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Abstract

Photoreceptors, the light sensing neurons of the retina, are pivotal to hu-

man vision. Degenerative diseases of the retina leading to photoreceptor

death are a prime cause of untreatable blindness. In particular, loss of cone

photoreceptors, which convey high visual acuity and colour perception,

most severely affects central vision. This thesis investigates the possibility

of replacement of lost cone photoreceptors by transplantation.

The cone-rod homoeobox gene (Crx) is expressed in developing cone

and rod photoreceptors cells. This thesis examines the potential of Crx-

expressing cells to generate new cone and rod photoreceptors after trans-

plantation into adult retinae. The expression of a novel photoreceptor-

specific CrxGFP transgenic reporter mouse was characterised. In order to

confirm the nuclear retinoid x receptor gamma (Rxrγ) as an early cone

marker, BrdU pulse chase time-course experiments were performed utilis-

ing the reporter line as a marker for post-mitotic photoreceptors.

To assess the efficacy of CrxGFP photoreceptor precursors for therapy

and determine a suitable ontogenetic stage for cone transplantation, pre-

cursor cells were isolated from embryonic and early postnatal retinae by

FACS and transplanted into adult retinae. Cells integrated and developed

into mature cone and rod photoreceptors, distinguished by morphology and

Rxrγ staining. Cone photoreceptors were only detected when embryonic

donor cells were used, while rods integrated at all time-points, although

integration efficiency was highest with post-natal donors. Integrated pho-

toreceptors stained for a variety of functional rod and cone proteins, as

well as several synaptic markers.

In order to expose precursor cells to different recipient environments,

embryonic precursors were also transplanted into two models of retinal
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degeneration. While the outer limiting membrane defects of the Crb1rd8/rd8

mouse had no significant impact on photoreceptor integration, the lack of

cones in the Gucy2e–/– model led to significantly increased cone integration.

Attempts were also made to derive an equivalent transplantable photo-

receptor precursor cell species from renewable stem cell sources. Ciliary

epithelium-derived cells, which can be isolated from the adult eye and

were previously attributed with retinal stem cell qualities, were expanded

in culture, but no evidence for photoreceptor differentiation was found.

Embryonic stem cells were differentiated towards a retinal lineage and an

RxrγRFP transgene reporter was introduced in order to label ES cell de-

rived cone photoreceptors.

These studies show for the first time that new cone cells can integrate

into the adult retina and contribute to the development of stem cell therapy

for retinal degenerative disease.
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1 Introduction

Neuroscientists have long taken advantage of the eye as an easily accessible

part of the central nervous system (CNS). The retina represents—by com-

parison to the brain—a relatively simple circuit and has thus been used as

a model to study CNS development and cell physiology.

One of the earliest reports on the histology of the retina were the famous

drawings of silver chromate stained cells by Ramón y Cajal (y Cajal 1894).

All vertebrate retinae present as a highly stratified structure with three cell

body layers and two synaptic layers. The photosensitive cones and rods

reside in the outer nuclear layer (ONL), while the inner nuclear layer (INL)

contains horizontal, bipolar, amacrine cells and Müller glia. In the inner

most ganglion cell layer (GCL), retinal ganglion cells (RGC) and displaced

amacrine cells are found (figure 1.1).

Dividing these three cell layers are two layers of synaptic connections.

In the first neuropil, the outer plexiform layer (OPL), connections are

formed between rods and cones and vertically connecting bipolar as well

as horizontally oriented horizontal cells. The second neuropil is the inner

plexiform layer (IPL) where information from bipolar cells is passed on to

ganglion or amacrine cells and further networks of amacrine cells influence

ganglion cell signalling. This cumulative effort of signal integration in the

IPL leads to the transmission of visual information to the brain via the

optic nerve consisting of RGC axons.

Müller cells represent the radial glial cells of the retina, giving struc-

tural support and forming the outer limiting membrane (OLM) through

adherens junctions between their apical end feet and the base of photore-

ceptor inner segments, creating a barrier between the subretinal space and

the neuroretina (NR). Similarly, a border towards the vitreous side of the
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retina, the inner limiting membrane (ILM), is composed of latterly contact-

ing Müller glia end feet. Other glial cells of the retina include astrocytes,

entering through the optic nerve (Watanabe and Raff 1988), and microglia

of mesodermal origin (Chan et al. 2007). The basal lamina of the retina is

the multi-layered Bruch’s membrane (BM), the main substrate for retinal

pigmented epithelium (RPE) adherence.

Nutrients are brought to the retina by the choroid blood vessels and the

central retinal artery. The choroid capillary network in the BM supplies

mainly photoreceptors via the RPE, which is in intimate contact with the

photoreceptor outer segments in the subretinal space and is part of the

blood-retinal barrier. Capillaries originating from the central retinal artery

entering the eye with the optic nerve supply the remainder of the retina

from the nerve fibre layer to the outer plexiform layer.

A photon has to pass through the whole thickness of the NR in order

to be absorbed by a photopigment (opsin) in a photoreceptor outer seg-

ment, causing a conformational change in the protein—the beginning of

phototransduction and vision.

1.1 Early eye development

In mammals, eye development initiates with the appearance of bilateral

optic pits in the diencephalon of the early neurula (figure 1.2 a & b). These

primorida continue to evaginate forming the optic vesicles, which eventually

contact the non-neural surface ectoderm that forms the lens (figure 1.2 e–

f). Synchronised invagination of this lens placode and the optic vesicle

(figure 1.2 g) arranges the tissue in a double-layered cup surrounding the

lens vesicle (figure 1.2 h). The inner cell-layer of this optic cup continues to

proliferate into the multi-strata neural retina (NR), while the outside layer

gives rise to the single cell-layer retinal pigmented epithelium (RPE) and

the optic stalk. At the ventral edge of the optic cup, the folding process

leaves open a groove called the choroidal or optic fissure, providing an entry

route for blood vessels and an exit point for the optic nerve (figure 1.2 i).
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Outer plexiform layer

Inner nuclear layer

Inner plexiform layer

Ganglion cell layer

Optic nerve �bre layer
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Figure 1.1 Structure and functional circuitry of the retina. The retina is organised in three
nuclear and two synaptic strata. Cone (C) and rod (R) photoreceptors soma reside in the
outer nuclear layer (ONL) and project inner- and outer segments (IS/OS) containing the
phototransduction machinery towards the retinal pigmented epithelium (RPE). Photorecep-
tors’ axons terminate in the outer plexiform layer (OPL) where they synapse onto bipolar
(B) and horizontal (H) cells of the inner nuclear layer (INL), which also contains amacrine
neurons (A) and Müller glia (M). Bipolar cells connect to amacrine and/or ganglion (G)
cells through synapses in the inner plexiform layer (IPL) and the collective of ganglion cell
axons forms the optic nerve carrying signals to the brain. The rod (red) and cone (blue)
signalling pathways are indicated and discussed in section 1.5.2. This figure was modified
from Swaroop et al. (2010).
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E8 - frontal
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E8.5 - fronto-lateral
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Figure 1.2 Scanning electron microscopy images of mouse embryoes describing the struc-
tural changes in early eye development (continued on the next page). (a & b) The optic
grooves (arrowheads) are the first morphological signs of the eye primordium in the eye-
field region, which spans the midline in the forebrain. (c & d) With the closure of the
neural tube the optic groove (orange) underlies the surface ectoderm of the presumptive
lens placode (red). The scanning electro-micrographs and diagramme were reproduced
(and modified) with permission from Prof. Kathleen Sulik (http://syllabus.med.unc.edu/
courseware/embryo images/unit-eye/eye htms/eyetoc.htm, last accessed July 2011).
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Figure 1.2 Scanning electron microscopy images of mouse embryoes describing the struc-
tural changes in early eye development (continued from the previous page). With advancing
development the eye primordia expands to form the optic vesicles (e & f, arrowheads),
whereby the neural retina (g, orange) comes in close contact with the lens placode (red),
leading to the budding of the lens vesicle and the invagination to form the optic cup (h). In-
vagination of the optic vesicle and stalk causes the formation of the choroid fissure (i). The
scanning electro-micrographs and diagramme were reproduced (and modified) with permis-
sion from Prof. Kathleen Sulik (http://syllabus.med.unc.edu/courseware/embryo images/
unit-eye/eye htms/eyetoc.htm, last accessed July 2011).
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At the optic vesicle stage, the lens vesicle polarises into a posterior mi-

totic epithelium (facing the optic cup) and anterior differentiating primary

and later secondary lens fibre cells. Development of the transparent cornea

from the overlying surface ectoderm is an intricate process involving the

production of a collagenous extracellular matrix, two waves of neural crest

cell migration, stroma hydration, followed by its dehydration and com-

paction (Chow and Lang reviewed in 2001).

The ciliary epithelium and iris both derive from the anterior margin

of the optic cup, where NR and RPE meet. In teleost fish and amphib-

ians, a tissue adjacent to the ciliary epithelium—the ciliary margin zone

(CMZ)—accounts for continuous retinal growth throughout the whole life-

span and contains an adult mitotic retinal progenitor population (Hollyfield

1968, Straznicky and Gaze 1971, Moshiri et al. 2004). Likewise, a less po-

tent CMZ was found in chicken, being responsible for some post-natal eye

growth (Fischer and Reh 2000). It was therefore presumed that a similar

stem cell niche would be found in the ciliary epithelium of adult mammals

(Tropepe et al. 2000, Ahmad et al. 2000).

1.2 The molecular steps preceding the
formation of the eye primordia

The morphological signs of eye development first become apparent with the

bilateral evagination in the anterior neural plate, however, the specification

of the eye field commences earlier. Nearly half a century ago, it was shown

that neural tissue from the salamander, isolated prior to optic vesicle for-

mation, can initiate eye development in vitro (Lopashov and Stroeva 1964)

and more recent miss-expression experiments in Xenopus laevis confirmed

a set of cross-species conserved self-regulating eye field transcription fac-

tors (EFTF; ET/Tbx3, Rax, Pax6, Six3, Six6/Optx2, Lhx2 and Tll/Nr2e1)

that can form ectopic eyes (Zuber et al. 2003, Zuber and Harris 2006). This

can be facilitated even outside the neuro-ectoderm when co-expressed with

Otx2 as a neural patterning transcription factor (Zuber et al. 2003). In a
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Gene Phenotype OMIM 
entry 

HESX1 208106 stcefed yratiutip dna aisalpsyd citpootpeS
LHX2 No human cases listed; Lhx2-/- mice exhibit various developmental 

abnormalities, including eye and forbrain defects 603759

NR2E1 No human cases listed; brain defects, behavioural abnormalities and 
retinal dystrophy in knock-out mice 603849

OTX2 Microphthalmia, retinal dystrophy and pituitary abonormalities 600037
PAX6 Wide range of phenotypes and eye abnormalities including aniridia, 

coloboma and microphthalmia 
607108

RAX Micro and anophthalmia in compound heterozygotes 601881
SIX3 Midline defects – Holoprosencephaly (may include cyclopia), 

Schizencephaly 603714

SIX6 Micro- and anophthalmia, pituitary abnormalities; retinal hypoplasia 606326
TBX3 Ulnar-mammary syndrome associated with haploinsu�ciency, no 

eye phenotype  601621

Table 1.1 Information from the Online Mendelian Inheritance in Man (OMIM) database
regarding the main eyefield transcription factor and two neural patterning genes. Phenotypes
of interest are summarised. OMIM entry references are listed in the last column. www.ncbi.
nlm.nih.gov/omim accessed in August 2011

follow-up study, ectopic eyes were generated from EFTF-induced pluripo-

tent cells (mRNA injection of the EFTF and Otx2) that were transplanted

to the flank of a Xenopus embryo (Viczian et al. 2009). Morphologically the

ectopic eyes were comparable to normal eyes containing all cardinal retinal

cell types, yet RGC axons projected away from the tectum (Viczian et al.

2009). When bona fide eye field cells were replaced with EFTF-induced

cells, axons projected correctly and the ‘artificial’ eye showed functional

electroretinogramme (ERG) and behavioural test responses (Viczian et al.

2009).

The Online Mendelian Inheritance in Man (OMIM, www.ncbi.nlm.nih.

gov/omim) database reveals genetic evidence further underlining the im-

portance of these eyefield transcription factors (and other early neural pat-

terning genes such as Otx2 and Hesx1, see table 1.1), as mutations may

lead to various developmental abnormalities, including the complete ab-

sence of eyes or small eyes (anophthalmia, microphthalmia) in human and

in murine models.

Even though closely tied to neural induction, the exact mechanism(s)
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leading to the delineation of the eye field remain to be elucidated. In

Drosophila, a network of Notch, Egfr, Hedgehog and Wingless signalling is

thought to be upstream of some components initiating the eye primordium

(Chow and Lang 2001). In vertebrates, homologues of Wingless (Wnts)

introduce an element of complexity by the dosage-dependent effects of

both—the canonical and non-canonical—Wnt pathways. While antago-

nised canonical Wnt activity increases the eye field (Dickkopf or secreted

Frizzled related proteins, Shinya et al. 2000, Esteve et al. 2004), reduced

non-canonical signalling has opposite effects and activation is required for

the primordium (Rasmussen et al. 2001, Maurus et al. 2005, Cavodeassi

et al. 2005).

Interestingly, neural patterning genes involved in eye development (such

as Rx or Pax6) are expressed across the midline in the early anterior neu-

ral plate, priming a single eye field. Failure in resolving the eye field

into two separate lateral domains causes cyclopia. In chicken (Li et al.

1997) and amphibians (Mangold 1931), when neurulation proceeds, sig-

nalling through the prechordal mesoderm (the tissue forming the noto-

chord) causes the separation of the eye fields by fate-switching midline

cells; conversely, removal of the prechordal mesoderm results in cyclopic

animals. Another mechanism is seen zebrafish, where midline cells do not

change fate, but migrate laterally (Woo and Fraser 1995).

Although morphologically different, both modes of eye field separation

rely on Nodal signalling, initially discovered in zebrafish by mutations in

cyclops (cyc), a secreted Nodal-related member expressed by prechordal tis-

sue. Zebrafish mutants in cyc and other Nodal signalling molecules (squint,

one-eyed pinhead, schmalspur) all display cyclopia (Hammerschmidt et al.

1996, Feldman et al. 1998, Pogoda et al. 2000). Mouse Nodal knock-outs

are embryonic lethal, however, double heterozygous Nodal+/– with Nodal

receptor or Smad2+/– mice develop as cyclops (Nomura and Li 1998).

Experiments in zebrafish and chick indicate that the morphogen Sonic

Hedgehog (Shh) is downstream to Nodal signalling, as Shh is absent in the

early neuroectoderm of zebrafish cyc mutants and constitutive activation
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or inhibition of Smad2 led to altered Shh expression (Müller et al. 2000).

It was also found that ectopic activation of Shh promoters occurred in

response to cyc signals in the chick neural tube and Shh enhancer elements

were identified as cyc targets (Müller et al. 2000). As Shh controls ventral

fates of the neural tube, over-expression expands the forebrain and optic

stalk at the cost of neural retina, thus lack of Shh leads to midline defects

and cyclopia in humans, mice and fish (Belloni et al. 1996, Roessler et al.

1996, Chiang et al. 1996).

These early events preceding the first morphological appearance of two

eye primordia can be summarised as follows: During neurulation a set of

eye field transcription factors defines a broad domain spanning the midline

of the forebrain. Nodal and Hedgehog signalling causes the domain to

separate into two distinct eye fields, either by pushing midline cells laterally

or re-specifying their fate to ventral diencephalon.

1.3 Retinogenesis

The retina is a highly laminated structure comprised of seven cardinal cell

species in three nuclear strata and two synaptic layers (figure 1.1). Its

development is an extensive process starting at the inside cell-layer of the

optic cup. In mice, the majority of cell proliferation commences around

embryonic day (E) 10 and continues into the first post-natal week of life.

Although the principal retinal structure is complete by approximately post-

natal day (P) 14 (Sidman 1961, Young 1985b;a), further condensation of

photoreceptor chromatin and changes in the cone opsin expression pat-

terns carry on well into adulthood (Solovei et al. 2009, Szel et al. 1994).

This represents a remarkably long period of maturation considering the

short gestation of small rodents such as mice (19-20 days). In the human,

retinal development is completed before birth and the post-mitotic retina

lacks apparent substantial neurogenic regenerative potential in mammals

(Lamba et al. 2009b).

Long-term labelling studies revealed that the different cell types of the
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retina are born (turn post-mitotic and retain a DNA-label incorporated in

the terminal S-phase) in a staggered but over-lapping sequence conserved

across many vertebrate species (Sidman 1961, Rapaport et al. 2004, LaVail

et al. 1991, Prada et al. 1991, Harman and Beazley 1989). Retinal ganglion

cells (RGC), cone photoreceptors, as well as horizontal and amacrine cells

are mainly generated during embryonic retinogenesis, while the majority

of bipolar cells, rod photoreceptors and Müller cells arise during post-natal

development.

When retinal progenitor cells (RPC) in developing retinae of the rat

(Turner and Cepko 1987), mouse (Turner et al. 1990) and frog (Wetts

and Fraser 1988, Holt et al. 1988) were tracked in lineage tracing experi-

ments, the descendents of labelled cells contained various combinations of

neuronal and even glial phenotypes in single clone clusters. The apparent

absence of lineage-restricted progenitors led to the conclusion that all cell

types arise from multipotent RPCs, directed by external cues (Cepko et al.

1996). However, although culturing post-natal retinal cells with an excess

of embryonic RPCs led to an inhibition of late-born cells, it did not pro-

mote the generation of early cell types (Belliveau et al. 2000). Likewise, an

excess of post-natal cells could not force embryonic retinal cells to prefer-

entially adopt late-born cell fates (Belliveau and Cepko 1999). It was thus

hypothesised that RPCs must undergo sequential changes in their intrinsic

molecular makeup throughout retinogenesis, restricting the competence to

certain cell fates (Livesey and Cepko 2001, Harris 1997).

It appears that the longer retinogenesis proceeds in a given species, the

easier it is to resolve the birth-order of the principal cell types and the

associated changes in competence. In Xenopus, where retinal development

proceeds very quickly (48 hours) (Wong and Rapaport 2009), these stages

become blurred and all cell types appear to be born in parallel. When

observed at single cell resolution by GFP-tracing and cumulative BrdU

labelling, however, Xenopus RPCs appear to follow a conserved sequence

with hardly any exemptions. Yet, the total RPC population is hetero-

geneous and competence is not apparently synchronised (Rapaport 2006,
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Wong and Rapaport 2009).

The competence model describes a balance of intrinsic advances and in-

structive extracellular cues that drive retinogenesis. Prompted by discov-

eries from co-culture experiments—P1 conditioned medium could increase

the amount of rods generated from E15 progenitors (Watanabe and Raff

1992)—diffusible molecules modulating cell fates were discovered. Shh was

implicated in (feedback) regulation of ganglion cell genesis (Zhang and

Yang 2001) and several experiments analysed the roles of taurine, retinoic

acid and thyroid hormone on photoreceptor fate choice (Hyatt and Dowl-

ing 1997, Kelley et al. 1995a; 1999, Altshuler et al. 1993, Young and Cepko

2004). The same factors may have different roles in different species, as

exemplified by the actions of ciliary neurotrophic factor (CNTF) in chick

(Fuhrmann et al. 1995), where it stimulates rod photoreceptor produc-

tion over bipolar cells, and rat (Ezzeddine et al. 1997), where the opposite

applies.

Typically, extrinsic cues will direct cell fate from one to another cell type

born at the same time or later in development. Given this restriction, a

sensible conclusion is a link between cell cycle exit and cell fate choice. In

line with this hypothesis, fibroblast growth factor (FGF) and epidermal

growth factor (EGF) signalling ‘delay’ a late rod photoreceptor towards

the final Müller glia fate (McFarlane et al. 1998, Lillien and Cepko 1992,

Ahmad et al. 1998).

Critical to normal RPC proliferation and maintenance is the Notch-Delta

pathway. Activation of Notch by its ligand Delta results in the expression

of the downstream effectors Hes1 and Hes5, which in turn cause the down-

regulation of proneural basic helix-loop-helix (bHLH) transcription factors.

On the other hand, cells released from Notch pathway activation differenti-

ate as neurons generated in the according stage of competence. Thus, cells

with continued Notch pathway activity eventually assume a Müller glia

fate, the last fate adopted by RPCs (Dorsky et al. 1995; 1997, Henrique

et al. 1997, Rapaport and Dorsky 1998). As bHLH transcription factors

upregulate the expression of Notch-ligands, cells that undergo neural cell
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specification inhibit their directly neighbouring cells from doing so as well

(Agathocleous and Harris 2006).

bHLH proneural genes are part of the intrinsic network of transcription

factors that translate the complex network of external cues and feedback

inhibitions into cell fates. A well explored example is Ath5, a homologue

of Drosophila atonal that activates a range of ganglion cell specific tran-

scription factors, such as BarH1 and its downstream target Brn3 (Liu et al.

2001, Poggi et al. 2004, Brown et al. 2001). Ath5 also instructs a cell cycle

exit appropriate for RGC genesis, as over-expression led to an increase of

ganglion cells over later cell types (Ohnuma et al. 2002), while in mutants

lacking Ath5 function the cell destined to become RGC underwent an ex-

tra round of cell division to give rise to later cell types (Kay et al. 2001).

Other bHLH genes favour the determination of different retinal cell fates,

however, intriguingly overexpression seems to instruct cell cycle exit at the

correct time in histogenesis for the respective neuronal cell (Agathocleous

and Harris 2006).

Final cell fate determination also requires the action of homoeobox genes.

In mice, cone-rod homoebox (Crx) and its homologue Otx2 are essential

for photoreceptor differentiation (see below, Furukawa et al. 1997, Nishida

et al. 2003), while bipolar cells depend on Chx10 function (Burmeister et al.

1996) and Prox1 null mice lack horizontal cells (Dyer et al. 2003). A special

role is occupied by Pax6, which is pivotal to the formation of the eye field.

A conditional knock-out of Pax6 in RPCs—conventional knock-outs lead to

anophthalmia—results in the loss of expression of several bHLH proneural

genes, permitting only the production of amacrine cells (Marquardt et al.

2001).1

Altogether, it is likely that retinal cell fate decisions are tied to the time

1In zebrafish, two Pax6 isoforms are expressed with different translation start sites, the
shorter isoform lacking the paired-domain (Lakowski et al. 2007), which was targeted
in the mouse-knock out. Interestingly, expression of a double reporter BAC construct
for the short and long isoform in mice showed that only GABAergic amacrine cells
expressed the dsRed reporter of the short isoform (Lakowski et al. 2007). While
Marquardt et al. (2001) observed normal amounts of GABAergic amacrine cells in
the Pax6 Exon 4-7 knock-out, the retina lacked glycinergic amacrine cells.
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Figure 1.3 Photoreceptor morphology and morphological differences between rods and
cones. Both photoreceptors are from actual micrographs of transplanted cells (data from
this thesis).

of cell cycle exit of the RPC, which is linked to Notch-Delta signalling and

the intrinsic composition of transcription factors, such as a combination

of bHLH and Homoeo-genes, at this point. Although a range of extrinsic

factors influencing retinogenesis have been identified, it remains unclear

whether these are instructive or of permissive nature to cell fating.

1.4 Photoreceptor development

Photoreceptors (PR) are highly specialised, light-sensitive neurons with

elaborate outer segments carrying discs packed with photopigments (fig-

ure 1.3). Contrary to the well-studied morphology and biochemistry of

PRs, the cascade that leads to either rod or cone PR fate is poorly under-

stood. Several transcription factors are known to form a complex network

revolving around the cone-rod homoeobox gene (Crx) with intricate cross-

talk in form of auto-, para- and feedback regulations (Hennig et al. 2008).
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1.4.1 Specifying competence - proneural bHLH
transcription factors

Two bHLH transcription factors are thought to play a role in photoreceptor

development: the mammalian achaete-scute homologue 1 (Mash1, Ascl1)

and NeuroD. Mash1 is confined to a subset of proliferating late progenitors

giving rise to rods and other late-born cell types in the rodent retina, but

later becomes restricted to the inner nuclear layer (Tomita et al. 1996).

While Mash1 inactivation is lethal and mice die at birth, no apparent

defects were observed up to this point in development, indicating that

early born cell types are not significantly affected in the Mash1-null retina

(Tomita et al. 1996). Explant cultures of knock-out retinae revealed delay

in the differentiation of all late-born cells including rod PR (Tomita et al.

1996). A closer association was observed when Mash1 (or Math3, or Ngn2)

was overexpressed by retroviral infection of E17.5 retinae, which resulted

in predominantly rod PRs to be found in labelled clones (Hatakeyama

et al. 2001). Moreover, in vitro exposure of E20 rat retinae to epidermal

growth factor (EGF) led to a reduction in Mash1 as well as opsin-positive

cells; concomitantly, the proportion of proliferating cells increased (Ahmad

et al. 1998). As previously discussed, it is likely that this reduction of

neuronal differentiation is caused by modulation of Notch signalling and

cell cycle exit. Withdrawal of EGF increased the numbers of Mash1 and

opsin expressing cells, whereby Mash1 preceded the expression of opsin

(Ahmad et al. 1998).

NeuroD expression in the developing rodent retina is confined to mostly

post-mitotic cells fated to become either PRs or amacrine cells, albeit ter-

minally differentiated amacrine cells loose NeuroD expression and NeuroD

is retained in a subset of PRs (Morrow et al. 1999). Overexpression of

NeuroD in late stage rat retinae (P0-P7) using a retrovirus led to a strong

increase of amacrine over bipolar cells and Müller glia (Morrow et al. 1999).

Similar results were obtained from the Xenopus retina (Kanekar et al.

1997), yet in the chick retina, retroviral-driven misexpression of NeuroD

14



1 Introduction

caused a vast increase in PR numbers (+50%), without affecting other

cell populations (Yan and Wang 1998). It should be noted, however, that

chicken NeuroD is almost exclusively expressed in developing PRs (Yan

and Wang 1998).

Similar to the Mash1 knock-outs, NeuroD inactivation led to premature

death in mice at P3 and in explant cultures, a strong increase in Müller glia

and bipolar cells was observed, as well as delayed amacrine cell differentia-

tion (Morrow et al. 1999). Functional PRs are generated, but an increase of

apoptotic cells in the ONL was reported (Morrow et al. 1999). Accordingly,

NeuroD may function in the machinery that specifies cell competence for

either rod PR or amacrine cell fate, and although NeuroD has no appar-

ent influence on PR differentiation, it is expressed in mature PR and Crx

knock-out decreases NeuroD expression by a quarter (Hennig et al. 2008).

1.4.2 Determining the photoreceptor
lineage—homologues of orthodenticle

In Drosophila melanogaster, formation of the anterior structures such as

forebrain, antennae and eyes are dependent on the paired-like hox-gene

orthodenticle (Otd), which also plays an essential role in further PR de-

velopment and expression of opsin genes (Finkelstein and Boncinelli 1994,

Vandendries et al. 1996, Tahayato et al. 2003), while in higher vertebrates,

the function of Otd diverged onto the three (currently known) orthologs

Otx1, Otx2 and Crx (Otx5 in fish, amphibians and chick). The latter two

are crucial for PR linage specification and maturation.

Otx2 inactivation in mice is lethal in embryogenesis due to impaired

forebrain development (Acampora et al. 1995) and a heterozygous Otx2

knock-out led to severe ocular malformation (Matsuo et al. 1995). When

the Otx2 gene was conditionally removed by a Cre-loxP system under the

control of the Crx promoter, all PRs were replaced by an amacrine-like

cell type and pineal gland development was impaired (Nishida et al. 2003).

Conversely, retroviral ectopic Otx2 expression in the postnatal rat retina

resulted in increased production of rods at the expense of other late born

15



1 Introduction

cell types (Nishida et al. 2003). Ectopic Otx2 expression was also re-

ported to induced the differentiation of adult rat ciliary epithelium- and

iris-derived cells to a PR-like species (Akagi et al. 2004).

Expression of Otx2 in retinogenesis is observed in two waves, commenc-

ing at E12.5 and E17.5, localised to the outer aspect of the neuroblastic

layer (Baas et al. 2000, Nishida et al. 2003) and coinciding with the onsets

of cone and rod geneses respectively (Carter-Dawson and LaVail 1979b,

Young 1985a). Prenatally, weak expression is observable in the prospec-

tive inner nuclear layer and after the postnatal peak of PR maturation

the expression pattern reverses, with upregulated expression in the inner

nuclear layer (Baas et al. 2000, Koike et al. 2007). In the adult rodent

retina, Otx2 is found in the nuclei of bipolar cells and in the cytoplasm of

PRs (Baas et al. 2000, Koike et al. 2007).

Data obtained from luciferase reporter and chromatin immuno-

precipitation assays strongly suggest Crx as a direct Otx2 downstream

target, as the Crx promoter bears four OTX binding motifs and is effi-

ciently transactivated by Otx2 (Furukawa et al. 2002, Nishida et al. 2003,

Peng and Chen 2005, Hennig et al. 2008). Accordingly, Crx expression is

abolished in the conditional Otx2 knock-out mouse retina (Nishida et al.

2003). It is also known that Otx2 associates with the promoters of sev-

eral PR-specific Crx targets in the presence and absence of Crx, including

rod and cone opsins (Peng and Chen 2005). In transient co-transfection

experiments, Otx2 was able to activate M-opsin and rhodopsin expression,

although to a lesser extent than Crx (Peng and Chen 2005).

Evidently, Otx2 carries out many functions and is expressed in a wide

range of cells (rostral brain, RPE, PRs, bipolar cells). Otx2’s involvement

in eye field formation was demonstrated in Xenopus, where Rax (Rx) is

activated in concert with Sox2 by both transcription factors binding to a

conserved enhancer upstream of the Rax promoter (Danno et al. 2008). In

the context of PR development, Otx2 is important for the specification of

the PR lineage by regulating the expression of Crx and some of its targets.

However, it is still not known how Crx is upregulated in this very tissue
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specific manner and whether negative regulators are involved in other cell

types.

Crx/CRX was identified by three independent laboratories in humans,

mice and cows by homology-based approaches and a yeast one-hybrid sys-

tem (Freund et al. 1997, Furukawa et al. 1997, Chen et al. 1997). In mice,

Crx expression commences at E12.5 with the onset of cone birthing and

peaks at P5 during rod genesis (Furukawa et al. 1997, Bibb et al. 2001),

coinciding with expression of Otx2. In BrdU incorporation experiments,

Crx-positive cells were shown to be recently post-mitotic Pax6-negative

photoreceptor precursors (Garelli et al. 2006), indicating Crx as a very

early PR marker. Besides in PRs, Crx is also expressed in the pineal gland

and bipolar cells (Wang et al. 2002, Hennig et al. 2008). The latter appear

to be evolutionary closely related to PRs (Lamb et al. 2007) and share

Otx2 expression.

In humans, mutations in CRX are associated with autosomal dominant

cone-rod dystrophy, autosomal dominant retinitis pigmentosa and Leber’s

congenital amaurosis (LCA) (see references within Freund et al. 1997).

Most CRX mutations are inherited in an autosomal dominant fashion and

many aspects of the diseases are conveyed by the inability of the mutated

CRX protein to either bind to DNA or regulate transcription. However, it

is not clear why most CRX mutations cause dominant disease.

Crx is essential for PR maturation and once Crx expression is initiated

by Otx2, it self-maintains its expression (Furukawa et al. 2002). In the

Crx knock-out mouse retina, PRs cannot form their elaborate outer seg-

ments, are non-functional and subsequently degenerate, yet PRs per se

arise (Furukawa et al. 1999). The mice are blind from birth and resem-

ble the phenotype of human LCA, yet no degeneration was observed in

the heterozygous Crx knock-out retina (Furukawa et al. 1999), implying

a dominant negative effect in human CRX -associated degenerative retinal

diseases or that the human system is more sensitive to CRX dosage effects.

Gene expression analysis on the Crx-null retina revealed that a significant

amount of PR-expressed genes are Crx-dependent, particularly genes of
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phototransduction (Blackshaw et al. 2001). Expression of exogenous Crx

was reported to differentiate adult and early postnatal CE- and iris derived

cells into cells with a PR phenotype analogous to forced Otx2 expression in

these cells (Haruta et al. 2001, Jomary and Jones 2008, Akagi et al. 2004),

indicating that the PR-promoting effect seen in the Otx2 expression may

(at least partly) be based on Crx.

ChiP assays showed Crx to be directly associated with its target genes,

however, co-transfection experiments only ascribed moderate activation

potential to Crx on its own (Peng and Chen 2005). Thus, most of Crx’

regulatory activity is executed through its interaction with a plethora of

transcriptional regulators. These include rod PR-specific proteins, such

as Nrl and Nr2e3 aiding in potent activation of the rhodopsin promoter,

and more general transcription factors, such as the STAGA chromatin

remodelling complex, which contains the histone acetylase (HAT) Gcn5

(Palhan et al. 2005). Consequently, one mechanism for Crx target gene

activation could entail the recruitment of HATs for chromatin remodelling.

Interactions of Crx with p300/CBP, coactivators with HAT activity, further

support this possibility (Yanagi et al. 2000, Hennig et al. 2008).

Both Otx2 and Crx are indispensable for appropriate PR development

and a functional retina, notwithstanding, in Crx-knockout mice (non-

functional) PRs develop (Furukawa et al. 1999). This indicates a certain

degree of overlap between Crx and Otx2 function in the mouse retina and

a recent report credits relevance to Otx2 in terminal photoreceptor dif-

ferentiation and bipolar cell development (Koike et al. 2007). In Crx–/–

Otx2+/– mice, PR degeneration was more pronounced than in the Crx–/–

retina and numbers of bipolar cells decreased (Koike et al. 2007). Inter-

estingly, Otx2 is upregulated in the Crx–/– retina (Furukawa et al. 1999,

Hennig et al. 2008) and as a result is likely to be repressed by Crx in

the wild-type retina. This respective up- and down-regulation of Crx and

Otx2 in the outer as well as inner nuclear layer, may be critical for the

decision between a PR or bipolar cell fate. Supporting data comes from

lineage tracing experiments, whereby late born two-cell clones contained
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either two rods or a rod and a bipolar cell (Turner and Cepko 1987, Turner

et al. 1990, Wetts and Fraser 1988). Furthermore, explant cultures demon-

strated that Nrl+ rod PRs may switch to a bipolar fate upon exposure to

CNTF or LIF (Ezzeddine et al. 1997, Neophytou et al. 1997), and from an

evolutionary perspective, bipolar cells may have arisen from PRs (Lamb

et al. 2007), possibly in connection with the divergence of Otd homologue

functions.

1.4.3 Factors affecting the cone-rod fate decision

Once the PR lineage is specified, the post-mitotic Crx+ PR precursor fur-

ther differentiates into either a rod or one of the species-dependent cone

subtypes (figures 1.4 & 1.5), the latter varying with the animal’s life-style

and circadian habit. In rodents, two subtypes of cones responsive to either

short (S) or medium (M) wavelength light have been described (Szel and

Röhlich 1992), which are spread across the retina in two opposing gra-

dients. Whereas in humans, daylight is recognised by three cone species

(blue, green and red), with the highest concentration of cones found in a

central spot in the retina devoid of rod photoreceptors and different laminar

morphology—the fovea (Kolb 2003).

How the initial decision between rod and cone fates is orchestrated re-

mains poorly understood. A possibility is that the PR sub-fate is tied to

the time-point of terminal mitosis and RPC competence, as the birthdays

are different for cones and rods, with cone genesis peaking near E14 and the

majority of rods being born after E18 in mice (Carter-Dawson and LaVail

1979b, Young 1985a). PR maturation is a lengthy process and both sub-

types only show final marker expression and outer segments in the fully

post-mitotic retina (P14), whereby the preceding cone population requires

an even longer period of differentiation than later born rods (Szel et al.

1994, Morrow et al. 1998). It is likely that synchronised maturation is es-

sential to establish the well-organised arrangement of PR outer segments

and the cone mosaic. However, this also complicates analysis, as it cannot

be excluded that PR switch between rod and cone fate during this stage.
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Figure 1.4 Scheme of photoreceptor development. Important known markers of individual
stages are listed.
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Figure 1.5 Transcription factor network for photoreceptor fate specification in the mouse.
This model is based on the assumption that initially a photoreceptor precursor is instructed
by several unknown factors (may they be intrinsic or extrinsic) and the action of Otx2 as
well as several proneural bHLH transcription factors. This general Crx-expressing precursor
is thought to establish an S-cone fate by default. Activation of Nrl and its main downstream
effector Nr2e3 appears to be a major switch towards the rod fate, however it remains to be
determined how this decision is made. The generation of M-cones is driven by the action of
thyroid hormones and their receptor TRβ2. Interestingly, TRβ2 expression is preceded by
NeuroD (Liu et al. 2008). In the rat, it was demonstrated that M-cones gradually arise from
S-cones and many cones actually co-express both photopigments (Szel et al. 1994, Röhlich
et al. 1994).
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In the case of a rod lineage ‘choice’, the basic leucine zipper (bZIP)

transcription factor Neural retina leucine zipper (Nrl) is crucial for rod

differentiation and maintenance. Knock-out of Nrl depletes the retina of

rods, which are transformed into functional S-cones2, albeit intermediates

between rod and cones dubbed ‘cods’ (Mears et al. 2001). In this all cone

retina, the inner nuclear layer circuitry of rods remains (superficially) unal-

tered and ‘cods’ connect to the rod circuit (Strettoi et al. 2004). Conversely,

expressing Nrl under the control of the Crx-promoter in either wild-type

or Nrl-null retina converted all PR into rods and no cone-specific gene

products were detectable (Oh et al. 2007). Conditional expression of Nrl

under an S-cone promoter (Opn1sw) in the Nrl–/– retina resulted in hybrid

cells co-expressing S-opsin and rhodopsin, nonetheless with no observably

ERG rod response (Oh et al. 2007). Thus, whilst differentiated cones only

exhibit limited plasticity, Nrl expression suffices to direct all immature PR

to a rod fate. Plasticity was also observed in immature rod PR, as applica-

tion of ciliary neurotrophic factor (CNTF) or leukaemia inhibitory factor

(LIF) altered the lineage from rod PR to a bipolar cell fate (Ezzeddine

et al. 1997, Neophytou et al. 1997).

Gene expression profiling and microarray analyses on several stages in

development of the wild-type and Nrl–/– retina identified several Nrl target

genes (Mears et al. 2001, Yu et al. 2004, Yoshida et al. 2004, Akimoto et al.

2006). These included elements of phototransduction and genes thought to

be involved in PR homeostasis, such as structural or transport proteins, but

also components of signalling pathways. Chromatin immuno-precipitation

(ChiP) assays also showed that Nrl is associated with the promoters for

several cone genes, such as cone opsins, arrestin and the thyroid hormone

receptor beta 2 (TRβ2) (Peng et al. 2005, Oh et al. 2007, Hennig et al.

2008), indicating that Nrl directly or indirectly represses cone genes in rod

PR. Consequently, many cone genes are up-regulated in the Nrl–/– retina

(Akimoto et al. 2006).

A well-studied downstream target of Nrl is the nuclear orphan receptor

2Resembling human enhanced S-cone syndrome, OMIM entries 604485 and 268100
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Nr2e3, a homologue of Drosophila tailless (Tlx, Nr2e1) (Mears et al. 2001).

Its expression commences with the onset of rod differentiation around E18

in mice, but persists into adulthood in the outer nuclear layer (Kobayashi

et al. 1999). Nr2e3 is required for terminal rod differentiation and upon

inactivation the mouse retina resembles a phenotype similar to human

enhanced S-cone syndrome, with an excess of S-opsin expressing cones and

progressive PR degeneration (Haider et al. 2000; 2001, Hennig et al. 2008).

To analyse the transcriptional regulatory capacities of Nr2e3, Chen et al.

(2005) identified an optimal Nr2e3 binding consensus sequence by rounds

of electrophoretic mobility shift assay (EMSA) selection and amplification

of the shifted DNA oligomer probes. In luciferase reporter assays, the basal

level of transcription was repressed upon co-expression with Nr2e3. Repres-

sion was more effective with additional Nr2e3 binding sites and Nr2e3 was

assumed to bind as a dimer (Chen et al. 2005). Subsequently, yeast-two hy-

brid screens and ChiP assays revealed interactions between Nr2e3 and Crx

via the DNA binding domain (Peng et al. 2005). However, promoter analy-

sis of Nr2e3 targets only revealed half-sites similar to the optimal consensus

sequence, which are not recognised by Nr2e3 in vitro, but allow regulation

of target genes through Crx (Peng et al. 2005). Whilst Nr2e3 alone has

limited regulatory activity and weakly activates both the rhodopsin and

S-opsin promoters, the Nr2e3:Crx complex exhibits differential effects and

represses S-opsin transcription, but strongly activates rhodopsin expression

(Peng et al. 2005).

As shown by several ChiP assays, Crx and Nrl are present at the pro-

moters of many photoreceptor-specific genes (Chen et al. 2005, Peng et al.

2005, Peng and Chen 2005, Hennig et al. 2008) and Nr2e3, as downstream

target of Nrl (Oh et al. 2008), may convey most of the differential regulation

to limit the expression profile to rod-specific products by suppressing the

cone pathway. Another possible Nr2e3 mechanism to discriminate against a

cone fate involves interactions with Ret-CoR, a regulator of proliferation.

Ret-CoR was found to be part of a multi-protein complex with histone

de-acetylase (HDAC) activity that acts in a cell-cycle dependent manner
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(Takezawa et al. 2007). Although Crx is expressed in Pax6-negative post-

mitotic cells (Garelli et al. 2006), Haider et al. (2006) reported expression

of Nr2e3 upstream to Crx expression in proliferating retinal cells and in

cells immuno-positive for Trβ2 (Haider et al. 2006). Upon closer examina-

tion of the Nr2e3rd7/rd7 mutant, an over-production of S-cones was detected

up to P30, indicating that Nr2e3 plays an important role in the regulation

of S-cone generation. This observation also throws up more questions re-

garding the retinal cell fating, whether RPCs are more biased towards a

cell fate than current hypotheses suggest.

In contrast to rods, cones form more synaptic connections and are less

sensitive to light, but convey most of the visual acuity in diurnal organisms

(Kolb 2003). Due to their low abundance (Carter-Dawson and LaVail

1979b, Young 1985a) cones are inherently difficult to study and the most

common mammalian model (the mouse) does not have a cone-rich fovea

like humans. Mouse cones also express only two instead of three types of

cone-opsins (Szel et al. 1994).

In the rodent retina, cones seem to develop into short wavelength sensi-

tive (S)-cones by default, some of which transform into medium wavelength

sensitive (M)-opsin expressing cones after a couple of days (Szel et al. 1994,

Applebury et al. 2000, Yanagi et al. 2002). This leads to an opposing dou-

ble gradient of the cone types, with S-cones having the highest density in

the ventral retina and M-cones residing predominantly in the dorsal retina

(Röhlich et al. 1994, Applebury et al. 2000), while some photoreceptors at

the intersection co-express both opsins (Szel et al. 1994). An increasing

amount of evidence suggests that diffusible factors and their corresponding

nuclear receptors account for the double opsin gradient.

Retinoic acid and derivatives are likely candidates for establishing the

S-cone gradient, as they were found to influence photoreceptor differen-

tiation in vitro (Hyatt and Dowling 1997, Osakada et al. 2008). How-

ever, no compelling in vivo evidence supporting a role in opsin patterning

has surfaced thus far. The nuclear receptors retinoid-related (x) receptor

gamma (Rxrγ) and thyroid hormone receptor beta 2 (Trβ2) were found
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to be of importance for suppression of the S-cone fate. Inactivation of

Rxrγ in mice obliterates the S-cone gradient and S-opsins are expressed in

all cones, whilst the M-cone gradient was unaltered (Roberts et al. 2005).

Rxrs have the capability to heterodimerise with a variety of other nuclear

receptors; most notably Trβ2 (Szanto et al. 2004), which was shown to in-

hibit Crx-mediated S-opsin expression upon exposure to thyroid hormone

in transient transfection experiments (Yanagi et al. 2002) and in explants

cultures (Roberts et al. 2006).

Contrary to the inhibition of S-cone fate by Rxrγ and Trβ2, retinoid-

related orphan receptor beta (Rorβ) synergises with Crx to activate S-

opsin expression based on in vitro evidence (Srinivas et al. 2006). The

active facilitation of S-opsin expression by Rorβ challenges the widespread

hypothesis that photoreceptors choose the S-cone pathway by default.

Inactivation of the Rorb gene in mice shows a more wide-spread in-

volvement of Rorβ in PR development. All PRs in the Rorb-null mouse

are transformed in S-cone like cells lacking outer segments, with delayed

S-opsin expression and progressive photoreceptor degeneration (Srinivas

et al. 2006, Jia et al. 2009). Nrl, Nr2e3 and rod transcripts are absent

from the Rorb–/– retina, indicating a function in very early rod develop-

ment (Jia et al. 2009).

A likely diffusible factor influencing the M-cone gradient is thyroid hor-

mone. Thyroxine (T4) and triiodothyronine (T3) are synthesised in the

thyroid gland and distributed to the tissues by the blood circulation, where

local metabolism converts T4 to the more potent T3 by de-iodination.

During M-cone differentiation thyroid hormone is seen in a gradient cor-

responding to the eventual M-cone gradient (Roberts et al. 2006). The

expression of one of its receptors, TRβ2, peaks with the beginning of cone

differentiation (or the end of cone birthing) at E18 in the mouse (Yanagi

et al. 2002), albeit uniformly across the whole retina (Roberts et al. 2005;

2006). Besides suppressing S-opsin expression, thyroid hormone promoted

M-opsin transcription in vitro and in retinal explants cultures, an effect

that was not witnessed in Trb knockout mice (Yanagi et al. 2002, Roberts
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et al. 2006). Additionally, injections of thyroid hormone into neonatal pups

(P0) significantly decreased the numbers of S-cones in wildtype but not Trb

knockout mice (Roberts et al. 2006). Indeed, targeted deletion of the Trb

gene forced all cones to an S-cone fate and abrogated the S-cone gradient

(Ng et al. 2001). Roberts et al. (2006) hypothesise that a TRβ2:RxRγ het-

erodimer communicates the S-opsin inhibiting capabilities and exposure to

thyroid hormone causes dissociation of the complex for M-opsin activation

through TRβ2 homodimers.

Although thyroid hormones are critical for the decision between the S-

and M-cone fates, the dosage has to be tightly regulated in order to ensure

young cone survival. The immature retina therefore expresses a type 3

deiodinase (Dio3) converting T3 to less active forms. Knock-out of Dio3

as well as exposure to increased T3 levels leads to early postnatal cone

apoptosis mediated by Trβ2 (Ng et al. 2010).

1.5 Photoreceptor function

The information found is this section is reviewed by Koch et al. (2002),

Kolb (2003), Lamb and Pugh (2006), Lamb et al. (2007), Wang and Kefalov

(2011), Kolb et al. (1994-2011), Hendrickson and Provis (2006).

Mammalian and most vertebrate photoreceptors contain a modified cil-

ium (9+0 microtubule organisation) connected to a large area of mem-

branes that contain a high concentration of photopigments (ca. 25000

molecular µm–2). Rhodopsin and cone opsins are seven-trans-membrane

or G-protein coupled receptors (7TM, GPCR) consisting of the apo-opsin

and the chromophore 11-cis retinaldehyde (RAL). RAL is covalently bound

by a Schiff-base between the aldehyde and a conserved lysine residue (R1-

CH=N-R2) and acts as an antagonist to receptor activation in the dark.

Isomerisation of 11-cis RAL into all-trans RAL by light absorption causes

several conformational changes in the opsin including several unstable in-

termediate stages, shifting it to its activated from (Meta II). This pro-

cess happens very rapidly within approximately 1 ms. The conformational
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changes expose the Schiff-base to water, making it susceptible to hydrolo-

ysis. Thus Meta II can directly decay to apo-opsin or decay to the inactive

form Meta III and later release all-trans RAL. The decay of the Meta II

to Meta III form of rhodopsin is significantly slower than the respective

decay in cone opsins (minutes versus seconds, respsectively).

1.5.1 Phototransduction

In dark-adapted photoreceptor outer segments, high cyclic GMP (cGMP)

levels lead to the opening of plasma-membrane cyclic nucleotide-gated

cation channels (CNGC) and the influx of predominantly Na+, some Ca2+

and little Mg2+. Only an estimated 1 % of the CNGCs are opened by the

cGMP concentration present in the dark-adapted photoreceptor. Unlike

most neurons, photoreceptors do not transmit action potentials and glu-

tamate is released consequential to the dark-adapted depolarisation of the

membrane potential.

The equilibrium of cGMP and Ca2+ influx is maintained by the pro-

duction of cGMP through guanylate cyclases (GC) and the hydrolysis by

residual activity of inactive phosphodiesterases (PDE). At low free intra-

cellular Ca2+ concentrations, GC activity increases in the presence of GC

activating proteins (GCAP), while high free intracellular Ca2+ quenches

its activity. Several cation exchangers and pumps in the outer and inner

segment maintain a constant circulations of cations (in through the outer

segment, out through the inner segment), the dark-current.

At the start of phototransduction, the Meta II form of opsins acts as a

nucleotide exchange factor (NEF) for the heterotrimeric G-protein trans-

ducin (Gt). The activated Gα-GTP subunit (G*) stimulates PDE (PDE*)

by displacing the PDEγ from the catalytic PDEαβ complex. The increased

cGMP hydrolysis causes more CNGCs to close, the membrane potential

hyperpolarises due to the drop in cation influx and the consequential re-

duction in glutamate release is interpreted by bipolar and horizontal cells.

The signal passed through the phototransduction cascade is strongly

amplified, as Meta II interacts with hundreds of Gts. While Gα interacts
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with PDE in a 1:1 ratio, the phosphodiesterase catalyses the hydrolysis of

cGMP close to the rate limited by aqueous diffusion. In order to prevent

over-stimulation of the pathway and ready the photoreceptor for further

excitation, all active constituents of the pathway (Meta II, G*, PDE*) need

to be deactivated.

Meta II’s C-terminus is phosphorylated by pigment kinases3, inhibit-

ing most of its NEF activity. Phosphorylation of Meta II is regulated

by the calcium-binding protein recoverin. At high Ca2+ concentrations

(dark-adapted) recoverin is associated with the pigment kinases, barring

interactions with opsins. With the drop in free intracellular [Ca2+] asso-

ciated with phototransduction, Recoverin’s interaction with the pigment

kinase are weakened and phosphorylation ensues. Phosphorylated Meta II

is subsequently capped through arrestin4 binding, completely quenching

all NEF activity. The opsin then passes through its usual decay stages and

is regenerated by 11-cis RAL binding.

As all G-proteins, transducin’s Gα is a GTPase with low intrinsic activity

and becomes inactive once GTP is hydrolysed to GDP. This activity is

stimulated by a GTPase activating protein (GAP) complex, consisting of

a membrane anchor protein (R9AP), a Gβ5 subunit and the actual GAP—

RGS9-1 (regulator of G-protein signalling family). Inactivated Gα-GDP

then detaches from PDE to re-associate with the βγ-subunit, whilst the

catalytic activity of PDE*
αβ is quenched by its γ-subunit.

1.5.2 Differences in rod and cone photoreceptor function

Rod and cone photoreceptors carry out very distinct functions in visual be-

haviour. Intriguingly, the properties of rhodopsin and cone opsins are very

similar. Quantum efficiency—the probability to initiate phototransduction

upon photon absorption—and extinction coefficients are virtually identi-

3In mice, rhodopsin kinase (Grk1) is expressed in both rods and cones. In humans,
cones additionally express a cone pigment kinase (Grk7). Other species have separate
pigment kinases for each photoreceptor subtype (Weiss et al. 2001).

4In mice, both rod and cone arrestin are expressed in cone photoreceptors.
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cal. The pigment concentration in cones and rods is comparable, yet cones

regenerate significantly faster from bleaching to allow rapid bright light

responses. On the other hand, mostly rods provide the high sensitivity

required for dim-light conditions.

Most components of the photo-transduction cascade exist in similar ra-

tios in rods and cones (opsin/transducin/PDE = 100/10/1). One notable

exception is the GAP complex, which is found at much higher concentra-

tion in cones. Crucially, G*- PDE* decay is thought to be the rate limiting

step in (rod) recovery thus likely contributing to the faster response kinet-

ics of cone photoreceptors. In addition, cone opsins decay faster from the

active Meta II to the inactive Meta III stage and a higher concentration of

pigment kinases ensure rapid phosphorylation and capping by arrestin.

After release of the apo-opsin protein, another 11-cis RAL molecule re-

generates the receptor’s signalling capabilities. Rod and cone photore-

ceptors both draw the chromophore from the RPE visual cycle. Briefly,

‘expended’ all-trans RAL is reduced to all-trans retinol (ROL) and trans-

ported from the outer segment to the RPE, where it is isomerised, oxidised

and transported back to the outer segment as 11-cis RAL. However, in

explant cultures, removal of the RPE could only prohibit the regeneration

of bleached rods, while bleached cones still recovered. Especially in rod-

rich retinae, it is also unlikely that cones obtain enough chromophore for

fast recovery by the RPE visual cycle, as they are strongly outnumbered

by rods, further away from the RPE and cone opsins initially bind 11-cis

RAL less strongly than rod opsin. Thus, a second retina visual cycle was

found to provide cones with 11-cis ROL through Müller glia. Although the

mechanisms are not completely unravelled, this cycle is hypothesised to be

cone-specific, as (i) 11-cis retinol dehydrogenase (RDH) activity was found

exclusively in cones, while rods lack this activity, and (ii) chromophore

transport between inner segments—the furthest point of contact between

photoreceptors and Müller glia—and outer segments only happens freely

in cones (figure 1.6).

These differences in the biochemical makeup of photoreceptors explain
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some of the kinetic differences in cone and rods during phototranduction.

Signal integration by the retinal circuitry delivers another important aspect

of photoreceptor function (figure 1.1, blue cone pathway vs. red rod).

Cone photoreceptors signal to a variety of ON- or OFF-bipolar cells in

the INL, expressing either inhibitory (ON) or excitatory glutamate recep-

tors (OFF). ON- and OFF-bipolar cells in turn connect to their respective

retinal ganglion cells. Horizontal cells connect to many cone photoreceptors

and feed information back either to bipolar cells or cone photoreceptors,

providing a broad centre surround signal to the relatively narrow field of

the bipolar cell. This combination of the ON- and OFF-pathways and a

centre surround signal allows the retina to pre-process visual contrast infor-

mation. Two predominant ganglion cell species are defined as ON-centre

and OFF-centre, depending on whether the neuron responds to a signal in

the centre of its dendritic network or the periphery. Further processing is

added by a whole array of amacrine cells.

The evolutionarily younger rod pathway signals exclusively through a

single type of ON-rod bipolar cells. However, unlike cone bipolar cells, rod

bipolar cells do not interact directly with ganglion cells, but connect to

amacrine cells. Most critical to dim-light vision are the GABAergic AII

and A17 amacrine cells. The small-field AII cells transmit information

from approximately 30 rod bipolar cells onto ON and OFF cone pathways

(bipolar and ganglion cells), while A17 amacrine cells collect signals from

thousands of rod bipolar cells, amplifying and modulating AII signalling.

This highly-convergent system provides very sensitive yet noisier vision in

dim-light conditions.

In addition, several chemical messengers, such as nitric oxide, peptides

and neurotransmitters, are believed to accommodate the light adaptation

response of the retina, by affecting interaction between cells, such as the

gap-junctions between horizontal cells or uncoupling AII amacrine cells

from ganglion cells to suppress the rod response in bright light.
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Macula lutea

The macula lutea was first described as a ‘Gelber Fleck’ (German for yellow

spot) near the optic nerve head of the human retina by von Soemmerring in

1791. The faint yellow colour of the area, approximately 5 mm in diameter,

is caused by the presence of lutein and zeaxathin, two common carotenoids

of the retina. Within the centre of the macula lies the fovea (Latin for pit,

figure 1.7), which is packed with cone photoreceptors and displays unusual

lamination morphology. The cell bodies of the INL and GCL are displaced

centrifugally around the central 1 mm of the fovea centralis, causing the for-

mation of a pit surrounded by the bulged-up rim of displaced cells. Blood

vessels are absent from the pit floor (foveal avascular zone) and the ONL

becomes quasi exposed to the vitreous. In addition, photoreceptors are

centripetally displaced (packed) towards the fovea leading to the highest

density of photoreceptors in the macula (more than 200,000 mm−2 in the

fovea centralis). In humans, the highest density of rod photoreceptors is

found in the most peripheral 1.5 mm of the macula (perifovea) and the

density of rods drops strongly over the next 0.5 mm (parafovea). No rod

photoreceptors are found within the centre 300 µm and S-cones are sparse

within the central 100 µm.

Cone photoreceptors of the pit are angled towards the centre and long

axons reach towards the laterally displaced pedicles, while inner segments

are elongated to allow radial orientation of the outer segments. Unlike

peripheral cones, foveal cones synapse onto midget circuits consisting of

two bipolar and two retinal ganglion cells only (ON and OFF pathway),

for the highest spatial resolution.

1.6 Retinal degeneration and cell-based therapy

Photoreceptors are amongst the most metabolically active tissues consum-

ing large amounts of nutrients, whilst being exposed to the consequential

oxidative stress and waste products. During normal function, PRs also

continuously shed outer segments as part of the retinal cycle to regener-
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Figure 1.7 Structure of the fovea centralis, as seen in the primate retina. Cells of the INL
and GCL are displaced centrifugally to expose the foveal pit, which is also devoid of blood
vessels usually found through the INL and GCL. Henle fibres are composed of Müller cell
processes and elongated cone axons reaching towards the displaced inner nuclear neurons.
The underlying micrograph is taken from Hageman and Johnson (1991). RPE - retinal
pigmented epithelium, ISL - inner segment layer, OSL - outer segment layer, ONL - outer
nuclear layer, OPL - outer plexiform layer, INL - inner nuclear layer, IPL - inner plexiform
layer, GCL - ganglion cell layer.
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ate their light sensing abilities and close contact with the RPE is essential

(Wang and Kefalov 2011). Disturbance of this balanced system of nutri-

ent supply, waste removal and intimate contact to the RPE, as well as

structural support of the fragile outer segments can lead to photoreceptor

degeneration and irreversible loss of vision (Bessant et al. 2001).

In the developed world, age-related and inherited retinal degenerations

are the main causes of untreatable blindness. The classical system broadly

categorised inherited degenerations into two groups depending on whether

mainly central vision and macula/fovea (cones) or the periphery (rods)

is affected. Mutations are not only found in crucial genes of photorecep-

tors, but also in different cells, such as the RPE. The genetic heterogene-

ity prompted Bessant et al. (2001) to suggest a classification system that

categorises inherited retinal dystrophies by molecular genetics (e.g. pho-

totransduction, retinalaldehyde metabolism, transcription factors, etc.).

It is thought that different genetic mutations trigger identical or similar

cell death mechanisms in photoreceptors (reviewed by Sancho-Pelluz et al.

2008, Marigo 2007, Reme et al. 1998). Interestingly, classical apoptosis,

which requires energy, transcription and protein synthesis and relies on

the actions of caspase-4, as well as P53, is not necessarily the main mech-

anism of cell death in the majority of retinal degenerations. Often, stress

responses by the endoplasmatic reticulum, intracellular calcium concen-

tration, the balance of cyclic nucleotides (cGMP, cAMP and downstream

effectors such as PKA and CREB) and mitochondrial responses form a

complex network of factors that eventually lead to death of photorecep-

tors. This is thought to happen by necrosis-like cell death mechanisms

orchestrated by the actions of calpain proteases and apoptosis inducting

factor (AIF). During the process cells may become energy depleted, suf-

fer from increased oxidative stress and display deregulated DNA repair

(Sancho-Pelluz et al. 2008, Marigo 2007, Reme et al. 1998).

Inherited retinal dystrophies affect as many as 1 in 3000 births and

the most common form is retinitis pigmentosa (RP) (Bessant et al. 2001).

Though there are a variable range of symptoms to RP, a hallmark feature is
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night-blindness due to the loss of rod photoreceptors that may involve sub-

stantial loss of peripheral vision. More than 50 single disease genes have

been identified for RP (RetNet, http://www.sph.uth.tmc.edu/Retnet/)5,

most of which are rod-specific genes, yet some RP genes are ubiquitously

expressed. Importantly, it is the delayed wave of cone death that leads to

the most rapid deterioration of visual acuity and legal blindness. This may

be because the massive rod loss in RP leaves cones in a more aggressive en-

vironment. Possible mechanisms for this mutation-independent secondary

cell death include, the increase of oxidative stress, as oxygen consumption

levels drop (Yu et al. 2000, Shen et al. 2005, Wellard et al. 2005); the

loss of trophic factors (Leveillard et al. 2004, Lorentz et al. 2006), struc-

tural support (Sahel et al. 2001), RPE contact and starvation (Punzo et al.

2009).

Other inherited dystrophies affect cones more than rods, although the

mutations are not necessarily cone-specific. For example, mutations in the

VDM2 gene encoding the bestrophin protein, a chloride channel expressed

in the RPE thought to play a function in waste removal, lead to Best

disease, which is manifested by a macular dystrophy. It is thought that

differences in the structure of Bruch’s membrane and the RPE lead to the

disease primarily affecting the macula.

The most severe form of retinal dystrophy, Leber Congential Amauro-

sis (LCA), causes infantile blindness and flat electroretinogramm (ERG)

waveforms describe the absence of cone and rod function. Some of the

most common LCA mutations—and of importance in chapter 4 of this

thesis—include GUCY2D, a retinal guanylate cyclase involved in photo-

transduction, CRB1, an adhesions junction protein of importance for struc-

tural support in the outer limiting membrane of the retina and CRX (more

LCA genes are listed in table 1.2).

More common than inherited retinal degneration is age-related macular

degeneration (AMD) with a prevalence of over 10 % in the population

above the age of 80 in the USA (Friedman et al. 2004). A characteristic sign

5More than 100 mutations are known for rhodopsin.
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Gene Protein function in photoreceptors 
AIPL1 Chaperone, nuclear export 
CABP4 Synaptic terminal, voltage-gated Ca2+ channel modulation 
CEP290 Connecting cilium, 20% of LCA 
CRB1 OLM, 9-13% of LCA 
CRX Transcription factor, 1-3% of LCA 
GUCY2D Cyclic nucleotide metabolism 
IQCB1 Cyclic nucleotide metabolism 
KCNJ13 Potassium channel, membrane potential 
LCA5 Connecting cilium 
LRAT Retinol metabolism, visual cycle (expressed in in RPE) 
OTX2 Transcription factor 
RD3 Unknown  
RDH12 Retinol metabolism, visual cycle, 4% of LCA 
RPE65 Retinol metabolism, visual cycle, 16% of LCA 
RPGRIP1 Cyclic nucleotide metabolism 
SPATA7 Unknown 
TULP1 Connecting cilium, opsin transport from IS to OS 

Table 1.2 Currently known human genes associated with Leber Congenital Amaurosis
according to RetNet (http://www.sph.uth.tmc.edu/Retnet/sum-dis.htm#B-diseases, ac-
cessed 09/2011).

of the disease is the deposit of lipids—drusen—in the Bruch’s membrane

underlying the RPE. Whether drusen are a cause of AMD or one of the

symptoms remains to be determined and diagnosis mainly relies on the

drop in visual acuity. The disease can progress by further accumulation of

drusen (dry AMD), or intrusion of fluid leading to detachment of the RPE

or neural retina (wet AMD). Photoreceptor loss is caused by the disruption

of their intimate contact with the RPE.

Current treatment for most retinal degenerations may at best slow or

halt the disease. Injections of vascular endothelial growth factor (VEGF)

inhibitors have been shown effective in delaying the progression of wet

AMD by blocking angiogenesis and first clinical safety trials for gene ther-

apy of a form of LCA are promising (Bainbridge et al. 2008, Hauswirth

et al. 2008, Maguire et al. 2008). However, lost visual function through

photoreceptor loss cannot be reclaimed and it has been a long-standing

goal of several laboratories to identify the correct cell or tissue type that

would give rise to photoreceptors after transplantation into the (diseased)

retina.

When immature retinal sheets were placed between RPE and degen-
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erating retinae, new photoreceptors would form in the recipient, and in

some cases connectivity could be traced to the superior colliculus in the

rat brain upon stimulation (Seiler and Aramant 2005). However, as the

sheet consisted of various immature cell types and retinal progenitors, it

gave rise to a second INL and IPL (Seiler et al. 2010). The appearance of

a sheet between the host ONL and the host RPE, led the deterioration of

the host ONL (Seiler and Aramant 2005) and it remains to be determined

whether the principal photoreceptor–bipolar cell–(amacrine cell)–ganglion

cell circuitry can be established with the doubled INL.

Brain-derived neural stem cells (NSC) are readily propagated in vitro

(Temple 1989, Reynolds and Weiss 1992), making them a good donor re-

source. As part of the CNS, the neural retina also derives from the neu-

roectoderm (Chow and Lang 2001) and numerous studies investigated the

transplantation of NSC into the NR. Integration into the adult retina was

ineffective and attributed to an inhibitive environment. Upon transplan-

tation into the developing retina, cells were found throughout the retina,

however, whilst respecting the retinal architecture (cell bodies end up in

the nuclear layers), no mature retinal markers were found (including Taka-

hashi et al. 1998, Hoffelen et al. 2003, Sakaguchi et al. 2004).

It was concluded that the brain lineage of NSCs prohibited the specifica-

tion to retinal neurons and consequently, retinal progenitor cells, bearing

the correct intrinsic molecular make-up, were tested. Unfortunately, the

data presented from two such studies either showed little morphological

evidence of proper integration or lacked appropriate controls in order to

properly assess the transplantation success, as only degenerating retinae

were targeted (Klassen et al. 2004, Qiu et al. 2005).

Despite the limited success in forming functional photoreceptors of pre-

vious studies these reports demonstrated cell survival in the retina and

pioneered various techniques of cell delivery. In particular, the injection of

a single cell solution into the subretinal space proved effective in deliver-

ing cells to a large area (Takahashi et al. 1998). Contrary to retinal sheet

transplants, this technique did not lead to the complete degeneration of the
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targeted ONL, making grafting of single cell solutions a better approach to

treat intermediate stages of retinal degenerations. More so, as photorecep-

tors represent primary sensory neurons without a complex dendritic input

network and a grafted photoreceptor, once in the correct position, requires

only a single synaptic connection to reconstruct the sensory pathway.

Taking developmental age of the donor material into account, this group

and our collaborators tested cells at several stages of retinogenesis for their

potential use in transplantation (MacLaren et al. 2006). Whole developing

retinae of a ubiquitous GFP-reporter line (chicken beta actin, CbaGFP)

were dissociated and the single cell suspension injected into the subreti-

nal space between retinal pigmented epithelium and neural retina of adult

wild-type mice. Early postnatal cells integrated most efficiently into the

adult retina and matured into rod photoreceptors, which improved some

visual function in the rhodopsin knockout mouse model of retinal degener-

ation. Mature (adult) or very immature cells (E11.5) did not display this

behaviour, indicating differences in either migratory properties or differen-

tiation potential.

As early post-natal retinal cells are primarily fated immature rod pho-

toreceptors (Carter-Dawson and LaVail 1979b, Young 1985a), it was hy-

pothesised that this ontogenetic stage in photoreceptor development is

most suitable for transplantation. Utilising another GFP-reporter line

(Neural retinal leucine zipper protein, NrlGFP, Akimoto et al. 2006), la-

belling rod photoreceptors shortly after terminal mitosis, this hypothesis

was confirmed, as flow-sorted post-mitotic rod-pathway committed precur-

sors integrated most efficiently after transplantation.

These fundamental experiments proved that the adult non-neurogenic

retina is a permissive recipient environment for photoreceptor transplan-

tation and that transplantation has the potential for regeneration of vi-

sion. The study also unveiled that the success of transplantation is closely

tied to the correct ontogenetic stage of the donor cell—a post-mitotic and

therefore committed photoreceptor precursor, contrary to the earlier ex-

periments with stem and progenitor cells.
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1.7 Aims

Current city life ensures a well-lit environment at all times and people

suffering from night-blindness are only marginally restricted in their way

of living. Although the majority of human photoreceptors are rods (95 %),

colour and central high acuity vision relies heavily on cone photoreceptors

in the fovea. As discussed, cones are amongst the earliest born retinal

neurons and differ in their molecular make-up, morphology and function

from rods. It is therefore essential to investigate the transplantation of

cone photoreceptors working towards retinal cell replacement therapy.

Thus, the aims of this thesis are as follows.

• To test whether transplantation of Crx-expressing photoreceptor pre-

cursors generates new cones.

• To test whether adult ciliary epithelial cells could be used to generate

photoreceptor precursors for transplantation.

• To develop molecular markers to isolate and label developing and

mature cone photoreceptors.
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2.1 Animals and breeding

All mice were kept in University College London animal facilities and ex-

periments were carried out in accordance with the Animals Scientific Proce-

dures Act 1986 and the ‘Statement for the Use of Animals in Ophthalmic

and Vision Research’ set by the Association for Research in Vision and

Ophthalmology.

For timed matings, light-cycle synchronised animals were boxed together

over-night. The following morning, the animals were separated and females

checked for vaginal plugs. Copulation was assumed around midnight (Het-

herington et al. 2000) and the day of plug discovery counted as embryonic

day (E) 0.5 of mouse development.

Adult mice were culled using a carbon dioxide and/or cervical disloca-

tion (schedule 1). Eye-lids were opened with a scalpel in pups younger than

14 days and eyes enucleated with curved forceps. For embryonic material,

pregnant mothers were sacrificed on the given day of development and em-

bryos were removed with the uterus into sterile chilled isotonic phosphate

buffered saline (PBS). Embryos were later removed from the uterus by

micro-dissection (Zeiss Stemi SV-6) and treated as required.

2.1.1 Mouse strains

The CrxGFPAP transgenic mouse strain (called CrxGFP throughout this

thesis) was obtained as a kind gift from C. Cepko’s laboratory (http:

//jaxmice.jax.org/strain/007066.html) (Samson et al. 2009). Initially hem-

izygous, the line was later maintained as a homozygous line. Homozygous

animals were confirmed by at least two litters of GFP-positive pups with
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wildtype mates. No apparent transgene-caused developmental defects or

disease manifested during approximately twenty homozygous generations.

Genotyping was carried out by polymerase chain reaction specific for the

GFP transgene.

The following lines were also maintained as homozygous colonies:

• NrlGFP (Akimoto et al. 2006)

• Gucy2e–/– (Yang et al. 1999)

• Crb1rd8/rd8 (Mehalow et al. 2003)

• Chx10orJ/orJ (Burmeister et al. 1996)

2.2 Dissociation of retinal cells, isolation of
GFP-postive cells by FACS and
transplantations

The neural retinae of a range of developing CrxGFP eyes (E13.5, E14.5,

E15.5, E16.5, E17,5, P2 and P3) were isolated by micro-dissection and

dissociated into a single cell suspension by papain treatment according to

the manufacturer’s instructions (Worthington Biochemical). Briefly, the

equivalent tissue mass of approximately 2-3 adult retinae were digested in

500 µl papain solution for 45 min at 37 ◦C with occasional agitation. The

digest was then filtered through a 70 µm cell strainer and cells pelleted at

300 x g for 5 min at room temperature. The cell pellet was re-suspended

in 300 µl of diluted albumin-ovomucoid DNAse solution to inhibit diges-

tion and layered on top of 1 ml undiluted ovomucoid solution. Cells were

collected by centrifugation at 70 x g for 5 min at room temperature and

re-suspended in DMEM-F12 (Invitrogen) medium. For optimal cell sorting

efficiency, the cell concentration was determined with a Haemocytometer

and the suspension diluted to 20-40 million cells per ml where possible.

Depending on the respective time in development up to 60 developing eyes

were dissected and dissociated in this way.
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Following dissociation, the CrxGFP cell population was isolated by

fluorescence-activated cells sorting (FACS, Beckman Coulter MoFloTM

XPD, 70 µm nozzle). FACS-gates for each time-point were adjusted with

a respective wildtype control retinal cell suspension. The sorted cells were

collected in 50% FBS in DMEM-F12 (Invitrogen) and concentrated to

200,000 cells per microlitre by centrifugation (100 x g, 10 min) prior to

transplantation. Live-counts were determined by trypan blue staining.

Adult C57Bl/6J (defined as 6-8 weeks) or other strain recipient mice were

anaesthetised with an intraperitoneal injection of 0.15 ml of a mixture of

Domitor (1 mg/ml (medetomidine hydrochloride, Pfizer Pharmaceuticals,

Kent UK), ketamine (100 mg/ ml, Fort Dodge Animal Health, Southamp-

ton, UK) and sterile water mixed in the ratio 5:3:42. The pupils of all

animals were dilated using topical 1 % tropicamide and 2.5 % phenyle-

phrine (Chauvin Pharmaceuticals, Essex. UK).

Surgery was performed with the aid of an operating microscope. Eyes

were prolapsed and the fundi visualised using a contact lens system con-

sisting of a drop of a coupling medium solution on the cornea (Viscotears,

Novartis Pharmaceuticals, Frimley, UK) covered with a glass microscope

slide coverslip.

To reduce intra-ocular pressure, the tip of a 10 mm 34-guage needle,

mounted on a 5 µl Hamilton syringe (Hamilton Bonaduz AG, Bonaduz.

Switzerland) was used to puncture the inferior sclera and retina. Another

puncture was introduced between limbus and posterior cornea through to

the anterior chamber.

The needle was then loaded with 1 µl of cell suspension (200,000 CrxGFP

cells) and inserted through the superior equatorial sclera. The needle was

guided through the subretinal space under direct visualisation tangentially

towards the posterior pole, creating a self-sealing sclerotomy.

The cell suspension was slowly injected to produce a bulbous retinal

detachment around the injection site. In order to avoid reflux, the needle

remained in place until the pressure equalised, visible by blood vessel re-

inflation.
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After the procedure, anaesthesia was reversed using 0.15 ml of Antisedan

(atipamezole hydrochloride 0.10 mg/ml, Pfizer, Kent UK). Unless stated

differently, recipient mice were sacrificed three weeks after surgery and

their eyes treated for analysis.

2.3 Histology and Immunohistochemistry

The cornea, iris and lens were removed from adult eyes prior to fixation.

Eyes or embryos were fixed in 4 % (w/v) phosphate-buffered formalde-

hyde solution at 4 ◦C for 15 to 60 min1, washed several times with cool

phosphate-buffered saline (PBS, isotonic, pH 7.3, Oxoid, UK) and equi-

librated in 30 % (w/v) sucrose solution for cryo-protection at 4 ◦C for

1-2 hours, or until the tissue sank to the bottom of the vessel. To en-

sure close contact between embedding agent and tissue, the material was

briefly incubated in OCT-compound (RA Lamb) prior to freezing in a dry

ice-isopentane slurry. Whole frozen specimens were stored at -80 ◦C until

further processing.

Sections were cut on a cryostat (Leica CM1900 UV) to 14-20 µm thick-

ness and collected onto SuperfrostTM plus glass slides (VWR)2. Slides for

immediate use were stored at -20 ◦C, while slides for long-term storage were

kept at -80 ◦C. The tissue was briefly air-dried on the laboratory bench

(45 min) and OCT-compound was removed by a 10-20 min wash-step in

37 ◦C PBS. Retinal sections were encircled with a hydrophobic marker pen

and then incubated in a PBS-based blocking solution (BLS) containing

10 % (v/v) fetal bovine serum, 1 % (w/v) bovine serum albumin (BSA)

with 0.1 % (v/v) Triton X-100 for at least one hour at room tempera-

ture preceding the primary antibody incubation (table 2.1). After several

brief washes with PBS, sections were incubated with the corresponding sec-

ondary antibody dilution in BLS at room temperature for 45 min to one

hour (table 2.2)3. A 1:2000 to 1:5000 dilution of the nuclear dye Hoechst

1Eyes for transplantation analysis were only fixed for 15 min.
2Sections of transplantation specimens were collected onto alternating glass slides
3Where applicable, sections were washed again in PBS and further incubated with an
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33342 (Sigma-Aldrich) was applied in PBS for 10 min at room temperature,

followed by several PBS washes prior to cover-slipping with the mountant

Citifluor AF-1 (Electron Microscopy Science).

2.4 Post-transplantation BrdU-labelling of
transplanted photoreceptor precursors

Recipient mice received daily intra-peritoneal injections of bromodeoxyuri-

dine (BrdU, Sigma, 100 ng/g body weight) immediately following the trans-

plantation for the next 7 days. Eyes were embedded and sectioned as

described above.

For immunohistochemistry, sections were briefly rinsed with water prior

to incubation in 2 M HCl for 30 min at 37 ◦C, 0.1 M Na-Borate for 10

mins at room temperature and washes in PBS. Sections were blocked in

Tris buffered saline (TBS) containing 2 % (v/v) normal goat serum and 1 %

(w/v) BSA. Primary antibody incubation took place over-night at 4 ◦C (rat

anti-BrdU, 1:100). After several PBS washes, sections were incubated with

secondary antibody (goat anti-rat AlexFluor594, 1:500) for 1 hour at room

temperature. Subsequently, sections were counter-stained with Hoechst

33342 (1:2000, 10min, room temperature), washed and cover-slipped.

2.5 BrdU-pulse chase labelling and
immunohistochemistry

Pregnant CrxGFP mice received a single intra-peritoneal dose of BrdU

(0.1 ml/10 g body weight, Sigma, 00-0103) at embryonic day 14 of gesta-

tion. Embryos or pups were euthanised at E15.5, P0 and P21. Embryonic

heads or post-natal eyes were fixed in 4 % formaldehyde for 15 min and

embedded as described above.

AlexaFluor488-conjugated anti-GFP antibody before nuclear staining (Invitrogen,
A21311) to increase the GFP-signal (1:300, 45 min to 1 hour at room temperature
or 1:500, overnight at 4 ◦C).
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 noituliD seicepS ydobitnA yramirP
Incubation 
conditions 

Bassoon (Stressgen, Cambridge 
Bioscience, VAM-PS003F) 

Mouse, monoclonal 1:250 O/N, 4 °C 

BrdU, BU1/75 (ICR1) (Abcam, ab6326)1 Rat, monoclonal 1:200 
1 h, RT 
or O/N, 4 °C 

Chx10 (Millipore, ab9016) Sheep, polyclonal 1:1000 O/N, 4 °C 

Cone arrestin, Arr3 (Millipore, ab15282) Rabbit, polyclonal 1:50,000 
1 h, RT 
or O/N, 4 °C 

Dystrophin (Leica Microsystems) Mouse, monoclonal 1:20 O/N, 4 °C 

GFP AlexaFluor488 (Invitrogen)2 Rabbit, polyclonal 
1:300 
or 1:500 

1 h, RT 
or O/N, 4 °C 

Gucy2e/RetGC1, IS4 hybridoma cell culture 
supernatant (kind gift of C. Palczewski) 

Mouse, monoclonal 1:100 O/N, 4 °C 

M-opsin (Millipore, ab5405) Rabbit, polyclonal 1:2000 O/N, 4 °C 
Peanut agglutinin-AlexaFluor594 
(Invitrogen)3 

Arachis hypogaea 1:20 15 min, RT 

Phosducin (kind gift of V. Arshavsky) Sheep, serum 
1:1000 
-1:2000 

O/N, 4 °C 

Phospho-histone 3 (Millipore, 05-570) Rabbit, polyclonal 1:1000 O/N, 4 °C 
PKAalpha (Amersham Life Science, 
RPN536) 

Mouse, polyclonal 1:1000 O/N, 4 °C 

Recoverin (Millipore, ab5585) Rabbit, polyclonal 
1:50,000 
-1:100,00 

1 h, RT 
or O/N, 4 °C 

Rxrg (Abcam, ab15518) Rabbit, polyclonal 1:300 
45 min-1 h, RT 
or O/N, 4 °C 

S-opsin (Millipore, ab5407) Rabbit, polyclonal 1:2000 O/N, 4 °C 

Table 2.1 Primary antibodies and reaction conditions used for immunohistochemistry on
frozen sections. 1Immnohistochemistry for BrdU requires a denaturation step. 2The anti-
GFP antibody was used to boost the GFP signal; the antibody was always applied after
any antirabbit secondary antibody incubation, to prevent cross-talk between the red and
green channel 3Peanut agglutinin is a lectin, not an antibody, and is directly conjugated to
a fluorophore - O/N, over-night.
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 noituliD seicepS ydobitnA yradnoceS
Incubation 
conditions 

Anti-mouse AlexaFluor594 (Invitrogen, A11032) Goat 

1:500 
45 min 
– 1 h, RT 

Anti-rabbit AlexaFluor488 (Invitrogen, A-11008) Goat 
Anti-rabbit AlexaFluor594 (Invitrogen, A-11037) Goat 
Anti-rabbit AlexaFluor647 (Invitrogen, A-21245) Goat 
Anti-rabbit Cy5 (Jackson ImmunoResearch, 111-175-144) Goat 
Anti-rat AlexaFluor594 (Invitrogen, A-11007) Goat 
Anti-sheep AF568 (Invitrogen, A-21099) Donkey

Table 2.2 Secondary antibodies and reaction conditions used for immunohistochemistry on
frozen sections.

Sections were cut and stained as described above with the following

modifications. The rabbit anti-Rxrγ antibody was visualised with goat

anti-rabbit AlexaFluor647, washed with PBS, and the GFP signal was

boosted by incubation with rabbit anti-GFP AlexaFluor4884. The sections

were then post-fixed with 4 % formaldehyde for 20 min5. Genomic DNA

was denatured by incubation in 2 M HCl (30 min, 37 ◦C), the medium

neutralised with 0.1 M sodium borate buffer (pH8.5, 10 min) and sections

rinsed with PBS. Subsequently, the tissue was stained with rat anti-BrdU

(1:200, 1 h or over-night at 4 ◦C) followed by anti-rat AlexaFluor594 (1:500,

45 min to 1 h). Slides were treated with Hoechst33342 (1:1000, 30 min)

and cover-slipped.

AlexaFluor647 was visualised at the confocal microscope. At time points

E15.5 and P0, BrdU/CrxGFP double positive and BrdU/CrxGFP/Rxrγ

triple positive cells were counted from confocal stacks in ImageJ (overlaying

and switching channels). The nuclear dye was utilised as a control to

address BrdU-staining to specific nuclei.

For IHC and analysis of the majority of P21 sections, the GFP staining

was omitted, resulting in the complete absence of a GFP signal, and Alex-

aFluor488 replaced AlexaFluor647. Cells were viewed and counted under

4As the endogenous GFP signal is obliterated by the denaturation step, it is critical
to stain for GFP

5This fixation step is essential to retain tissue morphology
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epifluorescence, as BrdU+ cells were more widely dispersed throughout the

retina. BrdU and BrdU/Rxrγ positive nuclei in the outer nuclear layer

were scored.

2.6 Determining photoreceptor integration

To assess the rod and cone photoreceptor integration potential of donor

cells from a range of developmental stages, every second section (half the

slide set per eye, see section 2.3) was stained for Rxrγ and GFP. The

sections were screened for GFP-positive cells in the ONL and photorecep-

tors with at least either an inner/outer segment or synapses were scored.

Typical rod photoreceptor cells displayed almost hexagonally shaped soma

with heavily condensed heterochromatin, while cones were characterised

by larger soma at the outermost edge of the ONL with multi-focal hete-

rochromatin structure (figure 1.3). Cones were also identified through an

overlapping Rxrγ signal. These numbers were doubled to extrapolate the

total amount of integrated photoreceptors per eye. The percentage of in-

tegrated cones was calculated individually per eye onto the total number

of integrated GFP+ photoreceptors to account for variations between cell

injections.

2.7 Microscopy, image acquisition and
processing

For epifluorescent analysis, retinal sections were viewed on a Zeiss Axio-

plan 2 and micrographs captured via a Jenoptik C14 digital camera (Open-

Lab, Improvision). Confocal images were acquired with a Leica TCS SP2

(LCS, Leica) and a Zeiss LSM710 (Zen2009, Zeiss) using oil and water

immersion objectives (63x and 40x). The thickness of optical sections was

set to 0.3 to 1 µm thickness. Hoechst33342 or AlexaFluor405 was excited

by illumination with a diode 405 nm laser, GFP by the 488 nm line of

an Argon laser, AlexaFluor594 by either a 561 nm diode laser, or the 594
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nm line of a HeNE laser and AlexaFluor647 by a 633 nm laser. Images

were processed in Volocity (Improvision), Zen2009 (Zeiss), Photoshop CS4

(Adobe), Illustrator CS4 (Adobe) and ImageJ (open source).

In this thesis, colour images are normally represented with cyan, ma-

genta and yellow channels (CYM), as the CMY colour gamut is closer to

the colour reproduction capabilities of commonly available printers and is

easier to view for red-green colour-blind individuals. While in red-green-

blue-merged micrographs only triple-labelled areas appear white, overlap

of two channels renders areas white in CMY merged images.

When figure plates are split over several pages, it is indicated in the

caption.

2.8 Statistical analysis

All statistical analyses, except on data from real-time PCR, were carried

out in SPSS version 16 (IBM). The following tests were employed: Spear-

man’s rank correlation coefficient (non-parametric correlation analysis),

Mann-Whitney U test (also known as Mann-Whitney-Wilcoxon test, a non-

parametric significance test) and Student’s t-test (a parametric significance

test). Real-time PCR data was analysed with Applied Bioscience’s 7500

System software.

2.8.1 Box plots

Box plots were generated by SPSS. The whiskers of the box-plot indicate

minimum and maximum sample spread not including outliers. The box-

plot’s central box embraces the middle half of the sample values around

the median indicated by a bold line within the box. Values within 5 1/2

and 3 box lengths of the box’s margin are indicated by circles (outliers),

while values further away are represented by asterisks (extremes).
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Sphere-forming medium (SFM) 
DMEM-F12 plus GlutamaxTM (Invitrogen) 
N2 supplement (1:100, Invitrogen) 
Penicillin-Streptomycin (1:100, Invitrogen) 
Epidermal growth factor (EGF, 20 ng/ml, Peprotech) 
Fibroblast growth factor-2 (FGF2, 10 ng/ml, Peprotech) 
Heparin (5 ng/ml, Peprotech) 

Table 2.3 Composition of sphere-forming medium used to generate primary spheres from
freshly dissected ciliary epithelium.

2.9 Dissection of Ciliary Epithelium (CE)

Adult eyes were placed in oxygenated Earl’s balanced salt solution (EBSS,

Invitrogen), punctured just posterior to the limbus by insertion of a gauge

25 syringe needle and hemisected using curved micro-scissors and watch-

maker forceps under a stereo-dissection microscope (Zeiss Stemi SV-6).

After removal of the lens from the anterior half, the CE was dissected free

from the remaining iris and cornea.

2.10 Sphere-forming CE cultures

CE tissue of 8 eyes was dissociated into a coarse cell suspension by papain

incubation according to the manufacturer’s instructions (Worthington Bio-

chemical) (see section 2.2).6 Following the final centrifugation step, cells

were taken up in sphere-forming medium (SFM) containing mitogens (ta-

ble 2.3) and cultured in a single well of six-multiwell plate. The medium

was partially exchanged every 1-2 days and up to 100 CE-spheres usually

arose after 4-5 days in vitro (div).

6A 80 µm cell strainer was initially used to reduce the passage of extracellular matrix
and tissue debris, but was dropped from the procedure to increase yield.
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2.11 Expansion and maintenance of CE
cultures as monolayers

After 7 div, proliferating CE-spheres were subjected to monolayer-

promoting conditions by addition of 1 % (v/v) FBS to SFM (monolayer

medium, MLM). Cells were plated onto poly-L-ornithine (PLO, Sigma,

100 µg/ml) and fibronectin (FN, Sigma, 5 µg/ml) -coated cell culture

flasks; the medium was exchanged every 2-3 days. Cells were passaged

by AccutaseTM (Sigma) incubation for up to 45 min (monolayer were sen-

sitive to trypsin), whenever the monolayers reached confluency.

2.12 Immunocytochemistry (ICC) of CE
monolayer cultures

CE monolayer cells were passaged onto PLO/FN-coated 13 mm glass cover

slips and allowed to attach over-night. Cells were drained of medium,

briefly rinsed with PBS, fixed with 4 % (w/v) formaldehyde for 10 min

at room temperature and washed with PBS (0.1 % (v/v) Triton X-100,

PBST). Subsequently, the cells were incubated in BLS (0.1 % (v/v) Triton

X-100) for one hour at room temperature, which was replaced with the

appropriate dilution of primary antibody and incubated accordingly (ta-

ble 2.4). Following several washes with PBST, the corresponding secondary

antibody was added for incubation at room temperature for one hour (ta-

ble 2.5). A 1:5000 dilution of the nuclear dye Hoechst 33342 (Sigma) was

applied for 10 min at room temperature, followed by several washes with

PBST prior to adding Citifluor AF-1 (Electron Microscopy Science) mount-

ing solution and sealing the cover slip upside-down on a glass slide with

nail polish.
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 noituliD seicepS ydobitnA yramirP
Incubation 
conditions 

Pax6 (Covance, prb-278p) Rabbit, polyclonal 1:1000 

O/N, 4 °C 

Nestin (Hybridoma Bank, rat-401) Mouse, monoclonal 1:50 
Phospho-histone H3 (Millipore, 06-570) Rabbit, polyclonal 1:1000 
Beta-3-tubulin TUJ1 (Abcam, ab14545) Mouse, monoclonal 1:1000 
Beta-3-tubulin TUJ1 (Covance, mms-435p) Mouse, monoclonal 1:1000 
Sox2 (Abcam, ab15830) Rabbit, polyclonal 1:200 

Table 2.4 Primary antibodies and incubation conditions used for immunocytochemistry on
formaldehyde-fixed cells.

noituliD seicepS ydobitnA yradnoceS
Incubation 
conditions 

Anti-mouse AlexaFluor594 (Invitrogen, A11032) 
Goat 1:200 1 h, RT 

Anti-rabbit AlexaFluor594 (Invitrogen, A11037) 

Table 2.5 Secondary antibodies and incubation conditions used for immunocytochemistry
on formaldehyde-fixed cells.

2.13 Total RNA isolation

Cells or small pieces of tissue were lysed by repeated trituration in TRI-

zol reagent (Invitrogen) and incubation at room temperature for 10 min

or until no tissue pieces remained. Lysed samples in TRIzol were either

stored at -80 ◦C or treated immediately according to the manufacturer’s

instructions. Briefly, 0.2 ml chloroform was added per 1 ml of TRIzol

reagent, the mixture vortexed vigorously, incubated on ice (5 min) and

centrifuged to obtain a clear phase separation (15,000 rpm, 15 min, 4 ◦C).

The top aqueous phase was carefully aspired, without disturbing the in-

terphase, transferred to a fresh tube and precipitated over-night at -20 ◦C

by addition of 1/2 volume of isopropanol. After another centrifugation

step (15,000 rpm, 30 min, 4 ◦C), the supernatant was discarded, the pellet

washed in 1 volume 75 % (v/v) ethanol and dissolved in 50 µl nuclease-free

water. Once the concentration was determined spectro-photometrically

(NanoDrop ND-1000), the RNA could be stored at -80 ◦C.
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2.14 Reverse Transcription

To denature any secondary structure in the RNA template, 1 µg of total

RNA, 1 µl random hexamer primers (0.5 µg/µl, Promega) were topped-up

to 10 µl total volume with nuclear free water, heated to 70 ◦C for 10 min

and immediately cooled on ice. For the reverse transcription reaction, 4 µl

5x M-MLV-RT buffer (Promega), 2 µl dNTP mix (10 mM, Promega), 2 µl

Nuclease-free water, 1 µl RNAse Inhibitor (RNAsin, Promega),1 µl Mal-

oney murine leukaemia virus reverse transcriptase (M-MLV-RT, Promega)

were added and the reaction mixture incubated at 42 ◦C for 1 hour. Re-

maining reverse transcriptase was inactivated by heating the solution to

95 ◦C for 10min. Complementary DNA (cDNA) was stored at -20 ◦C.

2.15 Polymerase Chain Reaction (PCR)

Primers (tables 2.6–2.7) were designed using the online software Primer

3 (http://biotools.umassmed.edu/bioapps/primer3 www.cgi) or NCBI

primer blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)

specifying a melting temperature (Tm) of 58-60 ◦C and an amplicon length

of 200-500 bp, whilst spanning exon-exon junction where applicable to

identify contamination with genomic DNA. Amplicons for genotyping of

ES cells were approximately 3000 bp. Sequences were checked against the

mouse genome via BLAST (http://blast.ncbi.nlm.nih.gov/blast.cgi).

Annealing temperatures (Ta) were optimised empirically. PCR reactions

started with either a prolonged stringent cycle with the Ta raised by 5 ◦C

or with a 5 ◦C touch-down and ended with an extensive elongation step.

The reaction mixtures were set up according to the manufacturer’s recom-

mendations (Bioline, BIO21040) (0.5 U DNA Polymerase per reaction, 1.5

mM MgCl2). Oligonucleotide primers were synthesised by Sigma, Operon

and Invitrogen.
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Target Sequences (5’ to 3’) Amplicon 
size (bp) TA (°C) 

Atoh7 GGGGCTGAACACGGCGTTCG 
TGGCCATGGGGAAGGGCTCC 281 60 

Chx10 GACTTCCCGGCTTCTACACA 
GGCACAGGAATCCATTATGC 500 60 

Crx I 
(used in chapter 5) 

CACCAGGCTGTCCCATACTC 
TAAGGGGCTGAGGTGAGAGA 

494 60 

Crx II ATCCAGGAGAGTCCCCATTT 
GGCAGAGATGGGCTGTAAGA 506 60 

Dcx TTGGACATTTTGACGAACGA 
CTCTGGCTTGAGCACTGTTG 501 60 

dsRed CGGCTCCTTCATCTACAAGG 
GGTGATGTCCAGCTTGGAGT 

262 60 

eGFP 
CTACGGCGTGCAGTGCTTCA 
TTCTGCTGGTAGTGGTCGGC 360 58 

Gapdh I ACGGCCGCATCTTCTTGTGCA 
TCCACCCTTCAAGTGGGCCC 385 60 

Gapdh II 
(genomic DNA only) 

TTCCAGTATGACTCCACTCACG 
GGATGCAGGGATGATGTTCT 491 55 

Gfap 
GGAGAGGGACAACTTTGCAC 
GCTCTAGGGACTCGTTCGTG 506 60 

Klf4 ACTGTCACCCTGGCCTGCCT 
CTTGCCAGCTGGGCTCCTCC 562 60 

Lhx2 GCGATGCTGTTCCACAGTC 
AAGTGCAAGCGGCAATAGAC 509 60 

Lin28a GGGCTCGGTGTCCAACCAGC 
GCCCTGCTGGGCCTTCAGTG 

541 60 

Table 2.6 Sequences and annealing temperature (TA) of oligonucleotide primers used in
RT-PCR analysis and genotyping of transgenic mice (indicated by “genomic DNA only”).
(table continued on the next page)
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Target Sequences (5’ to 3’) Amplicon 
size (bp) TA (°C) 

Mapt ATGGCTGACCCTCGCCAGGA 
TGGCGTTGGACGTGCCCTTC 

472 (v1) 
298 (v2) 60 

Mtap2 GCACGACGGACCACCAGGTC 
ACGTCCACCACCTGGCCTGT 

534 (v1)  
441 (v2) 60 

Nanog TCGCCATCACACTGACATGAGTGT 
GTGCACACAGCTGGGCCTGA 

347 60 

Nestin AGGCGCTGGAACAGAGATT 
GGCTCTGACCTCTGCATTTT 500 60 

Pax6 CAGTTCTCAGAGCCCCGTAT 
CTAGCCAGGTTGCGAAGAAC 498 60 

Pou5f1 GCTCGGGGTGCCCACCTTCC 
TGCAAGGCCTCGAAGCGACA 

573 60 

Rx I 
(used in chapter 5) 

GGAAGACGGCATCCTAGACA 
GAGAGGAGGGGAGAATCCTG 504 60 

Rx II GGAAGACGGCATCCTAGACA 
GAGAGGAGGGGAGAATCCTG 504 60 

Rxrg TCCTCCAGGAATCAACTTGG 
TGAAGAAGCCTTTGCAACCT 233 60 

Six6 
AAACCGCAGACAAAGAGACC 
AATACCCGCAGGAGACTCAA 510 60 

Tll1 ATGTCTCCGGACACCTGAAC 
CAAGCCAGAGCCAATTCTTC 500 60 

Tubb3 GTCTCTAGCCGCGTGAAGTC 
GTACTCCTCACGCACCTTGC 500 60 

Table 2.6 Sequences and annealing temperature (TA) of oligonucleotide primers used in RT-
PCR analysis and genotyping of transgenic mice (indicated by “genomic DNA only”). Where
several transcripts are detected by a primer pair, variants are indicated. (table continued
from the previous page)
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 )C°( aT )’3>’5( ecneuqeS remirP
5’L1 CGAAGGCCATATCAGAGAACTCGT 

60 

5’R1 CCAGCCCATAGTCTTCTTCTGCAT 
R1 ATGGAAGGATTGGAGCTACG 
R3 AAAACAAAAGGGAGAGGGACT 
PGK6 ACCAAATTAAGGGCCAGCTC 
L1 TACTGGCCAGATGCCCTTG 
L2 GGTTCTGCTTTCCTGTCTGC 
L4 CCATTCTTGGAGGATCTGGA 

SV40 
polyA 

AAAAGGCGCGCCCTAGATCATAATCAGCCA 
AAAAGGCGCGCCAGATACATTGATGAGTTT 
(223bp amplicon) 

Table 2.7 Sequences and annealing temperature (TA) of oligonucleotide primers used for
the cloning of a poly-adenylation sequence and the genotyping of electroporated embryonic
stem cells.

2.16 TaqManTM Real-time Polymerase Chain
Reaction

cDNA samples were analysed with TaqMan gene expression assay kits (Ap-

plied Biosystems, table 2.8) on an ABI 7500 Fast Real-Time PCR System

(Applied Biosystems) according to the manufacturer’s instructions. Each

sample was amplified as triplicates and a Gapdh assay was used as en-

dogenous control. Crossing thresholds (Ct) and baseline were determined

automatically by the ABI 7500 Fast Real-time PCR software and read-

justed manually where applicable. The software obtained relative Quan-

tification (RQ) values by subtracting the (binary-logarithmic) endogenous

control Ct from the corresponding target Ct value (=dCt) and reversing

the binary logarithm (2−dCt). Further division of RQ-values by a calibrator

sample allows the presentation of fold changes in expression. Error bars

were calculated by the 7500 Software’s algorithm.
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TaqMan 
assay primers 

Part No 
Assay ID length [bp] 

Gapdh 4352932E - 
Recoverin Mm00501325_m1 80 
Crx Mm00483994_m1 74 
Sox2 Mm00488369_s1 68 
β-III tubulin Mm00727586_s1 64 
Syntaxin 1A   

Table 2.8 List of ABI TaqMan primers used for real time PCR analysis.

2.17 Isolation of mouse genomic DNA for
genotyping

Most mice were genotyped before weaning, preferably around P10. Ear

biopsies were collected according to Home Office regulations with a 1.5 or

2 mm ear-clipper and digested by proteinase K at 55 ◦C over night (pH8,

100 mM Tris, 5 mM EDTA, 0.2 % (w/v) SDS, 200 mM NaCl, 100 µg/ml

proteinase K). The lysates were briefly homogenised by inverting the tube,

centrifuged (15,000 rpm, 10 min) and the supernatant precipitated in 500 µl

isopropanol. The spooled DNA was removed with a clean pipette tip—

excess liquid gently dabbed off on the walls of the tube—and resuspended

in 100 µl of 5 mM Tris solution.

2.18 Differentiation cultures of CE-derived
monolayer cells

24-multiwell dishes were coated with PLO (100 µg/ml) and laminin (5

µg/ml) for 1 hour. NrlGFP CE and Chx10orJ/orJ CE and central neu-

ral retina (CNR) monolayer cultures were passaged at high densities (24-

100,000 cells/well) onto the treated 24-well dishes. The cells were allowed

to recover over night in standard MLM prior to changing to differentiation

media listed in tables 2.9 and 2.10 (supplemented with N2 and P/S). Each

condition was applied to at least three independent wells and half of the

medium was replenished every second day. Fluorescence microscopy was
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Condition Medium DAPT FGF-2 Taurine Shh RA FBS # of wells 
1/2x 

DMEM-F12 
5 µM 5 ng/ml 500 uM 1.5 nM 250 nM 

1 % 4 1x 10 µM 10 ng/ml 1 mM 3 nM 500 nM 
2x 20 µM 20 ng/ml 2 mM 6 nM 1 µM 

Table 2.9 Medium formulations for the differentiation of ciliary epithelium-derived cells.

Condition Medium FGF-2 Dkk1 IGF-1 Noggin DAPT # of wells 
1 

DMEM-F12 
10 ng/ml 100 ng/ml 100 ng/ml 0 0 

3 2 10 ng/ml 100 ng/ml 100 ng/ml 100 ng/ml 0 
3 10 ng/ml 100 ng/ml 100 ng/ml 100 ng/ml 10 uM 

Table 2.10 Medium formulations for the differentiation of ciliary epithelium-derived cells.

used to check for GFP expression on a daily basis. RNA was harvested at

the end of the differentiation time-course and was analysed by real-time

PCR.

2.19 Differentiation co-culture of CE-derived
monolayer cells with E11.5 optic cups

NrlGFP E11.5 embryos optic cups were dissected on the start day of the

experiment. The optic cups (n=23) were distributed onto 24-multiwell

0.5 µm membrane inserts (Millipore) suspended above CE-derived mono-

layer cells, which had been passaged onto the PLO (100 µg/ml) and laminin

(5 µg/ml)-coated wells beforehand at a density of 50,000 cells/well. Cells

were maintained in MLM and half the medium was replenished every sec-

ond day. Fluorescence microscopy was used to check for GFP expression

on a daily basis. RNA was harvested at the end of the time-course and

analysed by real-time PCR.
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2.20 Restriction enzyme digestion and DNA
sub-cloning

Restriction endonucleases (NEB, Promega), Chemically Competent E.coli

(Invitrogen) and cloning vectors (pGEM-T easy, Promega), small and large

scale plasmid DNA preparation kits (Qiagen) were used according to the

manufacturers guidelines. For ligations, DNA inserts were gel-purified (gel

extraction kit, Qiagen 28704) and vectors de-phosphorylated by calf intesti-

nal alkaline phosphatase (Promega, M1221) treatment according to the

manufacturers specifications. IPTG/X-gal lacZ’ complementation blue-

white selection was used where applicable.

2.21 Dideoxynucleotide chain termination DNA
sequencing

Target DNAs were sequenced with a BigDye terminator v1.1 cycle sequence

kit (ABI, table 2.11) in a 96-multiwell plate. Following the PCR reaction,

the product DNA was precipitated by addition of 50 µl (120 mM) acetate

in ethanol solution per well and incubation at ambient temperature for 30

min. The plates were subsequently centrifuged at maximum speed for 40

min and gently inverted onto tissue paper. The DNA was washed with 70

% ethanol, centrifuged for 10 min and inverted onto tissue. Tissue paper

and inverted plates were then spun for another 30 seconds at minimum

speed and the DNA resuspended in 15 µl of 0.1 x Tris-EDTA buffer (1 mM

Tris, 0.1 mM EDTA, pH8). As the final step, the termination sequenced

DNA was analysed on an ABI 3730 DNA Analyser-Sequencer and the data

inspected and aligned with Sequencher (demo version 4.9, Gene Codes).

2.22 Embryonic stem cell culture

Murine CCE embryonic stem cells (origin: 129S6/SvEv, Robertson et al.

1986) were cultured on feeder layers and gelatinised (0.1 % (w/v), Sigma)
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Reagent Volume 
Template DNA 250 ng 
BigDye v1.1 (ABI) 0.4 µl 
5x  (ABI) 1.5 µl 
5M Betaine (Sigma) 2.0 µl 
Primer (5 µM) 1 µl 
Nuclease-free H2O to 15 µl total volume 

95 °C 2 min  
95 °C 20 sec 

35 cycles 55 °C touchdown 15 sec 
60 °C 4 min 

Table 2.11 Reaction mixture and thermocycler programme for dideoxynucleotide chain
termination DNA sequencing

tissue culture plates in high glucose DMEM (Invitrogen) with 16 % FBS

(Invitrogen, ES cell quality, heat inactivated for 30 min at 56 ◦C), supple-

mented with non-essential amino acids (MEM, Invitrogen), 1 mM pyruvate

(Sigma), 2 mM L-glutamine (Invitrogen), 0.1 mM beta-mercaptoethanol

(Sigma) and penicillin-streptomycin (50 µg/ml, Invitrogen). The medium

was replaced with pre-warmed medium every day and always several hours

before passaging.

ES cell cultures were passaged by a brief 37 ◦C PBS wash, followed by

incubation in pre-warmed 0.25 % trypsin-EDTA for approximately 5 min

at 37 ◦C, 5 % CO2. Trypsin was inactivated by addition of FBS-containing

standard medium and the cells suspension triturated until a single cell

suspension was achieved. The cells were centrifuged at 270 x g for 5 min,

re-suspended in fresh medium and split at 1:3 to a maximum of 1:5 onto

fresh feeders. Cultures had to be passaged every 1-2 days.

2.23 Preparation of ES cell feeders

Instead of embryonic fibroblasts and supplementation of the medium

with leukaemia inducing factor (Lif), SNH cells (donated by Juan-Pedro

Martinez-Barbera), murine stromal cells that secrete Lif, were used to keep

murine ES cells in their undifferentiated state. The cells were cultured in

10 cm Petri dishes with standard ES cell medium and passaged by trypsin

incubation every 3-4 days (1:5 to 1:10 split).
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To created feeders for ES cell culture, passage 8-127 SNH cells at 90-95 %

confluency were incubated in 1 mg/ml mitomycin C in ES cell medium for

2 1/2 hours at 37 ◦C. Cells were then washed three times in pre-warmed

PBS and incubated in 0.25 % tyrpsin-EDTA for 5 min at 37 ◦C, 5 % CO2.

Trypsin was inactivated by addition of FBS-containing medium and the

suspension was gently triturated until a single cell suspension was achieved.

After centrifugation at 270 x g for 5 min, the cell pellet was re-suspended in

5 ml medium. Each 1 ml of this cell suspension suffices for either one 10 cm

Petri dish or a multi-well dish of feeders equivalent to 60 %+ confluency.

2.24 Long-term storage of ES and SNH cells in
liquid nitrogen

On the day of freezing, the medium was replaced and the cells were allowed

to regenerate for several hours. Cells were then incubated with trypsin and

special care was taken to achieve a single cell suspension by repeated trit-

uration. Trypsin was inactivated by addition of serum-containing medium

and the cells harvested by centrifugation. The cell pellet was gently re-

suspended in ice-cold 10 % DMSO in FBS solution and the suspension

distributed onto tubes suitable for liquid nitrogen storage. The suspension

was left on ice for 10 min and transferred to -80 ◦C over night. The next

morning the vials were moved for liquid nitrogen long-term storage.

2.25 Targeting construct electroporation and
selection of embryonic stem cells

Two 10 cm Petri-dishes containing passage 17 CCE ES cells at 75 % con-

fluency were washed with PBS twice and incubated with 0.25 % trypsin-

EDTA (Invitrogen) to obtain approximately 20 million cells. Trypsin was

inactivated by addition of FBS-containing medium and cells were tritu-

7Older cells grow less rapidly and at lower density, therefore changing the ratios used
in this protocol.
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rated until a single cell suspension was achieved. The medium was removed

by centrifugation at 270 x g for 5 minutes and cells washed in FBS-free

medium to reduce the amount of interfering proteins. After another cen-

trifugation step, the ES cells were re-suspended in 750 µl of DMEM (20

mM HEPES) (Invitrogen).

50 µl of 10 mM HEPES buffer containing 15 µg of the linearised targeting

construct DNA and the cell suspension were mixed by repeated aspiration

in a 4 mm electroporation cuvette and electroporated at 200V, 960 µF for

17-20 ms. The treated ES cells were equally distributed onto six 10 cm

tissue culture plates containing passage 8 inactivated SNH feeders and

allowed to recover over-night in standard medium.

The next day, the selection process commenced in 250 µg/ml G418 (PAA,

P25-011) supplemented medium. After 9 days in selection medium (re-

plenished daily), individual clones were transferred into single wells of 96-

multiwell plates and grown for another 3 days in standard ES cell medium.

Each clone was passaged onto three separate 96-multiwell plates (1:3 split)

and cultured for further 2 days. Two out of the three wells per clone were

incubated with 50 µl trypsin (5 min, 37 ◦C) and frozen at -80 ◦C after the

addition of 50 µl 20 % dimethyl sulfoxide (DMSO) in FBS to reach a final

concentration of 10 % DMSO.

The remaining wells were culture for 5-6 more days per ES cell clone and

genomic DNA was harvested for genotyping analysis.

2.26 Isolation of genomic DNA from ES cell for
genotyping

Genomic DNA was harvested by direct incubation of ES cells in 96-

multiwell plates. 50 µl of lysis buffer (10 mM Tris, 10 mM EDTA, 10 mM

NaCl, pH8) with 0.5 mg/ml proteinase K were added to each well and the

cells lysed over-night at 60 ◦C in a humidified chamber. The next day,

100 µl 75 mM NaCl in ethanol solution was added and the lysate incu-

bated for 30 min at room temperature, causing the DNA to precipitate
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and to stick to the plastic. The multi-well dish was inverted to discard the

solution and the DNA washed twice in 70 % ethanol. After 10 minutes of

air-drying the DNA was resuspended in 50 µl of 5 mM pH7.4 Tris buffer

and stored at 4 ◦C. For PCR analysis the DNA was diluted 1:10 to 1:100.

2.27 Differentiation of mouse ES cells

ES cells were allowed to regenerate in fresh culture medium 1-2 hours

prior to transfer of a single cell solution onto gelatin-coated plates (0.1 %,

Sigma), where the cells were incubated for 1 hour to remove the SNH-

derived feeders. The ES cells in the supernatant were pelleted by cen-

trifugation at 270 x g for 5 minutes and resuspended in 2 ml of GMEM

(Invitrogen) supplemented with 1 % knock-out serum replacement (KSR,

Invitrogen), non-essential amino acids (MEM, Invitrogen), 1 mM pyruvate

(Sigma), 2 mM L-glutamine (Invitrogen), 0.1 mM beta-mercaptoethanol

(Sigma) and penicillin-streptomycin (5 µg/ml, Invitrogen) (base medium).

A live-count was established by trypan blue staining and 120,000 cells were

plated onto ultra-low attachment plates (6-multi-well, MPC-coated, Nunc)

in 2 ml of base medium containing Dkk1 (100 ng/ml, R&D Sytems), Noggin

(5 ng/ml, R&D Sytems), IGF-1 (5 ng/ml) and FGF-2 (10 ng/ml, Pepro-

Tech). Cells were monitored in these floating conditions for four days to

aggregate to embryoid bodies (EB). On the forth day, the aggregates were

transferred to a 15 ml tube. After a 10 minute incubation, the EBs had

sunk to the bottom of the tube and the medium was carefully pipetted off

and replaced by base medium supplemented with Dkk1 (10 ng/ml), Noggin

(5 ng/ml), IGF-1 (5 ng/ml), FGF-2 (5 ng/ml) and DAPT (10 µM, Sigma).

The aggregates were kept in the same floating conditions, however, half of

medium was replenished every day by the same method. After 10 days in

vitro, the EBs were plated onto PLO/laminin-coated 24-multi-well dishes

in DMEM-F12 glutamax (Invitrogen) supplemented with N2 (Invitrogen),

B27 (Invitrogen), Dkk1 (10 ng/ml), Noggin (5 ng/ml), IGF-1 (5 ng/ml),

FGF-2 (5 ng/ml), DAPT (10 µM), taurine (100 µM, Sigma) and retinoic
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acid (500 nM, Sigma). Fluorescence microscopy was used to check for RFP

expression on a daily basis. Total RNA was harvested after 13-17 div by

Trizol incubation.
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3 Characterisation of a novel
photoreceptor reporter line

3.1 Introduction

One of the first descriptions of photoreceptor morphology and position

within the vertebrate retina was carried out through Golgi’s method of sil-

ver chromate staining, resulting in the famous drawings of the laminated

retina by Santiago Ramon y Cajal (y Cajal 1894). The high morphological

homogeneity in the developing retina made the identification and charac-

terisation of immature retina cell types more difficult. The incorporation

of radio-labelled nucleotide to study mouse retinogenesis was pioneered by

Sidman (1961), who described the order according to which retinal cell

types are generated. Although Sidman analysed photoreceptors, he did

not distinguish between rod and cone cells.

Carter-Dawson and LaVail (1979b) also exposed the immature mouse

retina to tritiated (3H) thymidine, at ages reaching from E10 to P10 and

analysed the adult retinae. As described by Sidman (1961), only cells

passing through their last S-phase, and terminal mitosis, retained a strong

radio-label in the silver-emulsion stains. However, unlike the previous re-

port, rods and cones were identified by their unique adult morphology

(Carter-Dawson and LaVail 1979a) and a birthdating curve describing

when each photoreceptor subtype was born was extracted from the quan-

tification of labelled cells. The first photoreceptor cells were born on E13

and birthing carried on in the retinal periphery until P8. All cones were

generated prenatally, while the bulk of rod photoreceptor genesis happened

during the early postnatal period. A more extensive analysis on postnatally

born cell types—also through 3H thymidine incorporation assays—showed
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that more than 70 % of all the cells generated were rods (Young 1985a).

With the advent of genetic tagging of cells, several transgenic lines

for the identification of photoreceptors were generated. The majority

utilised a β-galactosidase reporter driven by promoter fragments, includ-

ing human interphotoreceptor retinoid binding protein (RBP3, Yokoyama

et al. 1992), human cGMP-phosphodiesterase β-subunit (PDE6B, Ogueta

et al. 2000), human rhodopsin kinase (GRK1, Young et al. 2003), bovine

rhodopsin (Zack et al. 1991) and murine blue-cone opsin (Chiu and Nathans

1994). Further lines included inducible Cre-recombinase driven by a murine

rhodopsin promoter fragment (Li et al. 2005) and GFP reporters driven by

an human NRL-promoter fragment (Akimoto et al. 2006) and the human

red cone opsin promoter (OPN1LW, Fei and Hughes 2001, Fei 2003). Aside

general problems associated with transgenes, such as mosaic pattern of ex-

pression, these photoreceptor genes (expect Nrl) are not expressed during

the early stages of retinogenesis (Blackshaw et al. 2001), and the fidelity

of the reporter may suffer from the use of a short promoter fragment of a

foreign species.

In this part of my thesis, I will examine a novel transgenic line that

expresses transgenic GFP under the control of the complete promoter of

the murine cone-rod homoeobox gene (Crx), an early and essential tran-

scription factor in photoreceptor development and maintenance (Furukawa

et al. 1997, Freund et al. 1997, Chen et al. 1997, Furukawa et al. 1999). The

transgene was generated from a bacterial artificial chromosome (BAC) con-

taining 121 kb of genomic DNA including all 11 exons of the Crx gene. The

BAC was manipulated by ET-cloning in order to replace the Crx gene’s first

exon with GFP and an internal ribosome entry site (IRES)-coupled human

placental alkaline phosphatase (PALP) reporter. The linearised construct

was electroporated into embryonic stem cells and chimeric mice arose af-

ter injection of these ES cells into the blastocysts. Ten back-crosses into

C57/BL6 mice were preformed to reduce strain-difference acquired through

the procedure (http://jaxmice.jax.org/strain/007066.html, accessed Au-

gust 2011). This transgenic reporter mouse line—henceforth referred to
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as ‘CrxGFP’—was received as a kind gift from Constance Cepko’s labora-

tory.

As a member of the orthodenticle-related family of homoeobox genes,

previous reports show Crx’s expression to be restricted to rod and cone

photoreceptors in the ONL, bipolar cells in the INL and pinealocytes in

the pineal gland (Furukawa et al. 1997; 1999, Bibb et al. 2001). RT-PCRs

of the developing mouse retina demonstrated continuous Crx expression

commencing as early as E10.5 (Bibb et al. 2001). A dispersed single-

layer of Crx-expressing cells were identified by in situ hybridisation first at

E12.5 at the ventricular side of the young retina and the signal increased

progressively until adulthood (Furukawa et al. 1997). BrdU-incorporation

experiments in the E20 rat retina and in vitro culture of E20 rat retinal

cells further showed that Crx protein does not coincide with Pax6 protein

in proliferating cells, indicating that Crx is only found in post-mitotic cells

(Garelli et al. 2006).

In this chapter, I aimed to analyse whether the CrxGFP transgene ex-

pression matches previously reported patterns of Crx expression in the

developing and mature mouse retina. I also aimed to investigate whether

the transgene is expressed in cones as well as rods. As Rxrγ has been

suggested as a cone marker (Roberts et al. 2005), I further investigated

whether Rxrγ/GFP+ cells remain committed to a cone fate during retino-

genesis.

3.2 Results

The transgenic CrxGFP reporter line colony was established from two het-

erozygous breeding pairs and bred to homozygousity over the course of this

project to allow more efficient generation of donor animals (chapter 4). Ho-

mozygous animals were confirmed by mating with wildtype animals and

at least two consecutive litters of all CrxGFP+/– pups. Presence of the

transgene in these offspring was confirmed by direct GFP excitation un-

der a fluorescence microscope through the pupil of enucleated eyes. PCR
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GFP GAPDH

Figure 3.1 PCR amplification of genomic DNA from 5 pups showing an amplicon of 360bp
for eGFP and 491bp for Gapdh.

genotyping of ear-biopsies was continued for several generations afterwards

(figure 3.1) and GFP presence was frequently re-assessed under fluorescent

excitation during various experiments.

To analyse the distribution and morphology of GFP+ cells, sections of

adult and embryonic retinae were analysed. Several animals were used for

each time-point (n>6) and representative examples are displayed in the

figures.

3.2.1 CrxGFP labels both rod and cone photoreceptors

In sections of adult murine retina, high levels of GFP can be detected in

cells of the ONL, morphologically resembling photoreceptors (figure 3.2 a).

A significantly weaker label of GFP is found in some cells of the INL, which,

based on their position close to the OPL and radially oriented processes,

likely are Crx-expressing (rod) bipolar cells (Wang et al. 2002) (figure 3.2 a,

arrowhead, processes visible in the electronic copy of figure 3.3 b). No

apparent signs of mosaic GFP expression were observed.

Within photoreceptors, GFP is found throughout the cell, with the

strongest signal in the inner segment (figure 3.2 b), but GFP is mostly

excluded from regions of heterochromatin and the outer segment. This

may either be due to difficulties of GFP passing through the connecting

cilium, or GFP may simply be excluded from this space by the dense pack-

ing of optic discs containing the photo-pigments (figure 3.2).
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Gucy2e
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b CrxGFP Gucy2e GFP Hoechst
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25μm
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Figure 3.2 CrxGFP cells in the ONL are labelled by pan-photoreceptor markers. (a) The
functional marker Recoverin is expressed throughout the whole ONL and a subset of cells in
the INL. Weakly GFP+ bipolar cells are visible in the INL. (b) Gucy2e (RetGC1) co-localises
with photoreceptor outer segments. Sections are from 6 week old C57BL/6 mice. ISL - inner
segment layer, ONL - outer nuclear layer, INL - inner nuclear layer, OSL - outer segment
layer

68



3 Characterisation of a novel photoreceptor reporter line

The pan-photoreceptor marker recoverin overlaps with most of the GFP

signal seen in the ONL and labels few cells in the INL, likely cone off

bipolar cells (Haverkamp et al. 2003), while guanylate cyclase 2e (Gucy2e,

or retinal guanylate cyclase 1, RetGC1) displays co-localisation only in the

outer segments layer (OSL) (figure 3.2).

In order to test whether CrxGFP also labels the much rarer population

of cone photoreceptors (approximately 3% of all photoreceptors, Jeon et al.

1998), adult transgenic retinae were stained for the mature cone markers

cone arrestin (Arr3), medium wavelength responsive cone opsin (M-opsin)

and short wavelength responsive cone opsin (S-opsin) (figure 3.3 a-c). As

expected, M- and S-opsin are only found in cone outer segments, whereas

cone arrestin highlights the whole cone cell morphology.

In addition, adult cone photoreceptors labelled with peanut agglutinin

(PNA), a lectin preferentially binding to the cone inner and outer segment

extracellular matrix sheath (figure 3.3 d), and the nuclear retinoid X re-

ceptor gamma (Rxrγ) (figure 3.4 a). Rxrγ’s labelling-fidelity for all cone

photoreceptor subtypes was confirmed by PNA-Rxrγ co-staining on a wild-

type adult retina (figure 3.4 b), where the number of PNA-labelled sheaths

was equivalent to Rxrγ-positive cone nuclei. PNA was further confirmed

as a cone marker, as no overlap between PNA and a rod-specfic transgene

(NrlGFP) was seen (figure 3.4 c).

Immunohistochemistry for cone arrestin and Rxrγ further emphasises

the different nuclear layout between cone and rod photoreceptors, with the

latter displaying a single dense heterochromatin focus, whilst cones show

a more conventional pattern with several foci and a looser, larger nucleus

(figures 3.3 a, 3.4 a,b). Unlike rod somata, cone cell bodies exclusively

locate to the outermost aspect of the ONL and therefore lack an outer

process. No apparent Rxrγ gradient was observed throughout the retina.

Based on these data, Rxrγ was selected as a reliable cone marker for

future experiments.
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b CrxGFP M-opsin GFP Hoechst

25μm

ONL

INL

ISL

S-opsin

adult
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Figure 3.3 CrxGFP labels cone photoreceptors. Markers for cone photoreceptors overlap
with CrxGFP. (a) cone arrestin is dispersed throughout the whole cone photoreceptor cell,
(b) M- and (c) S-opsin localises to the outer segments. (d) PNA preferentially binds to
cone inner and outer segment sheaths (amongst other targets within the retina). As rod
photoreceptor outer segments are significantly longer than cone outer segments, the latter
appear to be ’burried’ in the ISL. Weakly GFP+ cells and their projections towards the
ganglion cell layer are visible in (b), which is a confocal z-projection. Sections are from 6
week old C57BL/6 mice. ISL - inner segment layer, ONL - outer nuclear layer, OPL - outer
plexiform layer, INL - inner nuclear layer.
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Figure 3.4 Rxrγ labels CrxGFP+ cone photoreceptor cell bodies. (a) Rxrγ labels cone
photoreceptor nuclei at the outermost edge of the ONL. (b) The number of Rxrγ+ nuclei
corresponds to the number of PNA stained cone inner and outer segments. Inserts display
a higher magnifcation of the nuclei to highlight the more conventional nuclear layout with
more than one heterochromatin focus. (c) PNA does not co-localise with GFP driven by
a rod-specific transgene reporter (Akimoto et al. 2006). (a) and (b) are epi-fluorescent
manual z-projections. Sections are from 6 week old C57BL/6 mice. ISL - inner segement
layer, ONL - outer nuclear layer, OPL - outer plexiform layer, INL - inner nuclear layer, GCL
- ganglion cell layer.
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3.2.2 The CrxGFP reporter labels developing
photoreceptors

I investigated the developmental profile of the CrxGFP reporter line, by

analysing sections over a wide range of retinogenesis, starting at E12.5,

which is the onset of Crx expression in normal mouse development as

observed by in situ hybridisation (Furukawa et al. 1997).

At E12.5, no GFP expressing cells were found in the retina. By E13.5,

GFP was first detectable with most cells located near the centre of the

NR (figure 3.5 a,b). CrxGFP expressing cells generally appeared at the

ventricular surface where they remained, the same position RPCs undergo

mitosis. Up to at least E17.5, these newborn cells clustered as a single

tier of cells at the outer aspect of the neuroblastic layer (NBL). However,

after birth (figure 3.5 f), with the substantial increase of rod photoreceptor

birthing (Carter-Dawson and LaVail 1979b, Young 1985a), several tiers of

GFP-positive cells emerged and the GFP signal intensified (figure 3.5 g-m).

The separation of the nascent ONL and INL became apparent at P6 (fig-

ure 3.5 j). At P9, inner segments started to form and weakly GFP-positive

cells in the INL (presumptive bipolar cells) could be clearly distinguished

from photoreceptors (figure 3.5 k). By P12, a seam of faint outer seg-

ments was visible near the RPE (figure 3.5 l) and in the adult retina, outer

segments contain less GFP than the remaining cell body (figure 3.5 m).

To assess whether CrxGFP cells are post-mitotic, I stained E13.5, E15.5

and E17.5 retinae for the mitotic marker phospho-histone 3 (pH3). Al-

though mitotic cells were found throughout the retina close to the ventric-

ular surface, no overlap between GFP+ cells and the pH3 label could be

observed (figure 3.6).
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Figure 3.5 The developmental profile of GFP expression in the transgenic CrxGFP line
recapitulates endogenous Crx expression (continues of the next page).
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Figure 3.5 The developmental profile of GFP expression in the transgenic CrxGFP line
recapitulates endogenous Crx expression (continues of the next page).
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Figure 3.5 The developmental profile of GFP expression in the transgenic CrxGFP line
recapitulates endogenous Crx expression (continues of the next page).
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Figure 3.5 The developmental profile of GFP expression in the transgenic CrxGFP line
recapitulates endogenous Crx expression (continued from the previous pages). At E12.5 (a)
no GFP-positive cell were detected. The first CrxGFP+ photoreceptors arise at E13.5 (b,
c) in the central NR. Up to E17.5 (d-f), photoreceptors cluster as a single tier along the
outer edge of the NBL and display processes directed to the ventricular surface and vitreous
(c, d, f). With the peak of rod birthing at P0, CrxGFP+ cells cluster in several rows and
eventually organise in the ONL (g-m). The first signs of the ONL-INL separation become
visible at P6 and bipolar cells can be recognised by weaker GFP fluorescence (j). At P9 (k),
inner segments have started to form and the OPL is clearly visible. Outer segments appear
as a faint seam near the RPE at P12 (l). Nuclear condensation takes place between P12 (l)
and adulthood (m). (d), (g), (h), (j), (k) and (m) are confocal z-projections. RPE - retinal
pigmented epithelium, ONBL - outer neuroblastic layer, GCL - ganglion cell layer, I/OSL -
inner/outer segment layer, O/INL - outer/inner nuclear layer.
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Figure 3.6 CrxGFP photoreceptor precursors are post-mitotic. The mitotic marker phosho-
histone 3 (pH3) co-localises to the ventricular surface of the NR, but does not label CrxGFP
photoreceptor precursors, when stained at (a) E13.5, (b) E15.5 or (c, d) E17.5. (b) and
(d) are composite images displaying the whole developing eye. Filled arrowheads highlight
GFP+ cells, while open arrowheads highlight pH3+ cells. RPE - retinal pigmented epithelium,
ONBL - outer neuroblastic layer.
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3.2.3 The nuclear retinoid X receptor gamma (Rxrγ)
labels a proportion of developing photoreceptors
that declines with proceeding retinogenesis

Expression of Rxrγ during retinogenesis is crucial to establish the dorso-

ventral opsin gradients in cone photoreceptors of the mouse retina (Roberts

et al. 2005; 2006) and has thus been suggested as an early marker distin-

guishing cones and rod photoreceptors. In order to study the ratio at

which cones and rods are present at early stages in development, sections

of CrxGFP retinae at E13.5 to P3 were stained for Rxrγ.

In the developing CrxGFP retina, Rxrγ initially labels the marginal

zones of the optic cup at E13.5 and no overlap is seen with the very early

photoreceptors of the central retina (figure 3.7 a, arrowheads). Rxrγ was

first observed to co-localise with GFP at E15.5, when almost all photore-

ceptors express the protein (97.5±0.8%, n=6, figure 3.7 b and figure 3.8).

The percentage of Rxrγ+ cells within the CrxGFP population then declines

(figure 3.8), nearing the target level of 3% of cone photoreceptors seen in

the adult retina (6.3±0.5% at P3, n=2, figure 3.7 c-f and figure 3.4 a),

presumably because Rxrγ-negative rod photoreceptors, that are born pre-

dominantly after birth, dilute the population.

3.2.4 BrdU pulse chase analysis confirms Rxrγ as a
marker of developing cone photoreceptors

Mature features that allow discrimination of rod and cone cells appear very

late in development and it has yet to be established when and how photore-

ceptors commit to either of the lineages. So as to test the hypothesis that

Rxrγ labels a very early ‘bipotent’ photoreceptor precursor that gives rise

to both rods and cones, I performed BrdU pulse chase analysis embracing

the advantages of the CrxGFP line. Older birthdating studies performed

with tritiated thymidine had to rely on morphology to distinguish photore-

ceptors from other cells in the adult retina (Sidman 1961, Carter-Dawson

and LaVail 1979b, Young 1985a). Here, GFP expression not only labels
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Figure 3.7 Rxrγ co-localises with a proportion of developing CrxGFP+ photoreceptors (con-
tinues on the next page). No overlap between Rxrγ and CrxGFP is seen in the early stages
of photoreceptor development at E13.5 (a). At E15.5 and E17.5 (b, c), the majority of
CrxGFP+ cells is labelled by Rxrγ.
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Figure 3.7 Rxrγ co-localises with a proportion of developing CrxGFP+ photoreceptors (con-
tinued from the previous page). By birth, P2 and P3, Rxrγ+ photoreceptors cluster near
the ventricular surface, while the majority of Rxrγ– photoreceptors is spread throughout
the ONBL (d-f). (b), (d) and (e) are confocal z-projections. RPE - retinal pigmented
epithelium, (O)NBL - (outer) neuroblastic layer, GCL - ganglion cell layer.
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Figure 3.8 The percentage of Rxrγ+ CrxGFP photoreceptors declines over retinogenesis.
Percentage of Rxrγ+ cells within the CrxGFP photoreceptor population during early retino-
genesis. Error bars represent the standard deviation, n is the numbers of retinae analysed.
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Figure 3.9 Experimental timeline of the BrdU-pulse chase analysis. BrdU was injected close
to E14 and embryos or pup eyes were processed for immunohistochemical analysis at the
time-points indicated.

photoreceptors, but doubles as a post-mitotic marker (as previously demon-

strated, figure 3.6). It is therefore possible to assess the photoreceptor

population very shortly after the BrdU injection and GFP/BrdU-positive

cells are readily distinguished from the majority of BrdU+/GFP– cells.

Six pregnant CrxGFP females received a single intra-peritoneal injection

of BrdU close to the peak of cone photoreceptor development (around

E14, Carter-Dawson and LaVail 1979b) and progeny were analysed for co-

localisation of Rxrγ, BrdU and CrxGFP at E15.5, P0 and P21 (figure 3.9).

Cells retaining BrdU in their DNA were therefore passing through S-phase

during or shortly after the BrdU injection at E14 and turned post-mitotic

after the following M-phase.

At E15.5 many cells retained a strong BrdU label, most of which was

undetectable by P0 and P21 (figure 3.10 a-c). Ganglion cells, as the earliest

born retinal cell type, readily incorporated BrdU and remained heavily

labelled (figure 3.10 f).

At all time points, more than 90 % of the CrxGFP/BrdU population

stained for Rxrγ and there was no significant difference between any of

these stages (figure 3.11). The majority of (strongly) CrxGFP/BrdU+
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Figure 3.10 Rxrγ+ CrxGFP photoreceptors born around E14 develop as cone photoreceptors
(continues on the next page).
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Figure 3.10 Rxrγ+ CrxGFP photoreceptors born around E14 develop as cone photoreceptors
(continues on the next page).
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Figure 3.10 Rxrγ+ CrxGFP photoreceptors born around E14 develop as cone photorecep-
tors (continued from the previous pages). (a-d) Confocal images of E15.5, P0 and P21
CrxGFP retinae that received a BrdU pulse near E14. Photoreceptors born at the time of
the BrdU pulse are identified by co-localisation of BrdU and GFP. Developing and mature
cones are labelled by Rxrγ and cone arrestin. Solid arrowheads highlight heavily BrdU-
labelled Rxrγ/CrxGFP+ cells. (e) Occasionally, a strong BrdU-label was observed in rod
photoreceptors (solid arrowhead). Cells arising after further cell division following BrdU
incorporation were weakly BrdU+ and not included in the quantification (open arrowhead).
(f) Many RGC turn post-mitotic during the BrdU-pulse and retain a strong BrdU-label (solid
arrowheads).
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Figure 3.11 The percentage of Rxrγ within the BrdU+/CrxGFP population remains con-
stant during retinogenesis. There is no significant difference between all three time points
(Student’s t-test). Error bars represent the standard deviation. N is the number of reti-
nae/animals analysed, n is the total number of BrdU/GFP double labelled cells analysed.

photoreceptors in the adult retina consequently displayed a cone nuclear

layout with several heterochromatin foci (figure 3.10 c) and also expressed

the marker cone arrestin (figure 3.10 d), while a small fraction of cells

developed as rod photoreceptors, indicated by the lack of Rxrγ label, the

condensed nucleus and position within the ONL (figure 3.10 e).

3.3 Summary of analysis

1. The CrxGFP transgenic GFP expression labels both adult rod and

cone photoreceptors.

2. Transgenic GFP expression commences with the onset of photore-

ceptor birthing in the embryonic retina and increases with proceeding

retinal development.
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3. GFP localises to the presumptive site of photoreceptor genesis closest

to the ventricular surface of the retina, where later the ONL arises.

4. GFP labels post-mitotic cells.

5. The nuclear retinoid-X-receptor gamma is confirmed as a marker of

developing and adult cone photoreceptors. Rxrγ-expressing CrxGFP

cells develop as cone photoreceptors.

3.4 Discussion

With the intention to use this transgenic line as a source of developing cone

and rod photoreceptor precursor cells for transplantation experiments, this

chapter aimed to characterise the expression profile of the CrxGFP line.

Of particular importance was the high-fidelity labelling of the embryonic

photoreceptor population, composed of both immature rods and cones,

and continued expression in adult photoreceptors. These data indicated

that GFP expression would allow the purification of immature embryonic

photoreceptor by FACS and analysis of labelled matured cells after trans-

plantation (see chapter 4).

Indeed, GFP expression commences very shortly after reported Crx

mRNA expression (E13 vs. E12, figure 3.5 a&b, Furukawa et al. 1997).

This delay in detection is likely due to the maturation process GFP has to

undergo, involving auto-catalytic post-translational modification of three

central amino-acids, to form a functional fluorophore (Cody et al. 1993).

CrxGFP-labelled photoreceptors arise as expected at the ventricular sur-

face of the developing retina, where RPCs undergo mitoses. These cells

show no overlap with mitotic markers at all tested points in development

(figure 3.6), confirming previous reports that Crx protein is not found in

proliferating Pax6-expressing cells (Garelli et al. 2006).

As the retina matures and more photoreceptors appear, CrxGFP cells

stack in several tiers and eventually form the outer nuclear layer (P6-P9),

while weakly GFP-positive cells, suggestive of a lower Crx expression and
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bipolar cell fate (Koike et al. 2007), separate into the INL (figure 3.5 j-

k). At the same time the OPL becomes apparent. In the adult retina, the

complete ONL is strongly GFP-positive and no apparent banding is visible,

indicating uniform transgene expression across the entire photoreceptor

population (figure 3.2).

All CrxGFP cells in the ONL (but not the INL) label for pan-

photoreceptor markers Recoverin and Gucy2e, but only a subset of cells

co-localises with cone markers (figures 3.2&3.3). As is typical to cone pho-

toreceptors, they display a larger nucleus than rods, with a more conven-

tional nuclear layout, containing several heterochromatin foci. Rod nuclei,

on the other hand, are highly condensed in the nocturnal mouse retina

and it requires several weeks after birth for the chromatin condensation,

concordant with previous reports (Solovei et al. 2009). In addition, cone

somata are exclusively found near the outermost aspect of the ONL in the

adult retina and the inner segment is relatively stubby when compared to

rod photoreceptors. Cones also interact with more cells than rods; conse-

quently the synaptic structures—the cone pedicle—in the OPL are intricate

and larger. These features are highlighted by immunohistochemistry for

cone markers in the CrxGFP retina (figures 3.3&3.4), further substantiat-

ing that both photoreceptor subtypes are tagged by GFP expression.

Throughout retinogenesis, Rxrγ, a nuclear receptor involved in estab-

lishing the dorso-ventral gradient of cone S-opsin expression, stains a pro-

portion of photoreceptors. Initially, almost all CrxGFP cells co-localise

with the marker, however, this ratio declines as histogenesis progresses,

nearing the 3 % of cones seen in the adult retina (figures 3.7 & 3.8). Rxrγ

has been suggested as a marker of developing (and adult) cone photore-

ceptors (Roberts et al. 2006), but not been confirmed. My observation

that the proportion of Rxrγ+ cells within the CrxGFP population is di-

luted with proceeding retinogenesis is compatible with this suggestion, as

rod photoreceptors would not stain for Rxrγ and represent the bulk of

photoreceptors.

Consequently, the BrdU pulse chase analysis aimed to confirm that im-
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3 Characterisation of a novel photoreceptor reporter line

mature Rxrγ-labelled photoreceptors develop as cone photoreceptors. To

my knowledge, these were the first birth-dating experiments to take ad-

vantage of continuous photoreceptor labelling by a reporter transgene and

previous studies could only distinguish photoreceptors from other cell types

or photoreceptor subtypes in the mature retina by morphology, leaving a

very long time-window unobserved between the pulse label and examina-

tion (Sidman 1961, Carter-Dawson and LaVail 1979b). Taking full ad-

vantage of CrxGFP as both a marker of developing photoreceptors and

post-mitotic cells, it was possible to distinguish BrdU-labelled cells, that

had undergone terminal mitosis, from BrdU-labelled cells that were still

mitotic, very shortly after the BrdU pulse.1

In a current view on photoreceptor development, a bi-potent photore-

ceptor precursor (Crx+, Nrl–) decides between the rod and cone path-

way. According to my hypothesis, a transcription factor specific to the

cone pathway is Rxrγ, whilst the rod pathway marker Nrl and Nr2e3 are

undisputed (figure 1.4). Consistent with the hypothesis, the percentage

of Rxrγ-positive cells, within the CrxGFP population labelled by the E14

BrdU-pulse, remained constant at all three time-points. Had it not, the

ratio would have decreased if Rxrγ labelled an earlier bi-potent cells, or if

cone precursors switched fate (figure 3.12, red arrow) . Equally possible,

the ratio could have increased, if Rxrγ-negative precursors had acquired a

cone fate (figure 3.12, blue arrow) .

In the light of Rxrγ being a genuine marker of developing cone photo-

receptor marker, the percentage of cones seen at E15 (>95%, figure 3.8)

contradicts the only report on cone and rod photoreceptor birthing in the

mouse. The experiments carried out by Carter-Dawson and LaVail (1979b)

indicate that a much larger proportion of rods is born at this early stage

and there is no stage of ‘cone exclusivity’ in mouse retinogenesis. However,

a report by Turner et al. (1990) on retinal progenitor cells, which utilised

lenti-viral beta-galactosidase constructs to carry out lineage analysis by de-

1In figure 3.10 a, retinal progenitors can be clearly distinguished from BrdU-labelled
photoreceptors.

89



3 Characterisation of a novel photoreceptor reporter line

Rxrγ+
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Figure 3.12 Hypotheses for the BrdU-pulse chase experiment. The percentages of Rxrγ-
positive and negative CrxGFP cells at E15.5 are indicated. The blue arrow applies when
Rxrγ-negative cells acquire an adult cone fate, while the red arrow described a scenario
where Rxrγ-positive cells develop as rod photoreceptors.

termining clonal composition by morphology in adult retinal sections, is in

agreement with my findings. Whenever single cell clones were detected at

an E13-14 infection, meaning that the cell had undergone terminal mitosis

during or shortly after the viral treatment, 50 out of 65 clones consisted of

cone photoreceptors, however only a single rod photoreceptor was reported

and no rods were detected in two cell-clones (Turner et al. 1990). Similarly,

in the rat retina, it was shown that cones have a window of exclusivity be-

fore E15, when rod genesis beings, and contribute the majority of born

photoreceptors even for shortly afterwards (Rapaport et al. 2004). It is

therefore plausible that photoreceptor development takes a similar course

in the mouse retina and the window of cone exclusivity reaches up to E15

(figure 3.8).

In the next chapter, the effectiveness of CrxGFP-labelled photoreceptor

precursors in transplantation experiments is analysed. Emphasis is placed

on embryonic photoreceptor precursors harvested close to the peak of cone

genesis.
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4 Transplantation of Crx-expressing
photoreceptor precursors

4.1 Introduction

It has previously been established that the non-neurogenic adult retina is

an environment permissive for photoreceptor transplantation. When early

post-natal retinal cell suspension were grafted, some of the transplanted

cells migrated into the host retina and gave rise to mature rod photore-

ceptors. The optimal ontogenetic stage for rod photoreceptor donor cells

was approximated to be around post-natal day 4, based on a range of

transplantations with cells ranging from E11 to adult (see figure 2 a within

MacLaren et al. 2006).

However, the ubiquitous reporter CbaGFP labelled all cell types of the

retina and the transplantation procedure utilised unsorted whole retinal

cell suspension, not taking into account other retinal cell types of the donor

population. As rod photoreceptor birthing peaks in the early post-natal

period of mouse development (Young 1985a, Carter-Dawson and LaVail

1979b), the increase in photoreceptor integration efficiency may rest on the

increasing proportion of rods, rather than their varying degree of maturity.

As discussed in chapter 1, cone photoreceptor transplantation is the

key in order for transplantation therapy to be effective in restoring lost

visual acuity in humans. Cones are exclusively born during embryonic

development (Carter-Dawson and LaVail 1979b) and the majority of pho-

toreceptors at E15.5 (97 %+) label for the cone marker Rxrγ (figure 3.8).

According to my BrdU pulse-chase data these are also likely to develop

into mature cone photoreceptors during the normal course of development.

The CrxGFP line, labelling both rods and cones, provides the unique
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4 Transplantation of Crx-expressing photoreceptor precursors

opportunity to isolate photoreceptors from all stages of development by

fluorescence-activated cell sorting (FACS), thereby excluding most other

retinal cell types and allowing a comparative analysis of their transplanta-

tion potential.

In this chapter, I will present data from transplantation experiments util-

ising flow-sorted CrxGFP photoreceptor precursor cells from several time

points of retinogenesis (E12-P3) to determine the most suitable ontogenetic

stage for cone transplantation. I will also demonstrate that embryonic pre-

cursors integrate well into two models of Leber’s Congenital Amaurosis

(LCA) and that cone integration efficiency can be affected by the recipient

environment.

4.2 Results

4.2.1 Transplanted CrxGFP cells migrate into the host
retina and give rise to photoreceptors

To test the suitability of Crx-expressing photoreceptor precursors for trans-

plantation, embryonic (E12.5, E14.5, E15.5, E16.5, E17.5) and postnatal

(P2, P3) CrxGFP retinae (figure 3.5) were dissociated. Photoreceptor pre-

cursors were enriched by FACS and equal numbers of cells for each time-

point were grafted into adult wildtype retinae by sub-retinal injection.

Three weeks after transplantation, large numbers of GFP-positive cells

had migrated into the recipient ONL (figure 4.1). Integrated GFP-

expressing cells in the ONL displayed morphological features of mature

photoreceptors, including inner and outer segments near the RPE and

synaptic bodies in the outer plexiform layer (OPL) (figure 4.1 arrowheads,

figure 1.3).

The distribution of integrated cells was equivalent to the retinal detach-

ment caused by injection of the cell suspension between the NR and RPE.

Higher numbers or clusters of integrated CrxGFP photoreceptors in the

recipient ONL were often found in close proximity to grafted cells that

remained in the sub-retinal space (figure 4.1 b&c, circled area).
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Figure 4.1 Postnatal and embryonic CrxGFP photoreceptor precursors integrate into recip-
ient retinae. After injection of CrxGFP photoreceptor precursors into the subretinal space,
large numbers migrated into the recipient ONL and differentiated as photoreceptors. (a)
Post-natal CrxGFP cell populations gave rise to more and denser clusters, (b&c) while
embryonic donors cells were observed in smaller arrays. Photoreceptors display correctly
oriented inner and outer segments facing the retinal pigmented epithelium and synapses in
the OPL. (b) and (c) are confocal z-projections. ISL - inner segment layer, ONL - outer
nuclear layer, OPL - outer plexiform layer.
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Figure 4.2 The overall integration efficiency of CrxGFP precursor cells correlates with donor
age. Total number of integrated CrxGFP photoreceptors displayed in relationship to donor
age. According to bivariate statistical analysis the correlation between donor age and inte-
grated cells is highly significant (Spearman’s correlation).

The overall efficiency of photoreceptor integration correlated with on-

togenetic stage of the donor population. While all stages, except E12.5,

exhibited competency to develop as mature photoreceptors following trans-

plantation, postnatal donors generated higher numbers of integrated cells

than embryonic precursor populations.

Typical integration numbers for embryonic CrxGFP populations varied

from several hundreds to a few thousand photoreceptors, whereas postnatal

precursors gave rise to up to 15,400 integrated cells. Bivariate statistical

analysis confirmed that this correlation between donor age and integration

efficiency was highly significant (p = 8.8 · 10−7, Spearman’s correlation,

figure 4.2).

In previous experiments it was established that rod photoreceptors had

to be post-mitotic in order integrate after transplantation (MacLaren et al.
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Figure 4.3 Integrated CrxGFP photoreceptors derive from post-mitotic precursors. A pro-
portion of transplanted CrxGFP cells remain in the subretinal space. (a) A close-up of a
subretinal cell aggregate, with few BrdU+ cells that do not express GFP (open arrowheads).
(b) No integrated CrxGFP photoreceptors in the recipient ONL co-labelled for BrdU (closed
arrowheads). Rarely CrxGFP-BrdU double-positive cells were found in the subretinal space
(open arrowhead). (a) and (b) are confocal z-projections. SRS - subretinal space, ONL -
outer nuclear layer.

2006). To verify whether only Crx-expressing post-mitotic cells integrate,

continuous BrdU-labelling was performed. Mice with a P2 transplant re-

ceived daily intraperitoneal BrdU-injections over the period of one week

after grafting. After another two weeks, few BrdU+ cells were found in the

subretinal space (figure 4.3 a, open arrowheads), but none of the integrated

CrxGFP cells in the recipient ONL had incorporated BrdU (figure 4.3 b,

filled arrowheads). Rarely, BrdU-CrxGFP double-positive cells were ob-

served in the sub-retinal space (figure 4.3 b, open arrowhead), indicating

the presence of a few mitotic cells giving rise to Crx-expressing cells after

transplantation.

Although the CrxGFP transgene also weakly labels cells in the INL

(figure 3.2, Samson et al. 2009), a cell integrated into the recipient INL was
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Figure 4.4 Only example of a transplanted CrxGFP cell in the INL. These confocal z-
projections depict the unique example of a CrxGFP cell that integrated into the INL, dis-
playing a morphology resembling a bipolar cell. (a) Photoreceptors can been seen integrated
in the ONL, while the putative bipolar cell body is situated in the INL (closed arrowhead).
(b) Under high magnification, several dendrites can be seen in the outer plexiform layer. The
nuclear layout is less condensed than seen in transplanted CrxGFP photoreceptors (closed
arrowhead). ONL - outer nuclear layer, INL - inner nuclear layer.

only observed once (figure 4.4). In all other analysed specimen, CrxGFP

cells were not found in the inner nuclear layers, however a proportion of

cells in the subretinal space stained for the bipolar cell markers Chx10 and

PKCα (figure 4.5 a&b).

4.2.2 The majority of transplanted CrxGFP cells develop
as rod photoreceptors

The majority of integrated CrxGFP cells at all transplantation time-points

readily displayed typical morphological features of mature rod photorecep-

tors, including spherical synaptic bodies in the OPL and slender inner

segments, correctly oriented towards the RPE (figure 4.6). As the GFP-
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Figure 4.5 A small proportion of CrxGFP cells in the subretinal space label for bipolar cell
markers. Some CrxGFP cells in the subretinal space co-label for the bipolar cell markers (a)
Chx10 and (b) PKCalpha (open arrowheads), which also stain bipolar cell neurons of the
recipient INL. None of the integrated CrxGFP photoreceptors stained for either marker. (a)
and (b) are confocal z-projections. SRS - subretinal space, ONL - outer nuclear layer, INL
- inner nuclear layer.
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signal in outer segments is weaker (figure 3.2) and the structure is easily

damaged during tissue sectioning, outer segments were observed at lower

frequency (figure 4.6 c, insert). All transplanted rod photoreceptors were

also aligned with the recipient photoreceptors—dispersed throughout the

full width of the ONL—and had highly condensed nuclei with a single

central heterochromatin focus.

As expected from rod photoreceptors, these CrxGFP cells stained for

the rod phototransduction cascade component phosducin (figure 4.6 a), in

addition to expressing phototransduction proteins recoverin (figure 4.6 b)

and guanylate cyclase 2e (Gucy2e, figure 4.6 c), common to both rods and

cones (figure 4.6 b&c). Conversely, cone markers such as Rxrγ did not co-

localise with integrated cells that displayed rod morphology (figure 4.6 d).

The synapses of integrated CrxGFP cells labelled for the pre-synaptic

rod spherule markers bassoon (Dick et al. 2003, figure 4.7 a) and retinal

dystrophin (Ueda et al. 1997, figure 4.7 b). PKCα staining also revealed

close association of rod synapses with rod bipolar cells (figure 4.7 c).

4.2.3 A proportion of transplanted CrxGFP cells develop
as cone photoreceptors

Although rods vastly outnumber cone photoreceptors in the adult murine

retina at a ratio of approximately 30:1 (Jeon et al. 1998), embryonic

photoreceptor precursor populations contain a high proportion of Rxrγ-

expressing cone precursors (>97% at E15.5, figure 3.8). According to my

hypothesis, these early precursors would generate cone photoreceptors af-

ter transplantation. In order to determine the proportion of cones and rods

in the population of integrated CrxGFP cells, all transplants were screened

with the cone marker Rxrγ.

Small numbers of Rxrγ/CrxGFP double-positive cells were consistently

observed with all integration competent embryonic donor populations (fig-

ure 4.8 a-c). The cells displayed morphological features characteristic for

mature cone photoreceptors with their somata exclusively located to the

outermost edge of the ONL (figure 4.8). Contrary to rods, the nuclei
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Figure 4.6 Transplanted CrxGFP cells with rod morphology co-label for functional photo-
receptor markers. CrxGFP cells integrated in the recipient ONL, displaying rod morphology
labelled for the (a) rod phototransduction marker phosducin in their inner segments and cell
bodies. (b) Rods also expressed the functional pan photoreceptor marker recoverin and (c)
the phototransduction component Gucy2e (also known as RetGC1) in their outer segments.
(d) The nuclear cone photoreceptor marker Rxrγ does not co-label CrxGFP cells with rod
morphology. Insets show a higher magnification single optical section of the inner segments
(a&b) or outer segment (c). (a-c) are confocal z-projections. ISL - inner segment layer,
ONL - outer nuclear layer, OPL - outer plexiform layer.
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Figure 4.7 Expression of synaptic markers in integrated CrxGFP photoreceptors. Trans-
planted CrxGFP cells co-label for the pre-synaptic markers. (a) Bassoon, as component of
the rod ribbon synapse and (b) dystrophin (arrowheads). Insets display higher magnifica-
tion single optical slices of the numbered synapse spherules. (c) PKCalpha, a marker of rod
bipolar cells and therefore post-synaptic, closely associates with the synapse spherules of
integrated CrxGFP photoreceptors. Inset shows a higher magnification single optical slice
of the boxed area. The arrowhead indicates the bipolar cell dendrite. (a-c) are confocal
z-projections. ONL - outer nuclear layer, OPL - outer plexiform layer, INL - inner nuclear
layer.
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contained several heterochromatin foci and the inner segments were wider

(figure 4.8, insets and arrowheads). The very unique synapses in the OPL—

cone pedicles—regularly displayed fine dendrite-like structures called telo-

denria, which usually establish gap-junction with neighbouring cone pedi-

cles (figure 4.8 b, c, open arrowheads). In addition to Rxrγ, CrxGFP

photoreceptors that displayed cone morphology were also immuno-positive

for the pan-cone marker cone arrestin (Arr3, figure 4.8 d).

To account for variability between individual cell injections, the number

of cones counted per eye was normalised to the total amount of integrated

CrxGFP cells for each transplantation experiment. As hypothesised, the

percentage of integrated Rxrγ+ cones was highest when early embryonic

CrxGFP precursors were transplanted, while virtually no integrated cones

were observed with P3 donors (figure 4.9). This inverse correlation between

donor age and cone integration efficiency was found highly significant by

bivariate statistical analysis (p=0.0014, Spearman’s correlation). However,

at all donor ages, the median number of rod integration was at least 100-

fold greater than integrated cone numbers (<1% cones, figure 4.9).

Photoreceptor precursors pass through several procedures (dissection,

dissociation, cell-sorting) before they are injected into the subretinal space

of recipient mice. If cone precursors were more sensitive to processing than

rods, this could affect the number of cones found in the recipient ONL.

After grafting, a proportion of CrxGFP cells remains and survives in the

subretinal space often aggregating to rosette-like structures with inwardly

oriented photoreceptor inner segments (figure 4.10 a). Analysis with the

cone markers Rxrγ and cone arrestin revealed that a large proportion of

CrxGFP cells expressed these markers (figure 4.10 a&b, filled arrowheads).

In addition, when E15.5 CrxGFP cells were examined after cell-sorting, but

before transplantation, the majority of cells were immuno-positive for Rxrγ

(figure 4.11).

These observations suggest that cone precursors do not selectively die in

the transplantation procedure and CrxGFP cells carry on to mature in the

subretinal space towards both cone and rods fates (figure 4.10).
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Figure 4.8 A small proportion of transplanted embryonic CrxGFP donor cells develop as cone
photoreceptors in the wildtype retina. The presumed cone photoreceptors’ cell bodies were
located at the outer-most edge of the recipient ONL (a-d, filled arrowheads). Large ribbon
synapses were observed in the OPL (b& c, open arrowheads) and all cones displayed the
typical multifocal heterochromatin nuclear layout (a-d, cyan channel, insets). (a-c) Three
examples of cone photoreceptors co-labelling with the nuclear cone marker Rxrγ (filled
arrowheads and insets). (b&c) Two of these cones are in close proximity to photoreceptors
with typical rod morphology that do not label for the cone marker and show a condensed
single-focus heterochromatin nuclear layout. (d) Transplanted CrxGFP cone photoreceptors
also co-labelled with the cone marker cone arrestin (arr3) (arrowheads and inset). All insets
display a higher magnification of the cone soma. Insets in (a-c) are also single optical
confocal slices. (a-c) are confocal z-projection images. ISL - inner segment, ONL - outer
nuclear layer, OPL - outer plexiform layer.
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Figure 4.9 The cone integration efficiency of CrxGFP cells is inversely correlated with donor
age. The percentage of cones (Rxrγ/CrxGFP+ cells normalised to the total CrxGFP count
per eye) displayed in relationship to the donor age. According to bivariate statistical analysis
the inverse correlation between donor age and cone integration is significant (Spearman’s
correlation).

It should also be noted at this point that cone precursors have not been

observed to switch fate during their normal course of development, as es-

tablished in the previous chapter by a BrdU-pulse chase experiment (fig-

ures 3.11–3.9). Although not excluded by experimental evidence, it is thus

not expected that Rxrγ+ cone precursors switch fate after transplantation

to develop as rod photoreceptors.

As only a small proportion of integrated Rxrγ+ cone photoreceptors

were observed in the recipient ONL, I hypothesised that more Rxrγ+ cells

may be found in the recipient retina shortly after transplantation. To

examine this short-term behaviour, E15.5 CrxGFP precursors were grafted

into adult wildtype retinae and the transplants analysed at 4 and 10 days

after the injection, by contrast to a three week delay in the usual routine.

Four days post transplantation, less than 50 integrated CrxGFP cells

were found in the ONL of only 2 out of 8 specimens. However, weakly

GFP+ cells that immuno-labelled for Rxrγ were frequently seen within

the inner and outer segment layers, seemingly migrating towards the ONL
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Figure 4.10 Transplanted CrxGFP cells remaining in the subretinal space after transplanta-
tion express cone and rod markers. (a-c) Some transplanted CrxGFP cells did not integrated
into the recipient ONL and accumulated in the subretinal space between RPE and ONL.
(a) Subretinal CrxGFP cells express the nuclear cone marker Rxrγ (solid arrowheads) and
occasionally organise in rosettes (dashed ellipse). (b) CrxGFP cells in the subretinal space
also express the mature cone marker cone arrestin (Arr3, solid arrowheads). Cones in the
recipient ONL are indicated by open arrowheads. (c) A proportion of subretinal CrxGFP
cells labels for the rod phototransduction marker phosducin (open arrowheads). (a) is a
confocal single optical section, (b&c) are confocal z-projection images. SRS - subretinal
space, ISL - inner segment layer.

104



4 Transplantation of Crx-expressing photoreceptor precursors
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Figure 4.11 The majority of FACS-enriched CrxGFP cells expressed the cone marker Rxrγ.
Prior to transplantation, a sample of FACS-treated CrxGFP cells were stained for the cone
marker Rxrγ. The majority of cells display a high level of expression. A CrxGFP/Rxrγ+

cells is highlighted by a solid arrowhead, while a CrxGFP+/Rxrγ− cells is indicated by an
open arrowhead.
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(figure 4.12 a). By 10 days after grafting, no more migrating cells could be

observed and integrated mature rods and cones (figure 4.12 b) occurred in

numbers similar to controls analysed at three weeks post transplantation

(figures 4.13 & 4.14).

Taken together these data show that while cone precursors are present in

the subretinal space and some apparently migrate towards the ONL, only

few cones successfully integrate and mature. Even though the transplanted

CrxGFP population consisted by and large of cone precursors, the adult

wildtype environment favoured the integration of rod photoreceptors.

I next assessed the effect of the recipient age on precursor integration

behaviour. During late retinogenesis, commencing at P6, immature cones

appear to migrate along the vitreal-ventricular axis within the ONL before

they assume their final position at the outermost edge in the mature retina

(Jia et al. 2009). This migratory environment could be more sympathetic

to cone integration using embryonic CrxGFP donors.

E15.5 CrxGFP precursors were transplanted into the subretinal space

of P14 wildtype pubs, which is shortly after eye-opening of the pups to

ease surgery. The transplanted cells gave rise to both rods and cones with

mature morphological features equivalent to previous grafts (figure 4.15).

E15.5 precursors in the P14 retina gave rise to similar numbers of over-

all integrated photoreceptors compared with adult recipients (p=0.107,

Mann Whitney test, figure 4.16). However, the percentage of cone cells

was not significantly elevated suggesting that the P14 retina is not more

favourable than the adult wildtype environment to cone precursors inte-

gration (p=0.105, Mann Whitney test, figure 4.17).

4.2.4 Transplantation of embryonic CrxGFP donors into
mutant retinae

Notwithstanding the purpose of using mutant retinae to test the efficacy

of CrxGFP donor cells in a generally degenerating milieu, mutants may

provide insights into functional aspects of photoreceptor precursor integra-

tion. For this reason we transplanted embryonic CrxGFP precursors into
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Figure 4.12 Behaviour of CrxGFP cells shortly after transplantation. (a) 4 days after
transplantation, CrxGFP cells co-expressing Rxrγ can be seen within the OSL and ISL of
the recipient retina (solid arrowheads). These “migrating cells” are separated from cells
in the subretinal space. (b) By 10 days post transplantation, integrated CrxGFP cells co-
labelling for Rxrγ with cone morphology (solid arrowheads) as well as CrxGFP photoreceptors
displaying rod morphology are observed. (a&b) are confocal z-projection images. OSL -
outer segment layer, ISL - inner segment layer, ONL - outer nuclear layer, OPL - outer
plexiform layer, dpt - days post transplantation, DIC - differential interference contrast.
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Figure 4.13 Comparison of the total number of integrated photoreceptors after transplan-
tation of E15.5 CrxGFP precursor cells into wildtype retinae analysed at 10 days and 3
weeks after transplantation. There was no statistical significant difference between the
overall numbers of integrated photoreceptors when analysed at 10 days or 3 weeks after
transplantation (Mann Whitney U test, p=0.655).
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Figure 4.14 Comparison of the cone integration efficiency after transplantation of E15.5
CrxGFP precursor cells into wildtype retinae analysed at 10 days and 3 weeks after trans-
plantation. There was no statistical significant difference between the overall numbers of
integrated photoreceptors when analysed at 10 days or 3 weeks after transplantation (Mann
Whitney U test, p=0.733).
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Figure 4.15 Embryonic CrxGFP donor cells develop as cone and rod photoreceptors when
transplanted into P14 wildtype retinae. (a-c) Three examples of CrxGFP cone photorecep-
tors, co-expressing the nuclear cone marker Rxrγ, whilst displaying typical morphological
features. These include large cone pedicles with telodendria in the OPL, stubby inner
segments and multifocal heterochromatin nuclei near the outer edge of the ONL (arrow-
heads, insets). Insets show higher magnification single confocal optical sections through the
nucleus. (a&b) The cone photoreceptors are surrounded by CrxGFP photoreceptors with
typical rod morphology that do not express Rxrγ. (a-c) are confocal z-projection images.
ONL - outer nuclear layer, OPL - outer plexiform layer, INL - inner nuclear layer.
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Figure 4.16 Comparison of the total number of integrated photoreceptors after transplan-
tation of E15.5 CrxGFP precursor cells into adult and P14 wildtype retinae. There was no
statistical significant difference in the overall numbers of integrated photoreceptors between
adult and P14 wildtype retinae (Mann Whitney U test, p=0.107).
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Figure 4.17 Comparison of the cone integration efficiency after transplantation of E15.5
CrxGFP precursor cells into adult and P14 wildtype retinae. Cone integration efficiency is
expressed as the percentage of Rxrγ+ cells within the integrated CrxGFP population. There
was no statistical significant difference in cone integration efficiency between P14 and adult
wildtype retinae (Mann Whitney U test, p=0.105).

110



4 Transplantation of Crx-expressing photoreceptor precursors

two models, one of which was shown to ease rod precursor migration by

disruption of a natural barrier (West et al. 2008, Pearson et al. 2010) while

the other provides a cone photoreceptor-depleted environment (Yang et al.

1999, Baehr et al. 2007).

Cone and rod precursors integrate into the degenerating Crb1rd8/rd8

retina

The outer limiting membrane (OLM) is a barrier formed between the apical

processes of Müller glia and the base of the inner segments of photorecep-

tors, forming a separate compartment between ONL and RPE where the

photoreceptors’ inner and outer segments reside. An important protein

involved in formation and correct localisation of the adherence junctions

is the Drosophila Crumbs homology 1 (Crb1). Mutations in human CRB1

are associated with severe retinal dystrophies including LCA and RP (den

Hollander et al. 2004).

The Crb1rd8/rd8 mouse carries a naturally-occurring frameshift mutation

in the Crb1 gene, causing the production of a truncated protein through

a premature stop-codon (Mehalow et al. 2003). The disruption of Crb1

in the mutant leads to fragmentation of the OLM at as early as 2 weeks

of age. OLM disruption can also be achieved when Müller glia are tar-

geted by a cytotoxin (dl-alpha-aminoadipic acid, West et al. 2008) or by

the siRNA-mediated knock-down of zona occludins 1 (Zo1), another ad-

herence junction protein involved in the formation of the OLM (Pearson

et al. 2010). When postnatal rod precursors (unsorted post-natal retina)

were transplanted into such environments, significantly more integrated

rod photoreceptors developed than in the wildtype controls (West et al.

2008, Pearson et al. 2010). These results strongly suggest that the OLM

poses a substantial barrier for photoreceptor precursor migration into the

recipient ONL.

To observe the effects of the disrupted barrier on cone precursor integra-

tion, an embryonic CrxGFP precursor population was transplanted into the
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Figure 4.18 Embryonic CrxGFP donor cells integrate into the degenerating Crb1rd8/rd8

retina, giving rise to both rod and cone photoreceptors. (a) A dense cluster of integrated
CrxGFP photoreceptors with rod morphology, surrounding a Rxrγ+ recipient cone (arrow-
head). (b) A cone photoreceptor co-expressing Rxrγ (solid arrowhead), displaying a broad
inner and a cone pedicle with telodendria (open arrowheads). (a&b) are confocal z-projection
images. Sections are from 9 week old Crb1rd8/rd8 mice, which were injected at 6 weeks of
age. ISL - inner segment layer, ONL - outer nuclear layer, OPL - outer plexiform layer.

Crb1rd8/rd8 retina. E15.5 donor cells1 were injected into subretinal space

of mutant retinae at 6 weeks of age, the recipient age at which the highest

increase in rod precursor integration was observed (Pearson et al. 2010).

Three weeks after transplantation, large numbers of precursors had in-

tegrated into the degenerating ONL, which were morphologically indistin-

guishable from previously observed examples (figure 4.18). Analogous to

wildtype recipients, most integrated CrxGFP cells in the Crb1rd8/rd8 ONL

displayed features of mature rod photoreceptors. Overall photoreceptor

integration levels were elevated, but did not meet the most stringent sta-

tistical criteria (p=0.052, Mann Whitney test, median=508 vs. 1894, fig-

1E15.5 donors were most suitable, as CrxGFP cells at this stage consistently generated
cones after transplantation and eyes were easier to process than earlier stages.
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Figure 4.19 Overall CrxGFP photoreceptor precursors integration is comparable to wildtype
controls. Comparison of the total number of integrated photoreceptors after transplanta-
tion of E15.5 CrxGFP precursor cells into wildtype and Crb1rd8/rd8 retinae. There was no
statistical significant difference in the overall numbers of integrated photoreceptors between
wildtype and Crb1rd8/rd8 retinae (Mann Whitney U test, p=0.052).

ure 4.19).

GFP-positive cells expressing Rxrγ exhibited the usual mature cone fea-

tures (figure 4.18 b). However, cone integration efficiency did not differ

from wildtype controls (p=0.544, Mann Whitney test, figure 4.20), in-

dicating that disruption of the OLM does not preferentially improve cone

migration and integration from the subretinal space into the recipient ONL.

Despite representing a degenerating environment, modelling human

LCA, the Crb1rd8/rd8 retina readily accepted grafted rod and cone pho-

toreceptors at equivalent—if not improved—levels when compared with

the wildtype environment.

Cone precursors integrate more efficiently into the cone-depleted
Gucy2e–/– retina

Retinal guanylate cyclases synthesise cyclic GMP, essential to proper pho-

totransduction. Mutations in the human GUCY2D (guanylate cyclase 2D)

lead to severe rod-cone dystrophies classified as type 1a LCA, while the
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Figure 4.20 Embyronic CrxGFP cone photoreceptor precursors do not integrate more effi-
ciently after the disruption of the outer limiting membrane. Comparison of the cone inte-
gration efficiency after transplantation of E15.5 CrxGFP precursor cells into Crb1rd8/rd8 and
wildtype retinae. Cone integration efficiency is expressed as the percentage of Rxrγ+ cells
within the integrated CrxGFP population. There was no statistical significant difference in
cone integration efficiency between Crb1rd8/rd8 and wildtype retinae (Mann Whitney U test,
p=0.544).

targeted deletion of the mouse homologue Gucy2e (guanylate cyclase 2e

or retinal guanylate cyclase 1, RetGC1) was described with a severe cone-

rod dystrophy phenotype and paradoxical rod ERG results. Cone death

was initially observed between 4 and 5 weeks of age (Yang et al. 1999),

although subsequent reports established a later onset of cone cell death

after 5 to 6 months of age and irregular expression of proteins found in

cone outer-segments (Baehr et al. 2007). Rods remain light-responsive and

degenerate on a much slower time-scale, maintaining a de facto cone-less

retina (Yang et al. 1999, Baehr et al. 2007).

Healthy mouse cone photoreceptors are non-randomly distributed across

the retina and account for approximately three per cent of the total amount

of photoreceptors (Jeon et al. 1998, Fei 2003). The frequency of integrated

cones after transplantation into wildtype animals occasionally draws near

to this likely endogenous value (figure 4.9). I found that, in the Gucy2e

knock-out retina, roughly three quarter of Rxrγ+ cone nuclei are lost by
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Figure 4.21 The 2-3 month Gucy2e–/– retina has lost the majority of its cone photoreceptors.
(a) A field of view from the 2-3 month Gucy2e–/– retina exemplifying the extend of cone loss
by immunohistochemistry for the nuclear cone marker Rxrγ. Only a few cone nuclei are left
near the outer edge of the ONL. (b) A field of view from an age-matched wildtype control
retina. Many cone nuclei are regularly clustered at the outer edge of the ONL throughout
the whole field of view. (c) Summary of quantification. Cones were counted as Rxrγ+
nuclei in the ONL per field of view. The median is approximately reduced to 25% in the
2-3 month Gucy2e–/– retina. ONL - outer nuclear layer, INL - inner nuclear layer, GCL -
ganglion cell layer.

2-3 months of age, while the remaining retinal architecture appears largely

unaltered (figure 4.21). This cone-depleted environment may favour cone

precursor integration, by increasing the ‘headroom’ past the endogenous

3% cone limit, or by providing instructive cues, or by the removal of in-

hibitive signals.

E16.5 CrxGFP donor cells readily integrated into 2-3 month-old

Gucy2e–/– retinae and the bulk of photoreceptors presented with mature

rod morphology (figure 4.22). The overall integration levels were compara-

ble to wildtype controls (p=0.286, Mann Whitney test, figure 4.23). As in

previous grafting experiments, cones cells were identified by immunohisto-
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chemistry (figure 4.24), however, at a 13-fold median increase, significantly

more cones than in wildtype controls were observed (p=0.019, Mann Whit-

ney test, figure 4.25).

Significantly less E15.5 CrxGFP precursors integrated into P14

Gucy2e–/– recipients, at a time where the retina shows no apparent signs

of cone loss (p=0.002, Mann Whitney test, figure 4.26). Several of these

grafts would only lead to the formation of less than 50 photoreceptors per

eye, with a high proportion of cone cells (figure 4.27). As no data was ex-

cluded from the analysis, the cone integration efficiency was significantly

increased by comparison to P14 wildtype controls (p = 2.9 · 10−4, Mann

Whitney test, 4.28).

When E15.5 CrxGFP precursors were transplanted into Gucy2e–/– mice

aged 12-14 months, similar to 2-3 month degenerate mice, there was not

a statistical significance between the data pools for overall photoreceptor

integration (figure 4.29, Mann Whitney U, p=0.338). At this point, the

Gucy2e–/– retina displays severe thinning or complete absence of the ONL.

It thus becomes difficult to distinguish between CrxGFP cells integrated

in the recipient ONL and CrxGFP cells attached to the edge of the ONL.

Despite the ongoing degeneration, many CrxGFP precursors were able to

integrate into this model of LCA, although inner and outer segments were

frequently misaligned due to the lack of stability provided by the host ISL

and OSL.

Whilst rods readily integrated into the aged Gucy2e knock-out retina,

cone precursors seemed to be affected by the strong degenerate environ-

ment and no difference between wildtype and the mutant retinae could be

observed (figure 4.30, Mann Whitney U test, p=0.539).

4.3 Summary of the analysis

• Flow-sorted CrxGFP cells from a wide range of donor ages migrate

and integrate as photoreceptors with appropriate morphology into

the non-neurogenic adult retina.
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Figure 4.22 Embryonic CrxGFP donor cells give rise to rod photoreceptors in the degen-
erating 2-3 months Gucy2e–/– retina. (a-c) Example clusters of integrated CrxGFP cells
with rod morphology in the 2-3 month degenerating Gucy2e–/– retina. (a-c) are confocal
z-projection images. ISL - inner segment layer, ONL - outer nuclear layer, OPL - outer
plexiform layer, RPE - retinal pigmented epithelium, INL - inner nuclear layer.
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Figure 4.23 Overall CrxGFP photoreceptor integration in the degenerating 2-3 month
Gucy2e–/– retina is comparable to wildtype controls. Comparison of the total number of
integrated photoreceptors after transplantation of E16.5 CrxGFP precursor cells into wild-
type and 2-3 month Gucy2e–/– retinae. There was no statistical significant difference in
the overall numbers of integrated photoreceptors between wildtype and Gucy2e–/– retinae
(Mann Whitney U test, p=0.286).

• Significantly more donor cells integrate into the recipient retina with

increasing developmental donor age.

• The majority of integrated photoreceptors at all time-points are rod

photoreceptors.

• Transplanted, integrated CrxGFP photoreceptor in the recipient

retina are derived from post-mitotic donor cells.

• A proportion of the transplanted cells survived in the recipient’s sub-

retinal space, expressing markers for cone and rod photoreceptors and

bipolar cells.

• Integrated CrxGFP photoreceptors express pre-synaptic markers and

their synapse spherules closely associated bipolar cell dendrites, sug-

gesting synaptic connectivity.

• A proportion of embryonic CrxGFP cells consistently integrated and

118



4 Transplantation of Crx-expressing photoreceptor precursors

Rxrγ

E16.5 into adult Gucy2e-/-

a GFP Rxrγ GFP Hoechst

ONL

ISL

20μm

cone arrestin

E16.5 into adult Gucy2e-/-

a GFP cone arrestin GFP Hoechst

ONL

ISL

20μm

Figure 4.24 Embryonic CrxGFP donor cells give rise to cone photoreceptors in the degen-
erating 2-3 month Gucy2e–/– retina. (a&b) Two examples of integrated CrxGFP cells that
display cone morphology and co-express the cone markers Rxrγ and cone arrestin (arr3).
Both images are confocal z-projections. ISL - inner segment layer, ONL - outer nuclear
layer.
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Figure 4.25 Cones integrate more efficiently in the cone-depleted Gucy2e–/– retina. Com-
parison of the cone integration efficiency after transplantation of E16.5 CrxGFP precursor
cells into 2-3 month Gucy2e–/– and wildtype retinae. Cone integration efficiency is expressed
as the percentage of Rxrγ+ cells within the integrated CrxGFP population. There was a sta-
tistical significant difference in cone integration efficiency between Gucy2e–/– and wildtype
retinae (Mann Whitney U test, p=0.019).

developed as cone photoreceptors in the recipient retina.

• Shortly after transplantation of embryonic CrxGFP cells, cone pre-

cursors appear to be migrating towards the ONL.

• Embryonic CrxGFP donor cells integrate well into two degenerating

models of LCA.

• The outer limiting membrane does not represent a significant barrier

to the integration of embryonic CrxGFP cone precursors.

• Embryonic CrxGFP cone precursors integrate significantly more ef-

ficiently into the cone-depleted Gucy2e–/– retina.

4.4 Discussion

Previous work has focused on the transplantation of rod photoreceptors

(MacLaren et al. 2006, Bartsch et al. 2008), barriers to rod integration

120



4 Transplantation of Crx-expressing photoreceptor precursors

Recipient phenotype

P14 wildtypeP14 Gucy2e-/-

n=10

n=10

N
um

be
r o

f i
nt

eg
ra

te
d 

Cr
xG

FP
 c

el
ls

 p
er

 e
ye

4000

3000

2000

1000

0

p=0.002

Figure 4.26 Embryonic CrxGFP donor cells integrate less efficiently into the P14 Gucy2e–/–

retina (possible artefact of suboptimal transplantations) Comparison of the total number of
integrated photoreceptors after transplantation of E15.5 CrxGFP precursor cells into P14
wildtype and P14 Gucy2e–/– retinae. There was a statistical significant difference in the
overall numbers of integrated photoreceptors between P14 wildtype and P14 Gucy2e–/–

retinae (Mann Whitney U test, p=0.002). However, several transplantation experiment
contained unusually few integrated photoreceptor cells (<50 per eye), which strongly shifts
the median towards zero and biases the statistical analysis.
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Figure 4.27 Embryonic CrxGFP donor cells give rise to cone photoreceptors in the P14
Gucy2e–/– retina. (a&b) Two examples of integrated CrxGFP cells that display cone mor-
phology and co-express the cone markers Rxrγ and cone arrestin (arr3). (a) is a confocal
z-projection images and (b) is a single confocal optical section. ONL - outer nuclear layer,
OPL - outer plexiform layer.
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Figure 4.28 Embryonic CrxGFP cone precursors integrate more efficiently into the P14
Gucy2e–/– retina (possible artefact of suboptimal transplantations) Comparison of the cone
integration efficiency after transplantation of E15.5 CrxGFP precursor cells into P14 month
Gucy2e–/– and P14 wildtype retinae. Cone integration efficiency is expressed as the per-
centage of Rxrγ+ cells within the integrated CrxGFP population. There was a statistical
significant difference in cone integration efficiency between Gucy2e–/– and wildtype retinae
(Mann Whitney U test, p=2.9 · 10−4). However, several transplantation experiment con-
tained unusually few overall integrated photoreceptor cells (<50 per eye), while Rxrγ+ cones
were counted. This strongly shifts the median of cone percentages upwards and biases the
statistical analysis.
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Figure 4.29 Embryonic CrxGFP precursors integrate efficiently into the very degenerate
Gucy2e–/– retina. Comparison of the total number of integrated photoreceptors after trans-
plantation of E15.5 CrxGFP precursor cells into >1year Gucy2e–/– and wildtype retinae.
There was no statistical significant difference in the overall numbers of integrated photore-
ceptors between Gucy2e–/– and wildtype retinae (Mann Whitney U test, p=0.338).
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Figure 4.30 Embryonic CrxGFP cone precursors integrate into the aged Gucy2e–/– retina
with similar efficiency when compared to wildtype recipients. Comparison of the cone
integration efficiency after transplantation of E15.5 CrxGFP precursor cells into >1year
Gucy2e–/– and wildtype retinae. Cone integration efficiency is expressed as the percentage
of Rxrγ+ cells within the integrated CrxGFP population. There was no statistical signifi-
cant difference in cone integration efficiency between Gucy2e–/– and wildtype retinae (Mann
Whitney U test, p=0.539).
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(West et al. 2008, Pearson et al. 2010) and long term survival of rod

grafts (West et al. 2010). These ground-breaking observations showed that

post-mitotic rod precursors are most suited for transplantation and form

mature functional rods in the recipient retina. In this chapter, these inves-

tigations were extended onto cone photoreceptors, given their importance

in human behaviour.

I demonstrated in proof-of-principle experiments that a population of

embryonic precursors labelled and enriched by CrxGFP transgene expres-

sion integrated into wildtype and degenerative retinae, giving rise to both

rod and cone photoreceptors. Through CrxGFP labelling it became pos-

sible to analyse the integration competency of post-mitotic (chapter 3,

figure 3.6) Crx-expressing cells at various stages of retinogenesis.

Flow-sorted CrxGFP precursor donor cells showed an increase in rod in-

tegration with increasing developmental age, consistent with the previous

observation that early post-natal precursors integrate efficiently (MacLaren

et al. 2006). By comparison to previous transplantation experiments with

whole retinal cell suspension (MacLaren et al. 2006) (P1, 300-1000 cells

per retina) there was an approximately 10-fold increase in the number of

transplanted rod photoreceptors (P3, median 5610, range of 754 to 15402

integrated rods per retina). Out of 200,000 FACS-enriched precursors per

transplant 0.4 to 7.5 % migrated into the host ONL to form mature pho-

toreceptors, leaving ample room for further optimisation, such as further

dissection of the transplanted population into integration-competent and

less-competent precursors, manipulation of the whole population and/or

manipulation of the recipient environment.

It remains to be uncovered why rod integration is more efficient with

post-natal precursors. One notion supports the idea that rod maturity is

an essential factor to integration efficiency. As rod photoreceptors are born

in two waves during retinogenesis, commencing at E17 and P1 (Morrow

et al. 1998), it is thought that, despite different points of cell cycle exit,

population maturation is synchronised throughout post-natal development.

Although my results are generally agreeing with this concept, it has to
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be taken into consideration that the donor populations harvested from

embryonic stages of retinogenesis contain a significant proportion of cone

precursors (chapter 3, figures 3.8 and 3.10) that declines with proceeding

rod genesis. It is therefore conceivable that the positive trend seen in

rod integration may also be a function of the increasing proportion of rod

precursors in the transplanted population.

E15 3% rod precursors of 200,000 cells = 6000 cells

median of transplanted cells = ca. 500 (8%)

E17 40% rod precursors of 200,000 cells = 80,000 cells

median of transplanted cells = ca. 2000 cells (2.5%)

P2 87% rod precursors of 200,000 cells = 174,000 cells

median of transplanted cells = ca. 4000 cells (2.3%)

P3 97% rod precursors of 200,000 cells = 194,000 cells

median of transplanted cells = ca. 5000 cells (2.5%)

Transplanted embryonic CrxGFP precursors consistently gave rise to

cone photoreceptors in the recipient ONL, displaying unique cone morphol-

ogy, such as cone pedicles and multi-focal heterochromatin, whilst express-

ing appropriate mature markers. This is—to the best of my knowledge—

the first report of cone transplantation to such comprehensive detail.2 Sur-

prisingly, cone integration efficiency was limited to a maximum of approx-

imately 4% of the total integrated photoreceptors, standing in contrast to

the large proportion of presumed cone precursors in the donor populations

(35.9 to 97.5%, chapter 3, figure 3.8, Carter-Dawson and LaVail 1979b).

Several plausible scenarios were explored and should be discussed to explain

these results: (i) Cone precursors switch fate and develop as rod photore-

ceptors after transplantation. (ii) Cone precursors are not able to migrate

through the outer limiting membrane (OLM), which has been shown to

2Previous reports such as Klassen et al. (2004) show little morphological evidence and
Lamba et al. (2009a) displayed only immature cones, which were transplanted into
very immature recipients.
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4 Transplantation of Crx-expressing photoreceptor precursors

be a significant barrier for rod migration (West et al. 2008, Pearson et al.

2010). (iii) Cone precursors preferentially die during the transplantation

procedure, or undergo apoptosis in situ. (iv) The recipient environment

limits the amount of cone cell integration.

(i) When precursors were subjected to a BrdU pulse between E14 and

E15, the ratio of cells labelling for Rxrγ in the BrdU-labelled photore-

ceptor population (CrxGFP) did not change from E15 to P0 and in the

adult retina (chapter 3, figure 3.10), indicating that Rxrγ-positive precur-

sors carry on to develop as cones in vivo. These results imply that it is

unlikely that transplanted photoreceptor precursor cells switch fates during

development, nevertheless the possibility that Rxrγ-expressing cells fated

to become cones switch fate and become rods after transplantation into

the adult environment has not been excluded in my experiments. There is

some in vitro evidence suggesting that precursors retain a degree of plas-

ticity. The most cited example is the re-specification of post-mitotic cells

from rod towards bipolar cell fates in post-natal rat retinal explants in

response to ciliary neurotrophic factor (CNTF) exposure (Ezzeddine et al.

1997). While the paper holds strong evidence that a population giving rise

to rods in untreated explants is re-aligned to generate cells with bipolar

cell markers, it is not conclusive whether cells expressing Crx and/or Nrl

would switch fates, since neither of these transcription factors were known

at the time of the analysis. It is also known that only a few transcription

factors are central to the decision between a rod or a cone fate, yet rod-cone

or cone-rod fate switches are forced by drastic alterations to the molecular

makeup, rather than changes in the cells environment, often resulting in

intermediate cells species lodged between the two photoreceptor fates (e.g.

‘cods’, Nikonov et al. (2005), Oh et al. (2007)).

(ii) Adherens junction between Müller glia end feet and photoreceptors

basal to their inner segment form the OLM. A significant barrier to post-

natal rod precursor integration (West et al. 2008, Pearson et al. 2010),

disruption of the OLM in the Crb1rd8/rd8 mutant at 6 weeks affected overall

E15 precursor integration close to statistical significance (p=0.052). Albeit,
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cone integration was not affected, despite easier access to the host ONL,

indicating that the OLM is not a major barrier to migration and integration

for cone precursors. As Rxrγ-expressing CrxGFP precursors have been

found lodged between host inner segments seemingly on route towards

the ONL at four days following transplantation (figure 4.12 a), it is not

supportive of the idea that the low integration efficiency observed with

cone precursors is based on the lack of initial migratory capabilities.

(iii) Whilst there is no experimental evidence excluding selective cone

death in or during migration towards the ONL, there is evidence of cone

survival. After FACS, Rxrγ staining was observed in the majority of E15.5

CrxGFP cells (figure 4.11) and life-cell counts with Trypan Blue were not

indicative of excessive cell death prior to the injection (data not shown),

whereas after transplantation, a proportion of grafted cells in the subretinal

space (figure 4.1 c) expressed Rxrγ and cone arrestin (figure 4.10 a&b),

further indicating that, in principle, the adult (sub)-retinal environment is

not restrictive to cone maturation.

With the current data set, it is not possible to assess if cones actually

undergo apoptosis, whether in the ONL, or on route to their correct integra-

tion site. When transplants were scrutinised at the initial phases of integra-

tion, four days following the grafting procedure, Rxrγ-expressing CrxGFP

cells appeared to be migrating towards the host ONL (figure 4.12 a), but

these cells could not be observed at later time-points. Likewise, the anal-

ysis could not gauge whether rod precursors affect cone integration, as

presumptive Rxrγ-negative rod cells were present at all transplanted on-

togenetic stages (E15-P3 3-94 %), given that Crx is expressed in both

photoreceptor types.

(iv) In the healthy murine retina, rods outnumber cones at circa

35:1 (Jeon et al. 1998). It is conceivable that this ratio represents an in-

digenous limit of the adult retina and the ratios of cones to rods detected

after transplantation—excluding an occasional outlier—do not breach this

limit. This is strengthened by the observation that more cones seem to

integrate, when the amount of cones in the recipient is reduced. In the
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2-3 month diseased Gucy2e–/– retina only a quarter of cone cells are left

(figure 4.21), creating room for transplanted cones to integrate, while the

Crb1rd8/rd8 retina shows no signs of preferential cone degeneration and no

increased cone integration.

These data also show that both cone and rods readily integrate into

moderately degenerate retinae at levels comparable to the wildtype. Effi-

cient integration into such environments is a pivotal requirement for clini-

cal application of this technique, importantly as the early stages of retinal

degeneration–when the inner retina still remains intact–are the main target

for cell replacement therapy.

In summary, these experiments demonstrate that Crx-expressing photo-

receptor precursors are readily transplanted into wildtype and degenerating

retina. Embryonic precursors consistently give rise to cone photoreceptors

and while the adult retinal environment is more permissive to rod integra-

tion, the integrated cone to rod ratio is similar to the ratio found in the

healthy retina. In the cone-deficient Gucy2e–/– retina, this ratio was shifted

towards more cone cells, which revealed that cone integration efficiency is

not solely a function of the donor cell.

The next chapter of this thesis centres on a presumptive stem cell species

of the ciliary epithelium (CE) of the adult eye. In vitro differentiation

towards a photoreceptor fate is used to assess the suitability of CE-cells to

generate photoreceptor percursors to avoid the practical, availability and

ethical issues surrounding the use of embryonic tissue to isolate donor cells.
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5.1 Introduction

In order to establish photoreceptor transplantation therapy in humans,

a reliable source of transplantable photoreceptor precursors is required.

While the availability of developing retinae does not pose a problem in our

model organism, human retinal embryonic material, ethical implications

aside, would have to stem from the second trimester—a very limited and

inconsistent resource with strictly regulated access. A more practical al-

ternative is the use of expandable stem or progenitor cells, which may be

committed to a photoreceptor precursor fate in vitro.

Most fish and amphibians show considerable regenerative potential.

With respect to the eye, it has been known for some time that neurons

and glia are continuously added to the anterior margin of the retina, as

the animal and its eye grows (Hollyfield 1968, Straznicky and Gaze 1971).

The stem and progenitor cells giving rise to the differentiated cells reside

in a circumferential region called the ciliary margin zone (CMZ), which is

divided into several zones resembling stages of retinal development (Harris

and Perron 1998). Proliferating immature cells reside at the most distal

part of the CMZ and the more differentiated cell types are found towards

the NR (Harris and Perron 1998).

A less potent CMZ was discovered in chicken (Fischer and Reh 2000)

and quail (Kubota et al. 2002), resembling the organization seen in fish

and amphibians, although neuronal production seems to decline in mature

birds, as did the amount of proliferating Chx10/Pax6-expressing progeni-

tors (Fischer and Reh 2000, Kubota et al. 2002). Indicative of a dormant
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stage of CMZ progenitors, intra-ocular insulin injection maintained more

proliferating cells at the quail retinal margin (Kubota et al. 2002). An

even more rudimentary CMZ was described in the opossum, where neu-

ronal production ceases completely in the ciliary margin of the adult animal

(Kubota et al. 2002). While BrdU injections into the mouse did not re-

veal a CMZ, BrdU was sporadically incorporated into cells of the ciliary

epithelium (Kubota et al. 2002, Dhomen et al. 2006).

The ciliary epithelium is a structure that derives from the rim of the op-

tic cup where presumptive RPE and NR meet (Chow and Lang 2001). In

the adult, it is composed of a pigmented and un-pigmented layer directly

anterior to and continuous with the RPE and NR, respectively (figure 5.1).

Due to its origin from the optic cup and the presence of rare proliferat-

ing cells, it has been hypothesised that the mammalian ciliary epithelium

contains dormant retinal stem-like cells, evolutionarily equivalent to cells

from the CMZ. This theory is strengthened by increased proliferation in

the CE and reported expression of Nestin, Chx10 and recoverin in the CE

upon ganglion cell axotomy (Nickerson et al. 2007).

Upon exposure of dissociated rat and mouse CE cells to conditions used

for the propagation of brain neural stem cells (including FGF-2 and EGF),

it was discovered that CE-cells proliferate in vitro to form clonal pigmented

spheres and express immature retinal markers, including Nestin and Chx10

(Tropepe et al. 2000, Ahmad et al. 2000). Similar proliferative cells were

also found in post-mortem human (Coles et al. 2004, Mayer et al. 2005) and

porcine CE (Gu et al. 2007, MacNeil et al. 2007). Upon differentiation by

mitogen withdrawal and addition of FBS, markers of retinal neurons and

glia were reported to be expressed. These cell populations were termed CE-

derived retinal stem-like cells and were thought to be multipotent with the

capacity of self-renewal (Tropepe et al. 2000, Ahmad et al. 2000). Induction

of rat CE by retroviruses containing the Crx and Otx2 genes resulted in

efficient generation of cells positive for rhodopsin, recoverin and transducin

protein (Akagi et al. 2004). Similar to this study, electroporation of a Crx

construct into postnatal mouse CE (P1-P5) resulted in the induction of
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ciliary
epithelium

Figure 5.1 Schematic representation of an eye. The highlighted ciliary epithelium is part
of the ciliary body that produces aqueous humour nourishing the cornea and iris.

several photoreceptor markers and repeated light-induced cGMP hydrolysis

(Jomary and Jones 2008).

As proliferative retinal cell type with a putative multipotent poten-

tial, CE-cells represent an ideal source for the in vitro generation of a

transplantable photoreceptor species. Although the retina is a moder-

ately immuno-compromised site (Reme et al. 1998, West et al. 2010), the

relatively easy surgical accessibility of the tissue offers the possibility of

autologous therapy. Unlike embryonic stem (ES) or induced pluripotent

stem (iPS) cells, adult stem-like cells are considered to pose less danger of

teratoma or tumour formation following transplantation.

The aim of this chapter is to test whether adult mouse CE cells can

generate photoreceptor precursors suitable for transplantation. While pre-

vious studies relied heavily on RT-PCR and immunochemical results, here,

the use of the NrlGFP transgenic reporter (Akimoto et al. 2006) line pro-

vides a more reliable and clearer read-out of a photoreceptor fate that is

less prone to generate false-positive results. In this chapter, I will present

data of the primary molecular and immunocytochemical characterisation

of CE cells that were expanded as a monolayer. I will also present data of

differentiation cultures of CE monolayers by factors proven to be effective

in the differentiation of ES cell-derived retinal progenitors, as well as data

on retinal explants and co-cultures.
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5.2 Results

5.2.1 The ciliary epithelium and ciliary
epithelium-derived spheres do not express the rod
photoreceptor reporter transgene NrlGFP

Similar to CrxGFP, the NrlGFP reporter labels rod photoreceptors only

by GFP expression soon after terminal mitosis (Akimoto et al. 2006). The

transgene is strongly expressed in developing (not shown) and adult rod

photoreceptors (figure 5.2 a, open arrowhead). Studies on the developing

CE and the CE in models of retinal degeneration and injury reported

the presence of photoreceptor markers in the CE (Nishiguchi et al. 2008;

2009). In order to see whether photoreceptors are already present in the

CE, sections of the mature NrlGFP retina were analysed and no GFP

expression was detected (figure 5.2 a, filled arrowhead).

Both of the initial CE-derived stem cell reports attributed the prolifera-

tive capabilities to a rare pigmented cell type (Tropepe et al. 2000, Ahmad

et al. 2000). Intriguingly, low level Chx10 protein, which is a marker of

RPCs and bipolar cells, is found only in the un-pigmented part of the CE

that is continuous with the NR (figure 5.2 a&b, filled arrowhead), however,

not the pigmented outer epithelial layer (figure 5.2 b, open arrowheads).

In line with the previous literature (Tropepe et al. 2000, Ahmad et al.

2000, Coles et al. 2004, MacNeil et al. 2007), when dissected and dissociated

CE were exposed to mitogens (mainly fibroblast growth factor-2 and epi-

dermal growth factor), spheres—henceforth referred to as ‘CE-spheres’—

with a smooth outline arose after several days in culture (figure 5.3). CE-

spheres arose more readily and in larger numbers from large dissociated CE

preparations (more than 4 eyes). Unlike brain-derived neurospheres, CE-

spheres are partially or heavily pigmented and are of smaller diameter (ca.

50 µm). No NrlGFP transgene expression was detected in any CE-sphere.
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Figure 5.2 Micrographs of the adult ciliary epithelium in the NrlGFP transgenic mouse.
(a) A low magnification view shows that low levels of Chx10 are expressed in the CE (filled
arrowhead), while GFP is restricted to the retina (open arrowhead). (b) A high magnification
view of the CE shows that Chx10 is expressed in the un-pigmented epithelial layer (solid
arrowheads), while the pigmented cells display no strong signal (open arrowhead). CE -
ciliary epithelium, NR - neural retina, DIC - differential interference contrast.

CE-sphere, 6 div

a phase

CE-sphere, 6 div

b phase

50μm 50μm CE-sphere, 6 div

c phase

50μm

Figure 5.3 Examples of ciliary epithelium-derived spheres after several days in prolifera-
tive culture. (a-c) Pigmented CE-spheres arose after exposure of dissociated adult CE to
epidermal and basic fibroblast growth factor in suspension culture.

134



5 Expansion of ciliary epithelium derived cells

5.2.2 Expansion and passaging of ciliary
epithelium-derived sphere-forming cells in
monolayer culture

Whereas the expansion of brain neural stem cells in neurosphere cultures

is efficient and well established, spheres derived from the ciliary epithelium

of the adult mouse eye do not expand well in vitro (Kokkinopoulos et al.

2008). To improve the expansion of CE-derived cells, a monolayer culture

was developed based on previous protocols used in human and pig CE-

derived cultures (Coles et al. 2004, MacNeil et al. 2007). Addition of low

levels of fetal bovine serum (1 % (v/v)) allowed CE-spheres to adhere to a

poly-L-ornithine/fibronectin-substratum and quickly expand into a dense

monolayer (figure 5.4).

The cell morphology in the CE monolayers was heterogeneous and cells

usually displayed varying sizes and several processes, occasionally some

of which were reminiscent of neurites. Whilst the CE-spheres were pig-

mented, the monolayer cultures lost the dense pigmentation shortly after

migrating from the attached CE-sphere (figure 5.4 d, compare darkly pig-

mented cells around the sphere remnants with cells closer to the border of

the micrograph).

Culture passaging by trypsin-EDTA incubation led to high amounts of

cell death and culture growth also retarded at low plating densities. Milder

digestion with proprietary Accutase (Sigma) and high plating densities en-

sured better culture survival and continuous proliferation. A cell count of

a few million cells was readily achieved after 3-4 passages (figure 5.5 a)

and more than 10 % of cells immuno-labelled for the mitotic marker phos-

pho histone 3 (pH3) in early passage culture of medium plating density

(figure 5.5 b, n=1).
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Figure 5.4 Pigmented CE-spheres attach with low levels of FBS in the culture medium
to give rise to largely un-pigmented monolayers. (a) Cells with several processes migrate
onto the fibronectin substratum from the attached sphere in the centre of the field of view.
(b) CE-sphere derived cells proliferate quickly to form (c) dense monolayers. (d) A field of
view showing the heavily pigmented remnants of an attached CE-sphere, while cells further
towards the periphery are largely not pigmented.
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Figure 5.5 CE-derived cell proliferate rapidly in monolayers. (a) Expansion cell count data
from the passaging of 13 independent CE-cultures, displayed as a function of culture days in
vitro. (b) A proportion of CE-monolayer cells expressed the mitotic protein phosho-Histone
3 (pH3).

5.2.3 Selected transcript and protein expression profile
analysis of ciliary epithelium-derived proliferating
cells in monolayer culture

To characterise the extent to which CE-derived monolayers coincide with

a retinal and/or neural progenitor expression profile, I performed reverse

transcription (RT)-PCR and immuncytochemistry. mRNA was isolated

from early (3) and later (5) passage CE-monolayers and analysed for the

expression of markers involved in retinal histogenesis and neuronal speci-

fication (figure 5.6, rows 1&2).

The presumptive eye field in the developing forebrain prior to forma-

tion of the eye primordia is defined by the expression of a range of eye

field transcription factors, including Rx, Lhx2, Tll1, Six6 and Pax6 (Zuber

et al. 2003). Throughout retinogenesis, Chx10 (Vsx2) is a marker of retinal

progenitor cells (Burmeister et al. 1996), and doublecortin (Dcx), Nestin

and glial fibrilary acidic protein (GFAP) are associated with glial fates

and neural stem cells (Lee et al. 2003, Mayer et al. 2003, Dyer and Cepko

2000), while beta-3-tubulin (Tubb3) broadly indicates neuronal fates (Vi-

nores et al. 1995). Specific for a photoreceptor fate (and bipolar cell fate)

is the expression of the cone rod homoeobox (Crx) (Chen et al. 1997).

Early and later passage CE-monolayers expressed most of these genes,
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wildtype P2 central retina

wildtype adult central retina

wildtype CE sphere-derived
monolayer culture (passage 3)

Chx10orJ/orJ CE sphere-derived
monolayer culture (passage 3)

Chx10orJ/orJ CNR sphere-derived
monolayer culture (passage 3)

wildtype Müller glia
monolayer culture (passage 53)

Figure 5.6 Reverse transcription PCR analysis of CE-derived monolayer cultures. CE-
monolayers expressed genes associated with the generation of the eye field (Rx, Lhx2, Tll1,
Six6 and Pax6), prior to bilateral budding of the optic vesicles. Chx10 is a marker of
retinal progenitors and bipolar cells. Nestin and Dcx are associated with neural stem cells
and beta-3-tubulin is a pan-neuronal differentiation marker. All markers are expressed at
some point in retinal development and remain to be expressed in the adult neural retina.
There is remarkably little change in the expression profile between passage 3 and 5 CE-
monolayers. Monolayer cultures derived from the ocular retardation mutant (Chx10orJ/orJ)
exhibit a similar profile, but also show expression of Gfap, as these cells are presumed to
be similar to activated Müller glia. The Müller glia line used in this analysis, exhibits little
resemblance to retinal progenitors. CNR - central neural retina.

though some gene products pivotal to retinal multipotency were only de-

tected at trace or low levels (Rx, Lhx2, Six6). Most of these genes are

also expressed in the non-neurogenic adult retina (figure 5.6, last row) and

may therefore be associated with individual somatic cell types, full-filling

a different function than the combination of all factors in bona fide retinal

stem and progenitor cells (figure 5.6, row 6).

Previous experiments demonstrated that lack of Chx10 (Vsx2) function

in the ocular retardation mutant (Chx10orJ/orJ) not only causes microph-

thalmia and an enlarged CE, but also a population of proliferative cells to
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Figure 5.7 Spheres and monolayers derived from the central retina of Chx10orJ/orJ mice are
not pigmented.

remain in the central neural retina (CNR) that also forms (non-pigmented)

spheres (Kokkinopoulos et al. 2008). It is thought that Chx10 represses Crx

expression and loss of Chx10 may aid photoreceptor differentiation (Dorval

et al. 2006, Livne-Bar et al. 2006). Mutant Chx10orJ/orJ CE- and CNR-

spheres were established analogously to wildtype CE-sphere cultures and

expanded as a monolayer for expression profiling (figure 5.7). Similar to

wildtype cells, the orJ-mouse derived CE- and CNR-monolayers expressed

most genes associated with retinal pluripotency (figure 5.6, rows 3&4). A

noteworthy difference was the complete lack of Rx in the CNR-monolayer

and the expression of Gfap. The latter is likely based on the similari-

ties between the proliferative Chx10orJ/orJ cells and activated Müller glia

(Kokkinopoulos et al. 2008). As Rx is essential for retinal differentiation,

these experiments suggested that the Chx10orJ/orJ CNR cells were less op-

timal than CE cells.

For immunocytochemistry, independent CE-monolayer cultures were

grown for 14 to 21 days in vitro and passaged onto poly-L-

ornithine/fibronectin-coated glass cover slips. The cells were stained for

neural stem cell markers Nestin, Pax6 and Sox2, as well as beta-3-tubulin,
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as a pan-neuronal differentiation marker, and GFAP. While all cells ex-

pressed Nestin (figure 5.8 a), nuclear Pax6 and Sox2 label were seen in

29.8±12.1 % (n=5, figure 5.8 c) and 37.0±16.7 % (n=3, figure 5.8 d) of

the cells respectively. Contrary to earlier reports (Ahmad et al. 2000, Das

et al. 2006), no GFAP protein was observed and beta-3-tubulin was only

detected in two out of the four cultures (13.9±16.7 %, n=4, figure 5.8 e).

Taken together, the mRNA profile and immuno-labelling suggested that

cells derived from the ciliary epithelium of the adult mouse, grown in a

monolayer culture, may retain a certain degree of retinal progenitor char-

acter. However, essential markers are expressed at low levels, specifically

Rx, Lhx2 and Chx10, when compared with the expression profile of genuine

E11.5 RPCs.

5.2.4 Differentiation of NrlGFP ciliary epithelium-derived
cells

Previous reports on the ‘retinal stem cell’ claimed that the proliferative cell

population derived from the adult CE can differentiate to give rise to neu-

rons of the retina, when mitogens were withdrawn and replaced with high

concentrations of FBS (Tropepe et al. 2000, Ahmad et al. 2000, Coles et al.

2004). As these cell fates were confirmed by immunocytochemistry, which

can be prone to false positive results, I aimed to improve and test their

routines by employing quantitative real-time PCR and use of a transgenic

line for a definitive read-out of a photoreceptor cell fate in differentiation

programmes. The NrlGFP strain labels developing and mature rod pho-

toreceptors (figure 5.2 a, open arrowhead) and has been used to isolate a

cell population capable of differentiating into mature rods after transplan-

tation (MacLaren et al. 2006), indicating the transgene provides a reliable

assay for photoreceptor differentiation.

Forebrain, eye and neural retinal specification require several key factors

(table 5.1) recently implemented in complex differentiation routines to de-

rive retinal cells from embryonic stem cells (Ikeda et al. 2005, Lamba et al.

2006, Osakada et al. 2008). The first protocol utilises Dickkopf1 (Dkk1),
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Nestina Nestin Hoechst

Nestinb Nestin Hoechst

Pax6c Pax6 Hoechst

99.1±1.4% (n=4)

29.8±12.1% (n=5)

Figure 5.8 Immunocytochemical analysis on CE-derived monolayer cells in proliferative
conditions. (continues on the next page)
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β3-tubulin β3-tubulin Hoechst

Sox2d Sox2 Hoechst

37±16.7% (n=3)

13.9±16.7% (n=4)

e

Figure 5.8 Immunocytochemical analysis on CE-derived monolayer cells in proliferative con-
ditions. (continued from the previous page) (a, b) Almost all cells express the intermediate
filament Nestin. (c) Nuclear Pax6 and (d) Sox2 protein is found in a large proportion of
cells. (e) The pan-neuronal marker beta-3-tubulin was seen in two out of four analysed
cultures. Percentages are displayed ± standard deviation.
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mESC to retinal progenitors (Ikeda et al. 2005) Dkk1, LeftyA, FBS, activin
mESC-derived retinal progeni-
tors to rod photoreceptors

(Osakada et al. 2008) DAPT, FGF1, FGF2, Taurine,
Shh, retinoic acid

hESC to photoreceptors (Lamba et al. 2006) IGF1, Dkk1, Noggin

Table 5.1 Growth factors, antagonists and inhibitors geared towards the derivation of photo-
receptor cells in vitro.

LeftyA, activin and FBS to initiate neural induction and retinal specifi-

cation from mouse ES cells (Ikeda et al. 2005), while the second routine

utilises insulin-like growth factor 1 (IGF1), Dkk1, Noggin and fibroblast

growth factor 2 (FGF2) to achieve similar results and further neural reti-

nal cell types from human ES cells (Lamba et al. 2006). The third method

pushes ES cell-derived retinal progenitors further down the neural retinal

differentiation programme to generate large quantities of cells expressing

photoreceptor markers (Osakada et al. 2008). A selection and combination

of these factors was applied to NrlGFP CE-derived monolayers, in order

to induce differentiation.

NrlGFP CE-derived neurospheres were cultured for 7 days in vitro and

passaged as a monolayer for several days in proliferation conditions prior

to switching to poly-L-ornithine/laminin substratum and replacing the

medium with the defined differentiation media (figures 5.9 and 5.10, top

panels). A ‘standard’ differentiation with 10 % FBS was also applied to Nrl-

GFP CE- and Chx10orJ/orJ CE- and CNR-derived monolayers (figure 5.11,

top panel); a condition that was previously reported as highly successful

in the derivation of retinal neurons from CE-derived cells (Ahmad et al.

2000, Tropepe et al. 2000, Coles et al. 2004).

For each experiment, conditions were established as triplicates and cul-

tures were examined by fluorescence microscopy for the transgene GFP

expression on a daily basis. At the beginning and the end of the time-

course, total RNA was isolated and analysed by real-time PCR for changes

in the expression of Crx, beta-3-tubulin, Sox2, Pax6 and Synatxin1A or

Recoverin (figures 5.9, 5.10 & 5.11, bottom panels).

Transgene driven GFP-expression was not observed under any of the
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Figure 5.9 Differentiation of CE-derived monolayer cells with factors effective in the differ-
entiation of RPC to photoreceptors (Osakada et al. 2008). (top panel) The chronological
outline of the differentiation experiment. (bottom panel) Results of the real-time quanti-
tative PCR analysis with TaqMan assays. Changes in expression are represented as fold
changes relative to the control sample.
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Figure 5.10 Differentiation of CE-derived monolayer cells with factors effective in the dif-
ferentiation of human ESC towards retinal progenitor and photoreceptor fate (Lamba et al.
2006). (top panel) The chronological outline of the differentiation experiment. (bottom
panel) Results of the real-time quantitative PCR analysis with TaqMan assays. Changes in
expression are represented as fold changes relative to the control sample.
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Figure 5.11 Differentiation of wildtype CE, Chx10orJ/orJ CE and Chx10orJ/orJ CNR-derived
monolayer cells by exposure to high concentration of FBS and mitogen withdrawal. (top
panel) The chronological outline of the differentiation experiment. (bottom panel) Results of
the real-time quantitative PCR analysis with TaqMan assays. Controls were collected at the
beginning (left bar of the respective controls) and the end of the differentiation experiments
(right bar of the controls, grown in the proliferation conditions). Changes in expression
are represented as fold changes relative to the wildtype CE control sample collected at the
beginning of the differentiation time-course. Sox2, Pax6 and Recoverin were expressed at
higher levels in the ocular retardation mutant. CNR - central neural retina.
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Figure 5.12 Example amplification plot of Crx in an adult central neural retina control
sample. The plot was exported from the Applied Biosystems 7500 Software.

differentiation conditions and none of the cultures expressed Crx, anal-

ogous to the results obtained by reverse transcription-PCR in untreated

CE-cultures. Crx expression was readily observed in retinal controls (fig-

ure 5.12). Changes in expression of Pax6, Sox2, Syntaxin/Recoverin and

β3-tubulin did not show a clear trend towards neuronal fates. In the FBS-

driven differentiation of the orJ-mutant derived cultures, it was apparent

that Pax6, Sox2 and Recoverin are expressed at higher levels than in the

wildtype, in line with previous observation of increased Recoverin expres-

sion in Chx10orJ/orJ CNR- and CE-spheres (Kokkinopoulos et al. 2008).

Despite variations in the protocols and repeated cultures, the effective-

ness of the above differentiation cocktails to differentiate bona fide retinal

progenitor cells (see discussion, Gualdoni et al. 2010) and ES cells (De-

cembrini et al. 2010) in our laboratory towards a photoreceptor fate, they

proved ineffective in promoting a more neuronal phenotype in wildtype and

orJ-mutant CE-derived monolayers.
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5.2.5 Differentiation of NrlGFP ciliary epithelium-derived
cells by E11.5 optic cup co-culture

Although CE-derived cells exhibit a retinal profile, they have been resilient

to differentiation by means established on RPC and ES cell culture. As

the developing environment of the retina is still poorly understood, a more

stringent differentiation may be achieved by co-cultures with retinal pro-

genitors. Such an approach has been successfully applied to differentiate

RPCs and ES cells (Watanabe and Raff 1990, Ikeda et al. 2005, Lamba

et al. 2006) and has been reported to be successful in the differentiation of

CE cells as well (Das et al. 2005).

NrlGFP CE-derived monolayers were cultured on PLO/laminin-coated

dishes beneath a cell-culture insert carrying E11.5 NrlGFP optic cups,

which had the RPE removed. The E11.5 optic cups were GFP-negative

at the start of the co-culture (figure 5.13 a-c) and the same stage NR

expressed markers associated with retinal pluripotency (figure 5.6, row 6).

CE-derived cells and optic cups were checked for GFP-expression on a

daily basis. After 7 days in vitro, GFP was observed in the optic cups

(figure 5.13 d&e), however no GFP was seen in the monolayers throughout

the whole co-culture. Although the real-time PCR analysis may indicate a

degree of neuronal differentiation by the increase in β3-tubulin expression

(figure 5.14), no Crx mRNA was detected in the CE-monolayers.

5.3 Summary of the analysis

• CE-derived cells form pigmented spheres in conditions used in tradi-

tional CNS neurosphere cultures.

• CE-derived spheres attach and proliferate quickly in monolayer cul-

tures with low levels of FBS. CE monolayer cells lose pigmentation.

• CE-derived monolayer cells express the mRNA of several markers

associated with the early eye field and retinal progenitor cells.

148



5 Expansion of ciliary epithelium derived cells

lens
remnants

lens
remnants

GFP

E11.5 optic cup - 7div

e phase phase GFP

E11.5 optic cup - 2div

a phase

lens

E11.5 optic cup - 2div

b phase

lens

E11.5 optic cup - 2div

c phase

lens

GFP

E11.5 optic cup - 7div

d phase phase GFP

Figure 5.13 E11.5 NrlGFP optic cups in co-culture with CE-monolayers activate transgenic
GFP expression after several days in vitro. (a-c) At the beginning of the co-culture the optic
cups do not display a GFP signal. (d, e) By 7 days in vitro, GFP expression is observed,
indicating the differentiation of RPCs to a rod photoreceptor fate in the optic cups. During
culturing, the explants attach to the membrane of the insert and flatten out.
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• CE-derived monolayer cells immuno-label for proteins associated with

neural stem cells.

• CE-derived monolayer cells fail to differentiate towards a photore-

ceptor fate. No activation of the NrlGFP transgene could be ob-

served.

5.4 Discussion

By comparison to brain neurospheres, ciliary epithelium-derived spheres

have previously reported to have have poor in vitro expansion potential

(Coles et al. 2004, MacNeil et al. 2007). For effective application of any

stem cell in retinal cell replacement therapy, millions of cells are required. I

therefore established an isolation and culture routine to obtain more robust

proliferation, with several million cells available after three weeks in mono-

layer culture and were cultured for more than 110 days (figure 5.5 a). These

CE-derived monolayer cells immuno-label for proteins known to be asso-

ciated with neural stem cells, such as Nestin, Sox2 and Pax6 (figure 5.8),

and express low levels of mRNA of several transcription factors associ-

ated with a pluripotent retinal progenitor identity (Chx10, Rx, Lhx2, Tll1,

Six6) (figure 5.6). Occasionally, the pan-neuronal marker beta-3-tubulin

is detectable in monolayer cultures without the application of specific dif-

ferentiation conditions (figure 5.8). Taken together, this would indicate

a neural stem or progenitor-like cell type that spontaneously undergoes

differentiation in vitro. Supporting this, the literature repeatedly reports

on the stem cell nature of the pigmented cells derived from the adult CE,

their self-renewal capacity and the pluripotency for many retinal cell types,

including photoreceptors (Tropepe et al. 2000, Ahmad et al. 2000, Coles

et al. 2004, Das et al. 2005, Giordano et al. 2007).

In order to assess more stringently the differentiation into photorecep-

tors, I used the NrlGFP mouse line, which labels developing and ma-

ture rod photoreceptors by GFP-expression (Akimoto et al. 2006) and

has been used by my collaborators and colleagues (e.g. MacLaren et al.
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2006, Decembrini et al. 2010, Gualdoni et al. 2010). The use of a reporter-

line avoids the problems associated with immunocytochemistry and PCR,

such as false-positives. CE-cultures derived from the transgenic animals

would express GFP upon adapting a rod photoreceptor fate, previously

reported by Rhodopsin immuo-labelling after differentiation of CE-derived

cells through exposure to high concentrations of FBS (Tropepe et al. 2000,

Ahmad et al. 2000).

However, upon repetition of these conditions and application of differ-

entiation conditions known to be effective for the differentiation of retinal

progenitor cells (and the derivation of RPCs from ES cells) (Ikeda et al.

2005, Lamba et al. 2006, Osakada et al. 2008), CE-derived cells failed to

adopt a photoreceptor cell fate. No GFP fluorescence was observed in any

CE-derived cell, while E11.5 progenitors readily activate GFP expression

after short culture periods (figure 5.13). Furthermore, no Crx mRNA was

detected by real-time PCR and changes in the expression of Sox2, Pax6—

expected to decrease significantly with the loss of neural ‘stemness’—and

Syntaxin, Recoverin and β3-tubulin—expected to increase with the ap-

pearance of neuronal phenotypes—did not markedly change (figures 5.9,

5.10, 5.11, 5.14).

These observations stand in contrast to previously reported differentia-

tion successes (Tropepe et al. 2000, Ahmad et al. 2000, Coles et al. 2004,

Das et al. 2005, Giordano et al. 2007); reports in which immunostain-

ing data is not very convincing and recurrently the expression of a single

marker is assumed as a mature neuronal fate. Considering the degree

of evolutionary kinship between retinal neurons this is a likely incorrect

interpretation, as numerous markers are associated with retinal progeni-

tors and often more than one mature cell fate (see figure 5.6,compare E11.5

and adult expression profiles). Although Nestin, GFAP and beta-3-tubulin

have often been associated with neural stem cells and neuronal and glial

differentiation, they may not be unambiguous markers and could be part

of the cytoskeleton of various cell types, including CE-derived cells.

Further analysis on the CE-monolayer differentiation was conducted to-
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Figure 5.15 Figure reproduced and modified from Gualdoni et al. (2010). Electron mi-
croscopy analysis of primary RPE (a) early stage (2 weeks) CE-derived monolayer (c, f)
and late stage (5 weeks) CE-derived monolayer (e, g) cultures. Mature melanosomes in (a)
and (b) are highlighted by solid arrowheads, the arrowhead and inset in (c) show putative
melanosome remnants. The plasma membrane at of early CE monolayer is smooth (d),
while older cultures develop membrane interdigitations (e).

gether with Dr Sara Gualdoni1. We found that while CE-derived cells

display some signs of bona fide progenitors, including proliferation and

expression of eye field markers, loss of pigmentation and loss of enzymes

required for pigment production, they retain adult CE features and CE

marker expression (e.g. cytokeratin, connexin43 and ZO1).

When CE-derived spheres attached for monolayer culture, the cells mi-

grating from the spheres quickly lost the dense pigmentation (figure 5.4).

Electron microscopy revealed that this was due to the loss of melanocytes.

Early stage CE cultures retained mature melanocytes comparable to those

seen in the RPE, while after several weeks in culture only remnants—round

1The work was published in the journal ‘Stem cells’ and a copy of the manuscript is
bound with this thesis for easy reference. Gualdoni, Baron, Lakowski, Decembrini,
Smith, Pearson, Ali, and Sowden 2010
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Figure 5.16 Figure reproduced and modified from Gualdoni et al. (2010). Differentiation
of CE-derived monolayer cultures (method derived from (Osakada et al. 2008). (a) Control
E12.5 retinal progenitor cells, that were expanded and differentiated analogously to the CE-
cells, strongly activate the NrlGFP transgene, (b) while CE-derived monolayer cells show no
GFP expression.

organelles with scattered melanin accumulations—were found (figure 5.15).

Monolayer CE cells also developed membrane interdigitations typical to

an epithelial phenotype (figure 5.15). It therefore appears that CE cells

initially lose the epithelial phenotype, yet some features are retained or

reacquired.

In additional differentiation experiments, NrlGFP CE cultures along-side

E12.5 NrlGFP RPCs were treated using part of the protocol applied by

Osakada et al. (2008). While GFP expression was strongly induced in bona

fide RPCs, no induction was witnessed in the CE cultures (figure 5.16).

Viral or transfection approaches (Akagi et al. 2004, Jomary and Jones

2008) yielding large quantities of cells expressing functional photoreceptor

markers indicate that CE-derived cells may require stronger manipulation

by viral reprogramming. However, viral vector-mediated transduction of

CE-cells with key transcription factors of retinal and photoreceptor devel-

opment (NeuroD1, Chx10, Nrl, CRX) only led to negligible proportions of

cells activating the NrlGFP transgene (less than 0.003 %), which stood in
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no relationship to the applied vector combinations (figure 5.17).

In summary, cells derived from the adult ciliary epithelial, previously

cherished as retinal stem cells, fail to differentiate towards photoreceptor

fate by various strategies, but retain strong features of their origin. During

the course of this study, Cicero and colleagues also argued against the stem

cell character of CE-cells and carried out a detailed EM analysis of CE-

derived spheres revealing no rare progenitor cell (Cicero et al. 2009). This

report further supports the conclusion that the investigation of other cell

types for retinal cell-replacement therapy should be prioritised.

A strong contender is the genuine retinal progenitor cell. Human and rat

RPCs have been expanded in vitro by the addition of growth factors and

retained their differentiation potential, including photoreceptor fates (An-

chan et al. 1991, Kelley et al. 1995b). However, long-term cultured RPCs

did not differentiate into photoreceptors following transplantation (Lamba

et al. 2009b), indicating that part of the potential is lost or altered during

the expansion. Embryonic and induced pluripotent stem cells on the other

hand retain pluripotency indefinitely and can be readily expanded. Two

groups recently reported on the differentiation of mouse and human embry-

onic stem cells towards retinal progenitors (Ikeda et al. 2005, Lamba et al.

2006). In both differentiation strategies, ES cells passed through a floating

embryoid body stage, while Dickkopf1, Noggin or Lefty were used to mod-

ulate Wnt and TGFβ signaling respectively to instruct forebrain cell fates

(Ikeda et al. 2005, Lamba et al. 2006). Differentiated cultures immuno-

labelled for several RPC-specific transcription factors (Rx, Chx10, etc.)

and displayed increased expression of eye field transcription factors (Ikeda

et al. 2005, Lamba et al. 2006). The mouse ES cell-derived RPCs (labelled

with viral vectors) appeared to give rise to retinal neurons and photorecep-

tors and integrated into the correct laminae of organotypic cultures (Ikeda

et al. 2005), whilst human ES cell-derived RPCs generated up to 30 %

Crx+ cells, which differentiated towards a photoreceptor fate in co-culture

with degenerating mouse retinae (Lamba et al. 2006).

Subsequent to these successes, Osakada et al. (2008) defined complex
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Figure 5.17 Figure reproduced and modified from Gualdoni et al. (2010). Reprogramming
of CE-derived monolayer cells by viral vectors. Sporadically the NrlGFP transgene was
activated in induced cultures (less than 0.003 %). Arrowheads in (b), (c) and (d) highlight
GFP-expressing cells.
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media for the complete derivation of cone and rod photoreceptors from

mouse, monkey and human ES cells. By using an Rx-GFP reporter mouse

ES cell line, the authors were able to enrich high proportions of novel

ES cell-derived RPCs produced in the floating culture, which were further

differentiated with a cocktail of the Notch γ-secretase inhibitor DAPT

(N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), fi-

broblast growth factors, Shh, retinoid acid and taurine, generating close to

20 % of cells immuno-positive for rhodopsin (Osakada et al. 2008). Inter-

estingly, differentiation of RPCs by DAPT alone led to almost 80 % of the

cells expressing Crx protein (Osakada et al. 2008). Similar differentiation

results towards retinal cell types were obtained later with induced pluripo-

tent stem (iPS) cells (Osakada et al. 2009, Lamba et al. 2010), which offer

a lever for individually tailored stem cell therapy.

In spite of recent advances in the formulation of complex differentiation

media, mouse ES cells aggregates spontaneously reconstructed the early

events of eye development in intriguingly simple 3D matrix conditions

(Eiraku et al. 2011). The immature eyes displayed lamination, appro-

priate marker expression and morphological evidence of retinal cells fates,

including photoreceptors (Eiraku et al. 2011).

In order to demonstrate that ES cell-derived photoreceptors are suitable

for transplantation therapy, Lamba et al. (2009a) xeno-grafted human ES

cell derived retinal cells—containing approximately 30 % Crx+ cells—into

adult and degenerating mouse retinae, where the fluorescently tagged cells

gave rise to (rod) photoreceptors with correct morphology. Similarly, the

(allo-) transplantation of iPS cell-derived retinal cells led to the integration

of photoreceptors, however the paper also demonstrates the pitfalls of iPS

cells with a strong tendency to teratoma formation and unusually invasive

behaviour of the transplanted cell population (Tucker et al. 2011, pers.

comm. B. Tucker).

The next chapter of my thesis centres on the production of an Rxrγ red

fluorescent protein mouse and embryonic stem cell reporter line, a valuable

tool for in depth analysis of cones and rods, as well as the in vitro derivation

of cone cells.
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6.1 Introduction

The transplantation procedure described in chapter 4 relies on transgene

expression to separate photoreceptor precursors from other retinal cell

types at several stages of retinogenesis. Importantly, fluorescence-activated

cell sorting allowed more efficient integration after transplantation by com-

parison to unsorted whole retinal cell suspension (see figure 2a within Ma-

cLaren et al. 2006). The transplantation of pure photoreceptor precursors,

without other cell types influencing their behaviour once transplanted, also

enabled the comparison of several ontogenetic stages in photoreceptor de-

velopment.

The aim of this chapter was to develop a new transgenic reporter line by

inserting dsRed1 into the Rxrg locus by homologous recombination. The

nuclear retinoid-x receptor gamma (Rxrγ) plays a central role in establish-

ing the S-opsin gradient in cone photoreceptors in concert with the thyroid

hormone receptor beta 2 (TRβ2, Roberts et al. 2005). In chapter 3, I iden-

tified Rxrγ as a useful marker of cone photoreceptors, commencing early in

development (figures 3.7 & 3.10). A Rxrγ reporter would facilitate straight-

forward analysis of cone photoreceptors development and behaviour, such

as microarray comparison of rod and cone-specific transcript at any stage

of retinogenesis. Such a reporter line could be used to isolate Rxrγ+ cones

at different stages of development to use as donor cells in transplantation

experiments.

In this chapter, I will present data for the cloning and screening of em-

bryonic stem cells for the generation of an RxrγDsRed mouse reporter line.

1Henceforth used synonymously with RFP (red fluorescent protein).
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Figure 6.1 Design of the RxrγRFP reporter. The top panel displays the layout of the Rxrγ
locus with 11 exons on chromosome 1. The regions of homology with the targeting construct
are shown in light green. The bottom panel highlights the changes in DNA structure through
the homologous recombination event.

6.2 Results

6.2.1 Cloning of the targeting construct

The original design2 of the dsRed reporter envisaged homologous recombi-

nation into the Rxrγ locus on chromosome 1 of the mouse genome. Two

large homologous regions—7 kb upstream and 2.5 kb downstream—flank

the dsRed and neo-cassette in order to replace the large part of exon 1

and move the translation start site to the dsRed-provided Kozak sequence

(figure 6.1).

Through 26 cloning steps, eight PCR fragments amplified from CCE em-

bryonic stem cell genomic DNA and the RFP-neo-reporter-cassette3 were

combined in a pGEM-T vector to recreate the genomic sequence4. As the

last cloning step, I introduced a polyadenylation (polyA) signal sequence

downstream to the dsRed coding sequence to ensure the correct post tran-

scriptional processing of the RFP transcript.

I designed primers for the amplification of the effective double SV40

2By Dr. Alexander Smith, Institute of Ophthalmology, Department of Genetics
3All sequences and DNA obtained from Massimo Signore, Martinez-Barbera group,

UCL Institute of Child Healt
4Carried out at the Institute of Ophthalmology
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Figure 6.2 Scheme for the introduction of a SV40 poly-adenylation site into the targeting
construct. A fragment reaching from AflII to XbaI of the pEGFP-N2 vector is amplified with
primers containing an AscI site and subcloned. The AscI digested insert is then introduced
into the targeting construct at an AscI site downstream to the RFP coding region.

polyadenylation sequences found in the expression vector pEGF-N2 (Clon-

tech, figure 6.2), also introducing two AscI sites flanking the amplicon.

The approximately 230 bp product (figure 6.3 a) was gel-purified and sub-

cloned by pGEM-T-easy blunt-end cloning (Promega). The plasmid DNA

from ten Escherichia coli clones (figure 6.3 b) was prepped and sequenced

from either end of the insert to check for mutations. Insert and targeting

vector were digested with AscI and the fragments gel-purified (figure 6.3 c).

Following dephosphorylation of the vector, the fragments were ligated at

a molar ratio of 3:1 (insert to vector). Two E.coli clones contained the

finalised targeting construct bearing the new polyA site (figure 6.3 d) and

sequencing confirmed absence of mutations and correct orientation. Cor-

rect alignment with the mouse genome was confirmed by the NCBI BLAST

tool (figure 6.4).
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a b

c d

Figure 6.3 Cloning of a SV40 poly-adenylation site from pEGFP-N2. (a) SV40 polyA
PCR amplification off the pEGF-N2 vector with an amplicon of approximately 230 bp.
(b) AscI-digestions of pGEM-T-SV40a intermediate cloning vectors showing an insert of
approximately 230 bp. (c) Gel-photo showing the excised bands of polyA and targeting
vector fragments used in the ligation. (d) AscI-digestion of the final Rxrγ-polyA targeting
construct showing a band of circa 230 bp and a band larger 10 kb. Markers used in this
figure were Hyper Ladder IV (a,b) and Hyper Ladder I (c,d) (Bioline).
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(a) Chr1: 11,422,748-11,429,790 (7043 bp)
      11,431,613-11,434,085 (2473 bp)
      Rxrg locus

(b) ChrX: 50,966,169-50,966,681 (513bp)
       50,983,086-50,983,551 (466bp)
       Pgk1 locus

a
b

Figure 6.4 Alignment of the targetting construct with the mouse genome reference database
(build 37.2) by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi. The majority of the con-
struct shows 100 % identity with regions of and upstream to the Rxrg locus (a). A smaller
proportion of the vector aligns with regions ascribed to the phosphoglycerate kinase 1 locus
(b), which promoter is part of the neomycin resistance cassette.

6.2.2 Electroporation and genotyping of embryonic stem
cells

The SgrAI-digested (linearised) and purified plasmid was electroporated

into CCE ES cells. Two rounds of homologous recombination were con-

ducted and a total of 532 clones selected5. I optimised several sets of

oligonucleotide primers for the genotyping of targeted and non-specific in-

tegrants of the construct. Data is presented for the second electroporation

set of 96 clones.

After G418 selection, the genomic DNA of individual clones was iso-

lated and genotyped by PCR. Clones were kept frozen at -80 ◦C during

the genotyping. In order to check for homologous integration a product

of approximately 3 kb reaching from the neo-cassette across the region of

homology into intron 1 of the Rxrg locus was amplified (primers R1+L1).

Amplification of a similarly sized product from the 3’ region of homology,

or the Rxrg locus itself, served as a positive control (primers R3+L2). The

integrity of randomly integrated targeting construct was tested by ampli-

fying a stretch of DNA spanning from the 5’ homology arm into the RFP

open reading frame (primers 5’L1+5’R1) and an amplicon reaching from

5Carried out by M. Signore
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 1 2 3 4 5 6 7 8 9 10 11 12 

A 1 9 17 25 33 41 49 57 65 73 81 89 

B 2 10 18 26 34 42 50 58 66 74 82 90 

C 3 11 19 27 35 43 51 59 67 75 83 91 

D 4 12 20 28 36 44 52 60 68 76 84 92 

E 5 13 21 29 37 45 53 61 69 77 85 93 

F 6 14 22 30 38 46 54 62 70 78 86 94 

G 7 15 23 31 39 47 55 63 71 79 87 95 

H 8 16 24 32 40 48 56 64 72 80 88 96 

Table 6.1 Schematic of tissue culture plate co-ordinates and embryonic stem cells clones
of the second electroporation. Clones highlighted in bold were picked for further in vitro
analysis. The 13 clones also highlighted in red (A1, 2, 4, 5, 8, 9, 11, 12; B2, 5, 6, 8,
9, 10, 11; D9, 10, 11; E1, 4, 6; G1, 3, 5) passed through the thawing process without
differentiating.

the neomycin cassette into the 3’ homology region (primers PGK6+L2).

No amplification was seen for the primer combination L1+R1, indicative

of targeted integration, whilst PCR on the DNA of most clones generated a

product for random integration (primers 5’L1+5’R1, PGK6+L2) and Rxrg

locus (primers R3+L2) (figure 6.5). In order to select the best clones for

further in vitro analysis, clones scoring positive results for all three primer

pairs that are indicative of random integration were picked for expansion

(table 6.1, n=34).

6.2.3 Screening electroporated ES cell clones by in vitro
differentiation

Since homologous recombination in the Rxrγ locus could not be achieved,

an in vitro screening procedure for transgene activation in clones with

randomly integrated transgene was pursued. A differentiation course (fig-

ure 6.6) that readily achieved strong activation of Crx expression and reti-

nal differentiation in induced pluripotent stem cells derived from mouse

fibroblasts was chosen for its rapid progression, as Crx was detectable by

RT-PCR as early as 3 days in vitro (pers. comm. with Cedric Boucherie,
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PGK6 L2

3' homology arm
2.5 kb

RFP
0.7 kb

neo-
cassette

1.9 kb

5' homology arm
7 kb

21 5'R15'L1

R1 L1L2

3' homology arm
2.5 kb

RFP
0.7 kb

neo-
cassette

1.9 kb

5' homology arm
7 kb

2

1

R3

Figure 6.5 Genotyping of electroporated embryonic stem cell clones. Clones 1-24. (top
panel) PCR amplification of a 2463 bp (R3+L2) and 2997 bp (R1+L1) product, loaded in
alternating wells for each clone. (bottom panel) PCR amplification of a 3432 bp (5’L1+5’R1)
and 2825 bp (PGK6+L2) product, loaded in alternating wells for each clone. Location of
the primers relative to each other is indicated on the schematic.
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R1 L1L2

3' homology arm
2.5 kb

RFP
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neo-
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7 kb
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1

R3

PGK6 L2

3' homology arm
2.5 kb

RFP
0.7 kb

neo-
cassette
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7 kb

21 5'R15'L1

Figure 6.5 Genotyping of electroporated embryonic stem cell clones. Clones 25-48. (top
panel) PCR amplification of a 2463 bp (R3+L2) and 2997 bp (R1+L1) product, loaded in
alternating wells for each clone. (bottom panel) PCR amplification of a 3432 bp (5’L1+5’R1)
and 2825 bp (PGK6+L2) product, loaded in alternating wells for each clone. Location of
the primers relative to each other is indicated on the schematic.
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R1 L1L2
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Figure 6.5 Genotyping of electroporated embryonic stem cell clones. Clones 49-72. (top
panel) PCR amplification of a 2463 bp (R3+L2) and 2997 bp (R1+L1) product, loaded in
alternating wells for each clone. (bottom panel) PCR amplification of a 3432 bp (5’L1+5’R1)
and 2825 bp (PGK6+L2) product, loaded in alternating wells for each clone. Location of
the primers relative to each other is indicated on the schematic.
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Figure 6.5 Genotyping of electroporated embryonic stem cell clones. Clones 73-96. (top
panel) PCR amplification of a 2463 bp (R3+L2) and 2997 bp (R1+L1) product, loaded in
alternating wells for each clone. (bottom panel) PCR amplification of a 3432 bp (5’L1+5’R1)
and 2825 bp (PGK6+L2) product, loaded in alternating wells for each clone. Location of
the primers relative to each other is indicated on the schematic.

167



6 Towards the generation of an Rxrγ reporter mouse line

13-17 div0 div 4 div 10 div

�oating
GMEM, 1% KSR, nutrients

Dkk1 (100 ng/ml)
Noggin (5 ng/ml)

IGF-1 (5 ng/ml)
FGF-2 (10 ng/ml)

�oating
GMEM, 1% KSR, nutrients

Dkk1 (10 ng/ml)
Noggin (5 ng/ml)

IGF-1 (5 ng/ml)
FGF-2 (5 ng/ml)
DAPT (10 µM)

attached
DMEM-F12, N2, B27

Dkk1 (10 ng/ml)
Noggin (5 ng/ml)

IGF-1 (5 ng/ml)
FGF-2 (5 ng/ml)
DAPT (10 µM)

taurine (100 µM)
retinoic acid (500 nM)

on SNH feeders
DMEM, 16% FBS

expansion RNA
harvest

passage
feeders removed

6-well plate, low attachment
60,000 cells/ml

plating
24-well plate

poly-ornithine, laminin-coated

Figure 6.6 Schematic representation of the ES cell differentiation time-course. Relevant
references regarding the recombinant proteins and small molecules in the culture medium
are listed in table 6.2

Crx

Actb

undi� 3 div 7 div 13 div 17 div 20 div

Figure 6.7 Time-course reverse transcription analysis for Crx on mouse iPS cells treated
with the differentiation routine as shown in figure 6.6. Crx is readily observed following 3
days in vitro. Data by Cedric Boucherie, UCL Institute of Ophthalmology.

UCL Institute of Ophthalmology, figure 6.7).6 Out of 24 chosen clones,

13 survived the thawing and expansion process (table 6.1). These ES cells

proliferated well in culture on SNH-derived feeder layers comparable to not

electroporated CCE ES cells (figure 6.8 a) and showed no apparent signs

of differentiation over several passages.

Control cultures When passage 28 CCE non-electroporated ES cells were

subjected to the differentiation, aggregates or embryoid bodies formed

within the first couple of days and became visible to the naked eye by

4 days in vitro (larger than 150 µm, figure 6.8 b). Between 4 and 10 days

in vitro no clear morphological changes in the culture could be observed

and no further rapid growth in aggregate size occured. When the embry-

oid bodies were plated onto poly-ornithine/laminin-coated substratum and

6The protocol is based on routine developed in T. Reh’s laboratory that led to robust
generation of retinal progenitor cells and retinal cell fates–including Crx- and Nrl-
protein+ photoreceptors–from human ES cells (Lamba et al. 2006).
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Dkk1 Low/no (canonical) Wnt activity is
needed for eye-field or telencephalic
cell fates

Shinya et al. (2000), Esteve
et al. (2004)

Activation of non-canonical Wnt sig-
nalling is required for eye-field pat-
terning

Maurus et al. (2005), Cavode-
assi et al. (2005)

Noggin BMP signalling blocks retinogenesis
and vice versa

Moore and Moody (1999)

Xenopus Cerberus (Nodal, BMP,
Wnt antagonist) reprogrammes blas-
tomeres to a retinal fate

Bouwmeester et al. (1996), Pic-
colo et al. (1999), Silva et al.
(2003)

IGF-1 IGFs can induce eyes by antagonising
Wnt

Richard-Parpaillon et al. (2002)

FGF-2 Induces photoreceptor differentiation
in vitro, reprogrammes RPE to neu-
ral retina

Hicks D (1992), Sakaguchi et al.
(1997)

DAPT Inhibits the gamma-secretase of
Notch signalling and forces cell cy-
cle exit of retinal progenitor cells, in-
creasing the proportion of Crx+ cells

Osakada et al. (2008)

Taurine Induces rod differentiation in vivo
and in vitro via glycine receptors

Altshuler et al. (1993), Young
and Cepko (2004)

Retinoic acid A critical factor in photoreceptor dif-
ferentiation

Hyatt and Dowling (1997)

Table 6.2 Growth factors, antagonists and inhibitors geared towards the derivation of photo-
receptor cells in vitro. Relevant references are listed.
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subjected to the final composition of differentiation-factors, signs of neu-

ronal differentiation became noticeable, with long axons stretching away

from the attached aggregates. More axons tended to radiate from smaller

aggregates, while more fibroblast-like cells migrated from larger aggregates

(figure 6.8 c). By 13 days in vitro the culture started to show signs of cell

death—floating cells and debris accumulation.

Total RNA was harvested for analysis prior to the differentiation (CCE

passage 27), at 4 div, 10 div and 13 div. Three CCE cultures were kept in

parallel, however all cultures were combined and separated at each medium

change during the floating conditions. cDNA was transcribed and analysed

by PCR with primers for the pluripotency factors Klf4, NanoG, Lin28a and

Pou5f1 (Oct3/4), the eyefield transcription factor Rx, Crx as indicator of a

photoreceptor fate, Rxrg as primary target and Atoh7 (Math5) as marker

of retinal ganglion cells. Mapt1 (Tau1), Mapt2 (Map2) and Tubb3 (beta-

3-tubulin) covered pan-neuronal differentiation.

Although expression of the pluripotency genes is maintained at all points

of the differentiation, there is a marked onset of Rx expression after 4 days

in vitro, indicating eye field and retinal specification, concomitant with the

appearance of the neuronal differentiation markers and a shift from juve-

nile (variant 1) to mature (variant 2) Mapt2 isoforms. Crx expression and

photoreceptor differentiation were not induced in this experiment, nonethe-

less Atoh7, a transcription factor crucial to retinal ganglion cell genesis,

was present throughout and—more importantly—Rxrg levels appeared to

increase through the differentiation programme (confirmed with a second

set of primers, data not shown, figure 6.9). Morphology and RT-PCR re-

sults taken together demonstrate that this relatively simple differentiation

time course leads to retinal (neuronal) differentiation and expression of the

Rxrg promoter, appropriate as a rapid screening tool in combination with

fluorescent live-cell imaging for transgene activation.

RxrγRFP ES cell cultures When electroporated ES cell clones were cul-

tured on SNH feeders, they showed no obvious signs of differentiation and
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CCE P27 10x 10x

a bright�eld phase

32x

phase

CCE P28 - 4 div 10x

b phase

10x

phase

10x
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CCE P28 - 13 div 10x

c phase

10x
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5x

phase

10x

phase

Figure 6.8 Proliferative and differentiation culture of CCE ES cells. (a) Undifferentiated
CCE ES cells in culture on SNH-derived feeders. Various magnifications show round colonies
of small ES cells. (b) Floating culture of embryoid bodies (aggregates) that formed in
differentiation conditions. (c) Attached embryoid bodies on coated substratum in the last
step of the differentiation routine. Axons radiating from the aggregates are clearly visible,
as well as more fibroblast-like cells migrating towards the periphery.
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Nanog

Klf4

Lin28a

Pou5f1

Rx

Crx

Rxrg

Atoh7

Mapt1

Mapt2
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Marker

CCE P27

CCE 4 div
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H 2
O

Figure 6.9 Reverse transcription analysis of the CCE differentiation time-course at 0, 4 and
13 days in vitro. Expected amplicon sizes in bp are as follows: Nanog 347, Klf4 562, Lin28a
541, Pou5f1 573, Rx 504, Crx 506, Rxrg 233, Atoh7 281, Mapt1 472 (v1) 298 (v2), Mapt2
534 (v1), 441 (v2), Tubb3 500, Gapdh 385. A 1 kB ladder (Bioline) with 100 bp increments
was used as a length marker.
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proliferated equivalently to the wildtype (figure 6.8 a). After aggrega-

tion and plating, similar morphological phenotypes were achieved (fig-

ures 6.10&̃ 6.11). However, daily viewing of these cultures for RFP ex-

pression did not show a satisfying signal and all colonies exhibited similar

auto-fluorescence. Cultures were therefore propagated for 13-17 days in

vitro under differentiation conditions and RNA harvested for analysis. In

some clones—particularly B6, B8 and B11—, complete lysis proved prob-

lematic, as large aggregates were resistant to Trizol (Sigma) treatment,

even to vigorous vortexing and repeated trituration with high-gauge sy-

ringes.

The differentiation of clones was assessed with the same primer sets,

save that only NanoG represented the embryonic pluripotency genes (fig-

ure 6.12). The intensity of the Gadph signal and therefore cDNA quan-

tity/quality varied between samples and in sample E1 genomic DNA con-

tamination was visible7. Most cultures showed remaining Nanog expres-

sion, but neither Rx nor Crx were detectable. The main target of this

analysis, Rxrg, was strongly expressed only in A9 and weak levels of Atoh7

indicated further retinal differentiation in this clone. Very weak bands for

Rxrg were also visible in wt1 and A5 at higher gel exposures (see elec-

tronic figure version). Transcripts of dsRed were not observed by RT-PCR

on DNAse-treated samples, although genomic sequences were present (fig-

ure 6.13, compare RT– with RT/DNase+ lane)8, suggesting the transgene

was not being transcribed. The general neuronal differentiation pheno-

type of most ES cell cultures was additionally underlined by high levels of

Tubb3, Mapt1 and Mapt2 transcripts (figure 6.12, red askterisks).

7As amplicons are designed to span exon-exon junctions, this does not pose a problem
to the PCR analysis.

8DNAse treatment was not routinely applied to the RNA samples, as a loss of sen-
sitivity by PCR analysis was observed. As the dsRed transgene does not contain
introns, DNAse treatment was necessary to test whether the transgene was being
transcribed.
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B11 - 14 div

phase

Figure 6.10 Example of an attached embryoid body derived from an electroporated ES cell
clone culture after 14 div. Axonal processes are forming a network on the substratum.
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a bright�eld
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b phase
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Figure 6.11 Further examples of attached embryoid bodies derived from electroporated ES
cell clones. Fibroblast-like cells are migrating from the aggregates and axonal processes
radiate across the culture.

175



A1 A2

A5 A9

A11 A12

B5 B6

B11

D10 E1

G3 wt1

wt2

B8

Na
no
g

Rx Cr
x

Rx
rg

At
oh
7
Ma
pt1

Ma
pt2

Tu
bb
3
Ga
pd
h

M Na
no
g

Rx Cr
x

Rx
rg

At
oh
7
Ma
pt1

Ma
pt2

Tu
bb
3
Ga
pd
h

M

* *

* *
*

*

*

*

*

*
*

^ ^

* *

*

*

*

*
*

*

**

*

^

Figure 6.12 Reverse transcription analysis of differentiated ES cell clones after 13 to 17 div.
Transcripts indicating pan-neuronal differentiation are highlighted by red asterisks, Atoh7
specific products are indicated with a black asterisks and Rxrg products are emphasised with
a blue arrowhead. Expected amplicon sizes in bp are as follows: Nanog 347, Rx 504, Crx
506, Rxrg 233, Atoh7 281, Mapt1 472 (v1) 298 (v2), Mapt2 534 (v1), 441 (v2), Tubb3
500, Gapdh 385. A 1 kB ladder (Bioline) with 100 bp increments was used as a length
marker.
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Gapdh

dsRed

RT+ RT-
RT+

DNase+

Figure 6.13 Excerpt of a preliminary reverse transcription analysis of differentiated ES cell
A5. PCR for dsRed shows amplification of a specific product in both RT-positive and RT-
negative reactions. Once RNA was treated with DNase no dsRed transcript was observed.

6.3 Summary of the analysis

• No homologous recombination of the targeting construct with the

Rxrγ locus could be detected in more than 500 clones. 34 randomly

integrated transgene clones were identified.

• Electroporated embryonic stem cells clones with random integration

of the targeting construct displayed indistinguishable culture mor-

phology to untreated CCE ES cells.

• After differentiation only very few ES cell clones expressed Rxrg

(2/13) and cells did not clearly adopt a retinal fate (0/13 expressed

Rx or Crx).

• The transgene was not expressed at any point of the cultivation and

differentiation of electroporated ES cells.

6.4 Discussion

The aim of this chapter was the derivation of an embryonic stem cell line

carrying an RxrγRFP reporter gene expressed in cone cells for the gener-

ation of a mouse line and to use as an in vitro stem cell source for cone

precursor generation. In order to generate a high fidelity reporter, exon 1

of the Rxrg locus was targeted. This reporter would be valuable for the

transplantation of cone photoreceptor precursors, the development of in
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vitro routines for the generation of transplantable cone photoreceptor cells

and further analysis of cone development as well as the molecular make-

up of developing cones. Progress towards the generation of the RxrγRFP

reporter and difficulties encountered are discussed.

The return of homologous recombinants after electroporation is ex-

pected to be in a region of circa 1 % of the total selected clones, util-

ising a targeting construct of less than 5 kb overall homology (pers. comm.

J. P. Martinez-Barbera, UCL Institute of Child Health embryonic stem

cell and chimera production facility, http://www.ucl.ac.uk/ich/services/

lab-services/embryonic stem cell, last accessed August 2011). The con-

struct sequence was checked extensively and BLAST analysis showed per-

fect alignment with the target locus. It is therefore surprising that almost

10 kb of flanking sequence in the RxrγDsRed construct could not tar-

get the correct locus in two separate sets of electroporations. The reason

for the failure of the homologous recombination is not clear and previ-

ous targeting of the loci show positive and negative results. While pre-

vious manipulation of exons 3+4 (Krezel et al. 1996) and exon 2 (Saga

et al. 1999) were successful, the International Knockout Mouse Consor-

tium (http://www.knockoutmouse.org/, last accessed August 2011) lists

two failed attempts targeting exons 3+4 and exons 5-7 of the Rxrg locus.

Instead of an exon 1 knock-in and a relatively straight forward screening

confirmation of a handful of clones by Southern blot, the strategy there-

fore had to be redirected towards the analysis of a randomly integrated

transgenic reporter line using the 5’ homology region as a promoter and in

vitro differentiation for screening of RFP transgene activation.

Although cultures of ES and iPS cells and their differentiation are ad-

vancing and becoming more common place, this was a pilot experiment

in our laboratories and it was necessary to establish ES cell culture and

retinal differentiation protocols. The applied differentiation programme

was selected for its potential as a rapid screening method, which did not

rely on cell sorting.9 While both non-electroporated and selected ES cells

9The method applied by Osakada et al. (2008) relies on Rx-dependent GFP expression
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received the same treatment, only very few of the electroporated clones

expressed Rxrg as confirmed by RT-PCR, whereas the control CCE ES

cells markedly expressed endogenous Rxrg. This does not necessarily in-

dicate the presence of Rxrγ protein. Activation of Crx and photoreceptor

differentiation could not be observed, despite the fact that differentiated

cultures displayed signs of neuronal differentiation, such as long elaborate

processes growing across the culture dish.

The differentiation routine has previously initiated Crx and Nrl expres-

sion in other stem cells lines (mouse iPS cells, figure 6.7; and human ES

cells used by Lamba et al. 2006), suggesting a restriction in competence

as observed between different ES cell and iPS cell lines. CCE ES cells, a

SV129 derived line cultivated on LIF-producing feeders and used for ho-

mologous recombination experiments, may not easily differentiate towards

retinal fates, a feat established with other ES cell lines (Osakada et al.

2008, Lamba et al. 2009a). ES cell passage is yet another variable to add

to this equation of differentiation efficiency (pers. comm. M. Takahashi).

Besides optimisation required to adapt the differentiation protocol to CCE

ES cells, the 5’ homology arm used as a promoter might not suffice to

initiate transgene expression and position effect may silence the transgene.

Moreover, homologous recombination may be achieved by targeting a dif-

ferent exon of the Rxrg locus.

In summary, observing 13 independent clones in vitro did not give ev-

idence of robust retinal differentiation or transgene activation. As Rxrg

and other photoreceptor markers (e.g. Crx) were not effectively induced

in both control nor electroporated cultures it cannot be conluded that the

transgene is inactive. Generation of chimeric embryoes by blastocycst in-

jection of the RxrγRFP clones would assess whether the transgene could

be functional in vivo.

and FACS to purify retinal progenitors cells.
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A brief summary of the findings of this thesis

• The characterisation of a novel transgenic GFP-reporter line

(CrxGFP) confirmed its high fidelity labelling of both rod and cone

photoreceptors.

• A marker for developing and adult cone photoreceptors was estab-

lished (Rxrγ).

• The transplantation of Crx-expressing photoreceptor precursors gen-

erated mature rod and cone photoreceptors in the recipient retina.

• Adult ciliary epithelial cells are not a suitable source for the deriva-

tion of photoreceptor precursors for transplantation.

• Targetting of the Rxrg locus by homologous recombination requires

an altered strategy.

The experiments presented in this thesis aimed to bring photoreceptor

transplantation one step closer to clinical application. In chapter 3, I char-

acterised a novel transgenic line and showed that CrxGFP labelled both

types of photoreceptors with high fidelity. I also exploited the line in or-

der to follow newly born cones from early embryonic stages through to

the adult retina in BrdU pulse-chase assays and thereby confirmed Rxrγ

as a marker of immature (and mature) cones. This GFP-reporter and

the cone marker were essential to the proof-of-principle cone transplanta-

tion experiments described in chapter 4, utilising flow-cytometry to enrich

the photoreceptor precursor populations. Only embryonic—cone-rich—

precursors developed into mature cone photoreceptors after transplanta-

tion. Another notable finding was the increased cone integration in the
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cone deficient Gucy2e–/– mutant retina. On the search for renewable cell

sources for grafting, chapter 5 embarked on the characterisation of ciliary

epithelial cells, whilst chapter 6 aimed to develop a novel tool for further

optimisation and characterisation of the cone transplantation process.

The next major challenge will be the development of new approaches to

increase the cone yield after transplantation. The RxrγRFP mouse and

other novel genetic tools will greatly contribute to this end. Combina-

tions of transgenes are required to isolate cone (RxrγRFP+/CrxGFP+) or

rod (NrlRFP/CrxGFP+) (precursor) populations at any ontogenetic stage

without contamination by the other species, allowing microarray analysis

to unravel the genuine differences between the rod and cone transcriptomes

and appropriate comparison of the integration capabilities between onto-

genetic stages. Regarding the latter, the stark drop in the proportion of

Rxrγ+ CrxGFP cells during development has so far prohibited the efficient

transplantation of high numbers of post-natal cones.

The influence of the new host environment after transplantation repre-

sents another interesting target for investigation. A reduction in the num-

ber of endogenous cones by degeneration in the Gucy2e-/- mutant led to an

increase in cone yield after transplantation. If the number of cones is lim-

ited by an endogenous hurdle, host cone death would generate ‘headroom’1

and account for the higher cone yield after transplantation. Interestingly,

there is no similar threshold apparent to rods as the dominant photore-

ceptor species. Consequently, would this threshold disappear or increase

in model organisms with cone-dominated retinae?

A recent study elaborated on the thyroid hormone sensitivity of cone

photoreceptors (Ng et al. 2010). High levels of triiodothyronine (T3),

brought along either by knock-out of the protective deiodinase3 (Dio3) or

thyroid hormone injections, led to cone apoptosis during early post-natal

development. This knowledge can be harnessed to eliminate the recipi-

ent cone population efficiently by T3 injections, creating a de facto cone-

1Physical space in the lattice of cones and the according downstream neurons receiving
synaptic connections.
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free retina without widespread degeneration. Alternatively, this means

that newly transplanted cones stemming from an embryonic environment

with low thyroid hormone levels (approximately 15-fold lower, Hernandez

et al. 2006) require protection by pre-treatment of the recipient with anti-

hyperthyroidism drugs (or removal of the thyroid).

There are many other ways to manipulate the transplantation environ-

ment, including suitable cone and rod-less recipient models (Nr2e3rd7/rd7,

Nrl–/–, Pde6ccpfl1/cpfl1), or analogous manipulations of the donor popula-

tion. However, some concerns reach deeper, regarding the general suitabil-

ity of the mouse as a model for cone transplantation therapy, as, although

the retina has comparable numbers of cones (3 % in mice vs 5 % in hu-

mans), mice are nocturnal animals and do not share any central cone-rich

structures resembling the macula/fovea. Other diurnal rodents, such as

the ground squirrel or the nile rat are equipped with cone-rich retinae, but

currently lack the transgenic tools that made mice such a popular tool. In

a recent study, xenogeneic transplantation of human ES cell-derived Crx-

expressing cells (Lamba et al. 2009a) into mice retinae led to successful

integration of photoreceptors and it is conceivable that such experiments

will be repeated with nile rat or squirrel recipients, given sufficient immuno-

suppression.

An on-going project in our laboratory is pursuing the use of surface mark-

ers in order to define the donor population with antibodies and without the

use of genetic reporters. A recent breakthrough has led to the discovery

of a combination of surface antigens labelling a population of post-natal

photoreceptor precursors that integrate at equivalent, if not better, lev-

els into the adult wildtype retina as NrlGFP selected precursors (Lakowski

et al. 2011). Eventually a defined array of surface markers may surpass the

selection qualities of reporters such as NrlGFP or CrxGFP. Both cell popu-

lations labelled by the transgenic reporters contain cells that remain in the

subretinal space after transplantation causing a disrupting retinal detach-

ment. Optimally, a rigorous selection process by surface markers, favour

cells of a molecular make-up most suitable for migration and integration
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into the recipient ONL, resulting in shorter detachment and no remaining

cells in the sub-retinal space. Such selection feats are already achieved in

the definition and isolation of hematopoietic stem cells utilising antibod-

ies against a whole set of clusters of differentiation (CD) antigens. With

the significant progress with respect to the production of photoreceptors

from pluripotent stem cells (Osakada et al. 2008; 2009, Hirami et al. 2009,

Lamba et al. 2009a, Tucker et al. 2011) such selection will gain further im-

portance in order to isolate transplantable cell species from heterogeneous

cultures and increase the safety of cultures originating from teratoma and

potentially tumour forming cells.

A recent astonishing advancement in ES cell culture demonstrated the

derivation of whole optic vesicles, optic cups and even the formation of an

ONL including photoreceptors with healthy immature morphology (Eiraku

et al. 2011). Unlike previous studies utilising a full array of small molecules

and recombinant proteins to guide pluripotent cells through in vitro neuro-

lation, eye field induction and retinogenesis, Eiraku et al. (2011) produced

an intriguingly simple formulation without additional growth factors that

resulted in a self-organising environment in vitro. It is difficult to eval-

uate whether retinal organogenesis is a function of this specific ES cell

line, or whether this is a general default pathway of most ES cells in such

conditions.

While ES and iPS cells are generally considered the renewable cell

sources, there are other (non-renewable) sources waiting to be unlocked.

Post mortem adult eyes are already accessed as a resource for donor mate-

rial that is used in corneal transplant surgery and the adult retina may be

a valuable photoreceptor donor resource after all: So far effective trans-

plantation of adult photoreceptors has failed, however the conclusions

as to why this was the case—namely that such cells are too mature—

might be not the complete answer. A study, published this year, com-

pared post-natal with adult photoreceptor grafts and suggested that the

main issue limiting adult photoreceptor transplantation is the adult’s cell

survival during dissociation of retinal laminae with proteases (Gust and
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Reh 2011). This is arguably caused by the disruption of processes (outer

and inner segment, synapse) established during the first two weeks of

postnatal development. To facilitate transplantation of adult photore-

ceptors, it is essential to rejuvenate cells and make them less susceptible

to damage by matrix digestion. This hypothesis is particularly interest-

ing in the light of research regarding the effects of CNTF treatment on

cone photoreceptors in the canine retina. Application of a single intravit-

real CNTF dose led to the partial deconstruction of cone outer segments

(http://www.scribd.com/doc/19493149/Andras-Komaromy, slide 35, ac-

cessed July 2011). It is unclear whether the deconstruction of the outer

segment equates to a rejuvenated more immature photoreceptor and it has

to be tested whether this interesting physiological response will increase

‘adult’ photoreceptor survival during processing for transplantation. In a

related study on rat post-natal retinal explants, CNTF seemed to re-specify

immature rods to a bipolar fate (Ezzeddine et al. 1997). Taking into ac-

count that bipolar cells and photoreceptors are highly related neurons, it

is not impossible that CNTF treatment causes post-natal rods to revert

to a more immature stage leaving the bipolar fate as a choice of current

competence.

Although not widely discussed, retinal degeneration entails cellular re-

modelling of the neural retina in several stages of increasing severity (Jones

et al. reviewed in 2005, table 7.1). These events commence even before the

first cell death and photoreceptors lose their usual synaptic connections. As

a consequence of lost synaptic input, bipolar and horizontal cells also seek

new targets. During stage two of remodelling, gliosis and glial hypertrophy

results in the formation of a glial seal between the NR and RPE. Analo-

gous to the OLM impeding precursor migration (West et al. 2008, Pearson

et al. 2010) the seal also prevents integration of grafted cells into the NR.

Treatment with extracellular matrix proteases (e.g. chondroitinaseABC)

has improved cell integration, however the level of integration remains low

(pers. comm. with Amanda Barber). The complex remodelling and cell

migration following the seal formation may therefore represent a definite
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1. Photoreceptor stress 

Deconstruction of photoreceptor termini 
Sprouting of new neurites by photoreceptors passing the usual targets 
Rewiring of the bipolar and horizontal cells 

2. Photoreceptor death 

Cell death 
Debris removal by microglia 
Formation of a distal seal by Müller glial processes 

3. Complex remodelling 

Müller cell hypertrophy 
Focal migration of survivor neurons of all clases to ectopic sites 
Migration of RPE into the NR 

Table 7.1 Summary of the stages of retinal remodelling during retinal degeneration accord-
ing to Jones et al. (2005).

end-point to cell based therapy, as lamination as well as the hierarchical

retinal neuronal circuitry are lost. Eventually, in advanced degenerations—

here exemplified with data from human RP—only a fraction of INL cells

(20 %) remain in the periphery (Humayun et al. 1999) and more than 20 %

of cells of the INL are lost in the macula (Santos et al. 1997).

So far it has not been explored how far this new cellular plasticity is

a boon or an obstacle to transplantation therapy. If there is a window

of opportunity, it is likely to differ with the form of retinal degeneration,

given that degenerative diseases progress at different paces. In light of

these facts, several more questions need to be addressed—including: Will

transplanted cells synapse to their correct partners? Can a rod work in

lieu of a cone with its respective circuitry and vice versa? Is the remain-

ing intact (not remodelled) circuitry the limiting factor to photoreceptor

integration? Consequently, do photoreceptors only integrate into the adult

(not degenerating) retina because it is damaged during the retinal detach-

ment, causing remodelling and synaptic plasticity?

Finally, it will be critical to prevent cell death of the transplanted cells.

Foremost to increase the efficiency of the transplantation and as a sec-

ondary goal to avoid any trophic effects caused by dying cells that may

aggravate the degeneration or initiate more remodelling and immune cell

recruitment. The eye is an immuno-compromised site brought by the

retinal-blood barrier and expression of Fas-ligand (FasL) in RPE and pho-

toreceptors, which induces apoptosis in—usually Fas receptor expressing—
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invading immune cells (Reme et al. 1998). Yet, immune-rejection depletes

non-autologous grafts and in a long-term study, a marked reduction in inte-

grated photoreceptors was seen four months after transplantation, together

with signs of a chronic immune response mediated by T-lymphocytes (West

et al. 2010). Transplantation therapy will therefore require some kind of

haplotype-matched donor material, sourced from large ES cell line banks,

or tailored personal iPS cells, likely in combination with gene therapy to

remedy the underlying genetic defect causing photoreceptor cell death.

7.1 Alternatives and supplementary strategies
to photoreceptor replacement therapy

Endogenous regeneration Besides a proliferative CMZ contributing to

retinal growth throughout life, fish also possess considerable regenerative

potential of the neural retina. Upon injury, Müller glia re-enter the cell

cycle and de-differentiate to retinal progenitors, giving rise to any cell

type of the NR (Reh and Levine 1998). This is associated with the ex-

pression of genuine RPC neurogenic transcription factors, most notably

Ascl1a (Mash1), and proliferation in small neurogenic clusters (Karl and

Reh 2010). A similar response was observed in the post-hatch chick in

response to neurotoxins, however, only a small proportion of activated

Müller glia progeny gave rise to neurons and regeneration was limited to

horizontal, bipolar, amacrine and ganglion cells (Fischer and Reh 2001,

Karl and Reh 2010). In mammals—most research was conducted on rats

and mice—the general response to injury is gliosis and a very small sub-

population of Müller glia re-enters the cell cycle (Karl and Reh 2010). This

proliferation can be increased by growth factors, such as EGF (Close et al.

2006) or Wnt3a (Osakada et al. 2007), yet de-differentiation of mammalian

Müller cells remains incomplete (e.g. no Ascl1/Mash1 expression) and only

a fraction of activated cells generated cells expressing markers of amacrine,

bipolar cells and rod photoreceptors (Ooto et al. 2004, Karl et al. 2008,

Karl and Reh 2010).
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In fish, regeneration happens in an orchestrated fashion of activation,

proliferation, differentiation and cell death (of likely superfluous neurons).

While the mammalian retina shows only limited regenerative capacity, un-

derstanding the cascade leading to regeneration in fish is one of the key

objectives of current research on endogenous repair.

Intrinsically photosensitive retinal ganglion cells For a long time, cone

and rods were considered to be the only photoreceptors of the retina. Until

it was revealed that a small proportion (1-2 %) of RGCs are intrinsically

photosensitive (ipRGC) through melanopsin expression (Provencio et al.

2000, Hattar et al. 2002). Interestingly, melanopsin has been associated

with rhabdomeric photoreceptors (Lamb et al. 2007), hinting at the evolu-

tionary origin of RGCs. Although initially assumed to be mainly involved

in setting the circadian rhythm (which happens in mice without functional

cones and rods, Foster et al. 1991), ipRGCs have recently been shown

to innervate centres of the brain responsible for visual processing, allow-

ing cone-rod less mice successfully to discriminate patterns (Ecker et al.

2010). The use of devices, translating camera images into optimised visual

information for the recognition by ipRGCs, could be a valuable method

to provide basic pattern and brightness recognition to the incurable blind.

However, while macular retinal ganglion cell loss was reported to vary from

mild to severe in late stages of RP (Jones et al. 2005), it is unclear how

ipRGCs are affected by inherited degenerations.

RPE repair In the healthy retina, the RPE maintains photoreceptors by

phagocytosing shed outer segments, it supplies nutrients and recycles reti-

nal. In another crucial role, the RPE forms the retina-blood barrier and

exerts an immuno-suppressive function by expressing FasL, causing the

apoptosis of inflammatory cells, and secreting further immuno-modulatory

molecules (Zamiri et al. 2007). In order for the RPE to retain its basal-

apical polarity, which is a pivotal part to its functionality, it requires an

appropriate substrate to adhere—the Bruch’s membrane. The membrane
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itself varies in structure from periphery to centre and ageing progress is

faster the closer to the macula, evidenced by the accumulation of ectopic

proteins and crosslinking of proteins (Lee and Maclaren 2011). In adher-

ence experiments, binding of fetal RPE cells was poor on aged Bruch’s

membrane (Lee and Maclaren 2011). These adherence difficulties pose an

obvious problem in diseases where the Bruch’s membrane is damaged and

causes the loss of RPE and photoreceptor cells, such as age-related macu-

lar degeneration. Whilst RPE is readily available from the differentiation

of ES and iPS cells (Vugler et al. 2008, Carr et al. 2009), it will be cru-

cial to develop artificial substrates sufficiently stable for surgical handling,

yet biocompatible, to enable successful transplantation of functional RPE.

The adherence problem further encompasses the loss of immuno-privilege

at the site of RPE and photoreceptor damage, impeding the survival of any

non-HLA matched cell graft. The repair of any RPE damage will therefore

be the primary objective prior to photoreceptor replacement therapy (in

particular for AMD).

Retinal prosthesis The use of transplanted retinal prosthesis represents

a very different approach to cell based therapies and some low resolu-

tion light responses have been reported (reviewed by Matthaei et al. 2011,

Rizzo 2011). These implants work by directly stimulating neurons of the

retina through electrodes placed in close vicinity to either the ONL (sub-

retinal graft) or the RGC layer (epi-retinal graft). The main challenges

currently addressed include; the maintenance of the required close contact

between the implant and the target neurons, as well as keeping the device

in the correct position without damaging the retina; long-term tolerance

of the retinal tissue to the implant; and power and data supply. Diffi-

culties were also noted with the stimulation threshold required to elicit a

visual perception, which not only varied strongly between patients, but

between an implant’s individual electrodes and over time (Rizzo 2011).

Epi-retinal implants—directly stimulating RGC somata, axons and some

INL neurons—also have to deal with the high degree of processing accom-
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plished by the retina before the visual signal is projected to the brain.

To overcome this conundrum, an interesting methodology relies on learn-

ing implants, whereby the output from the prosthesis is tweaked until it

coincides with the camera input that feeds the system (e.g. showing a

patient a triangle and calibrating the system until the patient’s percep-

tion coincides) (Eckmiller et al. 2005). As accounts for cell replacement

therapy, neural remodelling poses another significant obstacle to long-term

prosthesis function and particularly sub-retinal devices are affected by the

disturbed circuitry caused by remodelling of INL cells.
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