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A B S T R A C T

Bone morphogenetic protein-4 (Bmp-4) is a member of the Transforming 

Growth Factor-6 (TGF-6) superfamily of secreted signalling molecules. In this work, I 

have investigated its spatiotemporal distribution and possible function in the developing 

chick eye. The chick homologue of Bm p-4  is expressed throughout the developing 

chicken optic vesicle between Hamburger and Hamilton stages 13 and 17. It then 

shows a distinctive restriction to the dorsal quadrant of the eye until stage 30, when 

expression begins to fade, becoming undetectable by stage 35. Transcripts of the 

homeobox-containing gene GH6 show a similar dorsal restriction to B m p-4 , but 

between stages 20-35. Overexpression of Bmp-4 in vivo results in no detectable change 

in eye morphology, but enlarges the expression domain of GH6, indicating that the two 

genes may form part of a gene cascade involved in patterning the eye. In vitro, BMP-4 

appears to stimulate retinal cell proliferation. It has no effect on retinal cell 

differentiation in vitro. In the chick, the patterning activities of sonic hedgehog (shh) 

are known to involve activation of Bm p  expression in at least two instances; the 

development of the limb and midgut. I report here that shh is not expressed in the chick 

eye at all during development, but is found in the ventral portion of the diencephalon 

(forebrain).

The available data suggests a number of roles for BMP-4 in chick eye 

development. BMP-4 may specify dorso-ventral retinal polarity required for proper 

retinal axon pathfinding, or establish a dorso-ventral gradient of cell proliferation in the 

developing optic cup. Alternatively, it may act as a hedgehog family member antagonist 

in establishing the retinal identity of the most dorsal portion of the eyecup.
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A N D
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Over the past few years, great strides have been made in identifying the many 

signalling factors that regulate cell-cell interactions in embryogenesis. Among the many 

large families of growth factor molecules that have been extensively researched is the 

Transforming Growth Factor-13 (TGF-6) superfamily which includes the Bone 

Morphogenetic Proteins (BMPs).

These secreted factors have been implicated as regulators of morphogenesis in 

diverse embryonic systems ranging from mouse skeletal element formation (Kingsley et 

al, 1992; Kingsley, 1994a) to epidermis formation in Xenopus gastrula (Wilson and 

Hemmati-Brivanlou, 1995) to chick limb patterning (Francis et al, 1994).

This thesis examines the role of one member of the BMP subgroup, BM P-4, in 

the development of the chick eye. I sought to do this by firstly investigating the 

distribution of Bm p-4  RNA in the developing eye and then looking at the effects of 

BMP-4 on retinal cells in vitro and in vivo.

1.1 The Bone Morphogenetic Proteins

The Bone Morphogenetic Proteins are a group of at least ten signalling proteins 

some of which were originally identified by their ability to induce ectopic bone 

formation (Urist, 1965). Because of this functional approach to their identification, one 

member of this group is structurally unrelated to the others; BMP-1 has been identified 

as Procollagen C-Proteinase (Kessler et al, 1996; Reddi, 1996) whereas the other 

BMPs are members of the TGF-6 superfamily and share a closely-related carboxy- 

terminal region containing up to seven conserved cysteine residues.
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1.1.1 HISTORY AND ROLE IN BONE FORMATION

The majority of embryonic bone development takes place by the process of 

endochondral bone formation which involves the laying down of a cartilage matrix 

which then calcifies. This process can be mimicked by the implantation of 

demineralised bovine bone extract in sites that would not normally give rise to bone, 

such as rabbit intramuscular pouches (Urist, 1965).

Urist (1965) believed that a proteinaceous agent in the extract was responsible 

for its bone-forming activity and named this agent bone morphogenetic protein (BM P). 

At this time, it was still unclear as to whether BMP ability was due to one or several 

interacting components of the extract (Wozney et al, 1988).

The process of bone formation as mediated by BMPs takes place as follows. By 

day 3 after implantation of the extract, invasion by surrounding mesenchymal cells 

takes place. The mesenchymal cells differentiate into chondroblasts and chondrocytes 

producing a mass of cartilage (a condensation) which undergoes proliferation, 

hypertrophy and finally calcification (Carrington and Reddi, 1991). At day 10, the 

cartilage matrix begins to break down due to the activity of osteoblasts, derived from 

mesenchymal cells, and osteoclasts, derived from bone marrow haematopoietic stem 

cells, which go on to form bone on the remnants of the cartilage matrix. At the same 

time, the marrow of the developing bone becomes filled with blood vessels and 

haematopoietic cells. The entire process of ossicle formation is complete by day 

21 (Zheng et al, 1994).

Largely because this bioassay of ossification remained the defining criteria for 

BMP activity, separation of this activity from the rest of the extract remained 

problematic Wang and coworkers succeeded in extracting BMPs in guanidine (Wang et 

al, 1990). The initial cloning of the first three members of the BMP subgroup, BMPs - 

2, -3 and -4, (Wozney et al, 1988) led shortly to the cloning of another three BM Ps, 

BMP-5, -6 and -7 (Celeste et a l , 1990). BMP-8 or Osteogenic Protein-2 was later 

discovered by Ozkaynak et al (1992). The sequence of the latest two BMPs to be
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discovered, BMP-9 and BMP-10, has not yet been published, but patents have been 

applied for in 1993 and 1994 respectively.

The BMP activities of BMP-1, -2 and -3 were demonstrated by expressing the 

proteins in COS cells, showing that implanted cells resulted in cartilage formation 

(Luyten et al, 1989). Similarly, Wang et at (1990) showed that recombinant BMP-2 

expressed in Chinese hamster ovary cells was capable of inducing cartilage and bone 

formation. Secreted BMP-4 has also been shown to have osteogenic activity 

(Hammonds et al, 1991) as has BMP-5 in cell lines(Baylink et al, 1996).

Another BMP that has been shown to have bone-inducing potential is BMP-7 

which has been shown to induce differentiation of chondroblasts and osteoblasts in 

murine clonal cell lines (Asahina et al, 1996). The other BMPs have not been shown to 

induce ectopic bone or cartilage, but several are thought to have various functions as 

signalling molecules in morphogenesis (see later).

1.1.2 FAMILIES WITHIN THE TGF-p SUPERFAMILY-AN OVERVIEW

All the BMPs, except BMP-1, are members of the Transforming Growth 

Factor-p superfamily. This is a large group of molecules (at least 36 members at time of 

writing), which are peptide growth factors capable of regulating morphogenesis at 

many stages of embryonic development. Members of the TGF-P superfamily have 

been divided into distinct subgroups according to the sequence homology of their 

mature C-terminal domains (see Table 1.1). The major categories consist of : 1) The 

TGF-p subfamily 2) The Activin subfamily 3) The large dpp-Vg-related (DVR) group 

and 4) other more divergent genes. Each of these will be dealt with in tum.



Members of the TGF-jg superfamily

GROUP FAMILY SUBFAMILY MEMBERS

TGF TGF 1.2,3,4 & 5

Activin Inhibin /3A, B

DVR
<

BMP/OP
<

dpp

60A

Radar

BMP-2, BMP-4 & dpp

BMP 5-8. 60A, UNIVIN. 
OP-3

Radar, GDF 5-7

V g l, dsl. BMP-9

BMP-3, GDF1, GDF3, 
nodal, screw, ADMP, 
BMP-10, GDF-10

Inhibin a, MIS, GDNF

T ab le  1.1  The organisation of the TGF-6 superfamily into families, subfamilies and 

groups according to sequence identity. Most of the groupings are taken from Kingsley 

(1994), while the organization of the BM P/OP  family is from Griffith (1996), Radar 

grouping is from Rissi et al, 1995.



1.1.2.1 The TGF-P subfamily

The first discovered member of this family, TG F -pi, was isolated from human 

platelets and placenta, and bovine kidney as a 25kD homodimer with a unique N- 

terminal sequence. Other closely related isoforms have been found in vertebrates, 

namely TG F-(32, p3, p4  and p 5  (reviewed in Sporn and Roberts, 1992; Mosesgf al, 

1990). TGF-p4 is thought to be the chick homologue of mammalian TGF-pi (Burt and 

Paton, 1992).

TGF-Ps have been shown to regulate multiple functions in animal cells, 

including cell cycle progression, differentiation, adhesion, migration and extracellular 

matrix production (reviewed in Sporn and Roberts, 1992). TG F -pi null mutant mice 

suffer defects in yolk sac haematopoiesis and endothelial differentiation with those 

surviving past birth dying a few weeks later from an inflammatory syndrome (Dickson 

et al, 1995; Kulkarni et al, 1993).

1.1.2.2 The Activin subfamilv

Activin protein is fromed either by disulphide-linked homodimers of Inhibin pA  

or pB  subunits or by a heterodimer composed of pA  and pB  subunit proteins (Mitrani 

et al, 1990). The pA  and pB  subunits can also form dimers with a more distantly 

related subunit called Inhibin a (Kingsley, 1994).

The activins are thought to regulate the formation of axial structures in the chick 

(Mitrani et al, 1990) and mesoderm induction and neurulation in Xenopus (Nishimatsu 

et al, 1992a) but not in mice (Matzuk et al, 1995).

1.1.2.3 The DVR group

The DVR group is the largest subdivision of the TGF-P superfamily and 

comprises the BMP family as well as other more distantly related molecules like BMP-



3, GDF-1, GDF-3, etc (see Table 1.1). Kingsley (1994) has pointed out that the 

grouping is supported by percentage similarity scores but that the borders of the group 

are somewhat blurry.

The BMP family itself can be further broken down into three subfamilies, the 

dpp family, the 60A family and the newly discovered radar family. Each of these will 

be discussed in turn. Members within each subfamily share 12-92%  identity, while 

members of different subfamilies share only 40-60% identity (Storm et al, 1994).

The dpp subfamily is named after the Drosophila decapentaplegic (dpp ) gene 

which was originally identified as a series of allelic mutations affecting imaginai disc 

development (Spencer et al, 1982). This gene regulates several aspects of Drosophila 

development and is discussed in greater detail in section 1.2.3.2.

BMP-2 and BMP-4 are vertebrate homologues of dpp and are 75% identical to 

the Drosophila gene. The fly and vertebrate proteins are able to substitute for each other 

on a functional level. A chimeric dpp-Bmp-4 transgene was able to rescue dorso-ventral 

patterning of null dpp mutants flies (Padgett et al, 1993), while dpp and the related 

protein 60A (see later) can induce bone formation in rats (Sampath et al, 1993).

Like the dpp subfamily, the 60A subfamily consists of one Drosophila gene 

and a number of vertebrate BMPs. The original member, 60A, was isolated as part of a 

search for TGF-p family members in the fruit fly genome (Doctor et al, 1992; Wharton 

et al, 1991). 60A protein is cleaved and then secreted as an N-terminal domain and C- 

terminal homodimers and may play a role in mesoderm formation and gut development 

(Doctor et al, 1992). Bmp-5, -6, -7 and -8 are members of this subfamily and show 

approximately 75% homology between themselves and approximately 60% homology 

to 60A. The recently discovered molecules Univin (in sea urchins; Stenzel, 1994) and 

OP-3 (Griffith et al, 1996) also belong to this subfamily.

It has been suggested that members of the 60A subfamily may exert their effects 

by heterodimerisation with dpp family members. BMP-4 and BMP-7 form active
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heterodimers with potent bone-inducing capacity (Aono et al, 1995) and Bm p-2  and 

Bm p-7 h?Lve overlapping expression domains in vivo (Francis-West et al, 1995; Lyons 

et al, 1995). Furthermore, BMP-2, -4 and -7 appear to bind to common cell surface 

receptors (see section 1.1.5).

The third family, radar, was named after the recently discovered zebrafish gene 

product of the same name and contains Radar and Growth and dijferenatiation factors 

5-7 (G d f 5-7). Radar is most closely related to Gdf-6  and is expressed in the dorsal 

region of the neural plate and retina. It is also found in neural crest and ventral posterior 

mesenchyme (Rissi et al, 1995). Mutations in the Gdf-5  gene cause a condition called 

brachypodism  in mice and in humans, characterised mainly by shortening of limb 

skeletal elements due to faulty chondrogenesis (Storm et al, 1994; Thomas et al, 1996).

Apart from these three subfamilies, the BMP/OP family also contains the Vg-1, 

dorsalin (dsl) and Bmp-9 genes. The Vg-1 gene was originally isolated due to its 

asymmetric distribution in oocytes (Weeks and Melton, 1987) and is thought

to be involved in mesoderm and axis formation in the oocytes (Thomsen and Melton, 

1993)D sl has been implicated in the regulation of cell differentiation in the neural tube 

(Basler et al, 1993) while Bm p-9  is thought to be involved in liver morphogenesis 

(Song et al, 1995).

A number of diverse molecules lie within the DVR grouping but outside the 

BMP family. This group is more heterogenous than the others discussed so far. Bm p- 

3, for example, bears only 40-48% homology to the other BMPs. Gdf-1 was isolated 

during a screen for novel (mammalian) members of the TGF-P subfamily. The gene 

has been shown to comprise two non-overlapping open reading frames encoding two 

different proteins. One of these was detected exclusively in brain, spinal cord and 

peripheral neurons in mouse embryos. The other is highly conserved between mice and 

humans (Lee, 1991).



Another GDF, GDF-3, lacks a cysteine residue important for the process of 

dimer formation in other members of the TG F-p superfamily. It is expressed in 

developing skeletal tissue (Jones et al, 1992b) and in adult thymus, spleen, bone 

marrow and adipose tissue.

Nodal has been localised to the node at the anterior portion of the primitive 

streak in mouse embryos and is thought to encode a signalling molecule essential for 

mesoderm formation and organisation of axial structure in early mouse development 

(Zhou et al, 1993).

Unlike the other genes in this group, screw (sew) is a Drosophila gene thought 

to interact with dpp in specifying dorsal cell fates in the developing embryo. Like sew , 

Anti-Dorsalising-Morphogenetic-Protein (ADMP) is thought to be involved in setting 

up embryonic polarity, but as its name implies, overexpression of admp mRNA in 

Xenopus suppresses dorsal and anterior structures. Dorsalising factors like activin and 

LiCl induce A dm p  gene expression suggesting that the gene may act to restrict the 

dorsalising activity of activin(Moos et al, 1995).

Gdf-10 is expressed in developing murine uterus, adipose tissue, brain, liver 

and spleen, suggesting that it has multiple roles in embryogenesis (Cunningham et al, 

1995).

1.1.2.4 Other more divergent genes

The last group of molecules I will discuss are divergent molecules that do not 

fall into any particular group within the TGF-p s u p e r f a m i ly . /« / i f a has already been 

mentioned. Mullerian inhibiting substance (MIS) is a gonadal hormone and M IS  

deficient male mice develop as pseudohermaphrodites with oviducts and uteri. Four 

receptors for MIS have been cloned (He et al, 1993). Another molecule, glial-derived- 

neurotrophic factor (GDNF) was isolated due to its ability to promote the survival and 

differentiation of midbrain dopaminergic neurons (Lin et al, 1993).
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1.1.3 STRUCTURE OF THE BMPS

As already mentioned, BMPs are members of the TGF-B superfamily. With the 

exception of GDF-3 which has six cysteine residues, the TGF-p C-terminal domain has 

seven conserved cysteines. The members of this family are initially synthesised as 

large precursor proteins containing an amino terminal signal sequence and a pro

domain. This pre-pro precursor is cleaved at a dibasic or RXXR site to release a mature 

C-terminal peptide of 110-140 amino acids (Fig. 1.1 A). Proteolytic cleavage of the pro

domain and dimer formation are required for activity (Dale et al, 1993; Thomsen and 

Melton, 1994) and may be an important method of regulation of this class of 

m olecules. The BM Ps are capable of both homodimer and heterodimer formation 

(Aono et al, 1995). The homodimeric form o f Xenopus BMP-2 has been purified from 

X enopus  embryos and shown to induce alkaline phosphatase expression in osteoblast 

cells (Shoda et al, 1994), while homodimers of Xenopus  BMP-4 and BMP-7, as well 

as heterodimers of BMP-4/-7 have osteoinductive capabilities in rats, with the 

heterodimer having the strongest activity (Aono et al, 1995). Aono et al (1995) also 

suggested that native bone-inducing activity in bony matrix was due to heterodimeric 

BM P.

The N-terminal region (leader and pro-domain) of TGF-6 family members 

exhibits a great amount of variability (Kingsley, 1994) and can be disrupted in at least 

one family member, DSL, without affecting biological activity (Basler et al, 1993). 

Even within the BM Ps, it is the C-terminal amino acid region that is most highly 

conserved (Feng et al, 1994; Rosen and Thies, 1992). However, the pro-domain is 

thought to be necessary for normal synthesis and secretion (Gray and Mason, 1990; 

Hammonds et al, 1991; Thomsen and Melton, 1993). The importance of the pro-region 

is illustrated by the fact that creation of a fusion protein containing the pro-region of 

BMP-2 fused to the mature region of BMP-4 dramatically improved secretion of BMP- 

4 from mammalian cells (Hammonds eta l, 1991).
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The conserved cysteines in the mature protein play an important role in its 

tertiary structure - the creation of the cystine or TGF-13 knot (Daopin et al, 1992; 

Schlunegger and Grutter, 1992). This is an eight-member ring at the core of the 

molecule formed by two disulphide bridges connecting four cysteine residues, with a 

third disulphide bridge pointing directly through the ring (see Fig. I .IB ). Finally, the 

last cysteine residue in each monomer subunit is necessary for the formation of 

disulphide bonds between biologically active homodimers or heterodimers (Massague, 

1990). Two TGF-6 family members, GDF-3 and GDF-9 (Jones et al, 1992b; 

McPherron and Lee, 1993), lack this last cysteine but may be able to dimerise by virtue 

of their hydrophobic contacts.

The three-dimensional structure of BMP-7 has been reported (Fig. I .IB ; 

Griffith et al, 1996) and, like TGF-6, possesses the cystine motif and the beta-folds, 

suggesting a common mechanism for receptor interaction.

It has been suggested that the protease activity of BMP-1 may have a role in the 

activation of the other BMPs, since its sequence is closely related to that of Drosophila 

tolloid which has been implicated in the processing pathway of DPP, the Drosophila 

ortholog of BMP-2 and -4 (Childs and O'Connor, 1994; Finelli et al, 1994; Shimell et 

al, 1991). This prospect seems less likely now that BMP-1 has been identified as 

procollagen C-proteinase and is thought to play a more direct role in ossification 

(Kessler et al, 1996; Reddi, 1996). However, the BMP-1 protease may have more than 

one function. Also, the Bmp-1 gene encodes two alternatively spliced transcripts, not 

only for the BMP-1 pro-collagen protease, but also for mammalian Tolloid (which 

encodes a putative astacin metalloendopeptidase domain). It has been suggested that 

BMP-1 belongs to a separate class of structurally-related proteins containing CUB 

domains (Bork and Beckmann, 1993).
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Fig. 1.1 Structure of TGF-B superfamily members. (A) Diagrammatic view of TGF-B 

related protein (from Kingsley, 1994). All members of the family are synthesised as 

larger precursor molecules. The leader sequence targets the precursor to the secretory 

pathway; while the variable pro-domain may assist in folding, synthesis or secretion. 

The signalling molecule consists of homo- or hetero-dimers of a mature well-conserved 

C-terminal domain which is cleaved from the rest of the molecule at a RXXR site. The 

mature fragment contains seven invariant cysteines. (B) Schematic drawing of the 3-D 

structure of BMP-7 (from Griffith et al, 1996). Six cysteines form three disulphide 

bonds characteristic of the cystine knot motif. Two at Cys-67-Cys-136 and Cys-71- 

Cys-138, form a ring through which the third, Cys-38-Cys-104, passes. The four 

strands of the antiparallel B-sheet, which emanate from the knot, form two finger-like 

projections. The heel of the hand is formed by an a-helix at the opposite end of the 

knot. The tube marked a l  is the a  helix while the solid thin lines indicate the 

intrasubunit disulphide bonds. The N-terminus lacks the disulphide bond characteristic 

of TGF-B2.
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1.1.4 BMPS IN BONE FORMATION

The initial discovery of the BMPs was due to their ability to induce the 

formation of bone when implanted in ectopic sites in the rat (see section 1.1.1) and their 

effects on bone morphogenesis continue to be the subject of much research.

BMP-1 has recently been shown to be identical to Procollagen C-proteinase and 

cleaves the C-propeptides of procollagen I, II and III to produce the collagen fibres of 

the extracellular matrix (Kessler et al, 1996).

Bmp-2  expression is localised to the precondensing mesenchyme of the 

developing mouse limb (Lyons et al, 1990) and both Bm p-2  and -4 are found in the 

developing cartilage elements of the chick limb (Francis et al, 1994), suggesting a role 

for these BMPs in embryonic skeletogenesis. Bm p-2  and-4 have also been implicated 

in orofacial primordia development (Bennett eta l, 1995; Francis-West et al, 1994).

Bmp-3  is expressed in developing human perichondrium, periosteum and 

osteoblasts and has been shown to have cartilage-inducing activity when expressed in 

COS cells (Luyten et al, 1989; Vukicevic et al, 1994).

Mice carrying the short-ear {se) mutation have deletions in the Bm p-5  gene 

(Kingsley et al, 1992; Kingsley, 1994a). The mutant mice suffer from a number of soft 

tissue alterations and skeletal defects. Kingsley (1994a) traced these defects to the early 

stages of cartilage formation based on the alteration in the size and shape of cartilage 

condensations in the mutant mice. However, Bm p-5  is also expressed later in 

osteogenesis in the osteogenic stem cell layer surrounding the cartilage matrix 

(Kingsley, 1994a) and Baylink et al (1996) have proposed that the defects in se mice 

are due to impaired osteoblast differentiation.

The Bm p-6  gene is expressed in hypertrophic cartilage in developing mouse 

embryos(Lyons et al, 1989) and together with Bmp-1, 2 and 4 is expressed by cultures 

of foetal rat calvarial osteoblasts as they form mineralised bone nodules (Harris et al, 

1994).
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Bm p-7  mRNA is expressed at multiple sites in the mouse embryo and is often 

colocalised with Bmp-2, suggesting that the two BMPs function co-operatively (Lyons 

et al, 1995), perhaps in heterodimers. Mice deficient in B m p-7  have skeletal defects in 

the skull, rib cage and hindlimbs (Luo et al, 1995; Dudley et al, 1996), showing that 

B m p-7  is required for proper skeletal development. In addition, BMP-7 induces 

chondroblastic and osteoblastic differentiation in murine clonal cell lines (Asahina et al, 

1996).

BMP-8, 9 and 10 have not yet been shown to induce bone or cartilage 

formation in vivo  and their localisation in developing skeletal structures has not been 

reported.

What is currently known about the osteoinductive properties of the BM Ps is 

summarised in Table 1.1.

The exact mechanism of endochondral ossification induced by the BM Ps is yet 

unknown, but a number of clues to the pathway exist (for review, see Rosen and 

Thies, 1992).

The BMPs are secreted signalling molecules and are thought to act in an 

autocrine or paracrine manner to regulate skeletal development in the embryo (Chen et 

al, 1995). Recombinant human BMP-2 has been demonstrated to enhance cell 

proliferation (Yamaguchi et al, 1991) and stimulate gene expression of interleukin-6 

(IL-6) and TGF-Bl in a human osteoblast-like cell line (Zheng et al, 1994). TGF-61 

production by monocytes in response to recombinant human BMP-4 is thought to be 

instrumental in the differentiation of mesenchymal cells into chondrocytes 

(Cunningham et al, 1992); while IL-6 stimulates osteoclast maturation (Kurihara, 1990) 

and bone resorption (Lowick et al, 1989).

Recently, osteoblast treatment with BMP-2 has been shown to shift TGF-13 

action away from DNA synthesis and towards stimulation of collagen synthesis by 

altering TGF-B binding to its receptors (Centrella et al, 1995). TGF-Bl and BMP-2 

have also been shown to stimulate chondrogenesis in a chondroblast cell line by altering 

cell-adhesion (Denker et al, 1995) demonstrating the multifaceted action of BMPs on
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BMP g » n a  In d u e* *  b o n e /c a r ti la g a '’ E x p re ss io n  in d e v e lo p in g  sk e le ta l s tru c tu re s  Effects of knockou t o n  b o n e  fo rm ation
BMP-1 C a rt ila g e

BM P-2 B oth

BM P-3

B M P - 4

BM P-5

BMP-6

B oth

B oth

B oth

Nat reported

BMP-8 Not reported

BMP-9 Not reported

BMP-10 Not reported

C o n d e n s in g  m e se n c h y m e

C o n d e n s in g  p re c a r ti la g in o u s  

m ese n ch y m e , limb apical 

e c to d e rm a l ridge . In te rd ig its, 

o ro fa c ia l p r im o rd ia  

an d  to o th  bu d s . L ater in 

p e r ich o n d riu m  an d  

p e r io s te u m

P eric h o n d riu m , p e r io s te u m , o s te o b la s ts

A pical e c to d e rm a l rid g e  a n d  

m e se n c h y m e  of early limb 

b u d s . A lso In o ro facia l 

p r im o rd ia

C o ex ten s iv e  with m any  re g io n s  

of c o n d e n s in g  m e se n ch y m e .

Later found  in p erich o n d riu m  

a n d  p e r io steu m  of d iffe ren tia ting  

skele ta l e lem en ts

H y p e r t ro p h ic  c a r t i l a g e  a n d  

o s t a o b l a s t s

C o n d e n s i n g  p r e c a r t i l a g i n o u s  

m e s e n c h y m e ,  in te rd ig i ts .  L a te r  

in p e r i c h o n d r iu m .

Not reported 

Not reported 

Not reported

Not rep o rted  

Not rep o rted

Not rep o rted

No skeletal- 

specific  d e fec ts

Sm all external ear. sco llo p in g  

of thyroid ca rtilage, th inn ing  of 

tra c h e a  rings. S hort w ide  skull, 

v e rteb ra l p r o c e s s e s  r e d u c e d  or 

ab se n t, long b o n e s  h av e  a lte re d  

cu rv es  but sm aller w id th s

Not reported

Hind limb polydactyly. failure of 

seventh pair of ribs to  fuse to 

sternum , cranial m em branous b o n es  

not fully developed

Not reported

Not reported

Not reported

T ab le  1 .2  Table summarising the role of the Bone Morphogenetic Proteins in 

vertebrate bone formation. Their ability to induce ectopic formation of bone and/or 

cartilage, the pattern of expression of their transcripts in developing skeletal tissue and 

the effects of null mutations on mouse phenotype are all described.
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bone formation BMP-2 has also been shown to stimulate the in vitro migration of 

osteoblasts and osteosarcoma cells and might therefore play a role in chemotactic 

recruitment of osteoblasts during bone formation (Lind et al, 1996).

In addition, the Hox, Pax and Gli genes have been implicated in skeletal 

development and BMPs have been shown to induce sequential H ox  and M sx  gene 

expression in the process of ectopic bone formation (limura et al, 1994). If a parallel 

may be drawn to related members of the TGF-6 family, TGF-6 itself has been shown 

to induce the expression of a novel zinc-finger protein which is restricted to osteoblasts 

and skeletal muscle cells (Subramaniam et al, 1995) and may mediate downstream 

signalling in bone formation.

The BMPs are of great interest because of their potential clinical applications in 

stimulating bone healing (Rosen and Thies, 1992), however, much remains to be 

discovered about the complex molecular cascades that accompanies endochondral 

ossification.

1.1.5 BMPS AS SIGNALLING MOLECULES IN DEVELOPMENT

Apart from their function in the formation of the skeleton, the BMPs have been 

implicated in numerous other developmental processes.

Table 1.3 summarises the known mRNA expression patterns, effects of mouse 

knockout/dominant negative experiments, naturally-occurring mutants and postulated 

roles of BMPs in embryogenesis outside of endochondral ossification.

1.1.5.1 BMP-1

BMP-1, the only non-TGF-6 related member of the family, may play a role in 

axis formation in the embryo. Transcripts of the murine gene are distributed at low 

levels throughout the mesoderm of 7.5 days p.c. embryos, but are found at high levels



BMP g e n * E x press ion  p attern  in soft t is su e Effects of m o u se  knockouts P ro p o se d  ro le s

BM P. I

BM P-2

B M P.3

8M P-4

BM P-5

BM P-6

BM P-7

BM P-8

BM P-9

BM P-10

M eso d erm , dev e lo p in g  sp inal 

c o rd  a n d  m id /tiindbra in

M yogenic layer of heart 

cu sh io n s , too th  bu d s, hair 

& w h isker follicles, sensory  

p la c o d e s , d ev e lo p in g  ovary 

a n d  testis .

In lung  epithelium , kidney 

tu b u le s  a n d  intestinal 

m u c o sa

M esoderm , ep iderm al ec toderm , 

d o rsa l neura l tube , lateral som ites . 

Later in heart, w hisker follicles, 

too th  b u d s , b ranch ial a rches, 

d ie n c e p h a lo n , hindbrain, eye.

D evelop ing  lung m esenchym e, 

u re te r, b lad d er, intestine, a n d  

te len ce p h a lo n . Adult lung e n d  

liver.

D evelop ing  oocy tes , m en inges , 

hea rt, p la cen ta , neural tube  

a n d  skin & gu t epithelia. Adult 

a n d  fetal brain.

D evelop ing  no tochord , su rface  

ec to d erm , heart, gut, kidney, 

ey e  a n d  b ranch ia l a rches.

P a tte rn  no t rep o rted  

D evelop ing  h ep a to cy te s

N ot rep o rte d

Not repo rted

Not repo rted

Not repo rted

A bnorm al m e so d e rm  and  

yolk sa c  b lood  v esse l 

form ation. D isorganisation  

of s tru c tu res  p oste rio r 

to the heart.

In c re a se d  Incidence  of 

lung  cysts , liver g ranu lom as, 

hydrotic k idneys & ureter, 

d is p la c e d  o v aries  & irregu la r 

in testina l folding

Not rep o rted

Failure of n e p h ro g en e sis  in 

th e  d ev e lop ing  kidney, 

m icrophthalm ia or 

anolphthalm ia

Not rep o rted

Not rep o rted

Not repo rted

E m bryonic axis 

form ation

M esoderm  induc tion , 

neu ronal specifica tion , 

e p ith e lia l-m esen ch y m al 

in teractions, cell fate 

determ ination

S ignalling  m o lecu le s  

in lung, k idney  a n d  

in testinal 

m o rp h o g e n e s is

Call fate specifica tion , 

ep ith e lia l-m esen ch y m a l 

in terac tions , a p o p to s is , 

s ignalling  m o lecu le s  in 

axis form ation , neu ro troph ic  

factor, m e so d e rm  a n d  

a n d  ep id erm al in d u c e r

M ed ia tes

ep ith e lia l-m esen ch y m al

in te rac tio n s

N ervous tis s u e  

m o rp h o g e n e s is

S ignalling  m o lecu le  

in k idney a n d  ey e  

d ev e lo p m e n t

Unknown

R egulato ry  role in 

h epa tic  grow th a n d  function

Unknown

Table 1.3 Table summarising the multiple roles of Bone Morphogenetic Proteins in 

patterning the developing embryo.
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in the floor plate o f  the spinal cord and mid/hindbrain from about 9.5 days p.c. The 

latter pattern o f expression is regulated by the transcription factor HNF-33 (Sasaki and 

Hogan, 1994). However, the recent discovery o f the identity o f  B M P-1 as Procollagen 

C-proteinase (Kessler et al, 1996) has raised the possibility that BMP-1 has no role in 

patterning at all.

1.1.5.2 BM P-2

BM P-2 expression has been detected in a myriad o f  non-skeletal tissues 

including the limb, heart, tooth buds, hair and whisker follicles (Lyons et al, 1990), 

sensory placodes (Anthony Graham, unpublished communication) and ovary and testis 

(Nishimatsu É?/a/, 1992).

In the developing limb-bud, there are three major sources o f  signalling 

molecules responsible for dictating outgrowth and axis specification. The apical 

ectodermal ridge (AER) is thought to sustain outgrowth o f  the limb by maintaining a 

zone o f undifferentiated, proliferating mesenchymal cells at the tip o f the bud; the 

progress zone (reviewed in Tickle, 1995). FGF-4 has been implicated as a ridge signal 

candidate molecule that can maintain outgrowth following removal o f the AER (Cohn 

et al, 1995; Niswander and Martin, 1993; Vogel and Tickle, 1993).However, the 

expression of Fgf-4  is detected only after considerable outgrow th has occured and 

another FGF, Fgf-8, has been shown to be expressed prior to limb outgrowth in the 

mouse and chick and can also substitute for the AER in stimulating limb outgrow th 

(Mahmood et al, 1995). Interestingly, BMP-2 counteracts the effect o f FGFs in limb 

buds devoid o f  ectoderm (Niswander and Martin, 1992).

A group o f  cells in the posterior mesenchyme, the polarising region, are 

thought to pattern the anterior-posterior axis. Bmp-2 transcripts are found in posterior 

limb mesenchyme and can be activated in anterior mesenchyme by the application o f  

retinoic acid or polarising region grafts which also induce mirror-image duplication 

across the anterior-posterior axis o f the limb (Francis et al, 1994). Ectopic expression



X -ÎNrRODUCnON AND AIMS::: ---

recombinant human BMP-2 using a retroviral vector is able to induce ectopic FGF-4 in 

the anterior ridge, followed by ectopic expression of the Hox-D  genes in the anterior 

mesenchyme (Duprez et al, 1996). Partial digit duplications were also observed. This 

may imply that BMP-2 has a role in maintenance of the ridge, and possibly in 

patterning the anterior-posterior axis.

BMP-2 transcripts in the heart are localised to the myocardium at the time of 

formation of the endocardial cushions (Lyons et al, 1990). The formation of the 

cushions is thought to be initiated by a signal from the myocardium (Potts and Runyon, 

1989) and Lyons et al (1990) have postulated that this signal is BMP-2. Interestingly 

enough, the closely related gene dpp has been shown to determine the competency of 

mesodermal cells to develop into cardiac tissue (Frasch, 1995) implying that its 

vertebrate counterparts may well be important morphogens in heart development.

BMP-2 is detected fairly late in tooth development and together with BMP-4, its 

expression pattern is suggestive of a role in epithelial-mesenchymal interactions (Vainio 

et al, 1993). It has been shown to induce odontoblast differentiation when applied 

together with dentin and postulated to induce ameloblast differentiation as well (Vainio 

et al, 1993).

In the process of hair follicle formation, BMP-2 is first detected in the epidermal 

placode and becomes restricted to non-dividing cells around the base of the hair shaft in 

the mature follicle (Lyons et al, 1990). When the closely-related BMP-4 protein is 

ectopically expressed in the outer root sheath, animals display progressive balding after 

the first growth cycle suggesting that the role of BMP-2 in normal follicle development 

is to terminate cell proliferation and turn on trichocytic markers (Blessing et al, 1993).

BMP-2 is able to induce the expression of the neural cell adhesion molecules 

NCAM and L I in neuroblastoma cells (Perides, 1994) and can induce a distinct set of 

neuropeptide markers in cultured sympathetic neurons (Fann and Patterson, 1994). The 

neuropeptide genes induced change with membrane depolarisation possibly allowing 

BMP to build different neuronal phenotypes.
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BMP-2 has also been put forward as a mesoderm-inducing factor synthesised 

by the extraembryonic endoderm (Rogers et al, 1992). F9 cells resemble cells of the 

blastocyst inner cell mass when undifferentiated and extraembryonic endoderm when 

differentiated. When differentiation is induced by retinoic acid (RA), Bm p-2  mRNA 

levels increase and BMP-2 treatment of such cells can alter growth and morphology. 

BMP-2 also represses its own expression in a negative feedback loop (Rogers et al, 

1992). The action of RA on BMP may be mediated by the RAR-alpha and the RAR- 

gamma receptors (Rogers, 1996).

Xenopus Bmp-2 transcripts are detected in the oocyte and blastula, but not after 

gastrulation (Nishimatsu et al, 1992) and the gene, like BMP-4, may play a role in 

mesoderm formation in the Xenopus embryo.

1.1.5.3 BMP-3

BMP-3 is expressed in a human lung carcinoma cell line (Wozney et al, 1988), 

and has been detected in human foetal lung tissue . It has also been found in developing 

human intestinal mucosa and kidney mesonephric tubules (Vukicevic et al, 1994). This 

suggests that it may have a regulatory role in the morphogenesis of human lung, kidney 

and intestine.

1.1.5.4 BMP-4

Bm p-4  transcripts are found in many of the same organs that contain Bm p-2  

transcripts, but usually the spatiotemporal localisation within the organ is just slightly 

different. Outside of the developing skeleton, Bm p-4  has been found in the heart, the 

whisker follicles (Lyons et al, 1991), the teeth (Vainio et al, 1993), the branchial arches 

(Francis-West et al, 1994; Wall and Hogan, 1995), the diencephalon and hindbrain 

(Lyons et al, 1991; Graham et al, 1994) and the eye (this thesis; also Francis-West et 

al, 1994). Early in development, Bm p-4  is expressed in newly formed mesoderm, the
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epidermal ectoderm, the dorsal neural tube and lateral somites (Lyons et al, 1991; Liem 

et al, 1995; Pourquie eta l, 1996).

In the heart, Bmp-4  expression first appears in the myocardium of the 

atrioventricular canal but later is found only in the truncus arteriosus suggesting that it 

may mediate the differentiation of the latter (Lyons et al, 1990).

Bm p-4  transcripts are transiently detectable in the mesenchyme condensations 

before the hair follicle forms (Blessing et al, 1993; Lyons et al, 1991). When Bm p-4  

cDNA was coupled to a bovine cytokeratin promoter and expressed in the outer root 

sheath, outer root sheath cells and hair matrix cells ceased proliferation and began to 

express trichocytic markers prematurely (Blessing et al, 1993). Like BMP-2, BMP-4 is 

thought to play a role in the inhibition of proliferation and onset of expression of 

trichocytic-specific genes that occurs normally when cells leave the follicle matrix and 

differentiate.

In the developing tooth, Bm p-4  is expressed in presumptive dental epithelium 

and later in dental mesenchyme (Vainio et al, 1993). Agarose beads soaked in 

recombinant BMP-4 protein were able to substitute for dental epithelium in inducing 

mesenchymal condensations and the expression of transcription factors including the 

homeobox genes Msx-1 and M sx-2  as well as Egr-1. Mice that are mutant for the Msx- 

1 gene show a dramatic reduction in Bm p-4  expression levels suggesting that a 

function of Msx-1 is to amplify the spread of the BMP-4 inductive signal throughout 

the dental mesenchyme (Bei et al, 1995).

Bm p-4  is expressed, along with Bm p-7  in the distal tips of the branchial arches 

(Francis-W est et al, 1994; Wall and Hogan, 1995) of the chick at stage 18 and together 

with shh and FGF-8 may play a role in their development.

The depletion of neural crest from rhombomeres 3 and 5 in the chick hindbrain 

is thought to be mediated by BMP-4-induced apoptosis (Graham et al, 1994). This 

action of BMP-4 on cell death may be mediated by Msx2.

The anterior and intermediate lobes of the pituitary gland arise from Rathke's 

pouch, an invagination of oral ectoderm. Bm p-4  mRNA is known to be transiently
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expressed in the neuroepithelium of the part of the diencephalon in contact with 

Rathke's pouch and may influence its size and differentiation (Lyons et al, 1991).

BMP-4 may in fact have generalised neurotrophic activity since it was able to 

stimulate differentiation of a neuronal cell line (Paralkar et al, 1992) possibly in 

conjunction with extracellular matrix components like collagen. It has also been shown 

to promote neural cell aggregation via the expression of neural cell adhesion molecules 

(Perides et al, 1994). This is discussed later in the thesis.

During the formation of the neural tube from the flat neural plate, BMP-4, 

together with BMP-7, is thought to provide a dorsalising signal from the overlying 

epidermal ectoderm (Liem eta l, 1995) specifying dorsal commissural neurons and roof 

plate cells. It may well be the opponent activities of the BMPs and Sonic Hedgehog 

(SHH), which mediates a ventralising signal, that defines the neural tube.

Similarly, BMP-4 has been implicated as a lateralising signal in somite 

patterning (Pourquie et al, 1996). The antagonistic activity of BMP-4 from the lateral 

plate mesoderm and an as-yet-unidentified medialising signal from the neural tube 

results in the specification of the lateral somitic lineage.

A  large amount of research has been done on the role of BMP-4 in the earliest 

stages of embryogenesis (mostly in Xenopus) and has led to the growth factor being 

implicated in three patterning processes: dorsoventral axis formation, mesoderm 

differentiation and neuralisation.

Dorsoventral axis specification in the Xenopus  oocyte begins soon after 

fertilisation when a dorsal mesoderm inducing signal is activated on one side of the egg 

by the rotation of the cortex relative to the cytoplasm (Gerhart et al, 1989). The dorsal 

inducer has been proposed to be maternal Wnt, noggin or activated V gl (Smith and 

Harland, 1992; Sokol et al, 1991; Thomsen and Melton, 1993) and interacts with an 

activin-like factor and FGF to induce mesoderm formation and specify a dorsal-ventral 

axis (Sive, 1993).

This classical view oiX enopus  mesoderm development postulated that newly- 

formed mesoderm will assume a ventral fate by default in the absence of a dorsalising
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signal. However, this idea has recently been challenged by the discovery of active 

ventralising factors like BMP-4.

Ectopic expression of BMP-4 results in embryos with a posterior or ventral 

character (no notochord or head) and BMP-4 induces ventral mesodermal tissue and 

mesenchyme in animal caps (Dale et al, 1992; Jones et al, 1992a; Koster et al, 1991). 

Conversely, injection of a dominant-negative receptor for BMP-4 resulted, as one 

might expect, in dorsalised embryos (Schmidt et al, 1995). BMP-4 is also capable of 

overriding the dorsalising signal of activin (Jones et al, 1992a).

Such experiments support a role for BMP-4 in establishing the ventral 

mesoderm, but initial localisation of Bmp-4 transcripts by RNase protection and 

microdissection showed that maternal BMP-4 was uniformly distributed throughout the 

embryo (Dale et al, 1992). Whole-mount in-situ techniques specific for the zygotic 

transcript, however, were able to reveal a highly localised pattern of expression around 

the ventral marginal zone, animal cap and later on, the ventral slit blastopore (Fainsod et 

al, 1994). It should be noted however, that assays for protein distribution and activity 

has not been carried out.

In embryos ventralised by UV or suramin treatment, Bmp-4  expression is 

detected earlier than normal and is found throughout the marginal zone (Fainsod et al,

1994) and ectopic expression of BMP-4 eliminates or decreases the expression of 

dorsal and lateral mesodermal genes including goosecoid (Fainsod et al, 1994), X h o x 3  

(Dale et al, 1992), Xbra  (Jones et al, 1992) and XMox-2  (Candia and Wright, 1995).

Competition between noggin and Bmp-4 gene products has been postulated to 

determine the amount of muscle formation in the marginal zone, defining the border 

between dorsolateral and ventral mesoderm (Reemkalma et al, 1995).

Mammalian BMP-4 is thought to play a role in the differentiation of ventral and 

posterior mesoderm, since a null mutant mouse showed serious disorganisation of all 

such derived structures (Hogan et al, 1994). It is also thought to be required in 

haematopoiesis during gastrulation (Evans and Zhang, 1995).
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Bmp-4  is found not only in the mesoderm, but also throughout the ectoderm in 

the early gastrula (Xu et al, 1995). This suggests a role for BMP-4 in the differentiation 

of the ectoderm to neural tissue and epidermis. Slack and Tannahill (1992) have 

recounted evidence that a signal from the Spemann organiser is necessary for inducing 

and patterning neuroectoderm during gastrulation. Activin is a known antagonist of this 

signal and is necessary for epidermal specification (Godsave and Slack, 1991; 

Hemmati-Brivanlou and Melton, 1992; Hemmati-Brivanlou et al, 1994).

Like activin, BMP-4 has been shown to limit neural induction. The growth 

factor is not expressed in the prospective neural plate and injection of BMP-4 into 

X enopus  oocytes greatly reduced the area of expression of Hairy II, a neural plate 

marker (Schmidt et al, 1995). Also, dispersed animal caps that would normally give 

rise to neural tissue, have been shown to form epidermis and express epidermal keratin 

when cultured with BMP-4 (Wilson and Hemmati-Brivanlou, 1995).Conversely, a 

dominant-negative BMP-4 receptor was able to convert potential animal cap ectoderm 

into neural tissue, and this effect was completely reversed by coinjection with wild-type 

BMP-4 receptor. In addition, noggin-induced neuralisation was inhibited by injected 

BMP-4 mRNA (Xu et al, 1995).

Most recently, Sasai et al (1995) identified the neuralising factor from the 

organiser as chordin and showed that it is antagonised by BMP-4. This has led to a 

hypothesis that chordin and Bm p-4  form a mutually opposed ectodermal patterning 

system similar to that of sog and dpp (orthologs of chordin and Bmp-4  respectively) in 

Drosophila (Holley et al, 1995; Sasai et al, 1995).

The diverse and numerous signalling roles of BMP-4 in vertebrate 

organogenesis have been summarised above. The mechanisms by which this secreted 

factor is able to initiate its many effects are not precisely known, but they may be a 

results of the ability of the protein to from homo- or hetero-dimers and bind with 

different specificity to homo- or hetero-dimeric receptors (see section 1.1.6).
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1.1.5.5 BMP-5

Aside from its known association with endochondral condensations, Bm p-5  

transcripts are expressed in the developing lung mesenchyme, ureter, bladder, intestine 

and telencephalon (Kingsley, 1994) as well as the adult lung and liver. The gene has 

been proposed to mediate epithelial-mesenchymal interactions in development and mice 

with a defect in the gene {se mice) display increased incidence of lung cysts, liver 

granulomas, hydrotic kidneys and ureter, displaced ovaries and irregular intestinal 

folding (Kingsley et al, 1992; Kingsley, 1994).

1.1.5.6 BMP-6

BMP-6 is one of the few members of the BMP subgroup that does not induce 

bone formation (Celeste et al, 1990). However, it is thought to play several important 

roles in development. Transcripts of the gene have been located in developing oocytes, 

meninges, heart, placenta, neural tube and skin and gut epithelia (Lyons et al, 1991). 

Of the BMPs, only BMP-6 has been located to the adult mouse brain as well as the 

foetal brain (Wall et al, 1993) and is thought to play a role in the morphogenesis of 

nervous tissue (Jones et al, 1991; Lyons et al, 1991).

Like BMP-2, BMP-6 can induce a distinct set of neuropeptides and 

neurotransmitter synthetic peptides in sympathetic neurons and this profile changes 

with depolarisation (Fann and Patterson, 1994). Furthermore, Tomizawa et al (1995) 

has shown that Bm p-6  is expressed in most neurons in the neonatal rat brain but 

becomes restricted to the hippocampus in the adult. Expression is neuron-specific and 

Bmp-6  is not found in glial cells (Tomizawa et al, 1995).

BMP-6 has also been implicated in Schwann cell regenerative functions in the 

peripheral nervous system although inflammation failed to bring about a change in 

expression pattern is unchanged during inflammation (Schluesener et al, 1995).
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1.1.5.7 BMP-7

Recent reports have established that Bm p-7  is expressed in numerous locations 

during mouse embryogenesis, often colocalising with Bm p-2. (Francis-West et al, 

1995; Lyons et al, 1995). At early stages of development, the gene is expressed in the 

notochord and surface ectoderm and later on in the limb, heart, gut, kidney, eye (Lyons 

et al, 1995) and branchial arches (Wall and Hogan, 1995). B m p-7  transcripts were not 

detected m Xenopus after gastrulation, however (Nishimatsu et al, 1992).

Liem et al (1995) has implicated Bmp-7, together with Bmp-4, as mediating the 

dorsalisation of the neural plate as it forms the neural tube (see above).

Recently, two groups have generated Bmp-7  deficient mice which show defects 

in limb, kidney and eye development (Dudley et al, 1995; Luo et al, 1995).

Bm p-7  transcripts are found in the polarising region of the chick limb-bud and 

in a naturally-occuring chick mutant, talpid, which has polydactylous limbs with 7-8 

morphologically similar digits, Bm p-7  and Bm p-2  are expressed uniformly along the 

anterior-posterior axis of the limb (Francis-West et al, 1995) suggesting that B m p-7  

may play a role in anterior-posterior axis specification. Bm p-7  mutant mice display 

unilateral hind limb polydactyly (Luo et al, 1995) suggesting that Bm p-7  may play a 

role in limb patterning, but its function in anterior-posterior patterning has not yet been 

elucidated.

In the developing kidney, Bm p-7  transcripts are first detected in the 

mesonephric duct and tubules and later in the mesenchyme of the nephrogenic zone 

(Lyons et al, 1995). Null mutants initially appear to undergo normal kidney 

morphogenesis as initial epithelial-mesenchymal inductive interactions are not affected 

(Dudley et al, 1995), but later metanephric branching is severely reduced with failure to 

form mesenchymal aggregates (Dudley et al, 1995; Luo et al, 1995). In addition, 

markers of nephrogenesis such as Pax-2, Pax-8, Wnt-4 and c-ret were found to be 

nearly absent in mutant kidneys. Consequently, BMP-7 is thought to be an inducer of 

nephrogenesis.



The majority of BMP-7 mutant mice also show extensive deterioration of the 

eye and associated optic nerve. As in the kidney, initial development of the optic cup 

proceeds normally, with the initiation of the lens vesicle, retina and pigment epithelium, 

but the structures are not maintained and degenerate (Dudley et al, 1995; Luo et al,

1995). Whole-rat embryos cultured with anti-BMP-7 antibodies exhibited 

microphthalmia or anolphthalmia (Solursh et al, 1996) and detailed in-situ studies 

revealed that B m p-7  is expressed in sites in the eye that undergo induction, e.g. the 

young neuroepithelium, the presumptive neural retina and developing lens placode, 

suggesting that this gene mediates inductive signals in eye development although as the 

m utant phenotype suggests, this gene alone is not the only inducer of these structures.

1.1.5.8 BMP-8. 9 and 10

Bm p-8  is known to be expressed in the young embryo, but not in any organs 

studied (Ozkaynak et al, 1992), suggesting a role in early development.

Bm p-9  is expressed in the developing mouse liver (Song et al, 1995) and has 

been shown to stimulate proliferation in liver tumor cells and hepatocytes. Linking 

studies have indicated the presence of Type I and II specific receptors for Bmp-9.

Like Bmp-8, very little is known about the role of Bmp-10 in development.

1.1.6 THE BMP RECEPTORS

Although the first receptor for a TGF-6 superfamily member, the type IIA 

activin receptor, was only cloned five years ago (Matthews and Vale, 1991), the field 

has seen enormous progress recently (for reviews see Derynck (1994) or Massague 

(1992)).

There are currently three major known classes of receptors for TGF-6 

superfamily members (Types I, II and III), two of which are transmembrane 

serine/threonine kinases thought to be capable of both homo- and hetero-dimeric
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interactions. It is thought that the multiple effects of TGF-B superfamily members may 

be a result of the numerous possibilities of different ligand and  receptor dimérisation.

Aside from types I-III, radioactive iodine cross-linking experiments have also 

led to the identification of numerous cell-surface molecules capable of binding TGF-B 

including a binding protein that is a component of the latent complex of TGF-Bl 

(Kanzaki eta l, 1990; Miyazono et al, 1991) and follistatin (Kingsley, 1994). Some of 

these have been named Type IV to VI receptors (M assague, 1992), but little attention 

has been focused on these molecules compared to the first three mentioned.

The Type II receptor is a transmembrane serine/threonine kinase with a short 

ectodomain and a large cytoplasmic domain comprising primarily the kinase region 

which shows the highest level of homology between family members (Derynck, 1994; 

Massague, 1992). The receptor structure is illustrated in Fig. 1.2.

The extracellular domain of the Type II receptor is known to be cysteine-rich 

and contains a cluster of cysteines just upstream of the transdomain region (Massague 

et al, 1994).

The first receptor in this class to be cloned and sequenced was daf-1, which 

controls the formation of dauer larvae in C. elegans (Georgi et al, 1990). Although daf- 

1 does not bind BMPs on its own, it is thought that it may form a heteromeric binding 

complex with another Type II receptor daf-4 (Estevez et al, 1993) which has been 

shown to bind both BMP-2 and BMP-4. Mutations that disrupt daf-4 gene function in 

dauer larva formation map to the kinase portion of the gene (Kingsley, 1994).

daf-4 encodes a transmembrane receptor with a 196 amino-acid cysteine-rich 

extracellular domain, a 29 amino-acid transmembrane sequence and a typical (275 

amino acid) kinase domain (Estevez et al, 1993). Interestingly, the daf-4 kinase domain 

is only 30% identical to daf-1 kinase, but 40% identical to mouse ActR-II kinase and 

34% identical to human TBR-II kinase.

Most recently, a human type II BMP receptor (BMPR-II) with a distant 

homology to daf-4 has been cloned (Rosenzweig et al, 1995). This receptor is reported 

to bind BMP-7 with great efficiency and BMP-4 weakly. Ligand binding was greatly
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Fig 1.2 Type I and type II receptors for TGF-B superfamily members (from Kingsley, 

1994). Both receptors are transmembrane proteins containing an amino-terminal signal 

peptide, a small extracellular region, a hydrophobic transmembrane helix and a 

cytoplasmic domain with serine/threonine kinase activity. Both receptor types contain a

9-amino-acid cysteine box in the extracellular domain. In addition, type I receptors 

contain a series of tandem Ser/Gly residues and other conserved amino acids 

constituting the Type I box and a pattern of seven extracellular cysteine residues 

preceding the cysteine box.
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facilitated by the addition of Type I BMP receptors (see later) and the heterodimer was 

shown to transduce a transcription activating signal when treated with BMP-7 

(Rosenzweig et al, 1995).

BMP receptor kinase -3 (BRK-3) encodes a mammalian type II receptor that 

binds BMP-4 specifically (Nohno et al, 1995). Unlike the majority of the Type II 

receptors, BRK-3 possesses a very long C-terminal sequence following the intracellular 

kinase region. BRK-3 enhances the binding of BMP-4 to the type I receptor BRK-1.

More Type I BMP receptors have been isolated than other types. The Type I 

receptor greatly resembles the Type II and is also a serine/threonine kinase, but differs 

slightly in the sequence of the kinase domain, the arrangement of cysteines in the 

extracellular domain (which is also shorter) and the presence of a unique Type I box 

(consisting of a SGSGSGLP motif) just preceding the kinase domain (see Fig 1.2).

Two proteins originally identified as activin receptor-like kinases have recently 

been shown to bind BMP-4 and BMP-7 (Dijke et al, 1994). The type I receptors ALK- 

3 and ALK-6 bound both BMP-4 and BMP-7, while ALK-2 bound only BM P-7. 

Ligand binding was facilitated by the presence of daf-4 suggesting the formation of 

active receptor complexes between Type I and II receptors.

A  murine Type I receptor for BMP-2 and -4 has been isolated, called m T F R ll 

(Suzuki et al, 1994). Its structure is typical of Type I receptors, including the Type I 

box. m T F R ll is 98% similar to AlK-3, suggesting that it is the mouse homolog o f the 

human gene. A  dominant-negative mutant of m T F R ll was able to block BMP- 

signalling in Xenopus embryos (Maeno et al, 1994; Suzuki et al, 1994).

Koenig et al (1994) also isolated a receptor to BMP-2 and -4 called Brk-1. Mice 

that have a null mutation for this receptor die shortly after gastrulation and develop no 

mesoderm (Mishina et al, 1995) suggesting that BMP signalling through this receptor is 

essential for mesoderm formation.

Type I and type II receptors are capable of forming heteromeric complexes and 

BMP signalling nearly always seems augmented by complex formation (Dijke et al.
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1994; Nohno et al, 1995). In addition, Type II receptors of TGF-6 have been shown to 

form homodimers as may type I receptors (Derynck, 1994).

Both types of receptor are capable of autophosphorylation (Wrana et al, 1994), 

and may even transphosphorylate each other to form stable receptor complexes 

(Derynck, 1994).

The currently popular model to explain type I and II receptor interactions 

postulates two signalling pathways associated with each receptor. In the first, signalling 

occurs only through the type I receptor; the type II receptor is required only to provide 

ligand interaction with the type I receptor, while the second has signalling mediated by 

the type II receptor in combination with the type I (Chen et al, 1993).

The Type III receptor is a transmembrane proteoglycan known as betaglycan 

and is the most widely distributed TGF-binding protein after the type I and II receptors. 

Although betaglycan itself contains no enzymatic components, it has been postulated to 

present different TGF-6 isoforms to the Type II signalling receptor although this has 

not been proven (Wang et al, 1991; Lopez et al, 1993). It does not, however, require 

the Type II receptor to bind TGF-6 (Lopez et al, 1993).

Betaglycan is a 853 amino acid protein with glycosaminoglycan chains (heparan 

sulfate and chondroitin sulfate) bound to its extracellular domain. The heparan sulfate 

chains are also able to bind fibroblast growth factor (FGF) (Andres and M assague,

1992) indicating that betaglycan might function as a receptor in both systems. Although 

betaglycan is known to bind TGF-6, its ability to bind and/or present any of the BMPs 

is yet unproved.

The complexity of receptor interaction may be required to mediate the multiple 

activities of the BMPs in development.



1.1.7 DOWNSTREAM COMPONENTS OF BMP SIGNALLING

To date, not much is known about the signalling mechanisms that lie 

downstream of the BMP receptors. The first steps have been taken with the recent 

publication of two papers pinpointing cytoplasmic targets of BMP signalling.

Trip-1 is WD-domain-containing protein which associates with the TGF-p Type 

II receptor and is phosphorylated on its serine and threonine residues by the kinase 

domain suggesting that it may mediate downstream signalling from the receptor (Chen 

et al, 1995).

Savage et al (1996) have discovered a new family of genes, the dwarfins, 

including sma-2, -3 and -4, which lie downstream of the daf-4 receptor. The dwarfins 

are thought to encode cytoplasmic signal transducers and C. elegans mutant for these 

genes exhibit defects in dauer larva formation similar to those resulting from 

deficiencies in daf-4. These genes are highly homologous to Drosophila Mad  which is a 

known downstream component of the dpp signal transduction pathway.

In addition, the oncogenes c-Ha-Ras, c-Raf and c-Jun have been shown to 

reverse the effects of injection of a dominant negative receptor for BMP-4 inio Xenopus 

embryos implying that they mediate BMP-4 signalling (Xu et al, 1996). Possibly, the 

oncogenes may participate in the BMPs multiple actions on cell proliferation, being up- 

or down-regulated in response to different BMPs and other environmental cues.

Homeobox genes have also been shown to act downstream of BMP-4 (see 

section 1.2.2.3).

1.2 EYE DEVELOPMENT

The vertebrate eye has been a favourite organ for the investigation of pattern 

formation, tissue determination and cell fate specification in the embryo since the initial 

experiments of Spemann in 1901 (reviewed in Grainger, 1992). It is an accessible and 

easily manipulable portion of the developing nervous system in the developing embryo.
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The adult vertebrate eye is a complex structure and its formation depends on the 

precisely co-ordinated development of the anterior neural plate, neural crest and 

adjacent surface ectoderm. A  large number of genes have been linked with eye 

development and/or axis formation (see Table 1.4), but, comparatively few have been 

connected with specific events in eye morphogenesis or states of tissue determination. 

Unlike a system like the developing limb, no real genetic cascade has been formulated 

for eye development in spite of the amount of research that has been done. The recent 

discovery of the Pax-6 homologue, eyeless (Haider et al, 1995), which is able to 

initiate eye development in ectopic locations, is really only a beginning.

1.2.1 EARLY EVENTS IN MORPHOGENESIS OF THE AVIAN EYE

The avian eye provides an ideal and much-exploited system for morphogenetic 

studies of vertebrate neural morphogenesis because of its accelerated development 

(relative to mammals) and (comparatively) large size. The eye conforms to the general 

vertebrate type, but has some special features not found outside this class such as the 

Pecten, a nutritive structure that projects into the vitreous body from the ventral part of 

the eye (Romanoff, 1960).

Figure 1.3 depicts stages during development in the chick eye.

The eye is composed of neurogenic and ectodermal structures which give rise to 

the lens under inductive influences. The process of formation of the lens ectoderm is 

cumulative (Grainger, 1992).

One of the first morphological signs of eye development is the formation of the 

optic vesicles at Hamburger and Hamilton stage 9 (38 hours after fertilisation). Even 

before the primary divisions of the brain have differentiated, lateral expansions of the 

anterior end of the neural tube give rise to the primary optic vesicles. As the optic 

vesicles grow out, the medial portions form the hollow optic stalks, which 

communicate with the diencephalon, whilst their distal portions become the bulbous 

optic vesicles, also hollow.



Fig 1.3 Schematic diagrams showing the development of the chick eye (from Nelsen, 

1953). (A, B, C, E, F, G) are sagittal sections through the developing chick eye. (E) 

represents the developing eye viewed from its ventral aspect displaying the choroid 

fissure into which capillaries are beginning to pass towards the optic cup. (A) stage 10 

(B) stage 12(C) stage 14 (D) stage 16 (E) stage 16 (F) stage 19-20 G) stage 23
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The walls of the optic vesicle and the overlying placodal ectoderm meet by stage

10-11 (Fig. 1.3A)(0'Rahilly and Meyer, 1955). At the point of contact, the cells of the 

superficial layer become elongated and then invaginate to form a small hollow lens 

vesicle between stages 13-15 (Fig. 1.3C). As invagination of the lens placode begins, a 

slight depression becomes detectable in the lateral wall of the optic vesicle. This 

depression marks the beginning of the invagination of the walls of the optic vesicle and 

the consequent obliteration of its central cavity to form the double-walled optic cup. 

This event is complete shortly before the closure of the lens vesicle at stage 17 (Fig. 

1.3D).

The inner layer of the optic cup is destined to become the retina, its outer 

sheath, the pigment epithelium. The cavity of the cup at this point has two openings, 

the pupil filled by the lens primordium and the slit-like choroid fissure extending from 

the pupil to the optic stalk along the ventral surface of the cup (Fig. 1.3F). The eyeball 

has an asymmetrical shape, projecting further over the dorsal then the ventral surface of 

the lens vesicle. The inner retinal layer is continuous with the floor of the optic stalk 

and thus with the diencephalon.

Only at the rim of the optic cup surrounding the lens do the retina and pigment

epithelium adhere to each other. This region is physiologically quite distinct from the

3 3central part of the eye, its ability to take up [ H] DOPA or [ H] thymidine, the 

distribution of N a^/K ^ pumps and its regenerative properties (Layer and Willbold,

1993) all differ.

As invagination of the optic cup occurs, the retina begins to thicken with new 

cells being added by a germinal layer lying next to the pigment epithelium. Some of 

these cells eventually migrate towards the vitreal surface of the retina and differentiate 

into different neuronal cell types. The posterior pole of the retina, near the optic nerve, 

is first to differentiate; this has begun by stage 18 (Goldberg and Coulombre, 1972; 

O 'Rahilly and Meyer, 1955).

Presumptive ganglion cells are the first to withdraw from mitosis and 

differentiate, and these are soon followed by precursors of amacrine, horizontal and



 ̂ ' CHAPTER 1 D m O D U C T lO N ÂNB AIMS ^SS6

receptor cells. Last are the bipolar cell precursors (Kahn, 1974). However, it should be 

noted that all these neural precursors differentiate in close overlapping succession in 

any given region of the retina.

At stage 18, the pigmented epithelium is a thin layer of cells in which pigment is 

just beginning to appear. At stages of development before this, the state of 

determination of the cells constituting the eye primordia is not fixed; presumptive neural 

retina and can form pigment epithelium and vice versa when the layers are separated 

(Dorris, 1938; Coulombre and Coulombre, 1965; 1970).

Shortly after stage 18, the choroid fissure begins to close, starting from the 

proximal end nearest the optic nerve. At the same time, the medial wall of the lens 

develops a bulge (due to cell proliferation in the lenticular zone) and begins to fill the 

lens cavity.

At stage 24, the pecten first becomes apparent as a low ridge along the line of 

fusion of the choroid fissure. The pecten consists of a fan-shaped vascular network 

supported by glial cells and covered by a membrane continuous with the innermost 

membrane of the retina (see Fig 1.4). As fissure closure proceeds, the growing pecten 

gains in height and becomes more prominent - the structure does not achieve full 

growth and pigmentation until after hatching.

Also at this time, mesenchymal elements encircle the lens and grow external to 

the margin of the optic cup. These will eventually give rise to the iris, ciliary body and 

cornea.

Fissure closure and obliteration of the lens cavity are complete by stage 26 

which is also when the retina begins to stratify into individual layers and the retina and 

pigment epithelium become completely separate.

Between stages 23 and 32 (Fig. 1.3G), the outermost layers of mesenchyme 

start to grow out beneath the surface epithelium covering the pupillary opening to form 

the cornea. The innermost layers also begin to grow, but only so far as the pupillary 

border. As the intermediate mesenchyme tissue grows more slowly, the innermost 

mesenchymal layer become separated from the outermost and forms the iris.
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At stage 36, lensward projections of this mesenchyme form the beginnings of 

the ciliary body, retinal stratification is complete and the eye has largely assumed its 

adult configuration (see Fig. 1.4).

1.2.2 PATTERNING MOLECULES IN THE VERTEBRATE EYE

Patterning in the eye is of the utmost importance, not only for specification of 

shape and direction of growth as in most organs but also because of the precise 

ordering of retinotectal projections from the eye to the brain. The axons of retinal 

ganglion cells connect with the primary visual centre in the brain, the optic tectum, in a 

particular order, which would seem to require positional information.

The spherical shape of the eye and the resultant difficulty in describing 

directions has often resulted in the use of imprecise and inconsistent terminology when 

describing the axes of the eye. Fig. 1.5 attempts to clarify the axes and orientations of 

the eye and I have avoided the use of synonyms as far as possible in this thesis.

Retinal positional information and tissue specification is likely to be a result of a 

hierarchy of inductive interactions mediated by various gene products (Saha et al, 

1992). A  large number of candidate genes have been identified over the last decade, but 

for the most part, their role in morphogenesis has not been elucidated.

In this section, I have attempted to deal with these molecules in groups 

according to the aspects of eye development that they affect.

1.2.2.1 Molecules that initiate early phases of eve induction

The earliest phases of eye development involve the formation of optic vesicle 

and lens placode from the neural plate and head ectoderm respectively. These initial 

events of eye development have been thrown into the spotlight recently by the 

discovery that the Drosophila homologue of the Pax-6 gene may be the master control 

gene in eye morphogenesis (reviewed in Hanson and Vanheyningen, 1995).
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Fig 1.4 Schematic diagram of the chick eye at stage 35 (8-9 days). By this time, the 

eye has largely assumed its adult structure.
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Fig. 1.5 Diagrams showing the major axes of the eye. (A) The laminar axis along the 

thickness of the retina, runs between the inner vitreal surface and the external 

superficial surface. This is the axis along which stratification occurs (B) The dorso- 

ventral and naso-temporal axes are complementary in retina and tectum. These axes 

may be specified by gradients of positional molecules in both organs. D, dorsal; N , 

nasal; T, temporal; V, ventral.
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In 1915, flies defective for the gene were identified because of the partial or 

complete absence of eyes (Haider et al, 1995). Similar mutations were found in 

humans, causing the disorder called aniridia, wherein the iris is partially or completely 

absent and vision is often impaired by other associated abnormalities (Jordan et al,

1992). Its mouse counterpart, the small eye (Sey) mutant mouse had eyes that were 

reduced or absent (Hogan et al, 1988) and more recently, a rat mutant with similar 

symptoms has been discovered (Uchida rat; Fujiwara et al, 1994). The genes involved 

in these mutants are now known to be Pax-6 homologues.

The aniridia gene was cloned, sequenced (Ton et al, 1991) and shown to be a 

paired-box and homeobox-containing gene identical to the previously isolated Pax-6 

gene (Hill et al, 1991). Murine Pax-6 expression was demonstrated in the epithelial 

layer of the optic vesicle, the optic stalk and the overlying surface ectoderm (Walther 

and Gruss, 1991). Pax-6 has a similar domain of expression in the developing 

zebrafish eye (Puschell et al, 1992) and in the chick (Li et al, 1994). The Drosophila 

homologue {o Pax-6, eyeless (ey), was not cloned until 1994 (Quiring et al, 1994). It 

too is expressed in the embryonic primordia of the larval eye and later in the developing 

eye imaginai discs (Haider et al, 1995).

Haider et al (1995) was able to target expression of the ey gene to various 

imaginai disc primordia and this results in the formation of ectopic eye structures in the 

wings, legs and antennae. The authors suggested that ey and Pax-6 functioned as 

evolutionarily conserved master control genes for eye development throughout the 

metazoan kingdom. They are thought to be at the top of the hierarchy of more than 

2500 genes that control eye development. In addition, they must also play a critical role 

in the developing embryo because of its lethality in null mutants (Haider et al, 1995).

The ubiquity of Pax-6 in sense organ specification has been confirmed by other 

researchers who have reported that the C. elegans Pax-6  homologue is necessary in the 

organism for patterning of the head region and sense-organ assembly (Chisholm and 

Horvitz, 1995; Zhang and Emmons, 1995).



In addition, although the role o ï Pax-6 in initial formation of the vertebrate optic 

vesicle has not been verified (Schmahl et al, 1993), the gene has been implicated in the 

demarcation of the retina from the optic stalk in zebrafish (Macdonald et al, 1995).

Pax-6  has also been postulated to play a role in lens regeneration in the newt as 

it is expressed in developing and regenerating eye tissue (Delriotsonis et al, 1995).

Another gene that may play a role in demarcating the optic vesicles from the rest 

o f the forebrain is Six3, a mouse homologue of the Drosophila sine oculis homeobox- 

containing gene (Oliver et al, 1995). The Drosophila gene is known to control the initial 

events of eye formation in the eye imaginai disc and is also required for the 

development of the optic lobes in the adult. Six3  has a high sequence similarity to its 

Drosophila homologue and is expressed in the optic vesicles early in development 

although the authors have speculated that the gene may be involved in demarcating the 

anterior border of the neural plate rather than having a direct role in eye formation.

Another gene that may demarcate the eye from surrounding mesoderm is Sw 3-

3. Sw 3-3  encodes a basic leucine-zipper-like protein that is expressed throughout the 

lens and retina at the early stages of eye formation and is downregulated thereafter 

(W ang and Adler, 1994). Its expression pattern is associated with cells that have ceased 

mitosis and begun differentiation.

1.2.2.2 Molecules that affect lens and retina induction

The early stages of eye development after initiation involve a series of complex 

interactions between retina and lens placode.

According to Grainger (1992), lens development involves four phases: 

competence, bias, specification and differentiation. The first two stages are thought to 

occur during gastrulation and neurulation as a result of signals from the (presumptive) 

neural plate. By the neural tube stage, the optic vesicle has come into contact with the 

presumptive lens and provides the signal for lens specification. At this point the lens 

ectoderm has been determined and is able to differentiate properly.
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The nuclear Limb deformity (Ld) proteins have been localised to the developing 

eye and are expressed by the optic vesicle during its specification of the lens placode 

(De la Pompa et al, 1995). Following this, Ld  transcripts were detected in the newly- 

formed lens placode. Ld may therefore be involved in the process of lens specification.

Finally, the optic vesicle is also thought to govern the last phase of 

differentiation by secreting growth-factor-like substances which induce lens placode 

invagination and formation of the lens vesicle. Various growth factors and morphogens 

have been implicated in the proliferation and differentiation of lens fibre cells in culture 

including aFGF/bFGF (Karim and de Pomerai, 1990; Schulz et al, 1993), IG F 

(Alemany et al, 1990), retinoic acid (Perez-Castro et al, 1993; Tini et al, 1993) and 

T G F -a  (Anchan et al, 1991). FGF may be derived from the retina as may some 

retinoids (Patek and Clayton, 1990) and provide the differentiating signal.

In addition, ectopic expression of TG F-a and retinoic acid receptor a  in the 

lens has been shown to cause microphthalmia and retinal dysplasia (Decsi et al, 1994; 

Balkan et al, 1992) as does lens ablation (Coulombre and Coulombre, 1963) implying 

that abnormal lens development may cause retinal defects and that the two tissues are 

linked by an interactive network of signalling molecules. In support of this, T G F -a  is 

thought to mediate retinal cell proliferation and the retina shows changes in T G F -a  

receptor patterns with developmental stage (Lillien and Cepko, 1992). Hence, T G F -a  

secreted by lens tissue could control retinal proliferation.

Within the eye, the Ms/z-like homeobox gene M sx-2  has been proposed to 

demarcate the retina while it is still part of the optic vesicle (Monaghan et al, 1991). 

Other retina-specific markers like the neural retina leiicine-zipper (nrl ) cDNA 

(Swaroop et al, 1992) or the quail gene Q Rl (Guermah et al, 1991) are known.

The control mechanisms of the late retina-specific gene Q R l has been 

investigated. Q Rl is expressed in the quail retina at a stage when most neural 

precursors have ceased mitosis and begun differentiation; it is downregulated when 

postmitotic retinal cells are induced to proliferate by v-src. Inspection of the Q R l



promoter revealed that stage-specific transcription was regulated by FO U  transcription 

factors (Pierani et al, 1995).

Although these factors appear to define domains in the developing eye, their 

signalling function is complex and the entire regulatory network has not yet been put in 

context.

1.2.2.3 Retina polaritv and axis specification

Retinal polarity is through to arise very early in development. Experiments 

showed that a rotated frog eye would regenerate retinotectal projections according to its 

original topography even if the rotation was performed at the earliest stages of 

differentiation of the eye cup (stage 21/22; reviewed in Holt and Harris, 1993; Sperry, 

1963; Taylor and Gaze, 1990).

More recently, similar rotation experiments in the chick have determined that 

retinal polarity is determined as early as stage 12-14 (reviewed in Matsuno and 

Nakamura, 1994).

It was such experiments that influenced Sperry in his proposal of his 

chemoaffinity hypothesis (Sperry, 1963). He suggested that each array of neurons in 

retina and the brain's optic tectum had complementary labels. "Labelled" retinal 

ganglion cells sent out axons which grew towards complementary "labels" expressed 

along the route to their targets and in the target regions. This hypothesis implies the 

existence of gradients of positional information in the cells of the retina and tectum.

Physical demarcation of axes of the retina has been reported. Nordquist and 

McLoon (1991) have observed the presence of three notches at approximately the nasal, 

dorsal and temporal positions in the avian retina. In addition, a sharp constriction 

occurs in the thickness of the dorsal retina layer. This morphological pattern is most 

distinct between stage 15 and 19 and the authors have suggested that they are markers 

of retinal polarity.
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A number of molecules are known that are expressed in continuous or step 

gradients across the axes of the retina and many of them have been proposed to specify 

retinal polarity along one or another axis (see table 1.4).

The patterning discussed in this section with regards to retinal pathfinding is the 

setting up of the basic topographic map and retinal axes. This basic map is later refined 

(neuronal arborisation) by mechanisms dependent on neuronal activity which fall 

outside the scope of this review (reviewed in Garrity and Zipursky, 1995)

Temporal gradients exist across the retina in both the naso-temporal (antero

posterior) and dorso-ventral directions (see fig. 1.5). In the avian eye, growth in the 

temporal direction precedes that towards the nasal side. Moreover, dorsal sectors of the 

chicken retina begins to differentiate earlier than ventral sectors (Layer and Willbold,

1993). However, this claim has been disputed by radioactive incorporation studies 

(Kahn, 1973; Snow and Robson, 1995).

1.2.2.3.1 The naso-temporal axis

The naso-temporal axis is supposed to be the first axis determined (by stage 11 

in the chick; by rotation experiment) (Dutting and Thanos, 1995) and a number of 

markers have been discovered that display a naso-temporal gradient across the retina. 

The presence of such a step gradient in this direction is necessary to provide sufficient 

information for retinal axon pathfinding. Although retinal polarity is determined very 

early in development, outgrowth of retinal axons towards the tectum takes place later. 

Retinal axons enter the chiasm between days 3.5 and 12 and the tectum a day or so later 

(Drenhaus and Rager, 1994). During this time, many molecules may influence the 

direction of axonal outgrowth.

Retinal axons have been allowed to grow on membranes prepared with alternate 

stripes of caudal and rostral (complementary to the naso-temporal axis in the retina) 

tectum - the so-called "striped carpet assay". This assay has demonstrated a caudal- 

rostral gradient of inhibitory activity in the tectum, with an abrupt change in the middle



T ab le  1 .4  Known positional molecules in the developing retina. This table is 

restricted to retina-specific molecules only. Positional molecules in the tectum are only 

mentioned when they have also been found in the retina. Up-arrows indicate higher 

concentrations, down arrows, lower concentrations.



Name
Molecular m ass 

(kDa) Structure Spatial distribution System  investigated
Time of initial 

d iscovery

AHD-2 53 aldehyde d eh yd rogen ase D* m ouse retina 1991

(S'entra!) AMD 60 aldehyde d eh yd rogen ase V i m ouse retina 1992

GH6 - h o m eo b o x  g e n e D iV fgradient chick retina 1994

JONES - 9 -0 -a ce ty l GD3 ganglioside epitope D iV fgradient rat retina 1987

N êk4 • Eph RTK T iN f  gradient chick retina 1995

p40 43 translation factor D iV fgradient m ouse retina 1990

Pax-2 - paired-box g e n e V i m ouse, zebrafish retina 1990

QEK5 RTK D iV fgradient quail retina 1995

Radar - growtfi factor D iV fgradient zebrafish retina 1995

SOHo-1 - h o m eob ox  g e n e N iT f step function chick retina 1933

TOP
DV

40 leucine zipper T fN f  gradient 

N iT f gradient

chick retina 

chick tectum

1990

TOP
AP

47 glycoprotein DiVfgradient

V iD fgradient

chick retina 

chick tectum

1981

TRAP 135 glycoprotein T iN f  step function chick retina 1991

Xbar - h o m eo b o x  g e n e D i (eye primordium) frog retina ?

Xfd4 - fork head gen e N i frog retina 1995

Xlim-3 - h o m eo b o x  g e n e inner nuclear layer frog retina 1933

I
%

5 '
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of the retina (Walter et al, 1987a). Such an abrupt transition was also displayed in vivo 

by retinal ganglion cell axons as they invaded the tectum (Nakamura and O'Leary,

1989).

A  135kD cell surface molecule named TRAP (temporal retinal axon protein)

was identified from chicken retina through the binding of a monoclonal antibody

generated by a subtractive immunisation protocol. As its name suggests, TRAP is

expressed on most temporal but virtually no nasal retinal axons. At day 3 (E3), TRAP

is expressed by all axons in the optic fibre layer. Only from E6 onwards does TRAP

become restricted to the temporal retina (McLoon, 1991).

A  surface antigen named T O P ^ ,  that is distributed in a naso-temporal gradient

in the chick retina, was discovered by Trisler in 1990. This protein is also found in a

complementary rostro-caudal gradient in the tectum.

TOPa p  expression defines a continuous 16-fold gradient from temporal (high)

to nasal (low) day 18 retinal margins with an inverted gradient of expression in the 

tectum just prior to retinal innervation. The T O P ^  gradient in the retina appears by

day 5 and has increased five-fold by day 18.

The cDNA encoding the T O P ^  protein has recently been cloned and show to

encode an acidic membrane-anchored protein of 359 amino acids that displays only

limited sequence similarity to other known proteins (Savitt et al, 1995). The protein has

a coiled-coil structure comprising two leucine zippers (possible dimérisation), two

asparagine-linked glycosylation sites and multiple protein-kinase C-phosphorylation 

sites. RNA protection assays have shown that T O P j^  RNA is also localised in the

posterior half of the retina possibly as a result of previously formed gradients of 

transcription factors.

Aside from TOP, Bonhoeffer and colleagues (Walter et al, 1987a; Walter et al, 

1987b) discovered a topographically distributed 33kD protein by the striped carpet 

assay. Polyclonal antibodies identified a 33kD membrane glycoprotein enriched in 

posterior tectum. Shortly after this, a monoclonal antibody was generated that
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recognises the protein and inactivates the repulsive activity of posterior membranes 

(Stahl et al, 1990).

The repulsive activity of posterior tectum for temporal retinal axons is common 

to a number of species including fish (Vielmatter and Stuermer, 1989) , X enopus  

(Johnston and Gooday, 1991) and mice/rats (Godemont and Bonhoeffer, 1989; Simon 

and O'Leary, 1992).

However, nasal axons have been do not exhibit a corresponding preference for 

posterior tectum unless the membrane preparations have been enriched for proteins that 

have membrane-spanning domains or are linked to membrane lipids through a 

glycosylphosphatidylinositol anchor (Boxberg et al, 1993). Unlike temporal axon 

preference, the preference of nasal axons for posterior tectum seems to be due to a 

positive attraction. In addition, posterior tectal membrane were shown to support 

prolonged neurite outgrowth only from nasal retina.

Further work on the repellent properties of posterior membrane fractions show 

that temporal axons growing towards posterior membranes reorient their growth cones 

to avoid them (Baier and Bonhoeffer, 1992). Drescher et al (1995) has managed to 

identify a 25kD protein which induces such repulsive activity for both nasal and 

temporal growth cones.

The protein was named RAGS (repulsive axon guidance signal) and has a 

significant homology to the Eph subclass of receptor tyrosine kinases (RTKs) 

(reviewed in Tessier-Lavigne, 1995). RAGS is expressed in a decreasing posterior- 

anterior gradient in the tectum and its discovery has motivated the isolation of a number 

of RTKs which display a corresponding naso-temporal gradient of expression in the 

retina.

One such is M ek4, which is expressed in a decreasing temporal-nasal gradient 

in the chick retina, while its ligand, ELF-1 is expressed in a decreasing posterior- 

anterior gradient in the tectum (Cheng et al, 1995).

The chick homeobox gene SOHo-1 (Sensory Organ Homeobox-1) shows a 

remarkable asymmetry in its expression pattern in the eye, with most transcripts being



restricted to the nasal retina (Deitcher et al, 1994). SOHo-1 is also expressed in other 

organs, such as the otocyst, the dorsal root ganglia, cranial ganglia and the second 

branchial arch, but its role in supplying positional information to growing axons has 

not been elucidated.

Among other patterning genes that have been localised to the nasal part of the 

retina is Xenopus forkhead-4 {Xfd4) (Dirksen and Jamrich, 1995), which is a member 

of the Xenopus  fork head domain gene family. A related family member, X f d l , has 

been implicated in axis formation in the embryo suggesting \h?i\.Xfd4 might be involved 

in setting up the naso-temporal axis in the eye.

Although not directly relevant to our discussion about patterning in the eye, 

positional molecules in the tectum may be crucial in determining growth directionality 

of retinal axons and deserve a brief mention. Much research has been carried out on the 

homeodomain gene engrailed {en) which is involved in determining the rostrocaudal 

polarity of the tectum in the chick (Ichjo et al, 1990; Itasaki and Nakamura, 1992). 

Early tectal primordia acquire the characteristics of the region to which they are 

transplanted, but lose this ability at the same time as they lose the ability to reorient the 

tectal gradient of en, suggesting the en specifies the tectal map (Itasaki et al, 1991; 

Itasaki and Nakamura, 1992; Nakamura et al, 1994). In addition, antisense 

oligonucleotides to en cause navigational errors in the intertectal commissure (Retaux et 

al, 1996). en expression may itself be directed by that of Wnt-1 in the midbrain (Bally- 

Cuif et al, 1992; McMahon et al, 1992).

1.2.2.3.2 The Dorso-ventral axis

A  number of gene products that appear to demarcate the dorso-ventral axis have 

been discovered. This axis is specified without reference to the previously established 

naso-temporal one since nasal/temporal ablations did not affect the orientation of dorso- 

ventral retino-tectal outgrowths in the chick (Dutting and Thanos, 1995).
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Dorsal axons produce outgrowths to the tectum before ventral axons, but they

have been shown to have a positional identity separate from the temporal difference

since delaying dorsal axons does not change their retinotectal mapping (Holt, 1984).

In addition, chick dorsal retinal axons preferentially adhere to cells from ventral

tectum and vice versa (Barbera et al, 1973). Also, a dorso-ventral gradient of cell

adhesivity exists in the chick retina (Gottlieb et al, 1976) with dorsal retina displaying

preferential adhesion to ventral retina.

Trisler (1981) initiated a systematic search for retinal antigens and obtained a 

monoclonal antibody that recognised a cell surface antigen, called TO Pj^y, that is

distributed in a topographic dorsal to ventral concentration in chick retina. TO Pj^y is

thought to define a dorso-ventral axis of the retina and the concentration of TOP

detected near the dorsal margin of the chick retina is four-fold higher than that near the

ventral margin on embryonic day 4. This increases to nearly 35-fold by E12 and

persists into the adult. Dissociated retinal cells grown in culture have been shown to 

maintain their differences in TOPj^y expression (Moskal, 1986). Like its counterpart

TOPa p  ̂ T O P p y  is present in an inverted gradient in the tectum (Trisler and Collins,

1987). Tectal expression of TO Pj^y appears at E5, just before retinal neurons arrive

and there is a ten-fold difference between ventral (high) and dorsal (low) tectum. The 

protein has been purified and shown to have a of 47kD and a pi of 4.1 (Moskal,

1986).

When hybridomas that make T O P ^y  are injected into the eye during 

development, synapse formation is delayed (Trisler, 1987), implying that T O P ^ y  is an

important molecule for defining one axis of the retinotectal map.

Drager and colleagues have identified another marker of dorsoventral position in 

the developing retina (McCaffery et al, 1990; Rabacchi, 1990) called p40. Monoclonal 

antibodies have been shown to recognise a 43 kD protein that is a component of 

ribosomal translational machinery in a dorso-ventral gradient in the retina. The protein 

itself has been shown to be distributed uniformly throughout the retina, but the
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differential binding of the antibody is thought to reflect changes in conformation or 

accessibility.

McCaffery, Drager and colleagues used gel electrophoresis to compare the 

protein composition of dorsal and ventral portions of embryonic mouse retina and 

found an abundant protein of 53kD that was enriched in the cytosolic fraction of the 

dorsal retina (McCaffery et al, 1991; McCaffery et al, 1992). Microsequencing and 

comparative isoelectric focusing zymography identified this protein as a specific 

aldehyde dehydrogenase isoform: AHD-2. It was found that AHD-2 expression is 

restricted to the dorsal retina in embryonic and adult mouse eye.

The aldehyde dehydrogenases comprise a superfamily of related proteins, 

members of which oxidise a wide variety of aromatic and aliphatic aldehydes 

(Kedishvilli et al, 1992). AHD-2, along with several other members of this family 

exhibits a wide substrate specificity. Mouse AHD-2, however, and its human 

counterpart, ALDH-1, have been shown to be responsible for the ability of the liver to 

convert retinaldehyde to retinoic acid (RA) (Lee et al, 1991; Dockham et al, 1992), 

which is a well-known morphogen, affecting axial patterning in the embryonic limb and 

neural tube, perhaps in part by activation of Hox genes (Maden et al, 1992).

The pathways of retinoic acid synthesis have since been shown to be 

asymmetrically distributed in the eye. The dorsal RA synthesis pathway functions 

effectively at high retinaldehyde levels, while the reverse is true for the ventral 

pathway. The inhibitor disulfaram preferentially suppresses dorsal but not ventral 

enzyme activity, but p-hydroxymercuribenzoate and citral display the opposite 

specificity (McCaffery et al, 1992). One of the ventral enzymes has been identified as a 

60kDal protein distinct from AHD-2 .

Expression of the ventral enzyme precedes that of AHD-2 in the early embryo 

and produces most of the RA by day 8.5. AHD-2, on the other hand, is the 

predominant form in the adult, when the ventral enzyme is no longer detectable. Thus, 

the RA synthetic capacity can be regulated separately in dorsal and ventral retina, 

possibly regulating in turn genes that encode position-dependent cell surface molecules
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(e.g.. TOPj^y) responsible for retinal topography. Consistent with this prediction,

exogenous RA treatment of zebrafish embryos prior to optic primordia formation, 

results in retina duplication due to overproliferation of ventral retina (Hyatt et al, 1992).

In addition, application of retinoic acid to X enopus  embryos resulted in 

complete ablation of the eye before stage 11.5, but resulted in the production of 

microphthalmic eyes at later stages. Interestingly, retinal differentiation was not affected 

in microphthalmic embryos, but ganglion pathfinding was markedly abnormal with 

projections to tectum, hindbrain, contralateral retina and olfactory bulb (Manns and 

Fritzsch, 1991).

Both cellular retinoic-acid binding protein (CRAB?) and cellular retinol-binding 

protein (CRB?) (Dolle et al, 1990) Perez-Castro et al, 1989) and the RAR and RXR 

nuclear receptors (Dolle etal, 1990; Ruberte eta l, 1991; Seleiro et al, 1994) have been 

localised to the eye during various stages of development. RAR compound null 

mutants displayed multiple eye abnormalities (Lohnes et al, 1994) as do RXR-a/RAR-y 

and R X R -a/R A R -a compound mutants (Kastner et al, 1994). It is interesting to note 

that in all R X R -a null mutants, the ventral portion of the retina is reduced in size, 

suggesting that RA may pattern the ventral retina (Kastner et al, 1994).

If eye development has parallels to limb development, activation of the retinoic 

acid receptors might activate transcription of homeobox genes or other transcription 

factors which might then turn on genes for differential adhesive molecules, growth 

factors or extracellular matrix molecules which could directly pattern the eye.

The RTKs have been previously mentioned in the context of naso-temporal 

gradient specification. A quail RTK, called QEK5, is expressed in a dorso-ventral 

gradient in the developing retinal neuroepithelium (Kenny et al, 1995). Strangely 

enough, it is expressed in an posterior-anterior gradient in the tectum - QEK5 is 

certainly not a typical "Sperry molecule" and may play a complex role in directing 

retinotectal projections.

There are a number of homeobox genes that display dorso-ventral asymmetry in 

their expression in the eye. For example, the Xenopus  gene Xenopus bar {Xbar), thus



named because of its homology to the dualbar gene of Drosophila, which is expressed 

as early as stage 15 in the dorsal part of the eye primordium. Xbar expression persists 

in this region throughout early eye cup development, suggesting that positional identity 

in the eye might arise during gastrulation (Holt and Harris, 1993).

GH6 is a recently discovered chick homeobox gene, which like Xbar is largely 

restricted to the dorsal portion of the retina (Stadler and Solursh, 1994). The gene is 

homologous to the human H 6  gene and is also expressed in developing ventricular 

myocardium and sensory spinal and cranial ganglia. This thesis has examined the 

distribution of GH6 and its relationship with BMP-4 (chapter 3 and 5).

A  novel member of the TGF-6 superfamily, zebrafish Radar, has recently been 

isolated (Rissi et al, 1995) and found to define a new subfamily within the TGF-13 

superfamily. Radar is expressed in a dorso-ventral gradient in the developing retina and 

is thought to play a role in dorso-ventral axis-formation.

The monoclonal antibody JONES recognises an epitope on the cell-surface 

ganglioside, 9-0-acetyl GD3 which exhibits a dorsoventral gradient on the rat retina 

when retinal projections are being established (Constantine-Paton et al, 1986). It has 

now become apparent that the expression of the JONES epitope is correlated with the 

migration of subsets of cells and axons (Mendez-Otero et al, 1988; Mendez-Otero and 

Constantine-Paton, 1990).

1.2.2.3.3 The Laminar Axis

The laminar axis runs along the thickness of the retinal neuroepithelium of the 

optic vesicle. This dimension of the retina displays positional information as is 

demonstrated by removing a flap of retina and flipping it over so that the ventricular 

surface becomes superficial and vice versa while the topographic values in the other 

axes remain unchanged (by putting right-eye epithelium into the left eye); the flipped 

piece rounds off into rosettes of cells separate from the surrounding neuroepithelium 

(Holt and Harris, 1993).
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The basic layers of the retina are illustrated in Fig. 1.5. Briefly, rod and cone 

axon bodies comprising the photoreceptor cell population make up the outer nuclear  

layer. Their synapses with horizontal, bipolar and amacrine cells comprise the outer 

plexiform layer, while perikarya of the horizontal, bipolar and amacrine cells makes 

up the inner nuclear layer. The inner plexiform layer separates the inner nuclear 

layer from the ganglion cell layer and contains synapses between the different types 

of bipolar and amacrine cells and ganglion cells. The area near Brusch's membrane is 

vascularised in most species.

The laminar axis is the last to be determined and remains labile until the onset of 

histological differentiation (Saha et al, 1992). It is also the axis that has been most 

extensively researched.

Originally, it was thought that the layers of the retina were patterned by cell 

lineage. This has been found not to be the case as a single neuronal precursor is capable 

of giving rise to different retinal cell types (Turner et al, 1990).

As mentioned before, a gradient of differentiation extends throughout the 

laminar axis as retinal cell types are generated in a germinal layer next to the pigment 

epithelium and then migrate towards the vitreous cavity (Romanoff, 1960). Particular 

cell types stay together in strata e.g. the ganglion cell layer, resulting in the eventual 

lamination of the neural retina (Snow and Robson, 1994). Cell migration in the retina is 

not driven by proliferation (Harris and Hartenstein, 1991; Snow and Robson, 1994).

Sorting of retinal cells into strata has been shown to occur in vitro (Layer and 

Willbold, 1993), although all but explants from the retinal margin bordering the lens 

assume an inverted orientation. This shows that the dissociated single cells are capable 

of self-recognition, sorting-out and establishing cell-cell contacts, which in turn implies 

the presence of positional information in the laminar axis of the eye. The stratification 

occurs in laminar columns and lateral migration of cells is inhibited as a consequence of 

development (Layer and Willbold, 1993). This may be due to differential adhesion 

mediated by N-cadherin (Takeichi, 1987) or N-CAM .
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Altshuler and Cepko (1992) have shown that a temporally regulated, d iff usable 

factor is necessary for rod photoreceptor development in vitro, since rod precursors 

differentiate into bipolar cells unless this factor is present. Saha et al (1992) have 

suggested that this implies that lamination not only requires cell-cell adhesion but a 

temporally-regulated cell-type specific ability to respond to stimuli.

Stier and Schlosshauer (1995) have determined that ganglion cell axons have a 

strict preference for the inner retina vs. the outer retina layers in vitro as well as in vivo. 

They have found that this is probably due to some proteinaceous inhibitory substance in 

the outer layers of the retina as well as the presence of glial endfeet in the inner retina.

The Xenopus  gene Xlim -3  is expressed in a distinct sublamina of the inner 

nuclear layer (Taira et al, 1993) and may play a role in its differentiation, thus acting as 

a permissive factor.

On a larger scale, the retina and pigment epithelium are thought to interact 

during development because removal of the retina triggers transdifferentiation of the 

pigment epithelium to retina in primitive vertebrates (Coulombre and Coulombre, 1965; 

1970; reviewed in Hitchcock and Raymond, 1992). Both bFGF and aFGF have been 

implicated as signalling molecules which trigger transdifferentiation (Park and 

Hollenberg, 1991; Pittack eta l, 1991).

Much interest has been generated in such retinal regeneration because of the 

prospects of treating human degenerative retinal diseases (reviewed in Steinberg, 

1994).

A recent study has revealed that the different cell classes in the stratified retina 

do not only migrate in the laminar axis as they become differentiated. Certain cell types 

like cone photoreceptors, horizontal, amacrine and ganglion cells move tangentially as 

well, giving rise to nonrandom matrices within the layers (Reese et al, 1995). This 

would mean that laminar columns in the retina are derived from a number of progenitor 

cells.
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1.2.2.4 Cell death and patterning

It has been known for some time that late in eye development, a period of 

massive cell death among retinal cells occurs. This has been reported in X enopus  

(Taylor and Gaze, 1990), the chick (Snow and Robson, 1994) and the rat (Voyvodic et 

al, 1995). In the chick, 20-40% of ganglion cells die between days 11 and 16 (Snow 

and Robson, 1994) and in the frog, the level is approximately 66% (Taylor and Gaze,

1990). It has not been reported whether peaks of neuronal apoptosis occurs in specific 

parts of the retina.

Many growth factors including some in the TGF-6 superfamily (Anchan and 

Reh, 1995) and the FGFs are known to increase neuronal survival in vitro (Tcheng et 

al, 1994) and could theoretically act to pattern the retina by promoting selective cell 

survival in vivo. Also, BMP-4, for example is known to mediate apoptosis in the chick 

hindbrain and could therefore have a similar role in the retina (Graham et al, 1994).

1.2.3 CLUES FROM DROSOPHILA

The developing eye disc of Drosophila, though very different in structure from 

the vertebrate eye, has been the subject of much research for the past decade and may 

therefore provide an important paradigm for an understanding of the signalling 

processes that control vertebrate eye development.

The imaginai eye disc of Drosophila is a simple unpattemed epithelium that, 

through cell division, pattern formation, differentiation and cell death, becomes the 

ordered array of approximately 800 ommatidia that make up the adult eye (reviewed by 

Heberlein and Moses, 1995). During the third larval instar, rows of photoreceptor 

clusters near the posterior of the eye begin to differentiate in succession, moving 

rapidly towards the anteior margin of the eye. Photoreceptor differentiation is marked 

by the morphogenetic furrow, which is an indentation in the disc epithelium formed by 

the contraction of the cell in the apical-basal direction (Ready etal, 1976).
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The furrow sweeps across the eye in about two days. Cells anterior to the 

furrow are undifferentiated and arrested in the phase of the cell cycle (Ready et al,

1976). Those in the furrow form regularly spaced arrays (W olff and Ready, 1991) and 

those posterior to the furrow assemble into ommatidia in a defined sequence (reviewed 

in Tomlinson, 1988). Thus, the furrow is essentially a morphogenetic wave that passes 

across the Drosophila retina.

The mechanisms of furrow formation, propagation and photoreceptor 

differentiation have been the focus of much research and the pathways of 

morphogenesis have been elucidated to a great extent. The two molecules that are 

thought to have a large role in furrow propagation are hedgehog Qih) and dpp.

A  brief overview of the furrow propagation pathway is as follows; eyeless is 

the eye "master control gene" (as mentioned in the previous section). Wingless is 

thought to limit furrow initiation to the posterior border of the disc (Treisman and 

Rubin, 1995). The furrow initiator molecule itself has not yet been identified, but a 

number of nuclear proteins that are expressed at the edges of the disc before furrow 

initiation have been proposed - these include dpp itself (Masucci et al, 1990), eyes 

absent (Bonini et al, 1993), sine ociilis (Cheyette et al, 1994); and dachsund (Mardon et 

al, 1994).

Furrow propagation is then thought to be mediated by hh, which acts as an 

antagonist to cAMP-dependent protein kinase (Pan and Rubin, 1995). hh in turn 

triggers dpp expression in the furrow (Heberlein et al, 1993; Ma et al, 1993). dpp 

signalling may be mediated by shortsighted, a cytoplasmic leucine zipper protein 

(Treisman et al, 1995) and further downstream ELAV, a neuronal nuclear protein 

(Robinow and White, 1991). In addition, there are a number of eye disc genes induced 

by hh that have not been placed in the pathway including hairy, a helix-loop-helix 

protein (Brown et al, 1991), atonal, a proneural helix-loop-helix protein (Jarman et al,

1994) and string, a cell cycle regulator (Edgar and O'Farrell, 1989).

R8 cells are the first type of photoreceptor to differentiate in the wake of the 

furrow and scabrous is thought to restrict R8 expression to alternating groups of cells.



Notch  and delta, cell surface proteins which are thought to function as receptor and 

signal respectively, in a variety of cell fate specification events, are thought to refine the 

resulting pattern of ommatidia (Baker and Zitron, 1995; Fortini et al, 1993).

The next sections will consider the roles of hh and dpp in Drosophila furrow 

propagation and draw the parallel to their vertebrate counterparts. I also examine 

homeobox genes as molecules that might lie downstream of the vertebrate dpp 

homologues.

1.2.3.1 hh and shh

hh mutations were first identified by their ability to ventralise the Drosophila 

embryonic cuticle (Nusslein-Volhard and Wieschaus, 1980). The gene was cloned and 

sequenced and shown to be secreted (Mohler and Vani, 1992; Lee et al, 1992). The 

protein is found predominantly as two smaller products derived from autoproteolysis of 

the larger precursor (Lee et al, 1994; Johnson and Tabin, 1995).

Hh  has been shown to be neccessary for furrow propagation and is expressed 

posterior to the migrating furrow (Ma et al, 1993). Expression of dpp is dependent on 

hh expression and secretion of the protein by differentiated cells posterior to the furrow 

(Heberlein et al, 1993; Ma et al, 1993). Ectopic expression of hh in cells anterior to the 

furrow induces ectopic furrows with outwardly moving rings of dpp expression with 

differentiating photoreceptors forming within the rings (Heberlein et al, 1995). 

Interestingly, protein-kinase A  (pka) loss of function mutations cause the same effect 

(Strutt et al, 1995) and it has recently been shown that hh and pka  antagonise each other 

in the regulation of dpp expression during eye development (Pan and Rubin, 1995).

A  number of vertebrate homologs of hh have been cloned including sonic 

hedgehog (shh), desert hedgehog (dhh), indian hedgehog (ihh) and tiggy-winkle 

hedgehog (twhh). Shh  is structurally very similar to hh (Krauss et al, 1993). 

Drosophila H h  and vertebrate shh have been found to have many parallel roles in 

development.
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AlthoughShh has not been detected in the vertebrate eye, it has been implicated 

in diverse events in morphogenesis. Shh is thought to regulate CNS polarity (Echelard 

et al, 1993; Ericson et al, 1995; Roelink et al, 1995). It has been proposed to exert a

ventralising effect on the neural tube which is antagonistic to the dorsalising effect

exerted by BMP-4 (Liem et al, 1995). Similarly, hh in the developing Drosophila 

embryo is a ventralising factor. In addition, in vertebrate limb outgrowth, Shh  is

thought to trigger the expression of secondary signalling molecules including Bm p-2

andFg/-4  (Laufer eta l, 1994), which is similar to the interaction between hh and dpp 

in the fly limb (Easier and Struhl, 1994). Recently, shh has been shown to induce 

Bm p-4  and H ox  genes in the chick hindgut and is thought to play a role in gut 

morphogenesis (Roberts et al, 1995) similar to that postulated for Drosophila hh in gut 

formation.

An analysis of shh and twhh expression in zebrafish showed that neither of the 

genes were found in the developing optic vesicles, but rather in a region in the floor of 

the diencephalon that lies medio-rostral to the optic vesicles (Ekker et al, 1995; 

Macdonald et al, 1995). The two hedgehog genes were shown to regulate the 

expression of Pax-6 and Fax-2 in the optic vesicle and stalk respectively. Ectopic 

expression of either hh gene resulted in the cells adopting proximal and ventral fates - 

i.e. optic stalk hypertrophy occurred at the expense of retinal tissue. Shh  mRNA 

injection also suppressed Pax-6 expression. Conversely, loss of hh activity from the 

midline (e.g. in the cyclops mutant) results in massive proliferation of the retina and 

loss of stalk tissue. This implies that shh induces neural epithelial tissue to assume 

retinal or optic stalk fates possibly by altering domains of Pax gene expression.

Interestingly, the Drosophila Pax-6 homologue, ey, is expressed anterior of the 

furrow in a pattem complementary to that of hh, suggesting that hh may repress ey 

expression anterior of the furrow, in an action comparable to its vertebrate homologue 

(Haider et al, 1995).



1.2.3.2 dpp ^nd Bmp-2IBmp-4

Drosophila decapentaplegic (dpp) was first discovered because of its ability to 

influence imaginai disc development and pattern the dorsal-ventral axis of the embryo 

(Padgett et al, 1987; Spencer et al, 1982). Mutations in dpp result in completely 

ventralised embryos (Ferguson and Anderson, 1992). Dorsalmost cells which form the 

amnioserosa, are specified by high levels of dpp, while the dorsal ectoderm is specified 

by lower levels of the gene.

The dpp gene complex is very large (more than 50kb) and possesses both 5 ' 

and 3' regulatory elements (St Johnston et al, 1990). These multiple regulatory 

elements are thought to specify the complex expression patterns of the gene in the 

embryo and the imaginai discs (Masucci et al, 1990; St. Johnston et al, 1990, Ray et al,

1991). Dpp  was found to encode a single polypeptide product (St Johnston et al, 1990) 

which is cleaved and the C-terminal end secreted (Panganiban et al, 1990).

As mentioned before, dpp is thought to have multiple roles in patterning the fly. 

Briefly, it has been implicated in midgut development (Masucci and Hoffmann, 1993), 

heart formation (Frasch, 1995) and limb development (Easier and Struhl, 1994). Dpp 

is also involved in the propagation of the morphogenetic furrow in the developing eye 

disc and is thought to be downstream of hh (see previous section) (Heberlein et al, 

1993; 1995).

A  number of receptors for dpp have been cloned recently including two type I 

receptors, the saxophone {sax) and thickveins (tkv) gene products (Brummel et al, 

1994; Penton et al, 1994; Nellen et al, 1994; Xie et al, 1994), and one type II receptor, 

the pun t gene product. In addition, two members of the dpp signal transduction 

pathway have been identified, schnurri (shn) (Arora et al, 1995; Grieder et al, 1995; 

Staehling-Hampton et al, 1995), and shortsighted (shs) (Treisman et al, 1995). The 

former is a zinc-finger transcription factor while the latter is a cytoplasmic leucine 

zipper protein.



.-V'"V A' : : CHAPTER 1 INTRODUCTION AND AIM S -  -  ̂ -<82

Dpp is very similar to vertebrate BMP-2 and BMP-4. These proteins have been 

described in section 1.1 and their C-termini display a high homology with that of dpp 

(Padgett et al, 1987) and Dpp and the two BMPs can substitute for one another in 

patterning the embryo (Padgett et al, 1993; Sampath et al, 1993).

dpp has also been demonstrated to share many of the same sites of expression 

as its vertebrate counterparts and may have some of the same roles in the same region. 

For example, both dpp and Bm p-4  pattern the gut (Masucci and Hoffman, 1993; 

Roberts et al, 1995). In addition, DPP protein acts as a morphogen regulating dorsal 

cell fate in the Drosophila embryo, while BMP-4 is thought to regulate dorsal cell fate 

in the developing neural tube (Ferguson and Anderson, 1992; Liem et al, 1995). 

Extension of these similarities may imply that BMP-2/-4 have a similar role to DPP in 

patterning the vertebrate eye.

The many functions of BMP-2 and -4 in vertebrate embryonic development 

have been elucidated in section 1.1 and the putative role of BMP-4 in eye development 

is the subject of the rest of this thesis.

1.2.3.3 Homeobox genes

The actions of Dpp and BMP-2 and -4 on development have often been 

associated with the changing expression of homeobox genes and the homeodomain- 

containing genes may be regarded as commonly part of their signal transduction 

pathway, albeit far downstream.

The homeodomain was first discovered as a conserved 60 amino-acid protein 

domain in a sequence comparison of Drosophila regulatory gene products (McGinnis et 

al, 1984; Scott and Weiner, 1984). Proteins containing the homeodomain are often 

patterning molecules or determine cell fate (reviewed in Krumlauf, 1994). Other 

conserved domains, such as the POU domain (reviewed in Wegner et al, 1993) or the 

paired box (prd) (Bopp et al, 1986), are often found in the same molecules.
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The homeodomain is critical for the DNA-binding ability of these molecules 

(Desplan et al, 1985; Treisman et al, 1992) and enables them to act as transcriptional 

regulators (Ohkuma et al, 1990; Krasnow et al, 1989).

Vertebrate H ox and Drosophila HOM-C clusters are thought to have arisen from 

a common ancestral gene cluster by duplication and divergence (reviewed in Holland, 

1992; Krumlauf, 1992). In Drosophila, the HOM-C  complex comprises two gene 

clusters, bithorax (Lewis, 1978) and Antennapedia (Kaufman et al, 1980) and a 

number of separate homeobox genes including bicoid .

The situation is much more complicated in vertebrates, and it has been 

suggested that the vertebrate complexity of multiple clusters originated with the need for 

control genes for newly evolved features in primitive vertebrates (Holland, 1992).

There are several classes of homeobox genes currently known, including the 

caudal {cad', Frumkin et al, 1991), H 2.0  (Rangini et al, 1991), POU  (Wegner et al,

1993), prd  (Mansouri et al, 1994), En, msh-\\\ae and the Distal-less {Dll), empty 

spiracles {ems) and orthodenticle {otd) related classes (reviewed in Holland, 1992). 

These genes are grouped according to their homology with Drosophila homeobox 

genes.

The most well-studied groups, however, are the H ox  complexes which 

comprise 38 genes in four clusters approximately 120kb in length with all the genes 

organised in the same 5' to 3' direction. Many of the genes in the H ox  clusters bear 

high homology to members of the Drosophila HOM-C  complex.

A  number of homeobox genes are expressed in the developing eye and these 

have been reviewed in section 1.2.

Homeobox gene expression is often regulated by BMPs in development. 

Ectopic bone formation induced by BMPs is accompanied by induction o iH o xA 2 , A5, 

B6-9, C4,C6 andCP and M sx-1  and 2 gene expression (limura et al, 1994). BMP-4 

mRNA injection into X enopus  embryos alters the expression of X hox3 , Xbra  and 

Xnot, whilst ventralising the embryos (Gawantka et al, 1995; Schmidt et al, 1995).
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BMP-4 has also been shown to induce apoptosis in rhombomeres 3 and 5 of the 

chick hindbrain in association with the upregulation oiM sxl (Graham eta l, 1994) while 

both M sx l and M sx2  are induced by BMP-4 action on dental mesenchyme (Vainio et 

al, 1993). In addition, media from Bm p-4  transfected COS cells has been shown to 

enhance the expression of Pax3 and induce M sxl expression in ventral neural plate 

explants (Liem et al, 1995). Finally, mouse M sx l  can be maintained in limb 

mesenchyme by substitution of the ectoderm with BMP-4 (Wang and Sassoon, 1995).

All these are examples of BMP-2 or -4 action regulating developmental events 

by modulating the expression of various homeobox genes and, by comparison, a 

similar situation may well operate in the developing eye.

A candidate molecule for regulation by BMP-4 in the retina is chick G H 6, a 

homeodomain-containing gene that is expressed in a dorso-ventral gradient in the retina 

similar to Bm p-4  (Stadler and Solursh, 1994). The gene is homologous to the human 

H 6  gene (Stadler et al, 1992) which was isolated from a human craniofacial cDNA 

library. H 6  is unusual in that it bears homology to two classes of homeobox genes, the 

Drosophila Nk class (65% with the Nk-3 homeodomain) and the vertebrate M sh  (60% 

with the H O X-7  homeodomain).

The chicken gene is expressed in the dorsal retina, the lens epithelium and the 

optic nerve at stage 23. It is also expressed in discrete craniofacial regions including the 

second branchial arch and infundibulum and the maxillary and mandibular primordia. 

Low levels of the gene are also found in distal portions of the first and third branchial 

arches implying that it may have a role in patterning of branchial arches. In addition, 

GH6  is expressed in developing ventricular myocardium, otic vesicle, sensory spinal 

and cranial ganglia. The authors suggest that the gene plays a role not only in the 

development of discrete craniofacial structures such as the eye and ear, but also in 

formation of functionally defined ganglia and myocardial structures.



1.3 A im s

In our laboratory, Bmp-4  expression was observed to be expressed in the 

developing eye (Francis-West et al, 1994) suggesting a potential role for BMP-4 in 

patterning the retina. This thesis has gone on to examine this possibility more closely.

In chapter 3, I have examined the expression patterns of Bm p-4  and another 

dorsal-retina-restricted homeodomain-containing gene,G //6 , throughout the early 

stages of development . I have also investigated the distribution of Shh transcripts. 

Chapter 4 is a record of experiments designed to examine the effect of BMP-4 on 

cultured chick retinal cells and chapter 5 describes studies to investigate the effect of 

ectopic expression of Bmp-4 in vivo.





CHAPTER 2

M A T E R IA L S  
A N D  METHODS



2.1 Materials

2.1.1 EMBRYOS

Fertilised White Leghorn chicken eggs were obtained from Poyndon Farm, 

W altham Cross, Herts and were incubated at 38±1°C. Embryos were staged according 

to Hamburger and Hamilton (1951) and manipulated or processed for either wax 

section or whole-mount in situ hybridisation as described below.

Fertilised 0 line eggs were obtained from the BBSRC Poultry Research Station, 

Compton, Berkshire, UK.

2.1.2 BACTERIAL STRAINS

JM lO l and D H 5a, the two strains of Eschericia coli used were available in the 

laboratory.

2.1.3 PLASMIDS

The chicken Bmp-4 cDNA clone is described in Francis et al (1994). The clone 

comprised nucleotides 1-953 of the chick Bm p-4  coding sequence cloned into 

pBluescript K S^. The 3' TGF-13 conserved region, which is most similar to other 

BMPs had been eliminated allowing construction of probes specific for chicken Bm p-

4.

The chicken GH6 cDNA clone Ribo3 was a gift from Dr. Scott Stadler, 

Department of Pediatrics, Division of Medical Genetics, University of Iowa, 200 

Hawkins Drive, Iowa City, Iowa 52242-1083, USA. It consisted of a 250bp segment 

fragment from close to the 3' end of the 3.75 kb GH6 cDNA that had been cloned into 

the Smal site of a pT7/T3a-19 vector (Stadler and Solursh, 1994).



The chick Shh  cDNA clone was kindly provided by Dr. Marysia Placzek, 

National Institute of Medical Research,Developmental Neurobiology Lab., The 

Ridgeway, Mill Hill, London ,England. The 1.7kb cDNA had been cloned into 

pSPO RTl and contained the entire ORF oishh..

A  Ikb murine BMP-4 cDNA construct in pSP72 was a gift from Dr. Brigid 

Hogan, Vanderbilt University, Howard Hughes Medical Institute, Nashville, 

Tennesee, USA.(Jones et al, 1991). This contained 5' noncoding and 5' coding 

sequences up to the region most similar to other BM Ps and allowed construction of 

probes specific for mouse BMP-4.

2.1.4 CELL CULTURE REAGENTS

All cells were cultured in Dulbecco’s Modified Eagle's Medium (DMEM)

supplemented with 10% (v/v) heat inactivated foetal calf serum. Cultures were 

incubated at 37°C in 5% CO2 .

Tissue culture plastics, media and solutions were obtained from Gibco/BRL, 

Paisley, Scotland.

2.1.5 ENZYMES

Restriction endonucleases and RNA polymerases were obtained either from 

Gibco/BRL, Paisley, Scotland or New England Biolabs, Boston, USA. Other enzymes 

were purchased from Sigma, Poole, Dorset.

2.1.6 RADIOCHEMICALS

3[methyl- H] Thymidine (70-86Ci/mmol) was purchased from Amersham
35

International pic. (Aylesbury, Buckinghamshire), [a -  S]CTP (llOOCi/mmol) was 

obtained from New England Nuclear Inc., Boston, USA.



2.1.7 SOLUTIONS AND MEDIA

Ail solutions used were either filter sterilised or autoclaved. Water was double 

deionised.

2.1.7.1 General Molecular Biology

A garose  gel loading  buffer; 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene

cyanol FF and 40% (w/v) sucrose.

lOxTBE: IM  Tris, IM  boric acid, 20mM EDTA (pH 8.35)

TE: lOmM Tris-HCl, ImM  EDTA (pH 8.0)

2.1.7.2 Plasmid Preparation

Solution II and III were not autoclaved before use.

STE: O.IM NaCl, lOmM Tris-HCl (pH 8.0), Im M  EDTA (pH 8.0).

Solution I: 50mM glucose, 25mM Tris-HCl (pH 8.0), lOmM EDTA (pH 8.0) 

Solu tion  II: 0.2N NaOH, 1% SDS

Solution III: 3M potassium acetate, 11.5% (v/v) glacial acetic acid

2.1.7.3 In-situ hvbridisation

A lk a lin e  P h o sp h a ta se  b u ffe r: 20ml of IM  Tris-HCl (pH9.5), 10ml IM  M gCl2 »

5ml 4M  NaCl, 200pl Tween-20, 48mg levamisole, 166ml water.

B locking solution: 0.1% (v/v) Triton X-100, 2mg/ml bovine serum albumin (BSA), 

15% (v/v) heat-inactivated sheep serum in PBS



C o lo u r R eac tio n  buffer: 337.5^ig/ml Nitre Blue Tétrazolium salt and 175j^g/ml 5- 

bromo-4-chloro-3-indolyl phosphate in alkaline phosphatase buffer 

lOOx D e n h a rd t 's  Solution: 20% (w/v) BSA, 20% (w/v) polyvinylpyrolidone, 20% 

(w/v) Ficoll. Filter-sterilised.

P h o sp h a te  bu ffe red  saline: 135mM NaCl, 27mM KCl, lOmM Na^HPO^, 15mM 

K H ^PO ^ pH7.4

20x SSC: 3M  NaCl, 0.3M trisodium citrate, pH7.0

20x salts: 20x Denhardt's solution, 400mM Tris pH 8.0, lOOmM EDTA

R N ase buffer: SOOmM NaCl, lOmM Tris-HCl pH 8.0, Im M  EDTA.

2.1.7.4 Bacterial culture media

L u r ia -B e r ta n i (LB) m edia: l% (w /v) bacto-tryptone, 0.5%(w/v) bacto-yeast 

extract, l% (w /v) NaCl.

LB a g a r  fo r  plates: 1.5%(w/v) agar in LB media

2.1.7.5 Cell culture

M o d ified  H B S S : IxPBS in Hank's Balanced Saline Solution (Calcium and 

Magnesium free)

2.1.7.6 Immunofluorescence assay

A n tib o d y  d ilu en t: 10%(v/v) DMEM, 1.35(v/v) IM  HEPES, 10(v/v) foetal calf 

serum, l(v /v ) 10% sodium azide, -1 .3 5 (v/v) sodium bicarbonate (enough to turn 

solution orange-red).

D A B C O  m o u n tan t: 90%(v/v) glycerol, 10%(v/v) PBS, 2.5% (w/v)

diazobicyclooctane (light-sensitive; stored wrapped in foil at 4°C).



2.1.7.7 Solutions for retrovirus work

A BC reagent: lOOpil reagent A, lOOpil reagent B in 5ml PBS; left to stand for 30min. 

C o lo u r reag en t: Equal volumes of 0.02% (v/v) Hydrogen Peroxide and 0.1% 

Diaminobenzidine Tetrahydrochloride in O.IM Tris, pH 7.2.

lOxHBS: 8.18% (w/v) NaCl, 5.94% (w/v) HEPES, 0.2% (w/v) N a2H P0^, rendered 

to pH 7.2 with NaOH.

2.1.8 MISCELLANEOUS

Rabbit anti-neurofilament 200 (N4142) and FITC-conjugated monoclonal anti- 

rabbit immunoglobins (F4890) were purchased from Sigma, Poole, Dorset.

Basic FGF and TG F-61 were purchased from R&D Systems Europe Ltd. 

(Abingdon, Oxon), while EGF was obtained from Amersham International pic. 

(Aylesbury, Buckinghamshire).

Agarose beads were 75 -100pm agarose gel beads originally intended for 

affinity chromotography and were purchased from Bio-Rad Laboratories (Richmond, 

California).

Digoxigenin-11-UTP and ribonucleotides were purchased from Boehringer 

Mannheim UK., (Lewes, E. Sussex).

The Vectastain ABC elite kit was obtained from Vector Labs, Bretton, 

Peterborough.

2.2 M o lecu la r  T echn iques

2.2.1 RESTRICTION ENZYME DIGESTION

The protocol was adapted from that described in Sambrook et al (1989).



Approximately Ipg  of DNA was mixed with Ip l of the appropriate lOx 

restriction enzyme digestion buffer and made up to 9.5pi with deionised water in an 

eppendorf tube.

O.Spl of restriction enzyme was added and the mixture vortexed and centrifuged 

briefly before incubating for l-2hrs in a 37°C water bath.

For digestion or linearisation of large quantities of DNA, the DNA was made up 

to 85pi with deionised water, and lOpl of reaction buffer and 5pi of enzyme were 

added. The mixture was incubated for 2hrs or overnight if necessary.

2.2.2 AGAROSE GEL ELECTROPHORESIS

The edges of the plastic tray supplied as part of the mini-gel apparatus were 

sealed with autoclave tape and the correct amount of powdered agarose (usually 0.8% 

or 1.0%) weighed out.

100ml of IxTBE was made up from lOx concentrated stock, mixed with the 

agarose in a glass flask and microwaved until the agarose dissolved.

The solution was cooled to about 60°C and ethidium bromide added to a final 

concentration of 0.5pg/ml. This was thoroughly mixed and poured into the gel tray. 

Any bubbles were removed using a pasteur pipette and the gel comb carefully inserted.

The agarose was left to set at room temperature for about l-1 .5hrs before 

removing the comb and unsealing the tray. The gel was then mounted in the 

electrophoresis tank and sufficient IxTBE buffer poured in to just cover the gel.

The DNA samples were mixed with 1/6 volume of gel loading buffer, vortexed 

and centrifuged briefly before loading into the wells with a disposable micropipette.

The samples were electrophoresed from negative to positive electrode at a 

constant voltage of about 80V across the apparatus.

W hen the bromophenol blue dye front had migrated about 3/4 down the gel, the 

gel was removed from the tray and visualised over an ultraviolet illuminator.
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For the most part, DNA gel electrophoresis was performed on a minigel 

apparatus. In order to verify whether transcription of a DIG-riboprobe had occurred, 

the riboprobe transcription mix was electrophoresed at high voltage on IxTBE \%  

agarose gel for about 20min. No special precautions were taken except that the gel 

apparatus was wiped down with 70% ethanol before use.

2.2.3 LARGE SCALE PLASMID PREPARATION fMAXIPREP^

This protocol was adapted from Sambrook et al (1989) and usually used to 

prepare template DNA for use in transcription reactions.

All the plasmids used carried an ampicillin (amp) resistance gene hence all 

bacterial selection media contained 60pg/ml amp.

5ml of Luria-Bertoni (LB) media (containing amp) was innoculated with a 

loopful of the bacterial strain carrying the plasmid of interest and grown to an OD^qq of

about 0.6 in a shaking incubator at 37°C.

The entire 5ml was used to inoculate 400mls of LB media in a sterile 2-litre 

conical flask which was then incubated overnight (12-16 hours) at 37°C on a rotary 

shaker.

The bacteria solution was transferred to two large centrifuge bottles and 

centrifuged at 4000rpm for 20min at 4°C. The supernatant was discarded and the 

bottles stood upside down on paper towels to remove as much of the supernatant as 

possible.

The pellets were each resuspended in 100ml of ice-cold STE before centrifuging 

as before. The resultant pellets were then resuspended in 18ml (total) of ice-cold 

Solution I and amalgamated.

2ml of freshly prepared lysozyme solution (lOmg/ml in lOmM Tris-HCl (pH 

8.0)) was added, followed by 40ml of Solution II at room temperature. The centrifuge 

bottle was sealed with parafilm and the solution swirled hard before storing at room 

temperature for lOmin.
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20ml of ice-cold solution III was added and the solutions mixed by shaking. 

The resultant lysate was centrifuged at 4000rpm for 15min at 4°C  and the rotor allowed 

to stop without braking.

The supernatant was then filtered through four layers of net curtain into a 250ml 

centrifuge bottle and the volume measured in a measuring cylinder. 0.6 volume of 

isopropanol at room temperature was added and the bottle stored for about lOmin 

before centrifugation at 4000rpm for 15min at room temperature.

The supernatant was discarded and the bottle inverted over paper towels to 

remove the last drops of supernatant. The pellet was rinsed with 70% ethanol at room 

temperature and as much of the ethanol removed as possible before resuspending in 

6ml of TE buffer.

The solution was transferred to a 15ml glass Corex tube and an equal volume of 

ice-cold 5M LiCl added to precipitate unwanted high-molecular-weight RNA. The 

solution was centrifuged at lOOOOrpm for lOmin at 4^C.

The supernatant was then transferred to a fresh 30ml Corex tube and 12ml of 

icy-cold isopropanol added. The precipitated nucleic acids were recovered by 

centrifugation at lOOOOrpm for lOmin at room temperature. The pellet was rinsed with 

70% ethanol and allowed to dry at room temperature for 5min.

l-2m l of TE (pH 8.0) containing DNAase-free pancreatic RNAase (20pg/ml) 

was used to dissolve the pellet. The solution was split into 0.5ml aliquots and 

transferred to eppendorf tubes. Subsequent steps refer to a single 500pl aliquot.

500,Lil of 1.6M NaCl containing 13% (w/v) polyethylene glycol (PEG-8000) 

was added, the solution vortexed and centrifuged at 12000g for 5min at 4°C  in a 

microfuge.

The supernatant was removed by aspiration and the pellet of DNA resuspended 

in 400,Lil of TE (pH 8.0). The solution was then extracted twice with phenol, twice with 

phenol/chloroform and twice with chloroform.

The aqueous phase was transferred to a fresh microfuge tube and lOOpl of lOM 

ammonium acetate and mixed. 1ml of ethanol was added and the tube stored for lOmin



at room temperature. The DNA was then recovered by centrifugation at 12000g for 

5min at 4°C  in a microfuge.

The supernatant was removed by aspiration and 200,ul of 70% ethanol added to 

rinse. The tube was vortexed briefly and centrifuged at 12000g for 2min at 4°C  in a 

microfuge. The supernatant was removed by aspiration and the tube inverted over paper 

towels for 5 min to dry.

The pellet was dissolved in 500pi of TE (pH 8.0) and a 1:100 dilution used for 

spectrophotometric estimation of DNA concentration.

2.2.4 SMALL SCALE PLASMID PREPARATION fMINIPREP^

This protocol is based on one from Sambrook et al (1989). Plasmid minipreps 

were mostly used to verify the presence of the required plasmid after transformation. 

See previous section for composition of solutions.

5ml of LB media was inoculated with the relevant bacteria and incubated at 

37°C overnight in a rotary shaker.

1.5ml of the resulting culture was pipetted into an eppendorf tube and 

centrifuged at 12000g for 30s at 4°C. The supernatant was removed by aspiration.

The bacterial pellet was resuspended in lOOpl of ice-cold Solution I by 

vortexing. 200,ul of Solution II was added, the tube closed tightly and mixed by 

inverting rapidly five times before placing on ice.

150,ul of ice-cold solution III was then added and the tube was vortexed gently 

for 10s to disperse solution III throughout the lysate. The tube was stored on ice for 3- 

5min before centrifuging at 12000g for 5min at 4°C in a microfuge.

The supernatant was transferred to a fresh tube and extracted with an equal 

volume of 1:1 phenol/chloroform. The DNA was then precipitated with 2 vol. ethanol 

at room temperature and allowed to stand at room temperature for 2min before 

centrifuging as before for 5min.
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The supernatant was removed by gentle aspiration and the tube inverted over 

paper towels to drain and dry. The pellet of double-stranded DNA was rinsed with 1ml 

70% ethanol at 4°C, the supernatant aspirated and the pellet left to dry in air for lOmin.

Finally, the DNA pellet was dissolved in 50,ul of TE containing DNAase-free 

RNase and stored at -20°C.

2.2.5 Transformation of E. Coli with plasmid DNA

A single colony of the appropriate E. coli bacteria was grown up for 12-16 hrs

in 5ml of LB media, incubated at 37°C  in an orbital incubator. 100,ul of this culture

was then used to innoculate 100ml of LB media, and the resultant culture grown until 

the O D^qq was approximately 0.3-0.4.

The bacterial culture was decanted into 50ml Falcon tubes and centrifuged at

2500rpm for lOmin, the supernatant discarded and the pellet resuspended in 40ml ice- 

cold lOOmM CaCl2 ' The solution was left at 4°C  for 20min and centrifuged again as

above.

The pellet was then resuspended in 4ml ice-cold 50mM CaCl2  and left on ice

for 40min. 300pl aliquots of the resulting competent cells were used for 

transformation.

About 50ng of plasmid DNA was added to an aliquot of competent cells in a 

microfuge tube and the solution left at 4°C  for 20min. Cells were heat shocked at 42°C  

for 3min and then returned to 4°C  for lOmin. 1ml of LB media was mixed with the 

cells and the solution incubated at 37°C for Ihr.

The solution was then briefly centrifuged at 13000rpm in a microfuge to pellet 

the cells and most of the supernatant discarded by inverting the tube quickly. The pellet 

was resuspended in the remaining media and diluted before plating out on LB agar 

plates (with ampicillin).
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2.2.6 IN-SITU HYBRIDISATION TO SECTIONS

This protocol is based on the one described by Roweer al (1992).

2.2.6.1 Tissue Preparation

Chick embryos were dissected and rinsed in icy-cold PBS, pinned flat out on 

wax dishes and fixed overnight in 4% PFA in PBS at 4°C . For embryos older than 

stage 20, heads were cut off and processed further; whole embryos were used if 

younger. Individual eyes of embryos older than stage 30 were dissected out and 

processed.

The tissue was put through two 30min changes of PBS at 4°C , followed by a 

15min. wash in 1:1 ethanol/PBS at the same temperature. They were then washed twice 

in 70% ethanol at room temperature for 15min each. The final dehydration series 

involved 30min. incubations at room temperature in 85% ethanol, 95% ethanol, 

absolute ethanol (twice) and toluene (twice). The tissue was then incubated in molten 

wax for 20 min. at 60°C. This was repeated twice before embedding the tissue, in the 

right orientation, in fresh molten wax and allowing it to cool to room temperature. The 

blocks were stored at 4^C in a sealed box with desiccant for up to 4 months.

2.2.6.2 Preparation of slides and sections

Glass slides were washed in Teepol detergent and rinsed thoroughly, first in tap 

water and lastly in double deionised water. The slides were then incubated in 10% HCl 

for 20min and put through 3 rinses of double deionised water. They were then baked at 

180°C for about 2 hours and allowed to cool to room temperature before coating with 

TES PA (3-aminopropyl triethoxysilane). To accomplish this, the slides were dipped in 

a solution of 2% TESPA in acetone, acetone, acetone and double deionised water for 

10s. each.



The slides were placed in a 42^C oven for about an hour. The prepared slides 

were wrapped in aluminium foil and used within four days.

For sectioning, 8pm sections of tissue were cut on a microtome and floated on 

to the coated slides at 45°C. The sections were allowed to dry down at 45°C for 2 

hours and baked onto the slides at 60°C overnight. Sections were stored at 4^C in slide 

boxes containing desiccant,

2.2.6.3 ^^S-labelled Probe preparation

The probes were synthesised according to Devlin et al, 1988.

Chicken BMP-4 cDNA was linearised with BamW l (antisense) or HindiW

(sense). GH6 cDNA was linearised with HindiW (antisense) or EcoRl (sense), while

linearisation of Shh was performed with 5'fl//(antisense) orN otl (sense). The linearised

plasmids were subsequently treated with phenol/chloroform, ethanol precipitated and

washed in the same way. The DNA was finally resuspended in sterile water containing

lOmM dithiothreitol (DTT) at « Ipg /p l.

25pi transcription reactions were set up containing 5 pi of 5x reaction

buffer, 0.5pl of IM  DTP, 1.2pl of lOmM GTP, 1.2pl o f lOmM ATP, 1.2pl of lOmM

UTP, Ip l of 50pM GTP, 5pg of linearised plasmid DNA and made up to 25pi with

sterile water. Finally, 7pl of S GTP was added, together with 0.5pl of RNAsin and 

1.5pi of the relevant RNA polymerase (Tg for the Bm p-4  and GH6 antisense; Sp6  for

Shh antisense; Ty for the Bm p-4, GH6 and Shh sense). The reaction mixture was left

for one hour at room temperature.

0.5pl of RNAsin, Ip l lOmg/ml tRNA, 0.5pi IM  DTT and 0.5pi stock BRL 

RNase-free DNase I was mixed in and the reaction mixture incubated at 37°G for 

lOmin. After this, 95pi of sterile water and lOpl of 5M LiGl was added, the mixture 

vortexed and precipitated with 300pi ice-cold absolute ethanol for 15mins. at -70°G.



The RNA was pelleted by centrifugation in a microfuge, washed with lOmM

DTT in 70% ethanol and left to dry. Finally, it was resuspended in 50pl of 50mM DTT

in sterile water and 0.5pi was counted in a scintillation counter with "Ecoscint".

7 8The average number of counts obtained was between 3x10 and 1x10 cpm

total.

Because the length of the RNA produced by transcription would have reduced 

penetration of the tissue sections, it was necessary to subject some of the probes to 

alkaline hydrolysis. All the probes but the GH6 probe required hydrolysis. 50,ul of 

hydrolysis buffer (SOmM sodium hydrogen carbonate, 120mM sodium carbonate pH

10.2 and lOmM DTT) was added to 50pl of RNA probe and the mixture left at 60°C 

for the requisite length of time (20min for the BMP probes, 27min for shh). The 

reaction was halted with 50pl of neutralising buffer (0.2M  sodium acetate, 1% glacial 

acetic acid and lOmM DTT) and precipitated with 15pl 3M sodium acetate (pH 5.2) and 

300,ul cold absolute ethanol at -70°C for lOmin. After centrifugation, the probe was 

washed with lOmM DTT in 70% ethanol, dried and resuspended in 50pl sterile water 

with lOmM DTT.

The probe was stored at -70^C and counted again before use.

2.2.6.4 Pretreatment

The procedure was performed as described by Rowe et al (1991).

The slides were allowed to warm to room temperature from 4°C  while still in 

their sealed box. They were dewaxed in fresh xylene for 15min and then rehydrated for 

2 min each in absolute, 95%, 90%, 80%, 60% and 30% ethanol and double deionised 

water.

The following steps were carried out in glass dishes previously baked at 180°C 

for a minimum of two hours. All buffers were autoclaved before use and effort was 

made to keep everything RNAse-free. Where temperature is not mentioned, steps were 

performed at room temperature.



The slides were washed twice for 2 min in sterile water and left in 1/49 HCl for 

about 15 min They were then rinsed for 5 min in 2xSSC and treated with 5pig/ml 

proteinase K in lOOmM Tris pH 7.5, 50mM EDTA, 37°C  before being incubated in 

2mg/ml glycine in PBS for 2 min at room temperature. This was followed by another 

two 2min washes in PBS and 20min fixation in 4% PFA in PBS. Two more 2min 

washes in PBS were followed by a lOmin acétylation step in a solution of O.IM 

triethanolamine, 1/400 acetic anhydride that had been mixed immediately before use. 

There was then another 5nun incubation in PBS, a 2min wash in sterile water and 

finally dehydration through 30%, 60%, 80%, 95% and absolute ethanol (2 min each). 

The slides were air-dried under aluminium foil for one hour.

2.2.6.5 Hybridisation

A hybridisation mixture consisting of Ix  Denhardt's solution, 10%(v/v) 

deionised formamide, 50mM DTT, 50mg/ml yeast total RNA (phenol/choloroform 

extracted stock), 50pg poly A  RNA and probe diluted to about 1x10^ cpm per pi was 

prepared. The mixture was vortexed, spun down, vortexed and spun down again 

before use to remove all air bubbles. It was heated to SO^C for 3 min. and cooled on ice 

before use.

The required amount of hybridisation mixture (50pl for small sections; 70pl for 

large) was spotted directly on to the dry slides with a Gilson micropipette, and a 

coverslip lowered slowly over the slide so that the mixture was spread to all sections on 

the slide.

The slides were rested on pasteur pipettes inside sealable plastic boxes. 2xSSC, 

50% formamide saturated 3mm paper was placed at the bottom of the boxes. Dry 3mm 

paper was taped to the lids and the boxes sealed with tape and kept in a 55°C  oven 

overnight.
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2.2.6.6 Post-hvbridisation Washes

Slides were transferred to a rack for washing in 2xSSC, 50% formamide, 

lOmM DTT for 15min. At this point, the slides were agitated vigorously to remove all 

the cover slips. The slides were washed twice in the same buffer for 20 min, once at 

55°C  and once at 65°C.

They were then rinsed twice for 15min. in RNase buffer (500mM NaCl; lOmM 

Tris pH 8.0; ImM  EDTA) at 37°C and incubated for 30min. in 40pg/ml pancreatic 

RNase A in RNase buffer at 37°C. This was followed by another rinse in RNase 

buffer at 37^C and two more washes in 2x SSC, 50% formamide, lOmM DTT for 

20min. each at 65°C.

The slides were transferred to O.lxSSC, lOmM DTT at 65°C for 20m in., 

followed by O.lxSSC at room temperature for 5min. They were finally dehydrated 

(2min. each) through 300mM ammonium acetate in 70% ethanol, 95% ethanol and 

absolute ethanol. They were then left to dry for about an hour.

2.2.6.7 Dipping, exposure, development and staining

Slides were dipped in Ilford K5 emulsion in 2% glycerol at 42°C  under a 

safelight. They were allowed to cool and dry and air-dried in the dark for 2 hours 

before boxing in a light-tight container with a packet of desiccant. They were left to 

expose at 4°C  for a week or more.

The slides were then allowed to reach room temperature before developing for 

5min in Kodak D19 developer, rinsing in water and fixing for 5min in Kodak Unifix. 

They were left under running tap water for 15min before staining in 0.01% (w/v) 

malachite green.



2.2.7 IN -S m i HYRRTDTSATION TO WHOLE MOUNTS

This protocol is based on one by Ipzisua-Belmonte et al (1993).

2.2.7.1 Tissue preparation

Embryos were dissected out in phosphate-buffered saline (PBS), fixed in 

4% PFA and stored in absolute methanol before hybridisation.

2.2.7.2 Probe preparation

The murine Bmp-4  construct was linearised as described in section 2.2.6.3 to

provide a template for probe preparation {Eco RI, sense;SmaI, antisense).

In all the following steps, care was taken to keep all items RNase-free. Water

was double-distilled and autoclaved. Plasticware was autoclaved twice.

A transcription reaction was set up in a microfuge tube consisting of: 4pl of 5x 

T.y/Tg buffer, lp.1 0.2M DTT, Ip g  of linearised plasmid, 0.7pl of digoxigenin-labelled

UTP (DIG-UTP), 1.3pl unlabelled UTP, 2pl ATP, 2pl CTP, 2pl GTP, 0.5\x\ placental 

ribonuclease inhibitor (100 U /pl) and Ip l of the relevant RNA polymerase (T.y for the

murine BMP-4 sense; SP6 for the murine BMP-4 antisense) and enough water to make 

the mixture up to 27pl. The reaction was then allowed to proceed for 2 hours at 37°C . 

As a results of the extreme instability of the SP6 enzyme, it was necessary to double the 

quantities o f nucleotides (labelled and unlabelled) as well as to incubate the reaction 

mixture overnight, with periodic additions of more ribonuclease inhibitor and SP6 

enzyme.

A  Ip l aliquot of the reaction mixture was removed and run on a 1% agarose 

IxTBE gel to estimate the amount of RNA synthesised. The transcription reaction was 

deemed satisfactory provided the RNA band was about twice as intense than the 

plasmid band.



2^1 of ribonudease-free DNasel was added to the transcription mixture which 

was then incubated at 37°C for half an hour. lOOpl of TE buffer (pH 8.0), lOpl of 4M 

LiCl and 300pl of icy-cold ethanol were added and the mixture incubated at -80°C  for 

30 minutes before centrifugation for lOmin in a microfuge. The pellet was washed with 

70% ethanol and dried. The pellet was dissolved in sterile water at about O .lpg/pl and 

kept at -70°C until required. About 10pi of the probe was used for every ml of 

hybridisation mix.

2.2.7.3 Pretreatment

Rehydration of embryos was performed by putting them through a series of 

75% Methanol/25% PBS/0.1% Tween-20, 50% Methanol/50% Methanol/0.1% 

Tween-20, 25% Methanol/75 % PBS/0.1% Tween-20 washes for 5 min. each. They 

were then washed three times with PBS for 5min each, followed by treatment with 

proteinase K (lOpg/pl) for approximately lOmin, for embryos younger than stage 12, 

and 20min for older embryos.

This was followed by two quick changes in PBS/0.1% Tween-20 (PBST). The 

embryos were fixed for one hour in 4% paraformaldehyde/PBS.

2.2.7.4 Hybridisation

A  prehybridisation solution consisting of 50%(v/v) deionised formamide, 

4xSSC, 2% (w/v) Boehringer blocking powder, 0.08%(v/v) Tween-20, 50pg/ml 

Heparin, Im g/m l tRNA, 5mM EDTA (pH 8.0) and 0.1% (w/v) CHAPS was made up 

and heated to 65^C.

The embryos were incubated in the prehybridisation solution for 1 hour. Fresh 

solution was added and the embryos incubated in this for another hour before 

prehybridisation solution containing the relevant probe at about Ipg/m l was added. The 

embryos were left to hybridise overnight at 65°C.
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2.2.7.5 W ashes and antibody reaction

The embryos were washed in 75% prehybridisation solution/25 % 2xSSC at 

65^C for 5min, followed by 50% prehybridisation mix/50% 2xSSC and finally 25% 

prehybridisation mix/75 % 2xSSC for 5 min each. All these washes were performed at 

room temperature.

This was followed by two 30min washes in 2xSSC/0.1% CHAPS at 37°C  and 

one 5min wash in 0.2xSSC/0.1% CHAPS at 60°C. They were incubated with the 

same mixture twice more at 60°C for 30min. The next two washes were in PBS at 

room temperature for 5min, followed by a final wash in PBS/0.1% Triton X-100 

(room temperature) for 5 minutes.

The embryos were blocked in blocking solution for 2 hours at 4°C  on a rocking 

platform.

This solution was then replaced with fresh blocking solution containing anti- 

DIG antibody (1/1000) preabsorbed at 4°C  for one hour with 3mg/ml acetone embryo 

powder (and then centrifuged to remove the insolubles). The embryos were incubated 

at 4°C  overnight on a rocking platform.

The next day, they were washed four times with PBS/0.1% Triton X-100/0.1%  

bovine serum albumin (BSA) at room temperature for one hour each. This w as 

followed by two washes in PBS/0.1% Triton X-100.

2.2.7.6 Colour Reaction

The embryos were washed thrice for 10 min each time in alkaline phosphatase

buffer.

The embryos were then incubated in colour reaction buffer, in the dark, with 

rocking, at room temperature, for between one and three hours. They were checked



every half an hour or so to see if the purple colour had come up sufficiently or if the 

colour reaction buffer had turned colour necessitating the addition of fresh buffer.

Once the signal appeared strong enough, the embryos were washed twice with 

PBS and could be stored at 4^C for up to five weeks.

For colour photography, it was found that the contrast of the coloured areas 

could be increased by clearing the embryos in increasing concentrations of glycerol. 

Embryos were left in PBS/0/1 % Tween-20 for 5min. This was repeated and a solution 

of 20% glycerol/PBS/0.1 % Tween-20 was added for a lOmin incubation period. This 

was followed by lOmin in 40% glycerol/PBS/0.1% Tween-20, then lOmin in 80% 

glycerol/PBS/0.1 % Tween-20. This last solution was exchanged for fresh and the 

embryos could be thus stored at 4°C  for 2 weeks, for young embryos, and for an 

indefinite period for the older ones.

2.2.7.7 Fixing and embedding for sectioning

Stained embryos in PBS/0. l% (v/v) Tween-20 were fixed in 4% 

paraformaldehyde in PBS for an hour at 4°C in order to prevent leaching of the colour 

product in the organic solvents necessary for dehydration.

The solution was replaced with methanol for 10-30min. (depending on size of 

embryo), isopropanol for 15min, and tetranaphthalene for 15min. Embryos were then 

transferred through three changes of paraffin wax at 60°C, then embedded in set wax.

Sections were then cut in the same way as in 2.2.6.2, dewaxed with Histoclear 

and mounted with DPX mountant for photography.

2.3 Cell Culture Techniques

All the following procedures require sterile conditions and were carried out in a 

laminar flow head. Instruments were sterilised by baking them at 180°C for 2 hours.
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2.3.1 EMBRYONIC DISSECTION

Eggs were wiped with 70% ethanol and the broad end (air-chamber) opened 

with blunt forceps. For each egg, the air-chamber membrane was tom aside with fine 

forceps and curved forceps used to lift out the embryo and place it in a petri-dish of 

modified HBSS.

After sufficient embryos had been accumulated (-24  for stage 26 embryos, -12  

for stage 30 and above), a pair of small curved forceps was used to scoop out the eyes 

and to transfer them to another dish of modified HBSS. The part of the eye 

surrounding the lens was removed with small curved forceps and the vitreous humour 

picked out. The retina was then separated from the pigment epithelium using fine 

forceps. Any pieces of retina retaining adherent pigment epithelium were discarded.

2.3.2 CULTURE OF RETINAL TISSUE

Pieces of retina were broken up mechanically using two pairs of fine forceps 

and placed in a sterile 15ml Falcon tube containing 10ml of modified HBSS. This was 

then incubated in a water bath at 37°C for lOmin to remove as much calcium and 

magnesium as possible.

The solution was transferred to another Falcon tube and centrifuged at lOOOrpm 

for 3min. The supernatant was discarded and 7ml of Img/ml Trypsin in modified 

HBSS added.

The pellet was resuspended by gentle pipetting and transferred to a fresh Falcon 

tube before incubation for 25min at 37°C. The solution was then pipetted up and down 

before centrifuging at 1200rpm for 5min.

The supernatant was discarded and the pellet resuspended in 10ml of DMEM 

containing a few grains of DNase I. The tissue was pipetted up and down with a 5ml 

plastic pipette then with a long fire-polished pasteur pipette in order to resuspend as 

many cells as possible.



Cell number was estimated using a haemocytometer and the retinal cells plated 

out in slide culture chambers or 96 well flat-bottomed plates at a final concentration of 

1x10^ cells/ml in DMEM.

Medium was replaced every 2-3 days; cultures lasted for about a week and a

half.

2.2.3.3 RADIOACTIVE CELL PROLIFERATION ASSAY

Cells were set up in triplicate in a 96 well, flat-bottomed plate in a final volume 

of 200 |a1 (2 x 10^ cells/well) and cultured for the requisite number of days with or 

without the factors to be tested.

6 hr before the end of the culture period, lOpl of H-thymidine (prepared by 

diluting stock 1:10 with DMEM) was added to each well using an autodispenser.

The plate was then returned to the incubator for approximately 6hrs and frozen 

at -20°C  for 1-4 days. Cells were thawed at room temperature and harvested 

immediately onto glass fibre discs using a Skatron semiautomatic cell harvester. The 

apparatus worked by passing high-pressure jets of deionised water into the wells, 

thereby lysing the cells and washing the released DNA through the glass fibre discs. 

High molecular weight DNA could not pass through the glass fibre material, but 

unincorporated nucleotides were washed away.

Discs were allowed to dry, punched out and placed in scintillation vials. 

Scintillation fluid was added before counting on a beta-counter.

2.3.4 ANTIBODY DETECTION OF MATURE NEURONS

Cultures were fixed in 2% (w/v) PFA for lOmin at room temperature by adding 

an equal volume of 4% (w/v) PFA to the culture medium in each chamber. They were 

then permeabilised in 100% methanol at -20°C for 5min, and washed three times in 

PBS before incubating with 1:100 rabbit anti-neurofilament 200 antibody in antibody
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diluent for 1 hour. After washing three times with PBS, the cultures were incubated for 

45min at room temperature in 1:100 fluorescein-conjugated anti-rabbit antibody in 

antibody diluent. After two washes in PBS and one in distilled water, the cultures were 

mounted in DABCO mountant.

2.2.4 RETROVIRAL WORK

The retroviral constructs were previously constructed in our laboratory 

(Pourquie et al, 1996) The viruses used were replication-competent retroviral vectors 

(RCASBP(A)) of the type produced by Hughes et al (1987), containing the complete 

coding sequence (1227bp) of mouse BMP-4 (Jones et al, 1991) in both sense and 

antisense (control) orientations. Non-coding sequences were excluded in order to 

enhance the efficiency of expression of the insert.

The viral vector variant, RCASBP(A), was a variant of the RCAS vector in 

which sequences derived from the po l gene of the Bryan high-titre strain of Rous 

Sarcoma Virus (RSV) were cloned into RCAS (A), a derivative of the Schmidt-Ruppin 

strain of RSV (Fekete and Cepko, 1993).

To prepare viral supernatant for infection of retinal cells, it was necessary to 

transfect chick embryonic fibroblasts (O line) with the retroviral constructs, harvest the 

supernatant and titre it to estimate the concentration of virus. In addition, a very high 

titre of virus was required for microinjections, hence the dilute supernatant was 

concentrated by ultracentrifugation. All the following techniques were carried out under 

sterile conditions.

2.4.1 CULTURE OF CHICK EMBRYO FIBROBLASTS

10 day old 0 line chick embryos (which contained no endogenous avian 

retroviruses hence minimising the chances of recombination of the constructs) were
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used to prepare the fibroblast primary cell line. About 14 embryos usually yielded a 

suitable number of cells.

The procedure was as follows: an egg was cleaned with 70% (v/v) ethanol and 

the air-space broken into using a pair of blunt forceps. After removing the membrane, a 

pair of curved forceps was inserted under the neck and the embryo lifted out into a dish 

of PBS (pH 7.5). The head and as much of the viscera as possible were discarded and 

the body washed three times in PBS solution in order to be rid of any erythrocytes. 

This was repeated until the requisite number of embryos was obtained.

All the washed embryos were transferred to a petri dish and macerated using a 

pair of curved scissors. The resulting tissue was placed in a side-arm conical flask 

containing 0.5g sterile glass beads (710-1190pm) and 10ml ice-cold trypsin-versene 

(1:9 v/v). The mixture was swirled gently to aid digestion and then left to settle for 

about 30s to allow the larger fragments to sediment before discarding the initial liquid 

(containing erythrocytes) through the side-arm. More trypsin-versene was added, and 

the procedure repeated 4-5 times; retaining the effluvium in 20ml universals. Care was 

taken to maintain the liquid at 4°C.

Finally, the universals were centrifuged for 5min at 1500 rpm in a Beckman J- 

6B centrifuge maintained at 4°C . The supernatant (mostly trypsin) was discarded and 

the pellets were resuspended in 10ml of PBS per pellet. They were then centrifuged as 

before to remove as much trypsin as possible before resuspending the pellets in 10ml of 

PBS total and transferred to a sterile conical flask containing glass beads. The solution 

was left on ice for one hour, swirling about every lOmin in order to aid mechanical 

dispersion.

The resulting liquid still contained small lumps of tissue. To remove them, the

cell suspension was sieved (220pm sterile steel mesh). Cells were counted using a

2 5haemocytometer and plated out in 80cm tissue culture flasks at a density of 6x10

cells/ml with 20mls of 90% DMEM, 10%FCS (complete medium) and incubated at 

37^C, 5% CO2 overnight. The cells were examined the following day and washed with
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serum-free media to remove cell detritus, before either passaging or adding fresh media 

as required.

The fibroblast monolayers were passaged upon reaching confluence. Medium

was discarded and the cells washed with serum-free media before adding 2ml of 1:9 v/v

trypsin/versene and returning the flasks to the incubator. When the cells became

dissociated from the substratum, trypsinisation was terminated by the addition of 7ml

of complete medium. The cell suspension was then split into 2 or 3 lots which were
2

each transferred to an 80 cm flask containing 10ml of complete media.

2.4.2 FIBROBLAST TRANSFECTION

O line fibroblasts were grown as above in 9cm petri dishes until about 50%

confluent. 4 hours prior to transfection, the media was discarded and replaced with 5ml

of fresh complete media.

The following chemicals were mixed together in an eppendorf tube in the order 

listed: lOpig of construct DNA, 10,ug carrier (Herring Testes) DNA, 31pl 2M CaCl2 ;

total volume made up to 250pl with double deionised water. The solution was mixed

by tapping the tube gently and centrifuged in a microfuge at 12 000 rpm for 5s. It was

then added dropwise to a second eppendorf tube containing 250pl 2x HEPES-buffered

saline (2xHBS) until a milky-white precipitate formed. The solution was then added to 

the cells and left overnight at 37°C, 5% CO2 .

The medium was discarded and the cells were washed three times with serum- 

free media before adding 10ml fresh complete medium. The cells were grown for about 

10 days, passaging when required, to allow for good viral spread.

After this time, the virus-containing medium from the cells was harvested and 

either stored as 1ml aliquots (filtered through a 0.2,um pore-size filter) or concentrated.



2.4.3 CONCENTRATION OF VIRAL SUPERNATANT

10ml aliquots of the viral supernatant was placed in ultracentrifuge tubes that 

had been previously sterilised with 70% ethanol. The tubes were centrifuged at 20K for 

2hrs in a Beckmann SW41 rotor at 4°C . The supernatant was discarded leaving only 

50-100|il per tube to resuspend the pellet in. The ultracentrifuge tubes were placed in 

sterile Falcon tubes and shaken gently on ice for an hour, before gently pipetting the 

viral supernatant up and down to ensure maximum resuspension. The liquid was then 

pooled and aliquoted into sterile eppendorfs (20pl per eppendorf) and stored at -70°C.

2.4.4 GAG STAINING TO ESTIMATE VIRAL SPREAD

3C2, a monoclonal antibody against GAG(a gift from Dr. H. Land, IC R F, 

Lincoln Inn Fields, London, UK), was used to stain transfected cells for viral spread.

Medium from the transfected cells was removed and they were washed with 

PBS, pH 7.5 for 5min. The cells were fixed with 2% (w/v) PFA and the rest o f the 

immunocytochemistry was carried out using chemicals from the Vectastain ABC kit. 

The only solutions not provided by the kit were the 3C2 antibody, the 

diaminobenzidine tetrahydrochloride (DAB) and the Tris-HCl, pH 7.5.

The fixed cells were washed in PBS for 5min to remove traces of PFA  and a 

0.3% (v/v) solution of hydrogen peroxide in methanol was added and the cells 

incubated for 30min at room temperature. The peroxide solution was intended to 

quench endogenous peroxidase activity. After a 20min PBS wash, blocking buffer was 

added for 20min. Another 5min PBS wash was followed by the addition of a 1:10 (v/v) 

dilution of the 3C2 antibody in PBS for 30min. The cells were then washed in PBS for 

5min and 1:10 (v/v) biotinylated secondary antibody added. Incubation for 30min in 

secondary antibody was followed by three 5min PBS washes. Finally, the cells were 

incubated with 0.5ml elite ABC reagent for 30min. After another three 5min PBS 

washes, colour reagent was added and the cells incubated at room temperature until



brown colour had developed. Once this had occurred, the colour reagent was removed 

and the cells washed twice for 5min in water before storage in 50% (v/v) glycerol in 

PBS.

2.4.5 TITERING OF VIRUS

The chick embryonic 0 line fibroblasts were plated out in 15mm wells at a 

concentration of 2 x 10^ cells/well and left overnight. Various dilutions of viral 

supernatant in DMEM were prepared. The culture media was removed from the cells 

and replaced by the diluted supernatant. The cells were then incubated at 37°C  for 

IShrs, before washing the cells in PBS and fixing in 2% PFA. The cells were then 

stained for GAG as in section 2.4.4.

The number of virus-positive cells was estimated by counting five random areas 

in each well (using a microscope graticule) under 32x magnification and multiplying by 

the dilution factor used.

2.4.6 INJECTION OF VIRAL SUPERNATANT

All metal and glass instruments used were cleaned with 70% ethanol after each

use.

After the embryos were judged to have reached about the right stage, eggs were 

windowed to check their development. This involved piercing a small hole through the 

air-sac to allow the membranes to pull away from the shell. The egg was laid on its side 

and a small hole cut to expose the embryo using a pair of curved scissors. If  the 

embryo was alive, the hole was sealed with sellotape and the egg set aside for injection.

For virus injections, pipettes were made from pulled glass capillary tubes. 

These were autoclaved before use. The end of a sterile yellow tip was cut off and the 

pipette inserted through the resulting hole and secured with UHU glue and nescofilm.
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A rubber teat (with a small hole at the top) was attached to the top of the yellow tip. By 

placing a finger over the hole, the virus could be released by squeezing the teat.

The virus was thawed quickly and kept on ice throughout the procedure. The 

egg was placed on its side in a cup-shaped holder. The hole in the egg was reopened 

and about 1 ml of albumin was withdrawn. Sterile ink (0.2ml autoclaved pelican 

ink;0.8ml Dulbecco's Eagle Medium) was injected beneath the embryo using a syringe 

with a bent needle so as to afford better visual contrast.

Injection pipettes were allowed to fill with the viral innoculum by capillary 

action. Injection was done free hand under a binocular microscope. After tearing the 

vitelline membrane over the head with a steel needle, the injection pipette was inserted 

by hand into the neural tube, diencephalon or optic vesicle and the innoculum allowed 

to drain directly into the brain. The window in the shell was sellotaped and the egg 

returned to an incubator at 38°C.

Injected embryos were harvested after 3-10 days incubation and analysed by in 

situ hybridisation.

2.4.7 GRAFTING OF TRANSFECTED FIBROBLASTS

O line fibroblasts that had been transfected by the method in section 2 .2 .4 .2  

were allowed to grow to confluence, and dissociated from their substratum with 1:9 

trypsin/versene. The media was placed in a Falcon tube and centrifuged at lOOOrpm at 

4^C in a Beckman J-6B centrifuge to pellet the cells.

The supernatant was discarded and the pellet washed once with DMEM, before 

resuspending it in 1ml of DMEM and transferring it to a sterile microfuge tube. The 

media was then centrifuged at 6500rpm for 3min and the pellet removed in the laminar 

flow by dislodging it from the wall of the tube with a wire needle. The pellet was 

carefully transferred to a Petri dish containing 90% DMEM, 10% PCS using a 

micropipette and then incubated at 37°C for one hour to allow the cells to consolidate.
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Eggs were prepared and windowed as in the previous section. A  slit was made 

in the neural tube or optic vesicle, and a small piece of the pellet inserted. The eggs 

were then sellotaped and reincubated before harvesting 3-10 days later.

2.2.5 PHOTOMICROSCOPY

Colour wholemount photographs were taken under low magnification with a 

Yashica 108 multiprogram camera mounted on a Zeiss Stemi SV6 binocular microscope 

or on an Olympus camera mounted on a Zeiss 4750 52-9901 dissecting microscope. 

Kodak 64-T Ektachrome colour slide film was used for all colour photos.

Higher magnification photos of sections were taken on a Zeiss IIIRS 

transmitted light microscope on Ilford PanF-50 black and white film. Dark-field 

illumination was used for many of the sections.

Fluorescence and phase-contrast photos of cells in culture were taken on a Zeiss 

Axiovert 405M microscope with UV illumination, using Ilford HP400 black and white 

film.





CHAPTER 3

B m p-4  ̂ Shh and GH6 
in the chick ey e
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3.1 Introduction

Previous work in our laboratory showed that Bmp-4  transcripts were present in 

an asymmetric distribution in the chick eye at stage 20 (see Fig 3.1 A) (Francis-West et 

al, 1994). Expression appeared relatively higher in the dorsal portion of the neural 

retina. This localisation invites comparison with other topographic molecules which 

also exhibit a graded distribution throughout the retina and are thought to play a role in 

establishing positional information in the tissue.

One example of these is aldehyde-dehydrogenase-2 (AHD-2) which, like BMP- 

4, is enriched in the cytosolic fraction of the dorsal retina in embryonic and adult mouse 

eye (McCaffery et al, 1991; McCaffery et al, 1992). The presence of this enzyme in the 

adult is thought to allow regulation of retinoic acid synthetic capacity in the dorsal 

retina, possibly regulating in turn genes that encode position-dependent cell surface 

molecules responsible for retinal topography (McCaffery et al, 1992).

Patterning in the eye is of the utmost importance, not only for specification of 

shape and direction of growth as in most organs but also because of the precise 

ordering of the retinotectal projections from the eye to the brain. The axons of retinal 

ganglion cells connect with the primary visual centre of the brain, the optic tectum, in a 

particular order, which requires positional information. Axons which originate from 

dorsal retina project onto ventral tectum and vice versa. There is a similar situation with 

anterior and posterior retinal axons.

The RNA distribution pattern of BMP-4 in the chick eye and its known role in 

various inductive events of vertebrate morphogenesis led us to speculate that, like 

AHD-2, the growth factor might play a role in establishing retinal topography.

As discussed in chapter 1, BMP-4 is thought to act through a homeobox- 

containing gene network in limb development (Francis et al, 1994), hindgut 

development (Roberts et al, 1995), tooth development (Vainio et al, 1993) and bone 

morphogenesis (limura et al, 1994). We were intrigued, therefore, to learn of the
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Fig. 3.1 Expression of Bmp-4 and GH6 in frontal sections through the chick head. A) 

Stage 20 chick head hybridised with chick Bmp-4 riboprobe (from Francis-West et al, 

1994) B) Stage 23 chick head hybridised with chick GH6 riboprobe (from Stadler & 

Solursh, 1994). Scale bars: 250um.
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isolation of a novel chick homeobox-containing gene which was expressed in the dorsal 

portion of the neural retina at stage 23-26 chick embryos (Stadler and Solursh, 1994).

This gene, called GH6, was reportedly expressed not only in the retina, but also 

throughout the lens epithelium (see Fig. 3 .IB), which is not the case for Bm p-4  at 

these particular stages. However, the spatio-temporal coincidence of expression 

patterns could well indicate the presence of a Bmp-4!GH6  (as homeobox gene) 

pathway similar to the ones already discovered in the limb and hindgut.

Bm p-4  and GH6 also exhibit overlapping domains of expression in other 

regions of the embryo, including the craniofacial region (distal portions of maxillary 

and mandibular primordia) (Francis-West et al, 1994; Jones et al, 1991), the otic 

vesicle and the heart (Jones et al, 1991). This is discussed in more detail in Chapter 1, 

but lends credence to the idea that the action of BMP-4 may be mediated by GH6.

In addition, the gene Sonic hedgehog {Shh) has been proposed to act in a 

pathway inducing Bmp-2lBmp-4  and thence Hox genes in two disparate patterning 

processesithe development of the limb bud (Francis et al, 1994; Krumlauf, 1994; 

Laufer et al, 1994) and the hindgut (Roberts, 1995).

The protein product of the Shh  gene is a signalling molecule implicated in the 

patterning of diverse regions of the embryo including the neural tube (Echelard et al, 

1993; Krauss et al, 1993; Roelink et al, 1995), somites (Johnson et al, 1995; Fan and 

Tessier-Lavigne, 1994), hindgut (Roberts et al, 1995) and limb bud (Riddle et al, 

1993). Shh  expression has been reported in the ventral midline of the forebrain 

(Echelard et al, 1993; Krauss et al, 1993; Roelink et al, 1995), but not in the eye.

However, shh is a homologue of the Drosophila segment polarity gene 

hedgehog {hh) which is expressed in the Drosophila eye imaginai disc. There, it is 

expressed behind the morphogenetic furrow which sweeps across the retina from 

posterior to anterior margin, leaving in its wake clusters of differentiating 

photoreceptors (Heberlein et al, 1993; Ma et al, 1993). In a parallel situation to shh and 

B m p, hh patterning is partly mediated by activating a Bm p-4  homologue, dpp 

(Heberlein c / ï̂/, 1993). Since the inductive pathway seems to have been conserved in
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such disparate organisms, Bmp-4  may be a downstream target of shh in the vertebrate 

eye.

I therefore investigated the possible roles of shh, Bm p-4  and GH6 in the 

patterning of the chicken embryonic eye by studying their expression patterns during 

development.

3.2 D is tr ib u tio n  o f B m p -4  tra n s c r ip ts  in th e  d evelop ing  ch ick  eye

Successive frontal sections were cut through the heads of stage 9-36 chick 

embryos and hybridised with an antisense RNA probe specific for chick Bm p-4  

transcripts, or with a negative control sense RNA probe. Fig. 3.2 illustrates the 

direction of sectioning and the appearance of some of the resulting sections.

No expression of Bm p-4  above background was ever detected in the optic 

vesicles of stage 9-12 embryos. At about stage 11, faint expression in the layer of 

ectoderm over the optic vesicle became apparent, but this was only barely above 

background, and the optic vesicle itself displayed no detectable signal (data not shown).

At stage 13, Bmp-4  expression became detectable throughout the optic vesicle 

(Fig. 3.3). Bmp-4  transcripts were distributed evenly throughout the optic vesicle 

(white arrow), but the hybridisation signal was very faint. The layer of ectoderm over 

the optic vesicle no longer displayed expression of Bmp-4  (white arrowhead).

Fig 3.4 shows the expression pattern o i Bm p-4  at stage 15. Transcripts were 

still present at low levels and were gradually becoming restricted to the dorsal portion 

of the optic vesicle (white arrowhead). This process had advanced by stage 17 (Fig. 

3.5) w ith the domain of Bm p-4  being more clearly restricted to the dorsal quadrant of 

the retina and more Bmp-4  transcripts being detected. By this stage, the lens had 

separated from the surface ectoderm and no expression of Bm p-4  was detected in either 

tissue.

Stage 19-20 embryos exhibited a broad dorsally-restricted domain of Bm p-4  

expression, that stretched both anteriorly and posteriorly (refer to successive sections of
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Fig. 3.2 Diagram illustrating plane of sectioning used throughout chapter. A) Head of 

stage 17 chick embryo B) Frontal sections cut through the regions indicated. From Ede 

and Kelley (1964). DIG, diencephalon; MN, mandibular rudiment; M S C , 

Mesencephalon; M X , maxillary rudiment; N O , notochord; O P S , optic stalk; O R P ,  

oral plate; RP, Rathke's pouch; S P ,  Seesel's pocket; T L C , telencephalon, e indicates 

the most anterior section and a the most posterior.
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Fig. 3.3 Dark-field micrograph showing frontal sections of chick stage 13 embryo 

hybridised with A) a 35g_|abelled antisense RNA probe specific for chick Bm p-4  

transcripts B)a 35g_|abelled negative control RNA probe, fb, forebrain; ov, optic 

vesicle, se, surface ectoderm, d indicates dorsal. Signal was present in the optic vesicle 

(white arrow) but not the overlying ectoderm (white arrowhead). Scale bar = lOOfim
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Fig. 3.4 Dark-field micrograph showing the distribution of Bmp-4 transcripts in the dorsal 

quadrant of the optic vesicle (white arrowhead) of a stage 15 chick embryo. FB, forebrain; 

OV, optic vesicle; SE, surface ectoderm, d indicates dorsal. Scale bar = 150pm
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Fig. 3.5 Dark-field micrograph showing the distribution of Bmp-4  transcripts in the 

dorsal quadrant of the optic vesicle (arrowed) of a stage 17 chick embryo. FB, 

forebrain; LV, lens vesicle; NR, neural retina; OC, optic cup. d indicates dorsal. Scale 

bar = 200pm
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Fig. 3.6 Dark-field micrographs of successive frontal sections through a stage 19-20 

chick head hybridised with the Bmp-4  antisense riboprobe. Sections proceed from 

posterior (A) to anterior (E) as indicated in Fig. 3.2. FB, forebrain; LV, lens vesicle; 

NR, neural retina, d indicates dorsal. Scale bar = 250pm
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Fig. 3.6, which correspond to about sections A-C of Fig. 3.2) and included the whole 

of the anterior/posterior quadrants of the optic cup. Thus, Bmp-4  expression was 

restricted to the dorsal quadrant only in sections incorporating the lens (the dorso- 

ventral axis of the eye); sections anterior or posterior of this displayed an expression 

domain covering the entire eye. In other words, at this stage, Bmp-4  expression is lost 

from the most ventral and proximal portions of the eye. Very faint expression could 

also be detected in the most distal portion of the lens epithelium (white arrowhead) and 

the ventral portion of the iris. Fig. 3.7A illustrates Bm p-4  expression domains at this 

stage.

By stage 24, the Bm p-4  expression domain had become increasingly restricted 

to the dorsal quadrant, even in the most anterior/posterior sections. This is illustrated in 

Fig. 3.8 which shows Bmp-4  expression in a series of (skewed) sections 

corresponding approximately to regions a-e of Fig. 3.2. In addition to the expression 

domain in the dorsal quadrant, very faint expression in the lens epithelium was seen in 

sections passing closest to the dorso-ventral axis of the eye (Fig. 3.SC) and more 

clearly in a high magnification view of the eye (Fig 3.9; white arrowhead). Faint 

expression o f Bmp-4  was also present in the ventral portion of the iris (Fig. 3.9: white 

arrow). The pigment epithelium displayed punctate expression of Bm p-4, but this was 

not particularly consistent and was hard to distinguish from the pigment granules 

present in that layer. Occasional artefactual "signal" in the pigment epithelium was also 

seen in sections hybridised with the sense riboprobe. Fig. 3.7B illustrates the Bm p-4  

expression pattern at this stage.

By stage 28, Bm p-4  expression in the retina was completely restricted to the 

dorsal quadrant (Fig. 3.10), even in anterior/posterior sections farthest away from the 

dorso-ventral axis (data not shown). Glancing sections through the most 

anterior/posterior portions of the eye no longer displayed hybridisation in the ventral 

retina . However, the ventral portion of the iris closest to the lens still

exhibited signal. Faint expression in the lens epithelium was still present. Other
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Fig. 3.7 Diagrams illustrating the domains o i  Bmp-4 expression in the eye at stage 20 

(A) and stage 24 (B) embryos. Gray shading marks domain of Bmp-4 expression.



Fig. 3.8 (A-F) Dark-field micrographs of successive frontal sections through a stage 24 

chick head hybridised with the Bmp-4  antisense riboprobe. Sections proceed from 

posterior to anterior. FB, forebrain; LV, lens vesicle; NR, neural retina; PE, pigment 

epithelium, d indicates dorsal. Scale bars = 250pm
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Fig. 3.9 High magnification view of stage 24 eye showing Bmp-4  expression in the 

dorsal retina, lens epithelium (white arrowhead) and ventral iris (white arrow). LV, 

lens vesicle; NR, neural retina; PE, pigment epithelium, d indicates dorsal. Scale bar = 

100|Am
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Fig. 3.10 Dark-field micrograph showing the distribution of Bmp-4 transcripts in the 

dorsal quadrant of the optic cup of a stage 28 chick embryo. White arrow indicates 

glancing section through eye. FB, forebrain; LV, lens vesicle; NR, neural retina; PE, 

pigment epithelium, d indicates dorsal. Scale bar = 250^im
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domains of craniofacial expression of Bmp-4 included the head mesenchyme and was 

similar to results obtained by Francis-West et al, 1994).

Stage 30 embryos, on the other hand, showed as intense hybridisation to the 

lens as to the retina (Fig. 3.11). The expression domain of Bmp-4  in the retina 

remained about the same as at stage 28, although the intensity of hybridisation had 

begun to fade a little (compare Fig. 3.11 to Fig. 3.8).

The loss of hybridisation signal continued, until by stage 35 there was no 

detectable expression of Bmp-4  in retina or lens (Fig. 3.12). The "signal" in the 

pigment epithelium is due to the pigment granules in the tissue layer and was seen also 

in sections probed with the sense riboprobe.

3.3 D is trib u tio n  o f  G H 6  tra n sc r ip ts  in th e  develop ing  ch ick  eye

Frontal sections of chick heads were cut and hybridised with the antisense and 

sense orientations of the GH6 riboprobe, in the same way as for Bm p-4. Adjacent 

sections were hybridised with each probe in turn in order to compare the expression 

pattern of the transcripts.

In contrast to Bm p-4, GH6 transcripts were not detectable in the developing 

optic vesicle between stages 9 and 19. For example, fig. 3.13 shows a frontal section 

through a stage 17 chick head hybridised with the GH6 antisense probe - no 

hybridisation signal was detected.

By stage 20, expression could be quite easily detected in the dorso-proximal 

regions of the retina (Fig. 3.14) and in the lens epithelium. Unlike Bm p-4, there was 

still some faint hybridisation to the ventral portion of the retina.

By stage 24, GH6 was detected in both neural retina and lens (Fig. 3.15). The 

most intense hybridisation was seen in the lens epithelium, but transcripts were also 

detected in parts of the lens body (Fig. 3.16; white arrowhead). GH6 expression was 

loosely confined to the dorsal portion of the neural retina, although expression was not 

so much absent, as less easily detectable in the ventral retina. GH6 expression
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Fig, 3.11 Dark-field micrographs showing the distribution of Bmp-4 transcripts in the 

dorsal quadrant o f  the optic cup o f  a stage 30 chick embryo.A) Anterior section 

through the lens B) More posterior glancing section (lens excluded) LV, lens vesicle; 

NR, neural retina; PE, pigment epithelium, d indicates dorsal. Scale bar = 150pm



CHAPTER 3 - Bmp-4, Shh and GH6 in the Chick Eye

Fig. 3.12 Dark-field micrograph showing the distribution of Bmp-4 transcripts in the

optic cup of a stage 35 chick embryo. LV, lens vesicle; NR, neural retina; PE, pigment

epithelium, d indicates dorsal. Scale bar = 150pm
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Fig. 3.13 Dark-field micrograph showing the distribution of GH6 transcripts in frontal

sections through the head of a stage 17 chick embryo. FB, forebrain; LV, lens vesicle;

NR, neural retina, d indicates dorsal. Scale bar = 150pm
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Fig. 3.14 Dark-field micrographs showing the distribution of GH6 transcripts in the

optic cups of stage 20 embryos. LV, lens vesicle; NR, neural retina; PE, pigment

epithelium, d indicates dorsal. Scale bar = 150|im
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Fig. 3.15 Dark-field micrographs o f successive frontal sections through a stage 24 

chick head hybridised with the GU6 antisense riboprobe(A,C,E>G,I,K) or the Bmp-4  

antisense riboprobe (B,D,F,H,J,L) (reproduced from Fig. 3.8 for comparison). 

Sections proceed from posterior to anterior. FB, forebrain; LV, lens vesicle; NR, 

neural retina; PE, pigment epithelium, d indicates dorsal. Scale bars = 250pm
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Fig. 3.16 High magnification view of stage 24 eye showing GH6 expression in the 

dorsal retina, lens epithelium and lens body (white arrowhead). LV, lens vesicle; NR, 

neural retina, d indicates dorsal. Scale bar = 100pm
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displayed a broad domain extending to the anterior and posteriormost walls of the optic 

cup (resembling the Bmp-4 expression pattern at stage 20).

Fig. 3.17A shows the expression of GH6 in the dorsal quadrant of the retina at 

stage 28. It is very similar to that of Bmp-4, which is shown next to it for comparison. 

There is signal in the lens epithelium at this stage as well as in the lens body. Like 

B m p-4 , the broad band of GH6  expression had become more restricted, losing its 

anterior-most and posterior-most limits of expression. Pigment cells in the pigment 

epithelium appear as a bright band in dark-field views due to their dark pigmentation.

The expression patterns of GH6 andBmp-4 were also very similar at stage 30 

(Fig. 3.18).

By stage 35, GH6 transcripts could still be detected over the dorso-proximal 

portion of the retina (Fig. 3.19; compare A  and B) in contrast to Bm p-4  transcripts 

which were no longer detectable. Expression was also detected in the dorsalmost 

portion of the lens body (white arrowhead).

3.4 D is tr ib u tio n  o f  S h h  tr a n s c r ip ts  in the  develop ing  ch ick  eye

In-situ hybridisation for Shh was performed from stages 9-35 of development. 

Only background signal was detectable at any stage in the optic vesicle or cup (Figs. 

3.20, 3.21 and 3.22). However,jA/z expression was detected in the ventral forebrain 

(Fig. 3.20, 21, 22 and 23, white arrowheads) between stages 15 and 30. Transcripts 

were also detected in the neural tube (Fig. 3.21).

Expression of shh was not detected in stage 35 embryos, not even in the 

forebrain (see fig. 3.22).

3 .5  D iscu ssio n

To determine whether shh, Bmp-4  and GH6  are involved in chick eye 

morphogenesis, I mapped the distribution of their transcripts in the developing eye.
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Fig. 3.17 Dark-field micrographs showing the distribution of A)GH 6  transcripts B) 

Bmp-4  transcripts in the optic cups of stage 28 embryos. FB, forebrain; LV, lens 

vesicle; NR, neural retina; PE, pigment epithelium, d indicates dorsal. Scale bars = 

250pm
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Fig. 3.18 Dark-field micrographs showing the distribution of A,B) GH6 transcripts 

C,D) Bmp-4 transcripts in the optic cups of stage 30 embryos. LV, lens vesicle; NR, 

neural retina; PE, pigment epithelium, d indicates dorsal. Scale bars = 100|um
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Fig. 3.19 Dark-field micrographs showing the distribution of A)G H 6  transcripts B) 

Bmp-4 transcripts in the optic cups of stage 35 embryos. White arrowhead indicates 

presence of Bmp-4 transcripts in the dorsal portion of the lens body. LV, lens vesicle; 

NR, neural retina; PE, pigment epithelium, d indicates dorsal. Scale bars = 150|um
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Fig. 3.20 Dark-field micrograph showing shh expression in the ventral forebrain of 

stage 24 embryo (white arrowheads), fb, forebrain; oc, optic cup. d indicates dorsal. 

Scale bar = 250|rm
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Fig. 3.21 Dark-field micrograph showing shh expression in the ventral forebrain of

stage 30 embryo (white arrowhead), fb, forebrain; oc, optic cup; ot, otic vesicle; nt,

neural tube, d indicates dorsal. Scale bar = 300|uim
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Fig. 3.22 Dark-field micrograph showing non-detectable shh expression in a stage 35

embryo . fb, forebrain; oc, optic cup. d indicates dorsal. Scale bar = 300pm
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Fig. 3.23 Dark-field micrograph showing shh expression in the ventral forebrain of 

stage 17 embryo (white arrowhead), fb, forebrain, d indicates dorsal. Scale bar = 

lOOp-m
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In summary, Bmp-4 expression first became detectable in the ectoderm at stage 

11 and in the optic vesicle at stage 13. According to O'Rahilly and Meyer (1955), stage 

11 is the time when the wall of the optic vesicle and the overlying ectoderm meet for the 

first time. Hence, signal was first observed in prospective lens ectoderm. By stage 13, 

the layer of ectoderm over the optic vesicle no longer displayed expression of Bm p-4  

(white arrowhead). However, by this time, the part of the ectoderm that was to become 

the lens had begun to condense to form a placodal thickening (O'Rahilly and Meyer, 

1955; Romanoff, 1960) with a number of cellular changes making it distinct from the 

rest of the surface ectoderm. At this same stage, when Bm p-4  expression first became 

detectable in the optic vesicle, the wall of the optic vesicle showed a slight depression 

that marked the beginning of its invagination to form the optic cup (Romanoff, 1960).

The expression domain gradually became restricted to the dorsal quadrant of the 

optic vesicle between stages 15 and 17. It is interesting to note that Nordquist and 

McLoon (1991) report that stage 15 marked the first appearance of three notches in the 

retinal margin of the chick, located in the dorsal-nasal, dorsal-temporal and temporal 

regions. These notches were to become more obvious by stages 17-19, with the dorsal 

notch being the most prominent. The notches had become less distinct by stage 21 and 

were no longer visible at stage 25. The authors suggested that these results might 

indicate the division of the retina into segments along the dorso-ventral and naso- 

temporal axes. Although the dorsal restriction of Bm p-4  appearance was therefore 

timed too late for it to be the determinant of dorso-ventral polarity, it could be a 

downstream member of the relevant pathway.

Bmp-4 expression remained largely restricted to the dorsal quadrant of the retina 

until stage 30, although its domain of expression gradually shrank in the antero

posterior direction until restricted to the area closest to the dorso-ventral axis. 

Hybridisation signal then lost intensity and became non-detectable by stage 35, by 

which time most cell division in the retina had ceased (Kahn, 1973).

Bmp-4  expression was detectable (if faint) in the lens epithelium from as early 

as stage 19 (after the lens vesicle closes), but only detected in the lens body at stage 30,
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shortly before all Bm p-4  expression in the eye became non-detectable. Coincidentally, 

stage 30 is about the time when the lens fibres begin a massive rearrangement to form 

radial rows and change in structure from hexagonal to four-sided (Romanoff, 1960).

Early development of the vertebrate visual system involves the growth of a 

vesicle of neural epithelium from the anterior neural tube and its invagination along its 

ventral-lateral surface to form a double-walled optic cup with a ventral fissure 

(Nordquist and Mcloon, 1992). The development of a retinal polarity was first defined 

by studies in the newt by Sperry in 1943 where the effect of eye rotation on vision after 

optic nerve regeneration indicated that the orientation of retinal axon innervation of the 

optic tectum was determined by positional information intrinsic to the retina (Sperry, 

1963).

To date, most studies of positional information in the retina have connected it to 

the orientation of retinal projections to the tectum and a number of molecules that are 

expressed in complementary gradients in both retina and tectum have been identified 

(for recent reviews, see Holt and Harris (1993) and Kaprielian and Patterson (1994)).

Bm p-4  could conceivably be a "Sperry-type" molecule responsible for 

providing dorso-ventral positional information to retinal axons so that connections with 

the tectum can be made in the proper order. A  point in favour of this hypothesis is the 

coincidence in timing of Bm p-4  expression with the appearance of dorso-ventral 

positional identity in the retina. Also, circumferential ganglion cell fibres have been 

shown to diverge from a point on the dorsal periphery of the retina (Goldberg and 

Coulombre, 1972). However, in-situ sections through the chick brain have not thus far 

revealed the presence of a complementary gradient of B m p-4  in the mesencephalon 

(part of which is the optic tectum). A  similar situation is known to prevail in the m ouse, 

where Bm p-4  is also expressed in the dorsal quadrant of the retina (Francis-West, 

personal communication) but has not been identified in the mesencephalon, although 

expression has been observed in the ventral floor of the diencephalon that makes 

contact with Rathke's pouch and gives rise to the posterior lobe of the pituitary (Jones 

et al, 1991).
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This goes directly against Sperry’s original proposal that the retinotectal map 

involves "two or more gradients....^\\h  their axes roughly 

perpendicular...superimposed on the retinal and tectal fields" to establish 

"complementary relations in the affinity forces...linking corresponding points in the 

two fields" (Sanes, 1993; emphasis my own). Also, BMP-4 protein (at least the 

recombinant human protein) is a diffusable growth factor and not immobilised on the 

cell surface as demanded by Sperry's hypothesis. Taken all in all, it seems very 

unlikely that the function of Bmp-4 localisation in the eye is to govern the topographic 

projection of the retina onto its central targets in the tectum.

Another possibility is that Bm p-4  may be a marker of retinal neurons at a 

particular stage of development. It is possible that a specialised subset of neurons first 

appears throughout the eye and then gradually becomes restricted dorsally. One such 

marker is the cell surface ganglioside, 9-0-acetyl GD3, which is also found in a dorsal 

to ventral gradient in the rat eye (although late in development) and has been shown to 

mark migrating axons in the brain (Constantine-Paton et al, 1986; Mendez-Otero et al, 

1988; Sparrow and Barnstable, 1988).

Another possibility is Bmp-4 may play a role in the invagination of the optic 

vesicle (stages 14-20) and closure of the choroid fissure (stage 21 onwards). There is a 

temporal gradient in the dorsal to ventral differentiation of the retina in vertebrates (Holt 

and Harris, 1993), with ventral retina maturing first in most except the zebrafish. Since 

it is undifferentiated cells that proliferate, one can imagine the gradual infolding of the 

optic vesicle being governed by the proliferation of cells in the dorsal retina.

However, it is not known if the Bm p-4  protein product or its receptors display 

the same kind of spatial restriction, and since both of these determine the biological 

activity of the molecule, care must be taken in analysing the results. In particular, the 

type of receptor interaction (homomeric or heteromeric) and ensuing pathway of signal 

transduction is thought to determine the multiple activities of TGF-6 and other members 

of the family (Derynck, 1994).
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The known mechanisms of Bmp-4 action in bone formation in vitro indicate that 

it may function by inducing changes in homeobox gene expression (limura et al, 1994) 

and a similar spatiotemporal relationship exists between BMPs and homeobox gene 

expression in the limb (Francis et al, 1994) and tooth (Vainio et al, 1993).

A number of homeobox genes are known to be expressed asymmetrically in the 

eye including M sx-2, which is present throughout the optic cup except in the 

presumptive iris/ciliary body region and M sx-1 , which is localised to the presumptive 

ciliary body (Monaghan et al, 1991). Xenopus Xlim -1  has only been detected in a 

distinct sublamina of the inner nuclear layer of the laminated retina, but not in dividing 

cells of the ciliary margin (Taira et al, 1993). Also, SOHo-1, a novel chick homeobox 

gene has been shown to be expressed at high levels in anterior retina and low levels in 

posterior retina (Deitcher et al, 1994). None of these, however, display anything like 

the restricted dorsal domain of expression exhibited by Bm p-4  and our first clue to a 

homeobox gene that might function downstream of Bm p-4  in the eye came with the 

discovery of the novel chicken homeodomain-containing gene GH6.

GH6 expression seemed to parallel Bmp-4 expression except that it did so a few 

stages later. Expression first became detectable at stage 20 in a dorso-proximal domain 

in the retina. Unlike Bmp-4, GH6 expression was also detected in the ventral retina, 

but more faintly; GH6 expression domain also seemed to extend more proximally than 

Bmp-4. GH6 transcripts still remained detectable at stage 35, in contrast to Bmp-4. The 

lens epithelium displayed a hybridisation signal to GH6 even at stage 20 and this trend 

continued until stage 30 when both the epithelium and the lens body showed intense 

hybridisation to GH6.

Judging from the lag in the expression pattern of G H 6, it seemed possible that 

the gene might lie downstream of Bmp-4 in patterning the neural retina. In order to test 

this in vivo, we attempted to perturb the expression pattern of GH6 by the insertion of a 

bead soaked in a BMP-4 homologue (see chapter 5).

The development of the Drosophila eye imaginai disc is thought to involve the 

secreted factors hedgehog (hh), dpp and their possible interaction with a number of
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homeobox genes e.g.. the Pax-6 homologue eyeless (Heberlein et al, 1995; Strutt et al, 

1995; Haider et al, 1995). Vertebrate homologues of hh have also been implicated in 

the induction of ventral neuronal cell types all along the entire rostral-caudal extent of 

the neuraxis, including the forebrain (Ericson et al, 1995; Marti et al, 1995; Echelard et 

al, 1993).

Given the parallels between Drosophila and vertebrates, it seemed possible that 

shh {hh homolog) and Bm p-4 {dpp homolog) might also interact in vertebrate eye 

morphogenesis.

However, shh transcripts were seldom detectable at all in the eye, and if so, 

then very faintly. Instead, intense hybridisation signal was detected in the ventral 

forebrain and neural tube which agrees with what has been reported for the mouse and 

zebrafish (Ericson et al, 1995; Barth and Wilson, 1995).The ventral forebrain 

expression of shh comes as no great surprise when we consider its known role of 

floorplate and motor neuron induction in vertebrates (Marti et al, 1995; Roelink et al, 

1995; Echelard, 1993).

Barth and Wilson (1995) and Macdonald et al (1995) have suggested that 

overexpression of shh in the zebrafish results in a reduction in the extent of the retina at 

the expense of hypertrophy of the optic stalk, a phenotype similar to the naturally- 

occurring Cyclops mutant. Most intriguingly, the dorso-temporal region of the retina is 

described as being most resistant to the effects of shh overexpression, often comprising 

the sole remaining retinal tissue. Given the distribution o f both Bm p-4  and G H 6, it 

seems possible that the intransigence of the dorsal retina is due to the presence of these 

two factors, possibly acting as shh antagonists. Support for this hypothesis comes 

from w ork on shh and Bmp-4IBmp-7  signalling in the ventral midline of the neural 

tube, where it appears that shh and the Bmp  s act as antagonists (Liem et al, 1995).

In order to better understand the role of BMP-4 in patterning the eye, we 

decided to test the effects of Bm p-4  on cell proliferation and differentiation in vitro 

using a chick retinal culture system (Chapter 4).





CHAPTER 4

EFFECT OF B M P -4 
ON CHICK R E TIN A L  
CELLS I N  C U L T U R E



CMP^1:ER A ^EFFECT OF B M P ^ ON C m C K nE T W A L  CELLS m  VITRO : - . I S S

4.1 Introduction

In the previous chapter, I examined the distribution of Bm p-4  transcripts in the 

developing chicken eye. The presence of Bm p-4  transcripts solely in the dorsal 

quadrant during stages 17-30 might be indicative of a role for Bmp-4 in stimulating cell 

proliferation and thus regulating the closure of the choroid fissure.

To test this hypothesis I examined the effect of BMP-4 on dissociated chick 

embryo retina cells at various stages of differentiation. The culture system allowed easy 

manipulation of the cellular microenvironment that would not have been possible in the 

whole retina. Another advantage of the approach was to limit the amount of contact- 

mediated intercellular interaction since the cells were seeded at densities such that they 

were not in contact with one another. The cultures were free from detectable 

contamination with other types of flat cells such as fibroblasts or pigment epithelium 

cells, allowing us to study retinal precursor behaviour in isolation (Adler, 1993).

As early as 1937, Dorris demonstrated that both whole eyes and their separate 

components (eyecups with or without lens, or separate pigment epithelium, neural 

retina or lens) taken from chick embryos as young as 65 hours could be induced to 

differentiate in vitro. Indeed, it is recorded that isolated whole retina from 96hr old 

donors showed good survival and growth in long-term culture (up to 10 days) to yield, 

in one case, histologically normal 14 day retina, containing all the expected sensory, 

fibre and nuclear layers. Adler (1993) has described the differentiation of dissociated 8- 

day chick embryo retinal cells in monolayer culture; from a population of 

undifferentiated, process-free round cells, they become morphologically distinct glial 

cells, multipolar neurons and photoreceptors.

A  few members of the TGF-B family have been reported to have any effect on 

neuronal cultures in general. BMP-4 is one of these and has been reported to induce the 

differentiation of rat pheochromocytoma (PC12) cells under serum-free conditions 

(Paralkar et al, 1992). Activin A, another member of the TGF-B family, is known to do 

the same to a lesser extent (possibly through selective induction of neuronal peptides
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(Coulombe et al, 1993; Fann and Patterson, 1994)) and also plays a role in neuronal 

survival (Schubert and Kimura, 1991).

TGF-63 is mitogenic for rat retinal cells (Anchan and Reh, 1995), whereas 

TGF-61 and -2 have no significant effects on cell number. TGF-61 was also incapable 

of inducing PC12 cell differentiation (Paralkar et al, 1992). However, TGF-B 1 and -2 

do stimulate the proliferation of murine embryonic astrocytes (Johns et al, 1992) and 

Schwann cells (Register et al, 1993).

Many other peptide growth factors, most notably the fibroblast growth factor 

(FGF) family, are known to regulate neural development at these initial stages of 

progenitor cell proliferation and differentiation. Both acidic and basic FGF have been 

reported to increase the growth of chick and rat neural retinal cells and aid neuronal 

survival and glial cell proliferation in the presence of serum (Tcheng et al, 1994; Lillien 

and Cepko, 1992). Purified FGF has also been shown to stimulate the 

transdifferentiation of chick retina into lens (Karim and de Pomerai, 1990). T G F -a 

delays rod differentiation in rat retina (Lillien, 1995) and together with EGF is thought 

to stimulate retinal cell proliferation (Anchan, 1991; Lillien and Cepko, 1992).

In other nervous tissue. Epidermal Growth Factor (EGF) is known to be 

weakly mitogenic for rat PC12 cells (Huff et al, 1981), but induces differentiation in 

the same cells transfected with the EGF receptor (Traverse, 1994). This effect is 

thought to be due to sustained activation of p42 mitogen-activated protein (MAP) kinase 

in response to the elevated levels of the EGF receptor. Proliferation in brain progenitors 

is promoted by TG F-a, EGF (Morrison et al, 1987), FGF (Gao et al, 1991; Murphy et 

al, 1990), Nerve Growth Factor (NGF) (Cattaneo and M cKay, 1990) and Insulin-like- 

Growth Factor-1 (IGF-I) (Gao eta l, 1991). From these numerous examples, it can be 

seen that the TGF-6 family is but one among many groups of peptide growth factors 

that have been linked with neuronal cell proliferation and differentiation.

All the following experiments were performed on cells of dissociated retinas 

obtained from chick embryos at stage 26 or stage 35. At stage 26, dorsal expression of 

Bmp-4  transcripts is at its peak (re: chapter 3), while cells in the retinal layer have not



/ . 4 œA PTER4 EFFECT OF BMP^ ON CHICK ïm : im L  CELLS m  v i t r o :  /-16Ù

begun to differentiate into strata of different neuronal types, although a minority of 

ganglion cell precursors might have withdrawn from the cell cycle (Kahn, 1973). At 

stage 35, Bm p-4  expression is no longer detectable by in-situ hybridisation (re: 

chapter 3) and retinal stratification had begun. In fact, according to Kahn (1973), by 

this stage, most cell division is confined to the ciliary margin. Thus, the two stages 

provide a good contrast. All cultures were plated out at an initial density of 10^ cells per 

ml - a density high enough to allow cell growth but low enough to minimise cell-cell 

contact.

Two methods were used to deliver BMPs to the cells: In some experiments, 

recombinant BMP-2 was added to the cultures. However, the most frequently used 

method was to supplement retinal cell cultures with filtered (pore size 0.2pm ) 

supernatent from chick embryonic fibroblasts (CEF) infected with a replication 

competent avian retrovirus encoding mouse Bm p-4. The structure of this virus is 

shown in Fig. 5.1. Supernatents from infected CEF contain mouse BMP-4 protein that 

is bioactive on chick cells (Bell (PhD thesis), 1994) but also contain infectious virus 

particles. Hence any effects mediated by the supernatant might have been caused by the 

protein or by viral infection of the retinal cells. Our failure to infect chick retina in vivo  

as well as the greater efficacy of BMP-2 protein to elicit cell proliferation (see section 

4.2.2) led us to believe the former was probably true.

In the following chapter, I compare the effects of BMP-4 with that of other 

peptide growth factors on chick retinal neuronal precursor proliferation and 

differentiation.

4.2 R e su lts

4.2.1 RETINAL CELL CULTURES

Shortly after seeding, the cultures consisted of a mixed population of phase- 

bright round undifferentiated neuronal precursors (majority) and a few differentiated
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glial cells and multipolar neurons (usually fairly easily distinguishable by their 

processes). After two to five days in culture (Fig.4.1), the cultures consisted largely of 

multipolar neurons growing on monolayers of glial cells. Also present were a very few 

photoreceptor cells (identifiable by morphology), but they comprised a small 

subpercentage of neuronal cells (comparable results with Tcheng et al, 1994).

The rise and fall of cell numbers in a typical culture of dissociated stage 26 

retinal cells is shown in fig. 4.2. Cell numbers increased over the first 6 days and then 

began to decrease. 6-day old cultures contained large percentages of differentiated glial 

and neuronal cells. By day 8, there was evidence of massive cell death and by day 10, 

increases in cell number had levelled off. Based on this population curve, we decided to 

allow 24 hours after seeding for cells to adjust to the culture conditions before 

administering any treatment. Treated cultures were then maintained for up to 5 days, 

after which time we would have expected most growth and differentiation to cease.

4.2.2 THE EFFECTS OF BMP-4 AND BMP-2 ON CHICK RETINAL CELL 

CULTURES

Several different dilutions of the BMP-4-containing viral supernatant (BMP- 

4/RCAS) were added to retinal cultures originating from stage 26 and stage 35 chick 

embryos. For comparison, two controls were used: untreated cells and cells that had 

been treated with supernatant of CEF that had been infected with a replication 

competent retrovirus that directed synthesis of antisense mouse Bmp-4  (anti-BMP- 

4/RCAS).

In other experiments, recombinant human BMP-2 protein was added to the 

culture media. We were unable to obtain recombinant human BMP-4 protein for these 

experi ments, but the two proteins, in the mouse, display 86% sequence identity in the 

mature carboxy-terminal region (Wozney et al, 1988) and possess similar functions in 

induction of in vivo  ectopic bone formation and stimulating a variety of bone cell
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Fig. 4.1 Double exposure photograph (phase contrast/neurofilament-200 fluorescence 

labelled) of dissociated chick retinal cells taken from stage 28 embryos after 5 days in 

culture showing the differentiated phenotypes of multipolar neurons (n), cones (c) and 

glial cells(g). Note that only the neuronal nuclei fluoresce. Scale bar = 25pm
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Fig 4.2 Graph showing changes in cell number (expressed as percentages of day 0 

values) of retinal cells from stage 26 embryos over a period of 8 days from the time of 

seeding.
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markers in vitro (Feng et al, 1994). They have also been shown to evoke identical 

biological effects in the specification of posterior mesoderm in Xenopus  (Dale et al, 

1992; Jones eta l, 1992) and in the development of the mouse hair follicle (Blessing et 

al, 1993). This indicates that under many circumstances these two molecules are 

functionally redundant and can substitute for one another.

Three indicators of cell growth and differentiation were monitored in the 

experiments: total cell number, cell proliferation (as measured by incorporation of 

radioactive thymidine) and cell differentiation (as measured by immunoreactivity with a 

mature neurofilament marker).

4.2.2.1 Effects of BMP-4 on cell numbers

The retinal cells tended to clump as they grew, making counting difficult, as did 

the growth of multipolar neurons over glial sheets. Cell numbers were therefore 

estimated by first removing the cells from their substratum with trypsin, diluting the 

cells, seeding them into new dishes and allowing them to settle for about six hours 

before counting with a haemocytometer.

Fig. 4.3 A  compares cell numbers in cultures o f untreated cells and cultures of 

cells that had anti-BMP-4/RCAS added to the medium. As can be seen, within limits of 

error, there is no difference between the two. Fig. 4.3 B, on the other hand, illustrates 

a sizeable difference in cell numbers between cultures treated with a 1:2 dilution of 

BMP-4/RCAS supernatant and antisense controls, although the graphs retain roughly 

the same form. The following bar charts (Fig. 4.4 A-E) show cell numbers on 

succeeding days, in cultures treated with three dilutions of the BMP-4/RCAS or the 

antisense control.

Fig 4.4 compares untreated cells from stage 26 embryos with cells treated with a 

range o f concentrations o f  BM P-4/RCAS supernatant or with the highest concentration o f 

BMP-4/RCAS viral supernatant. Results are fairly similar to  those from stage 26 retinal 

cells, although the stage 35 retinal cultures seem more variable in
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Fig. 4.3 Graphs comparing changes in cell number in culture of untreated cells, cells 

treated with BMP-4/RCAS supernatant (1:2 dilution) and antisense controls (1:2 

dilution) Cultures were made from stage 26 embryonic retinas. A) Untreated cell 

cultures and antisense control cultures B) 1:2 dilution Bm p-4  /RCAS treated cultures 

and antisense controls. n=3. Values = mean ± SE.
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Fig. 4.4 Bar charts showing cell numbers in cultures from stage 26 retinas treated with 

1:2, 1:10 and 1:100 dilutions of BMP-4/RCAS and 1:2 dilution of anti-BMP-4/RCAS 

on days 1-5 (A-F) after treatment. n=3. Values = mean ± SE.
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cell number, possibly containing populations of cell at different stages of differentiation 

and having differing ability to proliferate. Fig 4.5 is equivalent to Fig. 4.4 for stage 35 

embryos.

4.2.2.2 Cell proliferation experiments

A  similar set of experiments was performed to measure cell proliferation by 

incorporation of tritiated thymidine. Trends in cell proliferation reflect changes in cell 

number in section 4.2.2.I.

Figs. 4.6 and 4.7 illustrate the effects of BMP-2 protein and BMP-4/RCAS on 

retinal cells from stage 26 embryos. Fig. 4.7A compares the effects of anti-BMP- 

4/RCAS on cell proliferation with that of untreated cells. As in the cell number 

experiments (see previous section) there was no statistical difference between the two. 

Fig. 4.7B shows that 2ng/ml (final concentration) of recombinant human BMP-2 

protein dramatically increased the uptake of radioactive thymidine, particularly in the 

first two days after application. A similar increase, though smaller in scale, affected 

cultures where a 1:2 dilution of BMP-4/RCAS was added (Fig. 4.7C).

The next set of bar charts (Fig. 4.8 A-F) compare the effects of BMP-2 protein 

and BMP-4/RCAS on successive days in culture.

Figs. 4.8 and 4.9 show the results of similar experiments using retinal cells 

cultured from stage 35 embryos. The pattern of radioactive thymidine incorporation for 

stage 35 retinal cells was very different from that of their stage 26 counterparts. There 

was large increase in thymidine incorporation in the BMP-2/-4 treated cultures on the 

second day after treatment, much greater than in stage 26 retinal cultures. However, 

whereas stage 26 retinal cells then more or less maintained their high levels of 

proliferation (dropping only slightly over 5 days), stage 35 retinal cultures experienced 

a very large decrease in proliferation on day 3 which declined rapidly to control levels.
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Fig. 4.5 Graphs comparing changes in cell number of untreated cells, BMP-4/RCAS 

treated cells and anti-BMP-4/RCAS treated cells (1:2 dilution) in cultures made from 

stage 35 embryonic retinas. A) Untreated cell cultures and anti-BMP-4/RCAS cultures 

B) 1:2 dilution BMP-4/RCAS treated cultures and antisense controls. n=3. Values = 

mean ± SE.
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Fig. 4.6 Bar charts showing cell proliferation in cultures from stage 26 retinas treated with 1 ;2, 

1:10 and 1:100 dilutions of BMP-4/RCAS and 1:2 dilution of anti-BMP-4/RCAS on days 1-5 (A- 

F) after treatment.
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Fig, 4.7 Line graphs comparing changes in proliferation (as measured by radioactive 

thymidine uptake) between untreated cells, BMP-2 protein treated cells, BMP-4/RCAS 

(1:2 dilution) treated cells and anti-BMP-4/RCAS-treated cells. This experiment was 

performed on retinal cells from stage 26 embryos. A) Untreated cell cultures and anti- 

BMP-4/RCAS treated cultures B) 2ng/ml (final concentration) BMP-2 treated cultures 

and anti-BMP-4/RCAS treated cultures C) 1:2 dilution BMP-4/RCAS cultures and 

anti-BMP-4/RCAS treated cultures. n=3. Values = mean ± SE.
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Fig. 4.8 Bar charts showing cell proliferation (as measured by radioactive thymidine incorporation) 

in cultures from stage 35 embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 

dilutions of BMP-4/RCAS viral supernatant on days 1-5 (A-F) after treatment. n=3. Values = 

meaniSE.
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Fig. 4.9 Line graphs comparing changes in proliferation (as measured by radioactive 

thymidine uptake) between untreated cells, BMP-2 protein treated cells, BMP-4/RCAS 

(1:2 dilution) treated cells and anti-BMP-4/RCAS. This experiment was performed on 

retinal cells from stage 35 embryos. A) Untreated cell cultures and anti-BMP-4/RCAS 

treated cultures B) 2ng/ml (final concentration) BMP-2 treated cultures and anti-BMP- 

4/RCAS treated cultures C) 1:2 dilution BMP-4/RCAS virus-treated cultures and anti- 

BMP-4/RCAS treated cultures. n=3. Values = mean±SE.
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Fig. 4.10 Bar charts showing cell proliferation (as measured by radioactive thymidine 

incorporation) in cultures from stage 35 embryos treated with BMP-2 protein, 1:2, 1:5, 

1:10 and 1:100 dilutions of BMP-4/RCAS viral supernatant on days 1-5 (A-F) after 

treatment. n=3. Values = mean±SE.
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4 .2 .2 3  Effects on retinal cell differentiation

The effects of applying BMP-2 protein and B m p-4  viral supernatant on cell 

differentiation were analysed by immunofluorescent detection of a mature neurofilament 

marker, neurofilament-200. This antibody is known to label adult mouse retinal 

ganglion cells and horizontal cells (Drager et al, 1984), neonatal rat retina extracts 

(Hofstein et al, 1985) and human glioblastomas (Franke et al, 1991). In our hands, the 

antibody clearly stained up neuronal cells, and (less well) glial cells in our retinal 

preparations. It did not stain round undifferentiated neuronal precursors or 

photoreceptor cells. However, since photoreceptor cells only comprised around 5% of 

the neuronal cell population at best and could also be easily distinguished from 

undifferentiated neural precursors by morphology, we decided to use the 

neurofilament-200 antibody as a generalised marker of differentiated cell populations 

(photoreceptor cells were identified by morphology).

As in the experiments to determine cell numbers, the cultures were trypsinised and 

diluted to allow counting o f  cell numbers using a haemocytometer, since neuronal cells 

often formed two or more layers growing on top o f glial monolayers, rendering it very 

difiBcult to identify individual fluorescent-stained cells. For the same reason, photographs 

o f "older" cultures with numerous cell layers appear unfocussed because o f  the numerous

focal planes required (Fig. 4.16E for example).

Cultures were treated with BMP-2 protein and BMP-4/RCAS in the same

fashion as the previous section.

I performed 5 day time course experiments to compare the effects of adding 

BM P-2 protein, 1:2 dilution of the BMP-4/RCAS or a 1:2 dilution of the anti-BMP- 

4/RCAS supernatant on the differentiation of retinal cells from stage 26 retinas, as 

measured by the number of cells staining positive for the neurofilament marker (Figs. 

4.11B and C).

Also, the percentage differentiation obtained with different treatments was 

compared at each timepoint (4hr, 1-5 days after treatment) in Fig. 4.12-4.15. For
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Fig. 4.11 Line graphs comparing changes in percentage differentiation (as measured by 

the number of cells positive for neurofilament-200) between untreated cells, BMP-2 

protein-treated cells, BMP-4/RCAS (1:2 dilution) treated cells and anti-BMP-4/RCAS 

treated cells. This experiment was performed on retinal cells from stage 26 embryos A) 

Untreated cell cultures and antisense controls B) 2ng/ml (final concentration) BMP-2 

and anti-BMP-4/RCAS treated cultures C) 1:2 dilution BMP-4/RCAS -treated cultures 

and anti-BMP-4/RCAS. n=3. Values = mean ±SE.
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Fig. 4.12 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 26 retinas) on day 1 after treatment. A) Bar chart 

comparing differentiation between the cultures.n=3. Values = mean±SE. Photographs, 

include both phase (left) and neurofilament-200 labelled (right) images, of anti-BMP- 

4/RCAS treated cultures (B), untreated (C), BMP-2 protein-treated (D), 1:2 dilution (E) 

and 1:100 dilution (F) of BMP-4/RCAS. Bar, 25pm.
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Fig. 4.13 Chart showing the state of differentiation within cultures from stage 26 

embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 dilutions of BMP- 

4/RCAS supernatant on day 2. n=3. Values = Mean ±SE.



r : 'b A v . x l T C H A P T E R  4 -EFFECT O E B M P ^ ON CHICK m r iH A L  CELLS IN  VITRO \  I

Fig. 4.14 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 26 retinas) on day 3 after treatment. A) Bar chart 

comparing differentiation between the cultures. n=3. Values = mean ±SE. 

Photographs, include both phase (left) and neurofilament-200 labelled (right) images, 

of anti-BMP-4/RCAS treated (B), untreated (C), BMP-2 protein-treated (D), 1:2 

dilution (E) and 1:100 dilution (F) of BMP-4/RCAS. Bar, 25pm.
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Fig. 4.15 Chart showing the state of differentiation within cultures from stage 26 

embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 dilutions of BMP- 

4/RCAS on day 4. n=3. Values = mean ±SE
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example, fig. 4.12 is a bar chart showing the percentage of differentiated cells present 

in a (stage 26 retina) culture 1 day after treatment with BMP-2 or with different 

dilutions of BMP-4/RCAS or anti-BMP-4/RCAS supernatant. Fig. 4.13A is a similar 

chart 48 hours after treatment. Photographs of the cultures, both phase contrast and 

antibody-labelled, are shown in 4.13B-M. Figs. 4.14-4.16 are similar charts and 

photographs depicting the progress of differentiation over successive days in culture.

Parallel experiments were also performed with retinal cells from stage 35 chick 

embryos. Time course experiments are graphed in Fig. 4.17, while differentiation at 

individual timepoints are depicted in Fig. 4.18-4.23.

Fig. 4.17 shows the results from the time course experiments and compares the 

effects of BMP-2 protein ox B m p-4 sense virus (1:2 dilution) on cultures prepared from 

stage 35 retina with the antisense controls. Note that, with these "older" retina, a certain 

percentage of cells was labelled even four hours after treatment, while the stage 26 

origin cells only became positive for the neurofilament antibody 24 hours after 

treatment (48 hours after initial seeding). Aside from this, the graphs (both BMP-2 

protein and BMP-4/RCAS and at both stages) reached maxima of 60-70% 

neurofilament-200 positive cells after about 5 days, and there was little difference 

between the controls and the BMP treated cells.

4.2.3 COMPARISON OF THE EFFECTS OF VARIOUS GROWTH FACTORS 

W ITH THAT OF BMP-4 ON THE GROWTH OF CHICK RETINAL CELLS IN 

CULTURE

Aside from BMP-4, other growth factors like FGF and EGF are known to be 

mitogenic for retinal cells (Anchan, 1991; Lillien and Cepko, 1992, Tcheng et al, 

1994), although only FGF has been tested on chick retinal cultures rather than on rat or 

mouse retinal cells. It therefore seemed logical to test the effects of other growth factors



Fig. 4.16 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 26 retinas) on day 5 after treatment. A) Bar chart 

comparing differentiation between the cultures. n=3. Values =mean ±SE. Photographs, 

include both phase (left) and neurofilament-200 labelled (right) images, of anti-BMP- 

4/RCAS (B), untreated (C), BMP-2 protein-treated (D), 1:2 dilution (E) and 1:100 

dilution (F) of BMP-4/RCAS. Bar, 25pm.
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Fig. 4.17 Line graphs comparing changes in percentage differentiation (as measured by 

the number of cells positive for neurofilament-200) in untreated cells, BMP-2 protein- 

treated cells, BMP-4/RCAS supernatant (1:2 dilution) treated cells and anti-BMP- 

4/RCAS treated cells. This experiment was performed on retinal cells from stage 35 

embryos A) Untreated cell cultures and antisense controls B) 2ng/ml (final 

concentration) BMP-2 treated cultures and anti-BMP-4/RCAS controls C) 1:2 dilution 

BMP-4/RCAS treated cultures and antisense controls. n=3. Values = mean ±SE
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Fig. 4.18 Chart showing the state of differentiation within cultures from stage 35

embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 dilutions of BMP-

4/RCAS viral supernatant on day 0. n=3. Values = mean ±SE.
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Fig. 4.19 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 35 retinas) on day 1 after treatment. A) Bar chart 

comparing differentiation between the cultures. n=3. Values = mean ±SE. 

Photographs, include both phase (left) and neurofilament-200 labelled (right) images, 

of antisense (B), untreated (C), BMP-2 protein-treated (D), 1:2 dilution (E) and 1:100 

dilution (F) of BMP-4/RCAS. Bar, 25pm.
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Fig. 4.20 Chart showing the state of differentiation within cultures from stage 35

embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 dilutions of BMP-

4/RCAS on day 2. n=3. Values = mean ±SE



; >; : CHAPTER 4 -  EFFECT OF BMP^ ON CHICK HETINÂÜ CELLS IN VITRO >20^

Fig. 4.21 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 35 retinas) on day 3 after treatment. A) Bar chart 

comparing differentiation between the cultures. n=3. Values =mean ±SE. Photographs, 

include both phase (left) and neurofilament-200 labelled (right) images, of antisense 

(B), untreated (C), BMP-2 protein-treated (D), 1:2 dilution (E) and 1:100 dilution (F) 

of BMP-4/RCAS. Bar, 25pm.
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Fig. 4.22 Chart showing the state of differentiation within cultures from stage 35

embryos treated with BMP-2 protein and 1:2, 1:5, 1:10 and 1:100 dilutions of BMP-

4/RCAS supernatant on day 4.
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Fig. 4.23 Chart and photographs illustrating the state of differentiation within the 

variously treated cultures (stage 35 retinas) on day 5 after treatment. A) Bar chart 

comparing differentiation between the cultures. n=3. Values = mean ±SE. 

Photographs, include both phase (left) and neurofilament-200 labelled (right) images, 

of anti-BMP-4/RCAS(B), untreated (C), BMP-2 protein-treated (D), 1:2 dilution (E) 

and 1:100 dilution (F) of BMP-4/RCAS. Bar, 25pm.
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on cell growth in the same culture system and also to apply combinations of growth 

factors with BMP-4 in order to find out more about how they might interact in vitro.

As in section 4.2.1, three indicators of cell growth and differentiation were 

monitored in the experiments: total cell number, cell proliferation (as measured by 

incorporation of radioactive thymidine) and cell differentiation (as measured by 

immunoreactivity for a mature neurofilament marker).

In the following experiments, growth factors were applied at final 

concentrations recommended by the manufacturers or garnered from the literature. For 

BMP-4 treatment, a 1:5 dilution of the BMP-4/RCAS was used. Control cultures were 

left untreated.

The experiments were performed on cells cultured from stage 35 retina, simply 

because the larger size of the retina at this stage made it easier to obtain enough cells for 

these large-scale experiments,

4.2.3.1 Effects of growth factors on cell number

The experiments were performed in exactly the same manner as in section 

4 .2 .2 .1 .

Fig. 4.24A shows the effect of basic FGF (bFGF) on growth in cell number as 

compared to the controls. It can be seen that the addition of bFGF resulted in the 

presence of nearly twice the number of cells after five days in culture. A  similar 

increase was obtained with BMP-4/RCAS treatment (Fig. 4.24B), but both TGF-61 

(Fig. 4.24C) and EGF (Fig. 4.24D) appeared to have little effect on cell numbers. 

Combined treatment with FGF and BMP-4/RCAS (Fig. 4.24E) yielded a result similar 

to treatment with BMP-4/RCAS alone, as did combined treatments with TGF-61 (Fig. 

4.24F) and EGF (Fig. 4.24G). The addition of FGF, BMP-4/RCAS and TGF-61 (Fig. 

4.24H), unexpectedly, had no significant effect on cell number. Fig. 4.241 shows how 

the various treatments affect cell number, with FGF stimulating the largest increases.
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Fig. 4.24 Series of growth curves comparing changes in cell number of variously 

treated cultures with untreated controls. Cells from stage 35 retinas were used. In all the 

experiments, the final concentrations of growth factor were 20ng/ml for the human 

bFGF, EGF and TGF-61 proteins. The BMP-4/RCAS viral supernatant was diluted to 

1:5. Treatments were A)bFGF B)BMP-4/RCAS C)TGF-61 D)EGF E)bFGF/BM P- 

4/RCAS F)TGF-Bl/BMP-4/RCAS G)EGF/BMP-4/RCAS H)bFGF/TGF-61/BMP- 

4/RCAS I) Bar graph comparing effects of all the treatments on cell number 3 days 

after treatment. n=3. Values = mean ±SE
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4.2.3.2 Cell Proliferation Experiments

These were performed as in section 4.2.2.2, measuring cell proliferation by the 

amount of radioactive thymidine incorporated into the cells. Final concentrations of 

human bFGF, EGF and TGF-61 were 20mg/ml in all experiments.

Fig. 4.25 compares cell response of the treated cultures with the controls. 

bFGF (Fig. 4.25A) substantially increased radioactive thymidine uptake on the second 

day after treatment, subsequently, cell proliferation decreased though it remained above 

control levels. BMP-4/RCAS (Fig. 4.25B) did much the same, though the change was 

not quite as dramatic. Treatment with TGF-61 (Fig. 4.25C) or EGF (Fig. 4.25D) 

caused a very small increase in cell proliferation. Treatment with FGF-4 and BMP- 

4/RCAS had a very similar effect to treatment with FGF-4 or BMP-4/RCAS alone. 

Similarly, treatment with TGF-61 (Fig. 4.25F) and EGF (Fig. 4.25G) combined with 

BMP-4/RCAS had similar effects to treatment with BMP-4/RCAS alone. Finally, fig. 

4.25H shows the results of treatment with BMP-4/RCAS, TGF-61 and FGF. The 

values are close to those of the control. Fig. 4.251 illustrates that FGF and BMP- 

4/RCAS stimulate the greatest increase in thymidine uptake (cell proliferation).

4.2.3.3 Effects on retinal cell differentiation

Again, experiments were performed as in 4.2.2.3.

Fig. 4.26 shows the effects of the growth factors on differentiation and that, 

within limits of error, none of the applied growth factors, either solely or in 

combination, increased the differentiation of retinal cells over the controls. This is in 

contrast to the ability of TGF-63 to stimulate differentiation in a similar assay (Anchan 

and Reh, 1995).

Phase contrast and immunolabelled photographs of the variously treated cells 1 day 

and 5 days after treatment are presented in Fig. 4.27 and 4.28.
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Fig. 4.25 Series of growth curves comparing thymidine incorporation of variously 

treated cultures with untreated controls. Cells from stage 35 retinas were used. In all the 

experiments, the final concentrations of growth factor were 20ng/ml for the human 

bFGF, EGF and TGF-61 proteins. The BMP-4/RCAS was diluted to 1:5. Treatments 

were A)bFGF B)BMP-4/RCAS C)TGF-61 D)EGF E)bFGF/BMP-4/RCAS F)TGF- 

61/BMP-4/RCAS G)EGF/BMP-4/RCAS H)bFGF/TGF-Bl/BMP-4/RCAS I) Bar 

graph comparing effects of all the treatments on cell number 3 days after treatment 

n=3. Values = mean ±SE
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Fig. 4.26 Series of growth curves comparing the percentage of differentiated cells 

present in variously treated cultures with untreated controls. Cells from stage 35 retinas 

were used. In all the experiments, the final concentrations of growth factor were 

20ng/ml for the human bPGF, EOF and TGF-Bl proteins. The BMP-4/RCAS 

supernatant was diluted to 1:5. Treatments were A)bFGF B)BMP-4/RCAS C)TGF-61 

D)EGF E)bFGF/BMP-4/RCAS F)TGF-61/BMP-4/RCAS G)EGF/BMP-4/RCAS 

H)bFGF/TGF-61/BMP-4/RCAS I) Bar graph comparing effects of all the treatments on 

cell number 3 days after treatment. n=3. Values = mean ±SE
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Fig. 4.27. Phase contrast (left) and neurofilament-200 labelled (right) photographs of 

retinal cultures from stage 35 embryos treated with various growth factors, 1 day after 

treatment. These include A)bFGF B)BMP-4/RCAS C)TGF-61 D)EGF E)bFGF/BM P- 

4/RCAS F)TGF-131/BMP-4/RCAS G)EGF/BMP-4/RCAS H)bFGF/TGF-61/BM P- 

4/RCAS I)Untreated. In all the experiments, the final concentrations of growth factor 

were 20ng/ml for the human bFGF, EGF and TGF-Bl proteins. The BMP-4/RCAS 

supernatant was diluted to 1:5.
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Fig. 4.28. Phase contrast (left) and neurofilament-200 labelled (right) photographs of 

retinal cultures from stage 35 embryos treated with various growth factors, 5 days after 

treatment. These include A)bPGF B)BMP-4/RCAS C)TGF-61 D)EGF E)bFGF/BMP- 

4/RCAS F)TGF-61/BMP-4/RCAS G)EGF/BMP-4/RCAS H)bFGF/TGF-61/BM P- 

4/RCAS I)Control. In all the experiments, the final concentrations of growth factor 

were 20ng/ml for the human bFGF, EGF and TGF-Bl proteins. The BMP-4/RCAS 

supernatant was diluted to 1:5.



4 .3  D i s c u s s i o n

4.3.1 GROW TH OF CHICK RETINAL CELLS IN CULTURE

Chick retinal cultures have long been mooted as a good model system for 

investigating the response of developing neuronal cells to various environmental stimuli. 

Huba and Hofmann (1990) showed that developing amacrine cells in retinal cultures 

displayed electrochemical characteristics similar to those of amacrine cells in retinal slices.

In our experimental system, untreated chick retinal cells lasted between 8 and 12 

days in culture before massive cell death occurred and cell numbers became too low to 

support the minimal cell contact that is necessary for the continued growth of retinal cell in 

vitro (Adler, 1993), if they are not seeded on highly adhesive substrata.

There is some conflict in published reports on chick retinal cell culture survival. 

Stenkamp et al, 1993 and Tcheng et a l , 1995 report widely differing culture periods for 

chick retinal cells. Our results do not agree with those of Tcheng et al (1995) and Karim & 

de Pomerai (1990), who cultured chick retinal cells under similar conditions to ours for 

periods up to 35 days, but are perhaps closer to those o f Stenkamp et al (1993) who only 

cultured chick retinal cells for up to 6 days. Tcheng also reported that the freshly seeded 

single cell suspensions took 3-4 days to adhere to the plastic substrate whereas our 

retinal cell suspensions took about four hours at maximum and indeed, some cells were 

shown to adhere almost immediately.

4.3.2 RETINAL CELL RESPONSE TO BMP-4

Initial experiments measuring changes in cell number in response to media 

containing either BMP-4/RCAS or anti-BMP-4/RCAS provided us the following 

information: firstly, media containing the sense virus increased the number of retinal cells 

in a culture during the first few days after treatment (Fig. 4.3B) second, the antisense virus 

had no such effect and could therefore serve as an effective control (Fig. 4.3A). This is 

supported by the work of Esther Bell in our laboratory, where the sense virus, when
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microinjected in vivo into chick limbs caused digit duplications or other limb 

malformations, while its antisense counterpart had no such effect. The cell number results 

are supported by the thymidine incorporation studies in section 4.2.2.2 which show that 

BMP-4/RCAS supernatant stimulates cell proliferation in the same time period. The 

immunofluorescence assays (section 4.2.2.3) revealed that Bm p-4  had no effects on the 

number of mature neurones as compared with controls and therefore 1) did not act 

selectively on the neuronal cell population and 2) did not stimulate cell proliferation by 

preventing differentiation. Taken together, this suggests that BMP-4 application increases 

overall cell number by stimulating already mitotic cells to increase proliferation, but does 

not influence cells withdrawing from the cell cycle.

In contrast to our results, a number of sources in the literature report that BMP-4 

application causes neural cell differentiation. In fact, Paralkar et al (1992) demonstrate that 

BMP-4 caused the differentiation of rat pheochromocytoma P C I2 neuronal cells even in the 

presence of insulin. Similarly, BMP-4 is thought to initiate the differentiation of chick 

dorsal neural plate cells (Liem et al, 1995). The closely-related BMP-2 has been reported to 

induce mRNAs for distinct sets of neuropeptides and neurotransmitter synthetic enzymes 

(characteristic for a particular mature phenotype) in sympathetic neurons (Fann and 

Patterson, 1994).

Recent collaborative work with Alfredo-Rodriguez-Tebar in Madrid has shown that 

the effect of BMP-4 and BMP-7 proteins on chick retinal cell differentiation in vitro 

depends on whether IGF-I is absent or present. Table 4.1 demonstrates that human 

recombinant BMP-4 protein and BMP-7 protein stimulated an increase in total cell number 

and tritiated thymidine incorporation only when the culture medium was supplemented with 

IGF-I. They are inhibitory to retinal cell proliferation in basal medium without serum. This 

is comparable to our results with retinal cells cultured in media containing 10% foetal calf 

serum , which contains some insulin. Insulin is known to mimic the effects of IG F-I, 

hence, one would expect BMPs to stimulate cell proliferation in this case. IGF-I itself is
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Control BMP-4 protein 
(30n.g/ml)

BMP-7 protein 
(300ng/m l)

Basal culture media (without 
serum)

culture media with lOnM IGF-I

total no. o f cells 33910+2460  

[3H ],hy+cells

G4"̂  cells

G4'^/[^H]thy'*‘ cel 
total no. o f cells 31783+3240

1924±159

[^H]thy^ cells 

G4^ cells 

G4'^/r^Hlthy'*' ce

28416+3013

3126+249

1,535^114

26251±1847
23088+1413

1572+497

166±78

40441+3853
36741±3545

2812+69

1406+159

22200±1875
20257+1530

1720+45

148±26

45232+4470
40663±3437

2849+69

1369+114

Table 4.1 Table showing results of BMP treatment of retinal cells cultured 
with or without added IGF-I (Results obtained by Alfredo Rodriguez- 
Tebar).G4 is a mature neuronal marker.
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known to stimulate growth of chick retina in culture (Park and Hollenberg, 1993) and 

might do so by affecting receptor binding to BMP-4. In addition, one can observe from 

table 1 that the percentage of G4 positive cells (mature neuronal marker) remains about the 

same after treatment. This supports our result that differentiation remain unaffected by 

treatment with BMPs.

BMP-4 may also have an effect on cell aggregation. In my experience with the 

chick culture system, the retinal cells tended to form little foci of proliferation around areas 

where they had been seeded slightly more densely than average (largely due to the fact that 

the cells adhered to the plastic substrate very quickly). Reh (1992) observed a similar 

phenomena with mouse retinal cells and termed the aggregates "rosettes" since the 

neuroepithelial cells within the aggregate tended to radiate out from a centre. Anchan et d  

(1991) observed that the central region of such rosettes contained primarily mitotically 

active neuroepithelial progenitor cells and that the presence of EGF was able to maintain the 

proliferation of cells within a rosette. Withdrawal of EGF from the media resulted in the 

cessation of mitosis of rosette cells and rapid differentiation of cells to form photoreceptors, 

ganglion cells and amacrine cells.

Reh (1992) also observed that the survival of mouse neuroepithelial cells increased 

when plated onto a layer of rat retina (which essentially provided a higher cell density). 

Interestingly enough, rod photoreceptor development also often took place within rosettes, 

although density did not seem to be the only factor and Reh suggested the presence of some 

soluble factor that was concentrated in rosettes and committed cells to the rod phenotype.

It seems possible that BMP-4 is involved in the formation of these rosette-like 

aggregates, given its ability to stimulate cell aggregation in neuroblastoma cells by 

increased production of L I and NCAM (Perides et al, 1994). Since the centre of the rosette 

appears to consist of mitotically active neural precursors, at least part of the effects of 

BMP-4 on cell proliferation may be mediated by their formation. In a similar way, Anchan 

and Reh (1995) have proposed that the mitogenic action of TG F-|33 is mediated by its 

action on laminin secretion. At this point, although it remains unclear whether rosette
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formation facilitates proliferation or differentiation (it appears to do both under different 

conditions), it seems certain that the formation of rosettes is important in the continued 

survival, growth and differentiation of cultured retinal cells.

4.3.3 DOSE-RESPONSE TO BM P-4  SENSE VIRUS

A  dose-response curve of the cells to various dilutions of the retrovirus encoding 

the sense orientation of mouse Bmp-4  was determined. In all cases, the maximal response 

was obtained with the highest concentration of the virus (a 1:2 dilution) and this result was 

obtained with both the cell number and the thymidine incorporation assay. At this 

concentration there was an approximate two-fold increase in cell number and a ten-fold or 

more increase in tritiated thymidine incorporation over controls. Correspondingly, the 

1:100 dilution of the virus had the least effect; cell numbers being slightly higher or not 

significantly different from controls. The cell proliferation assay, however, occasionally 

demonstrated a significant difference between this treatment and controls (approximately 

two-fold at best using stage 26 retinal cultures).

Retinal cells from stage 26 and stage 35 eyes differed markedly in the timing and 

degree of response to the Bmp-4  sense virus. This is particularly obvious when comparing 

Fig. 4.8C and 4.9C, which show the relative levels of radioactive thymidine incorporation 

for stage 26 and stage 35 retinal cultures. Both graphs peak at day 1 after treatment, but the 

stage 35 cultures reach a maximum about one and half times higher than the stage 26 ones, 

followed by a drastic drop on day 2 to eventually reach values comparable to the control. 

The stage 26 origin cultures, on the other hand, only decline gradually after day 1 and even 

by day 5 are still about four times the value of the controls.

These results may be explained by considering the stage of differentiation of the 

retina at the two stages. Goldberg and Coulombre (1971) report that the first visible 

ganglion cell axon appears near the posterior pole of the chick eye as early as stage 15, and 

by stage 26, two main groups of ganglion cells, one superficial and one deep enter the 

choroid fissure. Also, an arcuate pattern of fibres have developed near the posterior pole of
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the retina. However, differentiation of a circumferential network of nerve fibres has only 

just begun at this stage.

Both this report and Kahn's analysis of the pattern of mitoses (1974) state that it is 

the posterior pole of the retina that differentiates first in development. Kahn claims that at 

stage 26, a reduction in cell division has just begun in this region of the retina and that 

ganglion cells, followed by amacrine cells are the first cell types to withdraw from mitosis 

and differentiate; bipolar neurons are the last. Snow and Robson (1994) state that about 

50% of ganglion cells are born around this time (between day 5 and 7). By stage 35, 

however, most cell division has become confined to the ciliary margin (ora serrata) only 

and the majority of cells in the posterior pole, equatorial region and marginal region of the 

retina have withdrawn from mitosis (Kahn, 1974). Since Waid and McLoon (1995) have 

found that ganglion cells at least, begin to differentiate in less than 15min after exiting 

mitosis, presumably most of these cells would have begun differentiation shortly thereafter. 

Also, most of the circumferential fibre network has developed by stage 35 (Goldberg and 

Coulombre, 1971). Adler (1993) claims that most cells that still divide at this time appear to 

generate Müller cells.

Hence, in summary, one would expect the cultures prepared from stage 35 retina to 

contain a larger number of differentiated as well as postmitotic-but-as-yet-undifferentiated 

cells than their stage 26 counterparts. Figs 4.10A and 4 .17A demonstrate that this is indeed 

so since at day 0, there are no stage 26 origin cells labelled with the mature neurofilament 

marker, while there are about 15% stage 35 origin cells.

If retinal cells do indeed have a fixed window of time for mitosis (Kahn, 1974) and 

are only capable of being stimulated by BMP-4 to increase their rate of proliferation at this 

time, then the above results can be explained quite easily. The retinal cultures from stage 26 

embryos consist of undifferentiated retinal progenitors, some of which have not yet entered 

mitosis and some of which have. This mixed population, once stimulated by treatment with 

the virus, goes on proliferating throughout the five days after treatment, with more cells 

entering mitosis as others withdraw from the cell cycle and begin differentiation. Quite 

possibly, this is analogous to the situation in vivo, whereas the steady decline of the control
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is due to a lack of the growth factor that is present in vivo  (as shown by our in-situ 

observations; see chapter 3). Thus, the graph of tritiated thymidine incorporation for the 

stage 26 origin cultures remains fairly level with a minor peak a day after treatment.

The cultures prepared from stage 35 retinas however, should contain a small 

percentage of differentiated cells, a number of postmitotic, undifferentiated cells, (a 

majority of) cells currently undergoing mitosis and (relatively fewer) cells yet to begin 

mitosis. After treatment, the cells undergoing mitosis, are stimulated to proliferate greatly, 

but their population is depleted as they complete their cycle and begin differentiation. The 

(relatively) smaller population of premitotic cells is not able to replace their numbers in 

mitosis. Hence, the graph of tritiated thymidine incorporation shows a massive peak a day 

after treatment and then falls rapidly to near control levels, in spite of the continued 

presence of the growth factor.

Such a mechanism would be a sensible control to prevent "run-away" cell 

proliferation, if this were to be the action of BMP-4 in the retina in-vivo.

Since, even the highest concentration of the Bm p-4  viral supernatant elicited a 

barely perceptible dip in the number of differentiated cells, not much could be told from the 

accompanying immunofluorescence experiments to measure differentiation.

4.3.4 A  COMPARISON OF THE EFFECTS OF BMP-2 PROTEIN AND BM P-4  SENSE 

VIRUS ON RETINAL CELLS

The preparation of the viral supernatant from transfection of avian fibroblasts with 

the viral DNA inevitably resulted in its contamination with mouse BMP-4 protein. This 

meant that the effects of applying the virus might conceivably have been mediated by 

protein in the supernatant. This seemed particularly likely, given that the virus usually takes 

1-2 days to infect the majority of rapidly proliferating fibroblasts whereas effects mediated 

by the viral supernatant on the chick retinal cells seemed to have maximal effects only a day 

after application. Also, the following chapter (Chapter 5) reveals that we had no success in
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infecting chick retinal tissue in vivo. There also exists the possibility that BMP-4 may 

induce expression of other factors in cultured fibroblasts which then promote proliferation.

In order to test this hypothesis, we attempted to obtain recombinant human BMP-4 

protein, but were unsuccessful. As a substitute, we settled on recombinant human BMP-2 

protein which, as mentioned in section 4.2.1, is nearly identical to BMP-4 protein in the 

mature carboxy region.

Results (Fig. 4.7B&C, 4.9B&C) on cell proliferation show that the resultant 

graphs are nearly identical in shape, but that 2ng/ml of BMP-2 protein is sufficient to elicit 

a response roughly one and a half times that caused by application of a 1:2 dilution o f the 

Bmp-4  sense virus. This was true of both stage 26 and 35 origin retinal cells.

If the effects of the viral supernatant were caused by infection of the cells and 

subsequent transcription oi Bmp-4, one would expect a significant time lag between using 

the protein and the virus and that the two graphs, would therefore be out of phase. The fact 

that this did not occur implies that the effects were mediated by contaminating protein in the 

viral supernatant.

The effects of BMP-2 protein on differentiation are similar to those of the highest 

concentration of viral supernatant i.e. a slight lowering of the number of differentiated cells 

at any one time.

4.3.5 MITOGENIC EFFECTS OF bFGF, TG F~pi AND EGF

Various sources in the literature have reported on the mitogenic effects of FG F , 

T G F -p  and EGF on retinal or other neural cells in culture. However, quite often, studies 

have contradicted one another resulting in a confusing mass of information about the effects 

of these growth factors on neuronal cultures.

For example, both Karim and de Pomerai (1990) and Tcheng et al (1995) have 

shown that FGF can induce growth and transdifferentiation of chick neural retina to lens 

tissue in vitro. However, the authors disagree on retinal growth during the first two weeks; 

Karim and de Pomerai show a steady decline in cell number even with addition of FG F or
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EGF, while Tcheng demonstrates that both aPGF and bFGF cause a dramatic upsurge in 

cell number.

In another case, Lillien and Cepko (1992) demonstrated the mitogenic effects of 

aFGF on rat embryonic retinal cells. Hicks and Courtois (1992), on the other hand, 

reported that aFGF and bFGF promoted the differentiation of rod photoreceptors in 

postnatal rat retina.

Fann and Patterson (1994), using a PC R -based assay for neuropeptide and 

neurotransmitter expressing enzymes in cultured sympathetic neurons, reported that T G F - 

(3, bFGF, aFGF and EGF had no effect on neuronal differentiation and I have already 

mentioned in section 4.3.2 the contradictory results obtained with T G F -p  on human and 

rat foetal retina.

Similar contradictory reports on the effects of EGF may be partially explained by 

recent findings about how different physiological effects are mediated by differing receptor 

levels (Lillien, 1995, Traverse et al, 1994) and consequent MAP kinase signalling.

Reh (1992) has shown that rat retinal cells develop different phenotypes depending 

on the type of cell they are cocultured with. This could be another factor affecting growth 

factor response as could neuronal depolarisation, which Fann and Patterson (1994b) 

showed could either promote or block the effects of TG F-p superfamily cytokines on 

neuronal gene expression.

In order to clarify and compare the response of chick retinal cells in our culture 

system to these growth factors and BMP-4, we carried out a series of experiments to 

measure changes in total cell number, cell proliferation and cell differentiation using stage 

35 origin cells (section 4.2.2).

bFGF was shown to powerfully stimulate cell proliferation to about ten fold that of 

the control (thymidine incorporation), but to have very little effects on differentiation. In 

fact, the latter was true of all the growth factors tested. Both EGF and T G F -p l  were 

weakly mitogenic, showing levels of thymidine incorporation about twice that of the 

controls. BMP-4, in comparison, was a stronger mitogen than EGF and T G F - p i ,  but 

weaker than FGF - at least at the concentrations tested.



CHAPTER 4 -EFFJECT OF BMP-4 ON CHICK RETIML CELLS IN VITRO ; 24^

bFGF, like high concentrations of BMP-4, stimulated a massive peak in thymidine 

incorporation a day after treatment, however, this advantage did not decline to near basal 

levels like BMP-4. Instead, values exhibited a slow decline to about twice that of the 

control. The 1:5 concentration of the Bm p-4  sense virus used as a comparison in this 

experiment did not display as large a peak on day 1 as the 1:2 concentration employed in 

section 4.2.2., but the proliferative response was fairly similar in nature.

However, the type of response engendered by FGF and BMP-4 seemed more 

closely similar than that brought about by T G F -p l and EGF. Overall levels of cell 

proliferation brought about by the latter two cytokines were not only lower, but the pattern 

of change also more closely resembled the control.

The response of the cells to bFGF is not unexpected, since bFGF has been claimed 

to stimulate proliferation in chick retinal cells (Tcheng et al, 1995). It has also been mooted 

as a potential retinal injury factor (Steinberg, 1994), since levels of this cytokine have been 

shown to increase in the retinas of mice that have had their optic nerves crushed (Kostyk et 

al, 1994). bFGF may play a role in optic injury rescue by stimulating hypertrophy of retinal 

cells, particularly Müller cells (Lewis et al, 1992).

T G F -p l had recently been shown by Anchan and Reh (1995) to have no mitogenic 

effect on rat retinal neuron cells, so it was rather a surprise to find it a weak mitogen on 

chick cells. However, previous studies on T G F -p i has only ever been shown to favour 

glial proliferation (Rogister et al, 1993, Johns et al, 1992).

Reh (1992) showed that EGF suppresses the differentiation of new rod 

photoreceptors in embryonic rat retina and it was also demonstrated to stimulate 

proliferation of rat retinal neuroepithelium (Anchan, 1991, Lillien and Cepko, 1992). Since 

we only looked for overall effects on differentiation and rods are only about 1% of 

differentiated neurons in the retina, we were not able to verify the first point in chick retina. 

However, in our system, EGF had no perceptible effect on overall differentiation and 

functioned as a weak mitogen.

Combinations of the different growth factors with the Bm p-4  sense virus were 

tested in order to determine whether the effects of Bm p-4  were mediated by any of these
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growth factors or vice-versa. For example, T G F -p3  has been shown to augment the 

effects of both EGF and aFGF in rat retinal cultures implying that it acts through a different 

pathway from either of the other two factors (Anchan and Reh, 1995).

Results were quite interesting and indeed rather startling in one case. bFGF and 

Bmp-4 together yielded values roughly intermediate between the two, but the overall shape 

of the thymidine incorporation graph more closely resembled that of bFGF, suggesting that 

the effects of Bm p-4  might be mediated by increasing the production of bFGF. Neither 

T G F -p  1 nor EGF augmented action on cell proliferation, suggesting that possibly

part of their action on proliferation was mediated by Bmp-4.

Members of the T G F -p  and FGF families have been postulated to control 

signalling processes by complex interactions in systems as diverse as X enopus  mesoderm 

development (Dale et al, 1992) and limb outgrowth (Laufer et al, 1994). Pathways have 

remained largely unresolved (Francis et al, 1994; Niswander and Martin, 1993).

Functional redundancy aside, a distinct possibility remains that the mitogenic effects 

of all these growth factors in vivo is temporally regulated, with one or the other signalling 

cell proliferation at particular times in development. The mitogenic effects of T G F -P 3 , 

EGF and bFGF vary with the developmental age of the retina (Reh, 1995) and indeed, our 

results indicate the same is true of BMP-4. Therefore, each retinal mitogen could have its 

own period of action. In their review, Reh and Cagan (1994) have claimed that the 

competency of various neural precursor cells to respond to environmental stimuli varies in 

an age-dependent fashion and the developing retina might therefore require different peptide 

growth factors to perform similar functions at different stages of retinal development.

Surprisingly, a combination oiB m p-4 , FGF and T G F -p i was only able to elicit a 

minimal proliferative response with values hovering near control levels. This response 

might be explained if Bm p-4  had an effect on levels of apoptosis in the cultures. In my 

hands, cultures containing all three growth factors contained a large number of dying cells 

that had detached from the plastic substrate, but this hypothesis has yet to be tested is worth 

investigation.
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4.3.6 IN SUMMARY

We have investigated the effects of BMP-4 and other growth factors on the growth 

and differentiation of retinal cells.Aside from its potential role in development, our interest 

in this aspect of BMP-4 signalling stems from the potential that BMP-4 might be of clinical 

use as a regulator of retinal regeneration. After all, T G F -P 2 , which is a member of the 

same superfamily, has been shown to enhance the healing of macular holes in adult human 

retina (Glaser et al, 1992). These holes represent localised areas of retinal detachment and 

cause gradual blindness, but their enlargement can be halted by application of T G F -P 2 , 

The growth factor is believed to act by inducing microscopic fibrosis at the edge of the 

holes, preventing any further retinal detachment.

In summary, the data presented above indicates that BMP-4 is one of a number of 

secreted factors responsible for the regulation of retinal cell proliferation. All of the growth 

factors tested may interact in some fashion to control retinal development in vivo. 

Functional redundancy may exist, or the retina may be competent to respond to certain 

mitogens only at particular stages of development. The growth factors would signal 

through various cell surface transmembrane receptors including tyrosine kinase receptors 

and the sequestering of such receptors might be the final determinant of response.

BMP-4 action may be mediated through its effects on cell adhesion resulting in the 

formation of rosettes of mitotic cells; it does not appear to affect the length of time before 

cells become postmitotic, but increases the proliferative response.

If the mitogenic effect of BMP-4 is present in vivo, the dorsal restriction of its 

mRNA indicates that it might be dorsally localised, although caution should be exerted, 

since the localisation of the protein and receptor in the eye is not known. BMP-4 might 

therefore be responsible for the growth of the walls of the optic cup and the consequent 

closure of the choroid fissure.

In order to find out more about the effects of BMP-4 in vivo, we attempted to 

overexpress Bmp-4 mRNA by microinjections of the virus as well as by inserting pellets of 

infected cells in the eye. These experiments are discussed in the following chapter.
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A ddendum

A number o f issues should be addressed so that the data in this chapter may be 

strengthened. For example it is not known if the proportions o f different neuronal 

types in the cultures (at least at the start o f the experiments) w ere similar to that in the 

eye meaning that the culture system might not have provided an accurate 

approximation o f the in vivo situation. Ideally, counts should be made o f  different 

neuronal subpopulations throughout the culture period to  see if the culture system 

selectively favors/inhibits the grow th o f particular neuronal cells.

As mentioned before, the retinal cells tended to clump and formation o f  these 

aggregates seemed to  be im portant for cell growth and survival. The cells w ere 

seeded directly onto plastic and it is not known if the addition o f  some kind o f  matrix 

material might not have influenced both cell survival and pattern o f  growth. M atrices 

that have been used with retinal cells include poly-omithine (P. Mobbs, personal 

communication), Matrigel (Reh, 1992) and d-lysine (Anchan and Reh, 1995). Certain 

matrices are also known to be cell-selective; poly-omithine, for example, is known to 

exclude glial cells.

In addition, the grow th o f  neurones over glial sheets meant that in order to  

count the neuronal cells accurately, they had to  be trypsinised o ff their substrate, 

diluted and allowed to  settle briefly before being counted again. This reattachment 

might have been selective, meaning that cell counts, especially for neurones stained 

with the neurofilament m arker might not have reflected the actual cellular population.

Results from work with the neurofilament marker alone might not be enough 

to support a conclusion that BM P-4 had no effect on differentiation. Ideally, different 

markers for the different subpopulations o f  neurones eg. Rhodopsin for rod cells 

should have been used to see if  BMP-4 had a selective effect on different neuronal 

subpopulations. If  BMP-4 had promoted differentiation in one subset o f  neurones and 

inhibited it in another, the overall effect as measured by the neurofilament marker 

would still have been that there had been no overall change in differentiation.



The tritiated thymidine experiments tended to yield slightly different absolute 

values in counts depending on the age o f  the radioisotope etc. In order to  render the 

results o f different experiments comparable, I expressed all results as "percentage of 

day 0". Typical results obtained from a single experiment involving stage 26/35 origin 

retinal cells 2 days affer treatment are presented in the table below.

Stage 26 

mean

retina stage 35 retina 

mean

BMP-2 protein 471 IS .lcpm 33381.7cpm

1:2 BMP-4/RCAS 29532.8cpm 17579.6cpm

1:2 anti-BMP- 4410.9cpm 1862.3cpm

4/RCAS

N ote from above that the control values (1:2 anti-BMP-4 RCAS) differ widely 

between the tw o stages o f  retina assayed. Thus, the overall number o f proliferating 

retinal cells in the stage 35 retina is lower and any increases brought about by 

treatment with growth factors are in proportion to  this lower "starting point".

Also, I have made an assumption that it is BMP-4 protein present in the 

RCAS/BM P-4 viral supernatant that has brought about the effects we have observed 

on cell proliferation. Although this is supported by the lack o f  time lag in stimulation 

o f  proliferation brought about by treatment with BMP-2 protein and BMP-4/RCAS, it 

should really be investigated and staining for mouse Bm p-4  would accomplish this. 

However, this would not exclude cells that had been infected with other avian 

retroviruses since the cells w ere not from a chicken line free o f  endogenous 

retroviruses.

All these points should be addressed in order to correct a number o f  oversights 

that otherwise weaken the arguments that have been presented in this chapter .
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EFFECT O F B M P -4  
ON THE C H ICK E Y E  

IN  V IV O



r  - .CX^fiXTm5:-EFEECriOFBMP-4 0NrHECHICKEYEm^^IVO- %

5.1 Introduction

The results documented in chapter 4 demonstrate that BMP-4 stimulates cell 

proliferation in chick neural retinal cultures. Taken together with its dorsally-restricted 

pattern, this suggests that BMP-4 may play a role in the invagination of the optic vesicle 

and the closure of the choroid fissure. I have attempted to test this hypothesis by 

ectopically expressing BMP-4 in the optic cup, hoping thereby to disrupt the process of 

fissure closure and overstimulate cell proliferation in the eye. Since the results of 

treating retinal cells with BMP-4 led me to the conclusion that they might have a fixed 

window of time when they are capable of being stimulated by applied BMP-4 (see 

section 4.3.3), I targeted a wide range of embryos ranging in age from stage 5 to stage 

24 in my experiments.

I have also postulated that the homeobox gene GH6 might lie downstream of 

Bm p-4  due to its similar pattern of expression at later stages of eye development 

(chapter 3). In order to test this, a preliminary experiment was carried out where treated 

embryos were examined for changes in GH6 expression pattern.

A  number of approaches were used to overexpress BMP-4 in the eye. One of 

these involved the use of the replication-competent avian retrovirus (RCASBP(A)) 

which has been briefly mentioned in chapter 4. The virus contains the complete coding 

region of mouse Bmp-4 (mBMP-4/RCASBP(A)) and has been successfully used to 

infect developing chick limb buds in vivo (Bell, 1995). The vector is transformation 

defective and replication competent, allowing it to spread throughout a population of 

dividing cells.

In addition, any effects resulting from retrovirally-mediated expression of Bm p- 

4 in the eye should be duplicated by an acellular source of exogenous BMP-4. To test 

this hypothesis, I incubated agarose beads in recombinant human BMP-2 (a BMP-4 

homologue) and implanted them in the optic cup of stage 20-24 embryos.

Two methods of infection were used: with the first, embryos were 

microinjected with concentrated viral supernatant in either the optic vesicle or the neural
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tube; alternatively, avian fibroblasts transfected with the viral DNA were formed into 

tiny pellets and then grafted into the neural tube of the embryos. Since ALV vectors 

were said to spread slowly (Fekete and Cepko, 1993), in order to give the virus 

sufficient time to spread only stage 20 and below embryos were used for this kind of 

experiment.

The chick system is in many ways an ideal one for the study of developmental 

biology; the embryos are easily accessible for manipulation and embryonic development 

is relatively rapid,. However, it suffers from one serious defect - chicken cells cannot 

be stably transfected with foreign transgenes. An alternative has been found in the use 

of avian retroviral vectors which are capable of infecting chick cells and expressing 

foreign genes in vivo.

The original retroviral vectors were replication defective - they integrated stably 

in a cell’s genome and were passed on to its offspring, but could not spread to adjacent 

non-clonally related cells. Such vectors have been used as lineage markers (Frank and 

Sanes, 1991), chromosome markers in cell fusion experiments (Lugo et al, 1987) and 

vectors for cDNA expression libraries (Murphy and Estratiadis, 1987).

Replication competent retroviruses are an improvement over replication 

defective vectors in that they direct synthesis of infectious virus particles which are 

capable of spreading from cell to cell without killing their hosts. Although only a small 

percentage of cells may initially contain the integrated viral genome, this population can 

expand very rapidly as infectious particles are synthesised and secreted. Such vectors 

may be used to introduce genes to whole tissues within organisms in vivo.

Retroviral vectors most commonly used for gene transfer into chickens are 

derived from the Rous Sarcoma Virus (RSV), which was first isolated by Peyton Rous 

in 1911 and subsequently shown to be a member of the avian leukosis and sarcoma 

virus family (ALSV) of C-type retroviruses.

A schematic diagram of the single-stranded RNA genome of a RSV-derived 

vector containing a mouse BMP-4 insert is shown in Fig. 5.1. The genome contains
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Clal Clal

BMP-4
::l t r  1 gag pol env LTR

1

SD SA SA

gag pol
->• AAAAA

env
AAAAA

BIVlP-4
-> AAAAA

Fig 5.1 Schem atic diagram of RCASBF proviral genome (open bar) containing a 

mouse BM P-4 insert (hatched bar) and putative mRNAs (lines followed by poly A's) 

encoded by the vector. A bbreviations: SA, splice acceptor; SD, splice donor. 

Polylinkers and regions constructed by Hughes and Kosik, 1984, are indicated by the 

light hatched bars.
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three viral genes, gag, pol and env, which are essential for viral growth. Also part of 

the genome is the v-src oncogene, which is necessary for oncogenic transformation by 

the virus and can be replaced by a synthetic DNA linker containing the recognition site 

for the restriction enzyme Clal. Foreign genes may be inserted at the Clal site in place 

of the src gene.

The virus genome is enclosed by a protein capsid, which is in turn surrounded 

by a lipid membrane envelope. Glycoproteins in this envelope are encoded by the env 

gene and confer host binding specificity on the virus particle and, if recognition occurs, 

also enable the virion to enter the host cell cytoplasm. There are five major subgroups 

of ALSV, designated A to E, with different host ranges resulting from their different 

env proteins (Weiss et al, 1985). Aside from their host range, viral subgroups can also 

vary in other aspects of replication (Fekete and Cepko, 1993).

Upon binding to the target cell, the virus capsid enters the cytoplasm and the 

RNA genome is converted to double-stranded cDNA by reverse transcriptase encoded 

by the viral po l gene. This cDNA integrates into the host genome, a process catalysed 

by integrase encoded by sequences at the 3 ’ end of the p o l gene. Transcription of this 

integrated provirus is regulated by long terminal repeat (LTR) sequences flanking the 

viral genome proper. Viral genomic RNA and po l gene products are packaged within a 

protein capsid encoded by gag gene products. These capsids are allowed to escape 

through the cell plasma membrane, which has been seeded with env gene products, 

resulting in the encapsulation of the infectious viral particle in its lipid envelope.

Of all the RSV-derived replication-competent retroviruses, it is the RCAS series 

that is most widely used. This series of vectors was designed by Hughes and K osik, 

1984, and was named Replication Competent ALV LTR (subgroup A) containing a 

Splice Acceptor (RCAS(A)). It is essentially an E. coli replicon spliced to a modified 

proviral genome from the Schmidt-Ruppin-A strain of RSV. One of the LTRs of the 

viral genome has been removed, while the src site is replaced by a Clal linker. The 

Splice Acceptor of the title lies upstream of the original src site and is necessary for the 

production of foreign sequences inserted in place of src.
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This vector was refined by cloning sequences from the po l gene of the Bryan 

high-titre strain of RSV into RCAS (A) producing RCASBP(A) which replicates more 

efficiently than the original (Federspiel eta l, 1994; Petropoulos and Hughes, 1991).

The original vector was derived from the A subgroup of the RSV, but RCAS 

vectors with B and D subgroup env genes have been produced by altering the env gene 

(Hughes et al, 1987). RCASBP vectors of subgroups A, B, D and E are now in use, 

all with slightly different host cell specificity .(Fekete and Cepko, 1993).

The insertion of foreign DNA into the vector was made easier by the production 

of an adapter plasmid containing the polylinker arrays of the E. coli expression plasmid 

pUC12N flanked by two Clal sites. DNA inserts could be cloned into any o f the 

restriction sites and the adapter plasmid then inserted into the Clal site of the RCAS 

vector (Hughes et al, 1987).

The RCASBP(A) system has been used to ectopically express Hox 4.6 (Hox D- 

11) function in the developing chick limb bud which results in alterations in digit 

formation (Morgan et al, 1992). Since this subtype of the avian leukosis virus has been 

reported to infect a wide-range of connective, endocrine, reproductive and neural tissue 

(Fekete and Cepko, 1993a and b), it was deemed a good candidate for retrovirus- 

mediated gene transfer. The RCASBP virus containing the coding region of mouse 

BMP-4 has already been described earlier in this section (page 2).

5.2 R esu lts

5.2.1 USE OF RCASBPfAl VECTORS TO INFECT CHICK RETINA

I used two different methods in my attempts to introduce the mBMP-4/RCAS 

vector into the chick retina. In the first, concentrated viral supernatant together with a 

tracking dye (0.25% fast green in DMEM; filter sterilised) was microinjected directly 

into the optic vesicle or neural tube of stage 5-19 chick embryos. Controls were injected



. . V : /, cm Fjm  sr- EFmcTOFBMF-  ̂ONjHB cm cKBm m vm ^  ' i

with virus containing mouse Bmp-4  inserted in the antisense orientation (anti-mBMP- 

4/RCAS).

In the second, chick O line fibroblasts (lacking endogenous retroviruses) were 

transfected with the viral DNA, grown to confluency and trypsinised to separate them 

from their substratum. The dissociated cells were then centrifuged and small pieces of 

the cell pellet were teased off with sterile steel needles and grafted into the optic vesicle 

or neural tube of stage 7-14 embryos. Control grafts had been infected with Bm p-4  

inserted in the antisense orientation.

Manipulated embryos were harvested 3-5 days after infection, or earlier if a 

previous experiment along the same lines had yielded high mortality rates. Viable 

manipulated embryos ranged in age from 20-32, with a few harvested at stage 12 or so 

due to the high mortality rate experienced with early embryos.

The situation is summarised in Fig. 5.2 which depicts the mortality of 173 

manipulated embryos three days after injection or grafting. Of these embryos, 117 were 

microinjected and 56 had pellets of transfected cells grafted into the neural tube. Only 

74 embryos survived and these were split equally between the different treatments. In 

my hands, there was no statistically significant difference in mortality between 

microinjection and grafting.

Manipulated embryos younger than stage 8 suffered 100% mortality. This was 

probably simply due to the manipulation per se, since "blank" embryos injected with a 

solution of tracking dye were also nonviable. In general, injections/grafts into embryos 

under stage 13 or so yielded more than 50% mortality rates three days after infection, 

while older embryos tended to be much more resilient . This however, had to be 

balanced against the estimated time it would take the virus to establish and infect 

adjacent cells.

No obvious changes to the gross morphology of the eye was observed in all the 

manipulated embryos. Occasional embryos would display microphthalmia of one or 

both eyes (see Fig. 5.7), but this occurred with equal frequencies in embryos injected
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S t a g e  o f  d e v e l o p m e n t  w h e n  m a n ip u la t e d

Fig. 5.2 Bar chart depicting percentage mortality of embryos 3 days after injection or 

graft operations at various stages.
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with the sense (4.62%) and the antisense (2.89%) form of the virus and also showed 

no correlation with viral spread.

Viral spread was monitored using a dig-UTP labelled riboprobe specific for 

mouse Bmp-4  RNA to detect ectopic Bmp-4 transcripts. The embryos were subjected 

to whole-mount in-situ hybridisation. Infected areas were stained blue with the product 

of the alkaline phosphatase reaction. Because of the presence of pigmented epithelium 

in older embryos, it was very difficult to see if any infection of the retina had occurred 

from the wholemounts, and so some embryos were dehydrated with 

tetrahydronapthalene and embedded in wax prior to sectioning.

I observed that the embryos fell into two basic groups in terms of viral spread; 

early embryos had very high mortality rates as compared to older ones. The young 

embryos, from about stages 9-13 showed fairly widespread labelling throughout the 

embryo for virus-positive cells about 24 hours after infection, but suffered a large 

number of fatalities when harvested after this time. Also, the few embryos that survived 

up to 48 hours after manipulation showed no greater spread of the virus than embryos 

injected later on in development (compare Fig. 5.4 and Fig. 5.5). In contrast, embryos 

injected between stages 14-20 experienced far fewer fatalities and displayed labelling in 

the majority of the cells of the head, the otic vesicles and presumed neural crest 

derivatives (Fig. 5.5). More than half survived for 5 days after injection.

5.2.1.1 Injections/Grafts Into Embryos Between Stages 9-13

Fig. 5.3A shows an embryo that was injected with BMP-4/RCAS in the neural 

tube at stage 9 and harvested 30 hours later (at about stage 12) or so. Fig. 5.3B is a 

control injected at the same stage with anti-BMP-4/RCAS. Both embryos have been 

hybridised with a mouse BMP-4 antisense riboprobe to examine the spread of the 

virus. The faint purple background colour is common to both embryos, but the dark 

purple of the head region in Fig. 5.3A indicates viral spread in that area.
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Fig. 5.3 Stage 9 embryos microinjected in the neural tube with mBMP-4/RCAS and 

harvested at stage 12. A) Embryo hybridised with a digoxigenin-iabelled mouse Bmp-4 

(antisense) probe; deep purple areas are positive for presence of the virus (arrows). B) 

Control embryo hybridised with dig-labelled sense probe. Scale bars - 10 pm. ov-optic 

vesicles; me-mesencephalon; em-extraembryonic membrane.
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Young embryos were incubated for short periods after manipulation because of 

their high mortality rate at this stage. Such embryos showed fairly widespread 

labelling, but no disruption of early eye morphogenesis. The virus-positive cells in the 

head seemed to be particularly concentrated around the optic vesicles and forebrain 

(arrowheads).

The oldest survivors to about stage 24 or so (Fig. 5.4) displayed labelling in the 

forebrain, midbrain and hindbrain (superficial, intensity of colour is due to trapping of 

colour product in the brain cavity), nasal and facial mesenchyme, the otic vesicle, 

neural crest-derivatives in the spinal cord and trunk and part of the hindlimb (some 

embryos only). The original site of injection (neural tube or optic vesicle) did not seem 

to affect viral spread, but the optic vesicles opening directly off the diencephalon at 

these stages implies that the virus particles could flow between one and the other.

Although the retina appears labelled in this case, sectioning through the heads of 

such embryos revealed that the "staining" was restricted to the cavity within the eye and 

none of the cells in the retina was labelled (see Fig. 5.8 and 5.10)

5.2.1.2 Iniection/Grafts Into Embryos Between Stages 14 And 20

These embryos displayed much better survival rates than the early embryos and 

displayed a similar pattern of viral spread when analysed at stage 20-24 (1-2 days after 

infection). The amount of virus spread was roughly similar for both sense and 

antisense forms of the virus, when analysed with the corresponding riboprobes. Fig.

5.5 shows an embryo that had a pellet of cells transfected with the antisense virus 

(control) inserted into the neural tube at stage 14 and was then sacrificed at stage 21. 

Again, note the expression of Bm p-4  in the outer layer of the fore, mid and hindbrain 

(intensity of colour is an artefact resulting from trapping in the cavity), nasal and facial 

mesenchyme, the otic vesicle, the spinal cord, the hind limb bud and the tail.

A  stage 25 embryo with a pellet containing cells transfected with the sense form 

of the virus inserted in the diencephalon at stage 14 displayed labelling of cells in the
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Fig. 5.4 Stage 10 embryo that had a pellet of transfected cells mBMP-4/RCAS inserted 

in the neural tube and were harvested at stage 24. The embryo has been hybridised with 

a digoxigenin-iabelled mouse Bmp-4 (antisense) probe and purple areas are positive for 

presence of the virus. Scale bars - 800 [xm. f-forebrain; m-midbrain; h-hindbrain; r- 

retina; o-otocyst; 1-limb bud.
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Fig 5.5 Stage 14 embryo that had a pellet of transfected cells anti-mBMP-4/RCAS 

inserted in the diencephalon and was harvested at stage 21. The embryo has been 

hybridised with a digoxigenin-iabelled mouse Bmp-4 (sense) probe and purple areas 

are positive for presence of the virus. Scale bars - 800 |im. f-forebrain; m-midbrain; h- 

hindbrain; r-retina; o-otocyst; 1-limb bud.
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nasal and facial mesenchyme, the fore and midbrain (again colour intensity is due to 

trapping of colour product in the brain cavity) and spinal ganglia in the tail (Fig. 5.6) 

very similar to that of the antisense virus. Note that the gross morphology of the eye 

was not disrupted.

Fig 5.7 shows a stage 28 embryo injected with the sense virus at stage 17. This 

specimen displays microphthalmia in one eye only, but virus-positive cells were limited 

to the outer surface of the brain (again colour intensity being due to trapping) and the 

nasal mesenchyme. No asymmetry of hybridisation signal was noted.

A  stage 30 embryo injected at stage 18 with the antisense form of the virus 

shows only very faint labelling in the nasal ectoderm and facial mesenchyme and also in 

part of the brain (Fig 5.8). Note that the brain has been pierced in this case and most of 

the colour has leached out from the brain cavity. This procedure was not deemed 

necessary for all the embryos since colour due to trapping is easily distinguished from 

proper staining.

A  large number (63.2%) of the embryos injected with the sense virus and 

sacrificed at stage 35 contained no detectable virus-infected cells (Fig. 5.9A), whereas, 

others were nearly completely stained (21.0%) (Fig. 5.9B), though in the case of the 

one pictured, mostly in the epidermis.

Although a number of embryos at stages 24, 28 and 35 appeared positive for 

virus infection in the retina, sections cut through the eye showed no staining in the cells 

of the retina, and the perceived staining in the eye was due to trapping of the colour 

reagent within the eye cavity (data not shown).

5.2.2 EFFECTS OF IMPLANTING BEADS CONTAINING BMP-2

Since the results indicated that retroviral infection of the retina with our vector 

was, at best, dubious, direct application of the protein to the embryo was thought a 

suitable alternative. Accordingly, agarose beads soaked in recombinant human BMP-2
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Fig 5.6 Stage 14 embryo that had a pellet of transfected cells mBMP-4/RCAS inserted 

in the diencephalon and was harvested at stage 25. The embryo has been hybridised 

with a digoxigenin-iabelled mouse Bmp-4  (antisense) probe and purple areas are 

positive for presence of the virus. Scale bars - 800 pm. f-forebrain; m-midbrain; h- 

hindbrain; r-retina; 1-limb.
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Fig. 5.7 Stage 17 embryo microinjected in the diencephalon with the mBMP-4/RCAS 

and harvested at stage 28. The embryo has been hybridised with a digoxigenin-iabelled 

mouse Bmp-4 (antisense) probe and purple areas are positive for presence of the virus. 

Arrowhead indicates microphthalmic eye. Scale bars - 800 pm.
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Fig. 5.8 Stage 18 embryo microinjected in the optic cup with anti-mBMP-4/RCAS and 

harvested at stage 30. The embryo has been hybridised with a digoxigenin-iabelled 

mouse Bmp-4  (sense) probe and purple areas are positive for presence of the virus. 

Scale bars - 1mm.
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Fig. 5.9 Stage 15 embryos microinjected in the diencephalon with mBMP-4/RCAS and 

harvested at stage 35. Embryos have been hybridised with a digoxigenin-iabelled 

mouse Bmp-4  (antisense) probe and purple areas are positive for presence of the virus. 

A) Embryo negative for virus B) Embryo showing widespread infection. Scale bars - 

1mm.
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protein were implanted in the optic cup of stage 20-24 chicken embryos. As mentioned 

before in chapter 4, BMP-2 protein is a homologue of BMP-4 and the two proteins (in 

the mouse) display 86% sequence identity in the mature carboxy-terminal region 

(W ozney eta l, 1988). Also, both proteins have been shown to deplete crest production 

from rhombomeres 3 and 5 in chick hindbrain explants in a similar fashion over the 

same concentration range (O.l-lOOng/ml) (Graham et a l ,  1994).

A  small incision was made in the developing retina/pigment epithelium and the 

bead inserted under the resulting flap of tissue. Only one eye was operated on, while 

the other, unmanipulated eye was taken as a control. These experiments were strictly 

preliminary and were performed with less than 10 embryos total. Embryos were 

harvested at about stage 29-30.

Again, no perturbation of the gross external morphology of the eye was 

observed. Sections cut through the retina revealed little differences in morphology in 

the treated eye, except for a slight increase in the overall thickness of the retina over the 

control (Figs. 5.10, 5.11). The manipulated eyes were also slightly smaller in size, 

although this might have been due to loss of intraocular pressure as a result of the 

operation. Lenses appeared normal.

Retinal sections were hybridised with a GTfb-specific riboprobe in order to 

visualise the expression pattern of this homeobox gene and observe any changes that 

might have resulted from the application of BMP-2 protein.

Fig. 5.10 and 5.11 illustrate the differences in GH6 expression pattern between 

control and treated eyes of two typical manipulated embryos. It can be seen that GH6 

expression is typically dorsally restricted (see chapter 3) in the control eyes (Fig.

5.1 OB, 5.1 IB ), but that GH6  transcripts are present throughout the neural retina in 

treated eyes (Fig. 5 .IOC, 5.11C). The lens in the treated eye in Fig. 5.11 was displaced 

by the operation and lost during dehydration; two of the other embryos had retained the 

lens and GH6 expression appeared similar to that in the control lens.
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Fig. 5.10 A) Diagram showing position of insertion of agarose bead soaked in 

recombinant human BMP-2. Sagittal sections through normal (B) and manipulated (C) 

eyes of embryo with recombinant human BMP-2 impregnated bead inserted in the 

optic cup at stage 21. The position of the bead is arrowed. Embryo was sacrificed at 

stage 28, fixed, embedded and hybridised with a riboprobe for GH6. le, lens; me, 

mesenchyme; nr, neural retina; pe, pigment epithelium. Scale bars = 200pm.
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Fig. 5.11 A) Diagram showing position of insertion of agarose bead soaked in 

recombinant human BMP-2. Sagittal sections through normal (B) and treated (C) eyes 

of embryo with recombinant human BMP-2 impregnated bead inserted in the optic cup 

at stage 24 .The position of the bead is arrowed. Embryo was sacrificed at stage 29, 

fixed, embedded and hybridised with a riboprobe for G H6. me, mesenchyme; nr, 

neural retina; pe, pigment epithelium. Scale bars = 200 pm.
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5.3 Discussion

I was not able to succesfully infect the retina with the mBMP-4/RCAS virus, 

but ectopic expression of BMP-2 in the optic cup does not cause any gross perturbation 

of eye morphogenesis. However, ectopic expression of the BMP-4 homologue (BMP- 

2) appears to activate ectopic expression of the homeobox gene GH6 throughout the 

neural retina.

5 .3.1 RETROVIRAL DATA

The recombinant RCASBP(A) vector I used does not appear to infect retinal 

cells. This is quite unexpected, since the results of Fekete and Cepko (1993a and b) 

indicate that their RCASBP(A) vector encoding the human placental alkaline 

phosphatase gene did spread through the chick neural tube and into the eye if the 

embryos were injected between stages 14 to 17.

I initially believed that this lack of infection was simply due to the inability of 

the staining reagents to penetrate the retina beyond 50pm  (Fekete and Cepko, 1993b) 

and considered hybridising sagittal sections (with a mouse BMP-4 antisense riboprobe) 

for the second time. However, inspection of the retinal sections showed that none of 

the cells were labelled which would not have been the case if the problem had lain only 

with penetration.

Fekete and Cepko (1993b) did experience difficulty in infecting neuronal cells 

other than that of the neural crest when injecting into embryos at earlier stages (7-11). 

In fact, some of the reported targets in early embryos; spinal cord, cranial ganglia, 

neurons in the hindbrain and diencephalon, resemble the patterns of infection I had 

observed with stage 20-24 embryos, although in my experience the same kind of 

pattern of infection was obtained even if injection was performed later in development 

(Fig. 5.4, 5.5).
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Aside from the RCASBP(A) vector, Fekete and Cepko (1993b) used a number 

of different ALV-derived retroviruses as well as a combined virus stock designated 

AMV-MAV as vectors for alkaline phosphatase. This last virus was obtained as a 

serum concentrate from viremic chickens infected with a replication-defective avian 

myeloblastosis virus (AMV) and two replication-competent myeloblastosis-associated 

helper viruses (MAVs) of subgroups A and B. High titre AMV-MAV stock injected 

into the chicken ventricle at stage 9-10 required about 48hrs to infect the majority of the 

central nervous system although the labelling in the forebrain was less extensive. The 

RCASBP vectors spread much more slowly than AMV-MAV. In an attempt to provide 

a quantitative comparison, it was found that retinas injected at stage 16 and harvested 3 

days later, gave greater than 90% labelling when injected with other ALV-derived 

vectors, but only 40-50% labelling with RCASBP vectors.

They have explained these discrepancies as possibly being due to the low initial

titres of these viruses, since the AMV-MAV stocks often had titres greater than 10^^
o q

while RCASBP vectors had titres of 1x10 to 4x10 CPU/ml after concentration. Our 

concentrated stocks of RCASBP vector had typical titres of 1x10^ to 3x10^ CFU/ml 

and would presumably be even more limited in spread than the quoted vectors. 

Similarly, the pellets of transfected cells did not deliver sufficient virus to encourage 

rapid viral spread.

This may therefore partially explain the discrepancy between my results and 

theirs. Since it is well-known that retinal cells have a particular set time for undergoing 

mitosis (Kahn, 1974) and that retroviral particles can only infect dividing cells, one 

must assume that the virus was not sufficiently well established by the time most retinal 

cells ceased dividing to be in a position to infect them.

Coupled with Fekete and Cepko's postulate that "many cells in the developing 

neural tube may be refractory to retroviral infection and/or expression at early 

developmental time points", this may account for the fact that, in my hands, the virus 

did not infect retinal cells.
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5.3.2 EFFECTS OF BMP-2 PROTEIN

The problems of infection were circumvented by use of agarose beads soaked in 

a solution of 15pM human recombinant BMP-2 protein for one hour at 37°C . Beads 

have commonly been used as a delivery system for growth factors in the chick limb 

(Niswander et al,1993', Riley et al, 1993) and flank (Cohn et al, 1995). On average, 

heparin beads incubated in 15pM FGF-2 for one hour have been reported to take up 

only 0.5-1 pmol of the growth factor and release the FGF-2 slowly over 4 days (Riley 

et al, 1993). It is not known if agarose beads behave in exactly the same way, but the 

bead system in general has been regarded as a slow-release source of small amounts of 

the protein.

The beads were implanted in the optic cup between stages 20-24 and the 

embryos sacrificed between stages 28-30. At stage 20-24, most of the events o f early 

eye morphogenesis are over, including the induction of the lens and the infolding of the 

optic vesicle to produce the optic cup. The closure of the choroid fissure has begun and 

will continue until about stage 28 (Romanoff, 1963), which is also about the stage 

when the retina and pigment epithelium begin to separate. Mitosis of the cells in the 

retinal layer is certainly occurring, with the first slowdown to occur in the posterior 

pole of the retina around stage 26.

Since BMP-4 acts to stimulate retinal cell proliferation in vitro, one might expect 

to see a phenomenon similar to that obtained in the zebrafish when exposed to the 

morphogen retinoic acid (Hyatt et al, 1992). Treated zebrafish embryos develop 

duplicated retinas due to the proliferation of ventral cells of the eyecup to form a second 

retina. However, it remains to be established how much zebrafish eye development is 

comparable to that of other vertebrates, since the initial development of the optic 

primordia is quite different in the two (Schmitt and Dowling, 1994).

Our results show that BMP-2 has failed to cause any detectable changes in chick 

retinal morphology. There may be a number of reasons for this. Although the 

(relatively) larger quantities of BMP-2 originating from the bead might indeed stimulate
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the proliferation of cells in the neural retina; the "extra" cells would probably be laid 

down as part of the retina and possibly, the pigment epithelium. Hence, the only visible 

change in morphology of the eye might be a slight thickening of the retinal layer.

To affect closure of the choroid fissure, the extracellular source of BMP-4 

would need to be present before the start of optic cup invagination at around stage 14 or 

so. Bead insertion might be somewhat difficult at this point, due to the small size of the 

embryos, but this method still appears to hold the greatest promise for analysis of 

BMP-2/BM P-4 function in vivo.

Lens development does not appear to be affected by the BMP-2 soaked beads; 

at least not at the stages tested. The lens body, lenticular chamber and lens epithelium 

all appeared quite normal in the two specimens that retained lenses (not shown).

Again though, the timing of bead insertion might have been too late to affect the 

patterning events of lens morphogenesis. Also, the in-situ data for Bmp-4  suggested 

that BMP-4 might not affect gross lens morphology and rather play a role in the 

rearrangement and reshaping of the lens fibres at stage 30. If this were the case, results 

would not be visible without electron microscopic examination of lenticular tissue.

Although preliminary, the results of this chapter imply that the homeobox gene 

GH6 lies downstream of BMP-4. The BMP family has previously been proposed to act 

through other homeobox genes in various signalling phenomena, most notably in chick 

limb development (BMP-2 and Hoxd-13; Francis et al, 1994; Duprez et al, in press), 

ventralisation o f Xenopiis mesoderm (BMP-4 and X hox3;  Ruiz i Altaba and Melton, 

1989a,b; Hogan et al, 1994); apoptosis in chick hindbrain (BMP-4 and Msx2; Graham 

et al, 1994) chick hindgut development {Bmp-4 and Hoxd-11113 coexpressed in 

response to shh; Roberts et al, 1995) and mouse tooth development (BMP-4 and 

M sx llM sx l;  Vainio et al, 1993). The common occurrence of such cascades among 

such diverse events of morphogenesis suggests that this pathway is of evolutionary 

importance.
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5.3.3 IN SUMMARY

This chapter has detailed a number of attempts at the overexpression of BMP- 

4in-vivo; only the experiments involving the insertion of BMP-2 soaked agarose beads 

succeeded and those were preliminary. No change in gross morphology of the eyecup 

except a slight thickening of the retina could be detected, but this might have been due 

to the comparatively late (stage 20-24) stage at which the beads were inserted. No 

change in gross lens morphology could be detected.

More investigation in this direction should be undertaken, preferably using the 

bead method on younger embryos. Nevertheless, the slight thickening in the eyecup 

might have been due to the stimulatory effect of BMP-2 on retinal cells (see chapter 4).

In addition, the homeobox gene GH6, originally restricted to the dorsal 

quadrant of the retina at stage 28-30, was found to be expressed throughout the retina 

in the treated embryos. This leads us to believe that GH6 lies downstream of Bm p-4  in 

the genetic cascade.



A ddendum

The bead implantation experiments described in section 5.2.2 are, as mentioned 

before, preliminary. In order to be able to draw accurate conclusions from these 

experiments, it would be necessary to use more appropriate controls, such as agarose 

beads that had not been impregnated with BMP-2. As matters now stand, the results 

described could simply have been due to mechanical perturbation o f  the developing 

eye.



CHAPTER 6

D I S C U S S I O N  A N D  
FUTURE  W O R K
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The development of the vertebrate organs of special sense is involves 

complicated series of tissue interactions in which signalling molecules produced by one 

cell type influence the developmental fate and morphogenesis of other closely 

associated cell populations. This is especially so in the case of the vertebrate eye where 

previous research has revealed the existence of interactions that establish a field of 

positional information in axis formation and cell-type determination (Hill et al, 1992; 

Ton et al, 1991; Walther and Gruss, 1991) that serve as a blueprint for development.

This thesis has examined the expression of the secreted factor BMP-4 during 

development of the chick eye from the early formation of the optic placode to the 

stratification of the retina in the fully-formed optic cup. I have established that, at least 

in vitro and in the presence of insulin, BMP-4 is able to promote proliferation of retinal 

cells without delaying differentiation and that its action in the eye may be mediated 

through the homeobox gene GH6. Sonic Hedgehog (Shh), a homologue of Drosophila 

hh, which is an important initiator of eye differentiation, does not appear to play the 

same role in the chick. However, a number of other vertebrate HH homologues 

(including DHH and IHH) exist, any of which could regulate eye development.

6.1 General Discussion

Studies of positional identity in the visual system and of the topographic 

molecules that appear to define retinal polarity have always been of special significance 

because of the unique necessity for preservation of positional identity in retinal 

neurons. The position of neurons in the retina is perfectly reflected in their projections 

to the brain's optic centre, the optic tectum. This "wiring pattern" that is established 

during development is integral to the proper functioning of the organ.

The retinal positional markers that have thus far been identified can be loosely 

divided into three groups: 1) those that do not actually define positional identity but are 

expressed in spatiotemporal gradients across the developing retina 2) those that are 

thought to play some role in guiding axons to their topographically appropriate targets
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("Sperry molecules") and 3) those that polarise the retina into compartments, possibly 

in conjunction with “Sperry molecules”, or for some other purpose in morphogenesis.

In the course of this investigation, a number of hypotheses to explain the action 

of BM P-4 in the eye were proposed. Each hypothesis can be thought of as falling into 

one or another of the above categories and will be considered in that order.

6.1.1 NON-POSmONAL MOLECULES EXPRESSED IN GRADIENTS ACROSS 

THE RETINA

BMP-4 may not "code" for specific positional identity in the retinal array but

like several other markers, it may rather be associated with differentiating or migrating

subsets of neuronal cells. This would mean that it assumes a role rather like that of dpp

in Drosophila which is associated with differentiating photoreceptors in the

morphogenetic furrow.

The modified ganglioside, 9-0-acetyl GDg, is one such example and can be

detected by the monoclonal antibody JONES in a dorsoventral gradient in embryonic

and postnatal rat retina (Constantine-Paton, 1986; Sparrow and Barnstable, 1988). The

JO N ES epitope was detected on numerous cell types in the retina, both neurons and

glia, and also in parts of the brain (Mendez-Otero eta l, 1988) and was postulated to be

associated with regions of the developing nervous system where axonal pathways were

being established by neuronal migration. Similarly, four proteins associated with

grow ing retinal axons have been identified in goldfish retina (Bastmeyer et al, 1991;

Vielmatter eta l, 1991; Paschke eta l, 1992).

Unlike GD^, Bmp-4 is unlikely to be a marker of migrating neurons, since its

localisation in the mouse CNS at E9 (Hogan et al, 1991), is restricted to the floor of the 

diencephalon associated with pituitary development and it is not found in any of the 

areas associated with axonal migration (cerebellum, optic tract, telencephalon etc.).

In the chick, outside of the retina, Bmp-4 is expressed in the hindbrain (Graham 

et al, 1994) and dorsal neural tube (Liem et al, 1995) and has not been associated with
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neuronal migration. Also, the spatiotemporal pattern of JONES staining in the retina is 

not directly comparable to that of Bm p-4. The JONES epitope is first expressed 

centrally and later assumes a dorsal restriction marking the position of postmitotic 

neuroblasts that migrate towards the vitreal surface of the eye to become mature 

ganglion cells (Maslim et al, 1986). Bm p-4  is expressed throughout the retina at first 

and then gradually becomes dorsally restricted, before expression is slowly lost; while 

JONES remains detectable up to and during the postnatal period. Bmp-4 expression has 

also never displayed the laminar gradient that JONES immunoreactivity has (again 

paralleling migration). However, the protein levels of BMP-4 have not been examined. 

Finally, JONES staining of cultured retinal cells reveals that it is restricted to 

postmitotic, terminally differentiated neurons and glia, which does not appear to be the 

case for Bmp-4, since the first detectable expression of the growth factor in the eye is at 

a stage where the majority of cells are not yet differentiated. Hence, we may safely 

conclude that Bmp-4 is not a marker of migrating neurons.

BMP-4 may control retinal cell development, slowing or even preventing 

differentiation. This idea is supported by the spatio-temporal distribution o f Bm p-4  

across the retina, first all over and then gradually becoming restricted to the dorsal 

retina.However, for this hypothesis to be true, differentiation should occur last in the 

chick dorsal retina, and there is little evidence to date of such a dorso-ventral gradient of 

differentiation.

Moreover, when exogenous BMP-4 has been applied to systems not yet 

committed to differentiation; such as the hair follicle (Blessing et al, 1993), dental 

mesenchyme (Vainio et al, 1993) and pheochromocytoma PC12 neuronal cells 

(Paralkar et al, 1992); it has always pushed the balance towards differentiation. It is 

often difficult to make generalizations about TGF-B family members in this fashion 

because of the variability of their effects (see section 4.3), but these results seem at least 

indicative.

Finally, our own results indicate that BMP-4 is unlikely to control cell 

differentiation in the retina since it did not suppress differentiation in any way in our
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retinal cultures or those of Dr. Rodriguez-Tebar's (see chapter 4). Rather, BMP-4 

appears to promote cell proliferation in preexisting retinal precursor cells.

6.1.2 "SPERRY"-TYPE POSITIONAL MOLECULES

The two dimensional array of retinal neurons in the eye innervate the brain 's 

optic centre, the tectum, in an orderly fashion: nasal or anterior retina projects to 

posterior tectum and vice-versa, and dorsal to ventral and vice-versa. Hence, in this 

scheme of things, there are thought to be two major axes in the eye; the naso-temporal 

(antero-posterior) axis that lies along the plane of the eye and the dorso-ventral axis.

6.1.2.1 “Sperrv molecules” and positional information

Sperry's original work is discussed in greater detail in chapter 2, but warrants a 

brief mention here. He performed a number of experiments involving the severing of 

the optic nerve and rotation of the eye which showed that the original retinal projection 

was always preserved when the nerve regenerated (Sperry, 1963). This led him to 

propose his chemoaffinity theory where he claimed that individual nerve cells and fibres 

in both retina and tectum carry cytochemical "identification tags" and link only with 

neurons to which they become "selectively attached by specific chemical affinities". 

This equates to today's vision of gradients of positional information along the retino- 

tectal pathway.

What then are the requirements for a positionally restricted molecule to be 

named a "Sperry molecule" necessary for neurospecificity and map formation? Sperry 

himself has provided the criteria: the molecule must be expressed in a complementary 

gradient in retina and tectum and it must reside on the cell surface.

Two major candidates have been discovered that fits this criteria exactly: the 

TOP antigens (Trisler eta l, 1981) and ligands and receptors of the Eph family (Cheng 

et al, 1995; Drescher et al, 1995). A  functional bioassay has turned up another molecule



which almost certainly plays a role in retinotectal mapping: a 33kD protein (Stahl et al, 

1990). A  large number of other molecules have been put forward as "Sperry" type 

molecules but exhibit a gradient in only the retina or the tectum but not both and have 

no proven effect on neuronal pathfinding. However, Nakamura and colleagues in work 

on engrailed {en) and tectal polarity (Ichijo et al, 1990; Itasaki and Nakamura, 1992) 

have proposed that en might regulate TOP or the 33kD protein genes in setting up a 

gradient of positional information in the tectum. From there, it seems a short step to 

hypothesise that other such molecules may also act through these two proteins in setting 

up complementary gradients.

Tlie entire pathway may even devolve to cell adhesion molecules like laminin, 

L-CAM or N-CAM or even glycosaminoglycans like heparan sulfate, which are of 

particular interest because of their proven ability to bind growth factors like FGF 

(Flaumenhaft eta l, 1990; Nurcombe et al, 1993) and TGF-Bl (Yamaguchi et al, 1990; 

Border et al, 1992). BMP-4 could act by binding these glycosaminoglycans and 

altering cell-cell adhesive interactions in the retina.

6.1.2.2 Downstream candidates for BMP-4 positiional specification

BMP-4 might act as a "Sperry Molecule" in the retina, providing positional 

information that specifies the dorso-ventral axis. Bm p-4  transcripts are certainly found 

in a dorso-ventral gradient across the retina. Admittedly, this only occurs for a period 

of development between stage 15-35 (approximately 6 days), however if we consider 

that BMP-4 may only initiate the establishment of the dorso-ventral gradient through 

TOP, the Eph receptor tyrosine kinases or the 33kD protein, then this may be adequate 

to specify the dorso-ventral axis. However, one should keep in mind that the BMP-4 

protein and receptor distribution may be very different.
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6.1.2.2.1 The TOP antigens

TOPj^y is distributed in a continuous dorsoventral gradient in the chick retina

and in a complementary one in the tectum (Moskal, 1986; Trisler, 1990). It first

becomes detectable 48hrs after fertilisation, but its localisation in the optic cup was not 

investigated (Moskal, 1986) at this time. The antibody to TOPj^y stains the retina in a

35-fold dorso-ventral gradient by day 12 and hence could theoretically have been set up

by a BMP-4 gradient.

The anteroposterior counterpart to TOPj^y, T O P ^ ,  has recently been cloned

and shown to encode a 359 amino acid, membrane-bound acidic protein (Savitt et al,

1995). The molecule bears little similarity to other known proteins, but its predicted

ability to form a coiled-coil and the presence of leucine zippers suggests that the protein

may function in vesicular membrane target recognition (like syntaxin which has a

similar structure, Bennett et al, 1993), which may eventually allow cells expressing 

similar relative levels of T O P ^^  to recognise and synapse with one another.

Injection of anti-TO Pgy IgG into the amniotic cavity or the vitreous cavity of

chicken embryos delayed growth cone development and synapse formation (Trisler et

al, 1986; Trisler, 1990). Defects in retinotectal mapping were not reported, however.

It is not known if T O P ^ y  mRNA has a similar distribution to its protein, since

its low abundance has hampered attempts at sequencing and cloning (Kaprielan and 

Patterson, 1993), but the molecule is similar in size and structure to TOPap which does

display a similar distribution to its mRNA in the retina.

If like T O P ^ ,  T O P py  mRNA is also found in a gradient, it becomes likely

that this gradient has been set up by transcription factors that control the expression of

the gene. In fact, Savitt et al (1995) has proposed several candidate homeobox genes 

{Pax-2, SOHo-1 and en) that might control T O P ^  expression. In a similar fashion, it

seems plausible, subject to further proof (see section 6.2), that Bm p-4  and the 

homeobox gene GH6 might be responsible for establishing the TOPj^y gradient in the

retina and hence setting up positional information for axonal navigation to the tectum.
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6.1.2.2.2 Eph receptor tyrosine kinases

In the past year, much research has been conducted on ligands and receptors of 

the Eph family that are expressed in graded fashion in the chick retina and tectum. An 

Eph family receptor tyrosine kinase, Mek4 is expressed in a temporo-nasal gradient 

across the chick retina (Cheng et al, 1995) while two Eph family ligands, ELF-1 and 

RAGS are found in an antero-posterior distribution across the tectum. Additionally, 

another Eph family receptor and ligand (REK7 and AL-1) have recently been shown to 

affect axon bundling (Winslow et al, 1995). I have not seriously considered these 

molecules as candidates for downstream activity of BMP-4 because they have only 

been thought to dictate retinotectal mapping in the naso-temporal axis of the retina and 

never in the dorso-ventral axis. Thus far, no dorso-ventral distributed member of the 

Eph family of receptor tyrosine kinases has been discovered.

6 .1.2.2.3 The 33kD protein

The 33kD protein was first discovered by Walter et al (1987a) in a functional 

test for chemoaffinity known as the striped carpet assay (see chapter 1). Temporal 

retinal axons were found to exhibit specific affinity for anterior tectal membranes and 

this preference was found to be due to the presence of an inhibitory membrane 

glycoprotein on the posterior tectum - the 33kD protein (Stahl et al, 1990). Like the Eph 

family receptors, the 33kD protein is not known to play a role in dorso-ventral axonal 

pathfinding; hence I do not believe that the protein could interact with BMP-4 in setting 

up the retinotectal map; important though it may be in other areas.
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6.1.2.2.4 Cell adhesion molecules

Another way in which BMP-4 could act as a molecule encoding positional 

information would to be to set up a gradient of cell adhesion in the retina, possibly by 

postranslational modification of various cell adhesion molecules (Tang et al, 1992). 

Polysialylation of NCAM has been shown to give rise to molecular heterogeneity (as 

required for positional information and allow the regulation of cell-cell interactions 

(Acheson et al, 1991; Tang et al, 1992). Polysialylation of NCAM was also found to 

regulate motor axonal pathfinding in the plexus region of the chick limb (Tang et al,

1994).

Anti-N-CAM antibodies have been shown to cause disruption of the pattern of 

regenerating retinal fibres when injected into Xenopiis tectum (Fraser et al, 1984); and 

N-CAM Fab fragments in the chick eyecup disrupted retinal axon pathways (Thanos et 

al, 1984). In addition, cells of the retina and tectum exhibit differential adhesiveness, 

with dorsal retina cells preferentially adhering to ventral tectum (Kaprielian and 

Patterson, 1994), A gradient of adhesive specificity also exists across the cells of the 

dorsal and ventral retina such that dorsal retina has the highest affinity for ventral retina 

(Gottlieb et al, 1976).

BMPs have been shown to induce the expression of the cell adhesion molecules 

NCAM and LI in proliferating neuroblastoma cells (Perides et al, 1994), thereby 

promoting cell aggregation. I have found that the addition of BMP-4 to retinal cultures 

causes the formation of rosette-like aggregates containing mitotically active 

neuroepithelial progenitor cells (see chapter 4). Anchan and Reh (1995) have proposed 

that the formation of similar rosettes of retinal cells by TGF-B3 is caused by increased 

laminin secretion. In view of this, it is likely that, at least in culture, BMP-4 is capable 

of mediating the production of cell adhesion molecules like NCAM.

More circumstantial evidence for the role of cell adhesion molecules in retinal 

histogenesis is provided by experiments on laminar polarity in the retina. When retinal 

neuroepithelium is excised, flipped over and replaced in the opposite retina so that the



ventricular surface becomes superficial while topographic values remain unchanged, the 

flipped piece becomes disorganised and then rounds up into rosettes of cells which 

grow independently from the surrounding neuroepithelium (Rapaport and Holt, 1993). 

Holt and Harris (1993) have suggested that this may be due to the high concentration of 

laminin on the retinal vascular membrane (Reh and Radke, 1988),

Cell adhesion molecules are also thought to mediate retinal reaggregation in 

vitro. Layer and Willbold (1993) have established that when dissociated retinal cells are 

placed in rotation culture, they show a capacity for self-recognition, sorting-out and 

establishing cell-cell contacts. Cells from the retina proper formed rosetted spheroids 

consisting of aggregates of inverted retinotypic spheres whereas cells from the 

pigmented margin (including pigment epithelium) formed stratospheroids which display 

the same laminar organisation as the mature retina. The authors have attributed the 

initial recognition and sorting out stages to differential intercellular adhesion and this is 

supported by the fact that antibodies to cell adhesion molecules like N-Cadherin 

(Takeichi, 1987), NCAM (Holt and Harris, 1993) or R-cognin (Holt and Harris, 1993) 

disturb histogenesis.

From this, we understand that adhesive interactions are likely to play a large 

role in the normal development of the neural retina and that BMP-4 may be involved in 

setting up the dorso-ventral gradient of selective adhesivity in the retina with a 

corresponding one in the tectum, possibly acting through NCAM.

Keynes & Cook (1995) and Holt & Harris (1993) have noted, however, that 

there is little empirical evidence that cell adhesion molecules can influence the direction 

of axonal growth in vivo. Aside from the Drosophila CAM, Fasciclin III, which has 

been directly implicated in motor neuron target recognition (Chiba et al, 1995; Garrity 

and Zipursky, 1995), other cell adhesion molecules have been shown to mediate axon 

fasciculation (Lin and Goodman, 1994; Lin et al, 1994; Stoeckli and Landmesser,

1995) but changes in fasciculation do not always seem to interfere with growth cone 

navigation (Stoeckli and Landmesser, 1995).



I can only conclude that the role of cell adhesion molecules in retinotectal 

mapping is somewhat controversial, but it remains possible, prior to further 

investigation, that they dictate axonal pathfinding and that BMP-4 activity is mediated 

by these molecules.

The final candidates for signalling molecules that are patterned by BMP-4 are 

the proteoglycans. In fact, betaglycan, a membrane-anchored proteoglycan, is thought 

to be a Type III receptor for TGF-B (another member of the TGF-B superfamily) and 

may possibly bind other TGF-B family members (Massague, 1992). Overexpression of 

betaglycan can increase TGF-Bl binding to Type II receptors (Wang et al, 1991) 

possibly mediating signalling through the serine/threonine kinase domain.

A number of studies have investigated the role of various proteoglycans in 

retinal pathfinding. A  number of different proteoglycans are expressed in the embryonic 

retina and brain (Brittis et al, 1992; Hockfield, 1990; Snow et al, 1991; Threlkeld et al, 

1989) and have been linked to axonal mapping. Chondroitin sulfate in particular has 

been shown to influence retinal axon outgrowth (Snow et al, 1991) and control retinal 

ganglion differentiation (Brittis et al, 1992). A functional assay in vitro showed that 

retinal ganglions turned aside upon encountering a stripe of chondroitin sulfate (Brittis 

e ta l, 1992). When the proteoglycan was applied to the optic tract of aX enopus  brain 

preparation, it caused retinal axons to lose pathfinding abilities and splay out across the 

telencephalon and diencephalon (Holt and Harris, 1993). The treated axons freely 

crossed the dorsal midline as though they could no longer read positional cues. 

Treatment with heparin in the same fashion allowed axons to grow along the optic tract, 

but such neurons ultimately avoided the tectum.

Although the known TGF-B superfamily accessory receptor B-glycan has not 

been shown to exhibit any specific spatiotemporal patterns in the retina or tectum, the 

known ability of proteoglycans to bind growth factors like the BMPs, means that they 

remain good candidates for mediating the potential action of BMP-4 on retinal axon 

pathfinding. Alternatively, BMP-4 could affect proteoglycan synthesis in the eye, as it
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is known to do, in a dose-depndent manner, in bovine articular cartilage explants 

(Luyten et al, 1992).

6.1.3 MOLECULES THAT INFLUENCE RETINAL POLARITY

The retina has been known to be a polar organ since the earliest experiments of 

Sperry (1963). Their rotation experiments have shown that the eye is polarised with 

respect to its dorsoventral and nasotemporal axes. In fact, various transplantation 

experiments have shown that retinal cells do have positional identity and that they retain 

it even when placed in ectopic locations (Straznicky and Gaze, 1982) once their retinal 

fate has been determined.

In addition, several lineage studies with retroviruses (Fields-Berry et al, 1992; 

Turner et al, 1990) have shown that cell-cell interactions rather than lineage are the 

primary mechanism of establishing positional information in the retina. Harris and 

Hartenstein (1991) were able to block mitosis in Xenopus embryos and showed that 

retinal development was nearly normal except that the eye contained slightly fewer cells 

than normal. They concluded that, in the Xenopus  system, determination was 

independent of cell proliferation.

This implies that retinal morphogenesis depends on cell-cell signalling possibly 

mediated by secreted factors like BMP-4. Are there dorso-ventral morphological 

differences in the retina that could be due to retinal compartmentation mediated by 

BMP-4?

N ot many have been reported, but a dorso-ventral difference in the 

conformation of a ribosome-associated protein, p40, may cause a corresponding 

asymmetry in protein translation (1990). In Xenopus, generation of cells in the retina 

begins dorsally as does outgrowth of axons from the embryonic retina (Holt, 1984). 

However, this seems to be a species-specific phenomenon as does the migration of 

ventral stalk tissue into the ventral cup (Holt, 1980).
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Interestingly enough, retinoic acid has been proposed to be synthesised in a 

dorso-ventral gradient in the developing eye. McCaffery et al (1991, 1992) have found 

evidence for distinct dorsal and ventral retinoic acid synthetic systems - aldehyde 

dehydrogenase-2 dorsally and a 60kD dehydrogenase ventrally. Zebrafish embryos 

treated with retinoic acid inhibitors fail to develop a ventral retina (Marsh-Armstrong et 

al, 1993) and RA treatment causes retinal duplication (Hyatt et al, 1992) where the 

ventral retina arises from ventral eyecup cells normally destined to become pigment 

epithelium .RXR-a null mutants also displayed reduction in size of the ventral retina 

with respect to its dorsal counterpart (Kastner et al, 1994). This is evidence of a dorso

ventral gradient of morphogenesis in the eye. Differential synthesis of RA may be 

related to differential BMP expression such as is known to occur between BMP-2 and 

RA in F9 carcinoma cells (section 1.1.5.2).

Nordquist and McLoon (1991) have shown that during morphogenesis, the 

chick retina displays three notches in the retinal margin at the nasal, temporal and dorsal 

positions and a sharp constriction in the dorsal retina. The notches are apparent between 

stages 14 and 21, which is roughly when Bmp-4  expression first displays dorsal 

restriction; although Bm p-4  expression continues after the notches are no longer 

morphologically distinct. The authors believed that the nasal and temporal notches 

served to separate the retina into dorsal and ventral compartments; the beginnings of 

positional information which could then be further elaborated during retinal 

differentiation.

A  key anatomical marker of the ventral retina is the choroid fissure, which 

arises due to the invagination of the optic vesicle to create the double-walled optic cup 

(Romanoff, 1960; Saha and Grainger, 1992; Schmitt and Dowling, 1994; Taylor and 

Gaze, 1990). The invagination of the optic vesicle begins at about stage 14 in the chick 

and the primordial eye cup rapidly takes on a markedly asymmetrical shape; projecting 

further over the dorsal than the ventral surface of the lens vesicle. Romanoff (1960) has 

suggested that this may be due to the cells in the dorsal portion of the optic cup 

multiplying more rapidly. Increased numbers of mitotic figures in the dorsal portion of
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the cup has not been reported (Kahn, 1973), but the researcher confined most of his 

tests to fairly late embryos (day 6 at earliest; approximately stage 29), when one would 

expect this brief burst of activity to be over.

During the early part of eyecup formation, the invaginating organ lies open 

laterally and ventrally until its double edges come into apposition, forming the choroid 

fissure. Invagination of the cup and obliteration of the cavity of the optic vesicle is 

complete by about stage 18, although the choroid fissure does not completely close 

until about stage 30 or so (Romanoff, 1960).

These morphogenetic events coincide fairly well with Bmp-4  expression in the 

dorsal portion of the retina (see chapter 3); Bm p-4  first becomes dorsally restricted at 

stage 15, at about the same time when invagination of the optic vesicle begins and gene 

expression remains detectable in a dorso-ventral gradient until stage 30 (when the 

fissure closes) and then begins to decline. Taken together with its ability to stimulate 

retinal cell proliferation (chapter 4), BMP-4 could well be involved in the asymmetric 

dorsal proliferation of the optic cup. Its effects in vitro would suggest that BMP-4 

would not interfere with neuronal differentiation in the eye cup.

If this is the case, however, one might expect the application of BMP-2-soaked 

agarose beads to perturb eye morphogenesis and this was not observed. There are a 

number of explanations for this including too small a dosage of BMP-2 or the time of 

application of the bead being too late. Also, high doses of BMP-4 when applied to 

retinal cultures appeared to induce cell death (see section 4.3.5) and may do so in vivo. 

Ideally, beads should be inserted at or before stage 15.Alternatively, although there is 

an initial asymmetry in the growth of the optic cup, such that the dorsal portion projects 

farther, this gradually corrects itself, such that the fully formed eye (by 10 days or stage 

36) is symmetrical in the dorso-ventral dimension. This would indicate that there is 

either a surge in growth of the ventral retina later in development, or that the dorsal 

retina slows proliferation enough for the ventral retina to "catch up". Perhaps treated 

embryos should have been both treated and sectioned slightly earlier to investigate 

assymmetry around the lens before "normalisation" took place.



It would be interesting to look at BMP-2-treated retinas sectioned along the 

dorso-ventral axis to see if retinal projection around the lens were more symmetrical 

than usual at stage 17.

The related molecule, Bmp-7^ has recently been shown to be expressed in the 

neuroepithelium, the presumptive neural retina, lens placode as well as in the optic stalk 

(later) and mutant mice suffer from deterioration of the eye and optic nerve (Dudley et 

al, 1995; Luo et al, 1995). Since the two molecules are members of the same BMP 

family, it seems concievable that they have similar functions or work cooperatively 

(formation of heterodimers) to regulate eye development. Such heterodimers are 

reported to induce ectopic bone in rats (Aono et al, 1995). However, Bmp-7  expression 

is detected in the retina earlier in development than is the case for Bmp-4  and Bm p-7  

transcripts are localised to any specific part of the neuroepithelium.

6.1.4 THE INTERACTION OF BMP-4 WITH SHH  AN D  GH6

Several sources in the literature have linked the BMP-related gene dpp and the 

segment polarity gene hh in a developmental pathway in Drosophila eye morphogenesis 

(Padgett et al, 1987; Heberlein et al, 1995). The vertebrate homologue of hh, Shh, is 

known to be expressed in the notochord and neural tube (Riddle et al, 1993; Echelard et 

al, 1993; Roelink et al, 1994), but has not been reported in any part of the developing 

optic system.

In the Drosophila eye imaginai disc, differentiation is marked by the appearance 

of a dorsoventral indentation in the epithelium, the morphogenetic furrow . This furrow 

marks the front edge of a wave of differentiating photoreceptors which sweeps across 

the retina from posterior to anterior margin in approximately two days. It is the 

progression of this furrow, a crucial event in Drosophila eye morphogenesis, that is 

thought to be mediated by dpp expression (Heberlein et al, 1993; 1995; Ma et al, 1993) 

and ectopic photoreceptor clusters are indeed associated with ectopic dpp expression 

(Strutt et al, 1995).
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The Drosophila segment polarity gene hh has also been implicated in the 

propagation of the morphogenetic furrow and is thought to act through dpp (Strutt, 

1995).

Dpp  is known to be an orthologue of mammalian BMP-21-4 (Kingsley 1994a). 

Human BMP-4 can substitute for dpp in embryonic patterning (Padgett et al, 1993) and 

DPP can induce ectopic bone in mammals (Sampath et al, 1994). Even their receptors 

display striking homology (up to 63% in the cytoplasmic domain) (Okano et al, 1994). 

Similarly, Shh is a vertebrate homologue of hh (Krauss et al, 1993), and is the most 

commonly used in research, although several others are known to exist including desert 

hh, Indian hh (Echelard, 1993) and tiggy-winkle hedgehog (Ekker et al, 1995).

These similarities and the fact that Bm p  expression is regulated byShh  in 

systems as diverse as the limb bud (Laufer et al, 1994) and the hindgut (Roberts et al, 

1995) led us to investigate the expression pattern of Shh in the eye and forebrain.

In my studies, I did not observe any expression of Shh  in the developing 

eyecup; expression was restricted to the ventral forebrain between stages 15 and 30. 

The ventral forebrain expression is confirmed by the research of Echelard et al (1993), 

Chang et al (1994) and Roelink et al (1994).

Interestingly, research using zebrafish embryos (where Shh  and twhh are 

expressed in the ventral forebrain) has shown that diffusable HH family members may 

be able to regulate the expression of two transcription factors, pax6  and pax2  (Ekker et 

al, 1995; Macdonald et al, 1995). Pax6 protein is found in all cells that give rise to the 

neural retina and pigment epithelium, while Pax2 is located in the optic stalk. It appears 

that HH emanating from the midline of the ventral forebrain induces the expression of 

pax-2  and inhibits the expression of pax-6.

Overexpression of shh or twhh resulted in an increase in the number of cells 

containing Pax-2 protein and a corresponding hypertrophy of the optic stalk. However, 

the dorsal region of the neural retina was the least affected by HH (Barth and W ilson, 

1995; Ekker et al, 1995; Macdonald et al, 1995) implying the presence of some 

molecule in the dorsal retina that inhibits the fate change to optic stalk.



= -V> ' r" "  " t ' / V  ' C H A n n ^  6:rlDISCUSSfON:AND F U T ü m îW O R K { ^ /; fr ;é > -:

Given its dorsal restriction in the eye, it seems possible that BMP-4 is 

responsible for specifying dorsal retina and inhibiting hh action (either directly or 

through an intermediate molecule). A parallel may be drawn to the differentiation of the 

neural plate to form the neural tube which has been shown to involve both SHH and 

BMP-4 acting as antagonists (Liem et al, 1995).

The simple columnar epithelial sheet that is the neural plate gives rise to distinct 

neuronal cell types as it forms the neural tube. The dorsal part of the neural tube 

consists largely of neural crest cells, dorsal commissural neurons and roof plate cells 

while its ventral counterpart is populated by floor plate cells and ventral motor neurons. 

Neurons and glia from the different parts of the neural tube exhibit distinct molecular 

properties. The differentiation of the neural tube seems to involve the opponent 

activities of a BMP-4 mediated dorsalising signal from the epidermal ectoderm and a 

SHH-mediated ventralising signal from the notochord.

Pending further investigation, therefore, BMP-4 may indeed act as a HH 

antagonist in the eye.

Aside from Shh, I have also investigated a potential downstream component of 

the BMP-4 signalling pathway in the eye. The application of the BMP-4 homologue, 

BMP-2, causes ectopic expression of the homeobox gene GH6 in the optic cup. It is 

conceivable that BMP-4 action could be mediated by GH6 for any of the purposes 

discussed above, whether it be "Sperry-type" retinotectal mapping, dorsal proliferation 

of the eyecup or antagonism of SHH activity.

6.2 Conclusions

I have shown that Bm p-4  is dorsally restricted in the developing chick eyecup 

during a period roughly parallel to the development of the choroid fissure. Expression 

of the homeodomain-containing gene GH6 is extended by application of a BMP-4 

homologue.
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BMP-4 may play any of a number of roles in the developing eye. It may help

specify dorso-ventral retinal polarity required for proper retinal axon pathfinding via the 

T O P g y  protein, cell adhesion molecules, proteoglycans or other, yet-undiscovered cell

surface molecules. Given its ability to promote cell proliferation in culture, it may 

establish the asymmetrical dorso-ventral gradient of proliferation proposed to exist in 

the early stages of eye development. Alternatively, it may act as a HH family member 

antagonist in establishing the retinal identity of the most dorsal portion of the eyecup. 

All of these hypotheses remain to be verified.

6.3 Future Work

This piece of research has only begun to elaborate the role of BMP-4 in retinal

development and much work remains to be done. Most importantly, the preliminary

experiments with BMP-2 protein and GH6 expression should be verified, preferably

with the use of recombinant human BMP-4. In addition, each of the proposed

hypotheses requires testing.

The role of BMP-4 is axonal pathfinding has not really been investigated yet -

one method of doing so might be to insert an agarose bead soaked in the protein into the

eye cup at various times before day 5 (which is just prior to the arrival of the first retinal

axons in the tectum), and then use a retrograde tracer like dil to track axonal pathfinding

to the tectum. If BMP-4 does disturb pathfinding activity, it is likely to affect the 

distribution of one of the previously mentioned cell surface molecules, like TOPj^y.

This could be investigated by applying BMP-2 or BMP-4 protein to the optic 

vesicle at day 2 or so, before TOPj^y is known to be restricted and labelling the

preparation with TO Pj^y antibodies to see if the dorsoventral gradient of the protein is

perturbed. Similar studies could be conducted with cell adhesion molecules and 

proteoglycans.

The proliferation hypothesis may be more difficult to prove. The first step 

would be to investigate if the asymmetry of the retina surrounding the lens vesicle is
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actually due to increased proliferation of the dorsal versus the ventral retina. This could 

be done by looking at radiolabelled nucleotide or BrdU incorporation in the retina at 

stage 14-20, although this may prove difficult with such young embryos in ovo. 

Increased incorporation in the dorsal retina would mark populations of proliferating 

cells, and the BrdU method would allow inspection of cut sections of retina for heavily- 

labelled cells.

If the answer proved positive, then one could (as mentioned above) seek to 

perturb this asymmetry with application of BMP-4 soaked agarose beads and observe 

any differences in eye anatomy.

Finally, the HH antagonism hypothesis might be investigated in zebrafish by 

applying BMP-4 to the eye and looking for morphological effects or checking if 

overexpression of Shh had the same effect as before. I have not noticed any defects in 

optic nerve development in BMP-4 treated chick embryos, but the effects in chicks may 

not be as severe as the zebrafish cyclops mutant, where the eyes fuse due to expansion 

of the retinal tissue at the expense of optic stalk. Also, the beads were inserted at stage 

20 or later by which time the optic cups and stalks are quite well-defined, so it might be 

interesting to see what morphogenetic effect applied BMP-4 might have if applied 

earlier. Pax gene expression in treated embryos could be investigated. As mentioned in 

chapter 1, BMP-4 secreted by transfected COS cells is known to increase Pax-3 

expression in ventral neural plate explants (Liem et al, 1995) and investigating if BMP- 

4 has a similar effect on prospective optic nerve cells in culture would only be taking it 

a step further. Conversely, the ability of SHH to alter the fate of cultured retinal cells 

should also be tested.

Any one of these investigations might elaborate the role of BMP-4 in eye 

morphogenesis. Since one member of the TGF-B family is already finding clinical use 

in the treatment of holes in the macular part of the retina (Glaser et al, 1992), it would 

be a matter of some significance to discover the exact role of BMP-4 in the normal 

morphogenesis of the retina, since it could become an important medical tool in treating 

degenerative retinal disorders.
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