’) GFP and nuclei at 1dpi. Arrows indicate 
delaminated pyknotic nuclei. (F,F’) DIC channel. Green=GFP, blue=nuclei. 
In all sections, dorsal is up and distal is left. Scale bar = 40µm.  
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In Geographic AMD, dysfunction and degeneration of RPE cells leads to the 

death of underlying photoreceptors (Curcio et al., 1996; Lim et al., 2012a). To determine 

the dynamics of RPE cell degeneration following ablation, and to determine whether RPE 

ablation leads to apoptosis of photoreceptor cells, we performed a time course analysis of 

apoptosis via TUNEL at 3, 6, 12, 18, 24 and 48 hours post injury (hpi) (Fig 4.2). While 

the ONL appears to be unchanged at 3hpi, slight disruptions in ablated RPE morphology 

are detectible: apical microvilli become shortened compared to control, and the 

occasional TUNEL+ nucleus appears in the RPE layer (Fig 4.2A-B, arrowhead). By 6hpi, 

TUNEL signal is significantly elevated in the RPE layer (Fig 4.2M). Meanwhile, apical 

microvilli have fully retracted, and GFP signal in the RPE layer becomes less diffuse and 

starts collecting into rounded blebs, indicating that RPE cell bodies are beginning to 

degrade. Nuclear organization in the ONL also begins to deteriorate at 6hpi. Starting at 

12hpi, apoptosis is significantly increased in both the RPE layer and ONL (Fig 4.2M-N). 

ONL nuclei become less densely packed, and delaminated pyknotic nuclei appear. By 

18hpi, apoptosis in the ONL peaks, and GFP signal in the RPE layer starts to accumulate 

in blebs, a process which begins to leave regions of the RPE entirely devoid of GFP 

signal (Fig 4.2G-H). RPE apoptosis peaks throughout the RPE layer at 24hpi, and the 

ONL continues to degrade (Fig 4.2I-J). Apoptosis, while still significantly elevated 

compared to control, begins to taper off in both layers by 48hpi. At this point, 

morphologically normal GFP+ RPE cells are completely absent from the RPE layer and 

have been replaced by irregular GFP+ blebs, likely consisting of degenerated cell debris. 

ONL nuclei are less densely-packed and clearly disorganized compared to control (Fig 

4.2K-L).  
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Figure 4.2: Dynamics of apoptosis following RPE ablation. (A-L) Transverse 
cryosections stained for TUNEL (red). (A,C,E,G,I,K) Unablated and 
(B,D,F,H,,J,) ablated eyes at various time points following ablation. (M) 
Quantification of TUNEL+ cells/section in the RPE layer (M) and ONL (N). 
Red bars are ablated embryos and blue bars are age-matched controls. 
Significance determined using Mann-Whitney U test. * p<0.01, ** p<0.001, 
*** p<0.0001. Green=GFP, blue=nuclei. Scale bar = 40µm.  



 74 

We next performed a time course using markers for RPE (ZPR2), cone 

photoreceptors (ZPR1), and F-actin (phalloidin) to characterize degeneration of the RPE 

and photoreceptors after RPE ablation (Fig 4.3). In unablated larvae, GFP colocalizes 

with ZPR2 in the central RPE, confirming that transgene expression is specifically 

restricted to the RPE. ZPR2 stain also extends further into the periphery to label less-

mature RPE closer to the ciliary marginal zone (CMZ) (Fig 4.3A). Between 1 and 2 days 

post injury (1-2dpi), ZPR2 staining recapitulates the morphological disruption of GFP 

seen in Figure 4.2J, displaying identical retraction of apical processes and blebbing of the 

cell body (Fig 4.3D). By 3dpi, both GFP and ZPR2 signal is mostly absent in the central 

RPE layer, indicating that RPE cell degeneration is complete and RPE cell debris has 

largely been removed from the injury site (Fig 4.3J). Staining for red/green cone arrestin 

(ZPR1) revealed that cone photoreceptor morphology becomes disorganized, with a 

thickening of the cell body and extension of outer segments into the RPE layer (Fig 

4.3B,E). This outer segment morphology corresponds to a marked loss of F-actin 

organization in outer segments. F-actin in POS is normally organized into bundles and 

extends perpendicularly into the RPE layer in a regular, train-track pattern (Fig 4.3C). F-

actin signal in the POS becomes more diffuse, and their orientation becomes less regular 

(Fig 4.3F). By 3dpi, photoreceptor degeneration in the central retina peaks as well: ZPR1-

positive cones are less prevalent and display a more disorganized, diffuse morphology 

than unablated cones (Fig 4.3K), and POS appear to have degenerated, with a near-total 

loss of organized F-actin structures extending into the RPE layer (Fig 4.3L).   
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Figure 4.3: Timeline of degeneration following RPE ablation. Transverse sections of 
unablated 6dpf larvae stained for ZPR2 (A), ZPR1 (B) and F-Actin (C). 
Ablated larvae stained for ZPR2 (D,G,J), ZPR1 (E,H,K) Phalloidin (F,I,L)  
at 1,2,3dpi. Green=GFP, blue=nuclei, red=cell stain. Scale bar = 40µm.  
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To confirm that central RPE cells and POS degenerate at 3dpi, we performed 

transmission electron microscopy (TEM) and characterized the cellular morphology of 

the RPE and outer nuclear layer (Fig 4.4). Unablated RPE cells contain pigmented 

melanosomes (Fig 4.4E, white arrowheads), form tight junctions with adjacent RPE cells 

(Fig 4.4E, TJ), extend melanosome-containing apical processes to interdigitate with POS 

(Fig 4.4B), and phagocytose spent POS discs to form OS-containing organelles called 

phagosomes (Fig 4.4E, white arrow) (Fig 4C,E). The photoreceptor layer is also well 

organized, with readily identifiable cone outer segments (cOS) and rod outer segments 

(rOS) extending from properly laminated cone and rod nuclei (Fig 4.4A,B). Analysis of 

ablated embryos revealed severe degeneration of the RPE (Fig 4.4C,D). Identifiable RPE 

cells are entirely absent, and the space they once occupied has largely been replaced with 

a substantial amount of debris—much of it likely consisting of degrading POS—that 

appears as if it is either freely distributed (Fig 4.4H) or collected in membranous 

structures which could potentially be macrophages (white arrows, Fig 4.4C,D). The BM 

underlying ablated RPE becomes significantly thinner than control by 3dpi (Figure 4.4I,K 

p<0.0001) and contains perforations (Fig 4.4I, arrows). Confirming histology (Fig 4.3), 

the photoreceptor layer exhibits clear signs of degeneration. Most apparent is the 

reduction in size and integrity of POS, and, as noted above, the aggregation of 

degenerated POS and other cellular debris in the ablated RPE layer (Fig  4.4C,D, and 

Fig4.4H, arrow). The orderly stacking of photoreceptor nuclei is generally disrupted in 

ablated retinae, and rod photoreceptor nuclei no longer correctly localize to the outer 

plexiform layer (Fig 4.4C). Finally, ribbon synapse (RS) morphology is disrupted and 

frequently absent in in ablated embryos, suggesting that photoreceptor connectivity to 

bipolar cells also degrades following RPE ablation (Fig 4.4G,J). 
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Figure 4.4 
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Figure 4.4: TEM images of central RPE photoreceptors at 3dpi. (A,B,E,F,G) Unablated 
8dpf larvae. (C,D,H,I,J) 3dpi larvae. (A,B) Images of unablated RPE and 
ONL ultrastructure. (C,D) Gross ultrastructure of ablated RPE and ONL. 
Arrows=membrane-enclosed aggregates of debris. (E,H) magnified images 
of RPE cells. (E) Arrowheads = mature melanosomes, arrow=phagosome. 
TJ=tight junction, BM=Bruch’s Membrane (H) arrows=free POS debris. 
Magnification of BM in unablated (F) and ablated (I) larvae. Arrows in (I) 
mark perforations in BM. Magnified images of ribbon synapses (RS) in 
unablated (G) and ablated (J) larvae. (K) Quantification of BM thickness. 
Student’s T-test, *** p<0.0001.  
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Finally, we determined whether RPE ablation leads to functional vision defects 

using the Optokinetic Response assay (Gestri et al., 2012; Huang and Neuhauss, 2008; 

Neuhauss et al., 1999; Neuhauss, 2003; Scheetz et al., 2017) (Fig 4.5). A cohort of 

ablated and control larvae were exposed to a rotating full-field visual stimulus at both 

1dpi and 2dpi. At 1dpi, ablated larvae appeared to saccade more frequently (p>0.05), but 

a greater percentage of saccades were not of the appropriate direction relative to stimulus 

(hence, “incorrect.”) compared to control (p=0.018) (Fig 4.5A), indicating at least a 

partial compromise in visual system performance. 2dpi ablated larvae exhibited a 

significant reduction in both total saccade number (p=0.011) as well as in stimulus 

tracking gain (p=0.0055) (Fig 4.5B), indicating that vision is disrupted after ablation. By 

3dpi, recovery of the OKR occurred, as evidenced by the recovery of the number and 

correctness of saccades, as well as a recovery of stimulus tracking gain. 

  

 

 

Figure 4.5: RPE ablation leads to vision defects at 1, 2, and 3dpi. (A) Quantification of 
the total number of saccades per fish. (B) Quantification of the percentage of 
saccades that were direction-appropriate relative to stimulus direction 
(“correct”). (C) Quantification of reflex gain. (Mann-Whitney U test, *P < 
0.05, **P < 0.005).  
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4.2.2 Effective regeneration of the RPE following ablation 

We next sought to determine whether zebrafish can regenerate the RPE after acute 

injury. To characterize the response of RPE cells after ablation, we performed a time 

course using markers for RPE (ZPR2), cone photoreceptors (ZPR1), and F-actin 

(phalloidin) at 4, 6, 7, and 14dpi (Fig 4.6). This time series revealed that dim GFP signal, 

indicating the presence of maturing RPE, reappears in the eye periphery at 4dpi. ZPR2 

staining confirms that this GFP signal is confined to RPE cells, and indicates that 

immature RPE cells extend past GFP+ RPE cells into the injury site (Fig 4.6D, arrows). 

Although ZPR1 signal in the ONL is still disrupted in the ablation site, morphologically 

normal ZPR1-positive cones appear in the peripheral retina directly apposed to recovered 

GFP+ RPE cells (Fig 4.6E, arrow). Similarly, while F-actin-labeled POS remain 

degenerated in the central retina, POS closer to the periphery (Fig 4.6F) are better 

organized and extend into the RPE layer (arrow, Fig 4.6F). At 6dpi, this trend continues: 

morphologically normal GFP/ZPR2+ RPE cells extend further toward the center (Fig 

4.6H), and ZPR1 and F-actin staining indicates that photoreceptor recovery continues to 

occur apace (Fig 4.6I,J). Interestingly, ZPR2-positive, GFP-negative cells form what 

appear to be multilaminar structures at the advancing tip of the regenerating monolayer 

(arrows, Fig 4.6G). By 7dpi, the injury site becomes filled in by ZPR2+ cells extending 

apical processes into the ONL (Fig 4.6J, arrows). Although central photoreceptor cells 

are still disorganized (Fig 4.6K), there is an improvement in POS architecture and 

organization (Fig 4.6L). By 14dpi, the RPE is populated by ZPR2/GFP double-positive 

RPE cells that display proper cell morphology, including extended apical microvilli (Fig 

4.6M, arrows). Photoreceptor outer segments recover to the point where they are nearly 

indistinguishable in pattern from WT (Fig 4.6 N). While cone photoreceptors throughout 

the retina regain normal morphology and extend into the RPE layer, they have not yet 
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fully recapitulated normal cone morphology—disorganization persists, particularly in the 

injury site, where cones do not properly align perpendicularly to the RPE (Fig 4.6N). 

Finally, at 44dpi, morphologically normal GFP+ RPE populate the central retina and 

interdigitate with properly-oriented cone photoreceptors (Fig 4.6P,Q). 
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Figure 4.6 
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Figure 4.6: Timeline of regeneration following RPE ablation. Transverse sections of 
unablated 11dpf larvae stained for ZPR2 (A), ZPR1 (B) and F-Actin (C). 
Ablated eyes stained for ZPR2 (D,G,J,M), ZPR1 (E,H,K,N,P), and 
Phalloidin (F,I,L,O,Q) at 4, 6, 7, 14, 44dpi Green=GFP, blue=nuclei, 
red=cell stain. Scale bar = 40µm. 
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As noted above, variation in the severity of ablation was observed within each 

treatment group and this likely stemmed from natural variation of transgene expression 

and ablation efficiency. Even after carefully screening for ablation severity at 2dpi, some 

variability occurred in the timing of regeneration in each larva (compare Fig 4.6K to L). 

We hypothesized that these differences are accounted by unavoidable variations in 

ablation severity and that regeneration proceeds in a periphery-to-center fashion in each 

case, with milder ablation leading to quicker recovery. To test this hypothesis, we 

undertook longitudinal OCT analysis of RPE. We performed this analysis on a mixed 

cohort of mildly- and severely-ablated larvae and studied the pattern and temporal 

dynamics by which RPE signal returned in each larva over time (Fig 4.7). Compared to 

unablated embryos (Fig 4.7A), degeneration and subsequent regeneration of the RPE 

layer was observable in both severely- and mildly- ablated larvae (Fig 4.7B,C, yellow 

arrows).  
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Figure 4.7: Longitudinal analysis of regeneration in mildly- and severely-ablated larvae. 
(A-C) Example time series of (A) unablated, (B) severely-ablated and (C) 
mildly ablated larvae. (D) Preliminary quantification of dorsal RPE 
backscatter in a severely ablated larvae as a proxy for RPE layer integrity.  
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To assess the morphology of regenerated RPE, we performed transmission 

electron microscopy (TEM) at 14dpi, when regenerated GFP/ZPR2+ RPE cells reliably 

populated the injury site and appeared by confocal microscopy to be morphologically 

normal. At 19dpf, unablated RPE cells contain melanosomes (Fig 4.8A,B,E), form tight 

junctions with adjacent RPE cells (Fig 4.8E, TJ), extend melanosome-containing apical 

processes to interdigitate with POS (Fig 4.8B), and phagocytose OS material (Fig 4.8E, 

white arrow). By 19dpf, the ONL is highly organized: rod nuclei are proximal to the 

outer plexiform layer and underlie cone nuclei, while cOS and rOS are easily 

distinguishable and properly localized (Fig 4.8A,B). TEM analysis confirms the presence 

of regenerated and functional RPE cells at 14dpi. Identifiable RPE cells containing 

melanosomes and projecting apical processes into the ONL are present throughout the 

ablated site. These RPE cells also contain phagosomes (Fig 4.8H, arrow) and appear to 

have repaired a healthy BM (Fig 4.8I,K). Regenerated RPE displays intriguing 

differences compared to unablated RPE: individual cells contain far more pigmented 

melanosomes, and their cell body width appears to be increased and more variable. Some 

recovery of the ONL is discernible: photoreceptor outer segment length has increased 

throughout the injury site, rod nuclei more frequently appear proximal to the OPL, and 

OS degeneration is no longer apparent (Fig 4.8C,D). Despite this improvement, the ONL 

organization has not yet improved to the level seen in unablated retinae. Nonetheless, 

morphologically normal ribbon synapses appear in the OPL, suggesting that 

photoreceptor connectivity to bipolar cells has, to some extent, successfully been repaired 

(Fig 4.8G,J). 
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Figure 4.8 
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Figure 4.8: TEM images confirm regeneration of central RPE and photoreceptors at 
14dpi. (A,B,E,F,G) Unablated 19dpf larvae. (C,D,H,I,J) 14dpi larvae. (A,B) 
Images of unablated RPE and ONL ultrastructure. (C,D) Gross ultrastructure 
of ablated RPE and ONL. (E,H) magnified images of RPE cells. (E) 
Arrow=phagosome. TJ=tight junction, BM=Bruch’s Membrane 
Magnification of BM in unablated (F) and ablated (I) larvae. Magnified 
images of ribbon synapses (RS) in unablated (G) and ablated (J) larvae. (K) 
Quantification of BM thickness. Student’s T-test, *p<0.01.  
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4.2.3 Proliferative cells enter the injury site and participate in RPE regeneration 

Our data thus far indicate that zebrafish are capable of regenerating a functional 

RPE monolayer after widespread ablation of roughly two-thirds of the original tissue, and 

over the surprisingly short timespan of 1-2 weeks. This rapidity of regrowth, coupled 

with the outside-in pattern of recovery, suggests that RPE regeneration is driven at least 

in part by cell proliferation. During regeneration of different tissues, proliferative cells 

derive either from a resident pool of progenitor cells, as occurs in blood and skin (Iyengar 

et al., 2015; Orkin and Zon, 2008), or from differentiated cells forming part of the injured 

tissue, as is the case during heart or retinal neuron regeneration (Kikuchi et al., 2010; 

Poss et al., 2002). BM degeneration occurs in the injury site and RPE cell proliferation 

following injury or loss of BM contact is widely observed (Grierson et al., 1994; Heller 

and Martin, 2014; Stern and Temple, 2015). Additionally, researchers recently discovered 

that a subpopulation of differentiated human RPE cells are capable of dedifferentiating 

into an RPE stem cell that can produce new RPE cells (Salero et al., 2012). For these 

reasons, we hypothesized that uninjured peripheral RPE cells respond to injury by 

dedifferentiating and proliferating to replace ablated tissue. To begin to test this 

hypothesis, we performed BrdU incorporation assays to elucidate the temporal and spatial 

dynamics by which proliferative cells arrive in the injury site (Figure 9).  
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Figure 4.9 
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Figure 4.9: Proliferative cells enter the injury site during regeneration. (A-L) Transverse 
retinal sections of unablated (A-F) and ablated (G-L) larvae exposed to 24-
hour BrdU pulses at various days post injury. (M-T) en face wholemount 
images of unablated (M-P) and ablated (Q-T) eyes from larvae exposed to 
BrdU between 3-4dpi. Quantification of total number of BrdU+ cells/section 
in the RPE (U) and central retina (V). Mann-Whitney U Test, * p<0.01, ** 
p<0.001, *** p<0.0001. Scale bar = 40µm. 
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Proliferative cells appear with greater frequency in the RPE layer as early as 0-

1dpi. Interestingly, these cells usually appeared in one of two places: in the dorsalmost 

RPE layer immediately adjacent to the dorsal CMZ and in the ablated central RPE (Fig 

4.9, arrows). Between 2-3dpi, the dorsal population of proliferative cells appears both to 

increase in number and approach the injury site, while more BrdU+ cells appear in the 

ablated region (Fig 4.9I). The number of proliferative cells in the RPE layer peaks 

between 3-4dpi (Fig 4.9U), during which time BrdU+ cells are evenly distributed in the 

central RPE between GFP-expressing regenerated RPE cells in the periphery (note the 

light GFP signal in peripheral RPE cells beginning in Fig 4.9J). As regeneration 

proceeds, regenerated GFP+ RPE cells appear closer to the center of the injury site and 

the number of BrdU+ cells in the RPE layer decreases (Fig 4.9K,L). Interestingly, in 

transverse sections BrdU+ nuclei seem to be preferentially distributed in actively 

regenerating regions of the RPE, and rarely persist in regenerated GFP+ areas. To better 

visualize the distribution of proliferative cells in relation to regenerating tissue, we 

enucleated eyes from larvae exposed to BrdU during peak proliferation (3-4dpi) and 

acquired en face views of the RPE (Fig 4.9M-O). In unablated eyes, GFP signal labels 

individual RPE cells throughout the central RPE, and BrdU+ nuclei appeared to be 

restricted to the overlying choroid (arrow) (Fig 4.9, M-P). Wholemount imaging of 

BrdU+ nuclei in ablated larvae confirmed that proliferative cells are primarily located in 

the injury site (Fig 4.9 Q-T). Increased DAPI signal within the injury site is from retinal 

neurons that were uncovered by removal of overlying RPE tissue. Interestingly, 

GFP/BrdU double-positive nuclei were also detected, and were chiefly located in the 

regenerating RPE immediately peripheral to the injury site (white arrowheads, Fig 4.9Q). 

Meanwhile, the injury site was divided into two zones: the central, unpigmented zone and 

the transitional zone. In the unpigmented zone, BrdU+ nuclei appear to be proliferative 
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and display no regularly identifiable RPE morphology. Meanwhile, in the transitional 

zone, BrdU+ cells are observed in various stages of pigmentation (yellow arrowhead, Fig 

4.9T), and also begin to develop the rounded nuclear appearance of differentiated RPE 

cells (white arrow, Fig 4.9T). Consistent with our findings in TEM, regenerated RPE 

cells displayed greater pigmentation than in unablated RPE. Finally, we observed BrdU+, 

Müller glia-derived retinal precursor cells (MGPCs) in the retina, indicating 

photoreceptor regeneration, which is well studied is also occurring (R. L. Bernardos et 

al., 2007; Brockerhoff and Fadool, 2011; Kassen et al., 2007; Thummel et al., 2007). We 

quantified the number of BrdU+ cells in the ONL and found that proliferative cells 

appear in the ONL at similar times as in the RPE  (Fig 4.9V).  

These data suggest that proliferative cells initially enter the injury site from the 

periphery and that after they interact with the ablated region they cease proliferating and 

differentiate to form new RPE cells. To determine whether cells that proliferate 

immediately following ablation enter the injury site, we pulsed ablated larvae with BrdU 

between 0-1dpi, and with EdU at 3dpi before fixation and analysis (Fig 4.10A-B). 

Transverse sections revealed that at 3dpi, BrdU+ cells appear throughout the injury site 

(white arrowheads, Fig 4.10B) and that some remain proliferative (BrdU/EdU+, white 

arrow). Interestingly, preliminary analysis revealed that these EdU/BrdU+ nuclei only 

appear in the injury site following ablation (Fig 4.10C), and appeared very similar to RPE 

nuclei. Indeed, some EdU/BrdU+ cells appeared to be lightly pigmented (Fig 4.10B”), 

further suggesting they may be differentiating into an RPE cell. To determine whether 

these cells stably integrated into the regenerated RPE, we exposed ablated larvae to BrdU 

at 18-42hpi and fixed them at 8dpi (Fig 4.10C). Transverse sections revealed the presence 

of pigmented, GFP+ nuclei in the central RPE (arrows, Fig 4.10D). Together, these data 
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suggest that proliferative cells enter the RPE soon after injury and ultimately differentiate 

into the regenerated RPE layer  
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Figure 4.10: Pulse-chase analysis of proliferating cells in the ablated RPE. (A) 
Transverse sections from unablated larvae exposed to BrdU from 5-6dpf and 
pulsed with EdU for 2 hours before fixation at 8dpf. (B) Ablated larvae were 
exposed to BrdU from 0-1dpi and pulsed with EdU for 2 hours before 
fixation at 3dpi. (A’,B’,C’) Magnified inset of BrdU/EdU. (A”,B”,C”) 
Magnified inset of BrdU/EdU and DIC. White arrows in (B,B’,B”) denote 
proliferative RPE-like cells. White arrowhead indicates unpigmented, 
previously-proliferative RPE-like cell in the injury site. (C) Preliminary 
quantification of BrdU/EdU+ and BrdU+ nuclei in the injury site. (D) 
Larvae exposed to BrdU 18-42hpi and fixed at 8dpi. Scale bar = 40µm. 
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 Finally, we used TEM to investigate the cellular appearance of RPE cells at 3dpi 

and determine whether RPE cells could be identified extending toward the injury site (Fig 

4.11).  These analyses revealed the presence of a regenerating RPE layer which extended 

into the injury site in a pattern remarkably consistent with that seen in Figure 10 (dotted 

yellow line, Fig 4.11A). A closer examination of the cells revealed similar morphology in 

regenerating cells to that seen in Figure 9: namely, a peripheral transitional zone 

consisting of moderately-to-lightly pigmented cells (Fig4.11B) and a lightly-to-

unpigmented central zone nearer to the injury site (Fig4.11A,C). In the transitional zone 

(Fig 4.11B), morphologically normal RPE cells form tight junctions (white arrows) with 

a lightly pigmented RPE cell (marked by black arrowheads) which contains a cell nucleus 

that could be one of the proliferative nuclei seen in the pulse-chase experiment (red 

arrow, compare to Fig 4.11A). Interestingly, this cell also appears to contain a large 

phagosome, likely consisting of cellular debris from ablated RPE cells (green arrow). At 

this dorsal region, BM thickness (white arrowhead) is normal.  While degenerated POS 

are present in the ONL, there is also evidence of POS regrowth. At the injury site, the 

identifiable RPE cell (marked by black arrowheads) does contain a somewhat 

morphologically-normal nucleus (red arrow) and small number of melanosomes. 

Otherwise, normal aspects of RPE cell morphology are absent (Fig 4.11C): the BM is so 

thin that at his magnification it is nearly undetectable (white arrowheads), and the RPE 

cells are compressed between the choroid and what appear to be large aggregations of 

debris that may be internalized within macrophages (green arrows). This cell appears to 

terminate at the black arrow, though we cannot rule out the possibility that it continues 

either in a different section plane or with less-identifiable morphology.  
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Figure 4.11 
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Figure 4.11: TEM analysis of regenerating RPE cells (A) Example section from ablated 
BrdU/EdU pulse-chase larva and overlaid TEM images of the dorsal eye. 
The regenerating RPE layer is highlighted with a black dotted line. Images 
in (B) and (C) are magnified views of the panels labeled “A” and “B” in 
white. (B) Dorsal transition zone. Note pigmented RPE cell on the left side 
of the image bordering an unpigmented epithelioid cell. (C) Injury site. The 
furthest discernible tip of the regrowing RPE layer terminates at the third 
black arrow. Black arrows=apical RPE surface, green arrows=possible 
GFP+debris, red arrows=putative regenerating RPE cell nuclei, white 
arrowheads=BM. Scale bar = 2µm. 
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4.3: DISCUSSION 

Despite intense interest in the development of therapies to treat neurodegenerative 

diseases involving the RPE, very little is known about the process by which RPE cells 

successfully integrate into damaged tissue in any animal model, and virtually nothing is 

known about RPE regeneration in zebrafish. In this Chapter, we characterized a novel 

zebrafish model for AMD in which genetic ablation of mature RPE cells leads to 

degeneration of underlying photoreceptors. We used this model to show, for the first 

time, that zebrafish are capable of regenerating the RPE after widespread injury. Finally, 

we provided evidence suggesting that unablated RPE cells in the periphery respond to 

ablation by rapidly proliferating and regenerating a functional RPE monolayer in a 

periphery-central manner. 

 

 

Figure 4.12: Model of RPE regeneration in zebrafish. (A) NfsB-GFP is specifically 
expressed in mature RPE cells in the central two-thirds of the eye. (B) 
Ablation leads to apoptosis and degeneration of RPE which is rapidly 
followed by degeneration of phtoreceptors. (C) A robust proliferative 
response, which likely arises from unablated RPE cells, occurs and begins to 
regenerate the injury from the periphery inwards. (D) Successful 
regeneration of a functional layer is complete by 2wpi.  
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4.3.1: RPE ablation and photoreceptor degeneration 

In our model, nitroreductase-mediated ablation of the RPE in PTU-treated larvae 

is rapidly followed by severe degeneration of underlying photoreceptors (Fig 4.3-4.4) and 

loss of vision (Fig 4.5). While the specific causes of AMD in human patients remain 

unclear, RPE and photoreceptor cell degeneration occurs in large part due to apoptosis 

(Adler et al., 1999; Dunaief et al., 2002; Portera-Cailliau et al., 1994), though other 

mechanisms of cell death have been found to be involved with AMD-related 

degeneration, such as necroptosis (Hanus et al., 2015) and pyroptosis (Tseng et al., 2013; 

Wang et al., 2016). The nitroreductase system converts MTZ into a potent DNA 

crosslinking agent that triggers apoptosis in targeted cells (Bridgewater et al., 1995; Knox 

et al., 1988), mimicking the starting point of AMD degeneration. We confirmed that 

application of MTZ rapidly leads to the degeneration of all GFP+ RPE cells via apoptosis 

and found that RPE degeneration was quickly followed by apoptosis and degeneration in 

the photoreceptor layer (Figs 4.1-2). As photoreceptor degeneration continued, we 

regularly observed what appear to be delaminated and pyknotic nuclei in the ONL that 

are not TUNEL+ (e.g. Fig 4.2H). These cells may simply be in advanced stages of 

apoptotic degeneration such that they are no longer detectible by TUNEL. Alternatively, 

these cells could be degenerating via an alternate pathway, similar to degeneration seen in 

AMD patients. Further characterization of the cell death pathways activated in 

photoreceptors following ablation might yield valuable clues into the interaction between 

degenerating RPE and photoreceptors in AMD pathogenesis.  

To our knowledge, this is the first model that involves the specific genetic 

ablation of a large contiguous area of RPE. The only other study using genetic ablation of 

RPE as an injury model expressed diphtheria toxin in a subpopulation of mouse RPE and 

led to the variable and patchy ablation of 60-80% of total RPE cells and found that 
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unaffected RPE cells expanded to encompass the area vacated by ablated cells to preserve 

the RPE monolayer and choriodcapillaris, but were ultimately unable to restore proper 

photoreceptor health and retinal function (Longbottom et al., 2009). This process did not 

involve RPE cell proliferation and the authors hypothesized that this was because BM 

integrity was not compromised by ablation, and this suppressed RPE cell proliferation. 

Our ablation model creates a more severe lesion, which may explain why we observe 

such a different response. Indeed, our ablation leads to a significant decrease in BM 

thickness and integrity (Figure 4.4). That specific RPE ablation leads to BM breakdown 

and compromise may provide insight into the mechanisms underlying the initiation of 

CNV at the onset of exudative AMD. During CNV, choroidal endothelial cells penetrate 

through the BM and grow into the subretinal space, and the question of whether this 

process is initiated by the degeneration of the choriocapillaris or of RPE remains 

controversial (Bhutto and Lutty, 2012; Biesemeier et al., 2014; Korte et al., 1984). Our 

results suggest that the RPE is required for BM maintenance. A logical next step would 

be to determine if the choroidal vasculature invades the subretinal space following 

degeneration, as this would provide evidence that RPE degeneration is causative of CNV.  

In summary, although our system does not recreate the underlying causes of 

AMD, it does model the end stages of AMD neurodegeneration and therefore represents a 

clinically-relevant starting point for studying RPE regeneration. 

 

4.3.2: RPE regeneration 

Our model posits that injury-adjacent RPE cells respond to RPE ablation by 

proliferating and generating RPE progenitor cells which progressively move into the 

injury site to reform the RPE (Fig 4.12C). We hypothesize that unablated RPE cells 
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proliferate in response to ablation in the following mechanism: (1) unablated RPE cells in 

the periphery expand into the subretinal space created after RPE degeneration. (2) 

Interaction with degenerating BM reduces contact inhibition and initiates proliferation. 

RPE cell expansion into territory vacated by ablated neighboring RPE is commonly 

observed (Al-Hussaini et al., 2009; Grierson et al., 1994; Longbottom et al., 2009). Here, 

we provide evidence indicating that RPE cells immediately proximal to the injury site 

spread into the space created by ablated tissue (Fig 4.11A), and that BM is degraded 

within the injury site (Fig 4.4). Loss of BM contact induces RPE proliferation in many 

models which ultimately leads either to pathology (PVR) or an incomplete attempt at 

regeneration and formation of structurally abnormal RPE (Anderson et al., 1981; 

Grierson et al., 1994; Hergott et al., 1993; Hiscott et al., 1999; Stern and Temple, 2015; 

Wang et al., 2003). This mechanism might also explain why we identified a significant 

increase in cell proliferation between 0-1dpf and proliferative cells incorporating BrdU at 

that time point end up in the regenerating RPE (Fig 4.9):  

RPE regeneration appears to proceed in a peripheral-inward manner, with new 

RPE cells first appearing in the periphery and expanding further into the eye over time 

(Fig 4.6). As this proceeds, regenerating RPE cells form a complex structure comprised 

of mature RPE in the periphery and immature (ZPR2-positive, GFP-negative) RPE cells 

at the leading tip (Fig 4.6D,G). These cells are also likely proliferative: they display 

similar rounded morphology to the BrdU+ cells in the RPE layer during peak 

proliferation, and RPE layer proliferation peaks around the same time that these 

structures enter the injury site to repopulate the RPE (Figs 4.6-7, 4.9). We found that 

these regenerative structures were generally divided into three zones (Fig 4.9Q-T): (1) 

nonproliferative and morphologically normal GFP+ RPE cells in the periphery, (2) 

pigmented GFP+/BrdU+ cells (Fig 4.9Q, inset) proximal to the injury site, and (3) 
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proliferative ZPR2+/GFP-negative cells within the injury site, which are at various early 

stages of RPE differentiation (Fig 4.6T, yellow arrow). Cells in the second and third 

transition zones often appeared to be in close proximity to bright GFP+ puncta (Figs 

4.6,9), which likely consist of cellular debris generated by ablated GFP+ RPE cells. RPE 

cells are highly phagocytic (Kevany and Palczewski, 2010; Mazzoni et al., 2014; Strauss, 

2005) and it is possible that they internalize cellular debris from within the injury site as 

they progress inward. Further work is needed to determine whether or not the 

phagocytosis of cellular debris by regenerating RPE cells occurs, and whether it informs 

the regenerative response, perhaps by maintaining a proliferative state or directing the 

differentiation of regenerating RPE cells. 

Following ablation, we saw a significant reduction of visual system performance 

as determined by analysis of the OKR, but were surprised to find recovery of the OKR by 

3dpi (Fig 4.5). During our pulse-chase analysis of early proliferating cells following 

injury, we observed the integration of BrdU+ cells into the photoreceptor layer by 3dpi 

(Fig 4.10A,B). This suggests that this recovery of OKR may be the result of the 

integration of photoreceptors from the CMZ. Further experiments will be necessary to 

determine whether this is the case, or whether this early OKR recovery could be driven 

by the early regeneration of RPE and photoreceptors in the periphery during the earliest 

time points of RPE regeneration.  

It is important to point out that we have preliminary evidence indicating that RPE 

ablation elicits a strong immune response involving the invasion of leukocytes into the 

injury site. We observed highly motile cells containing RPE debris exiting the eye during 

stages of peak regeneration, and have observed phagocytic cells which may be 

macrophages in our TEM analysis of ablated larvae (data not shown). If present in the 

injury site, these macrophages would also likely be BrdU+ and display phagocytic 
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behavior. Therefore, further work is required to distinguish between phagocytic immune 

cells and regenerating RPE.  

We observed a clear correlation between RPE and photoreceptor regeneration 

(Fig 4.6). This was not surprising, since photoreceptors and RPE cells depend upon each 

other for their terminal differentiation during development (Pearson et al., 2005; Strauss, 

2005). Interestingly, photoreceptors regenerate after ablation at very similar times as the 

RPE: peak MG proliferation occurs by 4dpi, and regeneration is considered complete by 

14dpi (Bernardos et al., 2007; Qin et al., 2009). This may indicate that RPE cells are 

capable of regenerating faster than photoreceptors are regenerated. Further supporting 

that conclusion, we found that RPE regeneration appeared to be accelerated in larvae that 

were not treated with PTU and therefore had reduced ONL degeneration (data not 

shown). Taken together, these data indicate that RPE regeneration depends upon 

interaction with healthy photoreceptors.  

While a functional RPE monolayer capable of phagocytosing POS is restored by 

14dpi, it displays clear differences from unablated controls (Figure 4.8). Most obvious is 

an increased density of pigmented melanosomes, which correlates with observations 

earlier in regeneration (Figure 4.9). This likely occurs because regenerating RPE cells 

were not inhibited by PTU as they differentiated and therefore were able to pigment to a 

greater degree than unablated controls, which were exposed to PTU during highly 

melanogenic developmental time points. We were unable to easily identify tight junctions 

in our TEM analysis, which could indicate that they have yet fully formed by 14dpi, or be 

obscured by the densely-packed melanosomes. Regenerated RPE cells also appeared to 

be slightly hypertrophic and had variable cell body thickness. In contrast, regenerated 

RPE cells in mammalian models were often hypopigmented and/or formed multilaminar 

structures (Heriot and Machemer, 1992; Lopez et al., 1995; Priore et al., 1995; Roider et 
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al., 1992). Hypertrophic RPE is commonly associated with AMD (Bressler 1994), and 

has been postulated to be the result of limited RPE cell proliferation during failed 

attempts at endogenous repair of RPE atrophy (Stern et al., 2015; Stern and Temple, 

2015). Therefore, RPE hypertrophy at 14dpi may indicate that these cells were recently 

proliferative. Finally, our TEM analysis of the regenerated RPE also indicates that 

zebrafish RPE cells are capable of repairing the BM (Fig 4.8). In human, the BM 

undergoes a series of changes during aging that are thought to underlie AMD 

pathogenesis and inhibit RPE cell function, and this forms a major barrier in the success 

of RPE transplant therapies (Binder et al., 2007; Booij et al., 2010). Learning more about 

the mechanisms underlying BM repair in zebrafish may provide critical insights into 

improving transplant survival and reintegration.  

While we present strong evidence that regenerated RPE cells derive from 

unablated peripheral RPE cells, we cannot definitively establish the source of regenerated 

RPE cells without performing lineage tracing experiments. Therefore, other cell 

populations could be responsible for regenerating new RPE. Indeed, Müller Glia cells, 

which are responsible for regenerating lost photoreceptors (Fausett and Goldman, 2006; 

Goldman, 2014), are actively generating MGPCs which, as noted above, are regenerating 

photoreceptors at identical time points and in regions directly adjacent to the ablated RPE 

layer (Fig 4.9). While unlikely, it is formally possible that MGPCs could 

transdifferentiate into RPE cells while they are in the ONL and encounter the ablated 

RPE layer. Another additional possible source of regenerated RPE cells is the CMZ. The 

CMZ is a specialized niche of multipotent retinal adult stem cells located in the retinal 

periphery which generates new retinal neurons throughout the life of the zebrafish 

(Raymond et al., 2006). The CMZ has also been shown to contribute to retinal 

regeneration following neuronal injury (Fischer et al., 2014; Raymond et al., 2006; 
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Stenkamp et al., 2001), and it was recently determined that rx2+ stem cells in the CMZ 

generate RPE cells as well as retinal neurons (Reinhardt et al., 2015). While the reported 

rate at which CMZ stem cells generate new RPE cells during normal development 

appears to be too slow to account for the speed with which RPE tissue regenerates, we 

cannot exclude the possibility that rx2+ stem cells in the CMZ respond to RPE ablation 

by increasing the rate at which they generate new RPE cells, much as Müller glia do in 

response to retinal injury. Interestingly, we observed what appeared to be reduced 

proliferation in the CMZ following RPE ablation (data not shown), which could either 

suggest that some sort of injury signal suppresses RPE proliferation, or that CMZ 

responds to RPE ablation by increasing the rate at which it generates RPE cells at the 

expense of retinal cells. We also find that regenerated RPE cells always first appear in the 

periphery, quite close to the CMZ (Fig 4.6). To clarify the source of regenerated RPE, 

and to determine the genetic mechanisms underlying RPE regeneration, it is necessary to 

develop genetic tools enabling lineage tracing experiments of uninjured RPE. Once these 

tools are in place and we have identified the source of regenerated RPE, we will be able 

to isolate cells as they regenerate to determine the genetic and molecular mechanisms 

driving the remarkable regenerative behavior of zebrafish RPE cells.  

In summary, we have generated a novel zebrafish model of AMD wherein the 

specific ablation of mature RPE cells leads to photoreceptor degeneration, have 

demonstrated that zebrafish RPE can regenerate, and that RPE regeneration involves a 

robust proliferative response. Finally, we have provided evidence suggesting that 

uninjured RPE cells are responsible for regeneration. These data establish a novel 

zebrafish model of endogenous RPE regeneration that will aid the development of stem 

cell therapies by enabling the study of the process by which RPE cells integrate with 

damaged retinal tissue. 
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Chapter 5: Future Directions 

5.1: SUMMARY OF WORK 

This dissertation focuses on the development and regeneration of the RPE, which 

performs critical roles in the development and function of the eye. Rho GTPases are 

small G-proteins that regulate many cell processes critical for eye development, including 

cell cycle, cytoskeletal dynamics, polarity and membrane trafficking. In Chapter 2, I 

generated and validated 10 novel transgenic lines that enable the GAL4-specific 

modulation of Cdc42, RhoA and Rac1. These lines will useful both to the wider zebrafish 

community and for the study of optic cup morphogenesis and RPE development/function. 

In Chapter 3, I characterized two novel zebrafish alleles for oculocutaneous albinism and 

established a role for N ethyl maleimide-sensitive factor B (nsfb) in regulating the 

maturation of melanosomes in the RPE. In Age-related Macular Degeneration (AMD), 

RPE atrophy leads to the death of underlying photoreceptors. No FDA-approved therapy 

exists which can replace lost RPE. In Chapter 4, I characterized a novel model of AMD 

in zebrafish whereby specific ablation of the RPE mimics AMD pathology, and show, for 

the first time, that zebrafish are capable of regenerating the RPE. Further, I provide 

evidence suggesting that injury-adjacent RPE cells respond to injury by proliferating to 

generate RPE progenitor cells that form a new RPE layer. These results lay the 

groundwork for deeper study into (1) the genetic mechanisms underlying RPE 

regeneration, (2) the interactions between regenerating RPE and its environment, and (3) 

the role the immune response plays in modulating RPE regeneration. Understanding more 

about these processes will aid the development of AMD therapies.  
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5.2: DETERMINING THE GENETIC UNDERPINNINGS OF RETINAL PIGMENT EPITHELIUM 
REGENERATION  

 In Chapter 4, I presented evidence suggesting that unablated peripheral RPE cells 

respond to ablation by proliferating and regenerating the RPE. Though these data 

strongly suggest that RPE-derived cells regenerate the RPE, there are alternative cell 

populations that could theoretically regenerate the RPE. As discussed in Chapter 4.3.2, 

two of the likeliest alternative sources of regenerated RPE are rx2-positive cells in the 

CMZ (Reinhardt et al., 2015) and Müller Glia-derived progenitor cells (MGPCs) (Fausett 

and Goldman, 2006). To determine which population of cells is the source of regenerated 

RPE, it is necessary perform cre-based lineage tracing experiments.  

To achieve this, I have developed a number of transgenic lines and will employ 

the following lineage tracing strategy: first, a CreER driver line will be crossed with the 

ubb:floxGFP-dsRed transgenic (Mosimann et al., 2011). rpe65a:Crimson-t2a-NfsB will 

be injected into double-transgenic embryos to create patches of MTZ-sensitive Crimson+ 

RPE clones. After indelibly labeling the mature RPE by stimulating Cre activity with 

tamoxifen, I will ablate Crimson+ patches of RPE cells by adding metronidazole. After 

recovery, I will then determine whether dsRed-positive cells enter the injury site and fill 

in the damage (Figure 5.1A). To indelibly label unablated RPE, I have generated and am 

currently validating rpe65a:GAL4;4xnr:CreER transgenic zebrafish. I have also 

generated and am attempting to validate rx2:GAL4;4xnr:CreER transgenics to label CMZ 

cells. Finally, we have obtained the Müller glia-specific gfap:CreER line (Briona et al., 

2015) and will use it to determine whether MGPCs transdifferentiate into RPE cells to 

regenerate the damage.  
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Figure 5.1 
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Figure 5.1: Lineage tracing strategy. All cartoons represent an en face view of the RPE. 
(A) RPE65a: rpe65a:Crimson-2a-NTR will be injected into 
rpe65a:CreER;ubb:floxGFP-mCherry embryos to create mosaic patches of 
Crimson-NTR cells in the RPE (purple). Addition of Tamoxifen from 4-
5dpf will activate mCherry expression in RPE cells (red/green). Addition of 
Metronidazole (MTZ) at 5dpf will ablate Crimson-NTR+ RPE cells. (B) 
Several possible outcomes are possible from this experiment: Option A, 
RPE cells adjacent to the injury site respond by proliferating (blue), and 
their daughter cells (red) fill in the injury site. Option B, a subset of RPE 
cells away from the injury site respond by proliferating (blue). Daughter cell 
integration into the RPE then enables uninjured RPE cells adjacent to the 
injury site to fill in lost RPE. Option C, adjacent RPE cells respond to 
damage by expanding to cover the lesion site (i.e. no proliferative response). 
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With these tools in hand and the source of RPE cells determined, we would be 

able to perform live confocal imaging series to finely determine the kinetics of RPE 

regeneration. After this, we could interrogate the genetic mechanisms underlying RPE 

regeneration by isolating indelibly labeled cells during regeneration and subjecting them 

to transcriptomic analysis. Regardless of the cell type responsible for regenerating RPE, 

gaining insight into the following stages of RPE regeneration would provide maximum 

benefit for supplementing the study of AMD therapies and regenerative therapy: (1) the 

period immediately following ablation when RPE ablation-responsive cells are 

responding to signals to dedifferentiate (0-1dpi), (2) the period of peak proliferation and 

motility (3-4dpi), and (3) as newly-generated RPE cells functionally mature and interact 

with the photoreceptor layer (7-8dpi). After these datasets are generated and candidate 

pathways are elucidated, we would be able to complement traditional candidate 

validation techniques by modifying our Cre-based transgenics to enable tamoxifen-

inducible overexpression of each individual candidate gene within the RPE cell source.  

In the event that the above transgenic strategy fails, we could perform 

transcriptomic analysis by resorting to the dissection of RPE cells from the retina and 

choroid (Leung et al., 2007; Zhang and Leung, 2010). In Chapter 4, I showed that 

regenerated RPE cells are more highly pigmented than unablated RPE, likely because 

they were not PTU-inhibited during melanogenesis (Fig 4.9). We may be able to exploit 

this finding by coupling RPE dissection with FACS to isolate regenerating RPE cells at 

all three stages in the following manner: (1) for the injury response: isolating the RPE 

layer and excluding dying (ablated) cells, (2) for proliferation and motility: isolating the 

RPE and selecting for highly pigmented, weakly GFP+ (maturing RPE) and lightly 

pigmented, GFP-negative (functionally maturing RPE) cells, and finally (3) for 

reintegration: isolating the RPE and selecting all highly pigmented GFP+ cells.  
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5.3: ELUCIDATING THE INTERACTION BETWEEN THE RETINAL PIGMENT EPITHELIUM 
AND SURROUNDING TISSUE  DURING ABLATION AND REGENERATION 

We were surprised to find that RPE ablation does not lead to photoreceptor 

degeneration in larvae that had not been treated with PTU (data not shown). PTU is a 

chemical compound that inhibits tyrosinase activity by binding to its copper-containing 

active site (Klabunde et al., 1998) and is widely used in the zebrafish community to 

suppress pigmentation during development (e.g. Das et al., 2003; Higashijima et al., 

2000; Stenkamp et al., 1998; Westerfield, 2007). However, PTU has nonspecific effects 

which disrupt gene expression (Tingaud-Sequeira et al., 2006) and thyroid function 

(Elsalini and Rohr, 2003). Fish treated with PTU over a similar time frame as our study 

(1-5dpf) were found to have smaller eyes, likely caused by PTU-mediated inhibition of 

thyroid hormone synthesis, though retinal cell number and differentiation were 

unaffected (Li et al., 2012). Alternatively, inhibition of tyrosinase activity by PTU might 

contribute to photoreceptor degeneration. PTU-mediated inhibition of tyrosinase activity 

disrupts photoreceptor light adaptation, likely by inhibiting L-DOPA secretion from the 

RPE (Page-McCaw et al., 2004). A third possibility is that RPE pigmentation is somehow 

protective to photoreceptors. Learning more about the mechanism by which the 

photoreceptors are sensitized to RPE ablation in PTU+ larvae—and protected from RPE 

ablation in PTU- larvae—could yield insights into the process by which RPE 

degeneration leads to photoreceptor degeneration in AMD and help the development of 

neuroprotective therapies.  

To begin to determine the cause of ONL degeneration, a straightforward first 

experiment would be to cross our RPE ablation transgenic into zebrafish lacking 

tyrosinase (sdy) (Kelsh et al., 1996) and determining whether photoreceptor degeneration 

occurs following ablation of PTU- mutant larvae. ONL degeneration would suggest that 



 113 

inhibition of tyrosinase activity could be causative of photoreceptor degeneration, and the 

opposite result would indicate either that off-target effects of PTU or a lack of RPE 

pigmentation sensitizes photoreceptors to RPE ablation. Since tyrosinase is important for 

proper RPE differentiation and the ablation transgenic makes use of a promoter fragment 

expressed in mature RPE, transgene expression may be compromised in sdy mutants. If 

that occurs, we could use CRISPRs targeted to tyrosinase (Jao et al., 2013) to create 

patches of tyr-/- RPE and determine whether photoreceptors proximal to those patches are 

sensitized to RPE ablation. In concert with these analyses, we could also take a nonbiased 

approach and perform a pharmaceutical screen for compounds that either rescue ONL 

degeneration in PTU+ larvae or lead to ONL degeneration in PTU- larvae.   

In Chapter 4, I presented evidence suggesting that photoreceptor and RPE 

regeneration are coordinated (Figure 4.6), and that RPE regeneration may occur more 

rapidly when the ONL is intact (IE, in PTU- larvae). This leads to several fascinating 

questions centered on the relationship between photoreceptor and RPE co-regeneration. 

Firstly, what would happen to RPE cells if photoreceptor regeneration were to be 

inhibited? The most direct avenue to address this question would be to cross the RPE 

ablation transgenic into gfap:NfsB transgenics (Johnson et al., 2016; Shimizu et al., 2015; 

Smith et al., 2016) to simultaneously ablate both the RPE and Müller glia and thereby 

remove the source of regenerate photoreceptors. However, similar to RPE, Müller glia 

play critical roles in supporting retinal neurons (Goldman, 2014), and retinal health may 

degrade significantly following the ablation of two important cell populations that 

normally providing gliotic functions. To avoid this, we could specifically inhibit injury-

responsive proliferation of Müller Glia. Electroporation of morpholinos targeting stat3 

have been shown to prevent injury-specific proliferation of Müller Glia (Nelson et al., 

2012). Therefore, our first option would be electroporating stat3 morpholinos into the 
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larval retina prior to RPE ablation (Teh et al., 2003). Failing that, we could use 

pharmaceutical inhibitors that have been found to inhibit Müller glia proliferation, such 

as Jak (Zhao et al., 2014) or the phagocytic inhibitor L-SOP (Bailey et al., 2010). 

However, these chemicals are nonspecific and therefore could also inhibit RPE 

regeneration. Finally, a more time-consuming but specific approach would be to 

assemble a transgenic enabling the expression of dominant negative stat3 specifically in 

Müller glia prior to injury. This could be done by obtaining the ubb:floxed-stat3DN-GFP 

transgenic (Fang et al., 2013) and crossing it into the gfap:CreER driver and our RPE 

ablation line. The resulting triple-transgenic would enable tamoxifen-inducible 

downregulation of stat3 signaling specifically in the Müller glia concurrently with 

ablation. Once an effective strategy for inhibiting photoreceptor regeneration is in place, 

we would be able to determine whether the RPE is capable of regenerating in the absence 

of healthy or regenerating photoreceptors, or if it ultimately degrades. Answering these 

questions will provide further insights into the process by which the RPE interacts with 

the damaged retina.   

A related question is: would inducing photoreceptor ablation simultaneously with 

RPE ablation lead to more rapid regeneration, or change the morphology of regenerated 

RPE and photoreceptor cells, following a more robust regenerative response from Müller 

glia? Even in severely ablated fish, we do not see universal degeneration of all 

photoreceptor cells, and a variable proliferative response from Müller glia. The 

transgenic tools enabling photoreceptor ablation are readily available (Fraser et al., 2013; 

Montgomery et al., 2010b; Yoshimatsu et al., 2016) and their assembly would be 

straightforward. Following ablation of RPE and photoreceptors, we would be able to 

analyze the process of RPE regeneration to more finely interrogate the relationship 

between regenerating RPE and photoreceptors.  
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Finally, in Chapter 4 I determined that BM degeneration occurs following RPE 

ablation, and that this suggests that RPE degeneration may be causative of CNV. To 

determine whether CNV occurs after RPE ablation, we have obtained flk:mCherry 

transgenics, which express mCherry in endothelial cells and are seeking to determine 

whether vasculature invades into the injury site. As a followup to this experiment, it 

would be interesting to determine whether less severe perturbations of RPE cell function 

could have lead to BM degeneration and/or CNV. For example, the RPE secretes anti-

angiogenic factors such as PEDF (Strauss, 2005), and loss of PEDF signaling has been 

shown to induce neovascularization (Dawson et al., 1999). Modifying our RPE-specific 

transgenic such that it leads to sub-acute disruption of RPE function—for example, by 

inducing the expression of pro-angiogenic factors such as VEGF (Ford et al., 2011) or 

reducing expression of PEDF—could serve as an excellent tool to interrogate that 

question. 

5.4: DETERMINING THE ROLE OF THE IMMUNE RESPONSE DURING RETINAL PIGMENT 
EPITHELIUM REGENERATION 

The immune system plays a critical role in influencing the regenerative response 

to injury (Kyritsis et al., 2014). In mammals, neuroinflammation following CNS injury is 

largely detrimental to successful regeneration. For example, mammalian Müller glia 

respond to inflammation by entering into reactive gliosis during which Müller glia 

proliferate to form a gliotic scar and secrete factors which accelerate the death of 

surrounding neurons (Bringmann et al., 2006; Thomas et al., 2015). Conversely, 

zebrafish Müller glia respond to similar inflammatory cues by dedifferentiating and 

successfully regenerating the retina (Nelson et al., 2013). Since AMD is thought to arise 

as a result of chronic inflammation, it is important to determine how regenerating RPE 

cells interact with the immune system and what effects immune cells have on 
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regenerating RPE. The adaptive immune system is not operational during the early stages 

of larval development studied here (5-19dpf), but the innate immune system, including 

phagocytic leukocytes, is active (Herbomel et al., 2001, 1999; Lam et al., 2004; Traver et 

al., 2003; Trede et al., 2004). The specific role played by leukocytes during CNS 

regeneration in zebrafish is not well understood. For example, during regeneration of skin 

melanocytes and fin, macrophages and neutrophils play integral roles in directing the 

regenerative response (Ellett et al., 2011; Iyengar et al., 2015; Li et al., 2012; Petrie et al., 

2014), and macrophage entry into the retina has been observed following puncture 

injuries (White et al., 2017). Chronic inflammation and activation of both the innate and 

adaptive immune system is believed to directly cause RPE degeneration in AMD (Ambati 

et al., 2014; Gnanaguru et al., 2016; Lim et al., 2012b; Parmeggiani et al., 2012). For 

these reasons, determining (1) the location and movements of immune cells during 

regeneration, and (2) their requirement for successful RPE regeneration would 

undoubtedly provide critical information for the development of clinical treatments to 

mitigate inflammation in AMD patients. 

Transgenics enabling the live imaging of macrophages and neutrophils are easily 

accessible and will allow the real-time in vivo analysis of macrophages (mpeg1) (Ellett et 

al., 2011) and neutrophils (mpx) (Renshaw and Loynes, 2006) as they react to RPE 

ablation and interact with the injury site. These analyses will serve to distinguish between 

leukocytes and regenerating RPE cells, establish when or if leukocytes ever directly 

contact regenerating RPE cells, and determine whether the GFP+ puncta near the leading 

tip of regenerating RPE cells (Fig 4.6,9) is phagocytosed by leukocytes. Complementary 

to these analyses, we could determine whether leukocytes inhibit or facilitate RPE 

regeneration. To specifically address the role of macrophages during RPE regeneration, 

we could obtain macrophage:NfsB transgenics (Ellett et al., 2011) and ablate 
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macrophages and RPE simultaneously. Additionally, we could treat ablated and 

regenerating larvae with the glucocorticoid agonist dexamethasone, which inhibits 

leukocyte invasion into lesions (Tsurufuji et al., 1984) and ablates T cells (Langenau et 

al., 2004). Together, these analyses would provide novel insight into the how the 

zebrafish innate immune system could provide a permissive environment for RPE 

regeneration, and may provide insights which could supplement the development of 

immunomodulatory therapies during treatment of AMD or implantation of stem cell-

derived RPE.  
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Appendix: Materials and Methods 

FISH MAINTENANCE AND HUSBANDRY:  

 
Zebrafish were maintained at 28.5°C on a 14-hour light/10 hour dark cycle. Embryos 

were obtained from the natural spawning of transgenic or wild-type parents in pairwise 

crosses. According to established protocols (Westerfield, 1995), embryos were collected 

and raised at 28.5°C in the dark until they reached appropriate ages for experimentation. 

hsp70l:gal4kca4 (Scheer et al., 2001) transgenic embryos were obtained from the Zebrafish 

International Resource Center (ZIRC) and were propagated by outcrosses to AB-strain 

wild type fish. pou4f3:gal4s311t transgenic (Xiao and Baier, 2007a) embryos were 

provided by Dr. Chris Chang and propagated by outcrosses to AB-strain fish. ptf1a:gal4 

transgenic embryos were provided by Dr. Michael Parsons (Johns Hopkins University) 

and propagated by outcrosses to AB-strain wild-type fish (Parsons et al., 2009). All 

animals were treated in accordance with provisions established by the University of 

Texas at Austin and University of Pittsburgh School of Medicine Institutional Animal 

Care and Use Committees conform to the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research.  

The following transgenic lines were generated in this Dissertation: au66 

(uas:mCherry-f2a-myc-Cdc42WT), au67 (uas:mCherry-f2a-myc-Cdc42T17N), au68 

(uas:mCherry-f2a-myc-Cdc42CA), au69 (uas:mCherry-f2a-myc-Cdc42F37A), au70 

(uas:mcherry-f2a-Rac1WT), au71 (uas:mcherry-f2a-Rac1DN), au72 (uas:mcherry-f2a-

Rac1CA), au73 (uas:mCherry-f2a-myc-RhoAWT), au74 (uas:mCherry-f2a-myc-RhoADN), 
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and au75 (uas:mCherry-f2a-myc-RhoACA), (Hanovice et al., 2016) and these will be 

deposited at ZIRC for distribution.  

 

Table A.1: List of primers used for assembly of constructs enabling modulation of Rho 
GTPase activity. 

ASSEMBLY OF CONSTRUCTS: 
 

Constructs encoding human and Xenopus Cdc42, Rac1, and RhoA were provided 

by Dr. John Wallingford (Kieserman and Wallingford, 2009; Nobes and Hall, 1995; 

Sokol et al., 2001). 

Cdc42: To create pME-mcherry-f2a-cdc42wt (pME-mCWT), a pUCIDT-attL1-mcherry-

f2a-myc-cdc42wt-attL2 (pUCIDT-mCWT) oligo was purchased from IDT Gene Synthesis 

and used to create a pME-mCherry-f2a-Cdc42WT via Gateway cloning (Invitrogen). To 

build pME-mCherry-f2a-myc-Cdc42CA (pME-mCCA), pME-mCherry-f2a-myc-
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Cdc42DN(T17N) (pME-mCDN), and pME-mCherry-f2a-myc-Cdc42DN(F37A) (pME-

mCF37A), each Cdc42 isoform was PCR amplified from pCS2+cdc42XX plasmids using 

primers 3 and 4 (Table 1) to create Cdc42xx-attL2 PCR fragments. attL1-mCherry-f2a 

was PCR amplified from pUCIDT-attL1-mCherry-f2a-Cdc42WT-attL2 using primers 4 

and 5 (Table 1)  These PCR fragments were then cloned into pME via Gibson Assembly 

(New England BioLabs). 

LR Clonase II Plus was used to carry out all Multisite Gateway assembly 

reactions using protocols established previously (Kwan et al., 2007). Tg(uas:mCherry-

f2a-myc-Cdc42XX) was created using Tol2Kit vectors #302 (p3E-pA), #327 (p5E-UAS), 

#395 (pDestTol2CG) and pME-mCXX. 

RhoA: To build pME-mCherry-f2a-myc-RhoAWT (pME-mRhWT), pME-mCherry-f2a-

myc-RhoACA (pME-mRhCA), and pME-mCherry-f2a-myc-RhoADN (pME-mRhDN), 

each RhoA isoform was PCR amplified from pCS2+RhoAXX plasmids using primers 5 

and 6 (Table 1) to create RhoAxx-attL2 PCR fragments. attL1-mcherry-f2a was PCR 

amplified from pUCIDT-mCWT using primers 4 and 5 (Table 1)  These PCR fragments 

were then cloned into pME via Gibson Assembly (New England BioLabs). 

Tg(uas:mcherry-f2a-myc-RhoA2XX) was created using Tol2Kit vectors #302 

(p3E-pA), #327 (p5E-UAS), #395 (pDestTol2CG) and pME-mRhXX. 

 

Rac1: To create pME-gfp-f2a-Rac1WT (pME-gRWT) and pME-gfp-f2a-Rac1DN (pME-

gRDN), Rac1WT and Rac1DN were PCR amplified using Vent polymerase (New 

England Biolabs) using primers 7 and 8 (Table 1). gfp-f2a was amplified from 
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T2Kactb2:gfp-f2a-creERT2 (Wang et al., 2011), a gift from Dr. Michael Parsons,  using 

primers 9 and 10 (Table 1) and cloned into a 3’ entry vector via InFusion recombination 

technology (Clontech). Finally, attB1-egfp-2a-Rac1WT-attB2 and attB1-egfp-2a-Rac1DN-

attB2 were amplified via Phusion polymerase using primers 11 and 14 (Table 1) and 

recombined with pDONR221 to create middle entry vectors pME-gRWT and pME-

gRDN. To create pME-gfp-f2a-Rac1CA (pME-gRCA), Rac1CA-attB2 was PCR amplified 

with Phusion polymerase using primers 11 and 12 (Table 1) and ligated to attB1-gfp-f2a 

(primers 13 and 14 (Table 1)) via overlap PCR to form attB1-gfp-f2a-Rac1XX-attB2 PCR 

fragments. These fragments were then cloned into middle entry vectors by BP reaction to 

create pME-gRCA. Tg(uas:mcherry-f2a- Rac1XX) constructs were created using Tol2Kit 

vectors #302 (p3E-pA), #327 (p5E-UAS), #395 (pDestTol2CG) and pME-gRXX. 

All plasmids were sequence confirmed via sequencing on Applied Biosystems 

3730 DNA Analyzers at the University of Texas at Austin Institute for Cellular and 

Molecular Biology DNA Sequencing Facility.  

TOL2 TRANSGENESIS:  

 
Capped Tol2 mRNA was synthesized from pCS2FA-transposase using the Ambion 

mMessage mMachine SP6 in vitro transcription kit. Between 50-75pg Tol2 mRNA and 

between 20-25pg cDNA were microinjected into single-cell embryos. Embryos 

displaying acceptable levels of mosaic cmlc2:egfp expression were raised to adulthood, 

and outcrossed to screen for founders. F1 embryos displaying ubiquitous cmlc2:egfp 

expression were isolated and reared to generate stable lines.  
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HEAT SHOCK INDUCTION OF GAL4:  

 
Embryos from hsp70l:gal4 outcrosses of transgenic founders were raised in system water 

supplemented with Phenylthiourea (PTU). Embryos were individually placed in ~120uL 

system water in PCR tubes and heat shocked for 30 minutes at 39.5°C in a PCR 

thermocycler. They were then immediately returned to 28.5°C fish medium for recovery 

and imaging on either a Leica MZ16F or a Zeiss Axio Zoom V16 fluorescent 

stereoscope.  

WESTERN BLOT ANALYSIS:  

 
Heat shocked and dechorionated embryos were collected at 3dpf. To deyolk embryos, a 

borosilicate injection needle was used to mechanically disrupt yolks. Embryos were next 

washed in deyolking buffer without calcium (Link et al., 2006), spun at 300rcf and 

washed in wash buffer (110mM NaCl, 3.5mM KCl, 2.7mM CaCl2, 10mM Tris/Cl) 

containing Complete Mini protease inhibitor mixture (Roche Diagnostics). Deyolked 

embryos were lysed with modified LeMeer’s Lysis Buffer (50mM Tris pH 7.5, 150mM 

NaCl, 1mM EDTA, 1% IGEPAL, 0.1% sodium deoxycholate) supplemented with 

Complete Mini protease inhibitor cocktail (Lemeer et al., 2007) before being centrifuged 

at low speed and sonicated by a Sonic Dismembranator Model 300 (Fisher Scientific). 

Using manufacturer’s protocol, protein samples were gel electrophoresed using 4-12% 

Bis-Tris gel and transferred onto PVDF membrane (Invitrogen NuPage system). Blots 
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were incubated 1:5000 anti-myc (abcam ab9106), followed by 1:5000 horse anti-mouse 

HRP secondary (Cell Signaling Technology 7076). Blots were imaged via the Super 

Signal West Femto visualization system (Life Sciences) on an ImageQuant LAS4000 

machine (GE Life Sciences). Following imaging of myc antibody labeling, blots were 

stripped for 15 minutes in Restore Western Blot Stripping Buffer (Thermo Scientific 

21059) and reprobed with 1:5000 anti-actin (calbiochem cp01). 

IMMUNOHISTOCHEMISTRY OF RETINAL SECTIONS:  

 
Embryos were fixed in 4% paraformaldehyde overnight at 4°C, sucrose-protected, and 

embedded in OCT tissue-freezing medium (TBS, Inc.) before being sectioned at 14μm on 

a Leica CM1850 crysotat. Sections were rehydrated in 1XPBS for 5 minutes, and blocked 

in 5% normal goat serum in PBS for 2 hours at room temperature. Antigen presentation 

before BrdU imaging, sections were treated with 4N HCl for 8 minutes at 37 degrees. 

Sections were stained with 1:500 TOPRO or 1:500 DAPI (Life Technologies) for 9 

minutes at room temperature, washed 3X with PBS, and mounted with Vectashield 

(Vector Laboratories). Images were obtained with a 63X objective on a Leica SP5 and/or 

a 40X objective on an Olympus FV1200 confocal microscope. Antibodies used in this 

study include BrdU ( Rac1 (Milipore, 05-389), ZPR2 (ZIRC), ZPR1 (ZIRC), phalloidin 

(Thermo Fisher), and myc (Abcam, ab9106). Phalloidin (Thermo Fisher, A22284) was 

used at a 1:33 dilution. TUNEL (Roche #12145792910, Mannheim, Germany) and Click-

It EdU staining (Thermo Fisher, C10618) were performed according to manufacturer’s 

instructions. 
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SNP MAPPING AND GENOTYPING:  

 
Heterozygous au18 carriers in an AB background were outcrossed with wild type TU fish 

to generate a polymorphic mapping line. 200 homozygous mutant embryos from four 

parental mapping pairs were collected, genomic DNA was isolated (DNeasy Blood & 

Tissue Kit; Qiagen, Valencia CA, USA) and 1μg was utilized in whole-genome 

sequencing at the University of Texas Genomic Sequencing and Analysis Facility. On an 

Illumina HiSeq 2000 machine (Illumina San Diego, CA, USA), 82 million paired-end 

100-bp sequences were generated for an average genome coverage of 10.9X. To identify 

putative mutations, sequencing reads were analyzed via the MegaMapper single 

nucleotide polymorphism (SNP)-mapping pipeline(Obholzer et al., 2012). cDNA 

sequencing was performed to confirm the putative nsfb mutation. To genotype nsfbc893t, we 

utilized dCAPS Finder 2.0(Neff et al., 2002) to analyze the genomic sequence of nsfb 

proximal to the SNP and generate the following primers: forward 5’-

agattttgaacaaatacgtgggaggat-3’ and reverse 5’-tgactgttgacagaggaacc-3’. These primers 

amplify a 260bp product with a MboI restriction site present in wild-type gDNA, but not 

in nsfbc893t. Amplicons from gDNA generated from individual embryos were digested with 

MboI and run on 3% agarose gel to distinguish wild-type (260bp) from nsfbc893t (234bp) 

bands.  
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IN SITU HYBRIDIZATION:  

 
In situ hybridizations were performed as described(Jowett and Lettice, 1994; Thisse and 

Thisse, 2008). For nsfb probe synthesis, a partial cDNA fragment of the coding sequence 

of nsfb was cloned by RT-PCR using primers, 5’-agagaccgccaaatgtcagg-3 and’ 5’-

ctaaaaagccacatgtttatcagggc-3’.  

 

PHYLOGENETIC ANALYSIS: 

 
Protein sequences of nsf were obtained from Ensembl release 80 

(http://www.ensembl.org)(Flicek et al., 2014), the Saccharomyces genome database (SGD 

project, http://www.yeastgenome.org)(Engel et al., 2014), the WormBase website 

(http://www.wormbase.org, release WS248)(Yook et al., 2012), and from FlyBase 

(http://flybase.org) (Marygold et al., 2013). These sequences are yeast nsf (SEC18, 

YBR080C), Drosophila Nsf1 (FBgn0000346) and Nsf2 (FBgn0266464), C. elegans NSF 

(WBGene00003818), Xenopus NSF (ENSXETG00000031364), Zebrafish nsfa 

(ENSDARG00000007654) and nsfb (ENSDARG00000038991), mouse nsf 

(ENSMUSG00000034187), chimpanzee nsf (ENSPTRG00000009320), and human NSF 

(NSG00000073969), with yeast AAA-protein ORC1 as an outgroup (YML065W). A 

phylogenetic tree was generated via Geneious alignment (Geneious version 7.1.5, 

http://www.geneious.com)(Kearse et al., 2012), and Bootstrapped 1,000 times for 

statistical analysis.  
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QUANTITATIVE POLYMERASE CHAIN REACTION: 

 
qPCR was performed on wild type, au18, and au13 embryos at 48 hours post fertilization. 

Ten embryos were collected per each biological replicate (n=3), and mRNA was extracted 

with Trizol Reagent (Life Technologies, Carlsbad, CA) according to the manufacturer’s 

protocol and potential genomic DNA contaminants were digested with RNAse-free 

DNAse I (Roche Diagnostics, Mannheim Germany) before being reverse transcribed into 

cDNA with the iScript Reverse Transcriptase Kit (Bio-Rad, Hercules, CA). Real time 

quantitative PCR was conducted on five technical replicates per biological replicate using 

SYBR Green and a Via 7 Real-Time PCR System (Life Technologies, Carlsbad, CA). 

act2b, was used as the reference gene, using primers provided as a generous gift 

by Johann Eberhart (University of Texas at Austin): forward: 5’-cgagcaggagatgggaacc-3’ 

and reverse: 5’-caacggaaacgctcattgc-3’, which produce an amplicon of 128bp. Primers for 

nsfb were as follows: forward: 5’-ggagctttcttggaggctttca-3’ and reverse: 5’-

cgctctgtcctttcacctgtt-3’, which amplify 68bp(Kurrasch et al., 2009). Fold change in nsfb 

transcript expression between au18, au13 and WT was calculated using the relative gene 

quantification method(Livak and Schmittgen, 2001).  

 

HISTOLOGY:  
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Embryos were fixed in fresh 4% glutaraldehyde, 2% paraformaldehyde overnight at room 

temperature, stained in 2% OsO4 and 2% potassium ferrocyanide and 2% uranyl acetate, 

and microwave-embedded with a modified reduced-viscosity Spurr-Quetol-651 resin 

using a BDMA accelerator (Electron Microscopy Services, Hatfield, PA) via a 30, 50, 75, 

100, and 100% resin/acetone infiltration series. Samples were sectioned using a Leica 

Ultracut UC7 ultramicrotome at a thickness of 1μm, stained with 1% toluidine blue, 1% 

borax, and imaged on a Leica DM2500 at 400X and 1,000X magnification.  

 

TRANSMISSION ELECTRON MICROSCOPY: 

 
Samples were embedded as above and a Leica Ultracut UC7 ultramicrotome at a thickness 

of 70nm. These sections were imaged on a FEI Tecnai transmission electron microscope. 

Reference images were acquired at 390X magnification to locate the optic nerve and 

ultrastructure of the RPE. Images (n=3) of the RPE were collected from 3 regions of the 

RPE: dorsal, central, and ventral, from n = 3 fish at 11,500X magnification. Central RPE 

was defined as RPE contained within the region 10-30° clockwise from a line connecting 

the middle of the optic nerve head and the lens core. Dorsal RPE was defined as the region 

included between 80-100° clockwise and ventral RPE between 30-40° counterclockwise. 

Images were rotated to orient the RPE on a horizontal line, and the number, size, and 

maturity of melanosomes were analyzed using Image J Software. In RPE-ablated larvae, 

the injury site was defined as the dorsal region extending between the optic nerve head 

and the intersection of the choroid and brain, as this correlated with the area of highest 
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transgene expression. To quantify BM thickness, n=3 images were taken from 3 larvae at 

each group at 20,500X magnification. From each image, the thickness of BM was 

measured 3 times using Image J Software.  

 

STATISTICAL ANALYSIS: 
Levene’s test found was used to test whether the homoscedasticity assumption is satisfied 

in all datasets. To determine whether there was a significant difference between sibling 

and mutant data during each time point, as well as the change over time of each variable 

within an individual group, the nonparametric Kruskal-Wallis test was applied, and Mann-

Whitney U was performed for pairwise comparisons of nonparametric datasets. In 

parametric datasets, Student’s T-test was applied for pairwise comparisons. Analyses were 

completed using GraphPad Prism version 6.0f for Mac (GraphPad Software, San Diego 

California USA, www.graphpad.com).  

RECORDING AND ANALYZING LARVAL OKR: 

Stimulation and recording of OKR in zebrafish was performed as described in 

Scheetz et al (Scheetz et al., 2017), using equipment generously shared by members of 

the Burton lab (University of Pittsburgh). Briefly, larvae were immobilized in 3% 

methylcellulose, oriented dorsal up and exposed to a full field rotating stimulus projected 

onto a screen (#NP100, NEC, Itasca, Illinois) that encompassed 180 degrees of the 

stimulated eye’s field of vision. Responses were captured using infrared light (880nm; 

#BL34-880, Spectrum, Montague, MI) through a Flea3 Camera (#FLU-U3-13Y3M-C, 

Point Grey Research, Richmond, BC, Canada) that was mounted (10447367, Leica) on a 
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on a dissecting microscope (#S8 APO, Leica Microsystems, Wetzlar, Germany). Videos 

were recorded by FlyCapture software (Point Grey) and analyzed using custom 

MATLAB scripts (University of Pittsburgh) (Scheetz et al., 2017).  

 

OCT IMAGING:  

Ablated larvae were immobilized dorsal up in 3% methylcellulose and imaged by 

under near-infrared light (~840nm; Bioptigen Spectral Domain Ophthalmic Imaging 

System) and analyzed by the associated software (InVivoVue; Bioptigen, Research 

Triangle Park, NC). After imaging, larvae were rinsed out of methylcellulose and 

transferred into petri dishes to recover.  
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