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ABSTRACT

I have been interested in understanding how the morphologically simple anterior 

neural plate develops into the complex structures of the adult forebrain. The zebrafish 

was chosen for this project as it is ideal for looking at the earliest stages of developm ent 

and a number of genes had already been isolated which were useful for this study. In 

addition, a large scale m utagenesis using zebrafish has recently been conducted and 

several of the mutants from these screens were relevant to my project.

Through in situ hybridisation studies, I have shown that genes predicted to be 

involved in early forebrain development are expressed in restricted patterns in the anterior 

neural plate from the onset of gastrulation. In particular, I have studied the anterior- 

posterior boundaries present in the prospective neural plate from early gastrulation and 

the differences between rostral and caudal gene expression patterns.

W hilst characterising mutants with disturbed neural plate patterning, I isolated a 

line of fish which lacks the expression of the anterior neural plate m arker an f. a n f  

encodes a hom eodom ain containing transcription factor and is one o f the earliest 

restricted anterior neural plate markers so far identified. The surprising result was that the 

absence of a n f expression did not lead to any obvious developmental defects.

To address how patterning genes control later development, I studied their role in 

the regulation of cell proliferation. To address this, I developed a new technique using an 

antibody to a phosphorylated histone. I studied the correlation between patterning gene 

expression and patterns of cell proliferation within the neural plate.

During the laboratory's mutagenesis screen looking for early lethal m utants, a 

novel pigmentation mutant was isolated. I have characterised its pigm entation and other 

phenotypes.
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and hindbrain. These regions are further subdivided and may give rise to segments or 

neurom eres (reviewed by Guthrie 1995). At the same time, some cells migrate away 

from the point of neural tube closure to form a transient mass of cells called the neural 

crest. These cells disperse and migrate away ventrally and laterally to form numerous cell 

types including sensory cells and ganglia, pigm ent cells and the bones, m uscles and 

connective tissues of the head.

This thesis will mainly be concerned with neural plate and early neural tube stages 

of development.

1.2 The regional organisation of the neural plate

1.2.1 Neural plate regional organisation can be studied in several ways

The neural plate is a dynamic structure, especially during neural tube closure (for 

example Keller 1992a and 1992b). An enormous amount of cell movement (Keller et al 

1985, Rakic 1971, LaVail and Cowan 1971) and cell proliferation (Hartenstein 1989) 

makes it difficult to determine the regional organisation of the neural plate at any given 

m om ent (Eagleson and Harris 1990). Therefore, several complementary methods have 

been adopted to study neural plate organisation.

The regional organisation of the neural plate has been studied using spatial maps 

that give different types of information. Fate maps show what type of tissue the cells 

from different regions will form. Commitment maps show when cells in different regions 

decide what specific cell types to form. Gene expression maps use m olecular markers to 

define m olecularly distinct regions in the neural plate. M any fate maps have been 

com posed in a number of species although these have been carried out at num erous 

developmental stages. Less attention has been paid to com mitment and gene expression 

maps. Fate maps will be considered before outlining the results of com mitment maps and 

gene expression maps.

1.2.2 Several methods can be used to make fate maps

Several methods have been used to construct vertebrate fate maps. Firstly, single 

cells or small numbers o f cells are labelled with vital dyes at the stage of interest and 

followed to see where they end up and what cell types they produce. However, these 

dyes are diluted at each cell division so the label becomes harder to follow with time. 

Therefore, these techniques usually follow fate to a relatively early stage of development 

which makes final assignment of fate difficult. An alternative to dyes is to graft tissue 

between closely related species such as quail and chicks (Le Douarin 1973) or differently 

pigm ented strains of frogs or axolotls (reviewed by Eagleson 1996) as the cells from the
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clonor and the recipient can be unambiguously distinguished later on and dilution does not 

happen. However, there still remain frequent cell migrations and cell divisions which 

make fate mapping difficult (Eagleson and Harris 1990). In spite of these limitations, the 

fate maps of the neural plate of several vertebrate species have show n that the 

organisation is highly conserved (reviewed by Rubenstein et al 1998a).

1 .2 .3  N eural p la te  fa te  maps in d ifferen t species g ive broadly sim ilar  
results

Neural plate fate maps have been made for several vertebrate species including 

chick, axolotl and zebrafish and they show similar regional organisation (reviewed by 

Tam and Quinlan 1996, Rubenstein et al 1998a). The main similarities are in AP and 

dorsoventral (DV) pattern and the sizes of certain regions (for example, Figure 1.1 shows 

a Xenopus fate map). The maps differ with respect to the organisation of the eyefield and 

the fate of the anterior tip of the neural plate.

1.2.4 Fate maps show that AP pattern is present in the neural plate

M ost neural plate fate maps have been made after gastrulation is com plete and 

only the zebrafish neural plate has been fate m apped at the beginning of gastrulation 

(Woo and Fraser 1995). This fate map shows the telencephalon, diencephalon, midbrain 

and hindbrain are in the correct AP order at the start of gastrulation. Neural plate fate 

maps of Xenopus (Eagleson and Harris 1990), axolotl (Jacobson 1959), chick (Couly and 

Le Douarin 1987) and mouse (Tam 1989) show that AP pattern is established by the end 

of gastrulation. Therefore, fate maps suggest that AP pattern is established by early 

gastrulation and these fate maps have also examined when DV pattern appears.

1.2.5 Fate maps show that DV pattern appears during gastrulation

Fate maps of many species suggest that DV pattern is not present in the neural 

plate at the start of gastrulation but is by the end of gastrulation. Fate m apping studies of 

the zebrafish neural plate at the beginning of gastrulation indicates that refined DV 

pattern is not clearly established (Woo and Fraser 1995). However, fate maps of the 

neural plate at the end of gastrulation have DV pattern. For instance, prospective dorsal 

structures, such as the epiphysis and telencephalon, are located laterally w hereas 

prospective ventral structures, such as the ventral thalamus and ventral hypothalamus, are 

situated medially in the neural plates of zebrafish, axolotl, Xenopus  and chick (Woo and 

Fraser 1995, Jacobson 1959, Eagleson and Harris 1990, Couly and Le D ouarin 1987). 

These data suggest that DV pattern is established in the neural plate during gastrulation.
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F ig u re  1.1 F a te  m ap o f  th e  n eu ra l p la te .
Fate map o f the presumptive brain areas of the Xenopus neural plate (stage 15). T he 

main subdivisions o f the brain are shown on the left side and the regions fate mapped
i .............................

are j shown on the left. Neural plate fate maps of other vertebrates are sim ilar to  

Xenopus except for a few regions (see text). Key: 1, olfactory bulb; 2, lateral and 

dorsal cortex; 3, medial cortex; 4, lamina terminalis; 5, preoptic area; 6, 

m agnocellular preoptic nulceus; 7, suprachiasmatic nucleus; 8, chiasma; 9, ventral 

hypothalamus/infundibulum ; 10., ventromedial thalamic nucleus; 11, posterior 

tuberculum; 12 habenular commissure; 13, anterior thalamic nucleus; 14, central 

thalamic nucleus; 15, posterior thalamic nucleus; 16, praetectum; 17, optic tectum; 

18, hypophysis (anterior pituitary); 19, cerebellum; 20, epiphysis; 21, tegm entum  

dorsale; 22, tegm entum  ventrale; 23, hindbrain choroid plexus; 24, m edulla 

oblongata. A dapted from  Eagleson and Harris (1990).
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1 . 2 .6  The relative size o f  regions in the neural p la te  is sim ilar in 
different vertebrate fate maps

The relative size of regions, such as the prospective telencephalon and retina, is 

sim ilar in the neural plates of several vertebrate species. It has been found that the 

prospective telencephalon is small and the prospective retina (eyefield) is large relative to 

their final size in all of the available vertebrate neural plate fate maps including chick, 

axolotl, zebrafish and X enopus  (Jacobson 1959, Eagleson and Harris 1990, W oo and 

F raser 1995, Couly and Le D ouarin 1985). The sm all size of the prospective 

telencephalon suggests this region of the neural plate undergoes a lot of cell proliferation 

during later development. Thus, fate maps agree on the relative sizes of different regions 

but not necessarily on how these regions are spatially arranged.

1 . 2 . 7  The eyefield  is in itially single but separates into le ft and right 
primordia in neural plate fate maps

Depending upon the stage, fate mapping studies of the neural plate have shown 

the eyefield is either in two separate halves or a single domain spanning the midline. For 

instance, studies of axolotl, Xenopus and chick (Jacobson 1959, Brun 1981, Eagleson and 

H arris 1990, Couly and Le Douarin 1987) found two separate eyefields. However, 

studies of newts and zebrafish (M anchot 1929, M angold 1931, W oo and Fraser 1995) 

found a single eyefield joined across the midline. The reason for the differences in the 

organisation of the eyefield in different fate maps is because the eyefield is initially a 

single domain which splits into left and right primordia (Li et al 1997).

1 . 2 . 8  Fate maps do not agree over the fa te  o f  the m ost rostral neural 
plate

Fate maps disagree over the fate of the m ost rostral neural plate, the anterior 

neural ridge (ANR). In some vertebrate fate maps, the medial ANR is fated to form the 

upper border of the anterior commissure in the telencephalon (Burr 1922, Jacobson 1959, 

Puelles 1987, W oo and Fraser 1995). Other studies suggest the medial ANR forms the 

anterior pituitary (Couly and Le Douarin 1985, Osumi-Yamashita 1994). Further studies 

suggest the medial ANR forms both the telencephalon and the anterior pituitary (Eagleson 

et al 1986, Eagleson and Harris 1990, Eagleson et al 1995, Kawam ura and Kikuyam a 

1992, H ouart et al 1998). Thus, it is uncertain if the m edial ANR form s the 

telencephalon, anterior pituitary or both.
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Fate maps of the lateral regions of the ANR agree that it forms telencephalon 

(W oo and Fraser 1995, Jacobson 1959, Eagleson and Harris 1990, Puelles 1987). Fate 

maps of several species agree that the medial region of neural plate caudal to the ANR 

forms the ventral diencephalon, although the precise region formed is uncertain (Jacobson 

1959, Kawamura and Kikuyama 1992, Eagleson and Harris 1990, Couly and Le Douarin 

1987). The available zebrafish neural plate fate map assigns the neural plate caudal to the 

ANR as prospective retina but the diencephalon is thought to be immediately caudal to 

this (Woo and Fraser 1995). Thus, fate maps agree that the rostral neural plate forms the 

forebrain but do not fully agree over which precise regions.

1.2.9 Conclusion to fate maps

Fate maps of the vertebrate neural plate agree on the general layout, the timing of 

AP and DV patterning, but not on the detailed organisation of particular regions relative 

to each other. These differences are probably caused by differences in the stage when 

maps are made and by the limited resolution of fate mapping techniques.

Fate maps show where cells fated for a tissue arise from not when cells m ake fate 

decisions. As there is not much cell mixing in the neural plate (Wetts and Fraser 1989, 

W arga and Kimmel 1990) fate maps may give an impression of order earlier then it is 

specified as cells may acquire their fate by default (Wilson et al 1993). For instance, cells 

in the anterior tip of the neural plate will not be fated to form spinal cord as they are 

unlikely to move to the posterior neural plate. Therefore, commitment maps of the neural 

plate have been made to show when cells make fate decisions (Woo et al 1995).

1.3 Commitment studies of the neural plate

Fate maps show where the cells to form a given tissue will come from  but do not 

say when these cells are irreversibly com mitted to their particular fate. The degree of 

overlap in fate maps (for example W oo and Fraser 1995) suggests that fate is not fully 

determined in the neural plate. Commitment studies have been used to determ ine when 

cells make fate decisions.

The question of when commitment is established has been approached in several 

ways. Regions of the neural plate have been isolated and cultured in vitro to see at which 

stage they are able to adopt the same identity as their donor region. Other studies have 

transplanted pieces of neural plate to non-neural regions to see at which stage a neural 

plate regional identity has been irreversibly established. An alternative approach is to 

transplant pieces of the neural plate to ectopic locations in the neural plate to see at which 

stage the transplanted tissue is not able to be respecified. The results from studies of
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several vertebrate species give reasonably consistent results as to the tim ing of 

commitment.

In zebrafish, transplants of neural plate cells outside the neural plate or to ectopic 

positions within the neural plate show that cells are not com m itted until the end of 

gastrulation (Ho and Kimmel 1993, W oo and Fraser 1997). This suggests that the AP 

order in the early gastrulation zebrafish fate map is not due to com m itm ent but that the 

fate map at the end of gastrulation probably contains committed regions (W oo and Fraser 

1995). Explants of zebrafish animal caps indicate neural com m itm ent is gradually 

established from early gastrulation but final fate decisions are not made until the end of 

gastrulation (Sagerstrom et al 1996, Grinblat et al 1998). Studies of other vertebrates 

have found that AP and DV fates are committed at different times.

Studies of amphibia and chicks suggest AP fates are committed before DV fates. 

For instance, in axolotl and Xenopus it has been shown that AP is set before DV (Roach 

1945, Sladecek 1952, 1960, Jacobson 1964) and that fate is established gradually 

(Jacobson 1964, M odel 1982). Studies of the chick neural plate also show that AP is 

established before DV (Sim on et al 1995, G arcia-M artinez et al 1997). Thus, 

commitment studies suggest that AP fates are established before DV fates and that fate is 

gradually established.

1.4 Gene expression maps of the neural plate

Gene expression studies are useful for understanding the regional specification of 

the CNS (Rubenstein et al 1998a). As some gene expression patterns may be stable 

indicators of regional identity they are helpful when comparing gene expression and fate 

mapping studies (Rubenstein et al 1998a). Many potential regulatory genes, such as pax6  

(Krauss et al 1991b, Puschel et al 1992), engra iled  (Hatta et al 1991b), and kro x2 0  

(Oxtoby & Jow ett 1993), are expressed in restricted dom ains in the neural plate. 

Therefore, the expression of such genes during neural plate developm ent probably 

underlies later regionalisation of the neural tube and brain (Woo and Fraser 1995). The 

expression patterns of potential regulatory genes has been studied in the neural tube (see 

for example M acdonald et al 1994, Rubenstein et al 1994) but not systematically in the 

neural plate. In this thesis I present detailed analysis of gene expression patterns in the 

neural plate of the zebrafish.

It has been suggested that the anterior neural plate has a grid-like organisation 

generated by a combination of longitudinal and transverse domains of gene expression 

(Shimamura et al 1995, reviewed by Rubenstein et al 1998). Such a grid may be used to 

generate regional identity in the neural plate, with different com binations o f genes 

determining specific identities, as suggested for Hox genes in the branchial region of the 

vertebrate head (Hunt et al 1991).
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Studies of gene expression in a number of species, including zebrafish, have 

identified longitudinal and transverse domains of gene expression in the neural plate. 

Longitudinal domains of gene expression occur most frequently in the midline of the 

neural plate. For instance, nk2.2  and sonic hedgehog (shh) are expressed along the 

m idline of the zebrafish neural plate (Barth & W ilson 1995, K rauss et al 1993). 

Transverse patterns are observed for a number of genes (reviewed by Rubenstein et al 

1998) including pax2.1  which is expressed in a transverse domain at the m idbrain- 

hindbrain boundary (for exam ple, see Reifers et al 1998). Studies of the zebrafish 

midbrain and forebrain at later stages of development have also found longitudinal and 

transverse domains of gene expression (Hauptmann and Gerster 1999). Thus, the neural 

plate may be organised into regions indicated by spatially restricted gene expression 

patterns.

1 .4 .1  Fate maps, com m itm ent maps and gene expression  need to he 
compared in a single species

For a complete understanding of the regional organisation of the neural plate it is 

crucial to compare gene expression maps, fate maps and com mitment maps (W oo et al

1995). For instance, fate maps and commitment maps of the zebrafish neural plate draw 

different conclusions over the timing of regional organisation. Fate mapping suggests the 

neural plate is regionally prganised at the start of gastrulation (Woo and Fraser 1995) 

whereas com m itm ent maps suggest the neural plate is not organised until the end of 

gastrulation (Ho and Kimmel 1993, Woo and Fraser 1997). Thus, it will be useful to 

com pare these maps with the gene expression study of the zebrafish neural plate 

described in this thesis to elucidate when regional organisation commences and how it 

progresses.

1.5 Induction of the neural plate

In 1924, Spem ann and M angold showed that transplantation of the dorsal 

blastopore lip of an early amphibian gastrula to the ventral side of a host of the same stage 

could induce a secondary axis (Spemann and M angold 1924). As the donor dorsal 

blastopore lip organised the host tissue it was called the organiser. The organiser is fated 

to form  the axial m esoderm  and ectoderm  (Vogt 1929). Spem ann and M angold's 

experiment showed that the organiser was able to convert ventral ectoderm which usually 

forms epidermis into neural tissue which usually only arises from the dorsal ectoderm. 

Many studies were undertaken to identify the neural inducing factors but these were 

unsuccessful until recently (reviewed by Hem m ati-Brivanlou and M elton 1997). It is 

likely that previous studies failed to identify these molecules because it was assumed that
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epidermis rather than neural was default and it is hard to separate mesoderm induction 

from neural induction (reviewed by Kelly and M elton 1995). Neural inducers were 

successfully identified when it was realised that neural may be the default state for 

ectoderm.

Recent studies suggest that the neural plate arises from antagonism between non- 

neural and neural inducers. The first evidence that epidermal, rather than neural, fate 

requires inducers was from the finding that dissociated X enopus  animal caps develop 

directly into neural tissue w ithout first inducing mesoderm (Grunz and Tacke 1989, 

Green and Smith 1990). Thus, a signal which normally induces epidermal fate is lost 

during the dissociation process and neural identity results by default. Secondly, it was 

found that inhibition of the transforming growth factor-fi (TGF-fi) related signalling 

molecule activin  also leads to direct neural induction (Hemmati-Brivanlou and M elton 

1992, 1994) which was unexpected as activin  normally induces mesoderm (Asashim a et 

al 1990). The dominant negative activin  receptor used in these experiments may have 

interfered with other TGF-fi signalling to cause neural induction. These data led to the 

theory that activin  or a related molecule normally suppresses neural fate by inducing 

epidermal fate (reviewed by Tanabe and Jessell 1996).

The epidermal inducing signal is now thought to be bone morphogenetic protein-4  

(BMP4) rather then activin (reviewed by Tanabe and Jessell 1996). BM P4  is expressed in 

the early ectoderm  and is excluded from  the neural plate during neural induction 

(Hemmati-Brivanlou and Thomsen 1995, Schmidt et al 1995, Fainsod et al 1994). BMP4  

can suppress neural markers and promote epidermal differentiation in dissociated cells 

(Wilson and Hemmati-Brivanlou 1995). Therefore the organiser induces neural fate by 

antagonising BMP signalling.

Several unrelated secreted neural inducers that are expressed in the organiser and 

axial mesoderm antagonise BMP signalling. These include, follistatin , noggin, chordin, 

Xnr3  and cerberus (Smith and Harland 1992, Sasai et al 1994, Hansen et al 1997, Piccolo 

et al 1999, reviewed by Streit and Stern 1999). Overexpression of any of these proteins in 

animal caps results in the direct development of neural tissue (Hem m ati-Brivanlou and 

M elton 1994, Lamb et al 1993). fo l l is ta t in ,  chord in  and noggin  antagonise BM P 

signalling m olecules by binding directly to BM Ps which stops the BM P signalling 

molecules from interacting with their receptors (Sasai et al 1996, Yam ashita et al 1995, 

Piccolo et al 1996, Zimmerman et al 1996, Hansen et al 1997). The similarities in the 

functions of various neural inducers suggests there may be redundancy in neural 

induction.

It is not clear why there are several molecules which mediate neural induction in 

the same way and which are produced in the same cells at the same time (Tanabe and 

Jessell 1996). Knock-out mice provide some evidence of redundancy as neither activin  

(Matzuk et al 1995a, reviewed by Smith 1995), BM P4 (W innier et al 1995) or fo llista tin
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(M atzuk et al 1995b) mutant mice have defective neural induction. Studies of zebrafish 

mutants also suggest there is redundancy in the neural induction pathway. For instance, 

the dino  phenotype is caused by a null mutation to chordin  yet these em bryos have 

relatively normal neural induction (Ham m erschm idt et al 1996, Schulte-M erker et al 

1997). Therefore, redundancy amongst neural inducers seems likely.

Studies of chicks have identified two further neural inducing factors, hepatocyte 

grow th fa c to r  (H GF) and fibroblast g row th  fa c to r  (FG F). H G F  is expressed in the 

organiser and may mediate neural induction either by promoting the com petence o f the 

ectoderm to respond to neural inducing signals or by causing neural induction directly 

(Streit et al 1995). FG F  is able to induce posterior neural tissue in non-neural ectoderm 

although it is unclear if FG F  acts directly or indirectly (Rodriguez-Gallardo et al 1997, 

Storey et al 1998). Studies of X enopus  have previously im plicated F G F  in neural 

induction (Lamb and Harland 1995, reviewed by Mason 1996) but when FG F  signalling 

is blocked, neural induction is not prevented (Kroll and Am aya 1996). The role of 

endoderm in neural induction has not been fully explored but the finding that the neural 

inducer cerberus is expressed in the anterior endoderm (Bouwmeester et al 1996) and also 

that noggin  and chordin  affect endoderm differentiation in addition to neural induction 

suggests the endoderm may play a role (reviewed by Streit and Stern 1999).

Thus, the identification of several neural inducing factors suggests that the process 

of neural induction is complex and may involve some redundancy (Streit and Stern 1999).

1.6 AP patterning of the neural plate

Until recently, the accepted model of AP patterning of the neural plate was that 

the organiser induced a neural plate with an anterior character and subsequently caudal 

regions w ere respecified  w ith posterio r identity . The signals m ed iating  the 

"posteriorisation" of the caudal neural plate were thought to either em anate vertically 

from the underlying axial m esoderm  or pass through the plane of the neural plate. 

H owever, in both cases these signals were produced by the posteriorly positioned 

organiser (Doniach 1993, Ruiz i Altaba 1994). Studies of amphibia have shown that the 

dorsal mesoderm blastopore lip is the organiser (Spemann and M angold 1924). Studies 

of other species have found equivalent tissues, including the em bryonic shield of fish 

(Oppenheim er 1936), the node of mice (Beddington 1994) and Hensen's node of chick 

(W addington 1934). AP patterning was believed to be induced by the organiser in all of 

these species.

Recent studies of anterior developm ent of Xenopus, mouse and zebrafish have 

challenged this view and shown that anterior patterning information may em anate from 

the rostral end of the neural plate. In this section, I will outline what has been learnt from
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studies within the traditional framework and then consider recent studies o f anterior 

development.

1.6.1 Evidence fo r vertical signals

The first evidence that vertical signals induced AP patterning in the neural plate 

cam e from experiments which showed that mesoderm from different AP levels could 

induce different AP identities in the overlying neural plate (Mangold 1933). For instance, 

the first mesoderm to involute was able to induce head and trunk identities but later 

mesoderm could only induce trunk identity. Furthermore, it was also shown that neural 

induction could not happen without mesoderm and that isolated mesoderm developed AP 

pattern (Holtfreter 1933). M ore recent experiments (Eyal-Giladi 1954) found that the 

posterior neural plate is initially specified as anterior and as the axial mesoderm migrates 

rostrally, the overlying caudal neural plate is respecified as posterior. Thus, these 

experim ents showed that AP pattern develops in m esoderm  independently  o f the 

ectoderm  and also that the ectoderm requires the m esoderm  for neural induction and 

patterning.

A num ber of studies have found that the m esoderm  becom es gradually  

regionalised in its inductive abilities during gastrulation. For instance, it has been found 

at mid-gastrulation, mesoderm from all AP levels induces anterior markers in the neural 

plate (Saha and Grainger 1992). However, by late gastrulation, although both anterior 

and posterior mesoderm can induce anterior markers, only posterior m esoderm is able to 

induce posterior markers in the neural plate (Hemmati-Brivanlou et al 1990, Sharpe and 

Gurdon 1990). Other studies have found that otx2 is restricted to the anterior neural plate 

by positive signals from the anterior mesoderm and repressed from the posterior neural 

plate by signals from the posterior mesoderm (Ang and Rossant 1994). Recent studies of 

hox  gene expression in the zebrafish notochord have shown the vertebrate notochord is 

patterned along the AP axis (Prince et al 1998c) so the notochord may provide different 

AP signals along its AP length. Thus, the inductive abilities of the m esoderm  become 

spatially restricted during gastrulation and this may be mediated by hox genes.

It is unclear how the im precise inform ation in the dorsal m esoderm  becom es 

converted into precise AP inform ation in the neural plate. The assum ption is that 

interactions within the neural plate would have to occur to achieve final pattern (Ang

1996). However, other studies have shown that AP pattern can develop w ithout vertical 

signalling from the mesoderm.

1.6.2 Evidence fo r  planar signals
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As vertical signals from the mesoderm are only able to induce an approximate AP 

pattern in the neural plate, it has been proposed that signals within the plane of the neural 

plate are also needed for precise AP patterning (Ruiz i A ltaba 1994, Doniach 1993). 

Studies using Keller explants, which allow planar but not vertical signalling between the 

mesoderm and ectoderm (Keller and Danilchik 1988), have shown that planar signals are 

sufficient to induce most features of the neural plate AP pattern. These studies have also 

found that the mesoderm is needed for neural induction as the absence of mesoderm 

blocks neural plate formation (Dixon and Kintner 1989). It has also been found that 

planar signals are able to induce neural plate markers in the correct AP order to a rostral 

limit of at least the diencephalon (Doniach 1992, Ruiz i A ltaba 1992, Papalopolu and 

Kintner 1993). Thus, planar signalling from the mesoderm is sufficient to induce much of 

the AP pattern in the neural plate.

Planar signals do not seem to be sufficient to induce all features of nervous system 

development. For instance, floor plate cells, motor neurons and eyes are absent in Keller 

sandwiches (Keller and D anilchik 1988, Dixon and Kintner 1989). In addition, gene 

expression along the AP axis of the neural plate is abnormal without vertical signals as 

genes including Xash3 and w ntl are not expressed correctly (Zimmerman et al 1993, Ruiz 

i Altaba 1994). Thus, both planar and vertical signalling from the mesoderm are required 

for complete AP patterning of the neural plate (Ruiz i Altaba 1994).

1.6.3 Models o f AP neural plate patterning

Several models have been proposed to account for AP patterning of the neural 

plate (Figure 1.2; reviewed by Doniach 1992, 1993).
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Figure 1.2 Models of AP patterning of the neural plate.
M odels to account for induction of AP patterning information in the vertebrate neural 

plate. Spatial patterns of gene expression could be determined by (A) different signals 

arising from different regions of the mesoderm; (B) concentration gradient; (C) time of 

exposure to inducer; (D) ectodermal competence; (E) prepattern with certain lattitudes 

preassigned to express certain genes such as otx2 (black), fg fS  (green) or hoxA l (red); (F) 

'  self-organisation: in which inducers-enter the-ectoderm .through either the planar (green 

arrows) or vertical (black arrows) route, and the pattern is sorted out in the ectoderm  (red 

arrows); (G) two-signal model, the first signal (red line) is induces forebrain development 

and the second signal (green line) in combination with the first signal induces posterior 

identity. Adapted from Doniach (1993).
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Qualitative Model

In the Qualitative Model, AP pattern at different AP levels in the neural plate is 

induced by the mesoderm using different vertical signals at each AP level (Figure 1.2A; 

M angold 1933). In favour of this model is the finding that there are differences in the 

inductive abilities of different AP levels of the dorsal mesoderm . For instance, the 

anterior mesoderm induces otx2  but the posterior m esoderm  suppresses it (Ang and 

Rossant 1994). For this to happen, the mesoderm and the neural plate must be adjacent 

but as it has been shown that planar signalling is sufficient to induce some AP pattern the 

Qualitative Model is unlikely.

Single Gradient M odel

The single gradient model proposes that a single inducer from the organiser 

induces the neural plate and provides it with AP pattern (Figure 1.2B; Doniach 1993). A 

high concentration of the inducer w ould generate posterior identity  and a low 

concentration would induce anterior identity. A prediction of the model is that a 

reduction in the concentration of the inducer by loss of posterior m esoderm  w ould be 

expected to cause a reduction of posterior neural identity as this needs high concentrations 

of the inducer. Conversely, an increase to posterior m esoderm  would be expected to 

cause a reduction to anterior neural identity as this needs a low concentration of the 

inducer. However, floa ting  head (flh ) mutant zebrafish em bryos have less posterior 

mesoderm, but do not have defects in the AP patterning of their neural plate (Talbot et al

1995) which suggests the neural plate is not patterned by a single gradient of an inducer 

originating in the mesoderm.

Timing M odel
Differences in timing of exposure or of competence to respond to AP signals from 

the organiser could generate the AP pattern in the neural plate (Figure 1.2C,D). Evidence 

in favour of timing models includes the finding that mesoderm from early and late stages 

of developm ent induces different AP values in the neural plate (M angold 1933). 

However, studies have shown that when m esoderm involution is delayed, AP pattern 

develops normally (Eyal-Giladi 1954) and that the ectoderm is not differently com petent 

at different times (Sharpe and Gurdon 1990). Thus, tim ing is probably not used to 

generate AP pattern.

Prepattern Model
Prepattern models suggest that the ectoderm is prepatterned along the AP axis and 

this information is interpreted when the neural plate is induced (Figure 1.2E). Studies 

which have shown that AP restricted markers, such as En2, can be expressed at the wrong 

AP level in Keller explants suggests there is not a prepattern in the ectoderm or if present
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it can be over-ridden (Doniach et al 1992). However, recent in vivo studies have 

provided evidence to the contrary. These studies transplanted the zebrafish organiser, the 

em bryonic shield, to ectopic locations and found it induced secondary axes with an AP 

pattern independent of the level of the ectopic shield but the same as the prim ary axis 

(Koshida et al 1998). This strongly suggests there is an AP prepattern in the ectoderm of 

zebrafish embryos independent of the organiser and further studies have sought to 

identify the tissue which generates the prepattern.

There is evidence that the germ ring is the source of the signals which establish 

the ectodermal pre-pattern in zebrafish (Koshida et al 1998, W oo and Fraser 1997). The 

signal itself is unknown although it is not thought to be FGF8  (Koshida et al 1998, Woo 

and Fraser 1997). Further evidence that the shield is not the source of AP information 

com es from studies of the zebrafish mutant bozozk  (boz) which lacks the organiser and 

yet develops AP pattern in the nervous system (Solnica-Kretzel 1996, Fekany et al 1999) 

and of zebrafish embryos with ablated organsiers which still develop AP pattern (Shih 

and Fraser 1995). Thus, there is evidence of a prepattern in the ectoderm  which is 

involved in AP patterning the neural plate.

S e lf -organisation Model

In the self-organisation model, AP information is derived from interactions within 

the neural plate (Figure 1.2F). It is possible that either all AP patterning inform ation 

arises from within the neural plate or the mesoderm induces an approximate AP pattern 

which is refined by interactions within the neural plate. As it has been shown that the 

m esoderm  induces at least some AP pattern in the neural plate (Nieuwkoop 1952), it is 

doubtful that all of the AP information arises from within the ectoderm. However, there 

is evidence that the neural plate can self-organise after induction without further contact 

with the mesoderm (Saha and Grainger 1992) and that there are organising centres acting 

within the plane of the neural plate.

Neural plate organising centres have been identified in the prospective midbrain 

and telencephalon and may be responsible for AP patterning of the neural plate. The 

m idbrain is patterned by planar signals from the isthmus which can induce midbrain in 

ectopic locations through much of the neural plate (Crossley et al 1996). The isthmus 

organising centre is mimicked by fg f8  (Crossley et al 1996) and acts by repressing nearby 

genes including otx2 (Martinez et al 1999). There is also evidence that the telencephalon 

is patterned by a signalling centre. Ablation of the anterior row of cells in the zebrafish 

neural plate causes a loss of telencephalic gene induction but, unlike the isthm us, the 

signal is not fg f8  (Houart et al 1998). It is not yet known if such an organiser occurs in 

the rostral neural plate of other vertebrates. However, ablation of the A NR of the 

X enopus  neural plate causes a reduction to the size of the telencephalon (Corner 1963). 

As the inductive properties of the ablated tissuej were not tested it is not certain if the loss
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of an anterior organiser causes the defect. Studies of mouse anterior neural development 

suggest that there is an FGF8 dependant signalling centre at the rostral edge of the neural 

plate which is capable of inducing anterior genes such as BF7(Shimamura and Rubenstein 

1997). Therefore, it is likely that signalling centres occur at least in the midbrain and 

telencephalon to self-organise the neural plate.

Two Signal M odel

The two signal model was proposed independently by two groups (Figure 1,2G; 

Nieuwkoop 1952, Saxen and Toivonen 1961). Saxen and Toivonen proposed that a first 

signal, the neuralising inducer, induces anterior neural tissue (forebrain). A second 

signal, the mesodermal inducer, induces mesoderm on its own but when com bined with 

the neuralising inducer induces posterior neural tissue (hindbrain and spinal cord). It was 

proposed that the neuralising inducer is distributed evenly along the AP axis and the 

mesodermal inducer in an AP gradient with the highest concentration at the posterior. 

The combination of these inducers leads to the full AP neural pattern.

Similarly, Nieuwkoop proposed that the first signal, the activator, induces anterior 

neural (forebrain) and the second signal, the transformer, induces posterior neural tissue. 

The activator is either at a high concentration in the anterior neural plate or evenly 

distributed along the AP axis of the embryo and induces forebrain throughout the neural 

plate. The transformer respecifies caudal neural plate as posterior in a dose dependant 

m anner with a high concentration at the posterior end. The two signal model can be 

adapted to support both vertical and planar signalling (Doniach 1993).

Evidence for the Two Signal M odel

A number of studies suggest that the caudal neural plate is initially specified as 

anterior before being respecified as posterior. The first study to show this found that the 

posterior neural plate was first able to differentiate into anterior cell types before it was 

able to differentiate into posterior cell types (Eyal-Giladi 1954). More recent studies have 

found that anterior neural plate markers are initially expressed posteriorly and gradually 

shifted rostrally (Sive et al 1989). Other markers, such as otx2, have been found to be 

initially expressed across the entire neural plate and becom e gradually restricted to 

anterior regions by signals from the mesoderm (Blitz et al 1995, Ang and Rossant 1994). 

Thus, in support of the two signal model there is evidence that the neural plate is initially 

specified as anterior along its entire length and is subsequently respecified as posterior in 

caudal regions.
There are several candidates for the first signal including noggin, fo llis ta tin  and 

chordin , which are expressed in the axial mesoderm and can induce anterior neural plate 

identities directly, that is, without first inducing mesoderm (Lamb et al 1993, Hem m ati- 

Brivanlou and M elton 1994, Sasai et al 1994, Smith and H arland 1992). There is
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probably redundancy between these molecules as the neural plates of null m ouse and 

zebrafish mutants do not have AP patterning defects (for exam ple, see M atzuk et al 

1995b, Schulte-M erker et al 1997). Retinoic acid (RA) and FGF have been proposed as 

candidates for the second signal.

RA is able to induce anterior defects in neural tissue (Durston et al 1989, Sive et 

al 1990), has a graded distribution along the AP axis (Chen et al 1992, 1994, Hogan et al 

1992, W agner et al 1992), can suppress anterior genes, such as otx2 and X rx l  (Ang and 

Rossant 1994, Pannese et al 1995, Cararosa et al 1997), and studies of zebrafish support 

an AP patterning role for RA (Costardis et al 1996). However, RA cannot suppress 

posterior genes and its effects may be restricted to the hindbrain (for exam ple see Holder 

and Hill 1991, M arshall et al 1992). Attempts to resolve the conflicting results have 

included analysing the expression of RA receptors but they have a complex distribution 

that does not indicate how RA acts in vivo (Ellinger-Ziegelbauer and D reyer 1991). 

Studies have also analysed the distribution of RA in chick but do not find RA rostral to 

the spinal cord (M aden et al 1998). At present, studies indicate that if RA is a 

transforming signal other factors are needed for a complete AP pattern (Blum berg et al

1997).

Studies of FGF as a candidate for the second signal have also produced conflicting 

results (reviewed by Doniach 1995). A particular difficulty with studying the role of FGF 

in neural patterning is that it also induces mesoderm which com plicates interpretation of 

results (Doniach 1995). In support of FGF as the second signal, it has been shown that 

FGF can induce posterior neural identities (Lamb and Harland 1995, Cox and Hem m ati- 

Brivanlou 1995, Kengaku and Okamoto 1995, Storey et al 1998). However, other studies 

have found that posterior neural patterning is established without FGF signalling (for 

example see Kroll and Amaya 1996, W oo and Fraser 1997). Thus, at present there is not 

strong evidence to support either FGF or RA as the second signal of the two signal model.

1.6.4 Evidence for an anterior organiser

A number of recent studies have produced evidence which suggests AP patterning 

and head induction involves an anterior organiser alongside the traditional role of the 

Spemann organiser (reviewed by Bouw m eester and Leyns 1997, Ruiz i A ltaba 1998, 

Beddington and Robertson 1999). These studies indicate that anterior patterning 

information derives from the endoderm and the anterior neural plate.

Anterior patterning information may derive from  the endoderm

Studies of Xenopus suggest that anterior patterning inform ation derives from  the 

endoderm. cerberus is expressed in the non-involuting dorso-anterior yolky endoderm 

which forms the foregut and liver and is not expressed in the PCP (Bouw m eester et al
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1996). However, ectopic expression of cerberus induces partial head structures which 

lack axial mesoderm and are cyclopic suggesting the endoderm  plays a role in anterior 

patterning (Bouwmeester et al 1996). As ectopic expression of cerberus induces Xotx2 

expression in the anterior endoderm, cerberus may be upstream of Xotx2  which induces 

anterior identity in the overlying rostral neural plate (Bouw m eester et al 1996). At 

present the signalling pathways are not certain, but may involve suppression o f W nt 

signalling.

There is evidence that W nt signalling is also involved in anterior patterning. For 

instance, blocking wnt8 signalling affects head development (Hoppler et al 1996) and the 

simultaneous suppression of BMP and W nt signalling is sufficient for head induction 

(Glinka et al 1997). Furthermore,/rz& is a W nt inhibitor expressed in the endoderm and 

PCP that increases head size at the expense of the trunk when ectopically expressed 

(Leyns et al 1997). dickopf is also a W nt inhibitor which can induce complete heads but 

is expressed in the PCP not the endoderm (Glinka et al 1998). Therefore, suppression of 

W nt signalling and BMP signalling is necessary for head induction in X enopus  but it is 

not certain if head induction is due to signals from the endoderm  or PCP. Studies of 

anterior patterning in mammals also suggest there is an anterior organiser in the endoderm

M ammalian anterior organiser

Studies of mammals suggest that anterior pattern develops independently of the 

organiser, the node. For instance, the node is unable to induce forebrain (Beddington 

1994, Popperl et al 1997, Tam et al 1997) and there are morphological signs of AP pattern 

before the node develops (Viebahn et al 1995, Downs and Davies 1993). Recent data 

suggests the extra-embryonic anterior visceral endoderm (AVE) provides AP patterning 

inform ation during early mouse development (reviewed by Beddington and; Robertson 

1999).

Several lines of evidence support a role for the AVE in anterior patterning in 

m ammals. Independently of the node, the AVE expresses anterior markers early in 

development, such as hex  and cerberus-related-1 (Thomas et al 1998, Belo et al 1997). 

Furtherm ore, m utations|in genes expressed in the AVE, such as l im l, otx2  and hesxl, 

affect anterior development (Shawlot and Berringer 1995, M atsuo et al 1995, Ang et al 

1996, Dattani et al 1998). The AVE can ectopically induce anterior neural markers in 

mouse and chicks (Ding et al 1998, Knoetgen et al 1999) and ablation of the AVE affects 

forebrain patterning (Thomas and Beddington 1996). M ore direct evidence of the role 

played by genes expressed in the AVE in anterior patterning comes from studies of 

chimeric mutant mice.

Chimeric mouse embryos, com posed of wild type and m utant cells, have been 

useful in determining if the AVE is needed for anterior patterning. Embryonic stem cells 

introduced to a blastocyst do not populate the visceral endoderm  or extraem bryonic
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ectoderm but participate in the embryo proper so this method can be used to study the 

need for a gene in the these tissues separately (Varlet et al 1997a, Beddington and 

Robertson 1989). For instance, single mutants of HNF3fi, gsc  or nodal did not suggest a 

role in anterior patterning, but chimeras of H NF3fi heterozygotes and gsc (F ilosa et al

1997) or nodal (Varlet et al 1997b) provide evidence that these genes are needed in the 

AVE for anterior patterning. Chimeric mice have been used to show otx2  is required in 

the AVE to induce anterior neural plate pattern but that otx2 is also needed in the neural 

plate or PCP to maintain anterior identity (Rhinn et al 1998, Acampora et al 1998). Thus, 

numerous studies of mice and Xenopus indicate that there is an anterior organiser in the 

endoderm  required for induction of anterior neural identity. A nterior patterning 

information also appears to originate from the rostral neural plate.

Anterior information from  the rostral neural plate

Recently, it has been shown that zebrafish embryos have an anterior organiser in 

the rostral neural plate (Houart et al 1998). The most rostral row of cells at the border of 

neural and non-neural ectoderm, Row 1, are needed for normal forebrain development as 

ablation causes the loss of anterior genes, such as em xl (Houart et al 1998). This region 

has sim ilar abilities as dem onstrated for the anterior neural fold of m ouse em bryos 

(Shimamura and Rubenstein 1997) but acts earlier and is fg f8  independent (H ouart et al

1998). The yolk syncitial layer (YSL) may induce R ow l in zebrafish (Houart et al 1998) 

as it has been shown that the YSL has inductive abilities as it can induce m esoderm  and 

expression of boz mRNA in the YSL is sufficient to rescue the boz phenotype (M izuno et 

al 1996, Fekany et al 1999).

At present it is unclear how the endodermal and neural plate anterior organisers 

are related. As the AVE is beneath the border of the neural and non-neural ectoderm  

where Row 1 is found, the AVE may induce a Row 1 type organiser in m ice (Ruiz i 

Altaba 1998) and the cerberus expressing endoderm  may induce a Row 1 organiser in 

X enopus  (Ruiz i Altaba 1998). Therefore, anterior neural pattern is induced by one or 

more anterior organisers which may interact with the mesodermal organiser to induce AP 

pattern in the neural plate.

1.7 DV patterning of the neural plate

1.7.1 Ventral patterning in the caudal neural plate

DV patterning is best understood in the caudal neural tube due to extensive studies 

of DV patterning in the spinal cord (reviewed Tanabe and Jessell 1996). These studies 

have focused on the induction of the floor plate, motor neurons and interneurons. The 

main source of ventral patterning information in the caudal neural plate is the notochord.
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The notochord is a rod of mesodermal cells beneath the neural plate which extends from 

the caudal spinal cord to the ZLI (Placzek et al 1990).

The notochord induces the adjacent neural plate to form floor plate and may 

pattern the ventral neural plate more extensively (Placzek et al 1990, 1991). Grafts of 

notochord adjacent to the dorsal spinal cord can induce ectopic floor plate and m otor 

neurons (Yamada et al 1991). Conversely, when the notochord is removed, floor plate 

and motor neurons do not form (Yamada et al 1991). Floor plate induction by the 

notochord is contact dependant (Placzek et al 1990, 1993) but motor neuron induction is 

by long range signalling initially from the notochord and subsequently from  the floor 

plate (Yam ada et al 1991, 1993). Grafts of floor plate cells are able to m im ic the 

notochord's inductive properties suggesting there is a common signal (Y am ada et al 

1991).

Although, the floor plate has been shown to induce motor neurons in the ventral 

spinal cord, interneuron induction appears to be dependant on at least two parallel 

pathways, islet I (i s l l ) null mutant mice lose both is ll expressing m otor neurons and 

interneurons which do not express i s l l  (P faff et al 1996). In the isll m utants, 

interneurons can be induced by motor neuron containing regions of the neural tube (Pfaff 

et al 1996). Thus, motor neurons may be required to induce some types of interneurons. 

However, evidence of a motor neuron ' independent pathway is provided by studies of 

HNF3J5 null mutant mice which lose notochord, floor plate and motor neurons but still 

develop interneurons (Ang and Rossant 1994). Recent studies have shown that although 

shh is sufficient to induce some types of interneuron, shh is not needed in vivo or in vitro 

for interneuron induction (Pierani et al 1999). Instead, retinoids provide a shh 

independant interneuron induction signal (Pierani et al 1999). Therefore, there appear to 

be motor neuron dependant and retinoid dependant pathways which induce interneurons.

Thus, studies of the caudal neural plate suggest that the notochord induces floor 

plate, which in turn induces motor neurons and that these inductions may use a common 

signal. The best candidate for this signal is shh.

1.7.2 shh is a ventral inducing signal

shh is a vertebrate homologue of Drosophila Hedgehog (H h). Homologues of Hh  

have been identified in chick (Riddle et al 1993), mouse (Echelard et al 1993), zebrafish 

(Krauss et al 1993, Ekker et al 1995b), rat (Roelink et al 1994) and Xenopus (Ekker et al 

1995a). The expression pattern of shh  implicates it as the inductive signal in ventral 

patterning of the caudal neural plate as it is expressed in the notochord from  early 

gastrulation and later in the floor plate.

Floor plate induction by shh
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A number of studies suggest that shh induces floor plate cells in the ventral neural 

plate. Ectopic expression of shh in zebrafish (Krauss et al 1993), mouse (Echelard et al

1993) and Xenopus (Roelink et al 1994) induces floor plate markers, including HNF3fi 

and F-sponclin. COS cells expressing shh induce floor plate differentiation in neural plate 

explants (Roelink et al 1994). Furthermore, inhibiting shh prevents floor plate induction.

Removal of shh signalling blocks the induction of the floor plate by the notochord. 

Blocking antibodies to Shh prevent floor plate induction by the notochord (Ericson et al

1996). shh null mutant mice develop a notochord in caudal regions but do not induce 

floor plate cells (Chiang et al 1996). Thus, shh  is needed from the notochord to induce 

floor plate cells. Studies of f lh  (Talbot et al 1995) and no tail (n tl, Schutle-M erker et al

1994) zebrafish mutant em bryos found they have floor plate cells in rostral regions 

w ithout a differentiated notochord because shh  is expressed in the notochord precursors 

and is sufficient to induce floor plate even in the absence of notochord. Thus, there is 

strong evidence that short range shh  signalling induces floor plate. It seems likely that 

shh  also acts as a long range signal.

M otor neuron induction by shh

A number of studies suggest that shh acts as a long range signal to induce motor 

neurons. COS cells expressing shh induce floor plate and motor neuron differentiation in 

neural plate explants (Roelink et al 1994). B locking antibodies to shh  prevent motor 

neuron induction by the notochord (Ericson et al 1996) and shh  null m utant mice do not 

develop motor neurons (Chiang et al 1996). It has been suggested that shh  initiates a 

com mon pathway for all motor neurons and local factors assign subtype identity 

(reviewed by Pfaff and Kintner 1998). Retinoid signal signalling between early and late 

born motor neurons may form part of this mechanism (Sockanathan and Jessell 1998). 

The finding that shh acts as a long range signal to induce motor neurons has led to the 

suggestion that it is a morphogen (Roelink et al 1995).

shh may be a morphogen

shh is needed as a short range contact dependant signal to induce floor plate and 

as a long range contact independent signal to induce motor neurons (Roelink et al 1994, 

Tanabe et al 1995, Ericson et al 1995). Short range floor plate induction is direct as it is 

w ithout protein synthesis (Roelink et al 1995) but the m echanism  of m otor neuron 

induction is unclear as several cell divisions occur before motor neuron markers, such as 

i s l l , are expressed (reviewed by Johnson and Tabin 1995). Recent studies of pax6  mutant 

mice and nkx2.2 mutant mice have shown that pax6  and nkx2.2  expression is induced at 

different DV positions by different concentrations of shh (Ericson et al 1997a, Osumi et al 

1997, Briscoe et al 1999). Thus, shh induction of a number of different cell types along 

the DV axis may be due to shh acting as a morphogen (reviewed by Ericson et al 1997b).
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Shh protein is autocatalytically cleaved into two peptides (Porter et al 1995). The 

I9K amino-terminal (N-Shh) is the signal for both short and long range actions of Shh 

and is conserved in evolution (Bumcrot et al 1995, Fan et al 1995, Fietz et al 1995, Hynes 

et al 1995, Lai et al 1995, Lee et al 1994, Marti et al 1995, Porter et al 1995, Roelink et al

1995). The carboxy-terminal (C-Shh) is less conserved and has not been shown to be 

active as a signal. Instead, C-Shh is required for auto-proteolysis of the Shh peptide 

which causes the attachm ent of cholesterol to the carboxy-term inus of N-Shh. This 

modification may be required to associate N-Shh to the surface of expressing cells to 

create a high concentration of Shh protein at the site of production (review ed by 

Rubenstein and Beachy 1998). W ithout cholesterol biosynthesis, developmental defects 

arise that are similar to the phenotype of shh null mutants (Chiang et al 1996). Therefore, 

the addition of cholesterol to Shh protein is im portant for its signalling activities 

(reviewed by Rubenstein and Beachy 1998). Thus, Shh protein may act as a morphogen 

or initiate a relay signalling cascade to generate short and long range signalling activities 

(reviewed by Johnson and Tabin 1995, Ericson et al 1997b).

Downstream targets o f Shh

A number of downstream  targets of Shh have been identified. For instance, 

cAM P-dependant protein kinase A (PKA) activators antagonise N-SHH (Fan et al 1995, 

Epstein et al 1996) so Shh may act by inhibiting PKA. In support of this, it has been 

shown that PKA inhibition phenocopies the zebrafish cyclops (eye) mutation (Ungar and 

Moon 1996).

Shh signalling has also been shownjtobeactivated by binding to the multipass 

membrane proteins Patched (Ptc; Chen and Struhl 1996, Stone et al 1996, M aringo et al

1996, Goodrich et al 1996) and Smoothened (Smo; van den Heuvel and Ingham  1996, 

Xie et al 1998, Alcedo et al 1996) which are involved in ligand reception and signal 

transduction. Binding of Shh to Ptc relieves Ptc-m ediated repression of Smo, thereby 

activating the signalling pathway. The targets activated include Ptc itself, which creates a 

negative loop that may restrict further diffusion of Shh protein (Porter et al 1996, Chen 

and Struhl 1996). hip encodes a membrane glycoprotein Hh binding protein (Chuang and 

M cM ahon 1999). Hip binds all three m am m alian Hh related proteins, Shh, Indian 

hedgehog and Desert hedgehog, with similar affinities to Ptc-1 (Chuang and M cM ahon

1999). hip is expressed in cells adjacent to shh  and is induced by ectopic shh expression 

and lost in shh mutants (Chuang and McMahon 1999). Therefore, hip may be part of a 

negative regulatory feedback loop which could modulate responses to Shh signalling by 

binding to Shh protein.

A number of transcription factors have also been shown to be regulated by Shh 

signalling, including Gli family genes (Lee et al 1997, Hynes et al 1997, Dahmane et al

1997, M arine et al 1997). GUI and GU2 are induced by Shh and are able to induce motor
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neurons and so may mediate Shh signalling (Dahmane et al 1997). Gli3  inhibits motor 

neuron induction by GU2 so a combination of Gli genes may function to integrate the 

positional information from Shh to generate specific cell types at particular locations in 

the neural plate, perhaps by regulating HNF3J3 expression (Sasaki et al 1997). Other 

transcription factors regulated by Shh include, nk2.1  (Dale et al 1997, Shim am ura and 

Rubenstein 1997, Ericson et al 1995), nk.2.2 (Barth and Wilson 1995), nkx6.J  (Qiu et al

1998), isl-1 (Ericson et al 1995), pax2  and pax6  (M acdonald et al 1995, Ekker et al 

1995b). shh also interacts with other signalling molecules.

The zebrafish eye mutation causes severe ventral defects including the loss of 

rostral shh expression, the loss of floor plate cells and cyclopia (Hatta et al 1991a, 1994, 

M acdonald et al 1995). The recent discovery that the eye  phenotype is caused by a 

mutation to a nodal related gene, nrl, raises the possibility that shh interacts with TGFB 

family members to confer ventral identity (reviewed by Blader and Strahle 1998). n rl 

may act by mediating target cell responses to shh  (Blader and Strahle 1998). Although, 

eye mutants lack rostral shh expression and floor plate cells, they have motor neurons so 

eye m utants still have a functional shh pathw ay as well as some rem aining nodal 

signalling (Feldman et al 1998). Therefore, both shh and n r l  are necessary for floor plate 

induction but n r l  is not needed for motor neuron induction (reviewed by B lader and 

Strahle 1998).

Further com ponents of the Shh signalling pathway undoubtedly rem ain to be 

identified and will be necessary for a full understanding of how shh mediates so many 

aspects of ventral neural development.

1.7.3 HNF3J1 may regulate notochord development

HNF3fi is a HNF/forkhead winged helix transcription factor family m em ber (Lai 

et al 1993, Pani et al 1992). HNF3J1 is expressed in the axial mesoderm and floor plate of 

vertebrates during gastrulation (Ang and Rossant 1994, Strahle et al 1993, W einstein et al

1994). The early expression of HNF3J3 in the notochord may regulate shh expression in 

the notochord which then induces shh  and HNF3fi in the floor plate (Sasaki and Hogan

1994).

There is evidence that HNF3J3 plays a role in floor plate induction. For instance, 

ectopic HNF3J3 expression in the dorsal midbrain induces ectopic floor plate and ventral 

gene expression whilst suppressing dorsal genes (Sasaki and Hogan 1994). HNF3J3 null 

mutant mice lose ventral tissues, such as notochord, node, floor plate and motor neurons 

and dorsal genes, such as pax3, are expanded across the midline (Ang and Rossant 1994, 

W einstein et al 1994). In shh null mutant mice, HNF3J5 is expressed in the notochord but 

it is not maintained suggesting shh is required to maintain but not induce HNF3fi (Chiang 

et al 1996). Studies of gsc:HNF3fi double-mutants suggest that they interact to regulate
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shh expression in the notochord (Filosa et al 1997). Recent studies of regulatory regions 

of shh have found HNF3-binding sites in some regions suggesting that HNF3J3 regulates 

some aspects of shh expression (Epstein et al 1999, M uller et al 1999). Thus, HNF3J3 is 

probably required for notochord induction and some aspects of shh expression, whereas 

shh induces ventral cell types including floor plate and motor neurons.

1.7.4 Dorsal neural tube patterning

Dorsal neural plate identity may either be induced as ventral appears to be, or be a 

default state that is suppressed at the ventral midline (Dickinson et al 1995). It is unlikely 

that signals from the ventral midline pattern the dorsal neural plate directly (reviewed by 

Ruiz i A ltaba 1994). For instance, shh null m utant mice have norm al dorsal gene 

expression (Chiang et al 1996) and dorsal cell types, such as neural crest, can differentiate 

without a notochord (Liem et al 1995). Several studies have shown that signals from  the 

non-neural ectoderm, which is adjacent to the neural plate, may provide dorsal neural 

plate identity.

The non-neural ectoderm and dorsal neural plate have been shown to interact to 

induce dorsal cell types, such as the neural crest (Moury and Jacobson 1989, 1990, 

Selleck and Bronner-Fraser 1995). Furthermore, when ventral neural plate explants are 

cultured in contact with non-neural ectoderm dorsal genes and cell types are induced in 

the ventral neural plate, such as pax3, slug  and wnt] (Liem et al 1995, D ickinson et al

1995). The non-neural ectoderm is able to induce dorsal cell types in the presence of 

notochord but is unable to fully suppress the notochord's ventral inducing ability as cells 

im mediately adjacent to the notochord are not respecified as dorsal (D ickinson et al

1995). Thus, the non-neural ectoderm  produces signals, which m ay be contact- 

dependant, that can induce dorsal cell identity.

The best candidates for the contact-dependant signal from  the non-neural 

ectoderm are the polypeptide growth factors belonging to the TGF-fi superfamily, BMP4, 

BM P7  and dorsalin-J (dsl1\ Liem et al 1995, D ickinson et al 1995, Basler et al 1993). 

BMP4 (Fainsod et al 1994, Hemmati-Brivanlou and Thomsen 1995, Nikaido et al 1997) 

and d s ll  (Basler et al 1993), are initially expressed in the non-neural ectoderm  and 

subsequently expressed in the dorsal neural tube so are in the appropriate tissues to 

provide a dorsalising signal, d s ll  has been shown to inhibit ventral cell types, such as 

motor neurons, and promote dorsal cell types, like neural crest (Basler et al 1993). The 

culture media from COS cells expressing BMP4 and BM P7  mimics the contact-dependant 

dorsalising effect of the non-neural ectoderm  (Liem et al 1995). O verexpression of 

BMP4 in zebrafish embryos suppresses the expression of ventral midline genes, such as 

shh, and reduces the number of ventral motor neurons (Neave et al 1997). Analysis of the 

zebrafish mutant, sw irl (Mullins et al 1996), shows that it is caused by a m utation to
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bmp2b (Nguyen et al 1998, K ishim oto et al 1997) and that the absence of b m p 2 b  

signalling causes a loss of neural crest cells (Nguyen et al 1998). Thus, there is strong 

evidence that BMPs act to pattern the dorsal neural plate.

The mechanism of action by BM Ps is uncertain as there is evidence to support 

both a long-range and short-range mechanism (reviewed by Smith 1996b). In the role of 

mesoderm induction in Xenopus, BM P4  has been shown to act at a short distance (Jones 

et al 1996) and as a long range morphogen (Dosch et al 1997). The Drosophila  homolog 

of BM P4, decapentaplegic {dpp\ Padgett et al 1987), is involved in wing developm ent 

and studies have presented evidence showing that dpp acts as both a long range (Nellen et 

al 1996) and short range (Lecuit et al 1996) signal. Recent studies of BM P signalling in 

zebrafish have also provided evidence for both a short range (Nikaido et al 1999) and 

long range (Nguyen et al 1998) mechanism. Thus, it is unclear how BMPs mediate dorsal 

signalling by the non-neural ectoderm.

The non-neural ectoderm may induce a dorsalising centre in the neural tube (in a 

sim ilar way that the notochord induces the floor plate ventralising centre) which 

maintains dorsalising signals from the non-neural ectoderm (Basler et al 1993, Fan and 

Tessier-Lavgne 1994). The roof plate is analogous to the floor plate in that neither forms 

neurons, both are transient and both express common genes, such as W nt family genes 

(W ilkinson et al 1987, Roelink and Nusse 1991, McGrew et al 1992). Thus, dorsoventral 

patterning of the caudal neural plate is likely to involve opposing shh  ventralising signals 

and BM P dorsalising signals (Liem et al 1995).

1.7.5 Ventral patterning of the forebrain

As the notochord and floor plate do not extend into the forebrain beyond the ZLI 

(Placzek et al 1990, Hatta et al 1991a, Placzek et al 1993) different DV patterning 

mechanisms may be used rostral to the ZLI. The prechordal plate (PCP) is in the rostral 

m idline beneath the neural plate, in an equivalent position to the notochord more 

caudally. Therefore, the PCP may ventralise the rostral neural plate in the same way that 

the notochord ventralises the caudal neural plate (Dale et al 1997). Furtherm ore, 

differences between the forebrain and more caudal regions of the CNS may be caused by 

differences in the signals produced by the notochord and PCP or by differences between 

the rostral and caudal neural plate (Dale et al 1997).

Like the notochord, the PCP is a source of ventralising signals. The zebrafish 

mutation eye has a reduced PCP, severe defects to the ventral forebrain and alterations to 

gene expression (Hatta et al 1991a, 1994, Barth and Wilson 1995, M acdonald et al 1995, 

Ekker et al 1995b, Thisse et al 1994). one-eyed pinhead  (oep) mutants do not develop the 

PCP and have severe defects to their ventral forebrains (Schier et al 1996a). The PCP can 

induce ventral markers in the dorsal part of the rostral neural plate (Shim am ura and
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Rubenstein 1997). Therefore, the PCP may play an equivalent role to the notochord as it 

is able to induce ventral identities in the rostral neural plate.

The PCP has other similarities with the notochord. Some of the same genes are 

expressed in both the PCP and notochord, including sh h , ch o rd in , HNF3fi and o e p  

(Echelard et al 1993, Krauss et al 1993, Sasaki and Hogan 1993, Sasai et al 1994, Roelink 

et al 1994, Zhang et al 1998). The notochord and PCP have sim ilar developm ental 

origins (Shih and Fraser 1996, Psychosos and Stern 1996) and morphologies (Sulik et al 
1994).

There are also some differences between the PCP and notochord. For instance, 

the PCP expresses some genes not expressed in the notochord, including gsc, otx2, ntl and 

f lh  (Pannese et al 1995, Blitz et al 1995, Thisse et al 1994, Talbot et al 1995, Schulte - 

M erker et al 1994). In addition, the PCP cannot induce floor plate in the caudal neural 

plate (Placzek et al 1993) and the notochord cannot induce ventral identity in the rostral 

neural plate (Placzek et al 1993) so the PCP and notochord have different inductive 

abilities. However, both the notochord and PCP mediate their ventral patterning activities 

with shh.

The PCP needs shh signalling to induce ventral identity in the rostral neural plate. 

Overexpressing shh in the forebrain affects ventral specification, including the expansion 

of nk2.2 and the reduction of pax6  (Barth and Wilson 1995, Krauss et al 1993, Ekker et al 

1995b, M acdonald et al 1995). sh h  can induce ventral identity in the prospective 

forebrain of chicks, including the induction of nk2.1  expression (Ericson et al 1995) 

which is needed for forebrain development (Kimura et al 1996). shh  null m utant mice 

have ventral defects along their w hole rostrocaudal length, including the forebrain 

(Chiang et al 1996). Experiments which block shh signalling with an anti-SHH antibody 

prevent the PCP inducing ventral identity (Dale et al 1997). It has recently been shown 

that shh may regulate ventral identity indirectly in the forebrain through pax6  and nk2.2  

(Briscoe et al 1999). Therefore, the PCP uses shh signalling to induce ventral identity.

The finding that the PCP induces rostral rather than caudal ventral identity in the 

posterior neural plate even though the PCP produces shh which normally induces floor 

plate in the posterior neural plate (Dale et al 1997) suggests the PCP produces signals in 

addition to shh which induce ventral identity in the rostral neural plate. A candidate for 

this signal is BM P7  as it has been shown that BM P 7  and shh  are able interact to induce 

ventral identity in the rostral neural plate (Dale et al 1997). However, as B M P 7  is also 

co-expressed with shh  in regions of the notochord, it is likely that other factors are 

involved (Dale et al 1997). Recent studies have found that ventral midline cells of the 

rostral diencephalon are initially specified with caudal ventral identity and subsequently 

respecified with rostral ventral identity and this may be mediated by the downregulation 

of chordin (Dale et al 1999). Therefore, the PCP uses shh, BM P7  and the suppression of 

chordin to induce ventral identity in the rostral neural plate.
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1.7.6 Dorsal patterning of the forebrain

Very little is known about the dorsal patterning of the rostral neural plate. 

However, it appears likely that members of both H h  and BM P families are involved 

(reviewed by Rubenstein and Beachy 1998).

H h-related genes have been shown to be involved in dorsal forebrain patterning. 

Studies of Xenopus  have shown that banded hedgehog  (bhh ) is expressed in the dorsal 

rostral neural plate and may be involved in specifying dorsal structures, such as the 

cement gland (Ekker et al 1995a). In the mammalian telencephalon it has recently been 

shown that shh is required for induction of two regions of the basal ganglia, the globus 

pallidus and striatum (Kohtz et al 1998). BM P related genes also mediate dorsal neural 

plate patterning.

BM P4 and BM P7  are expressed in the non-neural ectoderm adjacent to the neural 

plate (Shimamura and Rubenstein 1997, Furuta et al 1997). It has been shown that dorsal 

cell types are induced along the entire length of the neural tube by BM P 4  (M uhr et al 

1997). BMPs induce neural crest markers at the hindbrain level but at telencephalon 

level, m sxl/2  is induced in vitro (Muhr et al 1997, Furuta et al 1997). Conversely, non- 

neural ectoderm from the telencephalon level cannot induce neural crest at the hindbrain 

level, suggesting that different signals may be used at different AP levels (M uhr et al

1997). As BM P antagonists, such as n o g g in  are also expressed in the forebrain  

(Shimamura et al 1995, Knecht and Harland 1997) it seems likely that these m odulate 

BM P signalling in the forebrain as elsewhere (Rubenstein and Beachy 1998). M utants 

have not shown a role for BM Ps in dorsal neural plate patterning but a number of other 

mutations have been identified which cause dorsal forebrain phenotypes.

Mutations to a number of transcription factors cause dorsal forebrain defects and 

are likely to be downstream of the BMP and Hh  related signalling molecules that mediate 

dorsal identity. For instance, small-eye  mice with a naturally occurring pa x6  mutation, 

have defective cerebral cortex lamination and patterning o f the dorsal diencephalon 

(Schmahl et al 1993, Stoykova et al 1996, W arren and Price 1997). E m xl mutant mice 

have defects to the dorsal midline causing the loss of the corpus callosum (Qiu et al 1996, 

Yoshida et al 1997) and Emx2 mutant mice have severe abnormalities including the loss 

of the hippocampal dentate gyrus (Yoshida et al 1997, Pelligrini et al 1996). Zebrafish f lh  

mutants have defective differentiation of the dorsal diencephalic epiphysis (M asai et al

1997). Zebrafish masterblind  (mbl) mutants lack the telencephalon and eyes and have an 

rostral expansion of the dorsal diencephalon (Heisenberg et al 1996, Masai et al 1997). 

Thus, it appears that dorsoventral patterning in the both the rostral and caudal neural plate 

involves m em bers of the BM P and Hh gene fam ilies acting synerg istically  or 

antagonistically to regulate transcription factors and other downstream targets.
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1.8 Models of the segmental organisation of the forebrain

A series of lateral bulges and invaginations that form in the neural tube have led to 

the suggestion that the early neural tube is segm ented (Kimm el 1993, Puelles and 

Rubenstein 1993). The criteria used to characterise the segm ents have included 

morphological features, reiterative patterns of neurogenesis, serial homology of neuronal 

cell types, cell lineage restrictions and gene expression (reviewed by Guthrie 1995).

There are two models of forebrain segmentation, the His-Herrick M odel which 

divides the forebrain into longitudinal columns and the neuromeric model which divides 

the forebrain into transverse segments (reviewed by Northcutt 1995).

1.8.1 His-Herrick Model

In the His-Herrick Model, the CNS is divided into longitudinal columns which are 

m ost obvious in caudal regions. In the hindbrain and spinal cord these are several 

longitudinal columns, the roof plate, paired lateral plates and a floor plate. The roof and 

floor plates remain thin and form non-neural ependym al elem ents lining the central 

lumen. The lateral plates thicken and are divided into alar and basal plates by the sulcus 

limitans (His 1893). The alar plate is the sensory (afferent) zone and the basal plate the 

motor (efferent) zone of the CNS (Strong 1895, Herrick 1899, Heijdra and Niewenhuys

1994). Thus, there is evidence supporting division into longitudinal colum ns in the 

caudal CNS but it is less certain if these columns occur in rostral regions.

Longitudinal columns are not as obvious in rostral as caudal regions of the CNS. 

For instance, the rostral extent of the alar and basal plates is not certain and may extend to 

the anterior end of the neural tube (His 1893, Rendahl 1924, Keyser 1972, Puelles 1987) 

or only as far as the midbrain (Kingsbury 1922, Herrick 1948, Heijdra and Niewenhuys

1994). The His-Herrick model suggests that the diencephalon is divided by three sulci 

into four longitudinal zones (Herrick 1899, 1948) and the telecephalon is thought to be 

subdivided by two sulci into three longitudinal zones (reviewed by Kuhlenbeck 1973). 

The uncertainty over the arrangement of longitudinal divisions has led to criticism  of the 

His-Herrick model.

A m ajor criticism  of the H is-H errick model is that because the longitudinal 

colum ns in the forebrain do not correspond to the colum ns in the caudal CNS, it is 

unclear how such columns would independently arise at different rostrocaudal levels 

(Northcutt 1995). The alternative to the His-Herrick model is the neuromeric model.

1.8.2 Neuromeric Model
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In the neuromeric model the brain is subdivided by transverse furrows along the 

rostrocaudal axis (von Baer 1828) into segments called neuromeres (Orr 1887). The 

neurom eric segmentation of the hindbrain is most clearly understood. It has been 

suggested that there are between six and eight neurom eres (rhom bom eres) in the 

hindbrain (Kuhlenbeck 1973, Lumsden & Keynes 1989, Gilland & Baker 1993). These 

rhombomeres are transient developmental structures (Vaage 1969) which were previously 

thought to be artefacts or of no functional importance (Kuhlenbeck 1973). However, the 

identification of serially repeated brainstem neurons (Hanneman et al 1988, Trevarrow et 

al 1990), of rhombomere specific gene expression (W ilkinson et al 1989) and of the 

rhom bom eric origin of branchiomeric cranial nerves (Gilland & Baker 1993) led to the 

recognition that the rhombomeres are important developmental structures (Lumsden and 

K rum lauf 1996). Rhombomeres affect several aspects of cell behaviour.

R hom bom eres affect cell p ro lifera tion , cell m igration and cell m ixing. 

Rhombom eres have been shown to be sites of organised cell proliferation (Guthrie et al 

1991, W ullimann and Puelles 1999), to be sites of specific cell migration (Puelles 1987, 

Layer & Alber 1990, Figdor & Stern 1993) and have boundaries that restrict cell mixing 

(Fraser et al 1990). Rhombomeres may acquire their distinct characteristics through 

rhom bom ere specific cell adhesion which may be mediated by Eph signalling (Xu et al

1999). Similar characteristics are likely to apply to neuromeres of the forebrain.
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Figure 1.3 Prosomeric model of forebrain segmentation.
D rawing of a schematic lateral view of the developing brain of a chick embryo, with the 

segmental neuromeric divisions projected onto it. The prosomeres are identified as p 1 -p6 

and the two mesomeres as m l and m2. Extract from Butler and Hodos (1996).
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It is unclear how the forebrain is divided into neuromeres (prosomeres) although 

several models have been proposed (reviewed by Northcutt 1995, Fishell 1997). Initially 

it was suggested that there were three prosomeres in the forebrain correpsonding to the 

telencephalon, diencephalon and pretectum (Von K upffer 1906). Subsequent m odels 

have sub-divided the telencephalon (secondary prosencephalon) into three prosom eres 

(Berquist and Kallen 1954, Vaage 1969). Recent neuromeric models have subdivided the 

forebrain into further divisions.

In the most recent neuromeric model, the Prosomere M odel (Figure 1.3; Puelles 

and Rubenstein 1993), the forebrain is divided into six prosom eres. There are three 

prosomeres each in the diencephalon (pl-p3) and telencephalon (p4-p6). The divisions of 

the Prosomere Model are based upon the morphological features and patterns of gene 

expression in the neural tube (Rubenstein et al 1994). The prosom eres are though to 

roughly subdivide the neural tube and signalling centres, such as the ANR, are thought to 

generate the detailed regionalisation of the forebrain (Shimamura and Rubenstein 1997).

Though widely accepted, the prosomere model has been criticised for two main 

reasons (Northcutt 1995). Firstly, the model divides the embryonic brain on the basis of 

both adult and transient embryonic structures which do not occur at the same time. 

Secondly, it does not include several important adult telencephalic structures, such as the 

olfactory bulbs. These shortcomings are caused by limitations to the resolution o f fate 

maps and the extensive cell m igration in the telencephalon so it is difficult to define 

prosom eres during early developm ent (Rubenstein et al 1998). In spite of these 

criticisms, the Prosomere Model is currently the most widely accepted theory of forebrain 

segmentation.

1.9 Evolution of the vertebrate forebrain

1.9.1 Origin o f the neural plate

The auricularia hypothesis (Garstang 1894) offers an explanation for the origin of 

the neural ridge and lateral eyes. This hypothesis proposes that the dorsal nerve cord of 

chordates originates from dorsally converging ciliary bands in an ancestral larva as are 

found in larvae of modern echinoderms such as auricularia or tornaria (Figure 1.4). This 

hypothesis is unproven but is widely accepted and there is some evidence to support it 

(reviewed by Lacalli et al 1994, Young 1995). In the auricularia larva the ciliary band 

divides into two in the anterior region of the larva, with an apical band at the front of the 

neural tube and more anterior transverse band remaining outside the neural tube. The 

apical band of an auricularia-like ancestor may have evolved into the chordate retinal 

photoreceptors
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Figure 1.4 Auricularia hypothesis of neural fold evolution.
G arstang (1894) proposed the vertebrate neural ridges arose as ciliated bands on a 

auricularia like ancestor. A) an auricularia like larva, showing ciliary bands and apical 

organ (ap.). The preoral transverse band (t.b.) lies forward of the apical organ and defines 

a ventral preoral field. B) ancestoral chordate in which the ciliary bands are converted 

into neural ridges. C) a model based on studies of am phioxus, which suggests the 

.anterior-m ost cells-of-the neural tube are-deriyed from the apicaLplate and. the preoral 

band remains outside of the CNS.

Adapted from Lacalli et al 1994.
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and the transverse band may have evolved to form either the hypophysis or olfactory 

placodes. Thus, regional organisation of the vertebrate neural plate originates in a very 

primitive ancestor. The major regions of the vertebrate brain are also very ancient.

1.9.2 Origin o f the chordate nervous system

The major regions of the vertebrate brain, the forebrain, midbrain and hindbrain 

arose early during vertebrate evolution as they are present in the all vertebrates including 

the most primitive groups, the agnathan fishes (Forey and Janvier 1993). Thus, in order 

to understand the evolutionary origin of the vertebrate brain it is necessary to exam ine the 

nervous systems of more primitive chordates (Holland and Holland 1998). In addition to 

the vertebrates, the phylum Chordata consists of the invertebrate urochordates (ascidians) 

and cephalochordates (amphioxus). Ascidian larvae and amphioxus possess many of the 

features expected of ancestoral chordates (review ed by B utler and H odos 1996). 

Therefore, the nervous systems of ascidian larvae and amphioxus have been intensively 

studied in an effort to elucidate the steps that may have led to the evolution of the 

vertebrate brain.

1.9.3 Ascidian larvae have a primitive nerve cord

The typical ascidians are the sea squirts, the tunicates, which are bottom  living 

filter feeders with no obvious trace of a chordate-like form at all. However, the ascidian 

tadpole larval stage has a notochord and other chordate features (reviewed by Young

1995). Furtherm ore, the Larvacea Class of ascidians have undergone neotony as the 

tadpole stage has become sexually mature and this may be how vertebrates arose. The 

neural tube of ascidian larva forms in the same way as the neural tube of vertebrates.

The nervous system of ascidian larvae is formed by folds making a hollow dorsal 

nerve cord extending into the tail. The anterior nerve cord is enlarged into a cerebral 

vesicle, within which are a simple eye, the ocellus, and a single statocyst cell carrying an 

otolith which is sensitive to gravity. The visual cells project through a pigmented cup and 

have packed m icrovilli which provide the directional tropism s of the anim al. The 

statocyst and ocellus are used to direct the larva to a suitable place for attachm ent and 

metamorphosis.

A lthough simple, the ascidian neural tube may1 have the beginnings of the DV 

pattern typical of the vertebrate neural tube (reviewed by DiGregorio and Levine 1998, 

Graham 1997). The notochord, but not the paraxial mesoderm, expresses brachyury  

suggesting b ra ch yu ry  has a more ancient role in notochord developm ent than in 

mesoderm patterning (Holland et al 1995). An ascidian homolog of HNF3fi is expressed 

in the notochord and the ventral ependymal cells adjacent to the notochord which has led
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to the suggestion that these cells are fore-runners of the ventral floor plate cells (Corbo et 

al 1997). Studies of the morphology of several species of ascidian larvae suggest there 

may be a rudimentary floor plate (Corbo et al 1997, Shimauchi et al 1997, Olsen and 

Jeffrey 1997). A dorsal marker, HrPax37, which is a homologue of the vertebrate genes, 

Pax3 and P ax7 , is expressed in the dorsal nerve cord o f asidian larva and when 

overexpressed dorsalises ventral cell types (W ada et al 1997). Gene expression in 

ascidian larva has also been studied along the AP axis.

The larval ascidian nerve cord also appears to be patterned along the AP axis. A 

pax6  homolog is expressed in the anterior lateral ependymal cells of the neural tube of an 

ascidian and it has been suggested that this region is the ancestor o f the secondary 

prosencephalon (Glardon et al 1997). Other studies suggest there are at least three AP 

subdivisions in the ascidian nerve cord. A homolog of the vertebrate forebrain and 

midbrain marker otx2, Hroth, is expressed anteriorly (Wada and Saiga 1999), a homolog 

of the vertebrate hindbrain marker Pax2, pax2/5/8, labels a caudal region and a homolog 

of the vertebrate spinal cord marker H o x A l , H rH o x l, labels a caudal region (W ada et al

1998). Thus, the nerve cord of ascidian larva is regionalised along both AP and DV axes 

(DiGregorio and Levine 1998). The development of the nervous system of amphioxus 

has also been studied as amphioxus is thought to be a close relative of the ancestor of 

vertebrates.

1.9.4 Amphioxus has the features o f the vertebrate ancestor

Amphioxus {Branchiostoma), the lancelet, may be the closest living relative of the 

vertebrates and the nearest to their immediate ancestor (reviewed by Lacalli et al 1994, 

Young 1995, Holland and Holland 1998). Amphioxus is a free-swimm ing animal which 

mainly burrows and has no obvious head. There are no separate eyes, nose or ears and no 

jaws. Gill slits are not external but covered by lateral folds of the body and a notochord is 

present along the entire length of the body. Amphioxus has a hollow dorsal nerve cord as 

in vertebrates which is modified anteriorly into a short swollen region, the cerebral 

vesicle.

Studies of the structure of the amphioxus cerebral vesicle suggests homologies 

with regions of the vertebrate nervous system (Lacalli et al 1994). The cerebral vesicle is 

divided into anterior and posterior parts which contain d ifferent cell types. The 

infundibular cells in the ventral cerebral vesicle mark the border between these regions 

and has similarites to the vertebrate infundibulum. The lamellar body contains cells with 

cilia which produce lamellae and may be photoreceptive and is probably hom ologous to 

the vertebrate epiphysis. The paired rostral nerves arising from  within the cerebral 

vesicle may be homologous to the olfactory nerves. It is uncertain if am phioxus has a 

homologous structure to the midbrain but the large ventral motor neurons caudal to the
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cerebral vesicle may be homologous to the vertebrate tegmentum. Amphioxusj poccesses a 

single anterior pigm ent spot which may be hom ologous to the paired lateral eyes of 

vertebrates. Further information about the regionalisation of the amphioxus nerve cord 

has been obtained from studies of gene expression.

Analysis of regionally restricted molecular markers has been useful in determining 

the extent of AP patterning of the amphioxus neural tube (Holland and Holland 1998). 

The expression of A m phiH ox3  and A m p h iH o xl suggests amphioxus has an extensive 

hindbrain (Holland and Holland 1998). Structural analysis indicates the posterior dorsal 

region of the cerebral vesicle is homologous to the vertebrate midbrain (Lacalli et al

1994). However, although engrailed  is expressed at the midbrain-hindbrain boundary of 

vertebrates, the amphioxus homolog AmphiEn  is not expressed in the proposed midbrain 

region suggesting either Am phiE n  does not label the m idbrain or am phioxus lacks a 

midbrain (Holland and Holland 1998). The forebrain has been analysed with a homolog 

of otx  which labels the vertebrate forebrain and midbrain, A m phiO tx, and a homolog of 

dlx which labels the vertebrate forebrain, AmphiDll. AmphiO tx is expressed in the most 

rostral cerebral vesicle and in the ventral and lateral walls more posteriorly (W illiams and 

Holland 1996). Am phiD ll is expressed in the extreme rostral cerebral vesicle and in the 

dorsal walls more posteriorly (Holland et al 1996). The expression of the homolog of the 

vertebrate telencephalic marker BF1 in a small number of cells in the cerebral vesicle 

suggests that telencephalic precursor cells may be present in amphioxus (Torresson et al

1998). Thus, analysis of molecular markers suggests the cerebral vesicle is similar to the 

forebrain but it is uncertain if a midbrain is present (Holland and Holland 1998, Lacalli et 

al 1994). M olecular markers have also been used to study the regionalisation of the DV 

axis in the amphioxus neural tube.

The amphioxus neural tube is patterned along the DV axis (reviewed by Graham

1997). A homolog of the vertebrate ventral marker HNF3J3 is expressed in the notochord 

and ventral nerve cord of amphioxus (Schimeld 1997). Furtherm ore, homologs of the 

vertebrate dorsal markers, snail and Dlx, m sx, snail and AmphiDll, are expressed dorsally 

in the amphioxus neural tube (Holland et al 1998, Langeland et al 1998). Thus, studies of 

ascidian and am phioxus neural developm ent reveal the likely features of the early 

vertebrate brain.

1.9.5 The organsiation o f the early vertebrate brain

The organisation of the earliest vertebrate brain can be inferred from studies of 

am phioxus and ascidian (reviewed by Butler and Hodos 1996). The olfactory, retinal 

photoreceptive and pineal photoreceptive senses were probably present in the com m on 

ancestor of cephalochordates and vertebrates. The major subdivisions of the brain, the 

forebrain, midbrain, hindbrain and spinal cord were probably present. Sensory inputs
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were established in early vertebrates, such as taste and auditory, but not necessarily at the 

sam e time. Some of the major ascending sensory pathways and descending m otor 

pathways were also established in early vertebrates. A major step in the evolution of 

vertebrates that influenced forebrain evolution was the innovation of the neural crest.

1.9.6 Neural crest precursors

V ertebrates differ from  their ancestors in having an en larged  and highly 

specialised head (Gans and Northcutt 1983). The innovation of neural crest led to the 

evolution of jaws, allowing new modes of predation, and to sensory development which 

led to selection of a new integrative forebrain.

The neural crest is a transient population of migratory cells which originate in the 

dorsal neural tube and give rise to a number of different tissues throughout the body 

(review ed by Anderson 1997). These include pigm ent cells, peripheral glia and 

autonomous and sensory ganglia. In the head, the neural crest form the muscles, bone 

and connective tissues rostral to the end of the notochord, the cartilage of the branchial 

arches, the anterior part of the neurocranium, and a number of the cranial ganglia and 

their sensory ganglia (Butler and Hodos 1996). Neural crest are segmentally specified at 

their point of origin by hox genes and carry segmental identity as they migrate between 

the paraxial m esoderm  and surface ectoderm (Hunt et al 1991). Neural crest cells are 

thought to be a novel vertebrate innovation (Gans and Northcutt 1983).

Recent studies have identified cells which may be precursors of the vertebrate 

neural crest in ascidian larva and am phioxus. In ascidian larva, hom ologs of the 

vertebrate neural crest markers snail and Pax3, snail and Hrpax37, are expressed in cells 

which by position and morphology may be neural crest precursors (W ada et al 1996, 

Corbo et al 1997).

Although there are no neural crest cells or neural crest derivatives, such as jaws, in 

amphioxus, the finding that AmphiDll and snail are expressed in cells flanking the neural 

plate suggests there may be precursors of the neural crest in amphioxus (Holland et al 

1996, Langeland et al 1998). Amphioxus does not undergo neurulation but instead a 

sheet of epidermis grows over the neural plate. These epidermal cells have features of the 

neural crest, such as expressing A m p h iD ll, being adjacent to the neural plate and 

extending filopodia. However, unlike neural crest, these cells do not differentiate into 

other cell types and they express AmphiDll before growing over the neural plate, and 

move as a sheet rather then individually. Therefore, although neural crest cells have not 

been found in invertebrate chordates it seems likely that there were precursors of neural 

crest cells in the ancestors of vertebrates.

1.9.7 Jaws led to major developments of the forebrain
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I The appearance of neural crest may have le d  to the evolution of jaws which was a significant 

step in vertebrate evolution as it broadened potential diet and lifestyles (reviewed by Gans 

and Northcutt 1983, Hanken 1993). The development of the postotic skull and true bony 

vertebrae also happened in early vertebrates. The entire brain of gnastosomes has been 

influenced by developments related to the new opportunities presented by an active 

predatory lifestyle (reviewed Butler and Hodos 1996).

Increased mobility needed to find prey or evade predation led to selection of 

improved motor control through the development of regions such as the cerebellum. The 

m idbrain of early vertebrates would have been relaying sensory inform ation to the 

forebrain, had a topographic map and been involved in m otor responses to sensory 

stimuli. The advent of jaws probably led to an expansion in size and sophistication of the 

midbrain for improved spatial analysis and orientation to stimuli. The increased size of 

the forebrain in amniotes and fish may have happened independantly but was probably 

associated with an actively predacious lifestyle made possible by the evolution of jaws 

(Butler and Hodos 1996).

1.10 Zebrafish as a developmental model

1.10.1 Features of the zebrafish

The zebrafish is a good model organism  for identifying genes essential for 

vertebrate development (Streisinger 1981, Kimmel 1989, Rossant and Hopkins 1992, 

Nusslein-Volhard 1994). Zebrafish are small, hardy, freshwater fish which can live in 

high density in small tanks without affecting their development or reproduction. The 

female lays 200-300 eggs per week which undergo external fertilisation and development 

so all stages of development can be studied and manipulated. Furthermore, the embryos 

are transparent during early stages of development so internal structures can be visualised 

w ithout disturbing the embryo. M utant screens of a number of organism s including 

zebrafish have been used to identify genes affecting early developmental events.

M utant screens have been carried out in a num ber of organism s, including 

Drosophila (N usslein-V olhard and W eischaus 1980) and C aenorhabditis  e legans  

(Brenner 1974). These mutagenesis screens led to the identification of a large num ber of 

m utations affecting many im portant developmental processes. The main advantage of 

mutagenesis is that it selects for the small proportion of genes with unique and at least 

partially non-redundant functions as genes with redundant functions are not detected 

(N usslein-V olhard 1994). Recently m utagenesis screens have been carried out using 

zebrafish.
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Zebrafish has been used for mutagenesis screens because of its advantages as an 

em bryological and genetic system (Streisinger et al 1981). The availability of large 

numbers of transparent, synchronous stage embryos allows screening for m orphological 

traits with a dissecting microscope. In addition, mutations can be induced chem ically 

with high efficiency as demonstrated during recent screens (Driever et al 1996, H affter et 

al 1996, reviewed by Eisen 1996). Presently, the identification of m utant genes in 

zebrafish is by mapping or positional cloning.

M apping mutations and candidate genes is an efficient way of identifying genes 

causing mutant phenotypes. M apping has been used for a number of mutants, such as no 

isthmus (noi) which is caused by a mutation to p a x 2 J  (Brand et al 1996). Positional 

cloning has also been used to identify genes causing mutant phenotypes, such as the oep 

gene which is a novel EGF-related gene (Zhang et al 1998). New methods are being 

developed to improve the efficiency of identification of developmental genes.

An alternative method to chemical mutagenesis is insertional mutagenesis using 

either a retroviral vector (Schier et al 1996) or transposon (W einberg 1998). This allows 

the genes to be identified much more quickly and easily then through positional cloning 

or mapping. Insertional mutagenesis of zebrafish has been tried on a small scale and has 

identified several novel developmental genes, such as dead eye and pescadillo  (Allende et 

al 1996, reviewed by Schier et al 1996b). Therefore, several strategies have been 

em ployed to identify developmental genes in zebrafish.

A potential drawback of the zebrafish as a genetic system has com e from  the 

finding that teleost fish, including zebrafish, underwent an additional genome duplication 

after diverging from the last common ancestor of teleost fish and tetrapods (Postlethwait 

et al 1998, reviewed by W ittbrodt et al 1998). Although this is likely to lead to increased 

genetic redundancy, zebrafish will be useful for separating the multiple functions of genes 

as the functions will often be carried out by separate duplicate genes which have diverged 

rather than by a single gene as in mammals (Blader and Strahle 1998). Furtherm ore, the 

imminent development of reverse genetics in zebrafish, perhaps using ribozyme (Xie et al

1997) or double-stranded RNA injection (Fire et al 1998, Kennerdell and Carthow 1998), 

will allow knock-outs to be generated of known genes.

1.10.2 Stages o f development o f  the zebrafish

The stages of development of the zebrafish are well characterised (Kimm el et al

1995). Zebrafish development is divided into seven periods - zygote, cleavage, blastula, 

segm entation, pharyngula, and hatching periods. These main developmental processes 

occur over the first three days after fertilisation. This thesis is mainly concerned with 

stages from begining of gastrulation (6 hours post fertilisation) to the segmentation period 

(24 hours post fertilisation; Figure 1.5).
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Early development is fundam entally similar to other vertebrates

Although, during early development, zebrafish exhibit morphologically different 

modes of development to other vertebrates, fate maps at the late blastula and of the neural 

plate are remarkably similar to other vertebrates (Kimmel et al 1990, W oo and Fraser

1995). During gastrulation, involution occurs, with cells at the blastoderm margin on the 

presumptive dorsal side (termed the shield), moving from superficial locations into the 

interior of the embryo. Thus the inner mesoderm and endoderm forms the hypoblast with 

an overlying ectoderm forming the epidermis and neuroectoderm  (W arga and Kimmel 

1990). The embryonic shield is thought to be equivalent to the organiser o f other 

vertebrates on the basis of conserved gene expression, and the ability to induce secondary 

axes (Shih and Fraser 1995).

D evelopment o f the zebrafish brain

The dorsal epiblast thickens abruptly near the end of gastrulation at around bud 

stage (lOh) as the neural plate becomes visible morphologically (Kimmel et al 1995). 

The neural plate is thicker in the head region and underlain by the prechordal plate 

hypoblast, the polster. The neural plate is formed from a monolayer of pseudostratified 

neuroepithelium which is comprised of columnar cells and so is raised above the adjacent 

non-neural ectoderm (Papan and Campos-Ortega 1994). Many important events in brain 

development happen during somitogenesis.
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Figure 1.5 Stages of zebrafish development.
Sketches of embryos at selected stages, animal pole to top at early stages and rostral to 

left at later stages. Scale bar: 250pm. Adapted from Kimmel et al (1995).
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The neural keel forms during early somitogenesis. Before) cavitation the anterior 

part of the neural keel undergoes regional morphogenesis. The eye rudim ents begin to 

develop from  the lateral walls of the diencephalon. By m id-som itogenesis ten 

neurom eres have form ed, the telencephalon, diencephalon, m idbrain and seven 

rhom bom eres in the hindbrain. During later som itogenesis, the ventral diencephalon 

expands as the primordium of the hypothalamus, and the prim ordium  of the epiphysis 

appears as a small well-delineated swelling in the midline of the diencephalic roof. The 

midbrain primordium subdivides horizontally to form the dorsal midbrain, tectum , and 

the ventral midbrain, tegmentum. The cerebellum forms near the end of somitogenesis as 

a prominent dorsal domain in the region of the midbrain-hindbrain boundary. The neural 

crest also appears during somitogenesis. The neural crest delaminates and migrates from 

the dorsolateral wall of both the brain up to the diencephalon and spinal cord prim ordia 

beginning at neural keel stage, and continuing until after cavitation of the neural keel.

1.11 Research strategies

The first aim of this study was to analyse the regionalisation of the zebrafish neural plate 

by patterns of gene expression in wild type and mutant lines. I also investigated the 

regulation o f early neural plate m arkers using tissue transplantation  and RN A  

overexpression. Next, I characterised a m utant line w hich I identified that did not 

express the early neural plate marker, anf. Unexpectedly this mutant line did not affect 

early neural development. Thirdly, I characterised an immunohistochemical m ethod for 

labelling dividing cells and used it to carry out a preliminary analysis of cell proliferation 

in the zebrafish neural plate. Finally, I was involved with a mutagenesis screen carried 

out to isolate m utations affecting early developm ent. As part o f this screen , I 

characterised a mutation affecting neural crest developm ent which led to pigm entation 

and other defects.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Fish maintenance and embryo preparation

Breeding fish were maintained at 28.5°C on a 14 hour light/ 10 hour dark cycle. 

Fertilised eggs were collected from natural spawnings and raised in fish tank water with 

0 .1 % methylene blue at 28.5°C. Embryos were staged according to Kimmel et al (1995). 

one-eyed pinhead (oepmI34, oeptz257), m asterb lind  (m bltm^ ) ,  sq u in t (sqtzJ), kno llase  

(kasfy I22), and s ilb erb lick  (s lb tz216) carrier fish were obtained from  C arl-Philipp 

Heisenberg, cyclops (cycbl6) carrier fish were obtained from Charles Kimmel and Stefan 

Schulte-M erker. acerebellar (ace^2^2a) and no isthm us {noi1̂ 21) carrier fish were 

obtained from Michael Brand. Fixed knypek (knymJ^ )  and trilobite ( trim2®9) embryos 

were obtained from Lilianna Solnica-Krezel. Fixed d in o  (d in tm84) em bryos w ere 

obtained from Matthias Hammerschmidt.

2.1.1 Obtaining non-pigmented embryos
W hen required, the formation of pigm ent was prevented by incubating em bryos 

from fertilisation in 0.2mM phenylthiocarbamide (PTU, Sigma) in tank water and staged 

as described above. Previous research has shown that PTU inhibits pigm ent formation in 

teleosts but has little affect on growth rate during the first two weeks of developm ent 

(Vischer 1989). Prior to fixation, embryos were washed in tank water without PTU.

2.1.2 Observation o f living embryos
Living embryos were viewed after manual removal of their chorions in 3% methyl 

cellulose using Nikon dissecting and compound microscopes.

2.2 Immunohistochemistry

2.2.1 Fixation of tissue
Embryos and larvae older than 24h were anaesthetised in 0.03% M S222 (3-amino 

benzoic acid ethyl ester, Sigma) prior to experimental procedures. W hole em bryos in 

their chorions if younger than 18 somites, otherwise dechorionated, and larvae up to 48h 

were fixed in PEM fix (3.7% paraform aldehyde in PIPES buffer; 0.1M  PIPES, 2mM  

EGTA, ImM MgSCU, pH 6.95) for 3 hours at room tem perature or overnight at 4°C. 

Larvae over 48h were washed out of M S222 anaesthetic into phosphate-buffered saline 

(PBS, Oxoid), then fixed in 2% trichloroacetic acid (TCA; BDH) for 3hours at room
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temperature. The embryos were then washed 3 times in PBS, dechorionated if necessary 

and labelled as whole embryos.

2.2.2 Labelling

Immunohistochemistry methods were based on that of W ilson et al (1990) and 

Macdonald et al (1997). Embryos older than 48h were permeabilised with chilled 0.25% 

trypsin solution for 4 minutes on ice.

Embryos were rinsed with PBT at room temperature before incubation in 10% 

normal goat serum (Sigma) in PBS with 0.8% Triton X-100 (PBST) for lhour at room 

tem perature to block non-specific binding. A fter rinsing in PBST, em bryos were 

incubated in prim ary antibody diluted in 1% goat serum in PBST overnight at 4°C, 

although embryos older than 48h were left for 2-3 days. Embryos were washed in PBST 

for 2 hours at room temperature and then incubated in secondary antibodies (Sigma) 

diluted in PBST plus 1% goat serum at room temperature for 2-3 hours or overnight at 

4°C, although embryos older than 48h were left for 2-3 days. In general, horse raddish 

peroxidase (HRP)-conjugated secondary antibodies were diluted 1:200. For embryos 

older than 48h, endogenous peroxidases were inactivated before the secondary antibody 

incubation by treating the embryos with 0.3% H2 O2 in absolute methanol for 10 minutes 

at room temperature. After secondary antibody incubation, the embryos were washed 6 

times in PBST over 2 hours at room tem perature. For H R P-conjugated secondary 

antibodies, localisation of the antibodies was visualised by incubating the em bryos in 

PBS in 2mM diaminobenzidine (DAB; Sigma) for 20 minutes at room temperature then 

activating the colour reaction by addition of 0.002% H 2 O2 . The reaction was stopped by 

washing three times in PBS and em bryos were postfixed in 4% paraform aldehyde 

overnight at 4°C. Embryos were dehydrated into 70% glycerol for dissection, mounting 

and microscopy.

The prim ary antibodies used included anti-PH3 polyclonal (L. M ahadevan 

unpublished data) diluted 1:1000; anti-Fkd2 polyclonal (W arga and N usslein-V olhard 

1999), 1:1000; anti-acetylated tubulin monoclonal (Sigma), 1:1000; HNK-1 monoclonal 

(Kruse et al 1984), 1:20; anti-Fret43 (Masai et al 1997) 1:500.

2.2.3 Bromo-deoxyuridine Labelling
Prior to treatment, embryos were dechorinated by hand. Embryos were incubated 

for 30mins to 1 hour in lOmM BrdU (Sigma B5002) in Ringers with 15% DM SO at 6°C 

water bath. Embryos were washed three times in Ringers and then incubated for 15-30 

minutes at 28.5°C. A fter this, embryos were fixed in 4% paraform aldehyde at 4°C 

overnight.

Before processing for BrdU detection, em bryos w ere rehydrated in PBST, 

incubated  in lOpg/ml P roteinase K for 20 m inutes and then refixed  in 4%
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paraform aldehyde for 20 minutes at room temperature. A fter fixation, em bryos were 

rinsed in dH 20 and incubated in 2N HCL for 1 hour at room temperature. To stop the 

acid treatment, em bryos were rinsed in PBST. B locking and processing for BrdU 

antibody labelling and detection was as per the normal protocol. Anti-BrdU antibody 

(Sigma) was used at 1:1000 and anti-mouse IgG HRP conjugated secondary antibody at 

1:200. Results were analysed with a Nikon compound microscope.

2.3 Standard molecular biology techniques

Standard molecular biology procedures were performed as detailed in Sambrook 

et al (1989) and outlined below.

2.3.1 Restriction enzyme digestion ofDNA
DNA was digested with restriction enzym es according to the m anufacturers 

instructions (Promega) in the buffer provided. Digestion was monitored by agarose gel 

eiectophoresis.

2.3 .2  R em oval o f  pro tein  from  DNA or RNA by ph en o l/ch loroform  
extraction

DNA or RNA was diluted to a volume of 200ml with dH 20  and extracted by 

addition of an equal volum e of phenol/chloroform  (1:1:24 tris-bu ffered  phenol 

pH 7.0:chloroform :isoam yl alcohol), vigorous m ixing and b rief centrifugation in a 

microfuge. The top phase containing the DNA or RNA was recovered and re-extracted 

by addition of an equal volume of chloroform (1:24 chloroforrmisoamyl alcohol) alone.

2.3.3 Concentration ofDNA or RNA by ethanol precipitation
DNA or RNA was precipitated by addition of sodium acetate (pH5.5) to a final 

concentration of 0.3M and 2.5 volumes of absolute ethanol. Samples were m ixed and 

chilled at -20°C overnight or -70°C for 30 minutes then centrifuged for 20 minutes in a 

microfuge. The pellet was carefully washed with 70% ethanol and either air-dryed or 

vacuum dried for 5 minutes.

2.3.4 Agarose gel eiectophoresis
DNA and RNA were analysed by agarose gel electrophoresis. Generally, a 1% 

agarose gel in TBE buffer (0.045M Tris borate, 0.001M EDTA pH 8.0) with ethidium  

bromide to a final concentration ofj Ip.g/ml was prepared.
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2.4 In situ hybridisation

2.4.1 Preparation o f embryos

Em bryos at the appropriate stages were fixed for 3h at room tem perature or 

overnight at 4°C in 4% paraformaldehyde in PBS, washed 3 times in PBS, rinsed in 100% 

methanol and stored in methanol at -20°C until required.

2 .4 .2  P repara tion  o f  D igoxygen in  (D IG )-la b e lled  and F lou rescein -  
labelled riboprobe

lOmg of cDNA for each probe was linearised with the appropriate restriction 

enzyme, purified by phenol extraction and precipitated as described in section 2.4. The 

DNA was resuspended to 0.5mg/ml in low TE (lOmM Tris pH 8.0, 0.1 mM  EDTA pH 

8.0). The DIG or Fluorescein riboprobe was synthesised as described by Xu et al. (1994). 

0.5mg of linearised DNA was incubated in a volume of 20ml with 10 units o f RNA 

polym erase in transcription buffer (Promega) with lOmM DTT, nucleotide mix, 50U 

RNasin (Promega) for 2h at 37°C. Synthesis was analysed by agarose gel electrophoresis 

(1 % agarose in TBE buffer, see section 2.4.4).

2.4.3 In situ hybridisation
In situ hybridisation was carried out as described in Xu et al (1994), with all steps 

carried out at room tem perature unless stated otherwise. Em bryos stored in 100% 

methanol at -20°C were rehydrated through a methanol series in PBT (PBS, 0.1% Tween- 

20, Sigma) and then rinsed in PBT. Embryos older than 24h were treated with proteinase 

K (1 Omg/ml) for 20 minutes at room temperature, washed in PBT and then refixed in 4% 

paraform aldehyde in PBS for 20 minutes. After washing 5 times with PBT, em bryos 

were incubated in the hybridisation mix alone (50% formamide, 5xSSC, pH 6.0 adjusted 

with 1M citric acid, 50mg/ml Torula yeast RNA, 50mg/ml heparin, 0.1% Tween-20) for 2 

hours at 65°C. In some cases embryos were stored at -20°C at this point prior to labelling. 

The hybridisation mix was then replaced with fresh hybridisation mix containing 50- 

200ng of digoxigenin-labelled or flourescein-labelled RNA and incubated with gentle 

shaking overnight at 65°C.

Follow ing hybridisation, the em bryos were w ashed in 25% hybridisation 

mix/2xSSC for 10 minutes at 65°C, once in 2x SSC and twice in 0.2x SSC for 30 minutes 

each. The embryos were further washed for 5 minutes each at room temperature in 75%, 

50%, 25% 0.2xSSC/M ABT (maleic acid buffer, Sigma; 0.1% Tween-20, Sigma), once in 

M A BT alone then preincubated  in M ABT contain ing  2% B locking  Solution 

(Boehringer) overnight at 4°C. This was replaced with anti-d igoxygenin-alkaline 

phosphatase antibody (Boehringer) diluted to 1:6000 in the same solution or anti- 

fluorescein-|alkaline phosphatase antibody (Boehringer) d iluted 1:2000 in the same
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solution and incubated for 4-6h at room temperature or overnight at 4°C. Prior to use, the 

anti-fluorescein antibody was preabsorbed by incubating overnight in PBS containing 30 

fixed 36h whole zebrafish em bryos at 4°C and was reused up to 10 times. After 

incubation, embryos were washed 6-8 times for 15 minutes each in PBT.

For a purple reaction product, embryos were rinsed in 0.1 M Tris-HCl pH9.5, 0.1% 

Tween-20; for a light blue reaction, embryos were rinsed in 0.1M Tris-HCl pH9.5, 50mM 

M gC l2 , 0.1M NaCl, 0.1% Tween-20; for a red reaction product, embryos were rinsed in 

Tris-HCl pH8.5, 0.1% Tween-20. The colour reaction was carried out by incubating 

em bryos in alkaline phosphatase substrate until the desired labelling intensity was 

obtained. For a purple reaction BM Purple (Boerhinger) was used, BCIP (5-bromo-4- 

chloro-3-indoyl-phosphate; Boerhinger) for light blue or 1 Fast Red tablet (Boerhinger) 

diluted in 2ml 0 .1M Tris-HCl pH2.2, Triton-20 0.1%. The reaction was stopped by 

w ashing in PBT then single colour in situs w ere incubated overn igh t in 4% 

paraform aldehyde in PBS at 4°C. Additionally, two colour in 's itu s  were washed in 

glycine-HCl pH2.2 four times for 5 minutes and then rinsed in MABT with 2% Blocking 

Reagent (Boehringer) for at least 2h. These embryos were incubated with the appropriate 

secondary antibody in 2% Blocking Reagent (Boehringer) overnight at 4°C. The embryos 

were rinsed 6-8 times for 15 minutes each in PBT. The second colour was developed as 

described above. The reaction was stopped by washing in PBT and incubating overnight 

in 4% paraformaldehyde at 4°C.

Single-colour and tw o-colour in situs were w ashed in PBS and cleared and 

mounted in 70% glycerol as described for antibody labelling.

2.5 Tissue sectioning

Following in situ hybridisation, embryos for plastic sections were refixed in 4% 

paraform aldehyde for 3-5 days at 4°C, to prevent leaching of the stain, and then washed 

into 70% glycerol for storage prior to processing for sectioning. Em bryos were 

rehydrated from 70% glycerol into dH 20 and then dehydrated in a graded progession of 

methanol concentrations to 95% methanol in dH 20. This solution was replaced with 

activated Solution A (Agar Scientific; JB4 water soluble plastic embedding Solution A 

catalysed with 0.45g benzoyl peroxide per 50ml). Embryos were left overnight at room 

temperature. Next the embryos were placed into coffin moulds, inside a fume hood, and 

em bedded in polym erised resin (Agar Scientific; one part JB4 Solution B to 25 parts 

activated Solution A). These moulds were placed into an airtight box, overlaid with 

nitrogen gas to facilitate polymerisation, and left overnight at room temperature.

After fixation, the plastic block containing each em bryo was trim m ed under 

dissecting microscope with a razor blade to enable correct orientation of the embryo prior 

to mounting it on a plastic chuck with Historesin (Riechert-Jung). The chuck was then
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clam ped into a Leica microtome and 10pm sections cut using Leica tungsten carbide 

blades. Sections were placed flat onto a droplet of water and allowed to dry onto an 

uncoated slide. Slides were then coverslipped with DPX and observed under Nikon 

compound microscope.

2.6 Preparation of mRNA for microinjection

Xbmp4  RNA was prepared and injected according to Neave et al (1997) and 

carried  out in collaboration with B. Neave. The RNA was derived  from  the 

pSP64TXBM P-4  plasmid kindly provided by N. Ueno (Nishimatsu et al 1992). RNA was 

synthesised  in vitro with SP6 RNA polym erase according to the m anufacturers 

instructions (Boehringer), phenol extracted and precipitated twice as described in section

2.3 and resuspended in a small volume of sterile water. The concentration of RNA was 

determ ined by UV spectrophotom etry (A260) and adjusted to final concentration of 

lOOng/ml. Several picolitres of RNA was injected into blastom eres of 1- to 4- cell 

embryos using a pressure-pulsed Picospritzer II (General Valve Corp.). Em bryos were 

then fixed at the appropriate stage for further analysis. Control embryos were injected 

with B-galactosidase mRNA at the same concentration as shown in Barth and W ilson 

(1995). B-galactosidase RNA was derived from the pSP64TB-galactosidase plasm id (a 

gift from D. Wilkinson).

2.7 Embryonic shield arid Hensen’s node transplants

For transplantation of embryonic shield and Hensen's node (HN), the m ethod of 

Koshida et al (1998) was followed and carried out in collaboration with M. Shinya and H. 

Takeda. Fertilised eggs at the 2- to 8- cell stage were injected with a m ixture of 

rhodamine- and biotin-dexran (Molecular Probes) into the yolk with a glass micropipette. 

The dye spreads through all of the cells of the blastoderm. Embryos were transferred into 

dishes coated with 1% agar to prevent them sticking to the plastic dish and m anually 

dechorionated with fine forceps in 33% Ringers solution. W hen the em bryonic shield 

was visible (6h) embryos were mounted in 2% methyl cellulose and shield tissues were 

cut out with a sharpened tungsten needle and then transplanted through a glass 

m icropipette into the ventral region of a shield stage host taking care not to dam age the 

yolk membrane. Embryos were allowed to develop at 28.5°C in 33% Ringers solution in 

1 % agar coated dishes until they reached between 90% epiboly and bud stage when they 

w ere fixed in 4% paraform aldehyde overnight at 4°C and processed for in situ 

hybridisation. In some grafted embryos, the graft migrated to the dorsal side so only the 

embryos in which the graft remained ventrally were analysed.
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For HN transplantation, 5 0 -100pm fragm ents of chicken HN (HH Stage 4, 

definitive streak stage), which included the most potent region, the medial sector of both 

the epiblast and mesenchyme (Storey et al 1992), were manually removed. These were 

inserted through a small incision made into the ventral side of the zebrafish host during 

shield stage using a sharpened tungsten needle and taking care not to dam age the yolk 

membrane. Embryos were allowed to develop at 28.5°C in 33% Ringers solution in 1% 

agar coated dishes until they reached between 90% epiboly and bud stage when they were 

fixed in 4% paraformaldehyde overnight at 4°C and processed for in situ hybridisation.

2.8 Alcian blue staining

I followed the method of Sordino et al (1995) using Alcian blue (Sigma) to stain 

the extracellular matrix associated with chrondocytes. This provides a clear m arker of the 

skeletal patterning beginning at approximately 72h. Anaesthetized larvae were fixed in 

5% TCA (BDH) at room temperature for 3h, and then rinsed in dH 20. Em bryos were 

transferred into 0.1% Alcian blue dissolved in 70% ethanol/1 % HC1 for 3h and then into 

70% ethanol/1 % HC1 overnight at 4°C. The embryos were dehydrated in 2 washes of lh 

in 100% ethanol and cleared in 70% ethanol/1 % HC1 overnight at 4°C. Stained 

preparations were mounted in 70% glycerol and photographed with a Nikon com pound 

microscope.

2.9 ENU mutagenesis and screening

2.9.1 Fish strains
The wild type line used for mutagenesis and outcrossing was *AB from the Orgon 

Laboratory.

2.9.2 Fish raising, keeping and mutagenesis
M utants were generated using ethyl-N-nitrosourea (ENU, Sigma) as it causes 

lesions to single genes (Singer and Grunberger 1983), is a potent mutagen of the mouse 

germ line (Russell et al 1979) and can induce mutations in the proliferating germ  line of 

m ale zebrafish with high efficiency (D riever et al 1996). A dult m ale fish were 

m utagenised with 3mM ENU by placing them into an aqueous solution for three lh  

periods within one week. Three weeks after treatment, males were crossed to wild type 

fem ales at weekly intervals and progeny generated originating from  mutagenised 

premeiotic germ cells obtained were raised. The progeny from each m utagenised male 

were kept separate such that the origin of individual mutations could be traced back to the 

founder male.
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2.9.3 Screening procedure
On the Friday prior to the screen, male and female fish to be screened were 

separated and given extra food over the weekend. About 20-40 pairs of fish per family, 

and about 2 families per week set up for egg lay in one afternoon (Monday) of the week. 

The following morning, eggs from successful matings were collected using a tea strainer, 

and 40-80 fertilised embryos were sorted within 5 hours post-fertilisation into 60mm Petri 

dishes in fish water with 0.1% methylene blue. Parental fish were kept in z-mod tanks 

labelled in accordance with the clutches of eggs. Fish that had not laid on the first day 

were checked again on the second day after set up. As with previous screens (Haffter et 

al 1996, D riever et al 1996) not all matings were successful. Fish of unsuccessful 

matings by the second day were returned to their tank, and more crosses of their family if 

necessary set up the following week. In general not more than eight crosses were 

evaluated with care.

For any two fish randomly taken from the F2 family, there is a 25% chance that 

they will both be carriers of the same mutation. The probability of finding a mutation in a 

family is P=( l-0.75n) where n is the number of successful crosses. For n=8, P gives 0.90. 

Thus, by screening a minimum of eight crosses for a family, we would lose at most 10% 

of the mutations.

Live embryos were scored at 2s, 24h, 48h, 72h for morphological abnormalities 

v isib le under a dissecting m icroscope. Em bryos were also fixed  at 2s in 4% 

paraform aldehyde for in situ hybridisation, at 30h for antibody screening and cell death 

screening. A fter labelling, em bryos were screened for abnorm alities on dissecting 

microscope. A minimum of 10 embryos per clutch was analysed for each screen.

At the 2s stage, the m orphological screen was for progress o f epiboly, proper 

form ation of the axis and of the first somites. At 24h, the morphological screen was 

m ainly for CNS defects. The shape of the telencephalon, diencephalon, epiphysis, 

tectum, cerebellum, midbrain-hindbrain border and hindbrain, size of the brain ventricles, 

presence of floor plate, shape of eyes and otic vesicle was examined. In addition, the 

shape and differentiation of the notochord and somites, and the overall shape of the body 

and yolk was examined. At 24h, an in situ hybridisation screen was carried out using a 

mixture of shh for midline development, zash lb  for forebrain development and myoD  for 

somite development and differentiation. The in situ hybridisation protocol followed was 

a shortened version of the normal protocol.

2.9.4 Screening in situ hybridisation protocol
At 24h em bryos were fixed in 4% paraform aldehyde for 4 hours at room  

temperatue. Embryos were washed three times in PBT and prehybridised in hybridisation 

solution (50% form am ide, 5xSSC, 50pg/m l heparin, 500pg/m l Torula RNA, 0.1%  

Tween-20, citric acid to pH6) for 1 hour at 65°C. Fresh hybridisation solution with RNA
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probe mix was added overnight at 65°C. Embryos were washed in 2xSSC, then given 

two 30min washes with 0.2xSSC at 65°C. At room temperature, em bryos were rinsed 

twice in PBT and non-specific binding was blocked with 2% sheep serum and 2mg/ml 

BSA in PBT for 1 hour. This was replaced with fresh blocking solution with 1:5000 anti- 

DIG antibody for 2 hours at room temperature. Embryos were rinsed with 0 .1M Tris-HCl 

pH9.5 before adding BM Purple (Boehringer) developing at room tem perature. After 

staining was complete, embryos were rinsed overnight in 4% paraformaldehyde. Results 

were analysed using a Nikon dissecting microscope after embryos had been dehydrated 

| in 70% glycerol.

2.9.5 Screening fo r  cell death and late defects
At 24h, a cell death screen using ApopTag In Situ A poptosis D etection Kit- 

Peroxidase (Oncor Inc.) was carried out for alterations to levels of cell division, 

paricularly in the central nervous system. At 30h, anti-acetylated tubulin antibody was 

used to screen for the features of the axonal scaffold in the forebrain, midbrain and 

hindbrain (Wilson et al 1990) and anti-Fret43 antibody was used for the shape, size and 

differentiation of the epiphysis (Masai et al 1997). Between 48h and 72h, morphological 

screening was for general body shape and pigmentation, morphology of the brain, eyes 

and ears, formation of the jaw  and branchial arches, formation of the heart, blood and 

circulatory system, presence of oedema, differentiation of the notochord, somites, muscle 

and fins.

2.9.6 Rescreen and outcrossing
Rescreening was carried out on all parents of mutants and of families on which a 

decision could not be made, for instance, because too few pairs bred or clutches were too 

small. In the rescreen, the em bryos were analysed as during the main screen and 

additional analyses of the specific phenotype carried out. Parents generating interesting 

phenotypes were outcrossed against *AB wild type fish and an F3 line established which 

was numbered according to the allele series U 1, U2, etc. After rescreening, families not 

generating an interesting phenotype were discarded.
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CHAPTER 3

REGIONAL ORGANISATION OF THE ROSTRAL NEURAL PLATE

3.1 Introduction

The complex vertebrate forebrain develops from  the m orphologically sim ple 

neural plate. The transition from two to three dimensions and the vast increase in cell 

numbers and cell types indicates that this is a complex process. However, a knowledge of 

the early steps of this process is likely to help in our understanding of the later events of 

forebrain developm ent. Therefore, I have studied early forebrain developm ent by 

examining the regional organisation of the neural plate.

Traditionally, neural plate regional organisation has been studied by exam ining 

regional differences in cell fate and cell commitment. However, fate mapping studies are 

of limited value because, although they show where cells that give rise to a structure are 

located, they do not show how the cells acquire their fate. Com m itm ent maps are also 

limited as they look at the position of cells when they make their final fate choice but do 

not study the steps which led to that decision. An alternative method to study when the 

neural plate becomes regionalised is to study gene expression. The relationship between 

genes with regionally restricted domains of expression are used to infer when regional 

identity becomes established and how regions change during development. Therefore, I 

analysed gene expression in the rostral neural plate of the zebrafish embryo. The gene 

expression study was used to address several questions regarding rostral neural plate 

development which have not been resolved by fate mapping and other studies.

Firstly, I addressed when the AP pattern is visible within the rostral neural plate. 

Zebrafish neural plate fate mapping studies suggest AP pattern is established at the start 

of gastrulation (Woo and Fraser 1995) but studies of com mitment suggest AP pattern is 

not established until the end of gastrulation (Ho and Kimmel 1993, W oo and Fraser

1997). Commitment studies of several vertebrate species have also shown the AP axis is 

established before the DV axis (for example, see Simon et al 1995). Therefore, I studied 

gene expression to determine when AP pattern is first established in the rostral neural 

plate.

Secondly, I examined the validity of recent models of neural plate patterning. The 

two signal model proposes that initially the entire neural plate is anterior and a second 

signal is required to confer caudal characteristics (Neuiwkoop 1952, Saxen and Toivonen 

1961). This model predicts that during early developm ent, anterior genes will be 

expressed across the entire neural plate and later will be downregulated as posterior genes 

become expressed in caudal regions. I examined gene expression in the zebrafish neural 

plate during early development to see if I could find evidence to support this model.

6 8



Thirdly, I used the gene expression map to look for differences between the 

organisation of the rostral and caudal regions of the neural plate. For instance, the 

prosom ere model (Rubenstein et al 1994) divides the entire rostral neural plate into 

transverse and longitudinal domains (Shimamura et al 1995). I looked at early gene 

expression patterns to ask if I could see any differences in rostral and caudal regions of 

the neural plate and if these were consistent with the prosomere model.

Finally, I also studied the expression and regulation of the hom eodom ain 

transcription factor encoding gene a n f which is expressed very early in the rostral neural 

plate.

The aims of this study were to analyse the level of organisation in the rostral 

neural plate using gene expression and to characterise the expression and regulation of 

anf. I also sought to determine if the patterning of the zebrafish neural plate is consistent 

with models developed from studies of other vertebrate species.

3.2 Results

To exam ine neural plate patterning I used a variety of genes with regionally 

restricted expression domains during gastrulation. A m ongst the earliest regionally 

restricted m arkers of the anterior neural plate are members o f the A n f  gene family 

(reviewed by Kazanskaya et al 1997). A n f family genes encode homeobox transcription 

factors and have been cloned in several vertebrate species including the zebrafish 

(Zaraisky et al 1995).

3.2.1 anf expression profile

a n f is expressed in the anterior neural plate, telencephalon and anlage o f  the anterior 

pituitary

In zebrafish embryos, a n f expression was first detected at around 50% epiboly in a 

large region of the anterior neural plate (Fig. 3.1A,B). a n f expression begins to be lost at 

the midline at 75% epiboly (Fig. 3.1C,D), then a n f expression disappears laterally from 

the midline at 80% epiboly (Fig. 3.1E,F) until the central area of expression was lost by 

90% epiboly (Fig. 3.1G,H). a n f  was restricted to a crescent at the rostral m ost neural 

plate by bud stage (Fig. 3.1I,J). This domain fused at the dorsal midline during early 

som itogenesis (Fig. 3.1K,L). At 24h a n f  was expressed in the prospective anterior 

pituitary gland (Fig. 3.2A,B) and dorsal telencephalon (Fig. 3.2A,C).

a n f is not expressed in the yolk syncitial layer

The mouse homolog of a n f  is hesxl (also called rpx\ Thomas and Rathjen 1992, 

Thom as and Beddington 1996, Hermesz et al 1996). a n f  is 72% related to h e sx l at the
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Figure 3.1 anf is expressed in the rostral neural plate during 
gastrulation.
Embryos labelled as whole mounts by in situ hybridisation with rostral to the left. 

Animal pole (A,C,E,G,I,K) or lateral (B,D,F,H,J,L) views.

A,B) at 50% epiboly a n f is expressed broadlyj across rostral neural plate.

C.D) by 75% epiboly, ^ / ‘expression begins to be lost in the midline (arrowhead).

E,F) at 80% epiboly, arc/downregulation spreads laterally (arrowhead).

G,H) by 90% epiboly, a n f is downregulated further in an arrowhead shaped domain.

I,J) at bud stage, a n f is downregulated except for a rostral crescent of expression.

K,L) by 4s, the crescent of arc/expression meets at the dorsal midline.

Abbreviations: nne, non-neural ectoderm; np, neural plate; t, prospective telencephalon. 

Scale bar: 125pm.
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Figure 3.2 Expression of anf in the forebrain at 24h.
Embryos labelled as whole mounts by in situ hybridisation. Rostral to the left. Views of 

lateral with dorsal to top (A), ventral (B) or dorsal (C) orientations.

A,B) o n f  is expressed in the prospective anterior pituitary by 24h.

A,C) a n f  expression is restricted to the dorsal telencephalon by 24h.

Abbreviations: ap, anterior pituitary; h, hypothalamus; t, telencephalon.

Scale bars: 25pm.
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amino acid level and hesxl has been implicated in mouse anterior development (Hermesz 

et al 1996, Thomas and Beddington 1996, Dattani et al 1998). hesxl is expressed in the 

extra-embryonic anterior visceral endoderm (AVE) before neural plate expression begins 

(Thomas and Beddington 1996, Hermesz et al 1996). In zebrafish em bryos, the yolk 

syncitial layer (YSL) may perform the same function as the AVE (Beddington 1998, 

Houart et al 1998) but it has not been shown if the YSL and AVE express the same genes.

To determine if the YSL expresses the same genes as the AVE, the AVE marker 

hex (Thomas et al 1998), which is unrelated to a n f and hesxl, was exam ined in zebrafish 

embryos, hex (C.Y. Ho, R. Beddington and D. Stainier unpublished) was expressed in the 

dorsal YSL at 50% epiboly (Fig. 3.3A,B) which showed that the YSL expresses AVE 

markers observed in other organisms. However, a n f was not expressed in the YSL at any 

of the stages examined (Fig. 3.3C). Therefore, the YSL expresses the AVE m arker hex 

but does not express anf.

The anterior border o f a n f expression is at the rostral edge o f  the neural plate and the 

posterior border is in the mid-diencephalon

To define the anterior border of a n f  expression, embryos were double-labelled 

with a n /a n d  either the placodal marker dlx3  (Akimenko et al 1994) or the non-neural 

ectoderm marker gta3 (Neave et al 1995). At 90% epiboly, the anterior border of a n f  met 

both dlx3 (Fig. 3.4A,B) and gta3 but did not significantly overlap (Fig. 3.4C,D). Thus, at 

90% epiboly the anterior border of a n f is at the rostral most edge of the neural plate.

The posterior border of the a n f expression domain was defined using a m arker of 

the prospective mid-diencephalon, flh  (Talbot et al 1995), and a marker of the prospective 

midbrain boundary, p a x l.U n o i  (Krauss et al 1992a, Brand et al 1996, Lun and Brand

1998). Double-labelling with/Z/z and pax2.1 (Fig. 3.5A) showed that they retain the same 

relative positions in the neural plate as during later development. Double-labelling with 

pax2 .1  and an f (Fig. 3.5B) revealed that pax2 .1  does not meet a n f at 95% epiboly. 

Double-labelling with flh  and a n f(Fig. 3.5C) revealed that the posterior border of a n f  and 

the anterior border of f lh  meet at bud stage. Thus, during late gastrulation, the posterior 

border of a n f is at the prospective mid-diencephalon.

flh does not directly regulate the posterior boundary o f a n f

As flh  is expressed adjacent to the posterior border of a n f  during late gastrulation, 

it was possible that/Z/z may regulate this boundary. To determine if f lh  regulates the 

posterior border of anf, a n f  expression was examined in flh  mutant embryos. W hen late 

gastrulation flh  mutant embryos were double-labelled with a n f  and p a x2 .1 it was found 

the posterior boundary of a n f did not change (Fig. 3.5D). Therefore, flh  does not appear 

to regulate the posterior boundary of a n f .
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Figure 3.3 h ex , but not a n f , is expressed in the yolk syncitia l  
layer.
Embryos labelled with hex (A ,B) or anf (C) as whole mounts by in situ 
hybridisation (A) and sectioned (B,C). Views of animal pole with rostral to left 
(A), transverse view of 30-50/*m midline section (B), or transverse views of 

10/*m plastic section with animal pole to the top (C).
A,B) at 50% epiboly, hex is expressed in the dorsal yolk syncitial layer.
C) anf is not expressed in the yolk syncitial layer at 50% epiboly.
Abbreviations: AP, animal pole; D, dorsal; epi, epiblast; evl, enveloping layer; V, 
ventral; Y, yolk cells; YSL, yolk syncitial layer.
Scale bars: A,B) 125//m. C) 100/mi.
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Figure 3.4 The rostral border of a n f  is at the rostral edge of the 
neural plate.
Em bryos labelled with a n f  and d lx 3  or a n f  and ga ta3  as whole mounts by in situ 

hybridisation. Animal pole (A,C) or lateral (B,D) views with rostral to the left.

A,B) at 90% epiboly, the rostral border of a n f (purple) meets dlx3 (light blue), a marker of 

the non-neural ectoderm including the placodes, at the the boundary between neural and 

non neural (arrowheads).

C,D) at 90% epiboly, the rostral border of a n f  also meets gta3, a non-neural ectoderm 

marker, at the boundary between neural and non-neural (arrowheads).

Abbreviations: nne, non-neural ectoderm; np, neural plate.

Scale bar: 125pm.
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Figure 3.5 The posterior border of a n f  is in the m id 
d iencephalon.
Embryos labelled as whole mounts by in situ hybridisation. Animal pole 
orientations with rostral to the left.
A) at bud stage, flh, a marker of the prospective mid-diencephalon, is expressed 
rostral to pax 2.1, a marker of the prospective midbrain.
B) at 95% epiboly, the posterior border of anf (purple) is rostral to the anterior 

border of pax2.1 (red).
C) at bud stage, the posterior border of anf meets the anterior border of flh.
D) at 95% epiboly, the space between the posterior border of an/and the anterior 
border of pax2.1 is indistinguishable in flh mutants and siblings.
Scale bar: 125/mi.
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3.3.2 A P  patterning o f  the neural plate

There are at least three AP boundaries in the neural plate during early gastrulation

I used gene expression to analyse when the neural plate is first patterned along the 

AP axis and to follow how this pattern changes during development. To determ ine how 

many AP boundaries are present in the neural plate during early gastrulation em bryos 

were labelled with anf, h o xA l (Alexandre et al 1996), otx2 (Li et al 1994, M ori et al 

1994) and fkd3 (Odenthal and Nusslein-Volhard 1998). The posterior borders of a n f  (Fig. 

3.6A) and otx2 (Fig. 3.6B) were rostral to the anterior border of h o x A I . The anterior 

border of fkd3  met the posterior border of a n f {Fig. 3.6C,D). The posterior border of otx2 

was caudal to the posterior border of a n f {Fig. 3.6E,F). Thus, three AP boundaries were 

identified in the early gastrulation neural plate at 65%-70% epiboly, firstly, the posterior 

border of a n f  and anterior border of fkd 3 \ secondly, the posterior border of otx2  and 

thirdly, the anterior border of h o xA l.

A t the end o f  gastrulation further AP boundaries are present

Further AP boundaries form during late gastrulation. Embryos double-labelled 

with a n f and hoxAl (Fig. 3.7A), otx2 and hoxA l (Fig. 3.7B), a n f  and otx2 (Fig. 3.7C) or 

a n f and fkd3  (Fig. 3.7D) showed that the same order in the AP boundaries identified at the 

start of gastrulation is present at 95% epiboly. Further AP boundaries were defined using 

fg f  '8 (Furthauer et al 1997, Reifers et al 1998), w n tl (Krauss et al 1992b), pax2.1  and flh  

which are not expressed at earlier stages.

Additional AP boundaries were identifed at late gastrulation. The posterior border 

of a n f  met the anterior borders of fk d 3  (Fig. 3.7D) and f lh  (Fig. 3.7E). The posterior 

border of f lh  met the anterior border of w n tl  (Fig. 3.7F) but not the anterior border of 

pax2.J (Fig. 3.7G). The anterior border of w ntl (Fig. 3.7H) appeared to be closer than the 

anterior border of pax2.1  (Fig. 3.71) to the posterior border of anf. The posterior border 

of w n tl  (Fig. 3.7J) and otx2 (Fig. 3.7B) were sim ilar distances rostral to the anterior 

border of h o x A l. Thus, otx2 and w n tl  may share the same posterior border with w n tl  

overlapping the caudal domain of otx2 expression domain (Fig. 3.7K). The posterior 

border of otx2  was rostral to the anterior border of fg f8  (Fig. 3.7K) and the posterior 

border of fg f8  met the anterior border of hoxA l (Fig. 3.7L). Previous studies have shown 

that there is a small space between the posterior border of pax2 .1 and the anterior border 

of hoxA l (Alexandre et al 1996), thus the pax2.1 expression stripes may fit into the space 

between the posterior border of otx2 and the anterior border offg f8  (Fig. 3.7K).

Thus, by com bining these results, five AP boundaries could be defined in the 

neural plate at the end of gastrulation. The m ost rostral was defined by the posterior 

border of a n f  and the anterior borders of f l h  and fk d 3 .  M oving caudally, the next 

boundary was defined by the posterior border o f f lh  and the anterior border of w n tl . The



Figure 3.6 There are at least three AP boundaries in the rostral 
neural plate by early gastrulation.
Em bryos labelled as whole mounts by in situ hybridisation (A-E) and sectioned (F). 

Animal pole orientations with rostral to the left (A-E) or, transverse 30-50pm m idline 

section with animal pole to the top and rostral to the left (F).

A) at 65% epiboly, the posterior border of a n f  is rostral to the anterior border of h o x A l.

B) at 70% epiboly, the posterior border of otx2 (light blue) is rostral to the anterior border 

of hoxA l (purple).

C,D) at 70% epiboly, the anterior border of fkd3  meets the posterior border of a n f  

E,F) at 70% epiboly, the a n f (purple) posterior border (white arrowhead) is rostral to the 

otx2 (light blue) posterior border (black arrowhead).

Scale bars: A-E) 125pm. F) 175pm.
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Figure 3.7 By the end of gastrulation there are at least five AP 
boundaries in the rostral neural plate.
Em bryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostra] to the left of 95% epiboly (B,D,H,I,K) or bud to Is (A,C,E,F,G,J,L) stage embryos.

A) the posterior border of a n f  is rostral to the anterior borders of h o x A l .

B) the posterior border of otx2 is rostral to the anterior border of h o x A l .

C) a n f  (purple) posterior border (black arrowhead) is rostral to otx2 (red) posterior border 

(white arrowhead).

D) the posterior border of a n f meets the anterior border of Jkd3.

E) the posterior border of a n f meets the anterior border of flh .

F) the posterior border of flh  meets the anterior border of w ntl.

G) there is a small gap (white arrowhead) between the posterior border of f l h  and the 

anterior border of pax2.1.

H) there is a gap between the posterior border of a n f and the anterior border of w n tl .

I) there is a gap between the posterior border of a n f (purple) and the anterior border of 

pax2.1 (red).

J) the posterior border of w ntl is rostral to the anterior border of h o x A l.

K) the posterior border of otx2  is rostral to the anterior border of fg f8 . The posterior 

region of otx2 appears to be organised into a stripe (arrowhead).

L) the posterior border of fg f8  meets the anterior border of h o x A l.

Scale bar: 125pm.
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next boundary was demarcated by the posterior borders of w ntl and perhaps otx2, and the 

anterior border of pax2.1. However, as previous studies have found that w n tl and pax2.1 

overlap (Lun and Brand 1998), further analysis is necessary to determ ine the num ber of 

AP boundaries at the end of gastrulation. A further border was defined by the posterior 

border of pax2.1  and the anterior border of fg f8 ,  in agreement with previous studies 

(Reifers et al 1998). The most caudal AP boundary identified in this study was defined 

by the posterior border of fg f8  and the anterior border of h o x A l .

The prospective midbrain may occupy a small region o f the neural plate

The study of AP boundaries of gene expression in the neural p late during 

gastrulation suggested that the prospective midbrain is initially restricted to a small part 

of the neural plate. For instance, there was a small space between the posterior border of 

anf, which labels the prospective mid-diencephalon, and the anterior border of hoxA l, 

which labels the prospective rhombomere3/4 border (Fig. 3.6A; Alexandre et al 1996).

To follow the relationship between a n f  and h oxA l during later stages, I double

labelled embryos with a n f  and hoxA l from early gastrulation to 2s (Fig. 3.8). The gap 

between a n f  and h o x A l  rem ained sm all during early gastru lation (Fig. 3.8A), 

midgastrulation (Fig. 3.8B) and late gastrulation (Fig. 3.8C). From early bud stage (Fig. 

3.8D) to late bud stage (Fig. 3.8E) and 2s (Fig. 3.8F) the space between the posterior 

border of a n f  and the anterior border of hoxA l increased. Thus, the space between an f 

and hoxA l expanded during late gastrulation.

The changes to gene expression in this region were analysed at later stages using 

axial and w n t l . In addition to labelling the ventral midline, axia l extends a stripe of 

expression  dorsally w hich labels the p rospective m id-d iencephalon  from  m id- 

somitogenesis stages (Strahle et al 1993). w ntl labels the dorsal region of the prospective 

caudal midbrain and it also extends a stripe of expression ventrally at the caudal midbrain 

(Molven et al 1991). Embryos double-labelled with w ntl and axial showed that the w ntl 

expression domain in the dorsal neural tube gradually increased in length along the AP 

axis from about 4s (Fig. 3.8G). By 6s, the ventral stripe of w ntl was visible at the caudal 

edge of the w n tl  expression domain (Fig. 3.8H). It could also be seen that the w ntl 

expression domain in the dorsal neural tube had expanded slightly along the AP axis by 

6s (Fig. 3.8H). By 10s, the anterior border of axial was visible in the ventral neural tube 

and was directly in line with the anterior border of w n tl in the dorsal neural tube (Fig. 

3.81). At 14s, the DV stripe of a x ia l  from the anterior edge of the axial expression 

domain had begun to form and the region bordered by the dorsal stripe o f axial and the 

ventral stripe of w n tl  (Fig. 3.8J) was similar to its length at 10s. A t 18s, the space 

between the DV stripes of axial and w n tl had increased (Fig. 3.8K) but did not appear to 

change further by 24h (Fig. 3.8L). Thus, the AP distance between the anterior border of 

w ntl 1axial and the posterior border of w ntl increased gradually during somitogenesis.

86



Figure 3.8 The region o f the neural plate including the prospective  

midbrain expands at the end of gastrulation.
Embryos were labelled as whole mounts by in situ hybridisation with rostral to the left. 

Lateral views.

A) at 60% epiboly, there is a small space between the posterior border o f a n f  (starred), 

w hich labels the prospective m id-diencephalon, and the anterior border of hoxAl 

(starred), which labels the prospective r3/r4 border.

B,C) the space between a n f  and hoxA l does not significantly increase between 80% and 

90% epiboly.

D,E) the region between a n f and hoxA l expands from early to late bud stage.

F) by 2s, the region is significantly larger than at early gastrulation.

G) at 4s, the region between the posterior border of w n tl  (starred), a caudal midbrain 

marker, and the anterior border of axial (starred), a mid-diencephalon marker, is small. 

H,I) between 6s and 10s, the region between axial and w ntl expands.

J,K) a dorsal projection of axial expression appears by 14s and the region between axial 

and w ntl continues to expand until 18s.

L) the region does not increase further by 24h (L).

Scale bar: 125pm.
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3 .2 .3  The rostral and caudal regions o f  the neural p la te  are differently  
organised

During gastrulation, the ventral midline does not extend to the anterior m ost edge o f  the 

neural plate

Two opposing models have been proposed to account for the organisation of the 

rostral neural plate (reviewed by Shimamura et al 1995). In the non-convergent model, 

the ventral midline extends to the rostral tip of the neural plate (Keyser 1972, Altman and 

Bayer 1986, 1995, Swanson 1992). In the convergent model, the ventral midline does not 

extend to the rostral tip of the neural plate (Puelles 1987, Rubenstein et al 1994). To 

determine how far rostrally the ventral midline of the zebrafish neural plate extends, 

embryos were labelled with markers of the midline {shh or axial) and markers of the edge 

of the neural plate (dlx3 or anf).

Double-labelling with dlx3 and shh (Fig. 3.9A) or with dlx3  and axial (Fig. 3.9B) 

showed that there was a gap between the rostral tip of the midline and the edge of the 

neural plate at late gastrulation. Likewise, when embryos were double-labelled with a n f  

and axial (Fig. 3.9C) or a n f and shh (Fig. 3.9D) this gap was also observed.

Embryos were also analysed after gastrulation to determine if the ventral midline 

extends to the tip of the developing neural tube in later stages. W hen bud stage embryos 

were double-labelled with shh and anf, it was found that there was a small gap between 

the rostral tip of sh h  and a n f  (Fig. 3.9E,F). However, when 2s stage em bryos were 

double-labelled with shh  and anf, it was found that the a n f  and shh  expression domains 

touched in the rostral neural tube (Fig. 3.9G,H). Thus, during early somitogenesis, shh 

and a n f  expression domains met.

There is a difference in the organisation o f  the rostral and caudal regions o f  the neural 

plate during gastrulation

The finding that the midline does not extend to the rostral tip of the neural plate 

until after gastrulation raised the possibilitythat the midlineprovides patterning information 

differently in rostral and caudal regions of the neural plate. Such different patterning 

methods might lead to differences in the regional organisation of the rostral and caudal 

neural plate. To compare the regional organisation in the rostral and caudal neural plate 

during gastrulation, the expression of several genes was studied.

It was found that genes were expressed differently in the rostral and caudal 

regions of the neural plate. The rostrally expressed genes a n f  (Fig. 3.10A), pax6  (Fig. 

3.10B; Krauss et al 1991b,c), rxB (Fig. 3 .IOC; M athers et al 1997), six3  (Fig. 3.10D; 

Seo et al 1998), and LH2A  (Fig. 3.10E; H. Okamoto, unpublished data) were expressed 

in radial arcs in the rostral neural plate. In contrast, the caudally expressed genes w n tl
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Figure 3.9 The m idline does not reach the rostral tip of the neural 
plate at 95 % epiboly.
Em bryos were labelled as whole m ounts by in situ hybridisation. Anim al pole with 

rostral to the left (A-E,G) or dorsal with animal pole to top (F,H). 95% epiboly (A-D), 

bud (E,F) or 2s (G,H) stages.

A,B) the midline markers shh  or axial do not touch the expression domain of the non- 

neural ectoderm marker, dlx3.

C,D) the midline markers shh  and axial do not reach the expression domain of the rostral 

neural plate marker, anf.

E,F) at late bud stage, shh does not meet the expression domain of anf at the rostral neural 

plate (starred).

G,H) by 2s, the shh labelled ventral midline meets the a n f  labelled dorsal midline in the

rostral neural tube (starred), j

Scale bars: A-E, G) 125pm. F,H) 250pm.
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(Fig. 3.10A), pax2.J (Fig. 3.10B),/g/8 (Fig. 3.10D) and/Z/z (Fig. 3.10F) were expressed in 

stripes. svp46 (Fjose et al 1993) was expressed in both rostral and caudal regions of the 

neural plate and it was expresed in a radial arc in the rostral neural plate but in stripes in 

the caudal neural plate (Fig. 3.10G). Thus, of the markers analysed to date, genes 

expressed in the m ost rostral neural plate were organised into radial arc expression 

domains, whereas genes expressed in the more caudal neural plate were expressed in 

striped domains.

The transition between radial and stripe organisation occurs at the mid-diencephalon

To determine which was the most rostral stripe, embryos were labelled with a 

number of genes expressed in either striped or radial arc-shaped domains. W hen embryos 

were double-labelled with anf, which is expressed in a crescent during late gastrulation, 

and flh, which is expressed in stripes, it was found that the posterior border of a n f  met the 

anterior border of/Z/z (Fig. 3.10F). Embryos were also double-labelled with/ZZz and the 

rostral marker pax6  (Fig. 3.10H) and it was found that flh  overlapped the posterior region 

of pax6. When embryos were double-labelled with a n f and pax6  (Fig. 3.101) it was found 

that p a x6  had a m ore caudal posterior border than anf. Em bryos were also double

labelled with fkd3 , which has a striped anterior border, and a n f {Fig. 3.10J) and it was 

found that the posterior border of a n f  and the anterior border of fk d 3  meet. Thus, the 

most rostral stripe in the neural plate during gastrulation appeared to be labelled dorsally 

by flh  and ventrally by fkd3.

3.2.4 Regulation o f an f expression

The regional organisation of the rostral neural plate is likely to be regulated by 

signals from the same tissues that have been shown to pattern more caudal regions of the 

neural plate. Studies of the caudal neural plate have implicated the axial m esoderm and 

the non-neural ectoderm as sources of patterning information. The gene a n f  is an early 

regionally restricted marker of the rostral neural plate so it was of interest to study the 

regulation of anf.

The axial mesoderm may be involved in the downregulation o f an f

The axial mesoderm has been shown to be important for regulating the expression 

of genes in the rostral neural plate, including otx2 (Ang and Rossant 1994). To exam ine 

if the axial mesoderm is involved in the downregulation of anf, embryos were double

labelled with a n f and an axial mesoderm marker, axial (Strahle et al 1993), shh (Krauss et 

al 1993) or an antibody to Fkd2 (W arga and Nusslein-Volhard 1999). Double-labelling 

with axial and a n f  (Fig. 3.11A,B), shh and a n f  (Fig. 3.11C,D) or Fkd2 and a n f  (Fig. 

3.1 1E,F) indicated that the axial mesoderm is beneath the a n f  expression domain at the

92



Figure 3.10 Gene expression in the rostral neural plate is organised  
into crescents or semi-circles and the caudal neural plate into stripes.

Embryos were labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left of 95% to 1 somite stage embryos.

A-E) rostrally expressed markers are expressed in a crescent or semicircle shaped domain, 

including: a n f {A); pax6  (B); rxB (C); six3 (D); and LH2A (E).

A ,B,D,F) caudally expressed markers are expressed in stripes, including: w n tl  (A); 

p a x lA  (B )\fg f8  (D); and/Z/i (F).

G) the marker svp46  is expressed in both rostral and caudal regions are expressed in semi

circles in the rostral neural plate and stripes in the caudal neural plate.

H) the posterior border of pax6  meets and may overlap the expression domain of flh .

I) the posterior border of a n f (purple) is rostral to the posterior border of pax6  (light blue). 

J) the posterior border of a n f meets the rostral border of fkd3.

Scale bar: 125pm.
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Figure 3.11 The m idline m esoderm  is beneath the a n f  expression  
domain before a n f  is dow nregulated .
Embryos labelled as whole mounts by in situ hybridisation (A-D) and then with 
Fkd2 antibody (E,F). Animal pole views with rostral to the left at 80% epiboly 

(A,C,E) or 95% epiboly (B,D,F).
A,B) the axial expression domain extended beneath the anf expression domain 
before (A) and during (B) anf downregulation.
C,D) the shh expression domain extended beneath the anf expression domain 

before (C) and during (D) anf downregulation.
E,F) Fkd2 epitope is expressed beneath the arc/expression domain before (E) and 

during (F) anf downregulation.
Scale bar: 125/on.





time when a n f  begins to be downregulated. Thus, the axial mesoderm is in a position to 

play a role in mediating a n f  downregulation. To analyse the role of the axial mesoderm 

in a n f regulation, an f expression was studied in two midline mutants, eye and oep.

a n f expression is similar in eye mutant and wild type embryos

eye mutant embryos (Hatta et al 1991a) lack the most rostral expression of midline 

m arkers, such as shh  (Krauss et al 1993), and have reduced expression of gsc (Fig. 

3.12A,B; Thisse et al 1994). Therefore, eye mutant embryos were used to analyse the role 

of the midline in an f regulation.

eye mutant embryos were double-labelled with a n f and shh. sh h  was used to 

identify eye  mutant embryos, a n f  was expressed in the same way in w ild type (Fig. 

3.12C) and eye mutant (Fig. 3 .12D) embryos. cm /downregulation also followed the same 

pattern in wild type (Fig. 3.12E) and eye mutant (Fig. 3.12F) embryos except for a small 

patch of a n f  expression retained at the midline. This patch of expression was due to a n f  

not shh as eye mutant embryos labelled with a n f also expressed it (data not shown). Thus, 

Cyc protein is not required to regulate a n f expression at the midline.

The neural plate is the same size in cyc mutant and wild type embryos

It is uncertain if cyc mutant embryos have wrongly specified midline cells or if 

they are absent (Macdonald et al 1995, Hatta et al 1991a, 1994). If the midline cells are 

present but wrongly specified the neural plate should be the same size in w ild type and 

cyc mutant embryos. However, if the midline cells are absent then the neural plate should 

be sm aller in wild type then in cyc mutant embryos, cyc mutant embryos labelled with 

cm/-(Fig. 3.12F), dlx3 (Fig. 3.13A), otx2 (Fig. 3.13B), six3 (Fig. 3.13C) and pax6  (Fig. 

3.13D) showed that the neural plate is the same size in mutant and wild type em bryos. 

This finding supports the idea that the m idline is present during late gastrulation but 

wrongly specified.

The midline o f  cyc mutant embryos is mis-specified

The midline of cyc mutant embryos express dorsal markers that are not normally 

present. svp46  was expressed broadly in the rostral neural plate but not the midline of 

w ild type em bryos (Fig. 3.13E). In cyc m utant em bryos svp46  was also broadly 

expressed in the rostral neural plate but including the midline (Fig. 3.13F). pax2.1  was 

not expressed in the midline of wild type (Fig. 3.13G) but was in the m idline of cyc 

m utant (Fig. 3.13H) embryos. In contrast, rtk l (Xu et al 1994) is normally expressed in 

the rostral midline of wild type (Fig. 3.13G) but is not expressed in the midline of cyc 

m utant (Fig. 3.13H) embryos. Thus, the midline of cyc mutant embryos expressed dorsal 

markers such as svp46 and pax2.1 instead of ventral markers such as r tk l. Therefore, the 

cyc m utant midline is wrongly specified as dorsal.
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Figure 3.12 cyc  em bryos express and dow nregulate anf.
Embryos labelled as whole mounts by in situ hybridisation. Animal pole views 
with rostral to the left. 95% epiboly (A-D) or 2s (E,F) stage embryos.
A,B) wild type gsc expression is reduced in cyc embryos.
C,D) shh expression extends further rostrally in wild type than cyc embryos.
E,F) anf is restricted to a crescent in the rostral neural plate in wild type and cyc 
embryos, except at the midline (arrowhead in F).
Scale bar: 125/cm.
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Figure 3.13 The neural plates of wild type and e y e  em bryos are the 
same size.
Em bryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left. Bud (A,C,D,G,H), 90% epiboly (B) or 95% epiboly (E,F) stages.

A-D) expression of neural plate markers dlx3, otx2, six3 and pax6  is indistinguishable in 

wild type and eye embryos.

E,F) svp46 is not expressed across the midline (arrowhead) of wild type but is across the 

midline of eye embryos.

G,H) r tk l  is expressed further rostrally in wild type than eye  em bryos. p a x 2 .1 is not 

expressed across the m idline (arrowhead) of wild type but is across the m idline o f eye 

embryos.

Scale bar: 125pm.
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a n f is expressed and downregulated in oep embryos but in a smaller domain

oep mutant embryos have defects in their ventral CNS and cyclopia (Schier et al 

1996a, Solnica-Kretzel et al 1996). Genes normally expressed in ventral midline cells in 

wild type embryos are absent anteriorly in oep mutant embryos. For example, gsc  was 

expressed strongly in wild type (Fig. 3.14A) but weakly in oep m utant em bryos (Fig. 

3.14B; Schier et al 1996a). oep  mutant embryos were used to analyse the role of the 

midline in a n f  regulation.

oep embryos were double-labelled with an f and shh. shh was used to identify oep 

mutant embryos, a n f  was expressed in a broader domain in wild type (Fig. 3.14C) then 

oep  mutant embryos (Fig. 3.14D). a n f  midline expression was dow nregulated in wild 

type (Fig. 3.14E) and oep  m utant em bryos (Fig. 3.14F). An ectopic patch of a n f  

expression was retained in the midline of oep mutant embryos that was lost in wild type 

embryos. These cells were expressing a n f  not shh, as oep mutant embryos labelled with 

a n f  alone also had the ectopic staining (data not shown). Thus, oep  m utant em bryos 

express a n f  in a smaller domain and downregulate expression at m idline apart from  a 

small ectopic region.

The rostral neural plate is smaller in oep mutant than wild type embryos

a n f labelling suggested that the rostral neural plate was smaller in oep mutant than 

in wild type embryos. dlx3 labelling showed that the wild type rostral neural plate (Fig. 

3.15A) was larger than oep mutant neural plate (Fig. 3 .15B). The expression of six3 (Fig. 

3 .15C,D) and pax6  (Fig. 3.15EJF) was dramatically reduced in the oep rostral neural plate 

com pared to wild type embryos.

The oep mutant caudal neural plate appeared to be less reduced than the rostral 

neural plate. Thepax2.1 stripes were a similar size in oep  and wild type neural plates 

(Fig. 3.15G,H). The posterior region of the svp46 (Fig. 3.15I,J) and otx2 (Fig. 3.15K,L) 

expression domains were similar in size in the caudal neural plates of wild type and oep 

mutant embryos.

Thus, oep mutant embryos have smaller rostral neural plates which are regionally 

organised and almost normal sized caudal neural plates.

The midline o f oep mutant embryos expresses dorsal genes

oep  mutant embryos were examined to determine if the midline is absent or mis- 

specified as observed in eye mutants. The midline of wild type embryos expressed rtkl 

but not pax2.1  (Fig. 3.15G). However, oep mutant embryos lacked r tk l expression in the 

rostral midline but had pax2.1 expressed across the midline (Fig. 3.15H). svp46  was also 

expressed across the midline of oep  mutant but not wild type embryos (Fig. 3.15I,J).
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Figure 3.14 oep  embryos express and dow nregulate anf.
Embryos labelled as whole mounts by in situ hybridisation. Animal pole views 

with rostral to the left. 90% epiboly (A,B), 80% epiboly (C,D) or bud (E,F) 
stages.
A,B) gsc expression in wild type embryos is reduced in oep embryos.
C,D) anf is downregulated in wild type and oep embryos, shh is not expressed as 
far rostrally in oep as wild type embryos.
E,F) anf is downregulated to a crescent in wild type and oep embryos, except for 
an ectopic patch of expression in oep embryos (arrowhead in F).
Scale bar: \25pm.





Figure 3.15 oep em bryos have sm aller rostral neural plates than wild 
type embryos.
Em bryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left. Bud (A,BJE,F), 80% epiboly (C,D,I,J), 90% epiboly (K,L) or 95% 

epiboly (G,H) stages.

A,B) dlx3  is expressed in a smaller rostral domain in oep than wild type em bryos but the 

caudal expression of dlx3 is normal in oep embryos.

C-F) the rostral markers six3 and pax6  are expressed in smaller domains in oep  than wild 

type embryos.

G,H) the midline marker r tk l is expressed to a less rostral extent in oep  than wild type 

embryos. pax2.1  is not expressed across the midline (arrowhead) in wild type embryos 

but is across the midline (arrowhead) of oep embryos.

I,J) svp46  is expressed across the midline of oep but not wild type embryos.

K,L) otx2 is expressed in a smaller domain in oep than wild type embryos.

Scale bar: 125pm.
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Thus, the midline of oep  mutant em bryos also expressed dorsal rather then ventral 

markers.

oep mutant embryos have a small fu sed  eyefield

oep mutant embryos have a small fused eye (Schier et al 1996a) which may be 

reduced because it develops from a small eyefield. The markers six3 (Fig. 3.15C,D) and 

pax6  (Fig. 3.15E,F) label the rostral neural plate, including the eyefield and diencephalon, 

and were expressed in larger domains in w ild type than oep  m utant em bryos. The 

eyefield marker, svp46 was split at the midline in wild type (Fig. 3.151) but not in oep  

mutant (Fig. 3.15J) embryos. Thus, oep mutant embryos have a small eyefield which 

fails to separate at the midline. Therefore, the analysis of a n f  expression in eye and oep 

mutant embryos showed that a n f  is relatively normally regulated in eye  and oep  even 

though the midline is mis-specified.

The embryonic shield does not determine the posterior border o f  a n f

The zebrafish embryonic shield expresses organiser specific genes such as gsc 

(Stachel et al 1993, Schutle-Merker et al 1994, Thisse et al 1994). Transplantation of the 

zebrafish organiser, the embryonic shield, to ectopic locations can induce secondary axes 

(Oppenheimer 1936, Shih and Fraser 1996, Koshida et al 1998). These secondary axes 

always retain the same AP orientation as the main axis (Koshida et al 1998). Secondary 

axes induced by transplanted shields were used to determine if signals em anating from 

the shield controlled the posterior border of anf. As the position of the ectopic shield 

varies along the animal to vegetal pole axis, the affect of the position of the shield on a n f  

expression was assessed. If the shield controlled the posterior border o f a n f, a n f  

expression would not be influenced by the position of the shield. H owever, if the 

posterior border was not controlled by the shield, the posterior border of anf m ight be the 

same as in the main axis.

Control sibling embryos did not express a n f  ectopically (n= 20; Fig. 3.16A,B). 

Shield transplants induced ectopic expression of a n f in 73% of the secondary axes (n=27; 

Fig. 3.16CJD). The ectopic a n f  expression was downregulated in the midline as was the 

usual expression domain. The posterior border of the ectopic a n f expression domain was 

the same as the normal a n f  expression domain and not affected by the position of the 

shield along the animal pole to vegetal pole axis. Likewise, in the secondary axes which 

ectopically expressed svp46  (n=9; Fig. 3.16E,F), the ectopic domain of svp46  expression 

was expressed with the same posterior border as the normal svp46  expression. The 

ectopic svp46  expression was downregulated in the midline as was the usual expression 

domain. Therefore, the posterior boundaries of a n f and svp46  expressed in the secondary 

axis were independent of the position of the shield.
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Figure 3.16 E ctop ica lly  placed em bryonic shields induce  
secondary axes which express a n f  and svp46.
Embryos, in which zebrafish shields were transplanted to ectopic locations at late 
dome stage, were fixed at late gastrulation for whole mount in situ hybridisation. 
Animal pole (A,C,E) or lateral (B,D,F) orientations with rostral to the left. All 
embryos 90% epiboly.
A,B) anf was not ectopically expressed in control embryos which did not have 
transplanted shields.
C,D) shield transplants induced secondary axes which expressed anf 
(arrowheads). The ectopically induced anf expression domain shared the same 

posterior boundary as the normal anf expression domain. Dots indicate the 
boundary of <2/2/ expression in the primary axis.
E,F) shield transplants induced secondary axes which also expressed svp46 
(arrowhead) with the same AP borders as in the primary axes. Dotted lines 
indicate the boundary of normal svp46 expression in the primary axis. 
Abbreviations: A, anterior; AP, animal pole; D, dorsal; P, posterior; V, ventral. 
Scale bar: 125/tm.
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Hensen's node is able to induce secondary axes which express but may not downregulate

a n f

To study the role of the axial mesoderm in regulating arc/expression, transplants 

of Hensen's node, the chick organiser, were used to induce a secondary axis in zebrafish 

embryos (Hatta and Takahashi 1996, Koshida et al 1998). It has previously been shown 

that Hensen's node transplants to other vertebrate species induce secondary axes which do 

not form axial mesoderm (Kintner and Dodd 1991, Koshida et al 1998).

Control sibling embryos did not have secondary axes or ectopically express a n f  

(n=20; Fig. 3.17A,B). a n f  was expressed in 67% of the secondary axes induced by 

Hensen's node (n=24; Fig. 3.17C,D) in addition to the usual expression domain. The 

secondary axes that did not express a n f  did not extend anteriorly as far as the AP level 

where a n f is expressed in the normal axis. The ectopic expression of a n f did not appear to 

be downregulated in the midline by bud stage, the latest stage examined.

Overexpression ofX bm p4 suppresses a n f

In addition to the axial mesoderm, the non-neural ectoderm  may also pattern the 

neural plate (Liem et al 1995, Dale et al 1997). bm p4  is expressed in non neuronal 

ectoderm adjacent to the neural plate from the start of gastrulation (Nikado et al 1997) so 

may regulate a n f . To determine if bmp4 regulates a n f  expression, Xbmp4  was ectopically 

expressed in zebrafish embryos (Neave et al 1997).

Control embryos, both uninjected and f ig a l  injected siblings did not have an 

alteration to a n f expression (n= 87; Table 3.1; Fig. 3.18AJB). However, 65% of embryos 

injected with Xbmp4  had reduced or a com plete loss of a n f  expression (Fig. 3.18C,D; 

Table 3.1; n= 96). Therefore, Xbmp4  is capable of suppressing a n f  expression in the 

neural plate.

dino mutant embryos express a n f in a smaller region

The secreted protein chordin is expressed within the neural plate during early 

development and may regulate the dorsoventral axis by antagonising bmp4 (Sasai et al 

1994, Piccolo et al 1996). dino mutant embryos (Hammerschmidt et al 1996) which have 

a mutation in chordin  that may be null (Schulte-Merker et al 1997) were used to test if 

chordin  regulates a n f  expression levels, a n f  and h o x A l  expression in wild type (Fig. 

3.19A) embryos was reduced in dino  mutant (Fig. 3.19B) embryos but retains the same 

spatial boundaries. In the same way, otx2 and hoxAl expression in wild type (Fig. 3.19C) 

em bryos was reduced in dino  mutant (Fig. 3.19D) em bryos w hilst retaining the same 

spatial boundaries. Thus, anf, otx2 and hoxA l are expressed in reduced domains in dino 

m utant embryos.
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Figure 3.17 H ensen's  node induced  secondary  axes w hich  exp ressed

anf:

Chicken organiser, the Hensen's node (HN), was transplanted into zebrafish embryos at 

dome stage and these embryos were fixed at late gastrulation for whole m ount in situ 

hybridisation. Animal pole (A,C) or lateral orientations (B,D) with rostral to the left. All 

embryos 90% epiboly.

A,B) control embryos which did not have HN transplants did not express a n f  ectopically 

C,D) HN induced secondary axes which expressed a n f (arrowhead). In the induced axes, 

a n f  was expressed with the same posterior border as in the primary axes.

Scale bar: 125pm.
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Figure 3.18 Xbm p4  suppresses a n f  expression.
Embryos injected at 2-4 cell stage with Xbmp4 or figal and fixed for whole mount 
in situ hybridisation. Animal pole views with rostral to the left. A,B,C) 90% 
epiboly or (D) 70% epiboly stages.
A,B) anf is expressed normally in uninjected and figal injected (B) control 
embryos.
C,D) anf expression is either reduced or abolished in Xbmp4 injected 

experimental embryos.
Scale bar: 125//m.
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Table 3.1 Expression of an f after Xbmp4 
overexpression

Reduced an f Normal an f
expression expression
no. of embryos no. of embryos

X-bmp4 injected 96 53
65% 35%

Uninjected 0 65
control 0% 100%

figal injected 0 22
control 0% 100%



Figure 3.19 an f  expression domain is reduced in dino embryos.
Em bryos labelled as whole mounts by in situ hybridisation.- Animal pole views 

with rostral to the left. 80% epiboly (A,B) or bud stage (C,D) embryos.

A,B) wild type a n f and hoxAl expression is reduced in dino embryos.

C,D) wild type otx2 (light blue) and hoxAl (purple) expression is reduced in dino 

embryos.

Scale bar: 125(Ltm.
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3.3 Discussion

3.3.1 anf is an early rostral neural plate marker

My studies found that anf is expressed in the rostral neural plate from  early 

gastrulation and by 24h anf is expressed in the telencephalon and prospective anterior 

pituitary. The expression of anf in the zebrafish neural plate and forebrain was consistent 

with the expression of homologs of anf in other species, including XANFJ in Xenopus 

(Zariasky et al 1995) and hesxl in mouse (Hermesz et al 1996, Thomas and Beddington

1996). However, hesxl is also expressed in the extra-em bryonic anterior visceral 

endoderm (AVE) before neural plate expression is induced (Thom as and Beddington

1996). The AVE has been shown to be required for anterior patterning and may act by 

inducing an anterior organiser (Ruiz i Altaba 1998). The zebrafish does not have an AVE 

but it has been proposed the YSL performs the same function (Houart et al 1998). M y 

study of the YSL showed that the YSL expresses the AVE marker hex and thus supports 

the theory that the AVE and YSL are functionally equivalent. However, my finding that 

anf is not expressed in the YSL suggests either anf does not perform the same function as 

the murine AVE m arker hesxl or there may be another a n f  related gene w hich is 

expressed in the YSL. My characterisation of a fish line which does not express anf 
supports this second possibility (Chapter 4).

3.3.2 AP boundaries in the neural plate

I have found there are at least three AP boundaries in the zebrafish neural plate by 

early gastrulation. The finding that AP patterning is present in the neural plate from early 

gastrulation is earlier than suggested by commitment studies (Ho and Kimmel 1993, W oo 

and Fraser 1997) but in agreement with fate and specification studies (W oo and Fraser 

1995, Grinblat et al 1998). The reason for the different findings of these studies may be 

because they analyse different steps in the regionalisation process. Com m itm ent studies 

examine the later steps of regional organisation but gene expression, fate maps and tissue 

specification studies look at the earlier steps leading to these com mitment decisions. The 

finding that gene expression and fate mapping studies agree when AP pattern is first 

assigned may be because neural plate cells do not mix much after the onset of gasrulation 

(W arga and Kimmel 1990) so cells of similar potential stay together even before they 

have begun to make fate decisions.

The prevailing model of AP patterning, the Two Signal M odel (review ed by 

Doniach 1995), maintains that during gastrulation prospective posterior neuroectoderm is 

initially specified as anterior and subsequently respecified as posterior (Eyal-Giladi 1954, 

Sive et al 1989, Ang and Rossant 1994). My finding that at early gastrulation anterior
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(anf, otx2) but not posterior (hoxA l ,fkd3) markers were expressed in the rostral, but not 

caudal, neural plate suggests the entire neural plate has at least partial AP pattern by early 

gastrulation. As the two signal model predicts the neural plate should begin as all anterior 

my findings do not support the two signal model. This does not rule out the possibility 

that the caudal neural plate is specified as anterior before gastrulation, but it is unlikely as 

genes such as hoxAJ are regionally expressed at the very onset of gastrulation (Alexandre 

et al 1996). To be more certain of the AP patterning at early gastrulation requires the 

analysis of further early markers with restricted expression patterns, but at the time of the 

study, further markers were not available.

My finding that there are fewer AP boundaries at early gastrulation then late 

gastrulation suggest AP identity is acquired gradually. The precise num ber o f AP 

boundaries identified in my gene expression study must be regarded as provisional, as 

there are certainly more markers yet to be identified, which may delineate additional AP 

boundaries. The fine detail of the AP pattern of the neural plate appears to be induced in 

distinct phases as genes are expressed either at the start of gastrulation, such as otx2 and 

anf, or near the end, such as pax6  or rxB. The induction of organising centres may be 

responsible for patterning the neural plate particularly during later stages, as demonstrated 

for the midbrain (Crossley et al 1996).

To understand the importance of early AP boundaries to subsequent development 

requires labelling them at early gastrulation and exam ining these em bryos at 24h to 

determ ine their fate. An identification of boundaries that persist into later stages and 

correlate with morphology would suggest these early boundaries are o f im portance to 

neural development.

It is not known how the AP boundaries are established, but studies o f AP 

patterning of the hindbrain suggest rhom bom eric boundaries are regulated by eph  

signalling mediated cell sorting (Xu et al 1999, M ellitzer et al 1999). Overexpression 

studies of r tk l  suggest eph  signalling is involved in defining the diencephalon and 

eyefield territories (Xu et al 1996). Overexpression of eph  ligands or blocking eph  

signalling in local regions of the rostral neural plate during early gastrulation, as done in 

the hindbrain (Xu et al 1999), should reveal if eph signalling is involved in establishing 

the AP boundaries during early gastrulation. However, at present there are no eph  genes 

with an appropriate early expression pattern in the neural plate.

3.3.3 Development o f the prospective midbrain

Using gene expression domains, I identified a region of the neural plate during 

gastrulation bordered by the prospective m id-diencephalon and prospective rostral 

hindbrain. On the basis of gene expression, this region was thought to contain the
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prospective midbrain. I also defined a sim ilar region after gastrulation using gene 

expression boundaries which was thought to contain the prospective midbrain.

I found that this region of the neural plate remained small during gastrulation and 

expanded during early to mid-somitogenesis stages. Fate mapping of the zebrafish neural 

plate during gastrulation has shown that the presum ptive midbrain occupies a small 

region which expands along its AP axis due to the cell movements of dorsal convergence 

(W oo and Fraser 1995). However, such fate mapping studies do not show when the 

prospective midbrain is induced. There is evidence that the midbrain is induced by an 

interaction between the hindbrain and forebrain (Nieukwoop and Albers 1990). Thus, it 

is interesting to speculate that the reason the region of the neural plate containing the 

prospective midbrain rexpands after gastrulation is because this is when the midbrain is 

induced. However, borders of gene expression cannot be used as fate m arkers. 

Therefore, to determine if the gene expression borders are adjacent to the presum ptive 

midbrain requires fate-mapping the borders to a stage when morphological criteria can be 

used. To determine if midbrain induction involves an interaction between the forebrain 

and midbrain the prospective forebrain or hindbrain could be ablated at early gastrulation 

to determine the effect on midbrain development. An alternative explanation to why the 

prospective midbrain expands is that there is a localised increase to cell division 

increases. The role of cell division in neural plate development is exam ined in Chapter 5.

3 .3 .4  The rostral and caudal regions o f  the neural p la te  are differently  

organised

The ventral midline does not extend to the rostral tip o f  the neural plate.

The ventral midline has been shown to be im portant for DV patterning o f the 

caudal neural plate in previous studies (reviewed by Tanabe and Jessel 1996). However, 

it is not clear how far the ventral midline extends, and thus is able to pattern, the rostral 

neural plate (reviewed by Shimamura et al 1995). In various models it has been proposed 

that the midline either extends to the tip of the rostral neural plate (non convergent model; 

Keyser 1972) or stops somewhere short of the tip of the rostral neural plate (convergent 

model; Puelles 1995). The different outcomes affect how the forebrain is patterned along 

the DV axis and may contribute to the differences in the organisation of the forebrain 

com pared with more caudal regions of the neural plate. My finding that the ventral 

midline does not extend to the rostral tip of the neural plate during gastrulation supports a 

convergent model of rostral neural plate patterning. During gastrulation, the midline may 

send patterning signals radially in the rostral neural plate and orthogonally in more caudal 

regions (Fig. 3.20A). Studies of neural plate patterning in mice and chick have com e to 

similar conclusions (Shimamura et al 1995, Puelles 1995).
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Figure 3.20 The rostral neural plate is differently to the caudal neural 
plate.
Schematic animal pole views of the neural plate at the end of gastrulation with rostral to 

the left.

A) Gene expression studies suggest the midline of the neural plate does not extend to the 

rostral tip of the neural plate. The most rostral midline may send patterning information 

(red arrows) in a radial m anner to the rostral neural plate and the caudal midline send 

patterning information orthogonally in the caudal neural plate.

B) Genes are expressed in a different way in the most rostral neural plate than in more 

caudal regions of the neural plate. Many genes including anf, pax6, rxB, six3  and LH2A  

are expressed in crescent or curved shaped domains (radial, red) in the rostral neural 

plate. In caudal regions, genes including, w n tl ,  pax2.1 ,fg f8  and flh  are expressed in 

striped domains (blue).
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Studies of the rostral patterning of the chick have suggested the PCP mediates DV 

patterning in the rostral neural plate in an analagous way to the notochord more caudally 

(Dale et al 1997, 1999). The signals involved have been shown to be shh  and BM P7  

produced by the PCP (Dale et al 1997). Recent studies suggest rostral midline cells are 

initially specified as caudal midline and respecified when chordin is downregulated in the 

PCP (Dale et al 1999). In chick, it has been shown that the ventral m idline m igrates 

rostrally after lateral regions of the neural plate have m igrated so the rostral ventral 

midline cells may arrive at an anterior position too late to be influenced by the anterior 

organiser (Dale et al 1999). A similar late migration rostrally of the ventral midline has 

also been shown in zebrafish (Woo and Fraser 1995, Heisenberg and N usslein-V olhard

1997) and I found that the shh labelled ventral midline extends to the tip of neural plate 

after gastrulation. Therefore, it is likely that sim ilar mechanisms are used to regulate 

rostral ventral midline in zebrafish and other vertebrates and that the rostral m idline is 

intitally specified as caudal and respecified as rostral during later stages.

The rostral neural plate is organised into radial arcs and caudal regions is organised  

into stripes

My study showed that rostral to the mid-diencephalon the neural plate is organised 

into radial domains whereas it is striped in caudal regions (Fig. 3.20B). Previous studies 

have suggested that the neural plate rostral to the mid-diencephalon is different to caudal 

regions. For instance, transplantation experiments have shown that neural plate caudal to 

the mid-diencephalon is competent to form midbrain but rostral to the mid-diencephalon 

it cannot (M artinez et al 1991, Crossley et al 1996). Furtherm ore, in mbl m utant 

embryos, the rostral neural plate is respecified as diencephalon with the characteristics of 

the mid-diencephalon and/Z/z expression suggests the rostral neural plate retains a radial 

organisation (Masai et al 1997). Other studies which block eph  tyrosine kinase receptor 

signalling (Xu et al 1996) have found that defects occur rostral, but not caudal, to the 

m id-diencephalon. The differences between the neural plate rostral and caudal to the 

m id-diencephalon may be because the anterior neural plate is patterned by an anterior 

organiser (Houart et al 1998). It is unclear why different mechanisms of organisation 

should operate in rostral and caudal regions of the neural plate or if these lead to 

differences in the CNS during later development.

3.3.5 Regulation o f AP patterning

a n f induction

a n f is one of the earliest regionally restricted markers of the rostral neural plate. I 

used a n f  to analyse the signals involved in the induction and regulation of early rostral 

neural plate markers. My study found that the midline mesoderm, including the PCP, is
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not needed to induce a n f expression and there may be a prepattern in the ectoderm which 

controls AP pattern of the neural plate.

It has been suggested that the rostral neural plate is patterned by the rostral axial 

mesoderm (Ang and Rossant 1994, Blitz et al 1995) and it has recently been shown that 

the notochord has AP pattern (Prince et al 1998c). My analysis of the expression of a n f  

and other rostral neural plate markers in the mutant eye, which lacks the rostral axial 

meosderm (Hatta et al 1991a, 1994), suggested the axial m esoderm  is not needed to 

induce rostral markers.

It has also been suggested the PCP is involved in rostral neural plate patterning 

(for instance, Dale et al 1999). As oep embryos do not form a PCP (Schier et al 1996a) 

these were used to study the role of the PCP in rostral neural plate patterning. Rostral 

neural plate markers were found to be expressed at normal levels in o ep  em bryos 

although their expression domains were sm aller than normal. The size of the rostral 

neural plate was analysed in both oep and eye embryos and it was found to be normal in 

eye but smaller in oep  embryos. As oep  is expressed before gastrulation (Zhang et al 

1998), the reduced domain of a n f expression is probably caused by the size of the neural 

plate rather then the absence of the PCP. Previous studies have shown the rostral neural 

plate marker opl is expressed without the PCP (Grinblat et al 1998).

To further analyse the influence of the midline on a n f  induction, secondary axes 

were induced in wild type embryos which lacked the axial mesoderm . H eterospecfic 

transplants of the chick organiser, H ensen's node, into zebrafish em bryos induced 

secondary axes which lacked the axial mesoderm, including the PCP (Kintner and Dodd 

1991, K oshida et al 1998). These axes induced a n f  expression, which agreed with 

previous studies of otx2 induction by ectopic Hensen's node (Koshida et al 1998), and 

with the eye and oep  results. Therefore, the expression of rostral neural plate markers, 

such as anf, does not depend on the rostral axial mesoderm or PCP.

Transplants of the embryonic shield showed that the expression of a n f  is induced 

by the embryonic shield, in agreement with previous studies of otx2 induction (Koshida et 

al 1998). These studies also indicated AP pattern does not depend on the shield but may 

be the consequence of a prepattern in the epiblast. Transplanted shields or H ensen's 

nodes induced a n f which was expressed with an AP identity independant of the inducing 

shield or node. The posterior border was at equivalent lattitude to the endogenous 

expression in the dorsal side of the embryo. A possible source of the AP prepattern is the 

non-axial mesoderm germ ring which may act by providing posterior identity (W oo and 

Fraser 1997, Koshida et al 1998). It is not certain how much of the AP pattern in the 

neural plate is due to the prepattern or if this provides an approxim ate pattern w hich is 

refined by signals from other sources, such as an anterior organiser (Houart et al 1998).

Downregulation o f an f expression
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a n f  expression is likely to be tightly regulated as a n f  is dow nregulated in a 

com plex way. The most likely sources of regulatory signals are the underlying axial 

mesoderm, which expresses the signalling molecule shh  (Krauss et al 1993), and the 

adjacent non-neural ectoderm, which expresses the signalling molecule bmp4  (Liem et al 

1995, Dale et al 1997). The roles of the axial mesoderm and the non-neural ectoderm in 

rostral neural plate patterning were studied by overexpressing bm p4, and analysing 

midline mutants.

Double-labelling embryos with markers of the axial mesoderm and a n f  indicated 

that the axial mesoderm is in a position to play a role in mediating arc/‘downregulation. 

However, the finding that most of a n f expression was downregulated normally in eye and 

oep mutants suggested the rostral axial mesoderm was not needed to downregulate anf. 

The exception to this was a small region of a n f expression was retained at the midline of 

eye and oep embryos. The reason for ectopic a n f in the midline of eye and oep embryos is 

uncertain. To determine what these cells form at later stages may be useful to elucidate 

why they do not dow nregulate a n f  and could be done by labelling them  at late 

gastrulation and analysing embryos at 24h. It has been shown that eye  em bryos have 

defective midline cell migration (Varga et al 1998) so the ectopic a n f  may be caused by a 

failure of a number of a n f  expressing cells to migrate.

Transplants of the chick organiser, Hensen's node, induced secondary axes which 

lacked the axial mesoderm, a n f  expression was not downregulated in these secondary 

axes by the end of gastrulation which is suggests that the axial m esoderm  is needed to 

dow nregulate a n f  in contrast to the results from m idline m utants. H ow ever, the 

developm ent of the Hensen's node induced secondary axis is likely to be slower relative 

to the normal axis and may have led to the apparent absence of £m /downregulation. To 

examine this further, Hensen's node transplants should be carried out at earlier stages or 

left to develop for longer before examining a n f expression.

In addition to axial mesoderm, it is likely that a n f  is also regulated by the non- 

neural ectoderm adjacent to the neural plate. Overexpression of Xbm p4  in Xenopus  and 

zebrafish has previously been shown to expand ventral tissues and reduce neural plate 

markers (Neave et al 1997, Nikado et al 1997) and was found in this study to reduce or 

abolish a n f  expression. BMPs interact with chordin  to regulate neural plate induction 

(P iccolo et al 1996) and the dino  phenotype is caused by a m utation to c h o rd in  

(Hammerschmidt et al 1996, Schulte-M erker et al 1997). The dino  mutant phenotype is 

similar to the effects of bmp4  overexpression (Hammerschmidt et al 1996) and this study 

found that a n f  and other neural plate markers, such as otx2, are expressed in sm aller 

dom ains then usual in dino  embryos. Thus, bm p4  and chord in  appear to interact to 

m ediate neural plate patterning. A number of studies have suggested BM Ps act as 

diffusible long-range signals (reviewed by Smith 1996b) and are involved in patterning 

the lateral, but not medial, neural plate (Liem et al 1995, Dale et al 1997). Thus, the
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finding that BMP signalling was able to downregulate a n f  across the entire neural plate 

was unexpected as an f is only normally downregulated in the medial neural plate which is 

adjacent to the bmp4  expressing non-neural ectoderm (Nikado et al 1997). However, 

bmp4 is weakly expressed in the PCP in addition to the non-neural ectoderm (Nikado et al

1997) so may act locally to downregulate a n f in the overlying medial rostral neural plate. 

It would be interesting to examine BM P signalling in the rostral axial midline of mutants, 

such as eye and oep , to determine if bmp4 is expressed and able to provide DV patterning 

information in the rostral neural plate.

A further potential source of dow nregulatory signals is the Row 1 anterior 

organiser (Houart et al 1998) which may be required to downregulate a n f  expression. 

Row 1 is likely to be retained in midline mutants, for example oep embryos express the 

telencephalic marker em xl (data not shown), which is regulated by Row 1 (Houart et al

1998). The role of Row 1 in regulating a n f  expression was not tested but could be done 

by ablating Row 1 at mid-gastrulation and determining if arc/expression is downregulated 

normally towards the end of gastrulation.

3 .3 .6  Comparison between gene expression , fa te  maps and specifica tion  
studies

My gene expression study identified three sharp AP boundaries during early 

gastrulation (Fig. 3.21 A). Fate mapping studies of the zebrafish neural plate at early 

gastrulation (Kimmel et al 1990, W oo and Fraser 1995; Fig. 3.21B) also find that the 

regions are in the correct AP order but they overlap considerably. Specification studies of 

the zebrafish neural plate (Grinblat et al 1998) suggest the AP order is present at mid- 

gastrulation but, as with the fate maps, these regions overlap. In contrast, gene expression 

suggests that the neural plate has acquired several sharp AP boundaries by early 

gastrulation (Fig. 3.21 A). Fate and specification studies also find AP pattern at early 

gastrulation but do not find such sharp AP boundaries. The reason for this difference may 

be because although early AP boundaries are sharp, the regions they define are 

subdivided by late gastrulation. For instance, the a n f  expression dom ain at early 

gastrulation is likely to encompass the prospective telencephalon, at least part o f the 

prospective diencephalon and the eyefield. Fate maps show where cells for these regions 

are at a given time point, but do not say when they are finally determined. Specification 

studies give similar information to gene expression studies as they say when cells begin to 

acquire regional identity. Thus, the AP boundaries of gene expression at early 

gastrulation, are probably the initial divisions of the neural plate and further divisions are 

made before fate is specified.

The brain regions defined by gene expression at early  gastru la tion  are 

approxim ations based on where the genes studied are expressed at later stages. These
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-F igure 3.21 Gene expression and fate maps define sim ilar regions  
within the rostral neural plate.
Summaries of gene expression at early (A) and late (C) gastrulation. Summaries of fate 

maps of early (B) and late (D) gastrulation.

A,B) at early gastrulation, gene expression suggests the most rostral neural plate contains 

a mixture of prospective telencephalon (red) and retina (green). The fate map identifies a 

separate region of telencephalon rostrally with a mix of retina and telencephalon caudally 

(B). The diencephalon (black) and m idbrain (orange) cannot be resolved with the 

available markers, so are shown as overlapping. The caudal hindbrain (purple) and the 

midbrain cannot be resolved with the available markers, so are shown as overlapping.

C,D) at late gastrulation, the telencephalon and retina are mostly separate domains in the 

gene expression (C) and fate map (D) studies. The AP order of the brain regions is 

defined with fairly sharp boundaries in both studies. The diencephalon extends into the 

rostral midline in the retina in both studies.

Key to colours: red, telencephalon; green, retina; black, diencephalon; orange, midbrain; 

purple, hindbrain. Arrows label the midline in (B) and (D).

B,D) are adapted from W oo and Fraser (1995).
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gene expression boundaries may change during subsequent development or the regions 

assigned may be inaccurate. For instance, although results from my gene expression 

study at early gastrulation suggest the retina overlaps with the telencephalon (Fig. 3.21 A), 

a number of studies suggest the retina arises from the diencephalon, perhaps mediated by 

eph signalling (Xu et al 1996). Thus, further markers are required which are present 

during early gastrulation to define the brain regions more precisely.

I did not find evidence of DV patterning of the rostral neural plate at early 

gastrulation with any of the markers analysed. Fate maps of zebrafish (Kimmel et al 

1990, Woo and Fraser 1995; Fig. 3 .2 IB) suggests that an approxim ate DV pattern is 

present at early gastrulation with dorsal always lateral to ventral. As with AP patterning, 

it may be that the apparent DV pattern in these fate maps is established because cells do 

not mix much in the neural plate (W arga and Kimmel 1990) so appear to be regionally 

organised before they have acquired any regional identity (Wilson et al 1993, W oo and 

Fraser 1995) as reported in Xenopus (Keller 1975; 1976). To clarify when DV regional 

identity is established requires combined fate mapping and analysis of gene expression, 

ideally in living embryos. These experiments would show the relationship between the 

expression of regionally restricted markers in the DV axis, such as flh , and the acquisition 

of the appropriate position in the neural plate.

By the end of gastrulation, the gene expression study and fate m apping studies 

agree that AP and DV pattern is established (Fig. 3.21C,D; W oo and Fraser 1995). Along 

the AP axis, the main regions are defined and in the appropriate order in both gene 

expression (Fig. 3.21 C) and fate mapping (Fig. 3.21D) studies. There is less overlap 

between regions in the fate map and the gene expression study shows the regions defined 

at early gastrulation have become subdivided. Recent studies of zebrafish mutants which 

affect the patterning of the hindbrain, such as valentino (■val\ M oens et al 1996), have 

shown there is a similar gradual acquisition of AP identity in the hindbrain, val mutants 

fail to form rhombomeres r5 and r6 but form a precursor rX instead which has some 

features of both r5 and r6 (Moens et al 1996). Analysis of hox gene expression has shown 

that val is needed to subdivide the prospective r5/r6 territory and regulated AP identity 

through the control of hox gene expression (Prince et al 1998b). It is likely that genes 

acting like val subdivide AP regions in the rostral neural plate.

DV patterning is present in both gene expression and fates maps by the end of 

gastrulation (Fig. 3.21C,D). The axial mesoderm has been shown to be an im portant 

source of DV information (reviewed by Tanabe and Jessell 1996). In zebrafish the axial 

mesoderm migrates beneath the neural plate during gastrulation (Kimmel et al 1995) so 

the migration of the axial mesoderm probably affects the timing of DV paterning. In the 

most rostral regions of the neural plate, it has been found that the PCP provides ventral 

patterning information (Dale et al 1997) and the PCP migrates beneath the rostral neural 

plate during gastrulation (Kimmel et al 1995). However, studies showing the rostral
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ventral midline acquires DV identity late (Dale et al 1999) and my finding that the ventral 

m idline of zebrafish does not reach the tip of the neural plate until after gastrulation, 

suggests the DV pattern in the rostral neural plate is only partially established by the end 

of gastrulation. Indeed, both my gene expression study and the fate map (Woo and Fraser

1995) at late gastrulation, suggest the midline of the prospective diencephalon does not 

extend to the rostral tip of the neural plate. Therefore, the results o f fate maps and 

com m itm ent studies agree with my gene expression study that the DV regional 

organisation begins to be established by the end of gastrulation.

In summary, during my analysis of the regional organisation of the rostral neural 

plate I have shown that sharp AP gene expression boundaries are present in the neural 

plate at early gastrulation. I have also found that there are differences in the organisation 

of the rostral and caudal regions of the neural plate. I have also studied the regulation of 

regional gene expression using the transcription factor a n f  as an exam ple of an early 

rostral neural plate marker.
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CHAPTER 4

CHARACTERISATION OF THE ANFLESS FISH LINE 

4.1 Introduction

One of the most useful tools to study developmental biology has been the analysis 

of mutant lines. In zebrafish, the technology to generate mutations to specific genes is 

not yet available (Schier et al 1996b). Many groups have therefore taken the approach of 

random mutagenesis followed by positional cloning to find novel developm ental genes 

(see Chapter 6; D riever et al 1996, Haffter et al 1996). In addition, many useful 

m utations, have occurred spontaneously, such as f lh  (Talbot et al 1995). Thus, 

chemically induced and spontaneously occurring mutations have been useful for studying 

zebrafish development.

A difficulty of studying development by mutagenesis screening is that genes with 

redundant functions which produce a partial phenotype or no phenotype at all, are not 

isolated with this strategy (Haffter et al 1996). Gene redundancy can be caused by a 

number of reasons, including gene duplication which generates two copies o f a gene with 

overlapping, or identical, expression patterns and functions. However, duplicate genes 

will only be retained if they confer a selective advantage to the organism.

One mechanism which causes duplicate genes to be retained is when the duplicate 

copy of a gene becomes mutated leading to a change to its expression pattern or function. 

For instance, in mammals there are several form s of the globin gene which have an 

essential function in the embryonic, fetal or adult blood. These related forms of the 

globin gene are thought to have arisen by tandem gene duplication from a single ancestral 

globin gene. The globin genes have been m aintained because they are expressed and 

function at different times. However, not all duplicated genes acquire a new function. 

For instance, in the globin gene clusters there are several globin pseudogenes, with close 

homology to functional globin genes, but which are disabled by mutations that prevents 

their expression. It is not uncommon to find pseudogenes as not every random gene 

duplication event leads to new functional genes (W olpert et al 1998).

M embers of the hox  gene complex provide a clear example of gene duplication. 

hox genes contain a characteristic 180 nucleotide motif, the homeobox, which encodes a 

helix -tu rn-helix  dom ain involved in transcrip tional regulation, h o x  genes are 

characterised by being organised into clusters and are expressed along the AP axis in 

register with their order in the hox  gene complex (W olpert et al 1998). Studies of hox  

genes in a number of species suggest that there was a set of as many as ten genes in the 

single hox cluster in the ancestor of all metazoan species (de Rosa et al 1999, M artindale 

and Kourakis 1999). A m phioxus, the closest surviving relative to the ancestor of
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chordates, has one hox  cluster but mammals have four clusters of hox  genes, each on a 

different chromosome. These four hox clusters probably arose from a single ancestral 

cluster through two genome duplications. Recently, it has been shown that there are 

seven hox clusters in zebrafish which are thought to have arisen by an additional gene 

duplication in the ancestor of teleost fish (Postlethwait et al 1998). These additional 

zebrafish hox genes may have acquired new roles which may have led to the diversity of 

the morphology of modern teleosts (W ittbrodt et al 1998). Thus, gene duplication has 

been shown to be an important mechanism for the evolution of novel genes.

In this chapter I characterise a line of fish that do not express the hom eobox gene 

anf. These a n f minus embryos did not appear to have an early phenotype so I exam ined 

them for late defects. However, after an extensive analysis I have been unable to find any 

defects. The reasons for the absence of a phenotype are unknown but may be related to 

the finding of extra copies of many genes in teleost fish in comparison with mammals.

4.2 R esults

4.2.1 anf is not expressed in a sub-population ofoep embryos

a n f expression was studied in the midline mutant oep. In one cross, three different 

expression patterns were found when embryos were labelled with a n f  (Fig. 4.1; Chapter 

3). Embryos either expressed a n f  in the wild type expression pattern (Fig. 4.1 A; 43%, 

n=13), they expressed a n f  in a reduced domain (Fig. 4 ,IB; 26%, n=8) or they did not 

express a n f at all (Fig. 4.1C; 30%, n=9). As oep  has been reported to be a recessive 

mutation (Schier et al 1996), the finding that a n f was either expressed in a reduced 

domain or not expressed at all in 56% of embryos produced by a cross betw een oep  

carrier fish was unexpected.

To determine if the embryos that did not express a n f  were wild type siblings or 

oep  mutant embryos, an independent method to distinguish between wild type and oep 

m utant embryos was needed. It has been shown that the axial m esoderm  m arker shh  

(Krauss et al 1993) is absent in the anterior midline of oep embryos (Chapter 3, Schier et 

al 1997). Thus, shh expression was used to unambiguously identify oep  m utant embryos. 

W hen em bryos produced by crosses between pairs of oep  carrier fish were double

labelled with a n f  and shh at several developmental stages, four patterns of expression 

were found. In all stages examined, 59% (n=87) expressed both a n f  and shh  in the wild 

type patterns (Fig. 4. ID), 24% (n=35) expressed both a n f  and shh  in a reduced pattern 

(Fig. 4. IE) and 17% (n=25) did not express a n f but expressed shh in either the wild type 

(Fig. 4 . IF) or oep pattern (Fig. 4.1G). Thus, as expected from a cross between a pair of 

oep  carrier fish, a quarter of the embryos had a reduced shh expression pattern and so 

were likely to be oep  mutant embryos. However, in addition to the em bryos with a
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Figure 4.1 a n f  is not expressed  in a subset o f  oep  embryos
Embryos labelled as whole mounts by in situ hybridisation with anf{ A-C) or anf and 
shh (D-G). Animal pole views with rostral to the left of 80% epiboly stage embryos. 
A-C) oep carrier fish generated embryos with wild type, oep mutant or no anf 
expression.
D-G) double-labelling of embryos from oep carrier fish gave: wild type anf and shh; 
oep anf and oep shh which has a less rostral anterior extent; wild type shh without 
anf; or oep shh without anf patterns.
Scale bar: 125//m.
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reduction in a n f expression, a proportion of wild type and oep mutant em bryos did not 

express a/r/'at all.

To confirm that a quarter of the embryos generated by crosses between pairs of 

oep carrier fish were oep mutants, embryos from the crosses were allowed to develop to 

24h. At 24h, it was found that a quarter (24%, n=25) of the em bryos had the oep  

phenotype and the remaining embryos were wild type. Thus, the reduced expression 

pattern of a n f  observed in both the a n f  single labelling (Fig. 4. IB) and the a n f  and shh 

double-labelling (Fig. 4.1E,H) correlated with the num ber of em bryos with the oep  

phenotype. Therefore, the absence of arc/expression in a proportion of the em bryos from 

a pairing between oep carrier fish was probably not due to the oep  mutation. As only a 

quarter of the embryos from pairings between oep carrier fish had a phenotype at 24h, the 

absence of arc/expression did not appear to correlate with an early developmental defect.

4.2.2 Boston oep alleles do not express anf

To determine if the failure to express a n f  was caused by oep , or due to the 

background line in which the oep fish had been outcrossed, it was necessary to study a n f  

expression in the same oep alleles maintained in another facility. Two oep  alleles were 

obtained from the facility at New York U niversity, these were the point m utation 

oeptz257, (which was the same as the KCL oep  allele) and a deletion m utant o epzJ. 

Embryos from crosses between oepz 7 and oeptz257  carrier fish were double-labelled with 

a n f and shh (Fig. 4.2).

In o e p tz2 5 7 t three patterns of a n f  expression were found, w ith 45%  (n=14) 

embryos expressing a n f and shh normally (Fig. 4.2A), 19% (n=6) expressing a n f  and shh 

in a reduced domain (Fig. 4.2B) and 35% (n=l 1) not expressing a n f  at all but expressing 

shh in the wild type pattern (Fig. 4.2C). Therefore, the o e p tz-257  line lacked a n f 

expression when maintained at either NYU or KCL. Unexpectedly, the same result was 

found in the oepz 1 with 39% (n=26) expressing a n f  and s h h  norm ally, 14% (n=9) 

expressing a n f and shh in a reduced domain, and 47% (n=31) not expressing a n f  at all but 

expressing shh in the wild type pattern. Therefore, both of the oep alleles analysed, did 

not express anf. These results suggested that the absence of a n f expression in oep was not 

due to a background mutation but may be linked to the oep mutation. To determine if a n f 

expression was only lost in oep  alleles, a n f  expression was analysed in several other 

m utant lines.

4.2.3 an f expression is lost in several mutant lines

To determine if the failure to express a n f was confined to the oep mutant line, a n f 

expression was analysed in other mutant lines isolated during various screens, silberblick
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Figure 4.2 a n f  is not expressed  in a subset o f  oep  em bryos from  
NYU, s ib , ace  or kas  em bryos.
Embryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left. A-C, F,G) 90% epiboly. D,E, H,I) bud.
A-C) oep^z257 embryos, from NYU, have wild type, oep mutant or no arc/expression. 

D,E) sib homozygote mutants either express or do not express anf.
F,G) ace 'fembryos either express or do not express anf.
H,I) kas*tmbryos either express or do not express anf.
Scale bar: 125/un.
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0 lb) is a m utation affecting dorsal convergence identified during the T ubingen 

mutagenesis screen (Heisenberg and Nusslein-Volhard 1997). W hen some crosses of 

hom ozygote sib embryos were double-labelled with a n f  and ntl (Schutle-M erker et al 

1994), 55% (n=48) of embryos expressed a n f in a slightly abnormal pattern (Fig. 4.2D) 

and 45% (n=39) embryos failed to express a n f at all (Fig. 4.2E). As these embryos were 

all sib homozygotes, an additional mutation was probably causing the absence of anf. a n f  

expression was also analysed in acerebellar (ace; Brand et al 1996) em bryos and 

knollnase (kas; Heisenberg et al 1996) embryos which were isolated during the Tubingen 

screen. As with s ib , it was found that a small proportion of em bryos from  crosses 

between a ce  (Fig. 4.2F,G) or kas (Fig. 4.2H,I) heterozygous carriers lacked a n f  

expression but that these embryos were not ace or kas mutants. Therefore, a n f expression 

was lost in the Tubingen mutant lines sib, ace and kas.

Although an f was absent in sib, ace and kas, not all Tubingen mutant lines showed 

an absence of a n f  expression. Analysis of a n f  expression in the m bl (Heisenberg et al

1996) mutant line isolated in the Tubingen screen, showed that a n f  was expressed in mbl 

mutant and wild type sibling embryos (Fig. 4.3A,B). Furthermore, the m utants squin t 

(sqt; Heisenberg and Nusslein-Volhard 1997; Fig. 4.3C,D) and dino  (Ham m erschm idt et 

al 1996; Chapter 3) which were identified during the Tubingen screen, also expressed a n f 

in all of the embryos analysed, a n f was also found to be expressed in the mutant and wild 

type embryos of knypek  (kny ; Solnica-Krezel et al 1996; Fig. 4.3EJF) and trilobite (tri; 

Solnica-Krezel et al 1996; Fig. 4.3G,H) lines which were identified during the Boston 

mutagenesis screen (Dreiver et al 1996). The mutant eye (Hatta et al 1991a, 1994) which 

was identified during the Oregon mutagenesis screen and m aintained at K C L also 

expressed a n f  normally in both wild type and mutant embryos (Fig. 3.2L,M). Therefore, 

a n f expression was lost in some, but not all, Tubingen mutant lines and a n f was expressed 

in two mutants generated during the Boston screen.

To examine the possibility that the loss of a n f expression was due to a background 

mutation present in the wild type lines used to outcross fish at KCL, or during the earlier 

mutagenesis screens, a n f expression was studied in the available wild type lines.

4.2.4 anf is expressed in all wild type lines analysed

To determine if a n f was expressed in the wild type lines used within the KCL 

facility for outcrosses or during mutagenesis at KCL and elsewhere, a n f  expression was 

determined in several wild type lines. For this analysis, embryos were labelled with anf 

and either shh  or n t l  to provide an internal control which showed the labelling had 

worked. A preliminary analysis of a n f  expression was carried out in embryos from  two 

pairings of *AB (Fig. 4.4A; n=43), Ekwill (Fig. 4.4B; n=40), tue (Fig. 4.4C; n=43), tup^  

(Fig. 4.4D; n=41), KCW T (Fig. 4.4E; n=100) wild type lines and in all cases a n f  was
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Figure 4.3 a n f  is expressed in some Tubingen and Boston mutants.
Em bryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left. A,B) 95% epiboly. C-H) bud.

A,B) a n f is expressed in wild type and mutant mbl embryos from Tubingen screen.

C,D) a n f is expressed in wild type and mutant sqt embryos from Tubingen screen.

E,F) a n f  is expressed in wild type and mutant kny embryos from Boston screen.

G,H) a n f is expressed in wild type and mutant tri embryos from Boston screen.

Scale bar: 125pm.
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Figure 4.4 an f  is expressed in all wild type lines analysed.
Embryos labelled as whole mounts by in situ hybridisation with a n f  and ntl (A-D) or a n f 

and shh  (E). Animal pole views with rostral to the left. A) 80% epiboly. B) 60% 

epiboly. C-E) 75% epiboly.

A) a n f is expressed in *AB wild type line embryos.

B) a n f  is expressed in ekwill wild type line embryos.

C) a n f is expressed in tues wild type line embryos.

D) a n f  is expressed in tup^  wild type line embryos.

E) a n f  is expressed in KCWT wild type line embryos.

Scale bar: 125pm.
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expressed normally. Thus, a n f was expressed normally in all of the wild type fish studied 

in the preliminary analysis.

4.2.5 A line offish which do not express anf was established 
independent o f the oep mutation

The absence of a n f  expression did not appear to be caused by the oep  mutation as 

a n f v/2ls not expressed in several other mutant lines. Thus, it was likely that it would be 

possible to separate the oep  and loss of a n f  genotypes. First, fish from within the oep  

background which were not carriers of the oep mutation were identified. These oep "non 

carriers" were paired and embryos double-labelled with a n f  and shh  to find pairs of fish 

which were not heterozygous for the oep  mutation but lacked a n f  expression. The first 

such pair of fish was identified and found to lack a n f  expression in 30% (n=9) of its 

embryos. These were then used to establish a new line of fish called a n flessu 32 which 

lacked a n f expression. Further pairs of fish not expressing a n f were eventually identified 

from within the oep background and these were included in the new line. To be certain 

that the carriers of the anfless mutation were not oep heterozygotes, each of the anfless 

fish was crossed against a known oep carrier. These crosses established for certain that 

the anfless  mutation was separate from the oep  m utation and were used for further 

analysis.

4.2.6 Homozygous and heterozygous carriers were established in the 
anfless line

Both homozygous and heterozygous carriers were identified for the anfless line. 

Crosses between homozygous and heterozygous carriers gave the proportions of embryos 

with and without a n f expression predicted for a recessive mutation (Table 4.1). As both 

heterozygous and homozygous carriers were viable and fertile adults, a severe early 

developmental defect was not caused by the absence of the expression of the a n f  gene.

As a n f\s  expressed early in a large domain of ectoderm, it was surprising to find 
no

that the anfless line had^early defect. However, a number of genes expected to give an 

early phenotype when knocked-out in mice, such as gsc (Yamada et al 1995, Rivera-Perez 

et al 1995), have not given as severe or as early a phenotype as predicted from  the 

exp ression  pattern , perhaps due to redundancy (rev iew ed  by Jacobson  and 

A nagnostopoulos 1996). Therefore, the anfless  em bryos were analysed carefully to 

determ ine if they had a subtle phenotype. The anfless mutants were also analysed to 

determine if genes which may be upstream of a n f were expressed normally.
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4.2.7 The yolk syncitial layer expresses hex and gta6 in anfless mutant 
embryos

It has been suggested that the yolk syncitial layer (YSL) may have a role in 

inducing anterior gene expression (Houart et al 1998, Beddington 1998). To determine if 

an alteration to the genes expressed in the YSL correlates with the absence of a n f  

expression in the anfless line, two genes, gta6  and hex, which are normally expressed in 

the YSL, were analysed.

gta6  is normally expressed in the YSL (J. Broadbent, A. Rodaway and R. Patient, 

unpublished data) and this pattern was observed in anfless mutants (Fig. 4 .5A), hex  is 

norm ally expressed in the YSL (Chapter 3; R.K. Ho, R. B eddington, D. Stainier, 

unpublished data) and was found to be normally expressed in the YSL of anfless embryos 

(Fig. 4.5B). Therefore, the expression of the YSL markers gta6  and hex was unaffected 

in anfless embryos.

4.2.8 The neural plate o f anfless mutant embryos is patterned normally

a n f  is normally expressed in the anterior neural plate during gastrulation and early 

somitogenesis (Chapter 3). The expression of a number of neural plate markers was 

analysed in anfless mutant embryos produced by a cross between pairs of heterozygous 

carriers to determine if anterior neural plate patterning is affected by the absence of a n f  

expression.

As expected, when anfless  embryos were double-labelled with shh  and an f, a 

proportion of embryos expressed a n f  and sh h  normally (Fig. 4.6A, Table 4.1) and a 

quarter of the anfless embryos did not express a n f  but they all expressed shh  normally 

(Fig. 4.6B, Table 4.1). Other neural plate markers analysed included fkd3  (Fig. 4.6C), 

otx2 (Fig. 4.6D), pax6  (Fig. 4.6E), six3 (Fig. 4.6F), svp46  (Fig. 4.6G) and tailess (til, Fig. 

4.6H; Hollemann et al 1998). The expression of these markers in anfless mutant embryos 

and wild type siblings was indistinguishable. Thus, according to the expression of the 

neural plate markers analysed, anfless mutant embryos appear to have normally patterned 

neural plates.

4.2.9 The telencephalon and epiphysis o f anfless mutant embryos is 

patterned normally

To understand if telencephalon patterning is disrupted in the absence of anf, 

a n fle s s  m utant em bryos were labelled with m arkers o f the dorsal and ventral 

telencephalon, dlx2 (Akimenko et al 1994) and em xl (Morita et al 1995) and a marker of 

the epiphysis, flh  .
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Figure 4.5 g ta6  and hex  are expressed norm ally in the yolk syncitia l  
layer of anfless  em bryos.
Embryos labelled as whole mounts by in situ hybridisation with rostral to the left. 
Animal pole views with rostral to the left of 70% epiboly homozygote embryos.
A) the YSL marker gta6 is expressed normally in anfless embryos.
B) the YSL marker hex is expressed normally in anfless embryos.
Scale bar: 125//m.
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Figure 4.6 anfless  em bryos express neural plate m arkers norm ally.
Embryos labelled as whole mounts by in situ hybridisation. Animal pole views with 

rostral to the left. A-C) 90% epiboly. D,E,H) bud. F,G) 95% epiboly.
A,B) anf is expressed normally in three-quarters and absent in a quarter of anfless 
embryos.
C-H) several neural plate markers are expressed normally in anfless Embryos.
Scale bars: 125//m.
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dlx2 (Fig. 4.7A,B) and em xl labelling of the telencephalon showed that wild type 

and anfless embryos (Fig. 4.7CJD) were indistinguishable. Thus, the expression of em xl 

and cl 1x2 suggests the telencephalon is patterned in the same way in anfless  m utant 

embryos as in wild type embryos (S. Shanmugalingham and S.W. W ilson unpublished, 

Fernandez et al 1998).

As the posterior expression border of a n f  meets the anterior border of flh  in the 

neural plate (Chapter 3) a n f  may regulate the anterior lim it of f l h  and therefore, the 

position of the epiphysis. W hen anfless embryos were double-labelled with /Z/i and dlx2 

(Fig. 4.7 A,B) it was found that both dlx2 and flh  were expressed normally. Thus, the 

epiphysis was not expanded or positioned incorrectly in the absence of a n f expression.

4 .2 .1 0  The an terior p itu itary  is induced norm ally in the anfless
mutant embryos

At 24h, a n f  is also expressed in the prospective anterior pituitary, so gene 

expression was used to determ ine if the prospective anterior pituitary is patterned 

normally in anfless embryos.

The prospective anterior pituitary gland expresses a n f  from about 24h (Chapter 3) 

and fate mapping studies suggest that the anterior pituitary may arise from within the 

rostral edge of the neural plate (Eagleson and Harris 1990, Couly and LeDouarin 1985). 

To assess the effect of the loss of a n f  expression on anterior pituitary patterning, the 

anterior pituitary was labelled using lim3 (Fig. 4.8A,B; Glasgow et al 1997), nk2.2  (Fig. 

4.8C,D; Barth and Wilson 1995) and six3 (Fig. 4.8E,F). Iim3 , nk2.2 and six3 were found 

to be expressed in the same pattern in anfless  and wild type embryos. Thus, from  the 

markers analysed, the anterior pituitary of anfless mutant embryos appears to be the same 

as the anterior pituitary in wild type embryos.

This analysis of gene expression Suggested that the three tissues which express a n f 

in the wild type (anterior neural plate, dorsal telencephalon and anterior pituitary) were 

patterned normally in anfless mutant embryos. To discover if subtle defects appeared 

during later development, further analysis was conducted.

4.2.11 The olfactory bulb develops normally in anfless embryos

Fate mapping studies have mapped the olfactory bulbs to the anterior edge of the 

rostral neural plate (Eagleson and Harris 1990) which is one of the regions where anf is 

normally expressed (Chapter 3). Therefore, the olfactory bulbs and their associated 

nerves were analysed at 48h to determine if a n f is needed for olfactory development. The 

antibody zns2 labels an epitope within the olfactory bulb, olfactory nerves and olfactory 

neuroepithelium  (W hitlock and W esterfield 1998) so zns2 was used for this study.
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Figure 4.7 anfless  embryos express telencephalon markers em x l  
and dlx2  norm ally .
Embryos labelled as whole mounts by in situ hybridisation. Lateral (A,C) or dorsal 
(B,D) views with rostral to the left of 24h embryos.
A,B) the ventral telencephalon marker dbc2 and the epiphysial marker flh are 
expressed normally in anfless embryos.
C,D) the dorsal telencephalon marker emxl is expressed normally in anfless embryos. 
Abbreviations: dd, dorsal diencephalon; e, eye; h, hypothalamus; mb, midbrain; t, 
telencephalon.
Scale bar: 50pm.
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Figure 4.8 anfless  em bryos express anterior p itu itary  markers l im3,  
nk2.2  and six3 norm ally .
Embryos labelled as whole mounts by in situ hybridisation. Ventral (A,C,E) or lateral 

(B,D,F) views with rostral to the left of 33h (A,B) or 27h (C-F) embryos.
A,B) anterior pituitary marker lim3 is expressed normally in anfless embryos.
C,D) ventral CNS maker nk2.2 is expressed normally adjacent to the anterior pituitary 
in anfless embryos.
E,F) anterior pituitary and rostral CNS marker six3 is expresed normally in anfless 
embryos.
Abbreviations: ap, anterior pituitary; dd, dorsal diencephalon; hyp, hypothalamus; 
mb, midbrain; t, telencephalon.
Scale bar: 50/«n.





anfless  m utant embryos were generated from crosses between heterozygous anfless 

carriers and it was found that zns2 labelling in the olfactory bulb, olfactory nerve and 

olfactory epithelium  (Fig. 4.9) was indistinguishable between wild type and a n fless  

mutant embryos. Therefore, the loss of a n f expression did not appear to affect olfactory 

development as determined by zns2 labelling.

4.2.12 The anfless mutant embryos have normal brain morphology

To elucidate if there was any alteration to the overall brain morphology possibly 

due to an early patterning role of a n f  in the neural plate, the axon tracts were labelled 

using two different immunohistochemical methods.

H eterozygous a n fle ss  em bryos were double-labelled with a n f  by in situ  

hybridisation and then with HNK1 antibody. At 28h, the post optic com m issure of 

anfless  mutant embryos (Fig. 4.10A,B) was indistinguishable from the com missures of 

wild type sibling embryos (Fig. 4.10C,D).

To determine if the axon tracts were normal during later stages of development, 

the axon tracts of anfless  mutant embryos were labelled with anti-acetylated tubulin 

(M acdonald et al 1997) at 3 days of development (Fig. 4.11). This labelling revealed the 

axon tracts m ore clearly than after in situ at 28h with HNK1. Anti-acetylated tubulin 

labelling showed that structures including the telencephalon, nose and epiphysis were 

indistinguishable in anfless mutant and wild type embryos. Thus, the loss of a n f  did not 

appear to affect the morphological development of the axons of the brain.
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Figure 4.9 anfless  em bryos have a normal olfactory  system.
Embryos labelled as whole mounts by labelling with zns2 antibody. Dorsal views 
with rostral to the top of 48h embryos.

A ,B ) zns labelling is normal in anfless embryos.
Abbreviations: dd, dorsal diencephalon; e, eye; ob, olfactory bulb; oe, olfactory 

epithelium; on, olfactory nerve; t, telencephalon.
Scale bar: 300pm.
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Figure 4.10 anfless embryos have normal a post-optic commissure.
Embryos labelled as whole mounts by in situ hybridisation with anf (blue) and then 

with HNK1 antibody (brown). Dorsal (A,C) or lateral (B,D) views of 28h embryos. 
A,B) wild type anfless sibling embryos express anf and have normal HNK1 labelling 
of the post-optic commissure.
C,D) anfless embryos do not express anf but have normal HNK1 labelling of the post
optic commissure.
Abbreviations: dd, dorsal diencephalon; e, eye; h, hypothalamus; mb, midbrain; poc, 
post-optic commissure; t, telencephalon.
Scale bars: 50jim.
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Figure 4.11 anfless  embryos have norm al brain m orphology.
Embryos labelled as whole mounts with anti-acetylated tubulin antibody (brown). 
Ventral (A), dorsal (B-D) or lateral (E) views of embryos at the third day. Rostral to 
top (A-D) or left (E).
A) the optic stalk and eyes are normal in anfless embryos.
B) the olfactory bulbs are normal in anfless embryos.
C) the anterior commissure and olfactory epithelium are normal in anfless embryos.
D) the midbrain and epiphysis are normal in anfless embryos.
E) the main features of the brain are normal in anfless embryos.
Abbreviations: ac, anterior commissure; cb, cerebellum; e, eye; ep, epiphysis; hb, 
hindbrain; hy, hypothalamus; ob, olfactory bulb; oe, olfactory epithelium; os, optic 

stalk; pc, posterior commisurre; soc, supra-optic commissure; t, telencephalon; te, 
tectum.
Scale bars: A,D,E) 50/mi. (B,C) 30//m.





4.3 Discussion

Unexpectedly, the loss of a n f  expression in anfless fish does not appear to cause 

any deleterious phenotype in the tissues where a n f is normally expressed or elsewhere in 

the embryo. The anterior neural plate, telencephalon, anterior pituitary, olfactory system 

and axon tracts were examined and all found to be normal in anfless embryos. As a n f  is 

expressed and downregulated in a complex pattern (Chapter 3), it seems likely that a n f  is 

tightly regulated. Therefore, it was expected that a n f  would be carrying out an im portant 

function during early development. The lack of a phenotype in anfless fish raises the 

question of why the absence of a n f  expression causes no phenotype and how this may 

arise.

4 .3 .1  The a n fle ss  g en o typ e  m ay have a r isen  d u rin g  la rg e -sc a le  

mutagenesis screens

cm/-expression was lost in several mutant lines from Tubingen, including oep and 

ace, and both single and double mutants occurred. The only mutant line analysed lacking 

a n /-expression, which was not from Tubingen, was the deletion m utant oepz ^ . The 

Tubingen mutants have point mutations generated by chemical mutagenesis (Haffter et al

1996). Thus, it is possible that a n f was already absent in one of the 49 Tubingen founder 

males (Haffter et al 1996) and then passed onto a proportion of the mutants identified in 

the F2 screen, including ace and o e p . As the an fless  genotype does not lead to a 

deleterious phenotype, the an fle ss  mutants would not have been detected w ith the 

morphological screening protocol (Haffter et al 1996). An extensive analysis of the 

records at Tubingen may be sufficient to determine if the mutants that do not express anf 

were derived from a common founder fish. However, many more Tubingen m utant lines 

need to be analysed than have been done so far, as nearly 2000 mutant lines were isolated 

during the Tubingen mutagenesis screen (Haffter et al 1996). Alternatively, it is possible 

that the anfless genotype was introduced from one or more of the fish used to outcross the 

mutant lines in Tubingen, or later, at KCL.

It is unlikely that the anfless genotype occured in the background at KCL because 

oeptz.257 [jne generated during the Tubingen screen, but obtained from the NYU facility, 

also failed to express a n f suggesting Tubingen is the source of the anfless genotype. In 

addition, the analysis of KCL wild type lines did not find any embryos with the anfless  

genotype although embryos from  only a few crosses w ere analysed. A nalysis of the 

deletion mutant oepzI showed that it did not express a n f

The loss of a n f  expression in oepz1 is intruiging as this line has a deletion which 

has been generated independantly from the mutant screens at Boston and Tubingen. The 

finding that a n f  is not expressed in oepz-l suggests either that a n f  is physically close to
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oep, or an/'is particularly prone to mutation so was mutated independantly of the deletion, 

or that the NYU facility wild type lines had an anfless genotype or that fish were m ixed 

or cross bred in NYU. To determine if a n f  is physically close to oep  requires m apping 

a n f and comparing its position with oep on the zebrafish linkage map (Postlethw ait et al 

1998, Knapik et al 1998). On the basis of the analysis of the available lines, it seems that 

the anfless genotype was introduced during the Tubingen but not the Boston or Oregon 

screens. The loss of a n f  expression in the anfless  line may be a m utation to the a n f  

promoter, the coding region, or to an upstream gene.

4 . 3 . 2  The yolk  syncitial layer o f  anfless embryos does not have a m ajor 
defect

It is not clear why a n f expression was absent in the anfless line. Studies of mice 

have suggest the regulation of the murine homolog of anf, h e s x l,  is regulated by the 

anterior visceral endoderm (AVE; Thomas and Beddington 1996). It has also been shown 

that the AVE is capable of inducing h esx l expression in ectopic locations in mouse 

embryos and the AVE can induce the chick homolog of anf, GANF, in ectopic locations 

in chick em bryos (reviewed by Beddington and Robertson 1999). As it has been 

suggested that the teleost YSL is equivalent to the AVE (Houart et al 1998), it is possible 

that the Y SL controls a n f  expression and so may be defective in anfless embryos. 

However, the expression of two YSL markers was normal in anfless embryos, suggesting 

there is not a major defect in the YSL of anfless embryos. An analysis of additional YSL 

m arkers will be necessary to be able to draw strong conclusions about the norm ality of 

the anfless YSL. However, as several neural plate markers were normally expressed in 

anfless embryos, it is unlikely that a defect to the YSL would cause the specific loss of 

a n f  expression in anfless  embryos. Alternatively, a m utation affecting an upstream  

regulator of a n f could cause the loss of a n f expression in anfless embryos. However, the 

apparent specificity of the mutation to a n f  and absence of other defects im plies that the 

cm/-locus is affected directly.

4 . 3 . 3  anfless mutants may have m utations to the coding or regulatory  

region o f anf

A lterations to the DNA, affecting coding, non coding regions, or both could 

explain the loss of a n f  in anfless fish. The most straightforward way to determine if the 

coding region of a n f  is mutated in anfless  embryos is to use PCR to am plify the an f 

coding regions from  anfless  and wild type em bryos, sequence and com pare them. 

However, point mutations to the coding region of genes would rarely be expected to lead
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to complete loss of mRNA expression at all stages as observed for a n f  in the anfless  line. 

Thus, it might be more likely that there is a deletion of the coding region of a n f

The deletion of the coding region of a n f  in the anfless line could account for the 

com plete absence of a n f  expression at all stages. A short deletion may cause the loss of 

the a n f  coding region without affecting neighbouring genes. To determ ine if the a n f  

coding region is deleted, PCR or southern analysis could be carried out on the genom ic 

DNA of anfless embryos.

a n f is likely to be under tight regulatory control as a n f has a complex and dynamic 

expression pattern (Chapter 3). To determine if a promoter/enhancer region is affected by 

m utation in the anfless  line, the a n f  prom oter would need to be cloned from  anfless 

genomic DNA. Analysis of the a n f  prom oter would determine if it is altered and if such 

changes are sufficient to prevent a n f expression altogether. The most extreme mutation to 

the a n f  promoter could be the deletion of the entire promoter in anfless em bryos. The 

results of the anfless analysis, particularly the absence of any a n f m R N A , are consistent 

with a mutation affecting the a«/prom otor.

4.3.4 anfless fish may have a subtle phenotype

It may be that a n f  has a function which is lost in anfless  fish but the analyses 

carried out were not sufficient to detect it. "A trip to the operat as suggested by W olpert 

(Cooke et al 1997) as a way to evaluate a mutant which has no obvious phenotype argues 

that a gene which serves an important role in the natural habitat may, under laboratory 

conditions, not be required. For instance, a gene which subtly affects predation may not 

cause a noticeable phenotype in the laboratory as it will not be selected against, however 

in the natural environm ent this would cause a reduction in viability. The chances of 

finding a genotype that causes a small reduction of fitness is small (Brookfield 1992). If 

a genotype causes a 5% viability disadvantage relative to wild type, m ore then 20,000 

animals must be examined to have a 95% chance of finding significant evidence for this 

difference. For a 1% viability disadvantage, 600,000 animals need to be examined. Yet 

such selection coefficients are powerful in terms of evolution. Therefore, a subtle role of 

a n f  may not be detected.

There are a number of other genes which were expected to have im portant roles in 

early development but null mutants had no obvious phenotype. For example, myf5  and 

myoD  (reviewed by Ordhal and W illiam s 1997) were thought to be crucial for early 

m uscle cell specification but when null mutants of both myf5  and myoD  were analysed, it 

was found that the m uscle cells develop robustly despite som e m orphological 

irregularities (Rudnicki et al 1992, Braun et al 1992). The finding that double mutants for 

myoD  and m yf5  causes the loss of differentiated muscle as well as m yoblast pools 

(Rudnicki et al 1993) led to the suggestion that these two genes collaborate in a redundant
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regulatory network (Weintraub 1993, Molkentin and Olson 1996, Lassar and M unsterberg 

1994). However, a subsequent analysis revealed a subtle phenotype in m yf5  and myoD  

single mutants showed that m yf5  and myoD  are required to specify different muscle 

lineages (Kablar et al 1997). In the same way, a n f may cause a subtle phenotype which 

affects behaviour or a small subset of neurons that is not readily detected.

4.3.5 There may he a duplicate copy o f  a n f

There may be a duplicate copy of a n f with enough functional overlap between the 

genes to prevent a phenotype in anfless embryos. There are several reasons that could 

explain how a duplicate copy of a n f  might be retained rather than lost through selection 

(Nowak et al 1997, Cooke et al 1997).

Firstly, an additional copy of a n f  could act to ensure fidelity in a n f  function. Such 

an additional copy would need to be maintained at little or no selective cost (W ittbrodt et 

al 1998). An example of this is found in the G1 cyclin genes of yeast which probably 

form a functionally redundant family of genes which regulate progression of the cell cycle 

from G1 to S phase (Thomas 1993). In this family, loss of function of CLN1 or CNL2 has 

little or no phenotype (Hadwiger et al 1989) and loss of CLN3  causes a slight delayed 

entry to S phase (Cross 1988). Double mutants for com binations of these genes have 

more severe phenotypes (Hadwiger et al 1989, Cross 1988, Lew et al 1992) and triple 

mutants are permanently arrested in G1 (Hadwiger et al 1989). Thus, these genes ensure 

a robust high-fidelity control of the cell cycle (Nasmyth and Dirick 1991). Therefore, 

duplicates of a n f  may be maintained if they form part of a robust network for im portant 

steps in early neural development.

Secondly, a duplicate copy of a n f  could be retained if it has a separate function 

which is selected for but can also compensate for the loss of the anf. For instance, the 

expression pattern of a duplicate copy of a n f  may overlap with the expression pattern of 

a n f but also be expressed in additional places or at additional stages which are crucial and 

selected for. An example of when this has been shown is the engrailed-1 (E n l ) and 

engrailed-2 (E n2 ) genes which are expressed in the prospective midbrain and hindbrain 

and can compensate for each other's function (Joyner 1996). Null mutants for En2 have a 

mild phenotype because E n l overlaps with En2 expression early but not late. Therefore, 

the Enl~ and En2~ phenotypes are seen in places where E n l  and En2  are uniquely 

expressed such as the patterning of the folia of the cerebellum by En2 and the limb and 

sternum by E n l (Joyner 1996). Therefore, both genes are selected for but either can act 

where they overlap so they are probably functionally interchangeable (Joyner 1996). If 

this situation applies to anf, the duplicate would be selected for in its own right, but it 

would also be able to perform the role of anf. To determine if there is a gene which is
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closely related to anf, RT-PCR could be used to amplify a n f  related genes from  mRNA 

derived from anfless embryos which are free of a n f mRNA.

Thirdly, a n f  may be a pseudogene which is not expressed in anfless embryos but 

perform s no function in wild type em bryos. The best characterised exam ples of 

pseudogenes are found in the globin gene clusters (reviewed by W olpert et al 1998). 

These globin pseudogenes have sim ilar sequences to functional genes but are not 

transcribed. Thus, a n f may be a pseudogene which has a redundant function bbt, unlike 

globin psuedogenes, is transcribed. However, studies of mice with null m utations 

affecting the murine homolog of anf, h e sx l  (Dattani et al 1998), suggest a n f  has an 

im portant role in anterior development. Furthermore, overexpression studies o f the a n f 

homolog in X enopus, XANF1 (Ermakova et al 1999a,b), suggest anf may be required 

during neurogenesis. Perhaps, the best way to determine if a n f  has a function during 

zebrafish development may be through gain of function experiments.

Recent studies which have revealed teleost genomes contain extra copies of many 

genes, including the hox genes, provide indirect evidence for how duplicate copies of a n f 

could have arisen.

4.3.6 Duplicate copies o f anf may arise during genome duplications

Gene duplication followed by divergence is thought to be a common mechanism 

driving evolution (Ohno 1970). Genomic studies suggest there may have been two 

chordate genome duplications before fish and tetrapods diverged and a further genome 

duplication after the teleosts separated from their last common ancestor with the tetrapods 

(Postlethwait et al 1998). Thus, whereas mice have a single copy of the a n f  related gene, 

h e s x l , teleosts may have "extra" copies of a n f  related genes. Thus, there is a theoretical 

basis to explain how a duplicate of a n f could arise but, to date, such a gene has not been 

dem onstrated in zebrafish. In the m eantim e, it is uncertain if a n f  is functionally 

redundant, performs a subtle role or is a pseudogene.
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CHAPTER 5

CELL DIVISION IN THE ZEBRAFISH NEURAL PLATE

5.1 Introduction

My analysis of gene expression in the neural plate raised a number of questions 

regarding how patterning affects morphology. For instance, it was not clear what drives 

the expansion of the region of the neural plate which is likely to contain the prospective 

m idbrain. The apparent expansion may be mediated by alterations in regional gene 

expression, cell migration, cell division or other mechanisms. Furthermore, mutants, such 

as eye, may lack regions of the forebrain due to reduced rates of cell division. Studies of 

Drosophila suggest a close link between patterning and cell division, perhaps m ediated 

through cdc25/string  related genes (reviewed by Edgar and Lehner 1996). Therefore, in 

this chapter I set out to investigate the relationship between patterning and cell division in 

the rostral neural plate.

A number of studies of cell division during vertebrate developm ent have been 

carried out. In the Xenopus spinal cord, there is thought to be a posterior to anterior wave 

of mitosis across the neural plate at the end of gastrulation (Hartenstein 1989). Further 

studies of Xenopus suggest that cell division is not crucial for either the developm ent of 

the structure of the CNS or cell fate determ ination w ithin the CNS (H arris and 

H artenstein 1991). However, other studies indicate that critical events in fate 

determ ination occur at or just prior to a cell's final mitosis (Eisen 1991, Chenn and 

M cConnell 1995, Ericson et al 1996). Of the studies conducted in zebrafish, the results 

indicate that cell division is highly regulated spatially (Papan and Cam pos-Ortega 1994) 

and that morphogenesis may be regulated in a cell cycle dependant manner (Kimmel et al 

1994).

The aims of this chapter were firstly, to characterise a new im munohistochemical 

method to label dividing cells. A problem regarding studies of cell division has been the 

limited usefulness of bromodeoxyuridine (BrdU) or thymidine incorporation for studying 

patterns of cell division in three dim ensions. Therefore, I used an antibody to a 

phosphorylated form of histone H3 (PH3; L. Mahadevan unpublished data, Hendzel et al

1997) to label the G2 and M phases of the cell cycle in whole embryos. Secondly, I 

studied the earliest cell divisions which are thought to be synchronous (Kimmel and Law 

1985) but might lead to different fates (Strehlow and Gilbert 1993). Thirdly, I analysed 

the pattern of cell division in the rostral neural plate and forebrain to identify zones of 

proliferation. I also analysed the expansion of the prospective midbrain to determine if it 

involves cell division and studied the midbrain noi m utant as it may lack this cell 

division. Finally, I made a preliminary analysis of cell division in the eye and o ep
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m utants which have sm aller brains so may have less cell division. I also m ade a 

preliminary analysis of cell division in mbl mutants as these embryos have abnormally 

patterned forebrains and so allowed me to ask if cell division was linked to forebrain 

regionalisation.

5.2 Results

5.2.1 A  new m ethod fo r  studying cell division

BrdU  incorporation is o f  limited value to analyse cell proliferation in whole m ount 

embryos

Previously published work has used BrdU to label dividing cells (for exam ple, 

McConnell and Kaznowski 1991). In this project I wished to look at very early stages of 

developm ent but found that BrdU was inappropriate. Firstly, BrdU labelling requires 

harsh treatments which resulted in heavy losses of embryos during processing. Secondly, 

the neural plate is present for only a short time during development and is m ade up of 

rapidly dividing cells. BrdU labelling requires a m inim um  incubation period which 

spanned a stage in development and so is inappropriate for seeing transient patterns of 

cell division (Fig. 5.1 A). An alternative method for labelling dividing cells is radioactive 

thym idine incorporation but although whole tissues are labelled they need to be serially 

sectioned which is technically difficult. Therefore, a new method was developed to follow 

cell proliferation in whole mount embryos.

An antibody to phosphorylated histone H3 labels proliferating cells

Through a collaboration with L. Mahadevan I obtained an antibody, PH3, which 

labels dividing cells exclusively. The PH3 antibody recognises an epitope present on a 

phosphorylated histone H3 protein which is present during the late G2 and mitosis phases 

of the cell cycle (L. Mahadevan, unpublished data, Hendzel et al 1997). This epitope is 

highly conserved (Hendzel et al 1997) and the antibody labels cells throughout the 

zebrafish embryo body (Fig. 5 .IB).

The PH3 antibody epitope is specific to dividing cells

Confirm ing in vitro studies suggesting that the antigen is only present in 

proliferating cells (L. Mahadevan, unpublished data), the PH3 antibody labelled cells in 

zebrafish embryos in regions known to be proliferating. For instance, the ventricular zone 

of the developing nervous system is known to be a major site for cell proliferation (Rakic, 

1971) and was labelled in whole mount embryos (Fig. 5 .IB) and in thick sections (Fig. 

5.1C). In addition, mitotic bodies were stained clearly (Fig. 5. ID).
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Figure 5.1 Proliferating cells labelled with BrdU and PH3.
Em bryos labelled as wholem ounts with BrdU antibody (A) or PH3 antibody (B-D). 

A,B,D) dorsal views with rostral to the top and (C) is a 30-50um transverse section. A-C) 

24h and (D) 16 cell stage.

A) BrdU labels many dividing cells in forebrain and eyes.

B) PH3 labels regions of division in ventricular zone and eyes.

C) PH3 labels diviing cells in ventricular marginal zone of neural keel.

D) PH3 labels mitotic bodies.

Abbreviations: e, eye; nk, neural keel; v, ventricle.

Scale bars: A,B,C) 25pm. D) 5pm.
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The PH 3 antibody cross-reacts with other species

As the PH3 epitope is highly conserved, the antibody was likely to cross react 

with different species. This was important as in many systems the PH3 technique will be 

more useful then current methods for studying cell division. To test this, labelling was 

carried out on tissue from a number of different species.

The PH3 antibody labelled dividing cells in ascidian (Fig. 5.2A), Drosophila  (Fig. 

5.2B) and chick (Fig. 5.2C) embryos. Therefore, the conserved epitope detected by the 

PH3 antibody enables this method to label dividing cells in all species tested.

5.2.2 Synchrony in early cell divisions

Cell division is synchronised during 2, 8 and 16 cell stages

Cell division happens every 15 minutes during the cleavage period (Kimmel et al 

1995). W hilst is has been reported that these divisions are synchronised (Kimmel et al 

1995) conflicting results have been reported about the fate of these cells (Kimmel and 

Law 1985, Strehlow and Gilbert 1993). Previous studies have shown asymmetric fates of 

neural cells can be linked to asymmetric division (for instance, Guo et al 1996). As these 

cells are dividing quickly, it is possible that a transiently asymm etric division, which 

might lead to different fates, could be missed. To elucidate if the earliest divisions are 

synchronised embryos were labelled with PH3.

In 2, 8 and 16 cell stage em bryos, either all the nuclei were labelled (Fig. 

5.3A,C,E; Table 5.1) or none were labelled (Fig. 5.3B,D,F; Table 5.1). Labelling of a 

portion of the cells was never observed (n=58). Therefore, cell div isions were 

synchronous at 2, 8 and 16 cell stages. As the entire cell cycle is only 15 minutes at these 

stages of development (Kimmel et al 1995), the PH3 epitope must only be present for a 

few minutes.

Cell division is not synchronised in all 4 cell stage embryos

Cell proliferation was not always synchronised at the 4 cell stage (Table 5.1). 

Em bryos were either labelled in no cells (Fig. 5.4A; 46%), two cells (Fig. 5.4B; 9%), 

three cells (Fig. 5.4C; 5%) or four cells (Fig. 5.4D; 41%). Therefore, cell proliferation 

during early development is synchronised during all of the early divisions except at the 4 

cell stage.

5.2.3 Patterns o f  cell division in the neural plate

PH3 labelling, unlike BrdU labelling, does not require a harsh incorporation step, 

the embryo is simply fixed and processed for antibody labelling as described (M acdonald
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Figure 5.2 PH3 labels proliferating cells in ascidian, D r o s o p h i l a  and 
chick embryos.
Embryos labelled as wholemounts with PH3 antibody. A) is a lateral view of larval stage 

ascidian with rostral to the left. B) is dissected larval stage Drosophila gut C) is transverse 

30-50pm section of E3.5 stage chick.

A) PH3 labels dividing cells (arrowheads) in a larval stage ascidian embryo.

B) PH3 labels dividing cells (arrowheads) in gut of Drosophila embryo.

C) PH3 labels dividing cells in hindbrain of chick embryo.

Abbreviations: fp, floor plate; n, notochord; rp, roof plate; sg, sticking gland; sv, sensory 

vesicle; v, ventricle.

Scale bars: A,B) 150pm. C) 40pm.
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Figure 5.3 PH3 labelling of 2, 8 and 16 cell stage embryos.

Em bryos labelled as wholemounts with PH3. A,B) lateral or animal pole (C-F) views. 

A,B) at 2 cell stage, PH3 epitope (arrowhead) either in both or neither cell.

C,D) at 8 cell stage, PH3 epitope (arrowhead) in all or no cells.

E,F) at 16 cell stage, PH3 epitope (arrowhead) in all or no cells.

Scale bar: 125pm.
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Figure 5.4 PH3 labelling of 4 cell stage embryos.
Embryos labelled as wholemounts with PH3. Animal pole views of 4 cell stage embryos.

A) some embryos do not express PH3 epitope.

B) a proportion of embryos express the PH3 epitope in two cells (arrowheads).

C) occasionally, the PH3 epitope is expressed in three cells (arrowhead).

D) some embryos express the PH3 epitope in all cells (arrowhead).

Scale bar: 125pm.
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Table 5.1 Patterns of early cell divisions.

Stage A ll
labelled

None
labelled

Some
labelled*

T o ta l

2 cell 8 22 0 30

4 cell 9 10 3 22

8 cell 13 5 0 18

16 cell 5 5 0 10

* Two embryos at the 4 cell stage had 2 cells labelled. One embryo at the 4 cell stage 
had 3 cells labelled.
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Figure 5.5 Schem atic showing orientations used to analyse PH3 
labelling during gastrulation.
Embryos labelled as wholemounts with PH3. A) is an animal pole view with ventral to 

the left. B) is a lateral view with ventral to the left.

Abbreviations: V, ventral half of animal pole; D, dorsal half of animal pole; AV, ventral 

half of animal pole; AD, dorsal half of animal pole; PV, posterior ventral half; VD, dorsal 

half of vegetal pole.

Scale bars: 125pm.
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Figure 5.6 PH3 labelling during gastrulation.
Embryos labelled as wholemounts with PH3. A,C,E,G) are animal pole views with 

ventral to the left. B,D,F,H) are lateral views with ventral to the left.

A,B) at 30% epiboly, the PH3 epitope expressed evenly across the embryo.

C,D) at 80% epiboly, the PH3 epitope is expressed strongly in the dorsal and weakly in 

the ventral side of the embryo.

E,F) at 90% epiboly, the PH3 epitope is strongly expressed in the dorsal side of the 

embryo.

G,H) at bud stage, PH3 labelling is mostly in the main embryonic axis.

Scale bar: 125pm.
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Table 5.2 Analysis of the pattern of cell division during 
gastrulation.

80% epiboly 90% epiboly bud
Region mean no. mean no. mean no.

divisions divisions divisions
± s. d. ± s. d. ± s. d.
(n=10) (n=7) (n=10)

AV 25 ±12 19±6 16±6 *
ventral 13% 9% 8%
animal
pole

AD 71±17 74±8 64±11
dorsal 38% 36% 33%
animal
pole

PV 38±13 44±10 33±8
posterior 20% 21% 17%
ventral

VD 54±9 70±9 84±24
dorsal 29% 34% 43%
vegetal
pole

Total 188±22 207±20 197±29



Figure 5.7 Schem atic showing the trend of PH3 labelling during mid 
to late gastrulation.
A) at 80% epiboly, most dividing cells are in the dorsal half of the animal pole.

B) at 90% epiboly, the dorsal half of the vegetal and animal poles have similar num ber of 

dividing cells.

C) at bud stage, m ost dividing cells are in the dorsal half of the vegetal pole. 

Abbreviations: AP, animal pole; D, dorsal; V, ventral; VP, vegetal pole.
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and W ilson 1997). Thus, PH3 labelling was suitable for analysing patterns of cell 

division in the zebrafish neural plate during gastrulation when the embryos are fragile.

Cell division is not regionalised before gastrulation

The number of dividing cells was counted from lateral or animal pole orientations 

(Fig. 5.5). Pre-gastrulation embryos labelled with PH3 showed a uniform distribution of 

dividing cells across the blastula (Fig. 5.6A,B).

The rate o f  cell division does not change between mid to late gastrulation

Mid to late gastrulation stage embryos were labelled with PH3 and the numbers 

of dividing cells counted and their distribution analysed (Table 5.2). There was no 

significant difference in the number of dividing cells between 80% epiboly (P<0.1; Fig. 

5.6C,D), 90% epiboly (P<0.1; Fig. 5.6E,F) and bud (P<0.1; Fig. 5.6G,H) stages.

M ore dividing cells are in the dorsal h a lf than the ventral h a lf o f  the embryo

There were significantly more dividing cells in the dorsal then ventral halves of 

the embryo between mid to late gastrulation (Table 5.2). Significantly more divisions 

occurred in the dorsal than ventral half at 80% epiboly (67%; P>0.001; Fig. 5.6CJD), 90% 

epiboly (70%; P>0.001; Fig. 5.6EJF) and bud (76%; P>0.001; Fig. 5.6G,H) stages.

The region o f most cell division shifts from  the dorsal animal pole to the dorsal vegetal 

pole

There was a significant shift in the pattern of cell division with the region of 

h ighest cell divisions shifting from the dorsal animal pole to the dorsal vegetal pole 

during gastrulation (Table 5.2). At 80% epiboly, significantly more divisions occurred in 

the dorsal animal pole (38%; P>0.001) than elsewhere. At 90% epiboly there was no 

significant difference in the numbers of dividing cells in the dorsal animal pole (36%) and 

dorsal vegetal pole (34%; P<0.1). At bud stage significantly more divisions occurred in 

the dorsal vegetal pole (43%; P>0.02) than elsewhere. Thus, the trend of cell division 

from mid to late gastrulation was from the dorsal animal pole to the dorsal vegetal pole 

(Fig. 5.7).

Dividing cells in the neural plate are often arranged into strings

In the wild type neural plate, it was found that PH3 labelled cells are often 

arranged into short chains or strings (Fig. 5.8A,B). The length of the strings ranged from 

3 cells to 6 cells, with an average length of about 4 cells. Previously, it has been reported 

that cells divide within clonal strings in the neural plate (Kimmel et al 1994). M ore 

recently, it has been shown that most cell divisions in the neural plate are aligned along 

the AP axis during gastrulation (Concha and Adams 1998) so may provide a mechanism
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Figure 5.8 Strings of PH3 labelled cells during gastrulation.
Embryos labelled as wholemounts with PH3 antibody. A) is a lateral view with dorsal to 

the left. A,C) 80% epiboly. B,E) 90% epiboly.

A) strings of PH3 labelled cells (arrowheads) occur across the neural plate.

B) a high power view of a string of PH3 labelled cells.

C,D) an example of one pair of PH3 labelled strings of cells with a schematic indicating a 

possible sequence of cell divisions (numbered 1 to 4) that may have led to it.

E) example of a string of clonally related cells.

Scale bars: A) 250pm. B-D) 10pm. E) 200pm.

E) adapted from Kimmel et al 1994.
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for the formation of clonal strings. Although this study did not exam ine the clonal 

relationship of cells within the neural plate, there was an intriguing similarity between the 

strings of PH3 labelled stings of cells (Fig. 5.8C,D) and the clonal strings (Fig. 5.8E; 

Kimmel et al 1994).

Dividing cells in the neural tube become concentrated at the midline before neurocoel 

formation

Zebrafish embryos undergo secondary neurulation whereby a solid neural keel 

develops into a hollow neural tube by cavitation (Papan and Cam pos-Ortega 1994). In 

vertebrates undergoing primary neurulation, such as mammals, the dividing cells in the 

neural tube become organised into a ventricular marginal zones at the m idline (Rakic 

1971). A similar organisation has been noted in zebrafish when studied using sectioned 

material (Papan and Campos-Ortega 1994). The PH3 antibody labelling enabled the three 

dimensional pattern of division to be analysed during neural tube formation.

A range of stages of em bryos from  the end of gastrulation to one day of 

developm ent were labelled with PH3. At 2s, dividing cells were distributed widely and 

evenly across the neural plate (Fig. 5.9A). By 6s (Fig. 5.9B), cell division becam e 

focused at the midline although this organisation did not extend to the rostral tip of the 

neural keel. Comparison with an embryo labelled with a n f  (Fig. 5.9C), which has a 

posterior border at the prospective mid-diencephalon (Chapter 3), indicated the midline 

organisation of dividing cells continues as far rostrally as the caudal forebrain at the 6s 

stage. By 1 Os, most dividing cells were organised at the midline and this organisation 

extended to the rostral tip of the neural keel (Fig. 5.9D). The midline was organised into 

a distinct ventricular marginal zone (VMZ) of dividing cells by 24h (Fig. 5.9E).

To assess the pattern of division, embryos between 4s and 24h were labelled with 

PH3 and sectioned through the forebrain. At 4s, cells were found to be dividing at the 

midline (Fig. 5.10A) as well as more laterally (Fig. 5.10A). Occasionally, mitotic bodies 

were seen of cells that appeared to divide across the midline (Fig. 5.10A) which was also 

seen in previous studies (Papan and Campos-Ortega 1994, Kimmel et al 1994). At 10s, 

m ost dividing cells were found at the midline, although a few dividing cells were also 

found in more lateral positions (Fig. 5.1 OB). At 18s, all dividing cells were at the midline 

(Fig. 5 .10C) and by 24h dividing cells were arranged into a VM Z (Fig. 5.10D). Thus, 

dividing cells became organised at the VMZ by 18s.

5.2.4 There is increased cell division in dino m utant embryos

chordin may play a role in the regulation o f cell division

It has been shown that chordin  has an important role in patterning the ectoderm 

(Sasai et al 1994; Piccolo et al 1996). However, its role regarding the regulation of cell
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Figure 5.9 PH3 labelled cells converge at the midline during early 
somitogenesis.
Embryos labelled as whole mounts with PH3 antibody or by in situ hybridisation with 

a n f A-D) animal pole or (E) dorsal views with rostral to the left.

A) PH3 labelled cells are not at the midline at 2s.

B) PH3 labelled cells converge at the midline by 6s except in rostral forebrain. The 

rostral limit o f the midline aggregation of dividing cells is indicated with the arrowhead. C ) at 

6s the posterior border of a n f expression (arrowhead) is at a similar position as the rostral 

extent of PH3 midline labelling.

D) PH3 labelled cells are organised along the entire midline (arrowhead) by 14s.

E) PH3 labelled cells are organised into a ventricular marginal zone (arrowhead) by 24h. 

Scale bars: A-D) 125pm. E) 10pm.
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Figure 5.10 Prior to neurocoel form ation , PH3 labelled  are 
increasingly located at the midline.
Embryos were labelled as whole mounts with PH3 antibody and 30-50|jm transverse 

sections made at the level of the forebrain.

A) at 4s most PH3 labelled cells are not at the midline (black arrowhead) but a few PH3 

labelled are at the midline (white arrowhead).

B) at 10s, many PH3 labelled cells are at the midline (white arrowhead).

C) by 18s, most PH3 labelled cells are found at the midline (white arrowhead).

D) at 24h, PH3 labelled cells are organised into a ventricular marginal zone (white 

arrowhead).
Abbreviations: e, eye; m, midline; v, ventricle.

Scale bars: 25|am.
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division has not been tested. The zebrafish mutant dino (Hammerschmidt et al 1996) is a 

consequence of a m utation to the chordin  gene (Schulte-M erker et al 1997), thus it 

provides a tool to directiy address the role of chordin  in the regulation of cell division. 

M idgastrulation dino mutant embryos were labelled with PH3 to determine if there is an 

alteration to the level of cell division in mutant embryos (Fig. 5.11).

M idgastrulation dino embryos have more dividing cells

In agreement with previous studies (Hammerschmidt et al 1996), gene expression 

showed that the neural plates of wild type embryos (Fig. 5 .1 1A) were larger than d ino"1 

em bryos (Fig. 5.1 IB). The total number of dividing cells was significantly higher 

(P=>0.001) in d in o 1fhan wild type embryos. There was a mean of 165 divisions per wild 

type (n=10; Fig. 5 .11C,E) and 223 per dino[\ n=10; Fig. 5.11D,F) embryo. Thus, there 

were 35% more dividing cells in dino mutant than wild type embryos.

There was an increased rate of cell division in both dorsal and ventral halves of 

d ino  em bryos. In the dorsal half of wild type (n=10) em bryos a m ean of 118 cell 

divisions occur whereas in d in 3 '(n=10) embryos a mean of 155 dividing cells occur. 

Thus, there were 31% more divisions in the dorsal half of dmohthan wild type embryos. 

The number of dividing cells was significantly higher (P=>0.001) in dirio'\h&n wild type 

embryos. Therefore, there was an increase in the level of cell division in the dorsal half 

of dino  mutant embryos.

There was also a rise in the mean number of cell divisions in the ventral half of 

Jzno'em bryos. There was a mean of 47 cell divisions in the wild type (n=10) and 68 in 

dino  mutant (n=10) embryo ventral halves. Thus, there was a 45% rise in the number of 

dividing cells in the ventral half of dino*than wild type embryos. The number of dividing 

cells was significantly higher (P=>0.001) in d ind lhan  wild type embryos. Therefore, 

unexpectedly, there was an increase in the number of dividing cells in both the dorsal and 

ventral halves of dino  mutant embryos which suggests chordin  may negatively regulate 

cell division.

5 . 2 . 5  Elevated levels o f  cell division do not p lay  an obvious role in 
midbrain expansion

The midbrain anlage expands rapidly during development

During my study of neural plate patterning, it was noticed that the prospective 

m idbrain may develop from a small region of the neural plate (Chapter 3). This 

expansion could be driven by cell proliferation, cell m igration or be a result of the 

induction of the midbrain by an interaction between the forebrain and hindbrain 

(Nieuwkoop and Albers 1990). To examine the role of cell division, embryos of various
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Figure 5.11 PH3 labelling in midgastrulation dino  mutant embryos.
Embryos labelled as whole mounts by in situ hybridisation or with PH3 antibody with 
ventral to the left. Animal pole (A-D) or lateral (E,F) views with rostral to the left of 
75% epiboly stage embryos.
A,B) otx2 (pale blue) and hoxAl (purple) expression is reduced in dino mutant 
embryos.
C-F) PH3 labelling of wild type embryos increases in dino mutant embryos.
Scale bar: 125/mi.
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stages were labelled with PH3 and the pattern of cell division in the prospective midbrain 

analysed using the results of the gene expression study to define its position.

Division in the prospective midbrain region was spread across the neural plate at 

2s and apparently not organised into an AP or DV domains at the prospective midbrain 

(Fig. 5.12A,B). By 12s, dividing cells in the prospective midbrain were mainly at the 

midline but there did not appear to be a localised region of cell division in the prospective 

midbrain (Fig. 5.12C,D). At 20s, dividing cells at the m idline were organised into 

ventricular zones but there was not more cell division in the prospective m idbrain then 

elsew here (Fig. 5.12E,F). By 24h, the dividing cells in the prospective m idbrain were 

organised into a ventricular marginal zone which extended medially and dorsally along 

the edge of the midbrain-hindbrain boundary (Fig. 5.12G,H). Thus, at 24h there appeared 

to be more dividing cells in the prospective midbrain than at earlier developmental stages. 

To address the role of cell division in the developm ent of the m idbrain further, cell 

division was analysed in the midbrain mutant noi.

noi m utant embryos have reduced cell division in the midbrain but have a norm al sized  

midbrain

Strong alleles of the noi mutation lack the dorsal midbrain, m idbrain-hindbrain 

boundary and cerebellum (Brand et al 1996). noi is linked is the pax2.1  gene and may 

involve an anterior transformation of the prospective midbrain (Brand et al 1996). It has 

been shown that there is an increase in the level of cell death in noi mutant em bryos 

(Brand et al 1996) but I wanted to determine if a reduction to the level of cell division 

was also involved in the phenotype of noi embryos.

noi mutant embryos were labelled with PH3 and the number of dividing cells in 

the prospective midbrain counted by cam era lucida (Fig. 5.13E,F). In 33h wild type 

embryos, a mean of 118 cell divisions occurred in the prospective midbrain region (Fig. 

5.13A,C; n=5). However, in the equivalent region of noi mutant embryos of the same 

stage, a mean of 75 cell divisions occurred (Fig. 5.13B,D; n=6). Thus, there was a 

significant (P=>0.001) reduction to the number of dividing cells in the midbrain region of 

noi mutant embryos.

In a preliminary study to address if the reduction of cell division in noi embryos 

affected the size of the prospective midbrain, its length was measured using the posterior 

of the eye and rostral hindbrain as landmarks (Fig. 5.13C,D). No significant difference, 

in the length of the prospective midbrain in wild type and mutant noi embryos was found 

(P=<0.5). Therefore, although there was less cell division in noi mutant embryos, the 

region equivalent to the prospective midbrain attains the same length as the prospective 

midbrain in wild type embryos.

5.2.6 The relationship between gene expression and cell division
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Figure 5.12 PH3 labelling is not focused at the prospective midbrain 
during somitogenesis.
Embryos labelled as whole mounts with PH3 antibody. Dorsal (A,C,E,H) or lateral 

(B,D,F,G) views with rostral to the left.

A,B) at 2s stage, the prospective midbrain (starred) does not have a focus of PH3 labelled 

cells.

C,D) at 12s stage, there is no PH3 labelling focus at the prospective midbrain territory 

(starred).

E,F) at 20s stage, gene expression suggests the prospective midbrain has expanded 

(starred) but there is no focus of PH3 labelled dividing cells.

G,H) by 24h, PH3 labelled cells are organised into ventricular marginal zones, but no 

focus of labelled cells is apparent at the prospective midbrain (starred).

Scale bars: A-F) 125pm. G,H) 75pm.
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Figure 5.13 The pattern of cell proliferation in the midbrain of n o i  
mutant embryos.
33h embryos labelled as whole mounts with PH3 antibody. Dorsal (A,C) or lateral (B,D) 

views with rostral to the left.

A,B) stars indicate the approximate AP length of the prospective midbrain in a wild type 

embryo.

C,D) stars indicate the approximate AP length of the prospective midbrain in a noi 

embryo.

E,F) the number of PH3 labelled cells was counted using camera lucida and an example 

of wild type and noi embryo counts are shown.

Scale bar: 75pm.
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As PH3 labelling can be combined with in situ hybridisation, PH3 was used to 

study the relationship between cell division and the expression of m arkers of cell 

differentiation.

pax6 expressing cells are mitotically active

To address the relationship between cell fate determ ination and cell division, 

embryos were double-labelled with PH3 and the neuronal differentiation markers atonal 

or pax6. It has previously been shown that pax6  is expressed in proliferating cells in the 

eye (Hitchcock et al 1996). Therefore, double-labelling embryos with pax6  and PH3 was 

used to show that PH3 gave consistent results with other methods for identifying dividing 

cells.

Embryos double-labelled with pax6  and PH3 showed that many pax6  expressing 

cells were also labelled by PH3 (Fig. 5.14A). Therefore, in agreement with previous 

studies (Hitchcock et al 1996), pax6  is expressed in proliferating cells.

A proportion o f  atonal expressing cells are mitotically active

In D rosophila , atonal is a positive regulator of neurogenesis which is expressed in 

proneural clusters of the chordotonal organs and within the developing eye (for example, 

see Daniel et al 1999). PH3 was used to determ ine if a retinal specific hom olog of 

Drosophila atonal (I. Masai and S.W. W ilson, unpublished) is expressed in dividing or 

postmitotic neurons.

Embryos were double-labelled with atonal and PH3. In some instances, cells 

were not double-labelled (Fig. 5.14B). However, in other cases, cells were double

labelled with atona l and PH3 (Fig. 5.14C) indicating that these cells are m itotic. 

Therefore, a proportion of atonal positive cells are in the G2 or M phases of the cell 

cycle.

5.2.7 Cell division in the forebrains o f  m utant embryos

Several patterning mutations lead to alterations to the growth of regions of the 

CNS. The midline mutants oep and eye have a reduced ventral central nervous system 

and mbl embryos lack the telencephalon and eyes. Therefore, the analysis of cell division 

in these mutants was likely to be useful in elucidating the link between patterning and cell 

division. A preliminary characterisation of the pattern of cell division in oep, eye and mbl 

mutant embryos was carried out.

Cell division in oep neural plate
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Figure 5.14 pax6 and atonal are expressed in mitotic cells .
Embryos labelled with pax6  or atonal (purple) as whole mounts by in situ hybridisation 

and with PH3 antibody (brown). Dorsal view with with rostral to top (A) or to left (B,C). 

C) 10pm plastic section.

A) pax6  and PH3 are co-expressed (arrowed) in the diencephalon at 24h.

B) atonal and PH3 are not co-expressed in the retina at 27h.

C) atonal and PH3 are co-expressed in a small number of cells (arrowhead) in the retina 

at 48h.

Scale bars: A,B) 50pm. C) 25pm.
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Gene expression analysis showed that the oep mutant neural plate was smaller and 

narrower than the wild type neural plate (Chapter 3). However, it was not certain if the 

sm aller neural plate of oep^embryos led to the growth defects which occur during 

subsequent development. To address this, it was necessary to compare the level of cell 

division in the neural plates of oep mutant and wild type embryos.

oep  mutant embryos were labelled with PH3 and the number of dividing cells 

counted. As with the gene expression study, the size of the neural plate in w ild type 

em bryos (Fig. 5.15A) was reduced in oep mutant embryos (Fig. 5.15B). There was no 

significant difference in the level of cell division in wild type and oep m utant em bryos 

(P=<0.5; n=5). N either did there appear to be any difference in the distribution of 

dividing cells across the neural plate. Therefore, differences in the size of the CNS of oep^~ 

em bryos are likely to be caused by the smaller neural plate rather than differences in the 

rate of cell division.

Cell division in the forebrain o f oep embryos

It was found that the forebrains of wild type embryos (Fig. 5.15C) have 38% 

more, though not significantly more (P=<0.05; n=3), dividing cells then oep m utant (Fig. 

5.15D) embryos. The dividing cells were organised into a VMZ in wild type (Fig. 5.15E) 

and oep  mutant (Fig. 5.15F) embryos. To determine if there were less dividing cells in 

the smaller eyes of oep mutant embryos the number o f dividing cells was counted using 

cam era lucida. There were significantly (P=>0.001; n=3) more dividing cells in wild type 
(Fig. 5.15G) then in oep mutant (Fig. 5.15H) eyes. T h e r e f o r e ,  the eyes, and perhaps the forebrain of 

oep mutant embryos have fewer dividing cells then wild type embryos.

Cell division in eye neural plate

Gene expression analysis showed that eye m utant embryos, unlike oep mutants, 

have the same sized neural plate as wild type embryos (Chapter 3). The pattern of cell 

division was also the same in eye mutant embryos as in wild type siblings at the end of 

gastrulation. Bud stage eye embryos were labelled with PH3 and the pattern of cell 

division analysed (Fig. 5.16A,B). M utant and w ild type siblings could not be 

distinguished on the basis of their pattern of cell division. Therefore, at bud stage cell 

division is not altered by the eye mutation.

Cell division in eye forebrain

As eye mutant embryos have smaller ventral forebrains the number of dividing 

cells was counted using camera lucida. There was a mean of 234 dividing cells in the 

forebrains of wild type (Fig. 5.16C; n=2) and 171 dividing cells in eye mutant (Fig. 

5.16D; n=3) embryos. Thus, there were 37% more dividing cells in wild type then eye
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Figure 5.15 The pattern of PH3 labelling in the neural plate and neural tube of 
oep embryos.
Embryos labelled as whole mounts with PH3 antibody. Lateral (A,B,G,H) or dorsal 

(C,D) views with rostral to the left. E,F) transverse 30-50|im sections through the 

midbrain.

A,B) PH3 labelling is in a smaller area in oep mutant embryos at 80% epiboly.

C,D) PH3 labelling is reduced in oep mutant embryos at 24h.

E,F) PH3 labelled cells are organised at the midline of the neural tube in both wild 

type and oep mutant embryos at 24h.

G,H) there are fewer PH3 labelled cells in the retina of oep than wild type embryos. 

Lateral views of PH3 labelling in wild type (A) and oep mutant.

Abbreviations: mb, midbrain; n, notochord; nt, neural tube; t, telencephalon.

Scale bars: A-D) 125pm. E,F) 25pm. G,H) 50pm.
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mutant forebrains. At 24h, the cells were organised into ventricular zones in both wild 

type (Fig. 5 .16E) and eye mutant (Fig. 5 .16F) embryos.

To determine if there were less dividing cells in the eyes of eye  mutant embryos 

the number of dividing cells was counted using camera lucida. There was a mean of 319 

dividing cells in both eyes of wild type embryos (Fig. 5.16G; n=2) and 203 dividing cells 

in both eyes of eye embryos (Fig.5.16H; n=3). Thus, there were 57% more dividing cells 

in the eyes of wild type embryos than in eye embryos. Therefore, eye embryos appear to 

have less dividing cells in their eyes and forebrain.

Cell division in mbl neural plate

To determine if the alteration to neural plate patterning in mbl embryos (Masai et 

al 1997) affects cell division, embryos were labelled with PH3 and the pattern of cell 

division analysed. In this preliminary study, it was found that wild type embryos (Fig. 

5 .17A) did not contain the same cluster of dividing cells which was in the rostral neural 

plate of m bl embryos (Fig. 5.17B). Therefore, there may be a different pattern of cell 

division in the rostral neural plates of mbl mutant embryos.

Cell division in mbl forebrain

The forebrain of wild type embryos has a mean of 175 dividing cells (n=3; Fig. 

5 .17CJE) and mbl mutant embryos a mean of 231 dividing cells (n=3, Fig. 5.17D,F). The 

forebrain including the eyes of wild type embryos has a mean of 296 dividing cells (n=3). 

The cells are organised into a VMZ in both wild type (Fig. 5.17G) and mbl mutant (Fig. 

5 .17H) embryos. Therefore, the total number of dividing cells in the forebrain and eyes 

of mbl mutant embryos is less then of wild type embryos.
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Figure S .16 The pattern of PH3 labelling in the neural plate,
forebrain and eyes of eye embryos.
Embryos labelled as whole mounts with PH3 antibody. Animal pole (A), lateral 
(B,G,H), dorsal (C,D) or ventral (E,F) views with rostral to the left.
A,B) PH3 labelling is the same in wild type and eye embryos at bud stage.
C,D) PH3 labelled cells are organised into ventricular zones in wild type and eye 
embryos at 24h.
E,F,G,H) PH3 labelled cells occur in the brain and eyes of wild type and eye embryos 
at 24h.
Abbreviations: e, eye; mb, midbrain; t, telencephalon.
Scale bars: A,B) 125/<m. C-H) 50/tm.





F ig u r e  5 .17  T h e p a ttern  o f  PH 3 la b e l l in g  in th e  n eu ra l p la te  and

fo r e b r a in  o f  mbl  m u ta n t  em b ry o s .

Embryos labelled as whole mounts with PH3 antibody. Animal pole (A,B), dorsal 
(C,D) or lateral (E,F) views with rostral to the left. 30-50//m transverse sections 
through the midbrain (G,H).
A) at 80% epiboly, mbl mutant embryos have an ectopic patch of PH3 labelled cells 
(arrowhead) in the rostral neural plate absent in wild type embryos.
C-F) at 24h, PH3 labelled cells are arranged into ventricular marginal zones in wild 
type and mbl embryos.
G,H) PH3 labelling at the midline (arrowhead) in mbl and wild type embryos at 24h. 
Abbreviations: fb, forebrain; mb, midbrain.
Scale bars: A-D) 125/tm. E-H) 25]im.





5.3 Discussion

5.3.1 PH3 labels dividing cells

PH3 labelling was detected in the nuclei of G2 and M phase dividing cells 

(Hendzel et al 1997). PH3 staining was detected in regions of known proliferation and 

mitotic bodies were visible so PH3 was labelling dividing cells. The conservation of the 

PH3 epitope also allowed the antibody to be used to stain dividing cells in other species.

5.3.2 Early divisions are synchronous except at the 4 cell stage

The early cleavage divisions were synchronous except at the 4 cell stage. There 

have been conflicting reports over the timing of the form ation of the m ajor axes as 

different studies suggest they are formed either early (Strehlow and Gilbert 1993) or late 

(Kimmel and Law 1985). As the early divisions appear to be synchronous (Kimmel et al

1995) the timing of fate decision was not expected to be linked to asymmetric division as 

found in other systems such as Drosophila (Guo et al 1996) and mouse (Chenn and 

McConnell 1995). However, PH3 labelling reveals that at the 4 cell stage, the cells divide 

asynchronously raising the possibility of this being a cell fate decision point.

5.3.3 There are more dividing cells in the dorsal half o f the embryo

In agreem ent with previous studies (Concha and Adams 1998), PH3 labelling 

revealed extensive levels of cell division throughout the epiblast. During mid to late 

gastrulation, m ost dividing cells are within the dorsal half of the em bryo and the 

distribution shifts from the animal to vegetal pole. The dorsal ectoderm mostly comprises 

the neural plate whereas the ventral ectoderm is mainly the epidermis (Kimm el et al 

1990). Therefore, there are more dividing cells in the neural plate then the non neural 

ectoderm. As more dividing cells occur in the neural plate, the shift in the majority of 

divisions is likely to be caused by dorsalward migration of these cells which is distinct 

from the dorsal convergence movements of later development (Concha and Adams 1998). 

The difference in the numbers of dividing cells in the dorsal and ventral halves of the 

em bryo may be caused by differences in the distribution of cells in these regions. 

Previous studies of cell movements during epiboly in zebrafish embryos have shown at 

early gastrulation, cells are equal in size in all regions of the epiblast (Concha and Adams 

1998). However, from about bud stage the cells on the ventral side of the embryo becom e 

more spread out as cells migrate dorsally (Concha and Adams 1998). Therefore, the 

increased numbers of dividing cells on the dorsal side of the embryo observed using PH3 

labelling may be caused by the increased density of dorsal cells. However, previous
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studies suggest the difference in cell size between ventral and dorsal sides of the embryos, 

only happens at the end of gastrulation (Concha and Adams 1998). As I find a significant 

difference in the number of dividing cells between dorsal and ventral halves of the 

em bryo as early as 80% epiboly, it is likely that a change to cell density is not the only 

factor affecting the levels of division. Perhaps, the neural plate and non-neural ectoderm 

cells have differences in their levels of mitotic activity.

It was noted that chains of PH3 labelled cells occur in the neural plate reminiscent 

of clonal strings (Kimmel et al 1994). Although, it was not tested if the cells in these 

chains were clonally related, it was possible that they represented the clonal strings 

previously reported as cells in such clonal strings divide in tandem (Kimmel et al 1994). 

It could be determined if the cells labelled by PH3 were clonally related by lineage 

labelling cells at the beginning of gastrulation and labelling them with PH3 at later stages.

In agreement with previous studies, it was found that dividing cells aggregate at
: of dividing cells

the midline long before neurocoel formation. The accumulation^moved from rostral to 

caudal but did not extend to the rostral forebrain. Perhaps, this is because the eyes are 

evaginating at this time (M acdonald et al 1995) so a midline domain of cell division 

cannot be established. Examination of the midline of eye  and oep  m utant embryos 

showed that midline signalling is not needed to establish a ventricular marginal zone 

during later development.

Unexpectedly, it was found that dino embryos have significantly more dividing 

cells in both dorsal and ventral halves of the embryo then wild type embryos. As chordin 

is mutated in dino  embryos (Schutle-M erker et al 1997) this result suggests a role for 

chordin in directly regulating cell division in the neural plate where it is expressed. 

c h o rd in  may also influence cell division in the non neural ectoderm  through an 

interaction with bmp4 (Piccolo et al 1996) and the ability of chordin to induce secondary 

axes (Sasai et al 1994) may involve the regulation of cell division. Such a link between 

chord in  and cell division would support the idea that there is a close link between 

patterning and cell division (reviewed by Edgar and Lehner 1996), perhaps m ediated 

through string  and cdc25  (Edgar and O'Farrell 1989, Edgar et al 1994) as happens in 

Drosophila. Recent studies of vertebrates have shown the patterning gene shh regulates 

cerebellar granule neuron cell division (Hatten 1999, W echsler-Reya and Scott 1999). 

Therefore, there are precedents for patterning genes regulating cell division during both 

invertebrate and vertebrate development.

5 . 3 . 4  Expansion o f  the prospective m idbrain may not involve increased  
cell division

The region of the neural plate that, from gene expression patterns (Chapter 3), 

includes the prospective midbrain was not associated with regionally localised cell
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division. The results of the PH3 study were consistent with a previous study of Xenopus 

w hich showed that cell division is not critical for developm ent of the neurons or 

structures of the CNS (Hartenstein 1989). However, as PH3 labels a very short part of the 

cell cycle, other methods which label slightly longer periods of the cell cycle may reveal a 

pattern to cell division at the midbrain. Fate mapping studies have addressed the role of 

cell migration in the development of the prospective midbrain during gastrulation (Woo 

and Fraser 1995) and these studies suggest that the cells fated to form the midbrain move 

to the m idline during gastrulation. As the expansion observed with gene expression 

(Chapter 3) happens after gastrulation when this dorsalward cell migration is com plete at 

the level of the midbrain (Woo and Fraser 1995), other mechanisms are likely to drive the 

expansion. Perhaps the expansion of the prospective midbrain territory after gastrulation 

is actually the induction of the midbrain and the midbrain is not present before this stage. 

It has been suggested that the midbrain forms due to an interaction between the forebrain 

and hindbrain (Nieukwoop and Albers 1990) so such a m echanism  may cause the 

expansion of the prospective midbrain region. A lternatively, the gene expression 

boundaries may change during gastrulation and not show the actual size of the midbrain 

territory. To determine to what extent cell migration or cell division are required for the 

apparent expansion of the midbrain territory, each could be blocked to determ ine the 

effect on the m idbrain at later stages. In addition, the analysis of m utants affecting 

midbrain developm ent is likely to be useful in elucidating the role of cell division in 

midbrain development.

Previous studies of noi mutants have shown that the midbrain is induced but fails 

to develop properly (Brand et al 1996). I analysed noi em bryos at late stages of 

development and found that, although the midbrain region was the correct size along the 

AP axis, there were few er dividing cells. This finding suggests cell division is not 

required during later developm ental stages to determ ine the correct AP length o f the 

midbrain region in noi embryos. However, to determine the role of cell division using noi 

em bryos requires examining earlier stages with PH3 and looking at gene expression 

boundaries. As noi em bryos undergo increased levels of cell death at late stages of 

developm ent (Brand et al 1996) this may cause the reduced number of dividing cells 

which could lead to a false impression of less cell division in noi mutants. To determine 

if the reduction to the numbers of dividing cells is secondary to the failure to maintain the 

midbrain or an indication that noi regultes cell division requires examining earlier stages of 

development.

5.3.5 atonal is expressed in cells before their final division

atonal was found to be coexpressed with PH3 in a small number of cells in the 

eyes. The relationship between the timing of the final cell division and cell fate
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assignm ent has been studied extensively (Eisen 1990, Ericson et al 1996, Chenn and 

M cConnell 1995) and important steps have been shown to happen just prior to the final 

mitosis. The expression of atonal in dividing cells suggests that this transcription factors 

is part of the decision making process happening just prior to the final mitosis. A greater 

number of stages should be examined to determine if atonal is coexpressed with PH3 at 

all stages of eye developm ent as only a small number of cells coexpressed PH3 and 

atonal.

5.3.6 Cell division in oep, eye and mbl mutant embryos

The neural plates of the midline mutants oep  and eye have similar levels of cell 

division as wild type embryos. As both oep  (Schier et al 1996a) and eye (H atta et al 

1991a) have defects to the ventral CNS it was possible that these were caused by earlier 

reductions to cell division. However, no evidence to support this hypothesis was found, 

although the neural plates of oep  m utant embryos were sm aller than their w ild type 

counterparts. Therefore, the reduction to the levels of cell division observed at 24h was 

either due to an earlier patterning defect or a later role of the midline in regulating cell 

division. Recent studies indicate that shh regulates cell division of cerebellar granule 

neurons (W echsler-Reya and Scott 1999) and growth defects occur in the absence of shh 
signalling (Chiang et al 1996). Thus, the absence of shh in the ventral forebrain of eye 

(Krauss et al 1993) and oep (Schier et al 1997) mutant embryos may cause a reduction of 

cell division. However, as both oep and eye affect the nodal pathway (Blader and Strahle 

1998), the reduction in cell division may be because nodal signalling is involved in 

regulating cell division in the ventral CNS.

The neural plate of mbl mutant embryos had ectopic cell division at the rostral tip 

of the neural plate which may be caused by the misspecification of the rostral neural plate 

previously reported in m bl embryos (Heisenberg et al 1996). Such a finding would be 

interesting as it would support a link between neural plate patterning and cell division. 

However, as the number of embryos and stages exam ined was low it is necessary to 

repeat the analysis. The forebrain of mbl embryos at 22h had fewer dividing cells than 

wild type embryos of the same stage. As mbl embryos do not form eyes, there are fewer 

regions of cell proliferation in mbl than in wild type embryos which may indirectly reduce 

the number of dividing cells rather than be due to mbl directly regulating cell division. 

As with the neural plate study, the analysis of the m bl forebrain needs to be repeated at 

more stages and with more embryos.

It has been reported that cell division is not required for normal development of 

the CNS in Xenopus (Hartenstein 1989) yet the results of PH3 labelling suggest division 

is organised during early development and may be regulated by patterning genes. A 

reason for this apparent contradiction might be that cell division must be organised so it
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does not oppose morphogenesis rather than driving it (Concha and Adams 1998). To 

determine the role of cell division, it would be interesting to study the effects on brain 

morphology of localised increases to cell division in the neural plate.

In summary, PH3 is a useful method for studying cell division in three dimensions 

during development in several systems. As early divisions are not all synchronous, the 

asynchrony may be connected with the development of different cell fates. The DV 

differences in division across the embryo during gastrulation may be partly due to cell 

density but analysis of dino mutants suggests that chordin may regulate also cell division 

in this axis. The expansion of the prospective midbrain after gastrulation does not appear 

to be due to cell division as a localised region of cell division could not be found.
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CHAPTER 6

THE YELLOWMAN MUTATION AFFECTS THE 
DIFFERENTIATION OF SEVERAL NEURAL CREST DERIVED

TISSUES

6.1 Introduction

A major step in the evolution of vertebrates was a shift from a passive to an active 

mode of predation and a key element of this transition was the development of the neural 

crest (Gans and Northcutt 1983). The neural crest is a transient population of cells which 

are thought to have been a vertebrate innovation although studies of primitive chordates, 

such as the ascidian, suggest that there may have been neural crest precursors prior to the 

evolution of vertebrates (for exam ple see W ada et al 1998). N evertheless, the 

developm ent of the neural crest was im portant to vertebrate evolution and the 

specification and differentiation of neural crest has been intensively studied (reviewed by 

W olpert et al 1998).

The neural crest may be induced by an interaction between the neural plate and 

the adjacent presum ptive ectoderm (Selleck and B ronner-Fraser 1995, M ancilla and 

M ayor 1996). Recent studies of zebrafish m utants suggest neural crest induction 

involves the swirl/bmp2b  pathway (Nguyen et al 1998). Uncommitted neural crest cells 

arise from the ectoderm and are recognisable as individual cells after they emerge from 

the neural tube. These neural crest cells migrate from either side of the neural epithelium 

to give rise to many different cell types including: much of the skeleton of the head; 

neurons and glia of the peripheral nervous system; endocrine cells; and all pigmented cell 

types. Thus, the neural crest forms both ectodermal and mesodermal cell types. The 

differentiation of neural crest cells has been studied using both in viVo and in vitro 

techniques.

The fate of neural crest cells does not appear to be determined at the time when 

the neural crest cells leave the neural tube (reviewed by W olpert et al 1998). For 

instance, labelling single neural crest cells soon after their emergence from the neural 

tube has shown that the cells are m ultipotent (Bronner-Fraser and Fraser 1988, 1989). 

Studies which have altered the position of neural crest cells before they migrate have 

shown that the neural crest cells have a greater developmental potential than revealed by 

fate mapping (Le Douarin et al 1975). Furthermore, studies of single neural crest cells 

cultured in vitro have shown that they will differentiate into several different cell types 

(Le Douarin et al 1993). Recently, it has been shown that there are multipotent neural 

crest stem cells (Morrison et al 1999). Thus, the neural crest remain m ultipotent until 

migration begins. The characterisation of mutants affecting genes involved in neural crest
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development will be useful in understanding when neural crest cells become specified and 

the steps involved in neural crest cell differentiation.

The aims of this study were to describe the characterisation of a mutant affecting 

neural crest developm ent, yellowman. ye llow m an  was identified during a screen for 

m utations affecting early neural development. The yellow m an  m utation affects the 

developm ent of the pigmentation pattern, the jaw , the ear, the fins and the peripheral 

nervous system.

6.2 Results

6.2.1 A pigment mutant line isolated in a random mutagenesis screen

An F2 mutant screen was conducted at KCL by ENU treatment of 20 males which 

were subsequently crossed with untreated females (Chapter 2). After screening over 100 

fam ilies, a range of m utants was isolated including a recessive lethal affecting 

m elanophore developm ent, yellowmanK14a. The overall size and m orphology of 

yellowman  embryos was normal and they were indistinguishable from wild type siblings 

before pigm entation developm ent at about 28h. Em bryos died by six days of 

development perhaps due to the failure to form a swim bladder.

6.2.2 yellowman embryos have delayed melanophore differentiation

The yellowman  m utation affected the developm ent of one of the earliest 

pigm ented cell types, the melanophore. The m elanophores synthesise black pigm ent, 

melanin, and arrange themselves into a characteristic pattern which includes a set of four 

stripes along the body (Milos and Dingle 1978). The dorsal stripe and ventral stripe run 

from the head to the tail, the yolk sac stripe runs from under the heart to the anus, and the 

lateral stripe runs beside the horizontal myoseptum of somites 6 to 26 (Fig. 6.1; Kelsh et 

al 1996).

Melanophores were present in yellowman embryos but these melanophores did not 

differentiate properly. Melanophores were prominent black star shaped cells in wild type 

embryos by 48h (Fig. 6.2A,E) but were reduced to black spots in yellowman  embryos by 

48h (Fig. 6.2B,F). Similar numbers of melanophores appeared to be present in wild type 

and yellowman  embryos. For instance, in the lateral region of the head there were about 9 

melanophores in both wild type and yellowman embryos.

By 6 days, normal sized melanophores appeared in yellowm an  mutant embryos. 

In wild type embryos, large melanophores were more numerous and were darker (Fig. 

6.3A,B) than in yellowman embryos (Fig. 6.3C,D). The occasional pale melanophores in 

yellowman  embryos were organised into the normal stripes along the entire length of the
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Figure 6.1 Schematic drawing of pigm entation pattern in posterior  
trunk
The left panel shows a transverse section (dorsal to the top), whilst the right panel shows 

a lateral view (dorsal to the top, rostral to the left), both to the same scale.

Melanophores are shown as black shapes and form four stripes, the dorsal, lateral, ventral 

and yolk sac stripes in dorsoventral order. Iridophores (pale blue) are associated with the 

dorsal, ventral and yolk sac stripes. Xanthophores (green) populate the sides of the body, 

and are more abundant in dorsal regions.

Abbreviations: NT, neural tube; NO, notochord; S, somite; HG, hindgut.

From Kelsh et al (1996).
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F igu re 6.2 A t 48h, y e l l o w m a n  em b ryos have few er  m elan op h ores than  

w ild type embryos

Living embryos at 48h from dorsal (A,B) or lateral (C-F) orientations with rostral to the 

left.

A,B) wild type embryos have extensive black melanophores in the dorsal, lateral, ventral 

and yolk sac stripes but yellowman embryos have little melanophore pigmentation in any 

of the stripes.

C,D) the pigmented retinal epithelium is prominent in the eyes of wild type and 

yellowman embryos.

E,F) melanophores (arrowhead) are large and irregular in shape in wild type embryos but 

small in yellowman embryos.

Abbreviations: d, dorsal stripe; 1, lateral stripe; ov, otic vesicle; pre, pigmented retinal 

epithelium; v, ventral stripe; y, yolk sac stripe; ys, yolk sac.

Scale bars: A-D) 250 pm. E,F) 100 pm.
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body, including the dorsal stripe which is the first to form and the lateral stripe which is 

the last to form during normal development (Kimmel et al 1995). At higher power, it was 

apparent that the m elanophores of wild type (Fig. 6.3E) and yellowman  (Fig. 6.3F) 

embryos were similar in shape and size. There were similar amounts of pigm ented retinal 

epithelium  in wild type (Fig.6.3C) and yellowm an  (Fig. 6.3D) embryos. Therefore, the 

yellowman  mutation did not affect the synthesis of melanin. These data suggest that 

melanophores formed in the same number and migrated in the same way in wild type and 

yellowman  embryos but failed to differentiate appropriately in yellowman embryos.

6 .2 .3  Iridophores and xanthophores form  normally in yellowman mutant 
embryos

The neural crest derived iridophores are reflective pigment cells that appear silver 

under incident light or gold when viewed through the overlying xanthophores (Kelsh et al

1996). Iridophores differentiate from about 36h, beginning in the eyes, and eventually 

occupy three of the melanophore stripes, the dorsal, ventral and yolk sac stripe as well as 

lateral patches (Fig. 6.1; Kimmel et al 1995).

Iridophores formed normally in yellowman embryos in the eyes (Fig. 6.4A,B), 

dorsal stripe (Fig. 6.4C,D), lateral patches, ventral stripe and yolk stripe (Fig. 6.4E,F). 

Therefore, iridophore development was unaffected by the yellowman mutation.

Xanthophores are also neural crest derived, and confer yellow colouration to the 

dorsal regions of zebrafish larvae from about 42h (Fig. 6.1; Kimmel et al 1995). The 

distribution of xanthophores across the dorsal and lateral regions of the embryo was the 

same in wild type (Fig. 6.5A) and yellowman  (Fig. 6.5B) embryos. By 5 days, wild type 

em bryos were mostly dominated by black colouration due to melanophores (Fig. 6.5C) 

but in yellowman  embryos the predominant colouration at 5 days was yellow (Fig. 6.5D). 

X anthophores did not appear to expand beyond their wild type pattern (Fig. 6.5E) in 

yellowman  em bryos or to fill the spaces caused by the absence of d ifferentiated  

m elanophores (Fig. 6.5F). Thus, xanthophore developm ent was unaffected by the 

yellowman  mutation.

Thus, both xanthophore and iridophore pigm ent cells were unaffected by the 

yellowman  mutation whereas the melanophores failed to differentiate properly.

6.2.4 yellowman mutant embryos have a shorter and narrower jaw

The jaw s and branchial arches comprise a basic segmented feature of the head 

(Schilling 1997). In zebrafish, seven arches develop which mainly give rise to the 

cartilaginous skeleton. The lower jaw  is formed from the first two branchial arches, the
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Figure 6.3 A small number of pale melanophores form in y e l l o w m a n  
embryos by the sixth day.
Living embryos on the sixth day from dorsal (A,B,E,F) or lateral (C,D) orientations. 

Rostral to the left (A-D) or up (E,F).

A,B) prominent dark melanophores are present in all of the stripes of wild type embryos. 

C,D) yellowman embryos have a small number of pale melanophores in the stripes and 

lateral patches (arrowhead in D).

E,F) high power view shows that melanophores (arrowhead) have a similar size and shape 

in wild type and yellowman embryos.

Abbreviations: d, dorsal stripe; 1, lateral stripe; pre, pigmented retinal epithelium; v, 

ventral stripe; y, yolk sac stripe.

Scale bars: A-D) 250pm. E,F) 100pm.
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Figure 6.4 Iridophores develop normally in ye llow m an  embryos by the 
sixth day.
Living embryos on the sixth day from lateral (A,B,E,F) or dorsal (C,D) orientations with 

rostral to the left. ^  incid(.nl |

A,B) when illuminated with transmittedj light, iridophores appear golden in the retina of 
wild type and yellowman embryos.
C,D) iridophores (arrowhead) are visible in the dorsal stripe of wild type and yellowman 

embryos.
E,F) iridophores form in the lateral patch (arrowhead), ventral stripe and yolk sac stripe 

also occur in wild type and yellowman embryos.

Abbreviations: v, ventral stripe; y, yolk sac stripe.

Scale bar: 175 pm.
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Figure 6.5 Xanthophores develop normally in ye llo w m a n  embryos by 
the sixth day.
Living embryos on the sixth day from lateral (A,B) or dorsal (C-F) orientations. Rostral 

to the left (A-D) or the top (E,F).

A,B) xanthophores confer a yellow cast to a similar sized dorsal region of wild type and 

yellowman embryos.

C,D) from a dorsal view, black melanophores provide the predominant colouration in 

wild type embryos but xanthophores confer a yellow cast to the entire yellowman embryo. 

E,F) xanthophores are separated by black melanophores in wild type embryos and are 

separated by unpigmented regions (arrowhead) in yellowman embryos.

Abbreviations: ov, otic vesicle; pre, pigmented retinal epithelium.

Scale bars: A,B) 250pm. C,D) 500pm. E,F) 100pm.
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Figure 6.6 y e l lo w m a n  embryos develop a phenotype affecting the jaw  
by the fourth day.
Living embryos on fourth day from lateral views with rostral to the left.

A,B) wild type embryos do not have the curled down lower jaw (arrowhead) which 

develops in yellowman embryos.

Scale bars: 250pm
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m andibular and hyoid, and the upper jaw  by the ethmoid plate of the neurocranium (Fig. 

6.7A, 6.8A,B).

Analysis of living yellowman  mutant embryos revealed an abnormality to the jaw s 

which was first detectable at around four days. The lower jaw  appeared to be affected as 

it seemed to be curled downwards in yellowman  embryos (Fig. 6.6). To analyse the jaw s 

in more detail, the cartilage of wild type and yellowman  embryos was stained with alcian 

blue.

At 3 days, the number, shape and size of the cartilaginous elements of the jaw  

were the same in wild type (Fig. 6.7B, Fig. 6.8C) and yellowm an  (Fig. 6.7C, Fig. 6.8D) 

em bryos. By 5 days, M eckel's and the palatoquadrate cartilage w ere sm aller in 

yellowman  than wild type embryos (Fig. 6.8E,F) but this almost recovered by 6 days (Fig. 

6.8G,H). The distance between the basihyal cartilage and Meckel's cartilage was reduced 

in yellowm an  mutant embryos at 5 days (Fig. 6.8E,F) and 6 days (Fig. 6.8G,H). The 

basihyal cartilage was lifted dorsally at 6 days in yellowm an  mutants (Fig. 6.7F,G). The 

ceratohyal cartilage was bent medially at 5 days (Fig. 6.8E,F) and 6 days (Fig. 6.8G,H) 

making the jaw  shorter and narrower. The overall number and identity of elements in the 

jaw  was normal at all stages examined.

The ethmoid plate (upper jaw ) was bent dorsally by 5 days (Fig 6.7D,E) and 

rem ained so at 6 days (Fig. 6.7F,G) and may have contributed to the reduction of the 

lower jaw.

Therefore, yellowman  mutant embryos have a shorter and narrower jaw  which is 

likely to be due to alterations to the neural crest derived cartilaginous elements that form 

the jaw .

6.2.5 yellowman mutant embryos have smaller posterior otoliths

The ear of the zebrafish comprises a series of three semi-circular canals with a 

pair of otoliths and sensory macula and cristae (Fig 6.9A; W hitfield et al 1996, Haddon 

and Lewis 1996).

The yellowman embryos did not have any alteration to the semi-circular canals at 

any stage exam ined (Fig. 6.9B,C). The anterior otolith is smaller than the posterior 

otolith in the wild type ear (Fig. 6.9A) and although this was still the case in yellowman  

em bryos, the posterior otolith was reduced in size. At all stages examined, the anterior 

otolith of yellowman  embryos was the same size as in wild type embryos (Fig. 6.9DJE). 

H owever, the posterior otolith was smaller from about 3 days of developm ent and 

remained smaller from then onwards (Fig. 6.9F,G).

To determine if the yellowman  otolith phenotype reflected a defect during earlier 

patterning, the expression of two genes expressed in the ear anlage was analysed. The 

markers p a x l.J  and dlx3 are both expressed early on during ear development and were
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Figure 6.7 Alcian blue staining of the pharangeal arches and head 
skeleton of yel lowman  mutant embryos.
Embryos were labelled as whole-mounts by alcian blue staining. Lateral views with 
rostral to the left.
A) schematic of the head showing the elements of the pharangeal skeleton.
3,C) wild type and yellowman mutant embryos at 3 days when the number, shape and 
size of the elements was the same in yellowman and wild type embryos.
D,E) by the fifth day, the ethmoid plate was bent dorsally (arrowhead) in yellowman 
embryos compared to wild type embryos.
G,H) at the sixth day, the elements were different when comparing wild type with 
yellowman embryos. The basihyal (bh) was lifted dorsally and the ethmoid plate (e) 
was bent dorsally (arrowhead in G).
Abbreviations: abc, anterior basicranial commissure; ac, auditory capsule; bb, 
basibranchial; bh, basihyal; c, cleithrum; cb, ceratobranchial; ch, ceratohyal; e, 
ethmoid plate; hs, hyosymplectic; m, Meckel's cartilage; pc, parachordal; pq, 
palatoquadrate; t, trabeculae cranii.
Scale bars: 175/mi.

A) From Schilling et al 1996.





Figure 6.8 Alcian blue staining of the pharangeal arches and head 
skeleton of yellowman  mutant embryos.
Embryos were labelled as whole-mounts by alcian blue staining. Dorsal views with 
rostral to the left.
A,B) schematic of the head showing elements of pharangeal skeleton and 
neurccranium.
C,D) wild type zndyellowman mutant embryos at 3 days when the elements were not 
affected by the yellowman phenotype.
E,F) wild type and yellowman mutant embryos at 5 days when the palatoquadrate 
cartilage and Meckel's cartilage were smaller in yellowman than wild type embryos. 
The distance between the basihyal and Meckel's cartilage was smaller in yellowman 
than wild type embryos.
G,H) wild type and yellowman embryos at 6 days revealed the distance between 
basihyal and Meckel's cartilage was smaller than wild type. The ceratohyal cartilage 
was bent in middle' in yellowman but not wild type embryos.
Abbreviations: abc, anterior basicranial commissure; ac, auditory capsule; bb, 
basibranchial; bh, basihyal; cb, ceratobranchial; e, ethmoid plate; hb, hypobranchial; 
hs, hyosymplectic; ih, interhyal; m, Meckel's cartilage; pc, parachordal; pq, 
palatoquadrate; t, trabeculae cranii.
Scale bars: 175/mi.

A,B) From Schilling et al 1996.





F ig u re  6.9 E a r  p h en o ty p e  in liv ing  y e l lo w m a n  m u ta n t  em b ry o s  a t 96 

hours.
A) Cut away lateral view of a wild type zebrafish ear at 96 hours. Epithelial projections 

within the ear form hubs of the developing semicircular canal (curved arrows). Each 

canal (anterior, lateral and posterior) is associated with a small sensory patch or cristae, 

while each otolith overlies a larger sensory patch or macula. The smaller (anterior) 

otolith lies in a lateral position; the larger (posterior) otolih lies medially.

B.C) the shape and num ber of sem i-circular canals was the same in wild type and 

yellowman embryos.

D,E) the size and shape of the anterior otolith was the same in wild type and yellowman  

embryos.

F ,G ) the pos te r io r  o to lith  was larger  in wild type than yellow m an  em brvos.
ac, anterior canal lc, lateral canal 1*̂  posterior dl

Abbreviations: ^_dls, dorsolateral septum; ep, eithelial projections; kc, kinocilia;jj>c, 

stereociliary bundles.

Scale bars: B-G) 75pm.

A) From Whitfield et al 1996.
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analysed in yellowman embryos at 24 hours development. However, both pax2.1  (Fig.

6 .10A) and dlx3  (Fig. 6.10B) were found to be expressed normally in the ear anlage of 

yellowman  embryos. Therefore, some markers of early ear development are expressed 

normally in yellowman embryos.

6 .2 .6  yellowman mutant larvae have defects in the differentiation o f  a 
neural crest derivative in their pectoral fins

As the neural crest may play a role in fin developm ent (Smith et al 1994), the 

cartilage in the pectoral fins of yellowman embryos was analysed using alcian blue 

staining. The paired pectoral fins develop from the limb bud and are thought to be 

homologous with the forelimbs of tetrapods (Sordino et al 1995). The epithelial blade of 

the fin develops from the apical epidermal ridge and is strengthened by collagenous 

fibres, the actinotrichia. By 5 days, the fin has developed a com pact m esenchym al 

condensation which will form the supportive girdle of the fin. In this region, the cartilage 

begins to differentiate and the chondrocytes are arranged into cobblestones (Kimmel et al 

1995). The dermal skeleton of the pectoral fins includes the lepidotrichia, which forms 

within the fin fold (Sordino et al 1995). The origin of the lepidotrichia is uncertain, but they 

are thought to arise from the neural crest (Smith et al 1994).

At 6 days of development, the morphology of the blade of the pectoral fins of 

yellowman  mutant embryos was the same as wild type embryos (Fig. 6 .11A,B) suggesting 

the apical epidermal ridge forms normally. However, yellowm an  mutant embryos were 

found to lack the majority of the differentiating lepidotrichia cells which were present in 

the fins of wild type siblings (Fig. 6.11C,D). The strengthening collagenous fibres of the 

actinotrichia were unaffected in yellowman mutant embryos (Fig. 6 .1 1C,D). Therefore, 

the fins of yellowman  mutant embryos appear to have a delay in the development of the 

neural crest derived lepidotrichia but not other elements of their structure.

6.2.7 Touch response

Responsiveness to tactile stimulation develops from about 24h and an escape 

response at 36h (Kimmel et al 1995). Previous studies have found defects in touch 

sensitivity in pigment mutants (Granato et al 1996) so the response to tactile stimulation 

was tested in yellowman embryos. Sensory responsiveness was tested by gently touching 

the nose, back and tail ten times with a pair of forceps.

At 2 days, wild type siblings responded to 90% of the tactile stim uli and 

yellowman  mutant embryos responded to 40% of the tactile stimuli. At 4 days, wild type 

em bryos responded to 82% of the tactile stimuli and ye llo w m a n  m utant em bryos 

responded to 32% of the tactile stimuli. By 6 days, both wild type and yellowman
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Figure 6.10 p ax2 .1  and d lx3  expression is normal in ye llo w m a n  mutant 
ears.
Embryos were labelled as whole mount by in situ hybridisation. Rostral to the left and 

dorsal to top.

A,B) the markers of early ear development, pax2.1 and dlx3, were expressed in the same 

way in wild type and yellowman embryos at 24h.

Scale bars: 50pm.
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Figure 6.11 The differentiation of the neural crest derived  
lepidotrichia is delayed in yellowman  pectoral fins at the sixth day.
Embryos were labelled as whole mounts with alcian blue.

A,B) the pectoral fin blade and coraco-scapular cartilage (cs) develop in the same 
way in wild type and yellowman embryos.
C,D) higher power views show that numerous lepidotrichia (arrowheads) develop in 

the wild type pectoral fin but few lepidotrichia (arrowhead) develop in the yellowman 
pectoral fin by the sixth day.

Abbreviations: cs, coraco-scapular cartilage.

Scale bars: A ,B) 50/mi. C,D) 25/<m.





embryos responded to 100% of the tactile stimuli. Therefore, yellowman mutant embryos 

initially had reduced sensory response which recovered by 6 days.

6 .2 .8  N eura l crest cell num bers and m igration  are no t obviously  
abnormal in yellowman embryos

The tissues affected by the yellowm an  mutation all require neural crest cells for 

their development. Two markers of neural crest were used to directly determine if there 

w ere obviously fewer pre-m igratory neural crest cells and if neural crest m igration is 

disturbed by the yellowman  mutation, forkhead-6 (fkd6 ; Odenthal and Nusslein-Volhard 

1998) labels the neural crest cell population before migration, ye llo w m a n  em bryos 

labelled with fkd6  were indistinguishable from  their wild type siblings at all stages 

analysed (Fig. 6.12A-C). Therefore, the numbers and distribution of pre-migratory neural 

crest was not significantly affected by the yellowman mutation.

To determine if the migration of neural crest was affected in yellowman  mutant 

em bryos, a population of the migratory neural crest was labelled using an antibody to 

Pax7 (Kawakami et al 1997). Labelling with Pax7 antibody did not reveal any difference 

in the pattern or numbers of neural crest cells migrating in wild type (Fig. 6.12D,E) or 

yellowman  (Fig. 6.12F,G) embryos at all stages examined. For instance, in dorsal regions 

of the head at 48h the same number of Pax7 positive neural crest cells was found in wild 

type (mean = 82; n=3) and yellowman  (mean = 83; n=3) embryos. From Pax7 labelling, 

the neural crest cells appeared to be distributed in the same way in wild type and 

yellowman  embryos. For instance, the most dorsal stream over the eyes was present in 

both wild type (Fig. 6.12D) and yellowman  (Fig. 6.12F) embryos. Therefore, the number 

and distribution of m igrating neural crest cells was unaffected by the yellowman  

mutation.

6 .2 .9  A xonal tracts in the brain are unaffec ted  by the yellow m an  
mutation

A number of zebrafish pigmentation mutants have been found to have alterations 

to their axon tracts when analysed after 3 days of development (C.-P. Heisenberg, T.F. 

Schilling, C. Houart, R.E. Macdonald and S.W. W ilson, unpublished data). To ascertain 

if the yellowman  mutation leads to any changes to the axon tracts in the brain, three day 

old embryos were labelled with an antibody to acetylated tubulin. These embryos were 

also double-labelled with an antibody to opsin which labels photoreceptor cells, most 

notably in the epiphysis.

Careful analysis of tubulin and opsin double-labelled embryos did not find any 

difference in the overall morphology or in any specific region in yellow m an  m utant
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Figure 6.12 Two neural crest markers are expressed norm ally in  ̂
yellowman embryos. j
Embryos were labelled as whole mount by in situ hybridisation with jM 5  (A-C) or with j

-I

Pax7 antibody (D-G). A,C,E,G) lateral and (B,D,F) dorsal views. Rostral to the left at24h. | 

A-C) the pre-migratory neural crest marker fkd6  was expressed normally in yellowman 1 

embryos along the main axis and in the head. 1

D-G) Pax7 labelling of migratory neural crest was the same in wild type and yellowman I 

embryos. The same streams of migrating neural crest were visible in wild type and j 

yellowman embryos, such as across the eyes (arrowhead in D,E). i

Scale bars: A) 250pm. B,C) 175pm. D-G) 125pm. I
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Figure 6.13 Axon tracts are normal in y e l l o w m a n  mutant embryos at 
the third day.
Embryos were labelled as whole mounts with antibodies to acetylated tubulin and opsin. 

Dorsal views with rostral to the top.

A-D) the axon pathways were the same in both wild type and yellow m an  embryos, 

including the anterior commissure and optic chiasm.

E,F) the epiphysis developed in the same way in wild type and yellowman embryos. G,H) 

the midbrain and hindbrain also appeared to be the same in wild type (E,G) and 

yellowman embryos (F,H).

Abbreviations: ac, anterior commissure; c, cerebellum; ep, epiphysis; ob, olfactory bulb; 
oc, optic chiasm; oe, olfactory epithelium; poc, post optic chiasm; te, tectum.

Scale bars: A,B) 200pm. C-H) 100pm.

248



ep ep yel

yel



em bryos compared with wild type embryos (Fig. 6.13). Structures including the optic 

nerve, optic chiasm, anterior commissure and post-optic commissure were exam ined and 

found to be the same in wild type (Fig. 6.13A) and yellowman (Fig. 6.13B) embryos. 

Similarly, the olfactory epithelium and olfactory bulbs (Fig. 6.13C,D), the epiphysis and 

tectum (Fig. 6.13E,F) and cerebellum (Fig. 6.13G,H) were all the same in wild type and 

yellowman  embryos. Therefore, the yellowman mutation did not appear to cause any 

defects to the axonal tracts of the brain.

6.3 D iscussion

Neural crest cells form many different cell types and so the development of the 

neural crest is likely to be complex and involve many genes (Kelsh et al 1996). The 

com bination of defects observed in yellowman mutant embryos suggested yellow m an  is 

needed during neural crest development.

6.3.1 Pigmentation phenotype

The pigmentation phenotype of yellowm an  suggests that it affects either neural 

crest specification or, the later event of melanophore differentiation. Previous screens 

(Kelsh et al 1996, Streisinger et al 1986) have identified mutants that have similar, but not 

identical, phenotypes to yellowman , these are sparse {spa), touchdow n  (tdo), colourless 

{els) and puzzle {puz).

yellowman  mutant embryos have delayed melanophore differentiation leading to a 

few pale melanophores. spa mutant embryos also have fewer melanophores (Streisinger 

et al 1986, Kelsh et al 1996). However, unlike yellowm an  mutants, spa m utants 

accumulate melanophores behind the otic vesicle and by the sixth day, the melanophores 

are abnormally shaped. Thus, yellowman does not have the same phenotype as spa.

tdo  is more similar to yellowman  then spa and many alleles of tdo were found 

during the Tubingen screen (Kelsh et al 1996). tdo  mutants, like yellowm an, initially 

have fewer melanophores and those present are very small. Both tdo (Kelsh et al 1996) 

and yellowman  mutant embryos also have a transient reduction to touch response, perhaps 

due to a delayed differentiation of the touch response circuitry, tdo partly recovers its 

pigm entation phenotype by sixth day, although the melanophores which form are pale 

and small as in yellowman  mutants. There are several differences between the yellowman  

and tdo  phenotypes, yellowman embryos degenerate at about the sixth day and have 

additional defects, including jaw  and ear phenotypes, which are not present in tdo. 

However, the similarities in the pigmentation and sensory phenotypes suggest yellowman  

either acts in the same pathway as tdo or is an allele of tdo. To determine between these
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possibilities requires additional studies, such as complementation testing between tdo and 

yellowman.

The yellowman mutation causes defects to a number of neural crest derivatives so 

yellowman is probably needed during the specification  or d ifferen tia tion  of a 

subpopulation of the neural crest. Mutations affecting neural crest specification are likely 

to have more severe and possibly more widespread effects than m utations affecting 

differentiation of particular types of neural crest cells. For instance, tdo  affects 

pigm entation and sensory neural crest derivatives and it has been proposed that tdo  is
(candidate for a

required for melanophore differentiation (Kelsh et al 1996). The m ost severej neural crest 

specification mutant identified in the Tubingen screen, els, had defects affecting all 

chromatophores (Kelsh et al 1996). els mutant embryos, like yellowm an  and tdo, have a 

reduced number of melanophores that are small and fail to develop. In els, it has been 

shown that most neural crest cells fail to migrate, which is not found in yellowman  

embryos. The melanophores which form in els mutants, are pale but the xanthophores 

and iridophores have a normal phenotype, which is the same in yellowman  and tdo. els 

mutants also have small ears and small otoliths (W hitfield et al 1996) which is similar to 

the yellow m an  phenotype. The tdo mutation has not been shown to affect inner ear 

developm ent, like els and yellowm an, but as the ear phenotype is relatively slight in 

yellowman, it may be present in tdo  but be missed or absent in a weak allele of tdo. 

Therefore, els has a defect in neural crest migration, m elanophore differentiation and 

inner ear development. Thus, yellowman is similar to els as it also affects m elanophore 

differentiation, otolith development but does not affect neural crest migration so perhaps 

acts after els. Therefore, els and yellowman may act in the same pathway affecting neural 

crest development.

A further pigment mutant, puz, affects similar tissues as yellowman. puz  mutant 

embryos have a phenotype affecting jaw  and ear development but, unlike els, degenerate 

by about the fifth day (Kelsh et al 1996). A difference between puz and yellowman  is that 

the melanophores which form in puz embryos don't appear as tiny spots. Therefore, puz. 

may act in a related pathway during neural crest development as yellowman.

The interactions between yellowman, tdo, els and puz are likely to be complex as 

they affect several overlapping functions. To determ ine the relationship requires 

com plementation testing between yellowman  and the other mutants. The generation of 

double mutants will also be useful in discerning the hierarchical relationship between the 

genes.

6.3.2 Cartilage phenotype

The jaw  phenotype of yellowman mutant embryos was restricted to the anterior 

structures. The elements of the anterior two arches were smaller in yellowm an  embryos
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than in wild type siblings but almost recovered by the sixth day. The defects to the 

position and shape of the elements in yellowman  embryos was consistent with the effect 

of a delay to jaw cartilage differentiation.

The elements of the anterior arches, the mandibular and the hyoid, and the anterior 

neurocranium elements, the ethmoid plate and trabeculae, were affected in yellowman  

embryos. There have been previous examples of mutants which specifically affect the 

first two arches (Piotrowski et al 1996) and it has been proposed that the patterning of the 

first two arches is linked (Rijli et al 1993). Furtherm ore, the anterior elements of the 

neurocranium are often affected in jaw  mutants (Schilling et al 1996) and are neural crest 

derived, whereas posterior elements of the neurocranium  are m esoderm ally derived 

(Noden 1988, LeDouarin 1982) and not affected by yellowm an  mutation. Therefore, the 

yellowman yaw phenotype is restricted to anterior branchial arches and neurocranium.

It is not unprecedented for pigmentation mutants to affect cartilage, as in low  

mutants (Schilling et al 1996), and fate mapping suggests the cartilage and pigmentation 

cells have a similar origin (Schilling and Kimmel 1994). Jaw mutants have also been 

found which affect the pectoral fin, as in yellowman, such as the jaw  m utant d a k  

(Schilling et al 1996, van Eden et al 1996). Thus, yellowman may have a general role in 

differentiation of a subset of neural crest derivatives.

yellowman m utant em bryos did not develop the cartilaginous lep tidotrichia 

normally found in the pectoral fins by 6 days. A number of other mutants which affect 

branchial arch developm ent and pectoral fin developm ent have been characterised, 

including hammerhead {ham\ van Eden et al 1996, Schilling et al 1996). The yellowman  

gene is probably needed for differentiation of the neural crest derivatives in the pectoral 

fin, such as the lepidotrichia, in the same way as yellowman seems to be needed for 

neural crest differentiation in other tissues.

6.3.3 E ar phenotype

yellowman m utants have sm aller posterior otoliths and some other p igm ent 

mutants, such as puz  and els, also affect inner ear development and have small ears and 

otoliths (Whitfield et al 1996). More generally, neural crest abnormalities often correlate 

w ith inner ear defects which may be due to an interaction betw een neural crest 

m esenchyme and otic epithelium or because genes act in both tissues. The neural crest 

have been shown to contribute to the cartilaginous otic capsule (Noden 1988) and mouse 

m utants at the W and SI loci affect melanoctye and cochlea developm ent (Steel and 

Brown 1994). Therefore, the ear phenotype in yellowman may be due to a defect in 

differentiation of a sub-population of neural crest derivatives.

6.3.4 Touch response phenotype
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A number of mutants have been identified which affect sensitivity, including tdo , 

which has a transient reduction to tactile stimuli (Granato et al 1996). In the head, a 

subset of trigeminal ganglion cells and in the trunk and tail, Rohon-Beard cells in the 

dorsal part of spinal cord, initially mediate the response to touch (Kimmel et al 1991, 

M etcalfe et al 1990). During later stages, the Rohon-Beard cells die by apoptosis (J. 

W illiam s, N. Holder and S.W. W ilson, unpublished data) and tactile sensitivity is 

provided by neural crest derived dorsal root ganglia. These sensory inputs activate a 

specific class of interneuron which in turn excite motor neurons to com plete the reflex 

circuitry (Sillar and Roberts 1988). In wild type embryos, the transition between Rohon- 

Beard and dorsal root ganglia may cause the dip in tactile sensitivity at 4 days However, 

in yellowman  embryos there is a greater reduction to sensitivity at 4 days than happens in 

wild type embryos which may be because the Rohon-Beard cells die before the dorsal 

root ganglia have differentiated in yellowm an  embryos. Once the dorsal root ganglion 

cells differentiate in yellowman embryos, the touch response phenotype is lost. To 

determine if the transient reduction of tactile sensitivity in yellowman  embryos is caused 

by the delayed differentiation of the dorsal root ganglia, the development of axons by the 

dorsal root ganglia and the timing of apoptosis in the Rohon-Beard cells needs to be 

examined.

6.3.5 Future directions

The phenotype of yellow m an  embryos suggests yellowman is required for the 

differentiation of a subset of neural crest derivatives. The reason that so many different 

types of tissue are affected may be because they share a common lineage which is 

disrupted. Alternatively, fate mapping suggests neural crest lineages arise early (Schilling 

and Kimmel 1994), so the cells may experience a sim ilar environm ent which is itself 

disturbed and affects their differentiation. To determine if yellowman  affects intrinsic or 

extrinsic events, transplants of labelled neural crest between m utant and wild type 

em bryos could be carried out. Such experiments w ould show if the m elanophore 

phenotype was rescued by a wild type environment. Furtherm ore, com plem entation 

testing between yellowman and other mutants, particularly tdo, will show if yellowman  is 

a previously described mutant.

A study of the shared features between neural crest mutants identified by random 

mutagenesis screens, such as yellowman, is likely to be of great benefit in understanding 

how these genes affect multiple steps in neural crest determination.
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CHAPTER 7

GENERAL DISCUSSION

In this study, I set out to examine the regionalisation of the zebrafish anterior 

neural plate. The investigation exam ined the expression of m olecular m arkers to 

determ ine when regions were first established and tissue transplantation , RNA 

overexpression and mutant analysis examined the mechanisms that regulate these regions. 

A lthough this study focused on zebrafish, previous studies suggest similar regions are 

present in the early neural plates of other vertebrates, such as Xenopus  (reviewed in 

Eagleson 1996). The results of my analysis supports a model of neural plate patterning in 

which an initial pattern at early gastrulation is refined by signals from within and outside 

the neural plate during late gastrulation.

7 .1  There are two phases of gene expression in the rostral neural 
plate

My study of the rostral neural plate suggests the neural plate is patterned in at 

least two phases. In the first phase during early gastrulation, at least three AP boundaries 

are established in the neural plate which define broad regions. My tissue transplantation 

experim ents support previous studies (K oshida et al 1998) which suggest early 

gastrulation AP boundaries are established by a prepattern within the epiblast. Analysis 

of gene expression patterns suggests DV pattern is not present in the rostral neural plate at 

early gastrulation. In the second phase of gene expression at late gastrulation, the regions 

defined by the early gastrulation AP boundaries are subdivided. In addition, DV pattern 

begins to be established during late gastrulation with the expression of dorsally restricted 

genes, such as flh , and ventrally restricted genes such, as shh.

7.2 Brain region specific genes are expressed from late gastrulation

During the second phase of gene expression, markers of the prospective midbrain, 

such as pax2 .1 , start to be expressed. Exam ination of gene expression suggested the 

region of the neural plate containing the prospective midbrain territory, expands from  a 

small region of the neural plate along its AP axis from the end of gastrulation. Analysis 

of cell division and previous fate mapping studies of the zebrafish neural plate (Woo and 

Fraser 1995) suggest that neither cell division nor cell migration drives the expansion of 

the prospective midbrain territory. Previous studies have suggested the m idbrain is 

induced by an interaction between the forebrain and the hindbrain (Nieuwkoop and 

Albers 1990). In addition, it has been shown that the midbrain organiser, the isthmus, can
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induce genes, such as en2 (Crossley et al 1996), which are normally induced at late 

gastrulation. The isthmus is an AP boundary in the rostral neural plate (Crossley et al 

1996). Thus, the finding that the prospective midbrain territory expands and m idbrain 

specific gene expression begins from late gastrulation is consistent with the induction of 

the midbrain happening at late gastrulation.

Telencephalon specific genes are expressed during the second phase o f gene 

expression. The anterior organiser, Row 1, appears to be required for telencephalon gene 

expression (Houart et al 1998), and thus Row 1 may act during late gastrulation. For 

instance, it has been shown that Row 1 can ectopically induce genes normally expressed 

at late gastrulation, such as dlx2, and that ablation of Row 1 abolishes the expression of 

tel encephalic specific genes, such as em xl but does not affect the gross morphology of the 

forebrain. Thus, Row 1 may act as part of a second phase of gene expression to induce 

telencephalic markers but not early AP markers of the neural plate. The Row 1 

organising centre is located at a boundary whichjis thought to be important sources of 

signals during neural plate regionalisation (Ruiz i Altaba 1998).

The expression of eye specific genes, such as rxB  and LH2A, did not occur until 

late gastrulation during the second phase of gene expression. W hen expression was 

initiated, eye specific genes were expressed within the most rostral territory defined 

during early gastrulation and, along with telencephalic specific genes, subdivided the 

region. Thus, brain region specific gene expression in the neural plate did not com mence 

until late gastrulation.

7.3 DV pattern is established by late gastrulation

DV pattern appears to be established at late gastrulation during the second wave of 

gene expression. Perhaps DV patterning inform ation em anates from  the m idline 

mesoderm and non-neural ectoderm. The division of the most rostral region of the early 

gastrulation neural plate into telencephalon and retina may be caused by the acquisition of 

DV pattern. DV patterning information is likely to emanate from the midline mesoderm 

and non-neural ectoderm. The midline mesoderm may also be involved in AP patterning.

7 .4  The m idline and anterior organiser may refine the AP pattern in 
the neural plate

The midline mesoderm may have a role in defining the AP pattern in the neural plate at 

late gastrulation. The finding that the midline mutants oep and eye have an almost normal 

AP pattern without the rostral midline mesoderm and that null shh  mutant mice have a 

normal AP pattern (Chiang et al 1996) suggests the midline mesoderm is not needed to 

establish anteroposterior pattern. However, it has been shown that the m esoderm can
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induce anterior neural plate AP markers, such as en l and en2 (Ang and Rossant 1993), 

and that the posterior mesoderm suppresses anterior gene expression (Ang et al 1994). In 

addition, the finding that oep and eye have small alterations to the downregulation of an f 

expression, suggests some involvem ent of the m idline m esoderm  in AP patterning. 

Perhaps the midline mesoderm mediates refinement of the AP pattern posterior to the 

m id-diencephalon and the anterior organiser, Row 1, regulates the refinem ent of 

anteroposterior pattern rostral to the mid-diencephalon. Such a regional difference in how 

AP pattern within the neural plate is refined could explain why the midbrain organiser, 

the isthmus, is unable to induce late phase midbrain markers, such as E n l , rostral to the 

mid-diencephalon (Crossley et al 1996). Therefore, the midline is likely to play roles in 

establishing DV and refining AP neural plate patterning.

7.5 The neural plate behaves as an embryonic field

My studies of neural plate patterning supports the suggestion that the neural plate 

is organised as an embryonic field (Ruiz i Altaba 1998, M einhardt 1983). M einhardt 

proposed that the boundaries established by the primary organisation of the developing 

em bryo act as patterning centres for secondary embryonic fields (M einhardt 1983). The 

initial patterning leads to the specification of different populations of cells in adjacent 

territories which are separated by sharp borders. These two populations co-operate to 

produce a signal which provides more detailed secondary patterning. This idea of borders 

as sources of patterning information has received support from studies of em bryonic 

segm entation (Ingham  and M artinez-A rias 1992), w ing and leg im aginal disc 

development in Drosophila (Basler and Struhl 1994, D iaz-Benjumea et al 1994) and the 

vertebrate midbrain (Crossley et al 1996, reviewed by Ang 1996).

Therefore, in the neural plate, the primary organisation of the neural plate by a 

prepattern in the epiblast which confers a general anteroposterior pattern to the neural 

plate. A secondary level of neural plate organisation is due to signals em anating from 

boundaries and adjacent tissues, such as the non-neural ectoderm  and the underlying 

midline mesoderm. Thus, the regional character of the neural plate is gradually imposed 

with an early gastrulation phase and at least one subsequent phase at late gastrulation. 

Recent studies of primitive chordates provide clues about how the regional organisation

of the neural plate has arisen during evolution.

7.6 Evolution of neural plate patterning

It has been suggested that the earliest sites of specific gene expression will be

those associated with the oldest evolutionary role (Cooke et al 1997). For instance, the 

axial organisation of the amphibian dorsal blastopore lip organiser occurs before the
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subdivision of the brain rudim ent (Cooke et al 1997). Although ontogeny does not 

simply recapitulate phylogeny, during development general features are thought to arise 

before specific ones (Butler and Hodos 1996). Thus, it is interesting to speculate that the 

initial anteroposterior subdivisions of the rostral neural plate at early gastrulation in the 

zebrafish may represent a more general level of organisation which may have evolved 

before the features which arise during late gastrulation.

It is possible that neural plate regionalisation has evolved with the imposition of 

secondary levels of patterning onto an initial organisation. For instance, gene expression 

suggests that the telencephalon, and perhaps also the midbrain, arise during a second 

phase of gene expression so it would be interesting if either, or both, the midbrain and 

telencephalon, were absent from a vertebrate mutant or ancestor. The m b l mutation 

causes the loss of the telencephalon because the rostral neural plate adopts a diencephalic 

identity (Masai et al 1997). In noi mutant embryos, the midbrain is absent and gene 

expression indicates that the midbrain is induced but not maintained (Brand et al 1996). 

Thus, there are mutants which specifically affect the development of regions, such as the 

telencephalon or midbrain, which apparently form during the second phase of gene 

expression.

The rostral neural plate of ancestral vertebrates appears to lack some structures 

associated with the second phase of gene expression. For instance, the forebrain of 

am phioxus, which is thought to be hom ologous to the diencephalon of craniate 

vertebrates, may lack the telencephalon and, perhaps also the midbrain (Lacalli et al 1994, 

Holland and Holland 1998). However, only a relatively small number of genes have been 

studied in the amphioxus forebrain which makes it difficult to draw strong conclusions 

about what homologous structures are present or absent. N evertheless, it w ould be 

interesting if it could be shown that a prim itive vertebrate, such as am phioxus, or a 

prim itive chordate, such as the ascidian, lacked features associated with the second phase 

of gene expression. Such a finding would indicate these features arose independently of 

the features associated the first phase, such as the diencephalon.

7.7 Future directions

The regions defined by gene expression during early gastrulation may represent 

cell lineage restrictions. To determine if cells within a region behave the same way 

individual cells, or small groups of cells, could be transplanted to ectopic locations within 

the same region and to other regions, to see if the cells share the same identity. The 

expression of region specific markers, such as a n f or otx2, could be used to assess identity 

after transplantation. These experiments would show when the cells within a region 

become specified and if there is a restriction to cell fate in these early regions. Studies of 

the chick neural plate show there is a boundary in the mid-diencephalon rostral to which
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midbrain cannot be ectopically induced (Crossley et al 1996). These experiments would 

need to be carried out during early gastrulation before the second phase^ genes are 

expressed.

As boundaries are thought to be im portant sources of patterning inform ation 

(M einhardt 1983, Ruiz i Altaba 1998), it would be interesting to determine if the early AP 

boundaries have any signalling ability. This could be tested by transplanting the 

boundary cells to an ectopic location in the neural plate and studying whether they induce 

changes to gene expression. The method used in recent studies of eph signalling in the 

zebrafish hindbrain (Xu et al 1999, M ellitzer et al 1999) could be used. In these studies, 

mosaic expression of ephs was used to create ectopic boundaries. In a sim ilar way, 

expression of early neural plate markers, such as anf, could be used to impose ectopic 

boundaries in the neural plate and the effect of these analysed.

A nalysis of m utants in this study provide contrasting but com plem entary 

exam ples of why mutant analysis is a powerful tool for understanding developmental 

biology. On the one hand, the characterisation of the anfless  line showed that gene 

expression is not a reliable guide to function and that gene redundancy is likely to feature 

in zebrafish as in other vertebrates, ye llo w m a n  shows that m utants are useful in 

identifying the steps involved in the development of tissues which are likely to involve a 

complex interaction of many genes. A screen for zebrafish mutants which affect specific 

early neural plate boundaries could be carried out. The isolation of a mutation that causes 

the loss of a particular boundary would be useful for analysing how that boundary affects 

regionalisation.

Thus, a number of experiments could be conducted to determine the significance 

of neural plate boundaries which arise during early and late gastrulation. A combination 

of approaches, using methods such as gene expression analysis* fate m apping and 

com m itm ent analysis, is likely to be needed in a single organism at several stages for a 

fuller understanding of rostral neural plate regionalisation.

258



BIBLIOGRAPHY

Acampora, D., Avantaggiato, V., Tuorto, F., Briata, P., Corte, G., & Simeone, A. (1998). 

Viscera] endoderm-restricted translation of O txl mediates recovery of Otx2 requirements 

for specification of anterior neural plate and normal gastrulation. Development, 125 , 

5091-5104.

Akimenko, M.-A., Ekker, M., Wegner, J., Lin, W., & W esterfield, M. (1994). 

Combinational expression of three zebrafish genes related to distal-less: part of a 

homeobox gene code for the head. J. Neurosci., 1 4 , 3475-3486.

Alcedo, J., Ayzenzon, M., Von Ohlen, T., Noll, M., & Hooper, J. E. (1996). The 

Drosophila smoothened  gene encodes a seven-pass membrane protein, a putative receptor 

for the hedgehog signal. Cell, 86 , 221-232.

Alexandre, D., Clarke, J. D. W., Oxtoby, E., Yan, Y. L., Jowett, T., & Holder, N. (1996). 

Ectopic expression of Hoxa-1 in the zebrafish alters the fate of the mandibular arch neural 

crest and phenocopies a retinoic acid-induced phenotype. Development, 122 , 735-746.

Allende, M. L., Amsterdam, A., Becker, T., Kawakami, K., Gaiano, N., & Hopkins, N.

(1996). Insertional mutagenesis in zebrafish identifies two novel genes, pescadillo  and 

dead eye, essential for embryonic development. Genes Dev., 1 0 , 3141-3155.

Altman, J., & Bayer, S. A. (1986). The development o f the rat hypothalamus. Berlin: 

Springer-Verlag.

Altman, J., & Bayer, S. A. (1995). Atlas o f prenatal rat brain development. Boca Raton, 

Ann Arbor, London, Tokyo: CRC Press.

Anderson, D. J. (1997). Cellular and molecular biology of neural crest cell lineage and 

determination. Trends Genet., 1 3 , 276-280.

Ang, S.-L., Conlon, R. A., Jin, O., & Rossant, J. (1994). Positive and negative signals 

from mesoderm regulate the expression of mouse Otx2 in ectoderm explants.

Development, 1 2 0 , 2979-2989.

Ang, S.-L., & Rossant, J. (1994). HNF-3fi is essential for node and notochord formation 

in mouse development. Cell, 78, 561-574.

259



Ang, S.-L. (1996). The brain organization. Nature, 380 , 25-27.

Ang, S.-L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L., & Rossant, J. (1996). A targeted 

mouse Otx2 mutation leads to severe defects in gastrulation and formation of axial 

mesoderm and to deletion of rostral brain. Development, 122 , 243-252.

Asashima, M., Nakano, H., Shimada, K., Kinoshita, K., Ishii, K., Shibai, H., & Ueno, N. 

(1990). Mesodermal induction in early amphibian embryos by activinA  (erythroid 

differentiation factor). Roux's Arch. Dev. Biol., 198 , 330-335.

Barth, K. A., & Wilson, S. W. (1995). Expression of zebrafish nk2.2 is influenced by 

sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone of neuronal differentiation 

in the embryonic forebrain. Development, 121 , 1755-1766.

Basler, K., Edlund, T., Jessell, T. M., & Yamada, T. (1993). Control of cell pattern in the 

neural tube: regulation of cell differentiation by dorsalin-1, a novel TGF6 family 

member. Cell, 7 3 , 687-702.

Basler, K., & Struhl, G. (1994). Compartment boundaries and the control of Drosophila  

pattern by hedgehog protein. Nature, 368 , 208-214.

Beddington, R. S. P., & Robertson, E. J. (1989). An assessment of the developmental 

potential of embryonic stem cells in the midgestation mouse embryo. Development, 105 , 
733-737.

Beddington, R. S. P. (1994). Induction of a second neural axis by the mouse node. 

Development, 1 2 0 , 613-620.

Beddington, R. S. P., & Robertson, E. J. (1999). Axis development and early asymmetry 

in mammals. Cell, 96, 195-209.

Belo, J. A., Bouwmeester, T., Leyns, L., Kertesz, N., Gallo, M., Follettie, M., & De 

Robertis, E. M. (1997). Cerberus-like is a secreted factor with neuralizing activity 

expressed in the anterior primitive endoderm of the mouse gastrula. Mech. Dev., 68, 45- 

57.

Berquist, H., & Kallen, B. (1954). Notes on the early histogenesis and morphogenesis of 

the central nervous system in vertebrates. J. Comp. Neurol., 100 , 627-660.

260



Blader, P., & Strahle, U. (1998). Casting an eye over cyclopia. Nature, 395 , 112-113.

Blitz, I. L., & Cho, W. Y. (1995). Anterior neurectoderm is progressively induced during 

gastrulation: the role of the Xenopus homeobox gene orthodentitcle. D evelopm ent, 121, 
993-1004.

Blum berg, B., Bolado, J., J., Moreno, T. A., Kintner, C., Evans, R. M., & Papalopulu, N.

(1997). An essentia] role for retinoid signaling in anteroposterior neural patterning. 

D evelopment, 1 2 4 , 373-379.

Bouwm eester, T., Kim, S.-H., Sasai, Y., Lu, B., & De Robertis, E. M. (1996). Cerberus is 

a head-inducing secreted factor expressed in the anterior endoderm of Spemann's 

organizer. Nature, 382 , 595-601.

Bouwmeester, T., & Leyns, L. (1997). Vertebrate head induction by anterior primitive 

endoderm . BioEssays, 19, 855-863.

Brand, M., Heisenberg, C.-P., Jiang, Y.-J., Beuchle, D., Lun, K., Furutani-Seiki, M., 

Granato, M., Haffter, P., Hammerschmidt, M., Kane, D. A., Kelsh, R. N., Mullins, M., 

Odenthal, J., van Eden, F. J. M., & Nusslein-Volhard, C. (1996). Mutations in zebrafish 

genes affecting the formation of the boundary between the midbrain and hindbrain. 

Development, 123 , 179-190.

Braun, T., Rudnicke, M. A., Arnold, H.-H., & Jaenisch, R. (1992). Targeted inactivation 

of the muscle regulatory gene myf-5 results in abnormal rib development and perinatal 

death. Cell, 7 1 , 369-382.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics, 11 , 71-94.

Briscoe, J., Sussel, L., Serup, P., Hartigan-O'Connor, D., Jessell, T. M., Rubenstein, J. L. 

R., & Ericson, J. (1999). Homeobox gene Nkx2.2 and specification of neuronal identity 

by graded Sonic hedgehog signalling. Nature, 398 , 622-621.

Bronner-Fraser, M., & Fraser, S. E. (1988). Cell lineage analysis reveals multipotency of 

some avian neural crest cells. Nature, 335 , 161-164.

Bronner-Fraser, M., & Fraser, S. (1989). Developmental potential of avian trunk neural 

crest cells in situ. Neuron, 3, 755-766.

261



Brookfield, J. (1992). Can genes be truly redundant? Curr. Biol., 2, 553-554.

Brun, R. B. (1981). The movement of the prospective eye vesicles from the neural plate 

into the neural fold in Ambystoma mexicanum  and Xenopus laevis. Dev. Biol., 88 , 192- 

199.

Bumcrot, D. A., Takada, R., & McMahon, A. P. (1995). Protelytic processing yields two 

secreted forms of Sonic hedgehog. Mol. Cell Biol., 15 , 2294-2303.

Burr, H. S. (1922). The early development of the cerebral hemispheres in Amblystoma. J. 

Comp. Neurol., 3 4 , 277-301.

Butler, A. B., & Hodos, W. (1996). Comparative vertebrate neuroanatomy: evolution and  

adaptation. New York: Wiley-Liss.

Casarosa, S., Andreazzoli, M., Simeone, A., & Barsacchi, G. (1997). X r x l , a novel 

Xenopus homeobox gene expressed during eye and pineal gland development. Mech.

Dev., 61, 187-198.

Chen, Y., Huang, L., Russo, A. F., & Solursh, M. (1992). Retinoic acid is enriched in 

Hensen's node and is developmentally regulated in the early chicken embryo. Proc. Natl. 

Acad. Sci. USA, 89, 10056-10059.

Chen, Y., Huang, L., & Solursh, M. (1994). A concentration gradient of retinoids in the 

early Xenopus laevis embryo. Dev. Biol., 161 , 70-76.

Chen, Y., & Struhl, G. (1996). Dual roles for patched in sequestering and transducing 

Hedgehog. Cell, 87 , 553-563.

Chenn, A., & McConnell, S. K. (1995). Cleavage orientation and asymmetric inheritance 

of Notch 1 immunoreactivity in mammalian neurogenesis. Cell, 82 , 631-641.

Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal, H., & Beachy, 

P. A. (1996). Cyclopia and defective axial patterning in mice lacking Sonic hedgehog 

gene function. Nature, 383 , 407-413.

Chuang, P.-T., & McMahon, A. P. (1999). Vertebrate Hedgehog signalling modulated by 

induction of a Hedgehog-binding protein. Nature, 397 , 617-621.

262



Concha, M. L., & Adams, R. J. (1998). Oriented cell divisions and cellular 

morphogenesis in the zebrafish gastrula and neurula: a time-lapse analysis. D evelopment, 

125 , 983-994.

Cooke, J., Nowak, M. A., Boerlijst, M., & Maynard-Smith, J. (1997). Evolutionary 

origins and maintenance of redundant gene expression during metazoan development. 

Trends Genet., 13 , 360--364.

Corbo, J. C., Erives, A., Di Gregorio, A., Chang, A., & Levine, M. (1997). Dorsoventral 

patterning of the vertebrate neural tube is conserved in a protochordate. Development,

124 , 2335-2344.

Corner, M. A. (1963). Development of the brain in Xenopus laevis after removal of parts 

of the neural plate. J. Exp. Zool., 153 , 301-306.

Costaridis, P., Horton, C., Zeitlinger, J., Holer, N., & Maden, M. (1996). Endogenous 

retinoids in the zebrafish embryo and adult. Dev Dyn, 205 ,41-51.

Couly, G. F., & Le Douarin, N. M. (1985). Mapping of the early neural primordium in 

quail-chick chimeras. Dev. Biol., 110 , 422-439.

Couly, G. F., & LeDouarin, N. M. (1987). Mapping of the early neural primordium in 

quail-chick chimeras. Dev. Biol., 120 , 198-214.

Cox, W. G., & Hemmati-Brivanlou, A. (1995). Caudalization of neural fate by tissue 

recombination and bFGF. Development, 1 2 1 , 4349-4358.

Cross, F. R. (1988). DAFT, a mutant gene affecting size control, pheromone arrest, and 

cell cycle kinetics of Saccharomyces cerevisiae. Mol. Cell Biol., 8, 4675-4684.

Crossley, P. H., Martinez, S., & Martin, G. (1996). Midbrain development induced by 

FGF8 in the chick embryo. Nature, 380 , 66-68.

Dahmane, N., Lee, J., Robins, P., Heller, P., & Ruiz i Altaba, A. (1997). Activation of the 

transcription factor GUI and the Sonic hedgehog signalling pathway in skin tumours. 

Nature, 389 , 876-881.

Dale, L., Howes, G., Price, B. M. J., & Smith, J. C. (1992). Bone morphogenetic protein 

4: a venralizing factor in early Xenopus development. D evelopment, 115 , 573-585.

263



Dale, J. K., Vesque, C., Lints, T. J., Sampath, K., Furley, A., Dodd, J., & Placzek, M.

(1997). Cooperation of BMP7 and SHH in the induction of forebrain ventral midline cells 

by prechordal mesoderm. Cell, 9 0 , 257-269.

Dale, K., Sattar, N., Heemskerk, J., Clarke, J. D. W., Placzek, M., & Dodd, J. (1999). 

Differential patterning of ventral midline cells by axial mesoderm is regulated by BMP7 

and chordin. Development, 126 , 397-408.

Daniel, A., Dumstrei, K., Lengyel, J. A., & Hartenstein, V. (1999). The control of cell 

fate in the embryonic visual system by atonal, tailess andE G FR  signalling. Development, 

126 , 2945-2954.

Dattani, M. T., Martinez-Barbera, J.-P., Thomas, P. Q., Brickman, J. M., Gupta, R., 

M artensson, I.-L., Toresson, H., Fox, M., Wales, J. K. H., Hindmarsh, P. C., Krauss, S., 

Beddington, R. S. P., & Robinson, I. C. A. F. (1998). M utations in the homeobox gene 

H E SX J/H esxl associaed with septo-optic dysplasia in human and mouse. Nat. Genet., 19, 
125-133.

de Rosa, R., Grenier, J. K., Andreeva, T., Cook, C. E., Adoutte, A., Akam, M., Carroll, S. 

B., & Balavoine, G. (1999). Hox genes in brachiopods and priapulids and protostome 

evolution. Nature, 399 , 772-776.

Di Gregorio, A., & Levine, M. (1998). Ascidian embryogenesis and the origins of the 

chordate body plan. Curr. Opin. Genet. Dev., 8, 457-463.

Diaz-Benjumea, F. J., Cohen, B., & Cohen, S. M. (1994). Cell interaction between 

com partments establishes the proximal-distal axis of Drosophila  legs. Nature, 372 , 175- 

179.

Dickinson, M. E., Selleck, M. A. J., McMahon, A. P., & Bronner-Fraser, M. (1995). 

Dorsalization of the neural tube by the non-neural ectoderm. D evelopment, 121, 2099- 

2106.

Ding, J., Yang, L., Yan, Y.-T., Chen, A., Desai, N., W ynshaw-Boris, A., & Shen, M. M.

(1998). Cripto is required for correct orientation of the anterior-posterior axis in the 

m ouse embryo. Nature, 395 , 702-707.

264



Dixon, J. E., & Kintner, C. R. (1989). Cellular contacts required for neural induction in 

Xenopus embryos: evidence for two signals. Development, 106 , 749-757.

Doniach, T., Phillips, C. R., & Gerhart, J. C. (1992). Planar induction of anteroposterior 

pattern in the developing central nervous system of Xenopus laevis. Science, 257 , 542- 

545.

Doniach, T. (1992). Induction of anteroposterior neural pattern in Xenopus by planar 

signals. Dev. Suppl., 183-192.

Doniach, T. (1993). Planar and vertical induction of anteroposterior pattern during the 

development of the amphibian central nervous system. J. Neurobiol., 24, 1256-1275.

Doniach, T. (1995). Basic FGF as an inducer of anteroposterior neural pattern. Cell, 83 , 

1067-1070.

Dosch, R., Gawantka, V., Delius, H., Blumenstock, C., & Niehrs, C. (1997). Bmp-4 acts 

as a morphogen in dorsoventral mesoderm patterning in Xenopus. Development, 124 , 
2325-2334.

Downs, K. M., & Davies, T. (1993). Staging of gastrulating mouse embryos by 

morphological landmarks in the dissecting microscope. Development, 118 , 1255-1266.

Driever, W., Solnica-Krezel, L., Schier, A. F., Neuhaus, S. C. F., Malicki, J., Stemple, D. 

L., Stainier, D. Y. R., Zwartkruis, F., Abdelilah, S., Rangini, Z., Belak, J., & Boggs, C.

( 1996). A genetic screen for mutations affecting embryogenesis in zebrafish. 

Development, 123 , 37-46.

Durston, A. J., Timmermans, J. P., Hage, W. J., Hendriks, H. F., de Vries, N. J., 

Heideveld, M., & Nieuwkoop, P. D. (1989). Retinoic acid causes anteroposterior 

transformation in the developing central nervous system. Nature, 340 , 140-144.

Eagleson, G. W., Jenks, B. G., & Van Overbeeke, A. P. (1986). The pituitary 

adrenocorticotrpoes originate from neural ridge tissue in Xenopus laevis. J. Embryol. exp. 

M orph., 95 , 1-14.

Eagleson, G. W., & Harris, W. A. (1990). Mapping of the presumptive brain regions in 

the neural plate of Xenopus laevis. J. Neurobiol., 2 1 , 427-440.

265



Eagleson, G., Ferrerio, B., & Harris, W. A. (1995). Fate of the anterior neural ridge and 

the morphogenesis of the Xenopus forebrain. J. Neurobiol., 2 8 , 146-158.

Eagleson, G. W. (1996). Developmental neurobiology of the anterior areas in amphibians: 

urodele perspectives. Int. J. Dev. Biol., 40, 735-743.

Echelard, G. W., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J., M cMahon, J. A., & 

M cM ahon, A. P. (1993). Sonic Hedgehog, a member of a family of putative signalling 

molecules is implicated in the regulation of CNS polarity. Cell, 75 , 1417-1430.

Edgar, B. A., & O'Farrell, P. H. (1989). Genetic control of cell division patterns in the 

D rosophila  embryo. Cell, 57, 177-187.

Edgar, B. A., Lehman, D. A., & O'Farrell, P. H. (1994). Transcriptional regulation of 

string  (cdc25): a link between developmental programming and the cell cycle. 

Development, 1 2 0 , 3131-3143.

Edgar, B. A., & Lehner, C. F. (1996). Developmental control of cell cycle regulators: a 

fly's perspective. Science, 274 , 1646-1652.

Eisen, J. S. (1991). Determination of primary motoneuron identity in developing 

zebrafish embryos. Science, 252 , 569-572.

Eisen, J. S. (1996). Zebrafish make a big splash. Cell, 87 , 969-977.

Ekker, S. C., McGrew, L. L., Lai, C.-J., Lee, J. J., von Kessler, D. P., Moon, R. T., & 

Beachy, P. A. (1995a). Distinct expression and shared activities of members of the 

hedgehog gene family of Xenopus laevis. Development, 12 1 , 2337-2347.

Ekker, S. C., Ungar, A. R., Greenstein, P., von Kessler, D. P., Porter, J. A., Moon, R. T., 

& Beachy, P. A. (1995b). Patterning activities of vertebrate hedgehog proteins in the 

developing eye and brain. Curr. Biol., 5, 944-955.

Ellinger-Ziegelbauer, H., & Dreyer, C. (1991). A retinoic acid receptor expressed in the 

early development of Xenopus laevis. Gene Dev., 5, 94-104.

Epstein, D. J., Marti, E., Scott, M. P., & M cM ahon, A. P. (1996). Antagonizing cAM P- 

dependant protein kinase A in the dorsal CNS activates a conserved Sonic hedgehog 

signalling pathway. Development, 122 , 2885-2894.

266



Epstein, D. J., McMahon, A. P., & Joyner, A. L. (1999). Regionalization of Sonic 

hedgehog  transcription along the anteroposterior axis of the mouse central nervous 

system is regulated by Hnf3-dependent and -independent. Development, 126 , 281-292.

Ericson, J., Muhr, J., Placzek, M., Lints, T., Jessell, T. M., & Edlund, T. (1995). Sonic 

hedgehog induces the differentiation of ventral forebrain neurons: a common signal for 

ventral patterning within the neural tube. Cell, 8 1 , 747-756.

Ericson, J., Morton, S., Kawakami, A., Roelink, H., & Jessell, T. M. (1996). Two critical 

periods of Sonic hedgehog signalling required for the specification of motor neuron 

identity. Cell, 8 7 , 661-673.

Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., van Heyningen, 

V., & Jessell, T. M. (1997a). Pax6  controls progenitor cell identity and neuronal fate in 

response to graded Shh signalling. Cell, 90 , 169-180.

Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V., & Jessell, T. M. (1997b). 

Graded sonic hedhog signalling and the specification of cell fate in the ventral neural 

tube. Cold Spring Harb. Symp. Quant. Biol., 62, 451-466.

Erm akova, G. V., Smith, M. W., & Zaraisky, A. G. (1999a). The Xenopus homeodomain 

factor, X a n f-] , plays a role of a specific repressor during early patterning of the anterior 

neuroectoderm, submitted.

Erm akova, G. V., Kazanskaya, O. V., Vasiliev, O. L., Alexandrova, E. M., & Zaraisky,

A. G. (1999b). The homeodomain factor, X anfl, regulates neurogenesis in the anterior 

region of the Xenopus embryo, submitted.

Eyal-Giladi, H. (1954). Dynamic aspects of neural induction. Arc. B io l, 65, 180-259.

Fainsod, A., Steinbeisser, H., & De Robertis, E. M. (1994). On the function of BM P-4 in 

patterning the marginal zone of the Xenopus embryo. EMBO J, 1 3 , 5015.

Fan, C.-M., & Tessier-Lavigne, M. (1994). Patterning of mammalian somites by surface 

ectoderm and notochord: evidence for sclerotome induction by a hedgehog homolog.

Cell, 7 9 , 1121-1285.

267



Fan, C.-M., Porter, J. A., Chiang, C., Chang, D. T., Beachy, P. A., & Tessier-Lavigne, M.

(1995). Long-range sclerotome induction by Sonic hedgehog: direct role of the amino- 

terminal cleavage product and modulation by the cyclic AMP signalling pathway. Cell,

81 ,457 -465 .

Fekany, K., Yamanaka, Y., Leung, T., Sirotkin, H. I., Topczewski, J., Gates, M. A., Hibi, 

M., Renucci, A., Stemple, D., Radbill, A., Schier, A. F., Driever, W., Hirano, T., Talbot, 

W. S., & Solnica-Krezel, L. (1999). The zebrafish bozozok locus encodes Dharma, a 

homeodomain protein essential for induction of gastrula organizer and dorsoanterior 

em bryonic structures. Development, 126 , 1427-1438.

Feldman, B., Gates, M. A., Egan, E. S., Dougan, S. T., Rennebeck, G., Sirotkin, H. I., 

Schier, A. F., & Talbot, W. S. (1998). Zebrafish organizer development and germ-layer 

formation require nodal-related signals. Nature, 395 , 181-185.

Fernandez, A. S., Pieau, C., Reperant, J., Boncinelli, E., & W assef, M. (1998). Expression 

of the Emx-1 and Dlx-1 homeobox genes define three molecularly distinct domains in the 

telencephalon of mouse, chick, turtle and frog embryos: implications for the evolution of 

telencephalic subdivisions in amniotes. Development, 125 , 2099-2111.

Fietz, M. J., Jacinto, A., Taylor, A. M., Alexandre, C., & Ingham, P. W. (1995). Secretion 

of the amino-terminal fragment of the hedgehog protein is necessary and sufficient for 

hedgehog signalling in Drosophila. Development, Suppl., 43-51.

Figdor, M. C., & Stern, C. D. (1993). Segmental organization of embryonic diencephalon. 

Nature, 3 6 3 , 630-634.

Filosa, S., Rivera-Perez, J. A., Gomez, A. P., Gansmuller, A., Sasaki, H., Behringer, R.

R., & Ang, S.-L. (1997). goosecoid  and HNF3fi genetically interact to regulate neural 

tube patterning during mouse embryogenesis. Development, 124 , 2843-2854.

Fire, A., Xu, S., M ontgomery, M. K., Kostas, S. A., Driver, S. E., & Mello, C. C. (1998). 

Potent and specific genetic interference by double-stranded RNA in Caenorhabditis 

elegans. Nature, 3 9 1 , 806-811.

Fishell, G. (1997). Regionalization in the mammalian telencephalon. Curr. Opin. 

Neurobiol., 7 , 62-69.

2 6 8



Fjose, A., Nornes, S., W eber, U., & Mlodzik, M. (1993). Functional conservation of 

vertebrate seven-up related genes in neurogenesis and eye development. EM BO J , 12, 
1403-1414.

Forey, P., & Janvier, P. (1993). Agnathans and the origin of jaw ed vertebrates. Nature, 

361 , 129-134.

Fraser, S., Keynes, R., & Lumsden, A. (1990). Segmentation in the chick embryo 

hindbrain is defined by cell lineage restrictions. Nature, 344 , 431-435.

Furthauer, M., Thisse, C., & Thisse, B. (1997). A role for FGF-8 in the dorsoventral 

patterning of the zebrafish gastrula. Development, 124 , 4253-4264.

Furuta, Y., Piston, D. W., & Hogan, B. L. (1997). Bone morphogenetic proteins (BMPs) 

as regulators of dorsal forebrain development. Development, 124 , 2203-2212.

Gans, C., & Northcutt, R. G. (1983). Neural crest and the origin of vertebrates: a new 

head. Science, 220 , 268-274.

Garcia-M artinez, V., Darnell, D. K., Lopez-Sanchez, C., Sosic, D., Olson, E. N., & 

Schoenwolf, G. C. (1997). State of commitment of prospective neural plate and 

prospective mesoderm in late gastrula/early neurula stages of avian embryos. Dev. Biol., 

181 , 102-115.

Garstang, W. (1894). Preliminary note on a new theory of the phylogeny of the Chordata. 

Zool. Anz., 27, 122-125.

Gilland, E., & Baker, R. (1993). Conservation of neuroepithelial and mesodermal 

segments in the embryonic vertebrate head. Acta. Anat., 148 , 110-123.

Glardon, S., Callaerts, P., Haider, G., & W.J., G. (1997). Conservation of Pax-6  in lower 

chordate, the ascidian Phallusia mammillata. Development, 124 , 817-825.

Glasgow, E., Karavanov, A. A., & Dawid, I. B. (1997). Neuronal and neuroendocrine 

expression of lim3, a LIM class homeobox gene, is altered in mutant zebrafish with axial 

signalling defects. Dev. Biol., 192 , 405-419.

269



Glinka, A., Wu, W., Onichtchouk, D., Blumenstock, C., & Niehrs, C. (1997). Head 

induction by simulataneous repression of Bmp and W nt signalling in Xenopus. N ature, 

389 ,517 -519 .

Glinka, A., Wu, W., Delius, H., Monaghan, A. P., Blumenstock, C., & Niehrs, C. (1998). 

Dickkopf-1 is a member of a new family of secreted proteins and functions in head 

induction. Nature, 3 9 1 , 357-362.

Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A., & Scott, M. P. (1996). 

Conservation of the hedgehog!patched signalling pathway from flies to mice: induction of 

a mouse patched  gene by Hedgehog. Genes Dev., 10, 301-312.

Graham, A. (1997). The origin of dorsoventral patterning of the vertebrate nervous 

system. Trends Genet., 1 3 , 463-465.

Granato, M., van Eden, F. J. M., Schach, U., Trowe, T., Brand, M., Furutani-Seiki, M., 

Haffter, P., Hammerschmidt, M., Heisenberg, C.-P., Jiang, Y.-J., Kane, D. A., Kelsh, R. 

N., Mullins, M. C., Odenthal, J., & Nusslein-Volhard (1996). Genes controlling and 

mediating locomotion behaviour of the zebrafish embryo and larva. Development, 123 , 
399-413.

Green, J. B., & Smith, J. C. (1990). Graded changes in dose of a Xenopus activin A 

homologue elicit stepwise transitions in embryonic cell fate. Nature, 347 , 391-394.

Grinblat, Y., Gamse, J., Patel, M., & Sive, H. (1998). Determination of the zebrafish 

forebrain: induction and patterning. Development, 125 , 4403-4416.

Grunz, H., & Tacke, L. (1989). Neural differentiation of Xenopus laevis ectoderm takes 

place after disaggregation and delayed reaggregation without inducer. Cell Diff. Dev., 28, 
211-217.

Guo, M., Jan, L. Y., & Jan, Y. N. (1996). Control of daughter cell fates during 

asymmetric division: interaction of Numb and Notch. Neuron, 17, 27-41.

Guthrie, S., Butcher, M., & Lumsden, A. (1991). Patterns of cell division and interkinetic 

nuclear migration in the chick embryo hindbrain. J. Neurobiol., 22, 742-754.

Guthrie, S. (1995). The status of the neural segment. Trends Neurosci., 1 8 , 74-79.

2 7 0



Haddon, C., & Lewis, J. (1996). Early ear development in the embryo of the zebrafish, 

D anio rerio. J. Comp. Neurol., 365 , 113-128.

Hadwiger, J. A., Wittenberg, C., Richardson, H. E., de Barros Lopes, M., & Reed, S. I. 

(1989). A family of cyclin homologs that control the G1 phase in yeast. Proc. Natl. Acad. 

Sci. USA, 86 ,6255-6259.

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M., Kane, D. A., 

Odenthal, J., van Eden, F. J. M., Jiang, Y.-J., Heisenberg, C.-P., Kelsh, R. N., Furutani- 

Seiki, M., Vogelsang, E., Beuchle, D., Schach, U., Fabian, C., & Nusslein-Volhard, C.

(1996). The identification of genes with unique and essential functions in the 

development of the zebrafish, Danio rerio. Development, 123 , 1-36.

Hammerschmidt, M., Pelegri, F., Mullins, M. C., Kane, D. A., van Eden, F. J. M.,

Granato, M., Brand, M., Furutani-Seki, M., Haffter, P., Heisenberg, C.-P., Jiang, Y.-J., 

Kelsh, R. N., Odenthal, J., Warga, R. M., & Nusslein-Volhard, C. (1996). dino  and 

mercedes, two genes regulating dorsal development in the zebrafish embryo.

Development, 123 , 95-102.

Hanken, J. (1993). Model systems versus outgroups: alternative approaches to the study 

of head development and evolution. Amer. Z oo l, 3 3 , 448-456.

Hanneman, E. B., Trevarrow, W., Metcalfe, K., Kimmel, C. B., & W esterfield, M.

(1988). Segmental pattern of development of the hindbrain and spinal cord of the 

zebrafish embryo. Development, 103 , 49-58.

Hansen, C. S., Marion, C. D., Steele, K., George, S., & Smith, W. C. (1997). Direct 

neural induction and selective inhibition of mesoderm and epidermis inducers by Xnr3. 

Development, 1 2 4 , 483-492.

Harris, W. A., & Hartenstein, V. (1991). Neuronal determination without cell division in 

Xenopus embryos. Neuron, 6, 499-515.

Hartenstein, V. (1989). Early neurogenesis in Xenopus laevis: The spatio-temporal pattern 

of proliferation and cell lineages in the embryonic spinal cord. Neuron, 3, 399-411.

Hatta, K., Kimmel, C. B., Ho, R. K., & Walker, C. (1991a). The cyclops mutation blocks 

specification of the floor plate of the zebrafish central nervous system. Nature, 350 , 339- 

341.

271



Hatta, K., Bremiller, R., Westerfield, M., & Kimmel, C. B. (1991b). Diversity of 

expression of engrailed-like antigens in zebrafish. D evelopment, 112 , 821-832.

Hatta, K., Puschell, A. W., & Kimmel, C. B. (1994). M idline signalling in the 

primordium of the zebrafish anterior central nervous system. Proc. Natl. Acad. Sci. USA, 

91 ,2061-2065.

Hatta, K., & Takahashi, Y. (1996). Secondary axis induction by heterospecific organizers 

in zebrafish. Dev. Dyn., 205 , 183-195.

Hatten, M. E. (1999). Expansion of CNS precursor pools: a new role for sonic hedgehog. 

Neuron, 2 2 , 2-3.

Hauptmann, G., & Gertser, T. (1999). Regulatory gene expression patterns reveal 

transverse and longitudinal subdivisions of the embryonic zebrafish fore- and midbrain. 

submitted.

Hayes, W. P., & Loh, Y. P. (1990). Correlated onset and patterning of 

proopiomelenocortin  gene expression in embryonic Xenopus brain and pituitary. 

Development, 1 1 0 , 747-757.

Heijdra, Y. F., & Nieuwenhuys, R. (1994). Topological analysis of the brainstem of the 

bowfin, Am ia calva. J. Comp. Neurol., 339 , 12-26.

Heisenberg, C.-P., Brand, M., Jiang, Y., Warga, R. M., Beuchle, D., van Eden, F. J. M., 

Furutani-Seiki, M., Granato, M., Haffter, P., Hammerschmidt, M., Kane, D. A., Kelsh, R. 

N., M ullins, M. C., Odenthal, J., & Nusslein-Volhard, C. (1996). Genes involved in 

forebrain development in the zebrafish, Danio rerio. Development, 123 , 191-203.

Heisenberg, C.-P., & Nusslein-Volhard, C. (1997). The function of silberblick in the 

positioning of the eye anlage in the zebrafish embryo. Dev. Biol., 184 , 85-94.

Hemmati-Brivanlou, A., Stewart, R. M., & Harland, R. M. (1990). Region-specific neural 

induction of an engrailed protein by anterior notochord in Xenopus. Science, 250 , 800- 

802 .

272



Hemmati-Brivanlou, A., & Melton, D. A. (1992). A truncated activin receptor inhibits 

mesoderm induction and formation of axial structures in Xenopus embryos. Nature, 359 , 
609-614.

Hemmati-Brivanlou, A., & Melton, D. A. (1994). Inhibition of activin receptor signalling 

promotes neuralization in Xenopus. Cell, 77 , 273-281.

Hemmati-Brivanlou, A., & Thomsen, G. H. (1995). Ventral mesodermal patterning in 

Xenopus embryos: expression patterns and activities of BMP-2 and BMP-4. Dev. Genet., 

17 ,78-89 .

Hemmati-Brivanlou, A., & Melton, D. (1997). Vertebrate embryonic cells will become 

nerve cells unless told otherwise. Cell, 88 , 13-17.

Hendzel, M. J., W ei, Y., Mancini, M. A., Van Hooser, A., Ranalli, T., Brinkley, B. R., 

Bazett-Jones, D. P., & Allis, C. D. (1997). Mitosis-specific phosphorylation of histone H3 

initiates primarily within pericentromeric heterochromatin during G2 and spreads in an 

ordered fashion coincident with mitotic chromosome condensaton. Chromosoma, 106 , 
348-360.

Hermesz, E., M ackem, S., & Mahon, K. A. (1996). Rpx: a novel anterior-restricted 

homeobox gene progressively activated in the prechordal plate, anterior neural plate and 

Rathke's pouch of the mouse embryo. Development, 122 , 41-52.

Herrick, C. J. (1899). The cranial and first spinal nerves of Menidia: a contribution upon 

the nerve components of the bony fishes. J. Comp. Neurol., 9, 153-455.

Herrick, C. J. (1948). The Brain o f the Tiger Salamander. Chicago: University of Chicago 

Press.

His, W. (1893). Vorschale zur Einteilung des Gehirns. Arch. Anat. Entwicklungsgesch, 

17 ,172-179.

Hitchcock, P. F., M acdonald, R. E., VanDeRyt, J. T., & Wilson, S. W. (1996). Antibodies 

against Pax6 immunostain amacrine and ganglion cells and neuronal prgenitors, but not 

rod precursors, in the normal and regenerating retina of the goldfish. J. Neurobiol., 29, 
399-413.

273



Ho, R. K., & Kimmel, C. B. (1993). Commitment of cell fate in the early zebrafish 

embryo. Science , 2 6 1 , 109-111.

Hogan, B. L., Thaller, C., & Eichele, G. (1992). Evidence that Hensen's node is a site of 

retinoic acid synthesis. Nature, 359 , 237-241.

Holder, N., & Hill, J. (1991). Retinoic acid modifies development of the midbrain- 

hindbrain border and affects cranial ganglion formation in zebrafish embryos. 

Development, 113 , 1159-1170.

Holland, P. W. H., Koschorz, B., Holland, L. Z ., & Herrmann, B. G. (1995). Conservation 

of Brachyury (T) genes in amphioxus and vertebrates: development and evolutionary 

implications. Development, 121 , 4283-4291.

Holland, N. D., Panaganiban, G., Henyey, E. L., & Holland, L. Z. (1996). Sequence and 

developmental expression of AmphiDll, an amphioxus Distal-less gene transcribed in the 

ectoderm, epidermis and nervous system: insghts into evolution of craniate forebrain and 

neural crest. Development, 122 , 2911-2920.

Holland, L. Z., Venkatesh, T. V., Gorlin, A., Bodmer, R., & Holland, N. D. (1998). 

Characterization and developmental expression of AmphiNk2-2, an NK2 class homeobox 

gene from amphioxus (Phylum Chordata; Subphylum Cephalochordata). Dev. Genes 

EvoL, 208 , 100-105.

Holland, L. Z., & Holland, N. D. (1998). Developmental gene expression in amphioxus: 

new insights into the evolutionary origin of vertebrate brain regions, neural crest, and 

rostrocaudal segmentation. Amer. Zool., 38, 647-658.

Hollemann, T., Bellefroid, E., & Pieler, T. (1998). The Xenopus homologue of the 

Drosophila  gene tailess has a function in early eye development. Development, 125 , 
2425-2432.

Holtfreter, J. (1933). Organisierungsstufen nach regionaler Kombination von 

Entomesoderm mit Ektoderm. Biologisches Zentralblatt, 53 , 404-431.

Hoppler, S., Brown, J. D., & Moon, R. T. (1996). Expression of a dominant negative W nt 

blocks induction of MyoD  in Xenopus embryos. Genes Dev., 10, 2805-2817.

274



Houart, C., W esterfield, M., & W ilson, S. W. (1998). A small population of anterior cells 

patterns the forebrain during zebrafish gastrulation. Nature, 3 9 1 , 788-792.

Hunt, P., Gulisano, M., Cook, M., Sham, M.-H., Faiella, A., W ilkinson, D., Boncinelli,

E., & Krumlauf, R. (1991). A distinct Hox code for the branchial region of the vertebrate 

head. Nature, 353 , 861-864.

Hynes, R. O., Porter, J. A., Chiang, C., Chang, D., Tessier-Lavigne, M., Beachy, P. A., & 

Rosenthal, A. (1995). Induction of midbrain dopaminergic neurons by Sonic hedgehog. 

Neuron, 15 , 35-44.

Hynes, M., Stone, D. M., Dowd, M., Pitts-Meek, S., Goddard, A., Gurney, A., & 

Rosenthal, A. (1997). Control of cell pattern in the neural tube by the zinc finger 

transcription factor and oncogene Gli-1. Neuron, 19, 15-26.

Ingham, P., & M artinez Arias, A. (1992). Boundaries and fields in early embryos. Cell, 

68 ,221-235 .

Jacobson, C. O. (1959). The localization of the presumptive cerebral regions in the neural 

plate of the axolotl larva. 7. Embryol. Exp. Morph., 7, 1-21.

Jacobson, C.-O. (1964). M otor nuclei, cranial nerve roots, and fibre pattern in the medulla 

oblongata after reversal experiments on the neural plate of axolotl larvae. Zool. Bidr. 

Upps., 36 , 73-160.

Jacobson, D., & Anagnostopoulos, A. (1996). Internet resources for transgenic or targeted 

mutation research. Trends Genet., 12 , 117-118.

Johnson, R. L., & Tabin, C. (1995). The long and short of hedgehog signalling. Cell, 81 , 

313-316.

Jones, C. M., Dale, L., Hogan, B. L. M., Wright, C. V. E., & Smith, J. C. (1996). Bone 

morphogenetic protein-4 (BMP-4) acts during gastrula stages to cause ventralization of 

Xenopus embryos. Development, 122 , 1545-1554.

Joyner, A. L. (1996). Engrailed, W nt and Pax genes regulate midbrain-hindbrain 

development. Trends Genet., 12 , 15-20.

275



Kablar, B., Krastel, K., Ying, C., Asakura, A., Tapscott, S. J., & Rudnicki, M. A. (1997). 

M yoD  and M yf-5  differentially regulate the development of limb versus trunk skeletal 

muscle. Development, 124 , 4729-4738.

Kawakami, A., Kimura-Kawakami, M., Nomura, T., & Fujisawa, H. (1997). Distributions 

of PAX6 and PAX7 proteins suggest their involvement in both early and late phases of 

chick brain development. Mech. Dev., 66 , 119-130.

Kawamura, K., & Kikuyama, S. (1992). Evidence that hypophysis and hypothalamus 

constitute a single entity from the primary stage of histogenesis. Development, 115 , 1-9.

Kazanskaya, O. V., Severtzova, E. A., Barth, K. A., Ermakova, G. V., Lukyanov, S. A., 

Benyumov, A. O., Pannese, M., Boncinelli, E., Wilson, S. W., & Zaraisky, A. G. (1997). 

Anf: a novel class of vertebrate homeobox genes expressed at the anterior end of the main 

embryonic axis. Gene, 200 , 25-34.

Keller, R. E. (1975). Vital dye mapping of the gastrula and neurula of Xenopus laevis. I. 

Prospective areas and morphogenetic movements of the superficial layer. Dev. Biol., 42 , 

222-241.

Keller, R. E. (1976). Vital dye mapping of the gastrula and neurula o f Xenopus laevis.

Dev. B io l, 51, 118-137.

Keller, R. E., Danilchik, M., Gimlich, R., & Shih, J. (1985). The function and mechanism 

of convergent extension during gastrulation of Xenopus laevis. J. Emb. Exp. Morph., 89 ,

185-209.

Keller, R., & Danilchik, M. (1988). Regional expression, pattern and timing of 

convergence and extension during gastrulation of Xenopus laevis. Development, 103 , 

193-209.

Kelly, O. G., & Melton, D. A. (1995). Induction and patterning of the vertebrate nervous 

system. Trends Genet., 11, 273-278.

Kelsh, R. N., Brand, M., Jiang, Y.-Y., Heisenberg, C.-P., Lin, S., Haffter, P., Odenthal, J., 

Mullins, M. C., van Eden, F. J. M., Furutani-Seiki, M., Granato, M., Hammerschmidt, M., 

Kane, D. A., Warga, R. M., Beuchle, D., Vogelsang, L., & Nusslein-Volhard, C. (1996). 

Zebrafish pigmentation mutations and the processes of neural crest development.

Development, 123 , 369-389.

276



Kengaku, M., & Okomoto, H. (1995). bFGF as a possible morphogen for the 

anteroposterior axis of the central nervous system in Xenopus. Development, 121 , 3121- 

3130.

Kennerdell, J. R., & Carthew, R. W. (1998). Use of dsRNA-mediated genetic interference 

to demonstrate that frizzled  and frizzled, 2 act in the wingless pathway. Cell, 95 , 1017- 

1026.

Keyser, A. (1972). The development of the diencephalon of the Chinese hamster. An 

investigation of the validity of the criteria of subdivision of the brain. Acta. Anat., 83 

(Suppl. 59), 1-178.

Kimmel, C. B., & Law, R. D. (1985). Cell lineage of zebrafish blastomeres. III. Clonal 

analysis of the blastula and gastrula stages. Dev. Biol., 108 , 94-101.

Kimmel, C. B. (1989). Genetics and early development of zebrafish. Trends Genet., 5, 
283-288.

Kimmel, C. B., W arga, R. M., & Schilling, T. F. (1990). Origin and organization o f the 

zebrafish fate map. Development, 108 , 581-594.

Kimmel, C. B., Hatta, K., & Eisen, J. S. (1991). Genetic control of primary neuronal 

development in zebrafish. Development, Suppl. 2, 47-57.

Kimmel, C. B. (1993). Patterning the brain of the zebrafish embryo. Ann. Rev. Neurosci., 

16 , 707-732.

Kimmel, C. B., W arga, R. M., & Kane, D. A. (1994). Cell cycles and clonal strings 

during formation of the zebrafish. Development, 120 , 265-276.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., & Schilling, T. F. (1995). 

Stages of embryonic development of te zebrafish. Dev. Dyn., 203 , 253-310.

Kimura, S., Hara, Y., Pineau, T., Fernandez-Saiguero, P., Fox, C. H., Ward, J. M., & 

Gonzalez, F. H. (1996). The T/ebp null mouse: thyroid-specific enhancer-binding protein 

is essential for the organogenesis of the thyroid, lung, ventral forebrain, and pituitary. 

Genes Dev., 10, 60-69.

277



Kingsbury, B. F. (1922). The fundamental plan of the vertebrate brain. J. Comp. N euro l, 

34 ,461-491 .

Kintner, C. R., & Dodd, J. (1991). Hensen's node induces neural tissue in Xenopus 

ectoderm. Implications for the action of the organizer in neural induction. Development, 

113, 1495-1505.

Kishomoto, Y., Lee, K. H., Zon, L., Hammerschmidt, M., & Schulte-Merker, S. (1997). 

The molecular nature of zebrafish swirl: BMP2 function is essential during early 

dorsoventral patterning. Development, 124 , 4457-4466.

Knapik, E. W., Goodman, A., Ekker, M., Chevrette, M., Delgado, J., Neuhauss, S., 

Shimoda, N., Driever, W., Fishman, M. C., & Jacob, H. J. (1998). A microsatellite 

genetic linkage map for zebrafish (Danio rerio). Nat. Genet., 18, 338-343.

Knecht, A. K., & Harland, R. M. (1997). Mechanisms of dorso-ventral patterning in 

noggin-induced neural tissue. Development, 124 , 2477-2488.

Knoetgen, H., Viebahn, C., & Kessel, M. (1999). Head induction in the chick by 

primitive endoderm of mammalian, but not avian origin. Development, 126 , 815-825.

Kohtz, J. D., Baker, D. P., Corte, G., & Fishell, G. (1998). Regionalization within the 

mammalian telencephalon is mediated by changes in responsiveness to Sonic hedgehog. 

Development, 125 , 5079-5089.

Koshida, S., Shinya, M., Mizuno, T., Kuroiwa, A., & Takeda, H. (1998). Initial 

anteroposterior pattern of the zebrafish central nervous system is determined by 

differential competence of the epiblast. Development, 125 , 1957-1966.

Krauss, S., Johansen, T., Korzh, V., & Fjose, A. (1991a). Expression of the zebrafish 

paired box gene pax[zf-b] during early neurogenesis. D evelopm ent, 113 , 1193-1206.

Krauss, S., Johansen, T., Korzh, V., Moens, U., Ericson, J. U., & Fjose, A. (1991b). 

Zebrafish pax[zf-a]\ a paired box-containing gene expressed in the neural tube. EMBO J, 

10 , 3609-3619.

Krauss, S., Johansen, T., Korzh, V., & Flose, A. (1991c). Expression pattern of zebrafish 

pax genes suggets a role in early brain regionization. Nature, 353 , 267-270.

278



Krauss, S., Maden, M., Holder, N., & Wilson, S. W. (1992a). Zebrafish pax[b] is 

involved in the formation of the midbrain-hindbrain boundary. Nature, 360 , 87-89.

Krauss, S., Korzh, V., Fjose, A., & Johansen, T. (1992b). Expression of four zebrafish 

wnt-related genes during embryogenesis. Development, 116 , 249-259.

Krauss, S., Concordet, J.-P., & Ingham, P. W. (1993). A functionally conserved homolog 

of the Drosophila  segment polarity gene hh is expressed in tissues with polarizing activity 

in zebrafish embryos. Cell, 75 , 1431-1444.

Kroll, K. L., & Amaya, E. (1996). Transgenic Xenopus embryos from sperm nuclear 

transplantations reveal FGF signalling requirements during gastrulation .D evelopm ent, 

122 ,3173-3183 .

Kruse, J., M ailhammer, R., Wernecke, H., Faissner, A., Sommer, I., Goridis, C., & 

Schachner, M. (1984). Neural cell adhesion molecules and myelin-associated 

glycoprotein share a common carbohydrate moiety recognised by monoclonal antibodies 

L2 and H N K -1. Nature, 3 1 1 , 153-155.

Kuhlenbeck, H. (1973). The Central Nervous Sytem o f Vertebrates. Berlin: S. Karger A. 

G.

Lacalli, T. C., Holland, N. D., & West, J. E. (1994). Landmarks in the anterior central 

nervous system of amphioxus larvae. Phil. Trans. R. Soc. Lond, 344 , 165-185.

Lai, E., Clark, K. L., Burley, S. K., & Darnell, J. E. (1993). Hepatocyte nuclear factor 

3/forkhead or "winged helix" proteins: a family of transcription factors of diverse 

biological function. Proc. Natl. Acad. Sci. USA, 90, 10421-10423.

Lai, C.-J., Ekker, S. C., Beachy, P. A., & Moon, R. T. (1995). Patterning of the neural 

ectoderm of Xenopus laevis by the amino-terminal product of hedgehog autoproteolyic 

cleavage. Development, 121 , 2349-2360.

Lamb, T. M., Knecht, A. K., Smith, W. C., Stachel, S. E., Economides, A. N., Stahl, N., 

& Yancopolous, G. D. (1993). Neural induction by the secreted polypeptide noggin. 

Science, 262 , 713-718.

279



Lamb, T. M., & Harland, R. M. (1995). Fibroblast growth factor is a direct neural 

inducer, which combined with noggin generates anterior-posterior neural pattern. 

Development, 121 , 3627-3636.

Langeland, J. A., Tomsa, J. M., Jackman, W. R., & Kimmel, C. B. (1998). An amphioxus 

snail gene: expression in paraxial mesoderm and neural plate suggests a conserved role in 

patterning the chordate embryo. Dev. Genes EvoL, 208 , 569-577.

Lassar, A., & Munsterberg, A. (1994). W iring diagrams: Regulatory circuits and the 

control of skeletal myogenesis. Curr. Opin. Cell Biol., 6, 434-442.

LaVail, J. H., & Cowan, W. M. (1971). The development of the chick optic tectum II: 

Autoradiographic studies. Brain Res., 2 8 , 421-441.

Layer, P. G., & Alber, R. (1990). Patterning of chick brain vesicles as revealed by peanut 

agglutinin and cholinesterases. Development, 109 , 613-624.

Le Douarin, N. M. (1973). A Feulgen-positive nucleolus. Exp. Cell Res., 1 1 , 459-468.

Le Douarin, N. M., Renaud, D., Teillet, M.-A., & Le Douarin, G. H. (1975). Cholinergic 

differentiation of presumptive adrenergic neuroblasts in interspecific chimeras after 

heterospecific transplantation. Proc. Natl. Acad. Sci. USA, 72 , 728-732.

Le Douarin, N. M. (1982). The Neural Crest. Cambridge: Cambridge University Press.

Le Douarin, N. M., Dupin, E., & Ziiler, C. (1994). Genetic and epigenetic control in 

neural crest development. Curr. Opin. Genet. Dev., 4, 685-695.

Lecuit, T., Brook, W. J., Ng, M., Calleja, M., Sun, H., & Cohen, S. M. (1996). Two 

distinct mechanisms for long-range patterning by Decapentaplegic in the Drosophila 

wing. Nature, 38 1 , 387-393.

Lee, J. J., Ekker, S. C., von Kessler, D. P., Porter, J. A., Sun, B. I., & Beachy, P. I. (1994). 

Autoproteolysis in hegdehog protein biogenesis. Science, 266 , 1528-1537.

Lee, S. M. K., Daniellian, P. S., Fritzsch, B., & McMahon, A. P. (1997). Evidence that 

FGF8 signalling from the midbrain-hindbrain junction regulates growth and polarity in 

the developing midbrain. D evelopment, 124 , 959-969.

280



Lew, D. J., Marini, N. J., & Reed, S. J. (1992). Different G1 cyclins control the tim ing of 

cell cycle commitment in mother and daughter cells of the budding yeast S. cerevisiae. 

Cell, 69 , 317-327.

Leyns, L., Bouwmeester, T., Kim, S.-H., Piccolo, S., & De Robertis, E. M. (1997). Frzb-1 

is a secreted antagonist of Wnt signalling expressed in the Spemann organizer. Cell, 88 , 

747-756.

Li, Y., Allende, M. L., Finkelstein, R., & W einberg, E. S. (1994). Expression of two 

zebrafish orthodenticle-related genes in the embryonic brain. Mech. Dev., 48 , 229-244.

Li, H.-s., Tierney, C., Wen, L., Wu, J.Y., & Rao, Y. (1997). A single morphogenetic field 

gives rise to two retina primordia under the influence of the prechordal plate. 

Development, 124 , 603-615.

Liem, J., K.F., Tremmi, G., Roelink, H., & Jessell, T. M. (1995). Dorsal differentiation of 

neural plate cells induced by BMP-mediated signals from epidermal ectoderm. Cell, 82 , 

969-979.

Lumsden, A., & Keynes, R. (1989). Segmental patterns of neuronal development in the 

chick hindbrain. Nature, 337 , 424-428.

Lumsden, A., & Krumlauf, R. (1996). Patterning the vertebrate neuraxis. Science, 274 , 
1109-1115.

Lun, K., & Brand, M. (1998). A series of no isthmus (noi) alleles of the zebrafish pax2.1 

gene reveals multiple signalling events in development of the midbrain-hindbrain 

boundary. Development, 125 , 3049-3062.

M acdonald, R., Xu, Q., Barth, K. A., Mikkola, I., Holder, N., Fjose, A., Krauss, S., & 

Wilson, S. W. (1994). Regulatory gene expression boundaries demarcate sites of neuronal 

differentiation in the embryonic zebrafish forebrain. Neuron, 1 3 , 1039-1053.

M acdonald, R., Barth, K. A., Xu, Q., Holder, N., Mikkola, I., & Wilson, S. W. (1995). 

M idline signalling is required for Pax gene regulation and patterning of the eyes. 

Development, 1 2 1 , 3267-3278.

281



M acdonald, R., & Wilson, S. W. (1997). Distribution of Pax6 protein during eye 

development suggests discrete roles in proliferative and differentiated visual cells. Dev. 

Genes Evol., 206 , 363-369.

Macdonald, R., Scholes, J., Strahle, U., Brennan, C., Holder, N., Brand, M., & W ilson, S. 

W. (1997). The Pax protein Noi is required for commissural axon pathway formation in 

the rostra] forebrain. Development, 124 , 2397-2408.

M aden, M., Sonneveld, E., van der Saag, P. T., & Gale, E. (1998). The distribution of 

endogenous retinoic acid in the chick embryo: implications for developmental 

mechanisms. D evelopment, 125 , 4133-4144.

Manchot, E. (1929). Abgrenzung des Augenmaterials and anderer Teilbezirke in der 

M edullarplatte; Die Teilbewegungen wahrend der Auffaltung (Farbmarkversuche) an 

Keimen von Urodelen. Wilhelm RouxA rch Entwicklungsmech , 116 , 689-709.

Mancilla, A., & Mayor, R. (1996). Neural crest formation in Xenopus laevis: M echanisms 

of Xslug  inactivation. Dev. Biol., \ 1 1 , 580-589.

M angold, O. (1931). Das Determinationsproblem. III. Das W irbeltierauge in der 

Entwicklung und Regeneration. Ergebn Biol, 7, 193-403.

M angold, O. (1933). Uber die Induktionsfahigkeit der verscheidener Bezirke der Neurula 

von Urodelen. Naturwissenschaften, 2 1 , 761-766.

Marine, J. C., Bellefroid, E. J., Pendeville, H., Martial, J. A., & Pieler, T. (1997). A role 

for Xenopus Gli-type zinc finger proteins in the early embryonic patterning of mesoderm 

and neuroectoderm. Mech. Dev., 6 3 , 211-225.

Maringo, V., Davey, R. A., Zuo, Y., Cunningham, J. M., & Tabin, C. J. (1996).

Biocheical evidence that Patched is the Hedgehog receptor. Nature, 384 , 176-179.

M arshall, H., Nonchev, S., Sham, M. H., Muchamore, I., Lumsden, A., & Krumlauf, R.

( 1992). Retinoic acid alters hindbrain Hox codes and induces transformation of 

rhombomeres 2/3 into a 4/5 identity. Nature, 360 , 737-741.

Marti, E., Bumcrot, D. A., Takada, R., & McMahon, A. P. (1995). Requirement of 19K 

form of sonic hedgehog for induction of distinct ventral cell types in CNS explants. 

Nature, 375 , 322-325.

282



Martindale, M. Q., & Kourakis, M. J. (1999). Size doesn't matter. Nature, 399 , 730-731.

Martinez, S., W assef, M., & Alvarado-Mallart, R. M. (1991). Induction of a 

mesencephalic phenotype in the 2-day-old chick prosencephalon is preceded by the early 

expression of the homeobox gene en. Neuron, 6, 971-981.

Martinez, S., Crossley, P. H., Cobos, I., Rubenstein, J. L., & Martin, G. R. (1999). FGF8 

induces formation of an ectopic isthmus organizer and isthmocerebellar development via 

a repressive effect on Otx2 expression. Development, 126 , 1189-1200.

Masai, I., Heisenberg, C.-P., Barth, K. A., Macdonald, R., Anderson, S., & W ilson, S. W.

(1997). floating head  and masterblind  regulate neuronal patterning in the roof of the 

forebrain. Neuron, 1 8 , 43-57.

M ason, I. (1996). Neural induction: do fibroblast growth factors strike a cord? Curr.

Biol., 6, 672-675.

Mathers, P. H., Grinberg, A., Mahons, K. A., & Jamrich, M. (1997). The Rx  homeobox 

gene is essential for vertebrate eye development. Nature, 387 , 603-607.

Matsuo, I., Kuratani, S., Kimura, C., Takeda, N., & Aizawa, S. (1995). Mouse otx2 

functions in the formation and patterning of rostral head. Genes Dev., 9, 2646-2658.

M atzuk, M. M., Kumar, T. R., Vassalli, A., Bickenbach, J. R., Roop, D. R., Jaenisch, R., 

& Bradley, A. (1995a). Functional analysis of activins during mammalina development. 

Nature, 3 7 4 , 354-356.

Matzuk, M. M., Lu, N., Vogel, H., Sellheyer, K., Roop, D. R., & Bradley, A. (1995b). 

Multiple defects and perinatal death in mice deficient in follistatin. Nature, 374 , 360-363.

M cConnell, S. K., & Kaznowski, C. E. (1991). Cell cycle dependance of laminar 

determination in developing neocortex. Science, 254 , 282-285.

M cGrew, L. L., Otte, A. P., & Moon, R. T. (1992). Analysis of Xwnt-4 in embryos of 

Xenopus laevis: a W nt family member expressed in the brain and floor plate. 

Development, 115 , 463-473.

283



Meinhardt, H. (1983). Cell determination boundaries as organising regions for secondary 

embryonic fields. Dev. Biol., 96 , 375-385.

Mellitzer, G., Xu, Q., & W ilkinson, D. G. (1999). Eph receptors and ephrins restrict cell 

intermingling and communication. Nature, 400 , 77-81.

Metcalfe, W. K., Myers, P. Z., Trevarrow, B., Bass, M. B., & Kimmel, C. B. (1990). 

Primary neurons that express the L2/HNK-1 carbohydrate during early development in 

the zebrafish. Development, 110 , 491-504.

Milos, N., & Dingle, A. D. (1978). Dynamics of pigment pattern formation in the 

zebrafish, Brachydanio rerio. I. Establishment and regulation of the lateral line 

melanophore stripe during the first eight days of development. J. Exp. Zool., 205 , 205- 

216.

M izuno, T., Yamaha, E., W akahara, M., Kuroiwa, A., & Takeda, H. (1996). M esoderm 

induction in zebrafish. Nature, 383 , 131-132.

Model, P. G. (1982). Prospective forebrain-midbrain from axolotl neurulae can be 

reprogrammed to differentiate as mauthner cell-containing medulla. Dev. Brain Res., 3, 
109-121.

Moens, C. B., Yan, Y. L., Appel, B., Force, A. G., & Kimmel, C. B. (1996). valentino: a 

zebrafish gene required for normal hindbrain segmentation. Development, 122 , 3981 - 

3990.

M olkentin, J. D., & Olson, E. N. (1996). Defining the regulatory networks for muscle 

development. Curr. Opin. Genet. Dev., 6, 445-453.

Molven, A., Njolstad, P. R., & Fjose, A. (1991). Genomic structure and restricted neural 

expression of the zebrafish wnt-J (int-1) gene. EMBO J, 10, 799-807.

Mori, H., M iyazaki, Y., Morita, T., Nitta, H., & Mishina, M. (1994). Different spatio- 

temporal expressions of three otx homeoprotein transcripts during zebrafish 

embryogenesis. Mol. Brain Res., 2 7 , 221-231.

Morita, T., Nitta, H., Kiyama, Y., Mori, H., & Mishina, M. (1995). Differential 

expression of two zebrafish emx homeoprotein mRNAs in the developing brain. Neurosci. 

Letts., 198 , 131-134.

284



M orrison, S. J., White, P. M., Zock, C., & Anderson, D. J. (1999). Prospective 

identification, isolation by flow cytometry, and in vivo self-renewal of multipotent 

mammalian neural crest stem cells. Cell, 9 6 , 737-749.

M oury, J., & Jacobson, A. (1989). Neural fold formation at newly created boundaries 

between neural plate and epidermis in the axolotl. Dev. B io l, 133 , 44-57.

Moury, J., & Jacobson, A. (1990). The origins of neural crest cells in the axolotl. Dev. 

B io l, 141 ,243-253.

Muhr, J., Jessell, T. M., & Edlund, T. (1997). Assignment of early caudal identity to 

neural plate cells by a signal from caudal paraxial mesoderm. Neuron, 1 9 , 487-502.

M uller, F., Chang, B., Albert, S., Fischer, N., Tora, L., & Strahle, U. (1999). Intronic 

enhancers control expression of zebrafish sonic hedgehog in floor plate and notochord. 

Development, 126 , 2103-2116.

M ullins, M. C., Hammerschmidt, M., Kane, D. A., Odenthal, J., Brand, M., van Eeden, F. 

J. M., Furutani-Seiki, M., Granato, M., Haffter, P., Heisenberg, C.-P., Jiang, Y.-J., Kelsh, 

R. N., & Nusslein-Volhard, C. (1996). Genes establishing dorsoventral pattern formation 

in the zebrafish embryo: the ventral specifying genes. Development, 123 , 81-93.

Nasmyth, K., & Dirick, L. (1991). The role of SW14 and SW16 in the activity of G1 

cyclins in yeast. Cell, 66 , 995-1013.

Neave, B., Rodaway, A., Wilson, S. W., Patient, R., & Holder, N. (1995). Expression of 

zebrafish GATA 3 (gta3) during gastrulation and neurulation suggests a role in the 

specification of cell fate. Mech. Dev., 5 1 , 169-182.

Neave, B., Holder, N., & Patient, R. (1997). A graded response to BMP-4 spatially 

coordinates patterning of the mesoderm and ectoderm in the zebrafish. Mech. Dev., 62, 

183-195.

Nellen, D., Burke, R., Struhl, G., & Basler, K. (1996). Direct and long-range action of a 

DPP morphogen gradient. Cell, 85 , 357-368.

285



Nguyen, V. H., Schmid, B., Trout, J., Connors, S. A., Ekker, M., & Mullins, M. C.

(1998). Ventral and lateral regions of the zebrafish gastrula, including the neural crest 

progenitors, are established by a bmp2b/swirl pathway of genes. Dev. B io l, 199 , 93-110.

Nieuwkoop, P. D. (1952). Activiation and organization of the central nervous system in 

amphibians. Part III. Synthesis of a new working hypothesis. J. Exp. Zool., 120 , 83-108.

Nieuwkoop, P. D., & Albers, B. (1990). The role of competence in the cranio-caudal 

segregation of the central nervous system. Dev. Growth Diff., 3 2 , 23-31.

Nikaido, M., Tada, M., Saji, T., & Ueno, N. (1997). Conservation of BMP signalling in 

zebrafish mesoderm patterning. Mech. Dev., 6 1 , 75-88.

Nikaido, M., Tada, M., Takeda, H., Kuroiwa, A., & Ueno, N. (1999). In vivo analysis 

using varients of zebrafish BMPR-1 A: range of action and involvement of BMP in 

ectoderm patterning. Development, 126 , 181-190.

Nishimatsu, S., Susuki, A., Shoda, A., Murakami, K., & Ueno, N. (1992). Genes for bone 

morphogenetic proteins are differentially transcribed in early amphibian embryos. 

Biochem. Biophys. Res. Commun., 186 , 1487-1495.

Noden, D. M. (1988). Interactions and fates of avian craniofacial mesenchyme. 

Development, Suppl., 121-140.

Northcutt, R. G. (1995). The forebrain of gnathostomes: in search of a morphotype. Brain 

Behav. E vo i, 4 6 , 275-318.

Nowak, M. A., Boerlijst, M. C., Cooke, J., & M aynard Smith, J. (1997). Evolution of 

genetic redundancy. Nature, 388 , 167-171.

Nusslein-Volhard, C., & W ieschaus, E. (1980). Mutations affecting segment number and 

polarity in Drosophila. Nature, 287 , 795-801.

Nusslein-Volhard, C. (1994). Of flies and fishes. Science, 266 , 572-574.

Odenthal, J., & Nusslein-Volhard, C. (1998). fo rk  head  domain genes in zebrafish. Dev. 

Genes Evol., 208 , 245-258.

Ohno, S. (1970). Evolution by Gene Duplication. New York: Springer.

286



Olsen, C. L., & Jeffrey, W. R. (1997). A forkhead  gene related to HNF3J3 is required for 

gastrulation and axis formation in the ascidian embryo. D evelopment, 124 , 3609-3619.

Oppenheimer, J. M. (1936). Transplantation experiments on developing teleosts (fundulus 

and perca). J. Exp. Zoo l, 72 , 409-437.

Ordahl, C. P., & Williams, B. A. (1998). Knowing chops from chuck: roasting M yoD  

redundancy. BioEssays, 20 , 357-362.

Orr, H. A. (1887). Contributions to the embryology of the lizard. J. Morphol., 1, 311-372.

Osumi, N., Hirota, A., Ohuchi, H., Nakafuku, M., Iimura, T., Kuratani, S., Fujiwara, M., 

Noji, S., & Eto, K. (1997). Pax-6  is involved in the specification of hindbrain motor 

neuron subtype. D evelopment, 124 , 2961-2972.

Osumi-Yamashita, N., Ninomiya, Y., Doi, H., & Eto, K. (1994). The contribution of both 

forebrain and midbrain neural crest cells to the mesenchyme in the frontonasal mass of 

mouse embryos. Dev. Biol. , 164 , 409-419.

Oxtoby, E., & Jowett, T. (1993). Cloning of the zebrafish krox-20 gene (krx-20) and its 

expression during hindbrain development. Nucleic Acids Res., 21, 1087-1095.

Padgett, R. W., St Johnston, R. D., & Gelbart, W. M. (1987). A transcript from a 

Drosophila pattern gene predicts a protein homologous to the transforming growth 

factor-fi family. Nature, 325 , 81-84.

Pani, L., Oversier, A., Porcella, A., Qian, X., Lai, E., & Costa, R. H. (1992). Hepatocyte 

nuclear factor 313 contains two transcriptional activation domains, one of which is novel 

and conserved with the Drosophila fork head protein. M o l Cell. B io l, 12 , 3723-3732.

Pannese, M., Polo, C., Andreazzoli, M., Vignali, R., Kablar, B., Barsacchi, G., & 

Boncinelli, E. (1995). The Xenopus homologue of Otx2 is a maternal homeobox gene that 

demarcates and specifies anterior body regions. Development, 121 , 707-720.

Papalopulu, N., & Kintner, C. (1993). Xenopus distal-less related homeobox genes are 

expressed in the developing forebrain and are induced by planar signals. Development, 

117 , 961-975.

287



Papan, C., & Campos-Ortega, J. A. (1994). On the formation of the neural keel and neural 

tube in the zebrafish Danio (Brachydanio) rerio. Roux's Arch. Dev. Biol., 203 , 178-186.

Pellegrini, M., Monsouri, A., Simeone, A., Boncinelli, E., & Gruss, P. (1996). Dentate 

gyrus formation requires Einx2. Development, 122 , 3893-3898.

Pfaff, S., Mendelsohn, M., Stewart, C. L., Edlund, T., & Jessell, T. M. (1996). 

Requirement for LIM homeobox gene Is ll in motor neuron generation reveals a motor 

neuron-dependant step in interneuron differentiation. Cell, 84 , 309-320.

Pfaff, S., & Kintner, C. (1998). Neuronal diversification: development of motor neuron 

subtypes. Curr. Opin. Neurobiol., 8, 27-36.

Piccolo, S., Sasai, Y., Lu, B., & De Robertis, E. M. (1996). Dorsoventral patterning in 

Xenopus: inhibition of ventral signals by direct binding of chordin to BMP-4. Cell, 86 , 

589-598.

Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouwmeester, T., &  De 

Robertis, E. M. (1999). The head inducer Cerberus is a multifunctional antagonist of 

Nodal, BM P and W nt signals. Nature, 397 , 707-710.

Pierani, A., Brenner-M orton, S., Chiang, C., & Jessell, T. M. (1999). A sonic hedgehog 

independent, retinoid-activated pathway of neurogenesis in the ventral spinal cord. Cell, 

97 , 903-915.

Piotrowski, T., Schilling, T. F., Brand, M., Jiang, Y.-J., Heisenberg, C.-P., Beuchle, D., 

Grandel, H., van Eden, F. J. M., Furutani-Seiki, M., Granato, M., Haffter, P., 

Hammerschmidt, M., Kane, D. A., Kelsh, R. N., Mullins, M. C., Odenthal, J., W arga, R. 

M., & Nusslein-Volhard, C. (1996). Jaw and branchial arch mutants in zebrafish II: 

anterior arches and cartilage differentiation. Development, 123 , 345-356.

Placzek, M., Tessier-Lavigne, M., Yamada, T., Jessell, T., & Dodd, J. (1990).

Mesodermal control of neural cell identity: Floor plate induction by the notochord.

Science, 250 , 985-988.

Placzek, M., Yamada, T., Tessier-Lavigne, M., Jessell, T., & Dodd, J. (1991). Control of 

dorsoventral pattern in vertebrate neural development: induction and polarizing properties 

of the floor plate. Development (Suppl.), 2, 105-122.

288



Placzek, M., Jessell, T. M., & Dodd, J. (1993). Induction of floor plate differentiation by 

contact-dependent homeogenetic signals. Development, 117 , 205-218.

Popped, H., Schmidt, C., Wilson, V., Hume, C. R., Dodd, J., Krumlauf, R., &

Beddington, R. S. (1997). Misexpression of Cwnt8C  in the mouse induces an ectopic 

em bryonic axis and causes a truncation of the anterior neuroectoderm. Development, 124 , 
2997-3005.

Porter, J. A., von Kessler, D. P., Ekker, S. C., Young, K. E., Lee, J. J., Moses, K., & 

Beachy, P. A. (1995). The product of hedgehog auto proteolytic cleavage active in local 

and long-range signalling. Nature, 374 , 363-366.

Porter, J. A., Ekker, S. C., Park, W.-J., von Kessler, D. P., Young, K. E., Chen, C.-H.,

Ma, Y., W oods, A. S., Cotter, R. J., Koonin, E. V., & Beachy, P. A. (1996). Hedgehog 

patterning activity: role of a lipophilic modification mediated by the carboxy-terminal 

autoprocessing domain. Cell, 86 , 21-34.

Postlethwait, J. H., Yan, Y.-L., Gates, M. A., Horne, S., Amores, A., Brownlie, A., 

Donovan, A., Egan, E. S., Force, A., Gong, Z., Goutel, C., Fritz, A., Kelsh, R., Knapik,

E., Liao, E., Paw, B., Ransom, D., Singer, A., Thomson, M., Abduljabbar, T. S., Yelick, 

P., Beier, D., Joly, J.-S., Larhammar, D., Rosa, F., Westerfield, M., Zon, L. I., Johnson, S. 

L., & Talbot, W. S. (1998). Vertebrate genome evolution and the zebrafish gene map. 

Nature Genet., 18, 345-349.

Prince, V. E., Joly, L., Ekker, M., & Ho, R. K. (1998a). Zebrafish hox genes: genomic 

organization and modified colinear expression patterns in the trunk. Development, 125 , 
407-420.

Prince, V. E., Moens, C. B., Kimmel, C. B., & Ho, R. K. (1998b). Zebrafish hox genes: 

expression in the hindbrain region of wild-type and mutants of the segmentation gene, 

valentino. Development, 125 , 393-406.

Prince, V. E., Price, A. L., & Ho, R. K. (1998c). Hox gene expression reveals 

regionalisation along the anteroposterior axis of the zebrafish notochord. Dev. Genes 

Evol., 208 , 517-522.

Psychoyos, D., & Stern, C. D. (1996). Restoration of the organizer after radical ablation 

of Hensen's node and the anterior primitive streak in the chick embryo. Development,

122 , 3263-3273.

289



Puelles, L. (1987). Location of the rostral end of the longitudinal brain axis: review of an 

old topic in the light of marking experiments on the closing rostral neuropore. J. M orph., 

1 9 4 , 163-171.

Puelles, L. (1995). A segmental morphological paradigm for understanding vertebrate 

forebrains. Brain Behav. Evol., 46 , 319-337.

Puschell, A. W., Gruss, P., & W esterfield, M. (1992). Sequence and expression pattern of 

pax-6  are highly conserved between zebrafish and mice. Development, 114 , 643-651.

Qiu, M., Anderson, S., Chen, S., Meneses, J. J., Hevner, R., Kuwana, E., Pedersen, R. A., 

& Rubenstein, J. L. (1996). Mutation of the Emx-1 homeobox gene disrupts the corpus 

callosum. Dev. Biol., 178 , 174-178.

Qiu, M., Shimamura, K., Chen, S., & Rubenstein, J. L. (1998). Control of anteroposterior 

and dorsoventral domains of Nkx-6.1 gene expression relative to other Nkx genes during 

vertebrate CNS development. Mech. Dev., 72 , 77-88.

Rakic, P. (1971). Neuron-glia relationship during granule cell migration in the developing 

cerebellar cortex. A Golgi and electron microscope study in Macacus rhesus. J. Comp. 

Neurol., 145 , 61-84.

Reifers, F., Bohli, H., Walsh, E. C., Crossley, P. H., Stainier, D. Y. R., & Brand, M.

(1998). Fgf8  is mutated in zebrafish acerebellar (ace) mutants and is required for 

maintenance of midbrain-hindbrain boundary development and somitogenesis. 

Development, 125 , 2381-2395.

Rendahl, H. (1924). Embryologische und morphologische Studien uber das Zwischenhirn 

beiin Huhn. Acta Zoo I., 5, 241-344.

Rhinn, M., Dierich, A., Shawlot, W ., Behringer, R. R., Le Meur, M., & S.-L., A. (1998). 

Sequential roles for Otx2 in visceral endoderm and neuroectoderm for forebrain and 

midbrain induction and specification. Development, 125 , 845-856.

Riddle, R. D., Johnson, R. L., Laufer, E., & Tabin, C. (1993). Sonic hedgehog mediates 

the polarizing activity of the ZPA. Cell, 75 , 1401-1416.

290



Rijli, F. M., Mark, M., Lakkaraju, S., Dierich, A., Dolle, P., & Chambon, P. (1993). A 

homeotic transformation is generated in the rostral branchial region of the head by 

disruption of Hoxa-2, which acts as a selector gene. Cell, 75 , 1333-1349.

Rivera-Perez, J. A., Mallo, M., Gendron-Maguire, M., Gridley, T., & Behringer, R. R.

(1995). Goosecoid  is not an essential component of the mouse gastrula organizer but is 

required for craniofacial and rib development. Development, 121 , 3005-3012.

Roach, F. C. (1945). Differentiation of the central nervous system after axial reversals of 

the medullary plate of Amblystoma. J. Exp. Zool., 99 , 53-77.

Rodriguez-Gallardo, L., Climent, V., Garcia-Martinez, V., Schoenwolf, G. C., & Alvarez, 

I. S. (1997). Targeted over-expression of FGF in chick embryos induces formation of 

ectopic neural cells. Int. J. Dev. Biol., 4 1 , 715-723.

Roelink, H., & Nusse, R. (1991). Expression of two members of the W nt family during 

mouse development - restricted spatial and temporal patterns in the developing neural 

tube. Genes Dev., 5, 381-388.

Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i Altaba, A., 

Edlund, T., Jessell, T. M., & Dodd, J. (1994). Floor plate and motor neuron induction by 

vh h -I, a vertebrate homolog of hedgehog expressed by the notochord. Cell, 76 .

Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy, P. A., & Jessell, 

T. M. (1995). Floor plate and motor neuron induction by different concentrations of the 

amino-terminal cleavage product of sonic hedgehog autoproteolysis. Cell, 81 , 445-455.

Rossant, J., & Hopkins, N. (1992). Of fin and fur: mutational analysis of vertbrate 

em bryonic development. Genes Dev., 6, 1-13.

Rubenstein, J. L. R., Martinez, S., Shimamura, K., & Puelles, L. (1994). The embryonic 

vertebrate forebrain: the prosomeric model. Science, 266 , 578-580.

Rubenstein, J. L. R., Shimamura, K., Martinez, S., & Puelles, L. (1998). Regionalization 

of the prosencephalic neural plate. Ann. Rev. Neurosci., 21 , 445-477.

Rubenstein, J. L. R., & Beachy, P. A. (1998). Patterning of the embryonic forebrain.

Curr. Opin. Neurobiol., 8, 18-26.

291



Rudnicki, M., Braun, T., Hinuma, S., & Jaenisch, R. (1992). Inactivation of M yoD  in 

mice ieads to up-regulation of the myogenic HLH gene Myf-5  and results in apparently 

normal muscle development. Cell, 71 , 383-390.

Rudnicki, M. A., Schnegsberg, P. N. J., Stead, R. H., Braun, T., Arnold, H. H., &

Jaenisch, R. (1993). MyoD  or myf-5 is required for the formation of skeletal muscle. Cell, 

75 , 1351-1359.

Ruiz i Altaba, A. (1992). Planar and vertical signals in the induction and patterning of the 

Xenopus nervous system. Development, 115 , 67-80.

Ruiz i Altaba, A. (1994). Pattern formation in the vertebrate neural plate. Trends 

Neurosci., 17, 233-243.

Ruiz i Altaba, A. (1998). Deconstructing the organizer. Nature, 39 1 , 748-749.

Russell, W., Kelly, E., Hunsicker, P., Bangham, J., Maddux, S., & Phipps, E. (1979). 

Specific-locus test shows ethylnitrosourea to be the most potent mutagen in the mouse. 

Proc. natl. Acad. Sci. USA, 76 , 5818-5819.

Sagerstrom, C. G., Grinblat, Y., & Sive, H. (1996). Anterioposterior patterning in the 

zebrafish, Danio rerio: an explant assay reveals inductive and suppressive cell 

interactions. Development, 122 , 1873-1883.

Saha, M. S., & Grainger, R. M. (1992). A labile period in the determination of the 

anterior-posterior axis during early neural development in Xenopus. Neuron, 8 , 1003- 

1014.

Sambrook, J., Fritsch, E. F., & Maniatis, T. (1989). M olecular Cloning, A Laboratory 

Manual. Cold Spring Harbor Laboratory Press.

Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L. K., & De Robertis, E. M. (1994). 

Xenopus chordin: a novel dorsalizing factor activated by organizer-specific homeobox 

genes. Cell, 79 ,779-790 .

Sasai, Y., Lu, B., Piccolo, S., & De Robertis, E. M. (1996). Endoderm induction by the 

organizer-secreted factors chordin and noggin in Xenopus animal caps. EMBO J, 15, 

4547-4555.

292



Sasaki, H., & Hogan, B. L. M. (1993). Differential expression of multiple fo rk  head  

related genes during gastrulation and axial pattern formation in the mouse embryo. 

Development, 118 ,47-59.

Sasaki, H., & Hogan, B. L. M. (1994). HNF-3J3 as a regulator of floor plate development. 

Cell, 7 6 , 103-115.

Sasaki, H., Hui, C., Nakafuku, M., & Kondoh, H. (1997). A binding site for Gli proteins 

is essential for HNF-3fi floor plate enhancer activity in transgenics and can respond to 

Shh in vitro. Development, 124 , 1313-1322.

Saxen, L., & Toivonen, S. (1961). The two-gradient hypothesis in primary induction. The 

com bined effect of two types of inductors mixed in different ratios. J. Embryol. exp. 

M orph., 9, 514-533.

Schier, A .F ., Neuhauss, S. C. F., Harvey, M., Malicki, J., Solnica-Krezel, L., Stainier, D. 

Y. R., Zwartkruis, F., Abdelilah, S., Stemple, D. L., Rangini, Z., Yang, H., & Driever, W.

(1996a). Mutations affecting the development of the embryonic zebrafish brain. 

Development, 123 , 165-178.

Schier, A. F., Joyner, A. L., Lehmann, R., & Talbot, W. S. (1996b). From screens to 

genes: prospects for insertional mutagenesis in zebrafish. Genes Dev., 1 0 , 3077-3080.

Schier, A.F., Neuhauss, S.C.F., Helde, K.A., Talbot, W.S., & Driever, W. (1997). The 

one-eyed pinhead  gene functions in mesoderm and endoderm formation in zebrafish and 

interacts with no tail. Development, 124 , 327-342

Schilling, T. F., & Kimmel, C. B. (1994). Segment and cell type lineage restrictions 

during pharyngeal arch development in the zebrafish embryo. Development, 120 , 483- 

494.

Schilling, T. F., Piotrowski, T., Grandel, H., Brand, M., Heisenberg, C.-P., Jiang, Y.-J., 

Beuchle, D., Hammerschmidt, M., Kane, D. A., Mullins, M. C., van Eden, F. J. M.,

Kelsh, R. N., Furutani-Seiki, M., Granato, M., Haffter, P., Odenthal, J., W arga, R. M., 

Trowe, T., & Nusslein-Volhard, C. (1996). Jaw and branchial arch mutants in zebrafish I: 

branchial arches. Development, 123 , 329-344.

Schilling, T. F. (1997). Genetic analysis of craniofacial development in the vertebrate 

embryo. BioEssays, 19, 459-468.

293



Schimeld, S. M. (1997). Characterisation of amphioxus HNF-3 genes: conserved 

expression in the notochord and floor plate. Dev. Biol., 183 , 74-85.

Schmahl, W., Knoedlseder, M., Favor, J., & Davidson, D. (1993). Defects of neuronal 

migration and the pathogenesis of cortical malformations are associated with Small eye 

(iSey) in the mouse, a point mutation at the Pax-6-locus. Acta Neuropathol (Berl), 86, 
126-135.

Schmidt, J. E., Suzuki, A., Ueno, N., & Kimelman, D. (1995). Localized BM P-4 mediates 

dorsal/ventral patterning in the early Xenopus embryo. Dev. B io l, 169 , 37-50.

Schoenwolf, G. C., & Smith, J. L. (1990). M echanisms of neurulation: traditional view 

point and recent advances. Development, 109 , 243-270.

Schulte-M erker, S., Hammerschmidt, M., Beuchie, D., Cho, K. W., De Robertis, E. M., & 

Nusslien-Volhard, C. (1994). Expression of zebrafish goosecoid  and no tail gene products 

in wild-type mutant no tail embryos. Development, 120 , 843-852.

Schulte-M erker, S., Lee, K. J., M cMahon, A. P., & Hammerschmidt, M. (1997). The 

zebrafish organizer requires chordino. Nature, 387 , 862-863.

Selleck, M., & Bronner-Fraser, M. (1995). Origins of the avian neural crest: the role of 

neural plate-epidermal interactions. Development, 121 , 525-538.

Seo, H.-C., Drivenes, O., Ellingsen, S., & Fjose, A. (1998). Expression of two zebrafish 

homologues of the murine Six3 gene demarcates the initial eye primordia. Mech. Dev., 

7 3 ,4 5 -5 7 .

Sharpe, C. R., & Gurdon, J. B. (1990). The induction of anterior and posterior neural 

genes in Xenopus laevis. Development, 109 , 765-774.

Shawlot, W., & Behringer, R. R. (1995). Requirement for L im l in head-organizer 

function. Nature, 374 , 425-430.

Shih, J., & Fraser, S. E. (1995). Distribution of tissue progenitors within the shield region 

of the zebrafish gastrula. Development, 1 2 1 , 2755-2765.

294



Shih, J., & Fraser, S. E. (1996). Characterizing the zebrafish organizer: microsurgical 

analysis at the early-shield stage. D evelopment, 122 , 1313-1322.

Shimamura, K., Hartigan, D. J., Martinez, S., Puelles, L., & Rubenstein, J. L. R. (1995). 

Longitudinal organization of the anterior neural plate and neural tube. Development, 121, 
3923-3933.

Shimamura, K., & Rubenstein, J. L. R. (1997). Inductive interactions direct early 

regionalization of the mouse forebrain. D evelopment, 124 , 2709-2718.

Shimauchi, Y., Yasuo, H., & Satoh, N. (1997). Autonomy of ascidianforkhead/HNF3  

gene expression. Mech. Dev., 69 , 143-154.

Sillar, K., & Roberts, A. (1988). A neuronal mechanism for sensory gating during 

locomotion in a vertebrate. Science, 331 , 262-265.

Simon, H., Hornbruch, A., & Lumsden, A. (1995). Independent assignment of antero

posterior and dorso-ventral positional values in the developing chick hindbrain. Curr. 

Biol., 5, 205-214.

Singer, B., & Grunberger, D. (1983). M olecular Biology o f M utagens and Carcinogens. 

New York: Plenum Press.

Sive, H. L., Hattori, K., & Weintraub, H. (1989). Progressive determination during 

formation of the anterioposterior axis in Xenopus laevis. Cell, 58 , 171-180.

Sive, H. L., Draper, B. W., Harland, R., & Weintraub, H. (1990). Identification of retinoic 

acid-sensitive period during primary axis formation in Xenopus laevis. Genes Dev., 4, 
932-942.

Sladecek, F. (1952). Regulationsfahigkeit des zentralen Nervensystems in der 

Em brogenese des Axolotls. I. Regulation bei der Inversion der medio-lateralen Achse der 

M edullarplatte. Vest. Cs. zool. Spol., 16, 322-333.

Sladeck, F. (1960). Morphological regulation and swimming capacity in urodela after the 

reversal of the presumptive brain parts of the neural plate. Fol. biol. (Praha), 6, 403-419.

Smith, W. C., & Harland, R. M. (1992). Expression cloning of noggin, a new dorsalizing 

factor localized to the Spemann organizer in Xenopus embryos. Cell, 70 , 829-840.

295



Smith, M., Hickman, A., Amanze, D., Lumsden, A., & Thorogood, P. (1994). Trunk 

neural crest origin of caudal fin mesenchyme in the zebrafish Brachydanio rerio. Proc. R. 

Soc. Lond. B, 256 , 137-145.

Smith, J. (1995). Angles on activin's absence. Nature, 374 , 311-312.

Smith, J. C. (1996a). Transgenic frogs and FGF signalling in early development. Trends 

Genet., 12 ,439-440.

Smith, J. (1996b). How to tell a cell where it is. Nature, 3 8 1 , 367-368.

Sockanathan, S., & Jessell, T. M. (1998). Motor neuron-derived retinoid signalling 

specifies the subtype identity of spinal motor neurons. Cell, 9 4 , 503-514.

Solnica-Krezel, L., Stemple, D. L., M ountcastle-Shah, E., Rangini, Z., Neuhauss, S. C. F., 

Malicki, J., Schier, A. F., Stainier, D. Y. R., Zwartkruis, F., Abdeliah, S., & Driever, W.

(1996). Mutations affecting cell fates and cellular rearrangements during gastrulation in 

zebrafish. Development, 123 , 67-80.

Sordino, P., van der Hoeven, F., & Duboule, D. (1995). Hox gene expression in teleost 

fins and the origin of vertebrate digits. Nature, 375 , 678-681.

Spemann, H., & Mangold, H. (1924). Uber Induktion von Embryoenanlagen diirch 

Implantation artfremder Organisatoren. Arch, fur microscopische Anat. und 

EntMncklungsmechanik, 100 , 599-638.

Stachel, S. E., Grunwald, D. J., & Myers, P. Z. (1993). Lithium perturbation and 

goosecoid  expression identify a dorsal specification pathway in the pregastrula zebrafish. 

Development, 1 1 7 , 1261-1274.

Steel, K. P., & Brown, S. D. M. (1994). Genes and deafness. Trends Genet., 1 0 , 428-435.

Stone, D. M., Hynes, M., Armanini, M., Swanson, T. A., Gu, Q., Johnson, R. L., Scott,

M. P., Pennica, D., Goddard, A., Phillips, H., Noll, M., Hooper, J. E., de Sauvage, F., & 

Rosenthal, A. (1996). The tumour-suppressor gene patched  encodes a candidate receptor 

for Sonic Hedgehog. Nature, 384 , 129-134.

296



Storey, K. G., Crossley, J. M., De Robertis, E. M., Norris, W. E., & Stern, C. D. (1992). 

Neural induction and regionalisation in the chick embryo. Development, 114 , 729-741.

Storey, K. G., Goriely, A., Sargent, C. M., Brown, J. M., Burns, H. D., Abud, H. M., & 

Heath, J. K. (1998). Early posterior neural tissue is induced by FGF in the chick embryo. 

Development, 125 ,473-484.

Stoykova, A., Fritsch, R., Walther, C., & Gruss, P. (1996). Forebrain patterning defects in 

Small eye mutant mice. Development, 122 , 3453-3465.

Strahle, U., Henrique, B. D., & Ingham, P. W. (1993). Axial, a zebrafish gene expressed 

along the developing body axis, shows altered expression in cyclops mutant embryos. 

Genes Dev., 7, 1436-1446.

Strehlow, D., & Gilbert, W. (1993). A fate map for the first cleavages of the zebrafish. 

Nature, 3 6 1 ,451-453.

Streisinger, G., W alker, C., Downer, N., Knauber, D., & Singer, F. (1981). Production of 

clones of homozygous diploid zebrafish (Brachydanio rerio). Nature, 2 9 1 , 293-296.

Streisinger, G., Singer, F., Walker, C., Knauber, D., & Dower, N. (1986). Segregation 

analyses and gene-centromere distances in zebrafish. Genetics, 112 , 311-319.

Streit, A., Stern, C. D., Thery, C., Ireland, G. W., Aparicio, S., Sharpe, M. J., & Gherardi, 

E. (1995). A role for HGF/SF  in neural induction and its expression in Hensen's node 

during gastrulation. Development, 12 1 , 813-824.

Streit, A., & Stern, C. D. (1999). Neural induction: a bird's eye view. Trends Genet., 15 , 

20-24.

Strong, O. S. (1895). The cranial nerves of amphibia. A contribution to the morphology 

of the vertebrate nervous system. J. MorphoL, 10, 101-231.

Sulik, K., Dehart, D. B., Inagaki, T., Carson, J. L., Vrablic, T., Gesteland, K., & 

Schoenwolf, G. C. (1994). Morphogenesis of the murine node and notochordal plate. Dev. 

Dyn., 201 , 260-278.

Swanson, L. W. (1992). Brain Maps. Structure o f the Rat Brain. Amsterdam: Elsevier.

297



Talbot, W. S., Trevarrow, B., Halpern, M. E., Melby, A. E., Farr, G., Postlethwait, J. H., 

Jowett, T., Kimmel, C. B., & Kimelman, D. (1995). A homeobox gene essential for 

zebrafish notochord development. Nature , 378 , 150-157.

Tam, P. P. L. (1989). Regionalisation of the mouse embryonic ectoderm: allocation of 

prospective ectodermal tissues during gastrulation. Development, 107 , 55-67.

Tam, P. P. L., & Quinlan, G. A. (1996). Mapping vertebrate embryos. Curr. B iol., 6, 104- 

106.

Tam, P. P. L., Steiner, K. A., Zhou, S. X., & Qunilan, G. A. (1997). Lineage nad 

functional analysis of the mouse organizer. Cold Spring Harb. Symp. Quant. Biol., L X II , 

135-144.

Tanabe, Y., Roelink, H., & Jessell, T. M. (1995). Induction of motor neurons by Sonic 

hedgehog is independent of floor plate differentiation. Curr. Biol., 5, 651-658.

Tanabe, Y., & Jessell, T. M. (1996). Diversity and pattern in the developing spinal cord. 

Science, 274 , 1115-1123.

Thisse, C., Thisse, B., Halpern, M. E., & Postlethwait, J. H. (1994). goosecoid  expression 

in neuroectoderm and mesendoderm is disrupted in zebrafish cyclops gastrulas. Dev.

B io l,  164 ,420-429.

Thomas, P. Q., & Rathjen, P. D. (1992). HES-J, a novel homeobox gene expressed by 

m urine embryonic stem cells, identifies a new class of homeobox genes. Nucleic Acids 

Res., 20 ,5 8 4 0 .

Thom as, J. H. (1993). Thinking about genetic redundancy. Trends Genet., 9, 395-399.

Thomas, P., & Beddington, R. (1996). Anterior primitive endoderm may be reponsible for 

patterning the anterior neural plate in the mouse embryo. Curr. Biol., 6, 1487-1496.

Thom as, P., Brown, A., & Beddington, R. S. P. (1998). H ex : a homeobox gene revealing 

peri-implantation asymmetry in the mouse embryo and an early transient marker of 

endothelial cell precursors. Development, 125 , 85-94.

Toresson, H., Pedro, J., Barbera, M., Bardsley, A., Caubit, X., & Krauss, S. (1998). 

Conservation of BF-1 expression in amphioxus and zebrafish suggests evolutionary

298



ancestry of anterior cell types that contribute to the vertebrate telencephalon. Dev. Genes 

Evol., 2 0 8 , 431-439.

Trevarrow, B., Marks, D. L., & Kimmel, C. B. (1990). Organization of hindbrain 

segments in the zebrafish embryo. Neuron , 4 , 669-679.

Ungar, A. R., & Moon, R. T. (1996). Inhibition of protein kinase A phenocopies ectopic 

expression of hedgehog in the CNS of wild-type and cyclops mutant embryos. Dev. B io l, 

178, 186-191.

Vaage, S. (1969). The segmentation of the primitive neural tube in chick embryos (Gallus 

domesticus). Ergeb. Anat. Entwicklungsgesch, 4 1 , 1-88.

van den Huvel, M., & Ingham, P. W. (1996). smoothened encodes a receptor-like 

serpentine protein required for hedgehog signalling. N ature , 382 , 547-551.

van Eden, F. J. M., Granato, M., Schach, U., Brand, M., Furutani-Seiki, M., Haffter, P., 

Hammerschmidt, M., Heisenberg, C.-P., Jiang, Y.-J., Kane, D. A., Kelsh, R. N., Mullins, 

M. C., Odenthal, J., Warga, R. M., & Nusslein-Volhard, C. (1996). Genetic analysis of fin 

formation in the zebrafish, Danio rerio. Development, 123 , 255-262.

Varga, Z. M., Grinblat, Y., Wegner, J., Sive, H., & Westerfield, M. (1998). Separation of 

the primordial eye field during forebrain morphogenesis. In Zebrafish Development and  

Genetics, (pp. 114). Cold Spring Harbor Laboratory: Cold Spring Harbor, New York.

Varlet, I., Collignon, J., & Roberson, E. J. (1997a). nodal expression in the primitive 

endoderm is required for specification of the anterior axis during mouse gastrulation. 

Development, 1 2 4 , 1033-1044.

Varlet, I., Collignon, J., Norris, D. P., & Robertson, E. J. (1997b). nodal signalling and 

axis formation in the mouse. Cold Spring Harb. Symp. Quant. Biol., L X II , 105-113.

Viebahn, C., Mayer, B., & Hrabe de Angelis, M. (1995). Signs of the principle body axes 

prior to primitive streak formation in the rabbit embryo. Anat. Embryol. (Berl), 192 , 
159-169.

Vischer, H. A. (1989). The development of lateral-line receptors in Eigenmannia 

(Teleosti, Gymnotiformes) I. The mechanoreceptive lateral-line system. Brain Behav. 

E vo i, 33 , 205-222.

299



Vogt, W. (1929). Gestaltungsanalyse am Amphibienkeim mit ortlicher Vitalfarbung. II. 

Teil, Gastrulation and Mesodermbildung bei Urodelen und Anuren. W ilhem Roux Arch. 

EntVi’Mech. Orgs., 120 , 384-706.

von Baer, K. E. (1828). Uber Entwicklungsgeschichte der Thiere. Kontinente: Borntrager.

von Kupffer, K. (1906). Die Morphogenie des Zentralnervensystems. Jena: Gustav Fisher.

W ada, H., Holland, P. W. H., & Satoh, N. (1996). Origin of patterning in neural tubes. 

N ature , 384 ,123 .

W ada, H., Holland, P. W. H., Sato, S., Yamamoto, H., & Satoh, N. (1997). Dorsal tube is 

partially dorsalised by overexpression of H rPax-3/7 : the ascidian homologue of Pax-3  

and Pax-7. Dev. Biol., 187 , 240-252.

W ada, H., Saiga, H., Satoh, N., & Holland, P. W. (1998). Tripartite organization of the 

ancestoral chordate brain and the antiquity of placodes: insights from ascidian Pax-2/5/9, 

H ox  and Otx genes. Development, 125 , 1113-1122.

W ada, S., & Saiga, H. (1999). Vegetal cell fate specification and anterior neuroectoderm 

formation by Hroth, the ascidian homologue of orthodenticle/otx. Mech. Dev., 8 2 , 67-77.

W addington, C. H. (1934). Experiments on embryonic induction. I. The competence of 

the extra-embryonic ectoderm in the chick. J. Exp. Biol., 1 1 , 211-227.

W agner, M., Han, B., & Jessell, T. M. (1992). Regional differences in retinoid release 

from embryonic neural tissue detected by an in vitro reporter assay. Development, 116 , 
55-66.

W arga, R. M., & Kimmel, C. B. (1990). Cell movements during epiboly and gastrulation 

in zebrafish. Development, 108 , 569-580.

W arga, R. M., & Nusslein-Volhard, C. (1999). Origin and development of the zebrafish 

endoderm. Development, 126 , 827-838.

W arren, N., & Price, D. J. (1997). Roles of Pax-6 in murine diencephalic development. 

Development, 124 , 1573-1582.

300



W echsler-Reya, R. J., & Scott, M. P. (1999). Control of neuronal precursor proliferation 

in the cerebellum by sonic hedgehog. Neuron, 22 , 103-114.

W einberg, E. S. (1998). Zebrafish genetics: Harnessing horizontal gene transfer. Curr. 

B io l,  8 , R244-R247.

W einstein, D. C., Ruiz i Altaba, A., Chen, W. S., Hoodless, P., Prezioso, V. R., Jessell, T. 

M., & Darnell, J. E. (1994). The winged-helix transcription factor HNF-3J3 is required for 

notochord development in the mouse embryo. Cell, 7 8 , 575-588.

W eintraub, H. (1993). The myoD  family and myogenesis: Redundancy, networks and 

thresholds. Cell, 75 , 1241-1244.

W etts, R., & Fraser, S. E. (1989). Slow intermixing of cells during Xenopus 

embryogenesis contributes to the consistency of the blastomere fate map. Development, 

1 0 5 ,9 -1 5 .

W hitfield, T. T., Granato, M., van Eden, F. J. M., Schach, U., Brand, M., Furutani-Seiki, 

M., Haffter, P., Hammerschmidt, M., Heisenberg-, C.-P., Jiang, Y.-J., Kane, D. A., Kelsh, 

R. N., M ullins, M. C., Odenthal, J., & Nusslein-Volhard, C. (1996). Mutations affecting 

development of the zebrafish inner ear and lateral line. Development, 123 , 241-254.

W hitlock, K. E., & W esterfield, M. (1998). A transient population of neurons pioneers the 

olfactory pathway in the zebrafish. J. NeuroscL, 1 8 , 8919-8127.

W ilkinson, D. G., Bailes, J. A., & McMahon, A. P. (1987). Expression of the proto

oncogene int-1 is restricted to specific neural cells in the developing mouse embryo. Cell, 

50 ,7 9 -8 8 .

W ilkinson, D. G., Bhatt, S., Cook, M., Boncinelli, E., & Krumlauf, R. (1989). Segmental 

expression of Hox-2 homeobox-containing genes in the developing mouse hindbrain. 

Nature, 3 4 1 ,405-409.

W illiams, N. A., & Holland, P. W. H. (1996). Old head on young shoulders. Nature, 383 , 

490.

W ilson, S. W., Ross, L. S., Parrett, T., & Easter, S. S. (1990). The development of a 

simple scaffold of axon tracts in the brain of the embryonic zebrafish, Brachydanio rerio. 

Development, 108, 121-145.

301



W ilson, E. T., Helde, K. A., & Grunwald, D. J. (1993). Something's fishy here - 

rethinking cell movements and cell fate in the zebrafish embryo. Trends Genet., 9, 348- 

352.

W ilson, P. A., & Hemmati-Brivanlou, A. (1995). Induction of epidermis and inhibition of 

neural fate by Bmp-4. Nature, 376 , 331-333.

W innier, G., Blessing, M., Labosky, P. A., & Hogan, B. L. M. (1995). Bone 

morphogenetic protein-4  is required for mesoderm formation and patterning in the mouse. 

Genes Dev., 9, 2105-2116.

W ittbrodt, J., Meyer, A., & Schartl, M. (1998). More genes in fish? BioEssays, 20, 511- 

515.

W olpert, L., Beddington, R., Brockes, J., Jessell, T., Lawrence, P., & M eyerowitz, E.

(1998). Principles o f  Development. London: Current Biology Ltd.

W oo, K., & Fraser, S. E. (1995). Order and coherence in the fate map of the zebrafish 

nervous system. Development, 121 , 2595-2609.

W oo, K., Shih, J., & Fraser, S. E. (1995). Fate maps of the zebrafish embryo. Curr. Opin. 

Genet. Dev., 5, 439-443.

W oo, K., & Fraser, S. E. (1997). Specification of the zebrafish nervous system by 

nonaxial signals. Science, 277 , 254-257.

W ullimann, M. F., & Puelles, L. (1999). Postembryonic neural proliferation in the 

zebrafish forebrain and its relationship to prosomeric domains. Anat. Embryol. (Berl.),

199 , 329-348.

Xie, Y., Chen, X., & W agner, T. (1997). A ribozyme-mediated, gene "knockdown" 

strategy for the identification of gene function in zebrafish. Proc. Natl. Acad. Sci. USA, 

94, 13777-13781.

Xie, J., Murone, M., Luoh, S. M., Ryan, A., Gu, Q., Zhang, C., Bonifas, J. M., Lam, C. 

W., Hynes, M., Goddard, A., Rosenthal, A., Epstein, E. H., & de Sauvage, F. J. (1998). 

Activating Smoothened mutations in sporadic basal-cell carcinoma. Nature, 3 9 1 , 90-92.

302



Xu, Q., Holder, N., Patient, R., & W ilson, S. W. (1994). Spatially regulated expression of 

three receptor tyrosine kinase genes during gastrulation in the zebrafish. D evelopment,

120 , 287-299.

Xu, Q., Mellitzer, G., Robinson, V., & Wilkinson, D. G. (1999). In vivo cell sorting in 

complementary segmental domains mediated by Eph receptors and ephrins. Nature, 399 , 
267-271.

Yamada, T., Placzek, M., Tanaka, H., Dodd, J., & Jessell, T. M. (1991). Control of cell 

pattern in the developing nervous system: polarizing activity of the floor plate and 

notochord. Cell, 6 4 , 635-647.

Yamada, T., Pfaff, S. L., Edlund, T., & Jessell, T. M. (1993). Control of cell pattern in the 

neural tube: motor neuron induction by diffusible factors from notochord and floor plate. 

Cell, 73, 673-686.

Yamada, G., Mansouri, A., Torres, M., Stuart, E. T., Blum, M., Schultz, M., De Robertis, 

E. M., & Gruss, P. (1995). Targeted mutation of the murine goosecoid  gene results in 

craniofacial defects and neonatal death. Development, 1 21 , 2917-2922.

Yamashita, H., ten Dijke, P., Huylebroeck, D., Sampath, T. K., Andries, M., Smith, J. C., 

Heldin, C. H., & Miyazono, K. (1995). Osteogenic protein-1 binds to activin type II 

receptors and induces certain activin-like effects. J. Cell B io l, 130 , 217-226.

Yoshida, M., Suda, Y., Matsuo, I., M iyamoto, N., Takeda, N., Kuratani, S., & Aizawa, S.

(1997). E m xl and Emx2 functions in development of dorsal telecephalon. Development, 
124, 101-111.

Young, J. Z. (1995). The Life o f  Vertebrates. Oxford: Clarendon Press.

Zaraisky, A. G., Ecochard, V., Kazanskaya, O. V., Lukyanov, S. A., Fesenko, I. V., & 

Duprat, A.-M. (1995). The homeobox-containing g&nt XANF-1 may control development 

of the Spemann organizer. Development, 1 2 1 , 3839-3847.

Zhang, J., Talbot, W. S., & Schier, A. F. (1998). Positional cloning identifies zebrafish 

one-eyed pinhead  as a permissive EGF-related ligand required during gastrulation. Cell, 

92 ,241-251 .

303



Zimmerm an, K., Shih, J., Collazo, A., & Anderson, D. J. (1993). XASH-3, a novel 

Xenopus achaete-scute homolog, provides an early marker of planar neural induction and 

position along the mediolateral axis of the neural plate. Development, 119 , 221-232.

Zimmerman, L., De Jesus-Escobar, J., & Harland, R. (1996). The Spemann organizer 

signal noggin binds and inactivates bone morphogenetic protein 4. Cell, 8 6 , 599-606.

304


