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Previous work in our laboratory has shown that fibroblast growth factor receptors 

(FGFRs) transduce a signal that influences the fate of cells in the developing Xenopus 

retina (McFarlane et al., 1998). I have provided evidence for an FGF signal as the FGFR 

ligand in this process. I have shown that a number of FGFR ligands are expressed in the 

retina when cell genesis and differentiation are occurring. These ligands include FGF-2, 

FGF-3, FGF-9 and FGF related ligand-2 (FRL-2). Over-expression of one of these 

ligands, FGF-2, biased retinal precursors to adopt RGC and rod PR fates at the expense 

of Miiller glial cell and cone PR fates, respectively. Blocking endogenous FGF-2 

resulted in an increase in Miiller glial cells in the developing Xenopus retina. Taken 

together these data implicate an FGF, possibly FGF-2, in cell genesis in the developing 

retina. 
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Previous studies in our laboratory have implicated the fibroblast growth factor 

receptor (FGFR) and its ligands in cell fate determination in the vertebrate retina 

(McFarlane et al.. 1998). A number of ligands have been identified for the FGFR 

including fibroblast growth factors (FGFs), FGF related ligands (FRLs) and various cell 

adhesion molecules (CAMS). The purpose of my study was to identify the ligands for the 

FGFR that are involved in cell fate decisions made by the developing retina. in order to 

do this I: 1) determined which FGFs are expressed in the developing Xenopus retina by in 

situ hybridization (Chapter 3); 2) tested a role for one FGF in particular. FGF-2 in cell 

proliferation and determination in the developing retina. I investigated a role for FGF-2 

in vivo by over-expressing it in retinal precursors (Chapter 3), and by blocking the 

synthesis of FGF-2 in retinal precursors, using an anti-sense approach (Chapter 4). 

General Hypothesis: 

An FGF signal promotes cell proliferation and determination in the vertebrate retina. 

Specific Hypothesis I: 

FGF family members are expressed in the Xenopus retina during development. 

Specific Hypothesis 11: 

Over-expression of FGF-2, a ligand of the FGFR, will result in increased proliferation in 

the retina, and bias retinal precursors towards a rod photoreceptor (PR) fate. 

Specific Hypothesis 111: 

Blocking FGF-2 synthesis will bias precursors away from a rod PR cell fate. 



The vertebrate re- * 

The vertebrate retina is a thin sheet of neural tissue that forms as a direct 

outpocketing of the brain (Cepko et al., 1996). Due to the relative simplicity and 

accessibility of the tissue, more has been learned about the development of the retina than 

any other central nervous system (CNS) structure (Dowling, 1987). The embryonic 

mature retina is composed of seven different cell types that arise from a homogeneous 

population of progenitors known as neuroepithelial cells. These cells give rise to the 

photoreceptor (PR) cells, the rods and cones, which synapse with two types of 

intemeurons: bipolar and horizontal cells. Another type of interneuron is the amacrine 

cell, which has extensive lateral connections in the retina. Information processing done 

by the above cells is collected by the retinal ganglion cells (RGCs) and transmitted to the 

brain via the optic nerve. The main non-neuronal cell type is the Muller glial cell, which 

has metabolic and structural roles in the retina (Turner and Cepko, 1987). Together these 

cells form the three-layered retina where the RGCs and a minor population of arnacrine 

cells (<lo%) form the RGC layer, the three different interneurons and Miiller glial cells 

form the inner nuclear layer (INL), and the PRs make up the outer nuclear layer (ONL) 

(Fig 1). 

During its development the retina faces the task of producing the appropriate 

ratios of the different cell types. Furthermore, these cells must migrate to their respective 

layen and form proper synaptic connections with one another (Mann, 1928). The order 

in which these cells are born has been examined using 'H-thymidine labeling and 



FIGURE 1: Stage 40 Xenopus retina. Abbreviations are as follows: ONL (outer nuclear 

layer) which is made up of rod and cone PRs; INL (inner nuclear layer) which is made up 

of amacrine, bipolar, and horizontal intemeurons and also contains Muller glial cell 

bodies; RGCL (retinal ganglion cell layer); CMZ (ciliary marginal zone) where mitotic 

cells reside; ON (optic nerve); PE (pigment epithelium), R (rods), C (cones), H 

(horizontal cells), Bp (bipolar cells), A (amacrine cells), RGC (retinal ganglion cells), Mu 

(miiller glial cells). (Adapted from Holt et al., 1988). 
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autoradiography in amphibians, birds, fish and mammals (reviewed in Cepko et al., 

1996). The order of birth-dates is generally conserved across species. In all cases RGCs 

are the first to be born. The next three cell types- cone PRs, horizontal cells and 

amacrine cells are born at approximately the same time. The degree of overlap in binh- 

dates is thought to be a reflection of the time course of retinal development in different 

species. For example, species with very rapid development (e.g. Xenopus laevis) have 

the most overlap in birth-dates, whereas species with the most extended period for retinal 

development (e.g. Monkey) display the least amount of overlap (Altshuler et al., 199 1). 

Lineal relationships between the different retinal cell types have been explored. 

Lineage analysis using tracers and retrovirai vectors shows that in all species studied to 

date retinal progenitors appear to be multipotent and can produce clones with 1-6 

different cell types (Turner et al., 1990). In some cases, a single progenitor can generate 

a rod PR, a bipolar cell and a Miiller glial cell. In addition, a single retinal precursor can 

produce two different cell types at the last mitosis showing that retinal progenitors are 

multipotent up to the last cell division (Turner et al., 1987). Additional evidence shows 

that differentiated retinal cells, including rod PRs, can develop in embryos in which cell 

division is experimentally inhibited, proving that timing of genesis is not the only 

determinant of cell fate (Harris and Hartenstein, 1991). 

Since retinal progenitors appear to be multipotent and distinct cell types can be 

born at the same time, the idea that extrinsic cues direct cell fate has been favored. 

However, it is accepted that the intrinsic properties of progenitors contribute to cell fate, 

in that cells must be competent to respond to extrinsic cues in order to produce the 

appropriate cell types (Cepko et al., 1996). Based on a large amount of experimental 



data, the current model for retinal development suggests that there is a fixed population 

of retinal precursors (Cepko, 1999) (Fig. 2). As development progresses, an increasing 

number of cells become post-mitotic and this population becomes smaller. A number of 

facton determine the fates of the post-mitotic cells. One determinant is the timing of 

differentiation. During the developmental time period, precursor cells alter their 

expression of various transcription facton. Transcription factors direct either the 

expression of different cell-surface receptors or participants in signal transduction 

pathways. so that a cell can respond to various environmental cues (Cepko et a]., 1996). 

In addition, transcription factors respond to signal transduction cascades so that cell 

differentiation can begin. Commitment to a specific fate begins when environmental 

factors stabilize the transcription factors and other factors in the cell so that the cell is no 

longer responsive to environmental cues. It is theorized that a cell may move from one 

state of competence to the next due either to external cues or to genetic programming 

(Cepko et d., 1996). 

Transcription factors direct the expression of cell-specific markers while 

restricting the fates progenitors may adopt (Harris, 1997). Evidence for such 

programming occurring in the retina comes from the role of VC 1. I+  progenitors in the 

retina. VC 1. I recognizes an N-linked carbohydrate epitope, that is present on two forms 

of N-CAM; and two high molecular weight proteoglycans expressed in differentiated 

amacrine and horizontal cells in the rat retina (Arimatsu et al., 1987; Zarernba et al., 

1990; Naegele and Barnstable, 199 1). VC I .  1 + progenitors give rise to amacrine and 

horizontal cells early on, but as development progresses VCI. I +  cells give rise to a 

greater fraction of rod PRs indicating a change in the bias to the production of specific 



FIGURE 2: Retinal cells arise from a fixed pool of progenitors that interact with the 

environment to make the different postmitotic cell types. As development progresses and 

more cells become postmitotic, this pool of progenitors (P) becomes smaller in size. 

Retinal progenitors are modeled to progress from one state of competence to another in 

only one direction. (Adapted from Cepko, 1999). 
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cell types (Alexiades and Cepko, 1997). 

A study that specifically addressed the question of competency in retinal cells 

investigated the signals that promote rod development. The question raised was whether 

environmental signals required for rod development appeared late, or whether the 

multipotential precursor cells changed their properties such that they were able to give 

rise to rod PUS only later in retinal development. Dissociated rat retinal cells were 

cultured so that early stage progenitors were cultured with later stage retinal cells 

(Watanabe and Raff, 1992). Progenitor cells did not show expression of the rod-specific 

markers any earlier than normal, suggesting that rod PRs develop late in the rat retina 

because precursor cells only acquire competency to become a rod cell late in 

development. 

Neurogenic factors: 

A number of different factors are involved regulating cells' competence to 

respond to differentiating cues. These factors are known as neurogenic factors which 

include transcription factors such as the basic Helix Loop Helix (bHLH) molecules 

(Hams, 1997). In the vertebrate retina these transcription factors act by affecting the 

timing of differentiation in a changing external environment (Harris, 1997). Competency 

of cells is a critical aspect of retinal development. If all cells were allowed to respond to 

the immediate environment in the same way, they would all have the same fate. 

Therefore, retinal cell diversity is regulated in part by the expression of different 

transcription factors in subsets of retinal cells. Transcription factors are the intrinsic cues 

in retinal cells, which act by influencing the differentiation or determination of distinct 



retinal cells. 

The first bHLH factor to be characterized in the retina was Hesl (Mammalian 

hairy and Enhancer of split homolog 1) (Tomita et al., 1996a). The Hesl homozygote 

knockout mouse showed a range of eye phenotypes, from no eye to small, disorganized 

eyes. It seems that Hesl is a negative regulator of differentiation in the retina and that 

persistent expression of Hesl blocks retinal development. Since Hesl is downstream of 

Notch/Delta signaling it appears that this pathway controls retinal cell genesis. Indeed, in 

chick and Xenopus, Notch and its ligand Delta are implicated in the inhibition of retinal 

cell genesis (Ahmad et al., 1997; Dorsky et al., 1997). Notch was shown to be a 

transmembrane receptor that is involved in contact-mediated inhibition of neurogenesis in 

Drosophifa ( Artavanis-Tsakonas et al., 1995). Blocking Notch synthesis, and thus 

signaling, by injecting anti-sense oligonucleotides into the chick retina led to a 744 

increase in the production of RGCs in vivo (Austin et P I . ,  1995). In Xenopus, Notch is 

expressed in undifferentiated precursor cells of the ciliary marginal zone (CMZ) and the 

embryonic central retina (Dorsky et al., 1995). It is not expressed in stem cells or in 

differentiated cells. In addition, when Notch cDNA was transfected into Xenopus retinal 

precursor cells, the cells maintained their undifferentiated neur~e~ithelial morphology 

(Dorsky et ai., 1995). 

Manipulation of Delta similarly implicates Notch-Delta signaling in the regulation 

of retinal cell genesis. In vitro and in vivo, over-expression of Delta in chick retinal 

precursors led to more than 80% decrease in RGCs, the first cells to differentiate in the 

retina (Austin et al., L 995). When Delta was transfected into Xenopus retinal progenitors 

later in development, more PRs were produced at the expense of Muller glid cells, the 



last cells to differentiate in the retina (Donky et al., 1997). These data strongly implicate 

Notch-Delta signaling in retinal cell differentiation. Delta expressing cells inhibit nearby 

Notch expressing cells from differentiating, but are themselves able to differentiate. 

Upon their differentiation. the inhibition on the Notch expressing cells is removed and 

they too undergo differentiation (Fig 3). Thus, Notch-Delta signaling provides a 

mechanism for maintaining a population of progenitors able to respond to signals present 

in the later retina, so that all the different cell types can be generated. 
, 

Cell dwerentiation: 

Of the different intrinsic cues in the retina, bHLH genes seem particularly 

imponant. The role of several of these genes has been tested. Functional studies of 

bHLH genes suggest that they play a role in neuronal differentiation and survival. In 

addition their expression is found in subsets of retinal progenitors or cells that are 

differentiating suggesting that they play a role in neuronal development. One bHLH gene 

involved in retinal cell determination, Xath5, was isolated in Xenopus around the same 

time Math5 was isolated in mice (Kanekar et d., 1997; Brown et all, 1998). These 

vertebrate bHLH genes are related to the Drosophila atonal gene. Xath5 is expressed in 

retinal progentior cells and newly differentiating neurons (Kanekar et al., 1997) and when 

it was over-expressed there was an increase in RGCs at the expense of amacrine, bipolar 

and Miiller glial cells. It was suggested that the observed increase in RGC production 

was due to Xath5 forcing more cells to exit the cycle at a time when ROC production was 



FIGURE 3: Two precursors are interacting through the neurogenic pathway. The lower 

cell expressing Delta is inhibiting the top cell expressing Notch, from differentiating. 

The undifferentiated cells have a pale nucleus and the differentiated cells have a darker 

nucleus. The Delta expressing cell is able to differentiate into early cell types whereas 

the Notch expressing cell is able to differentiate only into later cell types once the 

inhibition has been removed. (Adapted from Harris, 1997). 
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maximal. In addition, these data strengthen the proposed Cepko model for retinal 

development whereby there exists a fixed population of progenitors and an increase in the 

production of one cell type is at the expense of later developing cells. 

A bHLH gene expressed in retinal progenitors before the onset of Xath5MathS 

expression is NeuroD. In the NeuroD knockout mouse effects on retinal cell genesis 

were observed (Morrow et al., 1999). Since these mice died around P3 (postnatal day 3), 

retinal explants were cultured shortly after birth. A fourfold increase in the number of 

Miiller glial cells and a threefold increase in the number of bipolar cells was observed. 

This suggested that NeuroD acts at a cell fate decision step for bipolar and Miiller glial 

cells. In contrast, in chick, NeuroD is almost exclusively expressed in the developing 

photoreceptors (Yan and Wang, 1998). Furthermore, over-expression of NeuroD results 

in a 50% increase in PRs. The difference in NeuroD expression in mouse and chick 

suggests that the role of this gene is not conserved across species and that it plays 

different roles in avian and murine retina. 

A number of bHLH transcription factors play more specific roles in the 

production of various retinal cell types. Mashl in mouse, and Cashl in chick, are 

members of the achaete scute family of bHLH genes. These genes k e  expressed in 

mitotic and newly post-mitotic cells around the time of amacrine cell generation in chick 

(Jasoni et al.. 1994) and in rod PR cell genesis in mouse (Jasoni and Reh. 1996). As 

development progresses in mouse, expression becomes restricted to the inner nuclear 

layer (INL) (Guillemot and Joyner, 1993; Jasoni and Reh, 1996). Cultured retinal 

explants from Mashl knockout mice showed that there was an increased number of 

Miilfer glial cells and delayed differentiation of bipolar cells (Tornita et al., 1996b), 



whereas over-expression of Xushl resulted in an increase in bipolar cells (Brown et al., 

1998). Interestingly, the data from the knockout mice pointed to a role for these genes 

only in the production of bipolar and MUller glial cells and gave no indication of the 

earlier role in arnacrine and photorecepton cells. 

Non- bHLH transcription factors may also play a role in retinal cell genesis. For 

instance mouse ChrlO, a horneobox gene, is expressed at high levels in uncommitted 

retinal progenitors and its loss leads to reduced proliferation and a specific absence of 
4 

bipolar cells in the retina (Burmeister et al., 1996). In addition, the Bm-3 (Brain-3) 

family of POU domain transcription factors are expressed in a subset of RGCs suggesting 

that they influence the determination of these cells (Xiang et al., 1995). Indeed, when the 

Bm-3.2 gene is deleted in transgenic mice there is a 70% loss of RGCs (Gan et al., 1996; 

Xiang et al., 1996). 

While it is clear that transcription factors play a role in neuronal cell genesis, 

questions remain regarding inconsistencies in the role these molecules play relative to 

one another. Since a combination of these transcription factors can be expressed in the 

same subset of cells, it seems that there is a combinatorial code of transcription factors in 

the different retinal cells. This combinatorial code will become clearer as more 

transcription factors are identified. Still it seems clear that these transcription factors are 

involved in restricting the influence of the extrinsic cues on cell fate. Therefore, it 

appears that lineage plays some role in establishing the competency of a cell to respond 

to extrinsic signals. 



Existence of extrinsic cues: 

Since the ntina is a relatively simple and accessible tissue, a number of in vitro 

culture studies and in vivo mis-expression studies have been conducted to understand the 

role of extrinsic cues in cell fate determination (Adler et al., 1989; Altshuler and Cepko, 

1992; Fuhrmann et al., 1995; Harris and Messersmith. 1992; Kelly et al.. 1994; Liliien 

and Cepko, 1992; Reh, 1992; Sparrow et al.. 1990). These studies have revealed that 
* 

signaling occurs at least in part through extrinsic, secreted factors such as growth factors 

and hormones. Evidence for the role of extrinsic factors in retinal development comes 

from a number of studies including those that have examined retinal regeneration. In 

amphibia and fish, neurotoxic damage to the embryonic retina results in increased 

neuronal genesis to compensate for those neurons destroyed by the damage (Negishi et 

al., 1982, 1985, 1987; Reh, 1987, 1989). In the Xenopus retina when specific populations 

of differentiated cells were destroyed using neurotoxins, a disproportionately high 

percentage of cells were produced that acquired the phenotype of the lost cell type (Reh 

and Tully, 1986). These results suggested that differentiated cells have the ability to 

influence the fate of dividing cells. In addition, when the early embryonic retina is 

removed surgically, the remaining neuroepithelial cells exhibited a regenerative response 

(Park and Hollenberg, 1989). 

The above studies suggest that the ability of the retina to regenerate is a 

consequence of an upregulation of environmental factors responsible for retinal 

histogenesis (Anchan et al., 199 1). Subsequent studies have attempted to identify 

environmental cues that operate in the developing ntina. Initial evidence came from 



mutational analysis of the different PRs in the Drosophila ommatidium, which showed 

that the actions of particular genes directed the fate of specific PRs (Karpilow et al., 

1989; Baker et al., 1990; Hafen and Basler, 1991; Reinke and Zipursky, 1988). Below is 

a brief review of extrinsic factors that have been identified in Drosophila. 

The Drosophila eye is composed of several hundred ommatidia. Each 

ommatidium contains 8 PR neurons (Rl-R8). When Notch activity in the eye disc 

subsides, cells begin their differentiation (Cagan and Ready. 1989). Experiments suggest 

a role of diffusible factors in Drosophila retinal development. It is the determination of 

the R7 PR that is best understood. Previous work shows that a mutation in a receptor 

tyrosine kinase family member sevenless, results in loss of the R7 neuron (Harris et al., 

1 976). The sevenless locus encodes a transmembrane protein with a large extracellular 

domain and a cytoplasmic consensus tyrosine kinase catalytic domain (Hafen et al., 

1987). This suggests that an extrinsic signal activates the sevenless receptor and sets up a 

signal transduction pathway that leads to the specification of R7. The candidate for 

sevenless activation turned out to be bride of sevenless (Boss) (Cagan et al., 1992). Boss 

is a seven membrane-spanning domain transmembrane protein that binds sevenless 

directly (Kramer et al, 1991) and results in the phosphorylation of the sevenless receptor 

(Hart et al., 1993). Boss is expressed exclusively on the R8 PR neurons and is 

responsible for the generation of an R7 PR in the ommatidium (Kramer et al., 199 1). 

These studies provided one of the first examples of molecular interactions 

between the different cells leading to the specification of retinal cells. A number of 

factors have been identified in vertebrates that are related to factors discovered in 

Drosophila. Members of the steroid family and tyrosine kinases play a role in 



Drosophila and vertebrate retinal development, providing support for the idea that 

molecules are conserved across species. 

Growth factors and retinal development: 

In the search for extrinsic cues that influence retinal cell fate, a number of 

neurotrophic factors and growth factors have been identified as playing a role. In order to 

test the role of these molecules, a variety of explant and dissociated cell culture systems 

as well as in vivo strategies have been used (Harris, 1997). The results of such 

investigations indicate that retinal development is far from simple, considering that each 

of these molecules has a number of different roles at various stages of retinal 

development. Some of the findings are discussed below. 

Neurotrophin-3 (NT-3) is expressed in the INL of the developing chick retina and 

its receptor TrkC is expressed in all retinal layers (Hallbook et al., 1996). Studies show 

that in vivo application of NT-3 blocking monoclonal antibodies to developing chick 

retina increases the number of undifferentiated cells and disrupts the layering of the 

retina. This suggests that NT-3 plays a role in cell differentiation (Bovolenta et al., 

1996). Furthermore, exogenous application of NT-3 to chick retinal cultures leads to a 

2.5 fold increase in differentiating cells as seen by 'H-thymidine labeling (De La Rosa et 

al., 1994). The NT-3 data suggest multiple roles for NT-3 during development due to the 

fact that it promotes neuronal differentiation early on, and later, it supports the survival of 

RGCs and a subtype of amacrine cells. 

Ciliary neurotrophic factor (CNTF) may also play an important role in retinal 

development. In chick retinal cultures, exogenous CNTF caused a 4-fold increase in the 



number of rod PRs as shown by opsin-irnmunoreactivity (Fuhrmann et al., 1995). 

Measurements of the kinetics of the CNTF response revealed that the factor acted on 

immature opsin-negative progenitors and that CNTF effects were unlikely to reflect 

enhanced cell survival. Proliferation of PRs was also unaffected as demonstrated by 'H- 

thymidine labeling. While CNTF biases progenitors to adopt a PR fate, other growth 

factors promote alternate cell types at the expense of PRs. Epidermal growth factor 

(EGF) and transforming growth factor-a (TGF-a), which activate the same receptor, 
L 

blocked rod differentiation in murine retinal cultures in vitro (Schlessingel. and Ullrich. 

1992). Cells destined to become rod PRs instead became bipolar cells. Parallel studies 

showed that TGF-a stimulated the proliferation of retinal cells (Lillien and Cepko, 1992), 

and inhibited rod cell differentiation while promoting Miiller glial cell differentiation in 

vivo (Lillien, 1995). The difference in the data acquired from the in vivo and in vitro 

studies suggests that other factors, besides TGF-a, may be involved in Miiller glial cell 

differentiation in v i v a  This argues that cell determination is the result of a combination 

of different factors. 

Members of the TGF-b family regulate retinal cell proliferation and 

differentiation. TGF-P is expressed in the developing rat retina in the RGC layer and in 

the inner plexiform layer (Anchan and Reh, 1995). Exogenous application of TGF-P to 

dissociated cultures of rat retina increased proliferation of retinal precursor cells. 

Furthermore, addition of TGF-8 increased the number of amacrine cells as seen by 

immunocytochemistry (Anchan and Reh, 1995). Therefore. TGF-p may act both as a 

proliferative factor and as an amacrine cell determination factor. 



Other growth factors such as brain-derived neurotrophic factor (BDNF) play later 

roles in the developing retina in the terminal differentiation of specific retinal cell types. 

In the Xenopus retina, BDNF mRNA is expressed in the developing eye, specifically in 

RGCs, CMZ cells, and cells in the INL (Cohen-Cory and Fraser. 1994). This expression 

coincides with the expression of functional BDNF binding sites within the developing 

retina. Additionally, BDNF increased the survival and differentiation of RGCs in culture 

(Cohen-Cory and Fraser, 1994). In this system, injection of BDNF into the optic tectum 

increased the branching and complexity of optic axon terminal arbors (Cohen-Cory and 

Fraser, 1995), whereas neutralizing antibodies to BDNF reduced RGC survival and 

differentiation in culture (Cohen-Cory et al., 1996). 

Hormones and retinal development: 

A number of hormones have an effect on retinal cell genesis and determination. 

Retinoic acid is an obvious candidate since it generally has a potent effect on 

development of cells in the nervous system (Kelly et al., 1994). Studies show that 

retinoic acid and at least one of its receptors, Retinoic Acid Receptor-a (RAR-a) are 

expressed in the rat embryonic retina. Addition of exogenous all-trans or 9-cis retinoic 

acid caused a dose-dependent increase in the number of cells that developed as PRs in 

embryonic and neonatal rat retinal cultures (Kelly et al.. 1994). This increase was 

accompanied by a decrease in the number of cells that developed as amacrine cells. 

Since the number of proliferating cells was not increased in the treated cultures, these 

data indicated that retinoic acid promotes the differentiation of PRs. Specifically. 9 4 s  

retinoic acid directs progenitors to a rod PR cell fate (Kelly et al., 1995). Interestingly, 



these authors showed that thyroid hormone, which acts through the same family of 

steroid/thyroid receptors, induces progenitors to differentiate into cone PRs. When 

embryonic rat retinal cultures were treated with a combination of the two factors. 

depending on the relative concentrations of the two ligands. progenitor cells 

differentiated either into cone or rod PRs (Kelly et al.. 1995). 

Summary: 
L 

Based on the aforementioned studies, extrinsic cues are known to have multiple 

roles in the developing retina, including the promotion of neuronal proliferation, neuronal 

survival, neurite growth, and several aspects of neuronai differentiation. Therefore, the 

developing vertebrate retina is efficient in that a single cue can be recycled, becoming 

useful in more than one capacity in the retina. Furthermore. the determination and 

differentiation of each cell type is dependent on the interactions between the progenitor 

cells and a number of different factors, making retinal development a very complex 

process. Recently, members of the fibroblast growth factor family (FGF) have also been 

implicated in retinal development. 

FGF-2, also known as basic FGF, was the first FGF to be identified 

(Gospodarowicz, 1986). Currently, 17 different members of the FGF family have been 

identified. In addition in Xenopus, 2 peptides called fibroblast growth factor-related 

ligands (FRLs) have been cloned (Kinoshita et al., 1995). All act via FGF receptor 

(FGFR) tyrosine kinases (Szebenyi and Fallon, 1999). FGFs were initially named for 
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development (Mansour et al., 1993), and the induction. outgrowth and regeneration of 

limbs (Cohn et al., 1995; Crossley et al., 1996b; Vogel et al., 1996; Christen and Slack, 

1997; Ohuchi et al., 1997). 

In the developing visual system. FGFs have been implicated both in lens 

development and in neural differentiation (see McAvoy et al.. 199 1 for a review; 

Robinson et d., 1995). With respect to lens development, FGF-2 stimulated explanted 

lens epithelial cells either to proliferate or to migrate and differentiate into fibers 
L 

(McAvoy and Chamberlain, 1989). These differential responses were a result of varying 

concentrations of FGF-2. At lower concentrations. FGF-2 induced proliferation and at 

higher concentrations, it promoted migration and differentiation. The continued 

expression of FGFs in the lens indicates that they are involved in the maintenance of lens 

cells throughout life. Studies in Xenopus have shown that FGF- 1 in particular, can 

induce the transdifferentiation of the outer cornea into lens tissue (Bosco et ai., 1997). 

This transdifferentiation is dependent on the presence of neural retina both in vitro and in 

vivo. 

FGF Receptor (FGFR) activation: 

FGF binding experiments have revealed the existence of two distinct binding sites 

with dissociation constants of 1 - 100 pM and 1 - 10 nM respectively (Olwin and Hauschka 

1986; Neufeld and Gospodarowicz 1985). The low &nity binding of FGF-2 is likely 

due to heparan sulphate proteoglycans (HSPGs) because it is sensitive to competition by 

exogenous heparin and heparinase (Femig et al., 1992; Kan et al., 1988). An FGF-2 

binding HSPG, syndecan- 1, has been isolated as a low-affinity receptor for FGF-2 



(Kiefer et al.. 1990). Moreover, cells expressing FGFR- 1 can only be stimulated to grow 

by FGF-2 if exogenous heparin or HS is provided (Yayon et al.. 199 1). The high-affinity 

binding site was identified as a tyrosine kinase and was subsequently called the FGFR. 

The FGFRs are one of nine subclasses of tyrosine kinase receptors (Ullrich and 

Schlessinger, 1990). To date, four distinct FGFR genes have been identified: FGFR-1 

(flg; Pasquale and Singer; 1989). FGFR-2 (bek or bacterial expressed kinase; Houssaint et 

al., 1990), FGFR-3 (Keegan et al., 199 1); and FGFR-4 (Partanen et al., 1991). The 
8 

FGFRs contain a single membrane-spanning domain, an extracellular region and an 

intracellular region (Galzie et al., 1997). The amino acid sequence identity between the 

four receptors is 60-958 and the most highly conserved regions are within the 

intracellular domain that is involved in signaling (Galzie et al., 1997). Moreover, there 

seems to be little specificity in the ligand binding capacity of the different of FGFRs, in 

that most of the ligands bind more than one of the receptor subtypes. 

Ligand binding results in FGFR activation and dimerization, which stabilizes 

interactions between adjacent cytoplasmic domains and leads to activation of the tyrosine 

kinase function (Johnson and Williams, 1993). The dimerization of FGFRs is followed 

by receptor autophosphorylation, which occurs as a result of one receptor molecule 

phosphory lating the other in the dimer (Jaye et al., 1992). This process increases the 

activity of the enzyme and activates the binding sites for the proteins that are targets of 

the receptor tyrosine kinase. Individual phospho-tyrosine residues present in the 

cytoplasmic domains of FGFRs serve as highly selective binding sites that interact with 

specific cytoplasmic molecules. These signaling molecules mediate the cellular 

responses to FGFs. Src homology domains (SH2) are involved in the association 



between the tyrosine phosphorylated regions in the receptors and the signaling protein(s) 

(Anderson et al.. 1990). The SH2 domain is a conserved region of approximately 100 

amino acids and is generally accompanied by another conserved domain of SO amino acid 

residues termed the SH3 domain (Musacchio et al., 1992). 

Two different signaling pathways have been implicated in mediating the actions 

of FGF (Fig. 4). The MAP kinase pathway includes RAS (a low-molecular weight GTP- 

binding protein), RIP (RAS interacting protein), RAF (a serine threonine kinase) and , 

ralGDS (see Demo et al.. 1994 for a review). Signaling through these molecules 

ultimately activates the MAP kinase (MAPK) pathway leading to altered gene 

expression. MAPK can signal directly into the nucleus by phosphorylating transcription 

factors such as JUN, FOS and the ribosomal S6 kinase (Szebenyi and Fallon, 1999). The 

RAS/RAF/MAPK pathway seems to be involved in FGFR-mediated responses to 

gastrulation and migration of endothelial and mesodermal cells (Besser et al.. 1995; 

LaBonne and Whitman, 1997; Reichman-Fried and Shilo. 1995). However, this pathway 

is not activated in neuronal differentiation, (Renaud et al., 1996) which seems to be under 

control of the phospholipase C (PLC) pathway. 

The PLC pathway involves activated PLC hydrolyzing phosphotidylinositol (PI) 

to inositol 1,4,5-triphosphate (IP,) and diacylglycerol (DAG) (Szebenyi and Fallon, 

1999). P, induces Ca2+ release from intracellular stores whereas DAG is an activator of 

protein kinase C (PKC), a serine/threonine-specific kinase (Szeben y i and Fallon, 1999). 

Studies show that FGFR-promoted neurite extension involves PLC. DAG lipase, L-type 

Ca2+ channels and a ~a'+/~almodulin-dependent lrinase (CaM) and can be modulated by 



FIGURE 4: Signaling events initiated by activated FGFRs. Binding of FGFs to FGFRs 

is followed by rapid dimerization, tyrosine kinase activation and activation of signaling 

molecules such as PLC and MAPK. Abbreviations are as follows: FGF (fibroblast 

growth factor), FGFR (fibroblast growth factor receptor), MAPK (MAP kinase), S6 

(ribosomal S6 kinase), PI (phosphotidylinosito1), IP (inositol 1,4,5-triphosphate), PKC 

(protein kinase C), CaM kinase (calcium/ calmodulin- dependent kinase), 

DAG(diac y lgl ycerol). (Adapted from Szbenyi and Fallon, 1999). 





PKC (Doherty and Walsh, 1996; Hall et al.. 1996; Lorn et al., 1998; Shitaka et al., 1996; 

Williams et al., 1995). CaM phosphory lates microtubule-associated protein 2 (MAP2). 

tubulin and other neurond proteins and can therefore manipulate cytoskeletal aspects of 

neuronal development (Williams et al., 1995). Mesoderm induction by activation of RAF 

is independent of differentiation induced by the PLC activation, indicating that the two 

processes are involved in distinct pathways (Humg et a!.. 1995; Gotoh and Nishida, 

1996). 

FGF and FGFR expression in the retina: 

FGFs have been localized in the developing retina by in situ and 

imrnunohistochemistry in a number of different species (see Campochiaro et al., 1996b 

for a review). These studies show that the retinal pigment epithelium (RPE) and retinal 

cells express a number of different FGFs, although the expression varies depending on 

developmental stage and the type of FGF. High-affinity binding sites for FGFs have 

been identified on embryonic, postnatal (Fayein et al., 1990) and adult retinal cell 

surfaces (Rohrer et al., 1998) and on PR outer segments (0s) (Mascarelli et al., 1989). 

suggesting that FGFs play a role during and after retinal development. 

Most of the information known about expression pertains to the two best- 

characterized members of the FGF family, FGF-1 and FGF-2. In situ hybridization 

revealed that FGF-1 is expressed at low levels in all cellular layers of the embryonic 

retina and is expressed at higher levels in the PRs of the adult rat retina (Bugra et al., 

1993). FGF-2 protein and FGF-3 mRNA are also expressed in the developing optic cup 



and lens vesicle of Xenoplcs (Song and Slack, 1994; Tannahill et al., 1992). These 

expression data point to a role for FGFs in the developing retina and in mature PRs. 

Studies show that the FGFRs are expressed in the developing retina of a number 

of different species indicating that they may play a role in the retina. FGFR-1 and FGFR- 

2 have been localized to PRs by immunocytochemistry in the developing chick retina 

(Tcheng et al., 1994a; Tcheng et al., 1994b). All 3 cloned Xenopus FGFR subtypes 

(FGFRs l , 2 , 4 )  are expressed in the developing retina (McFarlane et al., 1998; Friesel 

and Dawid, 199 1; Friesel and Brown, 1992; Riou et al., 1996; Shiozaki et al., 1995). 

Previous studies from our laboratory examining the expression pattern of FGFR mRNA 

expression in the developing Xenopus retina suggest that FGFR signaling plays a role in 

retinal neuron differentiation (McFarlane et al., 1998). 

FGF secretion: 

FGFs may act via an autocrine or paracrine mechanism. Since FGF target cells 

often produce FGFs, these molecules may act as autocrine factors. Most FGFs are 

secreted and will affect neighboring retinal cells. A small number of FGFs including 

FGF- 1, FGF-2 and FGF-9 lack a signal sequence and are therefore hot secreted via the 

endoplasmic reticulum-golgi pathway. It is thought that these FGFs gain access to the 

extracellular space through novel secretion pathways (Mignatti et al., 1 992). For 

example, when NIH 3T3 cells were transfected with FGF-2, the rate of motility of these 

cells was increased relative to control cells. The application of FGF-2 neutralizing 

antibodies to the bathing solution significantly reduced the motility rate. Thcse data 

indicate that the transfected cells secreted FGF-2, which affected their migration. Indeed, 



the current opinion is that FGF-2 is able to get out of cells to exert its effects (Galzie et 

al., 1997). 

FGFs and retinal functions: 

A number of studies have explored the numerous roles that FGFs and their 

receptors have in the developing retina including cell proliferation, differentiation, 

survival and neuroprotection. 

Retinal ce N survival and neuroprotection: 

FGFs may play a critical role in the survival and maintenance of retinal neurons. 

Certainly in rat. FGF-2 expression levels are 3-4 times higher in the mature retina than in 

the developing retina (Bugra and Hicks, 1997). A survival role for FGFs was 

demonstrated in transgenic mice where the opsin promoter was used to target expression 

of a dominant negative FGFR to PRs. In these retinas, PRs degenerated over a period of 

2 months (Campochiaro et al., 1996a). This study implicated FGFs as survival factors in 

the outer retina. Since the dominant negative FGFR targeted differentiated PRs in the 

retina. this study was unable to shed light on a role for FGFs in cellSgenesis. 

In addition to an endogenous survival role, exogenous application of FGFs has a 

neuroprotective effect on PRs. FGF- 1 and FGF-2 promoted PR survival in rats with an 

inherited retinal dystrophy (Faktorovich et al., 1990; Steinberg, 1994) and in rats exposed 

to constant light (Lavail et al., 1992). These studies suggested that the actual primary 

targets of exogenous FGF may not be the PRs themselves. Injections of FGF5 into the 

vitreous wen  better at promoting PR survival than injections into subretinal space 



(Steinberg, 1994). Since the PRs are not in contact with the vitreal surface, the 

neuroprotective effect is most likely exerted through an intermediate cell type. Miiller 

glial cells are likely candidates since their processes span the entire width of the retina 

and envelop the PR cell bodies. This idea is supported by data showing that Miiller glial 

cells upregulate endogenous FGF-2 expression in response to application of exogenous 

FGF-2 (Cao et al., 1997). 

To resolve the issue of whether FGF-2 directly stimulates survival of PRs during 

development, PRs were enzymatically dissociated from the rat retina and maintained in 

monolayer cultures for 1 week (Fontaine et al., 1998). In these cultures PRs make up 

>99.5% of the cells and glial cell contamination is negligible. PR survival increased in a 

dose-dependent manner with the addition of FGF-2. This increase was not due to 

proliferation of PR precursors, and denaturing or inhibiting FGF-2 blocked the survival 

effect (Fontaine et al., 1998). Thus, it is likely that FGF-2 directly promotes PR survival 

and that Muller glial cells can enhance this effect in viva 

PRs are unique in comparison to other retinal cells in that they possess an a, 

adrenergic-receptor coupled mechanism for upregulating endogenous FGF-2 expression 

(Wen et al., 1996). This endogenous over-expression of FGF-2 these cells from 

phototoxic shock. Presumably, the continued expression of FGF-2 is necessary to 

prevent cells from entering into the apoptotic cycle. 

FGF-2 may also promote the survival of other retinal cells during development. 

Studies show that application of exogenous FGF- 1 and FGF-2 to dissociated chick retinal 

cultures led to increased survival of developing neurons (Tcheng et al., 1994b). FGF-2 

also protects inner retinal neurons from ischemic damage (Unoki and LaVail, 1994; 



Zhang et al., 1994). In addition, FGF-2 protein expression is increased in the rodent 

retina following optic nerve transection (Kostyk et al., 1994) and in the rat retina 

following exposure to constant light (Wen et al., 1995). 

Retinal regeneration and transdifferentiation: 

Studies done in several different species have shown that when the W E  is treated 

with FGFs within a certain time period it can transdifferentiate into neural retina (Park 

and Hollenberg, 1989; Pittack et al., 199 1 ; Guillemot and Cepko, 1992; Sakaguchi et al., 

1997). These studies indicated that in vitro and in vivo there is generation of retinal 

neurons, PRs and glial cells. Interestingly, the results are specific to FGF-2 since EGF, 

laminin, and matrigel had no such effect (Sakaguchi et al., 1997). Transdifferentiation 

can also occur in the developing retina. When heparin beads soaked in FGF-2 are 

implanted in a Xenopus neurula, the area that normally forms the optic stalk and pigment 

epithelium instead becomes the neural retina (Lombardo and Slack, 1998). These data 

argue that FGF-2 plays an essential role in the formation and regeneration of the retina. 

Cell differentiation: 

FGFs appear to regulate the fates of at least two different retinal cell types. I will 

deal with each cell type seperately. 

Retinal panglion cells (RGCsl: 

FGF-1 induces 40-80% of cells in chick retinal explants to produce antigens 

normally expressed by RGCs (Guillemot and Cepko, 1992). These data suggest that 

FGF- 1 directly or indirectly induces RGC fate among multipotent progenitor cells. FGF- 



2 similarly affects cell fate; in embryonic rat retinal explants. appiication of FGF-2 

accelerated differentiation of RGCs (Zhao and Bamstable, 1996), whereas incubation 

with anti-FGF-2 antibodies delayed the appearance of RGCs. These results suggest that 

FGF-2 can alter the timing of differentiation of RGCs (Zhao and Bmstable. 1996). 

Other studies suggest a direct effect of FGFs on cell number. FGF-2 treatment of rat 

retinal cultures increases the expression of RGC markers such as neurofilament and RA4 

immunoreactivity (Guillemot and Cepko, 1992; Pittack et al., 1997). In contrast. 
1 

neutralizing FGF-2 antibodies led to a decrease in neurofilarnent staining in chick eye 

explant cultures (Pittack et al., 1997). In the developing Xenoplts visual system, 

inhibition of FGFR function in developing eye cells in vivo had no effect on RGC 

generation (McFarlane et al., 1996). These data indicate that although in vitro FGF-2 can 

stimulate RGC genesis, in vivo it may be one of several signals involved in the 

determination of these cells. 

Photorecepton (PRsl: 

Culture studies suggest the existence of a diffusible rod-promoting signal in the 

developing retina. In high-density rat retinal cultures progenitor cells differentiate into 

rod PRs. In low-density cultures an increased number of bipolar cells are detected 

indicating that they may be the default cell type when the rod-promoting activity is absent 

(Altshuler and Cepko, 1992). A similar study shows that the neonatal rat retina (PI-P3) 

has a rod-promoting activity in vitro (Watanabe and Raff, 1992). This activity is a 

diffusible signal that acts over relatively short distances. 

The rod-promoting signal in these studies is potentially an FGF since both FGF-I 

and FGF-2 have been implicated in the differentiation of PRs. In rat dissociated cultures 



FGF- 1 led to an increase in opsin expression, which is a marker for rod PR differentiation 

(Treisman et al., 1988). Likewise, in dissociated cultures of rat retinal cells addition of 

FGF-2 stimulated opsin immunoreactivity (Hicks and Courtois, 1992; Tc heng et al., 

1994b). These studies also showed that the effect of FGF-2 on rod PR differentiation was 

dose-dependent, indicating that the amount of FGF-2 present in the retina may be the 

limiting factor for the number of differentiating rod PRs. 

When FGFR signaling was inhibited in Xenopus retinal neuroepithelial cells, 

using a dominant-negative form of the receptor, there was an almost 50% decrease in the 

number of PRs and a 3.5-fold increase in the number of Miiller glial cells (McFarlane et 

al., 1998). This suggested that the absence of FGFR signaling shifts cells away from the 

PR fate. These studies indicated that early in development, retinal FGFRs transduce a 
a 

signal(s) that biases cell fate decisions in the developing retina. However, the identity of 

these cues is currently unknown. FGF-2 is a likely candidate molecule since previous 

studies have identified a temporally regulated, diffusible cue as being required for rod PR 

development in vitro (Altshuler and Cepko, 1992; Watanabe and Raff, 1992). and FGF-2 

fits the profile as shown by culture studies (Hicks and Courtois, 1992; Tcheng et al., 

1994b). 

Although knockout mice for FGF-2 have been generated, the effects of FGF-2 on 

retinal development have not been analyzed (Ozaki et al., 1991; Ortega et al., 1998). 

These studies indicate that FGF-2 plays an important role in conical neurogenesis since 

the knockout mice exhibit abnormalities in the cytoarchitecture of the neocortex (Ortega 

et al., 1998). The abnormalities were most pronounced in the frontal motor-sensory area 

where a significant reduction in neuronal density was observed. The cortical 



abnormalities suggest that FGF-2 plays an important role in neuronal development and 

therefore it is possible it is having a similar function in retinal neuron development. 

The purpose of my study was to identify the FGF signals involved in cell fate 

decisions in the Xenopus retina. To do so I: 1) determined which FGFs are expressed in 

the developing retina (Chapter 3); and 2) tested a role for one FGF in particular, FGF-2, 

in cell proliferation and determination in the developing retina by over-expression of 

FGF-2 (Chapter 3) and by blocking FGF-2 in the retina using an anti-sense approach 

(Chapter 4). 

My studies demonstrated that a number of FGFR ligands are expressed in the 

retina throughout development. FGF-2, FGF-3, FGF-9 and FRL-2 are expressed 

throughout the Xenopus retina during its proliferative and cell generation phase. Their 

expression becomes more restricted in the mature retina, suggesting that they may be 

playing different roles with respect to the various cell types in differentiation, 

maintenance and survival. When one of the FGFR ligands, FGF-2, was over-expressed 

in the developing retina of Xenopus embryos the distribution of the-retinal subtypes was 

affected in these retinas. My studies showed that there was an increased proportion of 

rod PRs and RGCs at the expense of cone PRs and Miiller glial cells. However, when 

FGF-2 synthesis was blocked using an anti-sense approach, the rodcone PR proportion 

was unaffected. These data suggest that FGF-2 mimics an endogenous FGF(s) that 

promotes rod PR genesis in vivo. 



2: -ODs AM) MAT- 

Animals: 

Xenopus laevis were obtained from mating of adult frogs induced by human 

chorionic gonadotropin (Sigma). Embryos were reared in 10% Holtfreters solution 

(Holtfreter, 1943) and staged according to Nieuwkoop and Faber (1994). Embryos at the 

16-cell stage were used for blastomere injections whereas uninjected embryos from 

stages 22-40 were used for the in situ hybridization. These stages span the period from 

when there are only neuroepithelial cells to when the fully differentiated, layered retina is 

formed. At the appropriate stages, the embryos were fixed in 4% paraformaldehyde at 

4OC. Cryostat sections were cut at 12 pm thickness at -18°C and the slides left to dry at 

37'C overnight to ensure that sections adhere to the slides. 

onst ruc ts; 

Xenopus FGF-2 (XF207; kindly provided by J. Slack) was subcloned into the 

HindlWBamHI sites of a modified CS2+ cDNA expression vector (kindly provided by 

Dave Turner). A CS2 cDNA construct encoding green fluorescent protein (GFP) was 

used as a marker for transgene-expressing cells and as a control. GFP has been used 

previously in retinal cell genesis studies (Dorsky et al., 1997; McFarlane et al., 1998) and 

has shown a similar invariant distribution of transgene-expressing cells amongst retinal 

cell types as when retinal precursors are injected with horseradish peroxidase (Holt et al., 

1988). Plasmids were purified from Escherichia coli using the Qiagen Maxi-prep kit. 



To create the CS2.antisense-FGF-2 (CSZ-AS-FGF-2) plasrnid, the DNA plasmid 

XF207.FGF-2 was first linearized using Hind III, and then blunt-ended by Klenow 

treatment (Boehringer Manheirn). The plasmid was then cut with Barn HI, and the FGF- 

2 cDNA insert isolated by gel electrophoresis and then purified using the Prep-a-Gene 

DNA purification systems DNA purification kit (Biorad). Next the CS2 DNA expression 

vector was cut with Barn H 1 (sticky ends) and Stu 1 (blunt ends) and the insert ligated 

between the corresponding sites using T4 DNA ligase (Gibco). The newly generated 

CS2 anti-sense FGF-2 plasmid was then grown up in Escherichia coli and purified using 

the Quiagen Maxi-prep kit. In order to verify that the AS-FGF-2 construct was 

functional, I injected the CSZ-AS-FGF-2 cDNA plasmid into specific blastomeres at the 

16-cell stage (see Blastomere injections). The embryos were then processed for 

quantitative western blotting to determine whether the construct was successful in 

decreasing FGF-2 levels in the embryo. 

-ive western blot- 

In order to express high levels of the AS-FGF-2 transcript in a high number of 

cells in the embryo, the CSZ-AS-FGF-2 cDNA was injected into the dona1 blastomeres at 

the 4-cell stage. At stage 26, the tissue of each control (GFP) and AS-FGF-2 injected 

whole embryo was lysed in I X sample buffer (Sodium dodecyl sulfate;SDS/bromophenol 

blue/tris-HCl/glycerol) containing DTT (1,4-Dithithreitol) by shearing through a 

Pipetteman 200 tip. The lysate was boiled for 5 minutes at 100°C and then centrifuged 



for 1 minute at 13 000 rpm. Next the tissue samples were diluted to O.5X and 0.2% in 

sample buffer and all the samples were loaded onto a mini polyacrylamide (acrylamidel 

bis acrylamidel SDSl ammonium persulfatel tetrarnethylethylenediamine; TEMED 

(0mniPur)l tris-HCl) gel. 

The discontinuous polyacrylamide gel consisted of a 5% stacking and a 15% 

resolving gel. The stacking gel was used to concentrate the sample so as to acquire better 

band resolution. The molecules were then separated in the resolving gel. 6 ~ 1  of each 
. 

sample was loaded onto the gel with 5pl of the Benchmark prestained protein ladder 

(Gibco) alongside in the next lane. The gel was subsequently run at I50 V in running 

buffer (consisting of uis/ glycine/ water) for 2 hours until the dye front had reached the 

bottom of the gel. The gel was then transferred onto a PVDF (poly vinylidine difluoride) 

membrane (Biorad) overnight at 30 V in transfer buffer (consisting of tris-HCII glycine/ 

methanol). The next day the membrane was rinsed with TTBS (tris buffered saline with 

0.1% Tween-20) and blocked in 5% skim milk/0.5% BSA (bovine serum albumin) in 

TBS (tris buffered saline) for 1-2 hours. Following blocking, the membrane was 

incubated in anti-FGF-2 polyclonal antibody (R&D Systems; Song and Slack. 1994) in 

blocking solution at 1 : 1000 dilution for 1 - 1.5 hours. The membrane was subsequently 

rinsed for 1-2 hours in TTBS and then incubated in the secondary antibody at 1 :SO00 

dilution (peroxidase labeled anti-rabbit polyclonal antibody, Amenham) for 1- 1.5 hours 

in HST (tris-HCU NaCU Tween-20). Following incubation, the membrane was again 

rinsed for 1-2 hours in 'ITBS and then processed for ECL detection (Amersham) as per 

manufacturer's instructions. 



For the detection of total protein that was transferred onto the membrane, the 

membrane was incubated in Gelcode blue reagent (Amersham) for one t\our. Next, the 

gel was de-stained in water (3 times for 5 minutes) and allowed to air-dry. To quantitate 

the intensity of the protein bands, the blots (ECL and Gelcode blue) were scanned into 

NM Image and densitometry was used to measure the intensity of the bands. 

Densitometry is easy to perform using the NIH Image software. First the lanes were 

marked on the scanned western blot. For this step it was important to ensure that the 

marked area on the different lanes was the same size. Next, the lanes were plotted so 

they could be measured. The FGF-2 band from the AS-FGF-2 expressing embryo was 

then compared to and represented as a percentage of the FGF-2 band from the GFP 

expressing embryo. 

a *  tomere uect~ons; 

Jelly coats of 16-cell stage embryos were removed by washing in 2% cysteine 

(pH 8.0). De-jellied embryos were transferred into 5% ficoll (Sigma) in 100% MBS 

(Modified Barth Saline). Ficoll increases the density of the MBS and is used to ensure 

that the embryos retain the injected contents. Embryos were injected with cDNA 

plasmids using a borosilicate glass electrode, pulled by an electrode puller (David Kopf 

Instruments). Pressure injections were performed using a Picospritzer II (General Valve 

Company) into dorsal animal blastomeres (D 1.1) that give rise to more than 50% of the 

ipsilateral retina (Moody, 1987) (Fig. 5). These blastomens were either injected with 

CS2-GFP, CS2-FGF-2 or co-injected with both constructs. Similarly in the AS-FGF-2 

experiments, the blastomens were injected with CS2-GFP alone or with CS2-AS-FGF-2. 



FIGURE 5: DNA blastomere injections are performed on the 16-cell stage embryo (see 

text for detail). 
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Embryos were then transferred to 5% ficoll and 10% MBS and left at 14OC overnight. 

The embryos were then transferred to 10% Holtfreters solution, allowed to develop until 

the appropriate stage (33/34.35/36 or 40). and subsequently fixed overnight in 4% 

paraformaldehyde at 4OC. 

Fixed embryos were washed in 0.1 M PO, buffer, transferred to 30% sucrose, 

embedded in OCT (Optimal Cutting Temperature, Baxter), and 12 pm cryostat sections 

cut. Irnmunostaining was performed as follows: the slides with the sectioned embryos 

were rinsed in PBT (PBS with 0.2% BSA/ 0.4% Triton X-100) for 1 hour (3 times 10 

minutes and 1 time 30 minutes). Following the rinsing the sections were blocked in 5% 

Goat Serum/ PBT for 30 minutes. Next, the sections were incubated in the primary 

antibody diluted in the 5% goat serum/ PBT for 1.5 hours at room temperature or 

overnight at 4OC. Sections were subsequently rinsed for one hour with PBT (3 times 10 

minutes and 1 time 30 minutes) and then incubated in the rhodamine or fluorescein- 

conjugated secondary antibody for 45 minutes at room temperature. Following the 

imrnunolabeling the slides were mounted in an anti-bleaching agent. PPD glycerol (p- 

phenylenediamine (Sigma), 85% glycerol). Transgene-expressing cells were identified, 

counted and photographed. Specific retinal cell types were identified based on laminar 

position and morphology (Dorsky et al., 1995; Dorsky et al., 1997), however antibodies 

were also used to verify specific retinal cell types (see below). For analysis, cells were 

counted in the properly laminated central one-third of the retina in every second section. 



In addition, only retinas with at least 20 cells expressing the transgene were analyzed. 

For the total rod PR cell counts, all rods in the retina were counted and the length of the 

retina along the retinal pigment epithelium (PE) was measured using SPOT digital 

camera V2.2 software. Digital pictures were taken using the SPOT digital camera or 

alternatively, photographic slides were scanned and processed using Adobe Photoshop 

software. The mean percentages for the different cell types for GFP, FGF-2. GFP/ FGF-2 

and GFP/ AS-FGF-2 expressing retinas were compared using a Kruskal-Wallis 

Nonparametric ANOVA. A Dunn's Multiple Comparisons test was used to determine 

statistical significance (P value) between the different experimental groups. For the 

analysis of two columns, a two-tailed, unpaired student's t-test was used to determine 

statistical significance (P value). 

n t I bodies; 

Primary antibodies used in this study are as follows: anti-FGF-2 (R&D Systems) 

used at 1: 100 to label cells over-expressing FGF-2. For confirmation of retinal cell 

identity, antibodies against cell-specific markers were used: 1 :200 anti-calbindin (Sigma) 

to identify cones (Chang and Harris, 1998). Studies have confirmed that anti-calbindin 

can be used to label all cone PRs in the Xenopus retina (Chang and Harris, 1998). 1:SO 

Rho-4D2 was used to identify rods (Laird and Molday, 1988); 1 : 100 Islet-1 

(Developmental Studies Hybridoma Bank) to identify RGCs; 1:20 3CB2 (Developmental 

Studies Hybridoma Bank) to identify Mliller glial cells. RITC or FITC coupled goat anti- 

mouse or anti-rabbit (Jackson Laboratories) at a dilution of 1 :500 was used as a 

secondary antibody. 



To label mitotic cells in a stage 35/36 or stage 40 retinas, BrdU labeling was 

carried out (McFarlane et al., 1995). At the appropriate stage, the gut of each embryo 

was injected with 5 mg/ml 5-bromo-deoxyuridine (BrdU; Sigma) diluted in water. 3 

hours after injection the embryos were fixed overnight in 4% paraformaldehyde at 4OC 

and processed as 12 pm cryostat sections. Sections were treated for 15 minutes with 2M 

HCl at room temperature and rinsed before immunolabeling . Mouse monoclonal anti- 

BrdU (Amersham) at a dilution of 1 :4 was used as the primary antibody. 

Embryos that were injected with FGF-2 cDNA plasmid at the 16-cell stage were 

allowed to develop until stage 33/34 or 40 and then were fixed in 4% paraformaldehyde 

overnight at 4°C. Transgene-expressing cells were identified by immunolabeling with an 

antibody against FGF-2 in 12 pm transverse retinal sections (R & D Systems). Following 

the immunohistochemical labeling procedure, apoptotic cells were labeled using terminal 

deoxynucleotidyl transferase (TdT) to add nsidues of digoxygenin-nucleotide to 

fragmented DNA (ApopTag kit, Oncor). The labeling was carried out according to the 

manufacturer's instructions. Apoptotic cells were counted in every second section 

through the central retina corresponding to the retinal region where cell counts were 

performed. 



Jn situ hvbrlduatlon reactions; . .  . 

Anti-sense (AS) and sense (S) digoxygenin-labeled RNA probes were generated 

by in vitro transcription of linearized plasmid DNA constructs containing sequences of 

FGF-2 (CS2.FGF-2 for the AS probe and XF207.FGF-2 for the S probe), FRL-2 (pBSSK 

II+.FRL-2), FGF-4 (CS2.eFGF), FGF-3 (pBSSK II+.FGF-3) and FGF-9 (pBSSK 

II+.FGF-9). For the AS probes. FGF-2, FRL-2, FGF-4, FGF-3 and FGF-9 plasrnids were 

linearized using Hind [II, Barn HI, Hind III, Barn HI and Sal I; they were transcribed kith 

T3, T3, T3, T3 and T7 RNA polymerases (Boehringer Mannheim), respectively. For the 

S probes, FGF-2, FRL-2, FGF-4, FGF-3 and FGF-9 plasmids were linearized using Xba 

I, Sac I. Pst I. Xba I and Xba I; they were transcribed using T7, T7, SP6, T7 and T3 

respectively. The sense probes served as a negative control. Subsequently, the probes 

were ethanol-precipitated and re-suspended in hybridization buffer. 

At the appropriate stages, the embryos were de-jellied using 2% cysteine (pH 8.0) 

and fixed in 4% paraformaldehyde at 4OC. Cryostat sections were cut at 12 pm thickness 

at -18°C and the slides left to dry at 37OC overnight to ensure that sections adhered to the 

slides. These slides were used for in situ reactions. In situ hybridization was performed 

as follows. Sectioned slides were fixed in MEMFA (MOPS/EGTA/MgS0,.7Hfl 

formaldehyde) for 20 minutes, then rinsed in 2X SSC (NaCII Na-citrate) and incubated in 

2-20 pg/ml proteinase K in tris-EDTA for 30 minutes at 37°C. The slides were then re- 

fixed in MEMFA for 5 minutes, washed in 2X SSC and then treated with O.1M 

triethanolamine/0.25% acetic anhydride. After washing again in 2X SSC, the slides 

were rinsed in 50% ethanol and dried. 



At this point the sections were covered with probe diluted to lpg/ ml in 

hybridization buffer (Harland, 199 1) and coverslipped. The edges of the coverslips were 

sealed with DPX mounting medium and slides were incubated overnight at 50°C on a 

slide warmer. Following the hybridization step, the coverslips were removed by peeling 

off the dried DPX and soaking the slides in 4X SSC. The tissue was washed in 

successive changes of 2X SSC, IX SSC and 0.lX SSC. After washes in MAB (0.1 M 

rnaleic acid, 0.15 M NaCI, pH 7.5) and MABT (MAB + 0.1 9b TX- 100) the sections were 

blocked in MABT + 2% Boehringer Blocking Reagent (Boehringer Mannheim) for 30 

minutes. To visualize the DIG-labeled probe, the sections were then incubated in an 

alkaline phosphatase (AP) conjugated anti-DIG antibody (Boehringer Mannheim) 

overnight at 4OC. The following day the antibody was rinsed and to visualize the probe 

the sections were incubated in AP substrates, BCIP (5-bromo-4-chloro-3-indolyl 

phosphate) and NBT (nitro blue tetrazolium) (Sigma) that gave a blue color reaction. 

When the staining was sufficiently dark, the tissue was fixed for 1 hour in MEMFA, 

mounted in Aqua-mount (Lerner laboratories) and coverslipped. 

To confirm the specificity of in situ staining, retinal cells were transfected in vivo 

with CS2.FGF-2. Developing eye primordia were transfected at stage 18 by injecting the 

cDNA plasmid with the transfection agent DOTAP (Boehringer Mannheim) into the 

neuroepithelium that gives rise to the eye (Holt et al., 1990). Two days later at stage 40, 

the embryos were fixed overnight in 4% paraformaldehyde at 4OC, and in situ 

hybridization performed on 12 p transverse cryostat sections through the retina. 

Photographs of stained tissue were processed using Adobe Photoshop Software. 



3: FGF-2 AND P H O T O ~ O ~ ~  

Introduction: 

The mature retina is composed of seven different cell types that arise from a 

homogeneous population of neuroepithelial cells. The developing retina faces the task of 

producing the appropriate ratios of these seven phenotypically and functionally distinct 

cell types. Studies have favored the role of extrinsic cues in determining cell fate in the 

retina since lineage analysis shows that progenitors remain multipotent up to the last cell 

division (Cepko et al., 1996). A number of in vitro and in vivo studies have revealed that 

short-range signals, such as growth factors and hormones, play an important roie in 

inducing distinct retinal cell types (Altshuler and Cepko, 1992; Fuhrmann et d.. 1995; 

Hams and Messersmith. 1992; Kelly et al., 1994, 1995; Lillien, 1995; Reh, 1992). One 

group of related candidates that have generated much interest are members of the 

fibroblast growth factor (FGF) family. Currently, 15 different members of this family 

have been identified (Szebenyi and Fallon. 1999). in addition to fibroblast growth factor 

related ligands (FRLs) and fibroblast growth factor homologous factors (FWs) 

(Kinoshita et al., 1995; Smallwood et al., 1996). The family members act via tyrosine 

kinase receptors (FGFRs), of which 4 distinct families have been cloned (Johnson and 

Williams. 1993). Members of the FGF and FGFR families are expressed in the 

developing retina of several different species (Bugra et al., 1993; Gao and Hollyfield, 

1995; McFarlane et al., 1998) indicating that FGFR signaling may play a role in retinal 

cell genesis. 

These studies have been conducted in the developing visual system of the South 



African clawed-toed frog. Xenopus laevis. The Xenopus retina is a good model for 

studying neural development for a number of reasons. First, eggs are fertilized ex lrtero 

and therefore the developing embryo is easily accessible for in vivo manipulations 

(Dorsky et al., 1995; Holt et al., 1990; McFarlane et al., 1998). Second, large numbers of 

embryos are easily attainable, due to the fact that each mating produces approximately 

500 embryos. Finally, development in these animals is extremely fast with the mature 

embryonic retina being formed only 3 days after fertilization. In fact. during a time 

period of about 25-hours, the entire set of cells that make up the embryonic retina is 

generated (Holt et al., 1988) (Fig 6). 

Previous studies conducted in our laboratory have demonstrated that FGFRs play 

a role in Xenopus retinal cell genesis (McFarlane et al., 1998). When FGFRs were 

inhibited in proliferating retinal neuroepithelial cells, using a dominant negative construct 

for of the receptor (XFD) (Amaya et al.. 199 I), there was almost a 50% decrease in the 

number of transgene-expressing photoreceptors and a 3.5-fold increase in Miiller glial 

cells. These results suggested that retinal FGFRs transduce one or more signals that bias 

cell fate decisions in the developing retina. The purpose of this study was to investigate 

whether FGFs may be that signal. Initially, I determined which FGF family members are 

expressed in the Xenopus retina in order to identify possible candidates for a role in cell 

fate decisions in the retina. Then, I further examined this role by over-expressing one 

FGF family member in particular, FGF-2, in the developing retina. FGF-2 seemed a 

likely candidate for determining cell fate in the Xenopus retina since then exists 

considerable in vitro evidence for a role of FGF-2 in the developing retina (Hicks and 

Courtois, 1992; Park and Hollenbc.rg, 1989; Pittack et al., 1997; Tcheng et al., 1994). 



FIGURE 6: Schematic for the generation of the different cell types in the Xenopus 

retina. A) Development of the eye primordium. B) Birth-date of cells by layer. 

Abbreviations art: as follows: RGC (retinal ganglion cells), Pr (photoreceptors which 

includes rods and cones), INL (inner nuclear layer which includes arnacrine, bipolar, 

horizontal and Muller glial cells). (Adapted from Holt et al.. 1988). 
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Furthermore, I found that FGF-2 was expressed in the developing Xenopur eye 

primordium. 

SECTION 1: 

. resslon of FGFR W N A  m e  de . 8 veloplll~ r e t u  

To investigate which FGFR ligands are expressed in the developing Xenopus 

retina, and how their pattern of expression changes with development, in situ 
4 

hybridization was performed on 12 Frn frozen transverse and/or coronal sections through 

the head and eye region of Xenopus embryos (stages 22-40). Digoxygenin-labeled 

riboprobes were used to assay for expression of ligands for the FGFR that have been 

cloned in Xenopus including FGF-2, FGF-3, FGF-4, and FGF-9. Although FGF-8 has 

also been cloned in Xenopus, studies indicate that it is not expressed in the developing 

retina (Christen and Slack, 1997). In addition, we examined the expression of FRL-2, a 

non-FGF ligand for the FGFR (Kinoshita et al., 1995). 

Expression of FGFR ligand mRNA in the early proliferative retina: 

The Xenopus retina develops rapidly so that within a 25-hour period the entire set 

of cells that make up the embryonic retina are generated (Holt et al., 1988). Although the 

first retinal cells are not born until one day after fertilization, restriction of cells that give 

rise to the presumptive eye occurs as early as the 16-cell stage (Moody, 1987). At stage 

22 (24 hours post-fertilization), the eye is made up entirely of proliferating 

neuroepithelial cells (Holt et al., 1988). The first RGCs are born at stage 24 (26 hours 

post-fertilization) and by stage 25 (27 hours post-fertilization), some cells destined for the 



other layers of the retina pull out of the cell cycle. At this stage only 10% of all retinal 

cells are post-mitotic (Holt et al., 1988). 

At these early stages. expression of FGFR ligand mRNA appears uniform in the 

presumptive retina (Fig 7). FGF-2 and FGF-9 mRNA are expressed throughout the 

developing retina with expression being highest in the periphery of the retina (Fig 7A, C). 

FGF-3 mRNA shows a slightly different pattern (Fig 7B). Its expression is undetectable 

at stage 22, but is expressed uniformly throughout the retina by stage 24 where it outlines 
. 

the retina more intensely. FRL-2 rnRNA is expressed uniformly through the retina at 

stage 24 (Fig 7D). There was no signal observed in the sense controls, an example of 

which is shown in Fig 7E. The uniform rnRNA expression for these FGFR ligands is 

most likely due to the fact that at these early stages the retina contains predominantly 

proliferating precursors. Thus, FGFs may act to promote proliferation in the early retina. 

In addition to proliferation, cell genesis also occurs in the early retina. RGCs are the first 

cells to differentiate in the retina at stage 24 (Holt et al., 1988). Studies lend evidence to 

the idea that RGCs are specified during or before their final mitosis, suggesting that cell 

genesis is occurring in the very early retina (Waid and McLoon. 1995). This indicates 

that even in the early proliferating retina, FGFR ligands may play determination roles. 

Expression of FGFR ligand mRNA in the primary period of retinal cell genesis: 

From stage 26 to 32 (30-42 hours post fertilization) cells are continuously being 

produced. During this period, the Xenopus retina has not yet divided into distinct layers 

and about 50% of all retinal cells are postmitotic (Holt et al., 1988); 75% of 



FIGURE 7: Expression of FGFR ligand mRNA in stage 24 Xenopus retina as shown by 

in situ hybridization. Expression of the AS mRNA is shown in a dark blue color and in 

panels C and D, the eye prirnordium is outlined. Note that there is  no label in the sense 

control (Panel E). Panels A-E are transverse sections through the embryo. Abbreviations 

are as follows: D (dorsal), V (ventral), E (epidermis), EP (eye primordium), AS (anti- 

sense), S (sense). 





RGCs, 50% of photoreceptors and 3046 of interneurons are postmitotic. At these stages, 

FGF-2 and FGF-9 mRNA are still expressed throughout the retina with higher expression 

in the developing lens primordium (Fig 8A, F, and C). FRLd and FGF-3 mRNA are 

uniformly expressed through the entire retina (Fig 8D, B). The expression of FGFs at 

these stages could indicate that they perform a role in cell determination in the early 

retina. 

By stage 33/34 (44 hours post-fertilization), over 95% of RGCs and over 80% of 

the other cell types have been born (Holt et al., 1988). It is at this stage that the different 

retinal layers and the ciliary marginal zone (CMZ) can be readily identified. The CMZ is 

the area in the peripheral margin of the retina where proliferating cells reside throughout 

the life of the animal (Wetts and Fraser, 1988). However, some mitotic cells are present 

in lower numbers throughout the rest of the retina. By stage 33/34, the expression 

patterns of the various FGFR ligand mRNA starts to differ even though low levels of all 

ligand mRNAs continue to be expressed throughout the retina. FGF-2 mRNA is 

expressed at highest levels in the lens and the CMZ (Fig 9A, F). FGF-3 mRNA is 

expressed at highest levels in the RGC layer; notice that the sense control shows no 

message at all (Fig 9B, E). The high expression of FGF-3 in the RGC layer may indicate 

a role for FGF-3 in RGC differentiation. This idea is supported by studies implicating 

FGFs in the regulation of neurite outgrowth and neuronal survival (Wagner and 

D'Amore, 1986). FGF-9 and FRL-2 messages continue to be expressed uniformly in the 

retina and developing lens, though the FRL-2 mRNA signal was consistently weak (Fig 

9C, D). 



FIGURE 8: Expression of FGFR ligand mRNA in stage 28 Xenopus retina as shown by 

in situ hybridization. Expression of the AS mRNA is shown in a dark blue colour. Note 

that there is no label in the sense control (Panel E). Panels A-E are transverse sections 

through the embryo whereas Panel F is a frontal section. Abbreviations are as follows: D 

(dorsal), V (ventral), A (anterior), P (posterior), LP (lens placode), PE (pigment 

epithelium), E (epidermis), AS (anti-sense), S (sense). 





FIGURE 9: Expression of FGFR ligand mRNA in stage 33/34 Xenopus eyes as shown 

by in situ hybridization. Expression of the AS mRNA is shown in a dark blue colour. 

Note that there is no label in the sense control (Panel E). Panels A-E are transverse 

sections through the embryo whereas Panel F is a frontal section. Abbreviations are as 

follows: D (dorsal), V (ventral), A (anterior), P (posterior), CMZ (ciliary marginal zone), 

L (lens), RGCL (retinal ganglion cell layer), PE (pigment epithelium), AS (anti-sense), S 

(sense) . 





Expression of FGFR ligand mRNA in the ditrcrentiated embryonic retina: 

By stage 37/38 (53-55 hours post fertilization), over 95% of all retinal cells have 

been born. In addition, the three-layered retina is completely formed; each layer is 

morphologically distinct and undergoing differentiation. The only mitotic cells are found 

in the CMZ. The central retina is composed almost entirely of post-mitotic, 

differentiating cells. Thus, by stage 37/38 the major wave of cell genesis in the 

embryonic retina is complete. The Xenopus retina continues to grow throughout the life 
a 

of the animal and dividing ceils from the CMZ are the source of new cells for the mature 

retina (Wetts and Fraser, 1988). FGF-2 and FGF-3 mRNA expression patterns in the 

stage 37/38 retina are similar to those observed at stage 33/34. Both are expressed at low 

levels throughout the retina, with higher FGF-2 expression in the CMZ and the lens, and 

higher levels of FGF-3 mRNA expression in the RGCL and ONL (Fig IOA, F. B). The 

continued expression of FGF-2 in the mitogenic region of the retina, the CMZ, may 

implicate it in the regulation of cell proliferation. FGF-9 and FRL-2 mRNA expression 

patterns are similar to those in the stage 33/34 retina, with messages for both ligands 

expressed at low levels throughout the neural retina (Fig 10C, D). 

SECTION 2: 

Having confirmed the presence of FGF family members in the Xenopus retina 

during the critical period of cell birth and differentiation, I proceeded to determine the 

role of FGFs in the developing retina. FGF-2 has been particularly well-studied with 

respect to its role in retinal development. For instance, FGF-2 promotes the 



FIGURE 10: Expression of FGFR ligand mRNA in stage 37/38 Xenopus eyes as shown 

by in situ hybridization. Expression of the AS mRNA is shown in a dark blue colour. 

Note that there is no label in the sense control (Panel E). Panels A-E are transverse 

sections through the embryo whereas Panel F is a frontal section. Abbreviations are as 

follows: D (dorsal), V (ventral), A (anterior), P (posterior), CMZ (ciliary marginal zone), 

L (lens), RGCL (retinal ganglion cell layer), INL (inner nuclear layer), ONL (outer 

nuclear layer), PE (pigment epithelium). MB (midbrain), HB (hindbrain), AS (anti- 

sense), S (sense). 





differentiation of rat rod photoreceptors in vitro (Hicks and Courtois, 1992), and 

stimulates the proliferation of glial cells and the survival of neurons in chick eye explants 

(Tcheng et al.. 1994). In addition, FGF-2 promotes regeneration of the neural retina from 

the retinal pigment epithelium (RPE) in rat (Park and Hollenberg, 1989). Finally, when 

FGF-2 function was blocked in chick retinal explant cultures using neutralizing 

antibodies, neurofilarnent positive cells failed to differentiate (Pittack et al., 1997). Based 

on this information, in aiming to test a role for FGFs in retinal cell genesis, I chose FGF- 

2 as the first candidate FGFR ligand. 

To investigate an endogenous role for FGF-2, I over-expressed FGF-2 in retinal 

precursors and studied the ultimate fate of these over-expressing cells. These 

experiments involved injecting a plasmid cDNA encoding FGF-2 into an identified dorsal 

animal blastomere (Dl. I )  at the 16-cell stage. This blastomere has been shown previously 

to give rise to approximately 50% of the ipsi-lateral retina (Huang and Moody, 1993). 

There were several advantages to utilizing blastomere injections. First, by injecting the 

DNA plasrnid into the early embryo, a large number of cells could be affected, as the 

DNA plasmid was copied and distributed with each cell division. Second, since cDNA 

transcription commences at the mid-blastula transition the early injections allowed for the 

plasmid to be expressed sufficiently early so as to potentially bias the fate choice of 

developing retinal precursors. Finally, targeting the injections ensured that a high level 

of FGF-2 protein was expressed in the developing retina. 

A cDNA plasmid encoding green fluorescent protein (GFP) was used as a control. 

In most experiments, plasmids for GFP and FGF-2 were co-injected and FGF-2 over- 

expressing cells were identified based on the GFP signal. Following the injections. 



embryos were left to develop until stage 40 (approximately 3 days). By this stage all 

retinal cell types have been generated, and individual transgene-expressing cells can be 

readily identified on the basis of cell morphology and laminar position (Dorsky et al., 

1995. 1997; McFarlane at al., 1998). Transverse sections wen made through the eye and 

the transgene-expressing cells in the differentiated central third of the retina were 

identified. 

GFP and FGF-2 are co-expressed in retiad cells: 

In the GFP/FGF-2 co-injection experiments, to ensure that retinal cells expressing 

the GFP transgene were also expressing high levels of FGF-2, the retinae were 

immunolabeled with a polyclonal antibody against FGF-2 (R & D Systems) (Fig. 1 1). 

The co-expression rate was 90.7% (n= I0 eyes). thus validating GFP as a co-expression 

marker. The use of GFP as a marker facilitated embryo processing as it permitted us to 

discard embryos that showed no GFP expression in the eye, and allowed for easier 

identification of retinal cells based on morphology. GFPFGF-2 expressing retinae were 

examined to determine whether transgene-expressing cells showed an altered distribution 

across retinal cell types. 

The same number of retina1 cells express the transgene in the GFP, GFP/FGF-2 and 

FGF-2 expressing retina: 

In order to determine whether injection of the cDNA plasmid encoding FGF-2 

had any effect on the number of retinal cells expressing the transgene, I counted the total 

number of retinal cells that expressed the transgene in the GFP, GFP/FGF-2 and FGF-2 



FIGURE 11: GFP and FGF-2 are expressed in the same retinal cells of a stage 40 

embryo that was co-injected with GFP and FGF-2 cDNA at the 16-cell stage. A) GFP 

expression in the retina. B) FGF-2 expression in the retina. C) Co-expression of 

GFPEGF-2 in the retina. Abbreviations are as follows: L (lens), onh (optic nerve head), 

RGCL (retinal ganglion cell layer), INL (inner nuclear layer), ONL (outer nuclear layer). 

D (dorsal), V (ventral). 





transgene expressing retinae. Transgene-expressing cells were identified by FGF-2 

immunoreactivity (R&D Systems) and by expression of GFP. I found that in retinae 

injected with the GFP cDNA plasmid, there were 23.8 f 5 cells per section (n=12) that 

expressed the transgene (Fig. 12). Similarly in the GFPIFGF-2 and FGF-2 expressing 

embryos there were 2 1.4 f 3 (n=8) and 23.1 f 3 (n=18) retinal cells per section that 

expressed the transgene (Fig. 12). Therefore. I determined that the injection of plasmids 

encoding FGF-2 had no significant effect on the number of retinal cells expressing the 

transgene, as compared to control embryos, injected with GFP cDNA plasmids. 

Over-expression alters the distribution of transgenesxpressing cells into the various 

celi fates: 

In the Xenopus retina. cells are generated in a conserved temporal order (Holt et 

al., 1988). Although production of the various retinal cell types overlaps considerably, 

RGCs are always born first, followed soon after by horizontal and cone cells. 

Subsequently, amacrine, rod and bipolar cells are generated, and Muller glial cells are 

born last (Hoit et al., 1988; Dorsky et al., 1997; Chang and Harris, 1998). When FGF-2 is 

over-expressed in retinal precursors, the eye appears to form normally, appropriate 

layering of the retina is observed, and transgene-expressing cells show a differentiated 

morphology (Fig. 1 1). 

The types of retinal cells the FGF-2 over-expressing precursor cells go on to 

become, however, is altered from that observed for control GFP-expressing precursors. 

Over a third more ( 3 5 1  increase) FGF-2 expressing cells go on to assume a RGC fate as 



FIGURE 12: Injection of FGF-2 cDNA does not alter the number of transgene- 

expressing cells in the Xenopus retina. Transgene-expressing cells were identified either 

on the basis of GFP expression or on the basis of FGF-2 immunoreactivity. Cells were 

counted in every second section of the central retina. Error bars are s.e.m.; n= number of 

retina. 
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compared to GFP expressing precursors (Fig. 13): RGCs comprised more than 23% of 

FGF-2 expressing retinal cells, whereas they made up only 17% of GFP expressing cells. 

In addition, in FGF-2 expressing retinae, a decreased percentage of transgene-expressing 

cells become Miiller glial cells (Fig. 13). In the GFP control retinae, Muller glial cells 

made up 7% of all transgene-expressing cells as compared to 3% in the GFP/FGF-2 

expressing retinae. These data suggest that FGF-2 can alter the production of RGCs and 

Miiller glial cells. Amacrine, bipolar, photoreceptor (PR) and horizontal cell fates were 

not obviously affected by over-expression of FGF-2 in retinal precursors. 

FGF-2 biases transgene-expressing PR precursors to a rod PR fate: 

Previous data. involving the inhibition of FGFR function in retinal precursors 

(McFarlane et al., 1998), indicated a role for FGF signaling in the production of rod PRs. 

However, FGF-2 over-expression had no effect on the total percentage of transgene- 

expressing PRs as compared to control. I aimed to ask more specifically if FGF-2 over- 

expression could affect rod andlor cone PR cell fates. In order to do this, we examined 

whether FGF-2 expressing PRs were rods or cones by immunolabeling with cell specific 

markers; an antibody against calbindin was used to label cones ( ~ h b g  and Harris, 1998) 

and an antibody against rhodopsin (Rho 4D2) was used to label rods (Laird and Molday, 

1988). Transgeneexpressing PRs wen identified as cones if they were positive for 

calbindin, or in a second set of experiments, negative for rhodopsin (Fig. 14). Similarly, 

transgene-expressing cells were identified as rods if they wen  positive for rhodopsin and 

wen negative for calbindin (Fig. 14). Our data indicate that while the proportion of PRs 

in the retina seems to be unaffected by FGF-2 over-expression, rod and cone cell fates are - . 



FIGURE 13: Over-expressing FGF-2 in retinal precursors enhances RGC production and 

slightly inhibits Miiller glial cell production in Xenopus. The distribution of control 

(GFP), GFPRGF-2 and FGF-2 transgene-expressing cells in a stage 40 retina. 

Transgene-expressing cells in the retina were divided into the different retinal subtypes 

and counted from the total transgenetxpressing cells in the retina. FGF-2 expressing 

cells were labeled with a polyclonal antibody against FGF-2. Retinal cell subtypes were 

identified on the basis of morphology and laminar position. Error bars are s.e.m. 

n=number of retinae (*, P< 0.05; **, Pq0.02; unpaired non-parametric ANOVA, Dunn's 

post-hoc test). 





FIGURE 14: Stage 40 transgene-expressing retina labeled with rod and cone PR 

antibodies. A) GFP (green) expressing retina irnrnunolabeled with anti-rhodopsin (Rho 

4D2) (red) to identify rod PRs (asterisks). Note that the transgene-expressing PRs in this 

retina are both rod (asterisks) and cone PRs (circles). B) GFPfFGF-2 (green) expressing 

retina immunolabeled with anti-rhodopsin (red). Note that the transgene-expressing PRs 

in this retina are predominantly rod PRs (asterisks) with a few cone PRs (circles). C) 

High power view of GFEWGF-2 (green) expressing retina irnmunolabeled with anti- 

rhodopsin (red) showing 5 transgene-expressing PRs that are all rod PRs. D) GFP-FGF-2 

(green) expressing retina immunolabeled with anti-calbindin (red) to identify cone PRs. 

Note that all the transgene-expressing PRs in this retina are calbindin negative rod PRs 

(asterisks). Abbreviations are as follows: D (dorsal), V (ventral), PE (pigment 

epithelium), ONL (outer nuclear layer), L (lens). Orientation in A refen to A, B and D. 

Scale bar in B is 100 pm in A and B; 20 pm in C and 75 pm in D. 





influenced. As previously demonstrated, there are slightly more cone (53%) than rod 

(47%) control GFP-expressing cells (Dorsky et al., 1997; McFarlane et al.. 1998) (Fig. 

15). However, if retinal precursors are induced to over-express FGF-2,60% fewer go on 

to become cone PRs (Fig. 15). Thus, of the FGF-Zcxpressing population of PRs, rods 

become the predominant cell type. These data suggest that FGF-2 promotes a rod PR cell 

fate at the expense of cone PRs. They also suggest that FGF-2 is involved in determining 

what proportion of PRs become either rods or cones, since it has no effect on the 

proportion of retinal precursors that become PRs. 

Having observed that FGF-2 caused a shift in fate of transgene-expressing PR 

precursors, I wanted to determine whether FGF-2 was secreted by over-expressing 

precursors, and whether it had a non cell autonomous effect on neighboring PRs. In 

order to examine whether over-expression of FGF-2 in retinal precursors was causing an 

increase in the total number of rod PRs in the retina, I counted all rod PRs in the 

transgene-expressing retinae. There seemed to be no significant increase in the total 

number of rod PRs in the GFPtFGF-2 expressing retinae as compared to the GFe control 

retinae (Fig. 16). This may be due to the fact that the FGF-2 transgene is incorporated 

into only 5 2 5 %  of the retinal cells (and thus 1.5- 7.5% of PRs) and as a result most of 

the retinal cells may be located too far from the transgene-expressing cells to see the 

FGF-2 signal. 



FIGURE IS: Over-expression of FGF-2 in the developing retina increases the proportion 

of transgeneexpressing photoreceptors that are rods. Stage 40 transgene-expressing 

retina were either labeled with anti-rhodopsin (Rho 4D2) to label rods or anti-calbindin to 

label cones. The percentages of transgene-expressing photoreceptors that were either 

rhodopsin positive or calbindin negative were determined as rods in GFPIcontrol and 

GFPEGF-2 retina. Error bars are s.e.m. n= number of retinae. (*, Pe0.05; **, Pc0.01. 

Non-parametric ANOVA, Dunn's post-hoc test). 
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FIGURE 16: Over-expression of FGF-2 in the developing retina does not change the 

total number of rod photorecepton in the stage 40 retina. Rod cells were identified on 

the basis of anti-rhodopsin (Rho 4D2) imrnunoreactivity. All rod photoreceptors in the 

stage 40 GFP and GFP/FGF-2 transgene-expressing retinae were counted and are 

expressed as the number of rod photoreceptors per nm of retina. Error bars are s.e.m. n= 

number of retinae. 
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FGF-2 over-expression does not lead to the earlier appearance of rod PRs in the 

developing retina: 

In the developing Xenopus retina, cone PRs are produced slightly earlier than rod 

PRs (Holt et al., 1988; Chang and Harris, 1998). Therefore, I wanted to determine 

whether FGF-2 over-expression directed the PR precursors from an earlier cone cell fate 

to a later rod cell fate. In order to establish whether rod PRs were produced earlier than 

normal in the transgene-expressing retinae, I counted the total number of rod PRs in 

earlier stage 35/36 GFP control and GFP/FGF-2 over-expnssing retinae. I determined 

that there was no increase in the number of rhodopsin-positive photoreceptors in the 

GFP/FGF-2 retinae (12.6 f 4; n=l 1 retinae s.e.m) as compared to the number of 

rhodopsin-positive photoreceptors in the GFP control retinae ( 1  6.8 f 4; n=9 retinae s.e.rn) 

(Fig. 17). This result indicates that there is no increase in the number of rod 

photoreceptors in the stage 35/36 GFPIFGF-2 expressing retina. 

FGF-2 over-expression is not toxic to cells in the retina: 

In order to assess whether the level of FGF-2 over-expression in cells could be 

having a toxic effect, cell death was examined in transgene-expressing retina using an 

ApopTag kit (Oncor) (Fig. 18). There was no significant change (pz0.7 1, un-paired, two- 

tailed student t-test) in the number of apoptotic cells in stage 40 retinae in FGF-2 over- 

expressing embryos (3.7% i 0.6% apoptotic cellslsection, n=18 eyes, s.e.m.) as compared 

to control non-expressing retinae (3.4% f 0.6% apoptotic cellslsection, n=13 eyes, s.e.m.) 

(Fig. 19). Indeed, only a small percentage of the FGF-2-over-expressing cells were 



FIGURE 17: Over-expression of FGF-2 in retinal precursors does not alter the number 

of rod photorecepton in the stage 35/36 retina. Rod cells were identified on the basis of 

anti-rhodopsin (Rho 4D2) immunoreactivity. All rod photoreceptors in the stage 40 GFP 

and GFP/FGF-2 transgene-expressing retina were counted and are expressed as the 

number of rod photoreceptors per nm of retina. Error bars are s.e.m. n= number of retina. 
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FIGURE 18: Over-expression of FGF-2 has no effect on cell death in stage 40 retinal 

cells. Oncor Apoptag kit was used to identify apoptotic cells in the control and FGF-2 

transgene-expressing retina. A) Apoptosis in control retinae. B) Apoptosis in FGF-2 

transgene-expressing retinae. Arrows indicate apoptotic cells. Abbreviations are as 

follows: D (dorsal), V (ventral). 





FIGURE 19: Graph showing that overcxpnssion of FGF-2 has no effect on cell death in 

the stage 40 retina. All apoptotic cells were counted and identified by using the Oncor 

Apoptag kit in the control and the FGF-2 transgene-expressing retinae. Error bars are 

s.e.m. n= number of retinae. 
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apoptotic (2.51 k 0.5% cellshetina), suggesting that FGF-2 over-expression did not have 

a significant toxic effect on expressing cells or their neighbors. 

To ensure that high levels of FGF-2 were not causing cell death in the younger 

retina, I examined apoptosis in the stage 33/34 retina (Fig. 20). I found that then was no 

significant increase in retinal cell death (p= 0.17, un-paired, two-tailed Student t-test) in 

the FGF-2 over-expressing retinae as compared to control retinae (Fig. 2 1). This result 

indicates that FGF-2 over-expression did not have a toxic effect on transgene-expressing 

cells or their neighbors in the early retina. 

FGF-2 has no effect on the prolfleration of the transgene-expressing cells in the 

developing retina: 

Due to the fact that FGF-2 is a well-known mitogen (Szebenyi and Fallon, 1999), 

cell proliferation was examined in the transgene-expressing retina of stage 40 embryos. 

Proliferation was examined by injecting embryos with 5-bromodeoxyuridine (BrdU) and 

visualizing proliferating cells via immunolabeling (Fig. 22) (see Chapter 2). There was 

no significant difference in the number of BrdU-positive transgene-expressing cells in the 

retina of stage 40 GFP-expressing embryos as compared to the stage 40 GFPIFGF-2- 

expressing embryos (Fig. 23). This last result suggests that FGF-2 levels had no effect on 

the timing of differentiation of the transgene-expressing retinal cells. 

Discussion: 

Previous work in our laboratory has shown that FGFRs transduce a signal that 

influences the fate of developing retinal cells (McFarlane et al., 1998). In this study, I 



FIGURE 20: Over-expression of FGF-2 has no effect on cell death in stage 33/34 retinal 

cells. Oncor Apoptag kit was used to identify apoptotic cells in the control and FGF-2 

transgene-expressing retina. A) Apoptosis in control stage 33/34 retina. B) Apoptosis in 

FGF-2 transgene-expressing stage 33/34 retina. Note that there are higher levels of cell 

death in the midbrain region. Abbreviations are as follows: MB (midbrain), R (retina). 

Arrows indicate apoptotic cells. 





FIGURE 21: Graph showing that over-expression of FGF-2 has no effect on cell death in 

the stage 33/34 retina. All apoptotic cells were counted and identified by using the Oncor 

Apoptag kit in the control and the FGF-2 transgene-expressing retina. Error bars are 

s.e.m. n= number of retinae. 
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FIGURE 22: Over-expression of FGF-2 has no effect on the proliferation of transgene- 

expressing cells in stage 40 retina. Mitotic cells were identified by pulse injections with 

BrdU, followed by immunolabeling with anti-BrdU (see Chapter 2). A) GFP transgene- 

expressing retina (green) labeled with anti-BrdU (red). B) GFPIFGF-2 transgene- 

expressing retina (green) labeled with anti-BrdU (red). Abbreviations are as follows: D 

(dorsal), V (ventral), PE (pigment epithelium), L (lens). 





FIGURE 23: Graph showing that over-expression of FGF-2 has no effect on the 

proliferation of transgene-expressing cells in stage 40 retina. Proliferation was examined 

by counting the number of transgene-expressing retinal cells that were BrdU positive in 

the control (GFP) and GFPIFGF-2 transgene-expressing embryos. Mitotic cells were 

identified by pulse injections with BrdU, followed by imrnunolabeling with anti-BrdU 

(see Chapter 2). Transgene-expressing BrdU positive cells were counted in every second 

section and in the central one-third of the ntina. Error bars are s.e.m and n= number of 

retina. 
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have provided evidence for FGF-2 as an FGFR ligand involved in this process. Fint, I 

showed that a number of FGFR ligands are expressed in the retina when cell fate 

decisions are being made. Second, I demonstrated that over-expression of FGF-2 directs 

precursor cells towards a rod PR fate. Finally, my data suggest that FGF-2 may also 

influence other retinal cell fates since over-expression of FGF-2 led to an increased 

proportion of transgene-expressing RGCs and a decreased proportion of transgene- 

expressing Miiller glial cells. Taken together, these data implicate an FGF, possibly 

FGF-2, in cell genesis in the developing retina. 

My study suggests a number of different candidates that may act via FGFRs to 

influence cell genesis in the Xenopus retina. I found that messages for FGF-2, FGF-3, 

FGF-9 and FRL-2 were present in the retina over a variety of developmental stages. The 

timing of expression of the different ligand mRNA provides circumstantial evidence 

suggesting that FGFR ligands have roles in proliferation, cell genesis and differentiation. 

In the early retina, when most of the retinal cells are still undergoing proliferation (go%), 

the mRNA for dl of the above ligands is expressed uniformly in the eye primordium. 

Expression in the early retina raises the possibility that the above ligands are important in 

cell proliferation and genesis. However, I believe that FGF-2 in thd early Xenopus retina 

does not have a proliferative function since FGF-2 over-expression did not affect the 

number of transgene-expressing cells or increase the number of BrdU positive transgene- 

expressing cells over control. instead, FGF-2 may act as a determination cue to bias 

precursors toward particular cell fates. Since the early expression patterns of the mRNA 

for the FGFR ligands overlap considerably, these ligands may play similar roles in the 

early retina. This points to the existence of a redundant FGF signal. 



In a retina which is one day older, the patterns of mRNA expression of the FGFR 

ligands differ somewhat; the retina has divided into the different layers, it contains 

mainly differentiated cells (SO%), and the CMZ can be readily identified. At these 

stages, FGF-2 mRNA shows high levels of expression in the CMZ. This indicates that it 

may continue to play an important role in cell genesis in the retina. as the CMZ is the 

source of new cells in the mature retina (Wetts and Fraser, 1988). FGF-3 mRNA appears 

to show strong expression in the RGCL suggesting that it is a player in RGC 

differentiation. The uniform expression of FGF-9 and FRL-2 mRNA indicate that they 

may function in differentiation in the mature retina. It is unlikely that FGF-3, FGF-9 and 

FRL-2 are involved in retinal cell survival, at least in the short term, since blocking 

FGFR function in developing retinal cells, using a dominant negative fom of the 

receptor, did not seem to affect retinal cell survival (McFariane et al., 1998). In 

summary, the expression data suggest that FGFR ligands may function in a variety of 

different ways in the retina and that each ligand may be important in retinal cell fate. 

Having determined that a number of FGFR ligands are expressed in the 

developing retina, I was interested in dissecting the involvement of FGF signals in retinal 

development. This is because a number of factors, such as cell adhesion molecules 

(CAMS) (Walsh and Doherty, 1997), fibroblast homologous factors (FHFs) (Smallwood 

et al., 1996) and FRLs (FGF related ligands) (Kinoshita et al., 1995) signal through 

FGFRs. Thus, although the dominant-negative FGFR study showed that FGFRs are 

involved in retinal cell fate, the issue of which signal acts through the FGFR still remains. 

Therefore, I decided to examine the function of one particular FGF ligand, FGF-2, more 

closely. FGF-2 appeared to be a good candidate due to a plethora of in vitro studies that 



suggesting that it plays a part in retinal cell fate (Park and Hollenberg, 1989; Pittack et 

al., 1991; Hicks and Courtois, 1992; Guillemot and Cepko, 1992; Tcheng et al., 1994; 

Pittack et al., 1997). To test the role of FGFs in vivo, I over-expressed FGF-2 in the early 

embryonic retina by injecting FGF-2 cDNA into specific blastomeres at the ldcell stage. 

This strategy was intended to provide high levels of the FGF-2 cue and examine whether 

the fates that precursors assumed become biased towards a particular cell type. I 

determined that regardless of the different cDNA plasmids, the same number of retinal 

cells expressed the transgene (Fig. 12). This suggests that injection of the FGF5 plasmid 

did not increase proliferation in the retina or alter the survival of cells expressing the 

transgene. This result also dictated that I use equally sized populations of transgene- 

expressing retinal cells when determining the relative distribution of retinal celis among 

the different subtypes. 

Studies have ascertained that GFP cDNA injections lead to an invariant 

distribution of the transgene in the different retinal cell types (Dorsky et PI., 1997; 1995; 

McFarlane et al., 1998). Xenopus retinae labeled with tritiated thymidine showed the 

same distribution of cells across the different subtypes as did the GFP injected retina 

(Holt et al., 1988). In addition, injections of fluorescein-dextran amine into the 

blastomere destined to form the retina also showed the same distribution of the dye 

among the various retinal cell types (Huang and Moody, 1993). These studies suggest 

that: 1) precursors generate an invariant set of retinal cell types and 2) GFP expression 

itseif does not influence the distribution of the transgene. In contrast, I found that over- 

expressing FGF-2 caused changes in the distribution of transgene-expressing cells among 

the different retinal subtypes. Specifically, there was an increase in the relative 



proportion of RGCs, accompanied by a decrease in the proportion of Miiller glial cells. 

Furthermore, although the proportion of PRs in the retina remained unchanged, there was 

an increase in the percentage of rod PRs and a decrease in the percentage of cone PRs 

suggesting a bias towards rod PR fate at the expense of cone PRs (Fig. 13, 15). When 

combined. these data implicate an FGF, possibly FGF-2, in cell genesis in the developing 

vertebrate retina. 

Previous studies have demonstrated the involvement of FGF-2 in determining 

RGC cell fate. Exogenous application of FGF-2 increased neurofilament 

irnmunoreactivity in chick eye bud and dissociated retinal cultures (Pittack et al.. 1997; 

Guillemot and Cepko, 1992). However, when our laboratory blocked the FGFR by using 

a dominant negative form of the receptor, RGC genesis was not affected suggesting that 

it occurs independently of FGFR signaling (McFarlane et al., 1998). One explanation for 

the discrepancy seen between FGF-2 over-expression and FGFR blockade may be 

redundancy, whereby FGF-2 is only one of a number of different factors that biases 

precursors to a RGC fate. When FGFR function is blocked in vivo these additional cues 

are sufficient to push retinal precursors to become RGCs. Whereas excess FGF-2 

instructs precursors that would have gone on to acquire other retinal cell fates to become 

RGCs. The decrease in MUller glial cell proportions is in agreement with the data from 

the dominant negative FGFR study that showed that MUller glial cells were increased 

when the native FGFRs w e n  rendered non-functional (McFarlane et al., 1998). 

Therefore, FGF-2 may be an endogenous cue that pushes precursors to cell fates other 

than a Miiller glial cell fate. 



The FGF-2 over-expression studies suggest that FGF-2 may play an important 

role in rod PR cell genesis (Fig. 15). The majority of FGF-2 over-expressing PRs wen 

rods, a situation that is clearly different from what is seen in the normal retina where 

cones make up the major population of Xenopus PRs (Dorsky et al., 1997; McFarlane et 

al., 1998). These data are in agreement with the FGFR dominant negative studies where 

inhibiting FGFR function in retinal precursors resulted in a decrease in transgene- 

expressing rod PRs (McFarlane et al., 1998). It is likely that FGF-2 is actually affecting 
* 

rod PR fate since exogenous FGF-2 treatment of chick or rat retinal cultures increased the 

number of cells expressing the rod cell marker, rhodopsin (Tcheng et al., 1995; Hicks and 

Courtois, 1992). In addition, FGF-2 is expressed in human rod but not cone PRs (LiZy et 

al., 1997). Together these studies point to a role of an FGF, possibly FGF-2, in 

promoting rod PR genesis. 

The agreement between the FGF-2 over-expression and the FGFR blockade data 

with respect to rod cell genesis argues that FGF-2 is acting externally via transmembrane 

FGFRs. Thus, FGF-2 is possibly acting in an autocrine manner on FGFFts located in the 

cell membrane. Although FGF-2 lacks a hydrophobic signal sequence required for its 

secretion via a classical secretory pathway, evidence does exist for the secretion of FGF- 

2. For instance, studies show that FGF-2 cDNA transfected NIH 3T3 cells in vitro are 

stimulated to migrate, and that this migration is abolished with the exogenous application 

of FGF-2 neutralizing antibodies (Mignatti et al., 1991). Similarly. FGF-2 antibodies 

block the effects of FGF-2 cDNA transfected into developing skeletal muscle cells 

(Hannon et al., 1996). 



Since over-expressed FGF-2 seems to be acting in an autocrine manner in the 

Xenopus retina, it was important to determine whether it was acting cell autonomously. I 

ascenained whether non-expressing precursor fates were influenced by the neighboring, 

transgene-expressing cells. Since the different retina may differ slightly in size, I counted 

all rod PRs per nm of retina. The results of this study showed that overall there seemed 

to be no significant increase in the total number of rod PRs in the FGF-2 transgene- 

expressing retinae as compared to the control (Fig. 16). This result is not surprising since 

FGF-2 is only over-expressed in 5-25% of all retinal cells (Fig. 1 I), which presumably 

results in insufficient FGF-2 levels to influence the fate of the larger number of non- 

transgene-expressing cells. Future experiments could address this problem by injecting 

FGF-2 RNA instead of cDNA in blastomeres fated to form the retina at the 16-cell stage 

which would ensure that at least 508 of all retinal cells will express the transgene. 

Cone PRs are generally born slightly before rod PRs in the Xenopus retina (Chang 

and Harris, 1998). Therefore, one explanation for how rods could be generated at the 

expense of cone PRs is that precursors are pushed away from a cone PR fate towards a 

later rod PR fate in the early retina. If this is true then rod cells might appear in the retina 

earlier than normal. To test this hypothesis, I counted rod PRs in the GFP control and the 

FGF-2 over-expressing retinae at stage 35/36. I found that there was no significant 

increase in the number of rod PRs at stage 35/36 suggesting that rod PRs are being 

produced no earlier in these retinae. One explanation for the lack of early rods is that 

even though cone PR production slightly precedes rod PR production, in the Xenopiis 

retina there is considerable overlap in the time period when the majority of cone and rod 

PRs are being generated. Alternatively, since I was counting total number of rods and 



not transgene-expressing rod PRs, the effect may have been missed. Future experiments 

for the analysis of early rod PR appearance could try earlier stages since cone PRs can 

appear as early as stage 32 in the Xenopus retina (Chang and Harris, 1998). In addition, 

experiments could be conducted where only the transgene-expressing rod PRs are 

counted. 

A possible mechanism by which FGF-2 could be causing changes in the 

proportions of different cell types in the developing retina is by killing off or enhancing 

the survival of specific retinal subtypes. For example, rod PR proportions could increase 

if FGF-2 acted as a survival factor for rod cells. In order to determine whether FGF-2 

was having survival effects in the retina, I examined cell death in early (stage 33/34) and 

late (stage 40) retinae. Cell death was investigated by determining the number of 

apoptotic cells in the transgene-expressing retinae. My data showed that there was no 

significant difference in the number of apoptotic cells in the FGF-2 over-expressing 

retinae at stage 33/34 (Fig. 2 1) and at stage 40 (Fig. 19). This result suggests that FGF-7, 

is not affecting cell survival in the developing retina but is altering retinal cell proportions 

by shifting the fates of retinal precursors and biasing them to adapt particular fates. One 

caveat to this explanation is that FGF-2 could affect the survival ofa few precursors that 

give rise to entire populations of specific cell types. For example, a decrease in cone PRs 

could result if FGF-2 promoted the death of a few cone precursors. However, this 

explanation would only result in a selective increase in the proportion of rod PRs and not 

other cell types, if simultaneously the survival of rod precursors is enhanced. Since it is 

unlikely, that FGF-2 specifically killed off cone precursors concurrent with enhancing 

rod survival, it seems that FGF5 is causing a shift in the fates of retinal precuaors. 



Since FGF-2 is mitogenic in embryonic rat retinal cell cultures (Lillien and 

Cepko, 1992). the increase in rod PRs may have been explained by increased 

pro1 iferation. Therefore, I conducted BrdU labeling experiments to investigate the 

potential FGF effects on the proliferation of transgene-expressing retinal cells. The study 

showed that there was no significant increase in the number of proliferative transgene- 

expressing cells in the FGF-2 over-expressing retina. These results suggest that FGF-2 is 

not acting as a mitogen in the stage 40 Xenopus retina and that the transgene-expressing 

cells can differentiate despite expressing high levels of FGF-2 (Fig. 23). Therefore, it 

seems unlikely that there was an increase in rod PRs due to proliferation. In addition, if 

the rod PRs were increased due to proliferation, the relative proportions of all the other 

cell types would have shown decreases. However, I found that the total PR levels stayed 

constant and that the increase in rod PRs was accompanied by a decrease in cone PRs, 

suggesting that a shift in cell fate had occurred. 

One explanation as to why there is no increase in the proliferation of transgene- 

expressing cells in the FGF-2 over-expressing retina is that although FGF-2 can act as a 

mitogen in culture, it does not play that role in vivo. This is likely since even different 

culture studies disagree over the role that FGF-2 plays in retinal cell proliferation. For 

example, exogenous application of FGF-2 to rat retinal dissociated cultures had no effect 

on cell survival or proliferation (Hicks and Courtois, 1992) whereas another study shows 

that FGF-2 enhanced retinal cell proliferation in rat retinal explant and dissociated 

cultures (Lillien and Cepko, 1992). Moreover, when FGF-2 is blocked in chick retinal 

explant cultures by using FGF-2 blocking antibodies then was no effect on retinal cell 

survival or proliferation suggesting that in chick there is no endogenous role for FGF-2 in 



this process (Pittack et al., 1997). Thus, it may be that FGF3 does not play a 

proliferative role in the Xenopus retina. 

In conclusion, my data show that it is an FGF signal that acts through the FGFR 

to determine retinal cell fate in Xenopus. I showed that ectopic FGF-2 biases progenitors 

to acquire RGC and rod PR fates at the expense of Muller glial and cone PR fates 

respectively, and suppons an endogenous role for FGF-2 in the genesis of specific retinal 

cell types. These data agree with previous in vitro data in several species that implicates 

FGF-2 in the determination of the above cell types. In addition, these data is in 

agreement with the dominant negative FGFR study that also indicates that an FGFR 

ligand is important in cell fate determination in the Xenopus retina. 



4: FGF-2 AND CELL FATE- AN ANTI-SENSWPROACS 

Introduction: 

In the previous chapter, I determined that FGFR ligands are expressed in the developing 

Xenopus retina when cell fate decisions are being made. In addition, I found that over- 

expressing a ligand for the FGFR, FGF-2, in retinal precursors led to changes in retinal cell fates. 

Over-expression of FGF-2 resulted in an increased proportion of RGCs accompanied by a 

decrease in the proportion of Miiller glial cells. Whereas the proportion of PRs in the FGF-2 

over-expressing retinae remained unaffected, there was an increase in rod PR production 

concurrent with a decrease in cone PRs. These data are in agreement with the results of studies 

suggesting that FGF-2 is involved in RGC and rod PR cell determination (Hicks and Courtois, 

1992; Pittack et al., 1997; Desire et al., 1998). These data also concur with studies conducted in 

our laboratory where the FGFR is blocked by using a dominant-negative form of the receptor 

(McFarlane et al., 1998). These studies showed that FGFRs transduce a signal that biases 

precursors to adopt a rod PR fate (McFarlane et al., 1998). My data suggest that it is an FGF that 

acts on FGFRs in retinal precursors to bias them towards a RGC and a rod PR fate. 

An important caveat of the over-expression experiments is that whlle I showed that high 

FGF-2 levels alter the genesis of specific cell types, it is possible that FGF-2 is actually 

mimicking the actions of another developmentally expressed FGF. Indeed, as shown in the 

previous chapter, several different FGFR ligands are expressed in the developing Xenopus retina. 

Studies where FGF-2 function is blocked in the developing retina can be used to verify an 

endogenous role for FGF-2 in cell fate determination. 



The purpose of this study was to determine whether FGF-2 is the FGF signal that acts 

through the FGFR to influence retinal cell fate. Therefore, I blocked endogenous FGF-2 

expression in the Xenopus retina, using the following anti-sense approach. In the last 12 years, 

an important technical advance has been made in studies of Xenopus development. It became 

possible to synthesize anti-sense mRNA that can block gene activity by sequestering the 

endogenous message as a translationally inactive RNA duplex (Lombardo and Slack. 1997). A 

number of studies have been conducted in Xenopus using anti-sense expression from injected 
I 

plasmids (Giebelhaus et al., 1988; Nichols et al., 1995). The plasmids used have shown mosaic 

expression in Xenopus embryos, meaning that the cDNA is expressed in only a random 

proportion of the cells. This mosaic expression is ideal for my study since FGF-2 function will 

be blocked only in some proportion of retinal precursors allowing us to morphologically assay 

the eventual fate of these cells. In addition the mosaic expression of the cDNA also means that 

some proportion of the retinae develops normally. 

FGF-2 can be blocked in retinal precursors: 

In order to block endogenous FGF-2 in the retina, I cloned the FGF-2 insert in the CS2 

vector in an anti-sense orientation (AS) (name AS-FGF-2) (see Chapter 2). 1 injected the AS- 

FGF-2 plasmid, along with a GFP cDNA plasmid as a marker, into specific blastomeres at the 4- 

cell stage (see Chapter 2). Note that the blastomere injections were made at an earlier stage for 

the western blotting than when the cDNA is injected for cell counts. Earlier injections were 

made since I extracted protein from the whole embryo for western blotting and I wanted to 

ensure that a greater number of cells expressed high levels of the AS-FGF-2 cDNA. 



Since the anti-sense mRNA is not translated into a protein that can be used to identify transgene- 

expressing cells, I conducted quantitative western blots on embryos at stage 26 to assay whether 

the AS-FGF-2 plasmid was actually reducing FGF-2 levels in the transgene-expressing tissue. 

Western blots were performed by homogenizing the tissue of stage 26 GFP and GFP/AS- 

FGF-2 transgene-expressing embryos. The homogenate was then run on a SDS-polyacrylamide 

gel that was blotted onto a PVDF membrane. Then, I used the anti-FGF-2 polyclonal antibody 

(R&D Systems) to label the 18 kDa band representing FGF-2 and visualized the bands using an 
a 

ECL kit (Arnersharn). Indeed, FGF-2 levels were visibly decreased in the AS-FGF-2 transgene- 

expressing embryos (Fig. 24A) even though equal amounts of protein were loaded in the GFP 

(control) and the GFP/AS-FGF-2 transgene-expressing embryo lanes (Fig. 24B). To quantitate 

the data, gels were scanned and densitometry analysis was performed (see Chapter 2). In Fig. 

25, FGF-2 levels in the GFPIAS-FGF-2 transgene-expressing embryos are represented as a 

percentage of FGF-2 levels in the GFP transgeneexpressing embryos. Note that to quantify the 

drop in FGF-1 levels, each blot was dealt with separately. I found that on average FGF-2 levels 

were decreased by 45% (n=4) in the GFPiAS-FGF-2 transgene-expressing embryo (Fig. 25). 

Since the western analysis was performed on entire embryos, it is likely that within the retina 

FGF-2 levels were decreased by a greater amount since the DNA injections were targeted to the 

dorsal head structures. Regardless, I confirmed that AS-FGF-2 was expressed in the transgene- 

expressing embryos and was working to reduce FGF-2 levels in the tissue at a time when cell 

fate decisions are being made. 



FIGURE 24: Western blot showing that FGF-2 levels are decreased in the AS-FGF-2 

transgene-expressing embryos. A) Western blot for FGF-2 expression. Arrow points to 

the 18 kDa FGF-2 band that is present in the control (GFP) embryo (lane 2) but appears 

faint in the AS-FGF-2 transgene-expressing embryo (lane 1). B) Gel-code blue stain on 

the membrane for total protein expression. Arrow points to the 18 kDa protein band that 

is present at equal intensity in the control (GFP) embryo (lane 2) and the AS-FGF-2 

transgeneexpressing embryo (lane 1). Total protein from one stage 26 transgene- 

expressing embryo was loaded in each lane. Abbreviations are as follows: MW 

(Molecular weight ladder in kDa). 





FIGURE 25: FGF-2 protein levels are decreased in embryos injected with AS-FGF-2 

cDNA as shown by densitometry. Graph showing the drop in FGF-2 levels in embryos 

injected with AS-FGF-2. Individual experiments are represented by diamonds. Average 

of all the experiments is represented by the dotted line that indicates a 55% drop in FGF- 

2 levels in the AS-FGF-2 transgene-expressing embryos. Number of individual 

experimentsd. 
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The same number of retina1 celb express the transgene in the GFP and GFP/AS-FGF-2 

expressing retinae: 

The results from the FGF-2 over-expression experiments indicated that FGF-2 was a 

signal involved in retinal cell fate decisions. However, the possibility existed that FGF-2 was 

mimicking the role of another endogenous FGF that played a role in retinal cell fate. Therefore, 

I determined whether blocking endogenous FGF-2 had an effect on retinal cell fate in the 

Xenopus retina. These experiments involved injecting cDNA encoding AS-FGF-2 into 

blastomeres fated to form the retina at the 16-cell stage. When FGF-2 is blocked in the retina 

using AS-FGF-2, the eye develops normally with appropriate layering of the retina, and cells 

with differentiated morphology (Fig. 26). In order to determine whether injecting the cDNA 

plasmid encoding AS-FGF-2 had any effect on the number of retinal cells that expressed the 

transgene. I counted the total number of cells that expressed the transgene in the GFP and 

GFP/AS-FGF-2 expressing retinae. I found that similar numbers of transgene-expressing cells 

were found in the GFP and GFWAS-FGF-2 expressing retinae (Fig. 27). Therefore, it seems that 

expression of AS-FGF-2 had no significant effect on the proliferation or survival of transgene- 

expressing cells. 

AS-FGF-2 has no effect on RGC and PR proportions in the developing Xenopus retina: 

In order to determine whether blocking FGF-2 in retinal precursors had an effect on 

retinal cell fate, I examined the distribution of transgeneexpressing cells into the 3 cellular 

layen of the retina (RGCL, INL with amacrine cells, bipolar cells, horizontal cells and Muller 

glial cells, ONL with rod and cone PRs). I found that in the AS-FGF-2 expressing retinae there 

was no significant difference in the number of transgene-expressing cells in either of the 3 



FIGURE 26: Stage 40 GFPIAS-FGF-2 transgene-expressing retina showing an increased 

number of Miiller glial cells. A) GFP/ AS-FGF-2 expressing retina showing Muller glial 

cells in the INL (inner nuclear layer). B) GFPIAS-FGF-2 expressing retina showing 

Miiller glial cells. Arrows indicate Miiller glial cells and their processes that span the 

width of the retina. Abbreviations are as follows: D (dorsal), V (ventral), PE (pigment 

epithelium), L (lens), INL (inner nuclear layer). Scale bar in B is 50 pm for A and 20 pm 

for B. 





FIGURE 27: Injection of AS-FGF-2 cDNA does not alter the number of transgene- 

expressing cells in the Xenopus retina. Transgene-expressing cells were identified on the 

basis of GFP expression. Cells wen counted in every second section of the central 

retina. Error bars are s.e.m.; n= number of retina. 
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cellular layers (RGCL. INL, ONL) as compared to GFP control embryos (Fig. 28). Interestingly, 

however, within the [NL of the AS-FGF-2 expressing embryos, there were higher proportions of 

transgene-expressing Muller glial-like cells (Fig. 26). Unfortunately in the AS-FGF-2 retinae, 

because of the preponderance of these Muller glial-like cells it was hard to unequivocally 

identify cells in the INL for cell counts. Quantification will have to wait for an antibody that 

labels Miiller glial cells specifically. 

Morphologically, neuroepithelial cells have features that resembie Miiller glial cells since 
* 

both have cell bodies located in the INL and have processes that span the entire width of the 

retina (from the PE to the lens surface). Therefore, it was important to confirm that the cells I 

was identifying as Miiller glial cells were not proliferating, neuroepithelial cells. As a result, 

proliferation was examined by injecting embryos with BrdU and identifying mitotic cells by 

BrdU irnmunolabeling (see Chapter 2). There was no significant difference in the number of 

transgene-expressing cells that were BrdU positive in the retina of stage 40 GFPIAS-FGF-2 

expressing embryos as compared to GFP control embryos (Fig. 29, 30). Moreover, cells 

identified as Muller glial cells were not BrdU positive. These results confirm that the cells I was 

identifying as Miiller glial cells are not mitotic neuroepithelial cells (Fig. 28). Preliminary 

experiments with a Miiller glial cell marker. 3CB2 (Developmental studies Hybridoma Bank) 

that labels radial glial cell processes in the CNS also suggests that these cells are Muller glial 

cells. The 3CB2 antibody, however, does not label Miiller glial cell bodies and only labels the 

processes weakly and therefore was not very useful for counting these cells. 



FIGURE 28: AS-FGF-2 has no effect on the distribution of retinal cells into the three 

layers of the retina. Graph showing the distribution of control (GFP) and GFP/AS-FGF-2 

transgene-expressing cells in a stage 40 retina. I identified and counted transgene- 

expressing retinal cells in the different layers of the retina. Cells were identified on the 

basis of laminar position. Error bars are s.e.m. n=number of retina. 
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FIGURE 29: AS-FGF-2 does not affect proliferation in the retina. Stage 40 transgene- 

expressing retina labeled with anti-BrdU to identify proliferative cells (see Chapter 2). 

A) Proliferation in the GFP retina. B) Proliferation in the GFPfAS-FGF-2 transgene- 

expressing retina. Arrow shows that the Muller glial cell is not BrdU positve. 

Abbreviations are as follows: L (lens), PE (pigment epithelium), D (dorsal), V (ventral). 





FIGURE 30: There is no increase in proliferation in GFPf AS-FGF-2 expressing retina 

as compared to control GFP expressing retina. Proliferation was examined by counting 

the number of transgene-expressing retinal cells that were BrdU positive in the control 

(GFP) and GFP/ AS-FGF-2 transgene-expressing embryos. BrdU positive cells were 

identified by pulse injections with BrdU and by immunolabeling with anti-BrdU (see 

Chapter 2). Transgene-expressing BrdU positive cells were counted in the central one- 

third of every second retinal section. Error bars are s.e.m and n= number of retina. 
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AS-FGF-2 has no effect on rod and cone PR fates in the ONL: 

My previous experiments with FGF-2 over-expression showed that FGF-2 biased ntinal 

precursors to adopt the rod PR fate at the expense of cone PRs in the developing Xenopus retina. 

Based on this study and results from the dominant negative FGFR study, I would predict that if 

FGF-2 played an endogenous role in rod PR genesis, eliminating this signal would cause a 

decrease in the proportion of rod PRs. Therefore, I next determined whether the proportion of 

rod and cone PRs were altered at stage 40 by the expression of AS-FGF-2 in retinal precursors. 
b 

Similar to the over-expression experiments, I used the rod PR-specific antibody Rho 4D2 to 

identify rod PRs and the cone-specific calbindin antibody to identify cone PRs in the retina (see 

Chapter 2). Calbindin-negative PRs were counted as rod PRs and Rho 4D2-negative PRs were 

counted as cone PRs. In the AS-FGF-2 expressing retina there was no significant difference in 

the percentage of transgene-expressing cells that were rod or cone PRs as compared to GFP 

control embryos (Fig. 3 1). These results suggest that blocking endogenous FGF-2 had no effect 

on rod and cone PR fates in the developing retina. 

Discussion: 

In the previous chapter, I showed that FGF-2 over-expression resulted in an increase in 

RGC and rod PR proportions in the developing Xenopus retina suggesting that FGF-2 through 

the FGFR influences retinal cell fate. In the current study, I found that blocking endogenous 

FGF-2 resulted in no significant changes in RGC and rod PR proportions. However, there 

seemed to be a pre-dominance of Muller glial cells in the AS-FGF-2 expressing retinae. I was 

unable to quantify this increase in Miiller glial cells for lack of a good antibody that labels glial 



FIGURE 31: AS-FGF-2 has no effect on rod PR proportions in the retina. Rod PRs 

were identified by immunolabeling with the rod-specific antibody (Rho-4D2) and by 

morphology. Transgene-expressing rod PRs were identified and counted from the total 

number of transgene-expressing PRs. Error bars are s.e.m. n=number of retina. 
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cells. Nonetheless, I did verify that these cells were not mitotic neuroepithelial cells by 

examining proliferation in the AS-FGF-2 expressing retinae. 

My study shows that blocking endogenous FGF-2 in the developing retina does not alter 

the proportion of transgene-expressing RGCs. This result is in agreement with data from the 

dominant negative FGFR study which indicated that blocking the FGFR did not seem to effect 

RGC specification in the Xenopus retina (McFarlane et al., 1998). However, these data 

contradict my FGF-2 over-expression data (Chapter 3) showing an increase in the percentage of 

transgene-expressing RGCs. These data disagree with other studies that show an increase in 

RGCs in FGF-2 treated cultures (Guillemot and Cepko, 1992; Pittack et al.. 1997). The 

differences in the results of the over-expression and blocking experiments can be explained by 

the same argument presented in Chapter 3 where FGF-2 may be one of a number of signals that 

determines RGC fate. When endogenous FGF-2 is blocked or when the FGFR is blocked, these 

other signals are sufficient to push precursors to a RGC fate. Whereas, excess FGF-2 instructs 

precursors that would have gone on to acquire other retinal cell fates to become RGCs. 

Alternatively, these data could reflect an effect of the timing of RGC genesis. Studies in rat 

show that blocking endogenous FGF-2 in retinal explant cultures by using FGF-2 blocking 

antibodies resulted in a delay in RGC differentiation but did not block this process (Zhao and 

Barnstable, 1996). Cell genesis in the Xenopus retina occurs at a much faster pace (Holt et al.. 

1988) and therefore it is possible that at stage 40 when I examined RGC fate the effect of 

blocking FGF-2 had been missed. A future experiment could rectify this problem by examining 

RGC fate at earlier stages (such as stage 33/34 or stage 35/36). 

Surprisingly, blocking endogenous FGF-2 in the developing Xenopus retina also did not 

seem to affect the proportion of transgene-expnssing rod PRs. These data disagree with the 



results of the dominant negative FGFR study showing that the rod PRs decrease when FGFRs 

are blocked (McFarlane et al., 1998). One explanation for why blocking endogenous FGF-2 had 

no effect on rod PR proportions is that FGF-2 is just one of a number of FGFR ligands that are 

expressed in the Xenopus retina when cell genesis is occurring (Chapter 3). It is possible that 

other FGF signals such as FGF-3 and FGF-9 may compensate for the lowered levels of FGF-2 in 

the developing retina and provide the determination cues necessary for rod cell genesis. 

Whereas, blocking the FGFR using a dominant negative form of the receptor would have 
b 

blocked all FGF signaling and thus altered rod PR fate. Thus, the different FGFs may play 

redundant roles in the developing retina. 

Alternatively, our experiments may not have reduced FGF-2 protein levels enough to 

block its action. Because cDNAs are expressed in a mosaic fashion, the AS-FGF-2 was 

expressed in only 5 2 5 %  of retinal cells (for example see Fig. 26). Thus, it is possible that an 

adequate amount of FGF-2 is produced by neighboring, non-transgeneexpressing cells to bind 

the receptors located on the transgene-expressing cells. To test this possibility we could inject 

AS-FGF-2 RNA instead of cDNA into blastomeres at the 16-cell stage. RNA injections will 

abolish the mosaic expression of the transgene that we see with the cDNA injections and ensure 

that FGF-2 will be blocked in at least 50% of retinal cells. In these highly expressing retinae, I 

could use cell-specific antibodies to count the transgene-expressing rod and cone PRs. In 

addition, it will be important to look at decreases in FGF-2 at the single cell level by FGF-2 

immunolabeling. Unfortunately the FGF-2 antibody (R&D Systems) that was used to examine 

FGF-2 over-expressing cells (Chapter 3) labels endogenous FGF-2 poorly and therefore a 

different FGF-2 antibody is needed for these experiments. 



My preliminary data suggest a role for FGF-2 in retinal cell genesis, in that a larger 

number of transgene-expressing cells in the [NL were Miiller glial cells (Fig. 26). Currently, I 

am unable to count the number of transgene-expressing Miiller glial cells in the AS-FGF-2 

expressing retinae to verify that there was an increase in Muller glial cell proportions. In the 

most highly expressing retinae where FGF-2 levels should have been the lowest, it was hard to 

identify Muller glial cells in amongst the other INL cell types, based on cellular morphology 

alone. Therefore, I was unable to count these cells. Moreover, I do not have an antibody that 

labels MIiller glial cell somata and processes. Future experiments will analyze the Muller glial 

cell proportions in the AS-FGF-2 expressing retinae by using a Muller glial cell antibody that 

works well in zebrafish (provided by P. Linser). However, I was able to confirm that these cells 

were not undifferentiated neuroepithelial cells by examining proliferation in the AS-FGF-2 

expressing retinae. This result is interesting because in the dominant negative FGFR studies 

there was a 3.5-fold increase in the proportion of transgene-expressing Miiller glial cells 

(McFarlane et al., 1998) and FGF-2 over-expression resulted in a decreased proportion of 

transgene-expressing Miiller glial cells (Chapter 3). Together, these data suggest that FGF-2 acts 

via FGFRs to push retinal precursors away from a Muller glial cell fate. 

The possibility exists that the enhanced production of MUller glial cells is the result of 

non-specific effects of expressing the AS-FGF-2 transcript and not due to blocking FGF-2 in the 

developing retina. One way to address this issue would be to inject a cDNA plasmid encoding 

the AS transcript of an FGF that is not developmentally expressed in the Xenopus retina. Studies 

have shown that eFGF (FGF-4) is not expressed in the developing Xenopus retina (Lombard0 

and Slack, 1997). Furthermore, inhibiting eFGF in the developing Xenopus embryo by injecting 



AS-eFGF RNA had no gross morphological effect on the developing eye (Lombardo and Slack, 

1997). Therefore, the AS-eFGF could prove to be a good control for the AS-FGF-2 experiments. 

In conclusion, my data indicate that FGF-2 is a ligand for the FGFR in retinal cell fate. 

In this study I have provided evidence for the role of FGF-2 in biasing precursors away from a 

Muller glial cell fate. In addition, I have determined that it is an FGF signal that is involved in 

rod PR determination. Future experiments will focus on establishing a role for FGF-2 in retinal 

cell genesis by expressing AS-FGF-2 in a higher proportion of retinal precursors, using a good 
4 

Miiller glial cell antibody and controlling for non-specific effects by the use of an AS-eFGF 

construct. 



Previous work in our laboratory has shown that FGFRs transduce a signal that 

influences the fate of developing retinal cells (McFarlane et al.. 1998). I have provided 

evidence for an FGF signal as the FGFR ligand in this process. I showed that a number 

of FGFR ligands are expressed in the retina when cell genesis and differentiation are 

occurring. These ligands include FGF-2, FGF-3, FGF-9 and FRL-2. Over-expression of 

one of these ligands, FGF-2, biased retinal precursors to adopt RGC and rod PR fates at 

the expense of Muller glial cell and cone PR fates, respectively. Blocking endogenous 

FGF-2 resulted in an apparent increase in Muller glial cells in the developing Xenopus 

retina. Taken together these data implicate an FGF, possibly FGF-2 in cell genesis in the 

developing retina. 

It has been postulated that retinal cells are generated from a fixed pool that over 

time shrinks in size as more and more cells become post-mitotic (Cepko, 1999) (Fig. 2). 

The generation of the different cell types is determined in part by intrinsic cues such as 

transcription factors that determine the timing of differentiation. Transcription factors 

determine when cells are able or competent to respond to different invironmental signals 

that exist in the retina. This concept of competency is an important one because if all 

cells wen able to respond to environmental factors at the same time, the retina would 

only be able to generate one cell type. Therefore, generation of retinal cells is dependent 

on the changing intrinsic and extrinsic cues in the developing retina. Since retinal cells 

are generated from a fixed pool of precursors, experimental manipulations that increase 

the production of one cell type generally seem to occur at the expense of at least one 



other cell type. For instance, when Delta is over-expressed in retinal precursors, 

enhanced cone PR genesis occurs at the expense of later born cell types, such as Muller 

glial and bipolar cells (Dorsky et al., 1997). 

Based on my data and those obtained from the dominant negative FGFR study, I 

have developed a model to explain the role FGFs may be having in retinal cell genesis. 

Since RGCs are the first cells to be generated in the retina, I will start by explaining how 

I think FGFs may be acting to influence RGC specification. RGCs are the first cells in 
+ 

the retina to become post-mitotic. Previous data using a dominant negative FGFR 

indicated that RGC genesis occurs independently of FGFR signaling in retinal precursors 

(McFarlane et al., 1998) (Fig. 33). Furthermore. blocking endogenous FGF-2 in the 

developing retina did not change the proportion of transgene-expressing cells that became 

RGCs (Chapter 4) (Fig. 34). However, over-expressing FGF-2 caused a significant 

increase in the number of transgene-expressing cells that became RGCs (Chapter 3) (Fig. 

32). Taken together, these data suggest a redundancy in the system whereby FGF-2 i s  

only one of a number of factors that biases cells towards a RGC fate. Blocking 

endogenous FGF-2 or blocking the FGFRs does not seem to affect RGC fate since these 

additional cues are sufficient to push retinal precursors to become RGCs. Whereas, 

excess FGF-2 instructs precursors that would have gone on to acquire other retinal cell 

fates to become RGCs. This hypothesis agrees with previous studies showing that 

exogenous FGF-2 increased neurofilament immunoreactivity in chick eye bud and 

dissociated retinal cultures (Pittack et al., 1997; Guillemot and Cepko, 1992). 

I found that changing FGF-2 levels in the retina had no effect on the next cells to 

be generated in the developing retina: the arnacrine, bipolar and horizontal cells. 



FIGURE 32: Over-expression of FGF-2 results in an increased proportion of RGCs and rn 

rod PRs accompanied by a decreased proportion of Muller glial cells and cone PRs. 

Retinal cells are generated from a fixed pool of progenitors that over time shrinks as 

more cells become post-mitotic. Note that as time progresses progenitors go from one 

state of competence to another to produce the various retinal cells. Furthermore, cells are 

unable to go back to the previous state of competence. FGF-2, with a number of other 

factors (X, Y), is involved in determining RGC fate. FGF signaling is also involved in 

determining rod PR fate. Therefore, when FGF-2 is increased in the-retina, retinal 

progenitors produce greater numbers of RGCs at the expense of Mullet glial cells. In 

addition, rod PRs are increased at the expense of cone PRs. See text for further 

explanation. Note that PR progenitors are indicated by XAP-1 expression. Factor Z is a 

proposed signal that determines cone PR fate. Dotted arrow indicates that steps in the 

generation of other retinal cell types are not shown. Abbreviations are as follows: P 

(retinal progenitors). 





FIGURE 33: Blocking the FGFR in retinal precursors results in a decreased proportion 

of rod PRs accompanied by an increased proportion of Miiller glial cells. FGF-2, with a 

number of other factors (X. Y), is involved in determining RGC fate. Therefore, when 

FGF signaling is blocked with a dominant negative receptor, the other factors compensate 

to produce the correct proportion of RGCs. FGF signaling is also involved in 

determining rod PR fate. When FGF signaling is blocked in the retina, rod PRs are 

decreased and the remaining progenitors go on to become Miiller glial cells. See text for 

further explanation. Abbreviations are as follows: P (retinal progenitors). 





FIGURE 34: A proposed model for blocking endogenous FGF-2 in the Xenopus retina. 

FGF-2, with a number of other factors (X, Y), is involved in determining RGC fate and 

therefore when FGF-2 is blocked the other factors compensate to produce the correct 

proportion of RGCs. FGF signaling is also involved in determining rod PR fate. When 

FGF-2 is blocked in the retina, rod PRs are decreased and therefore the remaining 

progenitors go on to form an increased proportion of Muller glial cells. See text for 

further explanation. Abbreviations are as follows: P (retinal progenitors). 





However, my FGF-2 over-expnssion data suggest that an FGF signal has an important 

role in rod PR genesis (Chapter 3). Since the increase in rod PRs was accompanied by a 

decrease in cone PRs, while total PR proportions remained constant, it seems that the 

increase in rod PRs occurs at the expense of cone PRs and that a shift in cell fate is 

occurring (Fig. 32). Recent work has raised the idea that early and late progenitors exist 

in the retina that give rise to specific retinal cells (Alexiades and Cepko. 1997). In chick, 

progenitors expressing the VC 1.1 marker differentiate mainly into amacrine and 

horizontal cells in the early retina. As development proceeds the VC 1. I+  progenitors 

usually differentiate into rod PRs. Therefore, it seems likely that while progenitors may 

not be restricted to producing a distinct subset of cell types, they are biased towards the 

production of particular cell types. It is likely that various species will have precursors 

with different cell fate biases, depending on the final adult proportions of the different 

cell types. My data showing that FGF-2 over-expression affects the relative proportions 

of cone and rod PRs, suggest that there is a precursor in the Xenopus retina that gives rise 

to both cell types in that cone PRs are produced earlier than rod PRs. Indeed, previous 

studies have demonstrated that in the early Xenopus retina, both cone and rod PRs 

express the XAP- 1 antigen (Hams and Messersmith, 1992). 

How might FGF-2 affect PR fate in the retina? Over-expression results in an 

increased proportion of rod PRs at the expense of cone PRs suggesting that an FGF signal 

normally biases PR precursors towards a rod PR fate. We propose that mis-expression of 

FGF-2 pushes precursors that would become cone PRs towards a later rod PR fate. This 

idea agrees with the dominant negative FGFR study which showed that when the FGFR 

was blocked, although there was no change in the cone PR proportions, there was a 



decrease in rod PRs at the expense of Muller glial cells (McFarlane, 1998). Together, 

these studies indicate that FGF signaling is required for rod PR determination. If we 

proceed with the idea that a common progenitor exists for rod and cone PRs, a possible 

explanation for how exogenous FGF-2 could push cones towards a rod fate is the 

following. The exogenous FGF-2 acts early on PR progenitors to pull them away from 

the earlier specified cone PR fate and towards the later rod PR fate (Fig. 32). Similarly 

when the FGFR is blocked, since the cone PRs are specified earlier and do not depend on 
L 

an FGF signal. there is no effect on cone PR proportions. In contrast, since FGF 

signaling is involved in rod PR production, their proportions are decreased in the 

dominant negative FGFR study (Fig. 33). As a result, there is a decrease in PR 

proportions in the FGFR study. 

There are several possible explanations to why an FGF signal normally does not 

influence cone PR specification. First, the appropriate FGF signal may not be expressed 

where and when cone PRs are generated. Second, the receptors might be the limiting 

factor in the determination of specific cell types in that although FGF signal is around, 

significant amounts of FGFRs are not present in early PR precursors when cone PRs are 

being specified. Indeed, in the rat retina over-expression of the epidermal growth factor 

receptor (EGFR) resulted in increased sensitivity to its ligand transforming growth factor- 

a (TGF-a) thereby resulting in an increased production of MUller glial cells (Lillien, 

1995). Similarly, the number of available FGFRs could determine the proportions of 

each PR cell type. However, this seems unlikely since an increase in FGF-2 resulted in 

an alteration of rod PR fate (Fig. 32). The final possibility is that a competing signal may 

be responsible for cone PR determination. In the early retina, this unknown signal out- 



competes FGF-2 to bias precursors to a cone PR fate. Therefore, when the FGF-2 is 

enhanced by over-expression in the retina, the FGF-2 signal wins out and precursors are 

biased to a rod PR fate. 

Based on my model where retinal cells are generated from a fixed number of 

progenitors, one would predict that the overproduction of one cell type should cause a 

decrease in at least one other cell type, if not d l  (Fig. 32,33,34). Interestingly, it is 

usually Muller glial cells whose numbers reflect what is happening to other cell fates. 

Indeed, in my FGF-2 over-expression study, the proportion of FGF-2 over-expressing 

Miiller glial cells was reduced as compared to control. This is because Muller glial cells 

are the last cells to be born in the Xenopus retina (Donky et al., 1997) and since there is 

no backwards movement of specification in the developing retina (Fig. 33,34,35), 

manipulations that change the proportion of one cell type usually affect the later-born cell 

types. Therefore, it is possible that in the late developing retina fewer precursors 

remained to acquire the Muller glial cell fate. Similarly, in the dominant negative FGFR 

study, when FGF signaling was blocked, there was an increase in Muller glial cell 

proportions (Fig. 33). This is because FGF signaling is involved in rod PR fate and since 

FGFR signaling was blocked there was a decreased proportion of rod PRs. The 

remaining precursors had to acquire an alternate cell fate and the only cell type remaining 

to be determined was the Muller glial cell. Note that the cone PR fate was unaffected 

because FGF signaling is not involved in cone PR fate and therefore earlier in the retina, 

retinal precursors gave rise to the same proportion of cone PRs as they would in the 

normal retina. 



With regards to the anti-sense data, my model predicts that if we are successful in 

the future in blocking FGF-2 production in a greater number of cells, we should see a 

decrease in rod PR proportions accompanied by an increase in the proportion of 

transgene-expressing Miiller glial cells (Fig. 34). This would occur because FGF 

signaling is involved in rod PR specification and FGF-2 is one member of the FGF 

family. Therefore, blocking FGF-2 should have the same effect as blocking the FGFR. 

Note that the effects of blocking FGF-2 may not be as pronounced as the effects of 

blocking the FGFR since other FGFs may be present to try and compensate for the lois of 

FGF-2. In my study blocking FGF-2 did not seem to affect rod PR proportions (Chapter 

4). This could be because I was not successful in blocking most of the FGF-2 present in 

the retina and therefore the effects on rod PRs may have been too small to be significant. 

In conclusion, I have presented a model whereby FGF signaling alters retinal cell 

fate (Fig. 32, 33,34). This model supports the one presented by Cepko (1999) where the 

retina contains a fixed pool of precursors and therefore any changes to one cell type 

affects other retinal cells. FGF-2 is one of a number of factors that determines RGC fate 

and increases in FGF-2 can lead to a greater allocation of progenitors to the RGC fate at 

the expense of later born cell types like the Muller glial cell. Similarly, FGF signaling is 

critical in determining the rod PR fate. Increased FGF signaling can result in a greater 

number of PR progenitors to be allocated to the rod PR fate thereby leaving a smaller 

number of PR progenitors to acquire the cone PR fate. FGFRs have many ligands. I 

have identified a number of these FGF family members in the Xenopus retina and 

therefore, future experiments should address the role that these other ligands may play in 

conjunction with FGF-2 in retinal cell fate. 
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