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Abstract  

Vertebrate vision is mediated through the absorption of light by the rod and the 

cone photoreceptors. Early jawed vertebrates initially had four cone subtypes, which 

sampled different regions of the visual spectrum to allow colour vision, and a single rod 

type which enabled vision in dim light. Many lineages of vertebrates retain this original 

complement of photoreceptors, but genetic mechanisms of photoreceptor specification 

have been chiefly explored in mammals, which have lost two cone subtypes. Our 

understanding of the genetic regulation of photoreceptor diversity in the archetypical 

vertebrate eye, and how this regulation has evolved in different lineages, is therefore 

incomplete. I used the zebrafish, a diurnal vertebrate that produces the four original 

cone subtypes and one rod subtype, to investigate the genetic specification of 

photoreceptor diversity in tetrachromats, and to identify possible genetic mechanisms 

exploited by various vertebrate lineages to recalibrate their photoreceptor diversity in 

response to novel evolutionary pressures.  

The zebrafish UV cone is homologous to the mouse S cone, while the zebrafish 

blue cone has no mouse homolog. It was previously demonstrated that the T-box 

transcription factor gene tbx2b modulates UV cone and rod abundances in larval 

zebrafish, but regulators of tbx2b were unknown. Furthermore, regulation of the blue 

cone type was wholly unknown. On the basis of genetic interaction in early 

retinogenesis, my colleagues and I examined the genetic interaction of the BMP ligand 

gene gdf6a and tbx2b on larval photoreceptor diversity. We found that gdf6a modulates 

the actions of tbx2b in governing UV cone and rod abundance, and on its own 

modulates blue cone abundance. Together, this represents the beginning of the first 

genetic pathway regulating tetrachromat cone diversity, including of the ancient blue 

cones not found in mammalian retinas. 

Molecular evidence suggests that rod genes evolved out of pre-existing cone genes, 

and the current consensus is that rods probably evolved from cones. Previous work 

profiling the gene expression of developing mouse rods had suggested a transient cone 

signature. This led to the hypothesis that vertebrate rods routinely develop from cone-

fated precursors. My colleagues and I tested this hypothesis by comparing mouse and 
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zebrafish photoreceptor development. We found that a majority of mouse rods 

transiently but robustly expressed signature cone genes, but some small proportion of 

mouse rods did not. I found that zebrafish larvae did not have rods with cone gene 

expression history. In light of additional evidence that early mammals increased the 

abundance of rod photoreceptors for a nocturnal lifestyle, we proposed that mammals 

diverted normally highly abundant cone-destined cells to the rod phenotype. We further 

proposed that early mammals may have exploited regulatory or activity changes in the 

transcription factor Nrl as a mechanism.  

The body of mouse photoreceptor specification literature features Nrl as a central 

node in that transcription factor network, and it was not known whether nrl had 

conserved activity in zebrafish or any species beyond mouse or mammals. I therefore 

examined the role of nrl in zebrafish photoreceptor specification. I found nrl to be 

necessary and sufficient for the rod phenotype in larvae, indicating conservation of nrl 

function between fish and mammals. Unlike in mammals, I further found that nrl was not 

required for adult rod production. This is the first evidence for an nrl-independent rod 

developmental pathway. Finally, I tested the rod-inductive ability of a panel of nrl 

homologs from several vertebrate taxa, and found that even basally-branching 

vertebrates have an nrl homolog which can promote the rod phenotype. This suggests 

that a role for nrl in rod specification may be ancestral in vertebrates.  

Cumulatively, the work in this thesis identified the first genetic regulator of the 

tetrachromat blue cone, established a novel regulatory pathway governing UV cone and 

rod abundance, and identified a deep conservation in rod developmental genetics 

between mammals and zebrafish larvae. It also identified a possible novel rod 

developmental pathway, which may be a genetic mechanism by which other vertebrate 

lineages modulate photoreceptor diversity. Finally, it positioned zebrafish to serve as 

the basis for future direct comparisons of photoreceptor specification genetics between 

tetrachromats and mammals.  
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GENERAL INTRODUCTION 

  



 

 2 

1.1 Anatomy and development of the retina  

The goal of Section 1.1 is to provide a conceptual framework for the reader 

regarding what a vertebrate retina is and does. This short section aims to grant 

familiarity with the major retinal cell types and their principal functions. Model organism-

specific information is invoked primarily to demonstrate: (1) the multitude of cell 

subtypes which we are just now beginning to identify in specific model organisms; (2) 

the deep conservation of retinal structure and function in vertebrates, or (3) the flexibility 

in the structure/function/physiology that has allowed some lineages to originate novel 

adaptations. It is not intended to be a definitive review of all retinal developmental 

biology, as this thesis chiefly pertains to the genetic regulation of vertebrate 

photoreceptor diversity (reviewed in Section 1.2) and the evolution of this regulation 

(reviewed in Section 1.3).  

1.1.1 Structu re and elements of the retina  

The mature vertebrate retina is composed of 5 major neural cell types and a 

single endogenous glial cell type, arranged in three nuclear layers and two synaptic 

layers (Fig. 1.1). The photoreceptors, which are the rods and cones, collect photons of 

light and convert the information into chemical signals, and pass the information on to 

the bipolar cells. The bipolar cells relay the information on to the retinal ganglion cells, 

whose axons project from the retina, through the optic nerve, and into the visual centers 

of the brain. The signaling between photoreceptors and bipolar cells is modulated by the 

horizontal cells, and transmission between the bipolar cells and retinal ganglion cells is 

modulated by the amacrine cells. The Müller glia extend radially throughout the whole 

neural retina, contacting all cell types and mediating numerous homeostatic and trophic 

support functions for the neural cells (Dowling, 2012).  

The outer nuclear layer (ONL) houses the nuclei of the rod and cone 

photoreceptors, while the bipolar, horizontal, and amacrine cell nuclei occupy the inner 

nuclear layer (INL). The ONL and INL are separated by the outer plexiform layer (OPL), 

a thin neuropil composed of the synapses of the photoreceptors, bipolar cells, and 

horizontal cells. The retinal ganglion cell layer (RGL) and inner plexiform layer (IPL) are 

vitread of the INL; the RGL is mainly comprised of retinal ganglion cell nuclei, but the 
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nuclei of a subset of amacrine cells, the displaced amacrine cells, are also located in 

the RGL. The IPL is a much thicker neuropil than the OPL, consisting of the numerous 

synapses between bipolar cells, amacrine cells, and ganglion cells. The IPL is arranged 

into sublaminae, arranged to separate the differing physiological roles of the various 

bipolar and amacrine cell subtypes (Dowling, 2012; Wong, 2006).  
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Figure 1.1: Basic structure and components of the adult vertebrate retina.  

Depicted: a confocal micrograph of a radial-cut frozen section of an adult zebrafish 

retina with DAPI nuclear stain, showing the outer nuclear layer (ONL), outer plexiform 

layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer 

(GCL). Beside it, a schematic of the 5 major classes of retinal neurons, and the sole 

endogenous glial type, the Müller glia. Photoreceptors in blue, horizontal cells in green, 

bipolar cells in bright yellow, amacrine cells in orange, and ganglion cells in red. Shown 

in dark gray with a fainter nucleus is a representative Müller glia, which spans the retinal 

layers to contact all cell types. Scale bar is 25 microns.  



 

 5 

1.1.2 Function of the retinal components  

The functions of the rod and cone photoreceptors will be discussed in more detail 

in Section 1.1.3. In brief, light strikes the opsin G-protein coupled receptor proteins, 

triggering a cascade that lowers intracellular cGMP concentration and briefly 

hyperpolarizes the cell. The hyperpolarized photoreceptor reduces its otherwise 

constitutive glutamate release from its synapse, and this reduction is the signal detected 

by the bipolar cells. Neighboring photoreceptor termini are connected by telodendria 

(Noel and Allison, 2018), which are fine processes emanating from one synapse to 

neighbouring telodendria and electrically coupled by connexin-mediated gap junctions 

(Asteriti et al., 2014). The physiological consequence of the telodendria is not currently 

understood. 

The photoreceptor synaptic termini are invaginated, and the spaces are filled by 

processes of bipolar and horizontal cells (Tarboush et al., 2012). Two major classes of 

horizontal cells exist, based on presence/absence of a short axon. There appears to be 

relaxed constraint in horizontal cell subtype variability (Boije et al., 2016); in humans, 

there are 3 types of the axon-bearing horizontal cell, and no axon-less horizontal cell; in 

rat and mouse, there are only axon-bearing horizontal cells, and apparently only a 

single type, based on morphological, electrophysiological, and immunological 

characterization. In the fishes, a third major class of horizontal cells exist, and in 

zebrafish there are two subtypes of these. It appears that a rule-of-thumb for the 

dendrites of all horizontal cell types is to wire with cone synapses, while the processes 

of the axon-bearing horizontal cells wire with rods. Horizontal cells participate in the 

synapses of numerous neighbouring photoreceptors, and inhibit the signaling from a 

given photoreceptor as a function of local signal intensity; the outcome of this is known 

as surround inhibition and center-surround organization with reciprocal inhibition. In 

surround inhibition, when a patch of photoreceptors responds to light, the centre of the 

patch is allowed to signal downstream to the bipolar cells, while transmission from the 

surrounding photoreceptors to the downstream bipolar cells is inhibited by the horizontal 

cells; this is the first site of contrast enhancement in the retina, and contributes to spatial 

acuity and colour vision. Horizontal cells hyperpolarize when glutamate levels decrease 

(i.e., when light stimulates photoreceptors), and the method by which they inhibit the 



 

 6 

signal transduction between photoreceptors and bipolar cells is not fully understood, but 

likely involves modulating cone polarization (reducing apparent signal amplitude 

received by bipolar cells) as well as modulating bipolar cell dendrites (decreasing the 

effect of incoming glutamate from the photoreceptor).  

While all bipolar cell types receive glutamate from photoreceptors, the receptor 

they express dictates how they respond to the graded changes in glutamate they 

receive. Bipolar cells are physiologically grouped as ON or OFF bipolar cells, in 

reference to their response to input from photoreceptors. ON bipolar cells hyperpolarize 

in darkness (high glutamate from photoreceptors), and depolarize when glutamate 

decreases, thereby relaying information about a local increase in light. OFF bipolar cells 

depolarize in response to photoreceptor glutamate, and hyperpolarize after that 

photoreceptor returns to an unstimulated state (returns to high glutamate release in the 

dark), thereby communicating a local decrease in illumination. Typically, rod bipolar 

cells are of the ON type; cone bipolar cells are either ON or OFF. Similar to 

photoreceptors, bipolar cell downstream signalling is through graded potential, not 

through action potential. The ON/OFF bipolar cell paradigm is another layer of visual 

information processing that occurs in the retina. Although these are the two major 

physiological groups of bipolar cells, there are subtypes which wire to various 

proportions of cones and downstream cells differently. A recent study which combined 

single cell RNAseq with morphological and histological categories has put the number 

of mouse bipolar cell subtypes at 15 (Shekhar et al., 2016).  

Amacrine cells mediate the signals transmitted from the bipolar cells to the retinal 

ganglion cells, which then fire an action potential upon receipt of stimulus. Amacrine 

cells exist in a variety of subtypes with various physiological roles. There are at least 33 

morphologically-defined amacrine subtypes in the mouse retina (Helmstaedter et al., 

2013), but most appear to be predominantly inhibitory of the transmission of signal from 

bipolar cell to ganglion cell. Mechanisms for this include direct feedback inhibition of the 

bipolar cell, or feed-forward inhibition of the retinal ganglion cell. The former is achieved 

by synapsing onto a bipolar terminus and hyperpolarizing it, and the latter by interfering 

with signal transduction within a retinal ganglion cell dendrite, thereby stopping a signal 

from reaching the soma and triggering an action potential. Some amacrine cells 
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arborize in multiple sublaminae of the IPL, allowing simultaneous regulation of ON and 

OFF bipolar cell signaling. The outcome of amacrine cell-mediated modulation of visual 

signals includes enhanced center-surround signals (first refined by the horizontal cells), 

as well as refining the spatial and temporal information integrated by retinal ganglion 

cells, a single one of which might receive input from tens to hundreds of bipolar cells.  

In the mouse, there are more than 32 functionally distinct subtypes of retinal 

ganglion cells, with each type each tiling the retina separately with approximately 30% 

overlap between them (Baden et al., 2016). Retinal ganglion cells transduce their signal 

to the brain along their axons in an action potential, but the frequency and probability of 

action potentials is modulated in poorly understood ways. There are ON and OFF 

RGCs, similar to the ON and OFF bipolar cells, but also ON-OFF RGCs, which only 

signal when illumination decreases within a short timeframe; many are direction 

selective, firing only when a stimulus crosses the field of view in a specific direction. 

Others are orientation sensitive, and integrate information on object edges in order to 

convey information about elongated objects, but only when the objects are perceived at 

a preferred angle for that cell. A small population are intrinsically photosensitive, and 

express an invertebrate opsin-like nonvisual opsin (melanopsin), with roles for 

entraining the circadian rhythm to ambient photoperiods. The RGCs are the final step of 

retinal processing of visual information before it is sent to the brain, and at or by this 

stage colour vision, loom/shadow expansion, edge detection, motion detection, and 

motion orientation have been selectively processed in parallel and sent out of the eye.  

 

1.1.3 Function of the photoreceptors  

Rods and cones have essentially the same physiology, and differences in the 

phototransduction machinery largely explains their differing sensitivities and responses 

to light. The photoreceptor is a sensory neuron that relies on an elaborate primary 

cilium, termed the outer segment (Fig. 1.2), which deploys various strategies to 

generate extra membrane surface area. This extra surface area maximizes the density 

of the transmembrane opsin G-protein coupled receptors critical for detecting photons. 

In rods, the extra surface area comes from a series of internal membrane discs, free-
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floating within the outer segment. The density of rhodopsin achieved in the rod 

photoreceptor discs of mouse has been assessed by atomic force microscopy (Liang et 

al., 2003), and is between 30,000 and 55,000 single rhodopsin monomers within a 

single square micron. The membrane-bound G-proteins, known as transducins for 

visual photoreceptors, are typically localized to the discs, as is their downstream 

effector enzyme phosphodiesterase (Wensel, 2008). In cones, the extra membrane 

surface area is provided by extensive invagination of the plasma membrane (Fig. 1.2).  

The specific opsin used in a photoreceptor varies by photoreceptor type; rods 

express rhodopsin, whereas cones express any of a small variety of cone opsins, each 

of which have differing peak sensitivities to colour of light. For example, zebrafish UV 

light-sensitive cones express Short wavelength-sensitive1 (Sws1) opsin, which has a 

peak spectral sensitivity in the ultraviolet wavelength range (Raymond et al., 1996; 

Robinson et al., 1993). For rod and cone opsins, the critical light-receptive component is 

a covalently bound 11-cis-retinal molecule, which maintains the opsin in an inactive 

conformation (Palczewski et al., 2000). In some amphibians, reptiles, and fishes 

including zebrafish, alternative moieties of 11-cis-retinal are used in certain 

circumstances instead, which shift the absorption spectra for an opsin slightly (Allison et 

al., 2004; Enright et al., 2015b; Morshedian et al., 2017). While all wavelengths of light 

are capable of eliciting a response from the chromophore, the specific opsin subtype 

bound to it conveys selectivity, such that a narrow range of wavelengths are most likely 

to stimulate a response. For a given opsin, a photon of the appropriate wavelength that 

strikes the 11-cis-retinal induces an isomerization to all-trans-retinal, which induces 

conformational changes in the associated opsin, activating it. In rods, activated 

rhodopsin is termed MetarhodopsinII, or Rh*. Rh* binds the transducin complex and 

releases the alpha subunit from the inhibitory beta and gamma subunits; a single mouse 

Rh* activates about 20-50 units of transducin alpha (Kawamura and Tachibanaki, 2008; 

Krispel et al., 2006) before it is silenced; activated cone opsins are silenced more 

rapidly, and only activate about 2 units (Kawamura and Tachibanaki, 2008). Rh* activity 

is attenuated first by phosphorylation by a G-protein receptor kinase, and then fully 

silenced by arrestin. Silenced Rh* eventually decays from phospho-metarhodopsinII to 

phospho-metarhodopsinIII (Yau and Hardie, 2009), and after the arrestin dissociates, 



 

 9 

phospho-metarhodopsinIII is dephosphorylated, perhaps by PP2A (Palczewski et al., 

1989), regenerating the opsin. A silenced opsin cannot participate in photoreception 

again until it has exchanged all-trans-retinal for a fresh 11-cis-retinal molecule.  

After activation by Rh* and release from inhibitory transducin beta and gamma 

subunits, the GTP-bearing transducin alpha catalyzes the separation of 

phosphodiesterase (PDE) inhibitory subunit gamma from the rest of the PDE complex, 

activating it. Activated PDE hydrolyzes cytosolic cGMP, lowering the intracellular 

concentration at the rate of more than 1000 units of cGMP per PDE per second 

(Kawamura and Tachibanaki, 2008). The outer segment is host to a high density of 

cGMP-gated ion channels, which non-selectively allow cations to flow into the cell, as 

well as constitutively active sodium exporters. When the cGMP-gated channels are 

open, the overall voltage is low and the cell is at most slightly polarized. With low cGMP 

concentration, the cGMP-gated channels close, and the influx of cations ceases. This 

results in hyperpolarization of the cell, because the cell constitutively exports sodium. 
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Figure 1.2: Schematic representation of the chief morphological and structural 

distinctions of the rod and cone photoreceptors.  

In adult mouse and zebrafish, the rod inner segment is often many times longer than 

depicted here; otherwise, the cartoons are roughly to scale for a zebrafish rod and short 

cone. 
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1.1.4 Rod/Cone differences in phototransduction  

Functionally, rods saturate in bright light, and cannot mediate vision in strong 

illumination, but are capable of detecting single photons of light, which after signal 

amplification can close 3-5% of cGMP-gated ion channels (D-G Luo et al., 2008). A 

single Rh* represents a single photon capture event, and in the carp, rods reach their 

half-maximum response to a flash of light that produces 23 Rh* (Kawamura and 

Tachibanaki, 2008). Cones do not saturate even in very brightly lit physiological 

conditions (Burkhardt, 1994), but are less sensitive and require much more light than 

rods in order to communicate a signal; carp cones reach half-maximum response at 

light intensities that produce 8,400 Rh*. The difference in responses is at least partially 

due to inefficient signal amplification in cones; upon stimulation, a carp cone opsin is 

phosphorylated about 50 times faster than a carp rod opsin. In its brief period of activity, 

cone Rh* catalyzes only a thirtieth as much transducin activation as rods do, and active 

cone transducin stimulates PDE activation about a tenth as quickly as in rods 

(Kawamura and Tachibanaki, 2008).  

While the physiology of phototransduction is qualitatively the same in rods and 

cones (outlined above), the quantitative differences in signal propagation may lie mainly 

in the efficiencies of differing paralogs of the phototransduction machinery expressed in 

cones and rods. However, there are structural differences that might explain the 

differences in cone/rod responses to light. The rod outer segment is typically longer and 

more densely packed with its opsin than the cones (Fain et al., 2010), and rods have 

longitudinal plasma membrane invaginations along their outer segments called 

incisures, thought to aid in propagating signals from local photon responses to the rest 

of the cell (Caruso et al., 2006). 

 

1.1.5 Retinal histogenesis  

The first step in retinal development is the production of the eye field from the 

embryonic forebrain (Wong, 2006). First, bilateral optic vesicles evaginate from the 

forebrain, and extend to touch the ectoderm. Ectoderm contacted by the optic vesicle is 
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instructed to a lens placode fate, and together with the contacting region of the optic 

vesicle, begins to fold into the vesicle as it becomes the optic cup. As the vesicle 

collapses into a cup linked by a thin stalk to the forebrain, the lens placode becomes the 

lens vesicle, eventually budding off from the rest of the ectoderm and eventually 

becoming the lens. The optic cup collapses further, eliminating much of the lumen 

between the outer and inner layer, which differentiate into the retinal pigment epithelium 

and the neural retina, respectively. The neural retinal cells proliferate, becoming the 

retinal progenitor cells that ultimately give rise to all the major cell types of the mature 

retina. 

Retinal progenitor cells exit the proliferative cycle and differentiate into their final 

cell types in an order that is stereotyped across tetrapods, and similar in fishes, 

examined by determining cells born during a BrdU or tritiated thymidine pulse/chase 

birthdating experiment. In tetrapods, the order of cell birth occurs in two phases; the first 

phase is quick in all species examined, and produces the retinal ganglion cells, then the 

horizontal cells, and then the cones (Rapaport, 2006) (Table 1.1). After a period of time 

of proliferative growth, a second, slower phase begins, producing the Müller glia, bipolar 

cells, and the majority of rods. In the monkey, amacrine cells are generated during the 

second phase (la Vail et al., 1991); in the rat, during the otherwise proliferative 

interphase period (Rapaport et al., 2004); in the mouse and quokka (Harman and 

Beazley, 1989), displaced amacrine cells are generated in the first phase and orthotopic 

amacrine cells in the second phase; and in the chicken and frog, during the first phase 

(Prada et al., 1991; Wong and Rapaport, 2009). The significance in the variability in 

amacrine cell generation among vertebrates is not understood. Interestingly, the 

marsupial quokka generates its horizontal cells in Phase2 (Harman and Beazley, 1989), 

at odds with all other species in this section; the significance of this is not understood. A 

significant limitation to these studies is the contemporary lack of cell type-specific 

markers to enable identification of cells studied; in most cases, cells were determined to 

be photoreceptors due to the nuclei being localized in the photoreceptor-only outer 

nuclear layer, but a distinction between rods and cones was not possible. Indeed, more 

careful analysis revealed that at least in rat, a small number of rods are born early, 

perhaps in Phase1, and apparently wait as post-mitotic, undifferentiated cells until the 
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majority of rods are born during Phase2 (Morrow et al., 1998), at which time they being 

to express detectable rod markers.  

In the fishes, ganglion cells are the first cells to exit the cell cycle in developing 

retinas (Table 1.1) (Hollyfield, 1972; Nawrocki, 1985; Sharma and Ungar, 1980), as in 

tetrapods. They are followed by amacrine cells, bipolar cells, Müller glia, horizontal 

cells, and the majority of photoreceptors; the contemporary lack of markers precludes 

discriminating between rods and cones. However, in these fish, the larval retinas are 

cone-dominated, so most photoreceptors described in these works would have been 

cones. Broadly then, it seems that the bipolar cells and Müller glia are produced early, 

in Phase1 of fish, but later, in Phase2 of tetrapods. Or, if one excludes retinal ganglion 

cells from being produced in a ñphaseò, then the Phases are [cones + horizontal cells] 

and {bipolar cells, Müller glia, and rods}; the order of these phases are then switched in 

tetrapods versus the fishes, and amacrine cells remain difficult to assign. 
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Species  Phase1  Inter.  Phase2  

Mouse 1,4 RGC Cones, HC, 

AC 

 Rods, BPC, Müller glia 

Rat2 RGC HC Cones AC Rods BPC/MG 

Rhesus 

monkey 3 

RGC, HC Cones AC Müller glia, BPC, rods 

Quokka 4 RGC, cones, some AC Rods, HC, BPC, MG, some AC 

Chicken 5 RGC AC HC/PR MG BPC 

Xenopus 6 RGC HC Cones Rods AC BPC MG 

Killifish 7 In order: RGC, AC, [BPC/ MG?], {HC/PR} 

Goldfish 8 In order: [RGC, AC, BPC?], {MG?, PR/HC} 

Zebrafish 9 In order: RGC, AC, BPC/MG, HC/Cone 

Table 1.1: Summary of birthdating information for various vertebrate retinal 

neurons.  

All studies by radioautographic birthdating, except Xenopus (BrdU). Mouse1: (Young, 

1984). Rat2: (Rapaport et al., 2004). Rhesus monkey3: (la Vail et al., 1991). Quokka4: 

(Harman and Beazley, 1989). Chicken5: (Prada et al., 1991). Xenopus6: (Wong and 

Rapaport, 2009). Killifish7: (Hollyfield, 1972). Goldfish8: (Sharma and Ungar, 1980). 

Zebrafish9: (Nawrocki, 1985). ? denotes difficult interpretation without cell identity 

markers; author was unsure, or the data were difficult to interpret with certainty, and this 

assignment to birth order is with low confidence. In the teleosts shown here, 

retinogenesis progresses faster than in most of the tetrapods above, and these works 

were unable to distinguish exact order of production. Teleost details: Killifish : by 

112hpf (stage 27), most RGC are born and perhaps a few AC. [Stage 28, 128hpf, RGC, 

AC, many INL and some ONL cells are post-mitotic]. {Stage 29, 144hpf, a few HC and 

PR cells still mitotic}. Goldfish : [between 30-36hpf, stages 19-21] and {60hpf, stage 

23}. Zebrafish : 50% of cell type is postmitotic by time: RGC, 33hpf; AC, 38hpf; 

BPC+MG, 43hpf; HC+Cones, 48hpf. While the radioautography would have been able 

to label rods in the preparation of Nawrocki, he reported all ONL nuclei as cones, which 

I have preserved in my table. Inter. is interphase. RGC, AC, BPC, HC, PR, MG are 
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retinal ganglion cell, amacrine cell, bipolar cell, horizontal cell, photoreceptor, and Müller 

glia. 
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1.2 Genetic control of the production of photoreceptors  

This section is split into three subsections, which deal sequentially: with genes 

implicated in the pro-photoreceptor specification of multi- or bipotent progenitor cells 

(Section 1.2.1); with genes governing the specification of rods (Section 1.2.2); and 

finally, with genes governing or implicated in cone specification (Section 1.2.3). 

Section 1.2.1 chiefly aims to demonstrate the shared genetics that regulate the 

ultimate production of cones and rods. Much of the work in the field has been done in 

the mouse, where 97% of photoreceptors are rods (Young, 1984); thus, it is 

occasionally unclear when certain findings are actually shared between rods and cones, 

or whether the literature over-generalizes to cones when only rod markers have been 

assessed. I highlight this wherever relevant. The reader is advised to consult Fig. 1.3 in 

this section. 

Section 1.2.2 aims to provide the state of our understanding of rod photoreceptor 

specification, and includes work published well after the start of my PhD research 

(2012). As for Section 1.2.1, much of this work was established in the mouse model, 

and where possible I review information from other model organisms. The reader is 

advised to consult Fig. 1.4 in this section.  

Section 1.2.3 aims to provide a current understanding of cone specification, 

including of the cone subtypes. Much of the research with clear genetic links to Section 

1.2.1 and 1.2.2 has been done in the mouse. However, there is information available for 

non-murine models, which I detail where possible. The reader is advised to consult Fig. 

1.5 and Fig 1.6 for this section. 

At the start of my program and up until now, very little work has been published to 

bridge the findings of mouse photoreceptor specification and non-mammalian 

photoreceptor specification. That is a major motivator for undertaking the research in 

Chapter 4, where I examine the role of a gene from Section 1.2.2 in the generation of 

zebrafish photoreceptors. 
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Figure 1.3 : Schematic summary of the genetic network governing spec ification of 

the rod and cone precursor cells from the proliferating retinal progenitor cell 

population.  

This information is based on literature derived from the mouse model. Colour scheme is 

as in Table 1.1, to improve ease of comparison. To disambiguate clustered genetic 

interactions: for a given factor, interaction schematics emanating from the right side of a 

factor regulate a lower factor, while those emanating from the left regulate a factor 

positioned above. RGC, AC, BPC, and HC are retinal ganglion cell, amacrine cell, 

bipolar cell, and horizontal cell.   
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Figure 1.4 : Schematic summary of the genetic network governing specification of 

the rod cells from a bipotent progenitor.  

This information is based on literature derived from the mouse model, with a note about 

the proposed role for MAFA in chicken where indicated. Colour scheme is as in Table 

1.1, to improve ease of comparison. To disambiguate clustered genetic interactions: for 

a given factor, interaction schematics emanating from the right side of a factor regulate 

a lower factor, while those emanating from the left regulate a factor positioned above. 

BPC is bipolar cell.  
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Figure 1.5 : Schematic summary of the genetic network governing specification of 

the cone cells from a bipotent progenitor.  

This information is based on literature derived from the mouse model, with a note about 

the proposed role for MAFA in chicken where indicated. Colour scheme has been 

modified from Fig. 1.3-1.4, to improve ease of comparison between the mouse and 

tetrachromat (Fig. 1.6) cone specification schematics. Typically, S cones are coloured 

with blue and M cones with green to reflect general views about their function in the 

mouse retina, but here I have coloured them to match the homologous cone type in the 

tetrachromat retina (Fig. 1.6). HC is horizontal cell.  
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Figure 1.6 : Schematic summary of the genetic network governing specification of 

the cone cells from a bipotent progenitor.  

This information is based on literature derived from the zebrafish model, with a note 

about speculative roles for MAFB and TBX2 in chicken where indicated. Colour scheme 

has been modified from Table 1.1 and Figures 1.3 and 1.4, to improve ease of 

comparison between the mouse (Figure 1.5) and tetrachromat cone specification 

schematics. Black lines indicate the broadly accepted interpretation of phenotype for a 

given mutation; for example, in larval zebrafish, tbx2b mutation has been proposed to 

lead to transformation of UV cone-fated cells to rods. Dashed lines indicate prediction of 

mechanism or phenotype, where direct demonstration is currently lacking.  
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1.2.1 Specifying the photorecep tor lineage  

1.2.1.1 Notch  

Notch is the transmembrane receptor of an eponymous paracrine signaling 

pathway that appears to regulate when retinal progenitor cells leave the cell cycle and 

begin to differentiate. Modulation of retinal Notch signaling has been accomplished by 

overexpression of its ligand Delta in Xenopus laevis (Dorsky et al., 1997), and in mouse 

by Cre/lox-mediated conditional ablation of the Notch receptor at various timepoints in 

retinal development (Jadhav et al., 2006; K. Mizeracka et al., 2013; Karolina Mizeracka 

et al., 2013; Yaron et al., 2006). Directly Notch-regulated downstream transcription 

factors have been mutated, such as Hes1 (Tomita et al., 1996), and ectopically 

overexpressed, such as Id1/3 and Nrarp (K. Mizeracka et al., 2013), in order to examine 

Notch function in retinal development. These disruptions of Notch signaling during early 

retinal development led to precocious birth of over-abundant cone photoreceptors 

(Jadhav et al., 2006) and fewer ganglion cells and horizontal cells (Yaron et al., 2006), 

while later disruption yielded almost exclusively rods at the expense of bipolar cells and 

Müller glia (K. Mizeracka et al., 2013). In the zebrafish, loss of Notch signaling impairs 

retinal progenitor proliferation (Uribe et al., 2012), in conservation with the findings 

above from mouse; Notch signaling in zebrafish has been examined predominantly from 

the perspective of retinal regeneration (Elsaeidi et al., 2018; Taylor et al., 2015; Wan 

and Goldman, 2017; Wilson et al., 2016), and it is currently not clear to what extent 

developmental mechanisms are recapitulated during retinal regeneration in fish. 

Cumulatively, it appears that Notch signaling keeps retinal progenitors in the cell 

cycle, but also represses the photoreceptor fate and permits production of horizontal 

and bipolar cells, and eventually Müller glia. Blocking Notch signaling early, when cells 

can still become most cell types, causes cells to take the cone fate. Later, after the 

competence window for retinal progenitor cells has narrowed to just rods, bipolar cells, 

and Müller glia, blocking Notch leads only to over-production of rods rather than cones, 

at the expense of the other cell types within the competency window.  
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1.2.1.2 Otx2 

Orthodenticle homeobox2 (Otx2) is a paired-like homeodomain gene which 

regulates the early differentiation of photoreceptors. Drosophila orthodenticle is 

expressed throughout the central nervous system during development (Finkelstein et 

al., 1990). The specific expression of otd in fly photoreceptors is regulated by an intron, 

and mutation of just this region allows otherwise wildtype development of the animal 

(Vandendries, E.R., Johnson, D., Reinke, 1996). Otd is involved in photoreceptor 

morphogenesis and directly activates two fly opsins, repressing another, and preventing 

their co-expression (McDonald et al., 2010). In the vertebrates, Otx1, Otx2, and Crx are 

all homologs of the single fly Otd. Otx1 is primarily involved in cortical development in 

the mammalian CNS (Pantò et al., 2004), and not discussed further here. 

In the mouse, Otx2 is expressed in the developing anterior CNS, including the 

forebrain and eye. In the adult, it is expressed in the bipolar cells, photoreceptors, and 

retinal pigment epithelium (Samuel et al., 2014). Otx2 expression is regulated by at 

least two enhancer sequences. The first promotes Otx2 expression in photoreceptor 

precursors undergoing their terminal mitosis (Emerson and Cepko, 2011). The second 

Otx2 enhancer is bound and repressed by Notch-induced Hes/Hey proteins, and 

probably stimulated by the Rax transcription factor (Muranishi et al., 2011). Complete 

Otx2 knockout is embryonic lethal, but photoreceptor-specific conditional ablation of 

Otx2 blocks photoreceptor development (Nishida et al., 2003). Loss of Otx2 before 

photoreceptor specification, using viral transfection in early retinal progenitor cells, 

showed a specific depletion of rods and bipolar cells, with an increase generation of 

amacrine cells (Koike et al., 2007). In the production of progenitor cells which can 

become rods or bipolar cells, Otx2 directly induces the expression of Blimp1 (discussed 

below), which negatively regulates Otx2, lowering but not abolishing Otx2 expression, 

and promotes the photoreceptor fate (S. Wang et al., 2014). Interestingly, high levels of 

Otx2 instead promote Chx10 expression and promotes bipolar cell fate; overexpression 

of Otx2 in Blimp1+ (rod-fated) cells redirects them back to the bipolar cell fate, while 

short hairpin RNA-mediated knockdown of Otx2 in Blimp1- cells expands the proportion 

of rods generated at the expense of bipolar cells (S. Wang et al., 2014). A major role of 

Otx2 in specifying photoreceptors is to initiate Crx expression, which redundantly binds 
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~70% of the same targets as Otx2 in the neural retina (Samuel et al., 2014). A current 

model for the interplay between Otx2 and Crx is that Otx2 activates several early 

photoreceptor genes, including Crx, and then Crx eventually takes over the continual 

stimulation of these genes as Otx2 expression subsides during photoreceptor 

maturation (Montana et al., 2011). 

Otx2 appears to support photoreceptor differentiation by enabling the decision 

between bipolar cell and photoreceptor fate; without Otx2, progenitors become 

amacrine cells and do not reach this decision point. Factors downstream of Otx2, such 

as Blimp1 determine whether Otx2+ cells become photoreceptors or bipolar cells. With 

strong Crx expression, the cells differentiate as photoreceptors. Mature photoreceptors 

express very little Otx2, as its role in maturing photoreceptors is eventually assumed by 

the closely related Crx.  

 

1.2.1.3 Blimp1  

B-lymphocyte-induced maturation protein1 (Blimp1), also known as PR domain-

containing 1 (Prdm1) is a zinc finger transcription factor, and functions mainly as a 

transcriptional repressor, by histone deacetylation (Yu et al., 2000) and/or methylation 

(Ancelin et al., 2006). It is well studied in the context of germ cell (Vincent, 2005) and 

immune system development (Turner et al., 1994), but only lightly studied in sensory 

neuron biology, starting in 2004 (Roy and Ng, 2004). 

Blimp1 is required transiently for the normal production of rods, and mediates a 

rod versus bipolar cell fate decision. Blimp1 was first implicated in photoreceptor 

development by strong down-regulation in a gene expression profile of conditional Otx2 

knockout retinas, where developmentally-early Dkk3:Cre-mediated Otx2 deletion 

blocked production of photoreceptors, among other cell types (Katoh et al., 2010). 

Nascent photoreceptors transiently express Blimp1, and Blimp1 knockout blocks 

photoreceptor development and increases bipolar cell abundance (Brzezinski et al., 

2010; Katoh et al., 2010), while ectopic expression of Blimp1 inhibits the bipolar cell fate 

in favor of the photoreceptor fate (Brzezinski et al., 2010). Expression of Blimp1 is 

directly stimulated by a combination of Rorɓ and Otx2 (S. Wang et al., 2014), and 

blocked by Notch signaling (Karolina Mizeracka et al., 2013; S. Wang et al., 2014). 
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Blimp1 directly represses the bipolar cell specifier Chx10 (Katoh et al., 2010), itself (S. 

Wang et al., 2014), and Otx2 in a negative feedback loop that attenuates but does not 

fully extinguish Otx2 expression (S. Wang et al., 2014).  

Cumulatively, Otx2 creates a scenario where precursor cells can become either 

bipolar cells or rods, and Blimp1 expression promotes the rod outcome. Rorɓ can 

promote Blimp1 expression, while Notch signaling can antagonize it, and Blimp1 

expression biases the rod versus bipolar cell fate decision to the rod fate, apparently by 

blocking bipolar cell gene expression and by lowering Otx2 expression, permitting Otx2 

to activate Crx, eventually leading to photoreceptor gene expression. Blimp1 expression 

is not maintained in mature photoreceptors.  

 

1.2.1.4 Onecut  

Onecut proteins are transcription factors with both homeodomains and cut 

domains (Nguyen et al., 2000). Cut homeodomain proteins can have multiple cut 

domains, which directly bind DNA. Onecut proteins have a single cut domain, and in 

Drosophila, Onecut directly activates expression of a visual opsin gene (Nguyen et al., 

2000). Onecut is expressed in developing fly neurons, and strongly expressed in 

developing and mature adult retinal photoreceptors. Onecut is necessary but not 

sufficient for fly photoreceptor specification (Nguyen et al., 2000).  

In mammals, Onecut1 and -2 likely act redundantly in the retina; single knockout 

mice have impaired generation of horizontal cells with extra generation of 

photoreceptors (Wu et al., 2013, 2012), and double knockout mice completely fail to 

generate horizontal cells (Emerson et al., 2013; Klimova et al., 2015; Sapkota et al., 

2014). In the first phase of retinal progenitor cells exiting the cell cycle (Table 1.1), 

Onecut mutants completely fail to generate horizontal cells, while cones production is 

delayed but ultimately generated at 70% normal abundance (Sapkota et al., 2014). 

Ectopic expression of Onecut during normal rod generation (Phase 2, Table 1.1) 

induced cone and horizontal cell markers and morphology at the expense of rod 

markers, although these ectopic cone-like cells did not appear to complete maturation 

as cones (further details unclear) (Emerson et al., 2013). This indicates that Onecut 

promotes horizontal cell fate at time when retinal progenitor cells can become either 
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cones or horizontal cells. However, once committed to the cone fate, Onecut proteins 

appear to directly stimulate cone-specifying genes such as Trɓ2, and probably 

antagonize rod specification indirectly through somehow inducing Nrl repression 

(Emerson et al., 2013). There is currently no evidence that Onecut proteins directly bind 

to Nrl regulatory sequence. 

At this time, it appears that Onecut proteins play two roles in the specification of 

retinal neurons; at an early timepoint, Onecut regulates horizontal cell versus cone fate 

decisions, promoting horizontal cell development. Later, Onecut acts to promote cone 

differentiation, and possibly to repress rod differentiation, although they are neither 

sufficient to fully differentiate cones at the expense of rods, nor fully required for the 

development of cones.  

 

1.2.1.5 Crx 

Cone-rod homeobox (Crx) is another vertebrate homolog of Drosophila 

orthodenticle; in mammals, the three homologs are Otx1, Otx2, and Crx, and otd 

mutation in flies can be rescued by expression of any of these three vertebrate 

homologs (Terrell et al., 2012). In non-mammalians such as fish, lizards, turtles, and 

birds, otx5 has been described (Gamse et al., 2002; Plouhinec et al., 2003), and 

mammalian Crx may in fact be the remaining member of an ancestral pair, Crx and 

Otx5 (Plouhinec et al., 2003).  

Crx is a master effector transcription factor required for the normal expression of 

many mature photoreceptor genes. It was independently discovered and published by 

three groups in 1997 (Chen et al., 1997; Freund et al., 1997; Furukawa et al., 1997), as 

a direct activator of rhodopsin expression and a locus to which many human visual 

diseases mapped. Crx mutation does not block the specification of rods and cones, but 

mutant photoreceptors show abnormal synaptic morphology (Morrow et al., 2005), fail to 

make outer segments (Furukawa et al., 1999; Morrow et al., 2005), fail to express 

numerous phototransduction machinery genes properly, and the photoreceptors have 

no electrophysiological response to light (Furukawa et al., 1999). Crx expression 

requires direct activation by Otx2 (Nishida et al., 2003), although Crx later stimulates 

expression of itself, and directly activates the expression of most photoreceptor 
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specification and phototransduction genes of both rods and cones (Corbo et al., 2010), 

as well as photoreceptors in the non-visual photoreceptors of the pineal gland (Rovsing 

et al., 2011). Interestingly, genomic sequences for which Crx has high binding affinity 

tend to be repressed by Crx activation; low affinity predicts activation by Crx, while high 

affinity binding sites together with dimerization with a binding partner like Nrl can cause 

normally repressive Crx action to become stimulatory (White et al., 2016).  

Crx is critically important for the proper development of photoreceptors, but does 

not mediate specification alone. Instead, it works with rod and cone-specific genes to 

regulate type-specific targets that enable the terminal differentiation of the various 

photoreceptors.  

 

1.2.1.6 Summary schematic of photoreceptor lineage specification  

As summarized in Fig. 1.3, Notch signaling regulates when proliferative retinal 

progenitor cells exit the cell cycle; cells that leave the cycle during the first phase of 

terminal mitoses (Table 1.1) are competent to become at least cones and horizontal 

cells in mammals, and Onecut activity promotes the horizontal cell fate. Cells that exit 

the cell cycle later, during the second phase of terminal mitoses (Table 1.1, Fig. 1.3) 

can become at least bipolar cells or rods in mammals. Otx2 expression supports both 

fates, but together with Rorɓ (discussed in next section) can activate expression of 

Blimp1, which represses the bipolar cell fate, and attenuates Otx2 expression, and then 

represses itself as the photoreceptors express Crx and mature into rods, eventually 

decreasing Otx2 expression further. Notch signaling represses Blimp1, allowing some 

Otx2+ cells to maintain high levels of Otx2 expression, and then to express bipolar cell 

differentiation factors such as Chx10. 

 

1.2.2 Specification of rods  

1.2.2.1 Rorɓ 

Retinoid-related orphan receptor ɓ (Rorɓ) is broadly expressed in the developing 

CNS as well as retina and pineal tissues, but has a retina and pineal photoreceptor-

specific isoform, Rorɓ2 (André et al., 1998). Rorɓ2 differs from Rorɓ1 at the N-terminus; 
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the first two amino acids of the ɓ1 isoform are replaced by 13 different ones in the ɓ2, 

and these restrict what DNA sequences it binds to, but enhances the potency of 

activation of reporter genes (André et al., 1998). The two isoform-specific N-terminal 

peptide stretches are part of the DNA binding domain, the common element of which 

extends for a further 95 amino acids (Liu et al., 2017). Where the isoform reported in 

this review is not known, Rorɓ is used instead of isoform-specific notation.  

Rorɓ2 plays a role in the differentiation of cones (discussed below), but is an 

important regulator of the rod fate as well, where it has been studied chiefly in the 

mouse. Rorɓ directly binds the promoter of Nrl (below) (Kautzmann et al., 2011), and its 

promoter is itself bound by Nrl, which enhances the production of the Rorɓ2 isoform in a 

positive feedback loop (Fu et al., 2014). The Nrl promoter element bound by Rorɓ is 

also bound by Otx2 and Crx (Montana et al., 2011), but the binding sites are not 

conserved in chicken or fish (Kautzmann et al., 2011), implying possible divergent 

mechanisms in mammals. Rorɓ knockout mice do not make rods, and instead have 

overabundant, non-functional S cones (Jia et al., 2009). This phenotype can be rescued 

by ectopic expression of Nrl using a Crx promoter, indicating that the rod-specific role 

for Rorɓ is to induce Nrl expression, which then induces expression the Rorɓ2 isoform. 

In the Rorɓ mutant, Crx and Otx2 are both downregulated (Jia et al., 2009), suggesting 

that Rorɓ also positively regulates these genes. There is some evidence, predating the 

discovery of the Rorɓ2 isoform, that Rorɓ is expressed weakly in horizontal cells and 

bipolar cells (Chow et al., 1998), and a later Rorɓ1-specific knockout mouse failed to 

produce amacrine and horizontal cells, but still produced bipolar cells (Liu et al., 2013). 

Rorɓ1-specific disruptive GFP knock-in showed specific expression in amacrine cells 

horizontal cells, and bipolar cells expressed the GFP knock-in (Liu et al., 2013), and 

thus, Rorɓ1 is expressed in cells which can become any of amacrine, horizontal, or 

bipolar cells, but bipolar cells do not require it. As Rorɓ activates expression of Blimp1 

(discussed above), which is expressed in the shared progenitors of rods and bipolar 

cells and promotes the rod fate (S. Wang et al., 2014), bipolar cells probably have a 

developmental history of Rorɓ expression but do not require it. 

Rorɓ is broadly expressed in CNS tissues including the retina. The default 

isoform, Rorɓ1, is involved in the production of non-photoreceptor subtypes. The 
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photoreceptor-specific isoform Rorɓ2 is expressed in both cones and rods. In rods, 

Rorɓ is part of the initial expression of the key rod specification gene, Nrl, which then 

specifically activates expression of Rorɓ2, which further stimulates Nrl and possibly Crx 

and Otx2 as well. Rorɓ2 is possibly a binding partner for Otx2 and/or Crx, mediating 

expression of a suite of photoreceptor-specific genes. 

 

1.2.2.2 Nrl  

Neural retina-specific leucine zipper (Nrl) is a member of the Maf family of 

transcription factors, which belong to the basic leucine zipper (bZIP) superfamily of 

transcription factors. The basic leucine zipper domain has two major elements: a 

leucine zipper used to bind with various binding partners; and an adjacent 18 amino 

acid stretch of basic residues used to bind DNA (Yang and Cvekl, 2007). The Maf family 

of bZIP transcription factors has two groups, the large and small Mafs. The small Mafs 

have only the bZIP domain, while the large Mafs have an additional DNA binding 

domain termed the ancillary or extended homology domain, which is located near the 

bZIP domain. The large Mafs also have an N-terminal transactivator domain (Friedman 

et al., 2004), a 100 amino acid stretch enriched for serine, proline, and tryptophan 

(Yang and Cvekl, 2007). Drosophila has a single large Maf, trafficjam, while jawed 

vertebrates have four: cMaf, MafA, MafB, and Nrl. Nrl is encoded in mammals and in 

zebrafish as 4 exons, while the remaining large Mafs are encoded in single exons. All 

three large Mafs have a clear role in vertebrate lens development (Reza and Yasuda, 

2004; Yoshida and Yasuda, 2002), and Nrl has weak and transient but detectable 

expression in the mouse lens (Liu et al., 1996).  

 Nrl is a central node in the rod specification pathway. The Nrl knockout mouse 

fails to make rods (Jia et al., 2009; Mears et al., 2001; Yoshida et al., 2004), and cells 

originally destined to become rods instead become a cone-like cell that resembles the 

S-cone (Daniele et al., 2005; Mears et al., 2001; Nikonov et al., 2005). In situ 

hybridization and transgenic expression of eGFP under Nrl regulatory sequences 

demonstrates it is expressed robustly and continuously in rods shortly after terminal 

mitosis and into adulthood (Akimoto et al., 2006). Cre expression under the same 

sequences demonstrates that all retinal cells with even brief Nrl expression become rod 
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photoreceptors (Brightman et al., 2016). The cone-like photoreceptors of the mutant 

mouse disrupt the laminar structure of the ONL (Daniele et al., 2005; Mears et al., 

2001), with numerous ñrosettesò of delaminated photoreceptors forming along the retina. 

These degenerate until late adulthood, when the remaining cone-like cells persist in a 

wildtype-like laminar arrangement in the retina (Roger et al., 2012). Ectopic Nrl, 

expressed under Crx regulatory regions, is sufficient to completely re-program all 

photoreceptors to rods (Oh et al., 2007), although later expression under the S-opsin 

promoter causes the cells to look rod-like but not to function as rods or cones, and are 

likely non-functional (Oh et al., 2008). Nrl exists in photoreceptors at multiple levels of 

phosphorylation (Kanda et al., 2007; Swain et al., 2001), requires sumoylation for its 

proper activity (Roger et al., 2010), and is possibly regulated by microRNAs post-

transcriptionally (Sreekanth et al., 2017). Nrl has a primarily activating role, and 

dimerizes with Crx to directly regulate dozens of rod-specific terminally differentiated 

genes (Hao et al., 2012; Mitton et al., 2000), and with an E3 SUMO ligase Pias3 (Onishi 

et al., 2009), but also acts through four key secondary effector transcription factors, 

including Nr2e3 (discussed below) (Kim et al., 2016a) which chiefly acts to suppress 

cone genes (Jia et al., 2009; Kim et al., 2016a; Oh et al., 2008). Nrl expression is 

directly activated by Otx2 (Kautzmann et al., 2011; Montana et al., 2011) and Rorɓ (Fu 

et al., 2014; Jia et al., 2009; Khanna et al., 2006; Montana et al., 2011), and Nrl 

positively feeds back onto Rorɓ and stimulates expression of the photoreceptor-specific 

Rorɓ2 isoform. Postnatally, the role for Otx2 in Nrl expression wanes and is replaced by 

the activation from the related Crx (Montana et al., 2011), which persists for the life of 

the photoreceptor. Nrl requires SUMOylation at two residues for activity, although this 

does not appear to require Pias3 (Roger et al., 2010). 

 In humans, NRL mutation is chiefly associated with retinitis pigmentosa and 

clumped pigment type retinal degeneration, two degenerative diseases that cause 

progressive loss of photoreceptors, and consequently, of vision. Dominant human NRL 

variants are not commonly associated with Enhanced S cone Syndrome (ESCS) (Acar 

et al., 2003), but 11 patients with homozygous recessive NRL variants have been 

identified to date (Littink et al., 2018). In two of these, rod function was reduced, while S 

cone function was at least normal (Nishiguchi et al., 2004); in four others, no ESCS was 
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reported, although they had retinitis pigmentosa, and in two more, the patients had 

mutations in at least one other ocular disease gene (Newman et al., 2016). The three 

latest identified cases of recessive NRL variants did show an ESCS-like phenotype, 

including loss of rod-mediated electrophysiological responses to light and a slightly 

exaggerated response to blue light, but not to a similar magnitude as in NR2E3 variant 

ESCS (Littink et al., 2018). It has not been examined if these patients have rods which 

do not contribute to a response to light, or if they in fact have more S cones; optical 

coherence tomography (OCT) and fundoscopy of the patients with recessive NRL 

variants showed normal retinal layering in the macula, aside from retinopathy (Littink et 

al., 2018). Thus, it is not clear if a switch from rod to cone phenotype is occuring in 

humans with recessive NRL variants. 

 Zebrafish express nrl in the photoreceptor layer during development (Coolen et 

al., 2005; Nelson et al., 2008), but it is not obviously specific to rods, and may not 

persist in specified rods even in larvae (Nelson et al., 2008; Stenkamp, 2011), although 

the nrl transcript has been detected in adult rods (Sun et al., 2018).  Xenopus retinas 

lipofected with human or frog Nrl showed enhanced production of rhodopsin, suggesting 

some functional conservation, but only frog Nrl and not human NRL was able to 

influence lens fibre development in the same experiments, implying evolutionarily 

divergent roles (McIlvain and Knox, 2007). The bird lineage appears to have lost NRL, 

but maintains rods, and probably relies on MAFA expression to specify rods (Enright et 

al., 2015a; Ochi et al., 2004), although this has not been directly tested. Lamprey have 

branched off very early in vertebrate evolution, and there is still no consensus as to 

whether they have homologous or convergently evolved rod-like photoreceptors. 

Therefore, while the role of mammalian Nrl is quite well-established, differing roles for 

nrl in tetrachromat eyes is plausible. 

 Taken together, Nrl is necessary for rod specification in mammals, without which 

cells become cones, and expression in developing cones is sufficient to reprogram them 

to rods. Nrl is primarily an activator of transcription, and pairs with Crx to directly 

activate expression of dozens of rod-specific genes. It is treated as the primary node of 

photoreceptor type specification in mammals, and indirect assays of Nrl function outside 

of mammals suggest it has similar activity in most vertebrates. 
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1.2.2.3 Nr2e3 

Nuclear receptor subfamily 2 group E member 3 (Nr2e3) or photoreceptor-

specific nuclear receptor (PNR) is an orphan nuclear receptor, of the steroid receptor 

superfamily. Nuclear receptors have DNA-binding, hinge, and ligand binding domains, 

as well as protein-interaction domains known as the D-box, and can bind DNA in 

monomers or more commonly as homo- or heterodimers (Zhao et al., 1998). Defects in 

the Drosophila homolog, unfulfilled (unf), do not specifically lead to obvious retinal 

photoreceptor defects, but instead to numerous other problems, including eclosion 

failure and subfertility (Sung et al., 2009), but specifically including coordination defects 

due to mushroom body neuronal specification and maturation defects. The neurons of 

the mushroom body fail to maintain coherent specification as a specific subtype (Bates 

et al., 2010; Lin et al., 2009), and the small ventral lateral neurons involved in circadian 

rhythm are unable to maintain a rhythm without light entrainment (Beuchle et al., 2012). 

Thus, the Drosophila Nr2e3 homolog is involved in cell fate maintenance during neural 

development, if not in retinal photoreceptor differentiation. 

In mammals, Nr2e3 is a primary downstream effector protein for Nrl, and directly 

represses cone gene expression in rods, and perhaps has some ability to stimulate rod 

genes. In humans and mice, Nr2e3 loss of function leads to rods developing with 

functional S cone phenotypes; S cones are hyper-abundant in the retina, and rods are 

typically absent (Akhmedov et al., 2000; Cheng et al., 2011; Haider et al., 2001, 2000; 

Milam et al., 2002). Physiological recordings of retina function show a supernormal 

response to short wavelength light stimulation (an S-cone property) and almost 

complete lack of response to dim illumination in green light, which is the preferred 

wavelength for rods. M cones, which detect greenish light at brighter intensities, are not 

affected in Nr2e3 mutants. The outer nuclear layer of Nr2e3-deficient retinas is buckled, 

with photoreceptor rosettes forming as described for Nrl mutants (Haider et al., 2001; 

Milam et al., 2002), and in human NR2E3-deficient patients, S-cone opsin-positive cells 

are present in the inner nuclear layer. Expression is completely dependent on Nrl direct 

activation (Oh et al., 2008) and is normally restricted specifically to rod photoreceptors 

(Cheng et al., 2004). Nr2e3 directly complexes with Nrl and Crx to mediate rod-specific 
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gene expression (Cheng et al., 2004; Peng et al., 2005), and its most obvious roles are 

repressive (Chen et al., 1999), shutting down cone gene expression in rods, rather than 

directly activating rod gene expression (Chen et al., 2005; Cheng et al., 2006; Corbo 

and Cepko, 2005; Haider et al., 2009; Oh et al., 2008). However, Nr2e3 in complex with 

Crx and/or Nrl may mediate some rod-specific gene activation, as Nr2e3 was physically 

bound to the promoters of rod genes such as rhodopsin in a ChIP assay (Peng et al., 

2005), and Crx:Nr2e3 ectopic expression in the background of an Nrl-null retina was 

able to partially rescue expression of rhodopsin, although not of rod-specific transducin 

alpha (Gnat1) (Cheng et al., 2006), further indicating at least a weak ability to activate 

expression of rod-specific genes. The ability of Nr2e3 to repress cone gene expression 

is dependent on SUMOylation by Pias3 (Onishi et al., 2009). 

Work in other vertebrates has suggested Nr2e3 function in photoreceptors is 

conserved. On the basis of photoreceptor-specific expression, high amino acid 

conservation to mammalian Nr2e3, and in vitro predominantly repressive activity in 

luciferase assays, chicken NR2E3 was assumed to have mammal-like activity 

(Kobayashi et al., 2008). It is unclear whether zebrafish nr2e3 expression is rod-

specific. Zebrafish nr2e3 appears to be specifically expressed in rods in adult fish, but 

perhaps also in larval cone precursors during development (Chen et al., 2005). Later 

literature (Khuansuwan et al., 2016) cites Morris and colleagues as replicating this in 

2008 (Morris et al., 2008), but Morris et al. merely cited Chen et al., and the work by 

Morris and colleagues does not support the conclusion that zebrafish nr2e3 is 

expressed transiently in larval cone precursors. Subsequent in situ hybridization and 

antibody staining in larval zebrafish also failed to demonstrate nr2e3 outside of rod 

photoreceptors in the retina (Alvarez-Delfin et al., 2009; Nelson et al., 2008), although it 

is discussed as being obviously expressed in non-rod retinal cells (Nelson et al., 2008; 

Stenkamp, 2011). Outside the retina, nr2e3 is expressed in the zebrafish nonvisual 

pineal photoreceptors, located above the brain and which are described variously as 

cone and/or rod-like (Khuansuwan et al., 2016). During normal zebrafish development, 

a subset of pineal precursor cells migrates out of the differentiating mass to form the 

parapineal organ, and nr2e3 represses this transition; moreover, tbx2b may repress this 

nr2e3-mediated repression (Khuansuwan et al., 2016). As zebrafish tbx2b has some 
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cone photoreceptor-specifying activity (reviewed below), this could indicate a 

mechanism of nr2e3 regulation in the retina, although this has not been explored. In the 

Atlantic cod, generation of retinal rods is extremely delayed, taking place only as the 

young fish metamorphose into juveniles ~37 days after hatching, and nr2e3 expression 

is undetectable until this stage, suggesting that nr2e3 expression is in fact rod-specific 

(Valen et al., 2016). 

Cumulatively, Nr2e3 expression is dependent on direct activation by Nrl, and is 

therefore rod-specific in the mammals. Nr2e3 protein complexes with Crx and Nrl to 

mediate rod-specific transcriptional activity. This activity is mostly the direct binding to 

and repression of cone-specific genes, and requires Pias3-mediated SUMOylation 

(Onishi et al., 2009). Nr2e3 participates in the stimulation of some rod genes, but Nrl 

mediates the bulk of pro-rod gene expression.  

 

1.2.2.4 Summary schematic of rod specification  

As summarized in Fig. 1.4, the rod lineage is specified by the induction of Nrl 

expression in precursor cells. Nrl expression is stimulated by Rorɓ and Otx2. Once Nrl 

is expressed, it pairs with Otx2 and later Crx to directly activate numerous genes 

expressed in terminally differentiated rod photoreceptors, thereby directly constructing 

the rod phenotype. It also activates expression of secondary effector transcription 

factors like Nr2e3, which pair with Nrl and Crx to repress expression of cone-specific 

genes; cone gene repression appears to require SUMOylation of Nr2e3 by Pias3, as 

does rod gene stimulation by Nrl.  

 

1.2.3 Speci fication of the cones  

1.2.3.1 Tbx2 

The T-box (Tbx) transcription factor superfamily is named after the DNA-binding 

domain of the founding member T, or Brachyury, and the Tbx superfamily has 17 

members in mammals, grouped in 5 families. The Tbx2 family has four members, which 

derive from serial duplications in early vertebrates: Tbx2 and Tbx4 are paralogs, and 

Tbx3 and Tbx5 are paralogs, and both groups are paralogs of each other (Sheeba and 



 

 34 

Logan, 2017) and linked to the same chromosome. Tbx2 acts as a monomer to repress 

gene transcription, probably mediated through recruiting histone deacetylators using its 

C-terminus (Paxton et al., 2002; Sinha et al., 2000). In the mouse, Tbx2 homozygous 

knockouts die mid-gestation due to heart defects, but work in both mouse and chicken 

show conserved activity in patterning limb bud formation (Sheeba and Logan, 2017; 

Suzuki et al., 2004). In the chick limb bud, TBX2 represses BMP2 expression, relieves 

repression on SHH signalling, and represses GLI3 activity, showing that TBX2 is 

upstream of both SHH and BMP pathways. However, TBX2 is also subject to BMP 

regulation, as exogenous BMP4 induces TBX2 expression in the chick limb bud as well 

(Suzuki et al., 2004), and disrupting expression of the zebrafish BMP ligand gdf6a in the 

earliest stages of retinogenesis blocks tbx2b expression (Gross and Dowling, 2005). 

The conservation of these expression patterns and transcriptional activity extends to 

frog (Takabatake et al., 2000) and zebrafish (Ruvinsky et al., 2000) as well, which 

maintain the syntenic arrangement of duplicated tbx2 family members. Nothing is known 

about the role of Tbx2 in specifying cell types in the mouse eye, as the mutant pups die 

before the retina is well developed (Sheeba and Logan, 2017), and no eye-specific 

conditional alleles exist.  

In zebrafish, tbx2b mutation appears to regulate the production of UV cones and 

rods. In two tbx2b mutants, the animals develop overtly normal retinas but larvae have 

very few UV cones, and instead have at least twice as many rods, leading to the 

phenotype designation lots of rods (Alvarez-Delfin et al., 2009; Raymond et al., 2014). 

The tbx2blor allele is hypomorphic and animals are viable; the from beyond allele 

tbx2bfby, isolated by Snelson and colleagues, is a null allele and produces fewer or 

occasionally zero UV cones, and most homozygous animals die before reaching 

adulthood, and are sterile if they do (Raymond et al., 2014; Snelson et al., 2008). The 

extra rods produced by the tbx2b mutations express rod opsin and nr2e3, and 

morphologically resemble rods. Reciprocal transplants between mutants and wildtype 

demonstrated that the role of tbx2b in generating UV cones is cell autonomous. The 

current interpretation of the tbx2b mutant phenotype is that UV cone-fated cells instead 

develop as rods instead. However, work by Raymond and colleagues undermines this; 

in adult zebrafish, whose retinas show annular growth like tree rings throughout their 
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lives, rare adult tbx2bfby homozygotes show that UV cones are indeed generated, and 

apparently at normal density in the dorsal retina of the animals (Raymond et al., 2014). 

These UV cones do not persist in the mutant, and are lost as the new rings of retina 

age; this disrupts the otherwise orderly pentameric arrangement of the cone 

photoreceptors, and suggests that the tbx2b phenotype may actually be death of UV 

cones coupled with hyperproliferation of rods, rather than a UV cone-to-rod fate 

transition. However, in the larval tbx2blor mutants, proliferation was not increased as 

assayed for by BrdU pulse chase during photoreceptor development (Alvarez-Delfin et 

al., 2009), and in adult tbx2bfby animals, TUNEL assays did not label UV cones, 

although this could be due to the transient availability of TUNEL substrate in dying cells 

(Raymond et al., 2014). Thus, it is presently unclear what the genetic or developmental 

mechanisms of tbx2b are in the zebrafish retina. 

The only other tetrachromat model organism in which Tbx2 has been implicated 

in cone specification is the chicken; TBX2 expression was found to be tightly correlated 

to UV cones in a photoreceptor subtype-specific set of parallel RNAseq experiments 

(Enright et al., 2015a). This suggests that Tbx2 involvement in photoreceptor 

development is not fish-specific, but instead conserved across vertebrates, despite the 

current lack of evidence in the cone-impoverished mammalian models.  

At this time, the role for Tbx2 in photoreceptor specification is broadly interpreted 

to be supportive of the UV cone fate at the expense of the rod fate, as mutant zebrafish 

larvae fail to generate normal numbers of UV cones and instead over-produce rods. In 

chicken, TBX2 is expressed in developing and potentially mature UV cones, suggesting 

a conserved role for Tbx2 in UV cone development. Analysis of zebrafish adult tbx2b 

null mutants suggests that the mutant UV cone paucity and rod hyperabundance are 

actually separate phenotypes, but this is not acknowledged in reviews which cover 

tbx2b, and the lack of other genetic tools in zebrafish, such as an nrl knockout, has 

precluded inserting tbx2b into the photoreceptor differentiation pathways already known. 

 

1.2.3.2 Six7 

The vertebrate Six genes are homologs of the Drosophila sine oculis (so) 

homeodomain gene, with mouse Six3/6 being considered the closest pair of homologs. 
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Zebrafish six7 is one of the teleost homologs of mouse Six3 (Seo et al., 1998), and all 

Six3 homologs have retinal expression early in retinogenesis, including in the optic 

vesicle and lens placode (Drivenes et al., 2000). A role for six7 in photoreceptor 

development has only been discovered in zebrafish at this point, although its 

mammalian homolog Six3 has been implicated in regulating rod opsin expression 

(Manavathi et al., 2007). 

Zebrafish six7 mutants show disrupted ratios of green cones and rods. Due to 

phenotypic similarity to tbx2b (discussed above), the first six7 allele was named lor 

junior (ljr) (Saade et al., 2013). While UV cone abundance is not affected, Saade et al. 

found that in the six7ljr hypomorph, rods were four times as abundant in larvae, 

approximately as numerous as any one of the four cone subtypes, and Ogawa and 

colleagues independently used TALEN-mediated targeted mutagenesis to show that 

six7 null larvae over-produce rods and have a variety of cone specification perturbations 

(Ogawa et al., 2015). Mutant larvae had doubled rhodopsin, nrl, and rod-specific 

transducin alpha (gnat1) transcript abundance, half as much of the two cone arrestins, 

nearly abolished green cone opsins, and halved blue cone opsin (Ogawa et al., 2015). 

In adult animals, rod opsin and gnat1 transcript abundances were unchanged from 

wildtype, but green cone opsin transcript was still undetectable, while the proportions of 

the two red cone opsins (long wavelength-sensitive 1, 2) were swapped and 

upregulated, blue cone opsin was unchanged, and UV cone opsin was ~50% more 

abundant. Normally, lws1 is expressed only in developing red cones at the retinal 

periphery, and mature red cones in the rest of the retina express only lws2 normally. In 

the six7 mutants, lws2 expression was abolished in the central retina, and lws1 was four 

times as abundant as usual, and expressed throughout the retina. The authors do not 

report the expression levels of trɓ2 (reviewed below), a potent regulator of red cone fate 

and an obvious gene of interest given the phenotype. Ogawa and colleagues also do 

not examine tbx2b expression in these mutants, although this is looked at subsequently 

(Sotolongo-Lopez et al., 2016). Sotolongo-Lopez and colleagues evaluated the larval 

phenotypes in the six7ljr allele, finding mutant rod super-abundance to be semidominant 

(heterozygotes have an intermediate increase in rods relative to homozygotes and 

wildtype siblings), and cumulative with tbx2b mutant rod super-abundance. This is 
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consistent with a scenario where tbx2b mutant UV cones become rods, as do six7 

mutant green cones. Refuting this scenario, however, green cone paucity varies 

between six7 mutants, while the rods are invariably super-abundant. The six7 mutants 

had more apoptotic cells during development as measured by TUNEL staining, 

suggesting that green cones are born but then die, and that rods are over-produced 

separately. However, the increase in number of apoptotic cells was not equal to the 

deficit in green cone abundance; thus, it is possible that both cell death and other 

mechanisms collude to generate the green cone-poor, rod-enriched phenotype. 

 Although six7 function in photoreceptors has not been studied outside of 

zebrafish, the gene did not originate in the teleost-specific genome duplication. The gar, 

an ancient lobe-finned fish with a high degree of genomic conservation with chicken 

(Braasch et al., 2016), also has a six7 (Ogawa et al., 2015). Turtles and snakes have an 

annotated Six7 gene, but due to low conservation in peptide sequence the authors 

decided to leave it out of their phylogenetic tree (Ogawa et al., 2015), and birds and 

mammals appear to have lost Six7. 

 While not known to actually play a role in photoreceptor gene expression, 

Manavathi and colleagues demonstrated that Six3, a mammalian homolog of fish Six7, 

negatively regulates itself by recruiting MTA1 to its own promoter, which then recruits 

the histone deacetylation complex to repress Six3 expression (Manavathi et al., 2007). 

In MTA1 knockout mice, Six3 is expressed more highly in the ONL, and the rods had 

increased expression of rhodopsin. Six3 was shown to be able to stimulate luciferase 

reporter activity on rhodopsin promoters, and to enhance the stimulatory activity of Nrl 

and Crx in the same assays. Thus, it is plausible that Six3 in mammals may play a 

covert role in photoreceptor subtype-specific gene expression. Moreover, it suggests 

that zebrafish Six7 may directly stimulate expression green cone opsin expression, 

which shares evolutionary origins with rod opsin (Lamb, 2013). 

 The present lack of information on six7 frustrates a pithy summary. In larval 

zebrafish, six7 appears to be required for the formation of green cones, without which 

the cells either become rods, or die and are replaced by extra rods. Other cone types 

may be affected by this; blue cones in the larvae, and red and UV cones in the adult. 

Adult expression of the green opsins is also nearly abolished in the six7 mutant, but lack 
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of additional cell type markers precludes discriminating between lack of green cones, or 

lack of green cone opsin only. Investigation of six7 in the context of tbx2b reveals a 

cumulative phenotype, suggesting that each gene acts in a separate pathway, and there 

is currently no information on the genetic interactions of six7 and trb2. 

 

1.2.3.3 Trb1/2 

Thyroid hormone receptors alpha and beta (TrŬ, Trɓ) are nuclear hormone 

receptors that act as repressors in the absence of ligand, or activators in the presence 

of it (Grimaldi et al., 2013). A retina-enriched isoform of Trɓ, termed Trɓ2, was first 

identified in the chicken, with an extra 107 N-terminal amino acids transcribed from an 

alternate start codon (Sjöberg et al., 1992). 

 In the mouse, knockout of the Trɓ2 isoform-specific transcriptional start site 

causes absolute lack of M cones with a corresponding increase in S cones (Ng et al., 

2001). Manipulations of thyroid hormone show that M cone opsin distribution in the 

retina (normally graded with high density of M cones in the dorsal retina, and low/zero 

density in the ventral retina) is determined by thyroid hormone gradients in the retina 

(Glaschke et al., 2011; Roberts et al., 2006), and sensitivity to thyroid hormone 

availability continues into adulthood, with opsin-switching occurring in thyroidectomized 

mice provided varying doses of exogenous thyroid hormone (Glaschke et al., 2011). 

Trɓ2 absolutely requires its TH-derived ligand to directly repress S cone opsin 

expression, and to stimulate M cone opsin expression (Applebury et al., 2007). Trɓ2-

mediated S opsin repression requires Rxrɔ (reviewed below) as a co-factor (Roberts et 

al., 2005). Trɓ2-mediated M-opsin expression requires SUMOylation by Pias3, while 

Trɓ1 has a modest capacity to induce M opsin expression that does not require 

SUMOylation (Onishi et al., 2010). Moreover, ligand-bound Trɓ2 and Rxrɔ together 

induce Pias3 expression in mouse M cones, which enables Trɓ2-mediated M opsin 

expression (Onishi et al., 2010). Trɓ2 is transcriptionally regulated by promoter activity 

both upstream of the transcriptional start site as well as within its first intron, and its 

photoreceptor-specific expression is mediated by two short control regions, an 

ñamplifierò (85bp) responsible for robust expression, and a ñspecifierò (115bp), 

responsible for photoreceptor-specific restriction of otherwise broad reporter expression 
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(Jones et al., 2007). We know little about the regulators of Trɓ2, as we do not yet know 

what factors explicitly instruct the cone fate, but Nrl appears to bind this gene and at 

least S cone opsin, presumably in a repressive fashion (Oh et al., 2007), and the bHLH 

protein NeuroD1 binds to and activates expression of Trɓ2, with NeuroD1-/- mice failing 

to generate M cones and instead making more S-cones (Liu et al., 2008). RorŬ appears 

to repress Trɓ2 expression in S cones (reviewed below) (Fujieda et al., 2009). Cone-

specific upregulation of Trɓ2 appears to be part of the function of the Onecut1/2 

proteins (Section 1.2.1); they bind redundantly to a cis-regulatory module upstream of 

Trɓ2 transcription start site (Emerson et al., 2013), probably in partnership with Otx2. 

Electroporated ectopic expression of Onecut into post-mitotic retinal progenitor cells at 

P0, when mouse rods are beginning to terminally differentiate, boosted the proportion of 

cells with cone markers at the expense of rod markers. Onecut mutant mice also show 

decreases in Trɓ2 transcript abundance. Thus, Onecut proteins most likely act as cone-

specific activators of Trɓ2 expression, in addition to their earlier role in regulating the 

cone and horizontal cell lineages all together (as reviewed above in Section 1.2.1).  

 Zebrafish trɓ2 plays a conserved role in cone photoreceptor specification, and 

regulates production of UV cones versus red cones. Manipulation of trɓ2 levels using 

morpholino knockdown or transgenic over-expression show it is necessary and 

sufficient to promote the red cone phenotype at the expense of the UV cone phenotype 

(Suzuki et al., 2013; Yoshimatsu et al., 2014). Moreover, crx-driven ectopic over-

expression of trɓ2, which is active during or just after the terminal mitosis of all 

photoreceptors, causes those photoreceptors to become red cones, while gnat2-driven 

expression, active in maturing cone photoreceptors only, causes only red cone opsin 

co-expression with whatever endogenous opsin that cone would have expressed 

(Suzuki et al., 2013). This indicates that at least red cones are specified by trɓ2 

expression almost immediately after birth, and that Trɓ2 continues to have a role in 

promoting red opsin expression postnatally, although other cones lose competence to 

shift fate to become red cones.  

 In summary, Trɓ2 is required for the specification of the longest wavelength-

sensitive cone in vertebrates, which is red opsin in tetrachromats and M (greenish) 

opsin in the mouse. Its expression requires collaborative activity of Otx2 and Onecut1/2, 
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and Trb2 directly promotes transcription of that cellôs ultimate opsin (red in zebrafish, M 

in mouse) and directly represses expression of UV (zebrafish) or S opsin (mouse). Trɓ2 

requires SUMOylation by Pias3 in order to stimulate opsin expression, and induces 

Pias3 expression in combination with Rxrɔ in nascent cone precursors. Trɓ1 induces M 

opsin expression at a very weak level, and this is not SUMOylation-dependent. The 

actions of Trɓ2 relative to Tbx2 and Six7 have not been examined in any tetrachromat 

eyes.  

 

  

1.2.3.4 RorŬ/ɓ 

The retinoid-related orphan receptor alpha and beta1/2 isoforms (RorŬ, Rorɓ1/2) 

have a role in cone specification, as well as in rod specification (Section 1.2.2), and 

facilitate the cone fate and promote the S-cone phenotype. Rorɓ2 mutant mice, known 

for making a rodless mouse with primitive S-cone-like cells (Section 1.2.2), still express 

Trɓ2 and M cone opsin in some of their cones, indicating that Rorɓ2 mutation does not 

block the Trɓ2-mediated specification of M cones; rather, the failure to make rods in this 

mutant causes the cells to develop similarly to S cones, and these outnumber the M 

cones and make the retina look like an S cone-only retina (Srinivas et al., 2006). Rorɓ2 

does have some ability to directly bind and activate S cone opsin promoter, which is 

potently enhanced by dimerizing with Crx (Srinivas et al., 2006). 

RorŬ, not known to have a role in rod gene regulation, is actively expressed in 

both S and M cones into adulthood, as well as in some INL neurons (Fujieda et al., 

2009). Staggerer (sg) RorŬ mutant mice express S cone opsin weakly, and M cone 

opsin a little less weakly, which suggest it is a factor in their expression but not required 

for it. Cone arrestin expression is also impaired in sg mice, and Trɓ2 expression is 

slightly upregulated, suggesting that RorŬ normally antagonizes the M cone phenotype. 

Further, RorŬ directly binds the S opsin promoter together with Crx, but not the M cone 

opsin promoter.  

The only model for RorŬ/ɓ activity in cones that has been proposed so far 

suggests that Trɓ2 and RorŬ/ɓ levels fluctuate, and in the fluctuations the two cones are 

specified in pulses, which predicts the early production of S cone opsin (robust 
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expression by ~P4) and later production of M cone opsin (robust expression by ~P11) in 

mouse (Fujieda et al., 2009).  Early in cone development, Trɓ2 and Rxrɔ (reviewed 

below) together work to block expression of S cone opsin. Then Trɓ2 and Rxrɔ 

expression decreases transiently while Rorɓ2 increases and promotes S cone opsin 

expression. Subsequently, Trɓ2 and RorŬ transcripts both increase, and Trɓ2 

stimulates M cone opsin expression. Finally, RorŬ increases in expression to its final 

levels and persists, while Rorɓ2 and Trɓ2 both decrease, although persist into 

adulthood (Fujieda et al., 2009). Nothing is presently known about the cone-specific 

regulation of the Ror subtypes, or what factors regulate this variable expression in S 

versus M cones. 

 

1.2.3.5 Rxrɔ 

 Retinoid X receptor gamma (Rxrɔ) has long been used as a marker of cone cells; 

in chick, RXRɔ is expressed abundantly through the developing retina, but as cells 

mature, expression is restricted to just the cone photoreceptors (Hoover et al., 1998), 

and only cone nuclei stain positively for Rxrɔ in rat, cow, human, and mouse (Janssen 

et al., 1999; Mori et al., 2001). In the developing mouse, Rxrɔ dimerizes with Trɓ2 to 

repress S cone opsin expression, but does not participate in modulating M cone opsin 

(Roberts et al., 2005). Dimerized with Trɓ2, Rxrɔ also induces expression of Pias3, 

which SUMOylates Trɓ2 and enables Trɓ2 to stimulate M opsin expression (Onishi et 

al., 2010). In Rxrɔ mutants, S cone opsin is expressed evenly in virtually all cones, 

whereas it is usually repressed in dorsal M cones where M cone opsin expression (and 

Trɓ2 signaling) is strongest (Roberts et al., 2005). The regulators of Rxrɔ expression 

have not been identified, but a short 208bp promoter sequence from chicken Rxrɔ was 

able to direct robust eGFP to cone photoreceptors, and to activate a Cre-mediated lox 

reporter construct in cones and horizontal cells (Blixt and Hallböök, 2016). While this 

does not explicitly identify any regulators of Rxrɔ, the Cre-mediated reporter activity 

implies Rxrɔ is expressed at a time when cones and horizontal cells share a 

developmental history, and thus some candidate regulators of Rxrɔ include Onecut, 

Otx2 (Sections 1.2.1) or even Spalt proteins (reviewed below). 
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 In summary, Rxrɔ does not clearly have a specifying role in cone photoreceptors, 

but is expressed in all mature cones in the mammal and probably in the chicken, and 

appears to mediate the anti-S cone activity of Trb2 by directly dimerizing with it to 

suppress S cone opsin expression. It does not appear to promote M cone phenotype.  

 

1.2.3.6 Sall3  

Spalt (sal) genes are zinc finger transcription factors present from nematodes 

and flies to vertebrates (De Celis and Barrio, 2009). In Drosophila, there are two 

paralogs of spalt, spalt major (salm) and spalt-related (salr). Together, they form the 

spalt complex, and sal mutants have defects in numerous developmental processes 

including wing patterning, but critically also including photoreceptor specification. The 

sal genes promote the differentiation of R7 and R8 photoreceptors, the two color vision-

mediating photoreceptors in Drosophila; without sal, these photoreceptors appear to 

develop as R1-6 photoreceptors, which mediate dim light and visual acuity (Domingos 

et al., 2004a; Mollereau et al., 2001). Sal is also used to promote the proper planar cell 

polarity of R3 and R4 fly photoreceptors, but is repressed by seven-up (svp) as R3 and 

R4 mature; without svp repression, those photoreceptors eventually become ectopic R7 

and R8 photoreceptors (Domingos et al., 2004b). Vertebrates have four spalt-like (sall) 

genes; sall1, -2, 3, and 4 (De Celis and Barrio, 2009).  

The first indication that Sall3 was involved in vertebrate photoreceptor 

development was that Nrl mutant retinas, which make no rods but extra S cone-like 

cells, showed increased transcript abundance for Sall3 (Yoshida et al., 2004). In a later 

investigation, de Melo and colleagues showed that developing S cones and horizontal 

cells robustly expressed Sall3, and some cone bipolar cells began to express Sall3 at 

P7 in wildtype (de Melo et al., 2011). Ectopic Sall3 electroporated into the retina 

promoted S opsin and cone arrestin expression, and also showed ectopic horizontal 

cells aberrantly generated within or mislocalized to the IPL. Mouse Sall3 knockout mice 

die at birth, but mutant retinal explants cultured in vitro from birth did not express either 

S opsin or cone arrestin, and showed deficits in transcript abundance from numerous 

cone phototransduction genes. ChIP showed that Sall3 directly binds to at least S opsin 

and M opsin genes (de Melo et al., 2011); it is possible that Sall3 directly binds 
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numerous cone-specific phototransduction genes. It is currently unknown what 

regulates Sall3 expression in cones. However, Emerson and colleagues invoke Sall3 as 

a possible downstream effector of Onecut (Emerson et al., 2013), on the basis of being 

expressed in both horizontal cells and cones during differentiation, like Onecut1/2 and, 

unlike Onecut1/2, directly binding to and activate cone genes (de Melo et al., 2011). 

Thus, it is possible that Onecut and/or Otx2 promote Sall3 expression, although this has 

not yet been demonstrated. No genetic or physical interaction between Sall3 and Rxrɔ 

has been documented, but as Rxrɔ is expressed at similar time points as Sall3 (Blixt 

and Hallböök, 2016), and as Sall3 promotes the S cone phenotype while Rxrɔ 

represses it (Roberts et al., 2005), it is possible these genes act in similar or parallel 

pathways. 

The only examination of Spalt genes in tetrachromat retinas comes from a study 

in which subtype-specific photoreceptors were flow sorted out of the retinas of chickens, 

for RNAseq and then compared (Enright et al., 2015a). Both SALL1 and SALL3 were 

found to be cone-enriched relative to rods, and as in the mouse, SALL3 was abundantly 

expressed in the photoreceptor nuclear layer as well as in the outer region of the inner 

nuclear layer, presumably in the cone bipolar cells and perhaps the horizontal cells as 

reported in the mouse (de Melo et al., 2011). Unlike the mouse, SALL3 expression did 

not persist after hatching in chicken. SALL1 was not studied by de Melo and colleagues, 

but in chicken, Enright and colleagues demonstrated weak but enduring expression in 

the photoreceptor nuclear layer, suggesting that the overall function of the Spalt genes 

may have conserved roles in vertebrate retinas, but that in chicken at least these roles 

may be split between SALL1 and SALL3. Interestingly, SALL1 showed weak and 

enduring expression also in the horizontal cells (Enright et al., 2015a), although this was 

not mentioned by the authors.  

In summary, Spalt proteins play a role in promoting the terminal differentiation of 

cones, specifically and directly activating the expression of numerous cone 

phototransduction genes. Sall3 directly activates S cone opsin expression, and binds to 

but does not directly stimulate the M cone opsin promoter, and is not expressed strongly 

or at all in M cones in mammals. It may participate in promoting the cone phenotype 

during the period when cones and horizontal cells are differentiating from shared 
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progenitors, and may be regulated by Otx2 and Onecut proteins, and may prove to have 

an interaction with Rxrɔ, which is expressed at similar time points.  

 

1.2.3.7 Pias3 

Protein inhibitor of activated Stat3 (Pias3) encodes an E3 SUMO ligase with 

transcription modulating activity expressed in both cones and rods, which is required for 

the transcriptional regulatory activity of numerous specifier genes. In the zebrafish, two 

paralogs exist, and are both expressed in developing and mature red, green, and UV 

cones (Onishi et al., 2010), although roles for it in regulating these cone subtypes are 

not known.  

In the mouse rod, Pias3 is a co-activator of rod genes, and a co-repressor of 

cone genes (Onishi et al., 2009). In addition to physical presence at the promoters of 

these genes, it SUMOylates Nr2e3, and this modification is required for the cone gene-

repressive functions of Nr2e3 (Section 1.2.2). It complexes with Nr2e3, Nrl, and Crx at 

rod-specific gene promoters, and there is SUMOylation of proteins at these promotors, 

including of Nrl, but it is not yet clear if Pias3 mediates the SUMOylation of these 

proteins. In the mouse cones, Pias3-mediated SUMOylation is associated with 

promoting M cone phenotype at the expense of the S cone phenotype (Onishi et al., 

2010). Expression is induced in nascent cone genes by combinatorial activation by Trɓ2 

and Rxrɔ. Pias3 then SUMOylates Trɓ2; this is required for Trɓ2-mediated M opsin 

expression. RorŬ, which stimulates S opsin expression when dimerized with Crx, 

becomes a repressor of S opsin expression when SUMOylated by Pias3.  

 Cumulatively, Pias3 directly binds the promoters of various cone and rod genes, 

and at least in rods is a co-activator of rod genes and a co-repressor of cone genes. 

Moreover, the repression of cone genes by Nr2e3 requires Pias3-mediated 

SUMOylation, and Pias3-mediated SUMOlyation status of Trɓ2 controls its ability to 

regulate S and M cone opsin expression. 

 

1.2.3.8 Mafb 

Maf family of transcription factors, belonging to the bZIP superfamily and 

comprised of Nrl, Mafa, Mafb, and c-Maf, has been described in more detail above 
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(Section 1.2.2). No other Maf family member has been directly implicated in the 

specification of the photoreceptors, but a recent synthesis has reviewed pre-existing 

data to infer a possible role for Mafb in tetrachromat green cone specification (Musser 

and Arendt, 2017). 

 The opsin expressed by rods (Rh1) is most related to tetrachromat green cone 

opsin (Rh2) (Lamb, 2013), and is derived from pre-existing green cone opsin. In 

chicken, MAFB is lightly and sparsely expressed in the photoreceptor nuclear layer at 

embryonic day 20 (E20) (Enright et al., 2015a), and in retinal explants removed from 

embryos at E6 and cultured for 15 days in vitro, thought to mimic E21 (hatch day), 

MAFB expression was strongly enriched solely in isolated green cones, relative to red 

cones, UV cones, or rods (Enright et al., 2015a). Musser and Arendt suggest that, since 

green cones and rods express similar opsins, perhaps both photoreceptor types utilize 

Maf family members for specification (Nrl for rods; Mafb in green cones) (Musser and 

Arendt, 2017). However, the chicken MAFB expression is not robust (Enright et al., 

2015a), and if it is expressed in post-natal green cones, it is certainly more robustly 

expressed in a population of INL cells.  

 On the basis of green cone-enriched expression of MAFB in chicken, it is 

possible that a non-Nrl Maf family member, Mafb, has a role in specifying 

photoreceptors. Moreover, it is possible this is part of green cone specification. 

 

1.2.3.9 Summary schematic of cone  specification  

The disconnect resulting from little overlap between literature from mammalian 

and tetrachromat organisms makes it difficult to present the data in a single diagram 

with high confidence. Fig. 1.5 shows a summary of the data from mammalian research, 

including information where possible from tetrachromat models, and Fig. 1.6 shows a 

summary of information presently specific to tetrachromat models. 

 As shown in Fig. 1.3, cones derive from a bipotential retinal precursor cell which 

can generate either horizontal cells or cones, and in mouse at least, the cone fate must 

first be specified before cone subtype can be determined. Onecut expression (reviewed 

above) appears to promote the horizontal cell fate, but expression lingers into post-

differentiation cones, and Onecut can directly bind and activate Trɓ2 expression in 
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cones, so it may have dual roles in both horizontal and cone fates. Sall3 is similarly 

involved in the production of cones and of horizontal cells, and similarly binds cone-

specific genes like S opsin directly. While Otx2 has not been explicitly studied in the 

context of specifying the cone lineage, it appears not to be involved in horizontal cell 

generation. Thus, it is possible that Onecut and Sall3 activity together promote the 

horizontal cell fate, while Onecut, Sall3, and Otx2 together promote the cone fate. Otx2, 

Onecut, and Sall3 all directly bind to and activate Trɓ2 expression in cones, and Sall3 

directly binds to and activates expression of numerous cone-specific phototransduction 

genes. In the mouse, Trɓ2 is evenly expressed in most cones, but is only competent to 

stimulate gene expression when bound to its ligand; thus, most differentiating cones 

probably express Trɓ2, and depending on activated thyroid hormone availability, 

assume the S cone or M cone phenotypes. In the presence of activated thyroid 

hormone ligand, Trɓ2 directly binds to and stimulates M cone opsin, and in complex 

with Rxrɔ, binds to and represses S cone opsin expression. S cone opsin expression is 

stimulated by Sall3, Rorɓ2, and RorŬ, aided by dimerization with Crx. For the life of the 

animal, manipulating thyroid hormone levels is sufficient to induce opsin switching 

between S and M opsins in most cones.  

 In the tetrachromat zebrafish retina, which has UV, Blue, Green, and Red cones, 

as well as rods, roles for tbx2b, six7, and trb2 have been found which cannot yet be 

easily mapped onto the mammalian model. As shown in Fig. 1.6, zebrafish trɓ2 has a 

conserved role in promoting the production of the longest wavelength-sensitive cone 

over the shortest. However, unlike in the mouse there is a window of opportunity for this 

to occur, as recently post-mitotic cones forced to express trɓ2 can assume the red cone 

fate, but maturing photoreceptors forced to express trɓ2 only begin to co-express red 

opsin in addition to their endogenous opsin. Adult activity of trɓ2 has not been studied in 

zebrafish, but presumably it continues to mediate red opsin expression as in the mouse. 

UV cones fate is regulated not only by trɓ2 expression, but also by tbx2b activity. It 

appears that tbx2b promotes UV cone fate, as mutant larvae fail to make many UV 

cones and instead over-produce rods, and the most common model is that UV cones 

become rods in these mutants. In the adult, tbx2b mutant rod abundance does not 

appear to be higher, and UV cones are produced but then likely die, suggesting an 
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alternative mechanism whereby UV cone death in larvae is accompanied by a second 

phenotype, hyperproliferation of rods. The final gene with tetrachromat-only data is six7. 

In larval zebrafish, six7 appears to promote green cone identity, as mutants fail to make 

many green cones and instead over-produce rods. Blue cone opsin transcript is also 

reduced, suggesting a decrease in blue cones in the larvae, with no change in UV or 

red cones. However, in the adult, the opposite effect on non-green cones is seen: green 

cone opsin is still abolished in the adult six7 mutant, but the dominant red opsin paralog 

is switched, and red opsin transcript is overall more abundant, indicating that there are 

more red cones, or that green cones express red opsin. UV cone opsin transcript is also 

more abundant, suggesting that there may be more UV cones, or that green cones 

express UV cone opsin. Cumulatively, it could mean that adult green cones are lost and 

extra red and UV cones are made, or that green cones express opsins regulated by 

Trɓ2. At the time of writing, no labs with access to tbx2b, trb2 or six7-modulating tools 

(mutants, transgenics, morpholinos) have published work showing interactions between 

the three genes, so if these genes represent nodes in a genetic network, they have not 

yet been connected to each other or to nodes in the mammalian model (Fig. 1.4, 1.5). 

From work in the chicken, there is the suggestion that MAFB expression is involved in 

the specification of green cones, and no work to date has found any factor involved in 

blue cone specification. 

 

1.3 Evolution of  the photoreceptors  

There is intense selective pressure on visual systems to evolve to fully meet the 

visual tasks faced by an organism. Consequently, the problem of mediating vision in 

relevant circumstances may have continually evolving solutions. In Section 1.3.1, I give 

a brief overview of rhabdomeric photoreceptors, which are the photoreceptor type used 

by virtually all invertebrates yet examined. In Section 1.3.2, I discuss current opinion on 

the origins of rods and cones, which represent the debut of ciliary photoreceptor-based 

vision among extant vertebrates. In Section 1.3.3, I discuss instances of evolutionary 

shifts in photoreceptor diversity in vertebrates, and finally conclude with Section 1.3.4, 

an introduction to the Nocturnal Bottleneck Hypothesis. 
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 Section 1.3.1 is useful for understanding the fundamental innovation that 

distinguishes the visual biology of vertebrates from that of invertebrates. Sections 1.3.2-

4 motivated and informed the research of Chapters 3 and 4, and the discussion of 

Chapter 5.  

1.3.1 Invertebrate vision is mediated by rhabdomeric, not ciliary photoreceptors  

Vertebrate vision is mediated through photoreceptors which use elaborated 

primary cilia, packed with opsin GPCRs which receive photons and transduce it to a 

signal (reviewed in Section 1.1.3). The functional output of ciliary opsin signaling is 

decreased intracellular cGMP concentration, which shuts cGMP-gated ion channels and 

causes hyperpolarization of the cell. However, an entirely separate photoreceptor 

biology exists, and mediates vision widely among the invertebrate lineages. 

The visual photoreceptors used by the vast majority of invertebrates are termed 

rhabdomeric, in reference to the tube-like, light-funneling rhabdom structure in 

compound eyes where these photoreceptors were characterized (for example, (White, 

1975)), and which contains the rhabdomeric photoreceptors and other cells. Densely 

packed arrays of microvilli extend from the surface of rhabdomeric photoreceptors. 

These rhabdomeric photoreceptors use opsins for photon absorption, although the split 

between ciliary and rhabdomeric opsins occurred more than 700 million years ago 

(Lamb, 2013), before the divergence of protostome and deuterostomes, and thus, a 

novel opsin can be readily determined to be a rhabdomeric or ciliary opsin based on its 

primary sequence (Pergner and Kozmik, 2017). The rhabdomeric phototransduction 

cascade is also wholly different from ciliary phototransduction, and to aid in the following 

sections, a brief overview is warranted. 

To summarize a recent review (Fain et al., 2010), the Drosophila rhabdomeric 

photoreceptors have approximately forty thousand microvilli per photoreceptor. Each 

microvillus has approximately 1000 opsin molecules, and stimulation of the opsin 

activates Gq protein activation, which uses phospholipase C (PLC) to convert PIP2 into 

IP3 and DAG secondary messengers. DAG stimulates the opening of TRP ion channels, 

allowing inflow of sodium and calcium ions, thereby depolarizing the microvillus. The 

increase in intramicrovillar calcium opens more TRP channels, allowing more ion inflow, 
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and the cumulative increase in calcium ion concentration triggers depolarization of the 

whole cell. Although not in the fly, in numerous other invertebrates, the rapid gain in 

calcium concentration is further aided by IP3-dependent release of stored Ca2+ from 

submicrovillar cisternae, which are positioned at the bases of the microvilli and are 

readily accessible to diffusing IP3. This high gain in signal from single photons allows 

physiological detection, enabling vision in dim light. In higher levels of illumination, the 

baseline Ca2+ concentration is higher due to constant Ca2+ release from the microvilli 

and the submicrovillar cisternae, which blunts the gain in signal from photons but does 

not block phototransduction overall. Phototransduction can proceed despite high 

intracellular Ca2+, as the microvilli are highly compartmentalized, and rapidly recover a 

locally low calcium concentration, allowing a single microvillus to report ten photons per 

second in Drosophila. Moreover, when 11-cis-retinal isomerises to all-trans-retinal, a 

second photon can isomerize it back to 11-cis-retinal, allowing opsins to never 

permanently bleach in physiological light conditions. In this way, rhabdomeric 

photoreceptors also mediate reliable photoreception in bright light.  

To summarize the principal differences between ciliary and rhabdomeric 

phototransduction: ciliary photoreceptors  manipulate levels of cGMP to modulate the 

open/shut status of cGMP-gated ion channels, and light-induced activity shuts these ion 

channels, blocking otherwise steady inflow of cations and thereby hyperpolarizing the 

cell. Ultimately this causes the cell to release less neurotransmitter in response to light. 

Rhabd omeric photoreceptors  manipulate levels of IP3 and DAG to modulate Ca2+ 

concentration and cation inflow, which ultimately depolarizes the photoreceptor and 

causes it to release neurotransmitter in response to light.  

In some invertebrates (not the fly), both rhabdomeric and ciliary photoreceptors 

are present (Arendt et al., 2004; Gomez and Nasi, 2000; Gotow and Nishi, 2002; Raible 

et al., 2006), suggesting that the ancient state was to have both types of 

photoreceptors, with subsequent loss of ciliary photoreceptors in the Drosophila lineage, 

and the loss of obvious rhabdomeric photoreceptors in the vertebrate lineage. In 

animals with both types, the current assumption is that rhabdomeric photoreceptors 

mediate vision, and ciliary photoreceptors play non-visual roles, such as entraining the 

circadian rhythm to the photoperiod (Arendt et al., 2004; Fain et al., 2010; Tosches et 
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al., 2014). Interestingly, the melanopsin recently discovered to be expressed in a tiny 

fraction of retinal ganglion cells is a rhabdomeric opsin, and these retinal ganglion cells 

are thought to participate in circadian rhythm entrainment, pupillary light reflex, and 

environmental irradiance (Guler et al., 2007; Schmidt et al., 2014). Revealed very 

recently, there may be a role for some melanopsin-expressing ganglion cells in 

peripheral retina image formation (Zele et al., 2018), which appears to be mediated by 

their own detection of light and not by the inputs from rods and cones. There are 

numerous subtypes of these photoreceptive retinal ganglion cells (Hannibal et al., 2017; 

Hughes et al., 2016; Reifler et al., 2015), each with diverse specialized functions. Their 

phototransduction cascade is not fully worked out, but it appears to be rhabdomeric, as 

light induces IP3 concentration increases in cultured photosensitive ganglion cells, and 

blocking PLC-mediated IP3/DAG messenger production stopped this (Contín et al., 

2010). Furthermore, frog melanophores, which are pigment-bearing cells that darken 

the skin, express melanopsin and use PLC-mediated IP3 and DAG to control the light-

induced remodeling of the pigment granules (Isoldi et al., 2005), indicating the existence 

of intact rhabdomeric photoreceptor cascades in vertebrates. However, loss of several 

candidate mouse homologs to the TRP channels that mediate light-dependent Ca influx 

in invertebrate photoreceptors did not fully block melanopsin-mediated 

phototransduction in the retina (Perez-Leighton et al., 2011), indicating that the 

melanopsin signaling pathway is not yet understood. 

 

1.3.2 Origins of the rods and cones  

It is common to study the evolution of a trait that is characteristic of a given 

lineage or species by comparing it to the homologous structure of a closely-related 

species or lineage that lacks the trait. However, this is not feasible for vertebrate retinal 

photoreceptors. The closest relatives to the vertebrates are the non-vertebrate 

chordates, including amphioxus and the tunicates. These organisms do not have 

obviously homologous structures to the vertebrate retina, although amphioxus does 

have both rhabdomeric and ciliary photoreceptors whose homologies to vertebrate 

photoreceptors are not yet understood. The Amphioxus frontal eye consists of just nine 
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pigment cells that shade five adjacent ciliary photoreceptor-like cells and has Otx and c-

opsin expression (Vopalensky et al., 2012). The Amphioxus lamellar body is disputed to 

have pineal-like qualities (Lamb, 2013; Pergner and Kozmik, 2017). However, neither 

putative photoreceptive organ has yet been demonstrated to respond to light 

electrophysiologically. Two other Amphioxus organs, the Joseph cells and the dorsal 

ocelli/organs of Hesse, are definitely photoreceptive and use rhabdomeric machinery 

(Angueyra et al., 2012). More distant relatives within the invertebrates use visual 

photoreceptors which are rhabdomeric. Therefore, the best chance to infer the 

evolutionary origins of ciliary rod and cone photoreceptors is to look at members of the 

oldest branching extant vertebrate lineages, evaluate the differences in rod and cone 

diversity between these members, and then construct a model that can account for 

these differences. 

The earliest branching point in vertebrate evolution, for which members of both 

derived lineages still exist, is the split between jawless (agnathan) and jawed 

(gnathostome) vertebrates. The extant agnathans include only the lamprey and hagfish 

species, and all other vertebrates belong to the jawed lineage. The earliest branching 

jawed vertebrates are the cartilaginous fishes (elasmobranchs), which amongst extant 

groups includes the sharks, skates, rays, and chimeras. The retinas of most 

cartilaginous fish species examined clearly contain both rods and cones (Hart, 2004; 

Hart et al., 2006). This indicates that the archetypical vertebrate duplex retina, including 

rods and cones, was established at least as early as the evolution of the jaw. In 

contrast, retinas of the agnathans, including the hagfish and lamprey, show numerous 

differences from the consensus vertebrate archetype. The hagfish eyes are difficult to 

interpret; they lack lenses (Zeiss et al., 2011), and have only two obvious retinal layers, 

consisting of the photoreceptors and projection neurons (putative retinal ganglion cells) 

which the photoreceptors appear to directly contact (Holmberg, 1971). This is 

reminiscent of the photoreceptors in non-mammalian pineal glands, which consist of 

photoreceptors directly synapsing onto projection neurons, wrapped up in glia (Eakin, 

1973). Hagfish also lack an obvious pineal gland, and thus, there is speculation about 

whether hagfish eyes are lateralized pineal glands, if they are pineal-like, if they are an 

evolutionarily intermediate precursor to the vertebrate camera-style eye, or if they are 
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degenerated from a true camera-style ancestral eye (Lamb, 2013). The lampreys, 

however, have a clear vertebrate-style eye, with inner, outer, and ganglion cell nuclear 

layers as in jawed vertebrates (Fritzsch and Collin, 1990), indicating that much of the 

vertebrate retina evolved before the split between lampreys and jawed vertebrates. 

Critically however, lamprey photoreceptors show a wealth of novel and intermediate 

cone/rod phenotypes that reveal much about the early evolution of the vertebrate 

photoreceptors. 

Analysis of the photoreceptors of various lamprey species suggest that the 

common ancestor of lampreys and gnathostomes had 5 classes of photoreceptors, 

although the emergence of rods from one of these classes may have been convergently 

evolved in the two lineages. Analysis of cDNAs recovered by degenerate PCR showed 

that the common ancestor of lamprey and jawed vertebrates had the same set of five 

visual opsin genes: SWS1 (UV), SWS2 (blue), RH2 (green), RH1 (rod), and LWS (red) 

(Collin et al., 2003; Pisani et al., 2006). Geotria australis appears to have 5 cone-like 

cells, instead of 4 cones and 1 rod (Collin et al., 2003; Collin et al., 2004). In other 

lamprey, there is less photoreceptor diversity (at most two photoreceptor types), but 

genomic evidence for SWS1 and SWS2 pseudogenes in the sea lamprey Petromyzon 

marinus suggest that all lamprey but G. australis have simply lost most photoreceptor 

diversity over time (Wayne L. Davies et al., 2009). In P. marinus  and the river lamprey 

Lampetra fluviatilis, pairs of photoreceptors exist in which one is physiologically rod-like, 

with single-photon detection capacity, but with cone-like morphology (Asteriti et al., 

2015; Morshedian and Fain, 2017, 2015). The phototransduction cascade used by the 

rod-like photoreceptors featured different paralogs to mediate cone/rod-specific 

phototransduction; early in vertebrate evolution, before the split of the jawed 

gnathostomes and jawless agnathans, two rounds of whole genome duplication 

occurred (Lamb, 2013; Nordström et al., 2004), generating 4 copies of most genes, 

many of which were lost in later vertebrate history. In gnathostomes such as the 

mammals, two photoreceptor-specific transducin alpha subunits are retained, the cone-

specific Gnat2, and the rod-specific Gnat1 (Lamb, 2013). In lamprey, different paralogs 

were retained for photoreceptor-specific use, including at least GNATX, and additional 



 

 53 

agnathan-specific paralogs for phosphodiesterase6 and the cGMP-gated ion channels 

have been identified (Lamb et al., 2016; Muradov et al., 2008, 2007).  

Cumulatively, studies of lamprey photoreceptors suggest that the last common 

ancestor of lamprey and the jawed vertebrates had five visual photoreceptor types, one 

of which may have been physiologically rod-like. Furthermore, rod opsin is derived from 

a green cone opsin (Collin, 2009), suggesting that rods evolved from a cone subtype 

(Lamb, 2013). However it appears that the underlying molecular machinery for the rod-

like cells is different from that used in gnathostomes, opening up the possibility that rod-

like physiology may have independently evolved in the two lineages. In cases of 

disputed cell type homology between lineages, comparative molecular biology 

approaches may be used (Arendt, 2008, 2003; Arendt et al., 2016), which rely on 

comparing the transcriptional control of cell type specification between cells. Where the 

specification factors are orthologous between two species, the cell type is deemed 

homologous. In the dispute over whether lamprey and gnathostome rods are truly 

homologous, demonstrating that lamprey require an NRL-homolog to specify rods would 

be strong evidence for true homology, and not just convergent evolution. At this time, 

however, the genetic determination of photoreceptor types in the lamprey is wholly 

unexplored, and regulatory specifiers of photoreceptor identity are unknown. It therefore 

remains to be determined whether lamprey rods are homologous to gnathostome rods. 

 

1.3.3 Photoreceptor evolution in vertebrate lineages  

Photoreceptor ratios and diversity have shifted greatly in some vertebrate lineages, 

reflecting the importance of updating visual capacity to match emerging ecological 

needs over evolutionary time (Lamb, 2013). This has resulted in species losing one or 

more of the ancestral photoreceptor types, interconverting photoreceptor types, and/or 

shifting rod:cone ratios to adjust to changing levels of illumination in new habitats. 

 

1.3.3.1 Loss and gain of p hotoreceptor diversity  

Loss of cone photoreceptors is a common adaptation in vertebrate evolution, but 

subsequent gain in cone diversity has occurred as well. While there is evidence that the 
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cartilaginous fishes, comprised of sharks, skates, rays, and chimeras, initially had 

multiple cone subtypes (Hart, 2004; Hart et al., 2006), sharks typically have one cone or 

none (Hart et al., 2011). Snakes have lost ancestral blue and green cones, retaining UV 

and red cones, as well as rods (W. L. Davies et al., 2009; Simões et al., 2016b, 2016a). 

In the oldest branching group of mammals, the egg-laying monotremes including the 

platypus, the Rh2 (green) opsin was lost, as was the Sws1 opsin, with retention of 

Sws2, Lws, and Rh1 (rod) opsin (Davies et al., 2007). In all other mammals, Sws2 and 

Rh2 were lost instead (Jacobs, 2013). Marine mammals have broadly lost most cones, 

with all cetaceans (whales) having only Lws-expressing cones and rods (Peichl et al., 

2001), and harbor seals expressing only Lws and rod opsin while bearing an apparently 

functional but not expressed Sws1 gene (Newman and Robinson, 2005); interestingly, 

the shallow-dwelling manatees still express Sws1 and Lws in addition to rod opsin 

(Newman and Robinson, 2005). On land, many mammals from diverse lineages have 

lost Sws1 opsin entirely (Jacobs, 2013). In contrast to the rampant loss of cone diversity 

described here, cone diversity can increase as well; the Old World primates, which 

includes the human, inherited Sws1 and green-shifted Lws from ancestors, but then 

duplicated the Lws and red-shifted one of the resulting paralogs, thereby regaining 

trichromatic vision (Jacobs, 2013, 1996). 

 

1.3.3.2 Photoreceptor transmutations  

The conversion of rods to cones or cones to rods was first conceived of by Walls, 

who termed it photoreceptor transmutation (Walls, 1942). His evidence for this 

phenomenon derived mostly from comparing species of geckos and snakes, although 

there is now evidence that this has occurred in numerous lineages. The Tokay gecko is 

nocturnal, but has no rods and instead has adapted cones (Yokoyama and Blow, 2001) 

and cone-specific phototransduction machinery (Zhang et al., 2006) to replicate rod 

physiology. Garter snakes have lost green cones (reviewed above), but converted rods 

to cone-like physiology to play a green cone-like role (Schott et al., 2016); in another 

snake, a rod which had previously gained a host of cone-like qualities appears to be 

underway toward evolving a rod-like physiology once more (Bhattacharyya et al., 2017). 

The deep-sea pearlside fish has both rods and cones, but all cones have been 
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converted to a rod-like physiology, essentially producing an all-rod retina (de 

Busserolles et al., 2017). The tiger salamander has evolved a second type of rod, the 

so-called green rod, which expresses Sws2 opsin and is sensitive to blue light (Isayama 

et al., 2014; Mariani, 1986; Zhang and Wu, 2009), although these salamanders retain a 

dedicated Sws2-expressing cone as well. Photoreceptor transmutations appear to be a 

viable solution to increasing or shifting photoreceptor diversity as needed over 

evolutionary time. At the start of my thesis research in 2012, no case of transmutation 

had been reported in mammals (discussed further in Chapter 3).   

 

1.3.4 The Nocturnal B ottleneck  Hypothesis : mammalian departure from the rest 

of the vertebrates  

A nocturnal period of evolution, through which the early ancestors of all mammals 

first passed, was proposed by Walls in order to explain a series of characteristics 

specific to mammals (Walls, 1942). These appear to be adaptations which would enable 

nocturnal lifestyles, and yet persist in presently diurnal modern species such as humans 

(Gerkema et al., 2013; Heesy and Hall, 2010). These adaptations include the loss of 

most non-visual photoreceptive inputs; outside of mammals, photoreceptors exist in the 

pineal gland, the hypothalamus, and are part of the ñthird eyeò or parietal eye of lizards, 

and appear to have involvement in circadian rhythm regulation and other non-visual 

tasks (Bellingham et al., 2006; Foster, 1998). The evolution of endothermy, or warm-

bloodedness, and the loss of UV light-mediated photolyase DNA repair pathway are 

additional mammal-specific characteristics that appear to have emerged in ancient 

mammals. The loss of mammalian Sws2 (blue) and Rh2 (green) opsin-expressing 

cones (Jacobs, 1993) appears to date back to this time (Borges et al., 2018). 

Furthermore, mammalian retinas have been widely described as ñrod-dominatedò due to 

the high proportion of photoreceptors which are rods (Borges et al., 2018; Gerkema et 

al., 2013; Heesy and Hall, 2010). In the diurnal human, instead of producing cone-

dominant retinas we instead produce all our cones in a small central area of the retina 

(Curcio et al., 1991). While the loss of Sws2 and Rh2 opsins in mammals could be 

explained by accumulation of inactivating mutations, as happened later for elements of 
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the cone phototransduction machinery in marine mammals (Springer et al., 2016), no 

mechanism had yet been proposed to explain the origin of the rod-dominated 

photoreceptor proportion in mammals when I started my thesis research in 2012. 

 

1.4 Goals  and structure  of the thesis  

Our understanding of the generation of cone and rod photoreceptors in vertebrate 

retinas is incomplete, and biased by mammalian derived models of photoreceptor 

differentiation. Mammals have, at most, half the photoreceptor diversity of other 

vertebrates, and possess numerous other features not found in the other vertebrate 

lineages. Thus, a complete understanding of vertebrate photoreceptor specification 

requires input from model organisms with the full diversity of photoreceptors. Genes 

such as tbx2b and six7, currently only studied in the tetrachromat zebrafish, have 

homologs that are expressed in the mammalian retina, with potentially hidden 

conserved roles despite cone loss in mammals. Moreover, work from chicken and 

zebrafish hint at conserved roles for TRɓ2/trɓ2 and MAFA/nrl in photoreceptor 

specification. Cumulatively, this suggests that insights from conserved tetrachromat 

specification pathways will be able to merge with the mammalian literature, to ultimately 

enable a model of vertebrate photoreceptor specification. In constructing such a model, 

lineage-specific differences should become apparent, granting insight into the genetic 

mechanisms governing evolution of photoreceptor diversity. 

The aim of my PhD thesis was to understand vertebrate photoreceptor 

differentiation from a non-mammalian perspective, and to use this information to bridge 

the gap between literatures derived from mammalian and non-mammalian models. This 

work was done in the zebrafish because it is a vertebrate with the full ancestral 

complement of photoreceptor subtypes (Allison et al., 2010). The zebrafish retina also 

has strong structural and functional conservation to mammalian retinas (Fadool and 

Dowling, 2008). Zebrafish have a published genome, a fast-growing genetic toolkit that 

includes inexpensive methods to reliably achieve stable transgenesis (Kwan et al., 

2007) and an eternally optimistic community continually developing an array of genetic 

knockdown (Nasevicius and Ekker, 2000) and knockout tools (Fleisch et al., 2013; 
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Hwang et al., 2013; Meng et al., 2008; Pillay et al., 2013). Furthermore, zebrafish have 

generation times as short as one month, and produce hundreds of eggs per spawning 

pair, which are immediately accessible to manipulation at the one-cell stage. Finally, 

they produce all photoreceptor types within 96 hours of fertilization (Allison et al., 2010), 

and which participate in visually-mediated behaviour within a week of fertilization (Gestri 

et al., 2012; Neuhauss, 2003). Other tetrachromat models are valuable, but have 

problems which disqualify them as models for this work. The infrastructure for the 

chicken is not currently suitable for the stable generation and maintenance of numerous 

transgenic and loss of function genotypes, and certain photoreceptor genes such as red 

cone opsin have not yet been mapped in the chicken genome (Enright et al., 2015a). 

Xenopus laevis, the African claw-toed frog, has a generation time of more than a year 

and is an allotetraploid (Session et al., 2016), and both facts complicate conventional 

genetic assays. Thus, zebrafish are the only viable tetrachromat model for extensive 

genetic investigations of the photoreceptor specification pathway.  

At the start of my thesis research, tbx2b was the first gene identified that was 

thought to mediate production of UV cones at the expense of rods; tbx2b mutant 

zebrafish had very low or no UV cone abundance, and instead dramatic overabundance 

of rods (Alvarez-Delfin et al., 2009). A role for tbx2b in producing other cone subtypes 

had not been directly tested for, and no regulators were known for it. At other stages of 

retinogenesis, loss of the BMP ligand gdf6a abolished tbx2b expression during eye field 

patterning (Gosse and Baier, 2009). This suggested that gdf6a could be genetically 

upstream of tbx2b during rod/cone precursor specification as well. We hypothesized 

that gdf6a homozygous mutants, which make small, degenerate eyes but still produce 

photoreceptors (Asai-Coakwell et al., 2013), would display the tbx2b mutant phenotype. 

In Chapter 2 (Michèle G. DuVal et al., 2014), I tested whether the tbx2b 

phenotype was present in gdf6a mutant larval zebrafish, and found no evidence of 

changes in the ratio of rods to UV cones. However, my colleagues and I demonstrated 

that gdf6a homozygous mutants could evoke the normally strictly recessive tbx2b 

phenotype in tbx2b heterozygotes, indicating a genetic interaction between gdf6a and 

tbx2b. Moreover, we demonstrated that gdf6a mutants have reduced abundance 
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specifically of blue (sws2-expressing) cones, implicating gdf6a as the first and so far 

only known factor in blue cone development.  

Previous gene expression profiling from developing mouse rods had suggested 

transient cone gene expression in rod precursors (Akimoto et al., 2006), and the M 

cone-inducing gene Trɓ2 is co-expressed with Nrl in very early, nascent rods (Ng et al., 

2011). In light of the current understanding that rods ultimately evolved from cones 

(Section 1.3.2), this prompted the hypothesis that rods not only evolved from cones, but 

that they still develop from cone-fated precursors in extant vertebrates. This predicted 

that there would be traces of cone gene expression in all nascent and developing rod 

photoreceptors, across vertebrates.  

In Chapter 3 (Kim et al., 2016b), my colleagues and I tested whether rods 

develop from cone-specified cells in two vertebrate models, the mouse and the 

zebrafish. My colleagues demonstrated that most, but not all mouse rods robustly but 

transiently express numerous cone genes, then develop into typical rods, using novel 

lineage tracing tools. I developed and used two lineage tracing technologies to test for 

the same in zebrafish, but found no evidence for rods ever expressing two candidate 

cone markers. On the basis of traits acquired by mammals during the Nocturnal 

Bottleneck (Walls, 1942) (Section 1.3.4), I proposed that in the mouse, the ancient rod 

population, of similar developmental origins as in zebrafish, was augmented by 

recruitment of S cones to the rod fate, perhaps initiated in mammals by changes in the 

activity of Nrl, a transcription factor known to be able to convert cones to rods. My 

colleagues corroborated this by demonstrating that Nrl peptide sequence and local non-

coding cis-regulatory sequences of Nrl are tightly conserved among mammals, but less 

so in other vertebrate lineages.  

 My colleagues and I previously suggested that Nrl activity in the retina may have 

changed in some way in mammals relative to an ancestral function (Kim et al., 2016b). 

This may involve changes in the peptide activity, as the peptide sequence of 

mammalian Nrl is tightly conserved in mammals but not in other vertebrate lineages 

(Kim et al., 2016b), and Xenopus Nrl but not human Nrl can induce lens fibre 

differentiation (McIlvain and Knox, 2007). Nrl may instead or additionally have changed 

its expression domain in mammalian evolution, as the local non-coding genomic 
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sequence surrounding Nrl is highly conserved in mammals, but not in other vertebrate 

lineages (Kim et al., 2016b), and zebrafish nrl was previously reported to have retinal nrl 

expression outside of rods (Nelson et al., 2008). Furthermore, we previously showed 

that the avian MAF genes do not include NRL (Kim et al., 2016b); however, birds still 

make rods (Ochi et al., 2004), suggesting the requirement for Nrl to make rods may not 

be absolute in non-mammalians. Thus, a formal examination of the role of nrl in 

tetrachromat photoreceptor specification is missing from the literature. 

 In Chapter 4 (Oel et al., in prep), I tested whether zebrafish require nrl to make 

rods. I found that nrl is a conserved requirement for rod production in larvae, and that it 

is sufficient to direct already specified cones to a rod-like phenotype. I also found that 

nrl is not required for the production of overtly normal rods in adult zebrafish, although I 

found some ultrastructural nuclear and synaptic similarities to cones. This indicates that 

non-mammals have access to an nrl involved in rod development, but the requirement 

for rods in this process varies over ontogeny. I also tested whether a small panel of nrl 

homologs, representing mammalian Nrl, avian MAFA, and agnathan MAFBA, and the 

Drosophila long Maf trafficjam, were capable of inducing elements of the rod phenotype 

in zebrafish. I found that all vertebrate nrl homologs could induce at least one candidate 

rod phenotype, but that invertebrate trafficjam was unable to do this. This suggests 

conservation of peptide function in vertebrate Nrl homologs, and suggests further that 

these organisms may use an nrl homolog-utilizing pathway in rod development.  

 In Chapter 5, I summarize the results of Chapters 2-4 of this thesis, and then 

introduce three groups of novel hypotheses to support future investigations of tbx2b, 

gdf6a, and nrl. These are based on work described in Chapters 2 and 4, as well as 

relevant recently published works from other groups. I then discuss some of the 

implications of my work in Chapter 4 on understanding the evolution of photoreceptor 

diversity in vertebrates. Finally, I conclude with a summary of unresolved questions and 

propose an immediate next experiment to begin to address many of them. 
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CHAPTER 2:   

GDF6A IS REQUIRED FOR CONE 

PHOTORECEPTOR SUBTYPE DIFFERENTIATION 

AND FOR THE ACTIONS OF TBX2B  IN 

DETERMINING ROD VERSUS CONE 

PHOTORECEPTOR FATE 
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2.1 Introduction  

The genetic regulation of cone photoreceptor differentiation from retinal progenitor 

cells is a critical knowledge gap hindering stem cell therapy as a feasible solution for 

clinical vision restoration. Such therapies promise treatment in patients with a breadth of 

retinal disease including retinitis pigmentosa and macular degeneration. Identifying 

pathways that promote cone photoreceptor fates, rather than rod photoreceptor fates, is 

particularly critical due to the reliance of the human visual system on cones for its most 

important functions: daytime vision, colour discrimination and high visual acuity.  

Apart from this, current efforts to refine stem cell therapy more prominently include the 

identification of intrinsic genetic factors that regulate progenitor fate. Sorting of 

photoreceptor progenitor cells for implantation is the most efficient contemporary 

approach, employing expression of photoreceptor lineage-specific genes (e.g. Nrl, Crx, 

and NeuroD) to facilitate the isolation of progenitor cells destined to develop into the 

photoreceptors of interest (Lakowski et al., 2011, 2010; MacLaren et al., 2006; 

Mansergh et al., 2010; Mears et al., 2001; Seko et al., 2012). From this perspective, the 

current list of genes with roles in cone development remains too short for the purpose of 

development of functional cones that can integrate into an existing retinal structure, 

thereby sufficiently restoring functional daytime vision. This list consists largely of 

Trɓ1/2, Rxrɔ, RorŬ/ɓ, Coup-TF, (Fujieda et al., 2009; Roberts et al., 2005; Satoh et al., 

2009; Seko et al., 2012; Srinivas et al., 2006) and tbx2b (Alvarez-Delfin et al., 2009).  

The functions of photoreceptor genes have largely been investigated in mice, 

especially in the context of degenerative disease (Mears et al., 2001; Milam et al., 2002; 

Ng, 2001; Sharon et al., 2003), however the innately low cone photoreceptor density in 

murine models has meant that an understanding of cone photoreceptor specification 

has lagged behind that of rod photoreceptors. A complementary animal model promises 

to expand the list of genes and regulatory pathways in cone photoreceptor 

development: the zebrafish. The retina of zebrafish is structurally and functionally 

conserved to that of humans, and, due to the diurnal nature of zebrafish, it is cone-rich 

akin to the human macula. Zebrafish possess rods and four cone spectral subtypes 

(ultraviolet- (UV-), blue-, green- and red-sensitive cones), which are spatially arranged 

in a highly regular heterotypical mosaic (Allison, 2004; Allison et al., 2010, 2004, 
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Raymond et al., 1995, 1993; Takechi, 2005; Vihtelic et al., 1999). In addition, zebrafish 

undergo external development, allowing for ease of observation and experimental 

manipulation, supported by a diverse genetic toolbox (e.g. mutants and transgenics). Of 

particular benefit to the study of stem cell therapy is the robust intrinsic regenerative 

capacity of the zebrafish CNS, which is the target of enthusiastic scrutiny (Becker et al., 

1997; Fleisch et al., 2011; Kaslin et al., 2008; Kroehne et al., 2011; Lamba et al., 2008; 

Senut et al., 2004). In further pursuit of understanding this regenerative capacity, we 

have recently engineered conditional ablation of cone photoreceptors and argue that 

spatial cues of the remaining photoreceptor cells have substantial influence on the 

identity of regenerating photoreceptors (Fraser et al., 2013).  

Considering the great promise of zebrafish to become the premier model of 

photoreceptor regeneration, it is surprising that few regulatory factors in photoreceptor 

development are yet to be characterized in fish. One example is thyroid hormone, which 

initiates UV cone death and regeneration in trout (Allison et al., 2006a, 2006b; Browman 

and Hawryshyn, 1994; Veldhoen et al., 2006) and modulates the maximal wavelength 

sensitivity of cones in zebrafish (Allison, 2004). Building on this, thyroid hormone 

receptor b has been shown to effect cone specification in mice (Ng, 2001; Ng et al., 

2011) and more recently in zebrafish (Suzuki et al., 2013). We proposed that, during 

trout cone photoreceptor regeneration, thyroid hormone modulates a switch in 

progenitor specification very much akin to that described below, wherein UV cones are 

produced at the expense of rod photoreceptors (Allison et al., 2006a).  

Another regulator of photoreceptor fate described in zebrafish is tbx2b, a 

transcription factor of the T-box family homologous to the mammalian gene Tbx2. tbx2b 

is required for neuronal differentiation in early retinal development and for maintaining 

dorsal retina identity during patterning of the dorsal-ventral axis (Gross and Dowling, 

2005). Mutation of Tbx2 in mice results in microphthalmia (Behesti et al., 2009). This is 

in agreement with its position downstream of bone morphogenetic protein 4 (Bmp4), 

mutations in which cause microphthalmia in humans and mice. Of great interest herein, 

tbx2b plays a role in promoting UV cone fate vs. rod fate late in zebrafish retinal 

development, as demonstrated by excess rods and few UV cones (denoted as the óólots-

of-rodsôô phenotype) in tbx2b mutant fish (Alvarez-Delfin et al., 2009). One recessive 



 

 64 

allele, tbx2bfby (also known as tbx2bc144), is reasonably considered to be a null allele due 

to a nonsense mutation in the sequence encoding its DNA-binding T-box domain 

(Snelson et al., 2008). Homozygous mutants of tbx2bfby exhibit a severe form of the lots-

of-rods phenotype, wherein few or no UV cones can be detected. A second recessive 

allele is tbx2blor (also known as tbx2bp25bbtl), presumed to be a hypomorph because it 

generates a less severe form of the lots-of-rods phenotype, exhibiting a substantial 

reduction in the abundance of UV cones compared to wild type fish, but not to the 

degree observed in tbx2bfby mutants. The location and nature of the tbx2blor mutation is 

unknown; however, based on linkage analysis and its failure to complement the tbx2bfby 

allele, it is inferred to be near the coding region for tbx2b, but not within it (see (Alvarez-

Delfin et al., 2009) and Results herein).  

In recent studies, we and others identified gdf6a as a candidate regulator of cone 

photoreceptor development and disease (Asai-Coakwell et al., 2013; Gosse and Baier, 

2009; Zhang et al., 2012). Gdf6a is a BMP gene in the transforming growth factor b 

(TGFb) ligand super-family; gdf6a induces dorsal retina fate during ocular 

morphogenesis, lying upstream of other dorsal patterning genes. Disruption of human 

GDF6 and homologs in mice, Xenopus or zebrafish produces anophthalmia, 

microphthalmia and coloboma with varying degrees of penetrance and severity (Asai-

Coakwell et al., 2013, 2007; Michéle G. DuVal et al., 2014; French et al., 2009; Gosse 

and Baier, 2009; Hanel and Hensey, 2006). The recessive gdf6a null allele used in this 

study, gdf6as327, causes microphthalmia in homozygous zebrafish mutants. Zebrafish 

knock-downs and mutants of gdf6a have down-regulation of tbx2b early in retinal 

development (French et al., 2013, 2009; Gosse and Baier, 2009), while over-expression 

of gdf6a likewise increases expression of tbx2b in the developing zebrafish retina 

(Gosse and Baier, 2009), indicating a tight regulation of tbx2b transcription by gdf6a. 

Based on this evidence, gdf6a is upstream of tbx2b in a pathway of dorsal retina 

patterning; however zebrafish mutants of tbx2b (tbx2blor/lor and tbx2bfby/fby) do not exhibit 

microphthalmia.  

Mutations in GDF6 were recently found to be associated with age-related 

macular degeneration and Leberôs congenital amaurosis, both representing 

photoreceptor degenerative disease (Asai-Coakwell et al., 2013; Zhang et al., 2012). 
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Further, we demonstrated that the retinas of zebrafish gdf6as327/s327 mutants exhibit 

photoreceptor deficits (Asai-Coakwell et al., 2013), together indicating that disruption of 

GDF6 leads to photoreceptor degeneration, which marks gdf6a as a potential regulatory 

factor in the differentiation and/or maintenance of cone photoreceptors. These 

commonalities between gdf6a and tbx2b, including both in early ocular morphogenesis 

and photoreceptor differentiation/maintenance, led us to hypothesize that gdf6a may 

also modulate tbx2b during the regulation of UV cone and/or rod photoreceptor fate 

specification. Establishing this type of genetic pathway in photoreceptor development 

would impact the direction of future studies by offering a much-needed springboard 

toward uncovering further signaling pathways and genetic interactions specific to cone 

photoreceptors. With such knowledge, stem cell therapy can be refined to procure more 

cone photoreceptors than using current methods, thereby enhancing functional, daytime 

vision restoration.  

In this study we examined the relationship between the roles of gdf6a and tbx2b in 

photoreceptor development. We determined that these two genes do not share a 

genetic interaction in microphthalmia. Further, while disruption of gdf6a does not in itself 

lead to the predicted disruption of UV cone and rod abundances, gdf6a loss-of-function 

reduces the threshold for tbx2b mutations to manifest photoreceptor phenotypes.  

 

2.2 Results  

2.2.1 gdf6a  and tbx2b  do not genetically interact in any apparent way regarding 

the microphthalmic phenotype  

Loss of function in homologues of GDF6 induces microphthalmia in zebrafish, 

mice and humans (Asai-Coakwell et al., 2009, 2007; den Hollander et al., 2010; 

Gonzalez-Rodriguez et al., 2010; Okada et al., 2011). Further, mutation of Tbx2 in mice 

likewise causes microphthalmia (Behesti et al., 2009). Considering that gdf6a is 

upstream of tbx2b during early eye morphogenesis in zebrafish (Gosse and Baier, 

2009), we hypothesized that simultaneous disruption of both these genes would interact 

to increase the rate or severity of microphthalmia. We had anticipated that establishing 

the nature of the genetic interaction between gdf6a and tbx2b in early eye 
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morphogenesis might be important to provide direction to, or potentially confound, our 

investigations of gdf6a and tbx2b in cone photoreceptor differentiation, which occurs 

later in retinal development.  

Microphthalmia is apparent in homozygous gdf6as327/s327 larvae by 3 days post-

fertilization (dpf), but is not observed in mutants for tbx2blor/lor or tbx2bfby/fby through any 

age (Fig. 2.1A, Fig. 2.2A). Microphthalmic eyes in gdf6as327/s327 fish persist to adulthood, 

exhibiting variably small eyes (or none at all), while eyes in tbx2b mutants develop 

normally. Paraffin sections demonstrate the microphthalmic eyes as they are positioned 

in the heads of gdf6as327/s327 adult fish, with developed but irregularly-shaped lens and a 

lack of retinal lamination (Fig. 2.1B, C, D), consistent with our recent studies (Asai-

Coakwell et al., 2013).  

Concerted disruption of both genes is the most sensitive test of the hypothesis 

that gdf6a and tbx2b share a genetic interaction in the early stages of eye development. 

gdf6as327/s327 and tbx2blor/lor (or, where noted in figures, tbx2bfby/fby) mutants were crossed 

to produce compound heterozygous, [gdf6a+/s327;tbx2b+/lor] mutants, which were then in-

crossed to procure a full range of genotypic combinations, including compound 

homozygous mutants. The proportion of resulting offspring exhibiting microphthalmia 

did not significantly deviate from 25%, suggesting that mutation in tbx2b does not affect 

the rate of microphthalmia in a gdf6a+/s327 background (Fig. 2.2B). Genotyping these fish 

revealed that every microphthalmic larva had a gdf6as327/s327 genotype, and all 

combinations of tbx2b alleles (tbx2blor and wildtype alleles) existed among these 

microphthalmic larvae, supporting the null hypothesis that gdf6a mutation independently 

causes microphthalmia in the compound mutants. The eye size-to-body ratio of this pool 

was assessed to detect possible changes in phenotype severity. Both a microphthalmic 

population and a normophthalmic population were present and distinct from each other 

(Fig. 2.2C). The values in the normophthalmic population were statistically normal in 

their distribution (Shapiro-Wilk Normality test, W = 0.9888, p=0.6532), further arguing 

against multiple populations of eye size being present. For confirmation, the eye-to-

body ratios were also measured in an in-cross of [gdf6a+/s327; tbx2b+/fby] mutants, with 

similar results (Fig. 2.S3B). Only a single population of eye size was observed in in-
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crosses of tbx2b+/lor mutants (Fig. 2.S1A). We did not explicitly test if combined 

mutations affected the severity of the microphthalmic phenotype (though no such 

difference is obvious in the data), because the manner in which data was collected did 

not support that analysis (we lacked foresight whilst collecting data to anticipate 

comparing between clutches of fish, which would require identical husbandry and timing 

of dechorionation: eye and body length are not allometric), though the data regarding 

rate of phenotype (from within a clutch) is robust and similar between all genotypes. We 

conclude that although gdf6a regulates tbx2b expression during early eye 

morphogenesis (Gosse and Baier, 2009), they do not genetically interact to cause 

microphthalmia in any obvious manner.  

 

2.2.2 gdf6a  regulation of cone differentiation differs from predictions derived 

from phenotypes of tbx2b mutants   

tbx2b is proposed to regulate UV cone-versus-rod fate, based on homozygous 

tbx2blor/lor and tbx2bfby/fby mutants which present with a paucity of UV cones and an 

excess of rod photoreceptors (Alvarez-Delfin et al., 2009). Because tbx2b is 

downstream of gdf6a during the previously examined stages of retinal development, we 

hypothesized that the two genes may share a genetic pathway in a likewise fashion 

during photoreceptor development. This hypothesis predicts that UV cone and rod 

development should be disrupted in gdf6as327/ s327 mutants, similar to observations in 

tbx2b-/- mutants.  

Abundance of gdf6a expression during early ocular morphogenesis 

correspondingly affects expression levels of tbx2b (Gosse and Baier, 2009). We 

investigated whether this direct relationship still held later on in development, when the 

eye is developed and photoreceptors are assuming their respective fates. At 72hpf 

gdf6as327/s327 mutants appear to have less tbx2b expression in their retinas compared to 

wild type siblings, similar to the apparently low tbx2b expression in tbx2blor/lor mutants of 

the same age (Fig. 2.3). In wild type retina tbx2b expression was not excluded from any 

of the retinal layers, but was perceived to be most abundant in the ganglion cell layer 



 

 68 

and vitreal half of the inner nuclear layer. Qualitatively, the latter tissue layer was the 

one with the greatest reduction of tbx2b abundance in the gdf6as327/s327 mutants.  

We examined UV cone and rod photoreceptors in gdf6as327/s327 larvae and, 

contrary to our expectations, they did not show a lots-of-rods phenotype; UV cones and 

rods in microphthalmic gdf6as327/s327 eyes had normal relative abundance and 

distribution compared to wild type and to normophthalmic sibling eyes (Fig. 2.4A, B). 

Therefore, despite that gdf6a appears to regulate the abundance of tbx2b transcript 

during times of development when photoreceptors are specified (Fig. 2.3), disrupting 

gdf6a alone does not recapitulate phenotypes observed from disrupting tbx2b with 

regards to UV cone-versus-rod fate. This suggests that the downstream reductions in 

tbx2b resulting from mutation of gdf6a are insufficient in magnitude, or too different in 

their timing, to measurably produce effects upon UV cone or rod photoreceptor cell fate.  

Assessing these phenotypes using a second metric was warranted because 

microphthalmia, a defect in early organogenesis, could have confounded potential 

differences in rod:cone ratios that are established later in development. Thus the 

abundance of UV cones in 6dpf gdf6as327/s327 larvae was also compared to the 

abundance of blue cones. We counted the number of UV and blue cones expressing 

GFP and mCherry, respectively, in transgenic fish (see Methods Section 2.6). This 

provided confirmation that UV cones were not reduced in abundance. However, the 

number of cones of the blue spectral subtype was dramatically reduced and often 

distributed in a patchy pattern in gdf6as327/s327 retinas compared to normophthalmic 

siblings (Fig. 2.4C, E). It was of interest to determine if this difference between 

genotypes was observable earlier in development, when cones are first detectable. 

Quantifying relative cone abundance in these transgenic fish at 4 dpf confirmed the 

difference between genotypes arises early (Fig. 2.4C). This was further confirmed at 3 

dpf after identifying cones using UV and blue opsin riboprobes via in situ hybridization 

(Fig. 2.4C, D). This suggests that gdf6a signaling alone does not regulate cone-versus-

rod development in the same fashion that tbx2b does, but instead appears to be acting 

in the differentiation of cone spectral subtypes.  
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2.2.3 Specificity and utility of rat monoclonal antibody 10C9.1 for labeling UV 

cones  

To better detect UV cones and phenotypes of interest, we isolated a novel 

monoclonal antibody raised in rat and characterized its ability to specifically detect UV-

sensitive opsin (product of opn1sw1, ZFIN ZDB-GENE-991109-25). The clone giving 

rise to antibody 10C9.1 was derived from a rat injected with a peptide antigen 

equivalent to the 20 amino-terminal amino acids of trout UV opsin (Fig. 2.S2E), and 

polyclonal sera from this rat had previously been shown to label UV cones in trout 

(Allison et al., 2006a) and zebrafish (Allison, 2004). 10C9.1 was isotyped to an IgG2c.  

Application of 10C9.1 to cryosections of adult zebrafish retina, and 

counterstaining of lipid-rich material using BODIPY-TMR, revealed that 10C9.1 labels 

the outer segments of photoreceptors with a single cone morphology (Fig. 2.S2A). 

Restriction of the labeling to the cone outer segment is consistent with labeling of an 

opsin because in healthy eyes opsins are abundant only in this cellular compartment. 

Considering UV cones are one of only two spectral subtypes that exhibit a single cone 

morphology (along with blue cones, and in contrast to the green and red cones that are 

fused into a double cone morphology), the labeling also suggested that 10C9.1 was 

detecting either UV or blue cones. Simultaneous labeling using 10C9.1 and a well-

characterized anti-blue opsin antibody (Vihtelic et al., 1999) demonstrated that 10C9.1 

labels a population of single cone photoreceptors that is distinct from the blue cones 

(Fig. 2.5A). Further, the 10C9.1 labeling was localized to cone cells with a short single 

cone morphology with the outer segments in a more vitreal (basal) position than that of 

blue cone outer segments (Fig. 2.5A), and this is exactly consistent with the morphology 

of UV cones as identified via in situ hybridization (Raymond et al., 1995; Raymond and 

Barthel, 2004; Stenkamp et al., 1996), immunohistochemistry (Vihtelic et al., 1999), and 

microspectrophotometry (Allison, 2004; Allison et al., 2004). Simultaneous labeling of 

10C9.1 and zpr1 antibody that labels the entire plasma membrane of red/green double 

cones demonstrated no apparent overlap in labeling (Fig. 2.5A).  

The specificity of antibody 10C9.1 was assessed using two additional strategies. 

First, we noted that no such labeling was apparent when the 10C9.1 primary antibody 

was excluded or when it was substituted by another rat IgG2c primary antibody (Fig. 
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2.S2C). Second, we noted that very few cells were labeled when 10C9.1 was applied to 

retinas that are known to have few UV cones, i.e. retinas from adult tbx2blor/lor mutants 

(Fig. 2.S2C, see also top row of Fig. 2.6B for the same approach on retinas from 

normophthalmic larvae).  

We further confirmed that 10C9.1 is labeling UV cones by its co-localization with 

an established anti-UV opsin antibody raised in rabbit (Vihtelic et al., 1999) (Fig. 2.S3). 

Finally, we applied 10C9.1 to adult double transgenic zebrafish that we recently 

characterized as expressing GFP throughout their UV cones and expressing mCherry 

throughout their blue cones Tg(-5.5opn1s- w1:EGFP)kj9;Tg(-

3.5opn1sw2:mCherry)ua3011 (Duval et al., 2013; Fraser et al., 2013; Takechi et al., 

2003). This labeling again revealed localization of 10C9.1 exclusively to the outer 

segments of UV cones (Fig. 2.5B and Movie 2.S1).  

In sum, the specificity of the antibody 10C9.1 for labeling UV cones was 

determined by its localization to the expected cellular compartment (photoreceptor outer 

segment) and only within the cone cells of the expected morphology (short single 

cones); this was complemented by co-localization of 10C9.1 with well-characterized 

antibodies and transgenes that label UV cones, and exclusion from similar markers that 

label other cones. Further, 10C9.1 labeling was greatly reduced when applied to retinas 

with few UV cones. The utility of 10C9.1 is enhanced by being a stable monoclonal 

source of reagent. Further, because the host animal was rat, 10C9.1 can be used in 

multi-label experiments with the large selection of available antibodies raised in rabbit 

and mouse. The latter includes that one can, for the first time we are aware of, 

simultaneously distinguish each of the cone subtypes of zebrafish using 

immunohistochemistry (Fig. 2.5Aôô). 10C9.1 is available from the corresponding author 

or from Immunoprecise Antibodies Inc (Victoria BC, Canada www.immunoprecise.com; 

antibody name óóUVop-10C9.1ôô).  

 

2.2.4 A subtle interaction between gdf6a  and tbx2b  modulates the lots -of -rods 

phenotype  
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Based on the lack of a lots-of-rods phenotype in gdf6as327/s327 mutants (Fig. 2.4A, 

B), it had appeared that gdf6a might not regulate cone-versus-rod development. 

However, a more sensitive test to detect the presence of an interaction is concerted 

disruption of both genes. To determine whether gdf6a and tbx2b interact in 

photoreceptor development, we examined UV cone and rod photoreceptors in the 

progeny of compound heterozygous [gdf6a+/s327;tbx2b+/lor] in-crosses (and 

[gdf6a+/s327;tbx2b+/fby] in- crosses). We hypothesized that if there were a less linear, 

subtler interaction between gdf6a and tbx2b, disrupting both genes simultaneously 

would reveal it, by resulting in a synergistic phenotype or occurrence of phenotypes 

among larvae whose genotypes predict none.  

Microphthalmic eyes from the aforementioned in-crosses showed an elevated 

rate of the lots-of-rods phenotype (48% of microphthalmic eyes showed a lots-of-rods 

phenotype among [gdf6a+/s327;tbx2b+/lor] in-crosses, a significantly greater proportion 

than the predicted 25%; X2 p,0.001). This contrasted eyes from normophthalmic siblings 

wherein the rate of the lots-of-rods phenotype (29%) did not statistically differ from the 

expected Mendelian rate (Fig. 2.6A, B). The elevation in lots-of-rods phenotypes among 

microphthalmic larvae also differed significantly from rates in tbx2b+/lor in-crosses 

(without gdf6a mutation), where 27% of embryos exhibited the lots-of-rods phenotype, 

which was also statistically consistent with predicted Mendelian inheritance (Fig. 2.6A).  

To better define the genetics of this system, we repeated the in-crosses of gdf6a 

-/- and tbx2blor/lor mutants in a fashion that allowed us to track genotypes via single 

nucleotide polymorphisms (SNPs) within the tbx2b gene. The use of SNPs was 

necessitated by the fact that the tbx2blor mutation remains undefined. Screening a panel 

of potential SNPs (see Methods Section 2.6) on several fish of each genotype allowed 

us to identify homozygous tbx2blor/lor and gdf6as327/s327 founders wherein each had a 

different homozygous SNP in the tbx2b gene (in the first exon, Fig. 2.6E). These were 

bred to generate compound heterozygous fish [gdf6a+/s327; tbx2b+/lor] within which we 

could reliably track the inheritance of the tbx2blor allele.  

To test if the elevated rates of the lots-of-rods phenotype accords with a partial 

loss of tbx2b function, as predicted from a genetic interaction, 35 microphthalmic larvae 
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from the aforementioned in-cross were genotyped. All larvae were gdf6as327/s327, as 

expected from their microphthalmic phenotype. Amongst these, we expected a 25% (i.e. 

9/35 larvae) rate of the lots-of-rods phenotype based on a recessive pattern of 

inheritance (see óóExpectedôô column in Table 2.1). We also expected all 9 of these 

larvae to have a tbx2blor/lor genotype through SNP analysis. But we observed the 

previously mentioned increase in rate of the lots-of-rods phenotype; 13/35 or 37% of the 

larvae had the phenotype (óóObservedôô column in Table 2.1). Genotyping revealed that 

4 of these 13 lots-of- rods phenotypic larvae were, in fact, heterozygous tbx2b+/lor 

(unexpected), whereas 9 were homozygous tbx2blor/lor (matching the expected rate of 

homozygosity). This indicates that the lots-of- rods phenotype can occur in a subset of 

heterozygous tbx2b+/lor fish, but only when both copies of gdf6a are mutated. 

Genotyping also revealed that normophthalmic individuals with the lots-of-rods 

phenotype were all homozygous tbx2blor/lor. Therefore, the slightly elevated rate of the 

lots-of-rods phenotype (29%, not significantly different from Mendelian 25%, see above) 

in these normophthalmic eyes likely resulted from reduced survival of other genotypes. 

This might be expected if toxic mutations were not yet bred out following random 

chemical mutagenesis.  

Because the rate of lots-of-rods among microphthalmic larvae (48%) does not 

reflect any classical Mendelian ratio that may explain such elevated rates, we examined 

the effect of the stronger null tbx2bfby allele in the same context with gdf6a mutation, 

with the suspicion that introducing a null tbx2b mutation may induce a more severe 

phenotype. An in-cross of [gdf6a+/s327;tbx2b+/fby] showed similar results to 

[gdf6a+/s327;tbx2b+/lor] in-crosses, with the lots-of-rods phenotype occurring in 44% of 

microphthalmic eyes again significantly (X2 p = 0.007) more than siblings (20.5%) (Fig. 

2.5C, D).  

 

2.3 Discussion  

Efforts to model vision regeneration using stem cells are stymied by the difficulties 

procuring progenitors for cone photoreceptors, the cells required for daytime vision, in 

established murine models. One of the obstacles in this respect is a limited knowledge 
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of the genetic regulation of cone development from retinal progenitor cells. To 

complement and utilize our novel zebrafish cone regeneration model (Fraser et al., 

2013), we are investigating candidate regulatory factors of cone and cone subtype 

development. In this paper, we explored the potential interaction between two genes 

with recently realized connections to photoreceptor development and degeneration. To 

this end we demonstrated that these genes, gdf6a and tbx2b, unexpectedly regulate 

development of spectral subtypes of cones and interact in the development of UV cones 

and rod photoreceptors, specifically.  

tbx2b is one of the most recently recognized regulatory genes directing cone and 

rod differentiation (Alvarez-Delfin et al., 2009). Human and mouse GDF6/Gdf6 (and the 

zebrafish homolog gdf6a) was selected as a candidate regulator of cone development 

because deficits in its function cause photoreceptor degeneration, as identified through 

panels of LCA patients, complemented by murine and zebrafish models (Asai-Coakwell 

et al., 2013). These developments, in synergy with the established regulatory 

relationships between gdf6a and tbx2b in early retinal development (French et al., 2013; 

Gosse and Baier, 2009), led us to speculate that gdf6a signaling also regulates cone 

photoreceptor development.  

 

2.3.1 gdf6a  signaling has a conserved role in ocular morphogenesis that does 

not appear to depend on tbx2b  activity  

The genetic interactions between gdf6a and tbx2b in zebrafish eye development 

are not as linear as we had assumed. Although Tbx2 knockout mice display 

microphthalmia (Behesti et al., 2009), akin to gdf6a loss-of-function models in various 

vertebrate homologs (Asai-Coakwell et al., 2013; Duval et al., 2013; French et al., 2013; 

Raymond and Barthel, 2004; Stenkamp et al., 1996), and gdf6a signaling has been 

previously demonstrated to positively regulate tbx2b expression during ocular 

morphogenesis (Gosse and Baier, 2009), our data indicate that in zebrafish disruption 

of tbx2b is not sufficient to augment the pathology of microphthalmia observed upon 

gdf6a disruption. This was revealed both by the lack of a microphthalmic phenotype 

upon tbx2b loss of function, and the lack of change in rate or apparent severity of 
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microphthalmia when gdf6a and tbx2b null mutations were combined. This data ruled 

out an alternative explanation for the genetic interdependence we observed regarding 

photoreceptor development, demonstrating that alterations in microphthalmia cannot 

explain the increased rates of photoreceptor-related phenotypes we noted during 

concerted gene disruption. Towards a broader relevance of this data, gdf6a and tbx2b 

have both been demonstrated to play roles in cell proliferation and establishing dorsal 

retina identity, though in different animal models (Behesti et al., 2009; Bilican and 

Goding, 2006; Chi et al., 2008; French et al., 2013, 2009; Gosse and Baier, 2009; Gross 

and Dowling, 2005; Martin et al., 2012; Snelson et al., 2008; Vance et al., 2005). Our 

observations of tbx2b disruption in zebrafish contrast that of the mouse homolog Tbx2, 

which is also downstream of ocular BMP signaling, and mutations in this pathway 

produce a microphthalmic phenotype in mice (Behesti et al., 2009). It may be that tbx2b 

and Tbx2 do not share the same role in early retinal development, that tbx2b has 

different spatiotemporal kinetics, or that redundancy with other genes (tbx2a, gdf6b or 

others) can compensate in zebrafish.  

 

2.3.2 Differential role for gdf6a amongst the spectral subtypes of cone 

photoreceptors  

We had speculated that gdf6a mutants would present with phenotypes similar to 

tbx2b mutants (lots of rods and few UV cones). This speculation was borne upon 

observations that tbx2b specifies rod versus UV cone fate, and gdf6a is a positive 

upstream regulator of tbx2b expression. Instead, the data revealed that gdf6a mutants 

do not exhibit the anticipated phenotype; rather, our observations indicate that gdf6a 

signaling promotes development or maintenance of blue-sensitive cones. This is 

uniquely promising, suggesting a set of novel regulatory actions in a stage of 

photoreceptor development that has not been adequately explored in zebrafish before: 

that of cone opsin spectral subtype specification. It is not yet clear whether gdf6a serves 

a role in cone specification, differentiation and/or survival, but one avenue of 

investigation will be modulating gdf6a signaling during proliferation and cone 

photoreceptor differentiation as replicated in our regeneration model (Fraser et al., 
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2013). Pursuing gdf6a effects in the regenerative context is especially intriguing since 

recent work shows that the proliferative response in Müller glia requires regulation of 

Tgfɓ signaling (Lenkowski et al., 2013).  

It remains undetermined the extent to which the blue cone-specific requirement 

for gdf6a, established herein, is mechanistically similar to the apparent UV cone-specific 

requirement of tbx2b (Alvarez-Delfin et al., 2009). At the cellular level, a notable 

difference in phenotypes is that tbx2b mutants present with an excess of rod 

photoreceptors (Alvarez-Delfin et al., 2009), which we did not observe in gdf6a mutants. 

With respect to cellular sites of action for these genes in determining cell fate, it is not 

clear whether UV and blue cones are products of a common pool of progenitor cells; 

although UV cones and blue cones are together the last photoreceptor types to 

differentiate during retinal development (based on the sequential appearance of 

detectable opsin transcript in goldfish (Stenkamp et al., 1997)), the terminal divisions 

seem to rely upon separate/dedicated progenitor pools (Suzuki et al., 2013). 

Regardless, it is tempting to speculate that common molecular signaling pathways 

might lead to a low abundance of blue and UV cones, in gdf6a and tbx2b mutants 

respectively, especially considering the epistatic relationship of these genes during both 

early and late retinal development (see below).  

 

2.3.3 gdf6a  and tbx2b  genetic interdependence in UV cone and rod 

photoreceptor differentiation  

Considering the disparate ocular phenotypes observed between their respective 

mutants, during both early and late retinal development, the genetic interaction between 

gdf6a and tbx2b is neither simple nor linear. But interpreting this relationship is made 

more complex by the low UV cone abundance and high rod abundance (the lots-of-rods 

phenotype) observed in high rates among compound mutant larvae. Some of these 

larvae were found to display the recessive tbx2b phenotype despite being genetically 

heterozygous for the tbx2b mutation (which alone does not yield the lots-of-rods 

phenotype). gdf6a appears to modulate tbx2b indirectly, suggestive of a genetic 

interdependence in a UV cone fate decision. One hypothesis to this end is that gdf6a 
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and tbx2b both promote a common activity, perhaps via being in the same pathway (as 

per Fig. 2.3). Thus a lack of gdf6a signaling would reduce the efficacy of tbx2b to 

promote a UV cone fate, causing the assumption of a lots-of-rods phenotype or a wild 

type phenotype to become more random. Alternatively, tbx2b expression may have a 

minimum threshold for activity that is sensitive to perturbations (including disrupted 

gdf6a signaling) affecting tbx2b mRNA transcript levels. Alternatively, gdf6a signaling 

may alter the timing of cell cycle exit of photoreceptor progenitors, as has been 

established for gdf11 (Kim, 2005); thus with altered gdf6a there may be increased 

probability that progenitors undergo specification/ differentiation and invoke tbx2b 

expression at an inappropriate time, thereby shifting cell fates.  

 

2.4 Conclusion  

Further exploration into pathways utilizing tbx2b and gdf6a would clarify the order 

or pattern of photoreceptor specification, which will also provide insight into zebrafish 

cone mosaic formation and photoreceptor regeneration following injury. Zebrafish 

possess latent stem cells within the retina and have a robust neural regenerative 

capacity. Because of these properties, zebrafish are a promising in vivo model to study 

not just photoreceptor development, but also regulation of cone photoreceptor 

regeneration and integration. With zebrafish as an impressive model of functional 

regeneration, stem cell therapy for restoring daytime vision can become a reality.  
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2.5 Figures  

 

Figure 2.1. gdf6a  and tbx2b  mutants do not share the microphthalmic phenotype, 

despite a shared pathway in early eye development.  

(A) gdf6as327/s327 mutants (labeled gdf6a-/- in figures) exhibit microphthalmia to varying 

degrees of severity during development and throughout adulthood, unlike their wild type 

and heterozygous siblings. tbx2b mutants do not exhibit microphthalmia, and their eyes 

develop normally. Scale bars 2 mm. B, C, D. Coronal sections of adult zebrafish heads, 

comparing microphthalmic gdf6as327/s327 (B) and wildtype fish (B9). Microphthalmia and 

anophthalmia present variably in gdf6as327/s327 fish (e.g. right and left eyes in B, 

respectively) and eyes are often noted to possess a lens (L), though in this instance the 

right eye is inverted such that the anterior segment is oriented towards the midline. RPE 
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(r) and a thin layer of photoreceptors (p) are discernable in gdf6as327/s327 fish (Cô), 

though other retinal layers are not recognizable due to multiple tissue infoldings. In 

panel D, the lens was presumably displaced away from the iris during 

dissection/fixation. Note C is at higher magnification compared to D. Scale bar in B 1 

mm; C, D is .5 mm; C9, D9 is .1 mm. L, lens; v, vitreous; r, RPE layer; p, photoreceptor 

layer.  
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Figure 2.2. Disruption of tbx2b  does not modify the gdf6a microphthalmic 

phenotype.  

(A) gdf6as327/s327 mutants exhibit microphthalmia (observed at 3dpf) but tbx2b-/- mutants 

(lor and fby) do not, indicating that disruption of tbx2b does not interfere with identical 

pathways as gdf6a in early eye development. (B) Microphthalmia is rarely observed in 

tbx2b mutant in-crosses (inx) alone (tbx2b+/lor in-cross shown, n = 220) compared to in-

crosses of gdf6a+/s327, which yield 25% with microphthalmia (following Mendelian ratios 

of inheritance and recessive phenotype). When [gdf6a+/s327;tbx2b+/lor] or 

[gdf6a+/s327;tbx2b+/fby] compound heterozygous mutants are in-crossed (n = 121 and 195 

respectively, both at 6dpf), rates of microphthalmia do not increase significantly from 

rates expected of in-crosses of gdf6a+/s327 alone (X2 p = 0.873 and p = 0.137, 

respectively). (C) The eye size compared to body length (shown as ratio) of a 

[gdf6a+/s327;tbx2b+/lor] in-cross does not reveal a subset of intermediate eye sizes, but 

remains bimodal, with the normophthalmic curve (right curve) showing a normal 

distribution (Shapiro-Wilk Normality test, W = 0.9888, p = 0.6532) (n = 118, 4dpf).  
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Figure 2.3. gdf6a  positively modulates the abundance of tbx2b  transcript during 

stages of retinal development when photoreceptors differentiate.  

All panels show in situ hybridization using tbx2b riboprobe. gdf6as327/s327 mutants have 

less tbx2b expression at 3 days post- fertilization (dpf) compared to normophthalmic 

siblings, akin to tbx2blor/lor mutants. Fractions represent proportion of clutch 

represented by image shown. Scale bars 100 mm; inl, inner nuclear layer.  
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Figure 2.4. Mutation in gdf6a  does not disrupt tbx2b  function in UV -versus -rod 

photoreceptor specification, but gdf6a  rather plays a role in blue cone 

specification.  

(A, B ) tbx2blor/lor mutants have fewer UV cones and more rods than wildtype fish (the 

lots-of-rods phenotype) (Kruskall-Wallis ANOVA, **p,0.005), but gdf6as327/s327 mutants 

have a normal abundance ratio and distribution of UV cones and rods (n = 10 wildtype, 

8 tbx2blor/lor, and 7 gdf6as327/s327; UV cones expressing GFP and rods were labeled with 

antibody 4C12). Scale bars 30 mm and 80 mm, respectively. (C) Larval gdf6as327/s327 

mutants have a unique cone photoreceptor phenotype in which there are significantly 

fewer blue cones relative to UV cones at all ages examined (which is not observed in 

tbx2blor/lor or tbx2bfby/fby mutants- not shown) (Kruskall-Wallis ANOVA, ***p,0.001) 

Sample sizes at 3 days post-fertilization (dpf) are n = 17 larvae per genotype quantifying 

cells visualized via opsin in situ hybridization (Panel D); at 4 dpf data are from n = 9 wild 

type and n = 13 mutants assessed via GFP and mCherry transgene expression in 

cones; at 6dpf data are from 2 replicates of n = 4+7 wild type and n = 5+6 mutants 

assessed via transgene expression in cones (Panel E). (D) UV and blue cones 

identified in 3 dpf by in situ hybridization against their respective opsins (Scale bars are 

100 mm). (E) UV and blue cones identified in transgenic lines at 6dpf by expression of 

GFP and mCherry, respectively (Scale bars are 60 mm and 40 mm in sibling and 

mutants, respectively).  
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Figure 2.5. A monoclonal antibody raised in rat (10C9.1) labels zebrafish UV cone 

outer segments, allowing all cone subtypes to be simultaneously labeled by 

immunoh istochemistry.  

Antibody 10C9.1 specifically labels the outer segments of a class of short single cones 

in the adult zebrafish retina (Fig. 2.S1 panel A). 10C9.1 specificity is supported (see Fig. 

2.S1 panels BïD), including by a dramatic decrease in number of cells labeled when 

10C9.1 is applied to retinas from zebrafish mutants (tbx2blor/lor) that have a paucity of 

UV cones. (A) The population of single cones labeled by 10C9.1 is the UV cones, 

because established antibodies against the other single cone class, the blue cones, 

labels a distinct cone population (Aô). 10C9.1 enables an unprecedented combination of 

antibodies raised in different species that simultaneously label and distinguish all cone 

photoreceptor subtypes (Aôô). E. Further evidence that 10C9.1 labels UV cone outer 

segments comes from its co-localization with UV cones filled with green fluorescent 

protein (GFP), and its exclusion from blue cones filled with mCherry (mCh) in transgenic 

zebrafish (Tg(-5.5opn1sw1:EGFP)kj9;Tg(-3.5opn1sw2:mCherry)ua3011). Panel B is 

available as Movie 2.S1. Scale bars 30 mm.  
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Figure 2.6. gdf6a  modulates tbx2b  regulation of UV cone and rod development.  

(A, B ) When [gdf6a+/s327;tbx2b+/lor] compound heterozygous mutants are in-crossed 

(inx), a disproportionate fraction of microphthalmic offspring exhibit the lots-of-rods 

phenotype compared to normophthalmic siblings, tbx2b+/lor in-crosses, and to predicted 

Mendelian ratios of the recessive lots-of-rods phenotype (X2 ***p,0.001; 3 replicates of n 

= 17, 19, 35 microphthalmics; 6dpf). UV cones and rods were labeled using antibodies 

10C9.1 and 4C12 displayed in magenta and green, respectively. A portion of 

microphthalmic larvae with the lots-of-rods phenotype has a tbx2b+/lor genotype (see 

Table 2.1). (C, D) When [gdf6a+/s327;tbx2b+/fby] compound heterozygous mutants are in-

crossed, the lots-of-rods phenotype is again observed at higher rates in microphthlamic 

eyes compared to normophthalmic eyes (X2 *p = 0.007; 1 replicate, n = 39 

microphthalmics, 6 dpf). Panel D shows rod opsin in situ hybridization (red). Scale bars 

are all 50 mm. (E) Genotyping for the lor mutation was performed via linkage analysis 

using an A/T synonymous SNP located before the DNA binding domain of tbx2b in lor 

and non-lor alleles, respectively. gdf6as327/s327 mutants with a corresponding SNP of T 

were used in crossing of the mutant lines.  
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  Expected  Observed  

Phenotype   wildtype Lots-

of-

rods 

  wildtype Lots-

of-

rods 

  

Raw 

#/35 

total 

26 9   22 13   

 % 75% 25%   63% 37%   

  Lots-

of-

rods 

   Lots-

of-

rods 

  

tbx2b  

genotype  

  +/+ +/- -/-  +/+ +/- -/- 

Raw 

#/35 

total 

 0 0 9  0 4 9 

%  0% 0% 25%  0% 12% 25% 

 

Table 2.1. Identification of compound [ gdf6a s327/s327; tbx2b ] mutants with 

mismatched phenotype and genotype regarding tbx2b .  
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SNP Fwd primer  Rev primer  Size (bp)  

rs40785418 TGC GCT TGA 

ATG GAC ATC 

CGC A 

AAG GCG AGA 

GCA GAC AGC 

GG 

196 

rs40952575   CGG ACC ATA 

CCC TGG CCG 

GA 

TGG TCC CAT 

AGA TCC TTC 

GCT TCC A 

160 

rs41094432   CTG CCG ACG 

ACT GCC GCT AC 

TCC CCA GTA 

GCT GGG CTA 

TCC G 

115 

rs41247043 

rs40724179 

CCG CAT TGC 

CAA GCG GCC TA 

TGA CGA AGT 

CTC CCG CTG 

GCT 

194 

 

Table 2.2. Primers used to identify single nucleotide polymorphisms (SNPs) for 

tbx2b  genotyping.  

SNP names from http://www.ncbi.nlm.nih.gov/snp/ ; the SNP ultimately used for 

genotyping in this study is in bold.  

 

http://www.ncbi.nlm.nih.gov/snp/
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Figure 2.S1: Eye size in various compound mutants shows no obvious change in 

severity of the microphthalmia phenotype (compare to Fig. 2.1C).  

(A) Eye diameter along the anterior-posterior axis (orange line) was measured at 6dpf 

and normalized to body length (not including tail fin) (yellow line). Both normophthalmic 

and microphthalmic larvae are shown. (B) Ratios of eye length to body length among 

the progeny of an in- cross of tbx2b+/lor fish show no obvious difference from wild type 

fish, (n = 220). (C) The same ratios among the progeny of an in- cross of [gdf6a+/s327; 

tbx2b+/fby] fish show the expected Mendelian abundance of ~25% microphthlamic fish 

(see also Fig. 2.3B). The normophthalmic fish have eye sizes distributed in a normal 

fashion (Shapiro-Wilk Normality test, p.0.05). Among the microphthalmic progeny, there 

is also a normal distribution of eye size (Shapiro-Wilk test, p.0.05) (n = 194).  
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Figure 2.S2: Antibody 10C9.1 specifically labels the outer segments of a class of 

short single cones in the adult zebrafish retina, as seen in Fig. 2.5.  

(A) Localization of 10C9.1 labelling to single cone outer segments as clarified by Bodipy 

counterstain of lipid-rich photoreceptor cell bodies and outer segments. (BïD) 10C9.1 

specificity is supported by localized labeling in the adult retina (B), a lack of labeling 

when adjacent retinal cryosections are treated identically except for omission of primary 

antibody (C), and by a dramatic decrease in number of cells labeled when 10C9.1 is 
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applied to retinas from adult zebrafish mutants (tbx2blor/lor) that have a paucity of UV 

cones (D). Other negative controls included applying other rat IgGs as primary antibody, 

and these produced equivalent results to panel C. Retinas in panels B and D were 

treated identically including equivalent application of 10C9.1 antibody, and simultaneous 

processing of tissue by inclusion in the same tissue block prior to cryosectioning. The 

specificity of 10C9.1 is supported by the paucity of labeling in tbx2blor/lor retinas (D), 

which are known to have few UV cones. Scale bars 30 mm. óórodsôô indicates rod outer 

segments; dc, double cones; ipl; inner plexiform layer; onl, outer nuclear layer; inl, inner 

nuclear layer; rgc, retinal ganglion cell layer. (E) An alignment of the antigen used to 

raise 10C9.1 in rats, which represents the 20 N-terminal amino acids from rainbow trout 

UV opsin plus a C-terminal cysteine to enable linkage of the peptide to the carrier 

protein keyhole limpet hemocyanin.  
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Figure 2.S3: 10C9.1 colocalizes with existing rabbit anti - UV antibody  

Scale bar 30 mm. Both the 10C9.1 rat anti-UV and Hyde rabbit anti-UV are somewhat 

over-exposed to demonstrate background/autofluorescent labeling (existing rabbit anti-

UV antibody was provided by David Hyde, University of Notre Dame). 
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(Movie can be accessed at PloS ONE: 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0092991#s6 ) 

Movie 2.S1: A new monoclonal antibody raised in rat (10C9.1) labels zebrafish UV 

cone outer segments.  

Coordinate with Figure 5E. Further evidence that rat monoclonal antibody 10C9.1 

(pseudocoloured magenta) labels UV cone outer segments. 10C9.1 co-localizes with 

UV cones filled with green fluorescent protein (GFP, pseudocoloured green), and is 

excluded from blue cones filled with mCherry (mCh, pseudoco- loured cyan) in 

transgenic zebrafish (Tg(-5.5opn1sw1:EGFP)kj9; Tg(-3.5opn1sw2:mCherry)ua3011). 

Scale bars 30 mm.  

  

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0092991#s6
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2.6 Methods  

2.6.1 Ethics statement  

Fish care and protocols were approved by the Animal Care and Use Committee: 

Biosciences at the University of Alberta. Rat care and protocols were approved by the 

Animal Care Committee at the University of Victoria. In each instance protocols and 

care were in accordance with the Canadian Council on Animal Care.  

 

2.6.2 Animal care and establishment of mutant crosses  

Zebrafish (Danio rerio) were raised and maintained according to standard procedures 

(Westerfield, 2000). Larvae were kept at 28ºC in E3 media. Gdf6as327/+ (Gosse and 

Baier, 2009) (ZFIN ID ZDB-ALT-050617-10), tbx2bp25bbtl/p25bbtl (ZFIN ID ZDB-GENO-

080920-2, referred in text and figures as tbx2blor/lor) (Alvarez-Delfin et al., 2009), and 

tbx2bc144/+ (ZFIN ID ZDB- GENO-130130-6, referred in text and figures as tbx2bfby/+) 

(Clanton et al., 2013; Snelson et al., 2008) fish were gifted from Andrew Waskiewicz 

(University of Alberta), James Fadool (Florida State University), and Josh Gamse 

(Vanderbilt University), respectively. These lines were crossed to create [gdf6a+/s327; 

tbx2b+/lor] and [gdf6a+/s327; tbx2b+/fby] compound heterozygous mutants, which were 

subsequently in-crossed to acquire [gdf6as327/s327; tbx2blor/lor ] and [gdf6as327/s327; 

tbx2bfby/fby] compound homozygous mutants along with siblings of various genotypic 

combinations. The gdf6as327/s327 and tbx2blor/lor lines were also crossed with transgenic 

lines: Tg(-5.5opn1sw1:EGFP)kj9 (Takechi, 2005) and Tg(-3.5opn1sw2:mCherry)ua3011 

(Duval et al., 2013; Fraser et al., 2013) expressing fluorescent proteins in UV and blue 

cones, respectively.  

 

2.6.3 Assessing phenotypes, genotyping and linkage analysis  

Larvae from the above-described mutant lines were assessed for phenotype and, 

where noted, subsequently genotyped. Gdf6as327/s327 larvae were identified by their 

microphthalmic phenotype starting at 3dpf. Where relevant, eye size-to-body length 
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ratios were calculated to check for an intermediate eye size phenotype (details below). 

To identify putative tbx2blor or tbx2bfby homozygous mutants, larval retinas were 

removed from the heads, flatmounted, imaged on a Zeiss Axio Observer.Z1 microscope 

with AxioCam software (Carl Zeiss MicroImaging, Oberkochen), and thereby screened 

for the lots-of-rods phenotype, characterized by an abnormally large population of rod 

photoreceptors and a small population of UV cones, which is exacerbated in tbx2bfby/fby 

mutants (Alvarez-Delfin et al., 2009). Heterozygous mutant and wildtype gdf6a and 

tbx2b siblings, which do not have a phenotype, were identified by genotyping.  

Genomic DNA was isolated as described previously (Meeker et al., 2007). 

Genotyping for gdf6as327 was done by restriction fragment length polymorphism (RFLP) 

analysis. Primers designed by Gosse and Baier (Gosse and Baier, 2009) amplify a 280 

bp region including the gdf6as327 locus. This PCR product was either digested with SfaNI 

restriction enzyme and run on a gel, or sequenced with a BigDye v3.1 kit (Invitrogen, 

Carlsbad, Cat. # 4337455) and submitted to Molecular Biology Services Unit at the 

University of Alberta. Tbx2bfby was genotyped through RFLP analysis; primers used 

were designed previously (Snelson et al., 2008) and amplify a 318 bp region featuring 

the tbx2bfby locus. The PCR product was digested with MseI restriction enzyme and run 

on a gel.  

The lesion of the tbx2blor allele has been linkage-mapped to the region of tbx2b 

(Alvarez-Delfin et al., 2009), but has not yet been identified. Therefore, genotyping fish 

for tbx2blor required developing a single nucleotide polymorphism (SNP) genotyping 

assay, and inferring the tbx2b genotype. We explored six SNPs annotated in the 

zebrafish tbx2b gene in the Ensembl database; using Geneious software, we designed 

primers to amplify each of the SNPs to genotype via sequencing (performed at 

Molecular Biology Service Unit, University of Alberta) (Table 2.2). Each SNP was 

amplified from representative adult male tbx2blor/lor fish, and from representative adult 

female gdf6as327/s327 fish, and examined for homozygosity at each SNP. While several 

homozygous SNPs were identified, only two were different between the two 

populations, and one synonymous SNP (bold text in Table 2.2) was chosen based on 

the reliability of PCR amplification and sequencing (Fig. 2.6E). Thus, the presence of an 
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óóAôô in this SNP implied inheritance of the parental tbx2blor allele, while presence of a 

óóTôô implied the parental WT allele (in fish with mutation in gdf6a). These adult fish were 

crossed, and all resulting [gdf6a+/s327; tbx2b+/lor] fish were confirmed to be heterozygous 

at the relevant SNP. In-crossing these compound heterozygotes and genotyping the 

resultant normophthalmic progeny confirmed that the SNP genotyping assay 

consistently predicts the lots-of-rods phenotypes.  

 

2.6.4 Generati on of rat monoclonal against UV opsin  

Generation of rat monoclonal antibodies against UV opsin was performed by 

Immunoprecise Antibodies Ltd (Victoria BC, Canada) using standard intraperitoneal 

injection method. Two F344 female rats were immunized with a recombinant antigen 

designed to mimic the N-terminus of trout UV opsin (NCBI accession NP_001117793.1) 

(Allison et al., 2003; Levin et al., 2004), see Fig. 2.S2E. Sera from hyperimmunized rats 

had been found to be specific against both trout and zebrafish UV opsin in 

immunohistochemistry and/or Western blots (Allison, 2004; Allison et al., 2006a). 

Lymphocytes were harvested from the spleen of the best responding rat and fused with 

rat myeloma YB2/0 to generate the hybridomas. Supernatants from a panel of clonal 

cells were screened for robust and specific labeling of zebrafish UV cones, and a 

successful clone was subcloned to generate line 10C9.1.  

 

2.6.5 Immunocytochemist ry and in situ hybridization  

Immunocytochemistry was performed on larval zebrafish and retinal sections as 

previously described (Fraser et al., 2013) to label relevant structures. Briefly, larvae 

were fixed in 4% paraformaldehyde with 5% sucrose made in PO4, pH 7.4 (PFA) 

overnight at 4ºC. Following fixation, washes of 1.0 M PO4/5% sucrose, 1% Tween/H2O 

(pH 7.4), and acetone were performed. Blocking was done for 90 minutes with 10% 

NGS/PBS3+ (PBS3+ð phosphate buffered saline with 1% Tween, 1% Triton-X and 1% 

DMSO, pH 7.4), followed by incubation in antibody in 2% NGS/PBS3+ overnight at 4ºC. 

Primary antibodies and dilutions are as follows: 4C12 anti-rod opsin (ZFIN ID: ZDB-
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ATB-090506- 2, 1:200) (Morris et al., 2005), zpr-3 anti-rod opsin (ZFIN ID: ZDB-ATB-

081002- 45, 1:200); zpr-1 anti-arrestin3a labels double cones (ZFIN ID: ZDB-ATB-

081002-43); and 10C9.1 anti-UV opsin (generated herein as described above, 1:100). 

Larvae were then incubated in secondary antibody in 2% NGS/PBS3+ overnight at 4uC 

Secondary antibodies used are as follows: Alexafluor anti-mouse 555 (Invitrogen, 

Carlsbad, Cat. #A-31570) (1:1000), Alexafluor anti-rabbit 488 (Invitrogen, Carlsbad, Cat. 

#A-21441) (1:1000). Deviations from the above protocol include using PBS/0.01% 

Tween in lieu of PBS3+ and omitting the 1.0 M PO4/5% sucrose wash. Retinas were 

dissected from the head and flatmounted for imaging. Immunohistochemistry on retinal 

sections followed the same protocols applied instead to 10 mm cryosections of adult 

eyes prepared as described previously (Duval et al., 2013; Fraser et al., 2013).  

In situ hybridization for photoreceptor opsins and tbx2b expression was 

performed as previously described (Allison et al., 2010) using DIG- and FLR-labeled 

riboprobes against blue-sensitive cone opsin (opn1sw2, 1424 bp, Accession No. 

AF109372, ZFIN ID: ZDB-GENE-990604-40), UV-sensitive cone opsin (opn1sw1, 1777 

bp, Accession No. NM_131319, ZFIN ID: ZDB-GENE- 991109-25), rod opsin (1584 bp, 

Accession No. NM_131084, ZFIN ID: ZDB-GENE-990415-271), or tbx2b (1144 bp) 

(French, 2010) (2616 bp, Accession No. NM_131051, ZFIN ID: ZDB-GENE- 990726-

27). Briefly, larvae were fixed in 4% PFA overnight at 4ºC, then permeabilized in MeOH 

overnight at 22ºC. Larvae underwent 30 minutes of digest in Proteinase K at 37ºC and 

were incubated in Hauptmannôs prehybridization solution at 65ÜC for between 2 hours 

and overnight, depending on the riboprobes used. Subsequently larvae were hybridized 

with riboprobe for at least one night at 65ºC. Blocking with Maleate Tw/2% DMSO/ 2% 

RMB was done for 2 hours prior to riboprobe detection using either 1:100 anti-

digoxigenin-POD (Roche, Quebec, Cat. # 11 207 733 910) or 1:100 anti-fluorescein-

POD (Roche, Quebec, Cat. #11 426 346 910) overnight at 4ºC. Larvae were then 

incubated in tyramide-conjugated fluorochrome according to manufacturerôs instructions 

(Invitrogen, Carlsbad, Cat. #T-20912; T-30954).  

Imaging was performed with a Zeiss Axio Observer.Z1 microscope with AxioCam 

software (Carl Zeiss MicroImaging, Oberkochen). Images were manipulated for channel 

colour and brightness in AxioCam (Carl Zeiss MicroImaging, Oberkochen), Imaris 664 



 

 99 

(version 7.4.0, Bitplane, Badenerstrasse), or Adobe Photoshop CS5 Extended (Adobe 

Systems Inc., San Jose).  

 

2.6.6 Histology  

Paraffin sections of adult zebrafish heads fixed in PFA were prepared using standard 

protocols. Staining of sections with hematoxylin and eosin occurred after dewaxing. 

Sections were imaged on an Axioscope A.1 microscope (Carl Zeiss MicroImaging, 

Oberkochen) using a 12-bit, 2 megapixel MacroFIRE colour camera (Optronics, Goleta 

CA).  

 

2.6.7 Data analysis  

Photoreceptor abundance was measured in flatmounted retinas by counting labeled 

cells within a 100mm x 100mm area dorsal to the optic nerve head or, if this location 

was not obvious, sampling an area containing a minimum of 100 cells of each labeled 

photoreceptor type. Eye-to-body ratios were calculated using values from measuring the 

largest width of the eye, and the body length from nose to end of notochord. Cell counts 

and eye-to-body measurements were performed in ImageJ 1.45 (Wayne Rasband, 

National Institutes of Health, Bethesda; http://rsbweb.nih.gov/ij/ index.html) and 

statistical analysis was performed in SYSTAT 12 (Systat Software Inc., Chicago) and R 

(Robert Gentleman and Ross Ihaka, University of Auckland; http://www.r-project.org).  
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CHAPTER 3:   

RECRUITMENT OF ROD PHOTORECEPTORS FROM 

SHORT-WAVELENGTH-SENSITIVE CONES DURING 

THE EVOLUTION OF NOCTURNAL VISION IN 

MAMMALS  
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3.1 Introduction  

The duplex retina in vertebrates consists of specialized cone and rod 

photoreceptors (Fain et al., 2010; Lamb et al., 2007; D.-G. Luo et al., 2008a). Cones 

mediate non-quenching, rapid responses to photons with high acuity in daylight, 

whereas rods allow maximum sensitivity and energy conservation at the expense of 

spatial and temporal resolution. Cone photoreceptors also enable color discrimination 

by combining outputs of visual pigments (opsins) having distinct peak wavelength 

sensitivity (Nathans, 1999). How and when the duplex retina evolved, however, remains 

a long-standing mystery (Schultze, 1866; Walls, 1942).  

Short-wavelength-sensitive (S) and long-wavelength-sensitive (L) cone opsins 

were present in the last common ancestor of jawed and jawless vertebrates (Okano et 

al., 1992), while rod visual pigment Rh1 (rhodopsin) and other cone opsin classes 

emerged subsequently by duplication of an ancestral, likely short-wavelength, opsin 

gene (Pisani et al., 2006). In concordance, rods first appear as an intermediate form in 

agnathan species (i.e., jawless vertebrates) such as lampreys and become more 

evident in gnathostomes (i.e., jawed vertebrates) (Lamb, 2013) (Fig. 3.1A). Despite 

functional specialization, rod morphology and phototransduction machinery are similar 

to those of cones (Fain et al., 2010; Morshedian and Fain, 2015), and rod signals 

piggyback on cone pathways in retinal circuitry (Oesch et al., 2011; Strettoi et al., 1992). 

On the basis of phylogenetic and anatomical analyses, rod photoreceptors were 

proposed to have originated from ancestral cone-like photoreceptors (Lamb et al., 2009, 

2007).  

In the mammalian retina, the generation of rods and cones is controlled by the 

combined actions of two transcription factors, Maf-family neural retina leucine zipper 

protein (Nrl) and thyroid hormone receptor b2 (Trɓ2) (Ng et al., 2011; Swaroop et al., 

2010), and S cones are proposed to be the default fate of post-mitotic photoreceptor 

precursors (Hunt and Peichl, 2014; Swaroop et al., 2010). In mice, loss of Nrl results in 

a retina with predominantly S cones in place of rods (Mears et al., 2001), and ectopic 

expression of Nrl in cone precursors is sufficient to induce rod differentiation (Oh et al., 

2007). Nrl is expressed in rod photoreceptors shortly after the final mitosis, as indicated 

by GFP expression directed by a 2.5-kb Nrl promoter (Akimoto et al., 2006), consistent 
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with antibody immunostaining studies (Ng et al., 2011). Furthermore, mice lacking Trɓ2 

have S cones but no medium-wavelength-sensitive (M) cones (Ng et al., 2001), and 

replacement of Nrl by Trb2 produces M cones instead of rods (Ng et al., 2011). 

Transcriptional control of rod photoreceptor birth is less well resolved in cone-dominant 

vertebrates such as teleosts (Stenkamp, 2011), especially with respect to nrl, whose 

expression is not limited to rods in zebrafish (Nelson et al., 2008). Notably, the loss of T-

box transcription factor tbx2b in zebrafish results in rod generation from UV cone 

precursors (Alvarez-Delfin et al., 2009; Michèle G. DuVal et al., 2014). In addition, 

thyroid hormone treatment affects photoreceptor development in trout (Allison et al., 

2006b), and thrb2 modulates the generation of different cone subtypes in zebrafish 

(Suzuki et al., 2013; Yoshimatsu et al., 2014).  

A typical mammalian retina accommodates a great abundance of rods with a 

paucity of cones; few exceptions include rare cone-dominant retinas of a subset of 

diurnal species and highly specialized regions (such as fovea) in primate retinas 

(Gerkema et al., 2013). On the contrary, most non-mammalian vertebrates possess 

abundant cone photoreceptors in multiple spectral subclasses. This stark difference in 

retinal composition may reflect a óónocturnal bottleneckôô hypothesized to have occurred 

early in the evolutionary history of mammals, wherein early mammals adapted to novel 

scotopic (dim light) niches (Gerkema et al., 2013; Heesy and Hall, 2010). We were 

curious as to how a rod-dominant duplex retina evolved in a relatively short time span. 

We hypothesized that the abundance of rod photoreceptors in the mammalian retina 

originated from, and at the expense of, S cones with the co-emergence of an Nrl-

centered, rod-specific, regulatory network and that developing rods would therefore 

carry vestiges (óófootprintsôô) of S cones (Fig. 3.1B). Here, we provide multiple lines of 

evidence that developing rods in mouse retinas show a well-defined molecular footprint 

of S cones, whereas rods in zebrafish, representing an outgroup to tetrapods and 

having a cone-rich retina, do not. While alternative explanations are possible, our 

studies argue in favor of the recruitment of S cones to augment rods in mammalian 

retinas and suggest a developmental mechanism involving Nrl that facilitated the 

adaptation to scotopic ecological niches during a óónocturnal bottleneckôô experienced by 

the ancestors of extant mammals.  
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3.2 Results  

3.2.1 Developing Mouse Rod Photoreceptors Have a Molecular Footprint of S 

Cones  

To test our hypothesis, we examined whether rod photoreceptors showed a 

signature of gene expression similar to S cones during development. We took 

advantage of an Nrlp-GFP transgene to obtain pure populations of rods from wild-type 

mouse retinas and of S-cone-like photoreceptors from Nrl  mutant retinas (Akimoto et 

al., 2006; Ng et al., 2011). Transcriptome profiling, using RNA sequencing (RNA-seq) of 

fluorescence-activated cell sorting (FACS)-purified rods from Nrlp-GFP retinas revealed 

a progressive increase in the expression of rod-specific phototransduction genes, 

including rhodopsin (Rho), as the rods reached anatomical and functional maturity (Fig. 

3.2A). As predicted, absolutely no known rod-specific gene was expressed in Nrlp-GFP 

photoreceptors from the rod-less Nrl  mutant retinas (Fig. 3.2A). Interestingly, we noted 

strong expression of S-opsin (Opn1sw), but not M-opsin (encoded by Opn1mw), and of 

many cone-specific phototransduction genes, well above the median gene expression 

values, in the developing rods from wild-type Nrlp-GFP retinas (Fig. 3.2B). The 

expression of cone genes diminished with rod maturation in wild-type Nrlp-GFP retinas 

but not in photoreceptors of Nrl  mutant retinas (Fig. 3.2B). Expression of several 

progenitor genes was also detected in rods at postnatal day2 (P2) and P4, but rapidly 

declined as rod birth was completed and maturation began (Fig. 3.S1), reflecting the 

likely contribution of GFP+ rods that just exited terminal mitosis (Akimoto et al., 2006). 

Genes specifically expressed in other retinal cell types (ganglion, bipolar, amacrine, and 

horizontal cells) were barely detectable in the rod transcriptome data (Fig. 3.S1). As a 

low level of opsin expression was recently reported in cultured human epidermal skin 

cells (Haltaufderhyde et al., 2015), we examined S-opsin expression in ENCODE data- 

sets (Yue et al., 2014) to ensure the specificity of Opn1sw expression as an S-cone 

marker. S-opsin expression was not detected in any non-retinal human/mouse tissue or 

cell type (including epidermal cells) for which expression data were available (Fig. 

3.S2).  
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To validate RNA-seq results, we performed qPCR analysis using RNA purified 

from 50 manually collected Nrlp-GFP+ cells each at P2 (peak of newborn rods) and P28 

(mature rods). As predicted, rhodopsin expression increased dramatically in P28 rods 

compared with P2 rods, whereas S-opsin expression was undetectable in mature rods 

(Fig. 3.2C).  

We then examined the expression of S-opsin in dissociated Nrlp-GFP+ retinal 

cells at P2 and P28 (Fig. 3.3A and 3.S3). Consistent with the RNA-seq and previously 

published P0 immunohistochemistry data (Ng et al., 2011), S-opsin immunostaining was 

clearly detectable in GFP+ rods at P2 but not at P28. Quantification by FACS analysis 

demonstrated that 13.8% of GFP+ cells were also positive for S-opsin at P2, but double-

positive cells were negligible at P28 (Fig. 3.3B). In addition, FACS analysis of Nrl and S-

opsin double-immunostained wild-type retinal cells revealed 26.4% Nrl+ cells being S-

opsin+ at P2, while double-positive cells decreased to almost none by P28 (Fig. 3.3C). 

We then estimated the number of S-opsin+ and S-opsin/GFP double-positive cells at 

different developmental stages. P2 retina contained a greater number of total S-opsin+ 

cells compared with P28 retina (Fig. 3.3D). A majority (72%) of S-opsin+ cells at P2 (on 

an average ~141,000) was also positive for GFP; however, the number of S-opsin/GFP 

double-positive cells was negligible by P28. The number of cells that were positive for 

only S-opsin remained remarkably constant (Fig. 3.3D).  

To further validate the preceding results, we performed FACS analysis of 

photoreceptors from an independent Opn1swp- Venus transgenic mouse line where the 

S-opsin promoter was used to drive the expression of the Venus reporter gene. Consis- 

tent with the above data, Nrl immunostaining was detectable in 85.6% of Venus+ cells at 

P2, and Venus and Nrl double-positive cells accounted for 12% of Nrl+ cells in the 

developing retina; however, the number of double-positive cells was negligible in the 

P28 retina (Fig. 3.3E).  

Taken together, our findings exclude the possibility of S-opsin+ rods being an 

artifact of the transgenic mouse line. Our data thus demonstrate the expression of S-

opsin and other cone phototransduction genes in mouse rod photoreceptors during 

early stages of development.  
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3.2.2 Chromatin State in Developing Mouse Rods Favors Cone Gene Expression  

Our hypothesis that mammalian rods derive from cells fated as S cones further 

predicts that developing rods would exhibit a chromatin state concordant with S-cone 

characteristics. To address this, we performed reduced representation bisulfite 

sequencing (RRBS) and histone modification chromatin immunoprecipitation 

sequencing (ChIP-seq) using flow-sorted rod photoreceptors at three key stages of 

development: P2, P10, and P28 (see Fig. 3.2). We also analyzed DNase I 

hypersensitivity sequencing (DNase-seq) data from developing mouse retinas (Vierstra 

et al., 2014). In P2 rods, chromatin state was unfavorable for active Rho transcription as 

indicated by the high degree of DNA methylation (meDNA), limited enrichment of active 

histone mark H3 lysine 4 trimethylation (H3K4me3) at the promoter, and low chromatin 

accessibility (indicated by lack of DNase- seq signal) (Fig. 3.4). In contrast, Opn1sw 

promoter exhibited hallmarks of active chromatin state in P2 rods; these include the 

absence of meDNA, accumulation of H3K4me3, chromatin accessibility, and a low level 

of repressive H3K27me3 marks (Fig. 3.4). Rod-specific epigenetic architecture was 

acquired by P10 and maintained thereafter with concurrent accumulation of repressive 

chromatin marks in Opn1sw (Fig. 3.4). The observed chromatin dynamics were specific 

to opsin gene loci and other rod- and cone-specific genes (data not shown). The 

promoters of photoreceptor-specific transcription factors including Nrl (Fig. 3.4) and of 

constitutively expressed genes possessed active chromatin architecture at all stages of 

rod development, whereas genes specifically expressed in non- neuronal tissues 

exhibited repressed chromatin state (data not shown). Overall, the state of chromatin in 

newly post-mitotic rods, but not in mature rods, is favorable for expression of S-opsin 

and other cone genes.  

 

3.2.3 Lineage Tracing Shows History of S -Opsin Express ion in Mouse Rods  

To further test whether rod photoreceptors in mice originated from S cones, we 

performed lineage tracing using the Opn1swp-Cre mouse (Akimoto et al., 2004) by 

breeding it to ROSA26-iAP reporter line (Badea et al., 2009) (Fig. 3.5A). Here, active 
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Opn1sw promoters permanently tag the cell by inducing alkaline phosphatase (AP) 

expression (Fig. 3.5A), allowing inference of lineage history. Cell bodies of most, but not 

all, rods and cones in the outer nuclear layer showed heavy AP activity in the P28 

retinas (Fig. 3.5B and 3.S4), demonstrating the expression of S-opsin in rods at an early 

stage in their development. Immunostaining with antibodies against markers of mature 

photoreceptors revealed stronger AP staining in S cones and further confirmed the 

history of S-opsin promoter activity in rods (Fig. 3.S4D and 3.S4E). Similar experiments 

using Opn1mwp-Cre mouse, which expresses Cre recombinase under the control of M-

opsin promoter (Akimoto et al., 2004), demonstrated no overlap between rod and M-

cone lineage (Fig. 3.5C and 3.S4C). Occasional ganglion cell staining was detected in 

both Opn1sw and Opn1mw lineage tracing experiments (Fig. 3.S4C). Detection of the 

history of Opn1sw expression in most mature mouse rods was further validated by an 

independent lineage tracing experiment using BAC transgenic Opn1swp- Cre and Z/EG 

fluorescence reporter lines (Fig. 3.5D). In accordance with the results above, GFP 

lineage tracer was detected in both cones and most rods in mature retinas even though 

Cre and S-opsin immunoreactivity was observed only in mature cones (Fig. 3.5E and 

3.5F). Robust lineage tracer labeling of S cones in most but not all rods, and not of any 

other retinal neuron, in the BAC transgenic Opn1swp-Cre mice strongly argues in favor 

of the derivation of rods from S-cone lineage.  

 

3.2.4 Rods Do Not Show UV Cone Opsin sws1  Lineage in Zebrafish  

Next we examined whether rods in a cone-dominated, teleost retina were also 

specified from a cone lineage. Teleosts branched earlier than mammals in the 

evolutionary history of vertebrates. To address this, we engineered a lineage-tracing 

zebrafish line with two genetic constructs that constituted a positive-feedback 

mechanism (óóKaloopôô technology, Fig. 3.6A). We used this line to permanently label 

cells with the history of expression of UV cone opsin sws1, a zebrafish homolog of 

mouse Opn1sw. We characterized 4,024 cells that had expressed sws1 opsin at some 

point in development from ten retinas of 4 dpf (days post fertilization) zebrafish larvae. 

The vast majority of lineage-traced cells (4,021 of 4,024; 99.92%) unambiguously 
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lacked immunolabeling by 4C12 (a rod marker), whereas three cells (0.08%) found 

among two individuals were ambiguously labeled (i.e., they probably were not rods, 

though we cannot formally exclude this possibility) (Fig. 3.6B). Lineage tracing of an 

mCherry transgene in each cell, where image resolution permitted assessment, was 

tightly associated with immunolabeling by the UV cone marker 10C9.1 antibody (Fig. 

3.6B). Although sws1 is the closest homolog of mouse Opn1sw, we also traced the 

lineage of zebrafish blue cone opsin sws2 to exclude the possibility that rods may have 

derived from the other S-cone class. As with sws1 lineage-traced cells, we did not find 

any rods with sws2 lineage (Fig. 3.S5). Therefore, the cells with a history of sws1 or 

sws2 expression exclusively differentiate into UV or blue-sensitive cones, respectively.  

 

3.2.5 Advent of Nocturnal Mammals Coincides with the Acquisition of Novel 

Regulatory Elements, Rod -Specific Expression, and Deep Conservation of 

NRL  

Our data describe a novel developmental origin of rod abundance in mouse (a 

representative placental mammal) compared with zebrafish (an earlier branching, non-

amniotic vertebrate with a cone-dominant retina), encouraging us to determine a 

mechanistic explanation. We first compared genomic sequences spanning the Nrl gene 

in selected vertebrates. DNA sequences in the coding region of Nrl are highly 

conserved in all vertebrates (Fig. 3.7A). Strikingly, however, we observed extensive 

conservation of genomic sequences upstream and downstream of Nrl in mammals as 

well as in the intronic regions and UTRs of selected loci (Fig. 3.7A). We also noted the 

gradual evolution of conserved genomic sequences spanning Nrl from the egg-laying 

platypus to the pouched and placental mammals, consistent with the appearance of rod- 

dominant duplex retina and the pivotal role of Nrl in mammalian rod cell fate 

determination.  

Next, we explored the phylogeny of Nrl and related Maf proteins from a range of 

vertebrate genomes including jawless agnathans, cartilaginous and bony fishes, 

terrestrial vertebrates, and representatives of each major lineage of mammals (Fig. 

3.7B). Our results show that Nrl and other closely related Maf paralogy classes have 
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each originated among the jawed vertebrates, with a single distant ortholog being 

present in the earlier branching agnathan (Petromyzon) genome. Furthermore, each of 

these Maf paralogy classes, including Nrl, demonstrates dynamic histories of loss 

among taxa. Strikingly, while we infer that Nrl has been lost from several non-

mammalian taxa, Nrl loci are retained in all mammalian genomes included, in contrast 

to each of the other paralogy classes. Furthermore, the mammalian Nrl genes are 

separated from non-mammalian paralogs by the longest internal branch in our tree, 

indicating a burst of molecular evolution. Together, our results suggest an evolutionary 

history for mammalian Nrl whereby rapid molecular innovations in the lineage leading to 

mammals are followed by strong conservation and gene retention.  

We also evaluated Nrl and other Maf protein sequences across vertebrate 

species (Fig. 3.S7). Transactivation and DNA binding domains were highly conserved in 

all vertebrate species including zebrafish and mouse. Protein sequence comparison 

revealed a high degree of conservation between all chicken long MAFs and vertebrate 

Nrl homologs in both transactivation and DNA binding domains (Fig. 3.S7). To test for 

functional conservation, we introduced the chicken MAFA gene, which is expressed in 

avian rods and a few other retinal neuronal types but not in cones (Ochi et al., 2004), in 

cone-only Nrl  mutant mouse retina (Mears et al., 2001) (Fig. 3.8). Chicken MAFA, but 

not GFP empty vector, induced the expression of rhodopsin (Fig. 3.8B) and 

characteristic single synaptic ribbon observed in rods (Carter-Dawson and Lavail, 

1979), as opposed to cone opsin expression and multiple ribbons present in cones (Fig. 

3.8C and 3.8D). Chicken MAFA-induced cone-to-rod transformation was confirmed by 

expression of rod-specific genes including Nr2e3, Gnat1, and Cnga1, but not cone 

genes such as Arr3 and Gnat2, in MAFA-expressing Nrl  mutant mouse retina (Fig. 

3.8E). Thus, chicken MAFA induces rod development akin to the actions of mouse Nrl 

when expressed ectopically in Nrl  mutant mouse retinas.  

 

3.3 Discussion  

Current concepts regarding the behavioural and organismal ecology of early 

mammals propose that the evolution of a rod-dominant retina was a landmark event, 
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central to the persistence and success of the lineage. Extant mammalian lineages first 

diverged during the Jurassic when dinosaurs were dominant and diurnal predators in 

most terrestrial habitats. During this period, predation pressures forced early mammals 

to adapt to a nocturnal life-style (termed the nocturnal bottleneck), permitting them to 

exploit a novel scotopic ecological niche (Davies et al., 2012; Heesy and Hall, 2010; 

Menaker et al., 1997; Walls, 1942). How these early mammals survived and prospered 

during this nocturnal bottleneck, and attained the capacity for high-sensitivity photon 

capture in night vision, has defied explanation. Here, we provide strong evidence in 

support of the hypothesis that a subset of S cones was transformed to rods by ectopic 

expression of Nrl early in the evolutionary history of mammals. We suggest that this 

extreme dominance of rods is retained in the retinas of most extant mammals.  

Our understanding of photoreceptor evolution has been continuously revised 

since Schultze initially considered cones to be a more derived photoreceptor type than 

rods (Schultze, 1866), based on their capacity to detect highly specific wavelengths of 

light. A more detailed histological examination (Dickson and Graves, 1979) and 

phylogenetic analysis of opsin genes (Okano et al., 1992; Pisani et al., 2006) predicted 

the opposite scenario. Inspired by recent technical advances, we revisited the question 

of rod origins, specifically their vast abundance in mammals. Global transcriptome and 

epigenome analysis of pure photoreceptor populations enabled us to detect prominent 

footprints of S cones in developing mouse rods. Further validation at single-cell type 

resolution and fate-mapping analyses allowed us to conclude that most, but not all rod 

photoreceptors in mice are derived from the S-cone lineage. Conversely, lack of direct 

evidence supporting the origin of rods from the S-cone lineage in zebrafish indicates 

that the derivation of most rods from S cones might be a developmental innovation of 

mammals, one that serves to contrast two distinct phases of rod origins: (1) the initial 

origin of unambiguous rods in early gnathostomes and (2) the later shift to rod-

dominated retinas in mammalian species. It remains feasible that this lack of direct 

evidence supporting the origin of rods from S cones in zebrafish represents loss of this 

character in fish taxa, or could be attributable to the developmental phase examined; 

e.g., lineage tracing to examine rod development in post-larval zebrafish may be war- 

ranted. Importantly, the rod population without a detectable S-cone footprint (Fig. 3.5B 
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and 3.5F) in the mouse retina may represent a more ancient cellular lineage of rods 

homologous to those of earlier branching, non-mammalian taxa including zebrafish.  

Our finding of two distinct rod populations in the mouse retina is intriguing and 

requires further explanation. Although not as explicit as the distinct rod populations 

reported in amphibian retinas (Sherry et al., 1998), some evidence indicates that mouse 

rods are not a homogeneous cell type. For example, a subpopulation of rods forms 

direct synaptic contacts with cone bipolar cells, whereas others only synapse with rod 

bipolar cells (Tsukamoto et al., 2001). In addition, two phases of rod differentiation are 

reported in developing rat retinas (Morrow et al., 1998). Although there is no evidence of 

physiological or morphological difference between early- and late-born rods, rods born 

prior to embryonic day 19 (E19) exhibit the onset of rhodopsin expression that is further 

lagged and more synchronized than those born on and after E19 (Morrow et al., 1998). 

Whether the rod sub- groups with distinct synaptic pathways and differential temporal 

expression of rhodopsin can be related to the rods with or without a history of Opn1sw 

expression would be an interesting and testable future direction.  

Multiple lines of evidence validate the expression of Opn1sw and other cone 

genes in developing rods. Though not emphasized as such, Nrlp-GFP cells in P0 

mouse retina are documented to express S-opsin (Ng et al., 2011). Both transcriptome 

and epigenome analyses demonstrate the robustness of co-expression of Nrl and 

Opn1sw in isolated mouse rod photoreceptors. We used flow-sorted rods of purity of 

over 96% (>99% for most samples) for all next-generation sequencing (NGS) 

experiments; thus, S-cone contamination in purified rod samples cannot explain the 

expression values (fragments per kilobase of exon per million fragments mapped 

[FPKM]) in our samples. We note that the genes associated with inner retina show no to 

negligible expression in flow-sorted rods (see Fig. 3.S1). Although some progenitor 

genes were detected in early developing rods (P2 and P4), it is not surprising given that 

Nrl expression commences during or immediately after the final mitosis (Akimoto et al., 

2006). Furthermore, qRT-PCR analysis of manually picked GFP+ cells, where no 

contamination is allowed, confirmed high Opn1sw expression in P2 rods compared with 

P28 rods (see Fig. 3.2C). Multiple independent experiments, including 

immunocytochemistry and flow cytometry using distinct combinations of reporter mouse 



 

 112 

lines (see Fig. 3.3), point to Opn1sw expression in immature rods. Lineage-tracing 

experiments using two different S-opsin Cre lines and phylogenetic analysis provide 

additional strong support of our hypothesis.  

Evolutionary innovations are enabled by changes in gene-regulatory networks 

that consist of transcriptional regulators and their cognate DNA binding elements 

(Koentges, 2008). Comparative genomic analysis of Nrl, a hub of the transcriptional 

regulation circuits regulating rod development (Swaroop et al., 2010), provides insights 

into the underlying mechanism of rod recruitment from S cones. At the level of protein 

sequence, functional domains of Nrl are highly conserved throughout vertebrates (see 

Fig. 3.S7) and functional equivalency exists among different Maf paralogs when 

expressed in a suitable context. For example, ectopic expression of mouse Nrl (Ng et 

al., 2011; Oh et al., 2007) or chicken MAFA (see Fig. 3.8) is sufficient to convert cones 

to rods in the mouse retina. Notably, ectopic expression of human NRL led to an 

increased number of rods at the expense of cones in the Xenopus retina, whereas 

Xenopus Nrl induced the differentiation of both rods and lens fiber cells (McIlvain and 

Knox, 2007). Thus, the function of Nrl as a rod differentiation factor seems to be well 

conserved across amniotes despite the additional function(s) Nrl ho-  

mologs may have outside of mammals. Given that rod photoreceptors, broadly defined, 

likely originated in ancient (jawless) vertebrates, it is reasonable to hypothesize that the 

development of these early rods involved a long Maf homolog, such as the single locus 

present in the lamprey (Fig. 3.7B). In contrast, novel regulatory sequences at the Nrl 

locus later evolved within the mammalian lineage (see Fig. 3.7A) giving rise to a novel 

gene-regulatory network and a second, independent origin of rods. Additional 

independent origins of rods have also been noted in nocturnal birds (Martin et al., 2004) 

and deep-sea fish (Landgren et al., 2014), although the developmental basis for these 

transitions remains an open question.  

Developmental plasticity can support the evolution of novel traits by providing the 

raw materials (i.e., phenotypic variation) necessary for rapid adaptation (Müller, 2007), 

and vertebrate photoreceptors are known to demonstrate such plasticity. In humans, 

opsin expression is plastic over the course of development. S-opsin expression 

precedes L-/M-opsin expression, and the number of cones expressing both increases 



 

 113 

during development, followed by their decrease at later stages (Szél et al., 1994; Xiao 

and Hendrickson, 2000). Similarly, mouse genetic studies have demonstrated the 

developmental plasticity of post-mitotic photoreceptor precursors (Ng et al., 2011; Oh et 

al., 2007). Thus, it is reasonable to predict that the recruitment of S cones to augment 

rod photoreceptors in mammalian retinas via the plastic redeployment of Nrl enabled 

the rapid adaptation of early mammals to the nocturnal niche. Notably, loss of Sws2 and 

Rh2 as well as a shift in spectral sensitivity of Sws1 also coincided with this critical 

period (Jacobs, 2013). Thus, multiple lines of evidence suggest a fundamental 

reorganization of the mammalian retina during the nocturnal bottleneck.  

Despite their nocturnal origin, extant mammalian species have adapted to 

diverse activity patterns such as nocturnal, diurnal, crepuscular, and cathemeral habits 

(Gerkema et al., 2013). Paradoxically and with few exceptions, rods remain the 

dominant photoreceptor type in most mammalian retinas (Peichl, 2005). Why is rod 

dominancy retained in diurnal mammals? It is interesting to note that patients with 

retinal degeneration and 90% cone loss in the fovea had sufficient visual acuity (Geller 

and Sieving, 1993). Considering the low energy-consumption rate of rods compared 

with cones (Okawa et al., 2008), it is conceivable that maintaining rod abundance in 

diurnal mammals is adaptive because it allows energy efficiency without compromising 

visual acuity. In addition, rods may have additional functions beyond scotopic light 

detection. Chemical and electrical rod:cone coupling can mediate mesopic vision (Abd-

El-Barr et al., 2009; Asteriti et al., 2014; Hornstein, 2005; Pang et al., 2012; Ribelayga 

and Mangel, 2010). Rods also drive circadian photoentrainment (Altimus et al., 2010) 

and horizontal cell-mediated surround inhibition of cone signal (Szikra et al., 2014). 

Furthermore, trophic factor(s) released by rods can enhance cone survival in 

degenerating retina (Aït-Ali et al., 2015). Thus, the integration of numerous functions in 

mammalian rods may have represented a pleiotropic constraint against a reversion to 

cone dominance in the retinas of diurnal mammalian taxa.  

We recognize that our proposed mechanism for the transition from cone-

dominant to rod-dominant retinas in early mammals does not provide a complete 

explanation for the developmental transformation of mammalian retinas that took place 

during the nocturnal bottleneck. In addition to their cellular composition, rod-dominant 
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retinas also have a greatly increased proportion of photoreceptors. Thus, an explanation 

is also required for the increase in progenitor proliferation and cell number. How cell 

number is modulated in developing retinas is largely unclear, although the myoblast 

oncogene Myb has been implicated in determining cone photoreceptor number 

(Whitney et al., 2011).  

In conclusion, we propose that the evolutionary origin of the majority of 

mammalian rods occurred by their developmental recruitment from the S-cone lineage, 

a phenomenon not observed in non-mammalian vertebrates. We further hypothesize 

that this process was predicated on the origins of novel regulatory sequences of Nrl that 

restrict its expression to rod photoreceptors in mammals. We show that the origins of 

novel Nrl regulatory sequences coincide with a period of punctuated visual system 

evolution early in mammalian evolution known as the nocturnal bottleneck, followed by 

strong conservation and stasis in extant mammalian species. Our study provides critical 

mechanistic details underlying the rapid adaption to the scotopic light environment that 

was the driving force behind the profound cone-to-rod transformation that occurred 

during the nocturnal bottleneck, and reveals how the evolutionary history of a neuronal 

cell type can be revealed by comparative molecular and ontogenetic analysis.  
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3.4 Figures  

 

 

Figure 3.1: Developmentally Conserved Vestiges during Rod Photoreceptor 

Evolution  

(A) Co-emergence of rod photoreceptors and Nrl during vertebrate evolution. True 

functional rod photoreceptors exist only among jawed vertebrates in the evolutionary 

tree of Chordata (D.-G. Luo et al., 2008b), but Nrl-like Maf gene is encoded in the 

lamprey genome (Fig. 3.7B) and may be expressed in RhA (rod visual pigment) 

expressing rod-like cone photoreceptors (Morshedian and Fain, 2015). Red bar 

indicates the time period that corresponds to nocturnal bottleneck during mammalian 

evolution. The tapering down and thickening of second and third rows of the table 
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indicates a decrease in cone abundance and an increase in rod abundance observed in 

most mammals, respectively. Time-calibrated tree was redrawn from Hedges et al. 

(Hedges et al., 2015). mya, million years ago; Monotremes, egg-laying mammals; 

Marsupials, pouched mammals; Eutherians, placental mammals. (B) Hypothesis being 

tested in the present study. Green and purple curves represent cumulative rod and cone 

number, respectively. The respective shades indicate opsin expression. X axis indicates 

developmental stages of mouse retina. E, embryonic day; B, birth; P, postnatal day.  
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Figure 3.2: Molecular óóFootprintôô of S Cones in Developing Mouse Rod 

Photoreceptors  

(A and B) Gene-expression profiles of selected (A) rod-specific and (B) cone-specific 

phototransduction genes in the rod photoreceptors purified from Nrlp-GFP mouse 

retina. Developmental time points are indicated on the x axis; y axis shows FPKM ± 

SEM from RNA-seq data. Gene expression in photoreceptors from Nrlp-GFP;Nrl / retina 

is shown as mean by dark gray lines and range of five indicated genes as gray shading. 

The six time points selected for RNA-seq analyses represent key stages of mouse rod 

development: P2, peak of post-mitotic rod generation; P4, robust increase in 

phototransduction gene expression; P6, rod outer segment discs beginning to form; 

P10, outer segment elongation and synaptogenesis; P14, eye opening and outer 

segment/synapse formation completed; P28, rods fully mature. (C) qRT-PCR validation 

of Rho and Opn1sw expression from 50 manually collected GFP+ rods. Data are 

normalized to P2 expression level and presented as mean of fold change (FC) ± SEM.  
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Figure 3.3: S -Opsin Expression in Developing Mouse Rod Photoreceptors  

(A) Immunocytochemistry of dissociated Nrlp-GFP retinal cells. S-opsin (purple) and 

GFP (green) double-positive cells were detected at P2 but not P28. (B) Quantification of 

S-opsin+ rod photoreceptors by flow cytometry. Percentage of cells in each quadrant 

relative to total counted cells is indicated in the dot plots, and percentage of S-opsin+ 

cells among GFP+ rods is shown in parentheses. (C) Quantification of S-opsin and NRL 

double-positive cells by immunostaining followed by flow cytometry. Percentage of cells 

in each subpopulation is indicated. Percentage of S-opsin+ cells among NRL population 

is shown in parentheses. (D) Quantification of S-opsin+ and GFP/S-opsin double-positive 

photoreceptors per retina. Percentage of each cell population determined by flow 

cytometry of Nrlp-GFP retina was multiplied by total retinal cell number at the 

corresponding stage. y Axis indicates mean cell number (3105) ± SEM. (E) 

Quantification of NRL-expressing S cones at indicated time points by flow cytometry of 

Opn1swp-Venus mouse retina. Proportion of cells in each subpopulation is indicated as 
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a percentage relative to total cells, and percentage of Venus+ cells among NRL+ rods is 

shown in parentheses.  
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Figure 3.4: Epigenetic Vestiges of Cones in the Developing Rod Photoreceptors 

in Mouse Retina  

Epigenetic state on Rho, Opn1sw, and Nrl genes were revealed by reduced 

representation bisulfite sequencing (RRBS; DNA methylation profiling), H3K4me3 and 

H3K27me3 ChIP-seq, and DNase I hypersensitivity sequencing (DNase-seq) at 

indicated developmental stages. Data were generated using flow-sorted rod 

photoreceptors from Nrlp-GFP mouse retina, except for retina DNase-seq data that 

were downloaded from the mouse ENCODE project (Vierstra et al., 2014). Percentage 

± SEM of methylated cytosine in the promoter regions is indicated as bar graphs. 

Aligned sequencing reads for mRNA expression (dark blue), H3K4me3 (green, active 

mark) and H3K27me3 (red, repressive mark) enrichment, and DNase hypersensitivity 

sites (orange) are shown as histograms. Promoter of each gene, defined as 1 kb to +1 

kb from the transcription start site, is highlighted with gray shading.  
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Figure 3.5: History of S -Opsin Expression in Mature Mouse Rod Photoreceptors  

(A) Lineage tracing strategy in mouse. Opn1swp- Cre mouse line was crossed with 

ROSA26-iAP line. In this line, cells with active Opn1sw promoter express Cre 

recombinase, which brings alkaline phosphatase (AP) gene back to the correct 

configuration by inverting the DNA piece surrounded by two loxP sites in head-to-head 

orientation. Once recombined, a constitutive promoter in the ROSA locus drives AP 

reporter gene expression even when cells no longer have Opn1sw promoter activity.  

(B and C) Lineage tracing of S-opsin-expressing cells using Opn1swp-Cre; ROSA26-

iAP (B) or tracing of M-opsin lineage cells using Opn1mwp- Cre; ROSA26-iAP mouse 

lines (C). Shown is AP staining (purple) in the photoreceptor layer of adult (P28) retina 
































































































































































































































































































































































