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ABSTRACT 
 
 
Cell transplantation is a promising strategy for treating blindness caused by the loss 

of photoreceptors. Recent work by other members of the lab has demonstrated the 

restoration of visual function following the transplantation of photoreceptor 

precursors obtained from early post-natal retinas into adult GNAT1-deficient mice. 

This thesis has sought to investigate the use of Embryonic Stem (ES) cells as a 

source of photoreceptors. The studies presented here aim to (1) characterize ES 

derived retinal progenitors development, (2) determine the stage of development of 

ES cell- derived rod photoreceptor precursors by comparing it to normal 

development and to (3) demonstrate the capability of integration and maturation of 

ES cell derived photoreceptor precursors following transplantation to the adult 

degenerate retina.  

 

To provide a comprehensive understanding of the ES differentiation system in 2D 

and 3D cultures, we analysed the differentiation of ES cells into retinal progenitor 

cells (RPCs) and retinal cell types. Photoreceptor genesis was characterized at the 

transcriptional and protein levels not only to establish if these cultures followed 

normal development but also to find the appropriated time point for transplantation. 

Recombinant AAV2/9 viral vector was used to label ES cell-derived retinal cell 

types not only to enrich for a pure population of retinal cells but also to allow their 

identification after subretinal transplantation in to models of retinal degeneration.  

 

These studies demonstrated that retinal development in vitro resembles normal 

development, following a conserved order of birth in both differentiation cultures. 

ES cell-derived photoreceptors are comparable to early post-natal stages of 

development. Following transplantation, 2D generated retinal cell types did not 

integrate into the host adult retina, whereas ES cell-derived photoreceptors generated 

from 3D cultures were able to integrate into the outer nuclear layer and demonstrated 

mature photoreceptor morphology. Therefore, ES cells can be used as a source of 

integration competent photoreceptor precursors.  
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CHAPTER 1. INTRODUCTION 
	  

1.1 MAMMALIAN EYE 
	  

1.1.1 Overview 
	  

Visual perception is an important mechanism most vertebrates use to perceive light 

and the organ responsible for the first stage of visual sensory processing is the eye. 

Eyes have evolved independently several times in different organisms and the high 

selective pressure of day/night cycles has created several different adaptations for 

light perception and image formation (Gehring, 2004). Despite all the diverse eye 

types found in these different phyla, they all share a common mechanism for photon 

catch, the visual pigments (Quiring et al., 1994). Within the eye, the photoreceptors 

in the neural retina are capable of capturing light and transforming it into an 

electrical signal that can then be carried to visual centers in the nervous system for 

further processing and image formation. Image formation starts with light passing 

through the lens and focusing on to photoreceptors cells in the sensory retina where 

the visual pigments absorb the light photons generating a conformational change that 

activates a phototransduction cascade, transforming the photon energy into an 

electrical signal that passes to the CNS via the optic nerve where the image is 

translated. 

 

The eye is a complex organ, with the unique role of light detection and transmission 

to the brain. In fact the eye is an extension of the brain and thus it represents a useful, 

accessible model to study the central nervous system as the neural retina contains a 

relative small number of neurons that are highly organized. Moreover, the eye is 

considered an immune privileged site with a peripheral location to the CNS making 

it ideal for surgical intervention. 
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1.1.2 Structure of the Eye 
	  

The mammalian eye is composed of three different layers; the external layer or 

corneoscleral envelope formed by the sclera and cornea; the intermediate layer or the 

uveal tract, formed by the iris, ciliary body and the choroid; the internal layer, which 

is the sensory part of the eye, the retina. There are three chambers of fluid; the 

anterior chamber located between the cornea and the iris; the posterior chamber 

located between the iris, zonule fibers and lens; the vitreous chamber located 

between the lens and the retina. The first two chambers contain aqueous humor 

whereas the vitreous chamber is filled with a more viscous fluid, the vitreous humor 

(Figure 1.1.1). 

 

 

Figure 1.1.1 Schematic showing the structure of the eye. 
Adapted from http://bio1152.nicerweb.com/Locked/media/ch50/eye.html. 

 

The corneoscleral envelope provides protection from both the environment and 

ocular trauma to the eye. The sclera is a tough layer of connective tissue mostly 

made of collagen and elastin that covers the whole eyeball except the cornea at the 

front of the eye. The cornea is formed by five layers of transparent tissue and allows 

the passage of light into the eye functioning as a fixed lens. The anterior layer of the 

cornea, the corneal epithelium is a nonkeratinised cell layer that stabilises the air-tear 
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film interface. The adult cornea contains a region of epithelium stem cells called the 

limbus at the peripheral edge of the cornea. This stem cell population constantly 

regenerates the corneal epithelium. The posterior layer, is known as the corneal 

endothelium containing non-regenerative cells that when lost change morphology to 

preserve a continuous sheet of cells.  

The uveal tract includes the iris, ciliary body and the choroid, which form a thin 

continuous pigmented vascular layer surrounding the eye globe from the pupil to the 

optic nerve. The iris contains papillary muscles that regulate the size of the pupil and 

accordingly the amount of light that enters the eye. The ciliary body consists of two 

regions, the anterior pigmented pars plicata, which contains the ciliary processes and 

the non-pigmented posterior pars plana, which continues to the ora serrate, the point 

at which the neural retina commences. The ciliary processes produce aqueous 

humour that is secreted into the anterior chamber, where as the ciliary epithelium of 

the pars plana via the zonular fibers secure the lens in position and allow a shift in 

the focus of the eye from far to near (accommodation). The choroid is a thin, 

pigmented layer lining the interior surface of the sclera, which absorbs any additional 

light that passes through the retina, stopping it from reflecting back into the eye and 

disturbing vision. Most importantly, it comprises a vascular network of capillaries, 

arterioles and venules, as well as larger vessels that provide nutritional support for 

the outer layers of the retina.  

The inner layer of the eye, the retina, is formed by two layers, the neurosensory 

layer, the neural retina, and a non-neural pigmented epithelial layer, the retinal 

pigment epithelium (RPE).  Although extracellular matrix proteins tightly appose 

these two layers, they are not anatomically joined, forming a subretinal space. The 

other structures within the inner surface of the eye, includes the lens, aqueous humor 

and vitreous, which are transparent structures refracting the light entering the eye in 

order to accurately focus it onto the neural retina. The lens capsule shapes the many 

fibers of the lens and is secured in place by the zonular fibers. The aqueous humor is 

maintained by the ciliary body and delivers vital metabolites to the cornea and the 

lens, which are both avascular. Furthermore, it removes waste products and keeps the 

intraocular pressure. The vitreous is formed by a transparent gel, which contains 

collagen fibers and hyaluronic acid molecules. It supports the shape of the globe and 
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assists to the refraction of the light in the eye. Together theses structures focus light 

onto the neural retina, which in turn enables neural impulses to be transmitted to the 

brain, via the optic nerve and provide a visual image. 

 

1.1.3 Structure of the Vertebrate Retina 
 

The inner layer of the eye can be divided into two components: (1) the non-neural 

retinal pigment epithelium (RPE) and (2) the neural retina. The retina is a layered 

structure (Figure1.1.2), which contains six neuronal cell types and a glial cell type, 

the rod and cone photoreceptors, bipolar cells, ganglion cells, amacrine cells and 

horizontal cells as well as Müller glia cells, a glial cell type. 

 

The first layer of the retina, from the vitreous cavity towards the back of the eye, is 

the nerve fiber layer composed by the axons of the ganglion cells which converge 

and become the optic nerve, the nuclei of these cells are present in the ganglion cell 

layer (GCL). The inner nuclear layer (INL) is formed by the cell bodies of the retinal 

interneurons (bipolar, amacrine, horizontal cells) and Müller glia. Between the 

ganglion cell layer and the inner nuclear layer there is an area of dense reticulum 

formed by the dendrites of retinal ganglion cells and the interneurons, where 

synapses formed, this region is called the inner plexiform layer. The outer nuclear 

layer (ONL) contains the cell bodies of rod and cone photoreceptors, which synapse 

with bipolar and horizontal cell dendrites via rod spherules and cone pedicles in the 

outer plexiform layer. 
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Figure 1.1.2. The layers of the neural retina. 

Schematic and light microscopy of murine neural retinal organization. Adapted from 

Webvision. 

 

Müller cells, the radial glial cells of the retina, which are supporting cells and span 

the entire retina forming the inner and the outer limiting membrane. The inner 

limiting membrane (ILM) of the retina is composed of laterally contacting Müller 

cell end feet and associated basement membrane constituents. The outer limiting 

membrane (OLM) of the retina is formed from adherens junctions between Müller 

cells and photoreceptor cell inner segments. The ILM is the inner surface of the 

retina bordering the vitreous humor and thus forms a diffusion barrier between neural 

retina and vitreous humor composed of Müller glia end feet as well as astrocytes, 

which migrate into the retina from the brain during development. Likewise, the OLM 

forms a barrier between the subretinal space, into which the inner and outer segments 

of the photoreceptors project to be in close association with the retinal pigment 

epithelium. Moreover, Müller glia processes cover all other cell bodies, dendrites and 

inner retinal blood vessels providing nutrients, survival factors and maintaining the 

homeostatic environment. Müller cell gliosis occurs after retinal injury and in almost 

all retinal degenerations. Gliosis is characterized by upregulation of the intermediate 

filament glial fibrillary acidic protein (GFAP), which is only expressed in astrocytes 
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in the healthy retina. Furthermore, glial scars can be produced by Müller glia 

processes expanding to the OLM, which have been shown to inhibit the regeneration 

of photoreceptor outer segments (Ooto et al., 2004; Fischer & Reh, 2003; Anderson 

et al., 1986; Lewis & Fisher, 2000). 

 

When stimulated by light, rods and cones transmit their signals through bipolar cells, 

to the ganglion cells. There are many subtypes of bipolar cells, which include rod 

and cone specific bipolar cells. Horizontal and amacrine cells make lateral 

connections and modulate the parallel signaling pathway from photoreceptors to 

ganglion cells. A subset of amacrine cells are also present in the GCL and these are 

referred to as displaced amacrine cells. Horizontal cells make connections on the first 

synaptic layer between the photoreceptors and bipolar cells and amacrine cells 

synapse on the second synaptic layer connecting the bipolar cells to the ganglion 

cells (Gehring, 2004). Therefore, to reach the photoreceptor cell layer, light has to go 

through the inner layers of the retina, which are transparent to light. The invagination 

process during the development of the optic cup explains this inverted arrangement 

found in the retina of vertebrates (Lamb, Collin, & Pugh, 2007).  

  

1.1.4 Photoreceptors and RPE structure 
 

At the back of the human eye one can observe the retina and in the center of the 

retina is the optic nerve, which conducts the impulses generated in the retina to the 

brain. From the center of the optic nerve the major blood vessels of the retina radiate. 

Throughout the retina the major blood vessels of the retinal vasculature supply the 

capillaries that run into the neural tissue. Capillaries run through all parts of the 

retina from the nerve fibre layer to the outer plexiform layer, but not through the 

ONL. 

 

The human eye contains a region, lateral to the optic disk, which is cone enriched 

and is considered the central retina known as the macula, responsible for central 

visual acuity (Figure 1.2.3). The macula contains a central region called the fovea 

centralis. The center of the fovea is known as the foveal pit and is a highly 

specialized region of the retina where the inner retinal cells are displaced allowing a 
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larger quantity of light to be absorbed by the cones in this region (Figure 1.2.3). It is 

important to note that the rodent retina does not contain a macula region and cones 

are distributed throughout the retina, with some regionalization for S and M cones.  

 

 
 

Figure 1.1.3. A view of the human retina. 

a, View of the back of the eye showing the optic nerve and the cone enriched fovea. b, 

Schematic of the fovea pit showing the displaced INL. Adapted from Webvision. 

 

The photoreceptor cells are highly specialized due to their role in phototransduction, 

which is the conversion of light to neural impulses. There are two types of 

photoreceptors in the mammalian eye, rods and cones, which are responsible for 

scotopic (night) and photopic (light) vision, respectively (Hecht, Haig, & Chase, 

1937). Rods are the most abundant photoreceptors in the mammalian retina and are 

sensitive to conditions of dim light and to the peripheral vision. Rods contain only 

one type of opsin, called Rhodopsin. Cone photoreceptors are divided in subtypes 

based on the cone visual pigment they contain and the wavelength of light they 

detect. The rodent retina contains two types of cones; S-cones that detect short 

wavelengths (blue light) and M-cones, which respond to medium wavelengths (green 

light), the distribution of which decreases, forming a gradient from the dorsal to the 

ventral retina (Applebury et al., 2000). In humans there is a third subtype of cone 

photoreceptor, which detect long wavelengths (red light), the L-cones.  

 

Photoreceptors are specialized cells that contain inner and outer segments, a cell 

body where the nucleus is located and inner efferent processes that terminate in 
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synaptic boutons. These synaptic structures have different morphologies in rods and 

cones and are refereed as to spherules or pedicles, respectively (Figure 1.2.4a). 

Specialized ribbon synapses are formed between bipolar cells and photoreceptors in 

the outer plexiform layer and are identifiable by ultrastructural analysis. The ribbon 

structure can be observed as an electron-dense bar that is perpendicular to the plasma 

membrane of the photoreceptor and tethers synaptic vesicles containing 

neurotransmitters. The ribbon is attached to the presynaptic membrane of the 

photoreceptor bouton forming a triad structure with the bipolar and horizontal cells 

(Figure 1.2.4b). The outer limiting membrane is a barrier that seals off the 

photoreceptor segment layer from the ONL, and thus limits the diffusion of the 

components of the phototransduction cascade. The inner segments (IS) are easily 

recognized by electron microscopy as they contain many mitochondria to supply the 

increased energy demands of the phototransduction cascade. A connecting cilium 

(Figure 1.2.4c), connects the inner and the outer segment regulating not only the 

trafficking of molecules but also the formation of membrane evaginations and 

invaginations that produce the outer segment (OS), the region where the important 

visual pigments are located. Cilia consist of a backbone, called the axoneme, which 

contains nine microtubule doublets arranged in a circle. Photoreceptor cilia are a 

non-motile, therefore cilia lack a central pair of microtubules (9 + 0 arrangement 

Figure 1.2.6a), which are present in motile cilia (9 + 2 arrangement). Rod and cone 

outer segments have different morphologies with cone segments being conical and 

shorter than rod segments, which are long and slender (Figure 1.2.4d). 
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Figure 1.1.4. Photoreceptor segments and connecting cilium. 

a, Rod and cone photoreceptor morphology. b, synaptic ribbon and triad structure between 

bipolar (IB, FB, rb) and horizontal (HC) cells c, Cilium microfilament connecting the inner 

to the outer segment. d, Inner and outer segment morphology in cones and rods. Cones have 

small conical and rods have long thin outer segments. Adapted from Webvision and Trends 

in Genetics, 2009. 

 

The outer segments are in close proximity with the RPE, which is a single-layer of 

cuboid epithelium that contains pigmented melanin granules; this allows the 

absorption of incident light and improves image resolution by reducing stray light 

reflecting back into the eye. Physiologically it provides metabolic O2 support and 

removal of the photoreceptor outer segment discs, which are phagocytized by the 
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RPE as well as recycling the phototransduction components required for light-

mediated visual responses. This is explained in more detail below. Therefore, the 

RPE is critical for the normal functioning of the retina and resides on top of Bruch’s 

membrane, which is a connective tissue layer separating the retina from the choroid 

capillaries. 

   

1.1.5 Function of The Retina 
	  
Phototransduction enables the photoreceptor to encode a light stimulus as a chemical 

output. In the dark photoreceptor membranes are depolarized, meaning that light 

hyperpolarizes and switches off these cells, and it is this 'switching off' that activates 

the bipolar cells and sends an excitatory signal down the neural pathway. Therefore, 

cones and rods are actively secreting neurotransmitters. Upon light stimulation 

neurotransmission release is reduced and signaling to the brain is achieved. 

 

Mouse rhodopsin and cone pigments belong to the super family of G-protein coupled 

receptors (GPCRs), which are seven transmembrane receptors. The three-

dimensional structure of rhodopsin is shown in Figure 1.2.5a (Palczewski et al., 

2000). Visual pigments consist of two parts, the opsin protein and a light absorbing 

chromophore. The chromophore is a derivative of vitamin A, the vitamin A1 

aldehyde (11-cis-retinal). Absorption of light by 11-cis retinal chromophore leads to 

rapid photochemical isomerization to all-trans retinal, which causes rhodopsin to 

undergo a conformational change to its tertiary structure. This photoisomerisation 

step is extremely quick and occurs within picoseconds after photon catch (Hayward 

et al., 1981). The Rhodopsin receptor becomes enzymatically active and it catalyzes 

the activation of the G protein transducin, which is attached to the C-terminal end of 

the rhodopsin. This activation allows the hydrolysation of the diffusible messenger 

cyclic guanosin monophosphate (cGMP) to 5’GMP by the activation of the g subunit 

of the phosphodiesterase (PDE) effector. The resulting decrease in the concentration 

of cytoplasmic GMP leads to the closure of cGMP-gated Na+ channels preventing the 

influx of sodium ions, which in turn also causes the voltage-gated Ca2+ channels to 

close. This reduction on the influx of cations into the outer segment results in 

membrane hyperpolarization, i.e. the intracellular voltage becoming more negative 

and the release of the neurotransmitter glutamate is therefore prevented (Figure 
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1.2.5b). The decrease in glutamate release by photoreceptor pre-synaptic boutons is 

sensed by the post-synaptic bipolar cells, which either depolarize or hyperpolarize 

their own synaptic membranes, depending on whether they are ON or OFF bipolar 

cells. These cells signal to ganglion cells, which results in the neural impulses being 

transmitted along the optic nerve to the lateral geniculate nucleus, from which 

impulses are sent to the primary visual cortex in the brain for interpretation of the 

neural responses into an image. 

 

 
Figure 1.1.5. The structure of rhodopsin and the rod phototransduction cascade. 

a, Schematic of seven transmembrane G-protein coupled receptor consisting of rhodopsin 

and 11-cis-retinal (a covalently bound chromophore). b, The second messenger cascade of 

phototransduction. 1. Light stimulation of rhodopsin in the receptor disks leads to the 

activation of a G-protein (transducin). 2. The GTP-bound alpha subunit of transducin 

activates a phosphodiesterase (PDE). 3. The activated phosphodiesterase hydrolyzes cGMP 

into GMP, reducing its concentration in the outer segment and leading to the closure of 

sodium channels in the outer segment membrane. Adapted from Purves et al., 2001 

 

To restore the dark state after photoresponse, restoration of cGMP to the dark levels 

is required. This is achieved by retinal guanylate cyclase (RetGC), which synthesizes 

cGMP from GTP. RetGC activity is regulated by guanylate cyclase-activating 

proteins (GCAPs), which sense the decrease in intracellular Ca2+ concentrations due 

to the closure of cGMP-gated channels (Palczewski et al., 1994). GCAP proteins 

consequently rapidly stimulate cGMP synthesis by RetGC, restoring it to the dark 

state concentrations. Photorecovery is also mediated by de-activation of rhodopsin at 
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the outer segment disc membrane. Rhodopsin kinase (RK) enzyme phosphorylates 

serine residues in the cytoplasmic loops of the activated rhodopsin protein, allowing 

arrestin to bind, which prevents the binding of transducin stopping downstream 

signaling of the phototransduction cascade.    

 

The complete regeneration of visual pigments requires the recycling of the 

chromophore from all-trans-retinal back to 11-cis-retinal, through a multistep 

pathway described as the retinoid or visual cycle (Wald, 1968). Once, the activated 

rhodopsin molecule has initiated transducin activation, the all-trans-retinal 

dissociates from the transmembrane protein and is transported by the protein ABCA4 

into the adjacent RPE. In the RPE a series of NADPH-dependent reactions drive the 

conversion of the all-trans form back to 11-cis retinal. This involves the RPE65 

protein and enzymes, such as 11-cis retinol dehydrogenase (11-cis RDH). The 11-cis 

retinal is recovered to the photoreceptor outer segment by inter-photoreceptor retinal 

binding protein where it associates with rhodopsin (Figure 1.2.6). 	  

	  

 
 
Figure 1.1.6. The classical visual cycle.  

The visual cycle begins in the outer segment with all-trans retinal release from the opsin. 

After reduction to all-trans retinol, the photoproducts cross the sub-retinal space and enter 

the RPE. Here, 11-cis retinal is regenerated in three enzymatic steps and returned to the 

photoreceptors. IRBP is thought to transport retinoids through the sub-retinal space. Adapted 

from http://www.photobiology.info/Parker-Crouch.html. 
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1.2 EYE DEVELOPMENT 
	  

1.2.1 Overview 
	  

The eye is a highly specialized extension of the brain. In all vertebrates, the eye 

develops from the anterior neural plate via a complex series of morphogenetic 

movements (Martinez-Morales & Wittbrodt, 2009). During neurulation the neural 

plate gives rise to the neural tube, nonetheless even before the folding starts the 

anterior region of the neural plate is committed to form the eye, this region is called 

the eye field. The first morphological indication of eye development in vertebrates is 

the bilateral evagination of the diencephalon in the early neurula, which in mammals 

is discernible by the appearance of the optic pit. Continued evagination of the optic 

primordia leads to the formation of the optic vesicles (OV), which extend towards 

the overlying surface ectoderm, which will eventually give rise to the lens and 

cornea. Inductive signals between the forming optic vesicle and the surface ectoderm 

lead to the formation of the lens placode, a thickening of the surface ectoderm that 

comes into contact with the optic vesicle. The synchronized invagination of the lens 

placode and the optic vesicle results in the formation of the lens vesicle and a 

double-layered optic cup (OC). The inner layer of the optic cup (in front of the lens) 

forms the neural retina, while the outer layer of the optic cup gives rise to the retinal 

pigment epithelium (RPE). The point at which the laterally growing edges of the 

optic cup fuse is called the choroidal fissure, which provides a channel for blood 

vessels for the eye and a way out for projecting axons (Bron et al. 1997). The surface 

ectoderm overlying the lens and mesenchymal cells derived from neural crest cells, 

form the cornea. Furthermore, at the distal tip of the optic cup where the inner and 

outer layers meet the ciliary body and iris form (Beebe, 1986). 

 

A variety of signaling pathways are known to be involved in early eye development 

and late cell specification of the retina and RPE. These extracellular signals include 

hedgehog (Hh), Wnt, transforming growth factor β (TGF-β), bone morphogenetic 

proteins (BMPs), and fibroblast growth factor (FGF), which participate at different 

stages of eye development influencing a range of eye specific transcription factors 

(Adler & Canto-Soler, 2007). The key molecular players and extrinsic signals 
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involved in the evagination of anteriorly located retinal precursors laterally to form 

epithelialized optic vesicles and consequently folding into the bi-layered optic cups 

have been elucidated with the help of animal models used in developmental biology 

and will be discussed in further detail in the sections below. 

 

The next major step in eye development is the differentiation of the proliferative 

multipotent retinal progenitor cells (RPCs) into the six neurons and one glial cell 

types forming the neural retina. This event occurs between early stages of embryonic 

development (E13.5) with the birth of ganglion cells and early post-natal stages with 

rod photoreceptors and Muller glia birth. A model for retinal cell-fate determination 

has been proposed. RPCs passes through intrinsic competence states which can give 

rise to subsets of postmitotic cells, which in turn are controlled by extrinsic 

molecules present in the developing environment (Livesey & Cepko, 2001).  

	  

1.2.2 Early Eye Development 
	  

1.2.2.1 Morphogenesis from Neural Induction to Optic Cup  

	  

Eye formation, from eye field to the final optic cup stage, occurs through a series of 

morphogenetic events and inductive extracellular signals. Initially, the important 

events of morphogenesis will be described. 

 

Neurulation 

 

The early embryo contains three germ layers, which are specialized during early 

embryo development and eventually give rise to the distinct types of tissues in the 

body (Figure 1.2.1). The endoderm gives rise to gut and its derivatives such as liver 

and lungs; the mesoderm will form the skeletal-muscular system, connective tissue 

and organs such as kidneys and heart; the ectoderm gives rise to the epidermis and 

the nervous system.  

 



	   27	  

 
Figure 1.2.1. Differentiation of the three germ layers and their derivatives. 

Adapted from: http://www.ncbi.nlm.nih.gov/About/primer/genetics_cell.html 

 

During the process of gastrulation, signals from the node, induce commitment 

(Larsen human embryology) of the ectoderm lying along the dorsal midline of the 

embryo. The first step whereby the uncommitted ectoderm becomes committed to 

the neural lineage is known as neural induction, which influences the embryonic 

ectoderm to increase the height of its cells and become columnar cells, at this point 

known as neuroepithelial cells or neuroectoderm. These cells form a thickened neural 

plate (Keller et al., 1992; J. L. Smith & Schoenwolf, 1989). The neural plate extends 

along the anterior-posterior axis, becoming narrow and bending of the neural tube 

follows. Therefore, the neural tube forms from a two-stage process of neurulation, 

where the neural plate shapes and then folds. Initially, in the primary neurulation, the 

surface ectoderm folds into a tube that eventually separates from the surface. Next, 

the ectoderm forms a cord, which eventually forms a cavity within itself, this is 

known as secondary neurulation (Figure 1.2.2a). As development of the brain 

progress it will form three primary vesicles: prosencephalon (forebrain), 

mesencephalon (midbrain), and rhombencephalon (hindbrain). The prosencephalon 

further subdivides into telencephalon and a caudal diencephalon where the optic 
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vesicles will arise from the lateral walls (Figure 1.2.2b). 

 

 
Figure 1.2.2. Neural tube development and it adult derivatives. 

a, Primary neurulation at neural plate stages followed by midline bending of the neural plate 

over the notochord to form the neural folds; lateral bending with convergence of the neural 

tube showing the hinge points; neural fold fusion separating from the surface ectoderm. 

From Gilbert, Developmental Biology (7th Edition). b, Early human brain development. The 

three primary brain vesicles are subdivided as development continues. At the right is a list of 

the adult derivatives formed by the walls and cavities of the brain. Adapted from Moore and 

Persaud, 1993.  
 

Eye field 

 

Importantly, even before the formation of the neural tube, a single “eye field”, 

formed by cells that will give rise to eye progenitors, is present in the anterior neural 

plate. Studies in several species using fate map analyses of the late gastrula and early 

anterior neural plate demonstrated the presence of a single median area of retinal 

precursors, which is surrounded anteriorly and laterally by telencephalic precursors 

and posteriorly by cells that will form the hypothalamus (Esteve & Bovolenta, 2006; 

Woo & Fraser, 1995). Another important tissue involved in early eye development is 

the underneath precordal mesoderm, which plays a role in the separation of the 

bilateral optic vesicles, as it moves and elongates the neural plate midline (Woo & 
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Fraser, 1995) (Heisenberg & Nüsslein-Volhard, 1997) (Marlow et al., 1998). The 

development of the optic vesicles from the eye field is not simply influenced by 

physical interactions with the future hypothalamus and the underlying mesoderm, but 

also by extrinsic signals produced by these regions (Dale et al., 1999; Hayhurst & 

McConnell, 2003; Patten et al., 2003; Varga et al., 1999; Roessler & Muenke, 2001). 

Classic experiments in developmental biology have long demonstrated that in the 

absence of axial tissues, the single eye field never separates into two bilateral eyes 

and the optic stalks fail to form (Figure 1.2.3a,b) (Aldemann, 1936).  

In summary, the first step in eye development forms as the neural plate folds up to 

form the brain, the single eye-field splits in two and evaginates from the brain to 

form left and right optic vesicles. 

 
 

Figure 1.2.3. Mangold classic experiment in Triton  

a, Operation consisted of removing the roof of the archenteron, which underlies the neural 

plate in early neurula. b, Section through an operated 10 day old embryo showing an almost 
complete single eye with one lens. Adapted from Aldemann, 1936. 
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Optic vesicle 

 

The emergence of symmetrical bilateral evaginations from the diencephalon is the 

first indication of optic vesicle (OV) formation, which slowly expands through the 

mesenchyme towards the surface ectoderm. In mouse, OV formation is detected at 

embryonic stages E8.25 and 8.5 followed by complex structural changes, which start 

as a result of the contact between the OV and the surface ectoderm. At E9.5 the 

ectoderm thickens into a lens placode, which will invaginate into a vesicle that 

eventually closes and separates completely from the surface ectoderm (Figure 1.2.4). 

 

The concomitant morphogenesis of the OV is more complex with the cellular shape 

of optic vesicle cells changing considerably and accompanied by transient alterations 

in basal lamina composition. First, the neuroepithelial cells more than double in 

length followed by shortening as the neural tube closes. Simultaneously, the cells 

narrow at both the apical and basal ends. The interphase nucleus remains constant in 

size and cellular position during optic vesicle formation (Svoboda & O'Shea, 1987). 

Furthermore, the distribution of basal lamina components (HSPG, laminin, 

fibronectin and type IV collagen) alters significantly. The basal lamina could provide 

a structural support as it forms a firm base to morphogenetic cell shaping during 

neurulation. In addition it may regulate contact between the neuroepithelial cells and 

subjacent mesenchyme. The neuroepithelium basal surface in the anterior neural 

plate, at early neural fold stage of development, prior to OV formation, stains 

intensely and uniformly for all four components. The basal lamina is visible as a 

continuous area along the basal surface of the neuroepithelial cells. When the neural 

folds commence elevation and the initial invagination of the optic pit is noticeable, 

regional differences in the deposition of these components become apparent. At the 

early OV stage, all four basal lamina proteins are detected in the basal lamina of 

surface ectoderm. However, in the OV deposition of HSPG and fibronectin is 

uniform, while the deposition of type IV collagen and laminin is patchy at the lateral 

margin of the forming OV. At the late OV stage, the basal lamina is continuous with 

all four components forming a boundary around the vesicle (Svoboda & O'Shea, 

1987). 
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Optic cup 

 

Following OV formation the next major stage in eye development takes place in a 

environment influenced by a variety of neighboring tissues, the folding of the optic 

cup (OC) and the lens vesicle formation at E10 occur as soon as the OV contacts the 

ectoderm (Figure 1.2.4). As the lens vesicle closes and separates from the surface 

ectoderm, the OV invaginates to form the OC, which has a double wall, and is 

connected to the diencephalon by the optic stalk. The dorsal region of the OV 

invaginates to generate the neural retina (inner layer) and the retinal pigment 

epithelium (outer layer). Ventrally the OV narrows significantly into the choroid 

fissure. The fissure will eventually close and form the optic nerve (Adler & Canto-

Soler, 2007).  

 

 
Figure 1.2.4. Early eye development. 

Schematic showing the neural retina and lens formation. Scanning electron microscopy 

images showing evaginating optic vesicle and the invagination of the optic cup together with 

the formation of the lens. Adapted from www.bioanalogy.com 
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The mechanism of OC morphogenesis entails changes in cell shape followed by 

apparent increases in microtubules and microfilaments (Adler & Canto-Soler, 2007). 

Studies in chick have shown the presence of apical bands of microfilaments in the 

RPCs that contract, generating a Ca2+ dependent invagination (R C Brady, 1982). 

Furthermore, focal adhesion proteins such as the integrin beta 1 receptor might be 

involved in morphogenesis, as fish mutants containing morphogenesis defects have 

reduced expression of these proteins in their basal surface (Mertes et al., 2009).  

 

The requirement of the surface ectoderm and lens in the invagination of the neural 

retina (Hyer et al., 1998) (Hyer et al., 2003) (Smith et al., 2009) has been the subject 

of a lot of investigation but controversies remain (Adler & Canto-Soler, 2007; 

Martinez-Morales & Wittbrodt, 2009). Hyer et al, 2003 established that OC cup 

formation is prevented if the pre-lens ectoderm is removed. Their results show that 

although the OC invagination is perturbed the retina specific expression of Vsx2 was 

observed, suggesting that differentiation of the neural retina is a process independent 

of the invagination of the OC. Furthermore, OC morphogenesis is not affected if 

either the lens placode or the invaginating lens is removed. Importantly, this 

phenomenon appears to be connected to the early specification of the retina by FGF 

signaling provided by the ectoderm (Hyer et al., 1998). Genetic studies in mouse, 

where Six3, Pax6 and Sox2 expression was disrupted in the pre-lens tissue resulted 

in failure of lens placode thickening and a loss of OC formation (Ashery-Padan et al., 

2000; Grindley, Davidson, & Hill, 1995; Kamachi et al., 1998; Smith et al., 2009). 

These findings suggest that invagination of the OC depends on the intrinsic 

properties of the developing neuroepithelium (pre-lens tissue). 

 

Recently, studies differentiating eye structures from mouse and human embryonic 

stem cells have demonstrated the spontaneous self-formation of OVs, which 

subsequently fold into OCs. This process occurs without the presence of lens 

structures or surface ectodermal tissues, suggesting that invagination is not solely 

dependent on external structures. These results have revealed that the complex eye 

morphogenesis, in the in vitro condition, possesses a ‘latent intrinsic order’ involving 

dynamic self-patterning and self-formation determined by internal forces within the 

epithelium (Eiraku et al., 2011; Nakano et al., 2012). However, this is very much an 
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early and active area of research, which will undoubtedly provide many more 

insights into early eye developemt.  

 

In summary, research into the mechanisms driving eye development morphogenesis 

has demonstrated that the temporally controlled interaction between neighboring 

tissues and the forming eye is not only controlled by physical forces but also by 

extrinsic signals. Most important is the revelation that intrinsic properties of the 

neuroepithelium are involved in these complex events both in vivo and in vitro ES 

cell-derived differentiation cultures.  

     

1.2.2.2 Extracellular signaling from Neurulation to Optic Cup 

 

Many extracellular signals from the adjacent tissues have been shown to influence 

eye development (Esteve & Bovolenta, 2006). This knowledge has helped to 

elucidate the main events involved in eye morphogenesis but in addition it has 

clearly influenced the field of ES cell differentiation. The signaling pathways 

involved in the control of eye development include hedgehog (Hh), Wnt, 

transforming growth factor β (TGF-β), bone morphogenetic proteins (BMPs), and 

fibroblast growth factor (FGF). These signaling molecules have various roles at 

different stages of eye development (Adler & Canto-Soler, 2007). 

 

Neurulation to eye field 

 

In Xenopus and fish FGF and the Wnt non-canonical pathways regulate the 

morphogenetic movements of retinal precursor cells towards the eye field 

(Cavodeassi et al., 2005; Lee et al., 2005; Moore et al., 2004). The Wnt 

canonical/βcatenin pathway has to be dowregulated or inhibited for the eye field to 

differentiate from the diencephalic region (Esteve et al., 2011; Houart, 2009). The 

prechordal mesoderm has been described as one of the tissues influencing the 

anterior neural plate to establish the eye field region. It induces the medial neural 

plate cells to become non-retinal (Li et al. , 1997) (Pera & Kessel, 1997). The 

division of the eye field involves a secreted Nodal-related member of the TGF-β 

superfamily encoded by the Cyclops (Cyc) gene (Müller et al., 2000) (Varga et al., 
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1999), possibly acting through the induction of sonic hedgehog (Shh), a member of 

the Hh family of secreted signaling molecules. Hh signaling has been implicated in a 

number of developmental processes from embryonic pattern formation and cell fate 

specification, to cell proliferation (Ingham et al., 2001). Shh is expressed in the 

midline of the anterior neural plate and in the prechordal mesoderm (Echelard et al., 

1993; Krauss et al., 1993; Roelink et al., 1994, 1995; Ekker et al., 1995a; Ericson et 

al., 1995) (Marti et al., 1995; Shimamura et al., 1995). Studies in mice lacking shh 

showed that shh is required for the bilateral evagination of the eye field and the 

formation of two eyes (Chiang et al., 1996).  

 

Optic vesicle to Optic cup development 

 

Later at the OV stage of development, a combination of Shh, TGF-b and FGF 

signaling pathways are responsible for the dorsal-ventral patterning of the 

invaginating neuroepithelium of the OV into the dorsal presumptive RPE/retina and 

the ventral optic stalk (Mui et al., 2002; Kim et al., 2005).  

 

Retinoic acid (RA) and Hh have been described as factors that mainly influence 

ventral development (Adler & Canto-Soler, 2007). RA is required for the 

morphogenetic movements shaping the ventral OC. Raldh2 and Raldh3, expressed in 

the mesenchyme and the RPE, respectively, synthesize RA which induces 

morphogenetic movements in the neuroepithelium and results in the ventral 

invagination of the OC (Molotkov et al., 2006). Moreover, Hh signaling is involved 

in the development of the ventral optic stalk, as a lack of Shh fails to induce markers 

of the optic stalk (Varga et al., 1999). 

 

The dorsal patterning of the OC is influenced by BMPs, predominantly BMP4, 

which is only expressed in the dorsal OC and its over-expression has dorsalizing on 

the ventral retina (Koshiba-Takeuchi et al., 2000; Sasagawa et al., 2001). 

Furthermore, the role of FGFs in the patterning of the OV into the neural retina and 

RPE has been well described (Chow et al., 2010; Fuhrmann et al., 2010; Martinez-

Morales et al., 2005). Studies in chick and frog demonstrated that the presumptive 

RPE could be transdifferentiate into neural retina when cultured with FGFs (Opas & 
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Dziak, 1994; Park & Hollenberg, 1989) (Guillemot & Cepko, 1992; Vogel-Höpker et 

al., 2000). Moreover, downregulation of FGF2 by neutralizing antibodies in chick 

optic vesicles in vitro inhibited neural retina development (Pittack et al. 1997). 

Additionally, if these optic vesicle explants, that did not contain surface ectoderm, 

were exposed to FGFs, neural retina development was rescued (Hyer et al., 1998; 

Nguyen & Arnheiter, 2000). The surface ectoderm expresses members of the FGF 

family, which influence neural retina formation. Additionally, when the neural retina 

contacts the surface ectoderm it starts to express FGF8 and FGF9, which will 

eventually define the boundary of neural retina and RPE (Galy et al., 2002; Horsford 

et al., 2005; Vogel-Höpker et al., 2000; Zhao et al., 2001). The extra ocular 

mesenchyme is also involved in the patterning of the OC. It mainly influences RPE 

differentiation and inhibits neural retinal specification. Activin A has been identified 

as a secreted factor involved in RPE specification; different activin receptors are 

expressed in the optic vesicle and the surrounding mesenchyme (Fuhrmann, Levine, 

& Reh, 2000) (Chow et al., 2010). 

 

1.2.2.3 Molecular control involved in eye development 

 

Neural plate to Optic Vesicle 

 

As discussed above the formation of the bilateral eye fields occurs as part of anterior 

neural plate development. The eye field is determined by seven eye field 

transcription factors (EFTFs), which are co-ordinately expressed in retinal precursor 

cells in the anterior neural plate. The essential role of the EFTFs was demonstrated 

by a landmark experiment in Xenopus where ectopic co-expression of Pax6, Six3, 

Rx1, Lhx2, tll and Optx2 (Six6 in mouse) in different locations of the frog embryo 

induced the formation of a third eye demonstrating that these factors are sufficient 

for eye development (Zuber et al., 2003).  

 

Fate mapping studies have situated the mouse eye field in the anterior neural plate at 

embryonic day 8.5 (E8.5) (Inoue et al., 2000). Specification of the eye field is 

influenced by the expression of Pax6, Lhx2, Rax, Six3 and Six6 (Tétreault et al., 

2009). The earliest genes to specify the eye field and therefore involved in eye 



	   36	  

development are Pax6 and Rax, whereas the other EFTFs are expressed in response 

to this initial specification (Zhang et al., 2002).  

 

Rax, a retinal homeodomain transcription factor, is initially expressed throughout the 

anterior neural plate, and following neurulation at E10.5 expression is limited to the 

OV and the ventral diencephalon. Later at OC stage (E15.5) Rax is detected in the 

entire neural retina. As retinal development progresses a reduction of Rax expression 

in the retina is observed, the downregulation initiates in the ganglion cells and 

reduces with the loss of proliferative activity in the retinal cell layers. At postnatal 

stage P6.5 Rax transcripts are only in the photoreceptor and inner nuclear layer and 

are no longer detected 2 weeks after birth (Mathers et al., 1997). 

 

Rax genes are essential for early eye development. Experiments in Xenopus have 

demonstrated that misexpression of Rax results in ectopic retinal tissue and increased 

proliferation of the normal retina. Consistent with the Xenopus results, 

misexpression of Rax in zebrafish demonstrated the expansion of retinal tissue into 

the forebrain (Chuang & Raymond, 2001). In mice, homozygous for a null mutation 

of the Rax gene, the OVs do not form and thus they are anophthalmic (Mathers et al., 

1997). Furthermore, although the expression of Otx2, Six3, and Pax6 is normal in the 

anterior neural plate, the expression of these genes is not upregulated in the 

presumptive area where the OV would form (Zhang et al., 2000). These results 

suggest that Rax plays an important role in regulating the initial specification of 

presumptive retinal cells and possibly their proliferation. 

 

In contrast to Rax-/- mice, Pax6 homozygous Small eye embryos have normal 

expression of eye field markers in the anterior neural plate (Mathers et al., 1997).  In 

Pax6-/- embryos OV formation is normal, but early eye development is arrested at the 

OC stage (Grindley et al., 1995) (Hogan et al., 1986). Further studies in the Pax6-/- 

mice, demonstrated the over-proliferation of neuralepithelial cells of the OV, which 

presented an abnormal cell cycle kinetic (Duparc et al., 2007). Moreover, the 

expression of Lhx2, Rax, Six3, Six6 and Otx2 was not disturbed in the OV of Pax6 

conditional knockout mice, revealing that early eye field specification can occur in 

the absence of Pax6 (Marquardt et al., 2001). Pax6 is a member of the paired-box 
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and paired-like homeobox gene family (PAX) of transcription factors; it is first 

expressed toward the end of gastrulation in the anterior neural plate (Del Rio et al 

.,1995; Grindley et al., 1995; Hirsch & Harris, 1997; Li et al., 1997; Li et al., 1994; 

Püschel et al., 1992; Walther & Gruss, 1991). As neurulation continues, Pax6 

expression is limited to the OV, as well as to the presumptive lens ectoderm. Pax6 is 

expressed in the entire OC (Grindley et al., 1995), but in the postnatal retina 

expression is only maintained in the ganglion, amacrine and horizontal cells 

(Belecky-Adams et al., 1997). 

 

Lhx2 is the earliest EFTF together with Rax expressed in the eye field (Zuber et al., 

2003), it encodes a member of the LIM homeobox-containing transcription factors 

family (LHX). In mice, Lhx2 is required for the development of numerous organs, 

including the eye, the telencephalon and blood system (Porter et al., 1997). Lhx2 is 

necessary to determine the eye field at the neural plate stage as Lhx2 knockout 

results in delayed induction of Six3, Rax and Pax6 expression in the eye field 

domain. Eye development in Lhx2-/- embryos arrest at the optic vesicle stage 

(Tétreault et al., 2009). At the OV stage Lhx2 is required for the initiation of Six6 

expression. Later in OC stages, Lhx2 assists Pax6 to establish definitive RPC identity 

and promote proliferation (Tétreault et al., 2009). 

 

Six3 and Six6, are related members of the SIX-homeodomain family (of which sine 

oculis is the founding member). Although both genes are expressed in the gastrula, 

only Six3 is expressed in the eye field (Conte et al., 2005). At later stages, Six6 and 

Six3 are expressed throughout the optic vesicle. Expression of both genes continues 

in the optic stalk and neural retina (Jean et al., 1999; Loosli et al., 1999; Oliver & 

Gruss, 1997; Zuber et al., 1999). In fish, overexpression of Six3 initiates the 

formation of an ectopic retina (Loosli et al., 1999; Loosli et al., 1998). In Six3 

conditional knockout mice, eye field induction was unaffected; however, neural 

retinal specification did not take place in the mutant optic vesicles, but RPE 

specification appeared normal (Liu et al., 2010). Therefore, these results suggest that 

Six3 is involved in neural retina specification. Overexpression of Six6 in Xenopus 

results in a dramatic increase in eye size, which is dependent on cellular proliferation 

(Zuber et al., 1999). In Six6 knockout mice expression of EFTFs was unaffected, but 
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the number of retinal cell types was reduced. Suggesting, like in Xenopus, that Six6 

regulates cell proliferation and expansion of RPCs (Li et al., 2002).   

 

Interestingly, together with Six6, Otx2, a member of the orthodenticle-related family 

of transcription factors, is not expressed in the eye field, but prior to it in the entire 

embryonic ectoderm of the mouse gastrula (Bailey et al., 2004; Simeone et al., 

1993). This downregulation of Otx2 in the early eye field suggests that it does not 

participate in early eye field specification (Andreazzoli et al., 1999). Otx2 expression 

returns at the OV stage of eye development, and is present in neuralepithelial cells 

during their final cell cycle (Swaroop, Kim, & Forrest, 2010). Finally, Otx2 becomes 

restricted to the RPE and the presumptive photoreceptor layer; however, at later 

postnatal stages expression alters to the bipolar cell layer (Koike et al., 2007). 

Conditional Otx2 knockout in developing photoreceptors, showed a complete loss of 

photoreceptors and a distinct increase of amacrine-like cells (Koike et al., 2007; 

Nishida et al., 2003). Moreover, overexpression of Otx2 by retroviral transduction 

biased RPC cell fates towards photoreceptors, indicating that OTX2 is involved in 

photoreceptor cell fate determination (Nishida et al., 2003).  

	  

1.2.3 Retina Development 
	  

1.2.3.1 Neural retina and RPE specification 

 

The domains that give rise to the neural retina and RPE are established in the 

evaginating OV. At this stage the neuroepithelium of the OV exhibits a high level of 

plasticity, the neural retinal progenitors have the potential of developing into RPE 

progenitors (Horsford et al., 2005; Rowan et al., 2004) and the neuroepithelium of 

the presumptive RPE can become neural retina (Opas et al., 2001; Reh & Pittack, 

1995; Stroeva & Mitashov, 1983).  

 

To date, the earliest specific marker of the neural retina described is Vsx2 (formerly 

Chx10), a paired-like homeodomain transcription factor, which is specifically 

expressed in the RPCs of the neural retina at OV E9.5 (Liu et al., 1994) and later in 

the postnatal retina in post-mitotic bipolar cells (Chen & Cepko, 2000) (Burmeister 
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et al., 1996) (Belecky-Adams et al., 1997) and a subset of Müller glia (Rowan et al., 

2004). In mice, the orJ mutant has a spontaneous premature stop codon in the 

homeodomain of the Vsx2 gene, leading to a lack of Vsx2 protein and a reduction in 

the proliferation of RPCs, especially at the periphery of the retina (Bone-Larson et 

al., 2000) (Burmeister et al., 1996). 

 

Another essential player in the specification of the OV neuroepithelium is the basic 

helix-loop-helix leucine-zipper transcription factor Mitf, which is fundamental for 

the acquisition and preservation of the RPE. Interestingly, in mice the expression of 

Mitf is detected throughout the OV neuroepithelium at E9 but is then downregulated 

in the neural retina at E9.5 concomitant with the appearance of Vsx2 (Nguyen & 

Arnheiter, 2000), however, it remains expressed in the RPE and ciliary body 

throughout early eye development. Mitf mutations result in microphthalmia, a lack of 

RPE differentiation and respecification of the dorsal OC from RPE to neural retina 

(Bumsted & Barnstable, 2000; Hodgkinson et al., 1993; Nguyen & Arnheiter, 2000). 

Furthermore, Mitf responds to external signals, such as FGF from the surface 

ectoderm, which represses Mitf expression (Nguyen & Arnheiter, 2000) and activin 

from the mesenchyme surrounding the RPE, which upregulates Mitf expression 

(Fuhrmann et al., 2000). Therefore, two major markers of neural retina and RPE 

development are Vsx2 and Mitf, respectively. These studies suggest that the main 

function of Vsx2 is to prevent RPE specification by Mitf. Both Vsx2 and Mitf are 

required to determine retinal progenitor identity as either neural retina or RPE cells. 

 

1.2.3.2 From Progenitors to Differentiated Cells in the Vertebrate Retina 

 

Once optic cup morphogenesis is complete three major structures develop to form 

the adult eye: the neural retina, the RPE and the lens. 

 

Some of the processes controlling RPC maintenance and subsequent differentiation 

into the different retinal cells types have been elucidated. At early OC stages RPCs 

proliferate and expand in number undertaking a diverse number of cell divisions until 

they differentiate into post-mitotic cell types. In mice, from E10.5 RPCs start to 

generate retinal interneurons in a temporal order conserved across many species 
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(Edlund & Jessell, 1999; Ohsawa & Kageyama, 2008). Six types of neurons and one 

glial cell type are generated during vertebrate retinal development. Ganglion cells are 

born first, followed by amacrine cells, cone photoreceptors, and horizontal cells, 

which are considered early born cell types. Bipolar cells, rod photoreceptors and 

lastly Muller glia are born at later stages. These different cell types will eventually 

form the laminar structure of the retina (Figure 1.2.5a) (Ohsawa & Kageyama, 2008). 

Despite this conserved order of genesis a number of birthdating studies, by 

continuous administration of 5-bromo-2’-deoxyuridine (Brdu), or by double Brdu 

and tritiated (3H) thymidine injections, have demonstrated that a considerable overlap 

in the time of differentiation of these cells exists (Rapaport et al., 2004) (Young, 

1985) (Carter-Dawson & LaVail, 1979). Brdu is a thymidine analog that incorporates 

into the DNA of dividing cells during the S-phase of the cell cycle and is used for 

birth dating and monitoring cell proliferation. Brdu can be detected by 

immunohistochemistry, using a monoclonal antibody directed against single-stranded 

DNA containing Brdu (Taupin et al., 2007). 

 

Another key feature of RPCs was demonstrated by landmark clonal analyses studies, 

which investigated the descendants of individual RPCs demonstrating that they are 

multipotent (Holt et al., 1988; Turner & Cepko, 1987; Wetts & Fraser, 1988). Turner 

et al. used retroviral labeling to establish lineage relations between RPCs and their 

progeny. The cells were identified by β-galactosidase. The positions in retinal layer 

as well as the cell morphology were used to characterize the retinal cell types. The 

clones analyzed contained not only different types of retinal neurons but also Müller 

glia cells implicating that a single RPC can generate many cell types. Wetts et al, has 

also demonstrated the generation of many cell types by a common RPC in the frog 

retina. Therefore, cell specification in the eye is not a simple model in which each 

cell type is generated by restricted RPCs.  

 

Two possibilities can explain the order in cell type generation by the multipotent 

RPCs. One is that RPCs are instructed to generate different cell types at different 

times by extrinsic environmental cues that change during development (Turner & 

Cepko, 1987). Alternatively, RPCs could vary in their intrinsic properties with time, 

which influences their capacity to generate different cell types at different stages of 
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development. (Alexiades & Cepko, 1997). The generally accepted idea is that RPCs 

generate different cell types by going through irreversibly intrinsically distinct 

competence conditions, which in turn can be influenced by environmental cues. A 

seminal study from Cepko et al in 1996 was the first to propose this competence 

model for retinal development (Cepko et al., 1996). 

 

The competence model explains that RPCs are different in terms of their intrinsic 

competence to generate different retinal cell types through the duration of 

development (Figure 1.2.5b). Figure 5c shows a schematic of RPC differentiation in 

the competence model. With each division, a progenitor generates a mitotic or a 

postmitotic daughter cells. The first division shown produces two progenitors, while 

the other divisions generate either a progenitor and a postmitotic cell or two 

postmitotic cells. Different colors of progenitor cells indicate different competence 

states. Note that more than one type of progenitor is predicted to produce a particular 

cell fate (Figure 1.2.5c).  The initial investigations that provided evidence for this 

model came from heterochronic in vitro experiments. RPCs from earlier or later time 

points in development were placed in an environment of a different stage. In chick, 

RPCs from early in development, which differentiate into ganglion cells in vivo, 

generated this cell type despite the age of the environment they were cultured in 

(Austin et al., 1995). Another example came from rodents; rat RPCs did not change 

their fate when placed in different stage environments (Belliveau & Cepko, 1999; 

Belliveau, Young, & Cepko, 2000).  
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Figure 1.2.5. Retinal progenitors cell fate specification on retinal development. 

a, Temporal order of generation of mammalian retinal cell types. Ganglion cells are 

generated first and Muller glial cells last. Schematic representation of the laminar structure 

of the retina; ganglion cell layer (GCL), inner nuclear layer (INL), outer nuclear layer 

(ONL). b, A progenitor goes through waves of competence (different colors), during which 

it is competent to produce only a subset of postmitotic cells. A main feature of this model is 

that progenitors both acquire and lose the capacity to generate various cell types. c, The 

predicted lineage tree as cell divisions of multipotent progenitors progresses. With each 

division, a progenitor generates two daughter cells, which might be either mitotic or 

postmitotic. The first division shown produces two progenitors, while the other divisions 

generate either a progenitor and a postmitotic cell or two postmitotic cells. Different colors 

of progenitor cells indicate different competence states. Note that more than one type of 

progenitor is predicted to produce a particular cell fate. Adapted from Marquardt and Gruss 

(2000) and Young (1985). 
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RPC heterogeneity can explain what limits the cell types generated at a stage of 

development. The first attempts to provide evidence for RPC differences came from 

a study showing that a subset of RPCs expressing markers of amacrine (VC1.1) and 

horizontal cells (syntaxin1a) exist and in turn these RPCs were biased to produce 

those cell types (Alexiades & Cepko, 1997). Heterogeneity of RPCs was further 

demonstrated with the discovery of two pools of RPCs, which specifically expressed 

bHLH transcription factors Mash1 and Math5 and by studies that showed two classes 

of RPCs expressing different cyclin kinase inhibitors, p27 and p57, which 

demonstrated the link between cell cycle exit and cell fate differentiation (Dyer & 

Cepko, 2001).  

 

More recently, microarray gene expression profiling of individual mouse RPCs 

confirmed that they display important heterogeneity over development and even 

between progenitors at the same developmental stage, particularly with respect to 

transcription factors (Trimarchi et al., 2008). The results of this study gave insights 

into the genes involved in cell fate decisions. 

 

Furthermore, in the development of the neuroblast cells in Drosophila, the zinc finger 

transcription factor Hunchback (Hb) is equally necessary and sufficient to determine 

early born neuronal identity. The mouse ortholog of hunchback (hb) Ikaros family 

zinc finger 1 (Ikzf1) is expressed in all early RPCs, which eventually generates 

Ikaros-negative RPCs at later stages in the lineage. Ikaros ectopic misexpression in 

late RPCs is enough to generate early born interneurons. Conversely, Ikaros mutant 

mice have reduced numbers of early born cell types (GCs, amacrine, and horizontal 

cells, but interestingly, not cones), while late born cell types do not differ suggesting 

a model in which Ikaros expression, just like in the fly, is both necessary and 

sufficient to provide early temporal competence to RPCs (Elliott & Cayouette, 

2010). For these reasons, Ikaros has been defined as an essential player in controlling 

the temporal identity of RPCs in the mouse retina. 

 

Therefore, the path from RPC to a post-mitotic cell type is coordinated by intrinsic 

transcription factors that are in turn influenced by the environment at certain points 

in development. When the right combination of intrinsic and extrinsic factors is 
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established during development, retinal differentiation of all cell types is achieved.  

 

1.2.3.3 Differentiation of retinal cell types 

 

The intrinsic signals involved in the final differentiation of the retinal cell types from 

RPCs starts at different times in diverse regions of the retina, but in most species it 

follows a central to peripheral gradient. It is controlled mainly by a combination of 

homeobox and proneural bHLH genes (Figure 1.2.6), which are triggered in reaction 

to differentiating signals. 

 

 
Figure 1.2.6. Retinal cell fate specification.  

Regulation of cell specification is controlled by a combination of transcription factors that 

mainly belong to the bHLH proneural and homeobox families. Adapted from Kageyama, 

2007. 

 

Retinal ganglion cells are the first cells to be born in the retina and differentiation is 

in part controlled by the bHLH factor, Math5. In mice, targeted disruption of Math5 

causes the loss of more than 80% of ganglion cells (Brown et al., 2001; Wang et al., 

2001). Moreover, Math5 functions upstream of the POU domain transcription factor 

Brn3b, which is expressed in differentiated retinal ganglion cells and is necessary for 

the survival of ganglion cells, as in the absence of Brn3, retinal ganglion cells are 

lost (Liu et al., 2001) (Yang et al., 2003). These results indicate the regulation of 

retinal ganglion cell genesis by the Math5/Brn3b pathway. Homeobox transcription 

factor Pax6 is also expressed in ganglion cells and has been implicated in Math5 
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transcriptional control ( Riesenberg et al., 2009).  

Horizontal and amacrine cells are the next interneurons of the retina to be 

differentiated. The bHLH genes important to amacrine development are Math3 and 

NeuroD since double mutant embryos display loss of amacrine cells. Interestingly, 

ectopic expression of either Math3 or NeuroD alone does not generate amacrine cells 

but promotes the generation of rod photoreceptor cells (Hatakeyama et al., 2001;  

Inoue et al., 2002). However, expression of Pax6 together with Math3 or NeuroD 

promotes amacrine cell genesis. Furthermore, whereas expression of Pax6 together 

with NeuroD exclusively generate amacrine cells, ectopic expression of Pax6 

combined with Math3 generates more horizontal cells than amacrine cells, indicating 

that the activity of Math3 is likely to promote horizontal cell fate over amacrine cell 

fate (Inoue et al., 2002). Forkhead Foxn4, bHLH Ptf1a and homeobax Prox1 genes 

are also involved in horizontal cell genesis. Mutation in any of these three genes 

compromise horizontal cell differentiation (Li et al., 2004) (Fujitani et al., 2006) 

(Dyer et al., 2003). 

 

The homeobox gene Vsx2 (also known as Chx10) and the bHLH genes Mash1 and 

Math3 regulate bipolar cell development. In mutants for Chx10 and Mash1/Math3 

bipolar cells differentiation is affected and these cells are lost indicating that these 

transcription factors are crucial for specification of the bipolar cell fate (Burmeister 

et al., 1996) (Tomita et al., 2000). Interestingly, Mash1-Math3 double-mutant retinas 

have no bipolar cells and Müller glial cells are significantly increased instead. After 

neurogenesis of the retinal cell types is complete, any RPCs remaining differentiate 

into Muller glia. In mutants where neurogenesis is impaired by the loss of bHLH 

proneural genes, gliogenesis is enhanced at the expense of neural cell differentiation 

(Akagi et al., 2004a). 
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1.2.4 Rod Development 
	  

1.2.4.1 Photoreceptor genesis 

 

Photoreceptors are born over a long temporal period (Carter-Dawson & LaVail, 

1979; Morrow, Belliveau, & Cepko, 1998; Rapaport et al., 2004; Young, 1985). 

After the RPCs last mitotic division a committed photoreceptor precursor can take up 

to two weeks after birth to mature and form outer segments.  

 

Cone photoreceptors are born first as early as E11 and their differentiation is 

complete by birth. The mouse has two types of cone opsins that confer dichromatic 

colour vision: S opsin (blue-sensitive opsin), which starts to be expressed at E18; and 

M opsin (green-sensitive opsin), which is expressed later in development at P6 

(Figure 1.2.7). 

 

Rod photoreceptors are generated over a longer period than cones starting at 

embryonic stage E12 and continuing until P10, peaking at P0 (Figure 1.2.7). Rod 

photoreceptors contain only one rod-specific visual pigment, Rhodopsin, which starts 

to be expressed after birth at P2. As photoreceptors mature, the levels of opsins 

increase substantially, outer segments mature and synaptic connections form with 

horizontal and bipolar interneurons.  

 
Figure 1.2.7. Mouse photoreceptor genesis and 

maturation. The relative numbers of cone and rod 

precursor cells that are born over time are shown.  

Cones are generated prenatally as early as embryonic 

day E11. Rods, which greatly outnumber cones, are 

generated both before and after birth, from around 

E12 to postnatal day P10. Expression of S opsin 

begins at ~E18, that of M opsin at ~P6 and that of 

rhodopsin at ~P2 with opsin levels increasing 

considerably as development progresses. Adapted 

from Swaroop (2010). 
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1.2.4.2 Molecular control of photoreceptor differentiation 
 

From RPCs to Photoreceptor precursors 

 

Similar to the other retinal cell types, the commitment of a mitotic RPC to a 

photoreceptor precursor fate is controlled by bHLH and homeobox genes, as well as 

extracellular signals. 

 

The role of bHLH genes remains poorly understood, nonetheless it is likely that 

bHLH NeuroD is a candidate to drive retinal progenitors toward a photoreceptor cell 

fate because NeuroD misexpression results in enhanced rod cell genesis (Inoue et al., 

2002). Furthermore, NeuroD1 conditional knock out shows loss of photoreceptors 

(Ochocinska et al., 2012). 

 

Mammals have three Otx homeodomain transcription factors, Otx1, Otx2 and Crx. 

The main transcription factor involved in the commitment to a photoreceptor fate is 

the paired-homeodomain, Otx2, which is expressed during final mitosis in retinal 

progenitors and in early precursors committed to the photoreceptor cell fate (Nishida 

et al., 2003) (Koike et al., 2007) (Swaroop et al., 2010). A conditional knockout of 

Otx2 in RPCs leads to practically complete loss of rods, cones, bipolar and horizontal 

cells in mice (Koike et al., 2007; Nishida et al., 2003) converting photoreceptors to 

amacrine-like cells. Furthermore, overexpression of Otx2 by retroviruses increases 

the number of rod photoreceptors (Nishida et al., 2003). Microarray analysis 

comparing Otx2 knock out, P1 and P12 retinas showed that expression of 

transcription factors important in photoreceptor development, such as Crx, Nrl, 

Nr2e3, Esrrb, and NeuroD, was markedly down-regulated in the knock out retina 

(Omori et al., 2011). Together these results demonstrate the importance and necessity 

of Otx2 to induce photoreceptor differentiation. However, Otx2 alone is not 

sufficient for photoreceptor cell fate specification. 

 

Recently, the zinc-finger transcription factor Blimp1, a downstream factor of Otx2, 

has been identified as a player in photoreceptor cell fate specification. Loss of 

Blimp1 in the conditional knockout mouse retina, leads to a reduction in the number 

of photoreceptor cells and an increase in the number of both bipolar cells and 
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proliferating retinal cells (Katoh et al., 2010) (Brzezinski, Lamba, & Reh, 2010). 

 

The cone-rod homeobox, Crx is a transcription factor belonging to the same family 

as Otx2. Chromatin immunoprecipitation experiments demonstrated that Otx2 binds 

the promoter region of Crx in vivo providing evidence that the Crx gene is a direct 

target of Otx2 (Hennig, Peng, & Chen, 2008). Crx expression is first detected in 

early postmitotic photoreceptor precursors (Nishida et al., 2003) and is considered 

the earliest photoreceptor marker in the retina. BrdU experiments confirmed that Crx 

positive cells are post-mitotic photoreceptor precursors and express Otx2 but not 

Pax6 (Garelli, Rotstein, & Politi, 2006). In situ hybridization experiments, showed 

Crx expression in photoreceptor precursors and subsequently in both rods and cones. 

Expression starts at E12.5, overlapping with cone birth and peaks at P5 when rod 

photoreceptor starts to mature. Crx is also expressed in pinealocytes in the pineal 

gland (Furukawa et al., 1999). 

 

Crx alone does not specify photoreceptor cell fate, but it improves the expression of 

photoreceptor specific genes (Hennig et al., 2008) and it is important for the 

differentiation of rods and cones.  

 

Crx can bind to three target sites in the rhodopsin promoter (Chen et al., 1997) as 

well as targets in numerous other rod gene promoters (Peng & Chen, 2005). 

Furthermore, Crx acts as a transcription activator and synergizes with the bZIP 

transcription factor Nrl to activate rhodopsin reporter gene expression, indicating that 

rhodopsin expression involves the function of Crx and Nrl (Hennig et al., 2008). 

Mice deficient for Crx, generate photoreceptors, which do not express many 

phototransduction genes, resulting in a lack of outer segment formation and 

eventually retinal degeneration (Furukawa et al., 1999). 

 

From Photoreceptor precursors to Rod photoreceptors 

 

Rod photoreceptor cell fate specification from Crx positive photoreceptor precursors 

is in large determined by neural retina leucine zipper protein, Nrl, which is a basic 

motif–leucine zipper (bZIP) transcription factor belonging to the Maf subfamily 
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(Swaroop et al., 1992). BrdU experiments in a mouse retina where Nrl promoter 

drives the GFP transgene, demonstrated Nrl expression shortly after terminal mitosis 

in cells that are intended to become rod photoreceptors. These results established Nrl 

as the earliest identified rod-specific marker (Akimoto et al., 2006).  

 

In mammals, Nrl interacts with Crx and various other transcription factors to induce 

the expression of rod-specific genes (Mitton et al., 2000) (Pittler et al., 2004) 

(Yoshida et al., 2004). In mice, Nrl knockout results in a retina with no rods and an 

excess of S opsin cones as the photoreceptor precursors committed to become rods 

differentiated into cones instead (Mears et al., 2001). Moreover, misexpression of 

Nrl in immature photoreceptor precursors results in loss of cone gene expression and 

likely transformation to rods (Oh et al., 2007). These studies determine that Nrl plays 

a crucial instructive role in determining and regulating rod cell fate. 

 

In the knockout Nrl retina, expression of Nr2e3, an orphan nuclear receptor, is lost 

(Mears et al., 2001). Nrl controls the decision of becoming a rod or a cone through 

the activation of the nuclear orphan receptor, Nr2e3, which is a dual transcription 

regulator activating rod-specific genes and a repressing cone-specific genes (Chen et 

al., 2005). In the mouse, Nr2e3 is first expressed around E18 in photoreceptors with 

maximum expression at early postnatal stages concomitantly with rod differentiation. 

Expression is maintained in adults but at a decreased level (Haider et al., 2010; 

Kobayashi et al., 1999; Takezawa et al., 2007). This continuous expression in rods 

(Peng & Chen, 2005) (Chen et al., 2005) (Bumsted O'Brien et al., 2004) indicates 

that Nr2e3 has a role not only in rod photoreceptors differentiation but in their 

maintenance too. 

 

A null mutant of Nr2e3 (Nr2e3-/-) exists in the form of the rd7 mouse, which does not 

produce Nr2e3 protein (Haider et al., 2006; Peng & Chen, 2005). The rd7 mouse 

retina is characterized by the presence of rosettes in the ONL and retinal folding 

which is followed by slow photoreceptor degeneration. Furthermore, the rd7 retina 

contains an excess of S opsin expressing cones (Haider et al., 2001).  
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From Photoreceptor precursors to Cone photoreceptors 

 

The retinoid-related orphan receptor Rorβ is an orphan nuclear receptor. The Rorβ2 

isoform is detected in E13.5 RPCs influencing their proliferation (L. Chow, Levine, 

& Reh, 1998). It is expressed in all cell layers of the neural retina and in the pineal 

gland (André et al., 1998) and as development progresses it continues at low levels in 

photoreceptors, amacrine and ganglion cells (Chow et al., 1998). 

 

In vitro, it was demonstrated that Rorβ2 synergizes with Crx to positively regulate 

the S-opsin gene (Srinivas et al., 2006). In mice, the Rorb knockout retina contains 

an excess of S cone-like photoreceptors lacking rods, resembling the Nrl knockout 

phenotype. Importantly, Nrl is not expressed in Rorb knockout mice, suggesting that 

Rorb lies upstream of Nrl in the differentiation pathway. Rorβ, similar Crx, is also 

essential for the formation of photoreceptor outer segments and also influences the 

development of the inner nuclear and synaptic layers of the retina (Jia et al., 2009). 

 

The retinoid-related receptor (Rxr) family has three α, β, and γ isoforms, which are 

expressed in the retina (Janssen et al., 1999). The Rxrγ receptor is of interest because 

it is expressed in differentiating cone photoreceptors and ganglion cells in the retina. 

In mice, Rxrγ knockout losses the ventral-dorsal distribution gradient of S cones and 

results in S opsin expressing cones in the whole retina (Roberts et al., 2005), 

indicating an inhibitory role of Rxrγ in S cones instead of inductive.  

 

The nuclear receptor Trβ2 responds to thyroid hormone as levels increase during 

development patterning the cone opsins.  Deletion of Trβ2 causes the loss of M-

cones specifically and simultaneous increase in S-opsin cones. (Ng et al., 2001; 

Swaroop et al., 2010).  

 

The previous discussion of key transcription factors suggests an intricate regulatory 

network that guides the determination of photoreceptor cell fate. 
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1.2.4.3 Extrinsic regulators of photoreceptor development 

 

Prior to photoreceptor maturation, precursors appear to have plasticity and can 

differentiate into different photoreceptor subtypes, depending on intrinsic and 

extrinsic regulatory factors. Many studies have demonstrated that several secreted 

factors, including Shh, RA, taurine, and FGFs play an important role not only in eye 

development but also in the specification of the retinal cell types. Additionally, it is 

evident that cell-cell contact mechanism, mediate by notch signaling, is involved in 

retinal cell fate decisions.  

 

The Notch transmembrane receptors have large extracellular and intracellular 

domains connected by a single membrane spanning domain (del Amo et al., 1993). 

The accepted model of notch signaling states that the membrane-linked ligands 

(Delta) bind to the Notch receptor, which in turn is proteolyzed subsequently, 

releasing the intercellular domain which operates as a transcriptional regulator 

through interaction with nuclear mediators.  

 

In the eye, high levels of notch maintain proliferation of the RPCs thus inhibiting 

differentiation. Conversely, RPCs which do not have the initiation of notch signaling 

can commit to a specific cell type (Yaron, 2006). A study in mice lacking one of the 

Notch1 target genes Hes1, have demonstrated that inhibition of notch results in 

earlier rod photoreceptor differentiation, whereas bipolar cells do not survive 

(Tomita et al., 1996). Moreover, conditional knockout of Notch1 at different time 

points of eye development showed that loss of Notch1 at early stages increased the 

differentiation of early born cell types, accordingly, loss at later stages generated late 

born cell types. Interestingly, the cell types differentiated from Notch1 deleted RPCs 

were primarily rod and cone photoreceptors (Jadhav, 2006). Many other studies, 

demonstrated the role of Notch1 in vertebrate gliogenesis as well, Notch1 appears to 

promote Müller glial cell fate in the retina (Chambers et al., 2001; Furukawa et al., 

2000; Gaiano & Fishell, 2002; Hojo et al., 2000; Scheer et al., 2001). Therefore, 

inhibition of Notch signaling pathway promotes cone or rod photoreceptor fate, 

depending on the developmental stage. Remarkably, Shh has been shown to 
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influence RPC differentiation by converging on downstream targets of the notch 

pathway.  

 

Hedgehog proteins are secreted ligands with receptors present on neighboring cells. 

The receptor complex is composed of two transmembrane proteins, Patched and 

Smoothened (Ingham, 1998).The involvement of Shh in the bilateral separation of 

the OV, in the ventral OC development has been described above. Moreover, retinal 

ganglion cells produce Shh, which regulates proliferation of RPCs, retinal ganglion 

cell development and organization of the retina (Dakubo & Wallace, 2004). 

 

Not surprisingly, this important signaling pathway has also been linked to 

differentiation of photoreceptor cells, especially rods. In vitro experiments of E18 

RPCs have demonstrated an increase in proliferation when recombinant sonic Hh 

protein (SHH-N) is added to culture, indicating the role of Shh as a retinal mitogen. 

Furthermore, by later time points in culture the number of photoreceptor cells 

expressing Rhodopsin was higher in cultures treated with Shh (Levine et al., 1997; 

Levine, Fuhrmann, & Reh, 2000). Shh signaling might work by regulating the 

proportion of RPCs, which in turn would affect the concentration of rod inhibitory 

factors in the retinal environment (Wallace, 2008). In mice, conditional knock down 

of Shh is linked to accelerate rod and cone photoreceptor differentiation (Wang et al., 

2005).  

 

Retinoic acid diffuses through cellular membranes binding to nuclear receptors, 

which in turn combines with regulatory elements, such as promoter and enhancer 

regions, in the DNA of target genes. In the retina RA is possibly synthesized by 

RPCs and postmitotic retinal cells, mainly ganglion cells (McCaffery et al., 1992). 

Later in the postnatal stages, the RPE synthesizes the highest concentrations of RA 

(Zhao et al., 1996). Many experiments have demonstrated the influence of RA in 

photoreceptor development, these include cell culture of embryonic retinal cells and 

in vivo experiments with zebrafish and rat embryos, which when treated with RA 

showed an increase in the number of rod photoreceptors in a dose-dependent manner 

(Kelley et al., 1994) and premature development of rod photoreceptors (Hyatt et al., 

1996; Kelley et al., 1999), respectively.  
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An extra factor shown to promote rod photoreceptor differentiation is the amino acid 

Taurine. In vitro experiments showed that when Taurine is added to retinal cultures 

the number of rhodopsin expressing photoreceptors is increase (Lombardini, 1991).  

 

Another molecule involved in many developmental processes is activin, a member of 

the transforming growth factor β (TGFβ) family of growth factors. In the retina, 

addition of activin to rat retinal cultures promotes an increase in rhodopsin and 

recoverin positive photoreceptors (Davis et al., 2000).  

 

The suggestion that fibroblast growth factors, FGFs are a differentiation factor for 

rod precursors came from in vitro experiments where dissociated P0 rat retina 

showed an increase in rhodopsin expression when exposed to acidic (FGF1) and 

basic (FGF2) FGFs (Hicks & Courtois, 1988; 1992). It is possible that the response 

to FGF2 in developing photoreceptors changes over time, since other experiments 

using earlier embryonic rat explants did not demonstrated the same effect on 

rhodopsin expression (Levine et al., 2000; Zhao & Barnstable, 1996). Moreover, late 

post-natal explants, did not show increased rhodopsin expression in response to 

FGF2 (Hicks & Courtois, 1992).  

 

The numerous developmental biology studies on early eye development provide a 

starting point for the field of ES cell retinal differentiation, in which one of the main 

objectives is to recapitulate the in vivo environments of eye development in in vitro 

cultures to obtain retinal cell types. 
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1.3 STEM CELL THERAPY 
	  

1.3.1 Overview 
	  

Stem cells are characterized as mitotically active cells that can self-renew and 

differentiate into a variety of cell types. Furthermore, stem cells can be kept under 

undifferentiated conditions in vitro. In vertebrates, there are two main types of stem 

cells: adult stem cells, which are multipotent cells found in various tissues in the 

adult organism and embryonic stem (ES) cells, which are pluripotent cells isolated 

from the inner cell mass of blastocysts. In this chapter, neural, retinal, embryonic and 

induced pluripotent stem (iPS) cells will be discussed as sources for deriving retinal 

cell types (Figure 1.3.1).  

 

 
Figure 1.3.1. Sources of stem cells. 

A, Neural and retinal stem cells are types of adult stem cells. B, Embryonic stem cells 

derived from the inner cell mass of the blastocyst. Adapted from Lamba et al, 2008. 

 

Neural (NS) stem cells were first described in the 1990’s ending the central dogma of 

neurobiology, which stated that neurons in the central nervous system could not 

regenerate. It was believed that there were no cells capable of self-renewal and 

differentiation and therefore once neurons were lost they could not be replaced. 

Since then a variety of adult-derived NS cells have been identified in many places of 
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the nervous system, including the retina (Reynolds & Weiss, 1992; Richards, 

Kilpatrick, & Bartlett, 1992). 

 

Over the last decade, the term retinal stem cells have been used to describe a 

population of proliferative progenitors in the ciliary epithelium (CE) and the iris 

pigment (Ahmad et al., 2000; Tropepe et al., 2000). Cells from these regions can be 

expanded in vitro, but their ability to generate new differentiated retinal neurons 

appears to be limited, both in vivo and in vitro. Moreover, Müller glia cells isolated 

from the adult retina have also been shown to have the ability to de-differentiate into 

other retinal cell types (Reh & Fischer, 2001). The potential use of these cells will be 

discussed in more detail below. 

 

A variety of protocols have been developed to differentiate retinal progenitors, 

retinal stem cells and ES cells into neurons. However, it has become evident in the 

last few years that retinal cell types including photoreceptors can be much more 

efficiently generated from embryonic (ES) stem cells rather than from adult stem 

cells. These remarkable cells are pluripotent and capable of self-renewal. In the 

embryo these cells will give rise to all tissues of an organism and therefore under 

similar conditions to the developing embryo they could be stimulated in vitro to 

generate any cell type desired.  

 

Finally, although iPS technology is a new field of research it has the potential to 

provide an ethical source of ES-like cells. IPS cell lines efficiently reprogrammed to 

a pluripotent state show a similar differentiation potential to ES cells and therefore 

represent a good candidate for cell therapy approaches, as well as using patient 

specific iPS cells to model disease in vitro. 
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1.3.2 Adult Stem Cells 
	  

1.3.2.1 Neural Stem Cells 

	  
It has been 20 years since the first evidence of adult neurogenesis in the central 

nervous system (CNS) (Reynolds & Weiss, 1992) (Richards et al., 1992) and the 

dogma that the neurons in the adult brain could not regenerate was disproved.   

	  

There are two main regions of the adult brain that sustain adult neurogenesis. The 

subventricular zone (SVZ), which produces neurons intended for the olfactory bulb, 

and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus. In both 

regions, the neural stem (NS) cells are the astrocytes, which are glial cells until then 

only considered support cells in the brain (Doetsch, 2003).  

 

In the lateral ventricles of the brain, inside the SVZ, the NS cells are a subset of 

astrocytes, also known as type B cells, which express glial fibrillary acidic protein 

(GFAP) (Ahn & Joyner, 2005; Doetsch et al., 1999; Garcia, Doan et al., 2004; 

Laywell et al., 2000; Sanai et al., 2004). The NS astrocytes divide to produce transit-

amplifying named type C cells, which consequently generate neuroblasts (type A 

cells) (Doetsch et al., 1999) that migrate to the olfactory bulb, where they finally 

differentiate into specific interneurons (Lledo, Merkle, & Alvarez-Buylla, 2008) 

(Tavazoie et al., 2008) (Figure 1.3.2). 

 
Figure1.3.2.  Neural stem cells of the subventricular zone (SVZ) in mouse brain.  

The SVZ is localized next to the walls of the lateral ventricles (LV) in the brain, indicated in 

the coronal section left. Highlighted is a detail of the lateral wall, with type B cells, which 

are the neural stem cells and have astrocytic characteristics. Type C cells rapidly dividing 

transit-amplifying are the progeny of B cells. C cells give rise to type A cells, neuroblasts, 

which migrate to the olfactory bulb and differentiate into neurons. Adapted from Ihrie et al.    
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In the SGZ dentate gyrus within the hippocampus there are two types of astrocytes 

Type I and Type II progenitors, which have different morphologies (Fukuda et al., 

2003) (Seri et al., 2004). Similar to the SVZ, the type II progenitors, which are the 

astrocytes progeny, form firm clusters in between the processes of radial astrocytes. 

These type II progenitors do not migrate through the brain before differentiation, but 

maturing type II cells travel a short distance into the granule cell layer to form new 

granule neurons (Seri et al., 2004) (Figure 1.3.3). 

 

 
Figure 1.3.3. Neural stem cells of the subgranular zone (SGZ) in mouse brain.  

The SGZ is located within the dentate gyrus of the hippocampus. Highlighted region shows 

the type I, radial (rA) and horizontal (hA) astrocytes. These astrocytes give rise to type II 

immature precursors (D), which divide and mature into new granule neurons (G). D cells 

develop apical processes that become the dendrites of the new granule neurons. Adapted 

from Ihrie et al.    

 

Multipotent NS cells have been isolated from the mammalian brain forming 

neurospheres in vitro, which can be expanded with epidermal growth factor (EGF) 

and fibroblast growth factor 2 (FGF2) (Gritti et al., 1999). The differentiation of NS 

cells into retinal progenitors or retinal cells types has not been investigated 

extensively. The few reports have demonstrated the differentiation of opsin positive 

cells from human and rat NS cells (Dong et al., 2003; Liu et al., 2005). Opsin 

positive cells were detected after human NS cells were differentiated for 5 days with 

the addition of human transforming growth factor-beta3 (TGF-beta3) in a serum-free 

media. These cells were intravitreal transplanted to rats and migrated and 

differentiated into opsin-positive cells in the host retinal cell layer. However, the 

efficiency of opsin expressing cell differentiation is not discussed in this study and 

only a small number of cells migrated to retinal layers. Therefore, the potential of 
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this differentiation protocol to produce retinal cells from NS remains was reduced.  

 

Interestingly, undifferentiated NS cells and post-natal neural precursors have been 

transplanted into the adult retina and these results will be discussed in chapter 1.4. 

	  

1.3.2.2 Retinal Stem Cells 

	  

It has been more than a decade that stem-like cells have been discovered in the 

mammalian eye. The presence of the ciliary marginal zone (CMZ) in fish and 

amphibian has motivated the search for a similar evolutionary conserved region in 

mammals. The CMZ is a RSC niche that enables the continuous growth of the neural 

retina in lower vertebrates (Locker et al., 2010; Perron & Harris, 2012). 

 

The so-called retinal stem cells in mammals include the ciliary body epithelium (CB) 

(Ahmad et al., 2000; Tropepe et al., 2000), the iris pigment epithelium (Asami et al., 

2007; Haruta et al., 2001; Sun et al., 2006) and the retinal pigment epithelium (RPE). 

Moreover,	  Müller glial cells are sometimes controversially called retinal stem cells, 

but in the adult retina only a subset of these cells can de-differentiate into retinal 

neurons following exogenous stimulation (Reh & Fischer, 2001) (Ooto et al., 2004).  
 
Ciliary body epithelium cells 

 

Ahmad et al, have demonstrated by cell labeling Brdu experiments the presence of a 

pigmented mitotically quiescent cell population on the rat CE (Figure 1.3.4) (Ahmad 

et al., 2000). These cells express the neuroectodermal marker nestin and proliferate 

in the presence of FGF2, giving rise to neural spheres. The neural progenitors in 

these spheres can form secondary neural spheres. Moreover, the authors showed that 

these cells are multipotent and can generate retinal and glial cell types (Ahmad et al., 

2004). At the same time Tropepe et al, showed in adult mice, the proliferative ability 

of the pigmented CE cells, which express early retinal progenitors markers, such as 

Vsx2, Pax6 and Rax (Tropepe et al., 2000).  
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Figure 1.3.4. Adult Stem cells in the eye. 

a,Section of the eye highlighting the ciliary epithelium region and retinogenesis. b, Close up 

section of ciliary epithelium and retina showing the Müller glia cells in the INL (blue). 

Adapted from Wohl et al., 2012. 
 

More recent studies have demonstrated that FGF2 and Wnt3a contribute to the 

proliferation and maintenance of multipotent neural spheres formed by CE cells 

(Inoue et al., 2006). However, it is important to note that retinal stem cell expansion 

by exposure to mitogens for many generations can result in genetic changes in the 

cells (Locker et al., 2010). The differentiation of CE stem cells into photoreceptors is 

inefficient and therefore a number of experiments have used genetic manipulations to 

induce photoreceptor cell fate from these progenitors. Retrovirus was used to 

overexpress Otx2 in mouse CE cells resulting in efficient differentiation of rhodopsin 

expressing photoreceptors (Akagi et al., 2004b). Human retinal stem cells have also 

been differentiated into photoreceptors by overexpression of Crx and Otx2 and 
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downregulation of Vsx2 (Inoue et al., 2010). Indeed, without genetic manipulations 

photoreceptor differentiation from CE cells is insignificant. Gualdoni et al, have 

recently verified that CE stem cells, obtained from Nrl.GFP transgenic mice and 

cultured with previously described differentiation protocols did not acquire rod 

photoreceptor cell fate (Gualdoni et al., 2010). Moreover, the stem cell properties of 

CE cells have been discussed by Cicero et al, which stated that these cells are not 

real stem cells but are instead differentiated cells that can be expanded clonally, 

proliferate, self-renew and express some neuronal markers, while maintaining 

characteristics of pigmented epithelial cells (Locker et al., 2010). 

 

Iris pigment epithelium cells 

 
Iris pigment epithelium (IPE) cells have a similar developmental origin to the RPE, 

CE, and retinal cells located in the most peripheral region of the optic cup. (Asami et 

al., 2007). Similar to CE stem cells, this cell population can be expanded and when 

cultured with FGF2 differentiates into retinal specific neurons, but not Rhodopsin 

expressing photoreceptors (Haruta et al., 2001; Sun et al., 2006). Nevertheless, 

overexpression of Crx and Otx2 is essential and improved the differentiation of 

photoreceptors (Akagi et al., 2004b). In primates, Crx and NeuroD, a basic helix-

loop-helix gene, were required to induce IPE cells to assume photoreceptor cell fates 

(Akagi et al., 2004a). 

  

Müller glia 

 

Müller glial cells may also represent a source of potential stem cells within the neural 

retina of the mammalian eye (Figure 1.3.4).  

 

Experiments in chick retina have demonstrated that mitotically active Müller cells 

can differentiate into other retinal neurons after injury (Reh & Fischer, 2001). 

Similar features have been investigated in the adult mammalian eye. In retinas 

exposed to N-methyl-D- aspartate (NMDA) toxicity Müller glial cells proliferated 

and produced small numbers of bipolar cells and rod photoreceptors (Ooto et al., 

2004). 
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In vitro work, has demonstrated that Müller glia from rat retinas cultured with FGF2 

generated neurospheres and transdifferentiated into retinal neurons, astrocytes, and 

oligodendrocytes (Das et al., 2006) . Human isolated Müller glia cultured in 

extracellular matrix and FGF2 or RA, formed neurospheres containing neural and 

retinal progenitors expressing β-tubulin, Sox2, Pax6 and Vsx2. Following 

differentiation expression of postmitotic retinal cells markers such as, Peripherin, 

Recoverin and S-opsin were detected (Lawrence et al., 2007). 

	  

Therefore, under the right conditions Müller glia exhibit neurogenic potential by 

transdifferentiating into retinal neurons. 

 

All the retinal cells described above have been used in transplantation experiments 

and their potential, as a source of cells for retinal repair will be discussed in chapter 

1.4.  

	  
1.3.3 Embryonic Stem Cells 

 
1.3.3.1 History of Embryonic Stem Cells 

	  

Before the 1980’s the stem cell field utilized tumor-derived embryonal carcinoma 

(EC) cells as a model to study developmental processes of early embryonic cell 

commitment and differentiation. However, EC cells had extremely unstable 

karyotypes. In 1981, two independent laboratories published reports describing the 

direct isolation of pluripotent stem cell lines from the inner cell mass of murine 

blastocysts (Evans & Kaufman, 1981; Martin, 1981). These stem cell lines were 

called embryonic stem (ES) cells, and presented numerous advantages in comparison 

to EC cells. Many important features characterized ES cells; they could be 

maintained indefinitely in an undifferentiated state in vitro; they demonstrated the 

ability for extensive differentiation into numerous cell and tissue types (endoderm, 

mesoderm and ectoderm) just by altering their growth environment; finally, 

following their introduction into the preimplantation stage embryo, they gave rise to 

normal mosaic animals, which were named chimeras.  
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A typical mouse ES cell line culture is maintained in the undifferentiated pluripotent 

state, by culture medium supplemented with leukemia inhibitory factor (LIF), which 

can also be produced by feeder layers of mitotically inactivated murine embryonic 

fibroblasts (MEFs). However, in the presence of suitable batches of fetal calf serum 

(FCS), recombinant LIF can replace the feeder cell and support the growth of 

undifferentiated ES cells (Smith et al., 1988). 

 

A major feature of ES cells as well as EC cells is the formation of teratocarcinomas 

when injected subcutaneously into immunodeficient mice. These tumors contain 

numerous differentiated cell types, which include epithelia, neural tissue and 

connective tissues and undifferentiated stem cells. 

 

Moreover, because of the effective expansion capacity in vitro ES cells can be 

genetically manipulated by a number of techniques including electroporation and 

viral vector transfection, when transferred back to the embryos the manipulated ES 

cells contribute to the somatic and the germ line tissues, thus enabling the generation 

of transgenic lines (Robertson, 1991). Therefore, many ES cell lines have been 

developed to create mouse models of human disease but also to help the elucidation 

of early developmental processes that occur in embryonic life.  

 

Importantly, in addition to offering a model of early development, the ES cell 

differentiation system represents an unlimited source of cells and tissues for cell 

replacement therapies. Human ES cells (hES) were first isolated in 1998 and this 

discovery increased the interest in ES cells as a source of cells for cell therapy 

(Thomson et al., 1998). 
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1.3.3.2 ES cell differentiation 

	  

There are three main methods used to begin ES cell differentiation (Figure 1.3.5). 

The first method consists in the formation of embryoid bodies (EBs) and it will be 

discussed in more detail below. In the second approach, ES cells are cultured on 

stromal cells. The third protocol encompasses ES cells differentiation in a monolayer 

platted on extracellular matrix proteins (Keller, 2005). 

	  

	  
 

Figure 1.3.5. Methods of ES cell differentiation. 

ES cells are dissociated and grown in suspension to form EBs, or cultured on stromal cells. 

Moreover cells can be differentiated on matrix proteins, such as laminin, fibronectin and 

matrigel. Adapted from Keller, 2005. 

	  

The field of ES cell differentiation started in 1985, when Doetschman et al. 

developed for the first time an in vitro model of mouse embryogenesis. ES cells 

cultured in suspension and in the absence of LIF or feeder cells were able to 

spontaneously differentiate (Doetschman et al., 1985). The differentiation potential 

was associated with their ability to procedure spheroid aggregates, which mimicked 

the post-implantation embryonic tissues, named embryoid bodies (EBs).	  Methods for 

EB formation include simple suspension culture in low adherent bacterial grade 

dishes, methylcellulose cultures and hanging drops. 

 

Cells within the developing EBs differentiate to later stages of embryogenesis, 

resulting in the differentiation of numerous cell types including cardiomyocytes, 

skeletal muscle cells, endothelial cells, neuronal cells, adipocytes and haematopoietic 
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precursors (Desbaillets et al., 2000). The differentiation potential of EBs into the 

many cell fates is determined by modifications on the culture environment, such as 

addition of growth factors, serum concentration, nutrient limitation and extracellular 

matrix (ECM), which interacts with the cells surface via integrins determining the 

expression of signaling molecules (Kurosawa, 2007). The role of many soluble 

factors involved in eye development was discussed in chapter 1.2 and their use in ES 

cell differentiation into retinal cells will be discussed further. First, the function of 

ECM in differentiation will be examined. The ECM influences cellular growth, 

differentiation and apoptosis. The decision between cell death, growth, cell fate 

choice is regulated by the composition of the external ECM and the transmembrane 

receptors, integrins, present in the cell, which in turn modulate signaling pathways 

Modifications of the ECM components and in integrins can alter cell shape and 

behavior (Boudreau & Jones, 1999). 

  

1.3.3.3 Neural and Retinal differentiation 

	  

The differentiation of mouse ES cells into neural cells has been investigated for 

nearly 20 years (Bain etal., 1995; Kawasaki et al., 2000; Lee, Lumelsky etal., 2000; 

Mizuseki et al., 2003; Wichterle et al., 2002; Ying et al., 2003). It has been shown 

that the presence of serum on floating EB cultures stimulates the differentiation of 

many cells types from the three germinal layers, although the presence of neural 

tissues is not pronounced (Evans & Kaufman, 1981; Martin, 1981). Neural 

differentiation is stimulated by addition of retinoic to the culture medium on EB 

suspension culture (Bain et al., 1995). Nevertheless, retinoic acid acts as a 

caudalizing factor inhibiting the production of rostral neural tissues (Mizuseki et al., 

2003; Wichterle et al., 2002). 

 

Zhao et al, has described the differentiation of ES cell-derived neural progenitors 

into retinal cell types (Zhao et al., 2002). Their protocol induced neural progenitors 

by either RA or insulin-transferrin-selenium fibronectin (ITSFn) and FGF2. The 

differentiation of ES cell-derived retinal progenitors was achieved by co-culture with 

dissociated embryonic RPCs, which secrete factors involved in retinal differentiation 

and therefore influence differentiation.  
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Watanabe et al, 2005 showed efficient anterior telencephalic differentiation of mouse 

ES cells using a serum-free floating culture of embryoid body (SFEB) method as 

demonstrated by an increase of Bf1. Bf1 is a transcription factor expressed in the 

ventricular (VZ) and subventricular (SVZ) zones of the telencephalon and is 

essential for correct development of this region (Tao & Lai, 1992). Furthermore, it 

was observed that TGFβ and Wnt signals have adverse effects on neural 

differentiation (Aubert et al., 2002; Kawasaki et al., 2000; Parisi et al., 2003), thus 

treatment of SFEB cultures with Wnt and Nodal antagonists, Dickkopf-1 (Dkk1) and 

LeftyA, respectively caused further increases in Bf1 expression as well as rostral 

progenitor marker, Six3. Finally, retinal differentiation was achieved by treating the 

SFEB/DL generated telencephalic EBs with serum and activin (Ikeda et al., 2005). 

The SFEB/DLFA protocol generated about 16% of retinal progenitors (RPCs), which 

were able to differentiate into many retinal cell types and integrate in retinal explants 

in vitro.   

 

Other protocols have also generated RPCs from ES cells in vitro (Eiraku et al., 2011; 

Lamba et al., 2006; Meyer et al., 2009; Nakano et al., 2012). The protocol developed 

by Lamba et al, 2006, differentiated a H1 human ES cell EBs into retinal progenitors 

by the addition of BMP and Wnt antagonists (Noggin and Dkk1, respectively), which 

in normal development are involved in forebrain differentiation. Another factor 

added to these cultures was insulin-like growth factor-1 (IGF-1). Following initial 

suspension culture, EBs were platted on matrigel or laminin. The differentiated cells 

contained 80% Pax6 positive retinal cells and from these 86% were positive for the 

neural retina specific marker, Vsx2 (Lamba et al., 2006). 

 

A more recent study has also shown eye field specification from human ES and IPS 

cells (Meyer et al., 2009). In this protocol, no inducible factors were added to the EB 

suspension culture, retinal differentiation was achieved by the endogenous secretion 

of DKK1 and Noggin in DMEM/F12/N2 media. EBs were then attached on laminin 

and after further differentiation neuroepithelial rosettes were formed, which were 

then mechanically isolated into suspension cultures to form RPCs.  

 

The most efficient protocol developed to date to differentiate retinal cell fates came 
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from Prof. Yoshiki Sasai’s lab (Eiraku et al., 2011; Nakano et al., 2012). They have 

demonstrated that mouse and human ES cells cultured as EBs in suspension with the 

addition of matrigel at day 1 of culture, self-organized into retinal neuroepithelium 

followed by evagination of optic vesicle like structures, which in turn invaginated to 

form optic cup like structures.  It was the first time that retinal morphogenesis was 

replicated in vitro from ES cells. Most remarkable is that the absence of neighboring 

tissues such as surface ectoderm; lens and mesenchymal tissue did not impede this 

process. Eiraku et al, suggested that any forces driving retinal differentiation are 

intrinsic to these cells and the neuroepithelium being formed.  

 

Therefore many groups have established differentiation protocols of ES cells towards 

a neural and retinal cell fate. However, can these ES cell-derived multipotent RPCs 

differentiate further into mature retinal cell types? 

 

1.3.3.4 Differentiation of mature retinal cell types 

 

Osakada et al, were the first to describe defined culture conditions, which promoted 

photoreceptor differentiation from mouse, monkey and human ES cells (Osakada et 

al., 2008; Osakada et al., 2009a) (Figure 1.3.6). Prior to this study, many groups have 

achieved further retinal differentiation. However, differentiation was inefficient and 

more mature markers of photoreceptor development were only detected when 

differentiation cultures were cultured together with embryonic retinal tissues (Lamba 

et al., 2006; Zhao et al., 2002).  
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Figure 1.3.6. SFEB/DLFA differentiation protocol of mouse and primate ES cells. 

Neural differentiation is achieved by Wnt and nodal antagonists whilst activin and serum 

promote retinal differentiation. Notch inhibition promotes the switch between RPCs and 

photoreceptor precursors. FGFs, Shh, RA and taurine are involved in rod photoreceptor 

differentiation. Adapted from Klassen, News and Views, 2008. 

 

The SFEB/DLFA method was used to differentiate RPCs from an EB5 ES cell line 

where GFP was knocked in at the Rax (retinal progenitor homeobox gene) locus. 

Rax positive RPCs were isolated by fluorescence-activated cell sorting (FACS) and 

cultured further on poly-D-lysine/laminin/fibronectin-coated dishes. Inhibition of 

Notch signaling has been shown to promote photoreceptor differentiation in vivo 

(Jadhav et al., 2006; Yaron et al., 2006). In agreement with these discoveries, the 

addition of γ-secretase inhibitor, DAPT, to the differentiation cultures increased the 

number of Crx positive photoreceptors precursors. All other retinal cells, ganglion 

cells, horizontal, amacrine, bipolar, immature Müller cells and immature RPE were 

present in culture. Moreover, they demonstrated that by adding a combination of 
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factors (acidic FGF, basic FGF, taurine, Shh and retinoic acid) rod photoreceptor 

differentiation was enhanced. About 17% of total cells expressed Rhodopsin and 

these Rhodopsin cells also co-expressed the photoreceptor marker Recoverin. 

 

The most impressive retinal differentiation from ES cells was achieved by the three 

dimensional (3D) protocol described by Eiraku et al. In this study, the optic cups 

were isolated from the EB and spontaneously formed large, continuous epithelial 

structures, which showed clear apical-basal stratification similar to the early post-

natal retina. Following a further two weeks of differentiation all retinal cells types 

were observed, with photoreceptors present in the outermost layer (facing the media 

environment) and other cells types overlying them towards the basal surface of the 

neuroepithelium (facing the inside of the vesicle). The only external inductive signals 

in this culture system came from a short pulse of RA and taurine added to the 

differentiation culture from days 10 to 14. RA kept the integrity of the epithelium, 

since in the absence of RA the neuroepithelium layer disorganized and only neural 

rosettes like structures remained. However, for long term cultures the conditions in 

this differentiation system still require improvement, as after day 35 in culture the 

neural layer lost its integrity. Therefore, development of mature structures such as, 

photoreceptor outer segments were not observed. 

 

Although mature photoreceptor morphology was not observed in any differentiation 

protocol available to date, the use of these ES cell-derived photoreceptors for 

transplantation experiments is promising. Transplantation studies using freshly 

dissociated cells from mice demonstrated that post-mitotic photoreceptor precursors 

from an early post-natal stage of development are capable of integrating in the 

recipient retina (Maclaren et al., 2006). In this thesis the potential to generate RPCs, 

photoreceptors and transplantation capacity of ES cell-derived retinal cells will be 

investigated by two methods of ES cell differentiation adapted from Osakada et al 

and Eiraku et al protocols. 

  

1.3.4 Induced Pluripotent Cells 

 
	  Although many human ES cell lines have the potential to follow the neuronal and 
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retinal differentiation pathways, the destruction of human embryos for the purpose of 

ES cell isolation raises ethical issues. The discovery of induced pluripotent cell (iPS) 

technology represented a suitable alternative to the issues surrounding the use of 

human ES cells as this technology is based on the reprogramming of somatic cells to 

a pluripotent state. 

 

Takahashi and Yamanaka examined 24 different factors for their ability to induce 

pluripotency in somatic cells (Takahashi et al., 2007). They demonstrated that four 

transcription factors (Oct4, Sox2, cMyc and Klf4) are necessary to reprogram 

fibroblasts into iPS, cells that were similar to ES cells in morphology, proliferative 

and teratoma formation capability. Nevertheless, this first iPS cell line generated was 

not able to develop adult chimeras and they differed in gene expression and 

epigenetic patterns when compared to ES cells. A year later Park et al, used the same 

factors to generate iPS from fetal and adult human primary cells, including 

fibroblasts from a skin biopsy (Park et al., 2007). 

   

IPS technology has evolved very rapidly and many reports have demonstrated the 

generation of iPS cells similar to ES cells not only in gene expression but also in 

miRNA expression, DNA methylation and histone modification patterns. Moreover, 

iPS cell lines capable of generating adult chimeras with germ line transmission have 

been described (Gai et al., 2009; Hamanaka et al., 2011; Maherali et al., 2007; Okita, 

Ichisaka, & Yamanaka, 2007; Wernig et al., 2007). 

 

A variety of retinal differentiation protocols have been described from mouse and 

human iPS cells (Hirami et al., 2009; Lamba et al., 2010; Meyer et al., 2009; Danjyo, 

et al., 2009b; Parameswaran et al., 2010). Hirami et al, were the first to describe 

photoreceptor differentiation from mouse and human iPS cells (Hirami et al., 2009). 

A similar protocol to those described for ES cells, with Wnt and Nodal inhibition and 

supplement of RA and taurine, was applied to mouse iPS cells to achieve 

photoreceptor cell fate.  Human iPS cells can also differentiate into photoreceptors 

with low efficiency (Hirami et al., 2009; Lamba et al., 2010; Osakada, Jin, Hirami, 

Ikeda, Danjyo, et al., 2009b). Parameswaran et al, have used conditional media from 

early embryonic and early post-natal retinal explants to produce early and late retinal 
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cell types, respectively. Therefore, mouse iPS cells responded to cues present in the 

media and differentiated accordingly (Parameswaran et al., 2010). 

 

IPS cells generated from different somatic cell populations have varied degrees of 

differentiation potential (Kim et al., 2010; 2011; Polo et al., 2010). Alterations to 

chromatin structure and DNA modifications, such as DNA methylation establish the 

differential patterns of gene expression of differentiating cells during development. 

When somatic cells are reprogrammed to a pluripotent state, this process of cell 

specification is reversed and thus requires the elimination of tissue specific DNA 

methylation and restoration of the embryonic methylome. Kim et al, described in 

mouse iPS, some remaining and abnormal tissue-specific DNA methylation, which 

in turn biases the differentiation potential of the cell line towards lineages related to 

the initial donor population (Kim et al., 2010). Furthermore, this group has also 

established that this epigenetic memory also persists in human iPS. Differentiation of 

blood and skin fibroblast iPS derived cell lines appears to be biased towards the 

tissue of origin (Kim et al., 2011). 

 

Recently, blood derived human iPS cells were differentiated into optic vesicle like 

structures containing retinal cell types (Phillips et al., 2012). Retinal progenitor 

marker Vxs2 was detected earlier on in the differentiation culture followed by the 

differentiation of ganglion, bipolar, amacrine, cones and rods, which appeared to be 

differentiating in a neuroepithelium like-structure. Furthermore, the authors 

demonstrated that retinal synapse markers were expressed in hiPS differentiation 

cultures (Phillips et al., 2012).  

 

Therefore, fibroblasts and blood could provide convenient source of donor cells to 

derive patient-specific iPS cell lines, these could be then differentiated into desired 

cell types for cell replacement therapies or used to model human disease.  
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1.4 TRANSPLANTATION 
	  

1.4.1 Overview 
	  

The most common retinal diseases include glaucoma, retinitis pigmentosa (RP), age-

related macular degeneration (AMD) and diabetic retinopathy (Congdon et al., 2004; 

Resnikoff et al., 2004). All these conditions involve the loss of retinal cell types, 

which will eventually lead to loss of vision. Once retinal cells types are lost the only 

remaining treatment is to replace the lost cells via transplantation. 

 

The eye is a particularly accessible site for transplantation and cells can be delivery 

subretinally, at the back of the eye between the retina and the RPE or intravitreally, 

near to the ganglion cell layer in the vitreal cavity. Moreover, when considering 

photoreceptor transplantation the formation of synaptic reconnections is relatively 

simple when compared to other regions of the CNS or other retinal neurons, such as 

ganglion cells. Photoreceptors are sensory neurons receiving the afferent input from 

light and only make one efferent connection with other interneurons (horizontal and 

bipolar) in the inner retina. 

 

Nevertheless, although in theory the integration of photoreceptors would be 

relatively easy there are a number of pre-requisites to consider before a transplanted 

cell can be considered integrated. The transplanted photoreceptor should be located 

in the correct layer of the retina and its morphology should resemble that of the 

endogenous population, with a synapse contacting the host inner retina and the outer 

segments positioned in close proximity to the RPE. Furthermore, evidence of 

synapse formation should be detailed (Figure 1.4.1). 
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 Figure 1.4.1. Morphology of mouse Nrl.GFP rods integrated into the ONL. 

a, Integrated Nrl.GFP photoreceptor precursor cell show similar morphology to endogenous 

photoreceptors. b, Photoreceptor schematic showing  synapse buttons, inner and outer 

processes and inner and outer segments together with markers expected in each area. c, 

Integrated cells showing phototransduction marker Phosducin and d, Synaptic marker 

Bassoon. Adapted from MacLaren et al, 2006. 

 

Researchers have placed great expectations in stem cells as a source for cell 

transplantation as they have plasticity and migratory capacity. Attempts to replace 

lost photoreceptors have been made using neural stem cells, retinal stem/progenitor 

cells and embryonic and induced pluripotent stem cells. Retinal cells have been 

transplanted as microaggregates/neurospheres, whole retinal sheets and single cell 

suspensions, to the young and adult eye.  

 

The transplantation field has achieved a varied degree of success throughout the 

years. However, many challenges remain in order to obtain the most suitable cell 

population for future clinical applications. It is now established that a good stem cell 

source would efficiently differentiate into photoreceptors, produce great number of 

these cells and be easily purified, thus avoiding contamination of proliferative 

malignant cells. Importantly, the photoreceptors should be differentiated to the 

correct stage of development, which would maximize integration capacity.  
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1.4.2 Retinal Disease and Stem Cell Therapy 
 

The majority of untreatable blindness is caused by the death of photoreceptors. The 

loss of retinal ganglion cells in glaucoma, for example, accounts for around 4.5 

million blind people worldwide (Resnikoff et al., 2004). Fifty per cent of blind 

patients in the developed world suffer from age-related, diabetic and genetic 

retinopathies, which are caused by photoreceptor cell death (Congdon et al., 2004).  

 

Age-related macular degeneration (AMD), affects 14 million elderly people in the 

developed world (Klein, 2007). Ninety per cent of patients have dry AMD, which is 

characterized by primary degeneration of retinal pigment epithelium (RPE) cells 

leading to secondary photoreceptor loss (Curcio et al., 1996) and no treatment is 

currently available.  

 

More than 1 million people suffer from inherited retinal disease caused by mutations 

in any one of more than 200 different genes (Resnikoff et al., 2004). Retinitis 

pigmentosa (RP) is a term encompassing a group of disorders caused by mutations 

that trigger photoreceptor loss.  

 

Another retinopathy, which has gained a lot of attention from the stem cell field, is 

Stargardt disease, which is an inherited form of juvenile macular degeneration. The 

US-based company, Advanced Cell Technology (ACT) has initiated Phase 1/2 

clinical trials for Stargardt in July 2011, which involves replacement of retinal 

pigment epithelial (RPE) cells derived from human embryonic stem cells (hESCs). 

Concomitantly, ACT and Moorfields Eye Hospital (UCL) have also initiated a 

European trial. The Phase 1/2 trial is designed to establish the safety and tolerability 

of hESC-derived RPE cells following sub-retinal transplantation in patients with 

Stargardt at 12 months, the study's primary endpoint. It will involve a total of 12 

patients, with cohorts of three patients each in an ascending dosage format. The 

second and third patients have recently had their transplantation in June 2012. 

 

Although this current trial will provide valuable safety data to encourage future trials 

using stem cell technology, this therapy targets RPE replacement to prevent loss of 
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photoreceptors. However, once photoreceptors are lost in advanced degeneration, 

treatment must involve transplantation of photoreceptors together with RPE.  

 

Many challenges exist for the replacement of photoreceptors. A sufficient number of 

ES cell-derived photoreceptor cells need to be generated, most importantly, these 

photoreceptors need to be differentiated to the ideal developmental stage for 

integration into the recipient retina. It is also important to establish stem cell 

therapies free of tumorigenic cells. 

  

1.4.3 Freshly Isolated Photoreceptor Precursors 

	  
Transplantation of photoreceptor precursors isolated from early post-natal staged 

(P1-P8) retinas can develop outer segments, synaptic connections (Bartsch et al., 

2009) and improve visual function once integrated into the outer nuclear layer (ONL) 

(Maclaren et al., 2006; Pearson et al., 2012). These photoreceptors are transplanted 

as single-cell suspensions and many subsequent studies in the lab have demonstrated 

the potential of these dissociated rod precursor cells to integrate into the host ONL. 

One of the most important findings in the MacLaren et al. study was the 

identification of the optimal ontogenetic stage for donor cells. The more conducive 

photoreceptors for integration were post-mitotic precursor cells isolated from P1 to 

P7 retinas and not pluripotent retinal progenitors. Moreover, an enriched population 

of NRL.GFP+ photoreceptor precursors was transplanted into models of inherited 

retinal degeneration. Integrated cells were observed in the retinal degeneration slow 

(rds), retinal generation fast (rd) and rhodopsin knockout Rho-/- retinas (MacLaren 

et al., 2006).  

 

The small number of integrated cells represents a problem when using a single-cell 

suspension. Recently, a number of studies have investigated possible barriers for cell 

integration in the retina. The outer limiting membrane (OLM) has been shown to be 

a physical barrier as disruption of the OLM by pharmacological or genetic means 

resulted in an increase in the number of integrated cells (Pearson et al., 2010; West et 

al., 2008). Furthermore, enhancing the environment of the host retina with ectopic 
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expression of developmentally regulated growth factors, such as IGF1, increased 

numbers of integrated photoreceptors (West et al., 2012). 

 

Recently, Pearson et al, showed that optimization of the transplantation procedure 

improved integration numbers of FAC sorted Nrl.GFP rod photoreceptor precursors 

transplanted into both the wild-type and a mouse model of rod degeneration lacking 

rod transducin (Gnat1-/- mice). This improved protocol used either scleral puncture or 

retinal detachment before cell injections and transplantation was performed into the 

superior and inferior retina (Figure 1.4.2b). An average of 8% of the 200,000 cells 

transplanted were properly integrated into the ONL (Figure 1.4.2c). The 

improvement in cell integration has allowed researchers to establish if photoreceptors 

cell transplantation can improve the recipient’s vision. Many different methods were 

used to test this. Histological analysis demonstrated that transplanted cells developed 

photoreceptor morphology, synaptic connectivity and light responses. Furthermore, 

transplanted cells could elicit light-evoked responses in the brain. Behavioral testing, 

showed visual improvements in transplanted mice in the dark-adapted optokinetic 

test and water maze, which was performed in dim light (Figure 1.4.2d) (Pearson et 

al., 2012). 
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Figure 1.4.2. Transplantation of photoreceptor precursors restores visual function. 

a, Nrl.GFP transgenic retina showing early post-natal photoreceptors rod photoreceptors. b, 

Nrl.GFP cells were transplanted subretinally in the superior and inferior eye hemispheres. c, 

Section of a whole eye showing cell masses and cells integrated into the host ONL. d, Water 

maze behavioral schematic. Transplanted animals had a better pass rate (at least 70% in 

green) than sham control animals. Adapted from Pearson et al, 2012. 

 

Transplantation of dissociated photoreceptor cells has improved considerably since it 

started in the 1990’s (Juliusson et al.,1993; Kwan, Wang, & Lund, 1999). However, 

long-term survival of integrated photoreceptors is low. In wild-type mice a decrease 

in the number of integrated photoreceptors was detected as early as 4 months after 

transplantation. This reduction was due to an adaptive immune response, 

macrophages invasion with very few cells surviving in the retina 12 months after 

transplantation. Therefore, the use of immunosuppressants improved the number of 

integrated cells detected after 4 months of transplantation (West et al., 2010).  

	  

One important step in the optimization to increase the number of integrated cells was 

the use of a purified population of donor photoreceptors. While genetic labeling 

using photoreceptor specific transgenes is feasible in animal research, it would be 

unfeasible for human therapy. Therefore, the strategy to enrich for a desired cell 

population is antibody labeling against cell surface markers. Monoclonal antibodies, 
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which bind specifically to surface antigens of photoreceptor cells can be used to sort 

this population. Two studies have investigated the use of a photoreceptor specific 

cell surface marker, CD73 (Koso et al., 2009) in the context of transplantation 

(Eberle etal., 2011; Lakowski et al., 2011). CD73 is encoded by the gene nt5e. The 

protein is also known as ecto-5'-nucleotidase and it converts AMP to adenosine. In 

the murine retina CD73 protein is present in post-natal photoreceptors (Lakowski et 

al., 2011). Another, cluster of differentiation protein present in the retina is CD24, a 

glycoprotein expressed in all the retina layers early in development, but not at post-

natal stages (Lakowski et al., 2011). Lakowski et al, have sorted post-natal retinal 

cells for CD73+/CD24- photoreceptor precursors. The results demonstrated greater 

photoreceptor integration with this selection, compared with using Nrl.GFP sorted 

cells. Therefore, cell surface specific antibodies can effectively be applied as a 

method to isolate photoreceptor precursors for transplantation. However, the use of 

this approach to isolate human photoreceptors precursors still needs to be 

investigated. 

	  

Transplantation of adult photoreceptors was recently reviewed and it was 

demonstrated that adult photoreceptors were able to integrate into the adult retina. 

However, the failure rate of transplants was significant higher than transplants using 

P5 donor retinal cells. It was concluded that poor cell survival of older donor cells 

was to blame for the limited integration. In summary, consistently high levels of 

integration are achieved when post-mitotic photoreceptors precursors are used as 

source of cells.  

	  

1.4.4 Fetal Retinal Sheets 
	  

Another valid and efficient approach used in cell transplantation experiments is the 

use of whole retinal sheets with or without RPE obtained from embryonic or 

neonatal rodents. Similar to dissociated cells, subretinal sheet transplants can survive 

and differentiate after transplantation (Ghosh, Johansson, & Ehinger, 1999; Seiler & 

Aramant, 1998; 2012; Zhang et al., 2003). However, it has been difficult to confirm 

the morphological integration of the transplanted sheet with the recipient’s retina. 

Zhang et al, has transplanted retinal sheets in the rd1 mouse model and demonstrated 
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the existence of a glial barrier between the host retina and the adjacent retinal graft  

(Zhang et al., 2003).  Another study using S334ter-line-3 rats with fast retinal 

degeneration as a result of mutation in the rhodopsin gene has shown that 

transplanted fetal retinal sheets extended neurites towards the host retina forming 

synaptic connections, which in turn elicited visual responses in the superior 

colliculus (SC) in the brain. This was demonstrated by pseudorabies virus, which is 

specifically transferred between neurons at synapses, injections into the visually 

responsive area in the SC, which were traced back to the retina in the area of the 

graft (Seiler et al., 2008). This study claimed improved visual function. However, the 

lack of proper controlled transplantation experiments, using for example, non-

functional retinal sheets cannot exclude the possibility that the improvement in visual 

function were the result of trophic factors released by the graft, which would protect 

the host environment from degeneration.  

 

Phase II clinical trials utilizing human fetal sheets are ongoing and showed no 

indication of graft rejection. Furthermore, transplants of retinal sheets together with 

RPE were reported to have improved visual acuity. Although one needs to be careful 

to interpret these results as intraocular lens implants were received together with the 

transplantation of the grafts (Radtke et al., 2008) (Radtke et al., 2004).  

 

1.4.5 Neural Stem and Progenitor Cells 
	  

The brain and the retina have the same embryological origins and therefore it was 

hypothesized that neural stem (NS) cells could be isolated and transplanted in the eye 

as a possible source of cells for retinal replacement therapy. One of the first studies 

transplanted hippocampal NS cells into the adult and immature rat retina. Although 

the undifferentiated neural progenitors were able to integrate into the host retina 

these cells failed to fully differentiate into retinal cell types (Takahashi et al ., 1998; 

Young et al., 2000).  The age of the host retina has been investigated as a possible 

cause for limited differentiation and integration detected in the NS cells 

transplantation studies. An enhanced morphological integration and cell fate 

determination into retinal cell types was observed in transplants to the developing 

retina (Sakaguchi et al., 2003). 
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Similar results were obtained from ES cell-derived neural progenitors 

transplantation. Two studies have differentiated mouse and human ES cells into NS 

cells and following transplantation these cells were capable of integrating into the 

retinal layers and assume a retinal phenotype. However, in both cases the integrated 

cells did not reach a mature stage of development (Banin et al., 2006; Meyer et al., 

2006). 

 

Although NS cells are able to integrate into the young and adult retinas to a certain 

extent, it is clear that replacement of photoreceptors by these cell population is not 

effective. Therefore, retinal stem cells were explored as a more appropriate candidate 

as a cell source. 

 

1.4.6 Retinal Progenitor Cells and Retinal Stem Cells  
	  

The fact that the host environment could influence cell fate decisions of neural stem 

cells suggested that retinal progenitors and adult retinal stem (RS) cells, already 

primed by the retinal environment, would represent a superior source of cells to 

obtain fully mature retinal cell types.  

 

Although, cultured multipotent RPCs which were subretinally injected as 

neurospheres or dissociated cells had the ability to survive, and differentiate into 

photoreceptors these cells did not demonstrated integration capacity (Chacko et al., 

2000). Therefore, another study investigated the possibility that the environment of 

the injured retina would promote the integration of these cultured retinal progenitors 

and adult retinal stem cells from the ciliary epithelium. Indeed these cells were able 

to differentiate and integrate, albeit at low levels, in the injured retina (Chacko et al., 

2003). Furthermore, embryonic RPCs cultured in vitro to enhance photoreceptor 

differentiation were transplanted in to the young degenerate rat retina and grafts were 

shown to express markers of photoreceptor differentiation, such as rhodopsin. 

However, no proper integration was detected (Qiu et al., 2005).  
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Transplantation of P1 RPC neurospheres, which were cultured in vitro prior to 

transplantation into the Rho-/- mouse, demonstrated migration and integration into the 

retinal layers, but migration to the ONL was infrequent (Klassen et al., 2004). 

However, relative preservation of the ONL in transplanted eyes showed a possible 

trophic effect of the grafts.  

 

A recent paper established in vitro protocols to expand P0 retinal progenitors in order 

to obtain photoreceptor differentiation. Surprisingly, these cells lost expression of 

retinal progenitor genes and did not differentiate into photoreceptors in vitro or 

following transplantation, as previously described. On the contrary, these cells 

differentiated into astrocytes, neurons and myelinating oligodendrocytes (Czekaj et 

al., 2012). 

 

Similar results were obtained from transplants of adult retina stem (RS) cells and 

Müller glial cells. Human adult ciliary epithelium cells were expanded in culture as 

neurospheres and intravitreous transplanted into the young chick eye, showing 

limited migration and integration of differentiated cells (Coles et al., 2004). Inoue et 

al, transplanted genetically modified human RS cells, which once transplanted gave 

rise to photoreceptor cells. Integrated cells were detected and improved visual 

function was suggested in Gnat1 mice (Inoue et al., 2010). Although RS cells can be 

expanded in vitro their proliferative capacity is limited, therefore the use of these cell 

in clinical applications would be difficult. Furthermore, genetically modified RS 

cells to enhance photoreceptor differentiation cannot be used in clinical settings.  

 

Müller glia express many RPC genes and when the retina is injured these cells can 

re-enter the cell cycle. Many studies have expanded Muller glia cells in vitro and 

shown limited integration (Bull & Martin, 2009; Lawrence et al., 2007; Singhal et 

al., 2008). However, interventions with immune suppression and degradation of 

chondroitin sulphate proteoglycans (CSPG) demonstrated an increase in cell 

integration suggesting that glial scaring and macrophage infiltration are possible 

barriers to integration. Recently, adult human Müller glia cells were culture and 

differentiated into rod photoreceptors. Following transplantation into the young 
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immune deficient mice a small number of cells were detected in the ONL (Giannelli 

et al., 2011).  

 

Therefore, the potential use of RPCs and RS cells as a source of cells for 

transplantation experiments is controversial, as studies using these cells vary 

significantly. The small number of integrated cells observed might be a result of poor 

differentiation into photoreceptors and the influence of the host environment with 

young hosts more suitable for integration. 

 

1.4.7 Embryonic Stem Cells 

	  

Photoreceptor precursors, which are capable of integrating into the adult retina, were 

obtained from the early post-natal retina in mice. In humans, the correspondent stage 

is late second or early third trimester of fetal development. Therefore, the use of 

these cells as a source for transplantation is not justified and embryonic stem (ES) 

cells represent a good alternative candidate. Embryonic stem cell lines can be 

expanded extensively in culture and can generate all cell types of an organism under 

the right conditions. The differentiation of ES cells into retinal cell types has been 

achieved and these studies were discussed in Chapter 1.3. 

 

To date, a small number of studies have transplanted ES-cell derived retinal cell 

types. Lamba et al. transplanted between 50,000-80,000 human ES cell-derived 

retinal cells to the subretinal space of adult wild type and Crx-/- mice, a model of 

retinal degeneration. The differentiated cells contained 80% retinal cells and from 

those 30% were Crx positive photoreceptor precursors, and 15% were Nrl positive 

photoreceptors. Moreover, 50-70% of these cultures were labeled with virus for 

transplantation. Transplanted cells were observed in all layers of the retina and a 

small cluster of cells integrated into the wild-type ONL. An average of 2985 Nrl 

positive human nuclei were counted integrated into the Crx-/- mouse model. These 

integrated cells did not develop outer segments, similar to the endogenous 

photoreceptors.  
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Another study by the same group demonstrated the differentiation of a human IPS 

cell line toward photoreceptor cell fate. About 11.8% of the differentiated cells were 

Crx positive, with only 1% expressing late post-natal markers recoverin, rhodopsin. 
The culture was labeled with a lentivirus encoding human photoreceptor specific 

promoter driving GFP (IRBP-GFP), and FAC sorted to isolate photoreceptors only. 

Following transplantation into the adult wild-type mice approximately 50 cells per 

eye had migrated into the ONL (Figure 1.4.3). The GFP photoreceptors migrated to 

the ONL and the authors state that these cells were integrated into the ONL. 

However, no inner processes towards the INL or inner and outer segments were 

observed in the figures presented in the paper (Lamba et al., 2010). Although many 

studies have routinely used the term integration following transplantation of stem 

cell derived retinal cell types, a proper analysis of the “integrated” cell morphology 

is necessary following transplantation. A number of basic requirements, such as 

presence of inner process or inner segments, need to be fulfilled before cell 

integration can be confirmed.   

 

 
Figure1.4.3. Integration of Human ES and IPS cells derived photoreceptors. 

a, Human ES cell-derived photoreceptors (green) into the ONL of the Crx-/-mouse showing 

expression of rhodopsin and Nrl (arrows). b, IPS cell derived photoreceptors (green) 

migrated into the ONL showing otx2, recoverin and rhodopsin staining. Adapted from 

Lamba et al, 2009 and 2010. 

  

A mouse dsred iPS cell line was used to differentiate photoreceptor precursors with a 

protocol that uses a cocktail of growth factors and recombinant proteins. About 

250,000 retinal cells were transplanted into the Rho-/-, model that lack rhodopsin 
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protein, at day 33 of differentiation. Importantly, to avoid teratoma formation, the 

cultured cells were first depleted of cells positive for the SSEA1 marker of 

undifferentiated ES cells. A “repopulation” of the ONL was observed in the 

transplants. Dsred photoreceptors contained Rhodopsin, outer segment marker 

ROM1 and Recoverin. Similar to the Lamba et al results, this study also claimed to 

detect an ERG response in transplanted eyes in 8–10 week old mice, post-

transplantation.  

Interestingly, in the Pearson et al study, ERG responses were not detected in any of 

the transplanted eyes despite a robust integration of up to 26, 616 cells. Moreover, 

they have used a dilution series of AAV2/8 viral vectors to deliver Gnat1 transgene 

to the Gnat1-deficient model and demonstrated an ERG response only after about 

150,000 photoreceptors were transduced. This discrepancy in results might be due to 

intensity of flashed lights stimulating the endogenous cones in the Lamba et al 

experiments or simply a technical difference in the apparatus used. In any case, the 

field needs to be cautious and other tests should be performed, together with ERG, 

before a proper functional rescue can be claimed. 

 

Furthermore, a recent study has transplanted human ES cell-derived RPCs into the 

wild-type retina and although grafted RPCs survived and differentiated into 

photoreceptors in the subretinal space, limited migration to the ONL was observed 

only when there was damage to the retina due to injection (Hambright, 2012).  

 

Although the use of ES and iPS cell-derived retinal cell types in cell replacement 

therapies is a feasible approach and many protocols exist to differentiate 

photoreceptors, contradictory transplantation results are being reported. Therefore, 

further optimization not only of the differentiation protocol but also of the 

transplantation procedures is required to increase the number of integrated cells and 

therefore establish if the integrated cells are indeed connecting to the retinal circuitry 

of the host retina. 
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AIMS AND OBJECTIVES  
 

Differentiation of Embryonic Stem (ES) cells into retinal cell types constitutes a 

potential source of cells for retinal repair. Although techniques have been developed 

to differentiate stem cells from a pluripotent state towards retinal cell types, many 

challenges remain before the right donor cells can be obtained for clinical 

approaches. This study aims to provide a comprehensive understanding of the ES 

cell retinal differentiation system in 2D and 3D cultures. By asking whether retinal 

development is being recapitulated in vitro we will attempt to (1) characterize ES 

cell-derived retinal progenitor development, (2) determine the temporal genesis of 

ES cell-derived rod photoreceptor precursors by comparing to normal development, 

and (3) demonstrate the integration and maturation capacity of ES cell-derived 

photoreceptor precursors, following transplantation to the adult degenerate retina.  

The present study will determine the potential of mouse ES cells as a source of cells 

for retinal repair and thus provide an important step towards stem cell therapy in the 

eye.     
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CHAPTER 2. MATERIALS AND METHODS 
 

2.1. METHODS OF MOLECULAR BIOLOGY 
 
2.1.1 DNA Analysis 
 

The table 1 bellow includes all the plasmid vectors used in the experiments. 

 

Table 1. List of plasmids produced 

Name of vector plasmid  Used for 

PGEM-T. Nrl promoter Transgenic Nrl.GFP mice 

Lenti.SFFV.RFP.WPRE Lentivirus production 

pGEM-T.Nrlp linker Insert BamHI site for cloning 

pGEM-T.Nrlp.RFP.SV40 Electroporation 

pD10.CBA.RFP.SV40 Subclone and virus production 

Lenti.Nrlp.RFP.WPRE Lentivirus production 

pD10.CMV.eGFP Virus production 

pD10.Rhop.eGFP Virus production 

pD10.Nrlp.RFP Virus production 

 

2.1.1.1 Nrlp.eGFP construct design 

 

The pGEM-T.Nrl promoter vector used to generate the Nrl.eGFP transgenic mice 

(Akimoto et al., 2006), was sequenced and six point mutations were detected within 

the 2.5 kb promoter region. Therefore, site directed mutagenesis PCR was performed 

to correct these mutations. After corrections the pGEM-T.Nrl promoter and the 

2.5Kb Nrl promoter was used to subclone the Lenti.Nrlp.RFP.WPER for lentivirus 

production and the pGEM-T.Nrlp.RFP.SV40 vector plasmid for electroporation 

experiments. 
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Nrl promoter site-directed mutagenesis PCR 

 

The QuikchangeTM Site-Directed Mutagenesis Kit (Stratagene) was selected to 

correct 6 point mutations in the Nrl promoter sequence prior to cloning. All 

procedures followed manufacture’s protocol. Forward and reverse primers, which 

aligned in the middle of each mutation were designed. The primers used are shown 

in Table 2.  

Table 2. List of primers used to correct Nrl promoter mutations 

Oligo name Sequence (5’-3’) 

NrlC352T F CAATATAGAGAGCCATGTTGACCCC 

NrlC352T R GGGGTCAACATGGCTCTCTATATTG 

NrlT530C F GCTGCTGCTTCTTTTCAAGCATCCTC 

NrlT530C R GAGGATGCTTGAAAAGAAGCAGCAGC 

NrlA737G F CATCTGGAGACTAAAAGAAGCTGAAATCC 

NrlA737G R GGATTTCAGCTTCTTTTAGTCTCCAGATG 

NrlT1685C F GCTCCCCTCCTTTGATCTTTCTCG 

NrlT1685C R CGAGAAAGATCAAAGGAGGGGGAGC 

NrlG1789A F GCGCTTTGCTTTGGTTTGCTGCCTTGG 

NrlG1789A R CCAAGGCAGCAAACCAAAGCAAAGCGC 

NrlT1997C F GGTTAGGCCTTTGCTTCCTTCAGGGG 

NrlT1997C R CCCTGAAGGAAGCAAAGGCCTAACC 

 

SpeI/BamHI Linker 

 

To clone the Nrl promoter into the Lenti.SFFV.RFP.WPRE vector backbone a SpeI/ 

BamHI linker was added at the end of the Nrl promoter in the PGEM-T.Nrl promoter 

vector plasmid. Linker fragments designed are highlighted in yellow.  

Linker: ACTAGTGGATCCGCTAGT 

             TGATCACCTAGGCGATCA 

                 SpeI/BamHI  

10 µl of each fragment at a concentration of 100 µM were annealed by quickly 

heating to 950 C and let to cool down slowly at room temperature (RT). Linker was 

stored at -200 C and used in subsequent ligations. 
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2.1.1.2 Nrlp.RFP.SV40 construct design 

 

A pD10 vector plasmid containing the chicken b-actin promoter (CBA) driving a red 

fluorescent protein (RFP), pD10.CBA.RFP.SV40, was cut with BamHI and NdeI 

restriction enzymes to excise the 

1.4 Kb RFP.SV40 fragment, 

which was ligated into the pGEM-

T.Nrlp linker also cut with BamHI 

and NdeI. The final pGEM-

T.Nrlp.RFP.SV40 plasmid was 

used for electroporation 

experiments (see 2.1.1.6 for 

ligation methods). 

 

 
Figure 1. Schematic map of pGEM-T plasmid linearised for electroporation.  

Nrlp.RFP.SV40 DNA fragment was cut out using EcoRI and AvrII restriction enzymes. 

 

2.1.1.3 Transformation and recovery of plasmids 

 

DH5αTM competent cells (Invitrogen Ltd., UK) were defrosted on ice. After the 

bacteria suspension had thawed on ice, the ligation solution was added and the 

transformation mix was incubated on ice for 15-30 minutes. Samples were then heat-

shock treated for 45 seconds at 42°C in a heat block, quickly transferred for 2 

minutes on ice, and 100 µl LB (Luria Bertani, Merck Ltd, UK) medium was added. 

All plasmids used included the ampicillin resistance gene as a selection marker for 

successfully transformed colonies. To ensure efficient expression of the resistance 

gene, transformed bacteria were incubated for 1 hour at 37°C before they were 

spread on selective LB agar plates. LB agar plates were prepared containing 20 g 

Bacteriological agar (Oxoid Ltd., UK) per litre of water, and 100 µg/ml ampicillin 

(Sigma, UK). Plates were incubated overnight at 37°C to allow resistant bacteria to 

grow. 

The following day 5 ml of LB medium containing 100 µg/ml ampicillin (Sigma, UK) 

was inoculated with bacterial colonies and was incubated at 37°C overnight to allow 
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for growth. For small scale preparations, plasmids were recovered using QIAGEN® 

Miniprep Kit (QIAGEN, UK). For large scale preparation 50 µl of the 5 ml culture 

were used to inoculate 500-1000 ml LB medium and bacteria were grown as 

described above. DNA was then recovered using QIAGEN® Plasmid Mega Kit 

(QIAGEN Ltd., UK). 

For transformation and preparation of highly recombinogenic plasmids, all the 37°C 

incubations were carried out at room temperature for 30 hours. 

 

2.1.1.4 DNA electrophoresis 

 

After restriction digests or PCR reactions, DNA fragments were separated on a 1-2 

% (w/v) agarose gel, according to the size of the DNA fragment, using 1x TBE 

buffer. Ethidium bromide (1 µl of 10 mg/ml concentration per 50 ml of gel) was 

added to visualise nucleic acid bands. Samples were loaded onto the gel using gel-

loading buffer (5x; Promega) and a 1 kb DNA ladder (Promega) was run at the same 

time to provide a size marker with a voltage of 180 V. The gels were photographed 

on an ultraviolet transilluminator. 

 

2.1.1.5 DNA extraction and purification 

 

The required DNA fragments were excised from the agarose gel and the DNA was 

extracted using QIAquickTM Gel Extraction Kit (QIAGEN Ltd., UK) following the 

manufacturer’s instructions. The concentration of the eluted DNA was measured by 

photospectroscopy using a NanoDrop® ND-1000 Spectrophotometer (LabTech Int., 

UK). 

 

2.1.1.6 Cloning ligations 

 

The ligation of gel purified DNA fragments was carried out at 25°C for 3 hours or at 

16°C overnight. T4 DNA ligase (New England Biolabs Ltd. UK or Promega), the 

supplied buffer, the vector backbone and the insert of interest were added in 

accordance with the manufacturer’s instructions at a final volume of 20µl. To check 

whether the ligation was successful, bacteria were transformed with the ligated 
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plasmid.  DNA was isolated from the bacterial precultures using QIAGEN® Plasmid 

Miniprep Kit (QIAGEN, UK) and analysed by the appropriate restriction enzyme 

digests and subsequent gel electrophoresis. Bacterial precultures of positive clones 

(680 µl) were mixed with glycerol (180 µl) (Sigma, UK) and kept in -80°C for long-

term storage. 

 

2.1.1.7 Sequencing 

 

All sequencing reactions were carried out using Big dye Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems) on the ABI PRISM 3100 Genetic Analyser. 

The protocol used was provided by manufacturer. The plasmid DNA (about 100ng) 

were sequenced with 1x BigDye v3.1 ready mix (dye terminators, dNTPs, Amplitaq 

DNA polymerase, FS, rTth, pyrophosphate and MgCl2), 1x Big Dye Sequencing 

buffer (Applied Biosystems), 3.2 pmol of appropriated primer and ddH2O to a final 

volume of 20 µl. This reaction was then placed on a Techne Touchgene thermocycler 

under the following conditions: 

1 minute at 96oC and 35 cycles of: 

1. 10 seconds at 96oC, 

2. 10 seconds at 50oC, 

3. 4 minutes at 60oC. 

 

2.1.2 Lentiviral Vectors 

  
2.1.2.1 SFFV.RFP.WPRE plasmid  

 

Second generation HIV-1-based self-inactivating lentiviral vectors pseudotyped with 

the vesicular stomatitis virus glycoprotein (VSV-G) envelope containing the reporter 

gene RFP and the Woodchuck hepatitis virus post-transcriptional regulatory element 

(WPRE) to stabilise mRNA and increase expression, driven by the spleen focus 

forming virus (SFFV) promoter. Plasmid was sequenced to check for any possible 

mutations and produced as described below (2.1.2.3).  
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2.1.2.2 Lenti. Nrlp.RFP.WPRE construct design  

 

The lenti vector plasmid SFFV.RFP.WPRE was sequentially digested with EcoRI 

(cleaned with PCR purification Kit (Qiagen)) and with BamHI for excision of the 

spleen focus forming virus (SFFV) promoter. The Nrl promoter was also sequentially 

isolated with EcoRI and BamHI from 

the pGEM-T.Nrlp.linker.eGFP vector 

plasmid. Following gel extraction with 

Gel Extraction kit (QIAGEN), the 

Nrlp.linker insert was ligated to the 

Lenti.RFP vector with LigaFast Rapid 

DNA Ligation System (Promega) for 

4 hours at room temperature. The final 

construct Lenti.Nrlp.RFP.WPER  

(Figure 2) was sequenced before viral 

production.   

                                      Figure 2. Schematic map of Nrlp. RFP.WPRE lenti virus plasmid. 
                                      Lenti Nrl.RFP viral vector used for virus production. 

 

2.1.2.3 Production of recombinant lentivirus 

 

For the production of recombinant lentivirus, 293T cells were seeded the day before 

in 150 cm2 plates so that the cells are 80-90 % confluent prior to transfection (30-

40x106 cells per plate). The cells were transfected with 50 µg of the lentiviral 

recombinant construct per plate in addition to the lentivirus helper constructs pMD.G 

(17.5 µg) and the packaging plasmid p8.91 (32.5 µg) using the following protocol. 

The aforementioned plasmid amounts were added to 6 ml Opti-MEM®. In a separate 

tube, 1 µl of a 10 mM stock of polyethylenimine (PEI, Sigma, UK) was also added to 

6 ml of Opti-MEM®. DNA and PEI solutions were mixed 1:1 and left at room 

temperature for 20 minutes. The cells were washed in Opti-MEM® and then 12 ml of 

the PEI and DNA complexes were added to each flask. The cells were incubated at 

37°C, 5 % CO2 for 4 hours. The media were then replaced with complete DMEM (25 

ml/plate). Twenty-four hours after transfection the media were removed and replaced 

with fresh media (15 ml per plate). The virus was harvested the following day by 
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centrifugation of the harvested media at 2500 rpm for 10 minutes and then filtered 

through a 0.45 µm filter. The filtered media were transferred to polyallomer ultra-

centrifuge tubes (11.5 ml/tube for TH641 rotor or 33 ml/tube for Surespin rotor) and 

were ultra-centrifuged at 4°C, for 2 hours at 23,000 rpm (TH641 rotor) or 22,000 

rpm (Surespin rotor). The supernatant was decanted off and the tubes maintained 

upside down on tissue paper to drain the remaining supernatant. The last drops 

around the rim were dried with paper. Then, 50 µl (TH641 rotor tubes) or 125 µl 

(Surespin rotor tubes) of DMEM without serum were added per tube and pipetted ten 

times. Parafilm was placed over the top and the tubes were left on ice for 1 hour. 

The media were then pipetted another 10 times to resuspend the virus and were 

transferred to an eppendorf tube. The average yield of the lentivirus production 

protocol is approximately 500 µl of concentrated virus per 10 plates of transfected 

293T cells. The virus was then centrifuged for 10 minutes at 4000 rpm to remove cell 

debris, aliquoted and stored at -80°C. 

 

2.1.3 AAV2/9 Viral Vectors 
 

2.1.3.1 pD10.CMV.eGFP and PD10.Rhop.eGFP plasmids  

 

The PD10.CMV.eGFP and PD10.Rhop.eGFP vector plasmids were available in the 

laboratory. The 2.2 kb bovine rhodopsin promoter was obtained from gBR200-lacF 

(gift from D.Zack) as previously described (R.R.Ali, 2000). 

 

2.1.3.2 pD10.Nrlp.RFP construct design 

 

The pD10.CBA.RFP and pGEM.Nrlp.RFP.SV40 vector plasmids were used. Nrl 

promoter was obtained by opening the pGEM.Nrlp.RFP.SV40 plasmid with SacII 

restriction enzyme followed by cleaning reaction with PCR purification Kit 

(QIAGEN). The cut plasmid (opened) was then blunted using the following protocol: 

 

Digested clean DNA →                 30 ml 

dNTPs →                                          1ml  

Klenow buffer (Promega) →            5ml 
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Klenow polymerase (Promega) →   1ml 

dH2O →                                          13ml  

 

50ml reaction was warmed at 30o C for 30 minutes followed by 10 minutes at 75o C 

to stop blunt reaction. 

Next, the reaction was cleaned by EtOH precipitation and digested with BamHI to 

obtain the Nrl promoter. The pD10.CBA.RFP vector plasmid was cut with Bstz17I 

restriction enzyme (blunt) and BamHI. The backbone (without CBA) was gel 

extracted and ligated to Nrl promoter to produce the pD10.Nrlp.RFP plasmid.  

   

2.1.3.3 Virus production 

 

Production of recombinant AAV2/9 (rAAV2/9) was carried out by tripartite 

transfection of three plasmids in HEK293T cells. In addition to the pD10-based 

plasmids, pAAV9 (that carries the rep and cap genes) and pHGTI (that carries helper 

accessory genes) plasmids were used in a PEI based transfection. 293T cells were 

seeded into 150 mm plates at a concentration of 106 cells/plate. The plates were 

incubated overnight so that they reach 70 % confluency the following day. The 

transfection media were prepared using the following amounts: 

 

For 20 plates: 

DMEM                 →                          52.5 ml  

pAAV9 →                100 µg 

pHGTI →                  30 µg 

pD10-CMV/Rho/Nrl → 100 µg 

PEI                   →                 1.2 ml 

 

Transfection solution was kept at room temperature for 10 minutes. 2.5 ml of the 

transfection solution was then added to the 293T plates without removing the old 

media and the cells were incubated for 36 hours before scraping, harvesting (cells 

were spun down at 2000 rpm for five minutes) and resuspending in TD buffer. The 

viral particles were released from the harvested cells by 3 freeze-thaw cycles at -

80°C and 37°C. Vigorous vortexing for 10 minutes in between ensured adequate cell 
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lysis. Treatment with 50 U of benzonase (Sigma, UK) to eliminate any plasmid DNA 

was followed by centrifugation and retention of the supernatant. The supernatant was 

filtered through 5 µm, 0.45 µm and 0.22 µm syringe filters before proceeding with 

the exchange chromatography purification using an ÄKTATMprime FPLC apparatus 

(Amersham, UK) to purify the rAAV2/9 particles on an anionic sephacryl S300 and 

a POROS 50HQ column prior to elutation using an increasing salt gradient (Buffer A 

and B; see Buffers & solutions). Approximately 20 ml of elute were subsequently 

concentrated in Vivaspin 4 columns to a final volume of approximately 200 µl. The 

virus was then aliquoted and frozen at -80°C. 

 

2.1.3.5 Virus titration by dot blot analysis 

 

1 and 3 µl samples from the AAV2/9 preparations were treated with 100 µg 

proteinase K (Promega, UK) in 100 µl 2 x proteinase K buffer (200mM Tris: 10mM 

EDTA: 400mM NaCl: 0.4% SDS) and 100 µl dH2O. After 1 hour incubation at 

37°C, viral DNA was precipitated by adding 1/10 volume of 3M sodium acetate, 40 

µg glycogen (Sigma, UK) and 2.5 volumes of 96 % ethanol and left at -80°C for 30 

minutes. DNA was pelleted by centrifugation at 5000 g for 30 minutes at 4°C. Each 

DNA pellet was washed with 200 µl of 70 % ethanol, air dried and resuspended in 

200 µl 0.4 M NaOH + 10 mM EDTA solution. 

A dilution series of plasmid DNA (usually the pD10-based plasmid) ranging from 

1012 to 107 molecules was used as a standard. The samples were prepared with 0.4 M 

NaOH + 10 mM EDTA solution in a total volume of 200 µl. The AAV2/9 DNA and 

standard samples were denatured at 100°C for 2 minutes and then cooled for 2 

minutes on ice. The samples were then applied onto a pre-wet 0.45 µm HybondTM-

N+ membrane (Amersham, UK) in a Dot-blot apparatus (Bio-Rad, UK). Each well 

of the manifold that would have a sample loaded onto it was pre-washed with 0.2 ml 

of dH2O and vacuum dried before sample loading. After the DNA samples were 

bound onto the membrane, 0.2 ml of 0.4 M NaOH and 10 mM EDTA was added to 

each well and was subsequently vacuum dried. The membrane was then washed with 

dH2O, placed in a hybridisation tube and heated to 65°C in a hybridisation oven to 

cross-link the DNA on the membrane. A hybridisation bottle was pre-heated in a 

hybridisation rotating oven at 65°C, together with Church buffer (0.34M Na2HPO4: 
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0.18M NaH2PO4: 0.25M SDS: 1mM EDTA). The blot membrane was transferred to 

the pre-heated bottle between hybridisation mesh and pre-hybridised for 30 minutes. 

Meanwhile the probe DNA (eGFP/RFP fragments) was excised from the plasmid 

and isolated from an agarose gel. The extracted probe DNA was denatured at 95°C 

for 5 min followed by incubation on ice for 2 minutes. Biotinylation of the probe 

DNA was carried out using the NeoBlot Phototope Kit (New England Biolabs Ltd., 

UK) according to the manufacturer’s instructions. In brief, a reaction with a total 

volume of 50 µl was performed by adding to the probe DNA 5x Labelling mix 

(containing random octamer primers), 10x dNTP mix (containing a biotinylated 

dATP) and 1 µl Klenow polymerase. The probe was incubated at 37°C for 1 hour 

followed by the addition of 5 µl 0.2 M EDTA, pH 8 to terminate the biotinylation 

reaction. DNA precipitation was carried out by incubating the probe at -20°C for 30 

minutes in the presence of 3 M NaOAc (5 µl) and 100 % ethanol (150 µl). After 

centrifugation at 5000 g for 10 minutes at 4°C, the DNA pellet was washed with 70 

% ethanol and spun down again. The final probe DNA pellet was resuspended in 20 

µl dH2O and stored at -20°C. 

5 µl of the probe were added to the pre-hybridised membrane and incubated at 65°C 

overnight to ensure hybridisation to the viral samples and the standard dilution 

series. The blot was then washed three times with 50 ml 33 mM sodium phosphate 

buffer for 5 minutes per wash. Block solution (125mM NaCl: 25mM NaPi: 5% SDS) 

was then added onto the blot ensuring that it is covered and it was incubated on a 

shaking platform at room temperature for 1 hour. Streptavidin incubation was carried 

out by diluting the supplied stock 1:1000 in Block solution and applying it onto the 

drained blot at room temperature for 20 minutes. Two rounds of washing in Wash 

solution I (Block solution diluted 1:10) for 5 minutes were followed by 5 minutes 

room temperature incubation with pre-diluted (1:1000 in Block solution) biotin-

conjugated alkaline phosphatase. Two rounds of washing in Wash solution II (10mM 

Tris-HCl: 10mMNaCl: 1mM MgCl) were followed by the addition of the CDP-Star 

reagent directly onto the blot covering the area that with blotted samples. The blot 

was immediately wrapped in cling film and exposed to an X-ray film for a variable 

amount of time (~3 minutes depending on signal strength). Viral titre determination 

was then possible by comparison between the viral samples and the standard dilution 

series. 
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2.1.4 Rna Analysis 
 

2.1.4.1 Total RNA isolation 

 

RNeasy Mini or Micro Kit (QIAGEN Ltd., UK) was used for RNA extraction of cell 

pellets, EBs, FACS sorted cells or whole retinas (quickly frozen in liquid N2) 

according to the manufacturer’s instructions. The RNA concentration was measured 

using a NanoDrop® ND-1000 spectrophotometer (LabTech Int., UK). Total RNA 

was stored in -80°C. 

 

2.1.4.2 cDNA synthesis  

 

For cDNA generation the QuantiTect® Reverse Transcription Kit (QIAGEN Ltd., 

UK) was used according to the manufacturer’s instructions. Briefly, the RNA 

samples were thawed on ice and up to 12 µl (or up to 1 µg) were added to 2 µl of 

gDNA Wipeout Buffer. The reaction was made up to 14 µl with water and incubated 

at 42°C for 2 min. In a separate tube, 1 µl of Quantiscript Reverse Transcriptase, 4 µl 

of Quantiscript RT Buffer and 1 µl of RT Primer mix (containing random octamers 

and dT nucleotide mix) were mixed before adding them to the template RNA. The 

reaction tube (20 µl final volume) was incubated at 42°C for 1 hour to enable reverse 

transcription, followed by a 3 minutes incubation at 95°C to inactivate the 

Quantiscript Reverse Transcriptase. The efficiency of the reaction provides a 1:1 

conversion ratio of RNA:cDNA, hence up to 1 µg of cDNA was made per sample. 

Total cDNA was stored in -20°C. 

 

2.1.4.3 Reverse transcriptase-polymerase chain reaction (RT-PCR) 

 

Total RNA was extracted with RNeasy Micro Kit (QIAGEN), and reverse-

transcribed using QuantiTect Reverse Transcription Kit (QIAGEN). The synthesized 

cDNA was amplified by using Hot Start master mix (Promega) with gene-specific 

primers. Standard PCR reaction contained: 12.5 μls of master mix, 9.5 μls of water, 1 

μl of forward and reverse primer and 1 μl of cDNA (50ng/ μl). The general cycling 
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conditions used had an initial denaturation at 94o C of 2 minutes. Reactions followed 

by 35-40 cycles of:  

1. Denaturing step at 95o C for 30 seconds, 

2. Annealing step for 30 seconds, 

3. Extension step at 72o C for 1minute. 

A final extension for 5 minutes at 72o C to finish the reaction was performed. 

 

Annealing temperature was optimized with a gradient of lower to higher 

temperatures for each primer set. All PCR reactions had negative controls containing 

the same reagents minus the cDNA run in parallel. 

  

2.1.4.4 Real time PCR- Relative quantification 

 

Between 10-20 ng of total cDNA from each sample, was loaded onto a 96 well-plate 

with 2x FastStart TaqMan® Probe Mastermix (Roche, UK), forward and reverse 

primers for amplification of gene of interest (Final concentration: 900 nM each), 

appropriate hydrolysis probe that binds the amplified area (Final concentration: 250 

nM; Roche, UK), and dH2O to make the final reaction volume up to 20 µl. 

Quantitative real-time PCR was run on an ABI Prism 7900HT Fast Real-time 

Sequence Detection System (Applied Biosystems, UK) and the manufacturer’s 

software (SDS 2.2.2) was used to obtain Ct values for the reactions. The relative 

expression between comparable samples in relation to the expression of the genes 

was normalized to beta-actin. 

 

2.1.4.5 Real time PCR- Absolute quantification 

 

For absolute quantitative real-time PCR, a dilution series of plasmid DNA ranging 

from 102 to 1012 molecules was used to produce a standard curve. Real-time 

quantitative RT-PCR (qRT-PCR) was performed with a commercial thermal cycler 

(7900HT; Applied Biosciences, Foster City, CA). All reagents were obtained from 

Roche Diagnostics (Burgess Hill, UK). The technique was based on FAM-labelled 

hydrolysis probes (Roche Diagnostics), and primers were designed for specific 

probe-binding regions using the Roche Universal Probe Library. The primers and 
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probes used are included in Table 3. Absolute mRNA amounts were calculated on 

the basis of the standard curve of plasmid DNA sample dilution series of known 

concentration. Water control was also included for every primer–probe combination. 

Cycling conditions were 40 cycles of 95°C for 30  sec, 60°C for 1  minute.



	   98	  

Table 3. Gene-specific Primers used 

Gene name Forward Primer (5’-

3’) 

Reverse Primer (5’-3’) Amplicon 

size (bp) 

Probe  

number 

Pou5f1 tgggcgttctctttggaa gttgtcggcttcctccac 128 67 

Nanog caggtttcagaagcagaagtacc ggttttgaaaccaggtcttaacc 101 67 

Otx2 gactgcagggcagagacg ggtagatttggagtgacggaac 111 25 

Rax cgacgttcaccacttaccaa tcggttctggaaccatacct 140 78 

Pax6 gcttggtggtgtctttgtca tttgcatctgcatgggtct 129 29 

Vsx2 cgtaagaagcggcgacac tctgggtagtgggcttcatt 86 78 

Six3 ggcacttcgatcctctcg gggcaattgggtttgtttc 131 75 

Six6 gctgcagccaaaaacagact cgccttgctcgacagact 135 19 

Lhx2 cagcttgcgcaaaagacc taaaaggttgcgcctgaact 87 85 

Mitf gacaccagccataaacgtca caagtttccagagacgggtaa 94 53 

Crx ccccaatgtggacctgat ggctcctggtgaatgtggt 89 64 

Nrl ttctggttctgacagtgactacg tgggactgagcagagagagg 77 53 

Nr2e3 cagccagcctgtgaggtt agaagctcaatgcgctcag 81 32 

Gnat1 agagctggagaagaagctgaaa tagtgctcttcccggattca 95 89 

Rcvrn caatgggaccatcagcaaa cctcaggcttgatcattttga 71 67 

Opn1sw ccccatcatctactgcttcat gacacgtcagattcgtctgc 93 4 

Opn1mw atcgtgctctgctacctcca tttctgttgctttgccactg 60 5 

Ikzf1 gccacaactacttggaaagca ctctctgctcctatcttgcaca 109 29 

Sox9 gtacccgcatctgcacaac ctcctccacgaagggtctct 94 66 

Rho acctggatcatggcgttg tgccctcagggatgtacc 70 32 

Calb1 cagatgtaactgtttcgtgtatcct tgcttcacaataaagaatccaggc 96 n/a 

Prkca acaagttcttcacgcgaggacag gacatacgagaacccttcaaaatcaga 97 n/a 

Rpe65 tcaggagatatgtacttcctttgac

a 

ttgtatggggcagtgtgact 75 96 

Actb aaggccaaccgtgaaaagat gtggtacgaccagaggcatac 100 56 

Nrl 

promoter.RFP 

construct 

gccaggaaccaatcactagtg cttgtggatctcgcccttcagcac 450 n/a 

CNGB3 tggacaaagcatatgtctacaga

gt 

cccagtaataaacacaggcgtta 87 02 

CNGA3 agaacagaagccaccagacg cagtcagccagcggtagtaga 92 67 

PDE6C tgactgcctgtgacctgtct ttgcaaccagaagtgctacct 72 09 

Cone Arrestin tgtgtttgttcaggagttcaca aggccctgcttctgacagt 105 71 
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2.1.5 Protein Analysis 
	  
2.1.5.1  Immunocytochemistry 

 

Cells were grown in chamber slides and fixed with 4% paraformaldehyde (PFA) for 

10 minutes at RT. Cells were blocked for 2 hours in 5 % milk, 1 %BSA, 5% serum 

and 0.3% Triton. The primary antibodies were incubated overnight at 4oC in block 

solution without serum. After washing with PBS, sections were incubated with 

secondary antibody for 2 hours at RT in block solution, washed with PBS and 

counter-stained with 4'-6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich, UK). 

Primary antibodies and working dilutions used are included in Table 4.  

 

Table 4. Antibodies used for immunofluorescent staining 

Antigen Host species Concentration used Supplier 

BrdU rat 1 in 100 Abcam (ab6326) 

Pax6 rabbit 1 in 500 Covance (PRB278P) 

GFP rabbit 1 in 200 Invitrogen (A21311) 

GFP (biotinylated) chicken 1 in 200 Invitrogen (A10263) 

β-tubulin (Tuj1) mouse 1 in 1000 Covance (MMS435P) 

Ki67 rabbit 1 in 100 Abcam (Ab15580) 

GFAP rabbit 1 in 250 Dako (Z0334) 

ZO-1 rabbit 1 in 100 Zymed (402200) 

Recoverin rabbit 1 in 2000 Chemicon (AB5585) 

Rhodopsin mouse 1 in 2000 Sigma (O4886) 

Calbindin rabbit 1 in 300 Millipore (AB1778) 

PKCα rabbit 1 in 25 Santa cruz (sc10800) 

Brn3 goat 1 in 100 Santa cruz (sc6026) 

Nanog goat 1 in 20 R&D (AF2729) 

Caspase 3 rabbit 1 in 20 Abcam (ab2302) 

Gnat1 (rod transducin) rabbit 1 in 1000 Santa cruz (sc389) 

S-opsin chicken 1 in 2000 Gift from T. Lee 

Crx rabbit 1 in 2000 Gift from C.Gregory-Evans 

F4/80 rat 1 in 250 Abcam (ab6640) 

Glutamine Synthetase   mouse 1 in 100 BD Bioscience (610517) 
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RetGC1 (Gucy2e) rabbit 1 in 1000 Gift from K.Palczewski 

Mitf mouse 1 in 200 Abcam (ab12039) 

Peripherin-2 rabbit 1 in 1000 Gift from Gabriel Travis 

Ribeye mouse 1 in 200 BD Bioscience 

PH 3 mouse 1 in 200 Abcam (ab12039) 

Calretinin rabbit 1 in 1000 Abcam (ab702) 

CRALBP mouse 1 in 200 Abcam (15051) 

Islet1 mouse 1in 10 Hybridoma 

Laminin rabbit 1 in 1000 Millipore (MAB1904) 

Dystrophin mouse 1 in 10 Leica Biosystem 

N-cadherin mouse 1 in 10 BD transducing (610920) 
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2.2. METHODS OF EMBRYOLOGY 
 

2.2.1 Generation of Mouse Rx.Gfp.Nrl.Rfp Embryonic Stem Cell Line 
 

2.2.1.1 Targeting experiment 

 

The Nrlp.RFP.SV40 in PGEM®-T easy plasmid (~5 to 10 µg) was linearised using 

AvrII and EcoRI restriction enzymes and the purified fragment of Nrlp.RFP.SV40 

DNA was electroporated together with a puromycin resistance plasmid (10:1 ratio, 

respectively) into Rax.gfp ES cells. Thus it is assumed that all the colonies, which 

incorporated the antibiotic selection marker, would also have acquired the Nrl.RFP 

fragment. Electroporation target experiments were done by the Chimera facility at 

Institute of Child Health (ICH) UCL, London UK. 

 

2.2.1.2 Screening 

 

At the chimera facility ES cell colonies were screened for puromycin resistance. 

Around 300-400 clones were picked, expanded and frozen. DNA from each clone 

was provided for PCR analysis for the presence of the transgene Nrlp.RFP. Primers 

used for PCR are showed in table 3 and an example of positive clones is 

demonstrated in Figure 3 below. 
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Figure 3. PCR results for Nrl.RFP transgene screening. 
500bp bands showing positive clones highlighted in red.  

 

2.2.1.3 Selection 

 

12 ES cell colonies positive for Nrl and RFP in the PCR analysis were grown in 

maintenance conditions described below (2.3.1.1) and after two weeks were cultured 

using retinal differentiation protocols (2D or 3D) to verify RFP expression. 

 

2.2.1.4 Blastocyst injections 

 

The EB5 Rax.GFP embryonic stem cell line was expanded under maintenance 

conditions and injected into pseudopregnant females. The injections were performed 

in the Chimera Facility at ICH. Following injections embryos were collected at stage 

E9.5 of development to check for Rax expression pattern specificity. 
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2.3. METHODS OF TISSUE CULTURE 
 

2.3.1 Embryonic Stem Cell Cultures 
 

The ES cell lines used in all the experiments are showed in the table 5 below. 

 

2.3.1.1 Mouse embryonic stem cell lines- Maintenance cultures 

 

A mouse EB5 ES cell line, carrying the blasticidin S-resistant selection marker gene 

driven by the Oct3/4 promoter (active under the undifferentiated status), was 

maintained in medium containing 20 mg/ml blasticidin S (Invitrogen) to eliminate 

differentiated cells. EB5 is a subline derived from E14tg2a ES cells (Hooper, Hardy, 

Handyside, Hunter, & Monk, 1987) and was generated by targeted integration of 

Oct-3/4-IRES-BSD-pA vector (Niwa, Miyazaki, & Smith, 2000) into the Oct-3/4 

allele. The EB5 Rax.eGFP ES cell line, was generated by electroporation of a 

linearized plasmid containing a fused enhanced green fluorescent protein (eGFP) into 

the first exon of the Rax gene (Wataya et al., 2008) (EB5 Rax.GFP ES cell line was 

kindly provided by Y. Sasai, Center for Developmental Biology, RIKEN, Japan).  

 

The EK.CCE cell line was derived from a single XY blastocyst-stage embryo of the 

129/Sv/Ev strain homozygous for the black agouti coat colour marker and the GPI-lc 

allele (Evans & Kaufman, 1981). The CCE cell line used in our experiments was 

Table 5. Embryonic Stem cell lines used in differentiation experiments 

ES cell line Background ES cell parent lines 

EB5 Rax.GFP 129/Ola E14tg2a 

EB5 Rax.GFP.Nrl.RFP 129/Ola E14tg2a 

CCE Nrl.RFP 129SvEv EK (embryo derived) 

CBA.GFP 129 E14Tg2a 

7AC5/EYFP 129 R1 

AVS1.GFP 129 CCE 

GIBCO® EF-1α.EmGFP 129 Cat #S1514-100 
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obtained from the chimera facility in ICH and electroporated with the Nrl.RFP 

plasmid. The cell line was maintained in feeder free conditions with the addition of 

LIF. 

 

7AC5/EYFP is a yellow fluorescent substrain of R1 ES cells. The fluorescent variant 

was generated by the random integration of EYFP into R1 ES cells using co-

electroporation with a selectable marker containing vector pPGK Puro 

(Hadjantonakis AK and Nagy A, Mechanisms of development, 1998). The marker 

gene is driven by a CMV immediate early enhancer coupled to the chicken β-actin 

promoter and first intron. 

 

Undifferentiated ES cell maintenance cultures were kept and expanded in the 

presence of leukemia inhibitory factor (LIF; Millipore) and for EB5 cell lines only, 

with blasticidin (Invitrogen). ES cells were counted and passaged every Monday, 

Wednesday and Friday so that 30 % cell confluence was maintained.  

Gelatin-coated plates were prepared about 30 minutes before passaging the cells by 

adding 3 mls (60 mm plate) or 6 mls (100 mm plate) of 0.1% Gelatin solution to TC-

treated plates and incubated for a total of approximately 1 hour at 37oC.  

Maintenance medium, 0.25% Trypsin-EDTA (Invitrogen) and 1x PBS (Gibco, 

pH7.4) were pre- warned in a 37oC water bath for about 10 minutes. 

Cell culture medium was removed and 3 mls (60 mm plate) or 6 mls (100 mm plate) 

of pre-warmed PBS was added to the plate. PBS was removed and 1 ml (60 mm 

plate) or 2 mls (100 mm plate) of trypsin was added and incubated at 37oC for 5 

minutes. Next, 1 ml (60 mm plate) or 2 mls (100 mm plate) of maintenance medium 

was added to the plate and the cells were gently pipetted and collected in a 15 ml 

Falcon tube. The tubes were then centrifuged at 1000 rpm (180g) for 4 minutes at 

room temperature. 

After centrifugation, the supernatant was aspirated and the cells were resuspended in 

1 ml (60 mm plate) or 2 mls (100 mm plate) of maintenance medium. 20 μls of cell 

suspension was added to 20 μls of Trypan blue and pipetted gently to mix. 

Cell solution was added to the haemocytometer and live cells in two of the large grid 

boxes were counted. A total of 1.5 x 105 cells/plate (60 mm plate) or 42 for a total of 

4.2 x 105 cells/plate (100 mm plate) were plated. For cells passaged on Friday, which 
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were left over the weekend, half the number of cells were plated; i.e. 0.75 x 105 and 

2.1 x 105 cells per 60 mm and 100 mm plate, respectively.    

The required volume of cells was added to a 15ml falcon tube containing 4 mls (60 

mm plate) or 9 mls (100 mm plate) of maintenance medium and 8 μls (60 mm plate) 

or 18 μls (100 mm plate) of both LIF and Blasticidin (for EB5 cell line only) 

working solutions.  

The medium was mixed well by pipetting and added to the prepared plates, which 

were kept in a 37oC/5% CO2 incubator. 

 

2.3.1.2 Freezing mouse ES cell culture 

 

A subconfluent (30 %) 100 mm plate of ES cells was prepared prior to freezing. 

Maintenance medium, 0.25% Trypsin-EDTA and PBS were pre-warmed in a 37oC 

water bath for about 10 minutes. 

The cell culture medium was aspirated and 6 mls of pre-warmed PBS (Gibco, pH7.4) 

was added. After removing the PBS, 2 mls of Trypsin-EDTA (0.25%) was added and 

incubated at 37oC for 5 minutes. 

To acquire a single cells suspension 2 mls of maintenance medium was added to the 

plate and gently pipetted. The cells were collect in a 15 ml Falcon tube and a further 

2 mls of maintenance medium was added to the plate to collect any remaining cells. 

Cells were pelleted by centrifugation at 180 g (1000 rpm) for 3 minutes at RT. The 

supernatant was removed and 750 μls of pre-cooled (on ice) freezing medium was 

added. 250 μls cell solution was added to each cryovial (labelled with the cell line, 

passage number, user and date) and placed in a pre-cooled (on ice) cell freezing 

container that was then placed directly at -80oC. 

 

2.3.1.3 Thawing mouse ES cell cultures 

 

60 mm TC-treated gelatin-coated plates (1 plate per cryovial thawed) were prepared 

about 30 minutes before the cells were thawed.  

Maintenance medium was pre-warmed in a 37oC water bath for approximately 10 

minutes.  
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The cryovial of frozen cells was partially thawed in a 37oC water bath for about 10-

20 seconds (some ice crystals remained visible) and the cells were immediately 

collected and added to 20 mls of pre-warmed maintenance medium. A further 1 ml 

of medium was added to the cryovial to collect any remaining cells.  

The cells were centrifuged at 180 g (1000 rpm) for 3 minutes at RT. The supernatant 

was removed and cells were resuspended in 4 mls (60 mm plate) of maintenance 

medium containing 8 μls (60 mm plate) of LIF working solution. The medium was 

pipetted 3-4 times to mix well and added to the prepared plates. 

Maintenance cultures were incubated at 37oC, 5% CO2 overnight in a humidified 

environment. 

The following day the medium was aspirated and 4 mls of fresh pre-warmed 

maintenance medium, containing 8 μls of both LIF and Blasticidin (for EB5 cell line 

only) working solutions were carefully added to the plate.   

The cells were passaged on 60 mm or 100mm plates every other day for 1 week prior 

to differentiation. 

 

2.3.2 Differentiation Cultures 
 

2.3.2.1 SFEB/DLFA (2D) retinal differentiation culture 

 

Rax.GFP and Rax.GFP.Nrlp.RFP cell lines were used for all the SFEB/DLFA 

differentiation experiments.  

To induce differentiation of the mouse ES cells, the undifferentiated maintenance 

culture (~30% subconfluence) was prepared for passaging. Fresh differentiation 

medium, 0.25% Trypsin-EDTA and PBS were pre-warmed in a 37oC water bath for 

approximately 10 minutes. Maintenance medium was aspirated and 3 mls (60 mm 

plate) or 6 mls (100 mm plate) pre-warmed PBS (Gibco, pH7.4) was added. Next, 

PBS was aspirated and 1 ml (60 mm plate) or 2 mls (100 mm plate) Trypsin-EDTA 

(0.25%) was added and incubated at 37oC for 5 minutes. 1 ml (60 mm plate) or 2 mls 

(100 mm plate) differentiation medium was added to the plate and the cells were 

gently pipetted and collected in a 15 ml Falcon tube, which was centrifuged at 1000 

rpm (180 g) for 4 minutes at RT. Following this, the supernatant was removed and 

the cells were resuspended in 1 ml (60 mm plate) or 2 mls (100 mm plate) of 
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differentiation medium. A cell solution of 20 μls cell suspension and 20 μls of 

Trypan blue was prepared so that cells could be counted using the haemocytometer. 

The live (not blue) cells in two of the large grid boxes were counted. For different 

sizes EB experiment 3 x 104 – 2.7 x 105 dissociated ES cells were resuspended per 

millilitre of differentiation medium with 250ng/ml Lefty A and 50ng/ml DKK1 and 

100 µl per well was plated into 96 well low-binding (NUNC hydrocell plates) plates 

and incubated at 37oC, 5% CO2. Embryoid body-like cell aggregates (EBs) formed 

within 24 hrs. For all other experiments 9x103 dissociated ES cells were plated. 

On day 3 fresh differentiation medium was pre-warmed in a 37oC water bath for ~10 

minutes. 50 μls of medium was removed from each well of the 96 well plate and 50 

μls of fresh differentiation medium containing 1.5% FBS was added to each well.  

On day 4 50 μls of medium was removed from each well of the 96 well plate and 

added to a 15 ml Falcon tube to a total of 5 ml. 10 μls of Activin A working solution 

was added to the medium, mixed well and 50 μls of medium was added to each well. 

Following day about 70 μls of medium was removed from each well and 100 μls of 

fresh differentiation medium was added to each well of the 96 well plates. 

On day 6 about 70 μls of medium was removed from each well and 100 μls of fresh 

differentiation medium was added to each well. Plates were incubated for 2 days at 

37oC, 5% CO2.  

On day 10 cells were checked for the presence of Rax.GFP under a fluorescence 

microscope. Maintenance medium and 0.25% Trypsin-EDTA was pre warmed in a 

37oC water bath for ~10minutes. FACS buffer (800 μls /plate) was prepared and 

placed on ice. Cell aggregates were collected in a 15 ml Falcon tube and left to settle 

for about 2 minutes. Cell culture medium was aspirated and washed with 1 ml of 

Trypsin-EDTA. Cells were gently resuspended by pipetting and centrifuged at 

1000rpm for 3 minutes at RT. Next, the supernatant was removed another 1 ml 

Trypsin-EDTA was added and the cells were placed at 37oC for about 6 minutes. 

Cells were mixed by gently swirling the tube every 2 minutes. 

Next cells were dissociated by pipetting (>20 times) with a P1000 tip placed at the 

bottom of the Falcon tube. The cell solution was transferred to an eppendorf tube, 

500 μls of maintenance medium and 6 μls DNase I working solution was added to it.  

Cells were gently pipetted  (>10 times) and centrifuged at 2000rpm for 3 minutes at 

4oC. The supernatant was removed and cells were resuspended in 800 μls FACS 
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buffer and 4 μls DNase I working solution. Next, cell suspension was passed through 

the cell strainer lid of the FACS tube and the tube was placed on ice in the dark.   

Cells were taken to the Flow cytometry Facility in the Institute of Child Health UCL. 

GFP+ cells were sorted on a MoFlo XDP (Beckman Coulter USA) fitted with 488nm 

Laser beam to excite GFP, which was collected in the 530/40nm channel and a 100 

mM nozzle was used. The total number of cells collected and the % of GFP+ was 

noted.  

Retinal cell differentiation medium with 10% FBS added was pre-warmed at 37oC 

for about 10 minutes. 2-3 x 104 sorted cells were transferred to an eppendorf tube and 

centrifuge at 2000rpm for 3 minutes at 4oC. Carefully the supernatant was removed 

and the cells were resuspended in 100μl retinal cell differentiation medium (with 

10% FBS added). Next, a reaggregation pellet was produced by centrifuging the cells 

at 800g for 10 minutes at RT and the eppendorfs were placed at 37oC for about 

1hour.  

Chamber slides previously (day 6) coated with a solution of 4ml aliquot of laminin 

working solution and 96 μls fibronectin working solution and 8 mls PBS (Gibco, 

pH7.4). Slides were incubated overnight at 37oC. Next day 500 μls PBS (Gibco, 

pH7.4) was added to each coated chamber in the slide and incubated at 37oC for a 

further 2 days. Chamber slides were prepared by removing the PBS from each well 

and 2-3 reaggregated pellets were plated per chamber using a wide-tip pipette 

(VWR, UK) and retinal cell differentiation medium (with 10% FBS added) to make 

up to 500 μls / well was added. Chamber slides were placed at 37oC, 5% CO2 for 24 

hours.   

On the following day retinal cell differentiation medium was pre-warmed at 37oC for 

about 10 minutes and 1 μl of DAPT working solution was added per ml of media. 

Two thirds of the medium was removed from each well and 400 μls of retinal 

differentiation medium (with DAPT) was added gently down the side of the chamber 

well. The slides were returned to a tray in the incubator at 37oC, 5% CO2 overnight. 

On day 12 nearly all the medium from each well was aspirated and 500 μls of retinal 

differentiation medium (with DAPT) was added to each chamber well. The slides 

were returned to a tray in the incubator at 37oC, 5% CO2 overnight. 



	   109	  

On day 14 nearly all the medium from each well was aspirated and 600 μls of retinal 

differentiation medium (with DAPT) was added to each chamber well. The slides 

were returned to a tray in the incubator at 37oC, 5% CO2 overnight. 

On day 17 and 19 500 μls of retinal differentiation medium containing 1 μl DAPT, 1 

μl aFGF and bFGF, 1.2 μls Shh and 2 μl Taurine working solutions as well as 5 μls 

retinoic acid (RA) (1:1000 dilution of working solution) / ml of retinal differentiation 

medium was added to each well. The slides were returned to a tray in the incubator at 

37oC, 5% CO2 over the weekend. 

Two days later nearly all the medium from each well was aspirated and 600 μls of 

retinal differentiation medium containing 1 µl DAPT, 1 μl aFGF and bFGF, 1.2 μls 

Shh and 2 μl Taurine working solutions as well as 5 μls RA (1:1000 dilution of 

working solution) / ml of retinal differentiation medium was added to each well. The 

slides were returned to a tray in the incubator at 37oC, 5% CO2 over the weekend. 

On day 24, 26 and 28 nearly all the medium from each well was aspirated and 500 

μls of retinal differentiation medium containing 1 μl DAPT, 1.2 μls Shh and 2 μl 

Taurine working solutions as well as 5 μls RA (1:1000 dilution of working solution) 

/ ml of retinal differentiation medium was added to each well. The slides were 

returned to a tray in the incubator at 37oC, 5% CO2. 

 

2.3.2.2 SFEB (3D) retinal differentiation culture 

 

CCE Nrl.RFP and all 4 GFP ES cell lines described on table 5 were used in 3D 

differentiation experiments to check for the capacity of different lines to differentiate 

into retinal cell types.  

Mouse ES cells were prepared following the maintenance protocol. Fresh 

differentiation medium, 0.25% Trypsin-EDTA and PBS were pre warmed in a 37oC 

water bath for about 10 minutes. 

The cell culture medium was aspirated and 3 mls (60 mm plate) or 6 mls (100 mm 

plate) of pre-warmed PBS (Gibco, pH7.4) was added. The PBS was removed and 1 

ml (60 mm plate) or 2 mls (100 mm plate) Trypsin-EDTA (0.25%) was added and 

incubated at 37oC for 5 minutes. After, 1 ml (60 mm plate) or 2 mls (100 mm plate) 

of differentiation medium was added to the plate and the cells were pipetted and 

collected in a 15 ml Falcon tube followed by centrifugation at 180g for 4 minutes at 
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RT. Next, the supernatant was aspirated and the cells were resuspended in 1 ml (60 

mm plate) or 2 mls (100 mm plate) of differentiation medium. After that, 20 μls of 

cell suspension was collected in a well of a 96 well plate and 20 μls of Trypan blue 

was added. The cell solution with Trypan blue was added to a haemocytometer and 

the live (not blue) cells in two of the large grid boxes were counted. 

A total of 3.0 x 105 cells/plate (1x 96 well plate) was added to 10 mls of 

differentiation medium. Followed by 3-4 times pippetting to mix well and 100 

µl/well was added to a low-binding 96 well plates (Nunc or Corning). The plates 

were incubated at 37oC, 5% CO2 for about 24 hours. 

Following day, differentiation medium was warmed at room temperature for about 

20 minutes. The cells were observed under the light microscope to check if the cells 

have formed a single embryoid body in each well. Next, 4 mls differentiation 

medium was added to a 15 ml falcon tube and a thawed 1 ml aliquot of growth factor 

reduced (GFR) matrigel was quickly added to the tube. Matrigel solution was mixed 

well and 50 µl was added per well to the 96 well plates, which were then returned to 

the incubator at 37oC, 5% CO2. 

On day 9 of differentiation fresh retinal maturation medium (RMM) was pre warmed 

in a 37oC water bath for about 10 minutes. Meanwhile, the plates were checked for 

the formation of optic vesicle and optic cup-like structures under the light 

microscope and the whole EBs were transferred, using wide-bore tips (VWR, UK), 

to a low-binding 24 well plate (Nunc or Corning). 12 EBs were added to each well. 

The differentiation media was removed and 1 ml of RMM media was added per well. 

The plate was returned to the incubator. 

On day 12 fresh RMM was pre warmed in a 37oC water bath for about 10 minutes. 

The plates were checked for the formation of pigmented RPE cells under the light 

microscope. Next, all the medium was replaced with fresh RMM, 1 ml per well and 

the plate returned to the incubator. 
On day 14 fresh RMM was pre warmed in a 37oC water bath for about 10 minutes. 

The plates were checked for the formation of pigmented RPE cells under the light 

microscope. All EBs should contain RPE by this stage. The medium was replaced 

with fresh RMM containing 5 µl/ml RA working solution (1:1000 dilution) and 3 

µl/ml Taurine, 1 ml per well was added and the plate was returned to the incubator.  
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Next, fresh RMM medium was replaced every Monday, Wednesday and Friday until 

the culture was stopped later in differentiation.  

For day 34 differentiation experiments EBs were placed back into 96 well plates (one 

EB per well) at day 27 of differentiation.  

 

2.3.2.3 Brdu pulse cell birth analysis 

 

For birth date experiments in 2D differentiation cultures, day 10 Rax.GFP positive 

cells were plated in chamber slides and 5-bromo-2-deoxyuridine solution at a final 

concentration of 10  µM (BrdU; Sigma, UK) was added to the differentiation medium 

at various timepoints (see results text), for 24  hours. Cells were fixed with 4% 

paraformaldehyde after 32 days of differentiation. Double staining for BrdU and cell 

type specific markers was performed as described in section 2.5.1.1. At least 9 fields 

of view were quantified for the presence of specific cell types and the number of 

double-labeled BrdU+ cells was recorded. The mean percentage was calculated from 

3 independent differentiation cultures, for each timepoint examined. The Crx+ and 

rhodopsin+ cell counts were performed in the same way. All rhodopsin+ cells were 

also Crx+. 

For birth date experiments in 3D differentiation cultures, BrdU was added to each 

well of differentiation culture containing 12 whole EBs at days 20, 23, 26, and 29 for 

24 hours at a final concentration of 10  µM. Whole EBs were fixed with 4% 

paraformaldehyde after 30 days of differentiation. Double staining for BrdU and cell 

type specific markers was performed as described in section 2.5.1.1.3. 3 fields of 

view were quantified for the presence of specific cell types and the number of 

double-labeled BrdU+ cells was recorded. The mean percentage was calculated from 

3 independent whole EBs, for each timepoint examined. 

 

2.3.3 Viral Infections 
 

Cells plated in monolayers (2D culture) or grown as EBs in suspension (3D) were 

infected at different days in culture depending on the virus used. 2D cultures were 

usually infected at day 18 and 3D cultures at day 22 of culture. The multiplicity of 

infection (MOI) was calculated by estimating the number of cells per EB or present 
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in the monolayer and the titre of the virus in transducing units per ml. The virus 

suspension was mixed with the media and added onto the cells and left for 24 hours 

when using lentiviral vector and 48 hours when using a AAV2/9 vector. For 2D 

cultures, ES cell-derived retinal cells were infected with an estimated 2 x 109 viral 

particles per well for 48 hours prior to PBS washes and fresh medium. For 3D 

experiments, EBs were infected with an estimated 2 x 1010 viral particles per well (12 

EBs per well). Virus was diluted in 250 ml of retinal maturation media and syringe 

filtered. The virus and media mixture (250 ml) was added to each well of the 24 well 

plate, which was kept tilted in the incubator until the following morning when 

another 750 ml of media was added and left for 48 hours prior to PBS washes and 

fresh medium.   

Cells were checked by fluorescent microscopy and used for RNA extraction, 

cryosectioning and transplantation at different days in culture.  

 

2.4. METHODS OF TRANSPLANTATION 
 

2.4.1 2D Cultured Cell Dissociation for FACS 
	  
0.5ml Papain/DNase (Worthington biochemical dissociation Kit) aliquot was pre-

incubated at 370C for 30 minutes. OMI, DNase solutions and about 5ml EBSS were 

also placed at 370C in the incubator. 

Inhibitor solution: 0.1ml OMI solution and 0.05ml DNase solution to 0.9ml of EBSS 

and final resuspension solution: 0.9ml EBSS + 0.1 ml DNase solution were prepared 

and placed at 370C in the incubator. 

Cells were washed with pre-warmed EBSS, pre-incubated Papain solution (500 

μl/well of a 12-well plate) was added and cells were incubated for 10 to15 minutes at 

370C/ 5% CO2. Cells were checked under the microscope to confirm that they were 

no longer attached to the plate.  

Cell suspension was collected with a wide-bored P1000 pipette tip (VWR, UK) and 

placed in an eppendorf tube at 37oC/ 5% CO2 for a further 5 to10 minutes. Next, cell 

suspension was gently dissociated with a 200 μl pipette tip until cloudy suspension 

was achieved. A 70 micron cell strainer mesh was placed over a 50ml Falcon tube 

and cell solution was transferred to the strainer and by using the plunger part of a 
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1ml syringe, cells were gently passed through the mesh. 1 ml of EBSS was added to 

wash the cells through. Next, the cell suspension was transferred to a clean 1.5ml 

eppendorf tube and spun down at 300g for 5 minutes. The supernatant was removed 

and cells were very gently resuspended in 250ml inhibitor solution and incubated for 

5 to 10 minutes at 370C. Next, cell suspension was layered over 1ml OMI in clean 

1.5 ml eppendorf and spun down at 100g for 5 minutes. Supernatant was removed 

and 200 µls of re-suspension solution was added to resuspend the cells.  Live cells 

were counted using the haemocytometer. 

For FACS sorting procedure, cells were resuspended in 2 mls of RCD medium 

containing 1% FBS. Rax.GFP and CMV.GFP cells were collected in 15ml Falcon 

tubes containing 1.5ml RCD medium with 1.5ml FBS. The cells were placed on ice 

and taken for FACS at the Institute of Child Health (ICH). GFP+ cells were collected 

and the total number of cells collected, the differentiation efficiency and the total 

number of cells sorted were noted. Following FACS fresh resuspension solution for 

transplantation (0.9 ml HBSS + 0.05 ml DNase I solution) was prepared and placed 

on ice. Next, the collection tubes containing the cells were centrifuged at 250 g for 5 

minutes, the supernatant was removed and the pellet resuspended in 300µls of fresh 

resuspension solution. The cell suspension was transferred to a sterile viral tube and 

10µls of cell suspension was removed and transferred to a separate eppendorf tube 

(containing 40 µls HBSS, 1:5 dilution) for counting. The counting solution was 

diluted 1:2 with Trypan blue and counted (all 5 squares of the haemocytometer). The 

volume required to resuspend the cells in was calculated by the formula: (count x 

6)/200= volume in µls. Next, the viral tube containing the cells was centrifuged at 

200 g for 6 minutes, the supernatant was carefully aspirated and the cells were 

resuspended in the required volume of fresh resuspension solution, at a final 

concentration is 200,000 cells/µl. Cells were placed on ice for subretinal injections. 

  

2.4.2 3D Cultured Cell Dissociation for FACS 
 

Embryoid bodies (EBs) were checked for the presence of Rhodopsin promoter drive 

(Rho.GFP) under a fluorescence microscope.  

Maintenance medium and 0.25% Trypsin-EDTA were pre warmed in a 37oC water 

bath for about 10 minutes. Next, FACS buffer (66% MEM-E HEPES, 33% HBSS, 
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1% FBS) and resuspension solution (4 mls of FACS buffer with 40µls DNase I) were 

prepared and placed on ice. Collection tubes were prepared and placed on ice. For 

transplantation, 15 ml falcon tubes containing 6 mls of RMM and 10-50% FBS were 

used. For RNA isolation, 500 μl of RMM solution was added to 1.5 ml tubes. The 

EBs were collected with wide-bore tips (VWR, UK) and placed in a 15 ml Falcon 

tube (6-8 wells per tube), the EBs were left to settle for about 2-4 minutes, the cell 

culture medium was carefully aspirated and 10 ml of RMM was added to wash the 

EBs. 

Next the cell culture medium was carefully aspirated and 10 ml of PBS was added to 

wash the EBs. The PBS was removed, 2 ml Trypsin-EDTA (0.25%) was added and 

the cells were placed at 37oC for about 6-8 minutes. The cells were gently swirled 

every 4 minutes. 

The cells were dissociated by pipetting (<10 times) with a P1000 tip placed 

progressively closer to the bottom of the Falcon tube. Next, 1ml maintenance 

medium and 30 μls DNase I working solution (2000U/ml) was added; the cells were 

gently pipetted (<5 times) and centrifuge at 200g for 6 minutes. 

Next, the supernatant was carefully pipetted off and the cells were resuspended the 

cells in 1ml resuspension solution. The cell suspension was strained (40µm) in a lid 

of a FACS tube; the falcon tube was washed with 1ml resuspension solution and 

passed through the strainer lid. Finally, wash the strainer lid with 1ml resuspension 

solution (in total 3ml per FACS tube).  The cells were placed on ice and taken for 

FACS at the Institute of Child Health (ICH). 

GFP/RFP+ cells were collected and the total number of cells collected, the 

differentiation efficiency and the total number of cells sorted were noted.  

The cells were placed on ice immediately after the FACS sorting and prepared for 

subretinal injections as described for 2D cultures. 

  

2.4.3 Fluorescence Activated Cell Sorting- FACS 
 

Differentiated cells were dissociated with 0.25% Trypsin at various timepoints and 

FAC-sorted for Rax.GFP+, Nrl.RFP+, CMV.GFP+, Rho.GFP+ cells, which were 

collected in retinal cell differentiation medium containing 10-50% FBS for further 

culture or analysis. Cell sorting was performed at the Institute of Child Health 
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facility on a MoFlo XDP (Beckman Coulter, USA) fitted with a 200mW 488nm blue 

laser (adjusted to 150mW) to excite GFP and RFP. GFP was collected in the 

530/40nm channel and RFP in the 613/20nm channel. 100 nozzle was used fro 

Rax.GFP retinal progenitors and 70 nozzle was used for Rho.GFP photoreceptors. 

 

2.4.4 Animals 
 

Wild-type C57BL/6J, Gnat1 -/-, Gucy2e-/-, Rho-/-, Prphrd2/rd2, DsRed+/+ transgenic 6-8 

week old mice were used for this study. All animals were cared for in accordance 

with the Animal (Scientific Procedures) Act 1986 and procedures were in accordance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research. Adult C57Bl/6J mice received transplanted cells at 8-15 weeks of age. For 

the dystrophic models the Gnat1-/- and Gucy2e-/- mice received transplanted cells at 

8-12 weeks of age and the Rho-/- mice at 6wks of age. This was in keeping with the 

optimal recipient age as determined by donor-derived precursor cell transplantation 

into these dystrophic models. All mice were kept on a standard 12 hour light-dark 

cycle. 

 

2.4.5 Anaesthesia 

  
For intraocular procedures animals were anaesthetised by intraperitoneal injections 

of Dormitor (1 mg/ml, Pfizer Pharmaceuticals, UK) and ketamine (100 mg/ml, Fort 

Dodge Animal Health, UK) mixed with sterile water in the ratio 5:3:42. Young adult 

mice weighing 200 g received 0.2 ml of the anaesthetic solution. After treatment (see 

2.7.3), 1 % Chloramphenicol (FDC International ltd., UK) was carefully applied 

topically on the cornea. To reverse the anaesthesia 0.2 ml of Antisedan (0.10 mg/ml, 

Pfizer Pharmaceuticals, UK) was injected intraperitoneally and the mice were placed 

into an oxygenated chamber until they regained consciousness. 

 

2.4.6 Subretinal Injections 
 

Surgery was performed under direct retinoscopy through an operating microscope. 

The pupils were dilated with 1 % Tropicamide (Chauvin Pharmaceuticals, UK) 
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topically administered. The eye was protruded by gentle pressure on either side of 

the eye and held in position by holding a section of the conjunctiva and extraocular 

muscle with a pair of forceps. The fundus was visualised using a contact lens system 

consisting of a drop of a coupling medium solution on the cornea (Viscotears, 

Novartis Pharmaceuticals, UK) and a cover slip. The tip of a 1.5 cm, 34-gauge 

hypodermic needle mounted on a 5 μl Hamilton syringe (Hamilton, Switzerland) was 

guided underneath the cover slip to the sclera of the eye and then inserted 

tangentially through it, causing a self-sealing wound tunnel. The needle tip was 

brought into focus between the retina and the RPE and 1 μl of cell suspension 

containing around 200,000 GFP positive cells were injected into the superior 

hemisphere.  

 

2.4.7 Eye Dissection and Fixation 
 

At various time points, treated animals were sacrificed by neck dislocation and the 

eyes were retrieved, the cornea, iris and lens were removed and the remaining eye 

cup was immediately immersed in a fixation solution of 1 % or 4 % PFA for 1 hour. 

Eye cups were cryopreserved in 20 % sucrose overnight at 4oC prior to embedding. 

 

2.5. METHODS OF HISTOLOGY 
 

2.5.1 Cryosections 
 

After fixation the eyes or EBs were embedded in O.C.T. (R.A. Lamb, E. Sussex, 

UK) and frozen in isopentane, which had been pre-cooled in liquid nitrogen. 

Specimens were stored at -20°C and 18 µm thick sections were cut using a Bright 

cryostat. Slides were stored at -20°C. 

 

2.5.1.1 Immunohistochemistry 

 

For immunofluorescence, cryosections were air-dried for 10 minutes. They were then 

blocked for 2 hours with a PBS-T solution containing 1 % BSA, Triton-X (0.1-0.5 
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%), and 5 % serum of the species the 2° antibody was raised in. The 1° antibody was 

then added at the appropriate concentration in block solution and left overnight at 

4°C. After washing six times with PBS, sections were incubated with the 2° antibody 

diluted at the appropriate concentration in PBS-T solution for 2 hours at room 

temperature. The slides were then washed six times with PBS. For synapse specific 

antibodies eyes were fixed with 1% PFA for 1 hour. 

  

2.5.1.2 Confocal imaging 

 

Retinal sections were viewed on a confocal microscope (Leica DM5500Q). GFP-

positive cells were located using epifluorescence illumination before taking a series 

of XY optical sections, approximately 0.5-1.0 µm apart, throughout the depth of the 

section. Individual XY scans were built into a stack to give an XY projection image. 

LAS AF image browser software was used to compile and export the captured 

images. 

 

2.5.1.3 Immunohistochemistry for BrdU labelling 

  

Retinal sections were washed in dH20 before incubating in 2M HCl for 2 hours at 

37°C, 0.1M Na-Borate for 20 minutes at RT and 3 x 10 minutes wash in PBS. 

Sections were then blocked in PBS containing normal goat serum, bovine serum 

albumin and 0.1% Triton-X 100 for 1 hour at RT, prior to incubation with anti-BrdU 

(rat) primary antibody overnight at RT. Following 3 x 10 minutes wash with PBS, 

sections were incubated with secondary antibody (goat anti-rat Cy3; Jackson 

ImmunoResearch) for 2 hours at RT, washed in PBS and counter-stained with 

Hoechst 33342. Negative controls omitted the primary antibody.  

 

2.5.2 Paraffin Sections 
 
Mice were sacrified at various time points and their eyes were fixed in buffered 

formalin for 48 hours at 4oC. Retinal sections were prepared by overnight 

dehydration in an ascending ethanol series and paraffin embedded (Histocentre). 

Sections (5 µm thick) were cut and affixed to glass slides. Standard haematoxylin 

and eosin staining was used for morphological assessment. 
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2.5.3 Electron Microscopy 
 

EM was performed by Dr. Emma West.  

EBs were fixed in 3 % glutaraldehyde / 1 % PFA (buffered to pH 7.4 with 0.08 M 

sodium cacodylate-HCl) at 4oC for 48 hrs. Following a washing step (15mins; 2.5% 

glutaraldehyde and 0.1 M cacodylate buffered to pH 7.4), the EBs were osmicated 

for 2.5 hours in a 1% aqueous solution of osmium tetroxide in the dark, followed by 

dehydration steps through an ascending ethanol series (70–100%, 10 minutes per 

step with rotation). After three changes of 100% ethanol, specimens were passed 

through propylene oxide (3 x 10 minutes) and left in a 50:50 mixture of propylene 

oxide and araldite for a minimum of 2 hours with rotation. Following a single change 

to fresh araldite (5 hours with rotation) the specimens were embedded and cured for 

48 hours at 60°C. Semithin (0.7 µm) and ultrathin (0.07 µm) sections were cut using 

a Leica ultracut S microtome fitted with an appropriate diamond knife (Diatome 

histoknife Jumbo or Diatome Ultrathin). Ultrathin sections were collected on copper 

grids (100 mesh, Agar Scientific), contrast-stained with 1 % uranyl acetate and lead 

citrate and analysed using a JEOL 1010 Transmission Electron Microscope (80 kV), 

fitted with a digital camera for image capture. Semithin sections were stained with 

1% toluidine blue and evaluated using a Leitz Diaplan microscope fitted with a Leica 

digital camera DC 500 for image capture. 

 

2.5.4 Statistical Analysis 
 

All means are presented ± SEM (standard error of the mean), unless otherwise stated; 

N, number of animals or independent experiments performed, unless otherwise 

stated; n, number of eyes, sections or fields of view examined, where appropriate. 

The statistical program used for the analysis of all data was Prism 5 (GraphPad 

Software, Inc, La Jolla, USA), with the majority of graphs prepared in Microsoft 

Excel; *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.6. MEDIUM, BUFFERS, AND SOLUTIONS 
 

2.6.1 Mouse ES Cell Culture Medium 

  
2.6.1.1 Maintenance medium 

 

FBS (Gibco, 10106-169) was heat-inactived at 56oC for 30 minutes, aliquots 

prepared and stored at -20oC. KSR (Gibco, 10828-028) aliquots were prepared and 

stored at -20oC. Just before preparing the medium a working solution of 0.1 mls of 2-

Mercaptoethanol was added to 14.2 mls of pH7.4 PBS (Gibco, 10010-015) and 

mixed to form a 14.3M working solution.  

 

The following reagents were added: 

 510 mls  GMEM (Gibco, 21710-082) (whole 500 ml bottle) 

 5.1 mls  Non-essential amino acids (Gibco, 11140-035) (0.1mM) 

 5.1 mls  Pyruvate (Sigma, S8636) (1mM) 

 0.51 mls 2-ME working solution (0.1mM) 

 58 mls   KSR (Lot #557914) (10%) 

 5.8 ml  FBS heat inactivated (1%) 

 

Medium was sterile filtered by using a Millipore 500 ml vacuum filtration system 

with PES membrane and 0.22μm pore size (Fisher Scientific, FDR-120-090W). 

Media was aliquoted at 45 mls / 50 mls tube and stored at -20oC for several months. 

For short term use the medium was stored at 4oC and used within 2 weeks. 

 

2.6.1.2 Differentiation medium 

 

Media for differentiation of mouse ES cells into retinal progenitors.  

Knockout serum replacement (KSR)(Gibco, 10828-028) aliquoted and stored tested 

at 20oC. 2-Mercaptoethanol working solution (0.1 mls 2-ME (14.3M) was added to 

14.2 mls of pH7.4 PBS (Gibco, 10010-015) and mixed) was prepared just before use. 

The following reagents were added: 

 510 mls  GMEM (Gibco, 21710-082) (whole 500 ml bottle) 
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 5.1 mls             Non-essential amino acids (Gibco, 11140-035) (0.1mM) 

 5.1 mls  Pyruvate (Sigma, S8636) (1mM) 

 0.51 mls 2-ME working solution (0.1mM) 

 28 mls   KSR (Lot #577892) (1.5%) 

 

Millipore 500 ml vacuum filtration system with PES membrane and 0.22 μm pore 

size (Fisher Scientific, FDR-120-090W) was used to filter the media. 40 mls / tube 

were aliquoted and store at -20oC for several months.  

 

2.6.1.3 Retinal cell differentiation medium (RCD) 

 

Media for differentiation of mouse ES cells into retinal cells. 

1 g of Glucose (Sigma, G6152) was dissolved in 40 mls of HBSS (Gibco, 24020-

091) to produce the glucose working solution. FBS was heat inactivated (Gibco, 

10106-169) at 56oC for 30 minutes, aliquoted and stored at -20oC. 

 

The following reagents were added: 

 130 mls  MEM-E HEPES (Sigma, M7278) 

 25 mls   HBSS (Gibco, 24020-091) 

 40 mls     Glucose working solution 

 2 mls   FBS heat inactivated 

 2 mls  N2 supplement (Gibco, 17507-048) 

 1 ml   Penicillin/Streptomycin (Gibco, 15070-063) 

 0.2 mls  L-Glutamine (Sigma, G7513) 

  

Medium was sterile filtered using a Corning 250 ml vacuum filtration system with 

PES membrane and 0.22μm pore size (Sigma, CLS431096). Aliquots of 40 mls or 12 

mls were prepared and stored at -20oC for several months. For short-term use 

medium was stored at 4oC and used within 1 week. 
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2.6.1.4 Retinal cell maturation medium 

 

Media for maturation of mouse ES cell-derived retinal progenitor cells in the 3D 

differentiation protocol. 

The following reagents were added: 

500 mls  DMEM/F-12 GlutaMAX (Gibco, 31331-093) 

5 mls   N2 supplement (Gibco, 17507-048) 

2.5 mls             Penicillin/Streptomycin (Gibco, 15070-063) (0.5%) 

 

Medium was filtered using a Millipore 500 ml vacuum filtration system with 0.22 

μm pore size PES membrane (Fisher Scientific, FDR-120-090W). Aliquots of 40 mls 

/ tube were prepared and stored at -20oC for several months.  

 

2.6.2 Mouse ES Cell Culture Working Solutions 
 

2.6.2.1 0.1% Gelatin solution 

 

500 mg Gelatin (Sigma, G2625) in 500 ml dH2O (Gibco, 15230-089) was prepared 

in a 500 ml glass bottle, autoclaved and stored at RT. 

 

2.6.2.2 Blasticidin working solution 

 

Blasticidin powder (50 mg) (Gibco, R210-01) in 5ml dH2O (10 mg/ml) was prepared 

and filtered using a 0.22 μm syringe filter. 200μl aliquots were prepared and stored at 

-20oC for several months or at 4oC for short-term use. 

 

2.6.2.3 LIF working solution 

 

50μls LIF (Chemicon, R-ESGR1107) (110μl, 107 U/ml) was added to 450 μl PBS 

(Gibco, 10010-015), and stored at 4oC for short term use (working concentration 

2000 U/ml medium). Freeze-thawing LIF reduces its potency; ESGRO concentrate is 

stable at 4oC for many months. 
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2.6.2.4 0.25% Trypsin-EDTA 

 

0.25% Trypsin-EDTA (Gibco, 25200-072) was aliquoted in 12 ml / tube and stored 

at -20oC for long term and at 4oC while in use.   

 

2.6.2.5 0.1% BSA/PBS solution 

  

200 mg BSA (Sigma, A2058) was dissolved in 20 mls PBS pH 7.4 (Gibco, 10010-

015) and filtered with a 0.22 μm syringe filter to produce 1% BSA/PBS solution. 1 

ml (1% BSA/PBS) and 9 ml PBS (pH7.4) was mixed and sterile filtered to produce a 

0.1% BSA/PBS solution. Both solutions were stored at 4oC for up to one month.  

  

2.6.2.6 Lefty A working solution 

 

25 μg Lefty A (1 vial, R&D systems, 746-LF-025) was dissolved in 100 μl 0.1% 

BSA/PBS to produce a 250 μg/ml solution. Stored at 4oC. 

 

2.6.2.7 Dkk1 working solution 

 

10 μg DKK1 (1 vial, R&D systems, 1765-DK-010) was dissolved in 100 μl 0.1% 

BSA/PBS to produce a 100 μg/ml solution. Stored at 4oC. 

 

2.6.2.8 Activin A working solution 

 

25 μg Activin A (1 vial, R&D systems, 338-AC-025) was dissolved in 500 μl 0.1% 

BSA/PBS to produce a 50 μg/ml solution. Stored at 4oC. 

	  

2.6.2.9 Laminin working solution 

 

Laminin (1 mg, BD Bioscience, 354232) was dissolved in 16.6 ml PBS (Gibco, 

10010-015) to prepare a 60 μg/ml solution and stored in 800 μl and 2 ml aliquots at -

80oC.  
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2.6.2.10 Fibronectin working solution 

 

Fibronectin (5 mg, BD Bioscience, 356008) was mixed with 5 ml dH2O (Gibco, 

15230-089) to prepare 1 mg/ml solution. And left standing for 30 minutes to 

dissolve. 100 μl aliquots were stored at -20oC, or 4oC while in use. 

  

2.6.2.11 Matrigel coating solution 

 

Matrigel bottle was thawed at 4oC overnight on ice and 500 μl aliquots were 

prepared and stored at -20oC. 1:35 dilution of matrigel in serum-free medium was 

prepared on ice and plates were coated. Plates were left at room temperature for 1 

hour and washed with serum-free medium prior to cells plating. 

 

2.6.2.12 DAPT working solution 

 

DAPT (5mg, Calbiochem, 565770) was dissolved in 1.156 ml DMSO (Sigma, 

D2650) to produce a 10 mM solution. 50 μl aliquots in light proof eppendorfs were 

prepared and store at -20oC or 4oC while in use.  

 

2.6.2.13 aFGF working solution 

 

25 μg aFGF (1 vial, R&D systems, 4686-FA-025) was dissolved in 500 μl of 0.1% 

BSA/PBS to produce a 50 μg/ml solution. Aliquots were store at -20oC or 4oC when 

in use. 

	  

2.6.2.14 bFGF working solution 

 

25 μg bFGF (1 vial, R&D systems, 3139-FB-025) was dissolved in 25 μl of 0.1% 

BSA/PBS to produce a 1 mg/ml stock solution, stored at -20oC. 5 μls of the stock 

solution was further diluted in 500 μls of 0.1% BSA/PBS (1:100) to produce a 10 

μg/ml working solution. Aliquots were prepared and stored at -20oC or 4oC when in 

use. 
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2.6.2.15 Shh working solution 

 

25 μg Shh (1 vial, R&D systems, 461-SH-025) was dissolved in 500 μl of 0.1% 

BSA/PBS to produce a 2.5 μM solution. Aliquots were prepared and stored at -20oC 

or 4oC when in use. 

 

2.6.2.16 Taurine working solution 

 

31.29 mg Taurine (Sigma, T8691) was dissolved in 5 ml of dH2O to produce a 50 

mM working solution, which was sterile filtered, aliquoted and stored at -20oC or 4oC 

when in use. 

 

2.6.2.17 Retinoic acid stock solution 

 

RA (100 mg, Sigma, R2625) was dissolved in 3.328 mls of DMSO (Sigma, D2650) 

to produce a 100 mM solution. The solution was aliquoted in light proof eppendorfs 

and stored at -20oC or 4oC while in use. Working solution were further diluted 

1:1000 with retinal cell differentiation medium.  

 

2.6.2.18 DNase I working solution 

 

DNase vial (2000U) was reconstituted with 1 ml of HBSS (Gibco, 24020-091), 

aliquoted and stored at -20oC. 

	  

2.6.2.19 Freezing medium 

 

0.9 ml maintenance medium (per plate) was added to 100 μl DMSO (Sigma, D2650) 

was freshly prepared and left at 4oC prior to use.  

 

2.6.2.20 Growth factor Reduced Matrigel 

 

Bottle was thawed on ice at 4oC overnight (BD GFR Matrigel, 10 ml bottle, VWR 

#734-1101). 23 mls of GMEM was added to whole bottle and 1 ml aliquots were 
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prepared and stored at -20oC. Aliquots were thawed at 4oC overnight prior to use. 

One 1ml aliquot was added to 4 mls differentiation medium, mixed well and 50 µls 

were added per well of a 96 well plate to give a final concentration of 2% Matrigel.   

 

2.6.3 Differentiated Cell Culture Dissociation Solutions 
 

2.6.3.1 Papain solution 

 

5ml EBSS was added to 1 vial of papain and 250ml of DNase solution was added to 

the Papain vial. The solution was allowed to dissolve fully before aliquoting into 

0.5ml aliquots. The solution was frozen until required. 

 

2.6.3.2 DNaseI solution 

 

0.5 ml EBSS was added to 1 vial of DNase. 

 

2.6.3.3 OMI solution 

 

32ml EBSS was added to 1 OMI bottle.  
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CHAPTER 3. MOUSE ES CELL 2D DIFFERENTIATION 

CULTURE RECAPITULATES RETINAL 

DEVELOPMENT  
 

3.1 INTRODUCTION 
 

During embryogenesis, the development of the neural retina involves several 

regulatory steps, which are controlled by an interaction of many transcriptional 

factors and extrinsic soluble factors. The eye field transcription factors (EFTFs) 

include, Pax6, Rax, Six3, Six6, Otx2, and Lhx2 with Pax6 and Rax co-expression 

characterizing the neural retina progenitors (Bäumer et al., 2003; Ikeda et al., 2005). 

Moreover, the optic vesicle stage is characterized by the domain-specific expression 

of Vsx2 for the retina and Mitf for the RPE (Chow & Lang, 2001; Samuel Shao-Min 

Zhang, 2002) (Figure 1a schematic). Extracellular signaling molecules involved in 

the regulation of eye development include Hh, Wnts, TGF-b, BMPs, and FGFs, 

which are required at different times during development (Adler & Canto-Soler, 

2007). 

 

Multipotent retinal progenitors cells (RPCs) generate the six types of neuron and one 

type of glial cell present in the adult neuroretina (Turner & Cepko, 1987; Wetts & 

Fraser, 1988). These different cell types are generated in a sequence extremely 

conserved across all vertebrates (Cepko et al., 1996; R. W. Young, 1985), with 

ganglions cells (GCs) born first, followed by cones, horizontal and amacrine cells. 

Bipolar, rods and Müller glia are born last at post-natal stages of development. 

 

Several groups have reported the differentiation of various retinal cell types from 

both human and mouse ES cells, and more recently from IPS cells (Hirami et al., 

2009; Ikeda et al., 2005; Lamba, 2010; Meyer et al., 2009; Osakada et al., 2008; X. 

Zhao et al., 2002).  A previous studied demonstrated for the first time, the generation 

of different retinal cell types by the stepwise treatment of mouse, primate and human 

ES cells with defined factors (Ikeda et al., 2005; Osakada et al., 2008). This protocol 
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used a serum-free embryoid body-like suspension culture combined with Dkk1, 

LeftyA, FBS and Activin A treatment (SFEB/DLFA culture), followed by an 

adherent culture in which differentiated cells migrate out from aggregated cell pellets 

and differentiated further. Here we tested if the complex developmental processes 

leading to the formation of the neural retina could be replicated using a mouse ES 

cell differentiation system. This method of retinal differentiation was investigated 

using the same EB5 mouse ES cell line used by Osakada et al, which contains the 

eGFP reporter inserted into the first exon of the Rax gene (Wataya et al., 2008).  

A schematic with a summary of retinal development and their concomitant stages in 

vitro  followed by a summary of the retinal differentiation protocol used is shown in 

Schematic 3.1 below. 
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Schematic 3.1. Stages of commitment toward a retinal lineage and summary  

of differentiation protocol used to generate cells of the retinal lineage for transplantation. 

Diagram showing stages of early eye development and the similar stages in the ES cell 

differentiation culture. Each major stage of retinogenesis can be distinguished by the 

expression pattern of specific transcription factors. 
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3.2 AIMS 
 

The aims of the work described in this chapter were to (1) optimize the SFEB/DLFA 

differentiation protocol to obtain high number of retinal progenitors for further 

differentiation, (2) to characterize early eye development in vitro by investigating the 

stage-specific differentiation of Rax+ early RPCs, (3) to characterize the 

differentiation of mature retinal cell types from RPCs and (4) to establish whether 

the Rax.GFP+ RPCs modulate their intrinsic ability to respond to the extrinsic factors 

added and thus produce distinct cell types at different stages of culture. Combined 

these experiments will establish if the ES cell differentiation system mimics early 

eye development and recapitulates retinogenesis providing an insight into temporal 

order in which ES cell-derived multipotent RPCs give rise to retinal cells types in 

vitro.   
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3.3 GENERATION OF RETINAL PROGENITORS FROM 

OPTIMIZED SFEB/DLFA ES CELL DIFFERENTIATION 

CULTURE  
 

3.3.1 Characterization and Optimization of the Generation of ES Cell-

Derived Retinal Progenitor Cells 
   

3.3.1.1 Characterization of EB5 Rax.GFP ES cell line 

 

To assess if the EB5 Rax.GFP ES cell line had the basic characteristics of an ES cell 

line we analyzed the morphology and the presence of ES cell specific pluripotent 

markers. Maintenance cultures of feeder free Rax.GFP ES cell cultures showed the 

typical bright cluster morphology of ES cell cultures (Figure 3.1a). Furthermore, 

immunocytochemistry analysis showed that the maintenance cultures were positive 

for the classic markers of pluripotency Nanog, Oct3/4 (Pou5f1) and Sox2 (Figure 

3.1b, c, d).  

 
Figure 3.1. EB5.Rax.GFP maintenance culture. 

a, Typical bright round morphology of EB5 ES cell line in feeder free conditions. c.b.d, 

Immunocytochemistry showing the typical ES cell markers Nanog (b), Oct3/4 (c) and Sox2 

(d). Scale bars, 100 µm. 
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3.3.1.2 Characterization of ES cell-derived neural and retinal progenitors 

 

To examine whether the early stages of the SFEB/DLFA differentiation protocol 

could give rise to neural and retinal progenitors and to subsequently assess if early 

development can be mimicked in vitro the expression pattern of known early RPCs 

markers was examined during the differentiation protocol. Neural differentiation was 

confirmed at day 10 of differentiation by immunocytochemistry for markers of 

neural stem cells and pan-neuronal cell types, Nestin and b-tubulin, respectively 

(Figure 3.2a,b). Nestin is an intermediate filament protein, which localizes 

predominantly to neural progenitor cells during murine CNS development. In the 

E14.5 eye, nestin immunoreactivity is detected in the lens epithelium, optic disc and 

in the optic nerve (Yang, 2000). Class III beta-tubulin constitutes neuronal 

microtubules, and is used as a marker for the neuronal lineage. In the eye, early born 

retinal neurons express b-tubulin, such as ganglion cells, some amacrine and 

horizontal cells and cone photoreceptors (Sharma & Netland, 2007).  
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Figure 3.2. Efficient generation of neural progenitor cells. 

Immunocytochemistry analysis of cells at day 10 of differentiation showing neural 

differentiation from ES cells. a, cell aggregates immunolabeled for neural stem cell marker 

Nestin. b, cells positive for pan-neuronal marker b-tubulin. Nuclei are stained with DAPI 

(blue). Scale bars, 100 µm.  

 

Although the EB5 Rax.GFP ES cell line has been described in previous studies, the 

specificity of the Rax expression in vivo was not demonstrated (Osakada et al., 2008; 

Wataya et al., 2008). Therefore, chimeric embryos using the EB5 Rax.GFP cell line 

were generated to confirm Rax expression to hypothalamic and eye field regions (see 

methods section 2.2.1.4). The results demonstrated the expression of Rax.GFP 

restricted to the diencephalon, in particular to the eye field and subsequent optic 

vesicle (Figure 3.3ai,ii; white arrow heads; green) and the ventral floor plate cells of 

the hypothalamus (Figure 3.3ai,iii; white arrow; green) in E9.5 embryos. The E9.5 

chimera embryos were stained for Pax6, which confirmed the expression in the 

embryonic forebrain (Figure 3.3bi; red), including the optic vesicle (Figure 3.3bi,ii; 
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white arrow heads; red), while the ventral floor plate cells of the hypothalamus do 

not express Pax6 (Figure 3.3bi,iii; white arrow). 

 

Next, to confirm that the ES cell-derived Rax.GFP+ cells were retinal and not 

hypothalamic Rax.GFP+ progenitors immunocytochemistry of Day 10 EBs for 

Rax.GFP and Pax6 was performed. The presence of Pax6+/Rax+ cells confirmed the 

in vitro generation of early retinal progenitors from the EB5 ES cell line (Figure 

3.3ci, ii). Additionally, immunocytochemistry of day 10 EBs, which were plated in 

fibronectin/laminin at day 5 of differentiation showed that Rax.GFP+ cells were also 

positive for the neural retina specific marker Vsx2 (Chx10) (Figure 3.3di,ii) and a 

small number of remaining undifferentiated ES cells were positive for the 

pluripotency marker Oct3/4 (Figure 3.3e). 

   

Relative quantitative transcriptional analysis was examined by real time PCR of the 

differentiation cultures over the first 10 days of differentiation. The results 

demonstrated a reduction of Pou5f1 (Oct3/4) for the period before FACs, and a loss 

of Pou5f1 expression after FAC-sorting and further differentiation (Figure 3.3f, 

indicated by day 10a, 12 and 14). In contrast, the early retinal progenitor markers 

Rax, Pax6 and Vsx2 (Chx10) showed increased expression for the first 10 days of 

differentiation (Figure 3.3g). This expression profile is consistent with previous 

observations of neural differentiation using this protocol and the derivation of early 

RPCs after 7-10 days of culture (Ikeda et al., 2005; Osakada et al., 2008; Wataya et 

al., 2008). 
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Figure 3.3. Differentiation of ES cell-derived retinal progenitor cells.  

a,b, E9.5 mouse embryo showing Rax.GFP and Pax6.Rax expression restricted to the optic 

vesicles (ai,ii; white arrow heads, green) and the ventral floor plate of the hypothalamus 

(ai,iii; white arrow, green). Pax6 is expressed in the optic vesicles (bi,ii; white arrow heads; 

red), while the ventral floor plate cells of the hypothalamus do not express Pax6 (bi,iii; white 

arrow). ci,ii, Immunocytochemical analyses of a day 10 EB showing Pax6+/Rax.GFP+ retinal 

progenitors (yellow). di,ii, Immunostaining of day 10 plated cells showing Vsx2+/Rax.GFP+ 

retinal progenitors (red and green, respectively). e, Immunostaining of day 10b (before 

FACs) plated cells showing Oct3/4+ undifferentiated ES cells f,g, Real time qPCR analysis 

showing the decreased expression of the pluripotency marker Pou5f1 (Oct3/4) (f) and the 

increased expression of the retinal progenitor markers Rax, Pax6, and Vsx2 (Chx10) (g) with 

days in culture (N = 3  independent experiments; b and a denote before and after FAC-

sorting). Nuclei are stained with DAPI (blue). Scale bars, 100 µm (ai,bi), 25 µm (ci,cii) and 

50µm (di,dii). 
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3.3.1.3 Rax.GFP retinal progenitor differentiation is dependent on cell density 

 

In a recent study reporting the differentiation of hypothalamic progenitor cells 

(Wataya et al., 2008), individual embryoid-like bodies (EBs) in 96 well plates 

containing 3,000 cells per well were used. Therefore, to determine if the cell density 

of individual EBs influences the differentiation of retinal progenitors (Rax.GFP+) we 

formed individual embryoid-like bodies (EBs) in 96 well plates varying from 3,000 

to 27,000 cells and FAC-sorted the Rax.GFP+ cells at day 10 to determine the 

percentage of RPCs present.  

 

Day 10 EBs were cryosectioned and analyzed by immunocytochemistry with Pax6 to 

confirm that Rax.GFP+ cells present in the EBs were RPCs and not hypothalamic 

progenitors at the various cell densities tested. The results showed that the optimal 

EB size was 9,000-15,000 cells (Figure 3.4a; green Rax.GFP+ RPCs and red Pax6). 

To confirm the immunocytochemistry results we performed FACs analyses of the 

different cell densities. The number of Rax.GFP+ cells present at 9,000 and 15,000 

cells/EB (Figure 3.4b; 90-150 cells/µl of media) was significantly greater than 3,000 

or 6,000 cells/EB (Figure 3.4b; ANOVA, P<0.01). The loss of efficiency at the 

higher cell density of 27,000 cells/EB (270 cells/µl) is most likely due to cell 

starvation. Furthermore, we detected that the larger EBs (9,000-15,000 cells/EB) 

displayed neural epithelial-like organization of the Rax/Pax6+ cells on days 7 and 10 

of differentiation, which is reminiscent of the optic vesicle (Figure 3.4c). However, 

these regions did not progress to form optic cup-like structures when differentiated 

for longer (Figure 3.4c; days 12 and 14), as has been shown by others with the 

addition of extracellular matrix proteins (Eiraku et al., 2011).  
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Figure 3.4. Optimization of the generation of Rax.GFP retinal progenitor cells.  

a, Immunocytochemical analysis of day 10 EBs showing Pax6+/Rax.GFP+ cells (red and green, 

respectively) from different size ES cell starting populations (3k – 27k cells). b, A histogram 

showing the percentage of Rax.GFP+ retinal progenitors present by FACS analysis at day 10 of 

differentiation in different size EBs (mean ± SEM, ANOVA, P<0.01 ; n ≥ 3).  c, 

Immunocytochemical analysis of EBs formed from 9k ES cells, showing Pax6+/Rax.GFP+ retinal 

epithelial structures at days 7-14 of differentiation. Nuclei are stained with DAPI (blue). Scale 

bars, 100 µm (a) and 50 µm (c). 



	   137	  

The differentiation of RPCs was assessed by the presence of Rax.GFP+ cells, further 

characterization and culture was dependent on obtaining high numbers of RPCs. Day 

10 EBs were examined under a fluorescence microscope prior to FACs, to confirm 

the presence of Rax.GFP+ cells (Figure 3.5a) and thus successful RPC differentiation. 

A representative cumulative FACS plot and histogram for ES cell-derived RPCs 

following 10 days of differentiation culture showed that 34.40% of the EBs were 

Rax.GFP+ (Figure 3.5b). FACs analyses showed that Rax.GFP+ cells were present 

from day 7 of differentiation onwards, with significantly greater numbers of 

Rax.GFP+ cells present at days 9 and 10 of differentiation (Figure 3.5c; P<0.05, 

ANOVA). The decline in the number of Rax.GFP-expressing cells on days 12 and 14 

is most likely due to the down-regulation of Rax expression in presumptive RPE 

progenitors (Figure 3.5c).  

 

Next, the temporal transcriptional profiles of Rax.GFP+ RPCs were examined by 

FAC-sorting this population and isolating RNA for RT-PCR analyses at progressive 

stages of differentiation (Figure 3.5d). Day 7, 9, 10, 12 and 14 Rax.GFP+ RPCs were 

isolated by FAC-sorting and transcriptional analyses, by RT-PCR, confirmed that 

this population expressed the early eye field transcription factors (EFTFs): Rax, 

Pax6, Six3, Six6, Lhx2, and Otx2 at all timepoints examined (Figure 3.5c). The 

retinal progenitor markers Vsx2 and Sox9, which are expressed in the optic vesicle 

stage and in late RPCs respectively, were also present throughout the culture period 

indicating that early and late RPCs were present and being concomitantly 

differentiated from day 7 in culture. However, Ikzf1 (Ikaros), a marker present only 

in early RPCs, showed a decrease in expression with time, suggesting that from Day 

10 onwards the majority of RPCs present in culture were of a late profile, thus cells 

were differentiating in agreement with the stages observed in normal development.  

In contrast, the pluripotent marker Nanog, expressed highly in day 0 (D0) 

undifferentiated ES cells was not expressed in the Rax.GFP+ retinal progenitors from 

day 9 onwards (Figure 3.5c). As early retinal progenitor numbers were highest at day 

10 and no Nanog expression was observed at that day, retinal progenitors were 

isolated from this stage of culture for all further retinal cell differentiation 

experiments.  
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Figure 3.5. Characterization of optimized Rax.GFP retinal progenitor differentiation. 

a, Fluorescent image of Day 10 EB before FACs showing the presence of Rax.GFP+ cells 

b, Representative FACS plot and histogram showing 34.40% of Rax.GFP+ cells (green) 

selected by flow cytometry c, Temporal FACS analysis of Rax.GFP+ retinal progenitors 

showing significantly greater numbers of Rax.GFP+ cells present at days 9 and 10 of 

differentiation (mean ± SEM, P<0.05, ANOVA; N ≥ 3). d, RT-PCR analysis of FAC-

sorted Rax.GFP+ cells days 7 - 14 after the start of differentiation (D7 - D14) showing the 

expression of early eye field transcription factors (EFTs), retinal progenitor cell (RPC) 

markers, and the absence of pluripotency marker, Nanog.
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3.4 DEFINING RETINAL PROGENITORS TEMPORAL 

COMPETENCE IN SFEB/DLFA ES CELL DIFFERENTIATION 

CULTURE 

 

3.4.1 Temporal Analysis of ES Cell-Derived Retinal Cell Types 

Differentiation 

	  

3.4.1.1 Differentiation of ES cells into retinal cell types 

 

To examine the diversity of the retinal cell types differentiated in the SFEB/DLFA 

conditions the expression of a variety of retinal cell markers was analyzed by RT-

PCR and immunocytochemistry.  

 

The onset of expression of retinal cell type markers was demonstrated by RT-PCR at 

days 0 (undifferentiated ES cells), 14, 20 and 32 of differentiation. RNA from Post-

natal day 11 (P11) retina was used as a positive control and beta-actin used as cDNA 

control (Figure 3.6a). Expression of the early photoreceptor precursor marker, crx 

was detected at the first day examined, day 14. Similarly, early post-natal rod 

specific marker, rhodopsin, was also detected at day 14. Whereas crx expression 

peaked at day 20, rhodopsin expression was greater at day 32, corresponding with 

more mature stages of photoreceptor development. The expression of recoverin 

(Rcvrn), a marker for early post-natal photoreceptors (rods and cones) and S-opsin 

(Opn1Sw), a blue-sensitive cone specific opsin, were first detected at day 20 of 

differentiation. However, the late postnatal green-sensitive opsin, M-opsin 

(Opn1mw), was only detected at day 32. M-cones are born at post-natal P6 in normal 

development. In contrast, the late RPE marker, RPE65, was not observed in our 

culture conditions, indicating that other methods of differentiation or greater time of 

differentiation are required for RPE maturation. PKC isoforms contribute to the 

regulation of cell proliferation, differentiation, survival and death, thus it is not 

surprisingly that ES cells were positive for PKC alpha. However, in the retina Pkc 

alpha is expressed by bipolar cells only. Therefore, following FAC-sorting for 

Rax.GFP+, a purified population of RPCs, showed little PKC alpha expression at day 
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14. Levels of expression increased at days 20 and 32, which corresponded with the 

differentiation of bipolar cells (Figure 3.6a).  

 

Furthermore, we confirmed the presence of mature retinal cell types by 

immunocytochemistry at day 32 of differentiation. Staining showed the presence of 

Brn3, a nuclear marker of ganglion cells in the retina (Figure 3.6b), Calbindin, a 

marker of horizontal cells (Figure 3.6c), PKC alpha, a marker for bipolar cells 

(Figure 3.6d) and Rhodopsin, a rod specific marker (Figure 3.6e). Moreover, 

immature RPE cells labeled with Mitf and ZO-1 (Figure 3.6f), Müller cells labeled 

with GFAP and glutamine synthetase (Figure 3.6g), photoreceptor precursors labeled 

with Crx (Figure 3.7h), cone photoreceptors labeled with S-opsin (Figure 3.6i) and 

maturing rod and cone photoreceptors labeled with Recoverin (Figure 3.6j) were 

observed.  
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Figure 3.6. ES cell-derived mature retinal cell types differentiation. 

a, RT-PCR analysis of retinal gene expression with ES cell differentiation culture. 

Immunocytochemistry of retinal cell types present following 32 days of ES cell 

differentiation culture. b, ganglion cells (Brn3), c, horizontal cells (Calbindin), d, bipolar 

cells (PKC), e, rods (rhodopsin), f, RPE cells (ZO-1 (red) and Mitf (green)), g, Müller 

glia (GFAP (red) and GS (green)) and h,i,j, photoreceptors (Crx, Recoverin and S-opsin). 

Nuclei stained with DAPI (blue). GFAP, glial fibrillary acidic protein; GS, Glutamate 

Synthetase. Scale bars, 50 µm and 25 µm. 
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3.4.1.2 Sequential retinal cell type generation from ES cells 

 

In embryonic development the genesis of the different retinal cell types follow a 

conserved order, which is determined by intrinsic and extrinsic factors (Livesey & 

Cepko, 2001). Here birthdating analysis was used to test if this order of birth is 

conserved in the artificial environment created by our culture conditions.  

 

Day 10 FAC sorted isolated retinal progenitors (Rax.GFP+ cells) were re-aggregated 

and further differentiated as adherent cultures on poly-lysine, laminin and fibronectin 

coated plates for more than 20 days. The time and peak of birth in vitro for early and 

late born retinal cell types was investigated by a 24 hours 5-bromodeoxyuridine 

(BrdU) pulse labeling at days 14, 17, 20 or 24 combined with immunocytochemical 

analysis of each cell marker at day 32 of culture (Figure 3.7). A Schematic 

demonstrating the presence of early and late cell types present at different time 

points in culture is shown in Figure 3.7a.  Early born ganglion and horizontal cells 

were labeled with Brn3 and calbindin, respectively (Figure 3.7bi-c,bii-d). At day 14 

and 17, about 27% of all Brn3 positive cells were BrdU positive. The number of 

double positive cells (Brn3+/BrdU+) decreased to 17.35% and 11.94% at day 20 and 

day 24, respectively. Similarly, the percentage of double labeled (Calbindin+/BrdU+) 

was 14.37% at day 14 and 15.89% at day 17 decreasing to 7.43% and 1.98% at days 

20 and 24, respectively. Together, these data indicated that the majority of ganglion 

and horizontal cells were born prior to day 20. Furthermore, the late born bipolar and 

rod photoreceptor cells were labeled with PKC and rhodopsin, respectively (Figure 

3.7biii-e,biv-f). At day 14 and day 17, 11.72% and 23.02% of all PKC positive 

bipolar cells also stained for BrdU, respectively. The number of double labeled cells 

(PKC+/Brdu+) increased to 72.18% at day 20 and decreased at day 24 to 17.98%. For 

rod photoreceptors, the first Rhodopsin positive cells were detected at day 20 with 

66.35% of all Rhodopsin positive cells containing BrdU. At day 24 only 18.61% of 

double labeled (Rhodopsin+/BrdU+) cells were detected. Therefore, in contrast to 

early born cell types the late born rod photoreceptor and bipolar cells had the greatest 

percentage of cell birth at day 20. Overall these data are consistent with the peak of 

rod and bipolar cell birth after day 20 of culture as previously described (Osakada et 

al., 2008) 
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Figure 3.7. Temporal analysis of ES cell-derived retinal cell differentiation. 

a, Schematic representation of retinal cell type markers present at various stages of ES cell 

differentiation culture. b-f, Birthdate analysis of neural retinal cell types by BrdU pulse 

labeling and immunocytochemistry. Cultures were pulse-labelled with BrdU for 24  hrs at 

days 14, 17, 20 and 24 of differentiation (bi-iv; x axis). Cultures were stopped at day 32 

and the percentage of double positive cells for BrdU (green) and the cell type markers 

Brn3 (bi,c; ganglion cells; red), calbindin (bii,d; horizontal cells; green), Pkc alpha (biii,e; 

bipolar cells; red) and rhodopsin (biv,f; rod photoreceptors; green) were quantified (bi-iv; 

y axis; mean ± SEM, N = 3 experiments, n > 9 fields of view). Scale bars are 25 µm. 
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3.5 CONCLUSION  
 

The results from these studies have confirmed that the 2D SFEB/DLFA 

differentiation protocol can quickly generate neuronal cells and RPCs from mouse 

ES cells. The optimized in vitro 2D system protocol produces high yields of 

Rax.GFP+ retinal progenitors with the differentiation of RPCs being dependent on 

EB size with the lowest optimal cell number 9,000 cells/EB generating maximal 

yields of Rax.GFP+ cells. Most importantly, ES cell-derived RPCs express all the 

major markers present during early stages of eye and retinal embryonic development 

of RPCs. Further culture of RPCs generated a variety of mature retinal cell types 

from defined culture conditions. Interesting, the differentiation of these different 

retinal cells types follows a similar temporal pattern to the embryonic sequence of 

cell birth. 

 

The SFEB/DLFA protocol used defined factors to induce the formation of a 

neuroepithelium. Neural specification and rostral hypothalamic differentiation 

(Wataya et al., 2008) was stimulated by the use of Wnt antagonist Dkk1 (Glinka et 

al., 1998) and Lefty A (Sakuma et al., 2002), whilst FBS and Activin were used to 

achieve early retinal differentiation. Previous studies used EBs that spontaneously 

formed in larger dishes, did not observe neuroepithelium morphologies (Osakada et 

al., 2009a). In this study, neuroepithelium structures were formed, but only when 

EBs were located in the restricted environment of the 96 well plate single well. This 

might be due to an increase in the concentration of endogenous factors produced by 

the EB. Since the change of media in these wells is never complete any endogenous 

factors produced by differentiating cells are not entirely replaced by fresh media. EB 

size also influenced specific lineage commitment (Ng., 2005). The cell density 

experiments in this thesis demonstrated the differentiation of greater numbers of 

Rax.GFP+ RPCs in EBs formed by 9,000-15,000 ES cells, whilst 3,000 and 27,000 

EBs generated fewer RPCs. These results indicate that small EBs might not produce 

enough factors to stimulate retinal differentiation whilst bigger EBs might have 

suffered from cell starvation.  
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We demonstrated that mouse ES cells, when submitted to a defined 2D SFEB/DLFA 

differentiation could give rise to RPCs that differentiated further into all retinal cell 

types present in the retina and RPE. Notably, by characterizing the stages of 

differentiation with birthdating experiments we established that retinogenesis in vitro 

followed a pattern very similar to normal development. One important consideration 

is the fact that these mature cell types were generated despite the addition of factors 

known to be photoreceptor stimulants such as, N-[N-(3,5-Difluorophenacetyl)-L-

alanyl]- S-phenylglycine t-butyl ester (DAPT), Shh, FGFs, RA and Taurine 

(Osakada et al., 2009b). Many studies have demonstrated that DAPT increases the 

number of Crx+ photoreceptors (Eiraku et al., 2011; Osakada et al., 2009b). 

However, DAPT is a Notch inhibitor known to stimulate cell types differentiation 

from RPCs and not particularly photoreceptors, thus the timing of DAPT addition 

might be crucial for the differentiation of photoreceptors. This will be further 

discussed below. 

 

The competence model for retinal development (Cepko et al., 1996) proposes that 

RPCs generate different cell types by going through irreversible intrinsically distinct 

competence conditions (temporal competence), which in turn can be influenced by 

environmental cues. Initially we hypothesized that the presence of photoreceptor 

stimulants might interfere with the temporal competence of RPCs and consequently 

these would only give rise to rods. However, despite the environment that the RPCs 

were exposed to, all cells types were observed, suggesting that the extrinsic 

environment did not supersede ES cell-derived RPCs intrinsic competence that 

determines their cell fate decision. RPC heterogeneity can explain what limits the 

cell types generated at a stage of development (Livesey & Cepko, 2001), one 

example is that individual RPCs display extensive heterogeneity of gene expression 

(Trimarchi et al., 2008). Further studies are required to establish if ES cell-derived 

RPCs also exhibit this heterogeneity.  

 

Birthdate experiments with BrdU in the 2D and whole EB 3D cultures demonstrated 

that the majority of ganglion and horizontal cells were born prior to day 20 of 

differentiation. The peak of both bipolar and rod cell birth in 2D culture was at day 

20 of culture. The Notch inhibitor, DAPT was added at day 11-14 of differentiation. 
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Inhibition of Notch is known to stimulate differentiation, as Notch is responsible for 

the maintenance of the RPCs proliferative state (Austin et al., 1995). In the 2D 

culture it is possible that DAPT stimulated the RPCs to exit of the cell cycle and 

possibly for the first few days they were able to differentiate into ganglion cells and 

horizontal cells. However, at day 17 of differentiation DAPT was added with other 

growth factors (Shh, FGFs, RA, Taurine), which are involved in photoreceptor 

development in vivo probably stimulating the peak of rod birth at day 20 of culture. 

 

In summary, the differentiation of neuronal and consequently retinal progenitors was 

achieved by using EBs of specific cell number, which formed spontaneously in a 

single well of a 96 well plate. These results indicate that the 2D mouse ES cell 

differentiation protocol mimic early eye development when medium composition 

and EB cell density conditions are controlled. ES cell-derived retinal cell types 

generated from follow an order of birth that was similar to that observed in normal 

development, with early cell types being born first and late cell types later. 
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CHAPTER 4. CHARACTERIZATION OF ES CELL-

DERIVED PHOTORECEPTOR DIFFERENTIATION 

AND OPTIMIZATION OF THE 2D CULTURE SYSTEM 

FOR TRANSPLANTATION   
	  

4.1 INTRODUCTION 
	  

The previous chapter described the differentiation of photoreceptors by using a 

defined stepwise retinal differentiation protocol. The differentiation included notch 

inhibition by DAPT, addition of retinoic acid and SHH, as well as taurine and FGFs. 

Some of these factors might be influencing the cell fate decision of the RPCs and not 

influencing photoreceptor specification per se. Therefore, it is clear that the RPCs 

differentiation can be manipulated by the culture environment. However how much 

other non retinal cell types influence retinal specification in ES cell differentiation 

cultures is less understood. 

 

In mammals, photoreceptor genesis takes place over an extended period of 

development (Carter-Dawson & LaVail, 1979; Rapaport et al., 2004; Young, 1985) 

(Morrow et al., 1998). In mice, cone genesis commences at early embryonic stages 

and is complete at birth with S opsin being expressed at late embryonic stages and M 

opsin at post-natal day 6 (P6). Rods are born both at pre- and post-natal stages. The 

peak of rod genesis occurs in the first few post-natal days, followed soon after by the 

expression of the visual pigment rhodopsin (Carter-Dawson & LaVail, 1979; 

Swaroop et al., 2010; Young, 1985). Furthermore, a number of transcription factors 

involved in the differentiation of photoreceptor precursors into rods or cones have 

been described and can be used to determine the exact developmental stage of these 

cells (Swaroop et al., 2010).   

 

We have previously established that photoreceptors isolated at a specific ontogenetic 

stage (P1 to P8) of the developing retina are able to integrate into the adult retina 

following subretinal transplantation. These integrated photoreceptors form functional 
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synaptic connections and mediate light-stimulated behavior in mice with retinal 

degeneration (Maclaren et al., 2006; Pearson et al., 2012). There is limited evidence 

to suggest that ES cell-derived cells can mature into functional photoreceptors 

forming outer segments and synapses (Osakada, Ikeda, Sasai, & Takahashi, 2009a). 

Even mature photoreceptors do not form proper outer segments in culture (Saga, 

Scheurer, & Adler, 1996). To date no studies have investigated the integration of 

mouse ES cell-derived photoreceptors following transplantation, which is the 

ultimate test to establish if ES cell-derived photoreceptors precursors generated in 

our differentiation culture can form mature rods. 

 

4.2 AIMS 

 
Photoreceptor development requires a precise orchestration of transcription factors, 

extrinsic cues and temporal control. The aims of this work were to characterize 

photoreceptor development in 2D in vitro cultures by (1) investigating if a pure RPC 

niche is important for photoreceptor differentiation, (2) by characterizing the 

temporal pattern of photoreceptor differentiation by comparing it to normal 

photoreceptor development, (3) establish the behavior of ES cell-derived retinal 

progenitor cells when subretinally injected into adult wild-type mice and (4) to 

determine whether retinal cell types from late stage differentiation were able to 

complete photoreceptor differentiation in vivo and integrate into the host retina of 

animal models of retinal degeneration, such as, rod transducin (Gnat1-/-) and 

rhodopsin (Rho-/-) knockouts, which have no visual function at low light levels 

(Calvert et al., 2000; Lucas, Douglas, & Foster, 2001; Toda et al., 1999).  
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4.3 CHARACTERIZING PHOTORECEPTOR GENESIS IN 

SFEB/DLFA ES CELL DIFFERENTIATION CULTURE 
	  

4.3.1 The Importance of a Retinal Progenitor Cell Niche for 

Photoreceptor Differentiation and Development 
 

4.3.1.1 Efficiency of ES cell-derived photoreceptor differentiation 

	  

To investigate the importance of a pure retinal cell niche, Rax.GFP+ RPCs with or 

without Rax.GFP- cells were cultured and examined for the differentiation of rod 

photoreceptors.  Equal numbers of sorted Rax.GFP+ cells were re-aggregated (20,000 

cells/ aggregate) and plated per well. One population was left as pure sorted 

Rax.GFP+ and to the other additional Rax.GFP- cells were added prior to 

reaggregation so that the ratio of Rax.GFP+:RaxGFP- was 35:65% (this mixed 

population reflected the proportion  of Rax.GFP+ cells per unsorted EB). The cells 

were further differentiated until day 32, when Crx+ and rhodopsin+ cells were 

quantified by immunocytochemistry. Fields of aggregates containing Crx+ cells were 

imaged for quantification. A significantly greater percentage of cells were Crx+ in the 

sorted compared with the mixed cell cultures (Figure 4.1a; 65.4 ± 9.6% and 25.9 ± 

9.0%, respectively; P<0.001, 2way ANOVA, n = 9). The sorted population also 

contained significantly more rhodopsin+ cells (Figure 4.1a; 37.7 ± 15.7% versus 1.0 

± 0.7%; P<0.001, 2way ANOVA, n = 9) with very little rhodopsin staining present in 

the mixed cell population, as shown in figure 4.1b (i-iv; green Crx+ nuclei; red 

rhodopsin+ cells).  

 

In summary, mixed neural cultures were not as useful for the efficient generation of 

rod photoreceptors. This suggests that, as in vivo, a retinal progenitor cell niche is 

required for efficient differentiation of photoreceptors, and that sorted Rax.GFP 

populations better simulate this requirement. 
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Figure 4.1. Efficiency of ES cell-derived photoreceptor differentiation. 

a, A histogram demonstrating the percentage of crx+ and rhodopsin+ cells in 

mixed populations of neural cells versus sorted populations of pure retinal cells at 

day 32 of differentiation culture (mean ± SEM, ANOVA, P<0.001, N = 3 

experiments, n = 9 fields of view). b, Immunocytochemistry for crx and rhodopsin 

positive photoreceptor cells (green and red, respectively) in mixed neural cell 

populations (bi,iii,iii’) and sorted retinal cell populations (bii,iv,iv). Scale bars, 25 

µm and 5 µm (inserts). 
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4.3.2 Comparative Analysis of Photoreceptor Differentiation In Vivo and 

in ES Cell-Derived Cultures 

 
4.3.2.1 Temporal analysis of ES cell-derived photoreceptor differentiation    

	  

To characterize the temporal stage of photoreceptor differentiation in culture and to 

determine the optimal culture stages containing photoreceptor precursors to test the 

function of ES cell–derived rods, a range of photoreceptor markers was examined by 

immunocytochemistry over the retinal cell differentiation culture period (Figure 

4.2a).  

 

Early photoreceptor precursor markers Crx and S-opsin were observed from around 

day 18-20 in culture and the later photoreceptor markers, Rhodopsin and Recoverin 

from days 24-26. Therefore, we focused on the day 20-28 culture period for further 

characterization.  

 

To establish the equivalent retinal developmental stage absolute qPCR was 

performed to compare the number of molecules for relevant photoreceptor markers 

obtained from differentiated cultures at days 20, 24 and 28 of culture (Figure 4.2b) 

with the number of molecules obtained from P0, 4, and 8 postnatal retinae (Figure 

4.2c). For the cultured cells, the number of Crx and Nrl molecules increased with 

time, whereas Rho and Opn1sw (rhodopsin and S-opsin, respectively) did not 

increase between days 24 and 28 of culture (Figure 4.2b). We observed very little 

Gnat1 (rod transducin) at any of the timepoints (Figure 4.2b). By contrast in the 

postnatal samples, Crx and Nrl increased until P4, showing little variation by P8 

(Figure 4.2c). Rho increased greatly over the timecourse examined, while Gnat1 

expression was readily detectable by P8 (Figure 4.2c). The highest levels of Crx and 

Nrl observed in the postnatal samples were 10 and 187 fold higher than the highest 

levels observed in the ES cell-derived cultures, respectively. In the cultures, the ratio 

of Nrl to Crx transcripts was much lower than that observed in the early postnatal 

retina (Figure 4.2d; 0.02 at day 28 vs. 0.1 at P0 and 0.32 at P4). The relatively high 

Crx expression was not matched by raised Opn1sw expression, as would be expected 

if the Crx+ cells were differentiating into cones instead of rods. By contrast, the ratio 
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of Rho molecules to Nrl molecules at day 28 of culture was in the same range as the 

P4-8 retinas (Figure 4.2e; 23.7 at day 28 vs. 6.2 at P4 to 47.6 at P8) suggesting that 

the Nrl expressing cells were at a similar developmental stage.   

 

Hence, several notable differences in the expression profile of photoreceptor markers 

were found between in vivo and ES cell-derived populations. Most evident was the 

relatively low expression of the key rod differentiation factor, Nrl, in the ES cell-

derived cultures compared with the high expression of photoreceptor precursor 

marker, Crx.  
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Figure 4.2. Photoreceptor genesis in vitro and in vivo. 

a, Schematic representation of rod and cone photoreceptor markers present at various stages 

of ES cell differentiation culture. b,c, Absolute qPCR analysis of photoreceptor gene 

expression at day 20, 24, and 28 of ES cell differentiation culture (b; mean ± SD, N = 3) and 

postnatal days 0, 4 and 8 of the developing retina (c; mean ± SD, N = 3). d,e, Histograms 

demonstrating the ratio of Nrl to Crx molecules (d; mean ± SD) and rhodopsin to Nrl 

molecules (e; mean ± SD) in the day 28 ES cell differentiation cultures compared with the 

postnatal retina.  
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4.3.2.2 Reduced numbers of Nrl+ rod photoreceptors in 2D ES cell-derived retinal 

cultures  

	  
To more directly investigate the production of Nrl+ cells in the ES cell cultures. Two 

approaches were taken to produce a Rax.GFP.Nrl.RFP ES cell line. 

 

To generate an ES cell line-expressing RFP under the control of the Nrl promoter an 

integrating lenti virus was used. First, as a control, a Lenti.SFFV.RFP, where the 

transduction efficiency and RFP preservation could be readily observed under 

fluorescent microscopy was produced. Maintenance cultures of Rax.GFP ES cells 

were transfected with Lenti.SFFV.RFP (Figure 4.3ai,iii). Positive clones were 

isolated by FACS and kept in undifferentiated conditions. Differentiation was 

performed as described in the methods (section 2.3.2.1) and EBs checked for the 

presence of RFP (Figure 4.3bi,iii). Unfortunately, RFP expression was silenced in 

the EBs after 7 days of differentiation culture. Therefore, due to the silencing of the 

integrated transgene following lentivirus transduction, we did not attempt to generate 

the Rax.GFP.Nrl.RFP ES cell line by this approach.  

	  

	  
 

Figure 4.3. Generation and differentiation of RFP ES cell line by virus transduction. 

ai,iii, Maintenance culture of EB5 ES cell line showing RFP following virus transduction. 

bi,iii, RFP positive day 5 differentiating EB.  
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An Nrl promoter driving an RFP reporter (Nrlp.RFP.SV40 fragment) was 

electroporated into the EB5 Rax.GFP mouse ES cell line to generate double 

fluorescent Rax.GFP/Nrl.RFP reporter lines (n = 11). This promoter fragment has 

been previously shown to drive faithful expression of GFP in rod photoreceptors in 

transgenic mice (Akimoto et al., 2006).  

 

Using the new lines and following 10 days of retinal progenitor differentiation and 

Rax.GFP FAC-sorting, cells were differentiated to day 28 of culture before 

performing a second FACS analysis to determine the percentage of Nrl.RFP+ cells 

(Figure 4.4a,c,d). Only 0.2 ± 0.06% (N = 6) of the cells were positive for Nrl.RFP at 

day 28 in one line. RT-PCR analysis of these FAC-sorted cells confirmed Crx, Nrl, 

Nr2e3 and Rho expression (Figure 4.4b) consistent with expression of the Nrl.RFP 

transgene in rod photoreceptors. Although the integration site of the transgene may 

influence Nrl.RFP expression, these findings are consistent with the low level of Nrl 

expression detected by qPCR in the EB5 Rax.GFP cell line differentiation (Figure 

4.2).  

 
Together these data support the conclusion that photoreceptor precursors are being 

generated in the ES cell cultures, but that rod differentiation may be delayed and that 

the usual close correspondence in the expression profiles of Crx and Nrl (Blackshaw 

et al., 2004; Hennig et al., 2008) is not being recapitulated in vitro. 
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Figure 4.4. Differentiation of ES cell-derived Nrl.RFP photoreceptor precursors. 

a, Light and fluorescent images of ES cell differentiation showing Nrl.RFP+ cells (red) at day 

28 of culture. b, RT-PCR analysis of FAC-sorted Nrl.RFP+ cells showing the expression of 

photoreceptor specific genes. c,d, Representative FACS plot and histogram showing 0.18% 

of Nrl.RFP+ cells (red) selected by flow cytometry Scale bars, 100 µm. 
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4.3.2.3 Expression of cell surface antigens CD73 and CD24 in 2D ES cell -derived 

retinal cultures 
 

Cell surface markers as an approach for isolation of photoreceptor precursors for 

transplantation was first investigated by our laboratory (Lakowski et al., 2011). That 

study has demonstrated the presence of cell surface markers such as, CD73, CD24 

and CD133 (Prom-1) in the developing retina and showed that photoreceptor 

precursors isolated using antibodies against specific markers could integrate into the 

retina after transplantation into mouse models of retinal degeneration. This method is 

of vital importance if transplantation studies are to be translated to humans in the 

future, as cell sources for transplantation need to be free of viral labeling and 

endogenous fluorescent markers.  

 

Therefore, to test whether the cell surface markers identified in the developing retina 

were present in ES cell-derived retinal cell types immunohistochemistry and RT-

PCR were performed. 

 

Immunostaining of day 26 differentiation cultures showed cells positive for CD73 

and CD24 (Figures 4.12a,b, respectively). Furthermore, RT-PCR was performed on 

undifferentiated ES cells, retinal differentiation culture day 20 and day 26 and brain 

tissue. cDNA from the post-natal day 8 (P8) eye was used as a positive control. 

However, CD73, CD24a, and CD133 expression was detected in differentiation 

cultures at days 20 and 26, along with the photoreceptor markers Nrl and Crx (Figure 

4.12c). CD73, CD24, and Prom1 were also expressed in the adult brain and 

undifferentiated ES cells suggesting that protocols without Rax.GFP selection may 

require additional markers to exclude non-retinal cells.  

 

Based on this work, we conclude that although promising the strategy e identified by 

Lakowski et al may be applicable for the isolation of ES cell-derived photoreceptor 

precursor for cell transplantation if used in combination of other markers to negative 

select undifferentiated cells. 
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Figure 4.12. Cell surface markers in ES cell differentiation culture. 

a,b, Immunocytochemistry at day 26 of culture for cell surface markers (a, CD73; red) (b, 

CD24; red). c, RT-PCR analysis showing expression of cell surface antigens CD73, 

CD24, Prom-1, and photoreceptor transcription factors Nrl and Crx at different times of 

culture. Nuclei were counterstained with Dapi.  
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4.4 ASSESSING THE INTEGRATION CAPACITY OF ES CELL-

DERIVED PHOTORECEPTOR PRECURSORS 

 
4.4.1 Transplantation of Retinal Precursors and Early Retinal Cell 
Types 
  
4.4.1.1 Behavior of retinal progenitor cells in the subretinal space 

 

The survival of ES cell-derived cultures and any potential harmful effects of 

transplantation was investigated by transplanting sorted Rax.GFP+ retinal progenitors 

and unsorted mixed neural progenitors from day 10 of culture into the subretinal 

space of the wild-type adult retina. Both progenitor cell populations survived in the 

subretinal space and maintained Rax.GFP expression (Figure 4.5ai,iv). However, no 

Rax.GFP+ cells integrated within the host retinal layers.  50% of the mixed neural 

progenitor transplants and 17% of the Rax.GFP+ sorted retinal progenitor transplants 

resulted in either subretinal and/or scleral hyperplastic cell masses (referred to here 

as tumors) 4 weeks post transplantation (Figure 4.5b; single asterisk and double 

asterisk, respectively). The tumors displayed varied morphology but were negative 

for pluripotent markers Oct3/4 and Nanog and proliferative markers Ki67 and 

phosphohistone 3 (PH3).  
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Figure 4.5. Subretinal  transplantation of retinal progenitor cells into the adult eye. 

A mixed (ai-ii) and sorted (aiii-iv) population of day 10 RPCs were transplanted. ai-iv, 

day10 transplant showing examples of cell masses containing Rax.GFP+ RPCs. b, Retinal 

cryosections demonstrating tumor formation following transplantation of day 10 

Rax.GFP+ RPCs. (Rax.GFP+ cells, green). Single asterisk: subretinal tumor; Double 

asterisk: scleral tumor. Scale bars: 
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4.4.1.2 Labeling ES cell-derived retinal cell types with AAV2/9 virus 

	  
To ensure ready identification of the transplanted cells, the retinal progenitors were 

labeled in vitro with an adeno-associated viral vector (pseudotype 2/9) carrying a 

GFP reporter driven by a CMV promoter (AAV2/9.CMV.GFP). Cells were 

transfected on days 14-18 and 20-24 for day 20 and 28 transplants, respectively. 

AAV2/9 transduces many fetal and neonatal neuronal cell types (Rahim et al., 2011) 

as well as the majority of retinal cell types including photoreceptors (Lei, Zhang, 

Yue, Ghosh, & Duan, 2009).  

 

Day 22 cells received the virus and were dissociated for FACS at day 28 of 

differentiation. A typical FACS histogram showed a percentage of about 44% GFP 

cells  (Figure 4.6a). Cells were checked for GFP by light and fluorescence 

microscopy prior to dissociation (Figure 4.6bi-ii). Moreover, to determine which 

retinal cell types were transduced by the AAV2/9.CMV.GFP virus we performed 

immunocytochemistry analyses at days 20 and 28 of culture. Staining for pan neural 

marker, β-tubulin, proliferative marker Ki67, glial marker GFAP (glial fibrillary 

acidic protein), adherence junctions marker ZO-1, and photoreceptor precursors 

marker Crx (Figure 4.6ci-v) showed co-localization with CMV.GFP, demonstrating 

that AAV9 can transduce many cell types. Note, that not all the cells stained co-

localized with GFP as the virus did not transduce cells with 100% efficiency.  
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Figure 4.6. AAV2/9 CMV.GFP viral transduction of ES cell-derived cultures. 

a, Representative FACS histogram showing 44% of CMV.GFP+ labeled cells (green) 

selected by flow cytometry at day 28 of differentiation culture. b, Light and fluorescent 

images of ES cell differentiation showing AAV2/9.CMV.GFP labeled cells (bi,ii; green) 

at day 28 of culture. c, Immunocytochemistry for neural markers (ci; β -tubulin; red), 

proliferative markers (cii; Ki67; red), glial markers (ciii; GFAP; red), epithelial markers 

(civ; ZO-1; red) and photoreceptor markers (cv; crx; red) with AAV2/9.CMV.GFP labeled 

cells (ci-v; green) at day 20 and 28 of differentiation culture. AAV2/9.CMV.GFP virus 

showed increased transduction of neural as opposed to epithelial and glial cell types as 

shown by morphology and immunocytochemistry in the differentiated cultures. GFAP, 

glial fibrillary acidic protein. Scale bars: 100 µm (bi-ii) and 25 µm (ci-v). 
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4.4.1.3 Tumor formation following day 20 ES cell-derived retinal cells 

transplantation 

 

To assess whether further differentiation of the progenitor cells into retinal cell types 

prior to transplantation reduced the prevalence of tumors in vivo the behavior of day 

20 cells following transplantation into the adult wild type mice was investigated.  

 

The peak of rod cell birth was around day 20, equivalent to post-natal stage P0 in 

vivo. Transplantation of GFP labeled day 20 retinal cells derived from day 10 mixed 

neural progenitor cell populations (i.e. no FAC sorting was performed to purify 

Rax.GFP+ RPCs) resulted in tumors in 55% of transplants, whereas cells 

differentiated from day 10 Rax.GFP+ sorted RPCs populations resulted in tumors in 

17% of transplants (Table 4.1). 

 

 
 

Table 4.1. Incidence of tumors following transplantation. 

Table showing the incidence of tumors following ES cell-derived cell transplantation 

from different stages of culture in both day 10 sorted retinal cell populations and 

unselected mixed neural cell populations. 

 

Immunostaining for the pluripotency markers, Oct3/4 and Nanog, as well as 

proliferative markers, Ki67 and phospohistone 3 (pH3) (Figure 4.7a) were not 

observed in any of the tumors. Cells labeled for GFP did not constitute the majority 

of the tumor (Figure 4.7b).  
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Figure 4.7. Subretinal transplantation of day 20 retinal cells into the adult eye. 

a,b, Retinal cryosections demonstrating tumor formation following transplantation of 

FAC-sorted GFP+ day 20 ES cell-derived retinal cells. a, Immunohystochemistry for 

proliferative marker, PH3, did not show any clear positive cell within the tumor  (a; PH3 

staining; red and CMV.GFP+ cells; green). b, GFP+ cells were detected within the tumor 

but did not constitute the majority of cells. c,i,ii, Day 20 unsorted transplantation showing 

cell mass growth.  
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Next, cryosections were stained with haematoxylin and eosin to identify the various 

cell morphologies present in the tumors. A variety of cell morphologies were 

observed from unsorted day 20 transplanted cells (Figure 4.8ai-iv; arrow head and 

stars), whereas neural morphology and rosettes were observed in the tumors derived 

from sorted day 20 cell populations (Figure 4.8bi-ii dashed outline).  

 

 

 
Figure 4.8. Morphological examination of tumors from ES cell-derived differentiation 

cultures. 

a, b, Retinal cryosections stained with haematoxylin and eosin showing the morphology of 

tumors formed from day 20 ES cell-derived differentiation cultures following transplantation 

to the subretinal space. a, Subretinal and scleral tumors were observed (ai; single asterisk, 

double asterisk, respectively). Varied cell morphologies were observed in tumors derived 

from unsorted day 20 retinal differentiation cultures (aii-iv; white arrow heads). b, Neural 

rosettes were observed in a tumor derived from sorted day 20 retinal differentiation culture 

(bi,ii; dashed outline). Scale bars, 200 µm (ai), 100 µm (aii,bi) and 50 µm (aiii-iv,bii). 
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These results suggest that application of the retinal cell differentiation protocol up to 

day 20 did not eliminate the tumorigenic risk presented by proliferative (ES-like or 

progenitor) cells within the culture.  

 
In contrast to cells transplanted from days 10 and 20 of culture, cell populations from 

day 28 of differentiation did not give rise to any tumors irrespectively of whether the 

cells were derived for day 10 Rax.GFP sorted retinal cell populations or the mixed 

(unsorted) neural cell populations (Table 4.1).  

 

Immunostaining analysis was performed to check for the presence of proliferative 

cells in culture, as these cells could be accountable for the development of tumors 

following transplantation. Proliferative markers, BrdU and Ki67 demonstrated a high 

number of proliferative cells at day 20 of culture (Figure 4.9ai-ii; ci-ii). A 

substantially smaller number of BrdU+ and Ki67+ cells were present at day 24 and 28 

of culture, respectively (Figure 4.9bi-ii; di-ii). These results are consistent with our 

observations following transplantation. 

 

These data indicate that longer differentiation periods, even of unsorted ES cell-

derived populations, resulted in cell populations containing fewer proliferative cells 

and a reduced risk of tumorigenesis following transplantation.  
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Figure 4.9. Proliferative cells in ES cell-derived differentiation cultures. 

a, b, Immunocytochemistry for the incorporation of BrdU following a 24 hour pulse at day 

20 (ai,ii; green) and 24 (bi,ii; green) of ES cell differentiation culture. c,d, 

Immunocytochemistry for proliferative cells (c,d; Ki67; red) at day 20 (ci,ii) and 28 (di,ii) of 

ES cell differentiation culture. Scale bars, 100 µm. 
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4.4.2 Assessing Morphological Integration of Photoreceptor Precursors 
 

4.4.2.1 AAV2/9.CMV.GFP labeled host photoreceptors 

	  

The generation of ES cell-derived retinal cell types, including photoreceptors, by an 

optimized protocol was demonstrated in chapter 3. The protocol is fully described in 

section 2.3.2 of the methods. 

Three weeks post-transplantation few GFP+ integrated photoreceptors (~0-5 per eye) 

were observed in the ONL of the host retina for 33% (n = 54 eyes) of the day 20 and 

day 28 transplants. Transplantation experiments were performed in a number of 

Knock out mouse models. Therefore, to confirm that the GFP+ cells observed in the 

ONL were true integrated photoreceptors immunohistochemistry analysis was 

performed for the proteins absent in the host photoreceptors. The mouse Gucy2e 

gene encodes the retinal guanylate cyclase-1 (GC1) protein, which is located in disc 

membranes of photoreceptor outer segments (Mihelec et al., 2011). GFP+ cells 

present in the ONL of the Gucy2e-/- mouse model, which lacks the GC1 (RetGC) 

protein, did not label for this marker (Figure 4.10a). Similarly, we transplanted into 

the Gnat1-/- mouse model, which lacks the α-subunit of the rod specific 

heterotrimeric G protein transducin (Gnat1) (Calvert et al., 2000). Gnat1 staining was 

not detected in any of the GFP+ cells present in the ONL of the transplanted eyes 

(Figure 4.10b). Finally, we transplanted into the Rho-/- mouse model (Figure 4.10c), 

where the retina degenerates quickly and a single layer of rod and cone nuclei remain 

by about 3 months of age. In this model the rods have no outer segments, and no 

rhodopsin is detected by immunohistochemistry (Toda et al., 1999). Transplants did 

not show specific staining for rhodopsin. Although, non-specific secondary antibody 

staining of immune cells was detected. However, this staining did not co-localize 

with any CMV.GFP+ labeled cells.   

 

In summary, on no occasion were GFP+ cells detected that co-expressed the relevant 

photoreceptor markers absent in knock out models (Figure 4.10a,b,c). We suppose 

that these are host cells transduced by AAV2/9 vector remaining in the donor cell 

suspension rather than integrated transplanted cells. Transduced host cells were not 

observed in the culture medium injected controls (n = 6 eyes), and the virally 
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transfected cells were washed extensively and FAC-sorted prior to transplantation, 

but we cannot rule out the possibility that a few viral particles have been shuttled 

with the cells, as has been shown previously for lentiviral vectors (Blömer et al., 

2005). 
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Figure 4.10. AAV2/9 

CMV.GFP viral 

transduction of host 

photoreceptors. 

a,b,c Retinal sections of ES 

cell-derived cell 

transplantation to the 

subretinal space 

demonstrating CMV.GFP 

labeled photoreceptors in 

the host ONL. a, CMV.GFP 

labeled cells transplanted 

into the Gucy2e-/- retina did 

not co-stain for retGC (a; 

red), the protein lacking in 

this model. b, CMV.GFP 

labeled cells transplanted 

into the Gnat1-/- retina did 

not co-stain for rod 

transducin (b; red), the 

protein lacking in this 

model. c, Non-specific 

secondary antibody staining 

of immune cells (c; red) in 

the Rho-/- retina do not co-

localize with CMV.GFP+ 

labeled cells. Scale bars, 25 

µm and 10 µm (inserts). 
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4.4.2.2 ES cell-derived photoreceptors do not integrate into the adult retina 
 

Finally, the morphology, location and immunohistochemical nature of ES cell-

derived (AAV2/9.CMV.GFP transduced) transplanted cells that migrated into the 

host retina and those that remained in the subretinal space was examined. Small 

GFP+ cell masses survived in the subretinal space at 2-3 weeks post transplantation.  

No immunostaining was detected for Crx, rhodopsin and recoverin in these cells.  

To assess whether increased cell death in the transplanted cell population contributed 

to the low integration of cells we examined the transplanted cell mass for active 

caspase 3+ cells or a lack of GFP+ cells in the subretinal space. Very few active 

caspase 3+ cells were observed in the subretinal space or the host retina (Figure 

4.11a) and around 60% of the subretinal cell masses contained GFP+ cells suggesting 

that these cells were viable. The recipient retinas were examined for the presence of 

increased gliosis by GFAP immunohistochemistry as we have previously shown that 

the induction of GFAP labeled glial processes along the outer edge of the host retina 

can inhibit photoreceptor precursor cell integration into the ONL (West et al., 2008; 

2012). Although increased GFAP staining in Müller glial processes spanning the 

retina was detected, as expected following a subretinal transplantation, there was no 

indication of gliosis (Figure 4.11b). Immunohistochemistry for the macrophage 

marker F4/80 was also performed, as reduced integration with increased infiltration 

of activated macrophages to the host retina and subretinal space was previously 

demonstrated (West et al., 2010). Few activated macrophages were present within 

the recipient retinas and the level of inflammatory response was similar to that 

observed in the majority of freshly dissociated retinal cell transplants suggesting that 

the ES cell-derived transplants did not promote an increased immune response 

(Figure 4.11c).  

 

In summary, no robust integration and maturation of photoreceptors was observed in 

any of the wildtype (n = 34) or degenerate (n = 19) recipient retinas following ES 

cell-derived retinal cell transplantation. These data suggest that the transplanted 

population of ES cell-derived photoreceptor precursors lack some essential 

properties of photoreceptor precursors isolated from the developing retina that are 

required for integration into the adult retina. 
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Figure 4.11. ES cell-derived 

retinal cell transplantation. 

a,b,c, Immunohistochemistry 

for the presence of apoptotic 

cells (a; activated caspase 3; 

red), increased gliosis (b; 

GFAP; red) and 

macrophages (c; F4/80; red) 

following day 28 ES cell-

derived cell transplantation. 

Transplanted CMV.GFP+ 

cells (green). Asterisk: cell 

mass Scale bars, 100 µm 

(b,c) and 25 µm (a). 
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4.5 CONCLUSION 
 

Our SFDA differentiation protocol can produce many retinal cells types, including 

photoreceptors, by the addition of extrinsic factors to the culture environment. The 

importance of the differentiation niche was further demonstrated when we showed 

that a culture containing Rax.GFP+ cells only produced a higher number rhodopsin+ 

photoreceptors than when RPCs were mixed at day 10 with other neuronal cells 

types. Thus, a differentiation culture containing a pure population of retinal 

progenitors is required for efficient photoreceptor differentiation.  

 

Characterization of the photoreceptors generated in vitro showed a number of 

notable differences in the expression profile of photoreceptor marker genes when 

compared to early post-natal stages, most notably a high expression of Crx but not of 

Rhodopsin and Nrl implicating that ES cell-derived photoreceptors are not achieving 

late post-natal stages of development. We generated cell populations in which all the 

aggregates contained Crx positive cells (≤ 65 % of cells Crx+) by day 24, as shown 

by immunocytochemistry, and qPCR data also showed increased numbers of Crx 

transcripts by day 28, with similar numbers of transcripts compared with the early 

postnatal retina (P0). Of these Crx+ cell population only a small number of 

photoreceptor precursors stained for more mature photoreceptor markers Rhodopsin 

and Recoverin. Moreover, when an Nrl.RFP ES cell line was used for differentiation 

and the protocol was scaled up in order to isolate populations for transplantation, we 

found that there were very few Nrl expressing cells despite the presence of many 

Crx+ cells. These data suggest that in the 2D environment photoreceptor precursors 

could not differentiate further into post-natal stages. This may be due to a number of 

reasons including increased concentrations of inhibitory factors present in the media 

from other retinal cell types, such as ciliary neurotrophic factor (CNTF). CNTF has 

previously been shown to inhibit rod photoreceptor differentiation in the developing 

retina (Cao, Li, Steinberg, & LaVail, 2001; E. L. West et al., 2012) and can block the 

expression of the rod photoreceptor transcription factors Nrl and Crx (R. Wen et al., 

1995). Produced by astrocytes and glial cells (Z. D. Ezzeddine, Yang, DeChiara, 

Yancopoulos, & Cepko, 1997; Honjo et al., 2000; Walsh, Valter, & Stone, 2001; S. 

S.-M. Zhang et al., 2004) increased production and secretion of CNTF by these cell 
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types may have inhibited rod photoreceptor precursor differentiation in the scaled-up 

retinal cell cultures. In addition to the secretion of inhibitory factors, retinal 

development in vivo involves gradients of secreted signaling molecules, such as 

FGF2 and Shh (Graham, Overbeek, & Ash, 2005) that may not be present in the 

adherent ES cell-derived cultures. Although further time in culture may have 

increased the number of Nrl+ photoreceptor precursors, it was not possible to 

determine this as the survival of the cultured cells appeared to be compromised from 

day 32 onwards, with morphological deterioration by day 34 of culture. However, 

although the majority of Rhodopsin+ rod photoreceptors were born at day 20 of 

culture and mature photoreceptor markers were starting to be expressed at day 28 

with maintained expression until day 32, there was little indication of increased Nrl 

expression at this later stage.   

	  

A crucial study by other members of the group, has established that photoreceptor 

cells at early post-natal stages of the developing retina are more effective than 

mitotic progenitors and fully mature photoreceptors in integrating into the adult 

murine retina (Maclaren et al., 2006). This discovery defined a strategy for 

photoreceptor cell replacement therapy and showed that cell replacement is feasible 

provided the correctly staged cell is transplanted. We hypothesized that 

transplantation of ES cell-derived photoreceptors would be effective provided they 

are differentiated in vitro to a stage equivalent to the post-mitotic photoreceptor 

precursor cell, before they have developed characteristics of mature photoreceptors, 

such as outer segments. Following characterization of the differentiation cultures we 

transplanted early and late ES cell-derived GFP+ retinal cells types. We showed that 

transplantation of ES cell-derived day 10 retinal progenitors, obtained from the 2D 

method of differentiation, and formed tumors in the healthy mouse retina. The 

presence of tumors following ES cell and ES cell-derived retinal cell transplantation 

to the eye has been shown previously in several other studies (Arnhold et al., 2004; 

Chaudhry et al., 2009; Hara et al., 2010). Following the selection of Rax.GFP+ retinal 

progenitors and extended retinal differentiation time to day 20, the percentage of 

transplants that presented tumors was greatly reduced, but not abrogated. Previous 

studies have shown the selection of Sox1.GFP+ cells prior to transplantation 

attenuated tumor formation (Li et al., 2002). Chung et al cultured Sox1.GFP+ cells 
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for 4 days following FACS selection and prior to transplantation to the brain. They 

observed tumors from the unselected cells only. However, the cells were FAC-sorted 

for both forward and side scatter profiles and GFP expression (Li et al., 2002). It is 

possible that more stringent FACS settings for the Rax.GFP+ retinal progenitor 

populations could have reduced the occurrence of tumor formation in this study. 

However, our findings indicate that further differentiation to a stage similar to early 

post-natal development (day 28 of differentiation) partially negates the need for 

FAC-sorting probably because any remaining progenitor/stem cells had 

differentiated in vitro prior to transplantation and consequently no tumors were 

detected. The longer differentiation periods are thus important if mixed populations 

are to be transplanted.  

 

The most efficient method for the transplantation of freshly dissociated 

photoreceptors is by FAC-sorting the relevant Nrl.GFP+ cell population prior to 

transplantation. Eyes transplanted with ES cell-derived day 28 GFP+ retinal cells 

showed no integration of ES cell-derived photoreceptors in any of the wildtype or 

degenerate recipient retinas. Increased cell death in the transplanted cell population, 

increased gliosis of the host retinas or increased innate immune responses in the 

recipients were all excluded as possible explanations for the lack of integration of the 

ES cell-derived cell populations. The most likely explanation for the lack of 

integrated cells was the presence of low numbers of optimally staged ES cell-derived 

photoreceptor precursors in the differentiation cultures. We have previously shown 

that Crx.GFP expressing embryonic stage cells from the developing retina show at 

least a ten-fold lower integration efficiency than those from the postnatal retina 

(Lakowski et al., 2010), so the Crx+/ Nrl– ES cell-derived photoreceptor precursor 

populations may show similarly low integration competence. 

 

Our transplantation studies indicate that the defined SFEB/DLFA method of ES cell 

differentiation which relies on a 2D culture method for retinal cell differentiation 

could not be scaled up sufficiently to produce large numbers of transplantation 

competent photoreceptor precursors. These data further suggest that although this 

culture method generated Crx-expressing photoreceptor precursors, the majority of 

Crx+ cells were impaired/delayed in their differentiation pathway and failed to 



	   176	  

activate the Nrl driven rod differentiation pathway. After transplantation of a GFP+ 

retinal population into the adult retinal environment we found no evidence that the 

ES cell-derived cells were able to differentiate further and exhibit outer segments. 

Moreover, the low proportion of Nrl.RFP+ cells in culture (~0.2 %) obtained from the 

EB5 ES Rax.GFP:Nrl.RFP cell line made it impractical to FAC-sort these cells for 

transplantation. It can be concluded from these studies that the 2D method of 

differentiation generates photoreceptor precursors, which could not differentiate 

further into later photoreceptors possibly because of the restrictions of this culture 

system and therefore no integrated photoreceptors were observed following 

transplantation. 

	  

When assessing whether transplantation of ES cell-derived retinal cells resulted in 

the integration of new photoreceptors, we observed a small number of cells that like 

the host cells in the recipient knockout models, did not express the photoreceptors 

proteins missing in the model. We conclude that these GFP+ “integrated” cells were 

due to AAV2/9 transduction of the host photoreceptors. The lack of photoreceptors 

in the cell mass and the fact that not a single GFP+ integrated photoreceptor 

expressed the proteins absent in the host retina accentuated the idea of false positive 

results. The presence of a healthy cell mass in the subretinal space is usually an 

indication of a good transplantation. It is important to note that even following 

several changes of media in the days preceding transplantation, extensive washing 

prior to dissociation and FAC-sorting of the cell population it may still be possible 

that some residual infective virus particles might have been injected with the 

transplanted cells. Nevertheless, we cannot exclude that the GFP+ cells observed in 

the ONL were true integrated ES-cell derived photoreceptors that fail to express the 

relevant photoreceptor marker. Even in the transplantation experiments using fresh 

dissociated Nrl.GFP photoreceptor precursors not all the integrated cells contain the 

protein lacking in the models transplanted. The integrated cells might be young-

integrating cells that have not finish migrating or are in the process of connecting 

with the retinal circuitry and do not produce phototransduction proteins, such as rod 

α-transducin in the Gnat1-/- mouse model. Technical related issues might also 

account for the lack photoreceptor markers. The angle of the sections can exclude the 

inner and outer segments of an integrated photoreceptor. It is not uncommon to 
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observe GFP+ segments without respective cell bodies.  These results emphasize the 

importance of demonstrating that the integrated cells came from the donor 

population by different approaches and that relying only on fluorescence when using 

viral labeling is not sufficient. The use of ES cell lines that contain endogenous 

reporters would avoid the potential problem of false positives due to viral vector 

labeling. 
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CHAPTER 5. MOUSE ES CELL 3D DIFFERENTIATION 

CULTURE         RECAPITULATES      RETINAL 

DEVELOPMENT 
	  

5.1 INTRODUCTION 
	  

During embryogenesis eye development is dependent on an extensive sequence of 

inductive tissue interactions and morphogenetic events. The eye field is the first 

detectable eye domain located in the anterior neural plate. The nearby prechordal 

mesoderm plays an essential role in determining the eye field and its subdivision into 

two separated regions from where the optic vesicles will evaginate (Li et al., 1997). 

When the evaginating optic vesicle contacts the mesenchyme and the surface 

ectoderm, many inductive interactions occur and the specification of the presumptive 

neural retina and RPE commence. Subsequently, the distal fraction of the optic 

vesicle invaginates to form the two-walled structure of the optic cup and the 

definitive neural retina and RPE. The precise requirements for optic cup 

development remain a controversial issue (Adler & Canto-Soler, 2007). However, it 

is accepted that extrinsic signals and forces from external structures, such as surface 

ectoderm, lens and mesenchyme surrounding tissues, are involved in the formation 

and morphogenesis of the optic cup. 

 

In a remarkable recent study by Eiraku et al, the authors showed the self-organizing 

formation of an optic cup from mouse and human ES cells in 3D differentiation 

cultures, which is driven by a sequential combination of local rules and internal 

forces within the epithelium. Furthermore, they have shown the self-formation of a 

stratified ES cell-derived neural retina. By using floating culture in serum-free and 

growth-factor reduced medium, SFEBq culture, or serum-free culture of embryoid 

body-like aggregates with quick aggregation (Eiraku et al., 2011; Wataya et al., 

2008) using growth factor reduced Matrigel. 
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In the present study, a CCE ES cell line was used to test if these intricate 

developmental processes leading to the formation of the neural retina could be 

replicated. Furthermore, the 3D differentiation protocol was adapted by culturing 

whole EBs (wEBs), where the optic vesicle was not dissected out of the EBs, to 

attempt to understand retinal, in particular photoreceptor differentiation in culture, 

and most importantly to obtain photoreceptors at the right stage of development for 

transplantation.  

 

5.2 AIMS 
 

A 3D differentiation protocol adapted from Eiraku et al. was used differentiate a 

mouse CCE ES cell line. The main aims of this study were to (1) establish if the 

retinal neuroepithelium-like structures could be obtained from this culture system 

and (2) to establish whether further differentiation on a whole EB system would give 

rise to mature retinal cell types. Moreover, we sought (4) to investigate the birth date 

of the retinal cell types generated from this wEB 3D system.  

 

5.3 GENERATION OF RETINAL PROGENITORS FROM 3D ES 

CELL DIFFERENTIATION CULTURE 
 

5.3.1 Morphogenesis in a 3D System of Retinal Differentiation 
	  

5.3.1.1 Characterization of the CCE ES cell line 

 

A mouse CCE ES cell line was kept under maintenance culture conditions described 

in methods (section 2.3.1.1). We demonstrated that the CCE ES cell line had a 

normal karyotype (Figure 5.1a) and showed typical round and bright colonies of 

embryonic stem cells (Figure 5.1b). Moreover, immunocytochemistry analysis of the 

maintenance culture showed the presence of typical ES cell pluripotency markers 

Oct3/4 and Nanog  (Figure 5.1c,d).  
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Figure 5.1. Characterization of CCE ES cell line. 

a, Normal Karyotypic analysis of CCE ES cell line. b, Bright, round morphology of CCE ES 

cell culture. c,d, Staining for stem cell pluripotency markers, Oct3/4 (c) and Nanog (d). 

Scale bars: 10µm (c,d) and 100µm (b) 

 

5.3.1.2 Spontaneous formation of optic cups in 3D differentiation cultures 

 

To confirm previous experiments by Eiraku et al, 2011 and to examine whether the 

mouse CCE ES cell line undergoes neuroepithelium (Fujiwara et al., 2007) formation 

followed by morphogenesis in 3D differentiation cultures,  3000 ES cells/well  were 

seeded in 96 well plates. Dissociated mouse ES cells spontaneously reaggregated 

forming EBs. On day 1 of differentiation growth factor reduced basement-membrane 

matrix (Matrigel) was added. A schematic of early retinal differentiation is shown in 

Figure 5.2a. Importantly, at day 9 of differentiation whole EBs (wEBs) were 

transferred to 24 well plates (12 EBs per well) for further culture.  
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Continuous neuroepithelium-like structures were detected as early as day 5 of 

differentiation.  These primitive neuroepithelia are similar in appearance to the early 

eye field stage in normal development (Figure 5.2bi). Next, at day 7 of 

differentiation, the presumptive eye fields evaginated from the EBs forming 

hemispherical optic vesicle-like structures (Figure 5.2bii). Subsequently, around day 

8 and 9 of differentiation, the optic vesicles invaginated to form optic cup-like 

structures (Figure 5.2biii). At day 11-12, pigmented RPE cells were first detected 

(Figure 5.2biv). At early stages of differentiation following transfer to larger dishes 

the optic cups in the wEBs maintained transparent characteristics (Figure 5.2v). 

 

Next, we quantified the presence of neuroepithelium (eye field stage), optic vesicle 

and optic cup like structures at days 5, 7 and 9 of differentiation (Figure 5.2ci-iii, 

respectively). A significant decrease in neuroepithelium and optic vesicle-like 

structures was detected from day 5 to 9 in culture (Figure 5.2ci-ii respectively). 

Conversely, the presence of optic cup like structures increased considerably from day 

5 to 9 (Figure 5.2ciii). In summary, the majority of EBs (Figure 5.2d, 80.12 ± 3.12 

%) contained optic vesicle-like structures at day 5 of differentiation with only a small 

number of EBs (Figure 5.2d, 16.24 ± 4.11%) still containing neuroepithelium only. 

At day 7, optic cup morphology was observed in a reasonable percentage (Figure 

5.2d, 38.80 ± 7.50 %) of EBs, although the majority still displayed optic vesicle-like 

morphology only (Figure 5.2d, 58.25 ± 6.87 %). By day 9 less than 1% of EBs 

contained neuroepithelial structures (Figure 5.2d, 0.7 ± 0.58 %) only and the 

majority of EBs displayed optic cup-like morphology (Figure 5.2d, 80.47 ± 3.54 %).  

 

Therefore, the CCE ES cell line formed neuroepithelium-like structures followed by 

morphogenesis when submitted to 3D differentiation cultures. An additional four ES 

cell lines (see methods table 5) were differentiated and also demonstrated the 

formation of OV and OC–like structures.  

 

Importantly, the 3D protocol described in this study has been adapted from the 

Eiraku et al 3D differentiation protocol and it contains a number of differences. As 

mentioned previously, EBs were differentiated from different ES cell line and were 

kept as intact structures for the entire differentiation protocol. In addition, these 
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wEBs were grown under normal (20%) O2 levels as opposed to 40% O2 conditions 

used by Eiraku et al. The results described above showed the increase of OC-like 

structures at day 9 of culture, therefore wEBs were only transferred to larger dishes 

for further culture at this stage of development. Eiraku et al, described in their 

protocol the use of RA and Taurine from day 10 to 14 of culture after dissection of 

the OC structures. In this modified protocol these factors were added every two days 

from day 14 onwards. Finally, a serum free culture media was used throughout the 

differentiation period. This minimizes the use of animal derived reagents in culture, 

which is more suitable for the purpose of transplantation studies.
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Figure 5.2. Characterizing the spontaneous morphogenesis in 3D differentiation. 
a, Schematic of early retinal 3D differentiation showing eye field, optic vesicle and optic cup 

stages cultured in 96 well plates, whole EBs were transferred from the individual wells at day 

9. bi,v, Representative images of EBs in early stages of retinal differentiation. bi,iii, 

Neuroepithelium, optic vesicle and optic cup-like stages. biv, EB showing pigmented RPE at 

day 12 of differentiation. bv, Whole EBs in further suspension culture. ci-iii, Quantification of 

EBs containing neuroepithelia (i), optic vesicle (ii) and optic cup (iii) structures.	   (mean ± 

SEM, ANOVA, * P<0.05, ** P<0.01, ***P<0.001 N = 4 independent experiments with n 

= 96 ΕΒs counted) d, overall percentage of EBs morphology at days 5, 7 and 9 of culture. 
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5.3.2 Characterization of Retinal Progenitor Development in the 3D 

Differentiation Culture System 

 
5.3.2.1 Formation of a polarized neuroepithelium 

 

To determine if this modified protocol produced similar results from those seen in 

the Eiraku et al study, wEBs neuroepithelia were characterized in their polarization.  

An epithelium is a sheet of polarized cells that extend from an apical surface to a 

basal lamina. Therefore, the polarization of the 3D ES cell-derived neuroepithelium 

was investigated. A fixed apical-basal polarity, with the apical side facing the interior 

of the wEB was detected by immunohistochemistry analysis of day 9-12 optic 

vesicles; basal, laminin+ basement membrane (Figure 5.3a) and N cadherin+ and 

apical surface (Figure 5.3b) were observed. Moreover, staining for phosphorylated 

histone H3 (PH3), a marker for G2-M cell cycle phases, confirmed that the RPCs 

were dividing at the apical side of the ES cell-derived neuroepithelium (Figure 5.3ci-

ii), which in line with normal eye development.  

 

Together, these findings demonstrate the spontaneous formation of a polarized 

neuroepithelium from a homogeneous population of ES cells.  
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Figure 5.3. Generation of polarized neuroepithelia-like structures from wEB 3D 

differentiation cultures. a, Laminin+ basement membrane (red). b,  N-cadherin+ apical 

surface (green). c, PH3 staining (red) on apical surface of wEB; highlighted panel showing 

dividing cell. Nuclei are stained with DAPI (blue). Scale bars: 25µm (a,b,cii), 75µm (ci) 

	  

 

5.3.2.2 Generation of ES cell-derived retinal progenitors 

 

To characterize the EBs neuroepithelium retinal identity, retinal progenitor cell 

(RPC) differentiation was examined by immunohistochemistry and RT-PCR. 

  

Similar to eye development in vivo, ES cell-derived RPCs analyzed between days 7-

12 were positive for neural retina progenitor markers Rax, Pax6 and Vsx2 (Chx10). 

The retinal origin of day 10 Rax+ cells was confirmed by co-localization with Pax6 
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proving that they are RPCs rather than hypothalamic progenitors (Figure 5.4a). In 

addition, staining for retinal specific Vsx2 marker was detected at day 12 of 

differentiation (Figure 5.4bi-iv). Co-localization of Pax6 and Mitf was first detected 

in the whole neuroepithelium of the day 7 optic vesicles (Figure 5.4ci-iii). At day 12 

of differentiation presumptive regions of RPE were first detected. By this stage Mitf 

positive cells were only present in defined proximal portions of the invaginating 

neuroepithelium, as shown by co-expression of Mitf and Pax6 (Figure 5.4civ-v).  

 

We further investigated retinal differentiation in 3D cultures by RT-PCR analysis at 

various time points between days 0 and 16 of differentiation (Figure 5.4d). 

Expression of the pluripotent marker Nanog was quickly lost as differentiation 

progressed; it was no longer detected after day 5 in vitro. Expression of telencephalic 

progenitor marker, Bf1 was used as a control for forebrain development. Early eye 

field transcription factors (EFTFs) Rax, Pax6, Six3, Six6 and Lhx2 were present from 

day 5 in vitro, as well as RPCs markers Otx2 and Vsx2.  

 

The RT-PCR results demonstrated that RPCs specific markers remained strongly 

expressed at day 16 of culture. A single layered neuroepithelium, reminiscent of the 

neuroblastic layer of the retina, was still present at day 18 of differentiation. 

Moreover, this neuroepithelium remained highly proliferative, as demonstrated by 

immunohistochemistry for Ki67 (Figure 5.4ei-ii), with high number of mitotic 

figures mostly located at or near the apical surface.  

 

These results indicate that retinal progenitor identity is gained fairly rapidly and that 

all major retinal specific markers are present in a similar pattern to normal 

development in the 3D system of differentiation. Therefore, we can conclude that the 

complex morphogenesis observed previously (Figure 5.2) is indeed, at least in part, 

recapitulating eye development. Additionally, RPCs maintained their proliferative 

profile at day 18 in culture.  

   

 

 

 



	   187	  

 

 

 

 

 

	  

	  

 

 

Figure 5.4. Generation of retinal progenitors from 3D differentiation. 

a, Day 10 optic vesicle neuroepithelium expressing Rax.GFP and Pax6. bi,iv, Low and high 

magnification of day 12 wEB and neuroepithelium showing Vsx2 positive RPCs. ci-v, Staining 

for pax6 and Mitf. ci,iii, Low and high magnification of day 7 wEBs positive for Pax6 and Mitf. 

civ,v, Invaginating optic cup neural retina expressing Pax6 and Mitf in the inner RPE portions. d, 

RT-PCR analysis of the first 16 days of differentiation showing the expression of early eye field 

transcription factors (EFTFs) and retinal progenitors markers (RPC), and the absence of 

pluripotency marker, Nanog. ei-ii, Ki67 proliferative cells in the day 18 wEB (ei) and close up of 

neuroepithelium showing mitotically active retinal progenitors (ii). Nuclei are stained with DAPI 

(blue). Scale bars: 10µm (a,cv), 25µm (bi-iii,ciii, eii), 75µm (ei) 100µm (ci). 
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5.4 DEFINING RETINAL PROGENITORS TEMPORAL 

COMPETENCE IN 3D ES CELL DIFFERENTIATION CULTURE 

  

5.4.1 Retinal Cell Type Differentiation and Lamination 

	  

5.4.1.1 Neural and glial differentiation in 3D whole EB differentiation 

	  

Following RPC differentiation and characterization we sought to investigate if the 

ES cell-derived RPCs were capable of further neural and retinal differentiation in 

long-term wEB cultures. Notably, the retinal neuroepithelial morphology was 

detected at all time points analyzed.  

 

Cryosections of whole EBs at day 20 and 24 of differentiation followed by 

immunostaining for pan-neural marker, β-tubulin (Figure 5.5ai-ii; green), and pan-

glial marker, GFAP (Figure 5.5bi-ii; red), demonstrated that neuronal predominated 

over glial differentiation. Only a few clusters of GFAP positive cells were detected, 

whilst the majority of the remaining cells were neurons.  

 

These results demonstrated that in the whole EB 3D method of differentiation, 

together with the addition of RA and Taurine from day 14 of culture, cell fate 

specification is towards a neuronal pathway.  
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Figure 5.5. Generation of neural and glial cells in wEB 3D differentiation. 

ai,bi, Immunocytochemistry analyses of Day 20 and 24 wEBs showing neural and glial 

differentiation from ES cells. ai,bi, EBs positive for pan-neuronal marker b-tubulin (green). 

aii,bii, Cells positive for Glial cell marker GFAP (red). Nuclei are stained with DAPI (blue). 

Scale bars: 100µm. 
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5.4.1.2 Generation of retinal cell types in whole EB 3D differentiation 

	  

In the 2D differentiation cultures discussed previously, the RPCs cell niche was 

shown to be important for efficient photoreceptor differentiation. Therefore, retinal 

differentiation in the wEB 3D system, which in addition to the neuroepithelium 

regions contain other neural and glial cell types, was examined. The morphology of 

the neuroepithelium and the presence of mature retinal cell types at later time points 

in culture was examined by immunohistochemistry. 

 

At day 20 of differentiation a neuroblastic-like neuroepithelium with no discernible 

layers was present on the EBs. At day 26 of differentiation layering formation was 

detected. An outer nuclear layer-like structure (ONL), a small inner nuclear layer-

like structure (INL) and no discernible ganglion cell layer (GCL) were observed. 

Nevertheless, immunohistochemical analysis demonstrated that all retina cell types 

were generated by the wEB differentiation protocol (Figure 5.6a-e). 

 

At day 20 of differentiation, Brn3+ (a) and Islet+/pax6+ (b) ganglions cells were 

detected at the basal surface (medium surface) of the neuroepithelium. Rxrγ (c) a 

marker for ganglion cells and cones was also present at day 20. Further cone 

differentiation was confirmed by the presence of S opsin+ cells (d) at day 26 of 

differentiation. Amacrine cells (Calretinin+, e), horizontal cells containing lateral 

processes (Calbindin+, f), bipolar cells (Pkca+, g) and Müller glia (CRALBP+, h) were 

present at day 26 of differentiation. 

 

Even though neural retinal lamination was not fully developed in this wEB system, 

the position of the retinal interneurons and the Müller glia cell bodies confirmed the 

presence of an INL-like structure (Figure 5.6h). Moreover, the Müller glia extended 

processes towards the ONL to form adherent junctions at the base of the 

photoreceptors (Recoverin+ cells). The occurrence of junctions at the end feet of 

Müller glia cells and photoreceptors was further demonstrated by staining with 

Rhodopsin and ZO-1 (Figure 5.6i), a marker for the adherent junctions, which form 

the outer limiting membrane in the retina. 
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Therefore, ES cell-derived retinal progenitors can differentiate into all mature retinal 

cell types in the adapted whole EB 3D system despite the presence of other neuronal 

and glial cell types present in the EB. Furthermore, the continuous addition of rod 

photoreceptor stimulants RA and Taurine to the cultures did not affect the 

differentiation of RPCs to other cell types in the neuroepithelia. 

 

 
Figure 5.6. ES cell-derived mature retinal cell types differentiation. 

Immunocytochemistry of day 20 and day 26 retinal cell types present in wEB 3D ES cell 

differentiation culture. a,b, ganglion cells (Brn3, red; and double positive Pax6, red; Islet1, 

green), c, ganglion cells and cones (RxRγ, red), d, cones (S-opsin, red), e, amacrine cells 

(Calretinin, red), f, horizontal cells (Calbindin, red), g, bipolar cells (PKC, red), h, Müller 

glia and photoreceptors (CRALBP, green; Recoverin, red), i, outer limiting membrane and 

rods (ZO-1, red; Rhodopsin, green). Nuclei stained with DAPI (blue). Scale bars: 25µm.  
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5.4.2 Temporal Analysis of ES Cell-Derived Retinal Cell Types in Whole 

EB Differentiation Culture 
	  

5.4.2.1 Sequential retinal cell type generation from ES cells  

 

During embryonic development the different retinal cell types are born in a 

conserved order, with ganglion, horizontal and cones being born first and bipolar, 

rods and Müller glia last. Despite this order there is an overlap in cell birth, which is 

determined by intrinsic and extrinsic factors (Livesey & Cepko, 2001).  

 

Birthdating analysis was used to establish if this order of birth is conserved in the 3D 

wEB differentiation culture. The time and peak of birth in vitro for early and late 

born retinal cell types was investigated by 5-bromodeoxyuridine (BrdU) pulse 

labeling at days 16, 20, 23, 26 and 29 combined with immunocytochemical analysis 

of each cell marker at day 30 of culture (Figure 5.7).  

 

Early born ganglion and horizontal cells were labeled with Brn3 and calbindin, 

respectively (Figure 5.7ai-b,aii-c). At day 16, 32% of Brn3 positive cells were 

positive for BrdU, increasing to 64.3% at day 20. The number of double positive 

cells (Brn3+/BrdU+) decreased to 17.5% and 0% at day 23 and day 26, respectively. 

Similarly, the percentage of double labeled (Calbindin+/BrdU+) was 18.40% at day 

16 and 47.4% at day 20 decreasing to 18.8% and 7.5% at days 23 and 26, 

respectively. Together, these data indicated that the majority of ganglion and 

horizontal cells were born between days 16 and 20 with higher percentages of cell 

birth at day 20. Furthermore, the late born bipolar and rod photoreceptor cells were 

labeled with PKC and rhodopsin, respectively (Figure 5.7aiii-d,aiv-e). At day 20 and 

day 23, 11.1% and 53.25% of PKC positive bipolar cells also stained for BrdU, 

respectively. No double labeled (PKC+/BrdU+) cells were detected at day 26 and 29. 

For rod photoreceptors, the first double positive cells were detected at day 20 with 

12.2% of cells stained for both rhodopsin and BrdU. The peak of double labeled 

(Rhodopsin+/Brdu+) was at day 23 with 16.8%. At day 26 and day 29 only 10.47% 

and 2.18% of double labeled cells were detected, respectively.  
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Therefore, in contrast to early born cell types the late born rod photoreceptor and 

bipolar cells had the greatest percentage of cell birth at day 23.  

 

These results suggest that the order of ES cell-derived retinal cell birth in the wEB 

3D system of differentiation follows that of normal development, with the majority 

of early cell types being born between day 16-20 and bipolar cell types at day 23 of 

differentiation. Rod photoreceptors appear to be born in a prolonged period of time, 

which could be a result of the extensive treatment with rod genesis stimulants, RA 

and Taurine.   
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Figure 5.7. Temporal analysis of ES cell-derived retinal cell differentiation. 

a-e, Birthdate analysis of retinal cell types by BrdU pulse labeling and 

immunocytochemistry. Cultures were pulse-labelled with BrdU for 24  hrs at days 16, 20, 23, 

26 and 29 of differentiation (ai-iv; x axis). Cultures were stopped at day 30 and the 

percentage of double positive cells for BrdU (green) and the cell type markers Brn3 (ai,b; 

ganglion cells; green), calbindin (aii,c; horizontal cells; green), Pkc alpha (aiii,d; bipolar 

cells; green) and rhodopsin (aiv,e; rod photoreceptors; green) were quantified (ai-iv; y axis; 

mean ± SEM, N = 3 experiments, n > 9 fields of view). Scale bars: 25µm. 
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5.5 CONCLUSION 
 

The CCE ES cell line used in the experiments formed polarized retinal 

neuroepithelium-like structures, which at least in part were able to mimic the 

complex early eye development morphogenesis when submitted to a 3D 

differentiation protocol with the addition of Matrigel. Neuroepithelium structures 

developed as far as optic cup (OC) stage, a characteristic not observed in the 2D 

differentiation. This might be due to the addition of Matrigel, which is a basement 

membrane extracellular matrix. In normal development, epithelial tissues contact the 

basement membrane promoting proliferation and differentiation (Dickinson., 2010; 

Philp et al., 2005). However, the structural support provided by the matrix may not 

be the only important feature for OC invagination. Eiraku et al, showed that OC 

invagination also occurs by treating EBs with defined matrix proteins, purified 

laminin and entactin, but only in the presence of the activin-family protein Nodal. 

Therefore, growth factors present in the Matrigel possibly influence this 

phenomenon. Although growth factor reduced Matrigel, instead of pure Matrigel was 

used to minimize the interference of external factors to differentiation, the 

concentration of TGF-β factors, which includes Nodal proteins, is relatively high in 

the growth factor reduced Matrigel (1.7 ng/ml). Furthermore, extracellular matrix 

interacts with the cell surface via integrin receptors to determine the expression of 

signaling molecules (Kurosawa et al., 2007), which in turn influence cellular growth, 

differentiation and apoptosis. Modifications of the interactions between ECM 

components and integrins can alter shape and behavior of the cell (Boudreau & 

Jones, 1999).  Fish mutants containing morphogenesis defects have reduced 

expression of integrin beta 1 receptor in the basal surface of the optic vesicle (Mertes 

et al., 2009). Further characterization of the differentiating EBs to establish if known 

integrins and their downstream targets involved in early eye development are also 

present in vitro would be necessary to establish if there is a difference between the 

2D and 3D generated EBs, which consequently allows morphogenesis only in the 

latter. 

 

Another important feature in both 2D and 3D conditions is the absence of lens and 

surface ectoderm tissues. In vivo, these structures are involved in eye formation and 
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morphogenesis (Hyer et al., 1998) (Hyer et al., 2003) (Smith et al., 2009). Our results 

confirmed that the formation of the retinal anlage, at least in the in vitro environment 

is independent of the presence of these structures and that the neuroepithelium 

possesses an intrinsic self-organizing potential previously reported by Eiraku et al. 

 

In summary, these results indicate that mouse ES cell differentiation protocols mimic 

early eye development when medium composition, size of the EB and extracellular 

matrix substrate conditions are controlled. The differentiation of neuronal and 

consequently retinal progenitors was achieved by using EBs of specific cell numbers, 

which formed spontaneously in a single well of a 96 well plate. Furthermore, the use 

of basement membrane matrix, Matrigel, appears to have stimulated the induction of 

optic cup invagination in the 3D system, which occurs independent of the presence 

of neighboring tissues, such as lens and surface ectoderm. 

 

The retinal progenitor identity of the meuroepithelium was confirmed by the 

presence of retinal specific markers, Rax, Pax6 and Vsx2, which were detected in a 

similar pattern to normal development. We demonstrated that mouse ES cells, when 

submitted to a whole EB 3D method of differentiation could give rise to RPCs that 

differentiated further into all retinal cell types present in the retina and RPE. Notably, 

by characterizing the stages of differentiation with birthdating experiments we 

established that retinogenesis in vitro followed a pattern similar to normal 

development. One important consideration is the fact that these mature cell types 

were generated despite the addition of factors known to be photoreceptor stimulants 

such as, retinoic acid (RA) (Kelley et al., 1994) and taurine (Altshuler., 1993). 

 

Birthdate experiments with BrdU in the whole EB 3D cultures demonstrated that the 

majority of ganglion and horizontal cells were born prior to day 20 of differentiation. 

Interestingly, the birth time of late born rod photoreceptors and bipolar cells differed 

in the 2D and 3D system of differentiation. The peak of both bipolar and rod cell 

birth in 2D and 3D cultures were at day 20 and day 23, respectively. A possible 

explanation is that in the 3D system Notch was not inhibited, as DAPT is not used in 

this protocol, and therefore RPCs were not forced to exit the cell cycle and 

differentiate. The majority of the retinal neuroepithelium was positive for 
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proliferative markers at day 18 of differentiation. Thus the peak of rod photoreceptor 

and bipolar cell birth at day 23 in the 3D system is probably more comparable to the 

in vivo pattern of differentiation, despite the addition of RA and Taurine from day 

14. In the Eiraku et al study, RA and Taurine was added for a short period between 

day 10-14 of differentiation and the peak of rod cell birth followed soon after at days 

16 and 20 of differentiation, which is earlier than in our adapted protocol. Moreover, 

the pattern of rod cell birth in the 3D system appears to be spread over a longer 

period of time than the other cell types with a reading maximal at day 23 of 

differentiation, which might be the result of the differentiation of photoreceptor 

precursors into rod photoreceptors by the continuous presence of RA and taurine, 

extrinsic cues implicated in rod development in vitro, in the culture media. This 

could also account for the small number of cones detected in the 3D differentiation 

protocol.  

 

The continuous addition of taurine and RA to the 3D culture system, might have 

influenced not only the cell fate choice of RPCs into rods but also helped the 

structural maintenance of the ONL-like structure. RA appears to be involved in 

maintaining the structural integrity of the retinal neuroepithelium at early stages in 

culture and also of the ONL, as absence of RA causes the disorganization of 

neuroepithelium morphology possibly by affecting the number of photoreceptors 

differentiated and therefore the overall structure of the ONL was compromised (own 

results and (Eiraku et al., 2011)).  In our adapted protocol, the ONL is clearly more 

developed than the layer containing the other retinal cell types. This could be due to 

reduced differentiation of non-photoreceptor retinal neurons. However, we can not 

exclude the possibility that the reduced number of the non-photoreceptor cell types, 

was a result of cell death or their misplacement to the environment media as a result 

of a lack of rigid border structure in vitro, such as that provided by the inner limiting 

membrane in vivo. 

 

In summary, despite the extrinsic cues added to the media in the whole EB 3D 

differentiation protocol, the RPCs differentiated into all retinal cells types suggesting 

that ES cell-derived RPCs maintain intrinsic mechanisms that allow the generation of 

all retinal cells, as observed in vivo. ES cell-derived retinal cell types generated from 
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3D cultures follow an order of birth that was similar to that observed in normal 

development, with early cell types being born first and late cell types later although 

the time of birth of late cell types was different in the 2D and 3D cultures, possibly 

because of the difference in the external factors added. 
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CHAPTER 6. CHARACTERIZATION OF ES CELL-

DERIVED PHOTORECEPTOR DIFFERENTIATION 

AND OPTIMIZATION OF THE 3D CULTURE SYSTEM 

FOR TRANSPLANTATION   
 

6.1 INTRODUCTION 
 

The mammalian eye does not have the regenerative capacity of the amphibian and 

fish eyes. Therefore, the loss of retinal neurons in higher vertebrates is irreversible 

and eventually leads to blindness. An available strategy to replace the lost cells is 

cell transplantation. 

 

Stem cells represent a possible source of cells for replacement therapies. The initial 

evidence that stem cells could replace retinal cells came from experiments from 

hypothalamic neural stem cells, which when transplanted to the neonatal or adult rats 

survived and integrated into the host retina. However, although these cells integrated 

and displayed morphological similarities to retinal cells they did not express any 

retinal specific markers (Takahashi et al., 1998).  

 

Embryonic stem (ES) cells represent an attractive substitute to adult stem cells as 

they can be differentiated directly into retinal progenitor cells (RPCs) and 

subsequently into retinal cell type desired. The understanding of eye development 

has provided the field with tools to develop differentiation protocols that generate 

retinal cells with a varied rate of success. The Eiraku et al, 3D differentiation 

protocol offered a new possibility of obtaining retinal cell types, which would be 

suitable for transplantation studies (Eiraku et al., 2011). We developed an adapted 

3D protocol to generate sufficient quantities of photoreceptor precursors for 

transplantation. All retinal cell types including photoreceptors were generated. 

Nevertheless, ES cell-derived photoreceptors need to be fully characterized prior to 

any attempt to transplant these cells and establish whether they are capable of 

integrating into the degenerating retina.  
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We previously demonstrated that rod photoreceptor precursors isolated at a specific 

ontogenetic stage from the developing retina were able to integrate into the adult host 

retina, form functional synaptic connections and mediate light-stimulated behavior in 

mice with retinal degeneration (Maclaren et al., 2006) (Pearson et al., 2012). This 

discovery defined a novel strategy for photoreceptor cell replacement therapy and 

demonstrated that photoreceptor cell replacement is feasible provided the correct 

staged cell is transplanted. Several studies of ES cell retinal differentiation, including 

the Eiraku et al 3D protocol, have demonstrated the differentiation of ES cells into 

photoreceptors. Nevertheless, these studies have not performed a detailed 

characterization of photoreceptor genesis in vitro.  Therefore, to have any chance of 

achieving integration in transplantation experiments with ES cell-derived 

photoreceptors, these cells must be differentiated to a similar stage to the in vivo 

post-mitotic photoreceptor precursors. 

 

6.2 AIMS 
 

The aim of this chapter was to characterize the development of 3D ES cell-derived 

photoreceptors by establishing (1) their ontogenetic stage of development and (2) 

their long-term survival and maturation in vitro. Moreover, the aim of this chapter 

was (3) to establish whether 3D differentiated rod photoreceptor precursors can 

integrate into the adult wildtype or degenerate retina and form mature photoreceptors 

and (4) to determine if ES cell-derived rods isolated with cell surface antigen CD73 

can integrate into the degenerate retina. 
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6.3 CHARACTERIZING PHOTORECEPTOR GENESIS IN 3D ES 

CELL DIFFERENTIATION CULTURE 
 

6.3.1 Photoreceptor Development in the Whole EB 3D Differentiation 

System 
 

6.3.1.1 Efficiency of ES cell-derived photoreceptor differentiation 

 

It was demonstrated in section 4.2.2 that a retinal progenitor cell niche is required for 

photoreceptor differentiation in the SFEB/DLFA (2D) protocol. To establish if the 

3D wEBs differentiation system, which contained many neuronal and glial cell types, 

was capable of generating a high number of photoreceptors, transcript and protein 

levels for a variety of photoreceptor specific markers were analyzed.    

 

RT-PCR results demonstrated the presence of many photoreceptor markers present at 

day 26 of culture in comparison to day 0, undifferentiated ES cells, these included 

the early cone-rod photoreceptor precursor marker, crx; the rod specific transcription 

factors nrl and nr2e3; post-natal markers rhodopsin and recoverin; late rod 

phototransduction marker gnat1 was also detected at day 26 at low levels. 

Furthemore, cell surface marker CD73 was detected at both day 0 and day 26 of 

culture. In the retina CD73 is expressed in photoreceptors and as demonstrated with 

the 2D cultures ES cells also express CD73 (Figure 6.1a).  

 

Low magnification view of a whole EB showed a high number of photoreceptor 

precursors positive for Crx but negative for Rhodopsin at day 24 of culture (Figure 

6.1bi-ii red and green, respectively). Furthermore, staining for Rhodopsin and 

Recoverin at day 26 of culture confirmed the efficiency of photoreceptor 

differentiation with this 3D method (Figure 6.1ci-ii, di-ii). Photoreceptor 

differentiation was detected in 100% of the EBs analyzed, with all wEBs contained 

at least one neuroepithelial region where photoreceptors were present. 
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These results confirm an efficient differentiation of photoreceptor precursors from 

wEB 3D differentiation culture, which can therefore be obtained in sufficient 

numbers for transplantation experiments. 
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Figure 6.1. Efficient photoreceptor differentiation in 3D cultures. 

a, RT-PCR analyses showing expression of photoreceptor markers at day 26 of culture. bi,ii, 

Low magnification image of a wEB showing Crx photoreceptor precursors (red) and absence 

of Rhodopsin (green) at day 24 of differentiation. ci,ii, Day 26 neuroepithelium showing 

Rhodopsin (green) and Recoverin (red) photoreceptors. di,ii, High magnification of 

photoreceptor differentiation. Nuclei are stained with DAPI (blue). Scale bars: 10µm (dii), 

25µm (di), 75µm (ci), 100µm (bi). 
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6.3.1.2 ES cell-derived cone photoreceptor differentiation 

 

The differentiation of ES cell-derived cones was demonstrated in the wEBs 3D 

system by immunohistochemistry for RxRγ and S-Opsin cone markers (Figure 

6.2ai,ii,bi,ii). However, immunohistochemistry analyses demonstrated that only a 

small number of ES cell-derived cones were generated in vitro. 

 

To further investigate ES cell-derived cone differentiation the presence of cone 

specific markers was checked by RT-PCR. Transcriptional analyses of day 0 and day 

26 differentiation cultures demonstrated the presence of cone markers at day 26 of 

differentiation. These included Rxrγ a transcription factor required for cone 

specification, and Opn1sw (S opsin). The two cone opsins present in mice are 

Opn1sw (S opsin) and Opn1mw (M opsin), which are sensitive to short and medium 

wavelengths, respectively. Interestingly, Opn1mw, a later post-natal marker than 

Opn1sw, was not detected at this stage of differentiation. Furthermore, a number of 

cone genes involved in the phototransduction cascade were present in vitro. These 

included the genes encoding, cyclic nucleotide-gated cation channel proteins, Cnga3 

and Cngb3, Phosphodiesterase 6C (pde6c) and Cone arrestin (arr3) (Figure 6.2c). 

 

ES cell differentiation generated cones that expressed genes present in normal 

development including genes involved in the phototransduction cascade. Finally, 

similar to retinal development in mice, the number of cone photoreceptors generated 

in culture is much lower than the number of rods.  
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Figure 6.2. Cone photoreceptor differentiation in 3D cultures. 

ai,ii, Rxrγ staining (red) in day 20 wEBs. bi,ii, S opsin positive cones (red) present at day 26 

of culture. c, RT-PCR with cone specific markers confirms the presence of blue cones but 

not green cones. Nuclei are stained with DAPI (blue). Scale bars: 25µm. 

 

6.3.1.3 Temporal analysis of rod genesis in 3D differentiation 

 

The 3D wEB differentiation system efficiently generates considerable numbers of 

rod photoreceptors as demonstrated in section 6.2.2.1. Therefore, to characterize 

photoreceptor genesis in this system, an analysis of the time-course of development 

was performed. Immunohistochemistry at different days of differentiation (days 18, 

20, 22, 24, 26, 28) was performed to determine the onset of expression of specific 

photoreceptor markers, Crx, Rhodopsin and Recoverin in the neuroepithelium 

(Figure 6.3a,b). Furthermore, to establish the pattern of expression of photoreceptor 

markers in the 3D system, absolute qPCR analysis was performed (Figure 6.3c).  

 

Co-staining of Crx, an early photoreceptor precursor marker, and Rhodopsin, a 

marker only detected after birth in normal development, showed a small number of 

Crx+ photoreceptor precursors at day 18. The number and level of expression of Crx+ 

photoreceptors increased considerably at day 20 of differentiation. However, from 

day 26 the Crx was only weakly detected and it was barely visible by day 28 of 

culture. Rhodopsin staining was hardly visible at early days 18 to 24 of culture. 

Interestingly, the decrease in Crx expression was accompanied by a significant 

increase in Rhodopsin expression at day 26 (Figure 6.3a). A few Recoverin+ 
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photoreceptors were first detected at day 24 of culture, followed by an increase in 

numbers at day 26 of culture, with a substantial proportion of photoreceptors positive 

for Rhodopsin also expressing Recoverin (Figure 6.3b). 

 

Absolute real time qPCR was used to obtain the number of molecules of relevant 

photoreceptor markers present at days 20, 24 and 28 of differentiation culture (Figure 

6.3c). In agreement with the immunohistochemistry results, the number of the 

transcription factors crx and nrl molecules decreased between day 20 and 28 of 

culture. In contrast, expression of S opsin increased from day 20 to 24, but decreased 

at day 28 of culture. The number of Rhodopsin molecules increased from day 20 to 

24 of differentiation, but remained relatively constant until day 28. Very little Gnat1 

(rod transducin) was observed at day 28 of culture. 
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Figure 6.3. Time course of photoreceptor genesis in 3D differentiation system. 

a, Temporal expression of Crx and Rhodopsin (red and green, respectively) b, Recoverin and 

Rhodopsin (red and green, respectively) positive photoreceptors at different time points of 

culture. c, Absolute qPCR analysis of photoreceptor gene expression at day 20, 24 and 28 days 

of 3D ES cell differentiation culture (mean ± SD). Nuclei are stained with DAPI (blue). Scale 

bars: 25µm. 
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6.3.1.4 Comparative analysis of rod genesis in 3D and in vivo 

 

The temporal pattern of expression observed in the time course of differentiation 

provided a good tool to determine the ontogenetic stage of ES cell-derived 

photoreceptor precursors. By immunohistochemistry we compared the expression of 

photoreceptor markers at different days in culture to the early post-natal stages of 

retinal development.  

 

Early post-natal analyses of Rhodopsin expression demonstrated no rhodopsin 

staining at post-natal day 0 (P0). A gradual increase in the number of cells 

expressing Rhodopsin was observed from P0 to P6. By P8 the majority of rods in the 

outer nuclear layer were positive for Rhodopsin and a notable increase in level of 

expression was detected.  By comparing this pattern of expression to days 18, 24 and 

26 of differentiation (Figure 6.4a) we hypothesized that the distinct P8 increase in 

Rhodopsin levels is remarkably similar to the one observed at day 26 in vitro. 

 

Next, we characterized the onset of photoreceptor marker, Recoverin. At P0, 

Recoverin staining was detected in a few cells at low levels. From P4, a high number 

of cells strongly expressed Recoverin. This pattern persisted until the latest stages 

examined (Figure 6.4b). In vitro, Recoverin was not detected at early time points, 

day18 to 22. A small number of positive cells were first observed at day 24 followed 

by an increase in the number of cells and level of expression at day 26 of culture. 

Recoverin staining at day 26 in culture was comparable to P4 of development in 

vivo.  

 

To obtain the number of rod photoreceptor molecules present in the 3D culture at 

days 20, 24 and 28 we performed absolute qPCR. The number of Nrl molecules 

present in the differentiation culture was very similar at days 20 and 24, but 

decreased at day 28. In contrast, at post-natal stages Nrl increased from P0 to P8, 

with the most prominent increase between P0 and P4 (Figure 6.4c). This increase in 

expression was not observed in the in vitro cultures. Moreover, the number of 

molecules present at day 20 and 24 was higher than the P0 eye but not as high as P4.  
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Rhodopsin expression was detected at day 20 of culture with number of molecules 

greater than the P0 retina. It increased at day 24 and 28 of differentiation to numbers 

similar to the P4 retina. In the post-natal time course Rhodopsin increase greatly 

throughout the period analyzed, but the most prominent increase was detected 

between P4 and P8, this feature was not observed in culture. Finally low numbers of 

the later post-natal marker, Gnat1, were first detected at P4 in vivo. In culture, the 

number of Gnat1molecules expressed was low at any of the time points analyzed, but 

Day 28 had greater numbers than P0.  

 

These results demonstrate that the pattern of expression in vitro does not follow the 

in vitro situation perfectly. However, comparison of protein and RNA levels suggests 

that day 26-28 ES cell-derived rod photoreceptors have reached a developmental 

stage similar to P4 and P8.  

 
  

Figure 6.4. Comparative analysis of in vitro and in vivo photoreceptor differentiation 

in the 3D differentiation system. 

a, Time course of Rhodopsin (green) expression in early post natal retina and days in 

culture. b, Recoverin (red) staining in the postnatal retina and days in culture. c, d, e, 

Absolute qPCR analysis of rod photoreceptor markers at day 20, 24 and 28 of ES cell 

differentiation culture and post-natal days P0, 4 and P8 of the developing retina (mean 

± SD n=3). Scale bars: 25µm. 
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6.3.1.5 Long term culture of 3D retinal structures 

 

In our previous 2D differentiation experiments (section 4.2), retinal cells were 

characterized until day 32 of culture as after this stage the cultures started to 

deteriorate. We sought to further investigate wEBs development by establishing if 

EBs maintained in culture for more than 30 days could survive, and keep the retinal 

neuroepithelia. Furthermore, we asked whether older photoreceptors would express 

late phototransduction markers and develop mature structures such as outer 

segments. 

 

Semithin analyses of day 26 to day 34 wEBs demonstrated the organization of the 

retinal neuroepithelium containing structures reminiscent of an outer nuclear layer 

(ONL), magnification panels for each day in culture showed photoreceptors nuclear 

morphology similar to in vivo. After day 30 in culture, photoreceptor survival 

diminished as the neuroepithelium became disorganized (Figure 6.5a). This trait 

limited the long-term culture and thus characterization of late photoreceptors. To 

establish the maximum time of retinal epithelium organization in the 3D culture we 

sought to optimize the protocol by culturing individual wEBs in 96 well plates. Day 

27 wEBs were transferred to low binding 96 well plates (see methods 2.3.2.2) and 

cultured further; wEBs cultured with this method showed a prolonged maintenance 

of well organized retinal epithelium of up to 36 days in culture, as shown by staining 

for the late phototransduction marker Peripherin-2 at the segment end of viral 

labelled Rhodopsin.GFP rods (Figure 6.5b). However, when wEBs were analysed six 

days later (day 42) the organization of the retinal epithelium was once again 

compromised, although Rhodopsin.GFP rods expressing Peripherin-2 were still 

present (Figure 6.5c). A low magnification view of a day 42 wEB stained and viral 

labelled for Rhodopsin (Figure 30d red and green, respectively) confirmed the 

presence of many photoreceptor regions, which did not contained any clear 

neuroepithelial organization (Figure 6.5d head arrows). Only a single region of 

organized epithelia was maintained at this stage (Figure 6.5d arrow). 
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Figure 6.5. Neuroepithelial morphology in long-term 3D cultures. 

a, Semithins sections of day 26 to day 36 wEBs showing organization of the neuroepithelium 

and ONL-like photoreceptor layer. b, Individual cultured day 36 wEBs showing preservation 

of neuroepithelium. c, Day 42 wEBs contain Rhodopsin.GFP rods expressing Peripherin-2, 

but show neuroepithelium disorganization. d, wEBs stained for Rhodopsin (red) showing a 

single region of organized epithelium (arrow) and many regions containing viral labelled rods 

(green) with no apparent organization (head arrows). Scale bars: 25µm (b,c), 100µm (d). 
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Next, we investigated the time-course of development of late phototransduction 

markers by comparing post-natal stages to days in culture for the presence of Rod 

transducin and Peripherin-2 by immunohistochemistry (Figure 6.6ai-iv,bi-iv).    

 

Faint Rod transducin staining was observed in a few photoreceptors of the P8 ONL 

(Figure 6.6ai). Similarly, a couple of positive photoreceptors were observed at day 

28 of culture (Figure 6.6aiii). At P8, Peripherin-2 was detected as a sparse dotted 

staining at the photoreceptor segment region where the outer segments will form 

(Figure 6.6bi), in comparison day 28 wEBs also showed a similar pattern of staining 

(Figure 6.6biii). P12 retinas showed Rod transducin expression in the segment region 

as well as the cell body of the photoreceptors; in contrast Peripherin-2 was detected 

only at the region where outer segments form (Figure 6.6aii, bii respectively). Day 

36 staining pattern was similar to in vivo expression for both Rod transducin and 

Peripherin-2, which showed a much-increased level of expression for both markers 

(Figure 31aiv,biv).  
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Figure 6.6. Long-term culture of wEBs in 3D differentiation. 

ai,ii, Rod transducin staining (red) in P8 and P12 stages of development. aiii,iv, Rod 

transducin is present in a small number of ES cell-derived photoreceptors at day 28 (iii, red) 

and in a greater number of cells at day 36 (iv). bi-ii,  Peripherin-2  (red) expression in the outer 

segments of P8 and P12 photoreceptors. biii-iv, Day 28 ES cell-derived photoreceptors do not 

express Peripherin-2 (iii, red), but expression is readily detected at day 36 of culture (iv). 

Nuclei are stained with DAPI (blue). Scale bars: 10µm, 25 µm (aiv, biv). 
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Co-localization of AAV2/9.Rhodopsin.GFP labelled rods with Peripherin-2 staining 

further confirmed this pattern of Peripherin-2 expression to the region where outer 

segments develop (Figure 6.7ai-ii arrow head). 

  

Ultrastructural examination of day 26, 28 and 36 wEBs demonstrated the presence of 

inner segment-like structures packed full of mitochondria (Figure 6.7b, asterisks), as 

well as cilium-like structures (Figure 6.7b, arrow heads), which contained the 9+0 

microtubular arrangement typical of photoreceptor cilia. Furthermore, examination 

of day 36 of culture showed the presence of areas very similar to the transition zone 

and axoneme regions of the cilium (Figure 6.7d, small and big bar, respectively). 

Examination of day 36 of culture showed that outer segment was not formed in vitro 

(Figure 6.7b, asterisk).  

 

These findings confirm the survival of photoreceptors until late post-natal stages in 

the wEBs 3D system of differentiation. These cells express late phototransduction 

markers corresponding to P10 of retinal development and contain inner segments and 

cilium-like structures, but do not form outer segment-like structures. 
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Figure 6.7. Ultrastructural analysis of wEBs in 3D differentiation. 

ai-ii, Viral labeled Rhodopsin.GFP photoreceptors show Peripherin-2 (red) expression at the base 

of inner segments (ci); photoreceptor high-magnification image show localization of Peripherin-2 

at the base of the inner segment at day 36 (aii, arrow head). b, ultrastructure of day 26, 28 and 36 

photoreceptors showing inner segment like structures containing mitochondria (asterisks) and 

cilium like structures (head arrows). Magnification of transverse section through a cillium shows 

the photoreceptor specific 9+0 microtubular organization, whereas a sagital section shows the 

transition (small bar) and the axoneme (big bar) regions. Day 36 section showing the lack of outer 

segment (asterisk). Nuclei are stained with DAPI (blue). Scale bars: 3µm (b) and 25µm (a). 
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6.3.1.6 Expression of cell surface antigens in 3D ES cell -derived retinal cultures 

 

Although genetic labeling using photoreceptor specific transgenes is used in animal 

research, it cannot be translated to human therapy. A previous study in our lab 

demonstrated the integration capacity of photoreceptor precursors selected via cell 

surface antigen expression (Lakowski et al., 2011). A number of candidate genes 

expressed in photoreceptor precursors were selected by microarray transcriptome 

analysis and the surface marker proteins encoded by these genes included CD73 

(Nte5), CD24 and CD133 (Prominin-1). Immunohistochemistry analysis for the 

presence of these cell surface proteins was performed to check how similar ES cell-

derived photoreceptors are to post-natal photoreceptor precursors and to assess 

whether the selection protocol established by Lakowski et al, is suitable for ES cell-

derived photoreceptors. 

 

Day 28 photoreceptor precursors were identified by Recoverin or Rhodopsin staining 

(Figure 6.8, red). CD73 staining co-localized with Recoverin in the neuroepithelium, 

but not with the thin layer of other retinal cells types located on top of the 

photoreceptors (Figure 6.8ai-ii). CD24 staining was detected throughout the 

neuroepithelium including the cells negative for Rhodopsin (Figure 6.8bi-ii). Finally, 

CD133 protein showed punctuate staining at the cilia region of Rhodopsin positive 

photoreceptors (Figure 6.8ci-ii). 

 

These results demonstrate that cell surface antigens present in the postnatal retina are 

also present in ES cell-derived photoreceptors, indicating the potential use of a 

combination of cell surface antigen markers to select ES cell-derived photoreceptor 

precursors for transplantation experiments. 
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Figure 6.8. CD73, CD24 and CD133 protein distribution in 3D differentiation cultures. 

ai,ii, Recoverin photoreceptors (red)  co-express CD73 (green) in day 28 neuroepithelium. 

bi,ii, CD24 is present in the neuroepithelium (green). ci,ii, punctate expression of CD133 

(green) at the cilia region of  Rhodopsin positive photoreceptors (red). Nuclei are stained 

with DAPI (blue). Scale bars: 10µm (a) and 25µm (b,c). 
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6.4 ASSESSING THE INTEGRATION CAPACITY OF ES CELL-

DERIVED PHOTORECEPTOR PRECURSORS 
 

6.4.1 Transplantation of Rod Photoreceptor Precursors 

   

6.4.1.1 ES cell-derived Rod Photoreceptors are capable of integrating into the 

adult retina 

 

To assess the capability of ES cell-derived photoreceptor precursors generated from 

wEBs 3D differentiation to integrate and form mature photoreceptors, 

Rhodopsin.GFP positive rod photoreceptors were subretinally transplanted (2x 105 

cells per injection) into the adult degenerating retina of the Gnat1-/- mice, which lack 

rod function because of the absence of rod α-transducin (Gnat1) phototransduction 

protein (Calvert et al., 2000).  

 

To guarantee ready identification of the transplanted cells, we labeled the rod 

precursors in vitro with AAV2/9.Rho.GFP viral vector. The Rhodopsin promoter 

used has been well characterized by our groups and others. wEBs were transduced on 

day 22 and FAC-sorted for transplantation at days 26, 29 and 34 of culture. A 

schematic of differentiation is shown in Figure 6.9a. To obtain high numbers of 

health day 34 photoreceptors, wEBs were transferred to 96 well plates (one EB per 

well) at day 27 of culture. Day 29 wEBs contained visible regions of 

neuroepithelium (Figure 6.9bi, black arrows). Fluorescent images of floating wEBs 

and cryosections following virus transduction showed high numbers of 

Rhodopsin.GFP positive photoreceptors in culture (Figure 6.9bii-iii). We found that 

an average of 25 ± 1.42% of cells were labeled with Rhodopsin.GFP (Figure 6.9biv).  
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Figure 6.9. Late differentiation protocol and labeling of ES cell-derived photoreceptors. 
a, Schematic of day 9 to day 34 late retina differentiation protocol. bi-iv, Correspondent 

stages of protocol in vitro. bi, Light image of day 29 wEBs showing areas of 

neuroepithelium (arrows). bii, fluorescent images of AAV2/9.Rhodopsin.GFP infected 

wEBs. biii, Cryosection of wEB showing neuroepithelium positive for Rhodopsin.GFP. biv, 

Representative histogram showing about 25% of Rhodopsin.GFP cells (green) selected by 

flow cytometry.   
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Three weeks post-transplantation a small number of Rhodopsin.GFP expressing cells 

had migrated and integrated into the recipient ONL (Figure 6.10). Integrated rods 

were found predominantly around the cell mass, near the injection site (Figure 

6.10ai-iii). To verify transplanted ES cell-derived photoreceptors identity and normal 

maturation we performed immunostaining with mature photoreceptor marker, rod 

transducin, which is absent in the host Gnat1-/- mouse (Figure 6.10ai,iii; bi,iii). 

Previous results described in section 4.3.3.1 showed that viral particles were injected 

with transplanted cells and labeled a small number of endogenous photoreceptors. 

Importantly, the presence of rod transducin protein demonstrated that the integrated 

photoreceptors originated from the in vitro cultures and were not the result of host 

photoreceptor viral labeling.  

 

Integrated ES cell-derived rods were correctly oriented within the ONL and were 

usually found in small clusters, a characteristic frequently seen in transplants using 

post-natal stage Nrl.GFP cells from P1-8 mice. Moreover, integrated rods displayed 

morphological features typical of mature photoreceptors, including rod spherules in 

the OPL (Figure 6.10c, head arrows) and inner and outer segments projected towards 

the host RPE (Figure 6.10di-iii).  

 

It is important to notice that no tumor formation was detected in any of the 

transplants analyzed. Together, these data demonstrate that ES cell-derived rod 

precursors are capable of integrating into the adult retina developing into mature rod 

photoreceptors and thus far transplantation of ES cell-derived photoreceptors appear 

to be safe.  
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Figure 6.10. Subretinal transplantation of ES cell-derived rod precursors into the adult 

retina. ai,iii, Rhodopsin.GFP cell mass in the subretinal space and rod photoreceptors 

integrated into the ONL expressing rod transducin (iii, red) which is absent in the host cells. 

bi,iii, Integrated cells expressing rod transducin (red) in the cell bodies (biii), as well as 

segments. c, integrated rods form rod spherules in the OPL (arrow heads). di,iii, integrated 

Rhodopsin.GFP+ cells developed morphology of mature photoreceptors. High magnification 

shows the presence of IS and OS (ii) containing rod transducin (iii, red). Abbreviations: INL, 

inner nuclear layer; ONL, outer nuclear layer; SRS, subretinal space; OPL, outer plexiform 

layer; IS, inner segments; OS, outer segments. Nuclei are stained with DAPI (blue). Scale 

bars: 5µm, 25µm. 
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6.4.1.2 Integrated ES cell-derived rods form synaptic connections 

 

To further investigate the mature morphology of integrated ES cell-derived rod 

precursors we analyzed synapse formation by immunohistochemistry. 

 

The integrated Rhodopsin.GFP photoreceptors contained outer segments (OS) 

positive for rod transducin (red) and were situated in close proximity to PKC alpha+ 

rod bipolar cells (Figure 6.11ai,ii red). Furthermore, integrated transplanted 

Rhodopsin.GFP rod photoreceptors expressed the rod specific ribbon synaptic 

protein, Ribeye and Dystrophin (Figure 6.11b and c, respectively). They developed 

spherule synapse structures, which co-localized with Ribeye and Dystrophin (Figure 

6.10b and c highlighted panel). 

 

These findings confirm that ES cell-derived rod precursors mature into rod 

photoreceptors, which appear to correctly integrate with the existing retinal circuitry.  
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Figure 6.11. Synaptic connectivity of integrated ES cell-derived photoreceptors. 

ai,ii, PKC-alpha staining can be seen in close proximity to the rod spherules of mature integrated 

photoreceptors (rod transducin positive, red OS). High magnification panel shows a single section 

through a region of GFP expression. b,c, Rhodopsin.GFP synaptic spherules co-expressing Ribeye 

and dystrophin are visible in the integrated cells. High magnification panels show a single section 

through a synaptic button. Abbreviations: OPL, outer plexiform layer; ONL, outer nuclear layer; 

OS outer segment. Nuclei are stained with DAPI (blue). Scale bars: 5µm (a,b) and 2.5µm (c). 
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6.4.1.3 Integration of ES cell- derived rods into models of retinal degeneration 

 

For cell transplantation to be a feasible therapeutic strategy it is essential that the 

donor cell population integrate and survive in degenerating retinas and restore visual 

function. We sought to further investigate ES cell-derived rod precursor 

transplantation into the degenerate retina by transplanting into two additional mouse 

models of inherited retinal degeneration; perpherin-2 null mutant mice (Prph2 rd2/rd2), 

and a rhodopsin knockout (Rho-/-). Rod transducin knockout (Gnat1-/-) mouse were 

also examined. 

 

Day 29 Rhodopsin.GFP photoreceptor precursors were subretinally transplanted and 

integrated into the ONL of 4-6 week old Gnat1-/- mice (n=16). Integrated cells 

formed outer segments expressing rod transducin (Figure 6.12a). ES cell-derived 

rods also integrated into the ONL of the 2 month old Prph2 rd2/rd2 (also known as Rds) 

mouse (n=8). In this model, photoreceptors do not contain outer segment disc 

structures(Ma et al., 1995; Reuter & Sanyal, 1984). Peripherin-2 staining was absent 

in recipient photoreceptors, but was detected in short outer segments emerging from 

transplanted cells (Figure 6.12b). Loss of the ONL in the Rho-/- mouse occurs at about 

12 weeks (M. M. Humphries et al., 1997). Rhodopsin.GFP cells were transplanted 

into 4-week-old Rho-/- mice. The integration efficiency in the Rho-/- mice transplanted 

with rod photoreceptors precursors obtained from the Nrl.GFP mice is poor and only 

a small number of integrated cells develop outer segments (Barber, et al, under 

review). Similarly, not many integrated cells were observed into the recipient ONL 

in transplants using ES cell-derived Rhodopsin.GFP photoreceptors (n=3). 

Furthermore, none of the cells, which appeared properly integrated, expressed 

rhodopsin. Most frequently, the cells were observed in close proximity with the ONL 

and expressed Rhodopsin throughout the cell, including cell body and segments 

(Figure 6.12c). Far fewer integrated cells were observed in both Prph2rd2/rd2 and Rho-/- 

retinas compared with ES cell-derived rod photoreceptors integrated into the Gnat1-/- 

retina.  

 

In summary, integrated photoreceptors had mature photoreceptor morphology 

reminiscent of the endogenous photoreceptor morphology in each recipient model. 
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Integrated cells in the Gnat1-/- were able to form long outer segments. In contrast, 

integrated cells in the Prph2rd2/rd2 formed short outer segments presumably because of 

lack of structural support from neighboring cells. Importantly, the integrated cells 

expressed the proteins missing in the knock out models, excluding the possibility of 

host photoreceptors being labeled by virus.  

 

 
Figure 6.12. ES cell-derived photoreceptor integration into degenerate recipient retinas. 

a,b,c, Integration into Gnat1-/- , Prph2 rd2/rd2 and Rho-/-  mice, respectively. a, Rod transducin 

(red) in the outer segments of Rhodopsin.GFP cells. b, Peripherin-2 (red) in outer segments 

of Rhodopsin.GFP cells. c, Rhodopsin (red) in Rhodopsin.GFP cells. Abbreviations: ONL, 

outer nuclear layer. Nuclei are stained with DAPI (blue). Scale bars: 5µm. 
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6.4.1.4 Quantification of ES cell-derived rod precursors integrated in the Gnat1-/- 

mouse model of degeneration 

  

 Transplantation studies using freshly dissociated cells from early post-natal stages of 

development into mouse models of degeneration have demonstrated that the disease 

environment and the stage of the degeneration have an impact in the number of 

integrated photoreceptors (Barber et al, under review). This study showed that 

photoreceptor integration into the Gnat1-/- disease model is similar to that observed in 

the wild-type retina therefore, we sought to determine the number of ES cell-derived 

photoreceptor cells integrating into the Gnat1-/- mouse model of degeneration. 

 

Differentiation cultures were labelled with AAV2/9.Rhodopsin.GFP virus at day 22 

of culture and ES cell-derived rods were FAC-sorted at days 26, 29 and day 34 of 

differentiation. The average percentage of Rhodopsin.GFP+ photoreceptors present at 

days 26 (8.4 ± 3.4%), 29 (24.3 ± 5.7%) and 34 (19.9 ± 7.4%) is shown on Figure 

6.13a. As day 29 cultures showed the greatest percentage of labeled photoreceptors, 

this time point was chosen for transplantation experiments and 200,000 cells were 

subretinally injected into Gnat1-/- mice. A total of 6 eyes were counted 3 weeks after 

transplantation (see methods 2.5.1.4 for details). The number of GFP+ cells 

integrated into the ONL varied but on average 143 ± 51 GFP+ positive cells were 

counted. To make sure that the integrated cells were indeed ES cell-derived 

photoreceptors and not false-positive viral labeled host cells we counted the number 

of GFP+ cells that also stained for rod α-transducin (Gnat1), and thus contained the 

protein lacking in the host photoreceptors. A mean of 105 ± 43 double GFP+/Gnat1+ 

(RaT, Figure 6.13b) cells were integrated. The total percentage of integrated ES cell-

derived Rhodopsin.GFP photoreceptors that were also positive for Gnat1 was 73.8% 

(Figure 6.13b). 

 

This experiment demonstrated that only a small percentage of the donor cells 

integrated into the host outer nuclear layer, with up to 300 new rods in the ONL of 

the adult recipient retina. Moreover, we confirmed that the majority of these 

integrated GFP+ photoreceptors were ES cell-derived photoreceptors, as they 

contained rod α-transducin protein, and not viral labeled host photoreceptors.  
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Figure 6.13. Number of integrated cells in the Gnat1-/- mice.  

a, Histogram showing the percentage of FAC-sorted Rhodopsin.GFP+ viral 

labeled cells at days 26, 29 and 34 of differentiation. (mean ± SEM, 

ANOVA, * P<0.05, ** P<0.01, ***P<0.001 n=number of FACS procedures) 

b, Histogram showing the number of GFP+ (mean:143±51) cells and double 

labeled GFP+/Gnat1+ (mean:105±43) ES cell-derived photoreceptors 

integrated after 3 weeks post transplantation into the Gnat1-/- adult mice. 

(mean ± SEM, n =6 eyes counted). Abbreviations: RaT= rod α-transducin 
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6.4.2 CD73+ ES Cell-Derived Rod Photoreceptors are Capable of 

Integrating into the Adult Retina  
 
To establish if cell surface markers can be used to isolate ES cell-derived 

photoreceptors in enough numbers for transplantation purposes wEBs were stained 

for CD73 and FAC sorted for subretinal transplanted into the Gnat1-/- mice. 

 

To guarantee identification of transplanted cells wEBs were labeled in vitro with 

AAV2/9.CMV.GFP prior to transplantation (described previously in section 4.3.2.2). 

Cells were labeled at day 22 and transplanted at day 26. About 2% of cells were 

double positive for GFP and CD73 (Figure 6.14a). FACS was used to collect the 

double positive cells and 1x105 cells were transplanted into the Gnat1-/-. A small 

number of GFP+ cells selected by CD73+ photoreceptors precursors integrated into 

the Gnat1-/- ONL as showed by the expression of rod transducin protein (Figure 

6.14bi,iii).  

 

These results demonstrate that the cell surface antigens identified in the retinal cells 

can also be used to isolate ES cell-derived photoreceptor precursors for 

transplantation. 
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Figure 6.14. CD73 positive photoreceptors integrate into the Gnat1-/-retina. 

a, Representative FACS plot showing 2% of double positive CD73/GFP cells (R5 in red). 

bi,iii, Integrated CMV.GFP positive photoreceptor expressing rod transducin (red). Nuclei 

are stained with DAPI (blue). Scale bars: 10µm. 
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6.5 CONCLUSION 
 

The two main objectives of this study were to characterize the development of 3D ES 

cell-derived photoreceptors and establish whether these rod photoreceptor precursors 

were capable of integrating into the adult retina. 

 

Our results have not only confirmed the efficient differentiation of photoreceptor 

precursors, but also proved that sufficient numbers of photoreceptors could be 

obtained for transplantation studies. In the Eiraku et al 3D differentiation protocol 

the authors isolated day 10 optic cup-like structures and cultured them further in 

suspension to obtain further retinal maturation. In our adapted whole EB 3D 

differentiation protocol a niche for neuronal and glial cells types was present 

throughout differentiation and despite the presence of these other cell types, high 

numbers of photoreceptor cells, located in an outer nuclear layer-like structure within 

the neuroepithelium, were generated. These results suggest that the retinal 

neuroepithelium structure in the whole EB was sufficient to influence the 

differentiation of photoreceptor precursors and that the serum free culture conditions 

containing RA and Taurine at normal levels of O2 were conductive to retinal 

development. Importantly, the laborious manual isolation of optic cups was not 

necessary to obtain the differentiation of more mature retinal cell types including 

photoreceptors. In the 2D experiments, the RPCs were plated in fibronectin and 

laminin and although the 2D cultured cells tended to organise within the dish, for 

example RPE cells spread across the bottom of the dish with the majority of neuronal 

cell types growing in clusters on top, this was not comparable with retinal structures 

in the 3D neuroepithelium and the development in vivo. The lack of cell-cell contact, 

neural epithelial organisation and polarity that are present both in vivo retinal 

environment and in the 3D differentiation are not simulated in the 2D adherent 

culture environment, and may account for the reduced photoreceptor differentiation 

and gene expression observed (Birgersdotter et al., 2005; Yang et al ., 2004). 

 

Importantly, characterization of rod genesis in 3D differentiation cultures established 

that ES cell-derived rods are similar to early post-natal stages of development. 

Characterization of the whole EB in the 3D differentiation showed that photoreceptor 
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development resembles normal in vivo development. The retinal neuroepithelium 

contained Crx+ photoreceptor precursors at day 20 of culture and these promptly 

became Rhodopsin+ and Recoverin+ photoreceptors similar to P4 of development. 

This discernible differentiation of Crx+ precursors to more mature stages of 

development, different from the 2D protocol, might be a result of the structural 

advantage provided by the 3D cultures, which enhance cell-cell interactions that may 

be important for certain developmental programs and thus differentiation 

(Birgersdotter et al., 2005). Moreover, endogenous growth factors generated by the 

EBs also influence differentiation (Keller, 2005). Interestingly, transcriptional 

analysis showed an increase in Rhodopsin transcripts despite the decreased number 

of Crx and Nrl molecules as the photoreceptors differentiated, this reduction in Crx 

and Nrl is not observed in normal development. Crx acts as a transcription activator 

that synergizes with the bZIP transcription factor Nrl, which binds to Nr2e3 

promoter to regulate the expression of many rod genes, including rhodopsin (Cheng 

et al., 2004; Hennig et al., 2008; Kumar et al., 1996; Rehemtulla et al., 1996). This 

reduction in Nrl transcripts might be explained by the lack of serum in our culture 

conditions as it has been shown previously that the levels of Nrl transcript and 

protein in Y79 human retinoblastoma cells and cultured rat and porcine 

photoreceptors in serum starved conditions was reduced when compared with 

controls cultured with serum (Khanna et al., 2006). Serum contains a complex 

mixture of growth factors, cytokines and other signaling molecules that stimulate the 

expression of many genes (Harris et al., 2001). One of the possible factors missing in 

serum free conditions that has been shown to restore Nrl protein levels is RA, which 

when added at a concentration of 10 mM to these serum depleted cultures, restored 

Nrl levels (Khanna et al., 2006). Although RA was continuously present of RA in 

our 3D system, the concentration added was very low (0.5 mM) in comparison with 

the concentration known to stimulate Nrl expression, which may explain its inability 

to stimulate Nrl in our system. 

 

A number of other factors present in the serum could also affect the expression of 

Nrl. FGFs have also been shown to be involved in the increase of Nrl transcripts and 

protein levels in serum deprived photoreceptor cultures (Siffroi-Fernandez et al., 

2008). Therefore, our serum-depleted culture condition has reduced levels of growth 
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factors compared to development and that may alter Nrl levels. It is important to 

emphasize that despite the low levels of Nrl transcripts detected in the 3D 

differentiation cultures rod photoreceptor differentiation was not affected. ES cell-

derived rods developed into mature photoreceptors as detected by the presence of 

later markers of the phototransduction cascade. Redundancy of other transcription 

factors, such as Crx and Nr2e3 could also explain the differentiation of rods despite 

the low levels of Nrl expression. Therefore, the adapted whole EB 3D method of 

differentiation can produce greater numbers of photoreceptors capable of reaching 

early post-natal stages of development, the ideal period for obtaining photoreceptors 

for transplantation. Despite the substantial improvement of the 3D protocol in 

comparison to the 2D method, photoreceptors differentiated from both conditions do 

not express normal levels of the rod specifying transcription factor Nrl.  

 

Whole EBs 3D cultures neuroepithelium morphology was maintained until day 42 of 

differentiation. ES cell-derived photoreceptors at this stage of culture were similar to 

P10-12 stages of development, as shown by the presence of late phototransduction 

markers, inner segments and cilium-like structures, but the formation of outer 

segment-like structures was not detected. This suggests that the correct conditions to 

support outer segment development were missing from our cultures. In retinal 

explants, the preservation of late postnatal retinal morphology for more than 4 weeks 

in serum-free medium has been previously demonstrated, despite some cell loss in 

the outer nuclear layer (Caffé et al., 2001). However, similar to EBs, organotypic 

cultures of embryonic, neonatal and early postnatal retinas do not support the 

development of outer segments in vitro except when explants were cultured in the 

presence of retinal pigment epithelium (Caffé et al., 1989) or RPE-choroid (Kaempf 

., 2008). Moreover, a recent paper demonstrated the formation of outer segment-like 

structures from chick embryonic retinal cultures without the co-culture with RPE but 

instead by continuous orbital rotation (Thangaraj et al., 2011) These studies indicate 

that the preservation of mature photoreceptors and the formation of outer segments in 

culture might be possible if the correct conditions are provided. Most importantly, 

this also suggests that the problem might be mechanical/ structural rather than 

developmental. Although patches of pigmented RPE are detectable in the 3D cultures 

and hence any soluble factors produced by these cells could be supporting the 
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photoreceptor morphology observed in late day 40 cultures, no outer segment-like 

structures were detected. In summary, long-term 3D culture, showed late 

phototransduction markers, inner segments and cilia like structures in ES cell-

derived photoreceptors. However, if completely mature photoreceptors are to be 

generated further modification of our culture conditions, such as co-culturing with 

RPE, are required to determine if ES cell-derived photoreceptor outer segment 

development is possible in vitro. 

 

We have demonstrated that the adapted whole EB 3D differentiation protocol 

efficiently generates large numbers of photoreceptor precursors, similar to P4- P8 

post-natal stages of development. Remarkably, transplantation of ES cell-derived 

photoreceptor precursors obtained using this method demonstrated that day 29 

Rhodopsin.GFP+ rod precursors are capable of integrating into the adult retina of the 

Gnat1-/-, Prph2 rd2/rd2 and to a certain extent the Rho-/- models of degeneration. 

Transplants of fresh dissociated retinal cells FAC-sorted for Nrl.GFP+ photoreceptor 

precursors showed high levels of integration in the Gnat1-/- mouse model of 

degeneration, integrated cells form mature photoreceptors that can restore vision 

(Pearson et al., 2012). Photoreceptors are considered integrated when (1) they show 

appropriate location in the ONL, (2) one of the inner or outer processes are visible, 

as well as (3) inner or outer segments and (4) they form synaptic connections with 

the host INL(Maclaren et al., 2006; Pearson et al., 2012). Our transplantation studies 

suggest that ES cell-derived photoreceptor precursors behave very similarly to the 

freshly dissociated cells from post-natal retina. These ES cell-derived cells were 

capable of migration and integration into Gnat1-/- mouse model of degeneration. 

Moreover, the integrated cells showed appropriated location in the ONL, 

morphology of mature rod photoreceptors, synaptic connectivity with the INL and 

contained rod α-transducin, the phototransduction protein lacking in the host retina.  

After similar transplantation experiments in the Rds mice, the integrated 

photoreceptor cells in the Prph2rd2/rd2 mouse model of degeneration expressed 

Peripherin-2 in small outer segments. Previous transplants with Nrl.GFP cells have 

demonstrated the same localization of the missing protein Peripherin-2 and very 

similar morphology of the integrated cells (Maclaren et al., 2006; Barber et al, under 

review).  
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The Rho-/- mouse is a moderately severe model of photoreceptor degeneration with 

almost all rod photoreceptors lost by 3 months of age (Humphries et al., 1997). We 

have previously demonstrated low levels of photoreceptor precursor cell integration 

following transplantation at 4 weeks of age (Pearson et al., 2010). Similarly, the 

integration obtained from ES cell-derived photoreceptor precursors following 

transplantation into a degenerate retina with only a few remaining photoreceptors 

was not as robust as the one observed in the Gnat1-/- model. The transplanted 

photoreceptors cells were detected in close proximity to the ONL in the Rho-/- mouse 

with Rhodopsin protein present in the whole cell body and processes of these cells. 

This model has features which can impede integration, apart from the small ONL 

remaining at the transplantation period of 4 weeks, a previous study has 

demonstrated GFAP upregulation, which can result in glial scarring, creating a 

possible barrier for cell integration (Pearson et al., 2010).   

 

A small number of ES cell-derived photoreceptors integrated into the three models 

analysed, when compared to the levels of integration obtained for the freshly 

dissociated cells. Only a couple of hundred cells were properly integrated in the 

Gnat1-/- mouse and a much smaller number was seen in the Prph2 rd2/rd2 and Rho-/- 

mouse models. Despite the low level of integration observed, the pattern of cell 

integration in these models was comparable to that observed in the transplants with 

freshly isolated cells, with a robust integration in the Gnat1-/- and only very few cells 

integrating into Prph2 rd2/rd2 and Rho-/- mouse models (Maclaren et al., 2006) (Pearson 

et al., 2012) Barber et al, under review. This trend of integration detected appears to 

be a result of the diseased environment and the stage of retinal degeneration (Barber 

et al, under review). 

 

In contrast to the 2D method, the adapted 3D method of ES cell differentiation 

generated high numbers of post-natal rod photoreceptors. Following labeling with 

viral vectors the rod population was purified by FACS and transplanted into mice. 

Our results indicate that day 29 ES cell-derived photoreceptors, which are similar to 

P4-P8 photoreceptors in terms of protein expression, can integrate into the 

degenerated retina and demonstrate mature morphology, indicating that the stage of 
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development of mouse ES cell-derived photoreceptor precursors is also important to 

support cell integration.  

 

As discussed previously in chapter 4 when assessing the integration of new 

photoreceptors in the 2D system, we observed a small number of cells GFP+ cells that 

like the host cells in the recipient knockout models did not express the 

photoreceptors proteins missing in the model. For the transplantation of ES cell-

derived photoreceptors obtained from 3D cultures into the Gnat1-/- mouse, 74% of all 

the integrated Rhodopsin.GFP+ photoreceptors were also positive for rod α-

transducin, indicating that a substantial majority of the integrated cells were indeed 

ES-cell derived photoreceptors. It is important to note that the 26% of rod α-

transducin negative cells are not necessarily viral labeled host cells. They might be 

ES cell-derived photoreceptors that have not yet fully matured as previously 

discussed. 

 

Remarkably, transplantation experiments demonstrated for the first that ES cell-

derived rod precursors are capable of integrating into the adult retina of the Gnat1-/-, 

Prph2 rd2/rd2 and Rho-/- models of degeneration. Integrated cells showed appropriated 

location in the ONL, morphology of mature rod photoreceptors, synaptic 

connectivity with the INL and expressed the proteins missing in the knock out 

models. Importantly, no tumor formation was detected following transplantation of 

ES cell-derived rod precursors derived from the 3D differentiation system. 

Quantification of integrated cells 3 weeks post transplantation demonstrated that only 

a couple hundred cells integrated in the Gnat1-/- adult retina, but the great majority of 

theses cells expressed rod α-transducing the either cell body or outer segments. 

 

Finally, this study demonstrated that a combination of photoreceptor cell surface 

antigens CD73, CD24 and CD133, which were previously detected in the retina 

(Lakowski et al., 2011) are also present in differentiating cells from the 2D and 3D 

methods of differentiation. The use of antibodies against cell surface markers to 

isolate photoreceptor precursors for transplantation would circumvent the need for 

endogenous fluorescent markers and viral labelling, essential prerequisite to future 

clinical applications. CD73 staining is observed in the early post-natal and adult 
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photoreceptors (Eberle et al., 2011; Koso et al., 2009; Lakowski et al., 2011). 

Efficient integration of photoreceptors was observed following transplantation of 

CD73+ photoreceptors precursors isolated from post-natal retina (Eberle et al., 2011; 

Lakowski et al., 2011).  

 

The number of CD73+ cells detected in the 2D differentiation cultures was small and 

therefore transplantation of these cells was not feasible. It is possible that the Crx+ 

photoreceptors precursors present in the differentiating cultures were not positive for 

CD73, as CD73 staining is not localized to embryonic Crx.GFP+ photoreceptors 

(Lakowski et al., 2011). Analysis of the 3D retinal neuroepithelium demonstrated the 

co-localization of CD73 with photoreceptor marker Recoverin at day 28 of culture. 

Therefore, the differentiating EBs were FAC-sorted after labeling with CMV.GFP 

virus and staining with CD73 antibody. Transplantation of 50,000 double positive 

into the Gnat1-/- mouse model of degeneration showed a small number of integrated 

photoreceptors, which were also positive for rod a-transducin, the protein absent in 

the host photoreceptors.  

 

The potential use of cell surface antigens to isolate photoreceptors for transplantation 

for future clinical applications is huge and our results show that this method of 

isolation is also possible in ES cell-derived retinal cell cultures. One important 

consideration is the presence of some of these markers in undifferentiated ES cells, 

as demonstrated in chapter 4 and Lakowski et al, therefore a combination of markers 

and possibly negative selection of ES cells would be desired prior to transplantation 

as an additional precaution against the transplantation of ES like cells that may give 

rise to tumours. 
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CHAPTER 7. DISCUSSION 
	  

The main aim of this study was to establish if and how ES cells could be used as 

source of cells for cell replacement therapies. Although Stem cell research has 

evolved considerably in the last 20 years many challenges remain for retinal stem 

cell therapy; these include the generation of abundant photoreceptors cells at the 

optimal developmental stage capable of integrating into the adult retina. Importantly, 

transplantation of ES cell-derived cells must be safe and hence transplants must be 

free of malignant potential and immunogenicity. The research detailed in this thesis 

explored the potential use of embryonic stem cells as a source of rod photoreceptors 

for cell transplantation. Optimization of two known methods of differentiation 

provided valuable insights into the biology of ES cell differentiation to 

photoreceptors, such as time of birth, stage of development, and the survival and 

maturation of differentiated photoreceptors in culture. Most importantly, this study 

has demonstrated for the first time the generation of sufficient numbers of mouse ES 

cell-derived photoreceptors, which were capable of integrating into the adult retina 

following transplantation. 

 

7.1 TRANSPLANTATION OF ES CELL-DERIVED RETINAL 

CELL TYPES 
 

This study emphasizes the importance of using a consistent differentiation protocol 

to generate cells for transplantation. ES cell-derived photoreceptors can integrate into 

the adult retina only if high enough numbers of a purified population of these cells 

are subretinally injected. Moreover, our experiments suggest that another 

prerequisite for integration is the stage of development of photoreceptors. Young 

photoreceptors obtained from the 2D protocol are not able to integrate in contrast to 

post-natal stage rod photoreceptors obtained from the 3D method. 

 

Despite the integration observed, further optimization of the labeling-FACS-

transplantation protocols are required to improve the numbers of integrating cells. 

Our 3D differentiation protocol consistently produces sufficient numbers of rod 
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photoreceptors for transplantation purposes. However, viral labeling is not 100% 

efficient, as discussed in chapter 4 and 6, and only about 30% of cells in culture label 

for Rhodopsin.GFP, whilst retinas isolated from the Nrl.GFP mice usually contain an 

average of 70% photoreceptors. This difference results in increased FAC-sort times 

for example, with Nrl.GFP cells being collected in under 1 hour and ES cell-derived 

Rhodopsin.GFP in over 2 hours. This longer period in the FACS machine might 

interfere with cell viability and thus decrease the integration potential of ES cell-

derived transplanted cells. A method that labels all photoreceptors present in the 

differentiation cultures would enrich the population and accelerate the sorting 

process. ES cell lines expressing reporter genes under the control of endogenous 

photoreceptor markers, such as rhodopsin, would represent a solution. Another 

approach would be to compensate for the possible cell viability issue and inject a 

greater number of cells (>200,000 cells/µl) to a maximal number that would not 

compromise host retinal morphology and the integrity of the ONL. 

 

Our results demonstrate for the first time that mouse ES cell-derived photoreceptor 

precursors can integrate into the ONL. Photoreceptors are considered integrated 

when (1) they show appropriate location in the ONL, (2) one or both of the inner or 

outer processes are visible, as well as (3) inner or outer segments and (4) they form 

synaptic connections with the host INL (Maclaren et al., 2006; Pearson et al., 2012). 

Lamba et al. have previously claimed the integration of human ES cell-derived 

photoreceptors into the neonatal and adult mouse retina using a 2D differentiation 

protocol which generated retinal cells as well as about 20% of other cell types 

(Lamba, Gust, & Reh, 2009). In this study, the authors transplanted between 50,000-

80,000 unsorted human ES cell-derived cells subretinally into wild-type and Crx-/- 

mice. In the differentiation culture between 10-15% of human ESC-derived cells 

were Nrl+ following 3 weeks of retinal differentiation culture, and therefore the 

transplanted cell population may have contained a maximum of 12,000 Nrl+ cells, 

which is greater than the numbers observed in our SFEB/DLFA 2D differentiation 

protocol. Despite the low number of transplanted photoreceptors, GFP+ cells were 

detected in the wild-type ONL (no quantification of integrated cells was provided) 

and some of these cells expressed Recoverin and Rhodopsin in a region reminiscent 

of inner and outer segments. The authors also performed intravitreal injections and 
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surprisingly integrated cells were detected in the ONL, albeit no formation of 

inner/outer segments was shown. Synapse formation, with synaptophysin a pre-

synaptic marker, was demonstrated in integrated photoreceptors following 

intravitreal transplantation. Although intravitreal injections cause less retinal damage 

than subretinal injections, for photoreceptor transplantation this is not the most 

appropriate method of cell administration as photoreceptors would have to migrate 

through the ganglion and the inner nuclear layers to be able to integrate into the outer 

nuclear layer. Transplantation into the Crx-/- mice demonstrated an average of 2,985 

Nrl+ nuclei in the retina, although not all of these Nrl+ photoreceptors were also 

positive for GFP. The morphology of the “integrated” cells did not resembled that of 

mature photoreceptors with no inner or outer segment formation detected in any of 

the GFP+ cells. Furthermore, it was very difficult to fully assess integration, as the 

outer nuclear layer was never clearly labeled with nuclear DNA markers, such as 

DAPI. Nevertheless, the poor morphology of the transplanted cells could be 

attributed to the environmental of the host retina. Crx is the earliest photoreceptor 

precursor marker detected in photoreceptors and is involved in the control of 

photoreceptors fate specification. In the Crx-/- retinas the ONL degenerates by post-

natal day 21 and outer segments are never formed (Furukawa et al., 1999).  

Moreover, similar to our experiments, the authors in that study used viral vectors to 

label the transplanted cell population, which we demonstrated could lead to false-

positive results (discussed in chapter 4). In these circumstances, it is essential to use 

additional, unambiguous markers to identify transplanted cells. In their transplant 

experiments, Crx would be the most appropriate marker to use in order to confirm 

that the integrated cells were ES cell-derived photoreceptors, as the Crx protein is 

absent in the Crx-/- retina (Lamba et al., 2009). Finally, an ERG response was 

detected in the Crx-/- eyes that were transplanted with human ES cell-derived cells 

(discussed in more detail below). In summary, although the authors have claimed the 

migration, survival and even function of human ES cell-derived photoreceptor cells 

transplanted into the wild-type and the degenerated adult retina, the results obtained 

were not as conclusive as the ones obtained in this thesis and more evaluation is 

necessary before the conclusions are convincing. 
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The experiments presented in this thesis represent the first steps towards 

demonstrating that mouse ES cells can be used as a source of cells for cell-

replacement therapies and possibly repair the degenerate retina. Importantly, we also 

demonstrated that cells isolated from later stages of differentiation are safe and do 

not have tumorigenic potential. The whole EB 3D system of differentiation is an 

improved method of differentiation that offers the right conditions for photoreceptor 

development and as a consequence rods can integrate into the adult retina. 

Furthermore, this method is reproducible, easier to culture than the 2D differentiation 

protocol and can be scaled up to obtain high number of photoreceptors offering the 

field a real possibility of translating this technique to future clinical settings.   

 

7.2 THE FUTURE OF ES CELL TECHNOLOGY 
 

7.2.1. Restoration of Visual Function by Mouse ES Cell-Derived Rod 

Photoreceptor Transplantation 
 
Although we have demonstrated that ES cell-derived photoreceptors can integrate 

into the degenerate adult retina, at the present the numbers of integrating cells is very 

low and thus optimization of ES cell transplantation procedures is necessary to 

improve integration efficiency. Previous studies in the lab have established that an 

optimal temporal window of integration exists when transplanting photoreceptor 

precursors. Post-mitotic photoreceptor precursors obtained from P4 to P8 stages of 

development are capable of migrating and integrating into the outer nuclear layer 

more efficiently than proliferative retinal progenitors and mature photoreceptors, 

which have formed outer segments (Maclaren et al., 2006). However, ES cell-

derived photoreceptors might behave differently from freshly isolated cells and thus 

have a different time window of integration. Thus future experiments will involve 

the transplantation of photoreceptor cells from earlier and later stages of in vitro 

differentiation to establish what is the optimal ontogenetic stage for ES cell-derived 

photoreceptor cell integration.  

 

Recently Pearson et al, demonstrated a substantial improvement in the efficiency of 

rod precursor transplantation to such an extent that they were able to provide 
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definitive evidence of restoration of rod-mediated vision following transplantation 

(Pearson et al., 2012). The functionality of the transplanted rod photoreceptors was 

established in the Gnat1-/- murine model of degeneration in which visual 

improvement could be assessed unambiguously. The Gnat1-/- mouse is a model for 

congenital stationary night blindness and has no rod function because it lacks rod α-

transducin (Gnat1) protein, which is essential for rod phototransduction. Rod 

precursors integrated into the Gnat1-/- adult retina in numbers very similar to those 

observed in wildtype recipients. There was a significant positive correlation between 

ability to solve a visually guided watermaze task and the number of newly integrated 

rods, under scotopic conditions. This work demonstrated for the first time that 

transplanted rod photoreceptor precursors could integrate into the degenerate adult 

retina and, by directly connecting with the host retinal circuitry, truly improve vision. 

This is a major finding that supports the development of photoreceptor 

transplantation as a treatment for retinal degeneration.  

 

The next main aim of our work will be to determine if ES cell-derived integrated 

photoreceptors can also contribute to the functional rescue of degenerate models. 

Following the optimization of transplantation into the Gnat1-/- mouse, we will 

determine if ES cell-derived photoreceptors are as effective as photoreceptors from 

the developing retina at restoring scotopic visual function. Similar assessments to 

those used in the Pearson et al. study would be employed. Including behavioral tests, 

such as the Prusky water maze system (Prusky, West, & Douglas, 2000) and the 

“Optomotory” system (CerebralMechanics,Ca) which is a virtual optomotor task for 

rapidly assessing rodent acuity and contrast sensivity. Electrophysiologial recordings 

(ERG) utilized by other groups to test for visual rescue after transplantation, records 

light-evoked firing patterns of neurons downstream of photoreceptors. However, we 

recently established that more than 100,000 photoreceptors would have to be 

replaced in the Gnat1-/- mouse to detect an ERG response (Pearson et al., 2012). 

Another useful technique is the detection of visual stimuli in the superior collicus, 

which is the major target of retinal output in the rodent brain. Physiologically 

relevant visual stimuli (moving bars/gratings of different sizes, frequency and 

contrast) will enable detection of spatial and temporal characteristics of visual 

responses (Schuett, Bonhoeffer, & Hübener, 2002). 
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7.2.2. Generation and Transplantation of Photoreceptor Precursors 

from Human ES/iPS Cells 
 

Many differentiation protocols have been described to differentiate human ES and 

IPS cells into retinal cell types	  (Lamba, 2010; Lamba et al., 2006; 2009; Meyer et al., 

2009; Nakano et al., 2012; Osakada et al., 2008). Recently, Nakano et al, has 

described the differentiation of neural retina-like structures containing great numbers 

of photoreceptors using a 3D differentiation protocol very similar to the one 

developed by Eiraku et al. Although photoreceptors can be generated relatively 

easily these methods of human ES cell differentiation require a longer period of 

culture. Rod photoreceptors were obtained between day 80-130 days of culture 

(Meyer et al., 2009; Nakano et al., 2012; Osakada et al., 2008). In the Nakano et al 

3D protocol Crx, Recoverin and Nrl positive photoreceptors were observed at day 

126 of culture. To minimize the arduous culture progress of human ES cell 

differentiation they proposed an en bloc cryopreservation of human ES cell-derived��� 

neuralepithelia at days 30-40 of culture, which enables the generation of large 

numbers of photoreceptors in shorter periods of time (Nakano et al., 2012). 

 

A logical next step in our research would be to generate photoreceptor precursors 

from human ES and IPS cell lines and determine the capacity of differentiated 

human photoreceptors to integrate into the wild-type and degenerate mouse retina. 

However, prior to any transplantation the differentiation protocol will require 

optimization to reduce the days in culture necessary to obtain photoreceptors. 

Nakano et al, has demonstrated that treatment with Notch inhibitor DAPT, just like 

in the retinal differentiation of mouse ES cells, accelerated the differentiation of 

progenitors into photoreceptors (Nakano et al., 2012). 

 

Following optimization, photoreceptor genesis will be characterized using a similar 

approach to the one used for mouse ES cell retinal differentiation. The birth of 

human ES cell-derived rod photoreceptors can be estimated by BrdU cell birth 

experiments. By performing a timecourse of development in vitro and comparing it 

to in vivo retinal development the equivalent stage in culture to early post-natal 

stages of development can be established and thus the right stage to obtain 
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photoreceptor precursors for transplantation can be determined. However, it is 

unclear if human photoreceptor precursors behave in a similar manner to mouse 

photoreceptors. Transplantation with photoreceptors from different days in culture 

will need to be performed to establish if post-mitotic post-natal human 

photoreceptors are capable of better integration than photoreceptor progenitors and 

more mature photoreceptors. After achieving the optimal human photoreceptor 

precursor cell integration, functional light-mediated responses will assessed. Lamba 

et al, counted an average of 2985 Nrl positive human nuclei “integrated” into the 

Crx-/- mouse model and detected a small b-wave electroretinographic (ERG) response 

in the transplanted eyes (Lamba et al., 2009). This result is contradictory from the 

results obtained by Pearson et al, where despite observing around 20,000 cells 

integrated into the Gnat1-/- no ERG responses were detected (Pearson et al., 2012). 

Therefore, whether human photoreceptors are capable of successfully integrating into 

the mouse retinal circuitry and contributing to light-mediated responses is a question 

that still needs to be conclusively determined. Future experiments will include testing 

if human ES cell-derived photoreceptors can restore visual function. 

 

7.2.3. In Vitro Disease Modeling with iPS Cells  
 

Induced pluripotent stem cell technology was first described in 2006 with the 

seminal work from Takahashi and Yamanaka (K. Takahashi & Yamanaka, 2006). 

The technology has improved dramatically since and transgene free iPS lines are 

being developed to facilitate the translation of this approach to a clinical context. The 

advances in iPS research allow not only basic research to use these cells as 

developmental models but also permit the understanding of disease progression 

mechanisms as well as drug screening. Patient specific somatic cells can be used to 

generate iPS cells, which following differentiation into specific cell types, could be 

used as disease models and for autologous transplantation.  

 

Mutations in more than 200 genes have been found to be involved in inherited retinal 

degenerations. Thus, iPS cell lines derived from individuals with eye diseases 

affecting photoreceptors and subsequent differentiation of these cells would provide 

a valuable tool for the study of pathogenesis and for the development of new 
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therapies for degenerative retinal disease. However, prior to any attempt of in vitro 

modeling a requirement for an improved retinal differentiation exists. It was 

demonstrated in this thesis that ES cell-derived photoreceptors cannot generate outer 

segments in vitro. Long term cultures of iPS-derived photoreceptors would need to 

adopt the typical morphology of photoreceptors containing inner and outer segments 

connected by a cilium so that photoreceptor function could be assessed in vitro. 

Retinal disease resulting from disruptions of the phototransduction cascade or 

structural defects of the outer segment can be modeled only if these structures are 

present in vitro.  

 

Autologous transplantation of iPS derived from patients not only circumvents the 

possibility of immune rejection from nonmatched tissue but also ethical issues 

surrounding the destruction of human embryos. However, an enormous amount of 

work is yet to be completed before photoreceptors derived from ES/iPS cell 

differentiation systems can be translated to the clinic. Nevertheless, the work 

presented here demonstrates that it is possible to use this technology to replace lost 

cells in the degenerate retina. Exciting new avenues can now be pursued and the 

whole field will benefit from this discovery. 

 

7.3 PROSPECTS FOR CLINICAL APPLICATIONS 
 

To develop stem cell treatments to replace photoreceptors is the main objective in the 

eye field of cell replacement. The area has progressed remarkably over the years. 

Many sources of cells for transplantation have been investigated and clinical trials 

using human foetal retina have started showing no adverse results (del Cerro et al., 

2000; Humayun et al., 2000). Nevertheless, the use of foetal human retinas as a 

source of cells is restricted to availability and raises controversial ethical issues.  

 

Treatments using human ES/iPS cell-derived photoreceptors represent the most 

promising unlimited source of cells for transplantation. The differentiation of human 

ES cells into photoreceptors and the transplantation approaches into animal models 

to rescue visual function were discussed above and they represent the first step 

towards fulfilling the requirements necessaries to translate this technology to the 
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clinic. The use of human ES cell-derived RPE for transplantation is most advanced in 

terms of clinical trials and this work will without a doubt benefit the field in terms of 

setting parameters of how to translate the ES cell technology to the clinic. Good 

Manufacturing Practice-compliant RPE differentiation has been proved relatively 

easy and preclinical studies, which included evaluations of safety, and efficacy 

showed that human ES cell-derived RPE delivered into the sub-retinal in dystrophic 

RCS rats and a mouse model of Stargardt’s dystrophy (Elov14), survived for more 

than 8 months without any tumor formation. This research also revealed an 

improvement in visual function, as measured by spatial visual acuity and luminance 

threshold response, in treated subjects. The improvement seemed to be dose 

dependent and related to cell concentration (Lu et al., 2009). As a consequence of 

this work, the US Food and Drug Administration (USFDA) has approved the first 

clinical trial using human ES cell-derived cells. This study will establish the safety of 

human ES cell-derived retinal pigment epithelium (RPE) subretinal transplantation to 

patients with Stargardt’s macular dystrophy and dry age-related macular 

degeneration. So far, 3 patients in the US and 3 patients in the UK have been injected 

with 50,000 human ES cell-derived RPE cells. A report on the US patient’s progress 

shows no adverse reaction four months after transplantation (January 2012). 

Moreover, a recorded visual improvement has been reported in these patients (MD et 

al., 2012). The 3 UK patients are at 8, 3 and 2 months post-transplantation 

(September 2012) and only the first subject has been off all immunosuppression 

since transplantation. The RPE cells still appear to be viable as OCT imaging shows 

hyperpigmented areas over the injection site. Most importantly, no adverse effects 

have been noted, but no change in baseline visual acuity has been detected so far. 

Therefore, these studies demonstrate that subretinal transplantation of ES cell-

derived retinal cells is possible and most importantly appears to be safe. 

Furthermore, these clinical trials represent the first step towards the use of ES cells 

technology to treat retinal diseases and future clinical trials involving the 

transplantation of human ES cell-derived photoreceptors will certainly benefit from 

the results of the RPE trials. 

 

Although the work in thesis shows that ES cell-derived photoreceptors can integrate 

into the adult retina, a considerable amount of research still needs to be completed 
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before it would be appropriate to begin clinical trials of photoreceptor 

transplantation; these include increasing photoreceptor integration and establishing 

safety not only in mice but also in higher mammals. Once research in animals is 

completed a number of criteria will have to be discussed and approved prior to any 

applications for clinical trials; the right disease to be treated at the most appropriated 

stage, Good Manufacturing Practice-compliant human ES cell-derived 

photoreceptors production and scaling-up and permission from ethical committees. 

Nevertheless, the eye is a much safer region to start clinical trials using Stem cell-

derived cell types when compared to other regions of the body, such as the spinal 

cord. The eye is a highly compartmentalized and immune privileged organ and in 

case of complications resulting from transplantation it can be easy removed. It is 

unlikely that tumor formation in the eye would result in metastases and subsequent 

mortality. Therefore although clinical trials to replace lost photoreceptors are still a 

distant possibility it represents a real hope for millions of patients.  
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