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Abstract: 

 

Daytime vision is highly dependent on cone photoreceptors and retinal degenerations 

resulting in their death are a leading cause of blindness. A promising treatment strategy 

is the replacement of lost cones by cell therapy. Here we characterise cone 

differentiation in retinae derived from suspension cultures of mouse embryonic stem 

cells (mESCs). Similar to in vivo development, a temporal pattern of progenitor marker 

expression is followed by the differentiation of early thyroid hormone receptor ɓ2-

positive cone precursors and at later stages of culture, photoreceptors exhibiting cone-

specific phototransduction-related proteins. We also established that the Notch 

pathway limits cone genesis, whilst retinoic acid signalling regulates their maturation 

comparable to their actions in vivo. Importantly, mESC-derived cones can be isolated 

in large numbers and transplanted into the adult mouse retina. Following 

transplantation, these cells show the capacity to survive and express mature markers. 

Together, this work identifies a robust renewable source of transplantable cone 

precursors for daylight vision repair studies. 
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I. Introduction 
 

I.I. Retina within the mammalian eye 
 

Vision is a key sense that allows an organism to gather information about the 

surrounding environment and has evolved independently in several groups of 

organisms (Lamb, 2013). Eyes evolved as an organ mediating the first steps in vision 

namely light detection and initial visual signal processing. Despite diverse habitats and 

varied eye morphology, a common mechanism underlying vision is absorption of light 

quanta by the use of visual pigments (Larhammar et al., 2009). These biomolecules 

change their conformation following absorption of light triggering downstream 

signalling. Visual pigments and associated signalling molecules are expressed in 

specialised sensory cells called photoreceptors (Larhammar et al., 2009). 

Photoreceptors in vertebrate species are located in neural retina tissue within the eye. 

This tissue contains not only the light-detecting photoreceptors but also neurons 

involved in the first steps of processing the visual stimuli and projection neurons, which 

extend axons passing the visual information to the brain. Other tissues in the eye play 

a supporting role or focus the light onto the retina (Lamb, 2009, 2013; Palczewski, 

2012; Sung and Chuang, 2010). 

I.I.I. Structure of the mammalian eye 
The mammalian eye is formed of three layers with different basic functions (Diagram 

I.I): 

Á external layer (fibrous tunic or tunica fibrosa oculi) consisting of the cornea and 

sclera; 

Á intermediate layer (vascular tunic or tunica vasculosa oculi) is a vascularized 

middle compartment consisting of the iris, ciliary body and choroid; 

Á internal layer (nervous tunic or tunica nervosa oculi) which includes the retina the 

sensory tissue within the eye (Hoon et al., 2014). 

The external layer made by the cornea and sclera provides a barrier separating the 

eye from the external environment, maintains the shape of the eye and protects from 

trauma. Sclera is a resilient layer of connective tissue composed of collagen and 

elastin giving the eye its form. The front of the eye is covered by the cornea (Diagram 

I.I), which is a transparent multi-layered tissue allowing passage of light into the eye 

acting as a fixed lens (DelMonte and Kim, 2011). The intermediate layer composed of 

the iris, 
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Dia1 Diagram I.I Structure of the mammalian eyeructure of the mammalian eye 

 

 

Diagram I.I. Structure of the mammalian eye 

The overall structure of the eye is well conserved in most mammalian species. The 

organ is composed of three layers, which perform distinct functions. The external layer 

consisting of sclera and the cornea creates a barrier from the external environment 

and provides structural support. The intermediate layer provides supportive roles for 

the inner sensory part of the eye, which is the retina. The intermediate layer consists 

of the iris, ciliary body and the vascular network of the choroid. Papillary muscles of 

the iris regulate the size of the pupil and therefore the amount of light passing to the 

retina. In addition to the cornea, which acts as a fixed lens, there is a lens behind the 

iris that is adjusted to focus through the action of ciliary muscles. The retina is the light-

sensitive layer that extracts and performs initial processing of visual information, which 

is passed on to the brain via the optic nerve. 

 

Graphic: 

https://commons.wikimedia.org/wiki/File:Human_eye_diagram-sagittal_view-NEI.jpg 

used under a Creative Commons License.  

https://commons.wikimedia.org/wiki/File:Human_eye_diagram-sagittal_view-NEI.jpg
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ciliary body (Diagram I.I) and the choroid surrounds the eye globe from the pupil to the 

optic nerve. Papillary muscles in the iris regulate the size of the pupil and thus the 

amount of light passing to the retina. The ciliary body secures the lens in its position 

and via the ciliary muscle to adjust its shape to focus on farther or closer objects in the 

process of accommodation. Moreover, the ciliary body releases aqueous humor which 

provides nutrients and oxygen to the avascular lens and cornea. The choroid is a 

network of capillaries, arterioles and venules that together with larger vessels 

oxygenate and provide nutrition to the retina. Additionally, pigmentation of the choroid 

absorbs stray light preventing internal reflection that would disturb creation of an 

accurate visual image in the retina. The inner layer of the eye is formed by the neural 

retina (Diagram I.II and I.II) and retinal pigmented epithelium (RPE; Diagram I.II). The 

neural retina is the light-sensitive part of the eye, whilst the RPE plays a supporting 

role. These tissues are closely apposed through extracellular proteins in the subretinal 

space that divides the two. The retinal layers create three fluid-filled cavities within the 

eye, the anterior chamber between the cornea and the iris, the posterior chamber 

between the iris and the lens and the vitreous chamber between the lens and the retina 

(Campbell et al., 2014; DelMonte and Kim, 2011; Hoon et al., 2014; Lamb, 2013). 

I.II. Structure and function of the neural retina 
 

I.II.I. Cellular organization of the retina 
 

The vertebrate retina is composed of six types of neurons and one glial cell type in a 

laminar organization (Diagram I.II). The neuronal cell types are two types of 

photoreceptor cells: cone photoreceptors and rod photoreceptors, which are located 

furthest from the front of the eye; three types of retinal interneurons: bipolar cells, 

horizontal cells and amacrine cells; one type of projection neuron called the retinal 

ganglion cell and one type of glial cells called Müller glia (Bassett and Wallace, 2012). 

The cell somas are organized into three nuclear layers, photoreceptors, the sensory 

neurons, which detect light stimuli, are located in outer nuclear layer, at the scleral side 

of retina, interneurons have their cell bodies within inner nuclear layer, between somas 

of interneurons reside nuclei of Müller glia, which extend processes that span the 

whole retina; ganglion cells somas compose a separate nuclear layer located on the 

vitreal side of the retina. Photoreceptors extend apical processes beyond the outer 

nuclear layer forming outer segments that contain visual pigments required for light 

detection. Outer segments contact retinal pigment epithelium, which has important 

roles in the recycling of visual pigments as well as preventing back scatter of light due 
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to the dark pigmentation absorbing stray light. Retinal cells make all their synaptic 

connections in two synaptic layers called inner and outer plexiform layers which are 

located between the ganglion cell layer and inner nuclear layer and the inner nuclear 

layer and outer nuclear layer, respectively. Ganglion cells extend axons that are 

organised into the optic nerve that projects to the visual centres in the brain (Hoon et 

al., 2014; Swaroop et al., 2010; Diagram I.II).  

In certain species of reptiles, birds and in primates including humans, a central region 

of the retina that lies on the visual axis of the eye, specialises to mediate high-acuity 

vision (Lamb, 2009). This region is called the fovea and exhibits characteristic features 

such as displacement of cell bodies other than those of photoreceptors, which are only 

cones in this location (Diagram I.II.). These cone cells are the thinnest and longest in 

the retina. Displacement of other cell types allows for more direct passage of light to 

the cone segments, whilst tight packing of cone photoreceptors in this area is 

necessary to provide high visual acuity. In humans the central area is composed of 

approximately 10 000 cones and is 0.3 mm in diameter (Lamb, 2013). 

I.II.I.I. Retinal neuron types 

As discussed above there are six major classes of retinal neurons and one type of glial 

cells (Diagram I.II.) that make up the cellular composition of the retina (Bassett and 

Wallace, 2012). 

I.II.I.II. Photoreceptors  

Photoreceptor cells are divided based on characteristic morphologies and functional 

properties into two types: cone photoreceptors and rod photoreceptors, mediating 

daylight and night vision respectively (Swaroop et al., 2010). Additionally, cone cells 

are responsible for central high-acuity vision as well as colour discrimination. Rod 

photoreceptors constitute the majority of photoreceptors in most mammalian species 

(95% in humans and over 97% in mice). Cone photoreceptors are a minor population 

in mice (<3%) and humans (around 5% of photoreceptors; Mustafi et al., 2009). 

Photopigments concentrated in photoreceptor outer segments enable light detection, 

through absorption of light quanta leading to conformational changes in these proteins 

triggering downstream signalling events (Palczewski, 2012; Sung and Chuang, 2010). 

Most vertebrates possess one type of rod photoreceptor containing the photopigment 

rhodopsin and multiple types of cone photoreceptors expressing colour opsins with 

peak sensitivities in different parts of the visual spectrum (Lamb, 2009, 2013; 

Larhammar et al., 2009). In mice two types of colour opsins are expressed: blue opsin 

and red-green opsin, many mouse cone cells co-express both types of cone opsins 

(Applebury et al., 2000), while in humans three types of cone opsins (blue, green and 
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2Histology of the eye and retina 

 

 

Diagram I.II. Histology of the eye and retina. 

Light entering the eye is focused on the light-sensitive retina. Many diurnal species 

possess a central region enabling high visual acuity such as the primate fovea 

containing predominantly cone photoreceptors and showing displacement of the 

overlying retinal neurons (left panel). There are seven cell types in the mammalian 

retina, six types of neurons and one glial cell type. Cone (C) and rod (R) photoreceptors 

are the primary sensory neurons of the retina. Photoreceptors synapse to interneurons 

including bipolar cells (B) and horizontal cells (H). An additional interneuron type is the 

amacrine cell (A). Interneurons contact retinal ganglion cells (G), which are the 

projection neurons of the retina. Photoreceptor function is supported by retinal pigment 

epithelium (RPE) (middle panel). Retinal neurons are organised into three nuclear 

layers: ganglion cell layer (GCL), inner nuclear layer (INL), in which interneuron and 

Müller glia nuclei are located, and outer nuclear layer, where photoreceptor nuclei 

reside (ONL). Between the nuclear layers two synaptic layers are located, the inner 

plexiform layer (IPL) and outer plexiform layer (OPL). Photoreceptors extend distal 

structures inner (IS) and outer segments (OS) responsible for light detection towards 

the RPE cells (RPE). Underneath the RPE there is a vascular layer of the choroid 

surrounded by sclera (right panel). Light passes from ganglion cells, through the 

interneurons to the photoreceptors. 

Graphic:  

Hill, M.A. (2016) Embryology Eye and retina cartoon.jpg. Retrieved April 3, 2016, 

from https://embryology.med.unsw.edu.au/embryology/index.php/File:Eye_and_retin

a_cartoon.jpg used under a Creative Commons License. 
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 red) are exclusively expressed. Light absorption leads, through downstream signal 

transduction, to the hyperpolarization of the photoreceptor and reduces glutamate 

neurotransmitter release, detected by retinal interneurons (Sung and Chuang, 2010). 

The two types of photoreceptors differ not only in terms of their morphological features 

but also their distribution within the eye (Lamb, 2013). As mentioned before the central 

region in some species is specialised to form a fovea, important for daytime vision. 

This part of the retina is composed nearly exclusively of cone photoreceptors tightly-

packed into a hexagonal array. Red and green opsin expressing cones dominate the 

primate fovea, whilst blue opsin expressing cones are rare in this region. Blue opsin 

expressing cells, making up around 5% of primate cones are located more peripherally 

in the retina. The rodent retina lacks a fovea, and in mice the majority of cones co-

express blue and red-green opsin (Applebury et al., 2000). Gradients of expression of 

these do exist though with blue opsin being more abundant in the inferior (ventral) 

retina, whilst an opposing gradient of red-green opsin is observed (expression 

increasing towards superior/dorsal retina (Lukáts et al., 2005). 

I.II.I.III. Bipolar cells  

Bipolar cells are the output neurons for photoreceptor cells receiving signals through 

synapses on their dendrites in the outer plexiform layer and extending axons with 

terminals in the inner plexiform layer. Multiple types of bipolar cell subtypes have been 

identified in the vertebrate retina, one subtype receives exclusively input from rod 

photoreceptors, whilst the rest receive cone inputs. Rod bipolar cells make synaptic 

contacts with between 15-50 rod cells depending on the location within the retina, the 

more peripheral the more the cells they receive input from. Cone bipolar cells can 

either connect to a single cone or to several cones depending on their subtype. Bipolar 

cells mediating ON and OFF responses have axons segregated into different depths 

of the inner plexiform layer (Hoon et al., 2014). 

I.II.I.IV. Horizontal cells  

Horizontal cells are retinal interneurons connecting through synapses on processes 

confined to the outer plexiform layer, allowing them to mediate lateral interactions 

within this synaptic zone. In most vertebrates, horizontal cells form two morphologically 

distinct classes receiving input from either rods or cones, in many mammals rods 

provide input onto horizontal cells axon terminals, whilst synapses with cones are 

formed on horizontal cell dendritic branches (Hoon et al., 2014). 

I.II.I.V. Amacrine cells 

Amacrine cells show a diverse set of morphologies with processes branching within 

the inner plexiform layer. These processes do not include typical axons, though some 
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of them might have axon-like properties, such as elongated morphology and function 

as an output process of the cell. Based on their morphologies they are broadly divided 

into diffuse and stratified. Diffuse amacrine cells have their processes distributed fairly 

uniformly across the thickness of the inner plexiform layer, whilst stratified amacrine 

cells show branches extending in one or several levels within the synaptic layer. 

Amacrine cells can be further morphologically classified based on the extent of 

branching into narrow- and wide-field (Hoon et al., 2014; Sung and Chuang, 2010). 

I.II.I.VI. Ganglion cells 

Ganglion cells are the projection neurons of the retina, their axons extend along the 

margin of the retina, cluster together at the optic disc to form the optic nerve, which 

passes visual information to the brain. Similarly to amacrine cells, ganglion cells exhibit 

varied morphologies with many cells showing stratification of their dendritic branches. 

Also the extent of the processes varies with some ganglion cells in the central retina 

receiving input from as little as one cone bipolar cell (Hoon et al., 2014). 

I.II.I.VII. Müller glia 

Müller cells are the principal type of glial cells in the retina performing neuron-

supporting functions similar to those of astrocytes and oligodendrocytes in the brain. 

Müller cells are a type of radial glia that span the whole depth of the retina. Their nuclei 

are located in the inner nuclear layer among interneurons. Junctions formed between 

photoreceptor inner segments and elongated apical Müller cell processes create the 

outer limiting membrane, a barrier separating retinal neurons somas from the 

subretinal space (Hoon et al., 2014). 

 

I.II.II. Cell biology of vision 

 

I.II.II.I. Structure of photoreceptors  

To perform their function in generating visual information photoreceptors developed 

specialized subcellular structures (Diagram I.III.). Four morphological regions can be 

distinguished in vertebrate photoreceptors: (1) outer segments containing visual 

pigments; (2) inner segments in which much of the biosynthetic and metabolic 

processes occur; (3) cell soma with the nucleus and (4) an axon ending in synaptic 

terminals in the outer plexiform layer. Outer segments are structures developed as a 

specialisation of photoreceptor cilia to concentrate visual pigments and 

phototransduction proteins. The ultrastructure of outer segments is best studied in rod 

photoreceptors (Mustafi et al., 2009; Palczewski, 2012; Sung and Chuang, 2010). 
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I.II.II.I.I.Rod outer segments  

Rod outer segments are approximately 24 µm in length and 1.4 µm in diameter and 

have a cylindrically shaped membrane sac containing around a thousand flat lammelar 

discs stacked perpendicularly to the proximal-distal axis of the cell (Palczewski, 2012). 

In the rod cell disc membranes are separate from the plasma membrane, however, 

macromolecular complexes bridging adjacent disc and disc rims to the plasma 

membrane can be observed using high resolution electron microscopy (Nickell et al., 

2007). In rods the majority of disc protein is the visual pigment rhodopsin, which 

constitutes up to 95% of disc protein. Rhodopsin molecules in the disc are arranged in 

a crystal-like lattice (Nickell et al., 2007). Outer segments, when viewed along the 

longitudinal section shows asymmetric organisation resembling a hair comb, the spine 

of which is the ciliary stalk. Axonemal microtubules run along the stalk, ending around 

halfway into the outer segment in a rod cell. The microtubule structures are anchored 

in the basal body at the distal end of the inner segment. Rod axonemal microtubules 

are organised into nine dublets arranged concentrically lacking a central pair of 

microtubules characteristic of motile cilia (9+0 organisation). This subcellular 

organisation allows the identification of outer segments as modified primary cilia. 

Primary cilia are thin protrusions, 3-6 µm in length, present on the majority of eukaryotic 

cells involved in sensing extracellular signals. Reminiscent of primary cilia the 

connecting cilium forms the only physical bridge connecting the outer to the inner 

segment (Mustafi et al., 2009; Palczewski, 2012; Sung and Chuang, 2010). 

I.II.II.I.II. Cone outer segments  

Cone outer segments also show lamellar stacks of membrane folds, however, these 

differ from the rod counterparts in several ways. Firstly, discs in cones are plasma 

membrane evaginations, which retain connection to the cilium stalk, therefore in cones 

discs form a continuous membrane system. Within the cilium, axonemal microtubules 

extend along the full length of the segment. Moreover, the disc rim in cones is 

incomplete and its formation is thought to be a gradual, slow process arising from the 

cilium. In addition, cone outer segments show a characteristic tapered conical 

appearance, which is believed to stem from membrane loss at their distal tip. This open 

disc outer segment morphology results in a much greater surface area for rapid 

exchange of substances between cell exterior and the interior cytoplasm of this type 

of photoreceptor that might be important for chromophore uptake for pigment 

regeneration and fast calcium dynamics during light adaptation (Mustafi et al., 2009). 

In both cones and rods outer segments form a separate cell compartment connected 

to the rest of the cell through a narrow connecting cilium linking it to the inner segment.  
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3Structure of the cone photoreceptor 

 

 

Diagram I.III. Structure of the cone photoreceptor. 

Cone photoreceptors display specialised features allowing their function as light 

sensory neurons. The apical process of the cone cell forms an inner and outer 

segment. The inner segment contains mitochondria and is a site of biogenesis. The 

outer segment contains phototransduction proteins including the visual pigments 

concentrated in stacks of membrane discs. The outer segment is isolated from the rest 

of the cell and linked through a connecting cilium. The basal process of the cone cell 

forms synaptic terminals with retinal interneurons. 

 

Graphic: 

By Ivo Kruusamägi - Own work, CC BY-SA 3.0,  

https://commons.wikimedia.org/w/index.php?curid=9772820 

used under a Creative Commons License. 
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The inner segment of photoreceptors is where biosynthesis, metabolism and 

endocytosis occur most. Photoreceptors are highly active metabolically and the 

demand for energy is answered by numerous mitochondria concentrated in this 

domain (Sung and Chuang, 2010). 

I.II.II.I.III. Cell soma 

The inner segment extends from the cell soma. The soma contains little cytoplasm 

which surrounds a centrally located nucleus. Nuclei of rod photoreceptors in nocturnal 

animals exhibit a highly specialised architecture differing from most eukaryotic cells. A 

great majority of interphase cells in eukaryotes possess nuclei in which condensed 

chromatin, termed heterochromatin, lies in the periphery in close proximity to the 

nuclear membrane, whereas loose euchromatin is located centrally. This architecture 

is inverted in rods of nocturnal species with clustered heterochromatin occupying the 

centre of the nucleus (Solovei et al., 2009). This specialised architecture arises from 

remodelling of the conventional nuclear architecture in post-mitotic rod precursors, 

depending on the action of rod-specifying transcription factor Nrl (Mears et al., 2001), 

and is only fully developed between the third and fourth post-natal week in mice 

(Solovei et al., 2009). Cone photoreceptors show typical nuclear organisation with 

several clusters of heterochromatin centrally in their nucleus (Mustafi et al., 2009; 

Solovei et al., 2009). 

I.II.II.I.IV. Synaptic terminals 

From the soma a basal photoreceptor axon extends ending in synaptic terminals in the 

outer plexiform layer (Hoon et al., 2014). Cone and rod synapses are atypical and 

developed to fulfil the requirements of visual signal detection. Photoreceptors, with 

other sensory neurons, differ from the majority of central nervous system neurons in 

that rather than using action potentials to transmit information, these cells employ 

graded continuous release of neurotransmitter. To achieve prolonged neurotransmitter 

release sensory neurons of the visual and auditory systems possess a specialised type 

of synapse called a ribbon synapse (Matthews and Fuchs, 2010). On an ultrastructural 

level this type of synapse appears as an electron-dense plate docked at a right angle 

in close proximity to the terminal plasma membrane. The ribbon structure is attached 

to the pre-synaptic plasma membrane via a structure called arciform density. The 

ribbon itself is approximately 200 nm into the cytoplasm and can vary considerably in 

length depending on the cell type. Large numbers of synaptic vesicles are tethered 

through fine filaments to the ribbon at regular intervals and do not touch each other. 

Vesicles at the base of the ribbon are in very close proximity to the presynaptic plasma 

membrane and called ódockedô, these can be released very fast in response to 
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membrane depolarization, whilst vesicles associated with the ribbon further into the 

cytoplasm can be released readily, but at slower kinetics. These pools of synaptic 

vesicles that can be swiftly exocytosed into the synaptic cleft are an important 

mechanism underlying sustained neurotransmitter release from sensory neuron 

synapses (Matthews and Fuchs, 2010; Mercer and Thoreson, 2011; Sung and 

Chuang, 2010). 

I.II.II.II. Phototransduction.  

Visual information, passed on as neurotransmitter release patterns, is generated 

through a series of biochemical reactions following light absorption in photoreceptor 

outer segments termed the phototransduction cascade (Maeda and Palczewski, 2013; 

Palczewski, 2012; Diagram I.IV.). This process can be divided into three general steps: 

(1) Photoactivation. Upon absorption of a quantum of light 11-cis-retinal, the 

chromophore bound to both cone and rod opsins undergoes isomerisation to 

the all-trans-retinal triggering a conformational change in the protein part of the 

visual pigment molecule. This conformational change in the opsin molecule 

triggers binding to a G protein called transducin to initiate downstream 

signalling. Binding of opsin to transducin results in exchange of GDP for GTP, 

which activates the Ŭ-subunit of transducin. This subunit dissociates from the 

complex and activates a membrane-associated phosphodiesterase (PDE) 

through removal of its two regulatory ɔ-subunits. Activated PDE catalyses the 

hydrolysis of cyclic guanosine monophosphate (cGMP) lowering its intracellular 

levels. cGMP levels regulate the conductance of photoreceptor plasma 

membrane through interaction with cation channels. In the dark cGMP 

concentrations are high and cations flow into the photoreceptor. When light is 

absorbed PDE lowers cGMP concentration through its hydrolysis, what results 

in channel closure and subsequently hyperpolarization of the photoreceptor.  

(2) Reduction in neurotransmitter release. Hyperpolarization of the photoreceptor 

plasma membrane blocks the excitatory neurotransmitter glutamate release. 

Decrease in glutamate release is sensed at the level of outer plexiform layer 

synapses by retinal interneurons and interpreted as light detection. 

(3) Recovery. In the final step, photoreceptors recover phototransduction 

components through a series of quenching and termination reactions of the 

activated phototransduction proteins allowing return to the basal dark-adapted 

state (Maeda and Palczewski, 2013). 
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4Phototransduction cascade 

 

Diagram I.IV. Phototransduction cascade. 

(A) Visual pigments are concentrated in the outer segments of rod or cone 

photoreceptors in membranous disc stacks. Opsin, which act as the light-detecting 

biomolecules   are    transmembrane     proteins    containing   a   covalently-attached  
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chromophore 11-cis retinal. Photon absorption triggers isomerisation of 11-cis to 11-

trans retinal. This photoisomerisation triggers downstream signalling known as the 

phototransduction cascade. Following photon absorption isomerised visual pigment 

needs to be recycled in a series of biochemical reactions called the visual cycle. (B) 

Phototransduction begins with photon absorption by opsin (Step 1). Visual pigment 

activated in this way associates with transducin, triggering exchange of GDP for GTP 

in the Ŭ subunit of transducin (Step 2). The GTP-bound Ŭ subunit dissociates (Step 3) 

and binds to the inhibitory ɔ subunit of phosphodiesterase, activating its enzymatic 

activity (Step 4). Activated phosphodiesterase hydrolyses cyclic GMP, which lowers its 

intracellular concentration. Reduction in cytosolic concentration of cyclic GMP causes 

closure of cyclic GMP-gated Na+ and Ca2+ channels (Step 5), which in turn affects 

neurotransmitter release from synaptic terminals. 

Graphics: 

(A) By OpenStax College - Anatomy & Physiology, Connexions Web site. 

http://cnx.org/content/col11496/1.6/, Jun 19, 2013., CC BY 3.0, 

https://commons.wikimedia.org/w/index.php?curid=30148001  

(B) By Jason J. Corneveaux, wiki user: Caddymob (talk)  

http://en.wikipedia.org/wiki/File:Phototransduction.png, CC BY 3.0, 

https://commons.wikimedia.org/w/index.php?curid=10051519 

both used under a Creative Commons License. 
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I.II.II.III. The visual cycle 

All known visual pigments contain as their photoreceptive chromophore 11-cis-retinal, 

a derivative of vitamin A coupled to an opsin protein via a Schiff base (Lamb, 2009). 

Retinal has a highly favourable chemical structure for light detection containing a 

conjugated system of 5-6 carbon-carbon double bonds whose interaction with the 

opsin allows absorption of light quanta with energies lower than those absorbed by cell 

components (i.e. proteins, nucleic acids) and not within the range that would result in 

excessive thermal activation of the receptor cell. Absorption range of retinal defines 

therefore the visible range of electromagnetic radiation. Moreover, stemming from the 

molecular structure is the potential for cis-trans photoisomerization enabling the 

photopigment to remain in an active state for a limited time before quenching. Lastly, 

the reactivity of retinalôs aldehyde group allows it to be linked through this chemical 

moiety to opsin proteins, in which after photoisomerization it can induce conformational 

changes triggering downstream signalling. However, there are also several downsides 

to the use of retinal as a base of vision: (1) the aldehyde group is highly reactive and 

needs protection from accidental oxidation; (2) the retinoids are poorly soluble in water 

and require association with carrier proteins in water-based solutions; (3) the 

subcellular localization of retinoids needs to be controlled to avoid adverse reactions 

(Maeda and Palczewski, 2013; Palczewski, 2012; Sung and Chuang, 2010).  

After a photon of light is absorbed by the photopigment 11-cis-retinal isomerises to the 

all-trans form and the visual pigment converts to a signalling form called metaII. In 

invertebrates this form absorbs another quantum of light and isomerises back to 11-

cis conformation. Vertebrate opsins, however, evolved for increased sensitivity and are 

unstable in metaII with all-trans-retinal being released from the protein. This creates a 

requirement for regeneration of the photopigment (Diagram I.V.). Regeneration of 11-

cis-retinal is localised outside the photoreceptor cell in adjacent cell types (Palczewski, 

2012; Sung and Chuang, 2010). Despite the similarities in visual pigment activation in 

cones and rods, the two cell types diverged in their physiologies and are believed to 

utilise different pathways for pigment regeneration (Wang and Kefalov, 2011). 

I.II.II.III.I. Rod visual cycle  

Diagram I.V. shows schematically the rod visual cycle. Photons of light that reach rod 

outer segments isomerize 11-cis-retinal of rhodopsin into the all-trans isoform creating 

an activated photoproduct called meta-rhodopsin II, which initiates downstream 

signalling (Diagram I.IV.). The Schiff base bond coupling all-trans-retinal to rhodopsin 

hydrolyses and all-trans-retinal is released mostly to the cytoplasmic leaflet of rod outer 

segment   disc   membrane.   All-trans-retinal   is  then   reduced  by   all-trans-retinol 
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5The visual cycle 

 

Diagram I.V. The visual cycle. 

Photon absorption by 11-cis retinal bound to Rhodopsin leads to its isomerisation to 

all-trans retinal (upper right corner). Subsequently, all-trans retinal is released from the 

opsin protein and undergoes reduction by all-trans-retinol dehydrogenases present in 

rod outer and inner segments to all-trans-retinol (upper left corner). All-trans-retinol is 

trafficked to the retinal pigmented epithelium cells, where it is esterified by 

lecithin:retinol acyltransferase (LRAT) to retinol esters (lower left part). 

Isomerohydrolase of the visual cycle RPE65 uses retinyl esters as substrates for the 

isomerasation reaction yielding the 11-cis isoform bound to cellular retinal binding 

protein (CRALBP). 11-cis-retinol dehydrogenases then oxidise 11-cis-retinol is to 11-

cis-retinal (lower right part). 11-cis-retinal is released from CRALBP and associates 

with IRBP to be trafficked extracellularly to the rod outer segments completing the cycle 

following binding to apo-rhodopsin. 

Graphic: 

By Krishnavedala - CC BY-SA 4.0,   

https://commons.wikimedia.org/w/index.php?curid=39504470 
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dehydrogenases present in rod outer and inner segments to all-trans-retinol. All-trans-

retinol is trafficked out of the rod photoreceptor cell through the extracellular 

compartment between outer segment and RPE cells in the subretinal space bound to 

interphotoreceptor retinoid-binding protein (IRBP). It is subsequently taken up by the 

RPE cells in which it is esterified by lecithin:retinol acyltransferase (LRAT) and these 

retinol esters can be stored in the RPE in specialised organelles called retinosomes. 

All-trans-retinol (vitamin A) can also enter the cycle by uptake from the bloodstream 

through the scavenger receptor stimulated by retinoic acid 6 (STRA6) present on RPE 

cells. RPE65 enzyme is the isomerohydrolase of the visual cycle using retinyl esters 

as substrates for isomerasation reaction producing the 11-cis isoform bound to cellular 

retinal binding protein (CRALBP). 11-cis-retinol is then oxidised to 11-cis-retinal by 11-

cis-retinol dehydrogenases. 11-cis-retinal is released from CRALBP and associated 

with IRBP trafficked extracellularly to the rod outer segments completing the cycle 

when binding to apo-rhodopsin (Maeda and Palczewski, 2013). 

I.II.II.III.II. Cone visual cycle 

Cones differ from rods in many physiological properties including possibly the way they 

recycle photopigment to sustain fast responses in high light illumination. As in rods, 

11-cis-retinal after photon absorption isomerises into the all-trans conformation 

activating the phototransduction cascade. All-trans-retinal dissociates from opsin and 

is reduced in cones into all-trans-retinol. However, all-trans-retinol from cones is 

trafficked to Müller cells (it is not yet clear if instead or in addition to RPE cells). In the 

Müller cells all-trans-retinol is isomerised into 11-cis-retinol in a two-step reaction 

involving esterification with palmitoyl-coenzyme A and with likely participation of 

CRALBP as retinoid binding protein. 11-cis-retinol ester is hydrolysed and 11-cis-

retinol released from Müller cells for uptake in cones. Once in cones, it is oxidised to 

11-cis-retinal, which binds to apo-cone opsin to form the visual pigment. For 11-cis-

retinol oxidation NADP is used, therefore in cones and oxidation/reduction cycle exists 

in which NADPH is utilised by all-trans-retinol dehydrogenase for all-trans-retinal 

reduction, whilst NADP generated in this reduction serves in oxidation of 11-cis-retinol 

for pigment regeneration. It is hypothesised that this set of reactions is the biochemical 

basis for the fast pigment regeneration in cone photoreceptors (Parker et al., 2011; 

Wang and Kefalov, 2011). 

I.II.II.IV. Disc renewal 

Photoreceptors throughout the life of an animal are exposed to intense illumination in 

the presence of high oxygen levels and toxic retinoid derivatives, which together 

generate free radical species leading to accumulation of oxidative damage in the 
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photoreceptor outer segments. Unless countered by protective biochemical 

mechanisms and continuous renewal of photoreceptor cells, this would inevitably lead 

to rapid retinal degeneration and loss of function. Since photoreceptors are post-mitotic 

neurons that do not proliferate themselves nor are renewed from tissue-residing stem 

cells in adult animals, mechanisms other than replacement by new cells generated 

from divisions had to be employed to maintain photoreceptor outer segment function. 

Continuous shedding of distal photoreceptor discs provides a way of replenishing 

damaged outer segment components (Palczewski, 2012). Classical experiments in the 

1960s by Young and colleagues (Young, 1967, 1968) by use of pulse-labelling and 

autoradiography showed that newly-made proteins containing a radioactive label first 

appear as a band at the basal proximal part of the rod outer segment and are 

progressively displaced towards the distal tip of the outer segment before later 

disappearing after detection in the RPE. Complete rod outer segment renewal takes 

around 10 days in higher vertebrates (LaVail, 1973). Removal of shed outer segment 

discs is possible due to the phagocytic activity of RPE cells (LaVail, 1983). Microvilli of 

RPE cells surround the distal half of rod photoreceptor outer segments and take part 

in the engulfment of distal outer segment tips, these cells also extend long tubular 

apical processes that reach and ensheath the tips of cone segments. Following 

ingestion by the RPE shed segment components are encircled by plasma membrane 

to form a phagosome. To this structure endosomes and lysosomes fuse, some 

mediating recycling of components such as unsaturated lipids and retinoids for use in 

the biosynthesis of new discs (Bok, 1993). Activity of Mer tyrosine kinase, mutations 

in which are linked to human retinitis pigmentosa, is required for the phagocytic activity 

of RPE and efficient breakdown of phagosome contents (Gal et al., 2000). These 

renewal events occur in a circadian manner with cone discs shed mostly after dark and 

rod distal tips in the morning (Bok, 1993). 

With respect to cone outer segment renewal specifically, the actual turnover rate has 

not been determined to date, however, autoradiographic and kinetic data are 

suggestive of a slower turnover rate as compared to rod photoreceptors. This slower 

replenishment rate is in fact more typical of turnover rates for intracellular components 

in other cell types pointing to a specialised enhanced renewal mechanism for rod cells. 

These analyses suggest as well that cone outer segments may contain a higher 

proportion of older pigment molecules than those of rods, what might not be 

detrimental to their function given that these cells evolved to signal detection of 

hundreds to millions of photons, but nevertheless, may pose a limit to cone sensitivity 

(Mustafi et al., 2009). 
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I.II.II.V. Biosynthesis of new outer segment discs 

In order to balance out the apical loss of segment disks, photoreceptor cells need to 

continuously synthesize and target new disk membranes for addition at the base of the 

outer segment. Mechanisms regulating this membrane genesis and fidelity of outer 

segment trafficking are only just being elucidated (Sung and Chuang, 2010). Studies 

in rod photoreceptors lead researchers to postulate a model of basal disks generation 

through repeated fusion of specialized vesicles carrying the photopigment rhodopsin 

as their major cargo. These rhodopsin vesicles incorporate also syntaxin 3 and a 

protein called Smad anchor for receptor activation (SARA) with these three 

components physically interacting with each other. Presence of SARA on the surface 

of those vesicles allows fusion with nascent basal disks in a SNARE and 

phosphatidylinositol 3-phosphate mediated mechanism (Chuang et al., 2007). Besides 

vesicle transport, targeting of single structural and functional protein components of 

disks is of importance. Study of retinitis pigmentosa causing mutation in rhodopsin 

leading to the loss of the last five aminoacids of its cytoplasmic C-terminal tail revealed 

a highly conserved across species VXPX motif essential for correct rhodopsin 

localization (Sung and Tai, 1999). Previously mentioned SARA protein facilitates 

rhodopsin trafficking through recognition of this motif among other interacting proteins. 

Most other major outer segment components seem to use different targeting 

mechanisms since similar motifs have not been found in their peptide sequence. A 

common strategy could be ñhitching a rideò by interaction with rhodopsin or rhodopsin 

vesicles abundant in rods. Additionally, high affinity interactions might drive 

translocation as in the case of activated photopigment recruiting arrestin upon 

illumination (Sung and Chuang, 2010). All the proteins destined for the outer segment 

need to pass through the connecting cilium. Molecular mechanisms that govern 

transport through this compartment have yet to be elucidated in detail. However, two 

hypothesis regarding rhodopsin transport were put forward. The first proposes that 

rhodopsin vesicles fuse to the cilium membrane at the apical part of the inner segment 

then the membrane components are moved through the connecting cilium by a 

mechanism called intraflagellar transport dependent on the action of kinesin motor 

proteins to then be recovered via endocytosis at the base of the outer segment 

(Sedmak and Wolfrum, 2010). The second mechanism postulates that rhodopsin 

vesicles are channelled through the cilium along the axonemal microtubules in the 

cilium shaft and is supported by electron microscopy observations of small vesicles in 

the connecting cilium of photoreceptors. Modes of transport in cone cells are largely 

avenues for future interrogation (Sung and Chuang, 2010). 
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I.III. Retinal development 
 

I.III.I. Early eye development 
 

I.III.I.I. Morphogenesis of the early eye 

Eyes are specialised extensions of brain tissue and are specified early in embryonic 

development alongside other major parts of the nervous system (Zagozewski et al., 

2014). Nervous system development starts with neural induction when within 

ectoderm, one the three germ layers in the early embryo, cells lying along the dorsal 

midline of the embryo are directed to commit to neural lineage. These cells heighten 

becoming columnar neuroepithelium form a so-called neural plate along anterior-

posterior axis of the embryo, which then invaginates to form a neural tube from which 

the central nervous system develops. The anterior part of the neural tube forms three 

vesicles that give rise to the brain regions. The most anterior vesicle called 

prosencephalon (forebrain) is the site where a subset of cells committed to 

subsequently form the eye tissue are located (Chow and Lang, 2001). This group of 

cells defined at the molecular level by expression of specific transcription factors (see 

following sections) can be identified before neural tube formation in the anterior neural 

plate at the late gastrula stage. Interactions with and signals from surrounding tissues 

lead to the eye field splitting into two bilateral optic vesicles (Kim and Kim, 2012). Optic 

vesicles start as symmetrical bilateral evaginations slowly expanding through the 

mesenchyme until they reach the surface ectoderm. In the mouse embryo optic 

vesicles can be discerned from around embryonic day 8.5 (Chow and Lang, 2001). 

Contact with the surface ectoderm triggers a series of structural changes in the 

vesicles, the proximal-distal part starts to invaginate and the vesicle becomes a two-

layered optic cup in which the outer layer differentiates into RPE cells whilst the inner 

part becomes neural retina (Kim and Kim, 2012). The hinge regions subsequently 

develop into the anterior structures of the eye, the ciliary body and iris. As the cup 

invaginates the surface ectoderm forms a pit that becomes the lens placode and lens 

vesicle as it further folds, invaginates and separates from the overlying ectoderm. The 

ventral part of the vesicle narrows into the optic fissure that after closure forms the 

optic nerve. The requirement for the overlying tissue and lens in neural retina 

specification is still a matter of debate. It appears that early contact with the pre-lens 

ectoderm specifies the neuroepithelium to become neural retina (via FGF signalling, 

see following sections), since later removal of the lens placode or lens does not affect 

neural retina specification (Chow and Lang, 2001). Recent milestone studies using 

mouse and human pluripotent stem cells directed towards retinal differentiation 
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6Early eye development 

 

 

Diagram I.VI. Early eye development. 

(A) Eye development commences with the specification of the eye field in the anterior 

neuroepithelium. The eye field is delineated by expression of a set of specific 

transcription factors including LIM homeobox protein 2 (Lhx2), Paired box protein 6 

(Pax6), Retinal homeobox protein (Rx) and SIX homeobox protein 3 (Six3). The eye 

field subsequently undergoes evagination forming an optic vesicle. (B) The optic 

vesicle becomes divided into the proximal and distal domains through activity of Wnts 

and FGFs, respectively. The proximal domain becomes the presumptive RPE 

expressing Microphthalmia-associated transcription factor (Mitf), whereas the distal 

part becomes the prospective neural retina upregulating Visual system homeobox 

protein 2 (Vsx2). (C) The evaginating optic vesicle folds forming a bi-layered optic cup 

and the division into RPE and neural retina becomes apparent. The outside shell of 

the cup is the rigid RPE, whilst the internal part is the more flexible neural retina. Distal 

optic cup expresses Pax6, whereas the optic stalk is marked by expression of Paired 

box protein 2 (Pax2). 
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demonstrated self-formation of optic vesicles, which subsequently folded into optic 

cups without any overlying surface ectoderm, highlighting strong self-assembly 

potential for this structure and the importance of self-autonomous regulators in the 

morphogenetic process (Eiraku et al., 2011; Meyer et al., 2009). 

I.III.I.II. Genetic regulators of eye morphogenesis 

Recent observations on the self-organisation potential of optic tissues stresses the role 

of intrinsic genetic regulators of this process (Eiraku et al., 2011; Meyer et al., 2009). 

A gene-regulatory network for eye assembly commences at the eye field stage 

(Diagram I.VI.). In the anterior neural plate expression of a set of transcription factors, 

best studied in Xenopus laevis, defines the commitment to differentiate into eye tissue 

and therefore delineates the eye field (Zagozewski et al., 2014). Hence, these 

transcription factors that include Rx1/Rax, Pax6, Six3, Lhx2, Tll/Tlx, Optx2/Six6 and 

ET/Tbx3, are termed the eye field transcription factors. What distinguishes eye field 

transcription factors is their necessity for eye development, since loss of either Rax, 

Pax6, Six3 and Lhx2 leads to absence or eye abnormalities (Carl et al., 2002; Mathers 

et al., 1997; Porter et al., 1997; Zagozewski et al., 2014). Moreover, mis-expression of 

these transcription factors alone, as in case of Pax6 or Rx1, or in a mix is sufficient for 

induction of ectopic eyes (Chow et al., 1999; reviewed in Zuber et al., 2003). In addition 

to eye field transcription factors, the forebrain specification factor Otx2 plays an 

important permissive role for eye field transcription factor expression without directly 

inducing them (Matsuo et al., 1995; Zagozewski et al., 2014). 

Establishment of the midline in the embryo leads to eye field division into two lateral 

components that will give rise to two identical eyes. In this process sonic hedgehog 

(Shh) signalling plays a crucial role. Inactivation of Shh leads to failure of midline 

formation and development of a single eye (cyclopia). Expression of Shh in the forming 

forebrain is regulated by one of the eye field transcription factors Six3, which binds to 

an enhancer sequence upstream of Shh gene to stimulate its transcription (Chiang et 

al., 1996). 

Subsequent to the bisection of the eye field, optic vesicles form and begin to evaginate 

from the ventral forebrain towards overlying surface ectoderm (Chow and Lang, 2001). 

Homeodomain transcription factor Rax is necessary for eye field establishment and 

consecutive outgrowth of optic vesicles (Mathers et al., 1997). Loss of Rax in zebrafish, 

frog, mouse and human leads in anophthalmia (Zagozewski et al., 2014). Rax 

expression if found initially throughout the entire anterior neural plate prior to, from 

E10.5, becoming restricted to the optic vesicle and ventral diencephalon (Mathers et 

al., 1997). In zebrafish eyes the lateral outgrowth of optic vesicles results from 
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migration of Rx3-positive progenitor in the lateral direction and Rx3 null mutants show 

clustering of optic progenitors around the embryo midline (Rembold et al., 2006).  

During evagination the optic vesicle undergoes both proximal-distal as well as dorsal-

ventral patterning specifying regions of the future eye (Kim and Kim, 2012). Shh 

signalling plays a role in setting both of these axes (Sasagawa et al., 2002). The ventral 

domain of the eye is set up by the activity of homeodomain transcription factors Vax1 

and Vax2. Expression of these transcription factors is triggered by Shh and lost in 

absence of Shh. At E9.5 Vax1 and Vax2 localize to the boundary of the prospective 

optic stalk and neural retina. Following optic vesicle invagination Vax1 is found in the 

optic stalk, whilst Vax2 becomes confined to the ventral neural retina. Genetic ablation 

of both Vax1 and Vax2 results in a dorsalized eye phenotype with neural retina 

expanding ventrally at the expense of the optic stalk. In Vax1/2-/- eyes expression of 

Pax2, which marks the optic stalk is severely reduced and an increase in Pax6 

observed highlighting the role of Pax6 in establishing the ventral domain of the neural 

retina (Take-uchi et al., 2003). Dorsal optic vesicle is marked by expression of the 

transcription factor Tbx5 induced by bone morphogenetic protein 4 (BMP4; (Behesti et 

al., 2006; Sasagawa et al., 2002). Tbx5 represses Vax expression in this part of the 

optic vesicle thereby delineating dorsal versus ventral domains in the vesicle. In 

addition, for the upregulation of both Vax genes as well as Tbx5 activity of the LIM 

homeodomain transcription factor Lhx2 is necessary. Loss of Lhx2 results in an arrest 

in the transition from the optic vesicle to the optic cup with the lack of Vax and Tbx5 

expression in the arrested vesicles (Yun et al., 2009). With respect to the proximal-

distal specification, this is regulated by expression of Pax2, marking the proximal optic 

stalk, and Pax6, which is a marker of the distal optic cup, with inputs from Shh 

signalling (Sasagawa et al., 2002). These two transcription factors repress each 

otherôs expression to create the boundary between the optic stalk and the optic cup 

(Zagozewski et al., 2014). 

Alongside the patterning in the proximal-distal and dorsal-ventral axes, also division 

into neural retina and RPE takes place. As mentioned above, once the evaginating 

optic vesicle reaches the surface ectoderm, invagination is triggered to form a cup 

structure with the neural retina on the inside surrounded by the RPE as the outer layer. 

Neural retina can be traced to the distal/ventral part of the optic vesicle (Fuhrmann, 

2010). The distal optic vesicle receives TGFɓ signalling triggering the induction of the 

basic helix-loop-helix transcription factor, Mitf, and the homeodomain transcription 

factor Otx2 and these two regulators are drivers of RPE specification. Both factors 

activate expression of RPE-specific genes and their loss of function leads to formation 
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of ectopic neural retina at the expense of RPE (Fuhrmann et al., 2000). Following 

contact with surface ectoderm of the distal/ventral optic vesicle, expression of the 

paired-like homeodomain transcription factor Vsx2 is induced. Vsx2 (formerly Chx10) 

is the earliest known marker of the prospective neural retina with expression 

commencing as early as E9.5 in the mouse and which acts to repress Mitf expression 

to allow neural retina differentiation (Liu et al., 1994). Interestingly, this division seems 

to occur independent of the action of Pax6, a master regulator transcription factor for 

eye development. Genetic ablation of Pax6 leads to failure of optic cup formation, 

however, in the optic vesicles of Pax6-/- embryos division into Vsx2-positive and Mitf-

positive regions remains (Fuhrmann, 2010). Another eye field transcription factor 

becomes involved in this process, namely Six3, which is required for neural retina but 

not RPE differentiation (Liu et al., 2010). Despite these regulatory actions at early 

stages, the neuroepithelium of the optic vesicle exhibits a significant level of 

developmental plasticity with early neural retinal progenitors being able to produce 

RPE and early RPE able to convert into neural retina (Kuwahara et al., 2015). 

I.III.I.III. Role of soluble factors in early eye morphogenesis  

In addition to the cell-autonomous actions of transcription factors, important regulatory 

roles can be ascribed to soluble molecules in the course of eye morphogenesis (Chow 

and Lang, 2001; Diagram I.VI.). Early in embryonic development, graded Wnt 

signalling is critical for establishment of the anterior-posterior axis of the developing 

brain with high levels of Wnts promoting posterior fates (Kiecker and Niehrs, 2001). 

Restricted Wnt signalling is therefore permissive for eye field specification (Zuber et 

al., 2003). For the eye field to split into two lateral prospective optic vesicles, Shh 

signalling is essential. Shh loss in prechordal mesoderm leads to failure in the 

formation of the ventral midline and splitting the eye field resulting in cyclopia (Chiang 

et al., 1996). Furthermore, Shh plays a role also in the optic vesicles patterning 

inducing Pax2 expression in the proximal optic stalk and Vax gene expression in the 

ventral optic vesicle (Geng et al., 2008). Retinoic acid, produced by Raldh2 and Raldh3 

enzymes has also been implicated in contributing to the establishment of the ventral 

identity in the optic vesicle (Alfano et al., 2011; McCaffrery et al., 1993; Mic et al., 

2000). The dorsal part of the vesicle on the other hand receives BMP signalling of the 

TGFɓ superfamily, mainly through BMP4, which induces the dorsal marker Tbx5 

(Behesti et al., 2006). The subsequent cup formation, division and differentiation into 

RPE and neural retina is regulated by TGFɓ, Wnt and fibroblast growth factor (FGF) 

signalling. Activin A, a member of the TGFɓ protein superfamily secreted from 

extraocular mesenchyme, was found to trigger Mitf expression in the prospective RPE 
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(Kim and Kim, 2012). In collaboration with TGFɓ signalling, Wnt signalling is essential 

for acquisition and maintenance of the RPE fate. Depletion of ɓ-catenin at the optic 

cup stage leads to Mitf and Otx2 loss and transdifferentiation into neural retina 

(Westenskow et al., 2009). Conversely, for development into neural retina FGF 

signalling is required (Kim and Kim, 2012; Kuwahara et al., 2015; Pittack et al., 1997). 

Surface ectoderm secretes FGFs, which trigger differentiation of the optic vesicle 

neuroepithelium, in contact with the ectoderm, into neural retina. Optic vesicles 

depleted of surface ectoderm do not develop neural retina, a phenotype rescued by 

addition of FGFs. Moreover, optic vesicles cultured in isolation in vitro in the presence 

of FGF2 develop into neural retina only, whilst blocking FGF signalling with neutralizing 

antibodies prevents neural retina differentiation (Pittack et al., 1997). These insights 

into the role of soluble molecules involved in eye development not only broadened our 

understanding of the developmental biology of the eye, but have also greatly facilitated 

the development of retinal differentiation protocols in recent years. 

 

I.III.II. Regulation of retinal neurogenesis. 
 

I.III.II.I. Overview of histogenesis in the retina 

Retinal neurons are generated from a pool of retinal progenitor cells over a prolonged 

period of tissue formation and maturation (reviewed in Swaroop et al., 2010). The six 

neuron classes and Müller glial cells are generated in an evolutionary conserved 

temporal birth order, which might reflect their appearance in the course of evolution 

(reviewed in Cepko, 2014). Thus differentiating cell types emerge in partially 

overlapping waves of genesis, starting with retinal ganglion cells, shortly followed by 

cone photoreceptors, horizontal cells, the majority of amacrine cells and a minority of 

rod photoreceptors followed by a later phase in which the majority of rod 

photoreceptors, the remainder of amacrine cells, bipolar cells and Müller glia are born 

(reviewed in Bassett and Wallace, 2012). Retinal progenitor cells from which these 

neurons arise were found in early lineage studies to be multipotent, giving rise to 

clones of a wide range of sizes and compositions (reviewed in Cepko, 2014). Even so, 

through experiments in which progenitors from one stage were removed and placed 

into an earlier or later environment, it has been shown that at any stage of development 

retinal progenitors are limited in the set of progeny they can generate (Watanabe and 

Raff, 1990). Hence, it is currently proposed that progenitors pass through temporal 

competence states in which certain types of progeny are made as retinal development 

unfolds.  
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I.III.II.II. Maintenance and multipotency of retinal progenitors 

Before the onset of retinal neurogenesis retinal progenitor cells (RPCs) need to acquire 

the competence to undergo the sequential production of all retinal cell types. This 

competence appears to heavily depend on the ratio of two transcription factors: Sox2 

and Pax6 (reviewed in Xiang, 2013). Mutations in the paired type transcription factor 

Pax6 underlie ocular phenotypes such as anophthalmia, microphthalmia and aniridia 

in both mouse and human (Glaser et al., 1994). Genetic removal of Pax6 expression 

from RPCs results in loss of all retinal cell types apart from GABAergic amacrine cells 

highlighting its role in conferring RPC multipotency (Marquardt et al., 2001). Pax6 

exerts its effects on multipotency by acting on neurogenic basic helix-loop-helix and 

homeodomain transcription factors that determine commitment to particular fates. In 

addition, it is highly expressed in the anterior structures of the eye, the iris and ciliary 

body, and required for their differentiation. The HMG box transcription factor Sox2 also 

plays a key role in RPCs maintenance and multipotency. Similarly to Pax6, loss of 

Sox2 leads to loss of neurogenic potential and a fate switch to ciliary pigmented 

epithelium associated with an increase in Pax6 expression. This phenotype can be 

partially rescued by inactivation of a single Pax6 allele (Matsushima et al., 2011). 

Therefore it appears that a balance of activities of those two transcription factors is 

required for proper retinal morphogenesis, supported by observations that both of 

these transcriptional regulators show phenotypes sensitive to gene dosage (Glaser et 

al., 1994; Marquardt et al., 2001; Matsushima et al., 2011; Taranova et al., 2006). In 

addition, activity of Vsx2 is required for competence to form the neural retina. Vsx2 

prevents transdifferentiation into retinal pigmented epithelium by repressing RPE fate 

driver Mitf (Rowan et al., 2004). 

I.III.II.III. Role of Notch signalling in retinal neurogenesis  

Genetic inactivation of Sox2 leads to the loss of neural retina genesis potential through 

the loss of neurogenic transcription factors and Notch1 expression (Taranova et al., 

2006), highlighting the requirement for Notch signalling in retinal neurogenesis. Notch 

signalling plays important roles in the regulation of neurogenesis in both vertebrates 

and invertebrates (Lewis, 1996). Targeted disruption of the Notch1 gene during retinal 

development revealed its function in maintaining the cycling pool of retinal progenitors 

as well as involvement in cell fate specification (Jadhav, 2006; Yaron, 2006). Loss of 

Notch1 activity leads to reduction in the size of retina. This is due to a decrease in 

proliferation and premature neurogenesis (Jadhav, 2006; Nelson et al., 2007; Yaron, 

2006). Following Notch downregulation a set of pro-neural genes becomes 

upregulated including Neurogenin2 (Ngn2), Neurod1, Mash1 and Atoh7, whereas 

genes associated with cell cycle progression such as CyclinD1 become downregulated 
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(Jadhav, 2006; Nelson et al., 2007). Surprisingly, genetic ablation of Notch1 at early 

stages of retinogenesis leads to nearly uniform acquisition of cone cell fate by the 

newly generated neurons (Jadhav, 2006; Yaron, 2006). At neonatal stages its genetic 

inactivation results in adoption of rod fate (Jadhav, 2006). Therefore, despite the 

competence of progenitors to generate a set of different neuronal fates at each stage 

of retinogenesis, loss of signalling from Notch1 receptor leads to nearly exclusive 

adoption of the photoreceptor fate (Jadhav, 2006; Nelson et al., 2007; Yaron, 2006). 

Activity of the Notch3 receptor, which is also expressed in the mammalian retina was 

found to limit the production of retinal ganglion cells through downstream effector Hes1 

(Riesenberg et al., 2009), suggesting that a combination of a particular Notch receptor 

with downstream signalling molecules likely determines cell fate decisions in the retina. 

Notch signalling can be separated into two types: canonical and non-canonical. In the 

canonical pathway binding of Notch ligands triggers cleavage of the transmembrane 

Notch receptor with subsequent release of its intracellular domain mediated by the 

proteolytic activity of presenilin/ɔ-secretase (reviewed in Martinez Arias et al., 2002). 

Potent pharmacological inhibitors targeting ɔ-secretase were developed and one them 

DAPT became widely adopted in biological research. Treatment of chick and mouse 

developing retinae was found to phenocopy effects of Notch1 genetic deletion and 

provided insights into kinetics of developmental processes involved. Pharmacological 

block of Notch signalling for longer than 6 hours was found to lead to irreversible 

initiation of the differentiation programme similarly leading to an increase in cone 

markers when performed early in retinogenesis (Nelson et al., 2007). Altogether, Notch 

signalling was found to play a crucial role in maintenance of retinal progenitors by 

preventing precocious neurogenesis.  

I.III.II.IV. Differentiation of retinal neurons 

Signals that trigger retinal neurogenesis with commitment and differentiation towards 

one of the six neuronal and one glial type are not spread uniformly across the eye and 

in most species exhibit a central to peripheral gradient with the central retina being less 

proliferative and differentiating earlier than the peripheral domain. Neurogenesis is 

dependent on expression of combinations of fate-determining transcription factors, 

most of which fall into either the homeobox or basic helix-loop-helix (bHLH) families 

(Bassett and Wallace, 2012; Ohsawa and Kageyama, 2008; Swaroop et al., 2010; 

Xiang, 2013; Zagozewski et al., 2014). 

I.III.II.IV.I. Retinal ganglion cells  

Retinal ganglion cells are the projection neurons of the retina sending axons to the 

visual centres in the brain. Ganglion cells are the earlier born and first neuronal type 
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to differentiate as early as E10.5 in the mouse. The bHLH transcription factor, Atoh7 

(formerly Math5), plays a crucial role in specifying ganglion cell fate. Genetic ablation 

of Atoh7 results in the loss of all ganglion cells and lack of optic nerve development. 

Downstream of Atoh7 in the ganglion cell specification pathway lies the POU-domain 

transcription factor Brn3b. Brn3b is necessary for ganglion cell survival and its removal 

leads to loss of the majority of ganglion cells due to apoptotic death. Similarly, Dlx 

homeodomain transcription factors Dlx1 and Dlx2 are required for survival of late born 

ganglion cells with their loss resulting in excessive apoptosis of this subpopulation. 

I.III.II.IV.II. Horizontal cells 

Horizontal cells play important roles in information processing at the level of outer 

plexiform layer through lateral interactions with photoreceptor and bipolar cells. 

Horizontal cells are an early-born retinal cell type. The forkhead/winged helix 

transcription factor Foxn4 is a key determinant of horizontal cell fate and its loss leads 

to a complete absence of horizontal cells in the retina. Expression of both Onecut1 and 

Ptf1a directs differentiation of Foxn4-positive progenitors into horizontal cells, as 

expression of Foxn4 with Ptf1a alone leads to adoption of amacrine cell fate, 

highlighting the necessary role of Onecut1 for horizontal cell genesis. Downstream of 

Onecut1 and Ptf1a, homeobox transcription factors Prox1 and Lhx1 (Lim1) play 

important roles in terminal differentiation and migration of horizontal cells into 

appropriate laminar position. 

I.III.II.IV.III. Amacrine cells  

Amacrine interneurons form synaptic contacts in the inner plexiform layer to mediate 

interactions between bipolar cells and ganglion cells. Amacrine cells share many fate 

determinants with horizontal cells, namely, they also require Foxn4 and Ptf1a 

expression for differentiation. Concomitant action of two bHLH transcription factors 

Math3 and NeuroD is also a necessary step in amacrine fate specification with 

complete loss of amacrine cells following genetic removal of both of these factors. 

I.III.II.IV.IV. Bipolar cells  

Bipolar interneurons carry signals from photoreceptors to ganglion cells, the projection 

neurons of the retina, and also interact laterally with horizontal and amacrine cells. 

There are multiple subtypes of bipolar cells showing unique gene expression patterns, 

however, several key fate determinants have been identified for this cell type. In 

addition to its role in progenitor divisions, Vsx2 is an essential factor for bipolar cell 

development and Vsx2 mutants show a pronounced reduction in the number of bipolar 

cells. Moreover, combined loss of Math3 and Mash1 results in complete absence of 
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bipolar cells showing a requirement for these two factors in determining bipolar cell 

fate. 

I.III.II.IV.V. Müller glia  

Müller cells are the only glial type of the retina and play important supportive roles for 

the tissue with processes spanning the whole thickness of the retina. Müller glia are 

mostly the last cell type to be generated during retinogenesis and they share many 

differentiation regulators with retinal progenitor cells. The Notch pathway and its 

downstream targets bHLH transcription factors Hes1 and Hes5 have been implicated 

in Müller glia differentiation. Genetic knockout of Notch1, Hes1 and Hes5 leads to 

diminished numbers of Müller cells, whilst overexpression of these promote Müller glia 

differentiation. In addition, reduction in expression of the SRY-related HMG box 

transcription factors Sox2, Sox8 and Sox9 likewise leads to impaired Müller glia 

differentiation, suggestive of their contribution to this process. In the case of both 

Notch-Hes and Sox gene downregulation increased numbers of rods are generated, 

pointing to a rod versus Müller glia cell fate choice occurring in late retinal progenitors. 

I.III.II.V. Photoreceptor specification  

Genesis of photoreceptor cells in mammals occurs over a long time window and is a 

multi-step process. From the division of a competent progenitor weeks or months pass, 

depending on the species, until functional maturation is completed. Several steps can 

be identified, first, multipotent retinal progenitors (RPCs) undergo divisions, second, 

these RPCs undergo restriction of their competence, third, commitment to 

photoreceptor cell fate is initiated during or soon after RPC terminal mitosis, then 

photoreceptor-specific genes, related to processes such as phototransduction 

(Diagram I.VII.), become expressed and, finally, axons grow and form synaptic 

connections and outer segments biogenesis occurs (Bassett and Wallace, 2012; 

Livesey and Cepko, 2001; Swaroop et al., 2010). In mice, the eyes of newborn pups 

remain closed for nearly two weeks as photoreceptor maturation is not complete at 

birth. Cone genesis commences at around E11 and is largely complete before birth 

with S opsin being expressed from late embryonic stages (E18). With respect to rod 

photoreceptors, the peak of their genesis is in the neonatal period and rhodopsin 

expression commences in the first few days after birth (detectable from around P2). M 

opsin expression in cones lags behind that of S opsin and is initiated from P6. In human 

retinal development all photoreceptors are generated before birth. In contrast to the 

rodent retina, the human retina shows pronounced differences in the degree of 

maturation between the cental and peripheral domains. First cones appear around 

foetal week (Fwk) 8, whereas rods are born from Fwk 10. All cellular layers can be 
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identified in the fovea region by Fwk 11.  As early as Fwk 12 S opsin transcripts can 

be detected. Subsequently, from Fwk 15 M opsin and Rhodopsin transcription begins. 

At Fwk 15, concomitantly with the visual pigments expression outer segment 

biogenesis commences (Hendrickson et al., 2008; OôBrien et al., 2003; Xiao and 

Hendrickson, 2000). With maturation functional synaptic connections with bipolar and 

horizontal cells are formed, outer segments elaborate and come in close apposition 

with the RPE cells and phototransduction starts (reviewed in Swaroop et al., 2010). 

Early events in photoreceptor lineage specification are poorly understood. As 

discussed above, downregulation of signalling downstream of Notch1 receptor is an 

essential step to induce generation of photoreceptor progeny from RPCs (Jadhav, 

2006, Yaron et al., 2006; Nelson et al., 2007; Riesenberg et al., 2009). More recently, 

the role of signalling through Notch1 was also examined in newly post-mitotic cells. 

Profiling of single cells transitioning from a progenitor to a differentiated state revealed 

some of the molecular effectors downstream of Notch1 receptor. Inhibitor of DNA 

binding factors Id1 and Id3 were found to be required for the generation of Müller glial 

cells, whereas Notch-regulated Ankyrin Repeat Protein expression drove commitment 

to the rod fate (Mizeracka et al., 2013). Both genetic ablation as well pharmacological 

inhibition of Notch signalling demonstrated reduction of downstream transcriptional 

effectors Hes1 and Hes5, which in turn repress pro-neural basic helix-loop-helix 

(bHLH) transcription factors. Indeed gene expression analysis showed that a panel of 

these genes including Neurogenin2 (Ngn2), Neurod1, Mash1 and Atoh7 became 

upregulated (Jadhav, 2006; Nelson et al., 2007; Yaron, 2006). These pro-neural bHLH 

have redundant and poorly defined roles in photoreceptor development with likely 

combinatorial or transient functions at this stage (Swaroop et al., 2010). 

Better characterized are the later steps in post-mitotic photoreceptor precursor 

differentiation and these again require sequential combinatorial action of several 

transcriptional regulators to establish a rod or cone fate (Swaroop et al., 2010; Diagram 

I.VII.). An essential role in the first stages of photoreceptor lineage induction is played 

by the paired-type homeodomain transcription factor Otx2, a homolog of the Drosophila 

orthodenticle (Otd), which is required for the formation of anterior brain, eye and antenna 

in the fly. Otx2 is expressed by many cell types in the brain and in the eye by 

photoreceptors, bipolar cells and RPE, with expression commencing during terminal 

mitosis of a progenitor or shortly thereafter  (Beby and Lamonerie, 2013). Genetic 

ablation of Otx2 in mouse retinal progenitor cells leads to almost complete loss of cone 

and rod photoreceptors, horizontal and bipolar cells (Nishida et al., 2003). Otx2 performs 

its role in photoreceptor specification through participation in gene regulatory networks  
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7Transcriptional control of photoreceptor differentiation 

 

 

Diagram I.VII. Transcriptional control of photoreceptor differentiation. 

Photoreceptor precursors are generated from multipotent retinal progenitors. 

Progenitors biased towards generation of photoreceptors show expression of specific 

molecular markers, specifically progenitors dedicated to generation of cone cells 

express Olig2, Otx2 and Onecut1. Following divisions of retinal progenitors the newly 

born photoreceptor precursors express early markers of photoreceptor lineage 

commitment such as Crx for both photoreceptor types, Trɓ2 and RXRɔ for cone 

precursors and Nrl with Nr2e3 for rod precursors. Some of these regulators are also 

essential for maturation of the precursors alongside additional molecules including 

Sall3 in S cone development and Esrrb in maintenance of mature rod cells. 
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leading to establishing commitment to these fates. In progenitors competent for cone 

and horizontal cell fates it collectively binds with Onecut1 transcription factor to 

regulatory sequences in the locus of an early cone marker Thrb2, stimulating 

transcription  of the gene (Emerson et al., 2013).  In  the  progenitors that  generate rod 

and bipolar cells at neonatal stages, Otx2 participates in the induction of Blimp1 

expression. This transcriptional regulator creates a direct negative feedback loop 

downregulating expression of Otx2 and Vsx2/Chx10, high levels of which promote 

bipolar differentiation, as well as leading to its own repression (Wang et al., 2014). 

Therefore, Otx2 provides a necessary but not sufficient signal to induce commitment 

to cone or rod cell fate. 

The orphan nuclear receptor RORɓ is expressed in all cellular layers of the retina and 

in the pineal gland and is required for several aspects of photoreceptor development 

(reviewed in Swaroop et al., 2010). Two isoforms of RORɓ are expressed in the 

developing retina. RORɓ1 is detected in progenitor cells, photoreceptor precursors and 

in other cell types across different retinal layers, whereas RORɓ2 isoform is found in 

rod precursors (Fu et al., 2014). Both isoforms contribute to establish the commitment 

to the rod fate through induction of the rod-specific determinant Nrl. In Rorb-/- mice 

expression of Nrl and many other rod-specific genes is abolished (Jia et al., 2009). 

Aside from induction of Nrl, RORɓ participates in induction of the gene regulatory 

network determining dual fate choice between rod and bipolar cells by cooperating with 

Otx2 in the induction of Blimp1 expression (Wang et al., 2014). In rod precursors Nrl, 

once its transcription is activated by RORɓ, acts on the specific promoter of the RORɓ2 

isoform, its own inducer gene, stimulating its transcription in a positive feedback loop 

(Fu et al., 2014). This mechanism is thought to strengthen the commitment to rod fate. 

Both RORɓ isoforms appear to participate in the establishment of the correct ratio of 

cones versus rods since deletion of each single isoform results in 2-3 fold increase in 

the proportion of cones (Fu et al., 2014), whereas no rods are formed in the full 

knockout (Jia et al., 2009). In cone precursor development RORɓ is required for 

induction of both S opsin and M opsin photopigments, demonstrated by developmental 

delay in expression of S opsin and a reduction in M opsin in the Rorb-/- mice (Jia et al., 

2009). An additional role in both photoreceptor types is the requirement for RORɓ in 

outer segment biogenesis. S cone-like cells in the Rorb-/- mice generated as a result 

of loss of rods exhibit primitive morphology and improperly formed outer segments, 

which correspondingly showing deficits in functionality (Jia et al., 2009). Therefore, 

similarly to Otx2, RORɓ is a necessary but not sufficient factor in the photoreceptor 

differentiation gene regulatory network. 
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In photoreceptor precursors Otx2 induces expression of another member of the Otx 

homeodomain family ï the cone-rod homeobox transcription factor (Crx) (Furukawa et 

al., 1997). Otx2 binds to the Crx promoter region in vivo and genetic deletion of Otx2 

abolishes Crx expression (Nishida et al., 2003). Crx is expressed early in post-mitotic 

precursors for both rod and cone cells, being one of the first markers of commitment 

to this lineage (Muranishi et al., 2010). Crx expression becomes detectable from as 

early as E12.5 in the mouse correlating with the genesis of the first cone precursors 

and peaks at around P5 corresponding to initiation of rod differentiation (Furukawa et 

al., 1997; Muranishi et al., 2010). The major role of Crx in the developing 

photoreceptors is to facilitate transcriptional activation of a wide array of photoreceptor-

specific genes (Livesey et al., 2000). This activity of Crx is mediated via cooperation 

with a number of transcriptional regulators including rod-determinants Nrl (Neural 

Retina Leucine Zipper) and Nr2e3 (nuclear receptor subfamily 2, group E, member 3) 

to stimulate Rhodopsin and other rod-specific gene expression, ROR family nuclear 

receptors, general transcription factors, transcription co-activators CBP and p300 and 

chromatin remodelling complexes (Hennig et al., 2008). Consistent with the 

importance of Crx in the induction of gene expression required for photoreceptor 

development and function, outer segments do not form and activity of photoreceptors 

in Crx-/- mice is lost resulting in blindness and progressive retinal degeneration 

(Furukawa et al., 1997). In accordance Crx mutations in humans underlie inherited 

retinal diseases including cone-rod dystrophy, retinitis pigmentosa and Leberôs 

congenital amaurosis (Freund et al., 1998). In conclusion, Crx is a key enhancer in 

activation of genes essential for photoreceptor development and maturation. 

Downstream of RORɓ in the photoreceptor differentiation pathway lies the basic-

leucine zipper Maf family transcription factor Nrl  (Swaroop et al., 1992) a key inducer 

of rod fate (Mears et al., 2001). Nrl is highly expressed in the retina, lens, regions of 

the brain and pineal gland (Swaroop et al., 1992). Onset of Nrl expression correlates 

with the birth of the first rods around E12.5-E14.5 and the gene is expressed during or 

early after exit from progenitor terminal mitosis (Akimoto et al., 2006). Genetic ablation 

of Nrl leads to complete loss of rod photoreceptors (Mears et al., 2001). The resulting 

retina in Nrl-/- mice is composed of S cone-like cells that do not express any rod genes, 

show uncondensed chromatin and poorly formed short outer segments. Additionally, 

retinal morphology is disrupted with formation of whorls and rosettes and subsequent 

degeneration at adult stages (Mears et al., 2001). Forced expression of Onecut1, an 

early regulator of cone and horizontal lineage specification was found to lead to 

generation of immature cones at the expense of rods most likely through inhibition of 
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Nrl (Emerson et al., 2013). Conversely, misexpression of Nrl from early stages in all 

prospective photoreceptors using the Crx promoter led to loss of the mature cone cell 

phenotype, however using S opsin promoter to drive Nrl expression in a Nrl-/- 

background resulted in hybrid cells that expressed both S opsin as well as Rhodopsin 

(Oh et al., 2007). Moreover, inducible deletion of Nrl at various stages of development 

has shown that conversion of rods into the S cone-like phenotype is only possible 

during a limited developmental time window delineated by acquisition of epigenetic 

marks stabilising mature phenotypes (Montana et al., 2013). Therefore, it appears that 

Nrl is a key transcriptional regulator involved in a binary fate choice between cone and 

rod precursor fates that occurs early in the process of photoreceptor specification. 

To consolidate the commitment to the rod fate Nrl induces expression of the nuclear 

receptor Nr2e3. This molecule was identified through homology to the Drosophila 

tailless (Tlx, Nr2e1) nuclear receptor and is also an orphan nuclear receptor meaning 

that a physiological ligand for it has not been identified.  Nr2e3 expression is detected 

from E18 in the developing retina, peaks at a time of rod precursor cell differentiation 

and is maintained at a lower level in adulthood, localized to the rod photoreceptors 

(Kobayashi et al., 1999). In mice a naturally occurring mutation in Nr2e3 gene was 

identified, whereby an L1 retrotransposon insertion disrupts Nr2e3 mRNA splicing 

leading to a 380 bp deletion in the coding region that prevents Nr2e3 protein production 

(Chen et al., 2006). These rd7 mice show abnormal retinal histology with formation of 

rosettes followed by slow retinal degeneration. On the level of electroretinogram (ERG) 

function of S cones is strongly enhanced, whereas rod function declines as the retina 

degenerates at later stages (Akhmedov et al., 2000). Indeed, detailed analysis 

revealed that the number of S opsin expressing cones is increased around 2-3 fold in 

these mice (Corbo and Cepko, 2005), suggesting that Nr2e3 plays a role in setting the 

cone to rod ratio. The remaining majority of photoreceptors in the rd7 mice were found 

to be hybrid cells expressing both cone and rod genes supported by microarray 

analysis showing widespread de-repression of gene transcription associated with cone 

photoreceptors (Corbo and Cepko, 2005). Molecular analysis shows that Nr2e3 is a 

dual transcription regulator that binding with Crx and Nrl stimulates Rhodopsin 

transcription, but represses cone opsins transcription with repressing activity on many 

other cone-specific genes (Peng et al., 2005). Analysis of the Nrl-/- retinae showed that 

expression of Nr2e3 is abolished in those animals demonstrating that Nr2e3 is a 

downstream effector of Nrl in the rod specification pathway (Mears et al., 2001). Forced 

expression of Nr2e3 in a Nrl-/- background suppresses cone gene expression and 

restores expression of some but not all rod genes (Cheng et al., 2006) indicating that 
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activity of both Nrl and Nr2e3 is required for establishment of a proper rod phenotype. 

Consistent with observations in mice, mutations in human NR2E3 cause retinal 

disease characterized by enhanced S cone function, defects in rod function and 

degeneration leading to blindness at late stages (Haider et al., 2000). Curiously, not 

only expanded cone population but also cells co-expressing both L/M and S opsins 

were found in the histopathological sample from an affected individual, an unusual 

phenotype for human cones (Milam et al., 2002). Altogether, these studies show that 

Nr2e3 is an important downstream effector of Nrl that cooperates with it to establish 

the rod phenotype primarily through repression of cone gene expression.  

With respect to cone photoreceptor specification, despite identification of several 

important regulators, a clear pathway remains elusive. A feature of many rod pathway 

loss of function models is reversion to S opsin-expressing cone-like cells with a 

moderate 2-3 fold increase in mature-appearing cone photoreceptor cells (Corbo and 

Cepko, 2005; Fu et al., 2014; Haider et al., 2000; Jia et al., 2009; Kobayashi et al., 

1999; Mears et al., 2001; reviewed in Swaroop et al., 2010). Indeed S opsin is the 

ancestral vertebrate visual pigment (Lamb, 2013; Larhammar et al., 2009). Recent 

evidence suggests that the transcription factor Onecut1 participates in the binary fate 

choice between rod and cone precursors by inducing the expression of the early cone 

marker thyroid hormone receptor ɓ2 (Trɓ2). Activity of this factor in the chicken retina 

is also required to represses a homolog of Nrl, L-Maf. Consistently, forced expression 

in the mouse results in increased numbers of immature cone precursors and a 

decrease in rod precursors (Emerson et al., 2013). Transcription factor Sall3 of the 

Spalt family was found to activate expression of multiple cone genes and particularly 

play a role in the induction of S, but not M, opsin expression (de Melo et al., 2011). 

Development of S cones was also found to depend on the expression of DNA 

methyltransferase 1 (Dnmt1) (Nasonkin et al., 2013). When it comes to M opsin 

expression thyroid hormone signalling through Trɓ2 nuclear receptor is crucial for its 

induction (Lu et al., 2009; Roberts et al., 2006; discussed further below). Taken 

together, these data suggest that whilst S opsin is the default visual pigment in 

mammals the number of mature cone cells is determined by the activity of positive 

regulators as well as the repressive activity of the rod differentiation pathway inducers. 

I.III.II.VI. Determination of cone opsin expression patterns  

Whilst there is one type of rod photoreceptors expressing a single photopigment 

Rhodopsin, there are usually at least two types of cone cells in any vertebrate species, 

that express different types of cone opsins (Lamb, 2013; Larhammar et al., 2009). 

Therefore an issue related to cone specification is the generation of an appropriate 
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number and spatial distribution of cones expressing different opsins (Swaroop et al., 

2010). The detailed mechanisms guiding opsin patterning in mice have not yet been 

elucidated, however, intrinsic transcriptional regulators activity combined with external 

stimuli and spatial location in the tissue was found to be key in this process (Swaroop 

et al., 2010). Animal studies have identified that two nuclear receptors, that bind 

external ligands to regulate transcription, are involved in establishing the cone opsin 

gradient in mice. In a mature mouse retina S opsin exhibits ventral high to dorsal low 

expression gradient, whilst the opposite is seen for M opsin (Applebury et al., 2000). 

Thyroid hormone receptor ɓ2 (Trɓ2) is crucial for induction of M opsin expression, 

which is abolished in Thrb2-/- mice (Ng et al., 2001). The thyroid hormone 

triiodothyronine (T3) is the physiological high-affinity ligand for Trɓ2 (Ng et al., 2001). 

Levels of T3 show a rise in the early postnatal retina between P4 and P10 forming a 

dorsal high-ventral low gradient correlating with the induction of M opsin expression 

(Roberts et al., 2006). Effects of the rise in T3 on M opsin induction are not observed 

in a mouse model with a knockin mutation disrupting Trɓ2 DNA binding without 

affecting the ligand recognition domain (Shibusawa et al., 2003) supporting the notion 

that uniformly distributed Trɓ2 receptor determines the gradient of M opsin expression 

by detecting T3 gradient set across the retina at early postnatal stages. Setting the S 

opsin gradient on the other hand requires cooperative action of Trɓ2 with another 

nuclear receptor Retinoid-related X receptor ɔ (RXRɔ). In Thrb2-/- animals M opsin 

expression is lost and all cones across the retina express S opsin. Thyroid hormone 

receptors often act as heterodimers with RXR family nuclear receptors and RXRɔ 

expression was found restricted to cone photoreceptors (and ganglion cells). Similarly 

to Thrb2-/- mice, in Rxrg-/- animals all cones throughout the retina express S opsin, 

however in contrast to the Thrb2-/- model, normal M opsin gradient is observed 

(Roberts et al., 2005). This suggests that homodimers of Trɓ2 mediate induction of M 

opsin in developing cones, whereas heterodimers with RXRɔ mediate suppression of 

S opsin expression.  

In addition, bone morphogenetic protein (BMP) and retinoic acid (RA) signalling were 

also found to be important for establishment of opsin gradients in the mouse. BMP 

signalling plays a role in establishing the dorso-ventral axis in the developing optic cup 

and is temporarily active in the dorsal retina at around E11 in mice (Satoh et al., 2009). 

BMP signalling exerts its effects on opsin patterning through chicken ovalbumin 

upstream promoter-transcription factors (COUP-TFs) I and II. These transcriptional 

regulators exhibit dorso-ventral gradients in distribution with COUP-TF I more 

prominent in the ventral retina whilst COUP-TF II highly expressed in the dorsal part 
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(Satoh et al., 2009). Expression of both COUP-TFI and COUP-TFII is required for 

suppression of S-opsin expression in the dorsal part of the retina, but COUP-TFI alone 

plays a role in suppressing M-opsin expression in the ventral retina (Satoh et al., 2009). 

Retinoic acid, an important morphogen in development of many tissues, was also 

implicated in setting the spatial distribution of cone opsins. Transcription factor Vax2 

was found to regulate spatial aspects of retinoic acid signalling in the developing retina. 

Genetic removal of Vax2 leads to expansion of the retinoic acid free zone into the 

ventral part of the retina. This correlates with the loss of S opsin expression and ectopic 

upregulation of M opsin in the ventral retina leading to near loss of M opsin gradient 

with M opsin expression close to uniform across the retina (Alfano et al., 2011). In 

summary, proper spatial distribution of cone opsins in mice was found to be dependent 

on the cooperation of intrinsic transcriptional regulators with gradients of soluble 

signalling molecules such as thyroid hormone, BMP and retinoic acid. 

 

I.III.III. Models of cell lineage specification in the retina.  
 

The retina is a convenient model to investigate cell lineage being an accessible part of 

the central nervous system with orderly arranged neuronal and glia types exhibiting 

characteristic positions and morphologies, facilitating tracing and progeny 

identification. The wealth of observations initiated by classical studies from late 1970s 

and the 1980s (Carter-Dawson & LaVail, 1979; Turner & Cepko, 1987) forms the basis 

and starting point for three interpretations of how to model the differentiation of retinal 

cell types currently put forward in this field of research (Diagram I.VIII.). 

I.III.III.I. Transcriptional dominance model of photoreceptor differentiation 

Advances in identification of the molecular regulators controlling commitment to the 

photoreceptor fate as well as mechanism of specification into photoreceptor types led 

A. Swaroop, D. Kim and D. Forrest to propose the ótranscriptional dominanceô 

hypothesis to explain the process of photoreceptor differentiation (Swaroop et al., 

2010). Three major points summarise this model: (1) following initial inductive cues 

photoreceptors differentiate from a common, generic, early post-mitotic precursor type 

with a potential to give rise both to cone subtypes as well as a rod; (2) in the absence 

of specific determinants this generic precursor develops into a blue opsin-expressing 

cone; (3) differentiation into a particular type of photoreceptor is dependent on 

abundance and/or activity at any developmental time of a set of transcription factors 

with different and often opposing effects on acquisition of a specific fate. This model 

predicts two ócrossroadsô or ótranscriptional control boxesô with binary choice options 
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and outcome dependent on the activity of fate determinants, first divergence into cone 

versus rod precursors and then decision to express a particular opsin type for cone 

precursors. Another prediction is that once appropriate numbers of cone precursors 

are made the differentiation cues will shift to promote solely rod precursor generation.  

The gene regulatory network for photoreceptor specification would present as follows, 

Otx2 biases progenitors to generate photoreceptors with Blimp1 and RORɓ acting to 

differentiate between the rod photoreceptor and bipolar fate in late Otx2-expressing 

cells (Wang et al., 2014). Cooperative action of RORɓ and Crx leads to initial induction 

of S opsin (Hennig et al., 2008). RORɓ is also an inducer of Nrl expression, which 

drives differentiation towards rod lineage (Fu et al., 2014). Commitment to this fate is 

strengthened and stabilized by Nrl-driven expression of RORɓ2 isoform (Fu et al., 

2014) and activation of Nr2e3, which acts to suppress cone gene expression (Corbo 

and Cepko, 2005). Unless a ódecisive thresholdô of Nrl activity is achieved, the 

photoreceptor precursor will develop along a default pathway into an S cone (through 

action of RORɓ and Crx). In mouse cone precursors Trɓ2 and RXRɔ are responsible 

for cone opsin patterning, by induction of M opsin and suppression of S opsin, 

respectively (Ng et al., 2001; Roberts et al., 2005). At different stages of differentiation 

the aforementioned factors compete for dominance in a ótug of warô-like fashion, the 

outcome depending of their relative levels and/or activity. 

This hypothesis is supported by several lines of evidence, firstly, analysis of molecular 

evolution of opsins suggests that S opsin is the first photoreceptor pigment to have 

evolved and species of lampreys, an ancient lineage of vertebrates, were found with 

photoreceptors morphologically resembling cones but functionally similar to rods, 

suggesting an ancestral cone-like photoreceptor (Lamb, 2013). Moreover, during 

embryonic development in many species, which can resemble phylogeny, S opsin is 

the first photopigment to be expressed (from around E18 in mice) and in a human 

foetus at 19 weeks of gestation S cones cover 90% of the retina, despite being a minor 

population in the mature retina. Furthermore S opsin expression expands following 

deletion of several transcriptional regulators of photoreceptor differentiation: Trɓ2-/- 

mice, where M opsin expression is lost, and Nrl and Nr2e3 knockouts, in which all 

prospective rods express S opsin instead of rhodopsin. In addition in isolated Nrl-

expressing early rod S opsin transcripts could be detected as well as infrequent cells 

staining for both cone and rod markers can be detected in the developing retina 

(reviewed in Swaroop et al., 2010). However, several aspects of this model can raise 

criticism. If S cone fate is the default developmental programme for cones, then 

photoreceptors in animals lacking Nrl should be identical to wild-type S cones.  
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8Models of lineage commitment in the retina 

 

Diagram I.VIII. Models of lineage commitment in the retina. 

Most models of retinal differentiation recognize a strong intrinsic programme of retinal 

development. In model (A) photoreceptor specification occurs in a stepwise manner. 

Poorly understood factors including reduction in Notch signalling trigger progenitor 

commitment to photoreceptor lineage. This is initially driven by the transcription factor 

Otx2 and then Crx. A generic photoreceptor precursor follows a defaults S cone 

differentiation pathway unless otherwise induced. Nrl drives commitment to the rod 


















































































































































































































































































































































































































































































