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Abstract

Previous work has implicated Hox genes in the development of the branchial 

region. At SV2 days I have shown Hox 2 expression in neural crest emerging from the 

neural plate, while at 9 days of mouse development, after neural crest migration is 

complete, each branchial arch has a distinct code of Hox 2 expression. Arch 1 has no 

expression, arch 2 expresses Hox 2.8 alone, and arch 3 expresses Hox 2.8 and Hox

2.7. Given the role of the homologous genes in insects, and the suggestion that neural 

crest is specified before migration, it is possible that a step in the development of this 

level of the body is a specification of the hindbrain and branchial arches by a code 

of Hox expression.

Retinoic acid is known to affect craniofacial development, and is able to alter 

the expression of Hox genes in vitro in a coordinated way. I have analysed gene 

expression in rat embryos treated with a drug unrelated to retinoic add that 

nevertheless causes similar fusion of first and second branchial arches, and show that 

in addition rhombomere compression and fusion of cranial ganglia occur. The 

implications of this on the signalling events occuring during development of the 

branchial region are discussed.

There are three other Hox clusters in vertebrates as well as Hox 2, thought to 

be derived from a single ancestral cluster of genes present in the common ancestor 

of vertebrates and insects. I have shown that equivalent genes in other clusters show 

identical expression domains in hindbrain and neural crest to their Hox 2 equivalents 

at W2 d.p.c. In contrast, the expression limits of subfamily members are offset from 

one another in the trunk somites. The implications of this on head versus trunk 

development are discussed.
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Chapter 1 - Introduction

Experimental embryology has indicated a number of differences between the 

development of the head and trunk in vertebrates, but the differences in the 

underlying mechanisms that cause this are unclear. In this thesis I will describe 

aspects of the early expression domains of a family of genes thought to be involved 

in position specification processes in vertebrates. They are expressed in ways 

consistent with a combinatorial code of gene expression that specifies regional 

identity within the branchial region of the head. The way in which individual genes 

are expressed suggests a difference in patterning strategy between head and trunk, 

and the time course of establishment of expression implies a sequence of interactions 

that could supply some of the necessary patterning information to the head.

1.1 Introduction to Head Development

Differences in developmental strategy are apparent in both head ectoderm and 

mesoderm. The anterior neural structures are able to form after a single, neuralizing 

induction, whereas hindbrain and spinal cord seem to require an additional 

transforming signal (Saxen, 1989). The subsequent development of the neural plate 

in the head is thought to be less dependent upon interactions with surrounding tissues 

than is the spinal cord. The position of outgrowth of spinal nerves is thought to be 

dependent upon the neighbouring somite, through whose anterior half they grow out, 

as reversal of the A-P polarity of a group of somites causes changes in the position 

of nerve outgrowth , while after neural tube reversal outgrowth still occurs opposite 

the rostral halves of somites (Keynes & Stem, 1985). In the head however, the 

paraxial mesoderm does not form a series of somites, and the initial development of 

the cranial nerves is not thought to be directed by cranial paraxial mesoderm (Moody 

& Heaton, 1983a, b, c).

At an early phase of its development the hindbrain is composed of a repeating 

series of bulges known as rhombomeres, within which the initial patterns of neurite 

outgrowth occur with a two rhombomere periodicity (Lumsden & Keynes, 1989). 

Several observations suggest that rhombomeres are of developmental significance. 

Single-cell marking experiments have shown that after a critical time in development 

marked clones will not cross rhombomere boundaries, while other clones marked at
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the same time extend over areas within rhombomeres (Fraser et al. 1990) suggesting 

that they represent lineage restriction units. The cranial nerves and branchial arches 

are associated with particular pairs of rhombomeres, and the fact that these 

relationships are conserved in all vertebrates (Lumsden, 1990) is further evidence for 

an important role in development. The relationship between the rhombomeres and 

other head structures is shown in figure 1.1, as well as the expression patterns of 

some candidate genes for an involvement in hindbrain and branchial patterning. The 

combination of compartment formation, conservation of relationships with other head 

structures during evolution and rhombomere-restricted expression of potentially 

regulatory genes (sections 1.3 and 1.4) is strong indirect evidence for the importance 

of segmentation in hindbrain development. Lineage restrictions also occur in the 

spinal cord, but they are thought to be dependent upon surrounding somites to 

maintain their integrity (Lim et al. 1991; Stem et al. 1991). Thus segmentation (i.e. 

repeating morphological units which show lineage restrictions at their boundaries) 

seems to be an important aspect of the early development of the brain, consistent 

with developmental mechanisms in which cell lineage is an important factor.

Differences in mesoderm formation are apparent from the very earliest stages 

of embryogenesis. The mesoderm of the trunk is demarcated into four distinct 

regions. Underneath the neural tube is the notochord, beside which is the paraxial 

mesoderm. Soon after ingression the trunk paraxial tissue undergoes a process of 

epithelialisation, and forms a series of repeating structures known as somites. The 

somites subsequently differentiate into sclerotome and dermamyotome, with distinct 

developmental fates. There is a zone of intermediate mesoderm immediately lateral 

of the paraxial mesoderm, which is also gives rise to a series of structures, the kidney 

tubules. The mesoderm lateral and continuous with this is not composed of repeating 

units, and is known as the lateral plate. The lateral plate splits to form a body cavity 

known as a coelom, the dorsal wall of which gives rise to components of the limb bud 

and body muscle, while the ventral wall gives rise to the smooth muscle that 

surrounds the gut endoderm. These four components develop differently in the head 

(reviewed in Noden, 1988). The notochord is continuous anteriorly with the
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Figure 1.1: Relationships between structures in the branchial region. The cranial 

ganglia are indicated by solid shading, and their morphology is diagrammatic. 

Rhombomere boundaries are indicated by dotted lines.

mid: midbrain; hind: hindbrain; sc: spinal cord; rl-7: rhombomeres 1-7; ov: 

otic vesicle; v: trigeminal nerve; vii: facial nerve; ix: glossopharyngeal nerve; 

bl-b3: lst-3rd branchial arches; ht: heart.
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prechordal plate, the first formed mesoderm in the body which is laid down by cells 

ingressing and migrating anteriorly from Henson’s node. The paraxial mesoderm of 

the head does not form distinct epithelial somites, although it is possible to detect 

repeated alignments of cells known as somitomeres by SEM (Meier, 1981; Meier & 

Tam, 1982). Head paraxial mesoderm is able to give riseto the same tissue types as 

its trunk counterpart, but it does not undergo the same process of sclerotome or 

dermamyotome formation first. The lateral plate mesoderm anterior of the third 

branchial arch does not separate to form somatopleure and splanchnopleure, and 

there are no morphological landmarks to distinguish it from the paraxial mesoderm 

(Noden, 1988). In a similar way, although prechordal plate and anterior paraxial 

mesoderm initially invaginate as distinct structures, head folding results in their 

becoming continuous. The intermediate mesoderm does not extend into the head.

These anatomical distinctions do not necessarily suggest fundamental 

differences in developmental mechanism. For example, in some amphibians and fish 

the paraxial mesoderm is continuous with the intermediate and lateral plate along the 

entire body axis, while in amniotes they are clearly separate. These somite differences 

may reflect differences in the geometry of gastrulation in these animals, resulting in 

groups of cells with properties and potentials similar to those of other vertebrates 

arising with different spatial relationships to each other. The subsequent development 

of amphibian somites and the tissues that are derived from them suggest that they 

behave in an analogous way to those of other vertebrates. Dorsal root ganglia form 

opposite the anterior half of these somites, as is the case in higher vertebrates, and 

they show similar properties of intrinsic fate specification (Chevallier, 1975; Chung 

et al. 1989). It has been suggested that these differences are connected to the need 

for aquatic larvae to be able to swim at an early stage of their development (Stern, 

1990). Some of the differences between head and trunk may be a result of analogous 

events that do not necessarily imply fundamentally different developmental 

mechanisms.

However, there is also evidence that head development involves patterning 

mechanisms different from the trunk. In the trunk the form of the vertebrae and their 

processes is determined by the somites, they will give rise to vertebrae of their 

original character when grafted to ectopic sites (Chevallier, 1975). When trunk
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somites or segmental plate are used to replace the head paraxial mesoderm however, 

normal cranial morphogenesis is able to occur (Noden, 1986). The difference between 

the trunk, where paraxial and lateral plate mesoderm have an important patterning 

influence, and the head, where ectodermal structures have a more important role may 

be related to the presence of neural crest with a different set of properties to that of 

the trunk.

1.2 The Neural Crest

Neural crest cells originate from the boundary between the neural plate and the 

surface ectoderm (Verwoerd & van Oostrom, 1979; Nichols, 1981). The cranial neural 

crest in amniotes, unlike its counterpart in the trunk, is able to give rise to both 

neural and mesenchymal structures. The crest migrates ventrally and in posterior 

parts of the head populates the branchial arches, a series of repeating structures 

homologous to the gill region of lower vertebrates (Morriss-Kay & Tan, 1987; Le 

Douarin, 1983; Noden, 1988; Lumsden & Sprawson, 1991). These are shown in figure 

1.2, which also shows their relationships with other cranial structures. Other neural- 

crest derived sikeletal elements are located in anterior parts of the head, and include 

j the jaws and the trabeculae, which form part of the ventral brain-case. The route of 

crest migration seems to be controlled by the local environment (Le Douarin & 

Teillet, 1974; Noden, 1988).  ̂ ^

? An important question concerns the means by which the identity of structures 

in the head are specified. The neural crest may be directed to form structures by 

interactions with surrounding tissues. Alternatively the neural crest, the major source 

of mesenchyme to much of the head (Noden, 1984), may be specified itself. Evidence 

suggests that while the neural crest is extensively dependent on surrounding tissue to 

allow differentiation, some patterning information resides within the crest itself.

Interactions with head epithelia such as the neural tube and surface ectoderm 

seem to be important in neural crest differentiation and some aspects of head 

morphogenesis in chick (Bee & Thorogood, 1980; Thorogood et al. 1986; reviewed 

in Hall, 1987). Premigratory mouse cranial neural crest is unable to form bone when 

grafted in oculo, presumably because it is unable to interact with an appropriate
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epithelium (Lumsden, 1987). Recombination experiments of mesenchyme and 

ectoderm from different chick facial primordia however, suggest that the interaction 

results in the formation of structures appropriate for the mesenchyme irrespective of 

the ectoderm source (Richman & Tickle, 1989). Evidence suggests that there are 

differences in the potential for differentiation of premigratory neural crest from 

different levels of the head. Neural crest is important in forming wall components of 

the aortic arches, and is involved in the development of the outflow tract of the heart. 

When chick crest from different axial levels is grafted into host embryos, only grafts 

of the appropriate region are able to allow correct heart outflow formation (Kirby,

1989).

There is some evidence to suggest that the form of facial structures, 

particularly the visceral skeleton of the branchial region, is specified by neural crest. 

The structures formed are related to the level of origin of crest along the A-P axis. 

Horstadius and Sellman rotated the neural plate or just the neural crest-producing 

neural ridges of the urodele Ambystoma mexiccmum through 180° (reviewed in Hall 

& Horstadius, 1988). The result of this is to place crest that would normally form the 

gill skeleton in the anterior part of the head, and that which would form the jaw and 

the trabeculae over the branchial arches, in the posterior of the head. However in 

both cases the grafted crest made skeletal structures appropriate for its level of 

origin, suggesting that it had already been imprinted before the graft was made as to 

the form of the structures it would give rise to. A similar finding has been made in 

experiments where sections of chick midbrain neural plate, whose crest normally 

colonises the first (maxillary and mandibular) arches, have been grafted to the second 

(hyoid) or third arch level (Noden,1983; Noden, 1988). The neural crest migrated into 

the hyoid arch, but there formed mandibles, which are first arch structures. In 

addition, these ectopic mandibles had a set of muscles attached to them that were 

derived from the second arch paraxial mesoderm, but resembled first arch muscles 

(Noden, 1988). Duplicate beaks were also formed on the surface, suggesting that the 

differentiation pattern of second arch paraxial mesoderm and surface ectoderm was 

controlled by the neural crest. Therefore in addition to its own autonomy of pattern 

formation, this neural crest seems able to direct the development of associated, non- 

neural crest tissues (Nichols, 1986).
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Both cranial and trunk crest are able to give rise to neural derivatives. 

However, when trunk crest is grafted into the hindbrain, it forms ganglia whose 

morphology is more similar to the spinal dorsal root ganglia than to cranial ganglia 

(Noden, 1978), arguing for a difference in potential between cranial and trunk crest 

in the production of neural structures. The initial migration and extension of axons 

of trigeminal motor neurons seems to be dependent upon the projection of sensory 

neurites from the adjacent trigeminal ganglion into the CNS (Moody & Heaton, 

1983a). When trigeminal crest is ablated, the placodal cells of the trigeminal are able 

to project into the hindbrain, but at a later time than during normal development. 

Presumptive trigeminal motor neurons do not extend neurites until the placodal axons 

enter in these manipulated animals (Moody & Heaton, 1983b). Imposition of 

mechanical barriers between the exit point from the hindbrain and the ganglion 

demonstrates that, after emigration from the hindbrain, trigeminal motor neurons 

need to innervate the trigeminal ganglion in order to be able to reach their 

peripheral targets (Moody & Heaton, 1983c). Thus it is possible that the neural crest 

is important in patterning the outgrowth of branchial motor axons, which may be a 

reason why strict relationships between particular rhombomeres, ganglia and 

branchial arches are maintained. These experiments do not address the possibility 

that placodal cells are able to permit appropriate innervation of peripheral targets 

however, in which case the patterning information for the production of motor 

neurons may lie within the placode.

The behaviour of the branchial neural crest in addition to the evidence of 

compartmentalisation in the brain discussed earlier suggests that aspects of the initial 

pattern may be established in the neuroepithelium, and are then transferred to other 

parts of the head by neural crest migration. This may mean that early aspects of 

cranial morphogenesis are susceptible to genetic analysis, as differential expression 

of genes capable of regulating others is potentially a mechanism for maintaining cells’ 

"memory" of their lineage history.

1.3 Genes Involved in Patterning of the Head

Homeotic mutations have been particularly informative in the analysis of 

Drosophila development. Such lesions result in the transformation of one part of the
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body into another, and in many cases the same types of cells are present in both types 

of structure (Lewis, 1978). This suggests that functions involved in control of overall 

pattern in development rather than more specific later differentiation events are 

affected, and subsequent molecular analysis has revealed that the affected genes often 

encode transcription factors, one of the sorts of molecule that would be expected to 

be able to maintain cell commitment on the basis of lineage (Akam, 1987). If lineage 

is also important in the vertebrate head then similar sorts of gene activities might be 

expected.

A mutation has been described in the "contemporary" breed of Burmese cats, 

which results in a transformation of the frontonasal mass into a second maxillary 

process, including duplication of palate bones and canine teeth that resembles the 

homeotic transformations of Drosophila (Noden & Evans, 1986). Mutants have been 

identified which affect only specific aspects of head morphogenesis, such as the 

mouse mutant Far which only affects structures derived from the maxillary process 

(Juriloff & Harris, 1983) and the p  mutant of Ambystoma (Graveson & Armstrong, 

1990), which has been iriiown to cause a defect in branchial crest which can be 

/ rescued by a graft of wild type crest; These mutants suggest that genetic specification 

\ is occurring in the? facial 'primordiai, although confirmation wifi; require further 

■ characterisation o f the mechanism of action of the defects.^ - •- ^

1 Another approach that has yielded information about potential mechanisms 

of craniofacial development has been the isolation of vertebrate homologues of 

genetically defined loci in Drosophila that are known to be involved in patterning 

decisions in development Such molecules would be candidates for an involvement 

in developmental decisions in vertebrates as well. Studies of the distribution protein 

of one of the vertebrate homologues of the insect engrailed gene, En-2, in a number 

of vertebrates (Davis et al. 1991; Hatta et al. 1991; Hemmati-Brivanlou et al. 1991) 

have shown that in all cases it is expressed at the hindbrain/midbrain boundary, and 

that expression is induced in competent ectoderm by interaction with mesoderm of 

the appropriate axial level (Hemmati-Brivanlou et al. 1990). As the engrailed protein 

is thought to be a transcription factor capable of regulating other genes, its region- 

specific expression in the neural ectoderm make it a strong candidate for an 

involvement in the processes of midbrain development. Traces of expression in cells
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of the first branchial arch thought to be derived from the mesencephalic neural crest 

raise the possibility that En-2 is also involved in specification of neural crest 

development (Davis et al. 1991). Rhombomere-restricted patterns of expression are 

characteristic of genes such as int-2, Krox-20 (Wilkinson et al. 1989a), some tyrosine 

kinases (M.A. Nieto, pers. comm.) and notably the Antennapedia class homeobox 

genes (see later). This may reflect aspects of the general developmental strategy 

described in section 1.2, where an early specification event occurs in the neural plate 

which directs subsequent development of the brain and the facial structures derived 

from its neural crest.

Molecules mediating cell to cell communication also have expression patterns 

that suggest important roles in vertebrate hindbrain development. Int-2 was originally 

isolated as the insertion site of a viral integration event that resulted in 

transformation, and was subsequently shown to encode a member of the FGF family 

of signalling molecules (Dickson et al. 1984). It was shown to be expressed in the 

mouse hindbrain and confined to rhombomeres 5 and 6, a region of the hindbrain 

thought to be involved in the induction of the otic placode from the ectoderm 

overlying it (Wilkinson et al. 1988). The emerging technology of targeted gene 

disruptions in embryonic stem cells is starting to provide direct evidence for the roles 

of candidate genes in craniofacial development Expression data of the murine Wint-1 

gene, the mammalian homologue of the Drosophila segment-polarity gene wingless, 

suggested a role in development of the cerebellum (Wilkinson et al., 1987). The 

phenotype of the homozygous mutant for Wint-1 was the loss of cerebellum, 

suggesting that Wint-1 mediated signalling processes are crucial to normal head 

development and providing the first direct proof of the link between a candidate 

developmental gene and an aspect of normal development (McMahon & Bradley,

1990). Interestingly deleted structures extended beyond those regions which normally 

express the gene, consistent with its potential role as a cell signalling molecule.

1.4 The Antennapedia Class Homeobox Genes

One group of genes that were particularly informative about a level of the 

Drosophila developmental hierarchy were the Antennapedia class homeobox genes. 

They were originally identified by their mutant phenotypes, as they caused homeotic
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transformations where a segment or part of a segment adopted a fate appropriate for 

another segment. Their expression domains and mutant phenotypes were consistent 

with a role in coordinating development along the A-P axis (reviewed in Lewis, 1978; 

Akam, 1987). Each parasegment expressed either a unique combination of these 

genes, or had a unique level or distribution of expression. Their sequences showed 

homology to prokaryotic and yeast helix-turn -helix proteins that were known to 

control the expression of other genes by DNA binding, and in vivo and in vitro 

experiments demonstrated that they could act in this way in metazoans (Affolter et 

al. 1990; Kessel & Gruss, 1990). In Drosophila there are known to be two clusters of 

genes, but these are thought to be derived from a single cluster at some stage during 

insect evolution, as the red flour beetle, Tribolium castaneum, has been shown to 

possess a single cluster of homeotic genes with functions analogous to those of genes 

in both Drosophila clusters (Beeman, 1987; Beeman et a l 1989), known as HOM-C.

As transcriptional regulators important in Drosophila development it was 

thought that genes of this type might also be important in the development of other 

animals, and the presence of similar sequences in a wide range of organisms, 

including vertebrates, was demonstrated (Holland & Hogan, 1986). In contrast to 

Drosophila, four clusters of Hox genes are thought to exist in vertebrates (Simeone 

et al., 1991). The structure of the murine Hox complexes is indicated in figure 1.2. 

Further analysis of the vertebrate genes suggested that as well as a general role in 

development, a specific function, specification of position along the A-P axis was also 

conserved between insects and vertebrates (Graham et al. 1989). The sequences of 

mouse (Hox) and fly (HOM-C) genes share extensive similarities, and in both 

organisms are organised into clusters where gene order is conserved (Akam, 1989). 

Furthermore in both organisms the position of a gene within a cluster determines its 

anterior limit of expression along the A-P axis (Graham et al. 1989; Duboule & 

Dolle, 1989) and in vertebrates its relative sensitivity to retinoic acid (Simeone et al.
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Figure 1.2: Structure of the mouse homeobox complexes.
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Figure 13: Expression of 3’ members of Hox 2 in the mouse hindbrain. The positions 
of anterior expression limits are indicated by shaded bars. Expression extends 
throughout the medio-lateral extent of the neuroepithelium, and not just within the 
bars indicated. The rhombomeric origins of branchial motor nerves are indicated on 
the left.

bl-b3: lst-3rd Branchial arch; rl-r8: rhombomeres 1-8; Ov: otic vesicle; HB: 
hindbrain; SC: spinal cord.
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1990; Papalopulu et al. 1990; Papalopulu et al. 1991). These extensive similarities 

suggest that Hox and HOM-C have been derived from a common ancestor, and share 

a general function in spatial specification.

In Drosophila boundaries of gene expression correlate with specific segments 

(Akam, 1987), which is also true of the rhombomeric segments of the vertebrate 

head. In the mouse hindbrain cutoffs of the 5 most 3’ Hox 2 genes correspond to 

rhombomeric boundaries, with successive genes showing expression limits separated 

by 2 rhombomere units as shown in figure 1.3 (Wilkinson et al. 1989b). The 

underlying two segment (rhombomere) periodicity of the hindbrain (Lumsden & 

Keynes, 1989; Wilkinson et al. 1989a) may result in this pattern of Hox gene 

expression. Figure 1.1 illustrates that the branchial arches are each innervated by a 

cranial motor nerve, whose axons are derived from specific pairs of rhombomeres. 

Therefore, arch 1 is associated with the r2/r3 pair, arch 2 with r4/r5, and arch 3 with 

r6/r7 (Lumsden & Keynes, 1989). The pattern of expression is such that an arch 

receives motor innervation from two rhombomeres with differing patterns of gene 

expression. Hox 2 genes are candidates for the specification of regional identity in a 

part of the body where intrinsic specification is thought to be important

If a role of the Hox genes is positional specification within the hindbrain, then 

given presumed primitiveness of this part of the central nervous system and the great 

similarity between the hindbrains of most vertebrates, it would be predicted that 

properties such as domains of expression would be conserved between vertebrates. 

The expression pattern of the chick homologue of the murine Hox 2.9 gene has been 

shown to be similar to that of the mouse (Maden et al. 1991). It is thought that the 

antibody recognising Ghox-lab is detecting the protein produced from this RNA 

(Sundin & Eichele, 1990). The most characteristic property of Hox 2.9, expression 

within rhombomere 4, is conserved at least between different classes of amniote 

vertebrate.

If Hox genes are involved in patterning the hindbrain, they may also be 

involved in the development of the cranial neural crest. Another question is what the 

roles of 3’ genes in the other vertebrate Hox clusters are, given that there are more 

rhombomeres within the hindbrain than could be distinguished by an overlapping 

code of Hox 2 expression. In this thesis I present expression data for the anterior
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members of the vertebrate Hox clusters in normal embryos and those whose 

development has been altered that suggest a possible mechanism for patterning part 

of the head. The possible mechanism is distinct from that of the trunk, which may be 

connected with the differences in development described earlier between trunk and 

head.
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Chapter 2 - Materials and Methods

2.1 Buffers and Stock Solutions

2.1.1 General Molecular Biology

2M Tris HC1 pH adjusted to 7.6 and 8.0. For RNA work this

solution was made up with DEPC treated water.

0.5M EDTA pH adjusted to 8.0 with NaOH pellets.

Autoclaved with DEPC.

TE lOmM Tris.Cl (appropriate pH), lmM EDTA.

Autoclaved. For RNA work, Tris made up in 

DEPC water and filter sterilised.

3M Sodium acetate pH adjusted to 5 2  with glacial acetic acid. 

Autoclaved. For RNA treated with 0.05% (v/v) 

DEPC then autoclaved.

STET 8% sucrose, 0.5% TritonX-100, 50mM EDTA 

(pH 8.0), lOmM Tris.Cl (pH 8.0). Filter sterilised.

Lysis buffer (maxi-prep) 50mM glucose, 25mM Tris.Cl (pH 8.0), lOmM 

EDTA (pH 8.0).

Alkaline SDS 0.2M NaOH, 1% SDS.

MOPS 0.4M morpholinopropanesulfonic acid (MOPS) 

(pH 7), 50mM NaOAc, lOmM EDTA (pH 8). 

Filter sterilised and stored at 4°C.

Denaturing solution 0.5M NaOH, 1.5M NaCl.
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Neutralising solutions:

southern 0.5M Tris.Cl (pH 7.6), 3.0M NaCl.

colony screen 0.5M Tris.Cl (pH 7.6), 1.5M NaCl.

Sodium phosphate buffer 1M NajHPC^ mixed with 1M NaH2P 04 until pH

6.8. Autoclaved.

Denhardts solution (100x) 2% (w/v) BSA fraction V, 2% (w/v) Ficoll 400,

2% (w/v) polyvinylpyrolidone. Filter sterilised 

and stored at -20 °C.

Filter hybridisation buffers:

Riboprobe pre-hyb \  50% deionised formamide, t 5x SSC, ; 5x

■ 0 - : Denhardts,  50mM NaPB (pH 6.8), 250ug/ml

. u f Salmon sperm DNA, lOOug/ml tRNA, lOug/ml

poly A,poly C, 0.2% SDS.

’ v: '■) /  . • > ' -'v'v

Riboprobe hyb ) .  r  50% deionised formamide, 5x SSC, lx

Denhardts, 20mM NaPB "(pH 6.8), lOOug/ml 

Salmon sperm DNA, lOOug/ml tRNA, lOug/ml 

poly A,poly C, 0.2% SDS, 10% Dextran sulphate.

SSC (x20) 3M NaCl, 0.3M Na citrate treated with 0.05%

DEPC and autoclaved.

Ligase buffer (x5) 250mM Tris.Cl (pH 7.6), 50mM MgCl2, 25% 

(w/v) polyethylene glycol 8000, 5mM DTT



Restriction enzyme buffers:

Low salt (xlO) lOOmM Tris.Cl (pH 7.6), lOOrnM MgCl2, lOmM

DTT.

Medium salt (xlO) 500mM NaCl, lOOmM Tris.Cl (pH 7.6), lOOmM

MgCl2, lOmM DTT.

High salt (x 10) 1M NaCl, 500mM Tris.Cl (pH 7.6), lOOmM

MgCl2, lOmM DTT.

Very high salt (xlO) 1.5M NaCl, 500mM Tris.Cl (pH 7.6), lOOmM

MgCl2, lOmM DTT.

EcoRI buffer (xlO) 1M NaCl, 1M Tris.Cl (pH 7.6), lOOmM M gd2.

Smal buffer (xlO) r 200mM KC1, lOOmM Tris.Cl (pH 8.0), lOOmM

MgCl^ lOmM DTT.

All restriction enzyme buffers were filtered sterilised and stored at - 20°C  ....

Blue juice (xlO) r: , 50% glycerol, 20mM Tris.Cl, 20mM EDTA (pH

8.2), 0.1% Bromophenol blue.
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Electrophoresis buffers:

’’Fast" TAE (x20) 0.8M Tris, 40 mM EDTA. For 4L of 20x, 387.52g

Tris, 59.56g EDTA, set pH to 8.2 with about 

100ml of glacial acetic acid.

Howley buffer (x40) 1.6M Tris, 1.32M sodium acetate, 40mM EDTA,

pH 7.2. For 4L of 40x, 775g Tris, 435g sodium 

acetate, 59.5g EDTA

900mM Tris base, 900mM boric acid, 40mM 

EDTA (pH 8.2). For 4L 432g Tris, 222b boric 

acid, 59.5g EDTA

10 mg/ml in TE.

50% ethanol, 0.1M NaCl, lOmM Tris pH 7.5,

' ImM EDTA

DNA Phenol 1 u j 11 phenol Xultrapure, BRL) mixed with 500ml of

50mM Tns-HQ pH 7.6, 500mM NaCl, ImM 

EDTA, left overnight As much of aqueous phase 

; as possible is removed, and then the following are 

added: 50ml mCresol, 2ml BME, lg 8-OH 

quinolate.

Acrylamide/Urea mix 100ml 10x TBE, 200ml 38% acylamide/2% bis,

420g Urea, up to 11 with water.

TBE (xlO)

Ethidium bromide 

NEW buffer
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2.1.2 In situ reagents

DEPC-treated water 

DTT, 1M

Transcription buffer (xlO)

GAC mix 

Sephadex G-50 

Elution buffer

Probe hydrolysis buffer

Probe neutralising buffer?

Hybridisation buffer

0.05% (v/v) DEPC (Diethyl pyrocarbonate) was 

added and then autoclaved.

1M DTT made up in DEPC water and stored at 

-20 °C.

400mM Tris.Cl (pH 8.25), 60mM MgCl2, 20mM 

spermidine.

2.5mM (each) GTP, CTP and ATP.

Preswollen in RNA TE.

lOmM Tris.Cl (pH 7.6), ImM EDTA (pH 8.0), 

0.1% SDS.

80mM NaHC03, 120mM N a^O * lOmM DTT 

(pH 10.2). Filter sterilised and stored at -20 °C.

i  02M NaOAc (pH 6.0), 1% (v/v) acetic ad d ,, 

lOmM DTT. Filter sterilised and stored at -20 ° G

50% deionised formamide, 0.3M NaCl, 20mM 

Tris.Cl (pH 8.0), 5mM EDTA, lOmM NaP04 (pH 

8.0), 10% Dextran sulphate, lx  Denhardts, 

0.5mg/ml yeast RNA.
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PBS (xlO) 1.37M NaCl, 27mM KCi, 80mM Na2H P04,15mM

KH2P04. Treated with 0.05% DEPC and then 

autoclaved. For 1L, 80g NaCl, 2g KCI, 11.5g 

anhydrous Na2HP04, 2g KH2P04.

Saline (xlO) 8.3% (w/v) NaCl. Treated with 0.05% DEPC and

then autoclaved.

2.1.3 PCR reagents

Salts (lOx) lOOmM Tris pH 8.3, 15mM MgCl2, 500mM KCI

dNTP (10x) 25/d 0.1M each dNTP, 900/xl water.

2 2  Bacterial Media, and Antibiotics , M vJS aiU; - ^ r v i  x
■-v K i , r. . . . .  -  . ' 77 - ■ ' |U. . ; ;

M9 medium (minimal) * 1 iu Perliter, 6g Na2HP04,3g KH2P 04, O^g NaCI,<igi 

' u NH4C1.t Adjust pH to 7.4, autoclave. Add

autoclaved 1M MgS04 and 1M CaCl2, and filter 

sterilised 20% glucose.

M9 agar As above, adding 1.5% (w/v) bacto-agar to the

salts mixture before autoclaving, allowing to cool 

to 60°C and adding the other components.

L-agar 1% (w/v) bacto tryptone, 0.5% (w/v) bacto yeast

extract, 0.5% (w/v) NaCl 1.5% (w/v) bacto-agar.

30



L-broth As L-agar but omit bacto agar.

Ampicillin Dissolved at 25 mg/ml in sterile water, filtered

sterilised and stored at -20 °C. Added to media 

and agar to a final concentration of 25 ug/ml.

2.3 Animals

The mice used in this study were of the CBA and CBA/C57 f l  inbred strains of 

mus musculus, maintained by NIMR biological services division. The age of the 

embryos was determined from the day on which the vaginal plug was found. The day 

on which the plug was found was called day 0.5 of pregnancy. At noon the next day 

the embryos are 1.5 day p.c. Younger embryos were also staged by somite counting, 

and older by correlation with morphological features.

2.4 Cloningxmd DNA Methodsr^u -j r-; v «: - - :w ^

■ — ■*.. _/ i " - " : T ■ • ' ' V . ’ ‘i .• ? . ’?  ' , r 1, • '■' .

2.4.1 Bacterial Strain i '  ? . i<: ' -  ..iv ... •

The only bacterial strain used in this work was the TG2 strain of Escherichia Coli

K1Z

2.4.2 The production of cells competent for Transformation - j

This method is basically that of Maniatis et al (1982). i

Throughout all steps in this procedure solutions and centrifuge bottles were sterile 

and chilled on ice. Bacterial cells were streaked out, for single colonies, on an 

M9-agar plate and incubated at 37 °C. After overnight incubation a single colony was 

used to inoculate two 5ml 1-broth aliquots which were again grown overnight. Each 

of two flasks containing 500ml of L-broth were inoculated with one of the 5ml 

overnight cultures. The flasks were then incubated in a shaker incubator at 37 °C 

until the O.D.550 of the culture reached 0.45 - 0.55. When the cells had reached this 

point the cultures were chilled on ice, to restrict further growth. The cells were then
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pelleted by centrifugation at 5k for 5-8 minutes. The supernatant was poured off and 

each pellet was gently resuspended in 125ml of 0.1M MgCi2. The two MgCl2 

suspensions were combined into a single centrifuge bottle and again pelleted as above 

and then resuspended in 250ml 0.1M CaCl2 solution. They were left for 20 minutes 

on ice and then again pelleted. Again the supernatant was discarded and the cells 

were resuspended in 25ml of a CaCl2/glycerol solution. This solution consisted of 

21.5ml of 0.1M CaCl2 and 3.5ml of glycerol. 250/d aliquots of these cells were quick 

frozen and stored at -70 °C.

2.4.3 Bacterial transformation

An aliquot of CaCl2 treated bacterial cells was thawed slowly on ice. Typically not 

more than 1 - O.lug of DNA, be it a closed plasmid or the product of a ligation 

reaction, was used to transform cells. The DNA which was dissolved in 50/d of TE 

was added to 50/d of cells. These were incubated on ice for 20-30 minutes and then 

heat shocked at 42°C for 2 minutes or 37°C for 5 minutes. This mix was inoculated 

into 5ml of Lrbroth and incubated, with shaking, at 37 °C for 60-90 minutes. The 

culture was spun for 10 minutes at 3000rpm in a bench top centrifuge, and the pellet 

resuspended in residual supwematant after decanting. The cells were plated on 

I^agar plates containing the appropriate selectable marker. Plates were then 

incubated overnight at 37 PG  Single colonies were picked the next day for subsequent 

processing, as required. : UI

2.4.4 Standard DNA methods ~ :

Routine procedures involved in DNA manipulation ( e.g. phenol extraction, ether

extraction and ethanol precipitation) were performed as described in Maniatis et al 

(1982). DNA samples were stored at -20 °C. If the purity of DNA samples needed to 

be improved, they were PEG precipitated, resuspended and then ethanol precipitated, 

or alternatively a glass bead purification as described below was employed.

2.4.5 Restriction digests

All restriction enzymes were used according to the manufacturers instructions. In 

this lab one of seven restriction enzyme buffers was used depending on the enzyme.
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These buffers are low (L), medium (M), high (H) and very high (VH) salt buffers. 

There are also specific buffers for EcoRl (Rl), and Smal (Sma).

2.4.6 Agarose gel electrophoresis

Restriction digests, or other DNA samples, were analysed by electrophoresis 

through agarose gels. The percentage of each gel varied depending on the size of 

DNA fragments that were to be analysed. The gels consist of agarose dissolved in 

either lx  TAE or Howley and run in the same buffer. Howley was used as a gel 

running buffer when a slow run was required i.e. for southern blotting or precise 

mapping. The restriction digest or DNA solution was added to the gel in blue juice. 

DNA fragments were visualised by staining with the fluorescent dye, ethidium 

bromide which fluoresces strongly under ultra-violet light. This dye was either 

included in the gel at 0.5ug/ml or after electrophoresis the gel was bathed in a 

solution containing the ethidium bromide at the same concentration. Fragment sizes 

were determined by running DNA markers of known molecular weight The set of 

fragments that were commonly used can be obtained from BRL as the lkb ladder.

' x~ . . ' •

2.4.7 Isolation of DNA fragments from gels

a) Fragments >500 b.p.

The fragment of appropriate size was cut out of the gel using a sharp scalpel. The 

gel slice was weighed, and 2-3 volumes of 6M Nal were added. The tube was 

incubated at 45-55 °C with occasional vortexing until the agarose slice dissolved, after 

which glass milk was added and the tube vortwexed. Before use the glass milk was 

vortexed for 1 minute, and 5/d of milk were added for <5/xg DNA, with an extra 1/d 

added for each 0.5/xg of DNA in excess of this. The tube was incubated in ice for 5 

minutes, after which it was spun in a microfuge for 5 seconds. The supernatant was 

removed with a pipette, and the pellet resuspended by vortexing in 200/xl NEW 

buffer, followed by a 5 second spin in a microfuge. This was repeated 2 more times, 

after which all the NEW buffer was carefully removed and the pellet resuspended in 

TE (>5/xl) by pipetting. The tube was incubated at 45-55 °C for 3 minutes, and then 

microfuged for 30 seconds, after which the DNA solution was removed with care to

33



avoid glass milk contamination.

b) Fragments <500 b.p.

A Wo Howley gel was made with low melting point agarose, poured and cooled 

to 4°C before combs were removed. OAfter electrophoresis the required bands were 

removed with a scalpel. The tube was weighed, and NaCl to lOOmM and EDTA to 

10 mM were added. The tube was incubated to 65 °C with frequent vortexing, while 

an equal volume of DNA phenol was heated to 37 °C. The two were mixed, vortexed 

and immediately spun for 5 minutes. The aqueous phase was removed and if 

necessary re-extracted with phenol. Pnenol was removed by 4-5 ether extractions, and 

the fragment concentated by ethanol precipitation.

2.4.8 Sub-cloning and ligations

Fragments of interest were subcloned in pKS (Stratagene) or pGEM (Promega) 

vectors for subsequent amplification and to allow in vitro transcription. .

Vector DNA was digested with the appropriate enzymes, the digestions checked 

on a gel and then the DNA was phenol extracted, ether extracted and ethanol 

precipitated. DNA fragments to be subcloned were isolated from the gel as described 

above. "Sticky end" ligations generally used ; lug o f vector DNA and 1 to 3 molar, 

equivalents of insert DNA. The ligation reaction volume was 25fi\ and contained lx  

ligase buffer, ImM ATP and lu of T4 DNA ligase. The ligation was carried out for 

six hours at room temperature and the products were used to 'transform bacteria.;•

2.4.9 Isolation of plasmid DNA - Mini-prep

A single colony was inoculated into a 5ml Dbroth culture, containing the 

appropriate selection, and grown overnight in a shaking incubator at 37 °C. The cells 

were pelleted by centrifugation at 3k for 10 minutes. The pellet was resuspended in 

200/x1 of STET. This suspension was transferred to a micro-centrifuge tube and to this 

lOfil of a 40 mg/ml lysozyme solution in STET was added. The tubes were incubated 

at room temperature for 10 minutes, the tops were pierced with a needle and then
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placed in a vigorously boiling water bath for 90 seconds. After, they were spun 

immediately in a microcentrifuge for 5 minutes. The glutinous pellets were fished out 

with a toothpick and ethanol was added to the top of the tube. The tubes were 

vortexed, precipitated at -20 °C for 30 minutes and then spun for 15 minutes. The 

alcohol was sucked off and the pellet was redissolved in 200/d of TE containing 

RNase.

2.4.10 Isolation of plasmid DNA - Maxi-prep

Large scale isolation of plasmid DNA was used for high purity preparations.

A  5ml overnight L-broth culture containing ampicillin, which had been inoculated 

with a single colony, was added to 500ml of L-broth and grown overnight with 

shaking at 37°C. This 500 ml culture was centrifuged at 8k for 10 minutes and the 

supernatant discarded. The pellet was resuspended in 50ml of lysis buffer. 2.5ml of 

80mg/ml lysozyme in lysis buffer was added and incubated at room temperature for 

10 minutes. This solution was then mixed with 100ml of alkaline SDS and left on ice « 

for 5 minutes. 75ml of /3M KOAc was added ito the preparations, ? .mixed and j 

incubated on ice for 20 minutes. Following centrifugation, at 8Kffor JO minutes, the 

supernatant was poured through a  Icheese cloth filter* This flow through was mixed. L 

with 0.6 volume of isopropanol and put at -20°C for half an hour. The DNA was 

recovered by centrifugation at 8K for 10 minutes. The DNA pellet was redissolved 

in TE and the volume measured. To this solution 0.868g ofCsCl were added per ml, 

assuming a final volume greater by 03ml due to addition of ethidium bromide. The 

final total volume was made up to 43ml,with CsQ in an ultracentrifuge tube, with 

a refractive index of 1393. This tube was heat sealed, and the sample centrifuged 

overnight at 55K in a Beckman vti653 rotor. The banded plasmid was taken off the 

gradient with a syringe and transferred to a new ultra-centrifuge tube. The volume 

was made up to 4.5ml with the above CsCl2 solution, and the tube heat sealed and 

spun at 55k for 6 hours. The band was harvested, the volume increased to 5 ml with 

TE and the EtBr was removed by isoamyl extraction. The volume was expanded to 

15ml with TE and the DNA was ethanol precipitated. The pellet was redissolved in 

500/ri of TE and the OD260 was determined. The concentration was adjusted to 

lug//xl.
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2.4.11 Southern blot

Southern hybridisation was employed in the characterisation of cloned DNA 

sequences. Restriction digests of DNA were run on agarose gels, as described above. 

Gels were soaked in denaturing solution twice for thirty minutes and then in 

neutralising solution, again twice for thirty minutes. Gels were placed on a sheet of 

Whatman 3mm paper, that was pre-soaked in 20x SSC, which was supported over, 

but in contact with, a reservoir of 20x SSC (Maniatis et al 1982). A sheet of 

genescreen, pre-wetted in water and 2x SSC, was placed on top of the gel, followed 

by two pieces of whatman 3mm paper, again pre-wetted in 2x SSC. A syringe was 

used to apply SSC to membrane and 3MM to ensure a good liquid seal. On top of 

this was a stack of level tissues and placed on top of the tissues was a 1kg weight. 

Transfer was allowed to proceed for 30 minutes for DNA fragments at high 

concentration and overnight for fragments at low concentration. After transfer the 

lanes of the gel were marked and the filter rinsed briefly in 6x SSC. The filter was 

then baked at 80 °C for two hours. Filters were usually pre-hybridised for 1 to 4 hours 

in riboprobe pre- hybridisation buffer at the hybridisation temperature. Filters were 

incubated overnight at 65°C for riboprobes in hybridisation buffer. ;  ̂i

2.4.12 Colony screen

This method was used to identified true recombinants in the antibiotic resistant 

progeny of a bacterial transformation. After the bacterial colonies have grown to a 

reasonably small diameter, i.e. 0.1-02mm, the plate is removed from the incubator.: 

A  piece of dry nitro-cellulose filter is carefully placed on top of the plate, and a 

needle used to make marks for subsequent orientation. The filter is left in place for 

a couple of minutes and then peeled off. The filter is placed on whatman 3mm filter 

paper with the adherent bacterial colonies face up. A second identical filter is then 

placed directly on top of the first filter and flat pressure is applied. Both filters, while 

still stuck together, are marked by making needle holes. This enables orientation to 

be determined afterwards. The two filters are separated and both transferred to new 

L-agar plates, with the appropriate selection. These plates are grown overnight at 

37 °C. There are now two copies of the original plate, each on nitro-cellulose filters.
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One of these filters is kept as a master copy.

The other filter is placed for 5 minutes on filter paper soaked in 0.5N NAOH, 

dried on Whatman 3MM for 5 minutes, then 2 minutes on filter paper soaked in 1M 

Tris pH 7.5 followed by 2 minutes on Whatman, and finally for 10-15 minutes on 

filter paper soaked in neutralising solution. The filter is then baked at 80 °C for two 

hours. The filters are pre-hybridised and hybridised as above. After probing the 

positive colonies are identified by comparing the signal on the autoradiograph to the 

master plate, using the marks to align the two.

2.5 Generation of Probes by PCR

This strategy is derived from that described by Frohman and Martin, but uses 

two specific oligonucleotides instead of one. The sequences of Hox 4.1 used were 

obtained from the EMBO database Lonai et al. 1987. An 18-mer 5’- 

GACCCAGCATCCAAGAGG-3’ was the 5* (sense) primer, this sequence being close 

to the start of the homeodomain. The specific sequence of the 3’ (antisense) oligo 

was as follows (sequence of opposite strand to > above) 5 ’- 

CCGTACATATTGGGCTGC-3\ 5’ of this homologous sequence was firstly a T7 

promoter for riboprobe initiation, and at the 5’ extremity restriction sites allowing 

subcloning if necessary. ;

2.5.1 PCR reactions r>.

The following reagents were mixed in an area where plasmids were not 

manipulated:

1/xl Mouse genomic DNA (strain DBA-2), 0.8mg/ml

2/xl dNTP mix

2/xl PCR buffer

1/xl each oligo (each at 0.1/xg//xl)

0.2/xl Taq polymerase

13/xl water
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The solutions were mixed by vortexing and brief centrifugation, after which 2 

drops of mineral oil were placed on top.

The cycle used was as follows:

95 °C 3’

94°C 5’

55°C 30’

72°C 30’

72°C 10’

2.5.2 Fragment preparation

15/xl of reaction products were checked on a Tris-acetate agarose gel, and the 

band of appropriate size cut out and gene cleaned. The fragment was resuspended 

in 20 /xl and 4/xl used in a transcription reaction. 1 ■
'• j '• - - ; - r ' .o • ’ ?)DO) ; ■ ' .... ■

Z6 DNA sequencingi C  ̂ ■'  • -  ^ - n ; : - a >

DNA was sequenced enzymatically, using the USB sequenase kit and the 

Pharmacia T7 polymerase and T7 deaza reagent kits. Label incorporation was either 

by end-labelling primers with y^P-ATP or by incorporation during extension 

reactions with a^S-ATP. j

2.6.1 Labelled primer preparation

7/zl y32p-u t p

2.5/d IOx kinase buffer

1/xl oligo solution, containing 40ng primer

13.5/xl water

1/xl T4 polynucleotide kinase

were mixed and incubated at 37 °C for 30 minutes. The tube was then boiled 

for five minutes to inactivate the enzyme, and then stored a -20 °C until use.
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2.6.2 Enzymatic sequencing reactions

20/xl of a plasmid DNA solution containing 0.5/xg (incorporation) or 2/xg 

(labelled primer) of DNA was denatured for 5 minutes at room temperature 

by adding 2/xl of 2M NaOH, 2mM EDTA. 10/xg of phage DNA was used, in 

which case sequencing was exclusively using labelled primers. 28/xl of water, 

5/xl of 3M sodium acetate pH 5.2 and 100/xl ethanol were then added, and the 

DNA precipitated at -20 °C. The pellet was resuspended in a volume 

appropriate for the kit protocol.

The protocol for sequenase and Pharmacia T7 polymerase without using 7- 

deaza reagents was as follows:

The pellet was resuspended in 7/xl water, to which were added the following:

1/xl primer 

2/xl reaction buffer 

1/xl 0.1 M DTT 

2/xl labelling mix

0.5/xl a-^S ATP (for incorporation technique)

The mixture was then incubated at 37°C for 15 minutes, after which 2/xl of 

1:10 diluted enzyme was added, followed bt a room temperature incubation 

of 10 minutes. Meanwhile 2.5/xl of an appropriate dideoxy chain termination 

mixture was pipetted into the wells of a Teraski microtitre plate, and the plate 

prewarmed to 37 °C. 3/xl of the reaction was added to each well, and mixed 

by pipetting. The plate was then incubated at 37 °C for 5 minutes, after which 

4/xl of stop mix was added. Reactions were stored at -20 °C until use.

2.6.3 Preparation and running of 50cm sequencing gels

Before use gel plates were thoroughly cleaned with soapy water, and then 

rinsed with distilled water to remove all grease. The notched plate was then 

treated with dimethyl dichloro silane solution, rinsed with distilled water to
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remove traces of HC1 able to interfere with polymerisation, and then allowed to air 

dry. ?mm spacers were then inserted at the edges of the plate, bulldog clips were 

used to maintain appropriate thickness across the whole plate, and then the sides and 

base of the plate were taped up.

For a 50cm gel, 50ml of acrylamide/urea mix were polymerised in a beaker 

by addition of 90/xl TEMED (NNN’N’-Tetramethyl-l,2-diaminoethane) and 90/il of 

25% ammonium persulphate. The reagents were quickly mixed by swirling, and 

applied to a tilted gel plate with a 50ml disposable plastic syringe down one side of 

the gel plates, injecting rapidly to avoid premature polymerisation and carefully to 

avoid air bubbles. The comb was then inserted and secured with more bulldog clips, 

and the gel left to polymerise for at least an hour. Before loading samples the gel was 

run for 45 minutes beforehand to acheive denaturing temperature, and the samples 

loaded after heating to 80°C for 5 minutes. The gel was run for 2Vi hours at 45W or 

50 °C, after which samples were loaded again and the gel run for another 2Yz hours, 

or overnight at 30W for a single long run. After running the plates were separated 

with a spatula, the gel fixed for 15 minutes in 10% methanol, 10% acetic acid, 

transferred to a sheet of 3MM, covered in Saran wrap and then dried in a gel drier. 

Bands were visualised by autoradiography. j w^

2 7  In situ hybridisation

The riboprobes used in this study are shown in table 2.1. -

2.7.1 In vitro Transcription

Riboprobes were synthesised essentially as described by Melton et al 

(1984) using ^S. The reactions were carried out in lx  transcription buffer and 

lOmM DTT. The other three ribonucleotides were used at a final 

concentration of 0.75mM and 25 units of RNasin was included in each 20/il 

reaction. Either 20 units of T7 or T3 or 10 units of SP6 RNA polymerases 

were used , as required, to transcribe from lug of linearised DNA template. 

The transcriptions were at 37 °C for 60-120 minutes. If the probe was larger 

than 200 b.p. it was then hydrolysed for 50 minutes in an equal volume of
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hydrolysis buffer at 60 °C. Unincorporated nucleotides were removed by column 

chromatography over G-50 agarose beads or using a spin column. The drip column 

was washed in elution buffer and the excluded peak was pooled. For in situ probes 

this was normally after 600/d of elution buffer had been added after application of 

the transcription reaction to the mixture. The next two 150/d fractions usually 

contained the bulk of the counts, and were pooled. Activity was determined from a 

1/xl sample of column eluant by liquid scintillation counting. 150/d of 6M ammonium 

acetate were then added, followed by 900/d of ethanol. After at least two hours the 

pellet was resuspended in 0.1M DTT to a final activity of 1 x 106 d.p.m. . To this 

solution 9 volumes of hybridisation buffer were added, bringing the final activity to 

1 x 105 d.p .m .. Probes were stored in hybridisation buffer after first use at -70 °C and 

reused.

2.7.2 Preparation of subbed slides

Microscope slides were cleaned by passing them through 10% HC1 in 70% 

ethanol then water and finally 95% ethanol. After drying in an oven at 80°C, the 

slides were then placed in a 2% solution of TESPA (3-aminopropyltriethoxysilane, 

Sigma A3648) in acetone for 10 minutes. The slides were then washed twice in 

acetone and once in water. They were dried at 37°C - 50°C overnight and then foil 

wrapped before use.

2.73 Embedding and Sectioning

Embryos were fixed overnight at 4°C in 4% (w/v) paraformaldehyde. 

Paraformaldehyde was dissolved in PBS at 60°C for about an hour, and then cooled 

to 4°C. They were then washed twice for 30 minutes in saline at 4°C. The samples 

were then placed in ethanol: saline (50:50) for 30 minutes followed by 70% ethanol 

twice. Embryos were stored at this stage until required. The embryos were 

dehydrated by passing them through 80%, 95%, 100% and 100% ethanol for 30 

minutes at each step and then toluene twice for 30 minutes. The toluene was 

replaced with a 1:1 paraffin wax/toluene mix at 60 °C for 20 minutes, and then 

embryos were transferred to prewarmed glass embryo dishes. The embryos were 

exposed to three changes of paraffin wax (pastillated Fibrowax, formula Raymond A
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Lamb, BDH) at 20 minute intervals (total time in wax changes: 1 hour). The wax was 

changed once more, the embryos orientated with a hot needle and allowed to cool. 

The embedded embryos were stored at 4°C. If tissue larger than a 12̂ 2 day mouse 

embiyo was embedded, times in ethanols and waxes were increased. The ethanol 

used at this stage was 99.7-100% ethanol from BDH.

6um sections were cut on a microtome and the sections were lowered on to a 

50 °C water bath. Creases were allowed to unfold for 2 minutes before the sections 

were lifted onto subbed slides. The excess water was drained and the slides were 

placed on a 37° C hotplate for 1 hour. The slides were dried overnight at 37 °C, and 

the sections stored dessicated at 4°C if not used immediately.

2.7.4 Slide pretreatment

Where possible in the following steps all solutions were DEPC treated and diluted 

from stock into DEPC treated water. All treatments were performed in 400ml or 

250ml glass staining troughs unless otherwise specified. Glassware was rendered free 

of ribonuclease by washing in soapy water, soaking in 2% "Absolve" (Dupont) 

overnight, and thoroughly rinsed in high purity distilled water.

The sections were dewaxed in xylene, twice for 10 minutes. They were then 

rehydrated by being passed through an alcohol series i.e. 100%, 100%, 95%, 80%, 

70%, 50% and 30% ethanol. The slides were washed in saline and then PBS for 5 

minutes each and then fixed in 4% (w/v) paraformaldehyde for 20 minutes in small 

containers. Paraformaldehyde was dissolved in PBS at 60 °C for about an hour, and 

then allowed to cool to room temperature before use. They were washed twice for 

5 minutes in PBS. The slides were placed horizontal on aluminium foil with the 

sections facing upwards and 1 ml of a freshly made up 20ug/ml proteinase K solution 

in 50 mM Tris pH 8, 5mM EDTA was overlain. The proteinase K digestion occured 

for precisely 5 minutes at room temperature, after which excess solution was flicked 

off and the slides were washed in PBS for 5 minutes. The sections were refixed in the 

same 4% (w/v) paraformaldehyde as used earlier for 20 minutes and then acetylated 

in fresh 0.25% (v/v) acetic anhydride in 0.1 M triethanolamine.HCl (pH 8.0) for 10 

minutes with a stirrer bar to assist dispersion. The slides were washed in PBS and 

then in saline for 5 minutes each time. The sections were dehydrated by passing them
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through an alcohol series (concentrations as above, different set of ethanols to those 

used immediately after xylene). They were air dried and used for hybridisation. 

Ethanols and xylene were reused a number of times before discarding.

2.7.5 Hybridisation and washing

15/xl of hybridisation mix per 22/mm2 of coverslip was applied directly to the 

sections and a clean coverslip was lowered on top. The sections were hybridised for 

14-16 hours at 52 °C in a box saturated with 50% formamide and 5x SSC. After 

hybridisation the coverslips were dislodged by soaking in a solution of 5x SSC, lOmM 

DTT for 20 to 30 minutes. The slides were then washed in 50% formamide, 2x SSC, 

0.1M DTT at 65 °C for 30 minutes in smalll containers. This was followed by three 

10 minutes washes in 0.5M NaCl, 10 mM Tris, 5mM EDTA at 37 °C and then a 30 

minutes incubation, at the same temperature and in the same buffer, with RNase A  

at 20ug/ml. After the RNase treatment the slides were washed in the same buffer for 

15 minutes before being washed again in 50% formamide, 2x SSC and lOmM DTT 

for 30 minutes in small containers. If a reduced stringency of wash was desired the 

temperature was reduced. Slides were finally washed in 2x SSC and then O.lx SSC 

for 15 minutes each and dehydrated through an alcohol series in 50ml tubes : 30% 

ethanol, 0.25M NH4OAc; <50% ethanol, 0.25M NHjOAc; 70% ethanol, 0-25M 

NH4OAc, 80% ethanol, 0.25M NH4OAc, 90% ethanol, 0.25M NH4OAc, 100% 

ethanol, 100% ethanol. These ethanols were not used for subsequent in situ 

experiments, but were retained for histological processing after developing. The slides : 

were air dried and then dipped for autoradiography.

2.7.6 Autoradiography

Slides were dipped in Ilford K5 gel form emulsion diluted 1:1 with 2% (v/v) 

glycerol, at 43 °C, air dried in a plastic box at room temperature for 2 hours, after 

which a sachet of dessicant was added. After a minimum period of 2 hours or 

overnight at room tempearature, slides were transferred to a dessicated box and 

placed at 4°C for the exposure period. Slides were exposed for 5 days with most 

probes, although Krox-20 required a notably longer exposure time, at least 15 days.
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2.7.7 Developing, histology and serial reconstruction

After warming to room temperature for at least one hour, the slides were 

developed for 2 minutes in Kodak D19 developer (8g in 50ml water), stopped in 1% 

acetic acid, 1% glycerol in water for 1 minute and fixed in 30% sodium thiosulphate 

for 2 minutes. The slides were then washed in water, twice for 10 minutes. Sections 

were dehydrated, air dried, rehydrated and stained with 0.02% (w/v) toludine blue 

for 10 minutes. Slides were dehydrated again and mounted under a clean glass 

coverslip using Permount. Sections were examined and photographed, under bright 

field and dark ground illumination, using an Olympus Vanox-T microscope.

Where a serial reconstruction was required, camera lucida tracings were made 

and entered into a computer using a digitiser. The NIMR "ssrcon" package was used 

to perform the reconstruction.

2.8 Northern Analysis

2.8.1 Agarose-formaldehyde gels

RNA is electrophoresed through denaturing agarose-formaldehyde gels. Agarose 

was melted in water and cooled to 55°C before the addition of lx  MOPS and 

formaldehyde to 2.1M, from a 1233M stock. RNA samples were prepared in lx  

MOPS, 2.1M formaldehyde, 50% formamide and lx  blue juice and were heated at 

65 °C for ten minutes. The samples were then cooled on ice for 15 minutes and then 

loaded into the wells. The gel was run in lx  MOPS at 60-70V for 4-6 hours.

2.8.2 Northern blot

After electrophoresis the agarose-formaldehyde gel was soaked in 50mM NaOH, 

0.1M NaCl then in 0.1M Tris.Cl (pH 7.6) and finally in 2x SSC in each case for 20 

minutes. The RNA was transferred to genescreen soaked in 2x SSC as described 

above by blotting in 20x SSC overnight. The lanes were marked and the filter was 

briefly rinsed in 6x SSC. The wet filter was placed in Saran wrap and exposed to 

U.V. light for 5 minutes at 600uWatts/cm2. The filter was then baked for two hours 

at 80 °C.
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2.8.3 Filter hybridisation

P32 labelled probes were transcribed as above without alkaline hydrolysis. 

Hybridisation and washing were as described for Southern analysis, except that filters 

were in some cases treated in 1 /xg/ml RNaseA in 2x SSC for 30 minutes to reduce 

non-specific background.
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Gene Enzyme Size Reference

Hox 2.9 EcoRI 800bp Wilkinson et al. 1989b

Hox 2.8 EcoRI/Notl 2.2Kb Wilkinson et al. 1989b

Hox 2.7 BamHI/HindlH 700bp Graham et al. 1989

Hox 2.6 EcoRI/Bglll 500bp Graham et al. 1989

Hox 1.6 EcoRI/Bglll 500bp Baron et al. 1987

HOX IK TaqI 860bp Simeone et al. 1991

Hox 1.5 Hindlll/EcoRI 660bp Gaunt, 1987

Hox 1.4 Bglll/Hindlll 700bp Gaunt et al. 1989

Hox 4.9 EcoRI/HindllL 1.3Kb P.Hunt et al. (In press)

Hox 4.1 PCR fragment 360bp Lonai et al. 1987

Hox 4.2 Bglll/Hindlll 700bp Gaunt et al. 1989

Krox 20 EcoRI/Hindll 600bp Wilkinson et al. 1989a

Table 2.1 : Probes used in this thesis
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Chapter 3  -  e x p r e s s i o n  o f  H o x  2  G e n e s  in  B r a n c h i a l  iN e u r a l  C r e s t

Previous work has shown that Hox genes are expressed in the cranial ganglia 

and tthe regions of the gut where the visceral nerve plexus is located, both of which 

are derived from cephalic neural crest (Holland & Hogan, 1988; Graham et al. 1988; 

Wilkinson et al. 1989b). These studies were carried out at stages of development 

when neural crest migration is complete, and cell differentiation is well under way. 

If Hox genes are involved in the initial spatial pattering of neural crest structures as 

well as their differentiation, expression would be expected to occur in the crest as it 

emerges from the neural plate, as the evidence is that particular regions of neural 

plate have the potential to produce spatially specified crest before it emerges (Noden, 

1983).

3.1 Expression of Hox 2.8 in crest at time of emergence

In mouse the neural crest begins to leave the margins of the neural plate at 

8 days of development (4 somites) in the cranial region, and by the 8V2 days (11 

somites) migration is well under way (Verwoerd & van Oostrom, 1979; Nichols, 

1981). Hox 2.8 expression shows spatially-restricted expression at the 0 somite stage 

within the hindbrain, as shown in figure 3.1A, and by 1 somite the anterior limit of 

its expression domain coincides with a stripe of Krox 20 expression as shown in 

figures 3. IB and 3.1C. It may be that these expression limits correspond to the 

boundary of what will be r2 and r3, although this stage is before the appearance of 

morphological features which allow precise positioning of expression domains. Hox

2.9 and Hox 1.6 have also been shown to have reached their anterior limits at a 

similar stage (Murphy & Hill, 1991). Thus Hox 2.8 and Hox 2.9 at least show spatially 

restricted expression within the hindbrain at a time before the first emergence of 

cranial crest.

To determine the timing of the onset of Hox 2.8 expression in the crest 

derived mesenchyme, I investigated the expression in neural groove stage (&Y2 day) 

mouse embryos in transverse section. A series of sections are shown in figure 3.2, 

where the plane is not quite perpendicular to the long axis of the embryo; thus one 

side of the neural plate is more anterior than the other. Sections in the series more 

anterior than those shown here showed no labelling above background. In the most 

anterior section (Fig. 3.2A), only the neural plate is labelled, and only on one side.
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Figure 3.1: Expression of Hox 2.8 in 8 day mouse embryos.(Above) A shows a 

saggital section of a presomitic mouse embryo, hybridised with Hox 2.8. The anterior 

boundary of expression is indicated by the white arrow. B and C are near adjacent 

sections of a 1 somite embryo, B hybridised with Hox 2.8, C hybridised with Krox 20. 

The anterior limits of the Hox 2.8 and Krox 20 domains coincide.

Figure 3.2: Hox 2 expression in migrating and premigratory neural crest; expression 

of Hox 2.8 in serial, transverse sections of an 8 Y2 day mouse embryo hindbrain (right). 

The relative position of sections is shown in the diagram on the left, with A the most 

anterior section. The sections are slightly oblique, such that the right hand side of 

each section is more anterior than the left hand side. The asterisks indicate extra 

embryonic membranes that are expressing Hox 2.8, and serve as a positive control for 

hybridisation. The diagram on the left indicates which rhombomeres the sections are 

passing through, and the plane of the section. Tissues known to be expressing Hox

2.8 are shaded in grey stipple. The lobes lateral to the neural plate indicate areas of 

neural crest that are known to be produced by particular lengths of neural plate.

nf: neural fold, fp: floorplate, se: surface ectoderm, nc: migrating neural crest,

np : neural plate
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2 (right side, not expressing) and rhombomere 3 (left side, expressing). A near 

adjacent, more posterior section (Fig. 3.2B) shows labelling of both sides of the 

neural plate, with no expression in the other embryonic parts of the section. Fig. 3.2C 

shows an additional patch of expression lateral to the dorsal edge of the neural plate. 

This additional site of labelling is in neural crest (Fig. 3.2C; nc) (Nichols,1981, 1986; 

Hail, 1987; Noden, 1987) and is continuous with the neural plate extending 

ventrolaterally first on one side and then both sides (data not shown, Fig. 3.2C). I 

interpret the sections shown to be through the rhombomeres indicated in the diagram 

on the left of the figure. It indicates both rhombomeres which produce neural crest, 

and those which correspond to areas of reduced crest emigration, based on previous 

studies (Anderson & Meier, 1981; Tan & Morriss-Kay, 1985; Wilkinson et al. 1989a). 

Expression is not seen in non crest mesenchyme underlying the neural plate. Thus 

it seems that where neural crest does arise it expresses Hox 2 genes from time of 

emergence and that the crest migrating into the arches has a Hox 2 label.

3.2 Expression of Hox 2.8 After Cranial Crest Migration is Complete

Figure 3.3 shows a series of coronal sections of a 9 day embryo hybridised with 

Hox 2.8. The planes of section through the embryo are shown in Fig. 1.1 and the 

position of the otocyst adjacent to rhombomeres 5 and 6 (O in figure 3.3A) allows 

orientation within the hindbrain. Fig 3.3A shows hybridisation in the neural tube 

ending in rhombomere 3, and in the VII/VIII cranial ganglion complex (g), as 

previously described (Wilkinson et al. 1989b). Fig. 33B is more ventral, and it is 

possible to see the beginnings of the first and second branchial arches, the latter 

adjacent to the cutoff of expression in the neural tube. Hybridisation is seen in the 

centre of arch 2 and in a more posterior domain, as well as within the neural tube 

itself. In Fig. 3.3C, arch 2 is visible as a discrete structure, and it is clear that there 

is no expression in arch 1, while arch 2 and more posterior regions express Hox 2.8.

Hox 2.8 expression is confined to arch 2 and posterior in areas colonised by 

neural crest. The posterior expression is in a region that contains paraxial mesoderm, 

and it is not possible, because of the lack of cellular resolution with in situ 

hybridisation, to distinguish between tissues expressing Hox 2.8. The branchial arches 

are largely derived from neural crest, although there is also contribution from
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Figure 3.3: Hox 2.8 expression in the hindbrain and branchial arches after neural 

crest migration is complete. A set of serial sections coronal to the hindbrain are 

shown of a 9 day mouse embryo. Section A is the most dorsal, and shows expression 

in the hindbrain and the vii\viii ganglion. Section B is ventral to A, and shows 

expression in the hindbrain and in addition two isolated patches of expression lateral 

of the neural tube. Section C is more ventral than B, and passes through the 

branchial arches. The first arch does not express, while the second and more 

posterior arches express. Expression is seen in those parts of the head known to be 

colonised by neural crest.

o: otic placode, g: vii\viii ganglion, bl-b3: first-third branchial arches.
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paraxial contribution to ventral parts of the arch is small and is confined to the core 

of the arch, so I believe that the hybridisation seen in arch 2 is largely due to 

expression in the neural crest.

To confirm that Hox 2.8 expression was consistent with all areas colonised by 

cranial neural crest, a number of sections of a 9lA day embryo frontal to the branchial 

arches were hybridised and the embryo reconstructed. The reconstructed embryo is 

shown in Fig. 3.4D, with three of the sections used shown in Fig. 3.4A-C. The first 

and second branchial arches are clear as discrete structures in this plane of section, 

and the difference between the expression in first and second arches can be seen. Fig. 

3.4A is the most dorsal section, and the structures in it are shown in figure 3.4A’. A  

cranial ganglion hybridises, and its position posterior of the otocyst but close to it 

suggests that it is the superior ganglion of the IX\X ganglion complex. Figure 3.4A 

and previous work (Wilkinson et al. 1989b) suggest that Hox 1 8  is also expressed in 

the Vn\VIII ganglion complex, consistent with the idea that genes are expressed in 

all cranial ganglia posterior to the cutoff in the neural tube. There may be a slightly 

increased labelling over the otocyst, but I do not believe it to be labelled above 

background as it is a tissue more dense than the mesenchyme surrounding it  Sections 

more dorsal than this which include the regions of the otic placode where cells of the 

acoustic ganglion are originating at this time show a similar pattern (data not shown). 

Fig. 3.4B and 3.4C show first and second branchial arches very clearly, and in both 

sections surface ectoderm of the second arch is positive in contrast to that of the first 

arch. In the reconstructed embiyo, expression can be seen to be within all areas 

lateral of the neural tube colonised by the neural crest, and extending ventrally into 

the second branchial arch. There is no expression in the first arch at any level within 

the embryo, demonstrating that Hox 18  expression distinguishes the second from the 

first arch.

3.3 Establishment of Hox 2.8 Expression in the Surface Ectoderm

The areas of surface ectoderm lateral to the edges of the neural plate are 

known to produce thickenings or placodes, which generate neural derivatives 

(D’Amico- Martel & Noden, 1983; Le Douarin et al. 1986). In the light of this and 

the recent work of Couly and Le Douarin (1990) on the contributions of ectoderm
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Figure 3.4: Serial reconstruction of Hox 2.8 expression in the head of a 9% day 

mouse embryo. A-C show three sections used in the reconstruction, with A the most 

dorsal and C the most ventral. D is a reconstruction of the expression. The central 

nervous system is indicated in green. Expression in areas lateral of the hindbrain 

colonised in neural crest are shown filled in red. The otic vesicle is shaded in blue. 

Anterior is to the left. A’ is a drawing to illustrate structures in A. Hybridisation in 

neural crest is shown in red.

Fb, forebrain; Bl, first branchial arch; NC, neural crest; Hb, hindbrain; OV, 

otic vesicle; glX, part of IX\X ganglion complex. (xlOO)
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expression in the surface ectoderm, and the sequence by which it was established.

Figure 3.5 shows a series of sections of the ectoderm of the second branchial 

arch, indicated by an open arrow. 3.5A and 3.5B show the whole of the section of the 

m  day embryo shown in 3.2C. The neural crest expressing Hox 2.8 is located beneath 

surface ectoderm which does not express above background, while an extra-embryonic 

membrane (indicated in 3.2C by an asterisk) expresses at high levels, suggesting that 

lack of signal in the surface ectoderm is not due to tissue thinness. At 9 days 

expression is starting to appear in the ectoderm that overlies the second arch crest, 

as shown in figure 3.5C, although it is not as yet as strong as the signal in the crest. 

It is clearly above background however, as can be seen by comparing the density of 

silver grains over the first branchial arch ectoderm to the left of the figure or the 

endoderm of the second arch that lines its inner surface (towards the top of the 

figure). By 9Vi days expression in the ectoderm over the second arch is at a similar 

level to the underlying crest mesenchyme (Figures 3.4B, 3.4C, 3.5D and 3.5E). Thus 

expression in the ectoderm of the branchial arches appears later than the underlying 

crest in a pattern that reflects expression in the crest.

3.4 Other genes o f Hox 2 are expressed in specific branchial arches

Figure 3.6 shows the expression pattern of Hox 2.7 and Hox 2.9 in the 

branchial arches at similar levels of the body of a 9Vi day mouse embryo to those 

shown for Hox 2.8. The embryo shown in Fig. 3.6A and 3.6B has been hybridised with 

Hox 2.7, while that shown in Fig. 3.6C has been hybridised with Hox 2.9.

In Fig. 3.6A and B, which show sections of a 9Vi day embryo, the plane of 

section is slightly oblique, the lower side of the embryo being more ventral than the 

upper. 3.5A shows that Hox 2.7 is not expressed in the first or the second branchial 

arch, while it is expressed in the third branchial arch and in more posterior regions. 

Figure 3.6B is a detail of a near adjacent section to 3.6A, showing that Hox 2.7 is also 

expressed in the ectoderm in register with expression in the branchial arches. Hox 2.6 

shows an identical background level of expression over the first three branchial 

arches (data not shown), with a more intense region of expression lateral of the 

neural tube and posterior of the branchial arches.

Fig. 3.6C is a section of a 9Vi day embryo hybridised with Hox 2.9. It is tilted,
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Figure 3.5: The establishment of Hox 2.8 expression in the surface ectoderm. The 
position of the surface ectoderm of the second branchial arch is indicated by an open 
arrow. A and B are a bright and dark field photograph of the same transverse section 
of an 8l/2 day mouse embryo, C is a detail of the 9 day embryo shown in 3.3C, 
showing the second branchial arch, and D and E a bright and dark field detail of the 
9 lA  day embryo section shown in figure 3.4C.



so that on the upper side the otic vesicle and part of the labelled ganglion complex 

can be seen, while the lower side is deeper in the embryo, running through the level 

of the branchial arches. It is clear that while there is specific hybridisation on other 

parts of this section, there is no expression above background levels in either the first 

or second branchial arches. This is despite the fact that the second arch is populated 

by neural crest derived from rhombomere 4, which expresses Hox 2.9. This difference 

between mesenchymal and neurogenic crest agrees with the observations of Frohman 

et al. 1990. Thus both Hox 2.9 and Hox 2.8 label all parts of the VII/VIII ganglion 

complex. The neurons here are largely derived from the otic placode, but the support 

cells are a neural crest derivative. Other 3’ Hox 2 genes are expressed in both 

ganglionic and mesenchymal crest derivatives, so the expression of Hox 2.9 in one 

cranial crest tissue alone is unique, as is its single-rhombomere restricted expression 

domain in the neural plate.

3.5 Discussion

Hox genes in developing systems are thought to be one component of the 

process of assigning different states to otherwise equivalent groups of cells. The 

maintenance of a state may be manifested by the continued expression of these genes. 

Each branchial arch has a distinct code of Hox 2 expression (with arch one not 

expressing any Hox gene), and this arch-specific Hox 2 pattern is in the neural crest 

before it has reached the branchial arches. These results are summarised in figure 

3.7. Given that Antennapedia class homeobox genes act as positional specifiers 

(Akam, 1987; Beeman, 1987; Beeman et al. 1989; Kessel et al. 1990), a specific 

combination of Hox 2 expression could provide part of the molecular mechanism for 

imprinting of cranial neural crest.

3.5.1 The Role of Mesoderm in Neural Plate Regionalisation.

There is evidence to suggest that the neural induction that establishes the 

nervous system possesses some regional character (Saxen, 1989; Hemmati-Brivanlou 

et al. 1990). Both isolated mesoderm and disaggregated mesodermal cells are able 

to induce neural ectoderm of a regional character in competent ectoderm. It is not 

clear at what resolution this induction acts, and whether as discrete a set of structures
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Figure 3.6: Expression of other members of Hox 2 in the neural crest. A and B show 
sections of an embryo hybridised with Hox 2.7; C shows a section of a different 
embryo hybridised with H o x  2 .9 . Anterior is in all cases to the left. Section A runs 
through the neural tube. The plane of section B is such that the top side is more 
dorsal than the bottom side of the section; the lower side runs through the branchial 
arches. Section C is more oblique; the top side is at the level of the otocyst, while the 
bottom is more ventral, running through the branchial arches.

r4,r5,r6, rhombomere 4 etc.; g, ganglion complex of the facial/acoustic nerve; 
bl-b4, 1st - 4th branchial arch; nt, neural tube; ov, otic vesicle. (xlOO)

s.e. sttfptoe ddobXty
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as individual rhombomeres could be induced directly as a resuilt.. Recer.tly it has been 

suggested that the expression of Hox genes seen in hindbrain iis :a resul: of a precisely 

spatially-localised induction from the underlying mesoderm (fFrohmsn et al. 1990) 

which expresses a Hox gene in a spatially-localised way in tlhe mesoderm before 

expression in the ectoderm becomes apparent. I find no evidemce for the existence 

of a spatially localised Hox expression pattern in the head mescoderm underlying the 

hindbrain at a time before expression within the neuroepiithielium is established 

(figure 3.1). Thus if head mesoderm is producing such a tightly' localised signal, able 

to induce individual rhombomeres, no molecules isolated to> diate provide evidence 

for this signal.

Broad regions of the nervous system, such as midbraiim versus hindbrain, or 

hindbrain versus spinal cord are a result of neural inductioni o f  a spatial character. 

However, the refinement of this pattern may be a result of pattern-forming processes 

intrinsic to the neuroepithelium. Ruiz i Altalba (1990) has shown that expression of 

Xhox 3, which shows regionally localised expression in parts; o>f the hindbrain in 

Xenopus embryos, can become spatially localised in th e  ectoderm of total 

exogastrulae, in which the area where expression is found has inever been underlaid 

by mesoderm. The precise localisation of expression domains im this case can not be 

due to a spatially localised signal from the mesoderm. A key ewent in patterning the 

branchial region may be the autonomous specification of regional identity in the 

neural plate involving the Hox genes, which then gives rise to tlhe neural crest In the 

head, the neural plate and its derivatives are the tissue which aire regionally specified 

as a result of segmental processes whose final phases are intrinsic to the 

neuroepithelium, because they are the first tissues in the head to  express Hox-2 genes 

in a spatially-regulated way.

At 0 somites, when expression of Hox 2.8, Hox 2.9 andl Hox 1.6 has reached 

their respective anterior limits, other work has shown that Hox: 2.7 and Hox 2.6 have 

not yet reached their anterior limits of expression (Wilkinsoin et al. 1989b). Thus 

successively more 5’ genes reach their anterior limit of expression at progressively 

later times in development. This raises the possibility that thene is collinearity in the 

timing of establishment of expression of a gene with its posittion in a cluster. It is 

intriguing that a similar temporal collinearity has been demonstrated for the response 

of human HOX genes to retinoic acid in culture (Simeone et al. 1990, 1991),
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Visceral Arches

Surface Arch Cranial
Ectoderm Mesenchyme Ganglia

B1

Nervous System

Neural Tube

B2

B3

B4

\

2 . 8

2 .9

2 .7

2 . 6

Figure 3.7: Summary of Hox 2 expression found in the hindbrain and branchial 

arches. The diagonal shading indicates the areas of neural plate where neural crest 

is produced, and the branchial arch into which it migrates. The ganglion next to 

rhombomere 2 is the V or trigeminal, that next to rhombomere 4 is the VII/VIII or 

acoustic-facial complex, and those next to rhombomere 6 are the combined superior 

ganglia of the IX and X cranial nerves. The shading patterns shown in the cranial 

ganglia indicate that all the cells in a ganglion express a combination of genes, and 

do not imply that there is spatial restriction of gene expression within a ganglion.
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suggesting that retinoic acid may be able to modulate gene expression by similar 

mechanisms to that which establishes expression within the embryo. Figure 3.8 

summarises the sequence of establishment of Hox gene expression in the branchial 

region.

3.5.2 The Transmission of Spatial Specification to Other Parts of the Head.

Recently Couly and Le Douarin (1990) have investigated the fate of cells in 

this region of the chick body. At an early stage the surface ectoderm, prospective 

neural crest and neural plate are continuous. At this time a group of marked (quail) 

cells were into the equivalent position in a chick embryo, to identify the location of 

their descendants and thus establish a fate map for this stage. On the basis of this it 

was suggested that the regions of neural tube, neural crest and surface ectoderm that 

will cooperate to form an arch all arise from the same axial level. It was suggested 

that all three have been initially specified as an "ectomere" on the basis of their axial 

position.

The expression of Hox 2 genes in the neural tube seems to be out of phase 

with that of the branchial arches. The first branchial arch receives innervation from 

the trigeminal nerve, some of whose cell bodies are located in rhombomere 3, where 

Hox 2.8 is expressed (see figure 3.3A). However the rest of the first branchial arch 

does not express any of the Hox 2 genes. Similarly, the second branchial arch is 

innervated by a nerve originating in both rhombomere 4 and in rhombomere 5. 

Rhombomere 4 expresses Hox 2.8, while rhombomere 5 expresses Hox 2.8 and Hox 

2.7; yet the second branchial arch does not express Hox 2.7 in any other structures. 

As long as the neural tube, neural crest and surface ectoderm each have some 

mechanism for specifying axial position, each component could employ a different 

positional signal to indicate that it is part of a particular arch. Thus the nerves and 

other structures of the same branchial arch need not have the same pattern of Hox 

2 expression to be able to interact with each other.

Another suggestion of the ectomere theory is that the entire ectodermal layer 

at this level of the body, including the presumptive epidermis may form a genetically 

defined developmental unit (Couly & Le Douarin, 1990) as a result of an early 

simultaneous specification event of neural plate, neural tube and surface ectoderm. 

Yet the neural plate and neural crest express Hox 2 genes considerably earlier than
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Distinct Rhombomeres

Presomitic to 1 Somite 
(7.75-8.0 dpc)

8 to 12 Somites 
(8.5 dpc)

r7 r6 r5 r4 r3 r2

Krox-20
Dfd

Zen/Pb

Pb
Labial 
(2.9, 1.6)

r7 r6 r5 r4 r3

2.9
only

Figure 3.8: Summary of the establishment of the Hox code in the head. The early 

domain of Hox 1.6 and Hox 2.9 is indicated in pink, while the later domain of Hox 

2.9 is indicated in red. The establishment of expression is shown at two stages before 

the appearance of morphologically identifiable rhombomeres, although the cellular 

distinctions that produce the eventual morphology are already present. The 

presumptive boundaries are indicated with dotted lines. On the left side of the 

diagram, at 8 days the p b  family of genes and Hox 1.6 and Hox 2.9 of the la b ia l  

family (Murphy & Hill, 1991) have already reached their most anterior expression 

boundaries. At this stage genes of the D f d  and Z e n / p b  groups have not yet reached 

their anterior limits (Wilkinson et al., 1989a) indicated by the serrated bars, 

consistent with the 3’ subfamilies reaching their anterior expression limits earlier than 

the more 5’ ones. O n the right side of the diagram, at 8 V2 days when two Krox 20 

stripes are  emerging, the differences in expression between Hox 2.9 and Hox 1.6 are  

ap p a re n t  (M urphy & Hill, 1991). The posterior domains of both genes a re  receding 

caudally, while only Hox 2.9 shows an expression dom ain restricted to r4. G enes  of 

the  o th e r  3’ subfamilies have now reached their final limits of expression. At this 

stage neural crest migration is occurring.

r2

Krox-20
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the surface ectoderm (figure 3.4). Later on, when surface ectoderm does begin to 

express Hox 2 genes, it is significant that it does so after neural crest has reached the 

branchial arches and the pattern of expression adopted is identical to the crest- 

derived mesenchyme that underlies it.

Early specification does occur, but is confined to neural plate and presumptive 

neural crest. The pattern is then transferred to the branchial arches by neural crest 

migration, and once migration is complete, interactions occur within the branchial 

arch which result in establishment of Hox 2 expression in the surface ectoderm. The 

grafting experiments of Noden (1983) suggest an instructive interaction between arch 

mesenchyme and surface ectoderm. If an arch is a genetically specified developmental 

unit, it is so as a result of interactions between components rather than by 

cooperation of units sharing the same early genetic specification.

3.5.3 Areas of reduced crest emigration.

Figure 3.2 shows that rhombomere 3 does not have hybridising material lateral 

of it, while the neural plate expresses strongly. Rhomobomere 5 also seems not to 

have hybridising crest beside it (Hunt et al. 1991). This raises the possibility that 

some areas of the neural plate do not produce neural crest. Consistent with this, Krox 

20, which is expressed in neural crest-derived boundary cap cells along the entire 

neuraxis, is not expressed lateral to rhombomeres 3 and 5 (Wilkinson et al. 1989a). 

SEM studies of chick and rat embryos at the time of crest emigration suggest that 

areas of neural tube are crest free (Anderson & Meier, 1981; Tan & Morriss-Kay, 

1985). A  definitive proof comes from dye injections at the dorsal midline of chick 

neural tubes (Lumsden & Sprawson, 1991), which confirm that rhombomeres 3 and 

5 do not produce any neural crest and that rhombomere 4 contributes neural crest 

to the whole of the second arch and no other. Together these data imply that the 

branchial arch expression that we see is out of phase with the neural tube because 

of the presence of crest-free rhombomeres. The lack of extensive mixing between 

different populations of neural crest along the rostrocaudal axis (Lumsden & 

Sprawson, 1991) would mean that during migration into an arch relative spatial 

positions of cells are maintained, and hence pattern of gene expression. On the basis 

of these findings the most anterior region that produces neural crest and expresses 

Hox 2.8 would be adjacent to rhombomere 4. In a similar way the most anterior 

producing crest (contributing to arch 3) and expressing 2.7 would be rhombomere 6. 

A result of these patterns of neural crest migration would be that the neural crest in
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an arch expresses a Hox 2 code related to its level of origin along the margins of the 

neural plate, a process summarised in figure 3.6.

3.5.4 The Mechanism of Head Segmentation

The number and size of the repeating units in neural tube and branchial 

arches is probably established before Hox 2 expression reaches these regions, and the 

neural crest does not appear to be intrinsically segmented despite arising from a 

segmented structure. Experiments in amphibia involving removal of pharyngeal 

endoderm, which reduces the number of branchial arches, have shown that the neural 

crest then migrates down to fill the reduced number of arches that are available 

(Balinsky, 1981), suggesting that the environment is causing the neural crest to form 

a series of repeated structures, rather than any intrinsic property of the crest such as 

its pattern of gene expression. The crest free areas described above mean that three 

subpopulations of neural crest with different Hox expression patterns are kept distinct 

from each other by their position of origin and subsequent migration route. The 

behaviour of : these different populations of cells after experimental manipulations 

which allow them to come into contact with each other will be addressed in chapter 

4. ‘ '.v.;.; . £ ' b  • y ► ("■ - ■*. : ' ; • ' -.m b i ' \ '

■ Because neural crest migrates from the neural plate,yit is conceivable that by 

patterning the neuroepithelium, Hox 2 genes are part of the process specifying the 

structures of the head and neck. However, within the branchial area it is unlikely that? 

all spatial information, sufficient to give a detailed pattern to parts of a single arch 

could be laid down within the crest before it migrates. This would require almost no 

cell mixing whatsoever to occur during migration, or a similarly unlikely very precise 

pattern of cell rearrangements. Antennapedia class homeobox genes are unlikely to 

provide information such as A-P polarity within an arch, as they are homogenously 

expressed there. Information in the head region for skeletal morphogenesis must also 

come from the crest environment. This is supported by grafts of neural plate in 

normal and reversed rostro-caudal orientation, in which the structures that form in 

the second arch are of normal rostro-caudal orientation (Noden, 1983).

3.5.5 Differences in Extent of Specification in Cranial Crest

It is important to note that not all properties of cranial crest are consistent 

with regional identity being imprinted before migration. McKee & Ferguson (1984) 

extirpated mesencephalic crest, but found no resulting facial abnormalities, as crest
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anterior and posterior of the lesion increased its rate of proliferation and migrated 

in to fill the defect. One possible interpretation is that in this experiment crest is 

becoming respecified, intercalating the missing positional values, although it is hard 

to see how the necessary communication could occur in a migratory population of 

cells. Alternatively this may reflect differences in properties between branchial and 

more anterior crest, the form of structures derived from the latter being a result of 

epigenetic interactions with head epithelia (Hall, 1987; Thorogood, 1988). 

Experimental data favour the second possibility; there is little evidence to suggest 

differential imprinting in the crest arising from rhombomere 2 and anterior, which 

gives rise to the upper and lower jaws, and the trabeculae. When frontonasal or 

maxillary crest is grafted into the second arch of chick (Noden, 1983), it gives rise to 

a mandibular skeleton, suggesting that all anterior crest has the same positional value. 

The fact that no Antennapedia class Hox genes isolated to date are expressed more 

anterior of Hox 2.8 in fore or midbrain suggests that other patterning systems must 

be operating in more anterior parts of the head (chapter 5). The distributions of 

Ankyrin and type II collagen in vertebrates, which correlate with the initial sites of 

endoskeletal cartilage formation suggest a more important role for facial epithelia in - 

determining the patterns of chondrogenesis (Thorogood et aL 1986; P. Thorogood, v 

pers. comm.). If the differences in structures formed by anterior crest are a result of 

interactions with the anterior cranial environment, then in the different environment j 

of the branchial arches they form a mandible as this is some kind of "default state". <

1 In summary, Hox 2 genes provide evidence in support of prespecification of 

branchial crest, and may be a component of this prespecification. Their lack of 

expression in more anterior parts of the head suggests that morphogenesis here is 

independent of the Hox 2 genes.
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Chapter 4 - Effects of a Triazole Drug on Craniofacial Development

4.1 Introduction

By analogy to their Drosophila equivalents, the vertebrate Hox genes are 

thought to be involved in giving identities to already established units within the 

developing body. They are able to respond to positional signals as a result of which 

their expression becomes established within particular domains. Segmentation is an 

important aspect of the insect body plan, and the pair rule and segment polarity 

genes that establish this pattern are in many cases transcription factors. In Drosophila 

the first expression of the HOM-C genes occurs within a syncitium, and so 

transcription factors are able to directly interact with the promoters of homeotic 

genes to establish their expression domains. Thus the establishment of Drosophila 

HOM-C expression is probably mediated by a cascade of transcription factors.

These mechanisms alone could not act in vertebrate development, or in the 

development of other insects, as homeotic gene expression is established within a 

cellular embiyo. Thus cells must be responding to regional signals via their surfaces, 

the result of which is to establish a code of. HOM-C or Hoxf gene expression : 

appropriate to their axial leveL Once a particular pattern of expression is established 0 

within nuclei, it is maintained until later ; stages o f  development, presumably i by 

different mechanisms TO that which established i t  The ; initial, a broad scale 

regionalisations of the neural plate in vertebrates are thought to be the result of a  

spatially-regionalised induction from underlying mesoderm (Saxen, 1989), but the 

signals that produce the ̂ subsequent refinements in ipattern. withini this initial 

framework, and which presumably the Hox genes respond to when establishing their 

first expression domains, are not at the moment clear.

Retinoic acid has a number of effects on vertebrate development which 

suggest an involvement in the types of regional signalling events that could be 

establishing Hox gene expression. The most studied system is the chick limb bud 

(reviewed in Tabin, 1991), where a signal arising from a region of the posterior 

margin known as the z.p.a. is thought to establish the antero-posterior pattern across 

the limb. Transplantation of this region to the anterior margin at an early stage of
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bud outgrowth results in mirror-image duplications of the digits, such that the 

anterior margin of the limb produces digits characteristic of the posterior margin. The 

graded nature of the alterations in response to increasing amounts of grafted z.p.a. 

has lead to the idea that a gradient of some property exists across the limb bud, to 

which the cells respond later on in development by producing a structure appropriate 

for a particular amount of that property and hence for a particular region of the limb 

bud. The implantation of a retinoic acid soaked bead in the anterior part of a limb 

bud produces identical effects to a z.p.a. graft, which, coupled to the demonstration 

of the presence of retinoic acid in the limb bud (Thaller & Eichele, 1987) has lead 

to the suggestion that retinoic acid is involved in vivo in the establishment of A-P 

identity.

5' Homeobox genes of Hox 4 have been shown to be expressed in overlapping 

domains within the limb bud of both mouse and chick (Dolle et al. 1989; Izpisua- 

Belmonte et aL 1991; Nohno et aL 1991), consistent with the specification of regional 

identity in response to the endogenous A-P signal Furthermore, the expression of 

chicken Hox 4  genes has been examined in limb buds treated with retinoic add 

(Izpisua-Belmonte et aL, 1991; Nohno et a l  1991), and has ' found ? to be altered. ■ 

spatially rand w itfia time cotirse1 consistent with a directrrole in the specification o f , 

limb structures.4 Hox; genes of all fourrHox;* complexes have been found to.be  

responsive in vitro to retinoic add at concentrations found in vivo (Simeone et a l  

1990,1991; Krumlauf et aL:1991), and the extent to which genes respond to a given 

concentration is eollineariwith their position within their respective-clusters. The . 

position of expression limits Within various embryonic structures is also collinear with 

the location of genes within clusters. These two properties may be linked, suggesting 

that retinoic add is involved in the signalling processes which result in the 

establishment of regionally restricted patterns of Hox gene expression in the 

developing embryo.

Retinoic acid is able to affect craniofacial development; treatment otXenopus 

(Durston et al. 1989; Sive et al. 1990; Krumlauf et al. 1991; Papaiopulu et al. 1991) 

and zebrafish (Holder & Hill, 1991) embryos with exogenous retinoic acid results in 

defects in anterior neural structures including the hindbrain and cranial ganglia. In 

Xenopus the major defects are deletions in the forebrain and midbrain, although
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there is also evidence for defects in the hindbrain and cranial ganglia, with the loss 

of a stripe of Krox-20 (Papalopulu et al. 1991). In zebrafish the effects are reductions 

between the midbrain/hindbrain boundary and the anterior midbrain, corresponding 

to the expression domain of the engrailed protein (Patel et al. 1989; Davis et al. 

1991; Hemmati- Brivanlou et al. 1991; Holder & Hill, 1991). There are also 

reductions in the numbers of cells in the trigeminal, anterior lateral line and acoustic, 

but not the other cranial ganglia. There is some evidence suggesting that retinoic 

acid can also alter patterns of neural crest migration in fish (Holder & Hill, 1991). 

In rodents feeding pregnant females (Sulik et al. 1988) or in vitro culture of embryos 

in its presence (Ritchie & Webster, 1991) results in consistent craniofacial defects, 

particularly cleft palate and alterations to the branchial arches in which the second 

arch is reduced or absent. These arches are derived from neural crest that originates 

in the anterior hindbrain and the midbrain/hindbrain junction.

The distribution of cellular and nuclear retinoic acid receptors suggests that 

retinoic acid may be playing a role in craniofacial morphogenesis (Dolle et al. 1990; 

Maden et al. 1991). Given the expression pattern of Hox genes in the hindbrain and 

branchial arches, and the known response of Hox genes to retinoic add in other 

contexts, the defects in the hindbrain and branchial region when retinoic add is 

administered to embryos may be a result of alterations in the expression pattern of 

Hox genes. ... *

4.2 Effects o f a Fungicide on Craniofacial Development >it..

-Recently a range of compounds synthesised for their antifungal effects have 

been discovered to produce craniofadal defects similar to a subset of those produced 

by retinoic acid. When fed to mothers at 6-15 d.p.c at a concentration of 2.5-10 

mg/Kg in 0.5% Polysorbate 80, cranial defects such as cleft palate, reduction of the 

lower jaw, loss of hyoid bone and pinnae and absence of middle ear bones were 

observed. The compounds are triazoles, which show few chemical similarities to 

retinoids. The structure of the compound used in this study, 153066, is shown in 

figure 4.1. When rat or mouse embryos are explanted at presomitic or early somite
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Figure 4.1: Structure of ICI 153066, the compound used in this study

Type &  Age . 
of Embryo1

Fused c
' •’ "i *' " ‘' ,J ; ’

Fused/
Reduced

Reduced
•. V /.;V  r

No Effect
0  ̂  3 . -,» * i f .5 ■ ■' X

22-24 Somite 
Rat

17 11 13 13

9-10 Somite 
Rat

2 V** ■ > ■ - .... .............. . «... -  .

22-24 Somite 
Mouse

2 , : 2 . v 2

Table 4.1: Frequency with which different types of phenotype are produced under 
identical culture conditions.

Table 4.2: Summary of the phenotypes of the 8 embryos analysed by in situ
hybridisation (right). Rat embryos 1 and 3 were classified as "no effect" in table 1, rat 
embryos 5 and 8 were classified as "reduced", and the rest were classified as "fused". 
Mouse embryo 1 was classified as "normal" in table 1, and mouse embryo 2 was 
classified as "fused".
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stages and exposed to 150366 for a continuous period of 24 hours in high serum 

roller bottle culture, after which medium is changed, the second branchial arches are 

in some cases reduced or absent, and the closure of the hindbrain is delayed (Ritchie 

& Webster, 1991; N.Brown, unpublished data). Table 4.1 shows the frequency at 

which phenotypes of differeing severity are produced by exposure to 50 mg/ml 

153066 in embryo culture. While retinoic acid treatment at presomitic stages produces 

very major and frequently lethal perturbations of development, treatment at times 

around the formation of the first somites produces similar defects to those seen with 

153066 (Flint & Boyle, 1985; Webster et al. 1986; Morriss-Kay et al. 1991; N.Brown, 

unpublished data). Treatment with 153066 beginning at increasingly earlier presomitic 

stages in embryo culture or in vivo does not produce additional defects, in contrast 

to retinoic acid. (N.Brown, unpublished data). The time of exposure to retinoic acid 

necessary to produce the same defects is somewhat less; exposure during the first 12 

hours of culture (Ritchie & Webster, 1991) being sufficient. Their are other effects 

of triazoles in culture; the development of the otocyst is delayed, there is frequently 

a posterior neural tube closure defect and occasionally defects in developing optic; 

otic and btfactory placodes. r. x  ' -  ; J i v ;  ̂ x ; k h

r | -Given the similarity in effects between these compounds and retinoic acid, it ' 

may be that both are able to affect the systems that regulate the expression of the
5 ;) •)( : I  I - l. i  s ;]

Hox 2 genes. I have therefore examined the Hox 2 expression pattern in embryos 

showing such arch defects as a result of in vitro embryo culture? in rat serum 

performed by Nigel Brown.~The phenotypes! and culture conditions of the eight rat
i;- i ■ i - t ? i ;)

and two mouse embryos I have analysed are shown in table 4 2 .

4.3 Gene Expression in a 23 Somite Rat Embryo Showing Branchial Arch Fusion

Figure 4.2 shows a series of sections of the 23 somite rat embryo #6, 

compared to a control embryo explanted at the same time and cultured without drug. 

Embryo #6 showed fusions between the first and second branchial arches, and an 

atypical pattern of swellings in the hindbrain. At this later stage in normal embryos 

the r3 stripe of Krox 20 is no longer present, while the r5 stripe remains. Figure 4.2A 

and B shows the treated embryo, while 4.2D and E shows the control, both hybridised 

with Krox 20. The appearance of the hindbrain is altered compared to control



Figure 4.2: Expression of Hox 2.8 and Krox 20 in the hindbrains of treated and 
control embryos. A-C are coronal sections of the 23 somite rat embryo # 6, explanted 
at head fold stage and exposed for 0-24 hours with the chemical, and D-F show a 
control embryo explanted at the same time and cultured without drug. Anterior in 
all embryos is to the left. The pairs A and D, B and E, and C and F are shown at the 
same magnification. A is a coronal section hybridised with Krox 20, and shows a 
domain of expression adjacent to the otocyst, indicated by a white arrow. B shows a 
higher power view. C is a more ventral section of the same embryo, hybridised with 
Hox 2.8. The position of the anterior limit of expression relative to the otocyst and 
a ganglion complex is indicated by a white arrow. Section D is an equivalent section 
to A of a control embryo, with an arrowhead indicating the stripe of Krox 20 
expression in rhombomere 5, which can be identified on the basis of its position with 
respect to the otic vesicle. The bilaterally symmetrical birefringent patches anterior 
of the r5 stipe are due to a sectioning artifact, and do not correlate with increased 
density of silver grains. Section E is a higher power view of section D. Section F is 
a near adjacent section hybridised with Hox 2.8, and shows expression with an 
anterior cutoff in r3. Expression can also be seen to be highest in rhombomeres 3-6 
with lower levels more posteriorly. The posterior margin of rhombomere 6 is 
indicated by the open arrow.

ov: otic vesicle, g: ganglion complex.
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Figure 4.3: Hox 2.8 expression in the ganglia anterior of the otocyst in the control 

and treated rat embryos shown in figure 4.3. A-C show coronal sections of treated 

embryo #6, D-F sections of a control. A and D show the positions of ganglion 

complexes lateral of the hindbrain. B and C are a bright field and dark field detail 

of A, showing the ganglion complex anterior of the otocyst in treated embryo 7. The 

white arrow in C indicates the portion of the ganglion complex that does not express 

Hox 2.8. E and F are bright and dark field details of D, showing the ganglia anterior 

of the otocyst in a normal rat embiyo.

g: ganglion complex; ov: otic vesicle; gV-VII: single ganglion complex anterior of the 

otocyst; gV: trigeminal ganglion; gVII: facial/acoustic ganglion

Figure 4.4: Expression of Hox 2.8 and Hox 2.7 in the branchial arches of treated and 

control rat embryos. The sections shown are more ventral continuations of the series 

shown in figure 43. Anterior is to the left The pairs A and D, B and E, and C and 

F are shown at the same magnification. Figures A-C show expression in treated 

embryos, and D-F show expression in controls. Panel A shows expression of Hox 2.8 

in the posterior parts of the first branchial arch. Panel B is a detail of the upper side 

of panel A, showing the sharp anterior cutoff of expression within the first arch. 

Panel C shows a near adjacent section hybridised with Hox 2.7, with an anterior limit 

of egression, indicated by the arrow, that corresponds to a branchial arch. Panel D 

shows a section of a control embryo hybridised with Hox 2.8, showing expression 

restriction to the second and posterior branchial arches (compare figure 33C). E 

shows a detail of the upper side of the embryo in D. Panel F shows a near adjacent 

section hybridised with Hox 2.7, with expression restricted to the third and posterior 

branchial arches. The anterior limit of expression is indicated by the white arrow.

B1-B3: First-third branchial arches.
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The patterns of gene expression in treated embryos are quite clear, and I assume that 

they are confined to the same rhombomeres as in normal embryos. R5 as defined by 

a region of Krox 20 expression is present in the treated embryos, and occupies its 

normal position with respect to the otocyst (figure 4.2A, arrow). Figure 4.2B shows 

a higher power view of 4.2A, demonstrating that the Krox 20 expressing region is 

compressed antero-posteriorly compared to that of the control embryo shown at the 

same magnification in figure 4.2E.

Expression of Hox 2.8 in near adjacent sections is shown in figures 4.2C and 

F. Expression does not appear to extend as far anterior of the otocyst in the treated 

embryo (4.2C) as with the control (4.2F).

In normal rat embryos there are two ganglion complexes anterior of the 

otocyst, the trigeminal, with neural crest components derived from r2 and more 

anterior regions, and the facial/acoustic complex, with neural crest components 

derived from r4. Figure 4.3D-F show these ganglia in a normal embryo, with the 

facial/acoustic ganglion complex expressing Hox 2.8 and the trigeminal not 

expressing. In the treated embryo in contrast, shown in figure 4.3A-C, only one large 

ganglion anterior of the otocyst can be found, adjacent to the anterior expression 

limit in the neural tube (gV-VII). Only the posterior portions of this structure express 

Hox 2.8 (figure 4.3C).

More ventral sections through the level of the branchial arches show that 

although there is no morphologically apparent second arch in these embryos, a 

posterior region of the first arch similar in size to the second arch in normal embryos 

expresses Hox 2.8, shown in figure 4.4A (compare 4.4E, which shows a control 

embryo). The interface between the expressing and non expressing cells in the first 

arch is relatively sharp (figure 4.4B). The expression of Hox 2.7, which marks the 

third and posterior arches (figure 3.6B) is shown in figure 4.4B for a treated and 4.4E 

for a control embryo. In both cases the expression of Hox 2.7 in the third branchial 

arch does not seem to have been affected, compare figure 4.4C with 4.4F. The extent 

of fusion does not seem to be bilaterally symmetric, in that the upper side of the 

embryo shown in 4.4C shows more evidence of a discrete second arch than the lower.
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Figure 4.6: Gene expression in embryo #4, the most severely affected rat embryo 

studied. All are coronal sections with anterior to the left, A and B hybridised with 

Krox 20, C-I with Hox 2.8. A and B are sections of two different dorso-ventral levels 

of the hindbrain. The position of the single main patch of Krox 20 expression in the 

neural tube is indicated by an arrow. Expression is also visible in the be and x cranial 

nerves. In B there are patches of expression in more posterior regions of the 

hindbrain, indicated by arrows, as well as the ventral extension of the expression 

patch shown in A. C and D are a bright and dark field view of a near adjacent 

section to A. The anterior margin of the otocyst is indicated with a curved arrow at 

the base of the panels. The anterior expression limit in the neural tube coincides with 

the anterior limit of Krox 20 expression. The open arrows indicate the non expressing 

portion of the single ganglion anterior of the otocyst, while the closed arrows indicate 

the expressing portion of this ganglion. E-I show expression in more ventral sections 

through the branchial arches. E and F are a bright field and dark field view of the 

same section, and G and H are a similar pair from a different dorso-ventral level, 

both of which show the anterior limits of Hox 2.8 expression in the branchial 

mesenchyme. The anterior limits are indicated by the arrow, and unlike all other 

cases do not correspond to an obvious morphological boundary. The expression limit 

is associated with the rudiment of the second branchial arch in each case, and 

appears to occur at a different position within that rudiment in the two sections 

shown. This embryo is not bilaterally symmetrical, as indicated by section I. The 

upper side, indicated by an arrow, shows a similar expression cutoff to sections E-H, 

while the lower side shows expression respecting the anterior side of the arch 2 

rudiment
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4.4 Gene Expression in Other Treated Rat Embryos

There is variability in the phenotype at the level of gross morphology; animals 

subjected to identical treatment regimes having severe phenotypes or no apparent 

phenotype at all. For this reason it was important to examine the Hox expression 

patterns in a number of embryos to investigate whether there were similar levels of 

variability in the patterns of gene expression. Information from different stages of 

embiyogenesis would also be important in determining more precisely how drug 

treatment perturbs development.

4.4.1 Embryo # 2

Embryo # 2  was explanted at a presomitic stage and cultured in the presence 

of drug until 13/14 somites. Although this embryo showed no separate second arch, 

there was a swelling in the facial mesenchyme which could correspond to its 

rudiment. At earlier stages in rat development Krox 20 is expressed in two stripes, 

corresponding to rhombomere 3 and 5. Figure 4.5A shows the expression pattern of 

Krox 20 in the hindbrain of a control rat embryo, cultured for the same period but 

without drug, while 4.5B shows an equivalent section of embryo #2. Two stripes of 

Krox 20 expression are found in the normal embryo, and two stripes are visible in 

embryo #2, although they appear to be longitudinally compressed. Figure 4.5C and 

D shows sections through the branchial arches of the same treated embryo, hybridised 

with Hox 2.8. There is a swelling (b2) distinct from the more anterior tissue in terms 

of its Hox 2.8 expression, as is the case of arch 2 in normal mouse embryos (figure 

33C). This embryo shows discrete trigeminal and facial/acoustic ganglia, as shown 

in figures 4.5E and F.

4.4.2 Embryo #4

Figure 4.6 shows the slightly older embryo #4 . This embryo has the most 

extreme alteration in expression domains of those analysed, as Krox 20 appears to 

be expressed in a single wide stripe, shown in figure 4.6A, in contrast to the two 

stripes visible in the younger embryo # 2  described above. In a more ventral section 

shown in figure 4.6B, patchy traces of more posterior expression are visible, 

suggesting remnants of discrete rhombomere stripes. The anterior extent of Krox 20
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expression appears to be coincident with the anterior limit of Hox 2.8, shown in 

figure 4.6C and D.

There is a single large ganglion anterior of the otocyst instead of the normal 

two, and only the posterior portion of this ganglion expresses Hox 2.8, as shown in 

figures 4.6C and D. An Arch 2 rudiment is visible in sections, and Hox 2.8 expression 

respects the posterior region of this, although anterior regions of what appears to be 

the second arch does not express above background. This contrasts with the results 

described in section 4.3, and may reflect the increased severity of the phenotype of 

embryo #4. This effect has not been seen in the small number of other embryos 

analysed (table 2), although none showed as severe a phenotype as this. The anterior 

extent of expression in the branchial arches varies at different axial levels, as shown 

in figures 4.6E-I. The embryo is not bilaterally symmetrical as shown in figure 4.61, 

where the lower side of the embryo has a more distinct second arch, with more 

normal appearing Hox 2.8 expression, than the upper surface.

4.4.3 Embryo #7

Figure 4.7 shows a section of embryo #7, one somite older than embryo #6  

described in figure 43, hybridised with Krox 20. This shows two stripes of expression, 

suggesting that some retardation of hindbrain development has occurred, as 24 somite 

rat embryos normally show a single r5 stripe of Krox 20.

4.5 Expression of Hox 2.8 in Treated Mouse Embryos

Treatment of mouse embryos produces similar branchial arch fusions to those 

seen with rat embryos. Figure 4.8 shows the expression of Hox 2.8 in coronal sections 

of mouse embryo #2  cultured from a presomitic stage at which the foregut pocket 

was visible until 24 somites in the presence of the drug. Once again, it is possible to 

see expression of Hox 2.8 in the posterior portion of the first branchial arch (figure 

4.8C), and in the single large ganglion located adjacent to the anterior limit of 

expression in the neural tube (figure 4.8B,D). Thus it appears that the same type of 

altered phenotypes with the associated changes in gene expression are found in 

mouse
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Figure 4.7: Expression of Krox 20 in the hindbrain of embryo #7. The r3 and r5 
stripes of Krox 20 are indicated by arrowheads.

ov: otic vesicle

Figure 4.8: Hox 2.8 expression in treated mouse embryo #2. A,B and D are sections 
of the hindbrain, and B and D, details of section A, are a bright field/dark field pair. 
Anterior is to the left. A shows the expression in the hindbrain, while B shows a 
detail of the anterior expression limit. There is a single ganglion anterior of the 
otocyst. The anterior portion, indicated by an open arrow, does not express, while the 
posterior portion, indicated by a solid arrow, does. C shows the expression limit in 
the branchial arches, with the interface between the first and second arch indicated 
by a thin arrow. Express ion  is not found  an te r io r  of  this limit.

ov: ot ic  vesicle



embryos treated with 153066.

4.6 Discussion

The conclusions I discuss below are on the basis of analysis of a small number 

of embryos selected for their more severe phenotypes; other animals subjected to 

identical regimes showed much less severe effects, or no effect at all. It is possible 

that analysis of greater numbers of animals will reveal further effects that are not 

consistent with those described here; nevertheless the phenotypes so far described, 

although of varying severity all show the same range of defects, suggesting that the 

drug’s effects are a result of consistent perturbations of development. No phenotypes 

other than those described here have been detected so far.

Although rhombomere morphology in treated embryos is altered, the spatial 

relationships between patterns of gene expression appear to be the same as in normal 

animals, with Hox 2.8 and Krox 20 sharing an anterior limit of expression at the i2/r3 

boundary. Krox 20 is expressed in a two stripe domain which suggests that r3 and r5 -  

are present in treated animals, and the lack of expression in between may reflect that > 

rhombomere 4 is also present The demonstration of Hox 2.9 expression with the 

normal relationship to Krox 20 would be stronger evidence for the presencerof r4. 

Hox 2.8 expression in the hindbrain does not extend as far anterior of the otocyst as 

in control embryos (compare 4.2C with 42F) and both Krox 20 domains appear > 

reduced in A-P extent This, in addition to the maintenance of normal spatial 

relationships between Krox 20 and Hox 2.8 suggest that 153066 is producing a 

compression in A-P extent of the hindbrain, rather than the loss or transformations 

of any structures as have been suggested for the effects of retinoic add in Xenopus 

embryos (Durston et al. 1989). In embryo #4  the Krox 20 pattern is more abnormal, 

with only a single stripe anterior of the otocyst at a stage when there are normally 

two. However, other dorso-ventral levels show evidence for two domains of Krox 20 

expression (figure 4.6B, suggesting that the single rhombomere expression domain in 

fact represents both r3 and r5. Given the severity of the compression it may be that 

r4, which normally does not express Krox 20, is not visible at all dorso-ventral levels. 

Alternatively this may represent part of a new range of alterations involving greater 

structure disorganisation that analysis of more embryos will reveal. It is not clear
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whether more anterior parts of the hindbrain and midbrain show similar 

compressions, and the determination of the expression patterns of engrailed would be 

of great interest in this context. The post-otic hindbrain appears normal, so on the 

preliminary evidence presented here an aspect of the drugs effects appears to be a 

compression of rhombomeres anterior of and including r5.

The two other notable effects are on structures derived from the neural crest 

that normally arises from the levels of the hindbrain showing rhombomere 

compressions in treated embryos. In normal embryos there are two ganglion 

complexes anterior of the otocyst, the vii/viii, derived from r4 crest and expressing 

Hox 2.8, and the v, which does not express any Hox gene and derives from crest of 

r2 and anterior (figure 3.7). The presence of a single ganglion complex in treated 

embryos, only the posterior part of which expresses Hox 2.8, and the evidence above 

for reduction in A-P extent of rhombomeres suggests that this represents a fusion 

between these two ganglia Similarly the gene expression patterns in the branchial 

arches, with the exception of embryo #4, suggest that the second branchial arch has 

become fused with the first

The assumption has been made in the above description of the origin of the 

phenotype that gene, expression is a marker that correlates with original axial level 

and identity of * structures, j My interpretations, of the phenotype rest on this . 

assumption. At alternative explanation is that the drugs act by alteration of patterns 

of gene expression and/or deleting structures. It will be important to investigate the- 

spatial relationships between hindbrain and neural 5crest in treated embryos by ,, 

independent means, for example the vital dye lineage tracing used in chicken embryos 

(Fraser et aL 1990; Lumsden & Sprawson, 1991).

4.6.1 The Genesis of the Phenotype of Treated Animals

The three effects in the branchial area could be a result of perturbation of a 

single developmental process, or may involve the parallel interference with several. 

The rhombomere compression phenotypes and ganglion fusions do not necessarily 

occur when arch fusions do (table 2), suggesting parallel independent effects. 

However it is also possible that this represents variation in the strength of the 

phenotype caused by a single factor, mild effects causing partial arch fusions while
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more severe ones introduce ganglion fusions and rhombomere compressions as well. 

Investigation of a greater number of embryos may clarify the interdependence of the 

different branchial effects.

If the compression of the hindbrain is present at earlier stages, at the time of 

crest emigration, then this may represent a single primary effect of the drugs. In 

normal chicken and mouse embryos crest emigrates from r2 and r4 (Tan & 

Morriss-Kay, 1985; Lumsden & Sprawson, 1991), with very little emerging from r3. 

The crest of r2 forms the posterior parts of the first arch and contributes to the 

trigeminal ganglion, while r4 is the sole contributor of crest to arch 2 and the 

facial/acoustic ganglion. If the primary effect of this drug treatment is to reduce the 

size of potential rhombomeres, then by reducing the physical distance between the 

two crest streams the fused ganglion and arch phenotypes may result. If this is the 

case then all the effects of the drugs in the branchial region have a single cause.

It is also possible that the compressed rhombomeres arise after crest 

emigration is complete, as a result of perturbations to the growth of the 

neuroepithelium or the other processes responsible for the appearance of the overt 

rhombomere morphology. The drug has effects on other aspects of embiyogenesis; 

there are frequent perturbations in neural tube closure, problems with other sensoiy 

placodes and evidence for developmental retardation (embryo #7). It may be that the 

effects on the rhombomeres and those on the crest derivatives may also be mediated 

by independent mechanisms. The initial time of treatment is rather late in 

development for affecting the establishment of rhombomeres, so it may in fact be 

that the hindbrain compression and the fusion of crest derivatives are independent 

effects. It could be argued that there would be sufficient time to interfere with the 

gene network in the neural plate before crest emergence occurred, the subsequent 

effects of which would be perturbed crest migration and rhombomere growth. This 

would not require a detectable difference in rhombomere size at crest emigration, 

while still implying a common lesion that produces all branchial phenotypes.

Crest migration must be perturbed to produce the fused ganglion morphology, 

and it is possible that the fusion of branchial arch mesenchyme of arches 1 and 2 is 

another result of this process. An alteration in the environment through which the 

crest migrates, or alterations to the migrating cell themselves may be the primary
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defects giving rise to branchial arch and ganglion fusions, while the rhombomere 

compressions are due to an independent process. The actual formation of branchial 

arches is thought to involve interactions between the pharyngeal endoderm and the 

surface ectoderm, and into this already established framework the neural crest 

migrates (Balinsky, 1981), filling up the space available. If the morphogenic processes 

that are necessary for the two epithelia to come into contact with each other are 

perturbed, then an arch fusion phenotype might result even if crest migration were 

normal, although it is harder to explain how an alteration in branchial arch formation 

could affect gangliogenesis. A knowledge of the expression patterns in younger 

embryos when crest is emerging will be very important to determine whether the 

drugs’ phenotypes are a result of the single primary defect suggested above, or the 

superimposition of a number of secondary ones.

4.6.2 Implications for the Neural Crest

In three of the four more severe arch fusion phenotypes, expression in the 

posterior parts of the first arch appears distinct, in that a region expresses Hox 2.8 

even though fully in contact with non-expressing first arch mesenchyme. This 

behaviour is more consistent with cells maintaining their Hox gene expression in 

altered embryonic environments than modulation of expression by the drug, hence 

I believe that it is valid to use the pattern of Hox expression to infer lineage - 

relationships between hindbrain and crest in treated animals. In embiyo # 4  a second 

arch is partially distinct, although there is continuity of mesenchyme with the firstf 

arch. The anterior portions of "arch 2" do not express Hox 2.8, whereas the posterior 

parts do, suggesting that in this case some kind of interaction between crest 

populations with different Hox codes has occurred, leading to alteration in gene 

expression. This embryo may be showing regulation of Hox gene expression in the 

portions of arch mesenchyme more closely in contact with the first arch. It may be 

significant that this also shows the most severe rhombomere compressions.

When neural crest is removed from more anterior parts of the head, crest 

from other axial levels increases its proliferation rate to compensate for the defect, 

resulting in normal facial structures (McKee & Ferguson, 1984). This crest is able to 

make a range of structures appropriate for its new axial position in order to
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compensate for the defect. In contrast when more posterior arch 2 crest is brought 

into contact with contact with arch 1 crest by drug treatment it retains a Hox gene 

expression pattern appropriate for its original axial level (with the possible exception 

of embryo #4). It may be that the mechanism that leads to increased proliferation 

of anterior crest also enables it to alter its axial specification; in the absence of this 

the branchial crest maintains its expresstion. Alternatively this may reflect a general 

difference in developmental properties between crest that expresses Hox genes and 

crest that does not, as discussed in chapter 3. The effect of extirpations of crest in the 

branchial region would be of great interest in this context.

In summary, it is not clear on the basis of the data obtained so far what causes 

the defects in the branchial area of fungicide treated animals, or whether there is a 

single cause. Further expression analysis and a lineage analysis of affected animals 

should be able to provide evidence to distinguish these possibilities. It would be of 

interest to relate these early defects to later aspects of morphogenesis, for instance 

to determine whether the axons in the fused ganglia still reach the targets appropriate 

for their Hox gene expression pattern.

4.73 Implications for the role of retinoic add in the head.*, /  ^

Treatments with 153066 produce an identical gross morphology to that w hen; i 

retinoic add is administered to rat embryos in vitro at precise times during : 

development (Morriss & Thorogood, 1978; Flint & Boyle, 1985; Webster et aL 1986; 

Morriss-Kay et aL 1991; Ritchie & Webster, 1991). Retinoic add treatment is able 

to produce defects after 12 hours of initial exposure in culture (Flint & Boyle, 1985), 

whereas the fungiddes require at least 24 hours of exposure from initial explantation 

for effect. These differences may be due to different physical properties of the 

compounds; if retinoic acid is able to assodate with embryonic membranes more 

effectively than the fungicide then changing the medium after 12 hours may not 

reduce the concentration to which embryonic tissues are exposed as rapidly as 

changing medium containing fungicide.

Both retinoic acid and 153066 produce reductions in the anterior hindbrain 

with alterations to rhombomere (Morriss-Kay et al. 1991) and ganglion morphology 

(Holder & Hill, 1991; Papalopulu et al. 1991) and branchial arch fusions (Webster
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et al. 1986; Ritchie & Webster, 1991). While retinoic acid produces more severe 

effects when applied at earlier time points, the strong similarities of effect produced 

from late presomitic stages argue for a common pathway with 153066 at this period 

of embryogenesis. I have not analysed the midbrain of treated animals to determine 

whether defects are present here as well, as retinoic acid treatment causes the loss 

of a region of engrailed expression in zebrafish (Holder & Hill, 1991) that extends 

into the midbrain. Retinoic acid and 153066 produce very similar defects in neural 

crest, and there is some evidence suggesting that retinoic acid is able to perturb crest 

migration (Morriss & Thorogood, 1978; Thorogood et al. 1982; Holder & Hill, 1991). 

It may be that the branchial defects in both cases result from this effect on crest cell 

migration.

The expression patterns of Hox 2.9 and Krox 20 have been examined in mouse 

embryos whose mothers had retinoic acid administered orally at 7.75 and 8 d.p.c. 

(Morriss-Kay et al. 1991). Embryos treated at 7.75 d.p.c. showed more severe 

disruptions in gene expression than the 8.0 d.p.c. embryos, the latter quite closely 

resembling the more severe effects of 153066. The 7.75 d.p.c. treated embryos showed 

additional defects such as forebrain reductions, never seen with 153066 treatment, in 

addition to greatly disorganised patterns of gene expression. The extent of similarity 

between the 153066 and the 8 d.p.c. retinoic acid mouse phenotype, and the fact that 

153066 is not teratogenic at earlier times when retinoic acid produces more severe 

effects suggests that the 7.75 d.p.c. retinoic acid phenotype is a result interference 

with different processes than fare affected at 8 cLp.c. These earlier processes are not 

sensitive to 153066.

In embryos to which retinoic acid was administered on day 8.0, Krox 20 was 

not expressed in two well-defined stripes, but instead showed scattered expression 

anterior of the otocyst (Morriss-Kay et al. 1991). Hox 2.9 expression was reduced, and 

was not continuous across the neuroepithelium; however it still seemed to be 

excluded from the patches of Krox 20 expression. In embryo #4  similar disorganised 

patterns of Krox 20 expression are observed (figure 4.7B), suggesting that at the 

molecular level the phenotypes of retinoic acid and 153066 are also very similar. The 

only data for Hox 2.9 expression in treated rat embryos is for those without 

compressions in the hindbrain, which show an identical Krox 20 and Hox 2.8 pattern
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to controls (data not shown). Hox 2.8 shows a more normal pattern in embryo #4  

without patchiness (figure 4.7C), and given its normal expression pattern I predict 

that the Hox 2.8 positive, Krox 20 negative regions of its hindbrain are Hox 2.9 

positive. It is clear that a Hox 2.9 in situ on a similar embryo will be important to 

confirm this suggestion, as a further possibility, in which a Hox code that does not 

occur in normal development, Hox 2.8 positive, Hox 2.9 negative, Krox 20 negative 

may in fact be present. The 8 d.p.c. retinoic acid experiments provide further 

evidence that some aspects of rhombomeres 1-4 must be present, as there is neural 

crest with partially normal spatial specification still able to enter the posterior parts 

of the first arch (Morriss & Thorogood, 1978).

It seems from this preliminary data that there are similarities in expression 

patterns of genes thought to be involved in interpreting positional information in the 

branchial region in embryos treated with 153066 and retinoic acid, in addition to the 

morphological similarities. It is more difficult to define the doses of retinoic acid 

which embryos experience in utero than in culture, so it may be that gene expression 

patterns more similar to the milder phenotypes described for 153066 will also be seen 

with retinoic add in embryo culture. It will be of interest to determine whether 

ganglion fusions caused by retinoic add show similar gene expression patterns to 

those caused by 153066.

The extent of similarities of both the early phenotypes and the later effects at 

much more advanced stages of morphogenesis suggest that retinoic add and ICI 

153066 are acting via a common pathway to produce their defects in the head. 

Preliminary data suggests that the drugs do not perform in a similar way to retinoic 

add in other bioassays and in vitro systems. The lack of chemical similarity and 

specificity of the defects suggest that both are able to affect a spedfic signalling 

pathway with the same result. The similarity in compressions of the hindbrain seen 

in Xenopus, zebrafish and rodents suggest that this signalling pathway may be on 

general importance to vertebrate development. The more severe anterior truncations 

seen with Xenopus embryos may reflect earlier, broader roles for retinoic acid 

(Papalopulu et al. 1991). Precise comparisons of the properties of retinoids and this 

range of fungicides will assist in the identification of the molecular components of 

signalling pathways involved in providing positional identity to the branchial region,
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part of which involves the establishment of Hox gene expression.
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Chapter 5 - Expression of Genes of Hox 1 and Hox 4 in the Head

5.1 The Problem of Four Vertebrate Hox Clusters

One of the most striking differences between the Antennapedia class genes of 

insects and vertebrates is that vertebrates have four clusters of genes (Simeone et al. 

1991), while in insects there is only one (Akam, 1987; Beeman, 1987; Beeman et al. 

1989). Within each cluster an individual gene shows more sequence homology to 

specific genes in other clusters than to the other genes in its own cluster; such a 

group of related genes are known as a subgroup. Thus Hox 1.4, 2.6,3.4 and 4.2 show 

more homology to each other than they do to any other genes, and as they are most 

similar to the Drosophila gene Dfd they are known as the Dfd subgroup. Four clusters 

of Hox genes are present in all vertebrates, arguing for an important conserved 

function, but it is not clear why vertebrates require four genes related to Dfd, while 

insects only require one, especially as the homeodomains of the subgroup members 

are very similar, arguing for almost identical DNA binding specificity.

The differences in which somites subgroup members are expressed ((jaunt e t , 

al. 1989,1990) have lead to the suggestion that somites are specified by a Hox code r 

of particular combinations of gene expression, analogous to the model proposed by 

Lewis (Lewis, 1978) but involving members of all four Hox complexes (Kessel & 

Grass, 1991). This would imply that Hox genes are acting in a morphogenetic way, 

to control the overall form of the structures formed from a somite. There are more - 

somites than could be individually specified by an overlapping code of Hox genes 

from any one cluster, so a reason for four Hox clusters may be to permit the 

individual specification of a greater number of somites. Members of the more 

posteriorly expressed subfamilies such as the Abd-B group also show greater 

differences in A-P expression limits in the nervous system as well, so part of the 

reason for the conservation of four Hox clusters in vertebrates may be to individually 

specify parts of the trunk nervous system and paraxial mesoderm.

There is evidence for differences between subfamily members in tissue 

distribution and levels of expression within a tissue (Gaunt et al. 1989, 1990). This 

raises the possibility that individual subfamily members may have distinct roles in the 

specification of the neuroepithelium and/or in the differentiation of specific cell
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types. All the members of Hox 2 show a similar pattern of progressive dorsoventral 

restriction of expression within the developing spinal cord that correlates with the 

birthdates of particular populations of neurons, while genes of other clusters show a 

different expression pattern (Graham et al. 1991), consistent with distinct roles for 

subfamily members in differentiation. In Drosophila HOM-C genes are thought to act 

in both ways in different developmental contexts (Akam, 1987; Gehring, 1987).

The Hox 2 genes have been shown to be candidates for an involvement in 

patterning the hindbrain (Wilkinson et al. 1989a) and branchial arches. The hindbrain 

expression is characterised by a two rhombomere periodicity, yet each rhombomere 

has an identity distinct from the rest (Lumsden & Keynes, 1989). The head also has 

a greater number rhombomeres than could be individually specified by the genes of 

one Hox cluster, and so it is possible that four Hox clusters are necessary for 

distinguishing individual rhombomeres from each other. The branchial neural crest 

is able to give rise to a wide range of cell types (Le Douarin, 1983), and may be 

specified on the basis of axial level as to its morphogenetic capabilities by Hox 2 

genes (Noden, 1988; chapter 3), so members of the four clusters could potentially be 

involveddn different aspects of crest development as well. > 'i t ( , J

y o . It is possible that members of a  subfamily have offset rhombomere cutoffs, in . 

an analogous way to the situation in somites, which would support the idea that four * 

clusters are needed to specify individual rhombomeres. I have therefore examined the 

expression of the -11 of the 12 most 3’ known Hox genes in the hindbrain and 

branchiaFarches: Extensive studies of the structure of the human HOX clusters 

suggest that there are no further 3* Antermapedia class genes to be identified within 

the four Hox clusters, thus I believe that I have studied all but one of the components 

of the Antermapedia class Hox code of the head.

5.2 Comparison o f Subfamily Expression Domains in the Hindbrain

The expression of genes of the Dfd( A-C), zen-like (D-F) andpb (G,H) families 

in the hindbrain are shown in figure 5.1. Successively more 3’ genes within a cluster 

all show a series of expression limits that are two rhombomeres more anterior than 

their 5’ neighbouring gene. All genes within a subfamily are expressed in the same 

rhombomeres, up to r7 for the deformed subfamily, r5 for the zen-like genes and r3
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for the proboscipedia subfamily. Subfamily members may show differences in levels 

of expression. Hox 1.4 expression decreases in more anterior parts of r7 (figure 5. IB), 

so that expression is indistinguishable from background at the r6/r7 boundary, while 

Hox 4.2 (5.1C) and Hox 2.6 (5.1 A) express to the boundary. Hox 1.5 (5.IE) and Hox 

2.7 (5.ID) show highest levels of expression in r5, with lower expression in more 

posterior regions, while Hox 4.1 shows complementary levels of expression within the 

same domains. HOX IK (1H) and Hox 2.8 (1G) have similar levels of expression, 

except that Hox 2.8 shows highest expression levels in r3, r4 and r5, while HOX IK 

shows highest levels of expression in r3 and r5 (Figure 5.2C). Thus at early stages of 

development the genes of a subfamily are all expressed in the same combinations of 

rhombomeres.

5.3 Expression of Subfamily Members in the Branchial Arches

As the hindbrain generates neural crest which retains a Hox 2 code 

appropriate to its level of origin and may be pre-specified as to morphogenetic 

capability (Noden, 1988), a unified patterning system for the hindbrain and branchial 

arches which involves Hox genes is a possibility. HOX IK hybridises to the V ll/V m  

ganglion complex and shows expression in the second and third branchial arches 

(figure 5.2F), consistent with expression in neural crest seen with Hox 2.8 (figure 

5.2D). Hox 1.5 also shows expression in areas thought to be populated by neural crest 

(5.2B), similar to the pattern shown by its equivalent, Hox 2.7 (figure 5.2B). The 

surface ectoderm of the branchial arches acquires a Hox 2 expression pattern 

identical to the crest that underlies it with a time course that suggests an instructive 

interaction with underlying crest (chapter 3; Noden, 1988). After crest migration is 

complete and this presumed interaction has occurred, HOX IK and Hox 1.5 also are 

expressed in the surface ectoderm in a spatially-restricted way that reflects expression 

in the crest that underlies it (Fig 5.2C, 5.2E). Thus the early phase of Hox 1 

expression in the branchial arches appears to be very similar to the early phases of 

Hox 2 expression.
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Figure 5.1: Expression of the Dfd, Zen/pb and pb subfamilies in the 9Vi day mouse 

hindbrain. The Dfd group consists of Hox 2.6 (1A), Hox 1.4 (IB), Hox 4.2 (1C) and 

Hox 3.5 (not shown). The Zen/pb group consists of Hox 2.7 (ID), Hox 1.5 (IE) and 

Hox 4.1 (IF). The pb group consists of only two members, Hox 2.8 (1G) and Hox 

1.11 (1H). ov: otic vesicle, r6/7: boundary between rhombomeres 6 and 7, b2 and b3: 

second and third branchial arches, g: VII/VIII ganglion. Within a subgroup the white 

arrowheads indicate the same rhombomere boundary on each section. The VII/VIII 

ganglion complex is indicated by a white open arrow. Members of a subfamily are 

expressed in the same rhombomeres, and expression limits of subfamilies differ from 

each other by two rhombomeres. There are differences between subfamily members 

in levels of expression within rhombomeres. The Dfd group (A-C) are expressed at 

highest levels at the posterior of r7, and decrease to background levels at the r6/r7 

boundary at different rates. In the Zen/Pb, note higher levels in r5 with Hox 1.5(E) 

and Hox 2.7(D) as opposed to Hox 4.1(F). In the pb group Hox 2.8 has highest levels 

of expression in r3, r4 and r5 (1G), while Hox 1.11 shows highest levels of expression 

in r3 and r5 (1H).
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Figure 5.2: Expression of the Zen/pb and pb subfamilies in the branchial arches of 

a 9Vi day mouse. Hox 2.7 (A) and Hox 1.5 (B) are expressed in the third and more 

posterior branchial arches, but not in bl and b2. Figure 5.2C is a detail of 5.2B and 

shows that Hox 1.5 has the same restrictions of expression in branchial arch ectoderm 

as Hox 2.7. Hox 2.8 (5.2D) and Hox 1.11 (5.2E) are expressed in the second and 

more posterior branchial arches, but not in the first. 5.2F is a detail of 5.1H, showing 

IK expression in the VII/VIII ganglion complex and the expression in the neural 

tube. In contrast to Hox 2.8, which shows strong expression in rhombomeres 3 ,4 and 

5, IK shows strongest expression in r3 and r5, with similar levels in r4 to more 

posterior parts of the hindbrain.

Figure 5.3: Expression of the labial family of genes in 8 and 9Vi day mouse embryos. 

(A-E) are coronal sections, and (F) is saggital. (A) shows the expression of Hox 2.9 

in r4 and the adjacent VII/VIII cranial ganglia. An equivalent section with Hox 4.9 

(C) shows expression in specific regions of surface ectoderm, but none in the neural 

tube. (F) shows the expression of Hox 4.9 in the posterior regions of an 8 day 

embryo. A  similar section to (A) and (C) with Hox 1.6 shows no expression in neural 

tube or cranial ganglia, but more ventral sections of the same embryo show 

expression in the foregut (fg) and ectoderm and mesenchyme of the posterior 

branchial arches (D,E).
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5.4 The Labial Subfamily

The most 3’ subfamily of genes, those related to labial, have spatial and 

temporal expression patterns that distinguish them from the other more 5’ 

subfamilies. The expression domains of Hox 2.9 and Hox 1.6 are very similar at 8
f

days, both respecting the presumptive r3/r4 boundary and extending posteriorly 

(Murphy & Hill, 1991). In contrast to more 5’ families of Hox genes, this domain 

does not persist into later phases of embiyogenesis. At a similar stage Hox 4.9 is 

expressed only in the extreme posterior of the embryo and in extra embryonic tissues 

(figure 5.3F). This embryo is the same as shown in 3.1B,C, where there is one stripe 

of Krox 20 and Hox 2.8 expressed. By 8Vz days the expression of Hox 2.9 has split 

into two domains, an anterior one including rhombomere 4 and the crest derived 

from it, and a posterior domain without a precisely defined anterior limit (Murphy 

& Hill, 1991). Hox 1.6 expression resembles that of the posterior Hox 2.9 domain at 

this stage (Murphy & Hill, 1991). At 9Vz days of mouse development only Hox 2.9 is 

expressed in the hindbrain (Figure 53A). An equivalent section hybridised with Hox

1.6 is shown in figure 5.3B, which shows no specific hybridisation. More ventral 

sections of the same embryo using the same probe (Figure 53D and 53E) show 

specific localisation to the lining of the foregut and the surface ectoderm, as well as 

a expression in the mesenchyme between the two. There is a neural crest component 

to this mesenchyme, but it is not large in contrast to the more anterior branchial 

arches (Noden, 1988). Hox 4.9 is expressed in patches of surface ectoderm overlying 

the hindbrain, but once again shows no specific localisation within the neural tube 

(Figure 5.3C). Thus members of the labial subfamily show greater differences in 

expression to each other than do other subfamilies of Hox genes, in addition to the 

differences they show in expression to the other genes of their respective clusters.

5.5 Discussion - The Hox Code of the Head

The expression patterns I have found for Hox genes in the head are shown in 

figure 5.4. With the exception of the labial subfamily, there do not seem to be 

differences in the combinations of rhombomeres and branchial arches in which 

subfamily members are expressed. In contrast, in the trunk somites the expression 

limits of members of a subfamily are offset from each other. The Hox code of the
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Figure 5.4: Summary of the establishment of the Hox code in the head and its 
transmission to the branchial arches by migrating neural crest. The genes that 
correspond to the subfamily expression domains indicated are shown at the base of 
panel B in the same colours. There is evidence from characterisation of human Hox 
clusters that there are no Hox genes 3’ of Hox 3.5. The diagram indicates the 
expression pattern after neural crest migration is complete, when distinct 
rhombomeres are apparent. Krox 20 is expressed at this stage, but its expression 
domain is omitted for clarity. The migration of mesenchymal and neurogenic crest 
from specific rhombomeres is indicated by coloured arrows, and has resulted in the 
transfer of a combinatorial code of Hox subfamily expression to the branchial arches. 
The branchial arch ectoderm subsequently adopts an identical pattern of Hox 
subfamily expression, presumably as a result of an interaction with underlying neural 
crest. The short red arrow indicates that Hox 2.9 expression is confined to the 
ganglionic crest. Hox subfamily expression in the hindbrain is out of phase with the 
branchial arches by one rhombomere as a result of the lack of contribution to 
branchial arch crest by r3 and r5. This is represented by the absence of arrows 
emanating from r3 and r5. The large open arrows on the right of the diagram 
represents first arch crest that does not have a Hox label.
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head involves overlapping expression domains of members of a subfamily, with 

apparently the same relationships between hindbrain and branchial arches in terms 

of expression as described for Hox 2 genes. Thus it is unlikely that the rhombomeres 

and the branchial arches derived from them are spatially subdivided at the time of 

their formation by differential expression of members of a subfamily of Hox genes, 

although I have not investigated the expression patterns at later stages of 

development when branchial arches are undergoing morphogenesis.

In the discussion below I will assume that the Hox code of the head is acting 

in a simple combinatorial way, in which presence or absence of gene expression is the 

important property in terms of morphogenesis. However I have shown that subfamily 

members show differing levels of expression from each other within the same 

rhombomeric domains. The levels of expression I see at 9Vi days are summarised in 

figure 5.5. It is possible that expression of subfamily members above threshold levels 

are necessary for morphogenetic function, and if this is the case then a combinatorial 

code could be built up that would be able to individually specify rhombomeres 2 to 

8 using Hox genes alone. The timing of axogenesis, the first morphological criterion 

of rhombomere identity, occurs sufficiently late for this to be a possibility. In 

Drosophila levels of HOM-C genes are thought to play a role in determining segment 

identity (reviewed in Akam, 1987), and at an earlier stage in Drosophila development 

the level of bicoid determines the spatial extent of gap gene expression (Driever & 

Nusslein-Volhard, 1988). The evidence of the importance of levels of gene expression 

in other insects is not clear, as the pattern of expression of the locust Abd-A gene, 

while confined to equivalent parasegments to Drosophila, shows differences in levels 

within the parasegments as a whole (Tear et al. 1990). It will be necessary to acquire 

more detailed comparative data on levels of expression in particular homologous 

types of cells in different insects to clarify the level of conservation of this 

developmental mechanism. Thus in vertebrates it remains possible that levels of Hox 

expression alone are able to specify morphological units in the branchial region.

One possibility is that each gene in a subfamily has a distinct role at the 

earliest stage of structure specification, with a different range of structures specified 

by each member, for example cranial ganglia, rhombomeres or branchial cartilages. 

Thus members o f a subfamily would act in parallel to specify regional identity in the
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Figure 5.5: Summary of levels of Hox gene expression in the 9Vi day mouse 

hindbrain. The highest levels of expression for a given gene are indicated by darkest 

shading. Hox 4.2, 2.6 and 1.4 do not have sharp anterior expression limits, instead 

fading anteriorly to background levels over the rhombomeres indicated.
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different derivatives of the hindbrain neural plate, hence coincident expression 

domains. The apparent similarities in expression domains could reflect the lack of 

cellular resolution in the radioactive in situ hybridisation technique and its inability 

to demonstrate the presence of active protein product; a technique with higher 

resolution may reveal differences between subpopulations of cells not apparent from 

this work.

The lineage relationships between cells of the cephalic neural plate are not 

as clear as in the trunk, where evidence suggests that there is multipotency in cells 

while within the neural plate. Descendants of a single cell in the trunk neural plate 

can contribute to the neural tube, dorsal root ganglia, the adrenal medulla and 

pigment cells (Bronner-Fraser & Fraser, 1988). In the head also there is some 

preliminary in vivo data (Bronner-Fraser & Fraser, 1988) and in vitro data that 

suggests that both mesenchymal and neurogenic derivatives can derive from a single 

crest cell precursor (Baroffio et al. 1991). Given this apparent level of plasticity in 

crest differentiative potential, it is difficult to imagine how cells belonging to 

subpopulations of crest lineages can be defined before crest emigration occurs. Thus 

if Hox subfamily members are supplying information in parallel to different lineages 

of crest from the same axial level they must be doing so after the crest precursors 

have left the neural tube and have made the decisions as to which lineage they will 

represent

There cannot be a simple relationship between the genes of a particular Hox 

complex and spatial specification of particular crest lineages. Crest cells contributing 

to the first four branchial arches are able to give rise to the same range of cell types, 

yet there are no Hox genes expressed in the first arch, no Hox 3 or Hox 4 members 

in the second arch, and no Hox 3 member expressed in the third arch. This suggests 

that Hox genes are not part of the process of establishing the early crest lineages, 

unless there are great differences in how particular crest lineages arise at different 

axial levels. For the same reason it is difficult to imagine why the different 

components of more posterior branchial arches require independent complexes of 

Hox genes for their early spatial patterning while more anterior arches employ fewer 

genes to perform apparently the same task.

I suggest that the repeated units of the branchial region do not use
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combinations of Hox genes from different clusters to uniquely spatially specify 

themselves. Instead it is better to think in terms of a subfamily of Hox genes together 

specifying a pair of rhombomeres and a branchial arch. The specification of pairs of 

rhombomeres would be consistent with the two segment patterns of both branchial 

and somatic motor nerve development observed in the hindbrain (Lumsden & 

Keynes, 1989). There are sufficient subfamilies to uniquely specify each branchial 

arch, and a system that was able to distinguish odd from even rhombomeres would 

be able to uniquely specify each rhombomere in combination with a subfamily of Hox 

genes. Krox-20 could provide the information necessary to distinguish all but rl and 

r7, so perhaps other genes in concert with Krox-20 may be responsible for this. There 

is evidence from rhombomere grafting experiments that odd and even rhombomeres 

differ in their cellular properties, as the apposition of part of an odd rhombomere 

with part of an even one results in the formation of a new rhombomere boundary, 

while the other possibilities result in the formation of a large, compound 

rhombomere (Guthrie & Lumsden, 1991).

A  prediction of this idea would be that there is redundancy the earliest aspects 

of morphogenetic specification in the branchial region, which is supported by the 

phenotype of mice homozygous recessive for Hox 1.5 (Chisaka & Capecchi, 1991) and 

Hox 1.6 (Lufkin et al. 1991). The initial rhombomere morphologies of mice lacking 

Hox 13 and Hox 1.6 appear normal, supporting the idea that Hox genes are involved 

in spatial specification of units rather than their initial establishment The Hox 13 

mice have normal cranial ganglia and defects in tissues dependent upon mesenchymal 

neural crest for their development such as the heart outflow tract and the glands of 

the neck (Kirby, 1989; Chisaka & Capecchi, 1991), some of which correspond to the 

normal domain of Hox 13 expression. The fact that normal ganglia are formed 

suggest that there is sufficient information to spatially specify them in the absence of 

Hox 1.5, supporting the idea of redundancy in specification of the neural epithelium 

by Hox genes. The defects could mean that Hox 1.5 is required to maintain spatial 

specification in mesenchymal crest derivatives, or that Hox 1.5 has a specific role in 

some other aspect of development of mesenchymal crest.

The Hox 1.6 mice show normal mesenchymal structures, but disrupted nuclei 

of branchial nerves VII, VIII, IX and X, and their associated ganglia (Lufkin et al.

101



1991). This is interesting as the ganglia do not normally express Hox 1.6 (Murphy & 

Hill, 1991; figure 5.3B), although the neural plate from which both the nerves and the 

rhombomeres derive did so at 8 days (Murphy & Hill, 1991; figure 3.8). The fact that 

two members of the same Hox complex produce defects in different ranges of tissues 

argues against a simple model where a particular cluster of Hox genes is solely 

responsible for spatial specification and/or differentiation in a particular group of 

tissues.

It may be that in the absence of Hox 1.6 it is not possible to establish or 

maintain normal patterns of expression of other genes, which may result in defects 

later in development in tissues that do not normally express Hox 1.6. It is not clear 

how the other 3’ Hox genes are expressed in the branchial region of mice lacking 

Hox genes. In Drosophila posterior genes are known to repress the expression of 

genes expressed in more anterior domains (Akam, 1987), thus it is possible that 

interactions between vertebrate Hox genes are necessary to maintain appropriate 

patterns of gene expression. It is also known that the transcription patterns within 

vertebrate Hox complexes are complex (Simeone et al. 1988; M. Sham, pers. comm.), 

and that transcripts for one gene may originate within another. It may be that 

deletion of one gene may alter expression patterns of other genes, perhaps by 

disturbing the genetic circuitry necessary to establish and maintain gene expression 

by removing one of its components. Alternatively the large genomic insertions used 

to disrupt a genes may destroy transcription start sites of other genes, and hence alter 

their patterns of expression. This is a general problem in the interpretation of the 

phenotype of mice lacking a specific Hox gene; until the effects of the loss of specific 

gene on the expression of the other members of the cranial Hox gene network are 

known it is not possible to interpret phenotypes in terms of alterations in the cranial 

Hox code. Homologous disruption of a Hox gene could also perturb the expression 

of other genes important for head development.

The Hox 1.5 gene is normally expressed in an identical way to its homologue 

Hox 2.7 in the crest at early stages (figure 5.2A-C), which populates the third and 

more posterior branchial arches. There are skeletal abnormalities in neural crest 

derivatives which do not normally express Hox 1.5, such as the first branchial arch 

derived mandibles and maxillae, and absence of the lesser wing of the hyoid bone,

102



a second arch derivative (Chisaka & Capecchi, 1991). However, the greater wing of 

the hyoid bone, derived from the Hox 1.5 expressing third arch, appears more 

normal. There is much evidence of the importance of interactions between different 

tissues in the head for normal morphogenesis (Moody & Heaton, 1983a, b; Hall, 

1987; Thorogood, 1988; Ruiz-i-Altaba, 1990), and the role of Hox genes in the 

endoderm and head paraxial mesoderm are not clear. The defects in more anterior 

arches beyond the normal regions of Hox 1.5 gene expression may be due to 

interactions between structures of different arches necessary to produce normal 

development. The defects seen with Hox 1.6 lie within a smaller region, but also show 

evidence of perturbations of structures which never express Hox 1.6 (Lufkin et al. 

1991; Murphy & Hill, 1991; fig. 5.3). These are mainly associated with the bony parts 

of the ear, some of which are derived from the otocyst, a structure which is produced 

by an induction from the underlying hindbrain. Subgroup members probably have 

important distinct roles in the head later on in development as part of the mechanism 

causing cells to follow particular differentiation pathways, hence the specific problems 

in particular crest derivatives. It is probable that there is functional redundancy in the 

early morphogenetic developmental events with unique functions arising later in 

development, which would explain my findings and the later-arising differences of 

expression in specific structures (Gaunt et al. 1989).
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Chapter 6 - Discussion

The data presented in this thesis suggest that Hox genes may have a role in 

the patterning of the branchial region of the head. The findings of chapter 3 suggest 

that the development of the hindbrain and branchial arches are linked; a pattern of 

Hox 2 expression is established in the neuroepithelium which is then transferred to 

the branchial arches by neural crest migration. Neural crest does not arise from all 

axial levels of the hindbrain (Lumsden & Sprawson, 1991), resulting in populations 

with distinct patterns of Hox gene expression entering each branchial arch. Once crest 

has entered the arches Hox 2 expression is observed in the surface ectoderm 

overlying it, supporting the idea of information specifying axial position being 

transferred to other tissues. The data presented in chapter 5 show that the findings 

of chapter 3 can be extended to the whole Hox network. Members of a subfamily of 

genes are expressed in identical combinations of rhombomeres and branchial arches, 

suggesting a combinatorial Hox code for specifying regional identity in the branchial 

region. I suggest that this is evidence for functional redundancy among members of 

a subfamily in the earliest aspects of specification of rhombomere and branchial arch 

identity. The phenotypes of mice lacking particular Hox 1 genes (Chisaka & 

Capecchi, 1991; Lufkin et al. 1991) are mainly connected with the branchial region, 

and show that some groups of structures which presumably require correctly specified 

precursors still develop normally. I suggest that lack of individual genes can no longer 

be compensated for at stages after initial spatial specification; Hox cluster 

organisation is conserved in the head because of these later roles. These ideas are 

further discussed below.

The method of employing Hox genes in the branchial region is different from 

that of the trunk, where individual genes in a subfamily show expression patterns 

consistent with distinct roles in spatial specification from the very start This is also 

true for the somites and spinal cord (Izpisua-Belmonte et al. 1990; Kessel & Gruss, 

1991). Another important finding is that no Antennapedia class Hox genes are 

expressed more anteriorly than rhombomere 3 and the second branchial arch. The 

expression of Hox 2 genes and Krox 20 in embryos exposed to ICI 153066 suggests 

autonomy of branchial crest specification, and further investigation of the Hox 

expression patterns in treated embiyos may clarify the way in which the
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developmental perturbations caused by this compound occur. The finding that a 

compound chemically unrelated to retinoids can mimic a specific subset of their 

developmental effects raises the possibility of investigating the signalling processes 

involved in the establishment of Hox expression in the branchial region.

6.1 Hox genes and the evolution o f the neural crest

The differences between head and trunk may reflect that both they and the 

mechanisms giving rise to them in development evolved at different times, which has 

been previously suggested on the basis of other morphological evidence. Vertebrates 

are thought to have evolved from chordates similar to Branchiostoma, which possesses 

a notochord, gill slits, a dorsal nervous system and trunk somites (Jefferies, 1986). 

The most striking difference in body plan between such animals and vertebrates lie 

in the head, where in vertebrates there are concentrations of sensory receptors and 

a brain to interpret the information they supply. It has been suggested that the 

evolution of the neural crest and cephalic placodes was the key step in allowing this 

specialisation to occur, as in modern vertebrates they give rise to the special sense 

organs and the associated supporting skeletal capsules (Gans & Northcutt, 1983; 

Gans, 1989). The neural crest may have produced the first characteristicly vertebrate 

skeleton, either dermal bone in association with bilateral sense organs or elastic 

cartilage in the branchial arches to permit more efficient energy utilisation in 

ventilation (Gans, 1989). The advantages of more efficient sense organs, improved 

ventilation of the pharyngeal slits and the possibility of innervation of structures J 

further from the central nervous system by ganglion formation may have permitted 

increases in body size and coordination which allowed further vertebrate 

specialisations (Gans, 1989).

The general similarity of structure and expression of genes within Hox clusters 

between insects and vertebrates suggests conservation of a cluster of genes from a 

common ancestor. The similarities are very strong for the more 3’ subfamilies of 

genes. Pb and the subfamilies of genes containing Hox 2.7 and Hox 2.8 are thought 

to be derived from a single ancestral gene, while single subfamilies homologous to 

lab, Dfd and Scr exist in vertebrates. These extensive homologies suggest that the 

direct precursors of these four gene subfamilies already existed in vertebrate
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ancestors prior to the evolution of neural crest, rather than being produced by 

tandem duplication of genes subsequently. I suggest that at the time of the 

appearance of the neural crest, the existing developmental specification system of the 

anterior neural plate, involving Antennapedia class homeobox genes, was coopted into 

a new role in patterning the neural crest. The patterning system of the first "new 

vertebrate head" was intimately dependent upon Hox genes for spatial specification, 

where, as now, a single Hox gene or subfamily of genes was involved in the 

association between a region of anterior neural tube and a specific branchial arch.

In these animals there were fewer Hox clusters than in modern vertebrates, 

perhaps two. If the structure of one of these clusters resembled Hox 3 or Hox 4 this 

would mean that some branchial units would only have one gene involved in their 

specification. Subsequently the Hox clusters duplicated, with the extra sets of genes 

potentially able to diverge from each other and take on distinct roles in development 

I suggest that members of a subgroup of Hox genes are expressed in identical groups 

of rhombomeres and branchial arches because the Hox cluster duplication event or 

events leading to four clusters of genes occurred when the patterning system of the 

branchial region was well established, and not able to increase the range of structures 

that could be specified by employing extra Hox genes to specify new morphological 

units. The conservation of the relationships between hindbrain ganglia, rhombomeres 

and branchial arches in all vertebrates may be evidence for the constraints operating 

in the branchial patterning system. The increased number of 3’ genes that cluster 

duplication provided were subsequently used in the development of particular groups 

of tissues.

A prediction of this idea would be that there is redundancy in terms of 

structure specification in the branchial region, which is supported by the phenotype 

of mice homozygous recessive for the Hox 1.5 and Hox 1.6 (Chisaka & Capecchi, 

1991; Lufkin et al. 1991). There is no evidence of the homeotic transformations of 

structures that would be thought to result from a defect in pattern formation; rathfcr 

the mice show defects consistent with problems in the differentiation of particular 

neural crest-dependent structures such as the heart outflow tract and the glands of 

the neck (Kirby, 1989; Chisaka & Capecchi, 1991).
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6.2 The labial family

It is interesting that genes of the most 3’ subfamily of Hox genes, the labial 

group, show very different types of expression domain from each other and other 

subfamilies of Hox genes. By extension of the two rhombomere/one branchial arch 

model for head patterning it would be expected that the labial family would be 

expressed in rhombomeres 1 and 2 and the first branchial arch, yet the genes are 

expressed more caudally than the immediately 5’ genes in their clusters. It has been 

suggested that there were primitively two branchial arches anterior of the present 

second arch (Romer, 1972; Langille & Hall, 1989), the more anterior of which 

became the trabeculae underlying the anterior brain and the more posterior the 

upper and lower jaws. The most anterior of the two would be specified by the 

absence of any Hox gene expression, while the more posterior would use the labial 

genes to make them distinct from other branchial arches. These structures have 

undergone extensive modifications from their original branchial arch fate, which may 

have so altered their developmental program that the information they originally 

received from their intrinsic patterns of Hox expression was no longer necessary. This 

removed the labial group of genes from the selective pressure that maintains the 

expression domains of other families of Hox genes, hence their unique patterns of 

expression. ‘ • ”

6.3 Hox genes in the head and tntnk

On the basis of the likely biology of prevertebrates it is thought that the 

mineralised cranial skeleton evolved before that of the trunk (Gans & Northcutt, 

1983; Gans, 1989). It is more parsimonious to envisage the single evolutionary event 

of the appearance of a group of related tissues, the neural crest and placodes, than 

to require the evolution of the neurogenic crest and placodes and separately the 

acquisition of skeletogenic potential in the somites, followed by the transfer of this 

potential to the neural crest. The earliest vertebrate fossils show evidence of cranial 

neural crest-derived skeletal structures such as dermal armour and branchial 

cartilages (Elliott, 1987; Smith & Hall, 1990), but no traces of trunk skeleton have 

been found. This is not necessarily proof that the head skeleton preceded that of the 

trunk, as a cartilaginous trunk skeleton would not fossilise if the conditions of
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preservation were such that soft parts did not survive.

Originally the somites are thought to have consisted of dermamyotome, on the 

basis of their fates in Branchiostoma. I speculate that the appearance of skeletogenic 

sclerotomes in the trunk may be connected to the duplication event to give rise to 

four Hox clusters. The ability to make cartilage and bone would increase the range 

of structures that a somite could make, and the increased number of possible 

elements could utilise the greater range of Hox genes now available to differentially 

specify them. For this reason the Hox code of the somites involves offsets between 

members of a subfamily rather than the overlapping code of the branchial region. 

The determination of the structures of the Hox complexes of non vertebrate 

chordates and the expression domains of their 3’ genes will be very informative in 

establishing the likely sequences of events during the evolution of the branchial 

region.

It is intriguing that where there is evidence that a structure has some kind of 

intrinsic fate specification, either the trunk somites (Chevallier, 1975) or the neural 

crest of the branchial arches (Noden, 1988), there is an overlapping code of Hox gene 

expression that could be involved in this specification. The anterior parts of the head 

do not express Antennapedia class Hox genes however, so some other mechanisms 

must be involved in their specification.

In Drosophila the anterior parts of the head are also beyond the domains of 

expression of the HOM-C genes, and seem to be specified by an independent 

patterning system (Cohen & Jurgens, 1990; Finkelstein & Perrimon, 1990). In 

vertebrates there is emerging molecular evidence for groups of genes distinct from 

the four clusters of Antennapedia class Hox genes involved in the specification of the 

anterior parts of the head. The murine homologue of the cell signalling molecule, 

Wnt-1 is expressed in the mesencephalon (Wilkinson et al. 1987), which is deleted in 

mice lacking the gene function (McMahon & Bradley, 1990). The expression patterns 

of other genes suggests an involvement in the patterning of brain and neural crest. 

In more anterior parts of the mouse neuroepithelium there is evidence for a gene 

related to the Distal-less gene of Drosophila showing spatially-restricted domains of 

expression consistent with regional patterning (Price et al. 1991). Striking differences 

in gene expression in specific branchial arches is also apparent with retinoic acid
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receptor p (Dolle et al. 1990; Rowe et al. 1991) and the cytoplasmic retinoic acid 

binding protein (Dencker et al. 1990; Vaessen et al. 1990; Maden et al. 1991), 

suggesting a role in anterior crest specification. That these molecules show spatially- 

restricted distributions is particularly interesting in the light of evidence for 

differential sensitivity of facial primordia to retinoic acid (Morriss & Thorogood, 

1978; Sulik et al. 1988; Durston et al. 1989). Other genes may play a role in 

specification of the anterior neural plate such as BMP-4 and Vgr-1 (Jones et al. 

1991). Some of the genes mentioned here may be involved in the actual 

establishment of pattern in the head anterior of the hindbrain, others may be early 

markers of regionally-restricted differentiation events. A more detailed comparison 

of the onset of expression of such genes coupled with the emerging technology of 

directed mutagenesis in mice will elucidate the relative positions of such genes in the 

developmental hierarchy of the head.

There is also evidence for head patterning strategies that do not involve 

genetic specification of the neural plate followed by transfer of patterning information 

to other parts of the head by imprinted neural crest Evidence discussed in chapter 

3 suggests that crest prespecification may be less important in more anterior parts of 

the head (McKee & Ferguson, 1984; Noden, 1988). The distribution of type II 

collagen and ankyrin II (P. Thorogood, pers. comm.), suggest that aspects of 

craniofacial morphogenesis may be controlled by the distribution of molecules on 

cranial epithelia that arrest crest migration and induce chondrogenesis at specific sites 

(Thorogood et al. 1986; Wood et a l 1991). In this "flypaper" model patterning 

information resides in the neural plate but also in other head epithelia such as the 

primordia of the paired sense organs (Thorogood, 1988), while there is little intrinsic 

information in the crest. These developmental mechanisms probably evolved during 

the elaboration of the anterior vertebrate head caused by the increasing 

concentration and importance of the brain and sense organs, anterior of the more 

primitive branchial region. These epigenetic mechanisms are now likely to be the 

more important in craniofacial morphogenesis, as the bulk of cranial and facial 

structures are derived from this region.

Thus the vertebrate body axis appears to be divided into three zones in terms 

of Hox expression; the anterior head, without any expression by Antennapedia class
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genes, the branchial region, with an overlapping code of rhombomere and branchial 

arch specification, and the trunk, where offsets in subfamily expression mark 

particular somites and parts of the spinal cord.

6.4 Future Directions

The work presented in this thesis raises a number of issues which need to be 

clarified by further experiment. The data presented in chapter 3 provide support for 

the idea of crest prespecification in the branchial region suggested on the basis of 

grafting experiments (Noden, 1983; Kirby, 1989). This is in contrast to other evidence 

from more anterior populations of crest, which suggests a greater role for interactions 

of the crest with its environment (McKee & Ferguson, 1984; Thorogood, 1988). These 

findings are not necessarily irreconcilable, if it is assumed that there is an intrinsic 

difference in the way branchial and more anterior crest develops. If this is in fact the 

case it should be possible to demonstrate differences in embryological properties, for 

instance the effects of branchial crest extirpations might be predicted to produce 

deficits in pattern elements, in contrast to the regulation seen in more anterior 

regions. A second prediction is that grafts of the type that produce first arch 

duplications should show Hox expression patterns appropriate to their level of origin 

in ectopic locations within the embiyo. An important finding of the grafting 

experiments was that ectopic crest was able to alter the development of surrounding 

tissues; given the evidence for onset of Hox expression in surface ectoderm 

subsequent to the completion of crest migration, it may be possible to demonstrate 

similar alterations in expression patterns in tissues associated with grafted crest or in 

in vitro tissue recombinations (Richman & Tickle, 1989). It may therefore be possible 

to investigate further this interaction which may be communicating spatial values to 

surrounding tissues, using Hox genes as a marker.

Retinoic acid is the best candidate so far for a substance that can regulate the 

expression of homeobox genes. The identification of an unrelated chemical which 

produces analogous effects in a particular developmental context will be very 

important in understanding the mechanisms by which Hox expression is established. 

As discussed earlier, it will first be important to further characterise the phenotype 

of affected animals. Both by way of comparison with retinoids and in its own right it
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would also be useful to determine the important tissues for the action of 153066. It 

is conceivable that all the effects described in chapter 4 and elsewhere (Flint & 

Boyle, 1985) are mediated via head mesenchyme, rather than via the responding 

ectoderm and its derivatives as suggested. Retinoic acid has effects on a number of 

different in vivo and in vitro systems, and it will be important to determine the extent 

to which 153066 can mimic these effects. By identifying and characterising an in vitro 

system in which both compounds are active, it may be possible to identify components 

of signalling pathways that are important in vivo in the establishment of positional 

information, and hence the factors regulating Hox gene expression.

The finding that the early expression domains of subfamily members are very 

similar at early stages of morphogenesis, evolutionary considerations and the 

phenotypes of mice lacking Hox 1.5 and Hox 1.6 has lead me to suggest that there 

is functional redundancy in the specification of rhombomeres and branchial arches. 

I suggest that members of a subfamily of Hox genes can no longer compensate for 

each other at the stage when the Hox code of rhombomeres and branchial arches is 

interpreted to produce particular structures. A  prediction of this would be that the 

presence of normally distributed Hox gene product at later stages would be sufficient 

to produce normal development, assuming the other components of the head Hox 

code become correctly established in its absence. It is difficult to predict when this 

critical period in development would be because of the lack of information 

concerning the way in which Hox genes regulate developmental processes. If it were 

possible, perhaps using an inducible promoter system, to provide Hox product at a 

particular period in development it would be possible to test the idea of functional 

redundancy, and if it proved to be valid then determine the time when the presence 

of a particular gene first becomes critical.

Clearly subfamily members do have distinct roles in development, and in this 

context it would be of interest to determine when differences in RNA distribution 

first emerge; for instance, do members of a subfamily show spatially-restricted 

domains of expression within branchial arches at stages when the arches interact with 

other tissues and organs to form facial structures ? Investigation of expression of 

subfamily members within embryonic parts by whole mount in situ hybridisation may 

provide more information on this issue.
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A direct molecular approach is beginning to provide information about the 

roles of Hox genes in mouse development, both by homologous recombination to 

remove gene function and misexpression of genes beyond their normal domains. In 

both types of experiment the main effects are in the head, reinforcing the idea of the 

importance of Hox genes in head development. The production of mutants with 

alterations in other genes will be important in the future to achieve a more complete 

understanding of the roles of Hox genes in the head. I have shown that there are 

great similarities between genes in their early expression domains, and have suggested 

that this may reflect some functional redundancy. Thus the phenotype of mice lacking 

a gene may not necessarily reflect all the normal roles of that gene in development, 

but simply those roles which cannot be adequately compensated for by other genes. 

The production of mice lacking Hox 2.8 or Hox 1.11 may be particularly informative, 

as this is both the most anteriorly expressed subgroup and with only two genes 

potentially the easiest to disrupt It will also be important to analyse the effects of 

combinations of mutant mice as well, to investigate interactions between genes and 

potential functional compensation.

One of the characteristics of Drosophila mutations is that embryos 

homozygous recessive for HOM-C genes show anterior transformations of body 

segments. To produce a "homeotic" transformation in the vertebrate head it may be 

necessary to misexpress a gene at high levels in an appropriate domain or to delete 

all subgroup members by homologous recombination. Even in this latter case, it may 

be that interactions between parts of the vertebrate head are such that an isolated 

range of structures specified by one family of hox genes cannot be transformed 

without simultaneous effects on adjacent regions. It may be that a clear homeotic 

phenotype can only result in systems showing great autonomy in their development 

such as the insect segment.

Whatever the perturbation, whether by overexpression or deletion of a 

component, it will be necessary to determine the expression domains of the remaining 

components before a phenotypic effect can be interpreted in terms of alteration of 

a code of Hox gene expression. The combination of the already established 

embryological properties of the branchial region with the potential of reverse genetics 

will allow greater insights in future to the role of Hox genes in head development.
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